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Abstract 

 

Colorectal cancer (CRC), the UK’s second most lethal cancer, has limited 

treatment options for unresectable and metastatic tumours. An unmet clinical 

need for alternative treatments exists. Omega-3 polyunsaturated fatty acids (n-3 

PUFAs), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are 

safe and well tolerated. EPA is licenced for prophylaxis of cardiovascular events 

in high risk individuals and shows promise as an anti-cancer agent to prevent 

and treat CRC. n-3 PUFA anti-cancer mechanisms are not understood. I aimed 

to identify biomarkers associated with, or predictive of, CRC cell line response to 

n-3 PUFAs. 

 

To study intrinsic resistance, n-3 PUFA responses were characterised for 17 

human CRC (hCRC) cell lines by concentration-response viability assays. The 

cell line panel represented key molecular characteristics; CIN, MSI and CIMP. 

mRNA expression of PTGS1 and PTGS2 were measured by RT-qPCR. FA 

content was measured by LC-ESI-MS/MS. Relationships between hCRC cell n-

3 PUFA response, molecular characteristics, and fatty acid (FA) content were 

examined. To study acquired n-3 PUFA resistance, cells were chronically 

exposed to individual n-3 PUFAs and, separately, MRGPRF was overexpressed.  

 

EPA and DHA sensitivity were not correlated. DHA was effective at inhibiting cell 

growth at lower concentrations than EPA. CIMP+ cell lines were more EPA-

sensitive than CIMP- cells. FA analysis found no association between EPA/DHA 

content before/after n-3 PUFA supplementation and hCRC cell n-3 PUFA 

sensitivity. Percentage FA data complement published reports of decreased 

arachidonic acid (AA) content following n-3 PUFA supplementation. Preliminary 

analysis investigating cellular FA absolute amounts, may indicate that AA content 

was not reduced in all cell lines. Furthermore, EPA-resistant cells may have 

increased DPA compared to EPA-sensitive cells.  

 

Overall, data indicated potential benefits of using DHA in vivo and clinically. 

CIMP+ tumour responses to EPA require further investigation to identify 

mechanisms, or genes downregulated by methylation, that drive resistance.  
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Chapter 1: Colorectal cancer and omega-3 polyunsaturated fatty 

acids  
 

1.1. The structure and function of the colon and rectum 
 

To understand clinical presentation and staging descriptions of colorectal cancer (CRC), 

basic structure and functions of the colon and rectum need to be understood. The colon 

and rectum are parts of the digestive system, and are components of the large intestine 

along with the cecum and anal canal (1). They have a role in enabling the body to obtain 

energy through food and with excreting waste products.  

 

The colon and rectum are tubes built up by layers of tissue [Figure 1.1].  First, the 

mucosa is an inner lining made up of a thin layer of epithelial cells (epithelium), a layer 

of connective tissue (lamina propria) and a thin muscle layer (muscularis mucosa) (2). 

Surrounding the mucosa is connective tissue named the submucosa, containing mucous 

glands, blood vessels, lymph vessels and nerves. Next, a thick layer of muscle named 

the muscularis propria, comprising an inner ring of circular muscle fibres and an outer 

ring of long muscle fibres, surrounds the wall of the colon and rectum. Finally, the serosa 

is the outer layer of the colon, however this layer is not found on the rectum (2).  

 

 

Figure 1.1. Structure of the colon and CRC tumour staging  

A cross-sectional representation of the layered structure of the colon wall, which consists of 
the mucosa, submucosa, muscularis propria and serosa (the rectum does not include the 
serosa layer). The black shapes represent the growth and development of cancer, and the 
staging (T1 – T4) is shown as the adenoma invades the various layers. T3 and T4 tumours 
are more likely to have metastasized to other regions of the body such as the lymph nodes 
and / or distant organs such as the liver. Image is adapted from (3, 4). 

 

The gastrointestinal tract is colonised by bacteria. The microbiome is composed of 

between 1013 and 1014 microorganisms (5) and is found to be imbalanced (dysbiosis) in 
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CRC patients, with increased presence of Fusobacerium, Peptostreptococcus, 

Prophyromonas, Prevotella, Parvimonas, Bacteroides and Gemella in the diseased state 

(6). Increase presence of ‘harmful’ bacteria corresponds with decreased butyrate-

producing bacteria and altered levels of gut microbial metabolites such as short-chain 

fatty acids (SCFAs) and polyamines, both of which are associated with cancer 

progression and metastasis (7, 8). 

 

Partially digested food from the cecum is moved into the colon. Removal of water and 

further breakdown of food, aided by bacteria, allows for the absorption of nutrients and 

electrolytes (2). 

 

1.2. Colorectal Cancer 
 

In 2000 and 2010, Hanahan and Weinberg published ‘The Hallmarks of Cancer’ and 

‘Hallmarks of cancer: the next generation’ in Cell. These reviews outline key features of 

cancer cells; self-sufficiency in growth signals, insensitivity to anti-growth signals, tissue 

invasion and metastasis, limitless replicative potential, sustained angiogenesis, evasion 

of apoptosis (9), deregulation of cellular energetics, avoidance of immune destruction, 

genomic instability and mutations and tumour promoting inflammation (10). Elucidating 

these hallmarks furthered understanding of the complex biology of cancer, explaining 

how cancer cells are able to acquire growth-promoting capabilities during a multi-step 

developmental process (10). Targeting molecular pathways that allow for the 

modification of normal cells to become cancer cells, or the pathways that allow cancer 

cells survival advantages, have become the focus of anti-cancer therapeutics.  

 

1.2.1. Clinical presentation of colorectal cancer 

 

CRC develops from epithelial cells within the colon or rectum (11, 12). Right-sided 

(proximal) tumours tend to be mucinous adenocarcinomas (13) or arise from sessile 

serrated adenomas (14). Mucinous tumours secrete large quantities of mucous (15) and 

serrated tumours have a characteristic serrated appearance evident when histologically 

examined (16). Left-sided (distal) tumours tend to be tubular, villous adenocarcinomas 

(17). Approximately, one third of CRC cases are rectal cancer (18).  

 

1.2.1.1. Symptoms of CRC 

 

Diagnosis of CRC can be challenging, as it can be asymptomatic or symptoms that arise 

may be attributed to other conditions such as irritable bowel syndrome, diverticulitis, 
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haemorrhoids, or infections. As normal function of the colon and rectum are involved in 

digestion of food resulting in the production and removal of stool from the body, 

symptoms of CRC arise from abnormalities in these processes. Symptoms include; a 

change in bowel habits (diarrhea or constipation), feeling like a bowel movement is 

needed (with no relief if there is one), rectal bleeding with bright red blood, blood in the 

stool, cramping and abdominal pain, weakness and fatigue and unintended weight loss 

(19).  

 

1.2.1.2. Population Incidence 

 

In 2016, CRC was the fourth most common cancer in the United Kingdom (UK), 

accounting for 12 % of all cancer cases (20). Within the UK, incidence of CRC differs 

between females and males, with it remaining stable for the former and declining for the 

latter. Reduced CRC incidence can be attributed to screening which facilitates pre-

cancerous lesion removal and risk factor reduction (21).  

 

1.2.1.3. CRC risk factors 

 

CRC risk has been associated with age, genetic, dietary, and environmental factors. Risk 

increases with age, 14 % of new cancer cases in males and females is attributed to CRC 

in elderly patients aged 75 and over, in comparison to 10 % and 5 % in males and 

females respectively in patients aged between 25 and 49 (22). Although current 

predictions estimate that incidence rates for colon and rectal cancers will fall by 11 % 

between 2014 and 2035 (23), patients aged 20 to 34 will increase by 90.0 % to 124.2 % 

(24). In the UK, CRC is attributed to 10 % of cancer-related deaths, making it the second 

most common cause of cancer associated mortality (23). One report estimates that by 

2030 the global burden of CRC will increase by 60 %, to over 2.2 million new cases and 

1.1 million annual deaths (25). 

 

Sporadic CRCs develop in patients with no inherited genetic predisposition or family 

history of the disease and account for 95 to 98 % of all new diagnoses. Hereditary 

colorectal cancers account for 2 to 5 % of all colon cancers, and arise due to well-defined 

inherited syndromes including; Lynch syndrome, familial adenomatous polyposis (FAP), 

mutY DNA glycosylase (MUTYH)-associated polyposis and hamartomatous polyposis 

conditions (26). Lynch syndrome and FAP are associated with earlier onset of disease 

and are associated with mutations in deoxyribonucleic acid (DNA) mismatch repair 

(MMR) genes and germline adenomatous polyposis coli (APC) gene mutation 

respectively (26).  
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An increased risk of CRC development has also been associated with inflammatory 

bowel diseases (IBD), particularly Ulcerative colitis (UC), obesity, red and processed 

meat consumption, alcohol intake, immunosuppressive medication, diabetes mellitus 

and abdominal radiation exposure (24).  

 

1.2.1.4. Clinical staging 

 

The National Institute for Health and Care Excellence (NICE) produce evidence-based 

guidance and advice for doctors as well as developing quality standards and 

performance metrics for health care providers (27). An adult with suspected CRC should 

be provided with information and support and undergo diagnostic investigations which 

may include colonoscopy, computed tomographic (CT) colonoscopy, flexible 

sigmoidoscopy or barium enema (28). When CRC is diagnosed, molecular testing is 

offered, whereby immunohistochemistry (IHC) is used to detect mismatch repair (MMR) 

proteins (MLH1, MSH2, MSH6 and PMS2) or microsatellite instability (MSI) (28).  

 

Staging is used to classify the cancer and can be informative for treatment options and 

regimens. CT, magnetic resonance imaging (MRI) and endorectal ultrasounds can be 

used as part of the staging assessment. The recommended staging system is the 

Tumour Node Metastases (TNM) staging system, the most recent guidelines of which 

are outlined in the TNM Classification of Malignant Tumours staging system (Fifth 

Edition) in line with the Royal College of Pathologists. Table 1.1 (below) outlines TNM 

staging and how it corresponds with the historically used Dukes’ staging system. In 

addition, Figure 1.1 (above) shows how the staging system relates to tumour growth 

and invasion of tissues.  

 

1.2.1.5. Disease progression 

 

Metastasis is the process whereby cancer cells originating at a primary site migrate, via 

the bloodstream or lymphatic system (29), to colonise and invade adjacent or distant 

tissues (9). For many cancers, metastatic spread reduces patient prognosis. Metastatic 

disease is more difficult to treat and thus more likely to be fatal (30). Approximately 20 

% of patients with CRC present with synchronous metastatic disease (30) at diagnosis 

and 33 % of patients develop distant metachronous metastases in the five year period 

following a primary tumour resection (31). CRC metastases are commonly found in the 

brain, lungs, bone, and peritoneum. Development of CRC metastases in the liver 

(CRCLM) is most common, with the portal veneous system suspected in facilitating 

disease spread. Pathology of development of CRCLM is poorly understood 
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mechanistically (30). Unfortunately, due to the proximity of tumours to major blood 

vessels, small scattered metastases and likelihood of a CRCLM patient having cytotoxic 

anti-cancer therapy induced pre-existing liver damage, only a quarter of CRCLM tumours 

are suited to curative liver resection surgery, and many display resistance to 

chemotherapies (29). Consequentially, prognosis of CRCLM patients is bleak with five-

year survival statistics reporting a 25 to 50 % survival rate (32).  

 

Table 1.1. TNM and Dukes’ staging criteria for CRC 

TNM: tumour node metastases. Information source: (4) 

 

1.2.2. Molecular pathology of CRC  

 

CRC is a heterogeneous disease. Molecular mechanisms and pathobiological 

characteristics underlying CRC development are of clinical significance, as there are 

links between the molecular phenotypic tumour properties and patient prognosis and 

treatment response (33). Cancer arises due to an accumulation of genetic changes in a 

multistep process, and in the case of CRC these genetic abnormalities are acquired over 

years and sometimes decades (34). At the time of diagnosis, three different, partially 

overlapping, forms of DNA instability can be used to describe CRC pathology: 

chromosomal instability (CIN), microsatellite instability (MSI) and CpG island methylation 

TNM Stage Description 

Tumour 

T1 Tumour confined to submucosa 

T2 Tumour has grown into muscularis propria 

T3 Tumour has grown into the serosa 

T4 Tumour has penetrated through serosa and peritoneal surface 

Nodes 

N0 No lymph nodes contain tumour cells 

N1 Tumour cells in up to 3 regional lymph nodes 

N2 Tumour cells in 4 or more regional lymph nodes 

Metastases 

M0 No metastasis to distant organs 

M1 Metastasis to distant organs 

Dukes’ Stage 

A T1N0M0 or T2N0M0 

B T3N0M0 or T4N0M0 

C Any T, N1M0 or N2,M0 

D Any T, any N, M1 
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phenotype (CIMP) (35). CIN, MSI and CIMP phenotypes are not mutually exclusive and 

thus, some tumours will display characteristics of multiple pathways. Approximately a 

quarter of MSI CRCs would also be classified as CIN+ and whilst CIMP-positivity is 

associated with most MSI, CIN- CRCs, roughly a third of CIMP+ tumours will exhibit CIN 

positivity (36).   

 

1.2.2.1. APC gene: the classic adenoma-carcinoma sequence 

 

The adenoma-carcinoma sequence is a fundamental concept in CRC, originally 

described by Vogelstein et al, in 1988 (37). 

 

 

Figure 1.2. Pathogenesis of CRC: the adenoma-carcinoma sequence 

Development of CRC via the adenoma-carcinoma sequence. Following an initiating mutation 
of APC gene, genomic instability accelerates development of CRC. Metastatic cancer is 
caused by the cells that detach from the primary tumour. Degree of genomic instability is 
indicated by the triangle on the left-hand side of the figure. Image adapted from (33). 
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It describes the progression from normal tissue to dysplastic epithelium to carcinoma 

(38) [Figure 1.2]. The adenoma-carcinoma sequence is caused by the CIN pathway 

(39), which underlies most colon cancers (36). 

 

The adenomatous polyposis coli (APC) tumour suppressor gene is found to be altered 

early in the sequence of events that ultimately result in malignant colorectal tumours and 

has been considered a ‘gatekeeper’ of colonic epithelial cell proliferation (34). A mutated 

gatekeeper leads to imbalance and an abnormal increase in cell growth and 

dysregulation of cell death (34). Premalignant lesions display mutated forms of the APC 

gene and APC genetic changes are thought to be an initiating event in up to 85 % of 

sporadic CRCs (40). In addition, germline mutation of APC is causative of FAP (34).  

 

Mutated APC results in premature stop codons which lead to the production of stable 

truncated gene products or missense mutations rather than complete APC protein loss 

(40). The genetic instability that results from abnormal expression of APC can lead to 

further cancer-promoting events, such as accumulation of activating mutations of 

oncogenic Kristen rat sarcoma (KRAS) or inactivation of the tumour protein P53 (TP53) 

tumour suppressor gene (33). The loss of APC can lead to stimulation of cell migration, 

activation of proliferation, inhibition of differentiation, induction of chromosomal instability 

and promotion of cellular survival (40).  

 

1.2.2.2. Chromosomal instability (CIN) 

 

Malignant cells in CIN tumours are typically aneuploid (stable or unstable alterations in 

chromosome number), reveal large-scale chromosomal rearrangements (41) and are 

characterised by a loss of heterozygosity (LOH) and by amplification of sub-

chromosomal genomic regions (42). 

 

In order to determine whether a tumour has arisen through the CIN pathway, many 

approaches have been utilised in order to measure chromosomal instability, although 

challenges have arisen when trying to standardise the quantitative criteria that defines a 

‘CIN-positive’ (CIN+) tumour as with some techniques the interpretation of data between 

multiple lab groups would vary and in addition opinions on assigning CIN+ or CIN-

negative (CIN-) status is complicated by some proposals of further categorising CIN+ 

tumours into CIN-low and CIN-high subgroups (42). Methods used to test CIN status 

have included; cytometry, karyotyping, loss of heterozygosity analysis, fluorescent in situ 

hybridization (FISH) and comparative genomic hybridization (CGH) (42). 
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A meta-analysis including 63 eligible studies that reported patient outcome in relations 

to a CIN+ status determined that there was a worse prognosis associated with this 

molecular phenotype (43) 

 

1.2.2.3. Microsatellite instability (MSI) 

 

In the 15 % of sporadic CRC cases that are considered CIN- and don’t present with 

mutated APC, the alternative molecular drivers are usually attributed to activating proto-

oncogene B-raf (BRAF) oncogenic mutations. These cancers tend to be characterised 

by high levels of MSI and abnormal DNA MMR gene activity and are often CIMP+ (33, 

35, 41) 

 

The microsatellite instability hallmark is observed in nearly all hereditary nonpolyposis 

colorectal cancer (HNPCC) tumours and some sporadic CRCs. It is characterised by 

extensive instability of simple short tandem repeat (STR) nucleotide sequences known 

as microsatellites as the direct result of ineffective DNA mismatch repair machinery (44). 

Inactivation of genes such as MutL Homolog 1 (hMLH1), MutS Homolog 2 (hMSH2), 

MutS Homolog 6 (hMSH6) and PMS1 Homolog 2 (hPMS2) can result in MSI (45). The 

genetic instability due to inactive DNA MMR genes causes altered microsatellite lengths 

as bases are deleted or inserted during DNA replication, which results in somatic 

frameshift mutations and silencing of the affected genes (45). MSI is associated with 

CIMP status and is most prevalent in tumours located on the right-hand side of the colon 

(45). Detecting microsatellite status is of clinical importance, not only for identification of 

patients with HNPCC and Lynch syndrome, but also for prognostic and therapeutic 

decision-making purposes. The literature reports that prognosis is better for patients with 

MSI tumours compared to those with MSS tumours (46). 

 

There are, in fact, hundreds of thousands of microsatellite loci which could be utilised for 

MSI analysis (45). In 1997, it was recommended that the Bethesda Panel was used as 

the reference panel through which to determine MS status, comprising five microsatellite 

loci: BAT-25, BAT-26, D2D123, D5S346 and D17. BAT-25 and BAT-26 loci are 

mononucleotide markers, and the remaining three are dinucleotide loci markers (45). 

Using the Bethesda panel markers, tumours were classified as MSI-high when they 

displayed instability, most often products which are smaller in size than the germline 

allele, at 2 or more loci and MSS when no instability was identified at any loci. The 

National Institute for Health and Care Excellence (NICE) guidelines stipulate that MSI 

testing should be offered as part of the diagnostic investigations to all patients with newly 

diagnosed CRC (28). 
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Limitations have been reported for using the Bethesda Panel for assigning microsatellite 

status, particularly as the three dinucleotide repeats are less sensitive and specific than 

BAT-25 and BAT-26. It has been reported that the mononucleotide repeats undergo 

significant deletions in a large majority of MSI CRCs (44), with the average shift in allele 

size for BAT-25 ranging from -5.3 to -5.4 bases and for BAT-26; -8.8 to -9 bases (45).  

 

1.2.2.4. CpG Island Methylation Phenotype (CIMP) 

 

In human cells, DNA methylation is the biochemical addition of a methyl (-CH3) group to 

cytosines that are part of symmetrical dinucleotides, 5'-C-phosphate-G-3' (CpG) (47). It 

is an epigenetic mechanism to control expression of genes. It is known that 

approximately 1 % of the human genome consists of CpG sites, which are most 

frequently found to be methylated in healthy adult cells (47). In addition, the promoter 

region of 50 % of all genes contain a CpG island (repeated CpG dinucleotide clusters), 

however these are normally unmethylated regardless of whether the gene is expressed 

or not (47).    

 

Cancers which are classified as CIMP positive (CIMP+) show aberrantly high levels of 

DNA methylation which leads to the concordant promoter hypermethylation of multiple 

genes (41). CIMP is not a feature exclusive to CRC, it is also observed in gastric, liver, 

pancreatic and ovarian cancers (47). CIMP-positivity and microsatellite instability overlap 

to a large extent (35), hypermethylation of DNA MMR gene promoters inactivates the 

gene and consequentially allows the accumulation of microsatellite DNA. Of all sporadic 

MSI CRCs, it is estimated that 70 to 80 % can be attributed to CIMP and the associated 

MLH1 methylation (47). Alongside the silencing of DNA MMR genes, the CIMP 

phenotype can also result in the transcriptional silencing of tumour suppressor genes, 

such as APC, cyclin-dependent kinase inhibitor 2A (CDKN2A), MLH1, cadherin 1 

(CDH1), and Von Hippel-Lindau tumour suppressor (VHL) (48, 49). A large body of 

evidence shows that CIMP-positivity is associated with MSI, female gender, high BRAF 

mutation rates, proximal colon location, poor tumour differentiation and the presence of 

mucinous features(48).  

 

Following the bisulfite-mediated conversion of genomic DNA, quantitative methylation-

specific polymerase chain reaction (PCR) is often used to asses CIMP status (35). CIMP 

status is assigned upon the evaluation of the methylation status of promoter regions of 

specific genes and therefore there can be some false reporting of status by groups using 

different marker panels. Two distinct panels that have been used by multiple sources 

(35, 41, 50) were proposed by Issa (47) and Weisenberger (51). The Issa panel consists 
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of CDKN2A (p16), Amyloid Beta Precursor Protein Binding Family A Member 1 (MINT1), 

Amyloid Beta Precursor Protein Binding Family A Member 2 (MINT2), MINT31 and 

MLH1 and CIMP-positivity is defined as 3 or 4 markers being methylated whilst CIMP-

negativity is zero to 2 methylated markers (47). Weisenberg’s panel is comprised of 

Calcium Voltage-Gated Channel Subunit Alpha1 G (CACNA1G), Insulin Like Growth 

Factor 2 (IGF2), Neurogenin 1 (NEUROG1), RUNX Family Transcription Factor 3 

(RUNX3) and  Suppressor Of Cytokine Signalling 1 (SOCS1) with ≥3/5 methylated 

markers and negative samples having a maximum of 2 markers showing 

hypermethylation (51). Lothe et al found that, in a panel of 27 cell lines, promoter 

hypermethylation of MINT2 was ubiquitous and thus proved an irrelevant marker for 

determining CIMP status (35).  

 

As an independent prognostic marker, a meta-analysis of 19 studies found that CIMP+ 

status was associated with shorter disease free survival and overall survival for CRC 

(52). Although a majority of CIMP+ CRC tumours also exhibit MSI, a study in which CIMP 

and microsatellite stability were characterised in 460 tumours shows that 3.9 % MSS 

tumours were CIMP+ (53). In the aforementioned meta-analysis to assess CIMP as a 

prognostic marker, subgroup analysis of MSS CRC patients found a significant 

association between shorter overall survival and CIMP+ (52). The study reported that 

associations were more prominent in stage 2 and stage 3 CRCs compared to stage 4 

disease (52). 

 

1.2.2.5. Consensus molecular subtypes (CMS) 

 

As the biology underpinning CRC development increases, the molecular classification 

has developed from the classic adenoma-carcinoma CIN pathway (37), to classifications 

incorporating CIMP and microsatellite status. More recently, considerations of 

localisation and microenvironment are incorporated. The CRC consensus molecular 

subtypes (CMS) were described in 2015 as a potential classification of tumours based 

on their molecular characteristics (54). As such, it encompasses MSI, CIMP and CIN 

statuses of tumours as well as key tumour microenvironment features, grouping CRC 

tumours into 4 categories.  

 

The CMS classification system was proposed by the CRC Subtyping Consortium 

(CRCSC), who assessed core subtype patterns among pre-existing gene expression-

based CRC subtyping algorithms. It combines transcriptomic, key biological features, 

mutation profiles, copy number, methylation statuses, microRNA expression and 
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proteomic properties (54). The final stage of CMS disease stratification is the correlation 

of well-defined genomic and epigenetic CRC traits with patient outcome (54, 55). 

 

The 4 CMS of CRC are displayed in Figure 1.3. In brief, CMS 1 tumours are MSI and 

CIMP+, CMS 2 tumours follow the traditional adenoma-carcinoma sequence, CMS 3 

tumours are characterized by enriched KRAS mutations and metabolic deregulation and 

CMS 4 shows aberrant TGFβ activation which in turn induces epithelial mesenchymal 

transition (EMT) giving rise to more motile and invasive cancer cells (35, 41, 55). Pre-

clinical models have been shown to recapitulate tumour CMS subgroups (35, 50, 56), 

(details provided in Chapter 4.1.3). Further work is required before the CMS can be 

utilised in a diagnostic and / or treatment setting.  

 

 

Figure 1.3. Consensus molecular subtypes of CRC 

CMS classification criteria. MSI tumours are mostly CMS1. Tumours arising via CIN pathways 
are CMS 2, 3 and 4. A shift from CMS 2 carcinogenesis to CMS 3 is an early step in CRC 
pathogenesis, driven by metabolic deregulation and KRAS mutations. CMS 4 tumours are 
characterised by TGF-β activation which arises due to the stromal-enriched inflamed 
microenvironment and consequentially this facilitates epithelial-mesenchymal transition 
(EMT). Image adapted from (55). 

 

1.2.3. CRC Treatments 

 

There are no CRC treatments currently available that are considered the ‘gold standard’, 

with a treatment that would be able to be equally efficacious amongst all patients 

remaining elusive. Current best practise in determining treatment plans involve a multi-

disciplinary team of medical professionals evaluating surgical, radiotherapy and 



 

- 12 - 
 

chemotherapeutic and/or biological agents on a case-by-case basis (57). These 

decisions are based upon evidence obtained by published RCTs. In addition to the RCT 

evidence, patient specific factors including; age, symptoms, medical history, co-

morbidities, preferences (57, 58), treatment-specific factors including; efficacy and 

toxicity, and tumour-specific factors considered include; potential future operability, 

microsatellite and CIMP status, EGFR, BRAF and RAS mutations (57, 59). 

 

There are three treatment types that may be used in isolation or combined regimens to 

treat CRC. First, early stage primary CRC can be removed by local excision. To remove 

later stage disease, major surgery can remove primary or metastatic tumours. 

Radiotherapy is also utilised as a localised treatment option, often in conjunction with 

surgery. Systemically administered oncological treatments (chemotherapy and / or 

targeted therapies) are available in neo-adjuvant and adjuvant settings.  

 

1.2.3.1. Localised treatment: surgery and radiotherapy 

 

In the colon, surgery to remove an early stage CRC and the margin can be completed 

which is termed ‘local resection’, or for later stage tumours a colectomy surgery can be 

performed in which a section or all of the bowel is removed (60). For rectal cancers there 

are two types of surgery; trans anal endoscopic microsurgery (TEM) and total mesorectal 

excision (TME), the latter of which is more invasive and involves the removal of part of 

the rectum, some healthy tissue and the fatty tissue that surrounds the rectum (61) . 

Many patients will have a stoma following surgery which can be temporary or permanent 

(62). Between 80 % and 95 % of patients with stage 1 and 2 CRC treated with resection 

surgery without adjuvant chemotherapy, survive 5 years post-operatively (63, 64).  

 

Surgery for advanced disease can include operating to remove blockages caused by 

tumour growth, either by inserting a stent or removing the blocked section of the bowel 

(65). In some cases, metastasectomy surgeries can be performed to remove small 

secondary tumours in the liver or lungs (65). For patients with liver metastases, survival 

rates depend upon the ability to resect the liver to remove the metastatic disease. If 

resection is possible, 25 – 40 % will survive 5 years post-diagnosis (65, 66). However, 

as three quarters of patients are not suitable for liver resection surgery, there are limited 

alternative treatment options for CRCLM and survival rates are lower, with a median 

survival of 5 to 20 months if left untreated (67). 

 

Complications and risks associated with surgeries include some relating to age and co-

existing morbidities, or anesthetic and operative risks. Common surgical complications 
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include bleeding, infection, and post-operative cardiac event. Patients with a stoma 

report problems with leakage and skin irritation (68). Long-term side-effects can include; 

altered and unpredictable bowel function, fatigue, impaired sleep and anal pain (68). 

There are associations between the side-effects of surgery and stoma and reports of 

patients having impaired physical, social, sexual and psychological function (68). 

 

Radiotherapy is not commonly used to treat colon cancer (18, 69), with just 3% of 

patients receiving it as a primary treatment (23). However radiotherapy is more 

frequently used  in combination with surgical and chemotherapeutic interventions to treat 

rectal cancer (18), with 41% of rectal cancer patients receiving radiotherapy as a primary 

treatment (23). Radiotherapy is recommended prior to surgery for locally advanced rectal 

cancers (neo-adjuvant radiotherapy) (18, 69), as it can improve surgical outcome by 

shrinking the tumour. Intraoperative radiation therapy (IORT) uses radiotherapy during 

surgery to kill remaining CRC cells (69). Additionally, radiotherapy can be used post-

operatively to eradicate residual tumour cells at resection margins and is used in some 

cases to ease symptoms or target metastatic tumours (69). Side effects of radiotherapy 

include; skin, rectal and bladder irritation, nausea, bowel incontinence, fatigue and 

fibrosis, scarring or adhesion of the tissues in the treated area (69).  

 

1.2.3.2. Chemotherapies 

 

Chemotherapy is usually given post-operatively in order to minimise the risk of CRC 

recurrence (adjuvant chemotherapy), although as previously mentioned it is sometimes 

used prior to surgery (neo-adjuvant chemotherapy) (70, 71). It is rarely used to treat 

stage 1 cancers, but is frequently used to treat stage 2 and stage 3, and the drugs are 

administered in ‘cycles’ every 2 to 3 weeks for up to 8 cycles (70). For treatment of CRC, 

chemotherapy is usually a combination of drugs and may include:  

 

1. Folinic acid (leucovorin, FA or calcium folinate), 5-fluorouracil (5-FU) and 

oxaliplatin (FOLFOX). 

2. Oxaliplatin and capecitabine (XELOX, also known as CAPOX, CAPE-OX or 

OxCap) 

3. Capecitabine (Xeloda®) 

4. 5-Fluoruracil (5-FU) 

5. Irinotecan (Campto®) 

 

The severity of side effects is variable between patients and may be impacted by other 

treatments. Over 10 % of patients receiving FOLFOX therapy will report breathlessness, 
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fatigue, increased bruising and bleeding, nausea, pain, diarrhoea, sore mouth and also 

have increased risk of infection (72). Common side effects of XELOX treatment are 

similar to those for FOLFOX, with the addition of numbness and tingling in hands and 

feed, constipation and loss of appetite (73). Capecitabine treatment in addition to the 

aforementioned side-effects for FOLFOX and XELOX can result in mouth sores and 

ulcers (74). 5-FU may also cause heart problems, hair loss and an increased level of uric 

acid in the blood which causes stiff and painful joints (75). Irinotecan can result in the 

development of cholinergic syndrome which causes diarrhoea, increased sweating and 

chills, dizziness, increased saliva production, eye problems, blocked nose and 

abdominal cramps (76). It should be noted, that only a 3 – 4 % improvement in overall 

survival is attributed to adjuvant chemotherapy (64). 

 

1.2.3.3. Targeted therapies 

 

Targeted therapies are offered to patients with metastatic CRC, and side effects are the 

same as those for chemotherapy agents. These drugs target specific processes to stop 

cancer growth.  

 

Bevacizumab (Avastin®), ramucirumab (Cyramza®) and zif-aflibercept (Zaltrap®) target 

vascular endothelial growth factor (VEGF) which limits angiogenesis (77). Metastatic 

CRC patients who received bevacizumab in combination with 5-FU, irinotecan or 

leucovorin had an increased 4.7 month survival compared to patients treated with 

placebo in place of bevacizumab (78). Cetuximab (Erbitux®) and panitumumab 

(Vectibix®) target epidermal growth factor receptor (EGFR) can be used if the cancer 

does not contain mutations in KRAS, NRAS or BRAF (77). An improvement in survival 

of 3 months is attributed to cetuximab and panitumumab (79). Encorafenib (Braftovil®) 

targets abnormal BRAF proteins can be used in combination with cetuximab in 

metastatic disease treatment (77). 

 

Immune checkpoint inhibitors can also be used for treatment of metastatic disease. PD-

1 inhibitors pembrolizumab (Keytruda®) and nivolumab (Opdivo®) target PD-1 protein on 

T-cells which boosts the immune response to cancer cells. Pembrolizumab was 

approved for MSI CRC patients after 78 % patients obtained a beneficial response 

lasting more than 6 months (80). The CTLA-4 inhibitor ipilimumab (Yervoy®) can also be 

used, often in combination with nivolumab, in which an 84 % response rate has been 

reported for MSI patients (81, 82).  
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1.2.3.4. Stratified medicine  

 

Achieving a fully ‘personalised medicine’ approach in conventional treatment of CRC has 

not been achieved. The Stratification in Colorectal Cancer: from biology to treatment 

prediction (S:CORT) (83) program was designed to expand the current understanding of 

the biology of CRC and validate biomarkers present in patient samples obtained from 

national studies and clinical trials. This study was designed to correlate molecular 

analysis of tumour samples with treatment response and clinical outcomes. One area it 

focused on was understanding response to oxaliplatin, which is only effective in 50 % of 

late stage CRC patients (83). It is hoped that findings the S:CORT study will ultimately 

provide a more detailed understanding of the fundamental biology of CRC and how this 

drives resistance to treatment, which could yield novel treatment strategies. In the UK 

the FOCUS 4 trial, a population-enriched molecularly-stratified multi-arm multi-stage 

phase II/III RCT, is evaluating first-line treatment of metastatic CRC (84). Molecular 

stratification criteria set for the trial was flexible and consisted of four molecularly defined 

cohorts with novel inhibitors selected for each subgroup: group A, BRAF mutant; group 

B, PI3 kinase mutant; group C, RAS mutant; and group D, all wild-type cohort (84).  

 

Guidelines in the UK recommend testing to determine microsatellite stability, however, 

in clinical practice few patients are managed with full knowledge of these test results 

(85). Molecular markers considered and evaluated prior to treatment should include 

MMR/MSI status, RAS, BRAF and EGFR mutations (59). In addition, the site of primary 

tumour, and associations between this and the molecular phenotype, have shown 

differential treatment responses in the case of 5-FU. Right-sided MSI, CIMP+ tumours 

have a limited response to 5-FU compared to left-sided MSS tumours (86). In fact, left-

sided CRC patients have better response to chemotherapy and targeted therapies 

compared with right-sided MSI tumours, which demonstrate responses to 

immunotherapeutic therapies (12).  

 

CMS subgroups may be key to stratification of treatment, as it combines oncogenic 

expression, location, and microenvironment characteristics. Recent randomised 

controlled trials reported potential associations between CMS 1 and anti-VEGF1 benefit 

(87), CMS 2 and oxaliplatin benefit (88) and CMS 4 and anti-EGFR benefit (89). 

However, several criteria still need to be met before clinical use. There is an unmet need 

to improve laboratory and informatics utilised to classify tumours, and more clinical trials 

are required to corroborate CMS-associated therapeutic response (90). A summary 

diagram of associations between the primary site of CRC and clinical, molecular and 

treatment characteristics are displayed in the figure below [Figure 1.4].   
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Figure 1.4. Clinical, molecular, CMS and treatment differences between CRC tumour sites 

Current understandings of how CRC tumour location is associated with prognosis and treatment responses, and molecular phenotypes and CMS subtypes. Image 
adapted from   (91, 92) 
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1.3. Omega-3 Polyunsaturated Fatty Acids 
 

The link between cancer and lifestyle factors is an area of intense study, with large scale 

studies such as the Continuous Update Project (CUP) focused on definitively finding 

links between cancer prevention or survival data and lifestyle factors including diet and 

nutrition, physical activity and weight (93). The benefits of consuming a diet rich in fruit, 

vegetables and fish have been shown to correlate with reduced incidence of certain 

cancers including breast, prostate and CRC (94). In addition, the fruit, vegetable and 

fish-rich diet in cancer patients, has been shown to counteract treatment side effects, 

reduce incidence of secondary cancer and improve survivorship statistics (66, 94). 

 

1.3.1. What are nutrients? 

 

A nutrient is a substance or component of food that is utilised as an energy source by 

organisms to facilitate survival, growth, reproduction and maintenance of health (95). 

Nutrients and bioactive metabolic products of nutrient digestion including calcium, 

vitamin D, fibre, folate, vitamin B6, methionine, vitamins A, C and E, curcumin and 

omega-3 (n-3) polyunsaturated fatty acids (PUFAs) have been associated with colorectal 

cancer incidence, particularly in association with CRC prevention (96). Conventional 

treatment options are not efficacious for all CRC patients. In addition, there are limited 

treatment options for unresectable and metastatic tumours. Therefore, an unmet clinical 

need for alternative treatments exists. N-3 PUFAs are a potential CRC treatment. 

 

1.3.2. Biochemistry of n-3 PUFAs 

 

1.3.2.1. Structure and key nomenclature 

 

N-3 PUFAs are lipids. Lipids are molecules, such as fatty acids (FAs), eicosanoids, 

phospholipids, and sphingolipids, found to be insoluble in water and soluble in organic 

solvents. Lipids have biological functions relating to energy storage, cell membrane 

structural components and signalling (97, 98).  

 

FAs are carbon chains of varying lengths, with a methyl group at one end and a carboxyl 

group at the other. Saturated FAs contain only single bonds between carbon atoms. 

Monounsaturated and polyunsaturated FAs contain one or more double bonds between 

carbon atoms, respectively.  
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The two major classes of PUFAs are n-3 and omega-6 (n-6) fatty acids (99), examples 

of which are shown in Figure 1.5. These are long chain (containing 20 or more carbon 

atoms) FAs. The position of the first double bond in a carbon-carbon chain in n-3 PUFAs 

is at the third carbon from the methyl end, whilst the position of the first double bond in 

an n-6 PUFAs such as arachidonic acid (AA) is at the sixth carbon from the methyl end. 

PUFAs are often referred to using a shorthand nomenclature, C χ:γ (n-z) which denotes 

the number of carbon atoms (χ) followed by the number of double bonds (γ) and the 

position of the first double bond relative to the methyl carbon (z) (100).  

 

 

Alpha-linolenic acid (LNA) 

 

Eicosapentaenoic acid (EPA) 

 

Docosahexaenoic acid (DHA) 

 

Linoleic acid (LA) 

 

Arachidonic acid (AA) 

Figure 1.5. N-3 and n-6 polyunsaturated fatty acids (PUFAs) 

Chemical structure of n-3 PUFAs; LNA, EPA, DHA and n-6 PUFAs; LA and AA. Image 
sources: (101-105). 

 

N-3 PUFAs are essential nutrients, necessary to maintain regular physiological functions 

but unable to be synthesised in the body (106, 107). The majority of cancer-related 

scientific research focuses on three n-3 PUFAs: alpha-linolenic acid (LNA), 

eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) (99). EPA (C20:5 n-3) 

and DHA (C22:6 n-3) are often referred to as marine FAs, as these n-3 PUFAs are found 
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in oily fish (108). The two major n-6 PUFAs commonly discussed in the literature are 

linoleic acid (LA, C18:2n-6) and AA (C20:4n-6) (109). 

 

1.3.2.2. Sources and bioavailability  

 

n-3 PUFAs can be found in cold-water, oily fish such as salmon and mackerel (110) 

although the content is dependent upon the dietary n-3 PUFA consumption of the fish, 

and consequently farmed fish typically has higher content (111). Some plant sources, 

including flaxseed, soybean and canola oil, contain LNA (99). Commercially available 

supplements are also available, typically containing a mixture of n-3 PUFAs and other 

FAs. There is a wide variation of composition of such supplements, but on average a 

1000 mg fish oil supplement will contain 180 mg EPA and 120 mg DHA (99). 

 

The naturally occurring forms of n-3 PUFA in a fish oil are natural triglyceride conjugates. 

However, there are different forms of n-3 PUFAs which can be found in dietary 

supplements. These include ethyl esters, which are synthesised from natural 

triglycerides and are made by removing the glycerol molecule and replacing this with 

ethanol. Free fatty acids, re-esterified triglycerides and phospholipids have been found 

to have a higher bioavailability than ethyl esters (112-114).  

 

1.3.3. Cellular metabolism of n-3 PUFAs  

 

Once n-3 PUFAs are in cells, there are multiple pathways through which they are 

metabolised. Many downstream metabolites are considered beneficial for human health 

and are thought to have anti-inflammatory and/or anti-neoplastic properties (100, 115).  

 

1.3.3.1. Metabolism involving desaturase and elongase enzymes 

 

PUFAs are metabolised by a series of desaturase (FADS1 and FADS2) and elongase 

(ELOVL-2 and ELOVL-5) enzymes.  Membrane bound fatty acid desaturases, FADS, 

are a diverse superfamily of lipid-modifying enzymes that catalyse the introduction of 

double bonds into fatty acids, with a wide range of lipid substrate preferences including 

acyl-CoAs, sphingolipids and phospholipids (116). The FADS enzymes involved in the 

conversion of LA to docosapentaenoic acid (C22:5 n-6) or LNA to DHA are FADS1 and 

FADS2 which are sometimes referred to as desaturases ∆5 and ∆6 respectively (117).  

 

Seven fatty acid elongase subtypes are identified in mouse, rat and human genomes, 

and function to add two-carbon units, lengthening the FA carbon backbone. ELOVL-2 
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and ELOVL-5 function alongside FADS 1 and FADS 2, generating end products of n-6 

and n-3 PUFA synthesis (117, 118), as depicted in Figure 1.6.  

 

It should be noted that this metabolic pathway is inefficient in humans, for example  just 

15 % of LNA is converted to DHA (99), and reports indicate 0-4 % conversion from EPA 

to DHA (119). Therefore, EPA and DHA are considered ‘essential’ and are mostly 

obtained directly from dietary sources. n-3 PUFAs are primarily degraded by β-oxidation, 

in order to produce energy for the cell (120). 

 

Figure 1.6. Activity of elongase and desaturase enzymes in the metabolism of LA and 
LNA 

FAs are denoted as per IUPAC convention. ELOVL: elongase. FADS: desaturase. Diagram 
adapted from sources (117, 121) 

 

When comparing mRNA expression of ELOVL and FADS between 38 healthy normal 

and 44 stage I – IV CRC tissues, ELOVL- 2,4,5 and FADS- 1,2 were found to have 

greater relative expression in CRC tissues (122). There are limited in vitro studies that 

examine expression of ELOVL and FADS genes in colorectal cancer cell lines. ELOVL4, 
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ELOVL5 and FADS2 mRNA expression was found to be increased in cultured cancer 

cells (HT-29 and WiDr) when compared with normal colon cells (CCD 841 CoN) in a 

study by Mika et al, 2020 (122). The ‘normal’ colon cells do not have chromosomal 

rearrangements and mutations associated with CRC, however, are still immortalised. 

ELOVL2 and FADS1 expression was not detected in any cell lines (122). 

 

1.3.3.2. Further metabolism of EPA, DHA and AA 

 

EPA, DHA and AA can also be further metabolised [Figure 1.7] by cytochrome P450 

(CYP450) monooxygenases, and cyclo-oxygenase (COX) 1 and 2 enzymes and 

lipoxygenase (LOX) enzymes (106). Their metabolic products are associated with 

generating an immune response in healthy individuals (123). N-3 PUFA metabolism 

results in formation of anti-inflammatory anti-neoplastic mediators; resolvins, protectins 

and maresins (106, 115), whilst n-6 PUFAs metabolism results in pro-inflammatory pro-

cancer mediators (106, 115).
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Figure 1.7. Metabolic fate of AA, EPA and DHA 

Overview of the synthesis of lipid mediators produced from AA, EPA and DHA and the mediator effects on cancer and inflammation and apoptotic potential. COX, 
cyclooxygenase; CYP450, cytochrome P450; LOX, lipoxygenase; LT, leukotriene; MCTR, maresin conjugates in tissue regeneration; PG, prostaglandin; PCTR, 
protectin conjugates in tissue regeneration; Rv, resolvin Image adapted from (115, 124)
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1.3.4. Clinical use of n-3 PUFAs  

 

N-3 PUFAs have demonstrated abilities in improving cardiovascular (125, 126) and 

inflammatory conditions (106, 115, 127). A major reason for the interest in using n-3 

PUFAs medically is the excellent safety, tolerability profiles and limited side-effects (99). 

In pre-clinical and clinical settings, n-3 PUFAs are considered ‘nutraceuticals’. 

Nutraceuticals are defined as ‘nutritional products that provide health and medical 

benefits, including the prevention and treatment of disease’ (128). The term, 

nutraceutical, implies that the nutritional component is a supra-physiological 

(pharmacological) dose and / or in a pharmaceutical form (capsule, tablet) (129). A 

systematic review of side effects attributed prescription n-3 PUFAs in 21 randomised 

controlled trials, found no reported serious adverse effects (130). Mild side-effects 

reported have included dysgeusia, gastrointestinal issues including diarrhoea and reflux, 

and skin abnormalities, such as itching or eczema (130). It was also noted that, in 

comparison to EPA-only prescription products, patients taking combination EPA/DHA 

products reported a greater number of gastrointestinal adverse effects.   

 

1.4. Evidence supporting anti-CRC activity of n-3 PUFAs   
 

n-3 PUFAs have demonstrated abilities to improve cardiovascular, rheumatological and 

inflammatory conditions (99, 106, 110) and n-3 PUFA attributed anti-cancer effects have 

been reported in studies including CRC, prostate and breast cancers. A growing body of 

evidence supports use of n-3 PUFAs for the prevention and/or treatment of CRC. The 

evidence comprises epidemiological studies that correlate increased n-3 PUFAs intake 

with reduced CRC risk, in vitro investigations that demonstrate n-3 PUFAs effects on 

human and murine cell lines, in vivo studies which show efficacy of n-3 PUFAs against 

carcinogenesis and more recently in clinical trials which have demonstrated potential 

chemopreventative properties of EPA and DHA. These are detailed below.  

 

1.4.1. Epidemiological evidence supporting anti-cancer n-3 PUFA activity 

 

The study of n-3 PUFAs in the context of CRC has shown a role in prevention of 

developing primary and metastatic tumours (131). The global distribution of CRC burden 

varies, but two thirds of all cases occur in countries with higher human development 

indices, indicating the link between Western lifestyle and colorectal cancer (132). The 

lowest incidence of cancer occurs in the Far East, where the diet has a higher n-3 PUFA 

content than Western diets (132). Findings from epidemiological studies are limited 

because of non-comparable study designs lacking statistical power to detect 
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associations and due to a high variability in interpretation of results. There is a 

dependence on food questionnaires to assess dietary intake, which do not always sub-

categorise high n-3 PUFA sources and low n-3 PUFA sources. A study, in which n-3 and 

n-6 PUFA intake was estimated by in-depth one-to-one dietary interviews, collected data 

from 1872 patients in North Carolina (133). A significant reduction in CRC risk was 

identified in patients who consumed higher quantities of n-3 PUFAs, in a dose-dependent 

manner (133). In 2007 the World Cancer Research Fund and American Institute for 

Cancer Research acknowledged a probable association between dietary intake of oily 

fish and CRC risk and more recently in 2017 the CUP report concluded that there was 

‘limited yet suggestive’ evidence supporting a link between decreased risk of CRC and 

fish intake (93).   

 

1.4.2. Preclinical evidence supporting anti-cancer n-3 PUFA activity 

 

Studies do not consistently use the same n-3 PUFAs, formulations or, in the case of in 

vivo work, administration mode and these differences must be considered when 

undertaking comparative interpretation of the data. Whilst in vitro studies use either EPA 

or DHA, EPA is more predominantly used in in vivo and clinical studies. 

 

1.4.2.1. In vitro studies using CRC cell lines 

 

A summary of pre-clinical studies utilising human CRC (hCRC) cell lines is shown in 

Table 1.2.  

 

Work to identify mechanisms through which EPA and DHA act include a study by Volpato 

et al, which has shown that EPA decreased synthesis of a pro-inflammatory chemokine 

linked with carcinogenesis called chemokine C-C motif ligand (CCL2) in human HCA-7 

and mouse MC38 CRC cells (134). D’Eliseo et al demonstrated that treating established 

human CRC cells; HT-29, HCT8 and HCT116 with DHA modulated epithelial-to-

mesenchymal transition biomarkers and inhibited invasion (135). In combination with 

traditional CRC treatments, the effect of n-3 PUFA treatment has also been evaluated. 

A synergistic anti-cancer effect between EPA and a combined 5-FU / oxaliplatin (FuOx) 

treatment was found in HT-29 cell lines, with the combined dosage resulting in 6.05-

times more cell death than in cells treated with FuOx alone (136).   
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Table 1.2. In vitro studies investigating n-3 PUFA activity in hCRC cells 

CRC model 
n-3 

PUFA 
n-3 PUFA 

formulation 
Concentration / 

dose 
Anti-cancer Effects Reference 

DLD-1, HT-29 and 
LIM-205 

EPA 
DHA 

FFAE 
50 - 200 μM EPA 
50 - 250 μM DHA 

Significant loss of hCRC cell viability following 24 or 48h exposure 
with 200 μM n-3 PUFA 
↑ reactive oxygen species present following 24h treatment with 
highest concentrations tested  
Activated caspase-3 and caspase-9 

(137) 

HCA-7, HT-29 and 
LoVo  

EPA FFA 25 - 100 μM 
Induced hCRC apoptosis.  
COX-2-dependent “PGE2-to-PGE3 switch”.  
PGE3 identified as a partial agonist of PGE2 EP4 receptor 

(138) 

LoVo and RKO  

EPA 
 
 

DHA 

Not 
specified 

120 – 150  
µM 

↑ LXA4, ↓ PGE2, ↓ LTB4  
Suppressed expression of COX-2, ALOX5 and mPGES 
 
↑ LXA4, ↑ PGE2, ↓ LTB4  
Suppressed expression of COX-2, ALOX5 and mPGES 

(139) 

LoVo and RKO  
EPA 
DHA 

Not 
specified 

120 – 150 
µM 

Induced apoptosis mediated by a mitochondria-mediated pathway.  
↓ mitochondrial membrane potential, ↓ ATP, ↑ ROS, ↑ intracellular 
Ca2+, ↑ Bax/Bcl2 expression, activated caspase-9 and caspase-3 

(140) 

LS174T  
EPA 
DHA 

Not 
specified 

50 μM, 100 μM 
and 150 μM 

Dose and time-dependent growth inhibition.  
Activated caspase-3 and ↓ expression of survivin mRNA 

(141) 

HT-29 and LoVo  
EPA 
DHA 

Not 
specified 

25 - 100 μM 
Inhibition of cell proliferation, induction of apoptosis via the Hippo 
pathway 

(142) 

 
CRC: colorectal cancer. hCRC: human CRC. FFA: Free fatty acid. FFAE: Free fatty acid extract (from krill oil). LT: leukotriene. LX: lipoxin. N-3 PUFA: omega-3 
polyunsaturated fatty acid. PG: Prostaglandin. ROS: reactive oxygen species. ↓ Decrease. ↑ Increase.  
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1.4.2.2. In vivo studies  

 

Animal models of CRC have shown that EPA can be used as a means of preventing 

CRC development. Nakanishi et al, recently assessed the chemopreventative efficacy 

of a new stable EPA compound, magnesium l-lysinate bis-eicosapentaenoate (TP-252) 

on intestinal tumour formation using Apc∆14/+ mice (143). They observed that within the 

colonic mucosa, mice fed a diet supplemented with TP-252, there were decreased AA 

and increased EPA concentrations (143). In addition, TP-252 treatment resulted in 

reduced tumour size and number in the colon and small intestine, in a dose-dependent 

manner (143). A previous study within this research group demonstrated that CRCLM 

can be modeled in BALB/c mice through intrasplenic injection of murine MC26 CRC cells 

(144). Subsequent dietary supplementation with 5 % EPA-FFA (free fatty acid) led to a 

reduced liver tumour burden and increased EPA incorporation within tumour cells (144).  

In addition, this study showed that an increase in n-3 PUFA levels conversely affected 

n-6 PUFA concentration, reduced PGE2 signaling and lowered proliferation and motility 

of CRC cells (131). DHA has been used in in vivo studies less frequently, however one 

study investigated differential gene expression in HT15 CRC xenografts grown in BALB/c 

nude mice fed a 7.5 % fish oil-based DHA-rich diet compared to those fed a normal 

(corn-oil lacking DHA) diet. It found that DHA inhibited tumour growth in vivo and genes 

related to metastatic behavior were downregulated following DHA supplementation 

(145).  

 

1.4.3. Clinical evidence supporting anti-cancer n-3 PUFA activity 

 

Supported by mounting evidence in epidemiological and preclinical work, clinical trials 

have been undertaken to investigate the effect of n-3 PUFA supplementation on CRC 

patients. In a trial (NCT00488904) involving 174 CRC patients randomly allocated n-3 

PUFA treatment or standard isocaloric and isonitrogenous oral nutritional supplement, 

Sorensen et al reported that 2 g/day EPA and 1 g/day DHA 7 days pre- and post- CRC 

surgery had no effect on post-operative complications (146). However this study did not 

assess long-term CRC outcomes (146) .  

 

In 2014, the EPA for Metastasis Trial (EMT) (NCT01070355) showed that in patients 

awaiting liver resection for CRCLM supplementation with 2 g EPA-FFA daily was safe 

and well-tolerated but also reduced tumour-supporting vasculature (131).  Although the 

study was limited in statistical power to compare placebo versus treatment groups, pre-
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operative EPA-FFA treatment was associated with a sustained benefit, increasing 

disease free survival (DFS) and overall survival (OS). Encouraged by such findings, a 

phase III RCT, EMT2 (NCT03428477), is in progress to assess the effect of long-term 

EPA treatment on CRC recurrence and patient survival after liver resection surgery for 

metastatic disease.  

 

A randomised control clinical trial led by Professor Hull, known as the seAFOod Polyp 

Prevention trial (ISRCTN05926847), assessed 2 g EPA-FFA daily supplementation for 

sporadic CRC prevention. Participants with sporadic colorectal neoplasia detected by 

colonoscopy, were randomly assigned EPA alone, in combination with aspirin, or 

placebo. Participants who had received EPA were reported to have a reduction in 

number of total number of conventional adenomas in the left colorectum, and a lower 

number of detected adenomas present at the 1 year surveillance colonoscopy time point, 

when compared to the placebo treated patients. In comparison there was no effect of 

EPA noted for right-sided serrated lesions (147). These findings are indicative of 

differential EPA effects based on site and adenoma type. 

 

In addition to this, a clinical trial which compared the clinical outcomes of CRC patients 

undergoing chemotherapeutic treatment who were receiving 2 g/day fish oil 

supplementation (containing 0.36 g/day EPA and 0.24 g/day DHA) with patients 

receiving no fish oil supplements, found that the tumour progression was longer in the 

supplemented group compared to the control group (593 ± 211.5 days versus 330 ± 

135.1) and lower carcinoembryonic antigen (CEA) although neither finding was found to 

be significantly different. However the finding that n-3 PUFA treatment may result in 

delayed tumour progression when the quantities of EPA and DHA totalled just 0.6 g/day 

are encouraging, and these results were indicative of the ability of n-3 PUFAs to enhance 

antineoplastic action of the chemotherapy (148).  

 

1.5. N-3 PUFAs anti-cancer mechanisms of action 
 

The mechanisms through which n-3 PUFAs exert anti-cancer effects are not fully 

understood. By uncovering the mechanistic basis of anti-cancer activity, novel 

therapeutic targets and biomarkers of response could be discovered. Proposed 

mechanisms summarized in Figure 1.8 are responsible for beneficial effects, including; 

maintaining cell-membrane fluidity, inhibition of inflammatory processes and decreasing 

secretion of pro-inflammatory cytokines and promoting anti-neoplastic processes (149). 
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It is also thought that n-3 PUFAs exert growth inhibitory and pro-apoptotic effects on 

cancerous cells, whilst allowing healthy cells to thrive (139), which is demonstrated in a 

mounting body of research.   

 

1.5.1. Direct effects of n-3 PUFA on cellular response 

 

DHA and EPA are molecularly and structurally different with distinct functional properties, 

with EPA being a precursor to DHA (150, 151). Therefore, the direct effects on cancer 

cells may differ between n-3 PUFA used, although this is not fully understood. It is 

unknown how the distinctive mechanisms of action of each n-3 PUFA, established using 

in vitro and in vivo models, contribute to anti-cancer n-3 PUFA activity in humans.  

 

N-3 PUFAs can incorporate into the phospholipid bilayer of the cellular membrane and 

cause conformational changes which alter structure and function (106, 152). Cell surface 

receptors, are localized to lipid rafts or calveolae (153). DHA is more likely than EPA to 

incorporate into the cell membrane and disrupt lipid rafts (153), causing structural 

changes to the membrane. As a consequence of n-3 PUFA incorporation into the cell 

membrane, signalling pathways are impaired and effectively ‘switch off’ activated 

receptors. In human breast cancer MDA-MB-231 cells treated with 50 µM DHA, 

incorporation into the membrane disrupted lipid-raft associated onco-proteins; EGFR, 

Hsp90, Akt and Src (154) . This downregulates proliferation and inhibits pathways which 

evade apoptosis (106). 

 

n-3 PUFAs metabolism produces reactive oxygen species (ROS) as a by-product (155), 

which can accumulate in cancer cells. ROS have been found to possess both detrimental 

and beneficial effects in the context of cancer (155). ROS cause DNA, lipid and protein 

damage, which consequentially can alter signalling pathways to promote cancer cell 

proliferation, survival, angiogenesis and metastasis (155, 156). However, a significant 

increase of ROS accumulation, following n-3 PUFA supplementation, was observed in 

LoVo and RKO CRC cell lines following exposure to 150 µM and 120 µM n-3 PUFA, 

respectively (140). ROS accumulation in this context may increase oxidative stress (155) 

and initiate an apoptotic signalling cascade pathway to eliminate cancerous cells.  

 

 

 



 
 

- 29 - 
 
 

1.5.2. Modulation of COX metabolism 

 

COX-2 is overexpressed in many cancers including CRC and has a role in facilitating the 

enzymatic conversion of n-6 PUFAs such as LA and AA in to pro-inflammatory, tumour 

promoting PGE2 (157, 158). In a study involving 1026 CRC specimens, 78 % expressed 

COX-2 detected by immunohistochemistry (IHC) (159). Expression of COX-2 in CRC 

has been associated with increased cell adhesion and resistance to apoptosis (160). 

COX-2 enzymatic conversion of AA into prostaglandin H2 (PGH2) leads to the 

production of a range of prostaglandins including tumour promoting prostaglandin E2 

(PGE2) (157). PGE2 causes aberrant signalling which promotes inflammation and tumour 

growth (152, 158) through interactions with EGFR-PI3K-Akt and Ras-MAPK pathways 

or PGE2-EP4 receptor signaling. Increased PGE2 causes pro-tumourigenic CRC cell 

proliferation, invasion, motility and anti-apoptotic effects, as well as increased 

inflammatory signaling and immune evasion (138, 152, 157, 161) 

 

COX-2 inhibition has been investigated in prevention and treatment of CRC, with over 

100 observational studies confirming aspirin use in CRC cancer prevention (162). Aspirin 

elicits anti-cancer effects via COX-dependent pathways through the inhibition of COX-2 

and reduced PGE2 production, or COX-independent pathways (160). Reduced 

proliferation and increased apoptosis of human CRC cells following treatment with 

prostaglandin synthesis inhibitors (sulindac sulfide (an active metabolite of sulindac) and 

piroxicam) was independent of the cell lines COX-status or ability to produce 

prostaglandins as the cell lines compared were COX-negative (HCT-15) and COX-

positive (HT-29) (163). Recently the follow up of the CAPP2 trial (ISRCTN59521990) 

which investigated the use of the non-steroidal anti-inflammatory drug (NSAID) 600 mg 

aspirin daily versus placebo in patients with Lynch syndrome and found that 9 % of 

patients who received aspirin developed CRC in comparison to 13 % who had received 

placebo (162).  Celecoxib, a selective COX-2 inhibitor was also found to delay 

development of adenomas in patients with FAP (164).  

 

EPA and DHA are substrates for COX-2, leading to the production of 3-series 

prostaglandins; prostaglandin E3 (PGE3) [Figure 1.7]. Whilst the affinity (KM) does not 

differ between EPA and AA, EPA has a lower maximal rate of reaction (VMAX) compared 

with AA (30 % of the AA rate) (138). Competition between substrates results in 

production of small quantities of PGE3, reducing the amount of PGE2 produced (165). 

PGE3 is an anti-tumorigenic metabolic product and this may alter the cancer promoting 
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cellular environment utilised by the cancer cells (158, 165).  It should be noted that EPA 

is an alternative substrate to AA for COX-2, however the structure of DHA renders it a 

poor substrate for COX-2.  

 

In comparison to COX-2, the COX-1 isoform is less frequently studied. Constitutive 

expression of COX-1 is found in most tissues and it has a role in maintaining 

homeostasis through production of prostanoids (166). COX-1, like COX-2, may have a 

role in CRC tumourigenesis by synthesising cancer-promoting prostanoids via AA 

metabolism. A study in which COX-1 mRNA expression was compared between stage 

III CRC tumours and normal colonic mucosa, found elevated COX-1 expression in the 

tumours (167). COX-1 is irreversibly bound by aspirin, which inhibits AA metabolism and 

reduces synthesis of PGE2 and other mediators (168, 169), and is being clinically 

evaluated for use as an adjunct to standard therapy in the Add-Aspirin trial, a phase 3 

randomised placebo controlled trial (NCT02804815) (170). The trial involves patients 

who have had their primary CRC tumour surgically resected. COX-1, like COX-2, can 

metabolise EPA [Figure 1.7]. 

 

1.5.3. G protein coupled receptor signalling 

 

EPA and DHA have been shown to act as ligands for cell surface G protein coupled 

receptors (GPCRs) (171). GPCRs are members of a large family of proteins, activated 

by a diverse range of ligands. Upon GPCRs are considered some of the most clinically 

relevant and promising targets for drug discovery (172). Binding of specific ligands to 

GPCRs initiates signal transduction pathways that are further detailed in Chapter 6.1.3.   

 

n-3 PUFAs EPA and DHA are ligands for GPCRs, Gpr120 (also known as FFA4) (171, 

173) and Gpr40 (also known as FFA1) (106). Whilst GPR120 has been found expressed 

in human CRC cell lines, GPR40 has not (174). Both are rhodopsin-like GPCRs (175), 

that upon ligand binding and activation, couple to the Gαq/11 subunit and mitigate a signal 

that causes the release of intracellular calcium (Ca2+) (175). In HT-29 and LoVo cell lines, 

EPA-induced agonism of the GPR120 receptor causes an increase of phosphorylation 

of downstream effectors YAP (yes-associated protein) which leads to the inactivation of 

YAP/TAZ (TAZ: WW-domain-containing transcription regulator 1) and activation of the 

Hippo pathway (142). In turn, this causes decreased proliferation and increased 

apoptosis of the CRC cells (142).   

 



 
 

- 31 - 
 
 

In murine models, activation of Gpr120 in response to n-3 PUFAs was shown to 

negatively affect tumour-associated macrophage pro-tumourigenic activity or modulate 

the systemic anti-tumour host response (171).  

 

Determining if other GPCRs, expressed by CRC tumour cells, are activated upon EPA 

and DHA stimulation is therefore an important area of research. To identify molecular 

drivers of sensitivity and resistance, a whole mouse genome expression microarray was 

performed (prior to the start of this PhD project). The analysis investigated differential 

gene expression between murine CRC cells that were EPA-sensitive (MC38) or EPA-

resistant (MC38r), further details of this are given in Chapter 6.1.1. This work identified 

Mrgprf, an orphan (no known ligand) GPCR, with a potential role in EPA sensitivity which 

is further described and investigated in Chapter 6. 

 

1.5.4. Indirect anti-CRC effects of n-3 PUFAs 

 

N-3 PUFAs activity is not limited to direct effects upon the cells to which they are 

exposed. Indirect activity, whereby n-3 PUFAs can alter the microbiome and tumour 

microenvironment, are areas that require further study to improve understanding. These 

are further discussed in Chapter 7, as detecting indirect activity was not possible in this 

thesis as it solely utilized in vitro CRC models.
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Figure 1.8. Mechanisms through which n-3 PUFAs exert anti-cancer effects on hCRC cells 

Mechanisms through which n-3 PUFAs such as EPA and DHA exert anti-cancer effects are not fully understood. It is likely that mechanisms are interlinked or can 
occur concomitantly.  
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Chapter 2: Aims and hypotheses 
 

Projected incidence of CRC suggests a 11 % reduction between 2014 and 2035 (23), 

but  a clinical need for efficacious treatment options remains, as CRC accounts for the 

second most common (10 %) cause of cancer deaths in the UK (23). N-3 PUFAs are an 

attractive potential treatment, with EPA efficacy in CRCLM treatment being assessed by 

an ongoing phase III RCT (NCT03428477) (176). However, there are no biomarkers 

currently available to enable patient stratification. Previous studies show that different 

CRC cell lines have varied responses to EPA or DHA exposure (90, 106, 107, 110, 134-

137, 139, 148, 150-152, 177-179). Predictive markers of intrinsic sensitivity or acquired 

resistance have yet to be investigated, especially in the context of human CRC molecular 

phenotypes. Further understanding of response to n-3 PUFAs will contribute to 

facilitating personalised therapeutic approaches.  

 

2.1. Aim  
 

The overall aim of this research was to identify and investigate markers, key drivers and 

pathways associated with sensitivity or resistance of colorectal cancer cell lines to the n-

3 PUFAs; EPA and DHA. This work could identify phenotypes associated with, and 

predictive biomarkers of, response to n-3 PUFAs.  

 

2.2. Hypotheses      
 

In Chapters 4 and 5, I tested the following hypotheses to examine the intrinsic differences 

between n-3 PUFA sensitivity across a large panel of human CRC cell lines: 

 

I. CRC cell lines display inherent differences in sensitivity to EPA and DHA. These 

intrinsic differences are associated with key CRC molecular phenotypes (CIN, 

CIMP and microsatellite status) and/or enzymes involved in n-3 PUFA 

metabolism such as COX enzymes and/or FA content of cell lines.   

 

To identify potential molecular markers associated with acquired n-3 PUFA resistance, 

in Chapter 6, I tested the following hypotheses: 
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I. Reduced expression of orphan GPCR, Mrgprf (MRGPRF), in the EPA-resistant 

MC38r murine CRC cell line model compared to the parental EPA-sensitive 

MC38 counterpart, drives resistance to EPA. 

II. Comparison of EPA- or DHA- isogenic CRC cell line clones, generated from 

chronic exposure to these n-3 PUFAs, identifies phenotypic and genotypic 

alterations associated with n-3 PUFA sensitivity and/or resistance.  
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Chapter 3: Materials and Methods 
 

3.1. Stock preparation 
 

3.1.1. Fatty acids 

 

Pure eicosapentaenoic acid in its free fatty acid form (referred to as EPA throughout) 

was gifted by SLA Pharma AG (Watford, UK). EPA oil (3.3 M) was extracted from 

capsules using a large gauge needle (21G) in a sterile environment and stored at 4°C 

for 1 month maximum. Working stock solutions (33 mM) were prepared fresh for each 

experiment, by diluting the oil in 100 % ethanol (Merck Life Science UK Ltd; Gillingham, 

UK).  

 

Docosahexaenoic acid powder in its free fatty acid form (referred to as DHA throughout) 

was obtained from Cayman Chemical (Ann Arbour, USA; Item No: 90310).  A ‘master 

stock’ solution (761 mM) was in 100 % ethanol. Working stock solutions (33 mM) were 

prepared fresh for each experiment, by further diluting the master stock solution in 100 

% ethanol.  Working stocks were stored at -20°C for a maximum of 1 month.  

 

 

3.1.2. Epigenetic drugs 

 

Epigenetic drugs were reconstituted in dimethyl sulfoxide (DMSO) (Merck Life Science 

UK Ltd; Gillingham, UK; cat No: 276855). Decitabine (DAC, Cell Guidance Systems Ltd; 

Cambridge, UK; Cat: SM46), was prepared to stock concentrations of 500 mM and 50 

mM, 5-Azacytidine (AZA, Cayman Chemicals; Ann Arbour, USA; Cat: CAY11164), was 

prepared to a stock concentration of 10 mM and Temozolomide (TMZ, Cayman 

Chemicals; Ann Arbour USA; Cat: CAY14163) at a 25 mM concentration
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3.2. Cell Culture 
 

3.2.1. Cell Lines Used 
 

Cell line details, including source and growth conditions, are summarised in Table 3.1. 

Cell lines were routinely tested for mycoplasma in house using MycoAlert Mycoplasma 

detection kit (Lonza; Basel, Switzerland). Cells were cultured in ThermoFisher Scientific 

(Massachusetts, USA) growth media and supplemented with 10 % (v/v) fetal calf serum 

(FCS) (Merck Life Science UK Ltd; Gillingham, UK). Culture medium used included: 

Roswell Park Memorial Institute 1640 media containing Glutamax ® (RPMI) (cat No: 

61870036), Dulbecco’s Modified Eagle Media containing GlutaMAX™ (DMEM) (cat No: 

10569010) and Gibco™ Ham’s F-12 Nutrient Mix containing GlutaMAX™ (F12) (cat No: 

31-765-035) and Leibovitz’s L-15 (L15) (cat No: 11415049). 

 

3.2.2. Routine passage and growth conditions  

 

All cell lines were maintained at 37°C in a humidified atmosphere containing 5 % CO2, 

with the exception of newly revived SW1116 and SW837 which were maintained under 

atmospheric air conditions in L-15 culture medium for 3 passages before being 

acclimatised to culture in RPMI medium with 5 % CO2.  

 

Cell lines were routinely sub-cultured once 70-80 % confluent, for a maximum of 18 

passages. Sub-culturing was performed by removing medium, rinsing in Dulbecco’s 

phosphate buffered saline (DPBS) (ThermoFisher Scientific; Massachusetts, USA; cat 

No: 14190-095), and resuspending cells by incubation with 2 ml of 0.25 % w/v trypsin- 

ethylenediaminetetraacetic acid (EDTA) (ThermoFisher Scientific; Massachusetts, USA) 

per T75 flask for 5 minutes at 37°C. Once cells had detached, trypsin was neutralised 

with 8 ml fresh complete medium, and an appropriate volume of cell suspension was 

transferred to a new flask containing fresh medium to a total volume of 10 ml. Subculture 

ratios are provided in Table 3.1. 

 

3.2.3. Routine cell cryopreservation 

 

Cell lines stocks were prepared for cryostore containment from early passage cultures. 

Following trypsinisation, cells were resuspended in appropriate cell media to give a total 

volume of 10 ml. Cells were centrifuged at 400 g for 5 minutes and media removed. Cell 

pellets were resuspended in media containing 10 % DMSO and transferred to cryovials 
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(Fisherbrand™; Loughborough, UK; cat No: 11777939). They were stored at -80°C for 

24 hours in a freezing container (Nalgene® Mr Frosty; Merck Life Science UK Ltd; 

Gillingham, UK) containing 2-propanol before transfer into liquid nitrogen long-term 

storage. 

 

Table 3.1. Cell line general information 

Cell lines marked with an asterisk were newly purchased for this study whereas stocks were 
available in-house for those without. CRC-LN: colorectal cancer derived from lymph node 
metastatic site. ATCC: American Type Culture Collection. ECACC: European Collection of 
Authenticated Cell Cultures.  

Cell 
Line 

Cell type Organism Source 
Growth 
Media 

Passage 
Ratio 

HEK293 
Embryonic 

Kidney 
Human ATCC 

DMEM  
+ 10 % FCS 

1:20 

MC38 
Chemically 

induced 
CRC 

Mouse 
D. Beauchamp, Vanderbilt 

University, TN, USA 
RPMI  

+ 10 % FCS 
1:10 

MC38R 
Chemically 

induced 
CRC 

Mouse 
Isolated in-house using 

TGF-β (5ng/ml) in a 
transwell migration assay 

RPMI  
+ 10 % FCS 

1:10 

CaCo-2 CRC Human ECACC 
RPMI  

+ 10 % FCS 
1:10 

Colo205 CRC 
Human 

ECACC 
RPMI  

+ 10 % FCS 
1:10 

DLD-1 CRC 
Human 

ATCC 
RPMI  

+ 10 % FCS 
1:10 

HCA7 CRC Human ATCC 
RPMI  

+ 10 % FCS 
1:10 

HCT116 CRC 
Human 

ATCC 
RPMI  

+ 10 % FCS 
1:20 

HRT18 CRC 
Human 

ECACC 
RPMI  

+ 10 % FCS 
1:10 

HT29 CRC 
Human 

ATCC 
RPMI  

+ 10 % FCS 
1:10 

LoVo CRC 
Human 

ATCC 
F12  

+ 10 % FCS 
1:10 

LS174T CRC 
Human 

ECACC 
DMEM  

+ 10 % FCS 
1:10 

LS411N CRC  Human ATCC* 
RPMI  

+ 10 % FCS 
1:10 

SW48 CRC 
Human 

ATCC 
RPMI  

+ 10 % FCS 
1:10 

SW480 CRC 
Human 

ATCC 
RPMI  

+ 10 % FCS 
1:20 

SW620 CRC-LN 
Human 

ATCC 
RPMI  

+ 10 % FCS 
1:20 

SW837 CRC 
Human 

ATCC* 
RPMI  

+ 10 % FCS 
1:5 

SW1116 CRC Human ATCC* 
RPMI  

+ 10 % FCS 
1:1 

T84 CRC 
Human 

ATCC 
F12 : DMEM 

(1:1)  
+ 10 % FCS 

1:10 

TC71 CRC Human Prof Alex Duval, INSERM 
DMEM  

+ 10 % FCS 
1:10 
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3.3. Molecular Profiling of Cell Lines 
 

3.3.1. Genomic DNA extraction  

 

Genomic deoxyribonucleic acid (gDNA) was extracted using the PureLink™ Genomic 

DNA mini kit (Merck Life Science UK Ltd; Gillingham, UK; cat No: K182002) following 

manufacturer’s instructions. 5 x 106 cells were harvested through trypsinisation and 

resuspended in 200 µl DPBS. 20 µl each of proteinase K and RNAse A were added to 

the sample, vortexed and incubated at room temperature for 2 minutes. 200 µl of 

PureLink™ Genomic Lysis/Binding buffer was added to each sample and mixed 

thoroughly by vortex until the mixture was homogeneous. The reaction was incubated at 

55°C for 10 minutes to promote protein digestion, and 200 µl of 100 % ethanol was added 

and mixed in until, once again, the resulting lysate mixture was homogenous.  

 

Sample lysates were purified by adding the solution onto a PureLink™ spin column. 

Centrifugation at 10000 g for 1 minute was followed by discarding collected liquid and 

washing the column with 500 µl wash buffer 1. The sample was centrifuged at 10000 g 

for 1 minute. Once again, the collection tube was disposed of, 500 µl of wash buffer 2 

was added and the column was centrifuged at a maximum speed of 16000 g for 3 

minutes. The spin column was placed in a 1.5 ml microcentrifuge tube and 50 µl of 

PureLink™ genomic elution buffer was added to the column and left to incubate at room 

temperature for 1 minute. The column underwent centrifugation at 16000 g for 1 minute 

and resulting gDNA was quantified and purity assessed using a NanoDrop 1000 

Spectrophotometer (ThermoFisher Scientific; Massachusetts, USA) using the 260 nm 

and 280 nm wavelengths. 

 

3.3.2. Short tandem repeat profiling of human CRC cell lines 

 

Short tandem repeat (STR) profiling was used to authenticate all human CRC cell lines 

(with the exception of the ones newly purchased from ATCC for this project, see Table 

3.1) (180, 181). For each cell line, 50 µl gDNA samples (>20 ng/µl) were provided to 

Source Bioscience typing service (Nottingham, UK) for profiling using the Promega 

Powerplex 16HS assay. The following loci markers were analysed: AMEL, CSF1PO, 

D13S317, D16S539, D18S51, S21S11, D3S1358, D5S818, D8S820, D9S1179, FGA, 

PentaD, PentaE, TH01, HPOX and vWA.  
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Data was formatted using GeneMapper® ID and ID-X software by the service supplier 

before being returned. STR profile analysis was completed using Peak Scanner software 

(version: 3.0.3-PRC-build4; ThermoFisher Scientific; Massachusetts, USA) to confirm 

peak assignment. ATCC matching algorithm (181) was used to compare allele profiles 

with expected ATCC profiles. An authentication threshold was defined as >80 % match 

(181). Allele profiles were also compared to profiles listed on DSMZ, CLS and TKG 

databases.  

 

3.3.3. Microsatellite Stability Testing 

 

3.3.3.1. BAT25 and BAT26 primers 

 

Amplifying and sizing BAT-25 and BAT-26 DNA markers, which are 2/5 of the Bethesda 

panel (45), have been shown to correctly identify 97 % of MSI-high samples (41). The 

oligonucleotide primers used for microsatellite status analysis are detailed in Table 3.2.  

 

Table 3.2. Primer sequences for BAT-25 and BAT-26 microsatellite stability markers 

Marker 
Forward Primer F  
(5’ – 3’) 

Reverse Primer R  
(5’ – 3’) 

Product 
Size (bp) 

BAT-25 
[6FAM]CTCGCCTCCAAGAA
TGTAAGT 

CTATGGCTCTAAAATGCTC
TGTTC 

114 

BAT-26 
[HEX]TGACTACTTTTGACTT
CAGCC 

AACCATTCAACATTTTTAAC
CC 

122 

 
BAT-25 marker allows amplification of part of the KIT receptor tyrosine kinase. BAT-26 is a region 
of MSH2 DNA mismatch repair gene. 

  

Hydrophylised primers (Merck Life Science UK Ltd; Gillingham, UK) were reconstituted 

in nuclease free dH2O at a concentration of 100 µM. BAT-25 and BAT-26 primers were 

stored at -20°C and kept away from light, as they were fluorescently tagged with 6FAM 

and HEX, respectively. 

 

3.3.3.2. PCR Conditions 

 

PCR reactions were performed in biological triplicate. gDNA was diluted to 10 ng/µl in 

100 µl. For each experiment, an MSI primer master mix was prepared, comprising of 5 

µM of each of the 4 primers and nuclease free water to give a final volume of 200 µl.  

 

Polymerase chain reactions (PCR) were set up with a total reaction volume of 10 µl and 

constituting 5 µl Hot Shot Mastermix (Clent Life Science; Stourbridge, UK; cat No: 
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HS002), 1 µl MSI primer mastermix (giving a final individual primer concentration per 

reaction of 0.5 µM), 3 µl gDNA and 1 µl nuclease free water.  

 

PCR was performed using the following cycles: initial denaturation at 95°C for 5 minutes, 

40 cycles of (95°C for 30 seconds, 54°C for 42 seconds and 72°C for 60 seconds). The 

reaction ended with a final incubation at 72°C for 10 minutes.  

 

3.3.3.3. PCR product analysis by DNA electrophoresis 

 

To prepare samples for analysis by DNA electrophoresis, 1 µl of 6x loading buffer (Merck 

Life Science UK Ltd; Gillingham, UK; cat No: G2526) was added to 5 µl PCR product 

and briefly centrifuged at 4000 g to mix. Samples were loaded onto a 1.5 % w/v agarose 

(SeaKem® LG; Lonza; Basel, Switzerland; cat No: 50002) gel in 1x Tris-acetate EDTA 

(TAE) buffer [0.4 M tris acetate, 0.01 M EDTA] containing 15 µl ethidium bromide (Merck 

Life Science UK Ltd; Gillingham, UK; cat No: E1510). 

 

The gel was loaded into gel tanks filled with 1X TAE buffer and samples were loaded 

alongside 10 µl 100 bp ladder (New England BioLabs; Massachusetts, USA; cat No: 

B7025) and run for 45 minutes at 120 V. The gel was visualised on the BioRad Molecular 

Imager® Gel Doc™ XR+ System (Bio-Rad, California, USA) using Image Lab 5.2.1 build 

11 software to acquire images (Bio-Rad Laboratories, California, USA).  

 

3.3.3.4. PCR product analysis by Sequencing  

 

PCR product was diluted 1/10 with dH2O and 0.5 µl of the diluted PCR product was 

mixed with 8.5 µl of HiDi™ Formamide (ThermoFisher Scientific; Massachusetts, USA; 

cat No: 4311320) and 1 µl Gene Scan ROX500 (ThermoFisher Scientific; 

Massachusetts, USA; cat No: 401734). Genotyping and sequence analysis were 

performed on the ABI3130xl Genetic Analyser (Applied BioSystems by Life 

Technologies; California, USA). The data was analysed using PeakHeights software (Ian 

Carr) (182). Sample traces were calibrated to the Gene Scan ROX500 standard and the 

analysis was focused on the region between 100 base pairs and 140 base pairs to 

include BAT-25 and BAT-26 PCR products. Calculation of the shift of the major peaks 

were performed manually upon visualisation of the peaks.  
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3.4. Cell viability assays 
 

3.4.1. MTT Assay  

 

This assay relies upon the principle that mitochondrially active cells have the ability to 

reduce 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide salt (MTT, 

Invitrogen™; ThermoFisher Scientific; Massachusetts, USA; cat No: M6494) into 

formazan, which is a blue crystal salt [Figure 3.1], soluble in DMSO. Therefore, the 

amount of formazan product, determined by measuring absorbance at 620 nm, is 

proportional to the number of viable cells present.   

 

 
 

Reduction of colourless MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
salt) by mitochondrial reductase enzymes. This produces blue formazan crystals which can 
be quantified, after being dissolved in DMSO, by measuring absorbance at 620nm using a 
spectrometer. Image adapted from (183). 

 

The assay was performed in a 96-well-plate. Four technical replicates per condition were 

included on each plate and between 3 and 18 independent replicates were conducted. 

More than 3 independent replicates were conducted for some cell lines due to their use 

in n-3 PUFA chronic exposure experiments (Chapter 3.5), as to assess altered 

sensitivity following chronic exposure, parental (non-chronically exposed) cells were 

used as a comparator. On each plate, the first column of cells was left blank. Cell lines 

were seeded at a density of 1000 cells / well, except for HCA-7, SW837 and SW1116, 

which were seeded at 5000 cells / well. Following seeding, cells were incubated for 24 

hours at 37°C, 5 % CO2. Culture media was removed and replaced with n-3 PUFA or 

epigenetic-drug containing media. Following 72-hour incubation, 20 µl of MTT solution 

(5 mg/ml) was added to each well and plates were incubated at 37°C, 5 % CO2 for 4 

hours, in the dark. The solution was removed and resulting formazan salt crystals were 

dissolved in 150 µl DMSO (Merck Life Science UK Ltd; Gillingham, UK; cat No: 276855). 

MTT 

Formazan 

Mitochondrial reductase 
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Absorbance measurements at 620 nm wavelength, were made using the LB940 

microplate reader (Berthold Mithras, UK) and visualised with MicroWin software. 

 

3.4.2. Crystal Violet Assay (alternative to MTT) 

 

SW1116 cells were observed to have a very slow doubling time, and repeat attempts to 

determine n-3 PUFA sensitivity using the MTT assay were unsuccessful, leading to the 

assumption that there is a lack of metabolic enzymatic activity which allows for the 

reduction process that converts MTT to formazan.  

 

An alternative method to MTT involving use of crystal violet was utilised. Crystal violet is 

a chemical that binds to proteins and DNA (184). The protocol relies on the principle that 

dead cells lose adherence and are washed away, thus leading to a reduction in staining 

in culture (184).  

 

SW1116 cells were seeded on day 1 at a density of 5.0 x 104 and left to incubate at 37°C, 

5 % CO2 until day 5. On day 5, cells were treated with media containing concentrations 

of EPA, DHA and combined EPA and DHA, and left to incubate in standard culture 

conditions until day 20. Media was aspirated and cells were washed under a gentle 

stream of tap water twice, before the plate was inverted on paper towels to remove 

excess liquid.  

 

A 0.5 % crystal violet solution was prepared by dissolving 0.5 % w/v crystal violet powder 

(Alfa Aesar; Massachusetts, USA; cat No: B21932) in 80 ml dH2O and 20 ml 100 % 

methanol (Merck Life Science UK Ltd; Gillingham, UK). 0.5 % crystal violet solution was 

stored at room temperature, in the dark, and kept for no longer than 2 months. In each 

well, 50 µl of 0.5 % crystal violet staining solution was added. Plates were then incubated 

for 20 minutes at room temperature on a benchtop rocker oscillating at a frequency of 

20 oscillations per minute. Following the incubation period, cells were washed under a 

gentle stream of running water for 4 repeat washes, removing excess crystal violet stain. 

Plates were left overnight at room temperature to air dry, ensuring evaporation of all 

liquid. On day 21, 150 µl 100% methanol was added to each well and plates were 

incubated at room temperature for 20 minutes, on the bench rocker as per previous set 

up. Optical density was measured of each well using LB940 plate reader (Berthold 

Mithras, UK) at 570 nm.  
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3.4.3. Cell Treatments 

 

3.4.3.1. N-3 PUFA treatments 

 

Cell lines were exposed to EPA and/or DHA concentrations ranging from 1 µM to 500 

µM, prepared as serial dilutions in culture medium as previously described (134, 144). 

For n-3 PUFA concentrations below maximum, the ethanol volume was not adjusted to 

equal the v/v % in the maximum n-3 PUFA concentration. In addition, control cells were 

treated with an ethanol carrier control equivalent to the maximum (500 µM) n-3 PUFA 

exposure, which corresponded to a 1.5 % v/v 100 % ethanol in media. For determination 

of sensitivity to a combination treatment, EPA and DHA were mixed in a 2:1 ratio.  

 

3.4.3.2. Epigenetic drug treatments 

 

To determine sensitivity to individual epigenetic drugs, cells were exposed to a DAC 

range of 1 µM to 500 µM, AZA range of 0.03 µM to 8 µM and TMZ range of 1 µM to 500 

µM. For epigenetic drug concentrations below maximum, the volume of DMSO was not 

adjusted to equal v/v % in maximum epigenetic drug concentrations. DMSO carrier 

control equivalent to the maximum DAC, AZA and TMZ was also prepared, 

corresponding to 0.1 % v/v DMSO, 0.08 % v/v DMSO and 0.05 % v/v DMSO respectively. 

 

To examine the effect of epigenetic drug pre-treatment on n-3 PUFA sensitivity, cells 

were exposed to either 1 µM or 2 µM DAC, 0.25 µM or 0.5 µM AZA, or 5 µM TMZ. 

Following 24 hours incubation at 37°C, 5  % CO2, cells were exposed to EPA and DHA 

concentrations ranging from 1 µM to 500 µM (prepared as previously described, in media 

containing DAC, AZA or TMZ corresponding to the initial 24 hour exposure dose).  

 

3.4.4. Cell viability assay analysis  

 

Data analysis was completed using Microsoft Excel for determining percentage growth 

compared to the untreated controls. First the mean absorbance was calculated for each 

set of 4 technical replicates. The mean ‘blank’ absorbance, measured across wells in 

which no cells were seeded, was subtracted from all mean absorbance values. The 

percentage compared to carrier control was calculated and the data was plotted on a 

semi-log x-axis in GraphPad Prism8™ (GraphPad Software; California, USA; software 

version 8.30 (328). Regression ‘Log (inhibitor) vs normalised response – variable slope’ 
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or the ‘biphasic’ equation were used to determine IC50 values. IC50 are expressed as 

mean values ± standard error of the mean (SEM) for 3-18 independent experiments. 

 

3.4.5. Growth rate of hCRC cell lines 

 

Absorbance readings of control cells, treated for 72 hours with ethanol carrier and 

measured during MTT assays, were used as a surrogate marker of growth rate. This 

includes data for HCA-7, SW837 and SW1116 as the assay was initially attempted with 

1000 cell/well seeding density before the protocol was optimised completely and the 

seeding density was increased.  

 

3.4.6. EPA and DHA interaction analysis 

 

Concentrations of independent EPA or DHA found in the combined EPA:DHA (2:1) 

mixture were calculated. In 50 µM combined treatment, corresponding concentrations of 

EPA and DHA were approximately 33 µM and 16 µM respectively. In 100 µM combined 

treatment, corresponding concentrations were 66 µM EPA and 33 µM DHA, respectively.  

 

Cell viability was extrapolated from concentration response curves for cells exposed to 

50 µM and 100 µM combined treatment, an example is shown in Figure 4.6, Chapter 

4.3.4.5. Percent cell viability data for individual n-3 PUFAs at relevant corresponding 

concentrations was obtained from EPA and DHA concentration response curves. 

Percent change in viability was calculated for all treatment conditions, with a positive 

value indicating a growth benefit of treatment and a negative value indicative of growth 

inhibition).  

 

Combined treatment was considered ‘potentially antagonistic’ if the percent growth 

change was smaller than the growth change expected by combining percent growth 

change for individual n-3 PUFAs. Combined treatment was considered ‘potentially 

additive’ if the percent growth change was equal to the growth change expected by 

combining percent growth change for individual n-3 PUFAs. If combined treatment 

caused a growth change that was larger than the growth change expected by combining 

percent growth change for individual n-3 PUFAs, the relationship was labelled ‘potentially 

synergistic’. All the labels for the interaction between EPA and DHA in the combination 

mixture are considered ‘potential’ as further comprehensive studies would be required 

to confirm these interactions. 
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3.5. Generating Resistance: Chronic Exposure Experiments 
 

To develop a relevant model to study the differences between n-3 PUFA sensitive and 

resistant cell lines, I set out to generate cell lines with acquired resistance to n-3 PUFAs.  

 

3.5.1. IC50 and escalating dose treatment 

 

IC10 and IC50 concentrations [Table 3.3] were obtained by extrapolating EPA and DHA 

concentration response curves for the relevant cell lines [Figure 4.5, Chapter 4.3.4]. 

IC10 in this instance is defined as the concentration of EPA / DHA at which 10% cells are 

viable (compared to carrier control). DLD-1, HCT116, HCA-7, HT29, LoVo and MC38 

cells were seeded in T25 flasks and allowed to reach 30 % confluence. Cells were 

treated with IC10 n-3 PUFA for 24 hours to sensitise the cells.  

  

Cells were maintained in IC50 µM n-3 PUFA concentrations for 5 passages, PUFA-

containing medium was refreshed every 2 days. After 5 passages, cell line’s sensitivity 

to each n-3 PUFA was assessed by MTT as previously described [Chapter 3.4.1] and 

compared with the matched parental cell line.  

 

Table 3.3. n-3 PUFA IC10 and IC50 concentrations 

 

3.5.2. High concentration range selection 

 

To increase selective pressure, cells were treated with a range of EPA or DHA 

concentrations. Cells were seeded in 6-well plates at 3.0 x 105 cells per well. At 70 % 

confluence, cells were treated with a range of EPA and DHA concentrations (100 to 200 

µM and 20 to 90 µM respectively). Cell death was monitored, and regrowth of cells from 

cells surviving the highest possible concentration was observed. Microscope images 

Cell Line 
EPA concentration (µM) DHA concentration (µM) 

IC10 IC50 IC10 IC50 

DLD-1 30 85 5 15 

HCT116 5 90 5 30 

HCA-7 55 140 5 25 

HT29 5 120 15 55 

LoVo 25 140 5 20 

MC38 25 95 5 40 
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were acquired using a Nikon camera to document cell death and regrowth. Untreated 

and carrier (0.60 % v/v ethanol, equivalent to 200 µM treatment dose) control treated 

cells were grown alongside high concentration treated cells. Once surviving cells were 

80 % confluent, they were expanded into T25 flasks in the presence or absence of n-3 

PUFA treated culture medium for 24 hours. Cells were maintained, in growth-selected 

conditions, for a further 5 passages. Sensitivity to EPA and DHA was tested by MTT 

assay as previously described in Section 3.4.1. 
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3.6. PTGS1 and PTGS2 gene expression model 
 

3.6.1. Developing a PTGS1 and PTGS2 gene overexpression positive 

control  

 

A lyophilised plasmid was synthesised by GeneWiz UK Ltd (UK) and reconstituted in 

Tris-EDTA (TE) Buffer (Invitrogen™; ThermoFisher Scientific; Massachusetts, USA; cat 

No: 12090015, 10 mM Tris-HCl (pH 8.0) and 0.1 mM EDTA), at a concentration of 100 

ng/µl. The plasmid was based on a pUC57 vector backbone with Ampicillin resistance 

gene and a 565 base pair insert [Figure 3.2] containing the sequence of the expected 

qPCR product from my selected primers [Table 3.5] for human PTGS1, PTGS2(a) and 

IDO-1, separated by specific restriction sites.   

 

 

 

A schematic representation of the 565 base pair insert region of the cloning vector containing 
the specific sequences of the PTGS1 and PTGS2.  

 

PTGS2(a) is denoted (a) as this was included in the plasmid design but was subsequently 

not utilised. This was due to inconsistent results obtained by primers designed to amplify 

this amplicon by RT-qPCR. The investigation into IDO-1 expression in hCRC cell lines 

is not included in this thesis.  

 

3.6.1.1. Plasmid Transformation 

 

First, 50 µl of Subcloning Efficiency™ DH5ɑ Competent cells [E. coli] (Invitrogen™, 

ThermoFisher Scientific; Massachusetts, USA; cat No: 18265017) were thawed on ice 

and 200 ng of plasmid added. The transformation mixture was incubated on ice for 30 

minutes. The bacteria were heat-shocked at 42° for 45 seconds and cooled on ice for 2 

minutes. 250 µl of super optimal broth with catabolite suppression (S.O.C) medium was 

added before incubating the reaction at 37°C for 1 hour, on a shaker (New Brunswick 

Scientific; New Jersey, USA; model: C25 Incubator Shaker, Classic Series) at 225 rpm.  
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Ampicillin stock solution was prepared to give a final concentration 50 mg/ml in 20 ml. 1 

g of D-(-)-α-Aminobenzylpenicillin sodium salt was dissolved in 20 ml sterile deionized 

water, and aliquots containing 900 µl were prepared and stored in -20ºC. LB broth agar 

media and ampicillin plates were prepared by adding 8 g LB Broth powder, 8 g agar to 

400 ml deionized water and 800 µg ampicillin stock. The media was sterilized by 

autoclave and subsequently poured into plates and set. 125 µl of the transformation mix 

was plated on a lysogeny broth (LB) plate containing 100 µg/ml ampicillin. The plate was 

incubated overnight at 37°C. 

 

3.6.1.2. Expansion of bacterial culture from frozen stocks 

 

A sterile loop was used to inoculate a starter culture from a single colony in 3 ml of liquid 

LB medium supplemented with ampicillin (100 µg/ml), for 8 hours. 200 µl of this mixture 

was put into 20 ml LB ampicillin and incubated at 37°C overnight, shaking. This is now 

referred to as the ‘overnight culture’. 

 

3.6.1.3. Preparation of plasmid glycerol stocks  

 

500 µl of overnight culture was combined with 500 µl of sterile glycerol (Merck Life 

Science UK Ltd; Gillingham, UK; cat No: G5516) and stored at -80°C. To expand a 

bacterial culture from frozen stocks, using a sterile loop, a small amount of the frozen 

plasmid glycerol was inoculated in a starter culture as described above. 

 

3.6.1.4. Plasmid purification 

 

Buffers (P1, P2, and P3) used during the plasmid purification process were provided in 

the QIAGEN Plasmid Midi Kit (QIAGEN; Hilden, Germany; cat No: 12143). The bacteria 

cells were harvested through centrifugation of the overnight culture at 4°C, 10 minutes 

at full speed (3220 g). Supernatant was removed. 200 µl of cold (4°C) P1 buffer was 

added to the bacterial cell pellet and vortexed. 200 µl of room temperature P2 buffer was 

added and gently mixed by inversion. 200 µl of ice cold P3 buffer was added and mixed 

by inversion. The reaction was centrifuged for 10 minutes in a bench top centrifuge at 

maximum speed (16.1 g). The supernatant was discarded. The plasmid was washed in 

300 µl 70% ethanol and centrifuged for 5 minutes at maximum speed. The supernatant 

was removed, and the plasmid was air-dried for 10 minutes.  
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Purified vector DNA was resuspended in 50 µl 1x TE Buffer and quality and quantity was 

assessed by NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific; 

Massachusetts, USA). The samples were stored at -20°C. 

 

3.6.1.5. Restriction Digest 

 

The details of the enzymes used, including the product that would release upon 

digestion, are listed in Table 3.4 below. 

 

Table 3.4. Restriction enzymes used  

Restriction 
Enzyme 

Source 
Restriction 
Site 

Digest 
Product 

BglII New England BioLabs (NEB), cat No: R0144 A^GATCT PTGS1 

XhoI Promega, cat No: R6161 C^TCGAG PTGS2(a) 

SacII NEB, cat No: R0157 CCGC^GG IDO-1 

A: adenine. T: thymine. C: cytosine. G: guanine. The ^ notation indicates the cut site.  

 

The buffers provided for each enzyme were as follows. 10x NEBuffer 3.1 (BglII), RE10x 

Buffer (XhoI) and 10x NEBuffer 4 (SacII).  

 

For digestion involving NEB Enzymes / buffers, 5 µg of vector DNA, 3 µl enzyme and 2.5 

µl 10x NEBuffer were added together, plus nuclease free water to give a total reaction 

mixture of 25 µl. For the Promega Enzyme / buffer, 5 µg of vector DNA, 1.5 µl enzyme 

and 3 µl RE10x Buffer and 0.3 µl were added together, plus nuclease free water to give 

a total reaction mixture of 25 µl. Reactions were mixed and briefly centrifuged before 

incubating at 37° for 1 hour. The digests were stopped by heating to 65°C for 20 minutes. 

 

The digest products were run on agarose gels and visualised as previously described in 

Section 3.3.3.3, with the inclusion of a 1kb ladder (New England BioLabs; 

Massachusetts, USA; cat No: N3232L). 
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3.7. Mammalian cell MRGPRF overexpression model 
 

To characterize and determine the role of Mrgprf in relation to CRC chemosensitivity to 

EPA, two stable Mrgprf-overexpressing cell lines were produced in 2016 during my 

Masters project (185). Brief details of this process are described here.  

 

3.7.1.1. Mrgprf Vector  

 

 

 

This diagram shows the MRGPRF vector plasmid. The His Tag could be used during protein 
purification and the P2A peptide enables simultaneous expression of MRGPRF and eGFP as 
it is a highly efficient cleavage site. Key features used during generation of transfected cell 
models labelled and outlined below.  

 

Two expression vectors (10 µg/ml) were obtained from GenScript (USA); the first 

(pcDNA3.1 MRGPRF-His P2A-eGFP) containing msMRGPRF cDNA and the second 

(pcDNA3.1 P2A-eGFP) containing all the features of the first with the exception of 

msMRGPRF cDNA. A diagrammatic representation of the MRGPRF vector is shown in 

Figure 3.3. The notable key features include, eGFP tag, which was utilised to monitor 

transfection efficiency, an ampicillin resistance gene (AmpR) which allowed for selection 

of successfully transformed E. coli clones containing the vector which would grow on 



 
 

- 51 - 
 
 

ampicillin treated agar. The neomycin resistance (NeoR) gene was utilized in generation 

of stable clones, whereby cells transfected with the linear vector were cultured in media 

containing Geneticin®, also known as G-418 (Gibco by Life Technologies; 

Massachusetts, USA; cat No: 10131-019).  

 

3.7.1.2. Generating stable Mrgprf Overexpressing Clones 

 

The vector was linearised with the BglII restriction enzyme and stably transfected using 

lipofectamine in to two cell lines; HEK293 and MC38r. HEK293 cells are a human cell 

line known to readily take up vector DNA by transfection and were therefore used to 

maximize probability of a successfully transfected model. MC38r mouse cells were used 

to provide a more relevant model of CRC, with inherent resistance to EPA. Selective 

pressure by maintaining the transfected cell lines in G-418 was applied for a two-week 

period, to ensure that only cells encompassing the NeoR gene, and thus the vectors, 

survived. Following a cell sort (BD Influx 6-way cell sorter; BD Biosciences; UK), cells 

were gated on fluorescence intensity. Cells with highest fluorescence intensity were 

sorted into 96 well plates, 1 cell per well. Cells were maintained in G-418 treated media 

and expanded until populations of cells derived from original single cells were 

established. Stably transfected HEK293 and MC38r cells were cultured in 500 µM G-

418. 

 

3.7.1.3. Transient Mrgprf Overexpression Model 

 

In a 6-well plate, cells were seeded at a density of 6.0 x 105 per well and incubated for 

24 hours until 70 % confluent. Per transfection, a lipid mix containing 96 µl OptiMEM® 

medium (Invitrogen by Life Technologies™; Massachusetts, USA; cat No: 31985062) 

and 4 µl Lipofectamine® 2000 reagent (Invitrogen by Life Technologies™; 

Massachusetts, USA; cat No: 11668019) was incubated at room temperature for 5 

minutes.  Addition of OptiMEM® to 0.5 µg vector DNA stock to create a total 700 µl 

volume was completed. The DNA mixes and lipid mixes were combined in a 1:1 ratio 

and incubated at 37°C for 20 minutes. Finally, 400 µl of transfection mix was added per 

well after media was refreshed. Cells were incubated at 37°C, 5 % CO2 for 24 hours. 

 

Transfection efficiency was observed by microscopy, through visualizing the presence 

of green fluorescence emitted by eGFP contained within each vector. Transfection 

efficiency was expressed as an estimated percentage of cells positive for GFP in a field 

of view.   
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3.8. RNA Extraction Methods  
  

Ribonucleic acid (RNA) extraction was completed using the RNeasy® Plus Mini Kit 

(QIAGEN; Hilden, Germany; cat No: 74134) as per manufacturer’s instructions.  

 

Cells were grown to 80 % confluence and prepared for RNA extraction by undergoing a 

DPBS wash then trypsinisation. 3 x 106 cells underwent centrifugation for 5 minutes at 

400 x g. The resulting cell pellet was re-suspended in 350 µl Buffer RLT+ plus 1% β-

mercaptoethanol (Fisher Chemicals; Massachusetts, USA; cat No: O3446I-100).  

Samples were loaded on to a gDNA eliminator column and centrifuged at 8000 g for 30 

seconds. 350 µl of 70 % ethanol was added to the flow-through. The sample was 

transferred to an RNeasy MiniElute spin column, spun for 15 seconds and flow-through 

discarded, before addition of 700 µl Buffer RW1 to the column. Samples again underwent 

centrifugation for 15 seconds, flow-through was discarded and 500 µl Buffer RPE was 

added. Again, each column was spun for 15 seconds, flow-through removed and an 

additional 500 µl Buffer RPE was added. The centrifugation step was repeated for 2 

minutes and the column was transferred to a clean collection tube and spun at full speed 

for 1 minute. The column was placed in a 1.5 ml Eppendorf and 50 µl RNase-free water 

was directly added to the column membrane. RNA was eluted by centrifugation of the 

column at 8000 g for 1 minute.  

 

RNA was quantified using the NanoDrop 1000 Spectrophotometer (ThermoFisher 

Scientific; Massachusetts, USA). 

 

3.9.  Real-time PCR: quantitative polymerase chain reaction 
 

Real-time quantitative PCR (qPCR) was used to measure gene expression of various 

targets against that of GAPDH in hCRC cell lines. 

 

3.9.1. Primer details  

 

Primers were ordered from Merck Life Science UK Ltd (Gillingham, UK) and 

reconstituted to give 100 mM stocks in nucleotide-free water. Details of all primers are 

provided in Table 3.5 and Table 3.6.  
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All stock primers were stored at -20°C and further diluted before use in experiments. 

Final primer concentrations were; 0.2 µM for β-actin and Mrgprf; 0.3 µM for GAPDH, 

PTGS1, PTGS2(a) and IDO-1, and 0.4 µM for PTGS2. 

 

3.9.2. RNA processing for qPCR analysis 

 

3.9.2.1. DNase Treatment of RNA  

 

To eliminate genomic DNA contamination, 10 µg RNA was re-suspended in 1x DNase I 

Reaction Buffer (New England BioLabs; Massachusetts, USA; cat No: M0303) to a final 

volume of 50 µl. 2 units of DNase I (New England BioLabs; Massachusetts, USA; cat 

No: M0303S) was added to each sample, mixed and incubated at 37° for 10 minutes. 

The reaction was stopped by addition of 0.5 µl of 0.5 M EDTA and the DNase I heat 

inactivated by incubating the samples at 75°C for 10 minutes.  

 

3.9.2.2. cDNA synthesis: Reverse transcription 

 

The OmniScript® RT Kit QIAGEN; Hilden, Germany; cat No: 205113) was used to 

convert RNA into cDNA, following manufacturer’s instructions.  

 

In brief, 1 μg of template RNA was mixed with 2 μl 10x Buffer RT, dNTP mix, Oligo(dT) 

primers (Retroscript™ kit; ThermoFisher Scientific; Massachusetts, USA; cat No: 

5730G) and 1 μl OmniScript reverse transcriptase and RNase inhibitor (RNaseOUT™, 

ThermoFisher Scientific; Massachusetts, USA; cat No: 10777019). After vortex, samples 

were incubated at 37°C for 1 hour. As a negative control, each RNA sample was also 

mixed with each component described above with the exception of reverse transcriptase. 

 

For experiments involving the use of actin and Mrgprf primers, cDNA samples were 

diluted in nuclease free water before being added to the PCR reactions, 1:20 dilution for 

actin primers and 1:4 dilution for Mrgprf primers.  
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Table 3.5. Primers to amplify human target mRNA sequences 

 
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase. PTGS1: Prostaglandin-endoperoxide synthase 1. PTGS2: Prostaglandin-endoperoxide synthase 2. IDO-1: 
Indoleamine 2,3-dioxygenase. bp: base pair.  

 

 
Table 3.6. Primers to amplify mouse target mRNA sequences 

Primer Target Forward Primer F: (5’→3’)  Reverse Primer R: (5’→3’) 
Product 
Size (bp) 

Primer Source 

β-Actin TTCTACAATGAGCTGCGTGTG GGGGTGTTGAAGGTCTCAAA 122 Dr James Thorne 

Mrgprf CCGTGATTGCTCTCCTGAACA GCGTTCGATGCTAATGGCTG 134 
Primer Bank ID 
118130108c3 

 
Mrgprf: MAS Related GPR Family Member F

Primer Target Forward Primer F: (5’ → 3’) Reverse Primer R: (5’ → 3’) Product 
Size (bp) 

Reference 

GAPDH TCAACGACCACTTTGTCAAGC CCAGGGGTCTTACTCCTTGG 110 (186) 

PTGS1 GAGCAGCTTTTCCAGACGA TCCTCGATGACAATCTTGATG 65 (187) 

PTGS2(a) CAGGCTAATACTGATAGGAGAGA AACTGTTGATAGTTGTATTTCTGGTCA 225 (186) 

PTGS2 CCCTTGGGTGTCAAAGGTAA GCCCTCGCTTATGATCTGTC 169 (188) 
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3.9.3. qPCR: quantitative polymerase chain reaction  

 

PCR reactions were performed in optical 96-well PCR reaction plate (Applied 

BioSystems by Life Technologies; ThermoFisher Scientific; Massachusetts, USA; cat 

No: N8010560). 

 

Each well contained 20 μl of the PCR reaction mixture, containing the following 

components: 12.5 μl GoTaq® qPCR Master mix (Promega; Wisconsin, USA; cat No: 

A6002), 1 μl primer forward, 1 μl primer reverse, 0.25 μl CXR dye and 5.25 μl water. 5 

μl diluted cDNA was added per well. On each plate there were two technical replicates 

per sample. 

 

The conditions of real-time PCR, performed on the QS5 Real Time PCR machine 

(ThermoFisher Scientific; Massachusetts, USA) were as follows. The initial pre-read 

stage heated the plate to 60.0°C for 30 seconds. This was followed by a holding stage 

whereby the sample was heated to 95.0°C for 10 minutes. During the PCR stage, 

samples underwent denaturation at 95°C for 15 seconds followed by annealing at 60°C 

for 1 minute and were cycled through this program 40 times. Upon completion of the 

PCR stage, a post-read stage concluded the reaction where samples were cooled to 

60°C for 30 seconds. 

  

Data was exported via QuantStudio Design and Analysis software (versions 3.2 – 4.2; 

ThermoFisher Scientific; Massachusetts, USA) 

 

3.9.3.1. PTSG1 and PTGS2 gene expression analysis 

 

Each cell line was assigned a gene expression score for PTGS1 and PTGS2 according 

to the respective ∆CT value (CT (PTGS) – CT (GAPDH)). qPCR data, presented as ∆CT values, 

are found in published work (189). The range of ∆CT values were assigned to one of 4 

scores. The first score was given a value of 0, corresponding to samples where the target 

gene Ct value was above 30 or undetermined. Next, the ∆CT values calculated were 

divided into tertile groups, with ∆CT values in the higher third being assigned a score of 

1, mid values assigned 2 and low values assigned a score of 3 and therefore individual 

PTGS1 and PTGS2 scores ranged from 0 to 3. Therefore, scores were indicative of low 

PTGS1 / 2 expression (1) to high PTGS1 / 2 expression (3). This scoring method is like 

those used to report immunohistochemistry results (190).  The combined PTGS score 
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was determined by adding together the gene expression scores for PTGS1 and PTGS2, 

giving an overall score ranging from 0 to 6.  

 

3.9.3.2. Mrgprf gene expression analysis  

 

The relative quantification: 2-∆∆CT Method was used. First step of relative quantification 

analysis involved calculating the ∆CT value [CT (Gene-of-interest) – CT (Housekeeper)] was 

calculated. Next, the difference in the ∆CT value from a set ‘comparator’ was calculated 

to give ∆∆CT values. The 2-∆∆CT method which has been previously described (191), 

converts the ∆∆CT value to a relative fold expression values (relative to the comparator 

selected).  

 

This method of quantification was used in the analysis of Mrgprf-transfected clones 

(where the comparator was untransfected HEK293 or MC38r as appropriate). 
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3.10. Fatty Acid Content Analysis by LC-ESI-MS/MS 
 

The FA content of cells treated or not with EPA or DHA was measured  by liquid 

chromatography tandem mass spectrometry technique (LC-ESI-MS/MS), in 

collaboration with the Institute of Cancer Therapeutics, University of Bradford (192).  

 

3.10.1. Reagents 

 

UHPLC-MS grade acetonitrile, methanol, 2-propanol, water, and chloroform were 

purchased from Merck Life Science UK Ltd, Gillingham, UK. Deionised purified water 

was generated using an Elga Maxima and Elga Purelab Option purifying system (18.2 

MΩcm) (Veolia Water technologies; High Wycombe, UK.)  

 

Derivatisation agents were purchased from Merck Life Science UK Ltd (Gillingham, UK). 

They were 1-Ethyl-3-(3-dimethylaminoropyl)-carbodimide HCl (EDC) (cat No: E0388), 4-

(dimethylamino) pyridine (DMAP) (cat No:  07700) and 4-[2-(N,N-

dimethylamino)ethylaminosulfonyl]-7-(2-aminoethylamino)-2,1,3-benzoxadiazole 

(DAABD-AE) (cat No: 79291).  

 

Table 3.7. Fatty acid standards 

FA Standard Abbreviation 
Chemical 
formula 

Reference (cat No) 

Deuterated alpha-linolenic acid  LNA-d14 C18:3 n-3 CAY9000433 

Alpha-linolenic acid LNA C18:3 n-3 CAY90210 

Arachidonic Acid AA C20:4 n-6 CAY90010 

Docosahexaenoic Acid DHA C22:6 n-3 CAY90310 

Docosapentaenoic Acid DPA C22:5 n-3 CAY90165 

Eicosapentaenoic Acid EPA C20:5 n-3 CAY90110 

Linoleic Acid LA C18:2 n-6 CAY90150 

Oleic Acid OA C18:1 n-9 CAY90260 

Palmitic Acid PA C16:0 CAY10006627 

Stearic Acid SA C18:0 CAY10011298 

 

FA standards were purchased from Cambridge Bioscience (UK), Table 3.7. Pure FAs 

were diluted to a stock concentration of 1 mg/ml in 100 % ethanol. A stock of 50 µg/ml 

of LNA-d14, used as the internal standard, was prepared by diluting 50 µl 1 mg/ml stock 

in 950 µl 100 % methanol. A combined ‘FA standards’ stock was prepared containing 

100 µl of each non-deuterated 1 mg/ml FA and100 µl methanol, giving a final 

concentration of each FA of 100 µg/ml.  
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3.10.2. Sample preparation 

 

Cells seeded at a density of 3.0 x 105 per well of a 6 well plate were grown until 80 % 

confluent. Cells were treated with either ethanol carrier corresponding to the maximal 

EPA or DHA concentration, 5 µM EPA or DHA and a cell-line-specific IC50-equivalent 

concentration of EPA or DHA. After 24 h incubation, cells were washed twice with DPBS 

and harvested by trypsinisation (section 3.2.2). Cells were counted and the suspension 

centrifuged 500 g for 5 minutes at room temperature. Supernatant was discarded and 

the dry cell pellets were stored at -80°C until analysis.  

 

The full process from sample preparation to FA extraction is depicted in Figure 3.4.  

 

3.10.3.  Fatty Acid Extraction 

 

FAs were extracted from all the biological samples using an isopropanol / chloroform 

which has been previously developed by Rose et al in 1965 (193) and adapted by 

Volpato et al in 2017 (192).  Samples were left to thaw at room temperature before 

starting the extraction protocol. 

 

First, 4 µl of 50 µg/ml internal standard (IS) (LNA-d14; Cayman Chemical; Ann Arbour, 

USA) was added to each cell pellet and 50 µl of UHPLC water was added. Samples were 

vortexed to mix and incubated at room temperature for 10 minutes. Next, 550 µl of 2-

propanol was added and mixed with the sample by vortex. Following a 1-hour incubation 

period, in which the tubes were briefly vortexed twice, 350 µl chloroform was added. 

Following a 1-hour incubation, in which the tubes were briefly vortexed twice, samples 

underwent centrifugation for 5 minutes at 4000 g at room temperature. Solvent from the 

samples was collected and transferred to a Sirocco™ Protein Precipitation Plate (PP 

Plate) (Waters UK; Elstree, UK; cat No: 186002448). 

 

Samples were evaporated to dryness in a rotary evaporator (EZ-2 plus rotary evaporator; 

Genevac Ltd; Suffolk, UK) at 50°C on a mixed low boiling point setting overnight.   
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Sample Preparation 

Cells grown in 6 well plate 
Cells treated with ethanol / EPA / DHA for 24 hours 

Trypsinise and centrifuge to pellet cells 
Cell pellet stored at -80°C 

↓ 
 

FA Extraction 

Internal standard (IS) added 
Isopropanol 
Chloroform 
Evaporate 

↓ 
 

FA Hydrolysis 

Acetonitrile 
Hydrogen chloride (5 M) 

Heat 80°C for 1 hour 

Neutralise with 5 M NaOH 
Chloroform 

Centrifuge to separate solvent layer 
Evaporate 

↓ 
 

Derivatisation of FAs 

Reconstitute samples in methanol 
Add derivitising agents: EDC, DMAP and DAABD-AE 

↓ 
 

LC-ESI-MS/MS Analysis 
 

 

Stepwise depiction of the procedure followed for sample preparation. Image adapted from 
(192). 
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3.10.4. Fatty Acid Hydrolysis for total fatty acids  

 

Acetonitrile (500 µl) was added to each well and samples were vortexed to reconstitute 

before 50 µl of 5 M hydrogen chloride (HCl) was added and samples were again vortexed 

to mix. Samples were transferred back to Eppendorf tubes and incubated at 80°C for 1 

hour and allowed to cool. Following this, 50 µl of 5 M sodium hydroxide (NaOH) and 350 

µl chloroform were added to each tube. Centrifugation resulted in the separation of 

solvent layers and the top 800 µl was manually transferred via pipette to a new PP 

collection plate. The samples were evaporated to dryness in a rotary evaporator (EZ-2 

plus rotary evaporator; Genevac Ltd; Suffolk, UK) at 50°C overnight.  

 

3.10.5. Derivatisation of Fatty Acids 

 

Using electrospray ionisation (ESI), FAs exhibit low specificity when they ionise in the 

negative mode (194). Chemical derivatization allows for the incorporation of specific 

chemical features to a sample and derivatisation agent treated samples exhibit a unique 

fragmentation pattern that allows easy identification on chromatograms (195). Chemical 

derivatisation is a commonly used process which allows for an increased sensitivity of 

FA detection (194, 195).  

 

Samples were reconstituted in 50 µl methanol and transferred to amber glass HPLC vials 

(ThermoFisher Scientific; Massachusetts, USA; cat No: 60180-560). For each sample, 

0.5 mg of each derivatisation agent; EDC, DMAP and DAABD-AE was dissolved in 50 

µl making solutions with a concentration of 10 mg/ml. The derivitising agents were added 

to the samples and vortexed to mix. The samples were incubated overnight at room 

temperature and the resulting FA derivatives were measured by LC-ESI-MS/MS. 

 

3.10.6. Standard Curve Preparation  

 

The standard curve dilution series was set up using the ‘FA standards’ stock described 

in section 3.12.1. By diluting the stock in 100 % methanol, 200 µl working stocks were 

prepared with concentrations of 10000 ng/ml, 1000 ng/ml, and 100 ng/ml. From this, a 

calibration curve was created by further diluting the working stocks in methanol. The final 

FA concentrations used for the curve were: 0 ng/ml, 50 ng/ml, 100 ng/ml, 200 ng/ml, 500 

ng/ml, 1000 ng/ml, 2000 ng/ml, 5000 ng/ml, and 10000 ng/ml. The FA standard curve 

dilutions were transferred to HPLC vials and 150 µl of derivitising agent (prepared as 

previously described above) was added to each sample.  
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3.10.7. LC-ESI-MS/MS Sample Analysis 

 

The samples were analysed as previously described (192). In summary, a Waters 

Alliance 2695 High Pressure LC separations module in combination with a Waters 

Micromass Quattro Ultima triple quadrupole mass spectrometer (Waters UK; 

Hertfordshire, UK) was used to analyse the FA content of the n-3 PUFA treated cell 

pellets. 2 µl of derivative sample was separated on a HiChrom RPB column (2.1 mm x 

250 mm, 5 µm) (HiChrom Ltd; Berkshire, UK.) Mobile phase (MP)-A consisted of 90 % 

dH2O, 10 % MeOH and 0.1 % formic acid and MP-B consisted of 90 % MeOH, 10 % 

dH2O and 0.1 % formic acid. Gradient conditions started at 80 % MP-B changing to 83 

% MP-B over 8 minutes, increasing to 95 % MP-B at 15 minutes, remaining at 95 % MP-

B until 17 minutes before returning to the starting conditions at 18 minutes. The overall 

run time was 25 minutes. The flow rate was set at 0.5 ml/min and split post-column with 

0.3 ml/min delivered to the mass spectrometer. Samples were analysed in MRM mode 

for the following FAs: LNA, AA, DHA, DPA, EPA, LA, OA, PA, SA, and the internal 

standard, LNA-d14.  

 

The instrument settings were as follows: capillary voltage, 3 kV; cone energy, 15 eV; 

collision energy, 25 eV; source temperature, 120°C and desolvation temperature, 300°C.  

 

3.10.8. LC-ESI-MS/MS Data Analysis 

 

Peak area for each FA, including the reference IS, in each FA standard sample and each 

cell pellet sample was measured. For each FA measured, the ratio to IS was calculated 

by dividing peak area of FA by peak area IS. For each sample, the total ratio was 

calculated by summing the ‘ratio to IS’ for all FAs measured. This allows a percentage 

ratio for each FA to be calculated in a sample, by dividing the FA ratio to IS by the total 

ratio and multiplying by 100.  

 

To calculate the concentration of each FA in a sample, calibration curves for each 

individual FA are constructed plotting ratio to IS (y-axis) against known concentration (x-

axis). The equation of the line was generated, and the gradient and y-intercept can be 

used to calculate the concentration of FA (ng/ml) for each sample as follows:  

 

𝑭𝑨 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 (𝒏𝒈 𝒎𝒍⁄ ) =  
𝐹𝐴 𝑅𝑎𝑡𝑖𝑜 𝑡𝑜 𝐼𝑆 − 𝑦 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑜𝑓 𝐹𝐴 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒
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The concentration values obtained were used to calculate the mass amount of FA (µg) 

in each sample. The data were then normalised to cell number.  

 

Additional analyses have been conducted using fold change from baseline, and 

difference from baseline values. These were calculated as follows: 

  

𝑭𝒐𝒍𝒅 𝑪𝒉𝒂𝒏𝒈𝒆 𝒇𝒓𝒐𝒎 𝑩𝒂𝒔𝒆𝒍𝒊𝒏𝒆 (𝑭𝑪) =
𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑃𝑒𝑙𝑙𝑒𝑡 𝐹𝐴 µ𝑔/𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑐𝑒𝑙𝑙𝑠

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝐴 µ𝑔/𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑐𝑒𝑙𝑙𝑠
 

 

𝑭𝑨 𝑫𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒇𝒓𝒐𝒎 𝑩𝒂𝒔𝒆𝒍𝒊𝒏𝒆

= 𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝐹𝐴 µ𝑔 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑐𝑒𝑙𝑙𝑠 −  𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝐴 µ𝑔 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑐𝑒𝑙𝑙𝑠  

 

3.11. MRGPRF protein analysis 
 

3.11.1. Cell Lysate Preparation 

 

Cell lysates were prepared from 80 % confluent T75 flasks. Following standard 

trypsinisation protocols, the cells were resuspended to a total of 10 ml media. The cell 

suspension was centrifuged at 400 g for 5 minutes and the resulting supernatant was 

discarded.  Cells were lysed with 300 µl radio immunoprecipitation assay buffer (RIPA) 

buffer and placed to ice for a 30-minute incubation. Lysates were transferred onto a 

QIAShredder (QIAGEN; Hilden, Germany; cat No: 79654), centrifuged for 2 minutes at 

16000 g. The eluate was stored at -80°C.  

 

3.11.1.1. Quantifying protein concentration  

 

Protein lysate concentrations were determined by Bio-Rad Protein Quantification Assay 

(BD Biosciences, UK). Protein standards were prepared by diluting 10 mg/ml bovine 

serum albumin (BSA) stock in RIPA buffer to give concentrations of; 2 mg/ml, 1 mg/ml, 

0.5 mg/ml, 0.25 mg/ml, 0.13 mg/ml and 0.06 mg/ml. ‘Working reagent A’ (BD 

Biosciences; UK; cat No: 500-0113) was prepared by adding ‘reagent S’ (BD 

Biosciences; UK; cat No: 500-011) to ‘reagent A’ in a 2:100 ratio.  

 

Cell lysates were diluted in RIPA buffer, 1 µl lysate in 19 µl RIPA buffer. In a 96-well plate 

5 µl of each standard was added to duplicate wells, and 5 µl of each lysate sample was 

also added to duplicate wells. 25 µl ‘working reagent A’, followed by 200 µl of ‘reagent 

B’ (BD Biosciences; UK; cat No: 500-0114) was added to each well. Samples and 
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reagents were incubated for 30 minutes at room temperature and absorbance was read 

at 620 nm on the LB-940 plate reader (Berthold Mithras, UK).  

 

The equation of the standard curve was obtained by plotting absorbance readings 

against BSA concentration and obtaining the equation of the line (y = mx + c). Cell lysate 

protein concentrations were calculated relative to the standard curve,   

  

Protein expression analysis included use of the following buffers: TBS (Tris-buffered 

saline) and TBS-T (Tris-buffered saline with Tween-20™). TBS was prepared by mixing 

60 ml 2.5 M NaCl (sodium chloride) and 20 ml 1M Tris HCl (hydrochloride) with 820 ml 

dH2O. TBS-T was prepared by addition of 1.25 ml 10 % v/v Tween-20™ (ThermoFisher 

Scientific; Massachusetts, USA; cat No: 15825398) added per liter of solution. 

 

3.11.2. MRGPRF protein expression detection by Immunofluorescence 

 

To visualise the MRGPRF localization in stable transfected clones, immunofluorescence 

techniques were utilized. Immunofluorescence relies upon the principle of specific 

antibodies binding to specific antigens. In this case, the primary antibody to detect 

MRGPRF was unconjugated, and therefore a fluorophore-conjugated secondary 

antibody directed against the primary antibody was required.    

 

Untransfected controls, and transfected clones, were seeded in 6-well-plates on circular 

coverslips at 3.0 x 105 cells per well, in 3 ml media. Following 24 hours of incubation at 

37°C, medium was removed, and each coverslip was washed with 1 ml DPBS. Cells 

were fixed with 1 ml of ice-cold methanol and incubated at -20°C for 10 minutes. The 

methanol was removed, coverslips air-dried for 10 minutes and fixed coverslips were 

stored at 4°C, until required, in DPBS.   

 

Per coverslip, 100 µl antibody diluent (Invitrogen™; Massachusetts, USA; cat No: 

003218) followed by incubation at room temperature for 2 minutes, was undertaken to 

allow complete antigen blocking. The antigen diluent was removed before addition of the 

primary antibody.  

 

The primary antibodies used to study Mrgprf were:  

 

• anti-MRGPRF N-14 (Insight Biotechnology, Santa-Cruz Biotechnology © Inc; 

Texas, USA; cat No: sc138444 #C2111), which was used at a 1:50 dilution ratio 
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(referred to as N-14 henceforth). N-14 is an affinity purified rabbit polyclonal 

antibody raised against a peptide mapping within an N-terminal extracellular 

domain of MRGF of human origin (196).   

• anti-MRGPRF HPA028811 (Atlas Antibodies; Stockholm, Sweden; cat No: 

R28217) was used at 2 µg/ml, for detection of protein. HPAMF is a purified 

polyclonal antibody raised to the following human antigen; 

MAGNCSWEAHPGNRNRMCPGLSEAPELYSRGFLTIEQIAMLP which has 83 

% sequence homology with mouse MRGPRF 

 

Primary antibodies were diluted in antibody diluent to the relevant concentrations. 100 

µl of antibody solution was added onto the coverslips. For each experiment, a no primary 

control sample was included where the antibody solution was replaced with antibody 

diluent. All coverslips were incubated at room temperature for 1 hour.  

 

Coverslips were rinsed in TBS-T before washing for 2 x 5 minutes in 2 ml TBS-T and 1 

x 5 minutes 2 ml TBS. Donkey anti-rabbit Alexa Fluor 594 secondary antibody 

(Invitrogen™; Massachusetts, USA; cat No: A21207) was diluted 1:300 in antibody 

diluent and added (100 µl) to the coverslip Following a 30 min incubation at room 

temperature, in the dark, the wash steps were repeated as described above. Coverslips 

were mounted on to Menzel Glaser Superfrost® Plus glass microscope slides 

(ThermoFisher Scientific; Massachusetts, USA; cat No: 090115), using ProLong Gold 

containing 4’-6-diamidino-2-phenylindole (DAPI) mounting reagent (Invitrogen™; 

Massachusetts, USA; cat No: P36931) and left to cure overnight at room temperature. 

Coverslips were hermetically sealed with nail varnish and images were acquired using 

the Zeiss AxioImager.Z1 fluorescence microscope, with ApoTome and at x100 objective 

magnification. Exposure times were kept consistent between all the sections within an 

experimental set to allow comparison of fluorescence intensities. 

 

3.11.3. MRGPRF protein expression detection by dot blot 

 

Protein concentration of cell lysates were quantified by BioRad protein assay as 

previously described. To compare native proteins and denatured proteins some of the 

lysate sample was first denatured by mixing it in a 3:1 ratio with BoltTM LDS Sample 

buffer (Novex by Life Technologies; Massachusetts, USA; cat No: B0007). The 

subsequent mix was heated to 94°C for 4 minutes and spun down. The processing of 

native and denatured samples was as follows.  
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The polyvinylidene fluoride (PVDF) membrane (VWR™; Lutterworth, UK) was activated 

by soaking for 1 minute in 100 % methanol and rinsed 5 minutes in dH2O and 5 minutes 

in DPBS. HEK293 derived protein lysates (10 µg) and MC38r derived protein lysates (20 

µg) were added to separate areas of the membrane and the membrane was left to air 

dry, allowing the lysate to absorb into the membrane.  

 

The membrane was blocked with in a 5 % w/v milk (Skim milk powder, Fluka Analytical; 

Buchs, Switzerland; cat No: 70166) in TBS-T solution for 30 minutes at room 

temperature. The blocking solution was discarded and replaced with primary antibodies 

diluted in 1 % w/v milk in TBS-T solution as follows: anti-MRGPRF N-14 diluted 1/100, 

anti-α-tubulin (clone B-5-1-2, monoclonal, produced in mouse, Merck Life Science UK 

Ltd; Gillingham, UK; cat No: 051M4771) and anti-β-actin (clone AC-15, monoclonal, 

produced in mouse, Merck Life Science UK Ltd; Gillingham, UK; cat No: A5441) diluted 

1/2000. The membranes were incubated overnight at room temperature, overnight on a 

rocker (manufacturer and model). 

 

The membranes were washed 3 times in TBS-T for 5 minutes. Secondary antibody, 

polyclonal goat anti-rabbit IgG/HRP (Cell Signalling Technology®; Massachusetts, USA; 

cat No: 7074) was prepared at a dilution of 1:2000 and the membranes were incubated 

in secondary antibody for 1 hour at 4°C, rocking. Membranes were again washed 3 times 

in TBS-T for 5 minutes and the membrane was tapped on blotting paper 703 (VWR™; 

Lutterworth, UK; cat No: 7320596) to remove excess wash. Super Signal West Pico 

Chemiluminescent Substrate (ThermoFisher Scientific; Massachusetts, USA; cat No: 

34077) was prepared by mixing in a 1:1 ratio; Super Signal West Pico Lumi Enhancer 

solution with West Pico Stable Peroxide solution. Excess liquid was drained, and 2 ml 

Super Signal West Pico Chemiluminescent substrate was added to cover the membrane 

and left to develop for 5 minutes. The membrane was imaged on the BioRad Molecular 

Imager® Gel Doc™ XR+ System (Bio-Rad, California, USA).  

 

3.11.4. MRGPRF Protein detection by Flow Cytometry 

 

Cells were grown to confluence in T75 flasks. On the day of analysis, cells were 

harvested via trypsinisation and filtered through a cell strainer (MILLEX® GP Filter unit 

0.22um; Merck Life Science UK Ltd; Gillingham, UK; cat No: SLGP033RS) into universal 

tubes. Following 5-minute centrifugation at 400 g, cells were resuspended in PBS, 1 % 

v/v FCS, counted and placed on ice. 3.0 x 105 cell suspension was transferred to 

fluorescence activated cell sort (FACS) tubes and centrifuged for 5 minutes 400 g. The 
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cells were placed on ice. The staining was performed with and without fixation of the 

cells.  

 

Unfixed cells were resuspended in PBS. Fixation was performed by decanting the 

supernatant and replacing it with 250 µl of fixation / permeabilisation solution for 20 

minutes at 4°C (BD Cytofix / Cytoperm™ Kit (BD Biosciences; UK cat No: 554714)). 

Samples were washed twice with 1 ml of 1X BD Perm/Wash™ buffer (10X BD 

perm/wash buffer diluted in distilled water).  

 

Samples were incubated in 1 ml FCS on ice for 20 minutes and spun 400 g for 5 minutes. 

N-14 was prepared as a serial dilution for optimisation (from 1:6.25 to 1:100) and then 

at a 1:50 dilution, in PBS for unfixed and 1X BD Perm/Wash buffer for fixed cells.  50 µl 

of primary antibody was added to each tube (or just PBS / 1X BD Perm/Wash buffer for 

no primary controls). Tubes were incubated for 1 hour at 4°C. Cells were washed in 2 ml 

PBS / 1X BD Perm/Wash buffer, spun at 400 g for 5 minutes and supernatant was 

discarded. Secondary antibody, donkey anti-rabbit Alexa Fluor 594 secondary antibody 

(Invitrogen™; Massachusetts, USA; cat No: A21207) dilution was prepared (1:100, 1: 

200 and 1:300 for optimisation, 1:100 dilution for final assays) in PBS / BD perm/wash 

buffer dependent upon unfixed or fixed conditions. 50 µl of secondary antibody was 

added to each tube (or PBS / 1X BD Perm/Wash buffer for no secondary controls). Tubes 

were incubated for 30 minutes at room temperature, in the dark. Cells were centrifuged 

at 400 g for 5 minutes and supernatant was discarded. Cells were resuspended in 500 

µl PBS / 1X BD Perm/Wash buffer. Data (10000 events per samples, ‘Standard 

Sensitivity mode at 100 µl/min) were acquired on the Attune ® Acoustic Focusing 

Cytometer (ThermoFisher; Massachusetts, USA). Data was analysed using Attune 

Cytometric Software, version 2.1. Intact cellular bodies were gated by side scatter (SSC-

A) and forward scatter (FSC-A). Baseline detection of fluorescence was detected by 

A604/48 band pass filter, with cell count plotted against BL2-AF594 (fluorescence). 

Finally, GFP expression was plotted against AF594 fluorescence to show the number of 

successfully transfected cells that were expressing MRGPRF. 

 

3.11.5. Calcium Assay: Assessment of MRGPRF functionality in 

overexpression models. 

 

The calcium assay is used to assess whether the overexpressing MRGPRF cell lines 

are producing a functional protein, which can trigger signalling via the calcium mediated 

pathways.  
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The fluorescence excitation spectra of Fura2 in solutions containing free Ca2+. When higher 
concentrations of free Ca2+ are present in a sample, a higher level of fluorescence excitation 
at 340nm is measured, indicated by the intercept of the light grey line. A corresponding low 
level of fluorescence excitation measured at 380nm is denoted by the intercept of the dark 
grey line. Image adapted from (197).  

 

Fura-2 is a fluorescent, charged, membrane impermeable, ratio-metric calcium indicator 

dye that has the ability to bind calcium with high affinity (198, 199). Masking the charge 

with an acetoxy methyl ester group allows membrane permeability however negates the 

calcium sensitivity of the compound (199). The acetoxy methyl ether (AM) form of Fura-

2, referred to henceforth as Fura-2AM, upon entering the cell undergoes sequential 

cleavage of the AM group by esterases, leaving intracellular, calcium-sensitive Fura-

2AM. Calcium (Ca2+) binding to Fura-2 results in a spectral shift in Fura-2 absorption (at 

510 nm emission), from 380 nm (unbound) to 340 nm (bound), which is proportional to 

the calcium concentration [Figure 3.5] (199). Therefore, the concentration of free 

intracellular Ca2+ is proportional to the ratio of fluorescence measured at 340/380. 

 

3.11.5.1. Buffer preparation 

 

Pluronic acid (Pluronic® F-127; Merck Life Science UK Ltd; Gillingham, UK; cat No: 

P2443) was prepared as a 10 % v/v concentration in DMSO, mixed thoroughly by 

shaking and incubated for 1 hour at 37°C in a water bath.  
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Standard buffer solution (SBS) containing 1.5 mM Ca2+ was prepared as per Table 3.8. 

In the absence of Ca2+ supplementation, the SBS buffer was prepared with 0.4 mM 

EGTA, a chelating agent selective for calcium ions, instead.  

 

Table 3.8. Standard Buffer Solution (SBS)  

Compound SBS buffer with Ca2+  SBS buffer without Ca2+ 

Sodium Chloride (NaCl) 135 mM 135 mM 

Potassium Chloride (KCl) 5 mM 5 mM 

Magnesium Chloride 
(MgCl) 

1.2 mM 1.2 mM 

Glucose 8 mM 8 mM 

HEPES 10 mM 10 mM 

Calcium chloride (CaCl2) 1.5 mM - 

EGTA - 0.4 mM 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. EGTA: ethylene glycol-bis(β-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

 

Fura2-AM (Merck Life Science UK Ltd; Gillingham, UK; cat No: F0888) was prepared at 

a 1 mM concentration in DMSO and stored at -20°C protected from light. In 1.5 mM Ca2+ 

SBS buffer, 10% Pluronic acid was added at a 1:1000 ratio and 1 mM Fura2-AM is added 

at a 1:500 ratio, giving a final concentration of 2 µM Fura2-AM. 

 

3.11.5.2. Cell preparation 

 

Following optimisation, HEK293 parental control, control vector and MRGPRF 

overexpressing cells were seeded at a density of 6.0 x 104 per well in 96-well PLA coated 

black plates (Greiner BioOne; Kremsmünster, Austria; cat No: 655077). 8 wells per cell 

line were seeded on one plate, with 3 total plates providing technical replicates for each 

run. During the assay, the 8 wells were exposed to the following conditions; (1) 0.1 % 

v/v DMSO, (2) 1 µM thapsigargin (Tg), (3) 0.38 % v/v ethanol, (4) 25 µM EPA, (5) 50 µM 

EPA, (6) 0.1 % v/v water and 2 wells (7 and 8) were used to test response to 20 µM ATP.   

 

Once cells were confluent, medium was removed and replaced with 50 µl of 2 µM Fura2-

AM – 1.5 mM Ca2+ SBS buffer mix. Plates were incubated for 1 hour in the dark at 37°C. 

Following incubation, the fura2-AM – 1.5mM Ca2+ SBS buffer mix was removed, and 

cells were washed twice with 50 µl 1.5 mM Ca2+ SBS. Cells were resuspended in 200 µl 

1.5 mM Ca2+ SBS and incubated in darkness at room temperature for 30 minutes.  
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3.11.5.3. Positive controls 

 

For these experiments, I used two positive controls. The first was thapsigargin, a sarco 

/ endoplasmic reticulum calcium ATPase. Treating cells with Tg causes an increase in 

intracellular Ca2+, [Ca2+]I by blocking the ability of the cell to pump calcium back into the 

sarco / endoplasmic reticulum (200). Thapsigargin (Merck Life Science UK Ltd; 

Gillingham, UK; cat No: T9033), was prepared in DMSO to create 500 µM stock 

 

The second positive control was ATP (adenosine triphosphate), which has been shown 

to increase [Ca2+]I. ATP activates P2-type purinoceptors, some of which are GPCRs 

(201). One such receptor is P2Y1, which has been shown to be expressed in HEK293 

(201, 202). Activation with ATP potentiates phospholipase C responses, catalysing IP3 

production that diffuses in to the cytoplasm and results in a release of calcium from 

intracellular stores (202, 203). ATP (Merck Life Science UK Ltd; Gillingham, UK; cat No: 

A2383) was diluted to create a stock concentration of 100 mM in nuclease free water. 

  

3.11.5.4. Compound plate preparation 

 

For each tested ‘compound’ a 1 ml preparation 5 times the desired final concentration 

was prepared in 1.5 mM Ca2+ SBS. Compound plate concentrations and final desired 

concentrations for positive controls, potential agonists, respective carrier controls, are 

shown below in Table 3.9. 200 µl of each 5x final concentration solution was added to 

the compound plate (Corning® Costar® Ultra-Low Attachment 96 Well Plate; Merck Life 

Science UK Ltd; Gillingham, UK; No: CLS7007).  

 

It should be noted, that alongside the 33 mM EPA working stock (prepared as previously 

described), a 66 mM EPA working stock was prepared by adding 20 µl 3.3 M EPA to 980 

µl 100 % ethanol. This allowed for addition of the same volume of 33 mM and 66 mM 

stock to create the 125 µM and 250 µM solutions, so the ethanol control was valid for 

both.  
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Table 3.9. Compound plate contents 

Content Compound plate concentration Final desired concentration 

DMSO 99.9 % 0.1 % v/v 

Tg 5 µM 1 µM 

Ethanol 99.9 % 0.38 % v/v 

EPA - a 125 µM 25 µM 

EPA - b 250 µM 50 µM 

Water 99.9 % 0.1 % v/v 

ATP 100 µM 20 µM 

 
DMSO: dimethyl sulfoxide. Tg: Thapsigargin. EPA: eicosapentaenoic acid. ATP: adenosine 
triphosphate 

 

Cell plates and compound plates were loaded onto the FlexStation machine (FlexStation 

III; Molecular Devices; California, USA; cat No: FV06118). The settings were as shown 

in Table 3.10 below.  

 

Table 3.10. Flex station settings 

Condition Setting (adjusted for experiment) 

Flex Fluorescence 

Excitation wavelength 
1 : 340 nm 
2 : 380 nm 

Emission 510 nm 

Sensitivity Medium 

Timing (run time) 
300 seconds 
5 seconds between each reading 

Compound transfer 
Volume: 50 µl 
Time point: 30 seconds 

 
The table presents the settings which were selected for each experimental repeat to ensure the 
conditions were identical. Compound transfer was initiated at 30s to allow for the baseline 
measurements to be made. The settings had been previously optimised by the Beech lab group.  

 

3.11.5.5. Analysis of calcium flux data using PRISM Graph Pad 

 

Data was exported to Microsoft Excel. For each well, fluorescence readings (F340/380) 

were recorded at 5 second increments. Data was inputted into PRISM GraphPad and 

statistics on row function was used to calculate mean and standard error of the mean for 

3 technical replicates. Line and symbol graphs were plotted. F340/380-fold changes of each 

condition to the appropriate carrier controls were calculated.   
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3.12. Exploitation of public databases 
 

3.12.1. Development Therapeutics Program 

 

The Development Therapeutics Program (DTP, https://dtp.cancer.gov/) was designed 

by the National Cancer Institute to facilitate discovery and development of new cancer 

therapeutic agents. ‘DTP Databases and Search Tools’ resource was used to predict 

cell responses to drug treatments (i.e.: AZA, DAC, TMZ) so that an appropriate 

concentration range was selected for cell viability assays involving these drugs.  

 

3.13. Statistical analysis 
 

Unless otherwise stated, statistical testing was undertaken using GraphPad Prism8™ 

(GraphPad Software; California, USA; software version 8.30 (328)). To test whether data 

fit a Gaussian distribution, the D’Agostino-Pearson Omnibus normality test was used.  

 

Comparison of the data points in unpaired groups was determined by Mann-Whitney 

tests which was used to test statistical significance of median values. Comparison of 

mean values was determined by Student’s t-test. To test whether one variable correlated 

with another Spearman-Rank correlation tests were performed. P < 0.05 was used as a 

cut off to determine significance. 

https://dtp.cancer.gov/
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Chapter 4: Characterising human colorectal cancer cell lines and 

response to EPA and DHA  
 

4.1. Introduction 
 

4.1.1. Sensitivity of CRC cell lines to n-3 PUFAs 

 

EPA and DHA are both biologically active (100), however, to date, studies have been 

predominantly EPA-focused. This is in part due to the naturally occurring predominance 

of EPA in marine oils, in which is it found in the distinct ratio 3:2 (EPA/DHA), and the fact 

that DHA was purified later than EPA (204-206).  

 

Studies report a range of n-3 PUFA sensitivity of hCRC cell lines. Concentrations greater 

than or equal to 150 µM EPA were required to inhibit proliferation in some cell lines, 

whilst 50 µM EPA or less is sufficient in others (131, 137, 179, 207, 208). A study by 

Hossain et al found sensitivity towards n-3 PUFAs, including EPA and DHA, was highest 

in HT29 cells and lowest in CaCo-2 and DLD-1 cells (207). The effect of both EPA and 

DHA have been assessed in hCRC cell line models in order to understand the 

mechanistic pathways involved in anti-cancer activity of n-3 PUFAs (131, 137, 179, 209). 

These are outlined in Table 1.2, Chapter 1.4.2.1.  

 

4.1.1.1. Combined drug treatment interaction analysis 

 

Most in vitro studies use single purified n-3 PUFAs, whilst in vivo and clinical studies 

evaluating the effect of n-3 PUFA have mostly used mixed formulations for 

supplementation, or use questionnaires to calculate dietary consumption (with varied n-

3 PUFA compositions) (131, 207, 208). In this chapter, an initial assessment of 

interactions between EPA and DHA were investigated to determine whether a benefit (in 

terms of growth inhibitory effects) for combined or single n-3 PUFA treatments could be 

seen. Combination drug treatments are frequently used in the clinic in order to treat 

diseases, as previously described in Chapter 1.2.3.2, treatment of CRC often involves 

combination therapies including 5-FU, oxaliplatin and irinotecan. Drug combinations are 

often used to minimise toxic effects and reduce likelihood of acquiring resistance to a 

drug used in isolation (210). In addition, a benefit of combination drug treatments in some 

cases, can be the synergistic activity of the drugs (210). However, the definition of 

‘synergy’ has long been debated (211, 212) and thus it is important that combination 

treatment experiments and analysis are carefully considered so that claims of synergistic 

interactions between 2 drugs are valid.  
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Practical and statistical challenges arise when multi-drug combination experiments are 

designed, as including multiple drugs and dose-levels to satisfy statistical requirements 

quickly renders a lab-bench based testing approach insufficient (213). Therefore, 

mathematical and computational approaches are often used to facilitate appropriate 

designs, and drug-combination experiments are completed in high-throughput formats 

(213, 214).  

 

There are many ways in which drug-combination data can be analysed. Examples 

include; combination index (CI) analysis, isobologram analysis and curve shift analysis 

(215). Whilst both isobologram and curve shift analysis provide graphical outputs, CI 

analysis quantifies the interaction between drugs (215). The Chou-Talalay method is 

frequently used in drug combination experiments, and is a complex mathematical 

equation that allows the calculation of a CI (210). This can be used to describe drug-

drug interactions whereby, additive drug-drug interactions have a CI equal to 1, 

synergistic interactions have a CI less than 1, and antagonistic interactions have a CI 

greater than 1 (210). As the work in this chapter was a preliminary analysis to determine 

whether further experimental work should be undertaken to assess interactions between 

EPA and DHA, experimental and analytical approaches were simplified.  

  

4.1.2. Metabolism of n-3 PUFAs: PTGS activity  

 

Although CRC cell lines have shown differential sensitivity to n-3 PUFAs, the 

mechanisms that facilitate cellular response to EPA and DHA are not known. 

Cyclooxygenase (COX) enzymes are the rate-limiting enzyme in the synthesis of 

prostanoids which are bioactive lipid messengers implicated in a range of physiological 

and pathological functions (216).  

 

4.1.2.1. Cyclooxygenase inhibition and CRC prevention or treatment 

 

As previously outlined in Chapter 1.5, COX-1 and COX-2 enzymes are involved in CRC 

carcinogenesis (157, 187) and metabolism of n-3 PUFAs (158). Studies to investigate 

the relationship between the two suggest that COX expression is associated with limited 

response to n-3 PUFAs. Such studies found that following combined treatment of hCRC 

cell lines with n-3 PUFAs and selective or non-selective COX-2 inhibitors (celecoxib or 

sulindac, respectively) a reduction in growth and increased apoptosis is observed (217, 

218). This chapter investigated whether resistance to n-3 PUFAs was associated with 

increased PTGS1 and PTGS2 mRNA expression profiles.   
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4.1.3. Modelling CRC in vitro 

 

CRC is not a homogeneous disease and genetic, morphological and epigenetic 

alterations are implicated in disease pathogenesis (33, 35, 219). The diversity of 

molecular subtypes of CRC is associated with heterogeneous clinical presentation of 

disease, response to treatment and patient prognosis (33, 219). However, the clinical 

relevance and suitability of in vitro preclinical models is repeatedly queried (41, 50, 220, 

221), not limited to the setting of CRC studies.  

 

Recent advances assessed whether CRC cell lines could be classified by molecular 

phenotypes (CIN, microsatellite stability, CIMP and CMS) described for patient tumours, 

and have confirmed that in vitro models recapitulate DNA, RNA and protein level 

characteristics (35, 41, 50, 54, 55). Therefore, using a panel of multiple CRC cell lines is 

representative of the mutational and transcriptional heterogeneity of primary tumours 

(35, 41, 222-224).  

 

Drug sensitivity screening studies demonstrate that CRC cell lines recapitulate molecular 

alterations with similar frequencies and distribution of gene methylation between primary 

tumours and hCRC cell lines (225). Evidence suggests that pharmacogenomics of 

primary tumours is also recapitulated by hCRC cell lines (223, 225, 226) and response 

to chemotherapeutic drugs can be predicted in in vitro models. One study reported 

apoptosis resistance of CMS 4 subtype hCRC cell lines treated with oxaliplatin (227), for 

which a poor response has also been observed in CMS 4 patients (88). As the tumour 

microenvironment has implications on gene expression signals in tumour tissues, 

translation of the CMS classification to preclinical models, including cell lines and patient-

derived xenografts (PDX) has major challenges. Sveen et al recently developed a cancer 

cell–adapted CMS classifier, which utilised data from primary CRCs, cell lines and PDX 

models, to assign a CMS classification to hCRC cells (50). Profiling cell lines by CIN, 

CIMP, microsatellite status (MSS / MSI) and CMS classifications facilitates comparisons 

to specific clinical tumours and provides characteristic features. This information enables 

careful selection of cell lines for the disease or therapeutic agent being investigated.       

 

4.1.4. Associations between molecular phenotypes, CRC and response 

to n-3 PUFAs 

 

Although there have been relationships established between response to 

chemotherapeutic agents and molecular phenotypes or CMS groups (55, 56, 227, 228), 

data surrounding n-3 PUFA response and phenotypes is limited. CIMP and CIN status 

have not previously been associated with sensitivity to n-3 PUFAs in clinical studies or 
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in vitro and in vivo studies in which the relationship has never been tested. Tumours 

obtained from the Nurses’ Health Study and Health Professional Follow-up studies were 

classified by microsatellite status (941 cases were MSS and 184 cases were MSI-high) 

(108). An association between greater n-3 PUFA intake (from over-the-counter 

supplementation or acquired through the diet) and lower MSI-high CRC incidence was 

reported (≥ 0.3 grams / day was compared with < 0.1 grams / day: multivariable hazards 

ratio (HR) = 0.54, 95 % confidence interval (CI) = 0.35 to 0.83, Plinearity = 0.03) but the 

association was not observed for MSS cases (HR = 0.97, 95 % CI = 0.78 to 1.20, Plinearity 

= 0.28) (108). Additionally, a study to compare the efficacy of  FOLFOX (folinic acid, 5-

FU and oxaliplatin) combination therapy versus FOLFOX + cetuximab therapy in 1735 

patients with stage 3 colon cancer, included a dietary questionnaire (229). Higher n-3 

PUFA intake (EPA, DPA and DHA, obtained by fish sources) was associated with 

increased better 3-year disease free survival (DFS) in patients who had MSI tumours (72 

% vs 67 %), but not in patients with MSS tumours (72 % vs 72 %) (229).  

 

4.1.5. Epigenetics 

 

Cell-cell differences are determined by variations in gene expression (230). Epigenetics 

is defined as heritable changes in gene expression associated with modifications of 

DNA, or chromatin proteins, that are not due to any alteration in the primary sequence 

(231). Epigenetics regulate gene expression in cell differentiation, growth, development, 

ageing and also cancer (232). Epigenetic mechanisms are regulatory processes which 

control gene expression at the transcriptional level by modifications which alter the 

transcription machinery accessibility to gene promoter regions (233). Colorectal 

carcinogenesis, at all stages from initiation to metastasis, has been associated with 

epigenetic aberrations including DNA methylation, histone modifications, chromatin 

remodelling, and non-coding RNAs (234). 

 

4.1.5.1. DNA Methylation 

 

DNA methylation is the reversible process of a covalent bond forming between a methyl 

(-CH3) group and a cytosine DNA base (232). In humans, a majority of DNA methylation 

is restricted to cytosine base nucleotides adjacent to guanine nucleotides, known as CpG 

dinucleotides. Presence of CpGs are less than would be expected by chance (232), and 

there is an uneven distribution of CpG-rich regions. CpG enriched DNA appears most 

frequently in promoter regions and first exons of genes (235). The presence of CpG 

dinucleotides and methylation in the promoter and first exons is important for regulation 

and control of gene expression. 
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Cancer-associated global genomic hypomethylation activates oncogenes and regional 

hypermethylation inactivates genes including tumour suppressor genes (236). CIMP+ 

CRC tumours display regional hypermethylation of gene promoter regions, including 

DNA MMR genes (41). Chemotherapeutic drug response of CIMP+ and CIMP- tumours 

indicate that improved patient outcomes arose from irinotecan-based therapies 

compared to oxaliplatin-based treatment regimens (237). 

 

4.1.5.2. Altering methylation: epigenetic drug mechanisms  

 

Hypermethylation can be induced by treatment of cells with methylating agents such as 

Temozolomide (TMZ). TMZ has been utilised in treatment of astrocytomas, glioblastoma 

multiforme and melanomas since the 1990s (238). TMZ is a methylating triazene 

compound that is converted to its active form MTIC which alkylates DNA at the N7 

position of guanine, N3 position of adenine and O6 position of guanine. Production of 

alkyl adducts, N7-methylguanine and N3-methyladenine do not induce cytotoxic effect, 

as the base excision repair system corrects the methylation (239). However, methylation 

of guanine (the most common site of methylation), results in single and double-strand 

DNA breaks and subsequent induction of apoptotic cell pathways (238). The repair of 

DNA damage caused by TMZ is facilitated by an enzyme, O6 methyl-guanine 

methyltransferase (MGMT) (240, 241). Promoter methylation of the MGMT gene (and 

subsequent epigenetic silencing of MGMT) is associated with reduced capability to repair 

DNA and better anti-cancer responses to TMZ (240).  

 

Conversely, temporary demethylation of DNA can be achieved by use of epigenetic 

drugs known as demethylating agents, such as 5-azacytidine (5-AZA) and decitabine 

(DAC), both of which are nucleoside (cytidine) analogues. These incorporate into actively 

replicating DNA and covalently bond to DNA methyltransferases (DNMTs) (242), which 

targets DNMT proteins for proteasome degradation (243). Depletion of DNMT results in 

passive demethylation during cell division (242). This causes global hypomethylation 

(234). Effects of treating cells with low concentrations of decitabine, which include altered 

cell growth, differentiation and improved immunological responses to tumour-associated 

antigens, have been attributed to re-expression of critical genes which were silenced 

prior to DAC treatment (243). 
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4.2. Objectives 
 

This chapter focused on the hypotheses that CRC cell lines display different n-3 PUFA 

sensitivity, and that sensitivity to n-3 PUFAs is associated with key CRC molecular 

characteristics, namely, CIN, CIMP, MSI/MSS status and PTGS1/2 gene expression. It 

was hypothesised that exposing cell lines to 5-AZA, DAC and TMZ would alter molecular 

characteristics of the cells, and subsequently alter response to n-3 PUFAs. To test the 

hypotheses, the following objectives were set:  

 

• Establish a panel of cell lines representative of key CRC molecular phenotypes 

• Characterise PTGS1 and PTGS2 expression in hCRC cells 

• Test CRC cell line sensitivity to n-3 PUFAs alone or in combination 

• Identify associations between CRC cell response to n-3 PUFAs and molecular 

phenotypes. 

• Determine the effect of epigenetic drug exposure on cell sensitivity to EPA 
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4.3. Results  
 

4.3.1. Characterisation of the CRC cell line panel  

 

Cell lines were authenticated by STR profile analysis to confirm correct identity 

[Appendix A4.1].  

 

4.3.1.1. Cell line panel characterisation by molecular subtype 

 

CRC cell lines were classified according to CIN status, microsatellite status and CIMP 

status. In addition, cell lines can be classified into 4 consensus molecular subtypes 

(CMS). 

 

Table 4.1. Human colorectal cancer cell line molecular classifications 

 
Classification of each CRC cell lines cell line is shown by; CIN: chromosomal instability, CIMP: 
CpG Island Methylator Phenotype, MS: microsatellite, I: unstable and S: stable. Data were 
compiled from the previous studies (35, 41, 50, 55, 56, 244, 245) 

 

The panel comprised 10 CIN + and 7 CIN -, 9 CIMP + and 8 CIMP - and 9 MSI and 8 

MSS cell lines [Table 4.1]. There were conflicting reports on the microsatellite status of 

HCA-7 cells. Microsatellite status of the cell lines was therefore tested in-house using an 

established method (41). Results show that HCA-7 cell line were MSI [Appendix A4.2].  

 

Cell Line CIN status CIMP status 
Microsatellite 

status 

CaCo-2 + - MSS 

Colo205 + + MSS 

DLD-1 - + MSI 

HCA-7 + + MSI 

HCT116 - + MSI 

HRT18 - + MSI 

HT29 + + MSS 

LoVo - - MSI 

LS174T - - MSI 

LS411N + + MSI 

SW48 - + MSI 

SW480 + - MSS 

SW620 + - MSS 

SW837 + + MSS 

SW1116 + - MSS 

T84 + - MSS 

TC71 - - MSI 
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CMS profiles used to characterise patient tumours combine these molecular phenotypes 

with tumour microenvironment properties (35, 50). As the models used in this study are 

all in vitro, I categorised cell lines by grouped CIN, MS and CIMP properties and 

discarded the CMS classification. No cell lines were ‘CIN-, MSS, CIMP-’ which was 

expected as there would be no genetic ‘driver’ of CRC development. The hCRC cell lines 

fell into the subgroups presented in Table 4.2.  

 

Table 4.2. Cell line categorised by CIN, MSI and CIMP status 

Molecular Property CIMP - CIMP + 

CIN - MSS   

CIN - MSI 

LoVo 
LS174T 
TC71 

DLD-1 
HCT116 
HRT18 
SW48 

CIN + MSS 

CaCo-2 
SW480 
SW620 
SW1116 
T84 

Colo205 
HT29 
SW837 

CIN + MSI 
 HCA-7 

LS411N 
 
CRC cell lines categorised by CIN, MS and CIMP status, providing comparative groups for 
downstream analysis. Data compiled from literature (35, 41, 50, 55, 56, 244, 245) 

 

4.3.2. Optimisation of a gene expression assay to study PTGS 1 and 2 

expression in human CRC cell lines 

 

It has been reported that 77.97 % CRC tumour samples overexpress COX-2 (159). The 

hCRC cell lines were therefore characterised for PTGS1 and PTGS2 gene expression 

using RT-qPCR. 

 

4.3.2.1. GAPDH primers validation 

 

GAPDH was selected as the ‘housekeeper’ gene. GAPDH primers were optimised using 

HEK293 cDNA. The standard curve shown in Figure 4.1 demonstrated a linear 

relationship between amount of cDNA input and CT value (R2 = 0.99). 
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 GAPDH Standard curve  

GAPDH CT values obtained by qPCR in serially diluted cDNA HEK293 samples ranging in 
quantity from 1µg to 10-6µg. GAPDH CT data are expressed as the mean ± SD, for 4 
independent experimental replicates.  

 

4.3.2.2. PTGS1 primer validation 

 

To assess the efficiency of the primers, a commercially synthesised plasmid [Figure 3.2, 

Chapter 3.6] containing the expected PCR product, was used to spike both water 

samples and HEK293 cDNA samples. HEK293 cells do not express PTGS1 (246).  

 

 

 PTGS1 Standard curve  

PTGS1 CT values obtained by qPCR of serially diluted vector cDNA spiked into HEK293 
cDNA or water, with the vector quantity ranging from 10-3 µg to 10-8µg. Each PTGS1 CT data 
point is representative of the duplicate well CT mean ± SD, for 1 to 6 independent 
experimental replicates.  
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Vector DNA was diluted to a range between 10-3 and 10-8 µg, and PTGS1 was measured 

with CT values obtained that ranged from 13.01 to 30.49 [Figure 4.2]. The CT value 

obtained for HEK293 with no spike was 31.09 ± 0.05, confirming the cells did not express 

PTGS1. When comparing vector DNA spiked in water versus HEK293 cDNA, the 

gradient of the slopes (-2.98 and -3.23 respectively) were not shown to be statistically 

significantly different (F test; F = 0.37, p = 0.54). Primer efficiency was calculated using 

a pooled gradient, -2.99 and was found to have an efficiency of 115.72 %. 

 

10-5.81 µg of plasmid DNA was diluted in water as a positive control for further gene 

expression analyses.  

 

4.3.2.3. PTGS2 primer validation 

 

I optimised the PTGS2 primers using cDNA from HCA-7 cells, which are known to 

express COX-2 (247). The expected primer product was 169bp. 

 

HCA-7 cDNA ranging from 1 to 10-6 µg was used. qPCR analysis found the CT values 

ranged from 18.70 to 35.08 [Figure 4.3]. Primer efficiency was 126.59 %.  

 

 

 PTGS2 Standard curve  

PTGS2 CT values obtained by qPCR in serially diluted cDNA HCA-7 samples ranging in quantity 
from 1µg to 10-6µg. PTGS2 CT data are expressed as the mean ± SD, for 2 independent 
experimental replicates.  
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Having validated each primer pair, and established positive control for the assays, I 

proceeded with the analysis of PTGS1 and PTGS2 gene expression in the panel of CRC 

cell lines. 

 

4.3.3. PTGS1 and PTGS2 gene expression in hCRC cell lines  

 

Cyclooxygenase gene expression was measured in human CRC cell lines by RT-qPCR, 

and the measurements were converted in to a PTGS score as it enabled conversion of 

∆CT values (eliminating use of a comparator cell line) to a value in which a greater 

numerical score indicated greater expression of PTGS1 or PTGS2 [Chapter 3.9.3.1].  

 

A                                                    B 

 

C                                                     D  

 
    

r = 0.13 
p = 0.62 

 

 Expression of PTGS1 and -2 genes in human CRC cell lines 

Each figure presents cell lines in order of increasing gene expression for PTGS1 (A), PTGS2 
(B) and combined PTGS (C). Scores are expressed as the mean ± SD, for 3 independent 
replicates. No correlation between PTGS1 expression and PTGS2 expression was observed 
(D, Spearman correlation).  
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PTGS1 gene expression was detected in all cell lines [Figure 4.4 A], with lowest 

expression in T84 cells (PTGS1 score: 0.33 ± 0.58) and highest expression in HT29 cells 

(PTGS1 score: 2.67 ± 0.58). Colo205, SW1116, SW48, SW620, T84 and TC71 cells did 

not express PTGS2 (as PTGS2 Ct values were above 30 or undetermined). Lowest 

detectable expression of PTGS2 was found in SW480 cells (PTGS2 score: 0.33 ± 0.58), 

and highest expression was found in HCA-7 cells (PTGS2 score: 3.00 ± 0.00) [Figure 

4.4 B]. Combined PTGS score [Figure 4.4 C] values ranged from 0.33 ± 0.58 (T84) to 

5.33 ± 0.58 (HCA-7). No correlation was found between PTGS1 and PTGS2, giving no 

indication that expression of one PTGS isoform was associated with that of the other 

[Figure 4.4 D].  

 

4.3.4. Sensitivity of CRC cell lines to n-3 PUFAs 

 

The hCRC cell line response to EPA and/or DHA exposure was next examined and is 

presented in Table 4.3 below. 

 

Table 4.3. Human colorectal cancer cell line sensitivity to n-3 PUFAs 

Cell viability following exposure of cells to variable concentrations of n-3 PUFAs were measured 
by MTT assay or crystal violet assay. All IC50 values are the mean ± SEM for n independent 
repeats. Independent repeats greater than 3 result from cell line use in chronic exposure 
experiments. Parental (non-chronically exposed) cells underwent n-3 PUFA concentration 
response MTT assays alongside chronically exposed cells to facilitate comparisons in n-3 PUFA 
sensitivity (IC50 values) between parental and chronically exposed cells.  

 

Cell Line 
EPA DHA EPA:DHA (2:1) 

IC50 (µM) n IC50 (µM) n IC50 (µM) n 

CaCo-2 205.52 ± 1.51 3 54.21 ± 1.09 3 165.50 ± 1.11 3 

Colo205 161.40 ± 1.16 3 5.57 ± 1.09 3 16.26 ± 1.29 3 

DLD-1 85.91 ± 1.06 7 15.26 ± 1.07 10 53.06 ± 1.13 3 

HCA-7 141.91 ± 1.05 9 23.31 ± 1.07 11 53.06 ± 1.13 3 

HCT116 91.74 ± 1.08 18 31.09 ± 1.08 14 42.58 ± 1.13 3 

HRT18 73.17 ± 1.13 3 41.95 ± 1.15 3 77.88 ± 1.19 3 

HT29 118.60 ± 1.05 13 55.69 ± 1.05 13 83.52 ± 1.11 3 

LoVo 141.10 ± 1.08 6 21.21 ± 1.08 8 41.03 ± 1.09 3 

LS174T 228.23 ± 1.11 3 114.74 ± 1.06 3 194.00 ± 1.09 3 

LS411N 84.33 ± 1.06 3 47.86 ± 1.21 3 75.75 ± 1.07 3 

SW48 71.19 ± 1.16 3 35.44 ± 1.19 3 83.26 ± 1.12 3 

SW480 77.84 ± 1.19 3 30.98 ± 1.08 3 54.73 ± 1.09 3 

SW620 176.83 ± 1.18 3 24.72 ± 1.10 3 78.02 ± 1.11 3 

SW837 138.33 ± 1.08 3 38.85 ± 1.13 3 104.40 ± 1.11 3 

SW1116 224.52 ± 1.11 3 67.42 ± 1.11 3 254.80 ± 1.21 3 

T84 137.00 ± 1.09 6 36.31 ± 1.09 6 62.54 ± 1.20 3 

TC71 95.62 ± 1.25 3 43.12 ± 1.11 3 104.43 ± 1.10 3 
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IC50 values, determined using GraphPad Prism8™ as described in Chapter 3.4.4, were 

used as a measure of sensitivity, with a low IC50 values indicative of a more sensitive 

cell line and high IC50 values indicative of more resistant cells, relative to each other. The 

full concentration response curves are shown in Figure 4.5.  

 

4.3.4.1. CRC cell lines had different sensitivities to EPA  

 

Human CRC cell lines displayed a wide range of sensitivities to EPA with IC50 values 

ranging from 71.19 ± 1.19 µM (SW48) to 228.23 ± 1.11 µM (LS174T) [Table 4.3]. Seven 

cell lines (DLD-1, HCT116, HRT18, LS411N, SW48, SW480, TC71) had IC50 values 

below 100 µM, seven cell lines (Colo205, HCA-7, HT29, LoVo, SW620, SW837, T84) 

had IC50 values between 100 and 200 µM and three cell lines had IC50 values greater 

than 200 µM, namely CaCo-2, LS174T and SW1116. 

 

As visual inspection of EPA, DHA and EPA:DHA (2:1) combination mixture concentration 

response curves indicated that biphasic responses were present. A biphasic response 

curve differs from a standard monotonic sigmoid shape, with a plateau evident between 

two distinct concentration-response phases (178). All concentration response curves 

were subsequently analysed using GraphPad Prism8™ (as described in Chapter 3.4.4). 

This indicated that four cell lines displayed a biphasic EPA concentration response 

curve, namely HCT116, HRT18, HT29 and T84 [Figure 4.5, Table 4.4]. The analysis of 

biphasic curves in GraphPad Prism8™ gave 2 IC50 concentration outputs which are 

displayed in Table 4.4. No DHA or combination mixture concentration response curves 

were determined to be biphasic using the GraphPad Prism8™ software. Biphasic 

concentration response curves may indicate EPA acting via two different pathways.  

 
 

Table 4.4. Cell lines exhibiting a biphasic response to EPA 

 
Concentration response curves were analysed in GraphPad Prism9™, using the biphasic 
equation curve analysis. Biphasic curves have two distinct concentration response phases. The 
half-maximal inhibitory concentrations (IC50_1 and IC50_2) are expressed as the mean ± SEM. 

 

However, whilst this software analysis eliminated subjective interpretation, it should be 

noted that there were limitations to type of analysis of the biphasic concentration 

Cell Line 
EPA 

IC50_1 (µM) IC50_2 (µM) 

HCT116 22.44 ± 0.17 141.58 ± 1.04 

HRT18 7.59 ± 1.12 123.02 ± 1.02 

HT29 0.85 ± 1.11 116.14 ± 1.12 

T84 239.88 ± 0.01 371.53 ± 1.21 
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response. Indeed, some curves appear to be biphasic-curve in appearance (such as 

Colo205), but were not identified as such using this method. The GraphPad Prism8™ 

biphasic curve analysis is likely limited by the number concentrations that could be tested 

with the concentration-response range. The concentrations tested ranged from 1 to 500 

µM n-3 PUFA and experimental set-up meant this was skewed towards the lower 

concentrations within the range. This could reduce the ability of the software to 

accurately model and identify biphasic curves. 

 

4.3.4.2. CRC cell lines were more sensitive to DHA than EPA 

 

DHA IC50 values ranged from 5.57 ± 1.09 µM (Colo205) to 114.74 ± 1.06 µM (LS174T) 

[Table 4.3]. LS174T was the only cell line found to have an IC50 value greater than 100 

µM. All cell lines, without exception, were more sensitive to DHA than EPA. Whilst 

LS174T cells were found to be the least sensitive to both EPA and DHA, the most 

sensitive cell lines were different for EPA and DHA.  

 

4.3.4.3. Combined EPA:DHA (2:1 ratio) sensitivity was varied in human CRC cells 

 

The combined EPA:DHA (2:1) ratio was selected as this is the ratio commonly found in 

in n-3 PUFA-rich food sources and over-the-counter n-3 PUFA supplement mixtures 

(99). 

 

Colo205 cells were the most sensitive cells to combined n-3 PUFA treatment (IC50 = 

16.26 ± 1.29 µM), whilst the most resistant cell line was SW1116 (IC50 = 254.80 ± 1.21 

µM). Combined n-3 PUFA exposure resulted in an IC50 value greater than that of EPA 

or DHA alone in 4 cell lines; namely SW48, HRT18, TC71 and SW1116 [Table 4.3]. 

 

As all the data have been expressed as IC50 values, from hereon, the terms sensitive 

and resistant are relative.  
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 CRC cell line concentration response curves to n-3 PUFAs 

Exponentially growing cells were cultured in presence of EPA , DHA  or combined EPA:DHA  for 72 hours. Cell viability was measured by MTT assay or 
crystal violet assay. % growth inhibition was calculated relative to carrier control treated cells. Data are expressed as the mean +/- SEM of a minimum of 3 
independent replicates.
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4.3.4.4. Sensitivity of a cell line to one n-3 PUFA was not indicative of sensitivity 

to a different n-3 PUFA 

 

The respective cell line responses to EPA and DHA were compared to establish whether 

sensitivity was comparable between n-3 PUFAs. No correlation was found between EPA 

and DHA sensitivity (r = 0.19, p = 0.45), nor was it found between EPA and combined 

EPA:DHA sensitivity (r = 0.32, p = 0.21). The lack of shared response was particularly 

evident in the case of Colo205 cells, which were resistant to EPA (IC50 = 161.40 ± 1.16 

µM), however were the most sensitive to DHA (IC50 = 5.57 ± 1.09 µM). A strong positive 

correlation was found between DHA sensitivity and combined EPA:DHA sensitivity (r = 

0.86, p = 0.001).  

 

4.3.4.5. Interactions between the individual n-3 PUFAs in EPA:DHA (2:1) 

treatment 

 

Whilst the sensitivity of a cell line to EPA was not associated with that of DHA, 

interactions between EPA and DHA were unknown in the combined mixture (EPA:DHA 

2:1). To identify interactions, I compared EPA- and DHA-treatment induced % growth 

inhibition when n-3 PUFA were administered alone or in combination [Table 4.5], with 

examples of the curve extrapolation depicted in Figure 4.6.   

 

Two distinct effects of combination n-3 PUFA treatment were obtained. For 6 cell lines, 

namely; CaCo-2, Colo205, LS174T, SW48, SW837 and TC71, a potentially antagonistic 

effect was observed at both concentrations tested. I have selected the DHA-sensitive 

cell line, Colo205, treated with 50 µM EPA:DHA (2:1) as an example. Exposure of 

Colo205 cells to 16 µM DHA alone resulted in an 85.9 % growth inhibition, and treatment 

with 33 µM EPA alone resulted in a 25.2 % growth inhibition [Table 4.5]. If a potentially 

additive effect were to be assumed, treatment with 50 µM EPA:DHA (2:1) exposure 

would result in no viable cells. However, the observed effect on cell viability following 

combined treatment was a growth inhibition of just 70% [Table 4.5], which was 

subsequently labelled potentially antagonistic. CaCo-2 and LS174T cell viabilities were 

greater following 50 µM n-3 PUFA combination treatment than when cells were treated 

with the corresponding concentration of individual n-3 PUFAs only.  

 

Combination n-3 PUFA treatment produced an effect equal to (potentially additive), or 

greater than (potentially synergistic), the effect observed when the sum of individual EPA 

and DHA were measured, in 8 out of 16 cell lines. This was found at both concentrations 

of combination treatment tested in HCA-7, HCT116, HT29, SW480, SW620 and T84 cell 
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lines. In LoVo cells, 50 µM combination treatment had a potentially synergistic effect and 

100 µM combination treatment had a potentially additive effect. 50 µM combination 

treatment had a potentially additive effect and 100 µM combination treatment had a 

potentially synergistic effect in LS411N cells. This could indicate that, for these cell lines, 

a benefit to using a combination treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Extrapolation of n-3 PUFA concentration response curves 

Extrapolating growth inhibition percentage following 50µM and 100µM combined EPA:DHA 
treatment in representative cell lines. Colo205, HCT116 and HCA-7 cells were grown in presence 
of EPA , DHA  or combined EPA:DHA  for 72 hours. Data are expressed as the mean +/- 
SEM of a minimum of 3 independent replicates. Dashed line shows the extrapolation of cell 
viability of cells treated with 50µM or 100 µM of combination EPA:DHA (2:1) treatment.
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Table 4.5. Cell viability in cells exposed to combination treatment and corresponding individual n-3 PUFA concentrations 

 

 
Cell viabilities at 50µM and 100µM concentrations were extrapolated from the EPA:DHA (2:1) concentration-response curves. The corresponding cell viabilities of EPA 
and DHA at the concentrations within the mixture were obtained using the raw EPA (only) and DHA (only) concentration-response curves. Percentage of cells viable 
are displayed as the difference compared to ethanol carrier control, with positive values indicating the treatment increased growth and negative values indicating that 
growth was inhibited. Combined treatment interactions are described as antagonistic*, additive* and synergistic* with the asterisk to denote that these descriptions are 
potential interactions that require verification. 

Cell Line 

Difference in Cell Viability  
compared to control (%) Combined 

treatment 
interaction 

Difference in Cell Viability  
compared to control (%) Combined 

treatment 
interaction 

50 µM 
EPA:DHA 

(2:1) 

~ 33 µM 
EPA 

~ 16 µM 
DHA 

100 µM 
EPA:DHA 

(2:1) 

~ 66 µM 
EPA 

~ 33 µM 
DHA 

CaCo-2 + 12.5 + 5.3 - 5.8 Antagonistic* - 7 + 14.9 - 27.0 Antagonistic* 

Colo205 - 70 - 25.2 - 85.9 Antagonistic* - 75 + 3.9 - 90.0 Antagonistic* 

DLD-1 - 37 - 0.7 - 41.1 Additive* - 75 - 14.1 - 69.9 Antagonistic* 

HCA-7 - 35 + 17.7 - 27.6 Synergistic* - 75 + 5.5 - 54.3 Synergistic* 

HCT116 - 50 - 19.7 - 26.7 Additive* - 75 - 32.4 - 42.4 Additive* 

HRT18 - 30 - 27.6 - 21.3 Antagonistic* - 62.5 - 29.5 - 33.6 Additive* 

HT29 - 20 - 1.2 - 5.0 Synergistic* - 62.5 - 10.3 - 16.8 Synergistic* 

LoVo - 56 + 4.8 - 33.5 Synergistic* - 87.5 - 19.6 - 68.5 Additive* 

LS174T + 5 + 3.4 - 4.5 Antagonistic* - 5 + 20.7 - 11.5 Antagonistic* 

LS411N - 20  - 2.4 - 20.7 Additive* - 75 - 14.8 - 24.0 Synergistic* 

SW48 - 20 - 12.4 - 15.3 Antagonistic* - 62.5 - 37.3 - 41.6 Antagonistic* 

SW480 - 45 + 13.1 - 15.9 Synergistic* - 87.5 - 19.8 - 49.0 Synergistic* 

SW620 - 20 + 28 - 15.9 Synergistic* - 62.5 + 24.0 - 72.5 Synergistic* 

SW837 - 25 - 14.2 - 18.5 Antagonistic* - 40 - 23.6 - 29.8 Antagonistic* 

SW1116 + 5 - 17.8 + 26.3 Additive* + 5 - 14.7 - 1.9 Antagonistic* 

T84 - 37.5 - 1.7 - 10.9 Synergistic* - 62.5 - 6.0 - 40.3 Synergistic* 

TC71 - 20 - 23.5 - 21.1 Antagonistic* - 40 - 19.4 - 34.3 Antagonistic* 



 

- 92 - 
 

Two cell lines; DLD-1 and SW1116, exhibited a potentially additive effect when 

combination treatment was used at 50 µM but a potentially antagonistic effect was shown 

when 100 µM combination treatment was used.  

 

The data suggests that mechanisms of action, through which EPA and DHA act, differ 

between cell lines and can change at different exposure concentrations. Potentially 

additive and potentially synergistic interactions may indicate that EPA and DHA exert 

their effects via different mechanisms, whereas potentially antagonist interactions could 

be the result of EPA and DHA competing for the same target. No key features identified 

for cell lines (in terms of sensitivity or molecular profile) were associated with potentially 

additive / synergistic EPA-DHA interactions or potentially antagonistic EPA-DHA 

interactions (data not shown). The interactions between EPA and DHA would need to be 

validated which could be achieved thorough studies utilising appropriate experimental 

set-up and analysis as discussed later in this chapter (Chapter 4.4.1, Chapter 4.4.3).   

 

4.3.5. Relationships between cellular properties and n-3 PUFA sensitivity 

 

To elucidate possible drivers of cellular response to n-3 PUFAs, I next explored the 

relationships between cell molecular characteristics and n-3 PUFA sensitivity.  

 

4.3.5.1. Growth rate was correlated with EPA sensitivity 

 

CRC cells were distinguishable by differing growth rates. Carrier treated cells used as a 

control in the MTT assay were used as a surrogate marker of growth rate (Chapter 

3.4.5).  

 

The relationship between growth rate and n-3 PUFA sensitivity was tested. There was a 

statistically significant negative correlation between sensitivity to EPA and growth rate 

(Spearman’s correlation, r = -0.40, p = 0.05) [Figure 4.7 A]. No such relationship was 

found with respect to DHA or the combination treatment (Spearman’s correlation, r = 

0.18, p = 0.25 and r = -0.30, p = 0.12 respectively) [Figure 4.7 B and C]. 

 

An attempt to further investigate growth rate and cell lines’ response to EPA was made 

by exposing cells to culture media containing low concentrations of FCS. It was theorised 

that growth rate of cell lines would decrease in low FCS conditions, and subsequent EPA 

sensitivity in ‘slow’ growing cells could be tested. However, the growth rate of cells tested 

was not reduced significantly, despite the reduction in FCS (data not shown).   
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  Correlation between growth rate and n-3 PUFA sensitivity 

Absorbance readings were correlated with cell line sensitivity (IC50) to EPA  (A), DHA  (B) and EPA:DHA  (C). Absorbance data points are expressed as 
mean ± SD, for a minimum of n=3. Spearman correlation coefficient and p values are given below each graph. 

  

A 

 
r = -0.40 
p = 0.05  

B 

 
r = 0.18 
p = 0.25  

C 

 
r = -0.30 
p = 0.12 
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4.3.5.2. No strong trends between PTGS expression and n-3 PUFA sensitivity 

were identified 

 

Considering the key role of COX metabolism in n-3 PUFA bioactivity (158), it was 

hypothesised that less sensitive, more resistant, cell lines would have greater expression 

of PTGS1 and / or PTGS2. Therefore, the relationship between n-3 sensitivity and 

PTGS1 and PTGS2 gene expression was tested in the human CRC cell line panel.  

 

No statistically significant correlations were identified between PTGS1 expression and 

EPA IC50, DHA IC50 or EPA:DHA (2:1) IC50 [Figure 4.8], PTGS2 expression and EPA 

IC50, DHA IC50 or EPA:DHA (2:1) IC50 [Figure 4.9] or combined PTGS expression and 

EPA IC50, DHA IC50 or EPA:DHA (2:1) IC50 [Figure 4.10]. 
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A B C 

   
 

r = 0.0025 
p = 0.99 

r = -0.046 
p = 0.86 

r = 0.029 
p = 0.91 

 

 Associations between PTGS1 expression and n-3 PUFA sensitivity 

The PTGS1 mRNA transcript expression levels were measured in human CRC cell lines by RT-qPCR 3 independent replicates Expression levels were plotted 
against EPA (A), DHA (B) and EPA:DHA (2:1) (C) IC50 values for with a minimum of 3 independent replicates. Associations were tested using Spearman’s 
correlation, Spearman coefficients and p values are quoted below each graph.  
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A B C 

   
 

r = 0.040 
p = 0.88 

r = 0.21 
p = 0.42 

r = 0.093 
p = 0.72 

 

 Associations between PTGS2 expression and n-3 PUFA sensitivity 

The PTGS2 mRNA transcript expression levels were measured in human CRC cell lines by RT-qPCR 3 independent replicates Expression levels were plotted 
against EPA (A), DHA (B) and EPA:DHA (2:1) (C) IC50 values for with a minimum of 3 independent replicates. Associations were tested using Spearman’s 
correlation, Spearman coefficients and p values are quoted below each graph.  
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A B C 

   

r = 0.074 
p = 0.78 

r = 0.21 
p = 0.42 

r = 0.14 
p = 0.58 

 

 Associations between combined PTGS expression and n-3 PUFA sensitivity 

The PTGS1 and PTGS2 mRNA transcript expression levels were measured in human CRC cell lines by RT-qPCR 3 independent replicates. Expression levels 
were plotted against EPA (A), DHA (B) and EPA:DHA (2:1) (C) IC50 values for with a minimum of 3 independent replicates. Associations were tested using 
Spearman’s correlation, Spearman coefficients and p values are quoted below each graph.  
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4.3.5.3. Associations between molecular phenotypes and n-3 PUFA sensitivity  

 

Having established that the CRC cell lines in the panel displayed differential sensitivities 

to both EPA and DHA [Table 4.3], I tested whether molecular phenotypes of CRC cell 

lines [Table 4.1] could be associated with response to EPA or DHA. Associations 

between individual phenotypes and sensitivity were assessed.  

 

4.3.5.3.1. Relationship between CIN status and cell sensitivity to n-3 

PUFAs 

 

There was no relationship between CIN status and n-3 PUFA sensitivity [Figure 4.11]. 

A potential trend was observed between CIN status and EPA IC50 values, as five of the 

seven CIN- cell lines displayed IC50 values below 100 µM (CIN- median value 91.74 µM, 

range 71.19 ± 1.16 µM (SW48) to 228.2 ± 1.11 µM (LS174T)). The median value for the 

CIN+ groups was greater at 140.2 µM (range 77.84 ± 1.19 µM (SW480) to 224.52 ± 1.11 

µM). However, the difference between the two groups was not statistically significant.  

 

A 

 

B 

 

C 

 

 Associations between n-3 PUFA sensitivity and CIN status  

EPA  (A), DHA  (B), and combination  (C) IC50 values between CIN- (filled symbol) 
and CIN+ cell lines were compared. Mann-Whitney test was used to compare the groups.  

 

4.3.5.3.2. Relationship between MSI status and cell sensitivity to n-3 

PUFAs  

 

No statistically significant relationship between microsatellite status and n-3 PUFAs was 

evident in this dataset [Figure 4.12]. Although a difference between median values was 

observed for EPA-treated cells, with MSS cells having a higher median IC50 value (149.9 

µM) than MSI cells (91.47 µM), this was not statistically significant. 
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A 

 

B 

 

C 

 

 Associations between n-3 PUFA sensitivity and MS status 

EPA  (A), DHA  (B), and combination  (C) IC50 values between MSS (filled symbol) 
and MSI cell lines were compared. Mann-Whitney test was used to compare the groups.  

 

4.3.5.3.3. Relationship between CIMP status and cell sensitivity to n-3 

PUFAs  

 

Although there was no association between CIMP status and cell sensitivity to DHA 

[Figure 4.13 B] or the combination [Figure 4.13 C], a statistically significant association 

between CIMP status and EPA sensitivity was identified [Mann-Whitney, p = 0.05, 

Figure 4.13 A]. 

 

A 

 

B 

 

C 

 

 Associations between n-3 PUFA sensitivity and CIMP status 

EPA  (A), DHA  (B), and combination  (C) IC50 values between CIMP- (filled 
symbol) and CIMP+ cell lines were compared. Mann-Whitney test was used to compare the 
groups.  
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CIMP- cell lines were less sensitive to EPA than CIMP+ cell lines; median IC50 159.00 

µM, range 77.84 ± 1.19 µM (SW480) to 228.23 ± 1.11 µM (LS174T). CIMP+ cells were 

more EPA sensitive (median IC50 91.74 µM, range 71.19 ± 1.16 µM (SW48) to 161.4 ± 

1.16 µM (Colo205). 

 

4.3.5.3.4. Relationship between grouped molecular subtypes and EPA 

sensitivity 

 

 
 EPA sensitivity (IC50) of cell lines grouped by molecular phenotype   

EPA sensitivity of cell lines was measured by MTT assay and these were plotted against cell 
line molecular properties. Bar patterns are representative of molecular phenotypes. EPA IC50 
data is expressed as the mean ± SEM, for 3 to 18 independent repeats.  

 

The subgroup most sensitive to EPA was CIN-, MSI and CIMP+ comprised of DLD-1, 

HCT116, HRT18 and SW48 cells. Within this group, all EPA IC50 values were below 100 

µM [Figure 4.14]. Four out of five cell lines classified as CIN+, MSS and CIMP-, had IC50 

values above 137 µM. The outlier in this subgroup was the SW480 cell line. This was 

interesting as, in comparison to SW620 cells (derived from a metastatic tumour from the 

same patient as SW480 cells), IC50 values were 2.3-fold different (77.84 ± 1.19 versus 

176.83 ± 1.18). Greater variation in EPA IC50 values was found within the other 

phenotypic subgroups. Kruskal-Wallis test was used to compare distribution of IC50 

values between molecular phenotypic subgroups, with distributions not found to be 

significantly different (p = 0.19). The trend between high EPA sensitivity in CIN-, MSI, 

CIMP+ cell lines in comparison to the other subgroups was not seen when cells were 

exposed to DHA and EPA:DHA (2:1) [Appendix A4.3]. 
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No trend was observed for DHA, whereas EPA sensitivity was found to be linked with 

CIN-, MSI and CIMP+ statuses. As EPA sensitivity and CIMP+ phenotypes were 

associated, an attempt to reverse CIMP phenotypes using epigenetic drugs was 

undertaken and presented next in this chapter. 

 

4.3.6. Investigating the effect of epigenetic drug treatment on cell 

sensitivity to n-3 PUFAs 

 

Having shown the link between CIMP+ cell lines and EPA sensitivity, I next used 

epigenetic drugs to establish that the association was linked to a molecular mechanism 

linked to DNA methylation. Treatment of CIMP- cells with a methylating agent should 

increase sensitivity to EPA and using demethylating agents should increase resistance 

in CIMP+ cell lines. The following cell lines were used: CIMP-; LS174T, TC71, LoVo and 

SW620 and CIMP+; HCT116, HCA-7, HRT18.  

 

4.3.6.1. Optimisation of epigenetic drug pre-treatment of hCRC cells  

 

The first objective was to establish a concentration of TMZ, DAC and 5-AZA that would 

maintain good cell viability to facilitate subsequent n-3 PUFA treatment. Literature 

searching found that previous studies had obtained TMZ IC50 values over 100 µM, with 

concentration ranges that included 50 – 400 µM (248). It was determined that the 

concentration range to test in the hCRC cell lines should range from 1.25 µM to 640 µM.  

 

 TMZ hCRC concentration response curves 

Concentration-response curves obtained in LoVo , LS174T , SW620  and TC71  
exposed to TMZ. Cell viability was measured by MTT assay, % growth inhibition data are 
expressed as the mean of 2 independent replicates, or mean +/- SEM of 3 independent 
replicates. 
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Four CIMP- cell lines were treated with varied concentrations of TMZ, the concentration 

response curves are presented in Figure 4.15 above, and IC50 values are shown in 

Table 4.6 below. 

 

Table 4.6. Sensitivity of hCRC cell lines to epigenetic agents TMZ, 5-AZA and DAC 

Temozolomide (TMZ), 5-Azacytidine (5-AZA) and decitabine (DAC) IC50 concentrations (µM) are 
expressed as mean +/-SEM for 3 independent replicates.  

 

DAC and 5-AZA were screened as part of the Development Therapeutics Program (DTP) 

NCI-60 Human Tumour Cell Lines Screen (249) which included 9 hCRC cell lines 

(Colo205, HCT116, KM12, DLD-1, HCT-15, KM20L2, HCC-2998, HT29 and SW620). 

The publicly available data were used to determine the range of concentrations to use in 

the cell viability assays. DTP reported IC50 values of approximately 40 µM (DAC) and 2 

µM (5-AZA) for HCT116 cells. The concentration ranges tested were 0.96 – 500 µM 

(DAC) and 0.02 - 8.00 µM (5-AZA). IC50 values obtained for 5-AZA and DAC are shown 

in Table 4.6. The concentration response curves show that in case of LS174T cells there 

was an increase in viability for concentrations above 3.90 µM [Figure 4.16].  

 

 5-AZA and DAC hCRC concentration response curves  

Concentration-response curves obtained in HCA-7 , HCT116 , HRT18 , LS174T  and TC71 
 exposed to varying concentrations of 5-AZA (A), or DAC (B). Cell viability was measured by 

MTT assay, % growth inhibition data are expressed as the mean of 2 independent replicates or 
mean +/- SEM of 3 independent replicates.  

Cell 
Line 

Temozolomide 5-Azacytidine Decitabine 

 IC50 (µM) n IC50 (µM) n IC50 (µM) n 

LS174T 560.10 ± 1.91 3   0.73 ± 1.29  2 

TC71 254.40 ± 1.22 3   0.18 ± 0.47 2 

SW620 85.04 ± 1.28 3     

LoVo 289.40 ± 1.21 2     

HCT116   0.51 ± 1.51 2 > 500 3 

HCA-7   3.92 ± 1.27 2 > 500 3 

HRT18     2.37 ± 0.22 2 

A B 
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4.3.7. Impact of epigenetic drug pre-treatment on n-3 PUFA sensitivity of 

CIMP+ and CIMP- hCRC cell lines 

 

To identify whether n-3 PUFA sensitivity was altered, EPA IC50 concentrations of cells 

pre-treated for 24 hours with epigenetic drugs were compared to the EPA IC50 

concentration of cells that were not pre-treated.  

 

4.3.7.1. Observing the effect of Temozolomide pre-treatment on sensitivity to 

EPA in CIMP- cell lines 

 

Four CIMP- cell lines were exposed to methylating agent; Temozolomide, to see if this 

would increase cell sensitivity to EPA. Concentrations of TMZ, ranging from 5 µM to 90 

µM were used to assess the impact of TMZ exposure on hCRC cell responses to EPA.  

 

EPA IC50 was compared between non-TMZ treated and TMZ-pre-treated cells [Table 

4.7, Figure 4.17]. Treating SW620 cells with 5 µM TMZ caused a decrease in IC50, from 

141.00 ± 1.08 µM to 34.61 ± 1.15 µM, significantly different change (p = 0.004). However, 

the difference in EPA IC50 between non-treated and 10 µM TMZ treated SW620 cells 

was not found to be statistically significantly different (p = 0.52).  LS174T cells had an 

EPA IC50 of 259.92 ± 1.04 µM and following treatment with 5 µM TMZ, an increased EPA 

IC50 value of 365.09 ± 1.17 µM was obtained, a statistically significant increase (p = 

0.018).  

 

Table 4.7. Sensitivity of CIMP- cell lines to EPA following pre-treatment with TMZ 

IC50 concentration (µM) expressed as mean +/-SEM for n independent replicates. Comparison of 
EPA IC50 values obtained in absence and presence of TMZ determined by t-test. For n = 1 data, 
no stats could be run (-) and more replicates were not undertaken as the initial experiment did 
not indicate increased sensitivity following TMZ exposure. 

 

Two cell lines, LoVo and TC71, were not found to have EPA IC50 values that did not differ 

between no pre-treatment and 5 µM TMZ pre-treated cells. The results indicate that TMZ 

activity is cell line specific. I next tested the effect of treating innately EPA-sensitive 

Cell 
Line 

No Pre-treatment TMZ Pre-treatment T-test 
EPA IC50 (µM) n Concentration EPA IC50 (µM) n P value 

SW620 141.00 ± 1.08 5 
5 µM 34.61 ± 1.15  3 0.004 

10 µM 125.52 ± 1.26 2 0.52 

LS174T 259.92 ± 1.04 4 
5 µM 365.09 ± 1.17  3 0.018 

90 µM 191.22 1 - 

LoVo 111.78 ± 1.11 3 
5 µM 110.04 ± 1.14  2 0.95 

90 µM 117.49 1 - 

TC71 135.21 ± 1.04 5 

5 µM 157.40 ± 1.12  3 0.15 

50 µM 172.90 1 - 

90 µM 233.00 1 - 
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CIMP+ cells with demethylating agents to investigate whether a decrease in sensitivity 

was obtained.  

 

A B 

  
 

C D 

  

 EPA concentration response curves in hCRC cell lines pre-treated with 
varied concentrations of TMZ 

EPA concentration response curves obtained in CIMP- cell lines; SW620 (A), LS174T (B), 
LoVo (C) and TC71 (D). EPA concentration responses carrier control treated cells ( ) and 
cells pre-treated with 5µM TMZ ( ), 10 TMZ ( ) 50µM TMZ ( ) and 90µM TMZ ( ) were 
tested.  Cell viability was measured by MTT assay. Data expressed as mean of 1 or 2 
independent replicates, or +/- SEM of 3 independent replicates. 

  

4.3.7.2. Observing the effect of 5-AZA and DAC pre-treatment on sensitivity to 

EPA in hCRC cell lines 

 

5-AZA concentrations of 0.25 µM and 0.5 µM were used as these concentrations were 

well below the DTP reported IC50 for HCT116 cells and there was good HCA-7 cell 

viability at these concentrations [Figure 4.16 A]. EPA IC50 was found to be greater in 

cells pre-treated with 0.25 µM 5-AZA [Table 4.8]. The same relationship was observed 

when 1 µM and 2 µM DAC were the pre-treatment concentration, with EPA IC50 for hCRC 

cells treated with 1 µM DAC being 299.41 ± 1.20 µM (HCT116) and 310.21 ± 1.19 µM 

(HCA-7) compared to 297.51 ± 1.19 µM (HCT116) and 244.75 ± 1.12 µM (HCA-7) when 
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2 µM DAC was used. EPA IC50 values of demethylating agent pre-treated cells were 

compared to those obtained in the absence of demethylating agent [Figure 4.18]. The 

biggest statistically significant difference in EPA IC50 was observed in cells pre-treated 

with 1 µM DAC, therefore this is the concentration that was used for further experiments. 

 

Pre-treatment of CIMP+ hCRC cells with 1 µM DAC [Figure 4.18] resulted in EPA IC50 

fold increases of 1.66 ± 0.33 (HCA-7), 2.12 ± 0.27 (HRT18) and 2.47 ± 0.66 (HCT116). 

DAC exposure resulted in significantly increased EPA IC50 values in CIMP+ cell lines 

[Table 4.8].  

 

DAC exposure did not affect CIMP- hCRC cell line responses to EPA [Table 4.8, Figure 

4.18], with LS174T cells treated with DAC obtaining an EPA IC50 of 221.72 ± 1.17 µM 

compared with an EPA IC50 of 208.71 ± 1.29 µM measured without DAC pre-treatment. 

Similarly, TC71 cells pre-treated had an EPA IC50 of 128.68 ± 1.26 µM and 106.55 ± 1.18 

µM without DAC pre-treatment. These were not found to be significantly different. DAC 

exposure did not affect cell line sensitivity to DHA, regardless of CIMP status [Table 4.8. 

Appendix A4.4].
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Table 4.8. Sensitivity of hCRC cell lines to EPA and DHA in presence and absence of 5-AZA and DAC  

 
Each IC50 concentration (µM) is expressed as the mean +/-SEM for n independent replicates. Comparison of median IC50 values obtained in cells that were treated 
with n-3 PUFA in absence and presence of pre-treatment was determined by t-test.  

 

 

Cell Line 
Pre-treatment EPA DHA   

Drug Concentration (µM) IC50 (µM) n p-value IC50 (µM) n p-value 

HCT116 

- 0 121.02 ± 1.05 5  44.67 ± 1.08 3  

5-AZA 0.25 151.52 ± 1.15 3 0.40    

5-AZA 0.50 120.42 ± 1.12 2 0.99    

DAC 1.00 299.41 ± 1.20 4 0.0012 27.83 ± 1.09 3 0.11 

DAC 2.00 297.51 ± 1.19  2 0.043    

HCA-7 

- 0 186.42 ± 1.07 4     

5-AZA 0.25 295.29 ± 1.91  2 0.10    

5-AZA 0.50 187.74 ± 1.10  3 0.43    

DAC 1.00 310.21 ± 1.19 3 0.02    

DAC 2.00 244.75 ± 1.12 2 0.10    

HRT18 
- 0 116.73 ± 1.11 3  32.92 ± 1.05 3  

DAC 1.00 247.02 ± 1.09 3 0.0039 34.12 ± 1.07 3 0.32 

LS174T 
- 0 208.71 ± 1.17 3  95.46 ± 1.13 3  

DAC 1.00 221.72 ± 1.29 3 0.68 121.29 ± 1.01 3 0.28 

TC71 
- 0 128.68 ± 1.26 3  56.71 ± 1.06 3  

DAC 1.00 106.55 ± 1.18 3 0.90 59.12 ± 1.07 3 0.69 
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A B 

  

C  

 

 

D E 

  

 EPA concentration response curves in hCRC cell lines pre-treated with 
varied concentrations of demethylating drugs, 5-AZA and DAC 

EPA concentration response curves obtained in CIMP+ cell lines; HCT116 (A), HCA-7 (B), 
HRT18 (C) and CIMP- cell lines; LS174T (D) and TC71 (E). EPA concentration response 
curves for cells that were pre-treated with control carrier ( ), 0.25µM 5-AZA ( ), 0.5µM 5-
AZA ( ), 1µM DAC ( ) or 2µM DAC ( ) are shown. Data are expressed as the mean of 2 
independent replicates or mean +/- SEM of 3-5 independent replicates.  
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4.4. Discussion 
 

This chapter focused on determining whether key CRC molecular characteristics were 

associated with hCRC cell line inherent sensitivity to n-3 PUFAs; EPA and DHA. Cell 

lines were selected to be representative of the diversity of CRC tumour types found in 

cancer patients, encompassing CIN status, microsatellite instability status, CIMP status, 

and cyclooxygenase gene expression. hCRC cell lines differential sensitivity to n-3 

PUFAs has been shown in previous studies (131, 137, 179, 207, 208). This work aimed 

to compare EPA and DHA cell sensitivity, and identify molecular phenotypes of hCRC 

cell lines, that were predictive biomarkers of response n-3 PUFAs.  

 

4.4.1. Key Findings 

  

hCRC cell lines displayed a wide range of sensitivities to EPA. All cell lines, without 

exception, were more sensitive to DHA than EPA. This has been shown previously in a 

study comparing EPA and DHA cellular responses in HT29 and LS174T cells (179). 

Reduced cell viability following DHA treatment compared to EPA treatment has also 

been observed in breast cancer cell lines, MCF-7 and MDA-MB-231 (250). A potential 

explanation as to why cell lines were more sensitive to DHA, could be that the longer 

carbon chain and higher number of unsaturated bonds, cause greater disruption to the 

cell membrane. EPA and DHA have different effects in membrane models of 

atherosclerosis, with EPA associated with improved membrane stability and DHA 

responsible for increased membrane fluidity (251). DHA disruption of membrane 

integrity, can induce formation of pores via lysosomal damage or production of reactive 

oxygen species (ROS), causing oxidative stress that activates apoptotic pathways (252). 

Other studies have shown that DHA is more likely to incorporate into lipid rafts (153) and 

consequential altered cell signalling could induce cell death processes, which has been 

observed in breast cancer cells treated with DHA (252). The differential ability of EPA 

and DHA to incorporate into the cell membranes, and implications of this in relation to n-

3 PUFA sensitivity, is examined in Chapter 5. 

 

Although other studies have shown differential sensitivities of cell lines to EPA and / or 

DHA, comparison of sensitivity data obtained in this panel and in published data is 

challenging due to differences in experimental design, concentrations and type of n-3 

PUFAs utilised (with studies using EE, FFA, TG and MAG formulations). The metabolic 

profiles are specific to the formulation used, with bioactivity reported to be greatest for 

FFA formulations and lowest for EE formulations (FFA > TG > EE) (253). Evidence 

suggests that mechanisms through which EPA and DHA exert their anti-cancer effects 
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differ (137, 179, 207, 209). As EPA does not disrupt the plasma membrane and lipid rafts 

as DHA does (153), it may be that EPA-supplementation relies on metabolism, and 

generation of metabolic products, to induce anti-proliferative effects. The data supports 

a case for trialling pure DHA supplementation, due to the greater CRC cell growth 

inhibitory effects. 

 

After characterising hCRC cell line sensitivity to individual n-3 PUFAs, I next assessed 

the growth inhibition properties of an EPA:DHA combination, as n-3 PUFA-rich food 

sources, over-the-counter supplements and frequently formulations of n-3 PUFAs used 

in clinical studies, contain mixtures of n-3 PUFAs. Distinguishing whether purified single 

n-3 PUFA, or a combination mixture of n-3 PUFAs, induces greater anti-cancer effects 

will provide evidence to optimise n-3 PUFA formulations used in the clinic. Potentially 

antagonistic, additive, and synergistic effects of individual n-3 PUFAS were 

demonstrated when assessing combined treatment hCRC cell line responses to 

combined EPA:DHA. One study investigated a 1:1 combination mixture of EPA and DHA 

in LS174T cells, and reported growth inhibition compared to untreated cells of 80.3 ± 5.5 

% (150 µM DHA), 79.3 ± 5.0 % (150 µM EPA) and 71.1 ± 1.0 % (75 µM DHA and 75 µM 

EPA) (141). The degree of growth inhibition was correlated with measured increases in 

caspase-3 activation and decreases in survivin mRNA expression (141). No other in vitro 

studies have investigated synergistic, additive, or antagonistic relationships between 

EPA and DHA.  

 

The combination treatment data indicates that pure n-3 PUFA formulations will have the 

best growth inhibitory effects in some cases, and an n-3 PUFA mixture has greater 

growth inhibitory effects for others. Data did not indicate molecular properties associated 

with response to combined treatment. Analysis of epidemiological and clinical data in 

which combinations of EPA and DHA are used, could uncover biomarkers of response 

or resistance to combination treatments. Future studies using cell lines in which 

antagonistic effects were shown following combination treatment, could enable 

identification of biomarkers that could indicate that best treatment with an individual n-3 

PUFA. Mechanisms through which EPA act to reduce toxicity of DHA need elucidating. 

 

A negative correlation was identified between growth rate and EPA sensitivity. Whilst 

statistically this was a significant association, it should be stressed that this result utilised 

a surrogate measure of growth rate. One study has investigated the anti-proliferative 

effects of EPA in human melanoma cell lines that differ by doubling time (254). Doubling 

time for G361 cells ranged from 6 – 12 hours (255), A357 cells; 12 – 31 hours (255), 

A2058 cells; 27 hours (256) and C32 cells; 53 hours (256). Following 24 hours of culture 
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in media supplemented with 50 µM EPA, cell viability compared to control cells ranged 

from 27.81 ± 4.09 % (G631) to 107.71 ± 2.86 % (C32) (254). This indicated that cell lines 

with slower doubling times were less sensitive to EPA, in agreement with my findings. A 

potential explanation for increased EPA sensitivity of rapidly diving cells, may be an 

ability to incorporate or use EPA more efficiently. Cells with low doubling times may be 

more susceptible to EPA as the metabolic energy required for cell proliferation are met 

by other lipids. Conversely, cell lines with long doubling times may utilise exogenous 

EPA to proliferate (which could account for the increased cell viability following 50 µM 

EPA treatment in C32 cells mentioned above) (254). An accumulation of EPA in sensitive 

cells would increase production of downstream metabolites that cause increased cellular 

toxicity.  

 

When the relationships between cyclooxygenase expression and sensitivity to n-3 

PUFAs were investigated, no associations were found. This suggests that EPA and DHA 

are exerting their effects through PTGS-independent mechanisms. The in vitro data 

presented here does not support our findings that COX-2 mediates resistance to EPA in 

mouse CRC cell lines and an in vivo model of CRC (178). EPA-resistant MC38r cells 

were found to have elevated COX-1 and COX-2 expression (quantified by Western blot) 

in comparison to EPA-sensitive MC38 cells (178). In an established syngeneic BALB/c-

CT26 model of CRCLM, EPA diet was attributed to a significant 30 % reduction in 

COXlow-CT26 cell tumours compared to CT26 cell tumours (178). Differences may be 

dependent upon the fact that I measured mRNA expression compared to the study 

measuring protein COX-2 levels, differences between human and mouse derived cell 

lines or the difference between in vitro and in vivo context of the experiment.  

 

There were varying levels of PTGS2 gene expression in the panel of CRC cell lines, with 

6 cell lines of the panel having no PTGS2 expression. Studies have reported increased 

total cyclooxygenase activity in normal appearing mucosa in patients with colonic 

neoplasia and CRC (187, 257). Previous studies that investigated expression of 

PTGS2/COX-2 by RT-PCR and Western blot respectively in human CRC cells had found 

that, at mRNA and protein levels, there was no expression in poorly differentiated cell 

lines (including; HCT116, SW480, SW620, DLD-1, SW1116 and SW48) (258). 

Expression of PTGS2/COX-2 was found in well differentiated cell lines (HCA-7, LS174T, 

HT29, CaCo-2 and LoVo) (158, 163, 258, 259). However, my data contradicted the 

reports of no expression in HCT116, SW480, DLD-1 and SW1116 cell lines, perhaps 

attributed to a difference in primer targets or, as these studies were conducted between 

1996 and 2000, cell lines may not have been confirmed by STR authentication. For all 

the cell lines which were previously reported to express PTGS2, my data corroborated 
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these findings and showed that the highest expression found in HCA-7 cells. COX-2 

expression has reported in 90 % of colon tumours and premalignant colonic adenomas 

(260). In a study that analysed COX-2 expression in 1026 CRC surgical samples, 78.0 

% scored positive, and an association between increased expression in highly invasive 

and metastatic cancers was shown (159). A higher percentage of cell lines were PTGS2 

negative compared to clinical settings, with 35 % cell lines being PTGS2 negative. As 

there is a difference between PTGS2 / COX-2 expression between in vitro and clinical 

samples, combined with the fact that our groups published in vivo data differs from the 

in vitro data (178), it indicates that using in vitro models may not be best suited for testing 

hypotheses related to PTGS2 / COX-2 expression and n-3 PUFA sensitivity. 

 

The association between molecular phenotypes of CRC cell lines and sensitivity to EPA 

and DHA was tested. CIMP+ cell lines were more sensitive to EPA than CIMP- cell lines, 

with cells assigned to the CIN-, MSI, CIMP+ subgroup displaying the greatest sensitivity. 

No other reports link sensitivity of a cell line to EPA with CIMP status directly in in vitro, 

in vivo, or clinical studies. EPA and DHA have been described as demethylating agents 

themselves, with increased expression of genes controlling cell cycle progression 

following treatment with EPA / DHA reported (236, 261). In human leukaemia cells, 

U937, EPA and DHA caused demethylation and subsequent increased expression of 

tumour suppressor gene, CCAAT-enhancer-binding proteins (C/EBPδ)(262). A study by 

Ceccarelli et al, found that 100 µM EPA induced DNA demethylation in rat hepatoma 

cells (McRH-7777 / CRL-1601). Demethylation, facilitated by Ten-eleven translocation 

methylcytosine dioxygenase 1 (TET1) enzyme activity which converts 5-methylcytosine 

to 5-hydroxymethylcytosine (236, 261), induced expression of the gene p21Waf1/Cip1 which 

slows cell cycle progression (236). It is proposed that EPA could affect epigenetic gene 

regulation in hCRC cells, inducing expression of gene able to promote cell death or stop 

cell cycle progression and proliferation. 

 

Epigenetic drugs were utilised to ‘reverse’ CIMP+ and CIMP- cell line properties. No 

previous studies have tested effects of the methylating agent, TMZ, in combination with 

EPA, and no clear effect was observed in this study. No studies report effects of 

combined EPA and DAC treatment in any pre-clinical or clinical context. I report that 

treatment of CIMP+ cells with 1 µM DAC, prior to measuring an EPA concentration 

response, resulted in the biggest shift in EPA IC50 compared to 5-AZA or a higher 

concentration of DAC. In a study that used genome scale Infinium analysis to 

characterise demethylation responses following treatment of HCT116 and the human 

leukaemia cell line HL60 with 5-AZA and DAC, non-random and reproducible patterns 

of DNA demethylation were observed (242). DAC and 5-AZA differ in their ability to 
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demethylate DNA. The study found that maximum levels of demethylation were achieved 

following treatment with 1 µM DAC for between 24 and 36 hours, whereby a 60 % 

reduction of global DNA methylation was observed. The reduction in global DNA 

methylation was greater following DAC treatment than 5-AZA, which could facilitate a 50 

% reduction (242). These data indicate that the altered EPA sensitivity following 1 µM 

DAC exposure may be due to a better demethylating efficiency of DAC compared to 5-

AZA, or as the demethylation patterns are specific, could be gene specific. In this case, 

comparing gene expression profiles following DAC and 5-AZA exposure, in presence 

and absence of EPA, would uncover target genes with a role in EPA-sensitivity.    

 

DAC exposure caused altered EPA sensitivity of CIMP+ cell lines, but no change was 

observed in CIMP- cell lines. This could be indicative that there are genes with down-

regulated expression in CIMP+ cell lines, that drive resistance to EPA, are pro-apoptotic 

or control cell cycle progression. Loss of CIMP+ cell EPA sensitivity after DAC exposure 

may indicate that global demethylation causes expression of genes that repress 

expression or inhibit activity of the gene targets activated by EPA-only exposure. 

Alternatively, as EPA is potentially a demethylating agent itself (236, 261, 262) the non-

toxic concentration of DAC may compete with EPA and demethylate the same gene 

target more efficiently and thus render EPA demethylation activity ineffective. Whilst no 

studies have utilised DAC and EPA combination previously, one study found that 

reduced pro-apoptotic gene promoter methylation was associated with increased 

HCT116 cell apoptosis in a study that combined DHA treatment with butyrate, a short-

chain FA with histone deacetylase inhibitory properties (263).  

 

4.4.2. Strengths and Limitations 

 

A major strength of this work was the number of hCRC cell lines used in the panel, which 

was larger than any other study characterising cellular responses to EPA and/or DHA. 

Although CRC cell lines have been characterised by consensus molecular subtype 

(CMS) (35, 41, 50), an important classification utilised in the study of resistance to 

chemotherapeutic drugs which enabled identification of subgroups that were predictive 

biomarkers of response (50), a lack of tumour stroma and microenvironment produces 

a major challenge for translation of CMS classifications in pre-clinical models to accurate 

modelling of clinical disease. Tumour stroma and microenvironment directly influence 

gene expression in bulk tumour tissue. In vivo studies will be necessary to further 

establish whether CMS classification can help stratify patients to EPA- (or DHA-) based 

therapies.  
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A limitation of determining IC50 concentrations of both n-3 PUFAs and epigenetic drugs 

by MTT assay using 96-well plates was the limited space on the plate. The concentration 

range tested for EPA, DHA and DAC were 1 µM to 500 µM, for 5-AZA it was 0.02 µM to 

8 µM and for TMZ it was 1.25 µM to 640 µM.  In all cases due to experimental design 

and plate set up, 10 concentrations within the range could be tested. Therefore, when a 

greater range existed, fewer concentrations in the middle range were used, which 

resulted in less accurate IC50 determination.  

  

Combining the cell panel molecular data with sensitivity data was possible, and enabled 

identification of associations with sensitivity or resistance, although limitations when 

considering the small number of cell lines for specific subgroups impacted the strength 

of statistical analyses. Still, the data was still able to give indications of associations that 

warranted further study and investigation.  

 

Analysis of the interaction between EPA and DHA in the combination mixture was limited 

by the number of concentrations utilised. To complete a full analysis of interactions 

between EPA and DHA in a combination mixture, specifically designed assays would be 

required. These would test a greater number of individual n-3 PUFAs concentrations and 

would ensure enough data to utilise software analysis programs. To determine the 

optimal combination mixture, varying the ratios within the combination and studying the 

interactions within such ratios would be necessary. 

 

As previously mentioned, a surrogate marker for growth rate was used, and specific 

growth curve experiments to establish growth rates would be required to confirm the 

relationship between EPA sensitivity and growth rate. There was not time to utilise 

alternative techniques for slowing cell growth rates, which would rely on mutagenesis 

and therefore not target solely growth-related properties, a fact that would need careful 

consideration during data analysis.  

 

A strength of the study was the use of 2 demethylating pre-treatments to establish an 

optimal treatment, as the difference between DAC and 5-AZA effects on EPA sensitivity 

indicates gene specificity. Use of TMZ needed further optimisation, as O6-

methylguanine-DNA methyltransferase (MGMT) expression in cell lines may confound 

TMZ treatment effects. MGMT repairs the cytotoxic lesion induced by TMZ, and therefore 

resistance to TMZ occurs in the presence MGMT (240, 241). Expression of MGMT in 

hCRC cell lines is confirmed for DLD1, HCT116, HT29 cells (264, 265) and no MGMT 

expression was found SW620, SW48 (264) and SW480 cells (265). Lack of MGMT 

expression in SW620 may be linked with the noted effect of TMZ on EPA response 
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observed. In a study that included a panel of 32 CRC cell lines including LS174T, 

SW1116, SW480, DLD-1, HT29, SW620, SW48 and LoVo cells (265), MGMT protein 

was detected in 16 of the cell lines although full details aren’t included in the paper, and 

no association was found between MGMT expression and microsatellite status (265). As 

there is an overlap between microsatellite status and CIMP status, it would suggest that 

no difference in MGMT expression between cells differing by CIMP subtype would be 

expected, although this has not been directly tested in published works. Without knowing 

MGMT status of the cell lines tested, no definitive conclusions about the ability of TMZ 

methylation of CIMP- restoring EPA sensitivity in CIMP- cells could be made.  

 

Another limitation of this study was limited time in which to further investigate the effects 

of using global hypermethylating and hypomethylating drugs. Budget and time 

restrictions limited the confirmation of successful demethylation or methylation following 

DAC or TMZ treatment, which could have been achieved by various techniques such as 

Illumina’s Infinium Human Methylation 450 BeadChip (HM450K) methylation array or 

whole genome bisulphite sequence (266). Alternatively, methylation specific-PCR or 

pyrosequencing could have been used to confirm DAC activity by showing reduced 

methylation in commonly hypermethylated genes in CRC cell lines. Studies that have 

used genes as markers of successful demethylation have used; HIC1 (267), Tnc (268), 

SFRP1 (269) and UCHL1 (270).  

 

4.4.3. Future directions 

 

There are multiple aspects of this work that could be investigated in the future. Firstly, to 

strengthen cell line data, I would expand the number of CRC cell lines used to increase 

the number of cell lines present in each molecular subgroup. This would strengthen 

comparative statistical analyses performed in relation to n-3 PUFA sensitivity. Not only 

would I focus on expanding the number of CRC cell lines used, I would include primary 

cells from patients and would utilise 3D cell models incorporating stroma.  

 

Deeper analysis into the combination treatments is another area which warrants further 

investigation. Assessing combination treatments in cell lines is challenging due to varied 

responses to, and multiple mechanisms of action utilised by, n-3 PUFAs. Identifying cell 

line properties associated with synergistic interactions between EPA and DHA, causing 

greater cancer cell growth inhibition, would facilitate downstream studies in patient-

derived cell lines. This work could strengthen the rationale for patient stratified n-3 PUFA 

supplementation or using individual or combination treatments for optimal outcome.  
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Measuring PTGS1 and PTGS2 at an mRNA transcript level does not confirm the protein 

level expression and therefore I would confirm this to strengthen the data set and confirm 

that no associations between sensitivity and expression. To corroborate cell line findings, 

it would be beneficial to exploit clinical samples from n-3 PUFA supplementation trials. 

These would be characterised by COX-1 and COX-2 expression, which would confirm 

clinical translation of cell line data and identify potential relationships between COX-

expression and response to EPA.  

 

DAC demethylation would need to be confirmed by whole genome bisulphite 

sequencing. It would be beneficial to expand the number of cell lines in which 

combination DAC / EPA treatments were tested to increased statistical power. Utilising 

other agents to alter gene expression may further elucidate the relationship between 

methylation and EPA sensitivity, for example using combinations with butyrate or other 

histone deacetylation inhibitors.  

 

Whole genome methylation and RNA sequencing following treatment of cells with 

epigenetic drugs could identify candidate genes associated with sensitivity to EPA. 

Interrogation of the expression patterns of PTGS2, LOX-5 and CRB1 in epigenetic drug 

treated and untreated cells, would be of interest as their roles in n-3 PUFA metabolism 

may have implications on EPA sensitivity. In addition, genes which are potentially 

mediating cell response to EPA could be investigated by comparing gene expression 

profiles of a panel including multiple inherently sensitive and resistant cell lines grown; 

in standard conditions, in EPA-supplemented media, in presence of DAC and in 

combined DAC and EPA supplemented media.  

 

Once target EPA-sensitivity meditating genes are identified, further studies to establish 

the relationship between CIMP status and expression of identified genes would be 

undertaken. Targeted techniques to delete the gene (CRISPR-Cas9) or overexpression 

techniques (transfection) and subsequent EPA sensitivity tests would confirm the extent 

the target genes were involved in facilitating cellular response. Association between 

target genes, and their association to tumour response to EPA treatment and CIMP 

status, could also be investigated in vivo and in clinical samples. 

 

In summary, this chapter has highlighted differences in cellular responses to EPA and 

DHA, with greater sensitivity to DHA. It demonstrated that cell line responses were cell-

line specific. The data indicate multiple mechanisms of activity, with response to one n-

3 PUFA not indicative of response to the other, or combination mixture. This chapter has 
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identified a relationship between CIMP+ status and EPA sensitivity, and examined the 

effect of combining demethylating agent and n-3 PUFA treatment on cell sensitivity.  

 

The following results chapters endeavour to investigate potential reasons for differential 

sensitivity of EPA and DHA. Chapter 5 compares cell FA profiles following exposure to 

the n-3 PUFAs to provide insight into the role of FA storage on sensitivity. Chapter 6 

focused on generating sensitive and resistant models to further examine cell response 

to n-3 PUFAs.  
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Chapter 5: Investigating the relationship between human CRC cell 

line sensitivity to n-3 PUFAs and cellular FA content 
 

5.1. Using LC-ESI-MS/MS to measure fatty acid content in colorectal 

cancer cell lines 
 

5.1.1. Presence of FAs in cells 

 

Lipophilic fatty acids (FAs) are accessible for quantification and, following 

supplementation, localise to the cellular plasma membrane (192). Studies of the FA 

content in biological systems have revealed that the ratio of n-3 and n-6 PUFAs has 

direct implications on health, including through modification of mechanisms including 

inflammation, angiogenesis and lipid homeostasis (194). It is difficult to quote the 

expected baseline ‘normal’ range of EPA and DHA in adults as this has not been 

established, however reports have quoted a combined EPA and DHA content ranging 

from 3 – 4 % of total FAs in serum or plasma phospholipid (271, 272).  

  

5.1.2. How FAs are measured in biological systems 

 

Gas chromatography/mass spectrometry (GC/MS) is frequently used to analyse FAs and 

it has been shown that liquid chromatography (LC) in combination with electrospray 

ionisation triple quadrupole tandem mass spectrometry (ESI-MS/MS) can be used as an 

alternative to GC/MS (192). LC-ESI-MS/MS combines the separation of sample 

components by liquid chromatography and detection of charged ions by mass 

spectrometry (273) which can be converted to molecular weight, identify structural 

features and thus allows for determination of the analyte. LC-ESI MS/MS bypasses the 

heating required during sample preparation for GC-MS which can render a majority of 

organic compounds impossible to analyse (192, 273), and therefore can limit thermal 

degradation of PUFAs (192). FA measurements can allow for the potential of their use 

as a disease risk biomarker in observational studies or a predictive biomarker in 

intervention studies (192). 

 

FAs can be measured in many sample types, not limited to; tumour or healthy tissue 

samples (147, 192, 274), red blood cells (274), cultured cells (192, 275), plasma,  and 

culture medium (122). The most frequently used way of reporting FA data is % FA, 

whereby a FA is presented as the relative content proportional to all FAs measured. 

Another popular reporting style is use of the AA / EPA ratio. In a study by Tutino et al, 

2019 in which they reported an increased AA / EPA ratio in 33 patients with metastatic 

CRC compared to the ratio measured in 35 patients with localised CRC (276). They 
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justified the analysis on the basis that AA / EPA ratio is an index to evaluate inflammation 

and nutritional status of cell membrane and has been used in multiple other sources as 

a biomarker for inflammation (277, 278). Less frequently, FA content is presented as an 

absolute amount. This is of interest as it allows a specific FA to be considered 

independently of other measured FAs in a dataset.  

 

5.1.3. FA content measured in CRC cell lines 

 

An in vitro study found a decrease in measured levels of PUFAs in culture medium of 

CRC cells (HT-29 and WiDr) compared to cell-free culture media, and no change in 

PUFA content in culture media in which normal colon cells (CCD 841 CoN) were 

incubated (122). This was particularly notable in the case of DHA. DHA content of control 

media measured 1.33 ± 0.23 % and was 1.40 ± 0.05 % in CCD 841 CoN culture media. 

DHA content of CRC cell culture media was 0.62 ± 0.07 % and 0.83 ± 0.09 %. The study 

measured a panel of 12 FAs including: n-6: 16:2, LA, 20:2, AA, dihomo-gamma-linolenic 

acid, n-6 DPA, adrenic acid; n-3: LNA, EPA, DPA, DHA and eicosatetraenoic acid and 

FA levels were presented as a percentage of the total FAs measured. Mika et al 

proposed that reduced PUFA content in culture media inoculated with CRC cell lines 

was due to an increased incorporation of n-3 PUFAs by CRC cell lines compared to 

normal colonic cells (122). The preferential n-3 PUFA uptake when CRC cells were 

compared to normal colon cells may be explained by the fact that n-3 PUFAs are required 

by rapidly proliferating cells, as they are a key component of the phospholipid cellular 

membranes (122) . However, the study did not examine the FA content of the cells and 

thus failed to rule out alternative explanations as to the measured decrease in n-3 PUFA 

content of culture medium, such as β-oxidation.  

 

In-house data, measuring the same FA panel used in this PhD work, have shown that 

when colorectal cancer cells were treated with 10 µM EPA for 24 hours, the EPA content 

measured by LC-ESI-MS/MS and expressed as a percentage of the total FAs measured, 

ranged from 2.6 ± 1.0 % (MC38), 1.6 % (MC38r) to 0.3 ± 0.1 % HCA7 (275). 

 

5.1.4. FA content measured in human CRC tissues 

 

FA content differences between cancer tissues and normal tissues (44 CRC patients, 38 

healthy controls) which had not been treated with n-3 PUFA supplementation, were 

measured by Mika et al, using the 12 FAs panel described above (122). The profiles 

measured by GC-MS show lower AA levels in healthy patients (6.4 ± 2.9 % CRC, 3.2 ± 
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1.9 % healthy), but significantly higher levels of EPA (0.4 ± 0.2 % CRC, 0.2 ± 0.1 % 

healthy) and DHA (1.0 ± 0.4 % CRC, 0.5 ± 0.2 % healthy) in CRC patients (122).    

 

Another study measured FA content following n-3 PUFA supplementation. Tumour 

tissue from 37 patients with CRCLM, who had taken 2 g EPA-FFA daily for approximately 

30 days prior to resection surgery as part of the EMT trial, was shown to have an EPA 

content of 1.8 ± 0.1 % (131). This was found to increase by 40 % following ingestion of 

daily EPA (131). EPA content of red blood cells for patients treated in the same trial was 

reported as; 2.7 ± 0.2 % and 2.1 ± 0.0 % for female and male participants respectively, 

which was a significant increase from baseline (274). These results are reported as a 

percentage of the same panel of FAs [Table 3.7, Chapter 3.10] used and reported in 

this chapter.  

 

5.2. Chapter objectives 
 

This chapter focuses on measurement of FA content in hCRC cells using a previously 

established liquid chromatography-tandem mass spectrometry (LC-ESI-MS/MS) 

technique (192). I hypothesised that FA content of cell lines, treated with n-3 PUFAs, 

would be associated with inherent cell line sensitivity to EPA or DHA and EPA sensitivity 

would correlate with ability of the cells to convert EPA to DHA. I also hypothesised that 

FA measurements would be altered following epigenetic drug treatment (DAC) in relation 

to the altered cell sensitivity. To address this, the following objectives were set:  

  

• Analyse FA profiles of CRC cells treated with 5 µM n-3 PUFA and a concentration 

capable of inducing a 50 % growth inhibition [Table 4.3, Chapter 4.3.4] to 

determine whether there are differences in how the cell lines’ store EPA / DHA.  

• Compare traditional reporting of percentage FA content data with FA amount 

quantified as amount per million cells. 

• Identify associations between previously defined cell characteristics described in 

Chapter 4 and FA content measured following n-3 PUFA supplementation  

• Compare FA profiles of non-treated cells with epigenetic drug treated cells 
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5.3. Results 
 

5.3.1. Inter-assay variability 

 

First the robustness of the method was verified by analysing data from replicate samples 

to determine the degree of inter-assay variability. To allow for FA quantification, standard 

curves were established. Figure 5.1 shows the standard curves obtained for EPA and 

DHA, which both have R2 values of 0.97. The standard curves for the remaining FAs 

(PA, SA, OA, LA, AA, LNA, EPA, DPA and DHA) are shown in Appendix A5.1 and 

example chromatograms for standards and treated samples are shown in Appendix 

A5.2. It should be noted that the measured concentrations of FAs present, in many 

cases, exceeds the range measured for the standard curve. Due to the COVID-19 

pandemic, further experimental work to confirm standard curve linearity was halted. 

Therefore, FA concentrations were determined on the basis of assumed linearity. Work 

is now ongoing. 

 

Data obtained from independent replicate standard curves were used to assess inter-

assay variability. Good inter-assay variability was shown by coefficients of variation 

below 30 %. Concentrations of FA measured were close to the concentration expected, 

indicative of good accuracy [Table 5.1]. FA concentrations measured across 5 

preparations of FA standards were compared, replicate measurements of maximal 

concentration were comparable demonstrated by good coefficient of variations [Table 

5.1]. 

  

Four FCS samples (two sets of technical duplicates) were analysed as an additional 

measure to assess inter-assay variability [Table 5.2]. I obtained coefficient of variation 

values ranging from 18.3 % to 37.9 %. Median concentrations for EPA and DHA 

measured were 7.1 µg/ml (range 3.6 – 10 µg/ml) and 24.3 µg/ml (range 12.0 – 28.8 

µg/ml), respectively. The heat-inactivated FCS samples were collected from different 

production lot numbers of FCS hence some degree of variation would be expected. 

 

All CRC cell lines were treated with EPA or DHA supplemented media for 24 hours. 

Different cell lines were grown in 3 different types of culture media and it was unknown 

as to whether the FA content of each was comparable. To ascertain the amount of FA 

introduced by each culture media type, FA content of FCS supplemented culture media 

was measured. The potential influence of differing media on FA profile of treated cells is 

shown in Table 5.3. In FCS supplemented media, the percentage of EPA, DPA and DHA 

in DMEM was greater than in RPMI and F-12 media. 
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Figure 5.1. Standard curves for EPA and DHA quantification 

Illustrative standard curves obtained by LC-ESI-MS/MS for (a) EPA and (b) DHA are shown, with R2 values showing goodness of fit displayed on each plot. Ratio of 
FA peak area to internal standard LNA-d14 peak area were calculated and presented as mean ± SD for 5 independent biological replicates. 

 

Table 5.1. Standard curve concentration measurements 

  PA SA OA LA AA LNA EPA DPA DHA 

Low concentration standard curve (1 µg/ml) 

Concentration (µg/ml) 0.6 ± 0.2 1.1 ± 0.7 0.7 ± 0.3 0.8 ± 0.3 0.7 ± 0.4 0.7 ± 0.3 0.7 ± 0.3 0.7 ± 0.4 0.7 ± 0.4 

Coefficient of Variation (%) 27.5 64.9 47.0 38.6 48.0 46.9 47.8 49.9 49.7 

High concentration standard curve (10 µg/ml) 

Concentration (µg/ml) 10.2 ± 0.2 9.8 ± 0.7 10.0 ± 0.3 10.1 ± 0.2 10.0 ± 0.2 10.1 ± 0.2 10.1 ± 0.2 10.1 ± 0.2 10.1 ± 0.2 

Coefficient of Variation (%) 2.2 6.9 2.6 2.4 1.8 1.6 1.8 1.9 2.1 
Each FA concentration was expressed as the mean +/-SD µg/ml for 5 independent replicates. Percentage coefficient of variation (%) was calculated from these data.

A B 
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Table 5.2. Fatty acid profile of fetal calf serum 

  PA SA OA LA AA LNA EPA DPA DHA 

FCS 

Concentration  (µg/ml) 152.9 ± 28.0 169.6 ± 65.6 38.2 ± 11.6 5.8 ± 1.7 31.6 ± 9.7 0.5 ± 0.2  7.0 ± 2.7 5.4 ± 2.0 22.4 ± 8.0 

Coefficient of Variation (%) 18.3 38.7 30.3 29.1 30.5 28.1 38.6 37.9 35.7 

Median (µg/ml) 157.5 153.9 37.1 6.0 34.1 0.6 7.1 5.7 24.3 

Range (µg/ml) 114.6 - 182.0 
115.2 - 
255.4 

25.2 - 53.4 3.7 - 7.3 18.8 - 39.6 0.4 - 0.7 3.6 - 10.0 3.0 - 7.3 12.0 - 28.8 

FA content FCS samples was measured by LC-ESI-MS/MS and quantified. Data is presented as the mean ± SD for 4 independent replicates. The median 
concentration and the range of values measured are also presented as the variation was expected between FCS samples prepared and analysed on different 
dates.  

  

 

Table 5.3. FA concentration in different media supplemented with 10% FCS  

 
FA content was measured by LC-ESI-MS/MS and quantified in samples containing DMEM, RPMI and F-12 media supplemented with 10% FCS. Data is 
represented as the mean ± SD for 2 technical replicates. 

 

 

Media 
Fatty acid concentration (µg/ml) 

PA SA OA LA AA LNA EPA DPA DHA 

DMEM + 10% FCS 101.0 ± 5.0 98.0 ± 8.9 6.5 ± 0.7 1.2 ± 0.3 3.6 ± 1.1 0.0 ± 0.0  5.48 ± 4.3 2.6 ± 2.2 3.6 ± 0.5 

RPMI + 10% FCS 132.8 ± 5.9 162.5 ± 20.7 6.7 ± 1.1 1.0 ± 0.1 3.6 ± 0.4 0.0 ± 0.0 0.6 ± 0.1 0.6 ± 0.0 2.3 ± 0.3 

F-12 + 10% FCS 113.2 ± 4.7 200.0 ± 22.8 7.4 ± 0.8 1.2 ± 0.1 4.7 ± 0.7 0.1 ± 0.0 0.7 ± 0.1 0.7 ± 0.1 3.0 ± 0.3 
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5.3.2. FA profiles of hCRC cell lines treated with EPA or DHA 

 

I investigated whether hCRC cell lines displayed differences in FA content upon short 

term exposure to EPA or DHA. Short exposure times were used as the association 

between n-3 PUFA content and n-3 PUFA sensitivity was being investigated. In the 

following sections, ‘carrier-treated’ FA content signifies the FA content measured in the 

ethanol carrier control sample appropriate for the treatment group (EPA or DHA). The 

ethanol treatments ranged from 0.02 % v/v to 0.70 % v/v and were proportionate to the 

IC50 [Appendix A5.3]. I will refer to the IC50-equivalent treated samples as high-

concentration n-3-treated (treatment concentrations are listed in Appendix A5.3). All 

cells were treated with 5 µM EPA or DHA. In addition, ‘absolute’ amount is referring to 

the quantified content expressed as µg / million cells. Unless otherwise stated, data 

presented henceforth are expressed as mean ± standard deviation (SD) for multiple 

independent replicates.  

 

5.3.2.1. Association between concentration of n-3 PUFA used to treat cells and 

the amount of n-3 PUFA measured 

 

To establish whether cellular response to exogenous supplementation of n-3 PUFA was 

an increase in the amount of that n-3 PUFA, the profiles of ethanol carrier treated, 5 µM 

n-3 PUFA treated and IC50-equivalent treated were obtained by LC-ESI-MS/MS and 

subsequently compared.  

 

Data were analysed as % FA to compare with published data in the first instance. For 

each cell line, the profile of FAs in cells treated with carrier controls were compiled, and 

these are available in the tables included in Appendix A5.4. It was found that the most 

abundant FAs were OA (40.9 ± 9.9 %), PA (23.1 ± 7.0 %) and SA (16.8 ± 5.8 %), and 

the least abundant was LNA (0.3 ± 0.2 %.) The results showed that the EPA content of 

cells ranged from 0.9 ± 0.1 % (HCA7) to 2.8 ± 0.3 % (DLD-1) [Figure 5.2 A] and DHA 

content ranges from 2.6 ± 0.2 % (T84) to 7.9 ± 1.0 % (LoVo) [Figure 5.3 A]. Without 

exception, when reviewing percentage FA data, all cell lines had a higher DHA content 

than EPA content at baseline with DHA was found to be increased 1.34-fold to 4.76-fold 

more than EPA, for TC71 and HCA-7 cells, respectively. 

  

When cells were treated with 5 µM n-3 PUFA, there were notable effects on the FA 

profiles. Full FA profiles are included in Appendix A5.4. Firstly, I confirmed that 

supplementing media with 5 µM of either EPA or DHA was associated with an increase 

in the measured content of that specific n-3 PUFA in all CRC cell lines tested. 
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A  

 

B  

 

 
Figure 5.2. The effect of EPA exposure on EPA content of human colorectal cancer cell lines 

Cells in culture were incubated for 24 hours in supplemented media containing ethanol carrier , 5µM EPA  or a high concentration of EPA . EPA content 
is expressed as the mean ± SD percentage of total fatty acids present (A) and mean ± SD µg per million cells (B), for 3 independent replicates. Student’s t-test 
compared EPA amount between ethanol control treated and EPA treated samples, with statistical significance denoted by (ns) not statistically significant, (*) p < 
0.05, (**) p < 0.005, and (***) p < 0.0005. 
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A  

 

B  

 

Figure 5.3. The effect of DHA exposure on DHA content of human colorectal cancer cell lines 

Cells in culture were incubated for 24 hours in supplemented media containing ethanol carrier , 5µM DHA  or a high concentration of DHA . DHA content 
is expressed as the mean ± SD percentage of total fatty acids present (A) and mean ± SD µg per million cells (B), for 3 independent replicates. Student’s t-test 
compared DHA amount between ethanol control treated and DHA treated samples, with statistical significance denoted by (ns) not statistically significant, (*) p < 
0.05, (**) p < 0.005, and (***) p < 0.0005. 
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Following 5 µM EPA-treatment, the lowest EPA content was 3.5 ± 0.1 % (HCA-7) and 

the highest EPA content was 10.6 ± 0.6 % (DLD-1) [Figure 5.2 A]. The difference 

between EPA content measured in carrier control treated and 5 µM EPA-treated cells, 

when expressed as %FA, were all statistically significant (Student’s t-test, p ≤ 0.05).   

Whilst the cell lines for which the highest and lowest EPA percentages reported in carrier 

treated and 5 µM EPA-treated were the same, relative EPA content measured in carrier 

treated cells did not predict relative EPA content between these same cell lines following 

treatment. For example, carrier-treated HRT18 had a relatively low EPA content (1.7 ± 

0.1 %) but, following 5 µM EPA treatment, the second highest content (10.3 ± 0.4 %) 

(Student’s t-test, p = 0.0000002).  

 

OA, PA, and SA were the most abundant FAs in carrier control cells. Following 5 µM 

EPA-treatment, content ranged from; OA: 16.2 ± 2.9 % (T84) to 56.7 ± 0.9 % (SW620); 

PA: 9.3 ± 1.9 % (SW620) to 31.4 ± 1.9 % (T84) and SA: 8.0 ± 1.4 % (SW620) to 34.4 ± 

4.3 % (T84. These were similar to carrier control measurements (16.3 ± 1.7 % (T84) to 

61.5 ± 1.9 % (SW620), 10.9 ± 1.3 % (SW620) to 32.4 ± 0.4 % (T84) and 8.8 ± 2.2 % 

(SW620) to 37.2 ± 2.3 % (T84), for OA, PA and SA respectively). 

 

A statistically significant increase in DHA content for all cell lines was measured following 

5 µM DHA-treatment (Student’s t-test, p ≤ 0.05), with DHA content ranging from 5.8 ± 

0.2 % (T84) to 16.4 ± 1.8 % (LoVo) [Figure 5.3 A]. OA content ranged from 17.6 ± 0.8 

% (T84) to 53.7 ± 7.5 % (SW620), PA content ranged from 9.8 ± 1.5 % (LS174T) to 30.3 

± 0.6 % (T84) and SA content measured 9.6 ± 0.9 % (HCT116) to 33.5 ± 1.0 % (T84).   

 

Exposure of cell lines to high-concentration n-3 PUFA resulted in further increases in 

amount of FA to which they were exposed compared to carrier controls and 5 µM-treated 

cells (see Appendix A5.4 for full FA profiles for all cell lines and treatment groups). EPA 

content in high-concentration EPA-treated cells ranged from 21.2 ± 0.3 % (SW480) to 

45.7 ± 3.2 % (LS174T) [Figure 5.2 A]. DHA content in high-concentration DHA-treated 

cells ranged from 6.1 ± 0.4 % to 62.3 ± 4.7 % (Colo205 and LS174T) [Figure 5.3 A]. 

Increased EPA or DHA content following high-concentration exposure, and compared to 

carrier control EPA or DHA content, was shown to be statistically significant (p ≤ 0.05).  

 

FA content was quantified as absolute amount of FA in each sample, normalised to cell 

number. Across all cell lines the least abundant FA remained LNA (undetectable to 0.2 

µg/million cells). As previously shown with the relative percentage data, PA, OA, and SA 
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were the most abundant FAs measured and the full profiles are shown in Appendix 

A5.5.  

 

Absolute amount of EPA measured in carrier-treated cells ranged from 0.5 ± 0.2 

µg/million cells (HCA-7) to 3.7 ± 1.3 µg/million cells (CaCo-2) [Figure 5.2 B]. DHA 

absolute amount measured in carrier-treated cells ranged from 1.1 ± 0.1 µg/million cells 

(SW837) to 4.4 ± 1.4 µg/million cells (CaCo-2) [Figure 5.3 B]. DLD-1, HT-29 and 

SW1116 cells had lower DHA content compared to EPA content when looking at 

absolute amounts (µg/million cells: DLD-1; EPA 1.7 ± 0.5, DHA 1.2 ± 0.1. HT29; EPA 

1.6 ± 0.6, DHA 1.3 ± 0.2. SW1116; EPA 2.0 ± 0.8, DHA 1.5 ± 0.9). 

 

For all FAs measured across carrier-treated cells, with the exception of LNA, CaCo-2 

cells contained higher absolute quantities of each FA than all other cell lines [Appendix 

A5.5], which was not detected when data were expressed as % FA. For instance, when 

the EPA content of CaCo-2 cells was compared to the content of the cells with the 

second highest (SW480) and lowest (HCA-7), CaCo-2 content was 1.4 to 7.4-fold higher. 

In a similar comparison, DHA content of CaCo-2 cells was 2.3-fold to 6.0-fold higher than 

in LoVo and Colo205 cell lines at baseline. 

 

As shown with percentage FA data, n-3 PUFA supplementation resulted in an increased 

amount of that specific n-3 PUFA. EPA content of 5 µM EPA-treated cells ranged from 

2.5 ± 0.8 µg/million cells (HCA-7) to 17.6 ± 2.9 µg/million cells (CaCo-2). When data 

were expressed as absolute amount, the EPA content between carrier treated and 5 µM 

EPA-treated were statistically significantly different (Student’s t-test, p ≤ 0.05), with the 

exception of TC71 and LS174T. DHA content of 5 µM DHA treated cells ranged from 2.0 

± 0.8 µg/million (SW837) to 10.7 ± 4.0 µg/million (CaCo-2) [Figure 5.2 B]. Following 5 

µM n-3 PUFA treatment, the cell line with the highest measured EPA or DHA (respective 

of exposure) was consistently CaCo-2. 

 

To further investigate relationships between n-3 supplementation and FA content, 

specifically for cells treated with 5 µM n-3 PUFA, I calculated fold change in FA absolute 

amount. EPA fold change ranged from 3.0 ± 0.3 (T84) to 7.5 ± 3.0 (HRT18) fold. DHA 

fold change ranged from 1.2 ± 1.1 (HRT18) to 3.8 ± 2.1 (SW1116) fold. When data was 

expressed as a difference between 5 µM n-3 PUFA treated and carrier-treated content, 

EPA content difference ranged from 1.9 ± 0.7 (HCA-7) to 13.9 ± 3.6 (CaCo-2) and DHA 

content difference ranged from -0.003 ± 3.0 (T84) to 6.3 ± 5.3 (CaCo-2). 
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High concentration exposure of cells to EPA or DHA also resulted in an increase in 

absolute amount of EPA or DHA measured. FA profiles of all cell lines and treatment 

groups are shown in Appendix A5.5. Cells treated with high EPA concentrations had 

absolute EPA quantities in the range of 21.6 ± 2.1 to 198.2 ± 42.1 µg/million cells (TC71 

and CaCo-2, respectively) [Figure 5.2 B]. When data were expressed as absolute 

amount, the EPA content between carrier treated and high concentration EPA-treated 

were statistically significantly different (Student’s t-test, p ≤ 0.05), with the exception of 

TC71 and LS174T. Following high-concentration DHA treatment, DHA content ranged 

from 3.1 ± 1.0 to 36.9 ± 12.4 µg/million cells (Colo205 and CaCo-2, respectively) [Figure 

5.3 B]. Once again, it was found that following high concentration n-3 PUFA treatment, 

the cell line with the highest measured quantity of EPA or DHA (respective to exposure 

FA) was CaCo-2. 

 

In summary, the data so far indicated a ‘concentration-response’ between CRC cell 

treatments with EPA or DHA and the respective EPA or DHA cellular content measured 

[Figure 5.2 and Figure 5.3]. The results show that at the lowest amount of EPA or DHA 

was measured in cells treated with ethanol carrier and the highest amount of n-3 PUFA 

was measured in the sample treated with high-concentration n-3 PUFA.  

 

5.3.2.2. The impact of varying amounts of ethanol carrier upon the fatty acid 

profiles of cell lines 

 

Carrier-treated cell data indicated that there were large variations in each FA absolute 

amount between cell lines, with the lowest and highest amount differing by 3.2 µg/million 

cells and 3.3 µg/million cells for EPA and DHA, respectively. However, the concentration 

of ethanol carrier was also variable between cell lines [Appendix A5.3]. Therefore, I 

tested whether changes in ethanol carrier concentration were associated with changes 

in the FA profiles. 

 

I compared the FA profiles for cell lines with equivalent (LS411N) or different (Colo205 

and LS174T) ethanol control carrier concentrations. The absolute amount of all FAs 

measured are shown in Figure 5.4. No statistically significant differences in any FA 

content between carrier control treated cells were found (independent Student’s t-test)  

 

It was concluded that there was no difference in FA profile dependent upon the 

concentration of ethanol carrier, and therefore the variation between FA profiles was 

dependent upon cell lines and was not related to ethanol exposure.  
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A 

 

B 

 

C 

 

 
Figure 5.4. Fatty acid profile of ethanol control samples  

FA profiles of cell lines following treatment with ethanol concentration equivalent to high-
concentration EPA  or DHA .  (A) Colo205, 0.50 % v/v and 0.02 % v/v (B) LS411N, 0.30 
% v/v and 0.20 % v/v and (C) LS174T, 0.70 % v/v and 0.40 % v/v. FA absolute quantity is 
expressed as mean ± SD µg/million cells, for 3 independent biological replicates.  
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5.3.2.3. Impact of EPA and DHA treatment on AA content in hCRC cell lines 

 

Studies have reported that supplementing cells with EPA causes a concomitant 

decrease in arachidonic acid (AA) in both in vitro (192) and human tissue samples (274). 

Having established that the profiles obtained were different depending on how the data 

was expressed (Chapter 5.3.2.1), I tested whether these differences also affected AA 

content. I compared the AA content percentage data with the measured absolute amount 

data (µg/million cells) following culture in media supplemented with EPA or DHA.  

 

5.3.2.3.1. Effect of EPA treatment on AA content in hCRC cell lines 

 

When expressed as relative FA content, the data obtained here [Figure 5.5 A] indicated 

that EPA supplementation was associated with a dose-dependent decrease in the 

relative AA content in all hCRC cell lines tested. For example, LoVo cells which had the 

highest AA %, 8.9 ± 0.9 % and following high-concentration EPA-treatment was 2.6 ± 

2.3 % (Student’s t-test, p = 0.00023). The data are comparable to published literature. 

 

However, when the data are analysed further as the absolute amount values, the results 

are different depending on the cell line and none of the differences between AA content 

in carrier treated and EPA treated cell lines were shown to be statistically significant 

(Student’s t-test). In 4 of the 17 cell lines (HRT18, DLD1, T84 and LoVo) analysed, EPA 

treatment was associated with a decrease in AA absolute amount [Figure 5.5 B], 

consistent with the relative data observed in Figure 5.5 A. For example, LoVo cells had 

an AA content that decreased following EPA exposure. Measurements of 6.6 ± 1.5 

µg/million cells (8.9 ± 0.9 %) AA in carrier-treated LoVo cells, and 4.8 ± 0.5 µg/million 

cells (2.6 ± 0.1 %) AA in high-concentration EPA-treated LoVo cells, were reported 

(Student’s t-test, p = 0.14). However, in 7 out of 17 cell lines (HCT116, TC71, HT-29, 

SW48, SW837, LS174T and CaCo-2) the AA content was stable following EPA 

treatment.  

 

6 out of 17 cell lines were shown to have an increase in AA content following high-

concentration EPA treatment, namely SW480, LS411N, HCA7, Colo205, SW620 and 

SW1116 cells. Using Colo205 cells as an example, when AA content is expressed as a 

relative percentage it decreases from 4.4 ± 0.7 % to 3.4 ± 1.2 % (Student’s t-test, p = 

0.063).  However, the absolute quantities of AA measured were 2.0 ± 0.7, 2.7 ± 0.2 

(Student’s t-test, p = 0.19) and 5.0 ± 0.9 µg/million cells (Student’s t-test, p = 0.011) for 

carrier-treated, 5 µM and high-concentration EPA-treated, respectively. 
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Figure 5.5. The effect of EPA supplementation on arachidonic acid (AA) content of 
CRC cell lines 

The arachidonic acid (AA) content for cells cultured for 24 hours in supplemented media 
containing carrier , 5µM EPA  or high concentration EPA treatment . AA content is 
expressed as mean ± SD %AA (A) and mean ± SD µg/million cells (B), for 3 independent 
biological replicates. Student’s t-test compared AA amount between ethanol control treated 
and EPA treated samples, with statistical significance denoted by (ns) not statistically 
significant, (*) p < 0.05, (**) p < 0.005, and (***) p < 0.0005. No statistically significant 
differences in AA absolute content were shown following EPA supplementation. 

 

5.3.2.3.2. Effect of DHA treatment on AA content in hCRC cell lines 

 

A similar analysis was performed for DHA treated cells. In the case of LoVo cells, relative 

amount analysis suggested a decrease in AA relative content, but absolute amount 

analysis showed a non-statistically significant increase from 4.6 ± 0.7 µg/million cells 

(carrier-treated) to 5.3 ± 1.0 µg/million cells (5 µM DHA) (Studen’t t-test, p = 0.37) and 

7.2 ± 1.7 µg/million cells (high concentration) (Student’s t-test, p = 0.068) [Figure 5.6]. 

However, this increase in AA following DHA treatment was only observed in one other 

cell line, TC71.  

 

Most cell lines (11/18) were found to have a decrease in AA content following high-

concentration DHA treatment (DLD1, HCA7, SW620, SW480, HCT116, T84, SW48, 

HRT18, CaCo2, HT29 and SW1116) [Figure 5.6 B]. The greatest decrease was 

observed in T84 cells, for which carrier-treated AA content was 9.0 ± 7.7 µg/million cells 

and following high concentration DHA treatment was 3.7 ± 1.6 µg/million cells (Student’s 

t-test, p = 0.31).  
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It is worth noting that at equivalent concentration (5 µM) the effect of EPA and DHA 

supplementation on AA absolute amount in hCRC cells were different, potentially 

indicative of differential incorporation, storage, and biological activity.  

 

A 

 

B 

 

Figure 5.6. The effect of DHA supplementation on arachidonic acid (AA) content of 
CRC cell lines 

The arachidonic acid (AA) content for cells cultured for 24 hours in supplemented media 
containing carrier , 5µM EPA  or high concentration EPA treatment . AA content is 
expressed as mean ± SD %AA (A) and mean ± SD µg/million cells (B), for 3 independent 
biological replicates. Student’s t-test compared AA amount between ethanol control treated 
and DHA treated samples, with statistical significance denoted by (ns) not statistically 
significant, (*) p < 0.05, (**) p < 0.005, and (***) p < 0.0005. No statistically significant 
differences in AA absolute content were shown following DHA supplementation. 

 

Although there were differences in average AA content between n-3 PUFA treated and 

carrier treated cells, they were not sufficient to reach statistical significance (Student’s t-

test, p > 0.05). However, change in AA content could be explained in two ways. If the 

total amount of FA in each cell remains constant, n-3 PUFA supplementation could 

displace AA and reduce its overall content. If cells accumulate more FA upon 

supplementation, then addition of exogenous n-3 PUFA would increase overall amount 

of FA present, thus reducing the relative proportion of AA to the total. In any case, the 

relative amount of AA would decrease, but measuring absolute amount of AA or any 

other FA would be able to discriminate between the two phenomena. Hence, from 

hereon, further data analysis used absolute amount of each FA. This is, once again, 

presented with the caveat that all absolute amount data need further validation to confirm 

quantification of samples that were not within the range of the standard curve used. 
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5.3.3. Assessing the relationship between PTGS1 and PTGS2 gene 

expression and FA content 

 

As COX enzymes metabolise n-3 PUFAs, their presence may affect the n-3 PUFA 

content in cells. I assessed whether PTGS1 and PTGS2 gene expression was correlated 

with FA content, using the gene expression data presented in Chapter 4.3.3.  

  

5.3.3.1. The relationship between PTGS expression and n-3 PUFA content 

  

Following treatment with respective carrier control, 5 µM EPA or 5 µM DHA 

supplementation no correlation was found between PTGS1 expression, PTGS2 or 

combined PTGS and EPA content [Figure 5.7] or DHA content [Figure 5.8].  

 

As no relationship was found between PTGS1 or PTGS2 expression and n-3 PUFA 

content, I next tested whether the hCRC cell lines’ sensitivity to EPA and/or DHA were 

associated with FA content.  
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r = -0.16 
p = 0.52 

r = -0.22 
p = 0.40 

C  D  

  

r = -0.16 
p = 0.55 

r = -0.07 
p = 0.79 

E  F  

  

r = -0.09 
p = 0.7 

r = 0.06 
p = 0.83 

Figure 5.7. PTGS gene expression and EPA content in hCRC cells 

Expression of PTGS1 and PTGS2 was measured in human CRC cell lines by RT-qPCR and 
converted to a PTGS score. EPA content was measured following treatment with carrier  
or 5µM EPA  and is expressed as the mean ± SD µg per million cells, for 3 independent 
replicates. Spearman correlation coefficient and p values are given below each graph. 
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r = -0.20 
p = 0.44 

r = 0.05 
p = 0.84 

C  D  

  

r = 0.00 
p = 0.99 

r = 0.10 
p = 0.70 

E  F  

  

r = -0.02 
p = 0.96 

r = 0.15 
p = 0.56 

Figure 5.8. PTGS gene expression and DHA content in hCRC cells 

Expression of PTGS1 and PTGS2 was measured in human CRC cell lines by RT-qPCR and 
converted to a PTGS score. EPA content was measured following treatment with carrier  
or 5µM DHA  and is expressed as the mean ± SD µg per million cells, for 3 independent 
replicates. Spearman correlation coefficient and p values are given below each graph. 
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5.3.4. Relationship between FA content and cell line sensitivity to n-3 

PUFAs 

 

5.3.4.1. The effect of high concentration n-3 PUFA treatment and measured n-3 

PUFA amount 

 

High-concentration treated cells were exposed to EPA or DHA concentrations equivalent 

to approximate IC50. I tested whether a relationship between treatment concentration and 

FA content (absolute amount) existed. The aim was to establish whether cells had a 

threshold FA content that, once surpassed, would lead to growth inhibition outcome. 

 

A trend was observed for both EPA and DHA treated cell lines, in that the higher 

concentrations of EPA or DHA corresponded with a higher absolute amount of n-3 PUFA 

(EPA or DHA) detected [Figure 5.9]. This indicated that cells were able to store the 

exogenous FA in a comparable manner when the exposure concentration was 

approximate to their individual IC50. 

 

A B 

  

EPA  

71.2µM                                              224.5µM 

DHA  

5.9µM                                              118.4µM  

Figure 5.9.  The effect of n-3 PUFA treatment concentration on absolute amount 
measured  

Cells were treated with high concentrations of EPA  or DHA  for 24 hours. N-3 content 
of EPA (A) and DHA (B), are expressed as the mean ± SD µg per million cells, for 3 
independent replicates. 

 

However, the data also showed some differences depending upon the cell lines and the 

n-3 PUFA used. For example, the absolute amount of EPA measured in HT-29 cells 

treated with a concentration of 118.4 µM EPA was over 1.5-fold greater than with the 

absolute amount of DHA measured in LS174T cells treated with the same concentration 

(118.4 µM) of DHA (44.6 ± 6.5 EPA µg/million and 28.3 ± 2.1 DHA µg/million 

respectively).  
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To assess further associations between FA content and sensitivities or molecular 

phenotypes, I focus on carrier-treated and 5 µM n-3 PUFA treated samples as the 

exogenous addition is uniform and comparable between all cell lines and thus the 

confounding variation for high concentration treated cells would be avoided.  

 

5.3.4.2. Assessing the relationship between EPA sensitivity and EPA content 

 

I tested the relationship between sensitivity to EPA and EPA absolute amount measured 

in cell lines following treatment with carrier or 5 µM EPA. Figure 5.10 shows that there 

were variations in EPA content across the panel in either treatment group but there was 

no association found between EPA sensitivity and EPA content. 

 

 
Figure 5.10. Correlation between EPA sensitivity and absolute EPA content 

Absolute EPA content in cells cultured for 24 hours in media containing carrier (A) or 5µM 
EPA (B) plotted against EPA IC50. EPA content is expressed as the mean ± SD µg per 
million cells, for 3 independent replicates. Spearman correlation coefficient and p values are 
given below each graph.  

 

As variation in FA content at baseline had been observed between cell lines, I tested the 

relationship between EPA sensitivity and the increase in EPA content upon 

supplementation. This increase was expressed either as relative fold change [Figure 

5.11 A] or as an absolute difference [Figure 5.11 B] between 5 µM EPA treated and 

carrier-treated cell content.  

  

A B 

  

r = -0.19 
p = 0.47 

r = -0.27 
p = 0.29 
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Figure 5.11. Correlation between EPA sensitivity and EPA content relative to 
content in carrier-treated controls 

EPA content is expressed relative to carrier-treated cell content as mean ± SD fold change 
(A) and mean ± SD absolute difference µg per million cells  (B). Spearman correlation 

coefficient and p values are given below each graph. 

 

Figure 5.11 shows that when the change in EPA was expressed as either a fold change 

or difference compared to the content of carrier-treated cells, no statistically significant 

correlations between sensitivity and content were found. 

 

As EPA and DHA are independent n-3 PUFAs, I also assessed the relationship between 

DHA sensitivity and DHA content. No significant relationships were identified [Figure 

5.12, Figure 5.13]. DHA exposure, and storage of DHA, was not dependent on the 

inherent sensitivity. 

 

In conclusion, EPA and DHA content did not correlate with EPA or DHA sensitivity, 

respectively. As absolute amount of n-3 PUFA or relative changes in their amount was 

not associated with hCRC cell sensitivity to n-3 PUFA, this suggests that sensitivity is 

not dependent on n-3 PUFA storage. I next tested whether any associations between 

FA content and enzymes linked with n-3 PUFA metabolism could be detected. 

  

A B 

  

r = -0.21 
p = 0.41 

r = -0.22 
p = 0.40 
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Figure 5.12. Correlation between DHA sensitivity and absolute DHA content 

Absolute DHA content in cells cultured for 24 hours in media containing carrier  (A) or 5µM 
EPA  (B) plotted against DHA IC50. DHA content is expressed as the mean ± SD µg per 
million cells, for 3 independent replicates. Spearman correlation coefficient and p values are 
given below each graph. 

 

 

Figure 5.13. Correlation between DHA sensitivity and DHA content relative to 
carrier-treated cell content 

DHA content is expressed relative to carrier-treated cell content as mean ± SD fold change 
 (A) and mean ± SD absolute difference µg per million cells  (B). Spearman correlation 

coefficient and p values are given below each graph. 

 

  

A B 

  
r = 0.12 
p = 0.65 

r = -0.02 
p = 0.95 
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r = -0.07 
p = 0.79 

r = 0.00. 
p = 0.99 
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5.3.5. Evaluating whether the cell ability to metabolise EPA to DPA and 

DHA has any effect on cell sensitivity  

 

The conversion of EPA to DPA and DHA, involving the desaturase and elongase 

enzymes (FADS and ELOVL) Figure 1.6 (Chapter 1.3.3.1) (118), could provide an 

explanation as to the variable cellular n-3 PUFA sensitivities of the CRC panel. Indeed, 

as described previously (Chapter 4.3.4), hCRC cells were found to be more sensitive to 

DHA than EPA. I hypothesised that EPA-sensitive cell lines were able to convert EPA 

more efficiently to DHA than resistant cell lines.  

 

In EPA-carrier-treated cells, DHA content ranged from 1.05 ± 0.38 µg/million cells 

(Colo205) to 5.99 ± 2.08 µg/million cells (CaCo-2). Cells treated with 5µM EPA had DHA 

content that ranged from 1.25 ± 0.06 µg/million cells (Colo205) to 4.43 ± 1.03 µg/million 

cells (CaCo-2). [Figure 5.14]. 

 

Figure 5.14. Impact of EPA supplementation on hCRC cell DHA absolute 
amount  

DHA content is expressed as mean µg per million cells ± SD, for 3 independent replicates, 
for (A) carrier treated cells  and (B) following treatment with EPA .  

 

11 cell lines had a decreased DHA content following EPA treatment, with a 0.8-fold 

reduction in DHA content measured between CaCo-2 control and 5 µM EPA treated 

cells. The largest fold change increase in DHA content from baseline was observed in 

LS174T cells, which had a DHA fold change compared to carrier-treated content of 1.6-

fold [Figure 5.15]. For all cell lines, the measured amount of DHA in carrier-treated 

compared to 5 µM EPA-treated cells was not statistically significantly different (Student’s 

t-test, p > 0.05, data not shown). These findings did not support the hypothesis that more 

sensitive cells were converting EPA to the more cytotoxic DHA, but indicated that EPA-

A B 
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sensitive cells were perhaps using DHA and causing a reduction in measured levels. 

Conversely, EPA-resistant cells were storing and accumulating DHA. 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. Impact of EPA supplementation on hCRC relative DHA content 

DHA content of 5µM EPA treated CRC cell lines is expressed as mean ± SD fold change 
(FC) compared to carrier-treated cell DHA content. Cell lines are ordered by EPA sensitivity, 
from low to high IC50 values.  

 

I next tested whether any relationship could be found between EPA sensitivity and the 

absolute amount of DPA in hCRC cell lines. DPA was found to range from 0.15 ± 0.02 

µg/million cells (SW837) to 1.30 ± 0.46 µg/million cells (CaCo-2) in carrier-treated cells, 

and 0.13 ± 0.06 µg/million cells (SW837) to 2.62 ± 0.56 µg/million cells (CaCo-2) 

following 5 µM EPA treatment for 24h [Figure 5.16].  

 

A B 

  

Figure 5.16. Impact of EPA supplementation on hCRC cell DPA absolute 
amount 

DPA content expressed as mean µg per million cells ± SD, for 3 independent replicates in (A) 
carrier-treated  and (B) in EPA treated cells .  
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Interestingly, 6 of 17 cell lines are shown to have a DPA content that increased over 2-

fold, and of these 5/6 of these cell lines were less sensitive to EPA, with EPA IC50 values 

over 140 µM (HCA7, Colo205, CaCo-2, LS174T and SW1116) [Figure 5.17 A]. 

Spearman’s rank correlation determined a positive correlation between EPA IC50 and 

DPA content fold change, r = 0.64, p = 0.007 [Figure 5.17 B]. When DPA content fold 

change was grouped and compared with EPA IC50, the mean values were shown to be 

statistically significantly different, unpaired Student’s t-test, p = 0.05 [Figure 5.17 C]. A 

potential explanation as to the increased DPA content in EPA-resistant cells may be that 

the conversion from EPA to DPA, lowers EPA content. The production of DPA, an 

inactive metabolite, may reduce EPA bioactivity. 
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A B C 

   

Figure 5.17. Impact of EPA supplementation on DPA content measured in hCRC cell lines  

Assessing the impact of EPA supplementation on the change in DPA content in hCRC cell lines. (A) DPA content of 5µM EPA treated CRC cell lines is expressed as 
mean ± SD fold change (FC)  compared to carrier-treated cell DPA content. Cell lines are ordered by EPA sensitivity, from low to high IC50 values. (B) Correlation 
between EPA sensitivity and DPA fold change. (C) Based on the DPA fold change, the difference between EPA sensitivity is shown and assessed for statistical 
significance by unpaired Student’s t-test.  
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5.3.6. Comparison of cells n-3 PUFA content in CIMP+ and CIMP- cell 

lines 

 

As a relationship between high EPA sensitivity (low IC50) and a CIMP+ status was 

identified [Chapter 4.3.5.3.3], the relationships between n-3 PUFA content and the 

molecular profiles (CIN, microsatellite status and CIMP status) were tested. This section 

focuses on the EPA, DPA and DHA absolute content in CIMP+ and CIMP- hCRC cell 

lines supplemented or not with 5 µM EPA. Relationships between other molecular 

profiles, and the relationship between DHA content of 5 µM DHA treated cells (and 

carrier controls) and molecular profiles, were also analysed, albeit with no statistically 

significant associations identified [Appendix A5.7].  

 

A trend was identified between absolute EPA content and CIMP status with a lower EPA 

content in CIMP+ carrier-treated cells compared with CIMP- carrier-treated cells (Mann-

Whitney, p = 0.06, Figure 5.18 A). No difference between CIMP+ and CIMP- cell line 

EPA content following 5µM EPA- cells was found (Mann-Whitney, p = 0.12, Figure 5.18 

B).  

 

Although no statistically significant associations were found between DPA content and 

CIMP status, in carrier-treated cells a greater range of DPA content was observed in 

CIMP- cells (0.24 – 1.30 µg / million cells) than in CIMP+ cells (0.15 – 0.30 µg / million 

cells) [Figure 5.18 C]. The same was observed following 5µM EPA treatment, with the 

DPA content in CIMP- cells ranging from 0.29 – 2.62 µg / million cells) and content in 

CIMP+ cells ranging from 0.13 – 0.74 µg / million cells) [Figure 5.18 D]. The relationship 

between DHA content and CIMP status mirrors that observed between CIMP status and 

DPA content, with no statistically significant associations identified [Figure 5.18 E and 

F].  

 

I next tested the effect of DAC and EPA combined treatment on the FA content of cells. 
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Figure 5.18. Relationship between CIMP status and n-3 PUFA content in hCRC 
cells 

N-3 PUFA content of human CRC cells differing in CIMP status, obtained by LC-ESI-MS/MS. 
Baseline content of ethanol carrier control cells was measured for; EPA (A), DPA (C) and 
DHA (E). Following supplementation with 5µM EPA, the content of EPA (B), DPA (D) and 
DHA (F) was measured. FA content in ethanol carrier control cells is represented by  in 
CIMP- cells and  in CIMP+ cells, and in 5µM EPA treated cells is represented by  in CIMP- 
cells and  in CIMP+ cells. Content is presented as the mean µg/million cells for 3 
independent biological replicates. Statistical analysis shown is Mann-Whitney comparison of 
median values which are indicated on each plot by the lines.
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5.3.7. Impact of decitabine pre-treatment on n-3 PUFA content of hCRC 

cell lines in the presence or absence of EPA supplementation 

 

To test the effect of DAC combination treatment on the n-3 PUFA content in CIMP+ and 

CIMP- cell lines, HCT116 CIMP+ and LS174T CIMP- cells were selected.  

 

When HCT116 and LS174T cells were treated with carrier control or 1 µM DAC alone 

there was no change in EPA, DPA or DHA absolute amount in cells (Student’s T-test p 

> 0.05, Appendix A5.7), which confirmed that the carrier and DAC treatments were not 

altering FA content. As observed previously, untreated CIMP- LS174T cells displayed a 

greater amount of each n-3 PUFA than untreated CIMP+ HCT116 cells.  

 

Following 5 µM EPA exposure, the amount of EPA measured in the cells increased 

significantly as expected (carrier-treated cell content: HCT116 = 0.47 ± 0.43 µg/million 

cells, LS174T = 1.33 ± 0.57 µg/million cells; EPA treated cell content: HCT116 = 4.68 ± 

0.79 µg/million cells, LS174T = 4.43 ± 0.45 µg/million cell) [Figure 5.19 A and D]. An 

increase in n-3 PUFA was also measured when cells were treated with 1 µM DAC in 

combination with 5 µM EPA compared to carrier-treated cells for both cell lines (Student’s 

t-test = 0.005). However, there was less EPA (absolute amount) in CIMP+ HCT116 cells 

treated with the DAC/EPA combination compared with EPA alone (p = 0.015), but not in 

the CIMP- LS174T cells ( p = 0.12) [Figure 5.19 A and D]. 

 

As EPA resistant cells were shown to have greater DPA content upon EPA 

supplementation, I proposed that DAC exposure would increase DPA content in CIMP+ 

cell lines following EPA treatment compared to EPA alone. Following treatment with 5 

µM EPA the increase in DPA content compared to carrier-treated cells was statistically 

significant (T-test, HCT116 p = 0.005 Figure 5.19 B and LS174T p = 0.03, Figure 5.19 

C) as seen in previous experiments. DPA content was higher in HCT116 cells treated 

with combined DAC and EPA compared to carrier treated; 0.36 ± 0.09 µg/million cells 

versus 0.14 ± 0.13 µg/million cells respectively, Student’s t-test p = 0.04). However, DPA 

content was significantly greater (Student’s t-test, p = 0.02) in EPA only treated cells 

compared to the cells treated with DAC and EPA. In contrast, LS174T cells treated with 

combined DAC and EPA had similar DPA content to carrier treated cells (Student’s t-

test, p = 0.48), and lower DPA content than those treated with EPA only. This difference 

was not statistically different, Student’s t-test, p = 0.22). 

 

DAC exposure had no effect on DHA content following EPA supplementation in either 

cell line, as shown in Figure 5.19 C and F.  
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D E F 

   
Figure 5.19. Effect of DAC pre-treatment on EPA, DPA and DHA content  

N-3 PUFA content of CIMP+ HCT116  and CIMP- LS174T  cells, obtained by LC-ESI-
MS/MS. EPA (A, C), DPA (B,D) and DHA (E,F) absolute content of cells treated with carrier 
control, 1µM DAC, 5µM EPA and 1µM DAC + 5µM EPA was measured. Content is presented 
as the mean µg/million cells for 3 independent biological replicates. T-tests were used to 
compare the groups. 

 

To summarise, in comparison to the EPA amount in EPA-only treated cells, combination 

with DAC treatment resulted in a statistically significantly lower EPA content in CIMP+ 

cells. The difference between EPA content of EPA-only and DAC/EPA treated CIMP- 

cells was not statistically significant. This would suggest that CIMP+ cells treated with 

DAC/EPA were ‘using’ EPA, whereas the CIMP- cells were storing EPA.   

 

I have shown that treating CIMP+ cells with DAC decreased sensitivity to EPA (Chapter 

4.3.7) and that innately EPA-resistant cells had higher DPA content following EPA 

exposure (Chapter 5.3.5). DPA content of CIMP+ cells following DAC/EPA exposure 

was significantly less than in EPA-only treated cells. No significant difference in DPA 

content of CIMP- cells was detected between EPA-only and DAC/EPA treated cells. 

Therefore, the DPA content data does not indicate that CIMP+ cells were more resistant 

to EPA in the presence of DAC due to the conversion of EPA to DPA.  It is therefore 

proposed that the presence of DAC facilitates expression of a gene with a role in EPA 

metabolism. 
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5.4. Discussion 
 

This chapter aimed to examine the extent to which FA content of cells could explain 

intrinsic differences between n-3 PUFA sensitivity. I hypothesised that FA content of cell 

lines treated with n-3 PUFAs would be associated with inherent EPA or DHA sensitivity 

of the cell lines and that EPA sensitivity would be correlated with their ability of cells to 

convert EPA to DHA. 

 

Using an established analytical method to measure FAs in CRC cell samples (192), I 

measured FA profiles of ethanol carrier-treated cells and following supplementation with 

different concentrations of EPA or DHA in 17 hCRC cell lines. Combining the FA profile 

data with defined cell line properties reported in Chapter 4 has allowed for associations 

to be tested between known cell properties including PTGS expression and n-3 PUFA 

sensitivities, and differences in cellular response to n-3 supplementation. 

 

5.4.1. Key findings 

  

The most prevalent FA measured across the cell line samples and all treatment groups 

was PA, with a mean content of 21.47 ± 7.40 %, comparable with the published data in 

human tissues. PA is the most common FA found in the human body, representative of 

between 20 and 30 % of total FAs measured in membrane phospholipids and adipose 

triacylglycerol (279). 

 

I found that across the 17 hCRC cell lines for which EPA content was measured in 

ethanol treated pellets, the mean content was 1.93 ± 0.47 %. There was a higher 

baseline percentage of DHA, 4.36 ± 1.32 %. The data has shown a concentration 

dependent increase following culture in media containing varied EPA or DHA 

concentrations, seen previously in other studies (192, 280, 281). Previous work 

demonstrated MC38 mouse CRC cells displayed a concentration dependent increase in 

cellular EPA content, when treated with EPA-FFA. Low EPA levels were detected in 

carrier control treated MC38 cells, 1.98 ± 0.18 % (192), comparable to the mean content 

obtained in this study. A study to investigate the effects of 230 µM EPA and 200 µM DHA 

treatment on breast cancer cell lines MCF-7 and MDA-MB-231 analysed FA content by 

HPLC/GC. At baseline they found EPA content of 3.2 ± 1.0 % (MCF-7), 2.4 ± 0.7 % 

(MDA-MB-231), DHA content of 5.7 ± 2.4 % (MCF-7) and 7.7 ± 1.6 % (MDA-MB-231) 

and the effect of treating cells with EPA or DHA resulted in an increase in the respective 

content (281). These findings are comparable to the data presented in this chapter.  
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It should be stressed, that when comparing my data with other studies there are 

challenges due to no standardised reporting system for presenting GC-MS or LC-ESI-

MS/MS data. Despite published best practice guidelines being developed specifically for 

trials involving FAs, it is not a mandatory requirement for publication (282). Implications 

of comparing results is complex due to; different formulations of FA used in different 

studies, differing FA extraction techniques, FA panel composition (which has implications 

specifically for relative quantities), analysis techniques and reporting of data.  

 

Data were expressed as relative percentage and matched other published data. For 

example, treating cells with increasing concentrations of EPA or DHA results in a 

concomitant decrease in relative AA content (192, 274, 281). An example of this 

phenomenon was shown in breast cancer cell lines, MCF-7 and MDA-MB-231, whereby 

a reduced AA content was reported following treatment with EPA and DHA and 

subsequent HPLC/GC analysis of n-3 incorporation into the membrane. Baseline AA 

content was 14.4 ± 2.9 % and 12.7 ± 2.9 % for MDA-MB-231 cells and MCF-7 cells, 

respectively. Following 230 µM EPA treatment the AA content was 2.6 ± 0.9 % and 3.1 

± 0.6 % and following 200 µM DHA treatment AA content was 3.9 ± 0.5 % and 3.2 ± 0.6 

% (for MDA-MB-231 and MCF-7, respectively) (281). 

 

Although a decrease in AA content resulting from exogenous EPA or DHA addition was 

observed when AA content was expressed as relative FA percentage, expression of data 

as an absolute AA amount of AA did not identify this decrease in every cell line. 

Interestingly, the results showed that an individual cellular response to EPA and DHA 

are different in terms of AA content although the increase or decrease in AA contents 

measured were not shown to be statistically significant. Only 4/17 cell lines displayed a 

decrease in AA absolute quantity following EPA treatment, however DHA treatment in 

11/17 cell lines corresponded with a decrease in AA content. Some cell lines were shown 

to have increased AA content following EPA / DHA supplementation, the cause is not 

known or previously reported. This highlights that for each of n-3 PUFAs tested, cells 

don’t exhibit the same response, and AA levels are impacted differently. This could be 

indicative of the different mechanisms through which EPA and DHA are stored in the cell 

membrane, interact with and/or utilised and metabolised by cells. These findings are 

important and provide evidence to support the reassessment of AA % FA data 

particularly in the context of EPA-supplementation clinical trials and where AA/EPA ratios 

have been calculated. 

 

No studies have reported a comparison between EPA and DHA effects on AA as an 

absolute quantity and therefore, as data has relied heavily on % FA data there are no 
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comparable studies for this work. The concept of presenting data as relative percentage 

versus absolute quantity has been addressed in other works, which confirm complexities 

of extrapolating and interpreting such data. One study reported that interpretation of FA 

data when compositions are reported as concentrations or as a percentage can differ. It 

stated that concentration dependent values having the benefit of showing amounts of 

individual FAs independent of each other (283). However, contradicting this, a more 

recent study by Miura et al investigated the differences in associations of plasma n-3 

and n-6 PUFAs with all-cause mortality (284). The study measured baseline plasma 

phospholipid FA levels by gas chromatography and reported EPA, DPA, DHA, total long-

chain omega-3 FAs, LA, AA, and total omega-6 FAs as both absolute (concentration) 

and relative (percentage) data. It found that the directions and magnitude of associations 

with all-cause mortality of absolute and relative amounts were comparable, with an 

inverse association between n-3 PUFA plasma content and risk of mortality. They 

suggested that expressing the data as absolute concentration was preferential to allow 

ease of comparison with other studies, and since relative units could be deduced from 

absolute values (284).  However, that said, the relative units would only be comparable 

with other studies who have limited FA profiling to the same selected FAs. 

 

There have been no in vitro studies that have assessed the relative sensitivity to an n-3 

PUFA and the relationship with measured FA content. I have found that an association 

exists between cells with higher EPA or DHA IC50 values and lower respective EPA or 

DHA content. This association was shown to be more pronounced in the context of EPA.  

 

No associations between PTGS1 and / or PTGS2 gene expression and EPA or DHA 

content were identified. Although a study found a link between low PTGS2 expression in 

HT29 cells and no growth effect following EPA treatment, and high PTGS2 activity in 

CaCo-2 cells and inhibition of cell proliferation (158), this contradicts the EPA sensitivity 

data collected in this study previously presented in Chapter 4. Another study by Priman 

et al, found that despite a similar level of PTGS2 expression in the non-small cell lung 

cancer (NSCLC) cell lines A549 and H596, the EPA content following 25 µM, 50 µM and 

100 µM EPA treatment and measurement by matrix-assisted laser desorption/ionization 

(MALDI) mass spectrometry were different, with 4-fold greater EPA content in A549 cells 

(285). Published data identified a link between low PTGS2 expression and sensitivity to 

EPA has been shown (178). Tumour growth was facilitated by CT26 and COXlow-CT26 

(CRISPR-Cas9 targeted deletion of Ptgs1 and Ptgs2) cell implantation in Balb/c mice, 

providing a model of CRCLM. The tumour burden was significantly reduced by 30 % in 

tumours derived from COXlow-CT26 compared to 10% for CT26-tumours, following a 

period in which the mice were fed an EPA-rich diet (178). In tumour tissue collected from 
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both tumour types, a similar EPA content was noted (178). My data agrees with Priman 

et al, no significant correlation was found between COX expression and EPA content.  

 

hCRC cell lines following supplementation with DHA did not exhibit an increase in EPA, 

whereas an increase in EPA ranging from 49 % to 130 % following DHA supplementation 

has been measured in blood and tissue specimen, a proposed result of retro-conversion 

via β-oxidation (286). This highlights differences when comparing in vitro and human 

data. Despite observing greater sensitivity to DHA compared with EPA in all cell lines, I 

did not measure an accumulation of DHA in the more EPA-sensitive cell lines, which 

would indicate EPA to DHA conversion. However, this may be a method limitation and 

carbon isotope tracer studies may provide further insight. A RCT (NCT03378232) tested 

the effect of 3 g / day supplementation with purified EPA (containing a higher carbon-13 

isotopic abundance (δ13C)-EPA than plasma EPA) for 12 weeks in 89 subjects. Whilst 

DHA plasma concentration, measured by GC-flame ionization detection, did not change 

following EPA supplementation, an increase in δ13C-DHA was evident (287). They 

proposed that metabolic conversion of the EPA supplement was responsible for a 

majority of DHA present at the end of the trial period (287). In agreement with my finding 

that a higher DPA content was found in cells less sensitive to EPA, this study 

demonstrated a 200 % increase in DPA content following supplementation with EPA 

(287). Conversion of EPA to DPA by less EPA-sensitive cells suggests that they may 

metabolise EPA into the less biologically active metabolite DPA.  

  

DPA has been less frequently studied as an individual n-3 PUFA in comparison to EPA 

and DHA, in part due to lower abundance in natural sources of n-3 PUFAs (288). 

Treatment of breast cancer cell lines MCF-7 and MDA-MB-231 with EPA also resulted 

in an increase of DPA content from a baseline content of 1.1 ± 0.7 % and 7.0 ± 1.1 % to 

15.8 ± 3.3 % and 33.3 ± 1.8 % following EPA treatment (for MCF-7 and MDA-MB-231, 

respectively) (281). DPA content has been seen to significantly increase in mouse 

adenocarcinoma cell line CT26 following 50 µM EPA treatment (288), data which 

supports the finding that EPA-resistant cell lines, of which CT26 is one, accumulate DPA.  

 

This chapter has shown a lower EPA content in CIMP+ cells at baseline, and following 

5 µM EPA treatment, compared to the CIMP- cells. EPA sensitive cells store less EPA 

than EPA resistant cells. EPA resistant cells had increased DPA quantities. When FA 

content was measured in CIMP+ cells treated with combined EPA and DAC, which I 

have demonstrated are less sensitive to EPA, cells had lower EPA content compared 

with EPA only treated cells. DPA content also increased in combination treated cells 

compared to carrier-control treated cells but was lower than EPA only treated cells. This 
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contradicted previous findings, that found greater DPA content measured in cells with 

higher EPA IC50 values. The results indicate that EPA sensitivity is controlled by multiple 

mechanisms, and that they differ between the inherently resistant cell lines and cell lines 

in which resistance has been acquired (through epigenetic drug exposure). It is 

hypothesised that DAC treatment of CIMP+ cell lines, results in a resistance-mediating 

gene being expressed. However, further study is required to elucidate the genes involved 

in increasing resistance to EPA treatment, which is discussed below. 

 

5.4.2. Strengths and Limitations 

 

A major challenge was that a wide range of IC50 concentrations for EPA and DHA led to 

a complicated experimental design and difficulties in comparable analysis of data. By 

opting to treat cells with a ‘high’ concentration approximate to individual cell line IC50 

value, comparison between content is difficult as greater exogenous FA added results in 

a greater amount detected. However, the alternative of setting a universal ‘high 

concentration’ for which all cell lines were tested would also be confounded due to the 

inherent sensitivities of the cell line 

 

As mentioned in Section 5.3.1, the measured concentrations of FAs present, in many 

cases, exceeded the range measured for the standard curve. Therefore, sample values 

were determined based on assumed standard curve linearity and thus the data reported 

within this chapter are subject to further validation. A strength of this work is the number 

of CRC cell lines analysed, using a concentration equivalent to clinical supplementation 

and a ‘high’ concentration, and using 2 independent n-3 PUFAs: EPA and DHA. This 

allowed for comparisons between n-3 PUFAs and confirmed that the cellular response 

to each FA is independent and cannot be predicted by response to a different FA.  

 

Another strong attribute of this work is reporting the data as an absolute quantity, as this 

has enabled the discovery of new relationships between the effect of EPA or DHA 

treatment and FA profiles to be shown. Reporting absolute quantity relative to number 

of cells is not frequently used as it is time-consuming, especially when considering large 

numbers of samples. However, using absolute quantity data has shown particular 

importance in the identification of the differential relationships between EPA and DHA 

treatment on AA absolute content and EPA treatment effect on DPA content. 

 

Finally, time and monetary expense of LC-ESI-MS/MS limited samples tested containing 

DAC and EPA treated cells to just 1 set of CIMP+ cells and 1 set of CIMP- cells and this 

data requires further validation. 
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5.4.3. Future Directions  

 

Importantly, it is the priority to assess the linear range for each FA standard to confirm 

and corroborate FA quantification (this is in progress). Once achieved, the next step 

would be to expose the cell lines to a range of concentrations and assess the implications 

of supplementation based on the sensitivity profiles.  

 

I would test many more types of cancer cell line to perhaps elucidate weak correlations 

identified. The first step would be to establish inherent sensitivity of cell lines and then 

compare cellular FA content following EPA and DHA supplementation.   

 

In addition, metabolic properties of cell lines should be established, confirming 

expression of not only PTGS enzymes, but other enzymes involved in FA metabolism 

such as lipoxygenases (5-, 12-, 15-lipoxygenase) and cytochrome p450. This work could 

include measuring the relative ability of cell lines to break down FAs by β-oxidation, by 

use of a FA oxidation assay kit. Quantification of ELOVL2, ELOVL5 and FADS2 at an 

mRNA level, by RT-qPCR and at protein expression level by western blot would also be 

a next step. Tracer studies should be utilised in future work to quantify the proportion of 

exogenously added EPA or DHA that is incorporated versus metabolised as fuel or lipid 

mediators. Whilst tracer studies are predominantly found in in vivo study, there are 

reports of stable isotope-labelled tracers used in cell culture, for example detection of 

[U-13C] LNA metabolites in Y79 retinoblastoma cell lines (289). These investigations 

would potentially show why some cell lines convert EPA to DPA and may elucidated the 

relationship between EPA supplementation and subsequent DHA content.  

 

Testing more cell lines to quantify AA content following treatment could corroborate the 

findings that not all cell lines see a decrease in AA content in response to n-3 PUFA 

supplementation. In addition, further data to support the relationship between EPA 

sensitivity and DPA content could be obtained. FA content analysis completed in a 

greater number of cell lines following treatment with relevant controls, and DAC in 

combination with EPA, would allow solid conclusions to be made. 

 

I would test the associations, particularly between EPA supplementation, n-3 PUFA 

response and the absolute AA and DPA content in more in vitro and in vivo models and 

patient samples. FA profile and response data from the EMT study (274) could be utilised 

in the first instance to assess the relationship between response and specific EPA, DPA 

and AA profiles. Furthermore, the data from the ongoing EMT2 study (176) could be 

used to assess response, FA profiles and relationship to molecular phenotypes.  
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Chapter 6: Investigating CRC cell response to n-3 polyunsaturated 

fatty acids using isogenic clones with acquired resistance 
 

6.1. Introduction 
 

Chapters 4 and 5 identified trends in phenotypes and FA profiles that were potentially 

indicative of hCRC cellular responses to n-3 PUFAs. However, no specific molecular 

targets were associated with the response.  

 

As previously described, sensitivity can be defined as ‘the ability of a population, an 

individual or a tissue, relative to the abilities of others, to respond in a qualitatively normal 

fashion to a particular drug dose’ (290). To understand why hCRC cells display differing 

sensitivities, and gain insight into molecular mechanisms underlying cellular response to 

n-3 PUFAs, I employed methods frequently used to understand drug-resistance, 

particularly to cancer chemotherapeutic agents. In this chapter, I aimed to identify 

molecular markers associated with n-3 PUFA sensitivity or resistance, using isogenic 

cell clones with acquired resistance 

 

Section 6.2 is focused on investigating an orphan GPCR that was identified as 

differentially expressed in EPA-sensitive and EPA-resistant mouse CRC cells. Section 

6.3 describes generation of hCRC cell lines resistant to EPA or DHA. 

 

6.1.1. Identification of Mrgprf, a novel orphan G protein coupled receptor 

(GPCR) 

 

I used a pair of established isogenic mouse CRC cell lines, to study molecular 

mechanisms underpinning the response of CRC cell lines to n-3 PUFAs in vitro. Previous 

work had shown that mouse colorectal cancer cell lines, MC26 and MC38, demonstrated 

differential EPA sensitivity and a concentration-dependent growth inhibition found in both 

an in vitro and in vivo setting. MC26 cells had a higher IC50 of 241.8 ± 1.1 µM compared 

with MC38 cells, which had an IC50 of 38.0 ± 3.4 µM (178). Transforming growth factor 

(TGF)-β was used to chemically attract a migrant population of MC38 cells, which led to 

isolation of a motile, EPA-resistant sub-population henceforth referred to as MC38r cells. 

MC38r cells were shown to be four-fold more resistant to EPA-FFA than parental MC38 

cells (178)  

 

To identify molecular drivers of sensitivity and resistance, a whole mouse genome 

expression microarray was performed (prior to the beginning of this PhD project), 
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combining comparative differences in gene expression between MC38 cells with and 

without EPA supplementation (array 1), and between MC38 (EPA-sensitive) and MC38r 

(EPA resistant) cell lines (array 2). 

 

Table 6.1. Candidate genes identified by microarray analysis of mouse CRC cells 

Gene Name 
Proposed 
Function 

Array 1: 
EPA driven 
expression 

Array 2: EPA 
resistance 
expression 

Lox Lysyl oxidase 
Collagen 
cross-linking ↑ ↓ 

Col6a1 Collagen 
Extracellular 
matrix ↑ ↓ 

P4ha1 Prolyl 4-hydroxylase α 
Folding of 
collagen 
chain 

↑ ↓ 

Mrgprf Mas-related GPCR F 
Orphan 
GPCR ↑ ↓ 

Angpl6 Angiopoietin-like 6 
Chemo-
attraction and 
inflammation 

↓ ↑ 

PTGS-1 Cyclooxygenase-1 
PG 
metabolism NSC ↑ 

Erk1/2 
Extracellular signal 
regulated kinase 

MAP kinase 
signalling NSC ↑ 

 

Arrows indicate relative change in expression related to EPA driven or EPA resistance, namely ↑ 
(increase) ↓ (decrease), NSC; no significant change. GPCR; G protein coupled receptor. PG; 

prostaglandin. MAP; mitogen-activated protein.  

 

By combining array datasets, it would strengthen the output genes to be selective to their 

possible roles in mitigating cellular response to EPA. The 7 top differentially expressed 

candidate genes, with a potential role in EPA sensitivity, are shown above in Table 6.1.  

  

6.1.2. Mas-related G protein coupled receptor, F (Mrgprf) 

 

In comparison to Lox, Col6a1, P4ha1 and Angptl6, which are more likely linked to 

mechanisms associated with metastatic cell potential, such as epithelial-mesenchymal 

transition, Mrgprf is an orphan (no known ligand) GPCR. Therefore, Mrgprf was selected 

as a candidate gene with a likely role in EPA sensitivity. The microarray evidence shows 

a 2.2-fold increase in expression in MC38 EPA-treated cells compared to untreated, and 

a 3.4-fold downregulation of Mrgprf in MC38r cell compared with MC38 cells (291). 

 

The gene, Mrgprf, is translated into the protein form which is denoted as MRGPRF. 

MRGPRF belongs to a GPCR family named MAS-related G protein coupled receptors 

(Mrgprs), comprising approximately 40 members (292). The literature currently suggests 
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that, although many of these Mrgpr family GPCRs are yet to be characterised, those 

which have been have a role in pruriception (sensation of itching) (293) and nociception 

(sensation of pain) (294) and are predominantly expressed in primary sensory neurons 

and mast cells (293).  

 

MRGPRF has previously been detected in the small and large intestine (292), and it was 

recently reported that a different Mrg family member, Mrgpr C11, was found to have a 

role in the gut nociceptive innervation of the mouse colon (295).   

 

6.1.3. G protein coupled receptors 

 

GPCRs are a diverse range of proteins expressed on all cells of the body (296). Binding 

of specific ligands to their GPCRs leads to signal transduction. Upon binding, GPCRs 

undergo conformational changes that activate heterodimeric Gαβγ guanine-nucleotide 

binding proteins (G proteins) (296-298). The α-subunit is bound by GDP, but upon ligand 

binding this is released and GTP can bind, physically displacing GDP and resulting in 

the detachment of the subunit from the complex. The resulting GTP-Gα or Gβγ-

complexes can alter activities or transduce signals depending on the environment they 

are present in, summarised in Figure 6.1 (296, 297). 

 

6.1.3.1. GPCR downstream signalling pathways 

 

Gα subunits are divided into four families; Gs, Gi, Gq and G12/G13 which each produce 

signalling in different ways (296, 298). Activation of Gs results in cyclic adenosine 3’,5’-

monophosphate (cAMP) production, which has multiple activities including protein 

kinase A (PKA) activation. cAMP activates Rap which are small guanosine 

triphosphatase (GTPase) molecules (299). Gi activation inhibits adenylyl cyclase, which 

in turn inhibits cAMP production (299). Upon activation of Gq, which are coupled to 

phospholipase C, signal transduction mediated by calcium is stimulated (200, 299). 

Activation of calcium signalling, through stimulation of receptors coupled to 

phospholipase C (PLC), causes breakdown of phosphatidylinositol 4,5-bisphosphate to 

inositol 1,4,5-triphosphate (IP3), which, in turn, precedes a biphasic calcium ion (Ca2+) 

signal (200). Diacylglycerol is also produced due to Gq stimulations, and this recruits 

protein kinase C (PKC) (299). Signalling via the calcium pathway results due to a release 

of intracellular Ca2+ stored within the endoplasmic reticulum (ER) of cells, and by 

enhanced entry across plasma membrane (200). G12/G13 activation regulates RhoGEF 

(Rho guanine nucleotide exchange factor) –mediated activation of RhoA (a small 

GTPase) (296). 
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Figure 6.1 G protein coupled receptor signaling pathways 

Ligands ( ) can bind GPCRs to stimulate membrane, cytoplasmic or nuclear targets. GPCRs 
interact with heterotrimeric G proteins composed of α, β and γ subunits. There are several Gα 
subtypes (Gαs, Gαi, Gαq, Gα12) as shown in the diagram with multiple effectors that result in 
downstream signal transduction and leads to a plethora of biological responses. Ca2+: calcium, 
cAMP: cyclic adenosine 3’,5’-monohosphate, GTP: guanosine triphosphate, IP3: inositol 1,4,5-
triphosphate, PLC: phosphatidylinositol 4,5-bisphosphate. Image adapted from Dorsam et al, 
2007 (297).  

 

6.1.4. Drug resistance in colorectal cancer 

 

Standard treatments for CRC involve combinations of chemotherapies that involve the 

drugs; irinotecan or oxaliplatin in combination with the mainstay of treatment for CRC 

patients, 5-fluorouracil (5-FU). However, drug resistance frequently limits clinical efficacy 

of these treatments. Approximately 50 % of patients demonstrate resistance to 5-FU 

(300), and there is a reported 30 - 50 % objective response for combined therapies in 

patients with metastatic disease (301). Jensen et al, sought to establish and characterise 

cell line models of resistance; utilising HCT116, HT29 and LoVo cells and subjecting the 

cells to chronic exposure to oxaliplatin or SN-38 (the active metabolite of irinotecan) 

(301). Cells were continuously cultured in gradually increasing drug concentrations 
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ranging from 0.01 µM to 20 µM oxaliplatin, and 1 nM to 80 nM SN-38, for a period of 8 

to 10 months, and subsequently drug sensitivities were measured for the parental and 

drug resistant cell lines (301). They found that the cell lines had acquired resistance to 

both drugs. Oxaliplatin resistant cell lines were between 13 and 107 times more resistant 

to the drug than parental cells, and SN-38 were 20 to 68 times more resistant than the 

cell line of origin (301). The generation of drug-resistant clones allowed for down-stream 

transcriptome analysis to identify resistance biomarkers. Other studies have also utilised 

these cell lines for work involving generating resistance to oxaliplatin and SN-38 (302, 

303). 

 

6.1.5. Investigating n-3 PUFA resistance in colorectal cancer cell lines 

 

Although the literature does report variable sensitivity of CRC cell lines to n-3 PUFAs, 

as outlined in Chapters 1 and 4, it does not report any attempts at generating n-3 PUFA 

resistant counterparts to sensitive cells. I utilised the panel of hCRC cell lines, with 

variable sensitivities to EPA and DHA (Chapter 4), to generate resistance [Figure 6.2].  

 

 

Figure 6.2 Generating n-3 PUFA resistant cell lines 

A diagrammatic representation of generating a cell line resistant to n-3 PUFAs. Sensitive cells 
within a population would die, however any cells that adapt to conditions with increased n-3 
PUFA would allow an established resistant population to develop.  
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6.2. Chapter Objectives:  
 

The first aim was to establish whether MRGPRF had a role in determining EPA 

sensitivity. The second aim was to generate hCRC cell lines with acquired resistance to 

EPA and DHA; to both validate MRGPRF as a candidate gene, and to create comparable 

models in which to study similarities and differences in EPA and DHA sensitivity. To 

address these aims, the following objectives were set: 

 

• To create in vitro models of MRGPRF overexpression in mouse CRC cell lines 

• To validate MRGPRF overexpressing cell lines by confirming gene expression as 

well as protein functionality and EPA sensitivity 

• To generate and characterise resistant clones of sensitive hCRC cell lines by chronic 

exposure to EPA (and DHA), in order to: 

o Confirm the MC38 / MC38r data in an EPA-specific human model  

o Expand the study of resistance to DHA  
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6.3. Results I: Investigating the potential role of MRGPRF in EPA 

sensitivity 
 

I started the process of generating Mrgprf over-expression cell models during my MSc 

project (185). A summary is included in section 6.3.1, Figure 6.3. When discussing 

transient cell lines, the transfected vector will be denoted with a subscript ‘V’ (e.g.: CTV 

or MFV). When discussing stably transfected cell lines, the vector will be denoted by 

subscript ‘VL’ indicating that the vector is linearised in this model (e.g.: CTVL and MFVL). 

 

6.3.1. Selection of MRGPRF overexpressing clones 

 

Two cell lines were transfected with plasmid DNA, pcDNA3.1 msMRGPRFHis-P2A-

eGFP [Figure 3.3, Chapter 3.7] (or empty control vector (pcDNA3.1 His-P2A-eGFP), 

following restriction enzyme digestion to create a linear DNA insert.) The cell lines used 

were HEK293 (human embryonic kidney cells, for ease of transfection) and MC38, a 

model of mouse CRC.  

 

Following 24h incubation after lipofectamine transfection, efficiency of plasmid uptake 

was determined by observing the absence or presence of enhanced green fluorescent 

protein (eGFP) expression by fluorescence microscopy. More efficient transfection was 

seen for both cell lines containing control vector (CTVL) as opposed to MRGPRF vector 

(MFVL). When comparing transfection efficiency between cell lines, approximately 80 % 

HEK293 cells were found to express eGFP, in contrast to just 1 % of MC38r cells 

following vector transfection. 

 

To create stable cell models in which MRGPRF was overexpressed, cells were cultured 

in media containing the antibiotic, G-418. This applied selective pressure and removed 

untransfected cells within the population to facilitate the expansion of the cells 

successfully containing vector. These originator cells, and any subsequent daughter 

cells, possess the neomycin resistance gene. The cells underwent a sterile cell sort, 

which gated cell populations by fluorescence intensity. This process finished with cells 

being plated in a 96 well plate containing 1000 cells, 200 cells or 1 cell per well. It was 

noted that the stress and isolation of cells seeded at 1 cell per well resulted in limited 

survival potential and thus a small number of clones that might be isolated.  

 

Cell sort data were consistent with transfection efficiency observed fluorescence images. 

A greater number of HEK293 cells were shown to express eGFP when compared with 
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MC38r transfected cells. During the cell sort, MC38r cells had fluorescence detectable 

in 3 % of the population, but with a 1-2 log shift in measured fluorescence in transfected 

cells in relation to untransfected MC38r cells [Appendix A6.1]. Furthermore, once the 

cell sort was completed, the maintenance and survival of cells in 500 µM G-418 treated 

media confirmed success of transfection.  

 

  

HEK293 MC38r 
 

Restriction digest to linearise vector 

↓ 
 

Lipofectamine transfection 

↓ 
 

G-418 selection 

↓ 

 

Fluorescence activated cell sort 

↓ 

↓    CTVL Stably transfected clones    ↓ 

Clone B3 
Clone B4 * 
Clone B9 * 

Clone A3 
Clone A7 * 
Clone A8 * 

↓    MFVL Stably transfected clones    ↓ 

Clone A6 
Clone C1 
Clone C3 
Clone C8 

Clone C4 
Clone C6 
Clone C7 

  

Figure 6.3 Generation of MRGPRF stable overexpressing cell lines  

Schematic representation of the process by which stably transfected clones were created, with 
blue and pink labelling to signify HEK293 or MC38r transfectants, respectively. Clones were 
named according to the positioning on the 96 well plate following FACS. Clones denoted with an 
asterisk (*) were the product of a second cell sort in which a mixed population from the original 
cell sort was expanded before single cells were separated to give rise to single-cell clones.  

 

Successful transfections and the subsequent cell sort resulted in single cell clones and 

mixed populations of cells containing control or MRGPRF vector. The mixed population 

was further utilised to generate additional single cell clones after it was noticed that the 

original HEK293-CTVL clone B3 was displaying abnormal, clustered growth patterns. The 

figure above [Figure 6.3] shows single cell clones created during this process.  
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6.3.2. Characterisation of MRGPRF overexpressing clones  

 

This section describes characterization of the stably transfected cell models with the aim 

of determining the clones which would be most suited for downstream studies. eGFP 

fluorescence intensity was the characteristic used as a marker for assessing that the 

vector DNA was being expressed. Characterisation of the vector transfected cell lines 

focused on cell morphology and growth rates, with the aim of selecting transfected cell 

lines which were not exhibiting different growth patterns to untransfected cells.  

 

6.3.2.1. Phenotypic characterisation of HEK293 stable clones 

 

All stably transfected HEK293 clones were phenotypically characterized through 

observation over a period of 4 months by microscopy to monitor growth rates, cell 

morphology patterns and the intensity of eGFP expression. 

 

HEK293 cells are adherent epithelial cells that grow in a uniform monolayer and do not 

express eGFP, requiring passage two times a week; 10:1 split ratio. By visualising cells 

using light microscopy as shown in Table 6.2, morphology of HEK293-CTVL clone B3 

was shown to differ from that of untransfected HEK293 cells, growing in clustered 

‘islands’, depicted clearly by the cluster edges showing a border marked by refractive 

light. Clone B3 also had the lowest intensity expression of eGFP when compared to the 

B4 and B9 clones. HEK293-CTVL clone B4 and clone B9 displayed approximately similar 

growth rates on basis of subculture requirements, to untransfected HEK293 cells.  

 

Stable MRGPRF-overexpressing HEK293 cells were also shown to have differing 

characteristics between clones, Table 6.3. Clones A6, C3 and C8 grew in clustered 

‘islands’ unlike clone C1. However, when cells were imaged by fluorescent light 

microscopy clone C1 had the lowest expression of eGFP, whilst clustered cells derived 

from clone A6 had the brightest expression of eGFP. Clones C1 and C8 were observed 

to grow at a slower rate, and clone A6 at a quicker rate, than untransfected HEK293 

cells. Cells derived from HEK293-MFVL clone C3 were the only cells observed to grow at 

a similar rate to the untransfected HEK293 cells.
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Table 6.2. Characteristics of HEK293-CTVL clones and parental HEK293 cells 

Clone Untransfected B3 B4 B9 

Light 
microscopy 

    

Fluorescent 
Light  
microscopy 

    

Growth 
patterns 

Monolayer 
Clusters with light refractive 

edges 
Monolayer Clustered growth 

Growth rate - Faster Comparable Comparable 

 

B3, B4 and B9 are individual HEK293-CTVL clones. Images were acquired by brightfield microscopy and fluorescent light microscopy at a 20x objective 
magnification. Growth rate of clones compared to untransfected cells was monitored based on subculture requirements.  
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Table 6.3. Characteristics of HEK293-MFVL clones  

Clone A6 C1 C3 C8 

Light 
microscopy 

 

 
 

 

  

Fluorescent 
Light  
microscopy 

    

Growth 
patterns 

Clusters with light refractive 
edges 

Monolayer Clusters Clusters 

Growth rate Faster Slower Comparable Comparable 

 

A6, C1, C3 and C8 are individual HEK293-MFVL clones. Images were acquired by brightfield microscopy and fluorescent light microscopy at a 20x objective 
magnification. Growth rate of clones compared to untransfected cells was monitored based on subculture requirements
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6.3.2.2. Phenotypic characterisation of MC38r stable clones 

 

MC38r mouse colon carcinoma cells grow in a uniform monolayer [Figure 6.4]. MC38r 

stable clones, MC38r-CTvL clones A3, A7 and A8 and MC38r-MFVL clones C4, C6 and 

C7 had similar morphology and growth characteristics as parental MC38r cells. eGFP 

expression was not detected by low power fluorescence microscopy but was confirmed 

by FACS during the process of generation of the clones [Appendix A6.1].  

 

 

Figure 6.4 MC38r cells in culture 

MC83r cells were cultured in a T75 Corning tissue culture flask in RPMI media supplemented 

with 10 % fetal calf serum, 5 % CO2 and at 37°. Cells grow in a monolayer and, although epithelial, 

are elongated and bipolar. The image was acquired by brightfield microscopy, with a 20x objective 
lens. 

 

6.3.3. Validation of stable Mrgprf overexpressing clones by RT-qPCR 

 

This section describes how stable clones were validated by quantifying mRNA 

expression of Mrgprf and by confirming protein expression and localisation.  

 

6.3.3.1. Establishing a positive control for RT-qPCR gene expression studies 

 

A transient transfection was used as a positive control for RT-qPCR gene expression 

studies. I previously confirmed that the method of transient transfection was efficient in 

HEK293 cells, and that using 0.5 µg as opposed to 1 µg maintained a higher cell viability 

(185).  

 

Transfection efficiency of transiently transfected cells was monitored by observing and 

estimating the percentage of cells expressing eGFP.  Figure 6.5 shows that cells with 

control vector have higher transfection efficiency than those with Mrgprf vector (65 % 
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versus 40 % eGFP fluorescence measured at 36 hours, respectively). An increase in 

eGFP expression was observed at longer time points following transfection. To maximise 

the number of cells that were transiently transfected, cells were cultured for 48 hours 

post-transfection before RNA was extracted and subsequently reverse transcribed to 

provide positive control cDNA. 

 

Cell type → HEK29-CTV HEK293-MFV 

12 hours 

Light 
Microscopy 

  

Fluorescent 
Light 
Microscopy 

  
eGFP 
Fluorescence 

40 % 10 % 

36 hours 

Light 
Microscopy 

  

Fluorescent 
Light 
Microscopy 

  

eGFP 
Fluorescence 

65 % 40 % 

Figure 6.5 Transient transfected HEK293 cell characteristics 

HEK293 cells were transiently transfected with control (CTV) or MRGPRF (MFV) vector and 
incubated for 36 hours. Images were acquired at two time points; 12h and 36h. The images show 
that transfection efficiency (indicated by estimated percentage of cells expressing eGFP) was 
greater at 36 hours and was better for CTV transfected cells.   
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6.3.3.2. Quantification of Mrgprf in transfected HEK293 cells by RT-qPCR 

 

The transcript level of Mrgprf was quantified [Figure 6.6] and is reported as a relative 

quantity (RQ) in comparison to HEK293 cells, as detailed in Chapter 3.9.3.2. All sample 

mRNA quantity and quality plus CT values are shown in Appendix A6.2. 

 

Control vector and Mrgprf transfected cells had RQs of 4.24 ± 5.53 and 49554.25 ± 

3817.84, respectively. This difference in Mrgprf expression was found to be statistically 

significant (independent unpaired Student’s t-test, p = 0.02).  

 

The results show that all control vector transfected clones express low levels of 

endogenous Mrgprf, but the quantities of Mrgprf in all MFVL clones was much greater. 

The clone expressing the highest relative quantity was HEK293-MFVL clone C3 (RQ; 

48227.83 ± 44249.16) and the lowest was HEK293-CTVL clone B4 (RQ; 0.43 ± 0.33).  

 

It should be noted that there are large standard deviations reported across the RQ values 

reported [Figure 6.6, Appendix A6.2]. This is due to the calculation in which RQ is 

determined, 2-∆∆CT. A small difference in CT value will produce a large difference in the 

RQ value generated. Therefore, over three, independent samples, variation in RQ values 

was large. Standard deviations for CT values are shown in Appendix A6.2 and shows 

that the difference from the mean value remains small across independent samples.  

 

Significance of the differential Mrgprf expression between all clones was tested by the 

unpaired Student’s t-test. No stable clones were found to express Mrgprf at a statistically 

significant level (p ≤ 0.05), although this may be due to the large error bars, as Figure 

6.6 shows the Mrgprf RQ of all MFVL clones were greater than CTVL clones.  
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Figure 6.6 mRNA Mrgprf expression in transient and stably transfected 
HEK293 cells 

Plasmid DNA was transfected directly for transient models (  ; CTV and MFV) or was linearised 
before transfection and subsequent clonal selection for stable transfected models (  ; CTVL and 
MFVL). Mrgprf was quantified by RT-qPCR, with β-actin used as the housekeeping gene. Relative 
quantity (RQ) to HEK293 untransfected cells was calculated. The results show that there is a 
greater quantity of Mrgprf in the overexpression models when compared to that measured in 
control vector transfectants, with a statistically significant difference between the transiently 
transfected cell lines shown, independent Student’s t-test p = 0.020. Bars represent the mean ± 
SD for 3 independent replicates.  
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6.3.3.3. Quantifying Mrgprf overexpression in MC38r stably transfected clones 

by RT-RT-qPCR 

 

Mrgprf transcript was also measured in MC38r stably transfected clones and are 

reported as CT and RQ (calculated in relation to untransfected MC38 cells) in Table 6.4 

and Figure 6.7.  

 

Table 6.4. RNA quantity and RT-qPCR output data of MC38r stable clones 

Sample 
mRNA quality, purity, and transcript expression  

ng/µl 
260/
280 

β-Actin CT Mrgprf CT Δ CT RQ 

MC38r 
1226.0 
303.2 
271.7 

2.10 
2.07 
2.10 

17.3 ± 1.4 28.7 ± 0.9 11.3 ± 0.8 1.0 

MC38r-CTvL 
A3 

491.8 
758.9 

2.09 
2.10 

17.6 ± 1.2 27.3 ± 2.1 12.0 ± 1.0 0.7 ± 0.1 

MC38r-CTvL 
A7 

542.2 
763.3 
209.8 
366.8 

2.09 
2.10 
2.10 
2.10 

17.6 ± 1.0 28.6 ± 1.6 12.1 ± 0.9 0.7 ± 0.4 

MC38r-CTvL 
A8 

620.5 2.10 16.8 ± 0.5 28.4 ± 0.6 11.6 ± 0.1 0.7 ± 0.4 

MC38r-MFvL 

C4 
734.4 2.10 16.9 ± 0.8 29.5 ± 0.6 12.6 ± 0.2 0.4 ± 0.2 

MC38r-MFvL 

C6 

501.3 
492.1 
311.4 
636.5 

2.10 
2.10 
2.09 
2.10 

17.4 ± 0.7 23.5 ± 1.1 6.64 ± 1.1 23.6 ± 19.6 

MC38r-MFvL 

C7 
425.9 
871.8 

2.07 
2.10 

16.6 ± 0.5 28.7 ± 0.5 12.0 ± 0.7 0.9 ± 0.7 

A3, A7 and A8 are individual MC38r-CTVL clones. C4, C6 and C7 are individual MC38r-MFVL 
clones. 260/280 is ratio of absorbance measured at 260 nm versus 280 nm. CT: cycle threshold. 
RQ: relative quantity. All data are shown as mean ± SD for a minimum 2 independent replicates.  

 

β-actin transcript fluorescence reached the threshold for detection for all samples 

between cycle 16.6 and 17.6. CT values obtained for MC38r Mrgprf stable clones ranged 

from 23.5 to 28.7. 

 

Unlike HEK293-MFVL clones, which all displayed increased Mrgprf mRNA levels in 

comparison to untransfected control, only one MC38r-MFVL did – namely clone C6. 

MC38r-MFVL clones C4 and C7 obtained RQ levels comparable to MC38r-CTVL clones 

A3, A7 and A8. It should be noted that in comparison to stable HEK293-MFVL clones, the 

relative expression increase is much lower for MC38r-MFVL clone C6 (all HEK293-MFVL 

clones have RQ values greater than 25000 versus the RQ of MC38r-MFVL clone C6 

which is 23.6 ± 19.57.)  
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Figure 6.7 mRNA Mrgprf expression in transient and stably transfected 
MC38r cells 

Mrgprf was quantified by RT-qPCR in MC38r stable transfectants , with β-actin used as the 
housekeeping gene. Relative quantity (RQ) to MC38r untransfected cells was calculated. The 
results show that there is a greater measured quantity of Mrgprf in MC38r-MFVL clone C6 when 
compared to that measured in any of the other MC38r-MFVL stable clones or control vector 
transfectants. A statistically significant difference between MC38r-CTVL clone A7 and MC38r-
MFVL clone C6 is shown, unpaired independent Student’s t-test p = 0.026. Bars represent the 
mean ± SD for a minimum of 2 independent replicates.  
  

 

Mrgprf expression was statistically significantly higher in MC38r-MFVL clone C6 

compared to MC38r-CTVL clone A7 (unpaired Student’s t-test, p = 0.026). Comparison 

between all remaining clones found no statistical significance when expression levels 

were compared.  

 

6.3.3.4. Selection of stably transfected clones for protein expression, EPA 

sensitivity and functionality experiments 

 

By combining the RT-qPCR relative Mrgprf expression data with observed phenotypic 

data (Section 6.3.2), clones were selected because of high Mrgprf expression and 

typical growth and morphology patterns following transfection. Clones identified in Table 

6.5 were selected for further validation and EPA sensitivity experiments.  
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Table 6.5. Clone selection for protein expression, EPA sensitivity and functionality studies  

Clone  Justification 

HEK293 Stable 

HEK293-CTVL clone B4 
• Low Mrgprf quantity 

• Similar rate and growth pattern to untransfected HEK293 

HEK293-CTVL clone B9 • Low Mrgprf quantity 

HEK293-MFVL clone C1 
• Lowest Mrgprf quantity compared to HEK293-MFVL clones A6, C3 and C8 

• Monolayer growth like untransfected HEK293 

HEK293-MFVL clone C3 • Highest Mrgprf quantity compared to HEK293-MFVL clones A6, C1 and C8 

MC38r Stable 

MC38r-CTVL clone A7 • Lowest Mrgprf quantity compared to clones A3 and A8 

MC38r-MFVL clone C6 • Highest Mrgprf quantity compared to clones C6 and C7 
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6.3.4. Validation of the stable Mrgprf overexpressing clones by 

interrogating protein expression 

 

Having established that the selected clones [Table 6.5] express Mrgprf at the mRNA 

level, I investigated whether this was translated into protein expression. I compared two 

primary anti-Mrgprf antibodies; MRGF (N-14) and HPA02881 which will be referred to as 

N-14 and HPAMF henceforth.  

 

6.3.4.1. N-14 antibody produced inconsistent MRGPRF detection by IF, flow 

cytometry and dot blot 

 

To confidently characterise protein expression of MRGPRF in cells, the detection should 

be consistent upon multiple repeats of each experiment and ideally, would be consistent 

between techniques. 

 

6.3.4.1.1. Using N-14 to detect MRGPRF by immunofluorescence 

 

I used N-14 to visualise cellular location of MRGPRF. Antibody optimisation was 

completed previously (185) and thus N-14 was used to detect MRGPRF at a 1 in 50 µl 

dilution. Figure 6.8 (below) shows that I was unable to distinguish specific MRGPRF 

staining between HEK293 untransfected cells and HEK293-MFVL clone C3, with the 

intensity of ‘red’ fluorescence being comparable. These images are representative of 

multiple experimental repeats. Although HEK293-MFVL clone C3 immunofluorescent 

staining in Figure 6.8 highlights some ‘flecks’ or brighter patches of staining, these were 

not present in each repeat.  

 

As RT-qPCR data had shown a difference in Mrgprf expression, at an mRNA transcript 

level [Figure 6.6], between HEK293 and HEK293-MFVL clone C3, it would be expected 

a difference in protein would be detectable. Using N-14, no increase in MRGPRF was 

found in the MFVL overexpressing clones. This was contradictory to previous work in 

which I had found cytoplasmic and perinuclear localisation in HEK293-MFVL and MC38r-

MFVL clones, respectively. With no differences in protocols or equipment used, I tested 

the antibody using two alternative protein detection techniques: flow cytometry and dot 

blot.   
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Figure 6.8 Using N-14 to detect MRGPRF protein expression in HEK293 and 
MFVL clone C3 cells 

Untransfected HEK293 and HEK293-MFVL clone C3 cells were stained with anti-MRGPRF 
antibody, N-14 at dilution of 1 in 50µl and secondary antibody Alexa Fluor 594 at a 1 in 300µl 
dilution. Negative controls were incubated in antibody diluent containing no anti-MRGPRF 
antibody, and then in secondary antibody Alexa Fluor 594 (1 in 300µl). DAPI, a blue-fluorescent 
DNA stain, shows the nucleus. Images were acquired using the exposure time obtained for 
MRGPRF detection in HEK293-MFVL clone C3 cells. The results show that no detectable 
difference in MRGPRF staining was seen between HEK293 and HEK293-MFVL clone C3 cells. 
All images were acquired using x100 objective lens and are representative of a minimum of 3 
independent replicates.  

 

6.3.4.1.2. Using N-14 to detect MRGPRF by flow cytometry 

 

I optimised a flow cytometry assay using N-14 anti-MRGPRF antibody to detect 

MRGPRF expression. Using unstained HEK293-CTVL clone B4 and HEK293-MFVL clone 

C3 cells, intact cells were gated by forward and side scatter, baseline detection of 

fluorescence was quantified and eGFP expression of these cells was confirmed [Figure 

6.9]. Baseline detection of fluorescence measured using an A603/48 band pass filter 

shows that median fluorescence intensity between stable transfectants was comparable 

[Figure 6.9 B and E]. A higher percentage of HEK293-MFVL clone C3 cells were intact 

compared to HEK293-CTVL clone B4 cells, at 63.5 % and 57.8 % respectively. eGFP 

expression was quantified and confirmed that a higher percentage of HEK293-CTVL 

clone B4 cells had detectable eGFP, with 75.0 % cells expressing the protein in 

comparison to 66.7 % of HEK293-MFVL clone C3. Median fluorescence intensity was 

comparable between clones, measured to be 319 and 503 for HEK293-CTVL clone B4 

cells and HEK293-MFVL clone C3 cells respectively.
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A B C 

   

D E F 

   

Figure 6.9 Confirmation of Stable transfectants GFP expression by flow cytometry 

HEK293-CTVL clone B4 (A-C) and HEK293-MFVL clone C3 (D-F) cells were unstained.  Intact cellular bodies were gated by side-scatter (SSC-A) and forward scatter 
(FSC-A) (A and D). Baseline detection of fluorescence was measured using an A603/48 band pass filter (B and E). C and F show that the cells were negative for 
AlexaFluor 594 detection, but both expressed GFP. 
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Eighteen experimental conditions were tested to optimise the primary and secondary 

antibody concentrations. In all conditions, both HEK293-CTVL clone B4 and HEK293-

MFVL clone C3 were stained identically and changes in median fluorescent intensity were 

measured. Mean fluorescence shift was 5.1 and ranged from 1.1 to 17.3 [Figure 6.10]. 

The biggest shift in median fluorescent intensity was shown when the cells were stained 

with N-14 at a 1 in 50 dilution and AlexaFluor 594 at a 1 in 100 dilution [Figure 6.10 and 

Figure 6.11].  

 

 

Figure 6.10 The effect of variable antibody concentrations on median 
fluorescent intensity shifts calculated between HEK293-CTVL clone B4 and 
HEK293-MFVL clone C3 cells  

Stable HEK293 transfectants were incubated with no antibody, primary antibody (anti-MRGPRF, 
N-14) ranging in dilution from 1 in 6.25 to 1 in 100 and secondary antibody (AlexaFluor 594, 
AF594) ranging from 1 in 100 to 1 in 300. Flow cytometry detected shifts in median fluorescence 
intensity measured between stable transfectants that were quantified by showing the ratio of MFVL 
to CTVL. The greatest shift in median fluorescence intensity was found in cells incubated with 1 in 
50 dilution of N-14 and 1 in 100 AF594. This data is representative of one experiment.  
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Figure 6.11 The effect of MRGPRF overexpression on fluorescence intensity 

HEK293-CTVL clone B4 (red) and HEK293-MFVL clone C3 (purple) were stained with anti-
MRGPRF N-14 (1 in 50 dilution) and AlexaFluor 594 (1 in 100 dilution). Fluorescence intensity 
was measured by flow cytometry and shows a shift in median intensity with a greater detection 
of fluorescence shown for HEK293-MFVL clone C3 cells. This is representative of one experiment. 

 

However, further optimisation to look at the difference between unfixed and fixed cells 

determined that this result was not reproducible as no fluorescent shift was detectable 

[Figure 6.12] in either unfixed or fixed cells. In addition, untransfected HEK293 cells 

were stained and fluorescence intensity was comparable with both stable transfectants.   

 

A B 

  

Figure 6.12 Comparison of fluorescence detected in unfixed and fixed cells 

HEK293 (blue), HEK293-CTVL clone B4 (red) and HEK293-MFVL clone C3 (purple) were stained 
with anti-MRGPRF N-14 (1 in 50 dilution) and AlexaFluor 594 (1 in 100 dilution). (A) Cells were 
unfixed and (B) cells were fixed. Fluorescence intensity was measured by flow cytometry, and no 
shift in median intensity was detected for any cell line. This is representative of one experiment. 

 

Using N-14 to detect MRGPRF by flow cytometry did not appear to be specific, and data 

was not reproducible, as I had previously shown when using it for immunofluorescence. 

An alternative protein detection method was therefore utilised next. 
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6.3.4.1.3. Using N-14 to detect MRGPRF by dot blot 

 

The dot blot technique was used to establish whether denatured MRGRPF could be 

detected in lysates of stable transfectants. Dot blot was used to give an indication as to 

whether the antibody was more sensitive on denatured protein structures, perhaps due 

to increased epitope accessibility, in comparison to the folded protein structures which 

were investigated by immunofluorescence and flow cytometry. 

 

Figure 6.13 is an image of one experiment, representative of three independent replicate 

experiments. There was no detection of the ‘housekeeping’ proteins selected (α-tubulin 

and β-actin) and the intensity of the ‘dots’ detecting MRGPRF were equal across all the 

stable HEK293 transfected cell lines. Each experimental repeat included additional 

variables, including new antibodies and fresh lysates (including those prepared from 

MC38r transfected cells) and lysates which had been boiled to denature the protein 

which could expose the epitope, but the output was consistent. Results were 

uninterpretable as the method had failed, indicated by the lack of housekeeper 

expression as these should be constitutively expressed in all cells. 

 

Figure 6.13 MRGPRF protein expression in stable transfectants 

10µg of cell lysate was placed on a membrane which was blotted for MRGPRF, α-tubulin and 
anti-β-actin. As no α-tubulin or β-actin was detected in any lysate, the dot blot was uninterpretable.  

 

As results using anti-MRGPRF N-14 in multiple techniques were non-specific, a new 

antibody was required. The new antibody (refereed to throughout as HPAMF) was 

previously validated for use in cell lines and on human tissues by the Human Protein 

Atlas and publicly available data supports use.  
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6.3.4.2. Optimisation of the HPAMF antibody  

 

To determine the optimal HPAMF antibody concentration, a range of primary antibody 

dilutions was tested on untransfected HEK293 cells and HEK293-MFVL clone C3, on the 

basis that the mRNA transcript levels were low and high, respectively. HPAMF antibody 

has previously been used to show nuclear and plasma membrane MRGPRF protein 

localisation in the human BJ (foreskin fibroblast) cell line (304).  

 

Figure 6.14 shows the staining patterns obtained by staining cells with 1 and 2 µg/ml 

HPAMF. It should be noted that C3 clone grew in clusters and thus imaging cells in a 

comparable field of view between untransfected and C3 clonal cells was difficult. Imaging 

the brightest cells, which were ascertained by visual inspection, confirmed exposure 

settings in which to image comparable cells. For cells stained with either antibody 

dilution, the cells which emitted greatest fluorescence were HEK293-MFVL clone C3 

cells. However, the longer exposure time required when imaging HEK293 cells treated 

with 1 µg/ml resulted in unspecific background staining seen in Figure 6.14. The 

absence of non-specific background staining or auto-fluorescence detection shown for 

HEK293 cells and the specific staining which appears to show the membranous 

localisation of MRGPRF in HEK293-MFVL clone C3 cells supported use of the HPAMF 

antibody at a concentration of 2 µg/ml. 

 

6.3.4.3. HPAMF immunofluorescent staining shows membranous staining in 

MRGPRF overexpressing HEK293 clones  

 

Upon immunofluorescent staining of HEK293-CTVL clones B4 and B9, and HEK293-MFVL 

clones C1 and C3, a specific staining pattern was observed [Figure 6.15]. MRGPRF 

overexpressing cells, had distinct localisation of fluorescence indicative of membranous 

staining (indicated by arrows on Figure 6.15).  

 

Untransfected and control vector transfected cells did not display this same staining 

pattern, and thus the results suggest that MRGPRF is a membrane-bound protein, with 

lower expression found in the cellular cytoplasm.  It was also shown, in Figure 6.15, that 

protein expression between HEK293-MFVL clones C1 and C3 mirrors the mRNA 

transcript expression. Consequently, more protein was detected (indicated by brighter 

fluorescence) in clone C3, suggesting that RNA and protein levels were proportionate to 

each other.
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Figure 6.14 Antibody optimisation of anti-MRGPRF antibody, HPAMF to visualise MRGPRF protein in stable transfected cells 

Untransfected HEK293 and HEK293-MFVL clone C3 cells were stained with anti-MRGPRF antibody, HPAMF at concentrations of 1 and 2 µg/ml. Negative controls 
were incubated in antibody diluent containing no HPAMF antibody, and then in secondary antibody Alexa Fluor 594 (1 in 300µl). Secondary antibody Alexa Fluor 594 
was added at a 1 in 300µl dilution. DAPI, a blue-fluorescent DNA stain, shows the nucleus. Long exposure times when cells were stained with HPAMF dilution 1 µg/ml 
resulted in detection of auto-fluorescence and non-specific staining (indicated by yellow arrow). This was not seen for cells treated with 2 µg/ml; MRGPRF was not 
detected in untransfected cells, and membranous staining (white arrows) was found in HEK293-MFVL clone C3 cells. All images were acquired on the Zeiss 
AxioImager.Z1 fluorescence microscope using x100 objective lens and are representative of n = 1, with the exception of HEK293 untransfected, 2 µg/ml, which is 
representative of n=3.  
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Figure 6.15 Immunofluorescent labelling of the MRGPRF receptor in HEK293 stably transfected clones 

Immunofluorescence to detect MRGPRF in HEK293 stable clones was completed with HPAMF (2 µg/ml) and secondary antibody, Alexa Fluor 594 (1 in 300). Negative 
controls were not incubated with HPAMF. DAPI, a blue-fluorescent DNA stain, shows the nucleus. Control vector transfected clones did not show presence of 
MRGPRF, indicated by a lack of red fluorescence. The white arrows present on the MRGPRF overexpressing clones show that MRGPRF was localised to the cell 
membrane. Images are representative of 3 independent repeats, were acquired on the Zeiss Axio.Imager Z1 fluorescent microscope with the ‘red’ exposure set for 
HEK293-MFVL clone C3. Each field of view presented is representative of the entire coverslip for which the image was taken, and all pictures were taken at x100 
objective len
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6.3.4.4. HPAMF immunofluorescent staining does not detect membranous 

staining in MRGPRF overexpressing MC38r clone 

 

Unlike HEK293 clones, MC38r stable transfectants did not appear to demonstrate any 

specific staining using the HPAMF antibody, as shown in Figure 6.16. Unfortunately, 

due to limited availability of antibody, untransfected cells were not used. Red 

fluorescence of the same intensity was observed in negative control cells for both 

MC38r-CTVL clone A7 and MC38r-MFVL clone C6. There are potentially two reasons for 

this. First, mRNA transcript levels of MRGPRF for MC38r-MFVL clone C6 was lower than 

any of the HEK293-MFVL clones. Lower mRNA expression, assuming the ability of 

MC38r cells to translate RNA to protein expression, would mean corresponding protein 

levels were lower and thus less antigen to which the antibody could bind.  When imaging 

the cells, the higher exposure times for obtaining an image of MC38r-MFVL clone C6 

results in detection of ‘red’ auto-fluorescence.  Secondly, HPMAF may be detecting 

endogenous levels of MRGPRF present in the mouse CRC cells. However, as the signal 

was detected in all samples, results are uninterpretable.  

 

Figure 6.16 Immunofluorescent labelling of MC38r stably transfected clones 

MC38r stable clones stained with HPAMF and secondary antibody, AlexaFluor594. No primary 
antibody was used for negative controls and the nucleus is depicted by the DAPI stain. 
Immunofluorescence images representative of 3 independent repeats, the field of view presented 
was representative of the entire coverslip and all pictures were taken at x100 objective lens. 
 

In summary, immunofluorescent staining with HPAMF detected membranous MRGPRF 

protein expression proportionate to Mrgprf mRNA expression in HEK293 clones. 

However, no specific staining pattern was detected for MC38r clones. 
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6.3.5. MRGPRF overexpression does not alter CRC cell response to EPA 

 

To investigate whether a link between MRPRF expression and sensitivity to EPA exists, 

EPA concentration response MTT cell viability assays were performed. As MRGPRF 

was decreased in MC38r EPA-resistant cells, it was hypothesised that increasing the 

expression of MRGPRF would increase sensitivity in HEK293-MFVL clones or restore 

sensitivity in MC38r-MFVL clones, and thus a lower IC50 value would be shown relative 

to the untransfected or control vector transfected counterparts.  

 

Figure 6.17 A shows that all stable HEK293 clones have concentration-response curves 

that are similar. EPA IC50 values of HEK293 stable clones were compared, the most 

sensitive cells (HEK293-CTVL clone B9, IC50 = 90.41 ± 20.06 µM) and the most resistant 

cells (HEK293-CTVL clone B4, IC50 = 159.40 ± 39.49 µM) [Figure 6.17 B], were both 

CTVL clones. IC50 values were compared between all stable transfected clones, and no 

statistically significantly different IC50 concentrations were identified (unpaired Student’s 

t-test, Figure 6.17). 

 

Figure 6.18 A shows comparable concentration response curves for MC38r cells and 

MC38r stable clones. MC38 cell curves had a greater loss of viability after ~30 µM EPA 

exposure compared with MC38r cells and MC38r stable clones.  

 

IC50 values obtained for MC38 and MC38r cells were 95.42 ± 12.87 µM and 161.71 ± 

32.43 µM, respectively. These IC50 concentrations were significantly different, unpaired 

Student’s t-test, p = 0.05 [Figure 6.18 B]. MC38r-CTVL clone A7 had an IC50 of 142.66 ± 

12.87 µM and MC38r-MFVL clone C6 had an IC50 of 146.41 ± 27.19 µM, the difference 

between the two was not found to be statistically significantly different (unpaired 

Student’s t-test, p = 0.84).  The observed difference in IC50 values between MC38r and 

MC38r-MFVL clone C3 shows that EPA sensitivity was not restored due to MRGPRF 

overexpression. 

 

Overall, although Mrgprf overexpression was shown at transcript level in both HEK293 

and MC38r overexpression clones, and at a protein level for HEK293-MFVL cells, no 

observed alteration in cellular response to EPA was evident. It could not be concluded 

whether the transfected protein was functional, which would have implications on the 

result being a ‘real negative’ or a ‘false negative’. Therefore, further validation of the 

model was undertaken.   
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Figure 6.17 Sensitivity of stable HEK293 transfectants to EPA  

Stable HEK293 transfected cell lines were treated with 1 to 500µM EPA, and cells were left to grow for 72 hours and cell viability was determined by MTT assay, with 
absorbance at 620nm measured on the Berthold Mithras LB-940 plate reader. (A) EPA concentration response curves for HEK293-CTVL clones B4  and B9  
and HEK293-MFVL clone C1  and C3 . (B) EPA IC50 values of the clones. No statistically significant differences in IC50 between MRGPRF overexpression 
models and control transfected cells, unpaired Student’s t-test. All data presented as the mean of 3 independent repeats ± SD.   
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Figure 6.18 Sensitivity of stable MC38r transfectants cell lines to EPA 

MC38, MC38r and stable MC38r transfected cells were treated with 1 to 500µM EPA, and cells were incubated for 72 hours and cell viability was determined by MTT 
assay, with absorbance at 620nm measured on the Berthold Mithras LB-940 plate reader. (A) EPA concentration response curves for MC38 , MC38r , MC38r-
CTVL clone A7  and MC38r-MFVL clone C6 . (B) EPA IC50 values, statistically significant differences in IC50 between MC38 and MC38r cells were shown, 
unpaired Student’s t-test. No other statistically significant differences were found. All data presented as the mean of 3 independent repeats ± SD.
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6.3.6. Assessing the effect of EPA exposure on calcium mediated 

signalling in MRGPRF overexpressing clones 

 

As MRGPRF is an orphan receptor, it is not known how the signalling cascades are 

stimulated by its ligand. Previous data has shown that MRGPRF overexpression models 

did not increase cAMP levels compared with controls (data shown in Appendix A6.3).  

 

To test whether MRGPRF overexpressing clones were signalling via calcium-mediated 

pathways, calcium flux assays were completed, using protocols developed and used 

frequently by the Professor David Beech lab group.   

 

6.3.6.1. Thapsigargin exposure induces an increase in fluorescence ratio in 

HEK293 cells 

 

To test that the assay detected an intracellular calcium increase in response to an 

external agent, Thapsigargin (Tg) was used as a positive control. Tg blocks the ability of 

the cell to pump Ca2+ into the sarco/endoplasmic reticulum. Prior to injection at 30s, cells 

treated with either DMSO or Tg were shown to have a normalised F340/380 ratio of 0.0. 

Figure 6.19 shows that, following the exposure of fura2-AM loaded HEK293 cells to 1 

µM Tg, there was a steady increase in F340/380. At 95s, the F340/380 ratio was 0.16 ± 0.09 

for DMSO treated cells, and 1.65 ± 0.43 for cells treated with Tg. The difference between 

the F340/380 measurement at the 95s time-point, between DMSO and Tg treated cells, was 

shown by unpaired Student’s t-test to have a p value 0.027. 

 

The results show a reproducible and statistically significant change in fluorescence 

readings, validating the assay for detection of calcium flux changes in HEK293 cells upon 

Tg exposure. Next, I tested stable clones to determine whether exposure of MRGPRF-

overexpression models to EPA resulted in increased intracellular calcium.  
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Figure 6.19 Intracellular Ca2+ response to Tg 

HEK293 cells were loaded with 2µM Fura2-AM and 100µl 1.5mM Ca2+-SBS containing DMSO 

 or 1µM Thapsigargin (Tg) . F340/380 ratio was measured over a period of 100 seconds, 

with injections made at the 30s time point. The results show that there was an increase in F340/380 
ratio measured for Tg treated cells that was not seen for DMSO treated cells, indicative of an 
increase in intracellular calcium. Data points are mean ± SD of 3 independent repeats. Student’s 
t-test was used to compare F340/380 at the 95 s time-point, p = 0.027.   

 

6.3.6.2. eGFP fluorescence does not affect F340/F380 ratio 

 

To confirm that presence of eGFP in vector DNA did not affect fluorescence readings, 

and consequently the F340/380 ratio, I performed the calcium assay on cells with the 

brightest eGFP signal as shown by fluorescence microscopy; HEK293-CTVL clone B4. I 

compared the raw fluorescence ratio reading (with no normalisation) in presence and 

absence of fura2-AM loading and included HEK293 cells which lack eGFP.  

 

Comparable baseline readings for fura2-AM loaded cells are shown in Figure 6.20, with 

the mean F340/380 for HEK293 cells being 0.95 ± 0.04 and HEK293-CTVL clone B4 cells 

being 0.76 ± 0.05. In comparison, HEK293-CTVL clone B4 cells with no fura2-AM had a 

mean F340/380 baseline of 0.38 ± 0.13. All cells treated with DMSO show no increase in 

F340/380, and cells loaded with fura2-AM that were treated with Tg display a detectable 

change in F340/380. HEK293-CTVL clone B4 cells not loaded with fura2-AM prior to Tg 

injection demonstrate no increase in F340/380 and the ratio remained constant for 200s.  
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Figure 6.20 Comparing F340/390 in Fura-2AM loaded and non-loaded cells 
expressing eGFP 

After 24h incubation, HEK293 and HEK293-CTVL clone B4 (CTVL B4) cells were incubated in 
1.5mM Ca2+-SBS with or without Fura2-AM. The fluorescence ratio was measured for 200s, with 

an injection of DMSO or 1µM Tg at 30s. Raw F340/380 ratios are plotted, with no normalisation to 

show the effect of Fura-2AM loading versus no Fura-2AM. The results show that cells with no 
Fura2-AM loading had lower F340/380 ratios but the cells which were loaded have comparable ratios 
regardless of eGFP expression, with stable low fluorescence detected in eGFP expressing cells 
with no Fura-2AM. (n=1) 

 

6.3.6.3. EPA exposure does not induce calcium mediated signalling 

 

The biggest increases in F340/380 ratio fold change were shown for HEK293 cells as, 

following exposure to 1 µM Tg, an 11.2 ± 5.6 fold increase in F340/380 compared to DMSO 

control was shown, and after injection with 20µM ATP a fold increase of 11.3 ± 4.2 

compared to water was observed [Figure 6.21]. In comparison to untransfected HEK293 

cells, stable transfectants show lower F340/380-fold changes in response to Tg and ATP. 

A 7.5-fold and 6.5-fold increase (Tg to DMSO) and a 5.2- and 4.0-fold increase (ATP to 

water) in F340/380 ratio is shown in Figure 6.21 for HEK293-CTVL clone B4 and HEK293-

MFVL clone C3, respectively. For all cells, the increase in F340/380 in response to Tg was 

slow whereas there was a sharp increase in F340/380 in response to ATP [Figure 6.22]. 

Collectively, these results show that there was an increase in intracellular calcium in 

response to treating the cells with thapsigargin or ATP. 
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Figure 6.21 Effect of EPA exposure on intracellular calcium levels 

HEK293 , HEK293-CTVL clone B4  and HEK293-MFVL clone C3  cells incubated 

following loading with 2µM Fura2-AM. 100µl 1.5mM Ca2+-SBS containing DMSO / 1µg 

Thapsigargin (Tg), water / 20µM ATP or ethanol / 25µM / 50µM EPA. F340/380 ratio was measured 
over a period of 200 seconds, with injections made at the 30s time point. The results show the 
F340/380 ratio measured for each agent in relation to their respective carrier control. Tg and ATP 
caused the biggest increase intracellular calcium. All data is representative of the mean ± SD of 
3 independent replicates.  

 

The fold change calculated for EPA exposed cells is in relation to ethanol carrier. Tg and 

ATP exposure resulted in the biggest increase in intracellular calcium for all cell lines 

[Figure 6.21, Figure 6.22], which would indicate that EPA exposure does not induce 

calcium signalling. Following injection of 25µM EPA the fold change was 1.6, 1.4 and 1.2 

for HEK293, HEK293-CTVL clone B4 and HEK293-MFVL clone C3. Exposure to a higher 

concentration, 50 µM EPA, resulted in larger fold changes; 2.5, 2.2 and 1.5, for HEK293, 

HEK293-CTVL clone B4 and HEK293-MFVL clone C3. The smallest F340/380 fold-changes 

in MRGPRF overexpressing clones were shown in EPA treated cells.  

 

This result indicates that the transfected cells were responding to stimuli such as Tg and 

ATP, however there is no known ligand for MRGPRF which could be used as a positive 

control. The results, in combination with the cAMP ELISA performed to show if the 

overexpressing cell lines were signalling via cAMP, were not able to confirm whether a 

functional MRGPRF protein was translated from the mRNA sequence. Therefore, the 

result shown in Chapter 6.3.5, whereby I reported that there was no change in CRC cell 

response to EPA as a result of MRGPRF overexpression, could potentially be a false 

negative. 
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To summarise, expression of Mrgprf mRNA transcript in HEK293-MFVL clones and one 

MC38r-MFVL clone was confirmed to be greater than Mrgprf expression measured in 

untransfected or control vector clones. Protein detection using the N-14 antibody was 

inconsistent and thus an alternative antibody, HPAMF was utilised. This identified 

membranous MRGPRF protein expression specific to HEK293-MFVL clones that 

appeared to be proportional to the transcript expression detected. However, HPAMF was 

unable to detect protein expression in MC38r clones. EPA sensitivity was not altered as 

a result of Mrgprf / MRGPRF overexpression and the data were inconclusive as to 

whether the MRGPRF protein in stably transfected cells was functional. Therefore, the 

relationship between MRGPRF and EPA sensitivity remained unclear. To validate 

MRGPRF as a target, the next step was to generate hCRC cell lines with acquired EPA 

resistance and investigate MRGPRF expression between parental ‘sensitive’ cells and 

cells with resistance.   
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Figure 6.22 Measurement of F340/380 ratio for 200s to monitor response of cell lines to Thapsigargin, ATP and EPA.   

HEK293 (A), HEK293-CTVL clone B4 (B) and HEK293-MFVL clone C3 (C) were loaded with 2µM Fura2-AM. They were injected with 100µl 1.5mM Ca2+-SBS containing; 

0.02% v/v DMSO , 1µg Thapsigargin (Tg) , 0.08% v/v water , 20µM ATP , 0.20% v/v ethanol  or 25µM  / 50µM EPA . F340/380 ratio was 

measured for 200 seconds, with injections made at the 30s time point. The results show the F340/380 ratio measured at each time. Tg causes a steady increase in 
F340/380 whereas and ATP causes an initial spike that decreases over the time course. All carrier controls (DMSO, ethanol and water) are shown to not elicit any 
F340/380 response. No increase in intracellular calcium was detected following treatment with EPA at either concentration in any cell line. All data points are 
representative of duplicate wells ± standard deviation.  
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6.4. Results II: Generating resistance to n-3 PUFAs in hCRC cell lines 
 

6.4.1. CRC cell lines have variable sensitivities to EPA and DHA 

 

Five human and 1 mouse CRC cell lines were used. Cell lines were chronically exposed 

to EPA or DHA to generate resistance. To maximise the chance of successful isogenic 

clone generation, I tested two methods for generating resistance; the first placed 

selective pressure on cells using high concentrations of n-3 PUFAs and the second was 

maintaining cells in media treated with an n-3 PUFA concentration equivalent to the IC50 

prior to a gradual incremental increase in exposure concentration.  Although IC50 values 

were reported for the full panel of cell lines in Table 4.3, Chapter 4.3.4, the data are 

repeated below [Table 6.6] for the relevant cell lines that subsequently underwent 

chronic exposure to n-3 PUFAs.  

 

Table 6.6. Summary of EPA and DHA IC50 data of CRC cell lines 

Cell Line  EPA IC50 DHA IC50 

DLD-1 85.9 ± 1.1 µM 15.3 ± 1.1 µM 

HCA-7 141.9 ± .1.0 µM 22.3 ± 1.0 µM 

HCT116 91.7 ± 1.1 µM 31.1 ± 1.1 µM 

HT-29 118.6 ± 1.1 µM 55.7 ± 1.1 µM 

LoVo 141.1 ± 1.1 µM 21.2 ± 1.1 µM 

MC38 93.4 ± 1.1 µM 37.4 ± 1.1 µM 

Data shown are the mean ± SD for a minimum independent 3 replicates. 

 

6.4.2. The effect of ethanol exposure on cell morphology 

 

Figure 6.23 shows normal morphology of each cell line grown under standard culture 

conditions. Most cell lines were epithelial-like, adherent, and polygonal in shape with 

regular dimensions. HCT116 and DLD-1 cells grow in a connected monolayer. HCA-7 

and HT29 cells grow as cell colonies, although HT29 cells at confluence lose the island 

growth pattern to form a continuous monolayer [Figure 6.23]. LoVo cells were 

lymphoblast-like, spherical cells and MC38 cells had morphology resembling fibroblastic 

cells with bipolar, elongated shapes. Both LoVo and MC38 cells grow as a continuous 

monolayer, but it was found that MC38 cells at confluence would start to grow on top of 

each other in dense clusters. 
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EPA and DHA FFA were diluted in ethanol carrier. To establish whether chronic 

exposure to ethanol, at a volume equivalent to the volume added to media to give 

maximal n-3 PUFA concentration, resulted in any morphological changes to cell growth, 

I compared cell growth in regular conditions with growth in media containing 1.5 % v/v 

ethanol [Figure 6.23]. No differences in growth rates were objectively observed. Cell 

lines reached confluence on the same day irrespective of ethanol supplementation. 

Figure 6.23 shows cell lines at confluence, none show morphological differences.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.23 Impact of chronic ethanol exposure on cell growth 

Illustrative images of cell lines to show morphological features. Cells were cultured in standard 
culture conditions (control) or in culture media containing 1.5% v/v ethanol (EtOH) for 5 days. 
Images were acquired on day 5 by light microscopy, obtained with the x20 objective lens.  
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6.4.3. Using high concentrations of n-3 PUFAs to place selective 

pressure on CRC cells to generate resistance 

 

To test whether treating cells with high concentrations of n-3 PUFAs led to generation of 

resistance, I exposed cells to a concentration range of EPA and DHA and continued 

culture of cells that had survived the highest possible concentration.  

 

 
 

 
DLD-1 

180µM EPA 

24h 

 
 

 
DLD-1 

180µM EPA 

1 week 

 
 

 
DLD-1 

90µM DHA 

24h 

 
 

 
DLD-1 

90µM DHA 

1 week 

 
HCT116 

160µM EPA 

24h 

 
HCT116 

160µM EPA 

1 week 

 
HCT116 

70µM DHA 

24h 

 
HCT116 

70µM DHA 

1 week 

 
HCT116 

200µM EPA 

24h 

 

HCT116 
200µM EPA 

1 week 

 
MC38 

90µM DHA 

24h 

 
MC38 

90µM DHA 

1 week 

 
HT29 

200µM EPA 

24h 

 

 
HT29 

200µM EPA 

1 week 

 

  

Figure 6.24 The impact of high concentration EPA and DHA exposure for 1 
week on CRC cell lines 

CRC cell lines were grown in concentrations of EPA that incrementally increased by 20µM from 
100µM to 200µM and concentrations of DHA that ranged from 20µM to 90µM. Phase contrast 
images were obtained using the x10 objective lens at 2 time points; 24 hours and 1 week. 

 

The cell lines had different responses to high concentration exposure of EPA and DHA 

[Figure 6.24] and these did not correspond to their measured IC50 sensitivities. For 

example, both DLD-1 and MC38 cells were cultured and survived 1 week of chronic 

exposure to 90 µM DHA although the IC50 values were 15.3 ± 1.1 µM and 37.4 ± 1.1 µM, 
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respectively [Table 6.7].  The highest concentrations in which cells survived were; DLD-

1, 180 µM EPA and 90 µM DHA; HCT116 200 µM EPA and 70 µM DHA; HT29 200 µM 

EPA and MC38 90 µM DHA. With the exception of DLD-1 cells treated with 90 µM DHA, 

all the cell lines survived passage after 1 week of n-3 PUFA exposure.  

 

In the case of HCT116 cells, I maintained cells in two concentrations of EPA; 160 µM 

and 200 µM as the cells treated with 200 µM began showing distinct morphological 

differences and appeared to accumulate excessive lipid droplets [Figure 6.25].  

 

 

 

X20 Zoom 

Figure 6.25 Impact of prolonged 200µM EPA on HCT116 cell morphology  

Phase contrast images representative of the morphological changes in HCT116 cells which were 
cultured in media supplemented with 200µM EPA (refreshed every other day) for 1 week. The 
images show the effect high EPA exposure causing cells to develop granularity around the 
nucleus, cytoplasmic vacuolation and accumulate excessive lipid droplets (indicated by the white 
arrows). 

 

When sensitivity to n-3 PUFAs was compared between untreated cells and high-

concentration selected cells, all concentration response curves were very similar [EPA 

and DHA concentration response curves are shown in Figure 6.26 and Figure 6.27 

respectively]. With the exception of MC38 cells exposed to 90 µM DHA, the difference 

in IC50 concentrations of parental cells and chronically exposed cells were not 

significantly different (unpaired Student’s t-test) [Table 6.7 and Table 6.8].  
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Figure 6.26 EPA concentration response curves of CRC cell lines which were 
selected following exposure to high concentrations of EPA  

DLD-1, HT29 and HCT116 cells were viable in media containing high concentrations (160µM to 
200µM of EPA) and subsequently underwent a concentration response MTT assay. Data is 
expressed as the mean ± SD of 3 repeats.  

 
  

Table 6.7. Effect of chronic EPA exposure upon EPA sensitivity (IC50) 

Cell Line  EPA IC50 
p-value  
(t-test) 

DLD-1   85.9 ± 1.1  

DLD-1 180µM EPA 94.4 ± 1.1 0.54 

HCT116 91.7 ± 1.1  

HCT116 160µM EPA 109.5 ± 1.1 0.27 

HCT116 200µM EPA 107.4 ± 1.2 0.31 

HT29 118.6 ± 1.1  

HT29 200µM EPA 146.9 ± 1.1 0.07 
IC50: concentration of EPA in which 50% of cells were inhibited. P value was calculated by t-test, 
comparing chronically exposed cells with un-exposed cells. All data is the mean ± SD of a 
minimum of 3 independent replicates.  
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Figure 6.27 DHA concentration response curves of CRC cell lines which were 

selected following exposure to high concentrations of DHA 

HCT116 and MC38 cells were viable in media containing high concentrations (70 µM to 90 µM of 
DHA) and subsequently underwent a concentration response MTT assay.  Data is expressed as 
the mean ± SD of 3 repeats.  

 

Table 6.8. Effect of chronic DHA exposure upon DHA sensitivity (IC50) 

Cell Line  DHA IC50 
p-value  
(t-test) 

HCT116 31.1 ± 1.1  

HCT116 70µM DHA 27.5 ± 1.1 0.73 

MC38 37.4 ± 1.1  

MC38 90µM DHA 69.4 ± 1.1 0.007 
IC50: concentration of DHA in which 50 % of cells were inhibited. P value was calculated by t-test, 
comparing chronically exposed cells with un-exposed cells. All data is the mean ± SD of a 
minimum of 3 independent replicates 

 

As many cell lines were changing morphologically, becoming filled with excess lipid 

droplets and not showing significant changes in sensitivity, I changed methods to 

facilitate a gentler approach, using lower concentrations of n-3 PUFAs and incremental 

increases.  

 

6.4.4. Using incremental selective pressure to induce the emergence of a 

resistant population 

 

I investigated the effect of placing a consistent selective pressure on CRC cells to 

determine whether an isogenic cell line could be established which would have greater 

resistance to EPA or DHA. Cells were treated with an IC10 concentration of EPA or DHA 

for 24 hours prior to being cultured in media containing EPA or DHA equivalent to the 

IC50 concentration [Table 6.7].  
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In general, cells were found to be less viable following passage. This was in part due to 

the intensive high volume tissue culture practises, including repeated handling in 6 well 

plates and daily media changes. This led to an increased frequency of infections.  

 

DLD-1 and HCT116 cell lines were least affected by continued exposure to IC50 EPA or 

DHA, with no differences in morphology seen and growth rates comparable to what was 

expected of cells in standard conditions. HCA-7 cells treated with 140 µM EPA were 

particularly difficult to culture as they began to show two signs of cellular stress: 

granularity around the cell nucleus and cytoplasmic vacuolation. They were therefore not 

able to be used for cell viability assays as they did not survive past the third passage 

[Figure 6.28]. HCA-7 cells treated with 20 µM DHA were very slow growing. LoVo cells 

were found to aggregate and form large clusters following chronic exposure to DHA, and 

length of time between passages increased. LoVo and MC38 cells treated with EPA 

were not viable after the third and fourth passage respectively, with LoVo cells detaching 

and remaining cells were so sparse that they didn’t survive whereas MC38 cells grew in 

dense 3D cell colonies that were unable to be cultured in 96 well plates [Figure 6.28].  

 

   

HCA-7 LoVo MC38 

Figure 6.28 Effect of chronic EPA exposure on cell morphology  

Illustrative images of HCA, LoVo and MC38 cells following multiple passages in culture media 
containing an IC50-equivalent concentration of EPA. HCA-7 cells (p3) exhibit cytoplasmic 
vacuolation (indicated by the arrow). LoVo cells (p3) lost adherent properties and the sparse 
number of cells that survived failed to establish a new population. MC38 cells (p4) grew in dense 
clusters. Phase contrast images were obtained with x20 objective lens.  

 

Only 3 cell lines (DLD-1, HCT116 and HT-29) were viable following 5 passages when 

maintained in IC50 equivalent concentration EPA supplemented media. Images of DLD-

1 [Figure 6.29 A], HCT116 [Figure 6.31 A] and HT29 [Figure 6.32 A] cells show that 

cell morphology did not change following maintained culture in respective IC50 EPA 

supplemented media. No statistically significant differences in IC50 were measured 

[Figure 6.29 C, Figure 6.31 C and Figure 6.32 C]. The biggest difference between 

treated and untreated cell line IC50 values was seen for DLD-1 cells. Following chronic 

exposure, an increase in IC50 from baseline 85.9 ± 1.06 µM to 109.0 ± 1.62 µM was 
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measured, although this was not significant (Student’s t-test, p value = 0.38) [Figure 

6.29 B-C].  

 

All cell lines chronically exposed to DHA were able to be cultured in DHA-supplemented 

media and remained viable for 5 passages, with no observed changes in morphology 

[Figure 6.29 to Figure 6.34]. Each chronic exposed cell line was shown to have an 

increased IC50 in comparison to their non-exposed counterparts, though none were 

found to be of statistical significance (unpaired independent Student’s t-test) [Figure 

6.29 F to Figure 6.34 F]. Comparing untreated and chronic exposed LoVo DHA IC50 

showed an IC50 difference of 15 µM (Student’s t-test, p = 0.07) [Figure 6.33 F]. 

 

Sensitivity to the n-3 PUFA that was not used for chronic exposure was also assessed 

(i.e.: DHA sensitivity was tested in EPA-treated cells and EPA sensitivity was tested in 

DHA-treated cells), with no difference in sensitivity found between chronically exposed 

and untreated cells (data not shown). As multiple cell lines were found to be less viable 

following passage when maintained in constant IC50-equivalent treated media, combined 

with the fact that the difference in sensitivity was not consistent and not determined to 

be statistically significant, the decision was made to stop using time and resources on 

this so that the work could focus on the investigation of inherent CRC n-3 PUFA 

sensitivity properties. 
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Figure 6.29 The effects of EPA and DHA chronic exposure on DLD-1 cells 

DLD-1 cells were cultured in RPMI media containing an IC50 equivalent concentration of EPA or DHA; DLD-1 cells morphology following growth in (A) EPA and (B) 
DHA respectively for 5 passages. All images acquired with x20 objective lens. Comparative (B) EPA and (E) DHA concentration response curves of untreated and 
chronically exposed cells, respectively. MTT concentration responses were plotted from a minimum of 3 independent replicates. (C) and (F) show EPA and DHA mean 
IC50 ± SD of untreated and chronic exposed cells. Statistical significance of the difference between the two was assessed by unpaired independent Student’s t-test.  
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Figure 6.30 The effect of chronic DHA exposure on HCA-7 cells  

HCA-7 cells were cultured in RPMI media containing an IC50 equivalent concentration of DHA; HCA-7 cells morphology following growth in (A) DHA for 5 passages. 
All images acquired with x20 objective lens. Comparative (B) DHA concentration response curves of untreated and chronically exposed cells, respectively. MTT 
concentration responses were plotted from a minimum of 3 independent replicates. (C) Shows DHA mean IC50 ± SD of untreated and chronic exposed cells. Statistical 
significance of the difference between the two was assessed by unpaired independent Student’s t-test.  
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Figure 6.31 The effect of chronic EPA and DHA exposure on HCT116 cells 

HCT116 cells were cultured in RPMI media containing an IC50 equivalent concentration of EPA or DHA; HCT116 cells morphology following growth in (A) EPA and 
(B) DHA respectively for 5 passages. All images acquired with x20 objective lens. Comparative (B) EPA and (E) DHA concentration response curves of untreated and 
chronically exposed cells, respectively. MTT concentration responses were plotted from a minimum of 3 independent replicates. (C) and (F) show EPA and DHA mean 
IC50 ± SD of untreated and chronic exposed cells. Statistical significance of the difference between the two was assessed by unpaired independent Student’s t-test.  
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Figure 6.32 The effect of chronic EPA and DHA exposure on HT29 cells 

HT29 cells were cultured in RPMI media containing an IC50 equivalent concentration of EPA or DHA; HT29 cells morphology following growth in (A) EPA and (B) DHA 
respectively for 5 passages. All images acquired with x20 objective lens. Comparative (B) EPA and (E) DHA concentration response curves of untreated and chronically 
exposed cells, respectively. MTT concentration responses were plotted from a minimum of 3 independent replicates. (C) and (F) show EPA and DHA mean IC50 ± SD 
of untreated and chronic exposed cells. Statistical significance of the difference between the two was assessed by unpaired independent Student’s t-test. 
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Figure 6.33 Chronic exposure of LoVo cells to IC50 DHA 

LoVo cells morphology following growth in (A) IC50 equivalent concentration DHA for 5 passages. Image acquired with x20 objective lens. Comparative (B) DHA 
concentration response curves of untreated and chronically exposed cells. MTT concentration responses were plotted from a minimum of 3 independent replicates. 
(C) Shows DHA mean IC50 ± SD of untreated and chronic exposed cells. Statistical significance of the difference between IC50 assessed by unpaired Student’s t-test.  

Figure 6.34 The effect of DHA chronic exposure on MC38 cells  

MC38 cells morphology following growth in (A) IC50 equivalent concentration DHA for 5 passages. Image acquired with x20 objective lens. (B) Comparative DHA 
concentration response curves of untreated and chronically exposed cells. MTT concentration responses were plotted from a minimum of 3 independent replicates. 
(C) Shows DHA mean IC50 ± SD of untreated and chronic exposed cells. Statistical significance of the difference between IC50 assessed by unpaired Student’s t-test.
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6.5. Discussion 
 

Mechanism(s) of anti-cancer activity of n-3 PUFAs are still to be fully elucidated. To 

identify potential biomarkers or pathways associated with n-3 PUFA sensitivity, this work 

focused on comparison of isogenic sensitive and resistant cell lines.  

 

6.5.1. MRGPRF 

 

This chapter aimed to examine the role of MRGPRF EPA sensitivity. I hypothesised that 

increasing Mrgprf / MRGPRF expression in EPA-resistant MC38r cells would restore 

sensitivity to EPA. 

 

6.5.1.1. Key findings 

 

Using two cell lines, HEK293 and MC38r, I stably transfected an MRGPRF-vector and a 

control empty vector. HEK293 are well characterized cells of epithelial origin, and have 

been extensively used as a recombinant protein expression tool due to their amenability 

to transfection, high transfection efficiency and protein production rates and faithful 

translation and processing of proteins (305). Overexpression of two Mrg family members 

in HEK293 cells was used to investigate ligand selectivity and receptor signaling of 

MrgC11 and MrgA1 (306). hCRC cell lines can be used for transfection, an example of 

this is a study in which CaCo-2 and HT29 cells were transfected with calcium-sensing 

receptor, CaSR. CaSR, a GPCR, is a potential tumour suppressor found downregulated 

in highly malignant CRCs. Overexpression of CaSR was associated with reduced 

proliferation markers, and loss of CaSR correlated with poor tumour differentiation and 

a reduction in apoptotic potential (307). Cells used in this study were mouse derived 

colorectal cancer MC38r cells, as they were the most relevant model for study as they 

were interrogated in the original microarray that identified MRGPRF. However, MC38r 

cells (and the MC38 cells from which the ‘r’ strain is derived from) are not used as 

frequently for transfection and are therefore less well characterized in terms of expected 

transfection efficiencies and protein production ability.  

 

My results show that HEK293 cells were easier to transfect. This is supported by the 

literature, which reports frequent use of HEK293 as transfection hosts, as the cells have 

the post-translational modification machineries, essential to ensure correct folding and 

subsequently optimal biological activity of the target protein (308). In addition, HEK293 

cells have morphological, cell growth characteristics and capacity to express transgenic 

receptor proteins (308).  These attributes may, or may not, be shared by CRC cell lines, 
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which are highly dysregulated by nature of their neoplastic origin. In comparison to the 

80% of HEK293 cells with eGFP expression following transfection, only 1 % of MC38r 

transfected cells fluoresced. Despite this, more sensitive FACS data shows that single 

cell MRGPRF overexpression clones were generated using cells with greatest GFP 

fluorescence and flow cytometry data showed that cells were still GFP positive following 

multiple passages. 

 

The stable overexpression clones were characterised, and it was observed that HEK293 

cells displayed altered cellular properties (morphology and growth rates) in response to 

transfection, whereas MC38r cells did not. This could be due to the relative quantities of 

transcript, with HEK293-MFVL clones containing vast relative quantities of Mrgprf 

transcript in comparison to MC38R-MFVL clones, in which only MC38r-MFVL clone C6 

showed an increase in relative quantity. Relative quantity measurements indicate MC38r 

cells have lower transfection efficiency, less copies integrated and perhaps lack the 

biochemical machinery to incorporate vector DNA.  

 

Characterising clones allowed for selection of cells with highest Mrgprf/MRGPRF 

expression, least growth disruption and cells least likely to have integrated the plasmid 

in a position where off-target effects unrelated to MRGPRF would render the model 

useless for this study.  

 

Transcript Mrgprf was detected by RT-qPCR and immunofluorescence was used to 

determine whether this translated to give protein expression. Two anti-MRGPRF primary 

antibodies were used, both were raised against antigens which mapped to the N-terminal 

extracellular domain of human MRGPRF, although there is an 86 % sequence homology 

between human and mouse MRGPRF. The first antibody used, N-14, was found to be 

non-specific and produced inconsistent staining patterns and thus results were 

uninterpretable.  

 

Immunofluorescent labeling with a second anti-MRGPRF antibody sourced from the 

Human Protein Atlas, HPAMF, allowed visualization of MRGPRF protein location in 

HEK293-transfectants. Results for MC38r transfectants showed no detectable intensity 

difference between unstained controls and stable clones. The staining pattern in 

HEK293-MFVL clones was consistent between overexpressing clones and biological 

replicates, showing localisation of protein to the cellular membrane. In addition, by 

comparing HEK293-MVL clone C1 and HEK293-MVL clone C3, fluorescence intensity 

corresponded with quantity of Mrgprf as determined by RT-qPCR, with HEK293-MVL 

clone C3 showing greater expression at both the mRNA and protein level. This 
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suggested that the antibody, HPAMF was specific and sensitive. My findings were 

consistent with data collected by the Human Protein Atlas (HPA) that predict MRGPRF 

localisation within the nuclear and plasma membrane (304) [Figure 35A] demonstrated 

by immunofluorescence using HPAMF antibody in human BJ cells  [Figure 35B].  

 

Figure 6.35 MRGPRF localization determined by Human Protein Atlas 

The Human Protein Atlas have predicted and observed Mrgprf localisation to the nuclear and 
plasma membranes. Image reference: 70 

 

Difficulties detecting consistent protein expression patterns between stable transfected 

cell lines required an alternative approach by which I could validate the vector 

expression. Anti-His antibody was therefore used to detect the His-tag present in 

MRGPRF transfected cells. His-tags are useful for protein purification and the size would 

be unlikely to have protein folding implications. However, detection of His-tags can be 

difficult due to; it’s position (in this case C-terminal), cleavage, and accessibility of the 

epitope and specificity of the antibody or the technique used. In previous work (data not 

shown), immunofluorescence images of transiently transfected cells labelled with His-

Tag (D3I10) XP rabbit monoclonal antibody (Cell Signalling Technology, #12698) were 

not found to show differential expression to untransfected control cells.  

 

Altogether, data suggested that MRGPRF protein was present in HEK293-MFVL stable 

clones and therefore EPA sensitivity and functionality assays were performed to 

determine whether the protein was able to signal, and by which pathway signaling was 

mediated. 

  

A key finding of this project was that HEK293 cells overexpressing MRGPRF did not 

display increased sensitivity to EPA. My results were independently corroborated by 

work undertaken by Jordan Appleyard and Harriet Beal, who obtained IC50 values of 

A 
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184.6 ± 0.83 µM for HEK293-CTVL clone B4, 129.2 ± 0.79 µM for HEK293-MFVL clone C3 

and 154.4 ± 1.15 µM for MC38r-CTVL clone A7 and 159.1 ± 1.17 µM for MC38r-MFVL 

clone C6 respectively (309, 310). A link between Mrgprf expression and EPA sensitivity 

could not be established in the stable transfectants. Therefore, confirming whether 

MRGPRF was functional in HEK293 and MC38r clones was necessary to allow a 

definitive conclusion as to whether the negative finding was real.  

 

MRGPRF is a G protein coupled receptor and therefore activation of this receptor could 

lead to the production of second messenger molecules such as cyclic AMP (cAMP), 

diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3) that can initiate and coordinate 

intracellular signaling pathways (200, 292, 298, 299). Algorithms to interrogate GPCR 

sequences in order to predict GPCR coupling preference is an area of research under 

development, with one method used to assess 282 GPCR sequences with known G-

protein coupling patterns able to classify 89.7 % sequences correctly (311).  

 

Mrgs are most closely related to MAS1, a proto-oncogene first identified in 1986 (294) 

for which Ang II metabolite Ang-(1-7) is an endogenous agonist (312). The MAS1 

receptor has been shown to couple with Gαi, Gαq and Gα12/13 proteins, and activation 

results in signalling via many pathways including activation of IP3/Akt, cAMP/PKA and 

calcium messenger release (313). Mrgs share up to 35 % sequence homology with 

MAS1 (294). Evidence suggests that many Mrg family members elicit response via 

calcium mediated signalling. In a study in which MrgA1 and MrgC11 were overexpressed 

in HEK293 cells, RF-amide neuropeptides FLRFa and γ2-MSH were used to activate 

MrgA1 and MrgC11 respectively. Transient intracellular calcium responses were 

detected (306). A study by Liu et al, 2009, reported that in response to chloroquine 

exposure a robust intracellular calcium increase was Mrgpr dependent (314). Calcium-

mitigated signalling cascades were reported for Mrgpr A1-4, A10, A12, A14, A16, A19, 

B4-5 and C11 (314). MRGPRD was shown to be Gαq coupled and thus signal via calcium 

(292, 293). In addition, activation of hMrgX1 resulted in calcium release (315).  

Therefore, performing a calcium assay allowed investigations as to whether the stable 

clones were signalling via the calcium pathway. Whilst the thapsigargin and ATP controls 

showed an increase in intracellular calcium, measured by the F340/380 ratio, no such 

response was observed for cells treated with 25 µM or 50 µM EPA. 

 

Adenylyl cyclase is another target of an activated G protein. Upon activation, by 

interacting with GTP-bound Gα, adenylyl cyclase enzymatically catalyses cAMP second 

messenger production (298). Despite initial studies failing to identify Ang(1-7) induced 

calcium, IP3 or cAMP signalling responses in MAS1 transfected CHO cells (316, 317), 
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Ang(1-7) treatment activated MAS1 Gαs signalling that elevated cAMP in the kidney (313, 

317). It was possible that MRGPRF was coupled to the Gαi/o or to the Gαs family of 

heterotrimeric G proteins. Thus, we measured cAMP production in the presence of EPA 

and presence or absence of forskolin. Work that was completed by Masters Students to 

determine whether cAMP production was triggered by EPA treatment shows that 

HEK293-MFVL clone C3 and MC38r-MVL clone C6 were not signalling through cAMP 

pathways [Appendix A6.3]. The results show that there was no increase in cAMP 

production upon EPA treatment when compared with untreated cells (309, 310) 

 

It should be taken in to consideration that the homology between Mrgprs in humans and 

mice is notably lower than is observed for most other GPCRs, for example human 

MrgprX1 has two putative orthologues, mouse MrgprC11 and MrgprA3, which it shares 

only 54 % and 50 % amino acid identity, respectively (318, 319). This limits the 

development of animal models in which to study the MRG receptors to understand the 

function and identify ligands and response pathways. It has been shown that even 

amongst Mrg receptors in highly related species there are drastic differences in the 

genomic organization, therefore whilst the mouse genome contains 22 MrgA genes and 

14 MrgC genes, the rat genome contains just one (320).  

 

In conclusion, stable MRGPRF overexpression models were established and 

phenotypically characterized. The overexpression of Mrgprf has not resulted in increased 

EPA sensitivity. However, the functionality of the over-expressed protein was not 

definitively determined although it did not appear to cause downstream cAMP or calcium 

signaling.  

 

6.5.1.2. Strengths and Limitations 

 

The major strength of this work was the systematic approach taken. Once the MRGPRF 

cell line was established, steps were taken to both phenotypically characterize and 

validate the model. The work generated two stable transfected models of MRGPRF 

overexpression. However, there were limitations. The first limitation is the potential of 

clonally selected cells to accumulate additional genetic variation (passenger mutations) 

whilst in culture, which could alter the cellular phenotype and confound the effect of 

MRGPRF overexpression on EPA sensitivity. Whilst such passenger mutations may not 

drive sensitivity or resistance to EPA, they could impact upon pathways mediating the 

cells response to EPA.  
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Although there is a high level of sequence homology between human and mouse 

MRGPRF, there were no commercially available mouse specific anti-MRGPRF 

antibodies. Due to time and cost constraints, development and production of a mouse-

specific antibody was not possible. A lot of the study involved use of N-14 primary 

antibody which was subsequently found to produce inconsistent results between 

experimental repeats and between techniques used. The fact that neither antibody was 

not mouse specific, could be related to the differences observed when comparing N-14 

antibody with HPAMF antibody as they were targeting different epitopes, but were also 

both targeted to extracellular domains and validated against human epitopes. HPAMF 

epitope antigen sequence shared 83 % sequence similarity with the human protein 

sequence, however the peptide sequence to which N-14 was raised is not available. The 

different cell fixing methodologies required for optimal protein detection between 

techniques used for MRGPRF detection may also have implications for the inconsistent 

results seen between methods.  

 

Another limitation is the lack of a known agonist for MRGPRF, as this would be beneficial 

stimulant that could be used as a marker for positive response in the calcium assay. 

Although ATP produces a positive response, indicating the presence of P2-type 

purinoceptors, one of which has been found to be expressed in HEK293 cells; P2Y1 (201, 

202), this only acts to confirm cell viability and reactive potential. The conformational 

protein structure of MRGPRF however is not known and cannot be determined from 

these assays. The size of GFP has been shown previously to alter localisation, structure 

and function of proteins to which it has been tagged when compared to native proteins 

(321). The effect of the GFP tag on MRGPRF protein structure and function is unknown, 

although in vivo studies investigating other Mrgpr family members have utilised GFP tags 

(322, 323) and have shown that there is no effect of GFP fusion on the normal function 

of Mrgprs (294, 306) . Whilst I was not able to conclude as to whether the stable protein 

produced in MRGPRF transfectants was functional, there is precedent for successful 

development of MRG overexpressing clones in HEK293 cells with functionality of MrgA1 

and MrgC11 confirmed to be coupled to Gαq, but not to Gαi or Gαs signalling pathways 

(306).  

 

6.5.1.3. Future directions 

 

To further validate the current models of MRGPRF overexpression the structure of 

MRGPRF protein in stable transfectants would need to be ascertained, by X-ray 

crystallography, and compared to the known structure. Following confirmation of protein 

structure, production of a polyclonal mouse-specific antibody should be undertaken. 



 

- 210 - 
 

Polyclonal antibody production is relatively cheap and quick in comparison to production 

of a monoclonal antibody, resulting in an antibody that can recognise multiple epitopes 

(324). Antibody production would involve injection of the MRGPRF antigen into a host in 

order to stimulate B cell production of antibodies (324). It should be noted that there are 

challenges associated with producing antibodies to GPCRs, in fact only one anti-GPCR 

antibody is commercialised, namely mogamulizab which treats relapsed and refractory 

adult T-cell leukaemia-lymphoma (325). Challenges of antibody production relate to the 

difficulty in preparing and isolating homogenous GPCRs in solution, solubility concerns 

as detergents can alter protein conformation, limited exposed extracellular epitope 

region and highly variable extracellular regions (325).   

 

Additionally, a ligand screen could be used to identify potential agonists and a positive 

response to MRGPRF stimulation. The deorphanisation of MRGPRF remains elusive, 

and the process of deorphanisation is challenging. Limited understanding as to 

physiological function and role within signal transduction pathways causes experimental 

designs confounded by lack of positive controls and signal transduction assays (326). 

Assays which focus on measurement of secondary messengers regulated by G proteins 

may be insufficient in deorphanisation studies, as GPCRs can activate a variety of signal 

transduction pathways (326). Detecting a signal being transmitted may be challenging 

as they are often expressed under specific conditions and for a limited duration of time 

(326).  

 

Alternative strategies to interrogate the potential role of MRGPRF in cellular response to 

EPA could be used. This could include genetic deletion (via available technologies such 

as siRNA, shRNA or CRISR-Cas9) of MRGPRF in MC38 cells and subsequent testing 

to see if the IC50 increased as cells became resistant to EPA. However, this would have 

been limited by low endogenous expression in many cell lines. 

 

Finally, MRGPRF study could be strengthened by detecting differential expression of 

MRGPRF in the inherently sensitive and resistant human CRC cell line panel. In addition 

to further work investigating MRGPRF, the original microarray panel [Table 6.1] could 

be revisited to identify whether any of the targets identified warrant further investigation. 

If this comparison showed differential MRGPRF expression between sensitive and 

resistant human CRC cell lines, the MRGPRF vector could be re-designed with a human-

derived sequence. The process of validating the model with anti-MRGPRF human 

antibodies would negate issues that have arisen when using such antibodies against a 

mouse epitope and in mouse CRC cells.  
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6.5.2. Generating resistance  

 

Generating n-3 PUFA resistance in CRC cell lines was unsuccessful.  

 

Morphological changes resulting from chronic exposure was observed in HCA-7, LoVo 

and MC38 cell lines. Previous work by Zhang et al compared effects of PUFAs and 5-

FU treatments on LoVo and RKO hCRC lines (139). They found that the inhibition of cell 

growth and significant alterations in morphology were comparable between PUFA and 

5-FU treatment, with notable morphological changes for LoVo cells reported following 

48-hour treatment with 150 µM EPA or DHA. Treatment of cells with EPA or DHA 

resulted in lower cell counts and distorted and ‘rounded up’ cell morphology(139). This 

was  different to what I had observed in LoVo cells, where 140 µM EPA chronic exposure 

rendered cells non-viable, and a much lower concentration of DHA (20 µM) caused cells 

to grow in ‘clumps’.   

 

I found that cells lines chronically maintained in media containing high concentrations of 

n-3 PUFA had developed lipid bodies, organelles in which the excess lipid was stored 

(327). Weller et al found that other FAs; arachidonic acid (20:4 n-6) and oleic acid (18:1 

n-9) stimulated dose-dependent formation of lipid bodies in human polymorphonuclear 

leukocytes (PMNs) over 30 to 60 minutes (328). 

 

The data obtained were also difficult to interpret, as it is not known what shift in IC50 

would confirm altered sensitivity. In comparison to small molecules such as 5-FU, the 

multiple roles, metabolism profiles and signalling pathways of n-3 PUFAs create 

challenges when generating resistance as one single event is unlikely to confer 

resistance. 5-FU is a uracil analogue that is converted to active metabolites; fluorouridine 

triphosphate, fluorodeoxyuridine triphosphate, and fluorodeoxyuridine monophosphate, 

which interrupt RNA processing and functioning and cause DNA damage, initiating 

apoptosis (329). In a study in which CRC stem-like cells were treated with intermittent 

IC50 drug dose or continuous treatment with escalating 5-FU doses, the former generated 

strong resistance (329). Aggressive tumours were grown from 5-FU resistant cells in 

vivo, and gene expression profiles indicative of upregulated ID1 associated with 

resistance (329). Generating n-3 PUFA resistance to one target may not be specific to 

the dominant pathway used or cause cells to switch to alternative pathways or 

metabolism routes, resulting in limited effect sensitivity.  

 

The strengths of this work included that an attempt to create resistant cell lines was 

trialled in multiple cell lines with differing inherent sensitivities. It was also not limited to 
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one protocol, the use of 2 approaches maximised the potential of developing a resistant 

strain. However, there were several limitations to this study. The process of generating 

cell lines resistant required a high amount of cell handling which increased likelihood of 

infections. In addition, the concentration of EPA or DHA that was required to apply 

enough selective pressure was unknown and therefore I used concentrations equal to 

or greater than the respective cell lines’ IC50. Methods, in anti-cancer therapeutic context, 

are reliant on the establishment of cancer drug resistant cell lines which are notoriously 

laborious and time-consuming to generate and establish (330). Studies in which cell lines 

were generated that were resistant to chemotherapies have shown success when the 

cells were incubated at very low start doses that gradually increased over time (301-

303), or where cells have been treated with a higher dose but have taken 3 months to 

establish and overcome the initial selective pressure as seen during the development of 

a methotrexate-resistant HT-29 cell line (331). An attempt using lower concentrations of 

EPA or DHA and slowly increasing the exposure in small incremental amounts, was not 

finished due to time constraints, however could have potential for mitigating the cellular 

stress which has limited the progression of developing cell lines resistant to n-3 PUFAs.   

 

6.5.2.1. Future Directions 

 

A human CRC cell line with acquired n-3 PUFA resistance would still be a useful tool in 

which to study the differential cellular responses. Consequently, creating a cell line in 

which EPA or DHA was incrementally increased from a very low starting concentration 

over a period of many months could perhaps allow for slow adaptation to the n-3 PUFA 

presence and mitigate the issues with cells growing with altered morphology or dying. 

The alternative would involve mutagenesis techniques, however implications of this 

include the impact on many genes. Therefore, cells which could become resistant may 

be an artefact to alteration of a gene not related to cellular chemosensitivity to EPA or 

DHA.  
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Chapter 7: General Discussion  
 

The overall aim of this research was to understand what drives response, sensitivity, or 

resistance in hCRC cells to n-3 PUFAs so that ultimately, personalised therapy can be 

developed and utilised in clinical practise for patient benefit.  

 

Chapter 4 shows that hCRC cell line panel intrinsic sensitivity to n-3 PUFAs was variable 

and all cell lines were more sensitive to DHA than EPA. When testing the relationship 

between molecular phenotypes and n-3 PUFA sensitivity, no association with PTGS 

expression was found, but a relationship between CIMP+ status and EPA sensitivity was 

identified. Utilising demethylating treatment to ‘reverse’ the CIMP+ phenotype, an 

increase in EPA resistance was measured. Chapter 5 investigated the relationship 

between sensitivity and FA profiles, in which data were expressed as both % FA and 

absolute quantities. As previously stated, as FA quantities measured in samples were 

greater than the limits of the standard curves, the data requires further validation, 

currently being undertaken by collaborators. Comparing % FA data with previous 

studies, similar trends were observed in relation to EPA or DHA supplementation and 

expected increases in EPA or DHA content, and concomitant decrease in AA content. 

However, preliminary analysis whereby data were expressed as an absolute quantity 

identified potential increased AA content in some EPA-treated cells. The relationship 

between EPA supplementation and conversion to DHA via DPA was examined. Whilst 

no relationship was found between EPA sensitivity and DHA content, less sensitive cells 

may have higher DPA content following EPA treatment. Finally, Chapter 6 focused on 

cell line models, in which generation of, or previously established, acquired resistance 

was investigated. A role for MRGPRF in mediating cellular response to EPA was not 

confirmed, due to unconfirmed functionality of the over-expressed protein. Additionally, 

attempts to generate resistant cell lines following chronic exposure were unsuccessful 

due to morphological, growth changes and accumulation of lipid bodies in cells 

maintained in n-3 PUFA-containing culture media. 

 

The overall result of this project was identification of an association between the CIMP+  

molecular phenotype and EPA sensitivity. In contrast, no specific phenotype was 

associated with, or identified as a biomarker linked to, response of hCRC cells to DHA. 

This indicated that EPA and DHA act upon different molecular targets and exert effects 

through different mechanisms. EPA and DHA are essential non-toxic FAs and are well 

tolerated (even at high concentrations) and are thought to act through multiple 

mechanisms of action (Chapter 1.5). These properties of could contribute to challenges 
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faced when trying to determine biomarkers predictive of cell line response and 

generating models with acquired resistance.  

 

There is an unmet clinical need to discover and develop CRC therapies that are 

efficacious, safe, have minimal side-effects and importantly, are accessible, to the global 

population of patients. The work contained within this thesis adds to the body of work 

that demonstrates the potential of n-3 PUFAs in CRC anti-cancer treatment. 

 

7.1. Challenges of understanding resistance to n-3 PUFAs which act via 

multiple direct and indirect mechanisms of action 

 

In contrast to targeted CRC therapies such as cetuximab® or panitumumab®, which are 

both used in treatment of metastatic CRCs, n-3 PUFAs target multiple pathways as 

outlined in Chapter 1.5. Mechanisms of n-3 PUFA activity can be cell or tissue specific, 

and how n-3 PUFAs mechanisms of action contribute to anti-cancer activity is not fully 

understood. Cetuximab® and panitumumab® act by targeting the epidermal growth factor 

receptor (EGFR), which blocks a signalling cascade that promotes cancer cell 

proliferation (332). 20 % patients who receive these treatments show clinical benefit from 

it (332). By genotyping circulating DNA to genotype CRC tumours that were resistant to 

anti-EGFR therapies, specific genomic alterations were identified that were causing the 

lack of response (332). Genes found altered in patients exhibiting resistance to anti-

EGFR treatments include; HER2, KRAS, EGFR and MAP2K1 (332). Identification of 

these genomic alterations led to alternative treatment recommendations. mCRC patients 

with HER2 amplification are more likely to benefit from a treatment regimen containing 

trastuzumab (Herceptin®) in combination with pertuzumab or lapatinib (333), in order to 

downregulate the expression of HER2. As it is hypothesised that n-3 PUFAs act via 

multiple mechanisms, it is considered that this is a huge advantage in increasing their 

potential for efficacious anti-cancer activity in multiple tumour types. However, it also 

complicates delineating mechanisms of resistance.  

 

Multiple mechanisms of n-3 PUFA activity may also limit the potential of cells to acquire 

resistance, as inhibition of one pathways and signalling cascades may activate an 

alternative pathway (334). Therefore, multiple pathways would need to be altered to 

reduce n-3 PUFA cell responses. This is not a novel phenomenon, in fact resistance to 

the chemotherapeutic agent Imatinib, a treatment for chronic myeloid leukaemia, 

develops through multiple pathways (335). Imatinib is a receptor tyrosine kinase (RTK) 

inhibitor, which targets the dysregulated, constitutively active RTK, BCR-ABL1 in order 

to inhibit proliferation and promote apoptosis (335). Mutations within the ABL-kinase 
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domain, amplification of active BCR-ABL1 and multi-drug resistant P-glycoprotein 

(MDR1) and development of alternative pathways independent of BCR-ABL1 signalling 

result in resistance to Imatinib (335). Overcoming resistance is a challenge, with second- 

and third- generation RTK inhibitors and combination therapies being clinically evaluated to 

maximise patient outcome (335, 336).  

 

Aspirin and other non-steroidal anti-inflammatory drugs (NSAIDS) inhibit COX enzyme 

activity directly via COX-1 acetylation, which alters metabolism of AA and production of 

cancer-promoting and pro-inflammatory mediators (169). In addition, aspirin treatment 

causes COX-2 acetylation (though it demonstrates dose-dependent selectivity for COX-

1) (337), PIK3CA pathway inhibition and can induce senescence of cancer cells (338). 

Aspirin is clinically relevant, with an ongoing phase 3 RCT currently assessing the effect 

of aspirin in preventing recurrence in patients following primary tumour resection, with 

the study expected to include an estimated 11000 participants with breast, colorectal, 

gastro-oesophageal and prostate cancers (339). Despite the initial results of the CAPP2 

trial (ISRCTN59521990) which involved patients with high-MSI Lynch syndrome 

indicating limited aspirin protective effect on CRC incidence at 29 months (162, 340), a 

follow up at 56 months demonstrated a reduction in cancer incidence (341). In 

cardiovascular patients, aspirin bioavailability has been shown to be impacted by 

formulation and administration routes. 

 

An in vitro study has shown that aspirin alone inhibited proliferation in HT29, HCA-7, 

SW480 and HCT116 cells, regardless of COX expression (342), highlighting the ability 

of aspirin to induce effects via COX-independent pathways. This mirrors the n-3 PUFA 

effects observed in this study, which indicated hCRC cell line n-3 PUFA sensitivity or 

resistance were independent of PTGS expression.  

 

7.1.1. Studying direct effects using in vitro cell models of CRC 

 

An objective of this project was to identify and investigate differences in inherent 

sensitivity of a human CRC cell line panel, representative of the molecular phenotypes 

clinically seen, to the n-3 PUFAs; EPA (alone), DHA (alone) and EPA:DHA mixture (2:1 

combination). Cell lines have long been considered a valuable tool for studying cancer, 

with a major benefit being that unlimited growth provides an unlimited source of biological 

material (343). The work within this thesis builds on a body of data that investigates the 

direct n-3 PUFA anti-CRC activity in vitro (90, 106, 107, 110, 134-137, 139, 148, 150-

152, 177-179).  
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7.1.2. Limitations of in vitro models for study of n-3 PUFA effects 

 

It is thought that some cell lines are more valuable for in vitro studies than others, based 

on genetic similarity to tumour-derived cell profiles (219). Using a large panel of cell lines 

with varied genetic profiles is be beneficial for the study of associations between 

molecular features and drug response. 

 

Although cell lines have repeatedly been shown to represent the molecular properties of 

tumours (35, 41, 50, 226), two-dimensional (2D) monolayer cell lines are unable to 

accurately mimic the environment and mechanisms of tumour growth in the body (221). 

One reason for this, is that there is a lack of heterogeneity, which does not arise solely 

as a result of genomic changes, but is also influenced by epigenetic changes and the 

tumour microenvironment (221, 344). Intra-tumour heterogeneity is genomic differences 

within the same tumour mass. Inter-tumour heterogeneity refers to differences between 

synchronous primary tumours or a primary tumour and matched metastases (344). 

There are some in vitro models for which there a matched cell lines derived from a 

primary and metastatic site, for example the CRC cell lines SW480 (primary tumour) and 

SW620 (metastases).  

 

In contrast, intra-tumour heterogeneity refers to differences within the same neoplasm. 

Heterogeneity can also be sub-classified as spatial or temporal, where spatial 

heterogeneity describes variations in distinct regions of a tumour, and temporal 

heterogeneity refers to differences that develop within a given tumour over during time 

(344). The nature of cultured cells renders them unable to capture intra-tumour, spatial 

and temporal heterogeneity. In addition, use of mono-cultured cell lines cannot 

recapitulate the presence of cancer stem cells, which are thought to confer resistance to 

non-surgical cancer treatments (345). Although use of a single cell line is not sufficient 

for capturing the heterogeneity of CRC, a panel of cell lines is able to do so.  

 

Molecular profiles of cancer cell lines are often found to be significantly different than 

tumour cell molecular profiles as different genomic alterations arise due to selective 

pressure placed on cells in culture compared to the tumour microenvironment (220, 346). 

Therefore, relationships between specific genes and responses to treatment may not 

translate from pre-clinical models to the clinic. As previously discussed in Chapter 4.4.1, 

COX-2 expression in tumour samples is reported between 78 % and 90 % (159) (260), 

whereas 65 % of cell lines in this panel expressed PTGS2. As described in Chapter 

1.5.2, n-3 PUFAs are metabolised by cyclooxygenase (COX) enzymes. No associations 

between mRNA expression of PTGS1 or PTGS2 and sensitivity to n-3 PUFAs (Chapter 
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4.3.5.2) were identified. This differed from in vivo data which found that COX-2 

expression was associated with EPA resistance (178), and contradicted published work 

in which the ability of aspirin to significantly increase sensitivity of COX-2-expressing 

MC38r and CT26 cells to EPA in vitro (178). No associations between PTGS1 or PTGS2 

gene expression and FA content following n-3 PUFA supplementation (Chapter 5.3.3) 

were identified. This difference between published in vivo data, and the in vitro data could 

be linked with differential COX expression in in vivo and in vitro models.  

 

7.2. Limitations of cell lines for studying indirect n-3 PUFA effects 
 

Indirect effects arising due to n-3 PUFA treatment may increase the anti-cancer 

response. However, a limitation of the present study design would be the difficulty of 

translating into a clinical setting as the focus on in vitro cell line models of CRC. Cell lines 

cannot accurately portray the complexities of CRC in a clinical setting. As discussed in 

Chapter 4.4.2, there remain limitations when using molecular classification systems that 

are intended for use to stratify clinical samples, such as the CMS classification, to 

characterise in vitro models. The limitations arise from the fact that, although there are 

cell-line adapted CMS categories (35, 41, 50), mono-cultured cell lines cannot accurately 

model the tumour stroma, the microenvironment or the immune component, and 

consequently the impact of these can’t be accurately assessed in in vitro models.     

 

7.2.1. Tumour microenvironment  

 

The tumour microenvironment influences development and heterogeneity within CRC 

tumours. Inflammation at the tumour site causes the accumulation of immune cells as 

shown in the figure [Figure 7.1] below, including; T cells (CD4+, CD8+ and Tregs), 

tumour-associated macrophages (TAM), myeloid-derived suppressor cells (MDSCs), 

natural killer (NK) cells, fibroblasts and dendritic cells (347, 348).  

 

Cells within the microenvironment can be anti-tumourigenic and pro-tumourigenic 

dependent upon host and tumour factors (348). An anti-tumour immune response 

facilitate modifications that both activate antitumoural immunity and suppress tumour 

immune evasion (349) . The effect of n-3 PUFA exposure could have implications on the 

tumour microenvironment. For example, the incorporation of n-3 PUFAs into plasma 

membranes of immune cells could disrupt lipid rafts and consequentially alter the 

signalling within this localised area surrounding the tumour to promote anti-inflammatory 

and anti-cancer activities (349). n-3 PUFAs are thought to alter the microenvironment by 

increasing phagocytosis and decreasing cytokine production of TAMs (350), inhibiting 
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dendritic cell activation (351) and suppressing cancer-associated fibroblast functions 

(352), decreasing activation of T cells and increasing Treg differentiation (115). 

 

n-3 PUFA effects on the microenvironment are unable to be captured in 2D single cell 

line culture experiments and requires further investigation in the context of CRC. 

However, co-culture experiments could be utilised to investigate relationships between 

immune-cell rich tumour microenvironments and n-3 PUFAs. In a breast cancer study, 

Gionfriddo et al (350) investigated the effects of two DHA metabolites, N-

docosahexaenoyl ethanolamine (DHEA) and N-docosahexaenoyl serotonin (DHA-5T) 

on human THP-1 macrophage cells. Although it was an in vitro study, the cells were 

altered to recapitulate cells present in the microenvironment. THP-1 macrophages were 

co-cultured with conditioned media collected from growth of MCF7 and MDA-MB-231 

breast cancer cell lines resulting in an altered the phenotype of THP-1 cells which was 

TAM-like (350). Presence of DHEA and DHA-5-HT reduced cytokine secretion by the 

TAMs and was peroxisome proliferator-activated receptor gamma (PPARγ)-dependent 

(350). PPARγ activation by DHEA has been shown to inhibit proliferation of cancer cells 

(353). DHEA and DHA-5T activated PPARγ receptors on both epithelial cancer cells and 

cells within the microenvironment, demonstrating the potential of multiple anti-cancer 

effects attributed to non-specific targeting n-3 PUFAs or their metabolites.  

 

Song et al have hypothesised that decreased production of inflammatory eicosanoids 

and chemokines due to n-3 PUFA presence, causes immune suppression mediated by 

Treg and MDSCs to be reverted, facilitating enhanced anti-tumour immunity (349). Their 

2016 cohort study identified an association between high n-3 PUFA intake and a lower 

risk of densely FoxP3+ T cell infiltrated CRC but not low FoxP3+ T cell infiltrated CRC 

(354). FoxP3 is a transcription factor expressed by Tregs and has been associated with 

supporting cancer development and reducing host anti-tumour immune responses (354). 

Song et al have also demonstrated that n-3 PUFA treatment reduced Treg suppressive 

activity and increased proliferation of T effector cells in vitro (349) 

 

Volpato et al suggested in their 2018 review of n-3 PUFAs as adjuvant therapy for CRC 

(209), that n-3 PUFA inhibition of PGE2 production within cancer cells, immune infiltrate 

(355) and blood vessels (356) reduces their ability to promote proliferative, inflammatory 

and angiogenic effects (209). Further reduction in PGE2 production by MDSCs due to n-

3 PUFA activity contributes to the anti-cancer and anti-inflammatory effects (357). The 

interaction of n-3 PUFAs with microenvironment cells may be of good benefit, 

contributing to the anti-neoplastic effects. 
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It is likely that the variation in tumour microenvironment between patients, and within a 

patient at different stages of CRC progression, and the degree of cross-talk between the 

neoplastic cells and immune component, will have implications on how effective n-3 

PUFAs are. In addition, how n-3 PUFAs will interact with new immunotherapies will be 

an interesting future area of research. 

 

7.2.2. The microbiome 

 

The interaction between the gut microbiome and CRC and n-3 PUFA supplementation 

is another area that cannot be studied using the cell culture models, although new 

technology such as ‘intestine-on-a-chip’ allows for in vitro modelling of the microbiome 

(358). Evidence suggests that the microbiome can be regulated by increasing fibre 

PUFA, polyphenol and probiotic intake (359, 360). Therefore, modulation of the 

microbiome is being investigated as a potential mechanism in both a primary prevention 

setting and for enhancing response to conventional therapy.  

 

The interactions between the microbiome, the host and the immune system contributes 

to all stages of CRC pathogenesis, with presence of invasive bacterial biofilms (mucin 

layers containing bacteria) (361) found on 89 % of right-sided tumours (362), contributing 

to pro-proliferative pathways (362). The microbiome can influence response to 

conventional CRC treatment (363, 364). Therefore, the microbiome is likely to impact 

upon response to n-3 PUFA supplementation and response to n-3 PUFAs will be 

influenced by microbiome composition. 

 

Pre-clinical and clinical trials demonstrate the ability of n-3 PUFA supplementation to 

change the bacterial composition of the microbiome (365-369). The change in 

microbiome may explain some anti-CRC activity of n-3 PUFAs. A study involving 90-day 

treatment of UC patients with 2 g/day EPA reported outcomes of altered bacterial 

composition of the microbiome, a reduction in mucosal inflammation, and remission 

determined by endoscopy and histological examination (369). It is suggested that 

increased presence of certain bacteria (such as Lactobacillus and Bifidobacterium) could 

reduce inflammation (367), a known driver in CRC pathogenesis (24). Increased 

abundance of bacteria that produce short chain fatty acids (SCFA) (367), may also 

contribute to n-3 PUFA effects due to their ability to promote CRC cell apoptosis and 

host anti-tumour immune responses (349, 360).  
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Figure 7.1. Key immune cells found in the microenvironment surrounding a CRC tumour 

A diagrammatic representation of the tumour microenvironment made up of different tumour infiltrating immune cells that promote inflammation, angiogenesis (as 
shown by the presence of blood vessels within the tumour) and immunosuppression. The microenvironment ultimately facilitates the continued growth, and 
metastasis, of CRC tumours. Proposed effects of n-3 PUFAs are shown on the right side panel ↓ Decrease. ↑ Increase. Image adapted from (347, 348). 
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7.3. Biomarker discovery to improve CRC outcomes 
 

One aim of this thesis was to identify markers and pathways that could provide the basis 

for identifying biomarkers of CRC cell response to n-3 PUFAs. Biomarkers are ‘a 

characteristic that is objectively measured and evaluated as an indicator of normal 

biological processes, pathogenic processes or pharmacologic responses to a 

therapeutic intervention’ as stated by the NIH Biomarkers Definitions Working Group 

(370). Biomarker development is a multi-step process that links initial discovery, 

validation, and clinical implementation. In brief the processes include: [1] biomarker 

discovery; [2] assay development and analytical validation; [3] clinical utility validation 

and [4] clinical implementation (371). Biomarkers are used in the context of CRC, with 

stool cancer DNA being used as a diagnostic biomarker (372), and the predictive 

biomarker of KRAS-activating mutations which is used to predict a lack of response to 

EGFR inhibitors such as cetuximab® or panitumumab® (373). 

 

There have been few studies that investigate predictive markers of CRC response to n-

3 PUFA in a translational setting. In vitro work by Volpato et al found that decreased 

CCL2 production and expression in human HCA-7 and murine MC38 CRC cells, was 

EPA-exposure dose dependent. These findings were corroborated in an in vivo setting, 

using an EPA-fed C576Bl/6 mouse MC38 xenograft model, in which there was a 

reduction in tumour burden associated with EPA-induced inhibition of CCL2 secretion 

(134, 374). In a clinical setting, plasma CCL2 levels were lower in CRCLM patients 

treated with EPA. CCL2 plasma levels were reported to increase in some patients, and 

this was associated with a significant decrease in DFS (134, 374).  

 

Identification of biomarkers is advantageous as they offer the potential to speed up pre-

clinical testing of drugs through high-throughput, high gain measurements of efficacy 

(375). Therefore quantitative data can be obtained which can be utilised for rational 

decision-making in drug development (375) and ultimately inform clinical decision-

making to improve patient outcome (371). The work in this thesis contributes towards 

the first stage of the biomarker development process; biomarker discovery, as there was 

an association between CIMP+ cell lines and EPA sensitivity. Further studies to assess 

and corroborate the relationship between CIMP+ CRC and EPA sensitivity are required 

and are outlined in the discussion within Chapter 4 (Chapter 4.4.3).  

 

 



 

- 222 - 
 

7.3.1. Comparing n-3 PUFA measurements in vitro and patient samples 

 

FA measurements are often used as biomarkers in studies involving n-3 PUFA 

supplementation to confirm incorporation of the FA into the desired tissue / blood. 

However, a biomarker does not correspond directly to response. The relevance of 

measuring the amount of EPA and DHA in cell line models of CRC and how this 

compares to quantities of FAs measured in tissue, was discussed in the Chapter 5. The 

FA content measured in human-derived samples is tissue, patient and time-point 

dependent. Several contributing factors influence FA content measurements. These 

factors include the expression of FA metabolising enzymes (including COX-1, COX-2, 5-

LOX, 12-LOX, CYP450 and ELOVL and FADS enzymes) and consequent downstream 

bioactive lipid mediator production, personal diet and time between sample collection 

and meal times or supplementation. These variables cannot be accounted for using in 

vitro models, which in contrast, grow in a controlled environment. That said, FA profiles 

obtained for low concentration EPA / DHA treated cells in this study were relevant to 

levels observed in patient tissue levels reported previously in Chapter 5.  

 

Furthermore, as n-3 PUFAs are distributed throughout the body, plasma and tissue 

levels of n-3 PUFAs will increase in an individual who is receiving supplementation in a 

non-specific manner (376), i.e.: the n-3 PUFAs are not targeted to the tumour. N-3 PUFA 

supplementation of media for culture hCRC cells grown do not go through digestion 

processes which facilitate distribution to plasma and alternative tissues like ingested n-

3 PUFAs do. Consequently, n-3  PUFAs are directly incorporated into the target, mono-

cultured hCRC cells. This again highlights a key difference between in vitro study and 

the translation to a human setting. Despite this, I have demonstrated that FA levels 

measured in hCRC cells were comparable with human CRC tissue samples (Chapter 

5.1).  

 

7.4. Towards clinical use of n-3 PUFAs for treatment of CRC 
 

Currently, there are only 4 FDA-approved prescription n-3 PUFA products available 

[Table 7.1], used for the treatment of patients with severe hypertriglyceridemia (377-

381). The recommended dose depends on the product, 4 g/day for LOVAZA® (378) and 

VASCEPA® (379), 2 g/day or 4 g/day for EPANOVA® (380)and 4.8 g/day for OMTRYG® 

(381). Three of the four are combination EPA:DHA mixtures, but VASCEPA® contains 

only EPA, icosapent ethyl. Whilst the benefits of n-3 PUFA treatment for 

hypertriglyceridemia, whereby triglyceride levels are lowered (377-381) are attributed to 



 

- 223 - 
 

a substantial increase in EPA tissue concentration, the impact of DHA is currently being 

evaluated in the mixed formulations (382).  

 

Table 7.1. Prescription n-3 PUFA products for cardiovascular disease 

Product Formulation 
n-3 PUFA content per 

1 g capsule (g) 

FDA 

Approval 

LOVAZA® Omega-3-Acid Ethyl Ester 
EPA 0.465 

DHA 0.375 
2004 

VASCEPA® Icosapent Ethyl EPA 1.0 
2012 / 

2019 

EPANOVA® Omega-3-Carboxylic Acids 
EPA 0.550 

DHA 0.2 
2014 

OMTRYG® Omega-3-Acid Ethyl Esters A 
EPA 0.465 

DHA 0.375 
2014 

Prescription information sources: (378-381) 

 

As shown by the FDA-approved products, different formulations and quantities were 

used to reduce triglyceride levels. In the case of VASCEPA®, it was originally approved 

to lower triglyceride levels of patients with hypertriglyceridemia in 2012. The additional 

approval of VASCEPA® to reduce risk of cardiovascular events in high risk patients, 

resulted from the findings of the Reduction of Cardiovascular Events with Icosapent 

Ethyl–Intervention Trial (REDUCE-IT) (NCT01492361) (383). REDUCE-IT involved 

8179 patients with established cardiovascular disease (CVD) or with diabetes and high 

risk of CVD. Overall, they found that among patients with elevated levels of triglyceride, 

4 g/day VASCEPA® significantly reduced the risk of ischemic events, including CVD-

associated death (383). In 2019, VASCEPA® was FDA-approved for prescribing as an 

‘adjunct to maximally tolerated statin therapy to reduce risk of myocardial infarction (MI), 

stroke, coronary revascularisation and unstable angina to require hospitalisation in adult 

patients with elevated triglyceride levels and (1) established CVD and (2) diabetes 

mellitus and 2 or more risk factors for CVD’ (379).  

 

In the context of prescribed n-3 PUFAs for the treatment of CRC, optimisation of 

formulation, content and delivery mechanisms will require further research to determine 

the maximal anti-cancer effect. The impact of n-3 PUFA dose potentially explains 

conflicting outcomes between the aforementioned REDUCE-IT trial, and 2 further clinical 

trials in which n-3 PUFA effects for the primary prevention of CVD were assessed: 

VITamin D and OmegA-3 TriaL (VITAL) (NCT01169259) (384) and A Study of 

Cardiovascular Events in Diabetes (ASCEND) (NCT00135226) (385). 1 g/day n-3 PUFA 
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formulations containing 480 mg EPA and 380 mg DHA) were used in both the VITAL 

and ASCEND trials (384, 385), with the VITAL trial also testing n-3 PUFA supplement 

with and without 2000 IU/day vitamin D (384). n-3 PUFA effects (compared to placebo 

controls) were assessed in different populations. 25871 individuals participated in the 

VITAL study, comprising males aged 50 and over and females aged 55 and over. No 

participants had previously suffered heart attacks, strokes or from cancer (384). 

ASCEND included 15480 diabetic participants aged 40 and older, who did not have CVD 

(385).  In comparison to REDUCE-IT, in which a higher n-3 PUFA dose was used and 

significant CVD benefits were reported, VITAL and ASCEND found that 1 g/day n-3 

PUFA supplementation did not significantly reduce the rate of major cardiovascular 

events (MI, stroke, death) after median and mean follow-up periods of 5.3 years (384) 

and 7.4 years (385), respectively. However, the VITAL study did report 1 g/day n-3 PUFA 

supplement associated benefits for some cardiovascular disease pathways (386). These 

included lower rates of fatal MI and total coronary heart disease, and a 28 % reduction 

in total MI rates which was deemed statistically significant (99, 384). Furthermore, the 

reduced total MI rates were more pronounced in two distinct subgroups. 40 % MI rate 

reduction was reported for participants who ate less than 1.5 fish servings weekly, and 

a 77 % reduction in MI rate was observed among African American participants (384). 

This highlights that the formulations, doses, study population and participant n-3 PUFA 

dietary intake could impact upon any trial in which the effects of n-3 PUFAs are being 

assessed.  

 

VITAL also tested the effect of n-3 PUFA supplementation on invasive cancer of any 

type. 820 participants in the n-3 group, and 797 participants in the placebo control group, 

were diagnosed with invasive cancer (hazard ratio, 1.03; 95 % CI, 0.93 to 1.13, p = 0.56) 

(384). Of these diagnoses, 54 participants in the n-3 group, and 44 participants in the 

placebo control group, were diagnosed with CRC (hazard ratio, 1.23; 95 % CI, 0.83 to 

1.83) (384). Further preliminary subgroup analysis does indicate a reduction in colorectal 

polyp recurrence following n-3 PUFA supplementation for African-American participants 

or individuals with low baseline plasma n-3 PUFA levels (387). This data indicates that 

subpopulations and baseline FA content of tissues could influence n-3 PUFA attributed 

CRC prevention or CRC response to n-3 PUFAs (129).  

 

Whilst the findings within this thesis indicate that DHA exerts more potent anti-cancer 

cell effects, clinical trials assessing n-3 PUFA effects in CRC patients thus far by West 

et al (388), Cockbain et al (131) and Hull et al (147) involved capsules containing EPA-

FFA or EPA-TG formulations. A trial by Bakker et al, is the only clinical trial involving n-

3 PUFAs and CRC patients that have utilised a mixture of EPA and DHA. The study 
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investigated the effect of intravenous (IV) n-3 PUFAs on inflammatory cytokine markers 

following CRC surgery. The IV was a lipid emulsion containing 10 % fish oil, with every 

10g fish oil containing 1.25 – 2.82 g EPA and 1.44 – 3.09 g DHA. Although within the n-

3 PUFA group no definitive relationship between cytokines (including IL-6, IL-10 and c-

reactive protein) was found, this study found that there was an increase in infection 

complications for patients who received perioperative IV n-3 PUFAs (389). 

 

LOVAZA® is being assessed to determine its ability to prevent CRC development in 

patients with Lynch syndrome (NCT03831698) (390). A double-blind, placebo-

controlled, randomised, phase II clinical trial (NCT03661047) is currently recruiting to 

assess the chemo-preventative effects of VASCEPA® by testing the composition of the 

colorectal tissue, tumour immune microenvironment and the gut microbiome (391). The 

EMT2 trial (NCT03428477) uses VASCEPA® in a randomised, double-blind, placebo-

controlled, multi-centre, phase III trial in patients undergoing surgery for CRCLM (176). 

Although the high-doses of n-3 PUFA used for cardiovascular diseases were well 

tolerated, there have been a noted increase in atrial arrhythmias and an increase in 

bleeding and this need to be continually monitored, alongside other adverse effects, in 

CRC patients undergoing trials (392).  

 

Estimations indicate that 50 % CRC cases are preventable, and in this setting 

modifications of lifestyle factors, including diet, could significantly reduce CRC risk.  

Nutraceuticals are likely to be more beneficial in an anti-cancer setting than dietary 

sources of specific nutrients as they provide concentrated exposure (129). However, it 

is unlikely that n-3 PUFAs would be a first-line treatment for CRC or CRCLM patients, 

and further studies are needed to determine their optimum use which may be in 

combination with chemotherapy or other nutraceutical agents. The potential implications 

of nutritional therapies for CRC on recurrence and overall survival, and the importance 

of diet, is becoming increasingly known. However, to identify optimal n-3 PUFA 

nutraceutical formulations and compositions further investigations are required, as in 

vitro and clinical studies indicate efficacy of single n-3 PUFAs, although comparisons 

between studies is challenging due to the differences in chemical formulations of the n-

3 PUFAs utilised and a lack of comparing individual or combination treatments within the 

studies. Despite the benefit of single n-3 PUFAs, commercially available formulations 

are predominantly mixed and therefore my study has directly compared comparable 

concentrations of individual and combined formulations to assess ability to reduce cell 

viability.  

 

 



 

- 226 - 
 

7.4.1. Combination with traditional chemotherapy 

 

The use of n-3 PUFAs in combination with traditional chemotherapy regimens is also an 

area for further investigation, with previous pre-clinical studies showing an improved anti-

cancer effects by combining n-3 PUFA treatment with 5-FU (136, 208, 393-396) and 

increasing apoptosis in CRC cell lines treated with 5-FU, oxaliplatin and irinotecan (397). 

Investigations assessing the combination of n-3 PUFAs and traditional chemotherapies 

is not limited to a CRC setting. For example, one study tested the combination of EPA 

with paclitaxel, docetaxel and 5-FU in TE-1 oesophageal cancer cells proliferation (398). 

This resulted in a synergistic suppressive effect on TE-1 cellular proliferation (398). The 

work within this thesis identified CIMP+ cell lines as an EPA sensitive subtype. In 

addition, the benefit of 5-FU treatment for right-sided, CIMP+, CMS1 or CMS3 sided 

tumours has been reported (91). This may indicate the potential of n-3 PUFA to 

potentiate anti-tumour effects in combination treatment with 5-FU, although this would 

need further pre-clinical and clinical study. Incorporating FAs in treatment delivery 

modalities is an area of active research. A recent study used EPA and DHA to synthesise 

liposomes, created to deliver 5-FU to CRC cells (399). These liposomes were found to 

increase cytotoxicity in LS174T and HT-29 cell lines, compared to the effects of control 

liposomes containing 5-FU or EPA and DHA only. This is an approach that would be 

beneficial, if it is successfully translated to in vivo and clinical settings, as it could reduce 

rapid degradation of 5-FU in the bloodstream, enable lower therapeutic doses and 

reduce non-specific toxicity and mediate side-effects (399). 

 

7.4.2. Combination with nutraceuticals 

 

Other nutraceuticals are reported to exhibit potential anti-cancer activities, particularly 

when targeted against CRC, such as curcumin (400). A recent study involving a murine 

model of induced colonic carcinogenesis was used to assess the effect of n-3 PUFA and 

curcumin combination on the Lrg5+ stem cell population in the disease stages of tumour 

initiation and progression. The combination of n-3 PUFA and curcumin (diet was 4 % 

(w/w) Menhaden fish oil enriched in n-3 PUFA + curcumin ) was shown to synergistically 

increase apoptosis in the stem cell population by 4.5-fold when compared to control diet 

(5 % corn-oil containing n-6 PUFA) (401).  

 

7.5. Challenges of stratifying use of n-3 PUFAs for CRC treatment 
 

This thesis is the first in vitro study that has investigated n-3 PUFA response based on 

CRC cell stratification by molecular phenotypes. Considering the molecular phenotypes 
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of CRC in relation to treatment response would provide evidence to support personalised 

therapy. Personalised medicine is a therapeutic approach involving the use of an 

individual’s genetic and epigenetic information to tailor drug therapy or preventive care 

(402). 

 

A truly personalised-medicine approach would require improved understanding of 

optimal dose needed to achieve the best clinical outcomes. This would likely be patient 

specific. Trials so far have treated patients with a uniform dose, with further work needed 

to assess how a suitable dose could be calculated. Calculating a dose will likely take in 

to account baseline FA measurements for each individual, as data (within this thesis and 

published) indicate that high concentrations of n-3 PUFA exposure are not always linked 

with increased anti-cancer and reduced cell proliferative activity. Consequently, it would 

be unlikely that uniform ‘target’ n-3 PUFA level would achieve desired anti-cancer effects 

across all patients.   

 

7.6. Conclusion 
 

Overall, data indicated potential benefits of using DHA to inhibit hCRC cell growth, and 

this needs to be assessed both in vivo and clinically. CIMP+ tumour responses to EPA 

require further investigation to identify mechanisms, or genes downregulated by 

methylation, that drive resistance. As understanding into the molecular pathology of CRC 

increases, further biomarkers of n-3 PUFA responses will be identified, which will 

facilitate personalised treatment regimens to improve patient outcome.    
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Appendix 
 

A4.1. STR profiling 

 

The cell line HCT116, which is frequently used in CRC in vitro studies, was immortalised 

from the tumour of an adult male patient (403). According to the ATCC and Cellosaurus 

database have an expected profile of XY at the amelogenin marker (181). However, my 

data shows an amelogenin marker profile of X, with the loss of the Y marker. This has 

been seen in the literature, following repeat passage the amplification of the Y marker 

product is lost.  

 

Table A4.1. Loci detected by STR profiling and the expected base pair ranges 

Fluorescein 
labelled 
loci 

Base Pair 
Range 
(bp) 

JOE 
labelled 
loci 

Base Pair 
Range 
(bp) 

TMR 
labelled 
loci 

Base Pair 
Range 
(bp) 

D3S1358 99 – 147 D5S818 115 – 163 AMEL  

TH01 152 – 196 D13S317 157 – 205 vWA 123 – 183 

D21S11 155 – 273 D7S820 211 – 251 D8S1179 203 – 255 

D18S51 286 – 373 D16S539 260 – 308 TPOX 254 – 302 

pentaE 379 - 484 CSF1PO 317 – 361 FGA 308 – 464 

  PentaD 370 – 454    

 
Expected size range (base pair) of amplified PCR products for each locus. Promega Powerplex 
16HS assay was used, and therefore these sizes are specific to the expected sizes when samples 
are analysed by this assay. The data was sourced from reference (404).   

 

Table A4.2. Summary STR trace matches to database profiles 

Cell Line ATCC Cellosaurus 

CaCo-2 100 100 

Colo205 100 100 

DLD-1 100 100 

HCA7  94.55 

HCT116 67 96.77 

HRT18 78 98.04 

HT29 100 100 

LoVo 67 90 

LS174T 81.3 100 

SW48 93.8 96.43 

SW480 100 100 

SW620 100 100 

T84 100 100 

TC71 85.7 93.88 

 
Scores were compared to the scores recorded on the following databases; ATCC (181) and 
Cellosaurus (405). The comparison was made by calculating percentage match, with scores 
above 80% being accepted as the threshold for confirming the cell line identity.  
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Figure A4.1 Representative STR trace for Colo205 cells 

A representative amplification traces for Colo205 cells are shown: A: Fluorescein labelled 
loci (D3S1358, TH01, D21S11, D18S51, pentaE). B: JOE labelled loci (D5S818, 
D13S317, D7S820, D16S539, and CSF1PO). C: TMR labelled loci (AMEL, vWA, 
D8S1179, TP0X, and FGA). Called alleles are notated below each trace.
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A4.2. Microsatellite status confirmed of HT29, HCT116 and HCA-7 cells 

 

Figure A4.2  Representative traces of HT29, HCT116 and HCA-7 cells  

gDNA was collected from each cell line, and PCR reactions to amplify BAT-25 and BAT-26 and the PCR products were sequenced (ABI3130xl) using Gene 
Scan ROX500 as the marker reference. The blue trace is representative of peaks attributed to the BAT-25 and green trace is BAT-26. Expected product sizes 
are shown at 114bp (BAT-25), 122bp (BAT-26). For analysis the used ‘peak’ to calculate difference in major peak are denoted by: small blue triangle at 113bp 
(BAT-25) and small green triangle (BAT-26) at 118bp as these were the major peaks identified for the known MSS sample used for this analysis (HT29). 
HCT116 was the known MSI sample, and the difference from expected peak size was calculated and shown on the plots (BAT-25: -9bp, BAT-26: -13bp. HCA-
7 was found to have an 11bp difference in major peak expected product size for both markers. Data representative of 3 independent repeats.
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A4.3. Associations between molecular phenotypes and n-3 PUFA 

sensitivity 

 

 

Figure A4.3 DHA IC50 sensitivity of cell lines grouped by molecular phenotype 

DHA sensitivity of cell lines were measured by MTT assay and IC50 was plotted against cell 
line molecular properties. Bar patterns are representative of subgroups. DHA IC50 data is 
expressed as the mean ± SEM, for 3 to 14 independent repeats.  

 

Figure A4.4 EPA:DHA (2:1) sensitivity of cells grouped molecular phenotype 

EPA:DHA (2:1) sensitivity of cell lines was measured by MTT assay and IC50 was plotted 
against cell line molecular properties. Bar patterns are representative of subgroups. 
EPA:DHA IC50 data is expressed as mean ± SEM, for 3 independent repeats.   
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A4.4. DAC pre-treatment effect on DHA concentration response curves 

 

A  B  

  

C  D  

  

Figure A4.5 DHA concentration response curves for cells following DAC pre-treatment 

DHA concentration response curves obtained in CIMP+ cell lines; HCT116 (A), HRT18 (B) 
and CIMP- cell lines; LS174T (C) and TC71 (D). DHA concentration responses in non-DAC 
treated cells ( ) and cells pre-treated with 1µM DAC ( ) were tested. Cell viability was 
measured by MTT assay, % growth inhibition was calculated relative to carrier control treated 
cells. Data are expressed as the mean +/- SEM of a 3 independent replicates. 
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A5.1. Standard Curves 

 

  

  

  

 

 

Figure A5.1  Standard curves for all FAs measured 

Fatty acid standards were prepared, with a calibration range from 0 to 10000 ng/ml and analysed 
by LC-ESI-MS/MS. LNA-d14 was used as the internal standard and the ratio of standard FA peak 
area to internal standard was calculated. The standard curves for PA, SA, OA, LA, AA, LNA and 
DPA are shown. Data is representative of mean 5 ± SD for independent biological replicates. 
Equations for the linear regression and R2 values are displayed on each plot. 
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A5.2. LC-ESI-MS/MS Chromatograms 

 A B 

PA 
  

SA 
  

OA 

  

LA 
  

AA 
  

LNA 
  

EPA 
  

DPA 

  

DHA 
  

Figure A5.2 Chromatograms of 10000 ng/ml standard  

Fatty acid standards were prepared, with a calibration range from 0 to 10000 ng/ml and analysed by LC-ESI-MS/MS. Traces are shown (A) scaled to the highest peak 
from all traces (A), and scaled to its own highest peak (B).   
  



 

XXXIV 
 

 A B 

PA 
  

SA 
  

OA 
  

LA 
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LNA 
  

EPA 
  

DPA 
  

DHA 
  

Figure A5.3 Chromatograms of ethanol treated HT29 cells 

Cells were treated with ethanol as a control for EPA exposure and analysed by LC-ESI-MS/MS. Traces are shown (A) scaled to the highest peak from all traces (A), 
and scaled to its own highest peak (B).   
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 A B 

PA 
  

SA 
  

OA 
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DPA 
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Figure A5.4 Chromatograms of high concentration EPA treated HT29 cells 

Cells were treated with a high concentration of EPA (equivalent to EPA IC50) and analysed by LC-ESI-MS/MS. Traces are shown (A) scaled to the highest peak from 
all traces (A), and scaled to its own highest peak (B).   
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A5.3. IC50 concentrations.  

 

Table A5.1. Cell line dependent IC50 equivalent  concentrations  

IC50 data is mean ± SD for a minimum of 3 independent replicates.  

Cell Line 

EPA DHA 

IC50  
(µM) 

High-concentration 
Treatment  

(µM) 

% V/V 
ethanol 
carrier 

IC50  
(µM) 

High-concentration 
Treatment  

(µM) 

% V/V 
ethanol 
carrier 

CaCo-2 205.52 ± 1.51 196 0.60 54.21 ± 1.09 66 0.20 

Colo205 161.40 ± 1.16 164 0.50 5.57 ± 1.09 7 0.02 

DLD-1 85.91 ± 1.06 99 0.30 15.26 ± 1.07 33 0.10 

HCA-7 141.91 ± 1.05 131 0.40 23.31 ± 1.07 33 0.10 

HCT116 91.74 ± 1.08 99 0.30 31.09 ± 1.08 33 0.10 

HRT18 73.17 ± 1.13 66 0.20 41.95 ± 1.15 33 0.10 

HT29 118.60 ± 1.05 131 0.40 55.69 ± 1.05 66 0.20 

LoVo 141.10 ± 1.08 131 0.40 21.21 ± 1.08 33 0.10 

LS174T 228.23 ± 1.11 230 0.70 114.74 ± 1.06 131 0.40 

LS411N 84.33 ± 1.06 98 0.30 47.86 ± 1.21 66 0.20 

SW48 71.19 ± 1.16 66 0.20 35.44 ± 1.19 33 0.10 

SW480 77.84 ± 1.19 66 0.20 30.98 ± 1.08 33 0.10 

SW620 176.83 ± 1.18 197 0.60 24.72 ± 1.10 26 0.08 

SW837 138.33 ± 1.08 131 0.40 38.85 ± 1.13 33 0.10 

SW1116 224.52 ± 1.11 230 0.70 67.42 ± 1.11 66 0.20 

T84 137.00 ± 1.09 131 0.40 36.31 ± 1.09 33 0.10 

TC71 95.62 ± 1.25 99 0.30 43.12 ± 1.11 33 0.10 
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A5.4. FA profiles (%) of all cell lines 

  

Table A5.2.  Relative percentage FA profile of EPA ethanol control treated cells 

 Cell Line 
Fatty acid content (%)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 29.4 ± 0.5 14.8 ± 0.5 37.1 ± 0.7 3.1 ± 0.1 7.1 ± 0.1 0.2 ± 0.0 1.7 ± 0.1 2.6 ± 0.1 4.1 ± 0.1 

Colo205 28.4 ± 1.8 17.1 ± 2.6 41.3 ± 2.5 2.5 ± 0.3 4.4 ± 0.7 0.2 ± 0.03 1.4 ± 0.3 1.7 ± 0.3 2.9 ± 0.5 

DLD-1 25.2 ± 2.6 18.9 ± 3.4 35.5 ± 3.7 3.7 ± 0.4 6.9 ± 0.8 0.5 ± 0.1 2.8 ± 0.3 2.3 ± 0.3 4.3 ± 0.5 

HCA-7 27.4 ± 0.5 16.2 ± 1.2 43.5 ± 1.6 2.5 ± 0.1 3.5 ± 0.2 0.1 ± 0.01 0.9 ± 0.1 2.4 ± 0.1 3.5 ± 0.2 

HCT116 15.1 ± 0.7 12.6 ± 2.1 50.8 ± 1.8 4.0 ± 0.1 6.4 ± 0.4 0.3 ± 0.01 1.8 ± 0.1 3.8 ± 0.4 5.3 ± 0.4 

HRT18 27.2 ± 1.2 17.6 ± 0.4 37.0 ± 0.9 3.2 ± 0.1 6.5 ± 0.5 0.4 ± 0.0 1.6 ± 0.1 2.5 ± 0.1 4.1 ± 0.2 

HT29 26.4 ± 0.6 15.7 ± 0.4 38.8 ± 0.6 3.6 ± 0.03 6.4 ± 0.3 0.5 ± 0.0 2.4 ± 0.1 2.1 ± 0.04 4.2 ± 0.2 

LoVo 13.8 ± 1.4 17.0 ± 3.1 39.1 ± 1.1 5.9 ± 0.3 8.9 ± 0.9 0.3 ± 0.1 2.4 ± 0.3 5.2 ± 0.5 7.4 ± 0.9 

LS174T 11.1 ± 1.4 9.2 ± 0.7 54.0 ± 0.7 4.4 ± 0.4 7.4 ± 0.7 0.2 ± 0.1 1.8 ± 0.1 5.2 ± 0.5 6.7 ± 0.5 

LS411N 27.1 ± 0.4 13.3 ± 0.4 40.0 ± 0.8 4.0 ± 0.1 6.4 ± 0.1 0.3 ± 0.01 1.8 ± 0.0 2.7 ± 0.1 4.4 ± 0.0 

SW1116 23.6 ± 0.5 19.5 ± 0.4 43.1 ± 0.9 2.2 ± 0.1 5.4 ± 0.5 0.1 ± 0.0 2.0 ± 0.1 1.0 ± 0.03 3.1 ± 0.2 

SW48 28.0 ± 1.3 17.0 ± 1.1 36.9 ± 0.8 3.3 ± 0.1 5.8 ± 0.4 0.4 ± 0.0 1.9 ± 0.1 2.4 ± 0.2 4.3 ± 0.3 

SW480 26.6 ± 1.0 18.6 ± 0.5 33.7 ± 0.5 3.3 ± 0.1 7.8 ± 0.5 0.2 ± 0.0 2.2 ± 0.1 3.2 ± 0.2 4.4 ± 0.3 

SW620 10.9 ± 1.3 8.8 ± 2.2 61.5 ± 1.9 3.8 ± 0.1 5.5 ± 0.7 0.3 ± 0.1 1.6 ± 0.1 3.3 ± 0.4 4.3 ± 0.4 

SW837 27.7 ± 0.9 16.7 ± 1.0 36.3 ± 0.8 5.0 ± 0.2 6.0 ± 0.3 1.4 ± 0.1 1.6 ± 0.1 1.5 ± 0.1 3.8 ± 0.3 

T84 32.4 ± 0.4 37.2 ± 2.3 16.3 ± 1.7 2.1 ± 0.2 5.8 ± 0.4 0.3 ± 0.0 2.4 ± 0.2 1.0 ± 0.1 2.5 ± 0.2 

TC71 13.3 ± 4.2 16.5 ± 11.8 51.7 ± 15.5 3.7 ± 0.2 5.3 ± 0.3 0.2 ± 0.08 1.9 ± 0.3 3.1 ± 0.4 4.3 ± 0.4 
  
* FA content is expressed as the mean percentage of total fatty acids present ± SD for 3 independent replicates.  
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Table A5.3. Relative percentage FA profile of 5µM EPA treated cells 

 
* FA content is expressed as the mean percentage of total fatty acids present ± SD for 3 independent replicates. 

  

 Cell Line 
Fatty acid content (%)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 28.6 ± 0.4 14.4 ± 0.4 31.4 ± 0.8 2.5 ± 0.1 6.1 ± 0.3 0.1 ± 0.0 8.3 ± 0.4 5.4 ± 0.3 3.1 ± 0.1 

Colo205 27.2 ± 1.2 16.5 ± 0.7 38.8 ± 1.0 2.6 ± 0.1 4.5 ± 0.3 0.2 ± 0.01 4.5 ± 0.3 3.0 ± 0.2 2.7 ± 0.1 

DLD-1 25.6 ± 1.9 21.2 ± 2.4 27.8 ± 2.3 3.0 ± 0.2 5.5 ± 0.5 0.5 ± 0.04 10.6 ± 0.6 2.2 ± 0.3 3.6 ± 0.3 

HCA-7 27.4 ± 0.5 15.8 ± 1.2 39.8 ± 1.3 2.3 ± 0.1 3.2 ± 0.1 0.1 ± 0.01 3.5 ± 0.1 4.5 ± 0.3 3.4 ± 0.2 

HCT116 13.3 ± 0.6 10.2 ± 0.8 45.7 ± 0.7 4.3 ± 0.3 6.3 ± 0.3 0.3 ± 0.04 8.2 ± 0.6 6.7 ± 0.9 5.0 ± 0.3 

HRT18 26.0 ± 1.0 18.1 ± 1.4 31.2 ± 1.5 2.6 ± 0.1 5.6 ± 0.4 0.3 ± 0.02 10.3 ± 0.4 2.4 ± 0.1 3.6 ± 0.1 

HT29 24.5 ± 1.2 14.9 ± 1.0 35.9 ± 0.9 3.4 ± 0.2 6.0 ± 0.4 0.5 ± 0.05 8.8 ± 0.6 2.0 ± 0.1 4.0 ± 0.3 

LoVo 12.7 ± 1.6 16.3 ± 4.0 36.3 ± 0.8 5.1 ± 0.3 7.7 ± 1.1 0.5 ± 0.1 7.6 ± 1.3 7.5 ± 1.4 6.7 ± 0.9 

LS174T 14.2 ± 5.6 15.7 ± 9.7 44.7 ± 8.1 3.1 ± 0.5 5.5 ± 1.6 0.1 ± 0.0 6.3 ± 2.0 5.6 ± 1.8 4.9 ± 1.4 

LS411N 27.6 ± 0.5 14.4 ± 0.4 35.5 ± 0.2 3.5 ± 0.2 5.9 ± 0.2 0.3 ± 0.02 5.7 ± 0.2 3.3 ± 0.2 4.0 ± 0.1 

SW1116 22.5 ± 0.5 18.1 ± 0.8 40.7 ± 0.9 2.0 ± 0.1 4.7 ± 0.2 0.2 ± 0.02 6.6 ± 0.3 2.2 ± 0.3 3.2 ± 0.4 

SW48 26.0 ± 1.4 16.8 ± 0.6 32.7 ± 0.6 3.2 ± 0.2 5.4 ± 0.4 0.4 ± 0.02 9.3 ± 0.3 2.4 ± 0.2 4.0 ± 0.3 

SW480 26.0 ± 1.1 18.5 ± 0.3 29.2 ± 0.4 3.0 ± 0.1 6.6 ± 0.3 0.2 ± 0.01 7.1 ± 0.3 6.0 ± 0.4 3.3 ± 0.1 

SW620 9.3 ± 1.9 8.0 ± 1.4 56.7 ± 0.9 3.9 ± 0.3 5.8 ± 0.9 0.3 ± 0.02 7.0 ± 1.2 4.4 ± 0.6 4.7 ± 0.8 

SW837 27.2 ± 0.6 16.2 ± 1.7 32.5 ± 1.5 4.2 ± 0.2 5.3 ± 0.2 1.1 ± 0.1 8.3 ± 0.6 1.6 ± 0.1 3.5 ± 0.1 

T84 31.4 ± 1.9 34.4 ± 4.3 16.2 ± 2.9 2.0 ± 0.3 5.3 ± 0.8 0.3 ± 0.0 6.9 ± 1.3 1.3 ± 0.3 2.2 ± 0.4 

TC71 12.1 ± 3.4 15.6 ± 12.2 48.9 ± 16.3 3.6 ± 0.4 5.1 ± 0.4 0.2 ± 0.07 6.1 ± 1.1 4.4 ± 0.8 4.1 ± 0.7 
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Table A5.4. Relative percentage FA profile of high concentration EPA treated cells 

 

* FA content is expressed as the mean percentage of total fatty acids present ± SD for 3 independent replicates.  

 Cell Line 
Fatty acid content (%)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 13.4 ± 3.5 6.3 ± 2.3 15.0 ± 0.8 1.3 ± 0.04 3.0 ± 0.1 0.1 ± 0.0 42.6 ± 5.1 17.1 ± 1.5 1.1 ± 0.05 

Colo205 22.3 ± 0.7 13.3 ± 1.1 18.0 ± 0.9 1.5 ± 0.1 3.4 ± 1.2 0.2 ± 0.01 27.1 ± 0.5 13.1 ± 0.3 1.2 ± 0.02 

DLD-1 21.1 ± 0.2 17.5 ± 0.4 17.8 ± 0.3 2.2 ± 0.05 3.2 ± 0.1 0.4 ± 0.01 31.7 ± 0.2 4.4 ± 0.1 1.8 ± 0.1 

HCA-7 20.1 ± 1.5 12.5 ± 1.6 21.2 ± 3.2 1.5 ± 0.5 3.1 ± 0.4 0.2 ± 0.05 24.5 ± 7.3 15.3 ± 9.8 1.7 ± 0.5 

HCT116 8.3 ± 1.1 5.7 ± 1.3 22.1 ± 0.5 2.5 ± 0.3 2.8 ± 0.2 0.2 ± 0.1 28.3 ± 1.7 27.7 ± 1.1 2.4 ± 0.3 

HRT18 23.9 ± 1.8 16.5 ± 0.9 20.0 ± 1.5 1.6 ± 0.4 3.1 ± 0.5 0.2 ± 0.03 24.2 ± 4.4 3.4 ± 0.1 1.8 ± 0.4 

HT29 17.4 ± 1.6 12.4 ± 2.1 18.2 ± 1.3 1.9 ± 0.1 3.1 ± 0.1 0.3 ± 0.02 40.7 ± 1.9 4.5 ± 0.3 1.6 ± 0.03 

LoVo 7.8 ± 1.2 10.1 ± 2.6 15.3 ± 1.1 2.6 ± 0.1 2.6 ± 2.3 0.2 ± 0.03 36.0 ± 2.3 23.2 ± 1.8 2.2 ± 0.1 

LS174T 4.0 ± 1.0 2.5 ± 1.2 14.4 ± 2.1 1.3 ± 0.2 2.0 ± 3.1 0.1 ± 0.02 45.7 ± 3.2 28.2 ± 1.0 2.0 ± 0.2 

LS411N 21.2 ± 0.8 11.7 ± 0.7 21.7 ± 0.7 2.1 ± 0.1 5.6 ± 0.1 0.4 ± 0.02 22.6 ± 1.1 12.1 ± 0.7 2.5 ± 0.02 

SW1116 12.4 ± 0.3 8.9 ± 0.7 18.7 ± 1.1 1.0 ± 0.03 3.1 ± 0.1 0.2 ± 0.0 42.9 ± 1.6 11.7 ± 0.4 1.1 ± 0.04 

SW48 21.4 ± 1.1 14.7 ± 0.9 21.9 ± 0.3 2.1 ± 0.06 3.4 ± 0.2 0.3 ± 0.01 28.9 ± 1.5 4.9 ± 0.1 2.3 ± 0.3 

SW480 21.8 ± 0.4 14.7 ± 0.8 17.9 ± 0.8 1.9 ± 0.1 4.5 ± 0.3 0.2 ± 0.01 21.2 ± 0.3 16.5 ± 0.3 1.4 ± 0.1 

SW620 5.3 ± 1.6 3.6 ± 1.1 21.0 ± 1.6 1.7 ± 0.2 2.1 ± 0.1 0.2 ± 0.03 35.3 ± 2.0 29.2 ± 2.4 1.5 ± 0.1 

SW837 20.8 ± 0.5 12.3 ± 0.2 20.6 ± 0.8 2.5 ± 0.1 2.9 ± 0.1 0.5 ± 0.01 34.2 ± 1.3 4.4 ± 0.1 1.8 ± 0.05 

T84 22.9 ± 2.0 24.2 ± 3.3 11.3 ± 1.0 1.4 ± 0.1 2.9 ± 0.2 0.2 ± 0.0 32.9 ± 3.4 3.0 ± 0.5 1.3 ± 0.1 

TC71 8.9 ± 3.3 10.1 ± 8.5 28.5 ± 9.1 2.2 ± 0.1 3.1 ± 0.04 0.2 ± 0.03 21.9 ± 1.9 22.9 ± 1.8 2.2 ± 0.5 
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Table A5.5. Relative percentage FA profile of DHA ethanol control treated cells 

 
* FA content is expressed as the mean percentage of total fatty acids present ± SD for 3 independent replicates. 

 

  

 Cell Line 
Fatty acid content (%)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 30.0 ± 0.9 14.5 ± 1.0 37.3 ± 0.9 3.0 ± 0.06 6.8 ± 0.5 0.1 ± 0.0 1.7 ± 0.2 2.6 ± 0.2 4.0 ± 0.3 

Colo205 27.3 ± 0.8 15.2 ± 0.7 43.1 ± 0.4 2.8 ± 0.1 4.8 ± 0.02 0.2 ± 0.01 1.5 ± 0.03 1.9 ± 0.04 3.2 ± 0.1 

DLD-1 27.0 ± 0.9 21.3 ± 0.9 32.8 ± 1.0 3.3 ± 0.1 6.3 ± 0.3 0.5 ± 0.0 2.5 ± 0.1 2.2 ± 0.1 4.0 ± 0.2 

HCA-7 27.5 ± 0.7 16.0 ± 0.2 43.1 ± 1.0 2.7 ± 0.1 3.6 ± 0.1 0.1 ± 0.01 0.9 ± 0.04 2.5 ± 0.1 3.6 ± 0.1 

HCT116 14.9 ± 2.3 11.6 ± 2.7 51.0 ± 2.0 4.1 ± 0.2 6.4 ± 0.9 0.3 ± 0.02 2.2 ± 0.3 4.2 ± 0.9 5.3 ± 0.8 

HRT18 27.0 ± 0.5 18.3 ± 1.0 36.5 ± 1.4 3.2 ± 0.03 6.5 ± 0.4 0.4 ± 0.0 1.6 ± 0.1 2.4 ± 0.1 4.1 ± 0.2 

HT29 25.1 ± 3.3 14.3 ± 4.4 40.5 ± 5.4 3.8 ± 0.5 6.7 ± 0.7 0.5 ± 0.06 2.6 ± 0.3 2.2 ± 0.3 4.3 ± 0.4 

LoVo 13.7 ± 1.5 15.2 ± 2.8 39.9 ± 0.5 6.0 ± 0.3 9.0 ± 1.2 0.2 ± 0.0 2.5 ± 0.4 5.6 ± 0.9 7.9 ± 1.0 

LS174T 13.1 ± 5.2 17.3 ± 12.8 47.9 ± 11.2 3.5 ± 0.8 6.2 ± 2.1 0.1 ± 0.0 1.7 ± 0.8 4.7 ± 1.6 5.6 ± 1.9 

LS411N 25.6 ± 0.5 12.3 ± 0.7 41.3 ± 0.7 4.0 ± 0.1 6.8 ± 0.3 0.3 ± 0.0 1.8 ± 0.04 3.0 ± 0.1 4.9 ± 0.3 

SW1116 23.6 ± 1.1 18.2 ± 2.0 44.5 ± 2.0 2.3 ± 0.2 5.1 ± 0.3 0.1 ± 0.0 2.0 ± 0.3 1.1 ± 0.2 3.1 ± 0.2 

SW48 26.9 ± 0.2 17.1 ± 1.6 37.0 ± 0.9 3.4 ± 0.2 6.2 ± 0.2 0.4 ± 0.04 1.8 ± 0.1 2.5 ± 0.06 4.7 ± 0.1 

SW480 26.5 ± 0.6 18.5 ± 1.1 33.5 ± 1.0 3.5 ± 0.1 7.9 ± 0.2 0.2 ± 0.01 2.2 ± 0.04 3.3 ± 0.1 4.4 ± 0.2 

SW620 11.8 ± 2.1 8.4 ± 2.2 61.4 ± 1.7 3.8 ± 0.1 5.5 ± 1.1 0.2 ± 0.1 1.5 ± 0.3 3.3 ± 0.9 4.2 ± 0.8 

SW837 28.3 ± 0.2 16.7 ± 1.7 35.9 ± 1.4 5.1 ± 0.1 5.9 ± 0.2 1.3 ± 0.05 1.7 ± 0.02 1.5 ± 0.1 3.7 ± 0.1 

T84 32.4 ± 0.6 36.1 ± 2.3 16.6 ± 1.9 2.1 ± 0.2 6.1 ± 0.3 0.3 ± 0.02 2.5 ± 0.2 1.1 ± 0.1 2.6 ± 0.2 

TC71 12.0 ± 2.8 14.7 ± 8.9 54.4 ± 15.5 3.8 ± 0.2 5.5 ± 1.6 0.2 ± 0.1 2.1 ± 1.4 3.1 ± 0.6 4.2 ± 0.7 
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Table A5.6. Relative percentage FA profile of 5µM DHA treated cells 

 

* FA content is expressed as the mean percentage of total fatty acids present ± SD for 3 independent replicates.  

 Cell Line 
Fatty acid content (%)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 29.7 ± 0.2 15.4 ± 0.7 31.9 ± 1.3 2.5 ± 0.1 5.4 ± 0.4 0.2 ± 0.0 2.3 ± 0.2 1.9 ± 0.2 10.9 ± 1.7 

Colo205 27.4 ± 1.0 16.5 ± 0.9 38.7 ± 1.2 2.5 ± 0.1 4.4 ± 0.2 0.3 ± 0.01 2.7 ± 0.1 1.4 ± 0.04 6.3 ± 0.2 

DLD-1 26.7 ± 1.7 21.8 ± 2.0 28.0 ± 1.6 3.0 ± 0.2 5.6 ± 0.5 0.5 ± 0.03 3.6 ± 0.3 1.4 ± 0.1 9.6 ± 0.6 

HCA-7 27.5 ± 0.5 16.5 ± 1.1 39.6 ± 1.1 2.2 ± 0.1 3.1 ± 0.1 0.1 ± 0.0 1.2 ± 0.04 2.1 ± 0.1 7.6 ± 0.3 

HCT116 13.1 ± 0.8 9.6 ± 0.9 47.7 ± 2.1 4.0 ± 0.1 6.1 ± 0.6 0.3 ± 0.0 2.8 ± 0.4 3.3 ± 0.5 13.1 ± 1.4 

HRT18 26.3 ± 0.4 17.5 ± 0.12 35.1 ± 0.1 2.9 ± 0.0 5.6 ± 0.1 0.4 ± 0.0 1.7 ± 0.1 2.0 ± 0.02 8.6 ± 0.1 

HT29 26.4 ± 0.5 16.6 ± 1.7 34.6 ± 1.8 3.2 ± 0.1 5.7 ± 0.1 0.5 ± 0.0 3.0 ± 0.04 1.5 ± 0.1 8.6 ± 0.2 

LoVo 12.4 ± 1.3 13.9 ± 2.1 35.7 ± 0.6 5.6 ± 0.2 8.1 ± 0.8 0.2 ± 0.04 3.2 ± 0.2 4.5 ± 0.3 16.4 ± 1.8 

LS174T 9.8 ± 1.5 9.9 ± 1.0 48.0 ± 0.4 3.8 ± 0.5 7.1 ± 0.6 0.1 ± 0.04 2.0 ± 0.1 4.9 ± 0.6 14.4 ± 1.3 

LS411N 27.2 ± 2.0 14.2 ± 2.0 36.5 ± 2.4 3.6 ± 0.3 5.8 ± 0.5 0.3 ± 0.0 2.0 ± 0.1 2.3 ± 0.2 8.2 ± 0.5 

SW1116 22.3 ± 0.8 17.1 ± 1.6 43.2 ± 2.3 2.0 ± 0.1 4.6 ± 0.1 0.2 ± 0.01 2.6 ± 0.2 0.8 ± 0.1 7.3 ± 0.2 

SW48 28.1 ± 0.8 17.5 ± 0.7 33.2 ± 0.8 3.0 ± 0.1 5.1 ± 0.1 0.4 ± 0.0 2.0 ± 0.1 1.9 ± 0.05 8.8 ± 0.2 

SW480 26.4 ± 1.0 19.0 ± 1.9 29.8 ± 1.6 3.1 ± 0.1 6.8 ± 0.5 0.2 ± 0.01 3.7 ± 0.2 2.6 ± 0.2 8.5 ± 0.4 

SW620 13.0 ± 4.5 12.6 ± 7.8 53.7 ± 7.5 3.4 ± 0.8 4.7 ± 1.0 0.2 ± 0.1 1.4 ± 0.5 2.0 ± 1.0 8.2 ± 2.2 

SW837 27.4 ± 0.2 16.0 ± 0.5 34.9 ± 0.4 4.6 ± 0.1 5.4 ± 0.1 1.2 ± 0.03 1.7 ± 0.1 1.3 ± 0.05 7.5 ± 0.3 

T84 30.3 ± 0.6 33.5 ± 1.0 17.6 ± 0.8 2.2 ± 0.1 6.2 ± 0.2 0.3 ± 0.02 3.2 ± 0.3 1.0 ± 0.05 5.8 ± 0.2 

TC71 12.0 ± 3.0 14.0 ± 7.8 49.9 ± 13.2 3.5 ± 0.4 5.1 ± 1.2 0.2 ± 0.07 2.2 ± 1.0 2.7 ± 0.6 10.5 ± 2.4 
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Table A5.7. Relative percentage FA profile of high concentration DHA treated cells 

 

 

* FA content is expressed as the mean percentage of total fatty acids present ± SD for 3 independent replicates.  

 

  

 Cell Line 
Fatty acid content (%)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 26.3 ± 0.9 13.3 ± 0.2 23.8 ± 0.4 1.8 ± 0.08 4.1 ± 0.4 0.1 ± 0.0 3.0 ± 0.1 1.7 ± 0.1 25.9 ± 0.4 

Colo205 27.7 ± 1.3 17.7 ± 1.7 37.9 ± 2.0 2.4 ± 0.1 4.2 ± 0.3 0.2 ± 0.01 2.5 ± 0.2 1.3 ± 0.1 6.1 ± 0.4 

DLD-1 25.3 ± 1.1 22.8 ± 0.6 22.2 ± 0.8 2.4 ± 0.1 4.5 ± 0.3 0.4 ± 0.02 3.6 ± 0.1 1.1 ± 0.1 17.8 ± 0.5 

HCA-7 26.7 ± 0.8 16.4 ± 0.3 33.3 ± 0.8 1.9 ± 0.1 2.6 ± 0.04 0.1 ± 0.0 2.5 ± 0.1 2.0 ± 0.03 14.5 ± 0.2 

HCT116 11.9 ± 1.4 10.2 ± 3.1 32.7 ± 0.2 3.1 ± 0.1 4.5 ± 0.4 0.2 ± 0.03 4.9 ± 0.5 2.8 ± 0.4 30.7 ± 3.4 

HRT18 24.5 ± 1.3 17.3 ± 0.8 24.3 ± 0.7 2.0 ± 0.1 4.1 ± 0.1 0.3 ± 0.01 1.8 ± 0.07 1.3 ± 1.4 24.5 ± 2.1 

HT29 21.0 ± 3.5 14.8 ± 5.5 23.8 ± 2.2 2.2 ± 0.2 3.8 ± 0.4 0.4 ± 0.03 2.2 ± 0.1 1.2 ± 0.2 30.7 ± 6.0 

LoVo 11.6 ± 1.4 13.5 ± 2.2 27.3 ± 0.5 4.4 ± 0.2 6.5 ± 0.4 0.2 ± 0.02 3.6 ± 0.4 3.3 ± 0.3 29.7 ± 1.9 

LS174T 4.5 ± 1.2 4.2 ± 1.4 20.2 ± 2.1 1.6 ± 0.1 3.0 ± 0.2 0.1 ± 0.02 2.3 ± 0.2 2.1 ± 0.1 62.3 ± 4.7 

LS411N 25.4 ± 0.8 14.4 ± 1.2 25.8 ± 0.4 2.3 ± 0.02 4.1 ± 0.1 0.3 ± 0.0 2.5 ± 0.1 1.7 ± 0.1 23.6 ± 1.8 

SW1116 20.1 ± 1.1 15.6 ± 1.8 28.5 ± 0.8 1.2 ± 0.1 2.8 ± 0.1 0.2 ± 0.0 2.5 ± 0.01 0.7 ± 0.1 28.3 ± 2.6 

SW48 25.9 ± 2.0 16.9 ± 1.8 25.8 ± 1.8 2.3 ± 0.2 4.0 ± 0.3 0.4 ± 0.02 3.0 ± 0.2 1.3 ± 0.1 20.4 ± 1.8 

SW480 25.8 ± 0.6 19.3 ± 1.5 23.1 ± 1.1 2.3 ± 0.1 5.5 ± 0.3 0.2 ± 0.01 4.4 ± 0.2 2.1 ± 0.1 17.3 ± 0.7 

SW620 10.0 ± 2.1 7.9 ± 2.4 46.9 ± 0.8 2.9 ± 0.1 4.0 ± 0.4 0.2 ± 0.03 2.4 ± 0.3 2.4 ± 0.4 23.3 ± 2.6 

SW837 25.1 ± 3.9 13.8 ± 2.5 28.3 ± 2.3 3.3 ± 0.4 4.0 ± 0.5 0.9 ± 0.1 1.9 ± 0.2 0.9 ± 0.1 21.7 ± 2.9 

T84 31.8 ± 2.8 38.0 ± 8.0 12.8 ± 4.3 1.5 ± 0.4 3.9 ± 1.3 0.2 ± 0.07 2.0 ± 0.9 0.7 ± 0.2 9.2 ± 3.4 

TC71 11.7 ± 1.3 13.2 ± 5.4 38.3 ± 10.7 2.7 ± 0.3 4.0 ± 1.2 0.2 ± 0.0 2.6 ± 1.2 2.1 ± 0.5 25.1 ± 2.7 
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A5.5. FA profiles (absolute amount) of all cell lines 

 

Table A5.8. FA profile of EPA ethanol control treated cells expressed as absolute amount 

 

 Cell Line 
Fatty acid content (µg/million cells)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 27.3 ± 9.6 18.9 ± 6.2 20.4 ± 6.7 2.1 ± 0.7 13.5 ± 4.7 0.1 ± 0.0 3.7 ± 1.3 1.3 ± 0.5 6.0 ± 2.1 

Colo205 6.3 ± 1.1 3.5 ± 0.3 5.5 ± 1.5 0.4 ± 0.1 2.0 ± 0.7 0.0 ± 0.0 0.8 ± 0.3 0.2 ± 0.1 1.0 ± 0.4 

DLD-1 7.0 ± 3.4 5.0 ± 2.7 5.6 ± 2.0 0.7 ± 0.2 3.7 ± 1.1 0.1 ± 0.0 1.7 ± 0.5 0.3 ± 0.1 1.8 ± 0.5 

HCA-7 6.4 ± 2.6 3.6 ± 1.6 6.1 ± 2.6 0.4 ± 0.1 1.7 ± 0.6 0.0 ± 0.0 0.5 ± 0.2 0.3 ± 0.1 1.3 ± 0.5 

HCT116 3.7 ± 0.1 1.1 ± 0.2 4.0 ± 0.2 0.5 ± 0.0 2.7 ± 0.2 0.0 ± 0.0 0.9 ± 0.1 0.3 ± 0.0 1.5 ± 0.1 

HRT18 10.5 ± 1.4 9.4 ± 1.5 8.5 ± 1.0 0.9 ± 0.1 5.2 ± 1.1 0.1 ± 0.0 1.5 ± 0.3 0.4 ± 0.1 2.5 ± 0.4 

HT29 7.3 ± 2.6 4.1 ± 1.5 6.5 ± 2.4 0.7 ± 0.3 3.7 ± 1.5 0.1 ± 0.0 1.6 ± 0.6 0.3 ± 0.1 1.8 ± 0.8 

LoVo 5.9 ± 2.2 2.5 ± 0.5 5.4 ± 1.6 1.2 ± 0.4 6.6 ± 1.5 0.1 ± 0.0 2.1 ± 0.7 0.7 ± 0.2 3.7 ± 1.1 

LS174T 1.8 ± 0.5 0.5 ± 0.2 2.9 ± 1.2 0.3 ± 0.1 2.2 ± 1.1 0.0 ± 0.0 0.6 ± 0.3 0.3 ± 0.1 1.3 ± 0.6 

LS411N 9.3 ± 2.8 6.3 ± 1.8 8.2 ± 2.3 1.0 ± 0.3 4.5 ± 1.3 0.1 ± 0.0 1.4 ± 0.4 0.5 ± 0.2 2.4 ± 0.7 

SW1116 11.5 ± 3.4 9.8 ± 3.2 11.0 ± 3.3 0.7 ± 0.2 4.8 ± 1.9 0.0 ± 0.0 2.0 ± 0.8 0.2 ± 0.1 2.1 ± 0.8 

SW48 6.5 ± 1.0 5.4 ± 0.5 5.1 ± 0.7 0.5 ± 0.1 2.7 ± 0.3 0.1 ± 0.0 1.0 ± 0.2 0.3 ± 0.0 1.6 ± 0.2 

SW480 13.6 ± 2.9 13.1 ± 2.0 10.2 ± 2.0 1.2 ± 0.2 8.1 ± 1.2 0.1 ± 0.0 2.6 ± 0.3 0.9 ± 0.1 3.5 ± 0.5 

SW620 2.5 ± 0.9 0.7 ± 0.2 4.7 ± 2.1 0.4 ± 0.2 2.2 ± 1.0 0.0 ± 0.0 0.8 ± 0.4 0.3 ± 0.1 1.2 ± 0.6 

SW837 6.2 ± 0.6 3.8 ± 0.4 4.2 ± 0.6 0.7 ± 0.1 2.4 ± 0.4 0.2 ± 0.0 0.7 ± 0.1 0.2 ± 0.0 1.2 ± 0.2 

T84 15.1 ± 1.8 17.8 ± 2.1 4.0 ± 0.8 0.6 ± 0.1 4.9 ± 0.8 0.1 ± 0.0 2.3 ± 0.5 0.2 ± 0.0 1.6 ± 0.3 

TC71 4.4 ± 2.4 2.0 ± 1.9 5.1 ± 0.8 0.5 ± 0.1 2.9 ± 0.8 0.0 ± 0.0 1.2 ± 0.5 0.3 ± 0.1 1.6 ± 0.2 
 
* FA content is expressed as the mean absolute of total fatty acids present; µg/million cells ± SD for 3 independent replicates. 
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Table A5.9. FA profile of 5µM EPA treated cells expressed as absolute amount 

 

* FA content is expressed as the mean absolute of total fatty acids present; µg/million cells ± SD for 3 independent replicates. 

 Cell Line 
Fatty acid content (µg/million cells)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 25.9 ± 5.1 17.9 ± 3.5 17.0 ± 3.7 1.7 ± 0.4 11.4 ± 2.9 0.1 ± 0.0 17.6 ± 2.9 2.6 ± 0.6 4.4. ± 1.0 

Colo205 8.0 ± 1.0 4.6 ± 0.5 6.8 ± 0.5 0.5 ± 0.0 2.7 ± 0.2 0.0 ± 0.0 3.1 ± 0.2 0.5 ± 0.0 1.3 ± 0.1 

DLD-1 6.3 ± 2.0 4.9 ± 1.5 4.1 ± 1.4 0.5 ± 0.2 2.8 ± 0.9 0.1 ± 0.0 6.2 ± 2.1 0.3 ± 0.1 1.4 ± 0.5 

HCA-7 8.5 ± 3.4 4.7 ± 2.2 7.3 ± 2.6 0.5 ± 0.2 2.0 ± 0.7 0.0 ± 0.0 2.5 ± 0.8 0.7 ± 0.3 1.6 ± 0.5 

HCT116 3.3 ± 0.4 0.9 ± 0.1 3.7 ± 0.4 0.5 ± 0.1 2.7 ± 0.2 0.0 ± 0.0 4.1 ± 0.3 0.5 ± 0.1 1.4 ± 0.1 

HRT18 11.9 ± 3.5 11.4 ± 3.0 8.4 ± 2.1 0.7 ± 0.5 5.1 ± 0.9 0.1 ± 0.1 10.9 ± 2.5 0.6 ± 0.1 2.6 ± 0.6 

HT29 6.0 ± 1.3 3.4 ± 0.9 5.2 ± 0.9 0.6 ± 0.1 3.0 ± 0.5 0.1 ± 0.0 5.0 ± 0.7 0.3 ± 0.0 1.5 ± 0.3 

LoVo 6.9 ± 2.9 3.1 ± 1.3 6.4 ± 2.0 1.3 ± 0.5 7.3 ± 2.6 0.0 ± 0.0 8.2 ± 2.4 1.3 ± 0.4 4.1 ± 1.3 

LS174T 7.4 ± 9.8 3.3 ± 4.7 5.2 ± 4.6 0.5 ± 0.5 3.1 ± 2.3 0.0 ± 0.0 4.1 ± 3.0 0.6 ± 0.4 1.8 ± 1.4 

LS411N 10.1 ± 3.8 7.2 ± 2.5 7.7 ± 2.7 0.9 ± 0.3 4.4 ± 1.5 0.1 ± 0.0 4.8 ± 1.7 0.6 ± 0.3 2.3 ± 0.8 

SW1116 9.4 ± 1.2 7.8 ± 0.9 9.0 ± 1.2 0.5 ± 0.1 3.6 ± 0.7 0.0 ± 0.0 5.6 ± 1.0 0.4 ± 0.1 1.9 ± 0.5 

SW48 5.3 ± 1.3 4.7 ± 1.1 4.0 ± 1.1 0.5  ± 0.1 2.3 ± 0.7 0.1 ± 0.0 4.5 ± 1.3 0.3 ± 0.1 1.3 ± 0.4 

SW480 14.0 ± 3.1 13.7 ± 3.2 9..3 ± 1.9 1.1 ± 0.3 7.3 ± 1.6 0.1 ± 0.0 9.0 ± 1.8 1.7 ± 0.4 2.8 ± 0.5 

SW620 2.1 ± 0.5 0.7 ± 0.2 4.2 ± 0.5 0.4 ± 0.1 2.3 ± 0.5 0.0 ± 0.0 3.2 ± 0.8 0.3 ± 0.1 1.3 ± 0.3 

SW837 5.0 ± 1.9 3.0 ± 1.0 3.2 ± 1.3 0.5 ± 0.2 1.8 ± 0.8 0.1 ± 0.1 3.2 ± 1.4 0.1 ± 0.1 0.9 ± 0.4 

T84 15.5 ± 2.2 17.4 ± 3.1 4.2 ± 0.6 0.6 ± 0.1 4.7 ± 0.5 0.1 ± 0.0 6.9 ± 0.9 0.3 ± 0.0 1.5 ± 0.2 

TC71 3.8 ± 2.4 1.9 ± 2.1 4.4 ± 1.0 0.5 ± 0.2 2.6 ± 1.1 0.0 ± 0.0 3.7 ± 1.9 0.4 ± 0.2 1.3 ± 0.3 
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Table A5.10. FA profile of high concentration EPA treated cells expressed as absolute amount 

 

 

* FA content is expressed as the mean absolute of total fatty acids present; µg/million cells ± SD for 3 independent replicates. 

 Cell Line 
Fatty acid content (µg/million cells)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 26.8 ± 9.4 17.4 ± 7.7 17.9 ± 4.5 1.8 ± 0.4 12.4 ± 2.8 0.2 ± 0.0 198.2 ± 42.1 18.3 ± 4.3 3.5 ± 0.8 

Colo205 16.1 ± 2.1 9.0 ± 1.3 7.8 ± 1.6 0.7 ± 0.1 5.0 ± 0.9 0.1 ± 0.0 45.9 ± 8.4 5.1 ± 0.8 1.3 ± 0.2 

DLD-1 8.1 ± 3.7 6.3 ± 3.0 4.1 ± 1.8 0.6 ± 0.3 2.4 ± 1.0 0.1 ± 0.0 28.4 ± 13.1 0.9 ± 0.4 1.1 ± 0.5 

HCA-7 9.5 ± 2.7 5.5 ± 1.2 6.3 ± 3.4  0.6 ± 0.4 3.1 ± 1.5 0.1 ± 0.0 29.4 ± 19.1 3.4 ± 1.8 1.3 ± 0.9 

HCT116 4.7 ± 0.7 1.1 ± 0.3 4.1 ± 0.5 0.7 ± 0.0 2.7 ± 0.3 0.1 ± 0.0 32.7 ± 4.5 5.2 ± 0.6 1.6 ± 0.1 

HRT18 14.3 ± 8.1 13.8 ± 8.4 7.3 ± 4.6 0.7 ± 0.5 4.0 ± 2.8 0.1 ± 0.1 35.1 ± 22.5 2.0 ± 1.2 1.8 ± 1.3 

HT29 8.1 ± 0.7 5.4 ± 0.7 5.1 ± 0.7 0.6 ± 0.1  3.0 ± 0.4 0.1 ± 0.0 44.6 ± 6.5 1.1 ± 0.2 1.2 ± 0.1 

LoVo 8.5 ± 2.6 4.0 ± 1.7 5.4 ± 0.9 1.3 ± 0.2 4.8 ± 0.5 0.1 ± 0.0 78.4 ± 6.7 8.3 ± 0.8 2.8 ± 0.2 

LS174T 2.7 ± 0.3 0.6 ± 0.3 3.3 ± 1.0 0.4 ± 0.1 2.6 ± 1.2 0.0 ± 0.0 67.1 ± 26.1 6.8 ± 2.6 1.7 ± 0.6 

LS411N 11.5 ± 1.9 8.8 ± 1.6 7.0 ± 1.0 0.8 ± 0.1 6.3 ± 1.2 0.2 ± 0.0 28.7 ± 6.0 3.5 ± 0.7 2.2 ± 0.4 

SW1116 16.4 ± 2.0 12.1 ± 1.9 12.9 ± 1.5 0.8 ± 0.1 7.3 ± 0.7 0.2 ± 0.0 114.8 ± 12.4 7.0 ± 0.6 2.1 ± 0.2 

SW48 8.7 ± 3.1 8.3 ± 3.2 5.4 ± 2.2 0.6 ± 0.3 2.9 ± 1.3 0.1 ± 0.0 27.8 ± 10.8 1.1 ± 0.4 1.6 ± 0.7 

SW480 23.4 ± 2.2 21.7 ± 2.5 11.4 ± 0.9 1.4 ± 0.1 9.8 ± 1.1 0.1 ± 0.0 53.0 ± 4.5 9.4 ± 0.9 2.3 ± 0.1 

SW620 5.0 ± 3.0 1.2 ± 0.6 7.2 ± 5.5 0.8 ± 0.7 4.1 ± 3.5 0.1 ± 0.1 80.5 ± 69.2 11.0 ± 9.4 2.0 ± 1.7 

SW837 9.3 ± 1.5 5.7 ± 0.7 4.8 ± 0.9 0.7 ± 0.1 2.4 ± 0.5 0.1 ± 0.0 31.1 ± 3.8 0.9 ± 0.1 1.1 ± 0.2 

T84 14.8 ± 4.1 15.8 ± 3.9 3.9 ± 1.4 0.6 ± 0.2 3.4 ± 1.2 0.1 ± 0.0 44.2 ± 15.6 0.9 ± 0.4 1.2 ± 0.4 

TC71 4.5 ± 2.4 1.9 ± 1.8 4.5 ± 1.2 0.5 ± 0.1 2.6 ± 0.5 0.0 ± 0.0 21.6 ± 2.1 3.7 ± 0.4 1.2 ± 0.1 
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Table A5.11. FA profile of DHA ethanol control treated cells expressed as absolute amount 

 
* FA content is expressed as the mean absolute of total fatty acids present; µg/million cells ± SD for 3 independent replicates. 

  

  

 Cell Line 
Fatty acid content (µg/million cells)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 20.7 ± 4.5 13.7 ± 2.5 15.4 ± 4.2 1.5 ± 0.4 9.7 ± 3.0 0.1 ± 0.0 2.7 ± 1.0 1.0 ± 0.3 4.4 ± 1.4 

Colo205 6.6 ± 0.9 3.5 ± 0.5 6.3 ± 0.7 0.5 ± 0.0 2.4 ± 0.3 0.0 ± 0.0 0.9 ± 0.1 0.2 ± 0.0 1.2 ± 0.2 

DLD-1 5.2 ± 0.3 3.9 ± 0.2 3.8 ± 0.4 0.5 ± 0.1 2.5 ± 0.4 0.1 ± 0.0 1.1 ± 0.1 0.2 ± 0.0 1.2 ± 0.1 

HCA-7 7.9 ± 1.7 4.3 ± 0.8 7.3 ± 1.3 0.5 ± 0.1 2.1 ± 0.5 0.0 ± 0.0 0.6 ± 0.1 0.4 ± 0.1 1.6 ± 0.4 

HCT116 3.8 ± 1.1 1.1 ± 0.4 4.1 ± 0.7 0.5 ± 0.1 2.7 ± 0.4 0.0 ± 0.0 1.1 ± 0.3 0.3 ± 0.1 1.5 ± 0.3 

HRT18 11.7 ± 0.5 10.9 ± 0.9 9.4 ± 0.5 1.0 ± 0.1 5.8 ± 0.6 0.1 ± 0.0 1.6 ± 0.1 0.6 ± 0.0 2.8 ± 0.3 

HT29 4.8 ± 1.1 2.6 ± 1.0 4.6 ± 0.7 0.5 ± 0.1 2.6 ± 0.4 0.1 ± 0.0 1.2 ± 0.2 0.2 ± 0.0 1.3 ± 0.2 

LoVo 4.1 ± 0.9 1.6 ± 0.4 3.8 ± 0.6 0.8 ± 0.1 4.6 ± 0.7 0.0 ± 0.0 1.5 ± 0.2 0.5 ± 0.1 2.7 ± 0.3 

LS174T 3.0 ± 2.2 1.5 ± 1.6 3.1 ± 0.7 0.3 ± 0.1 2.1 ± 0.2 0.0 ± 0.0 0.6 ± 0.0 0.3 ± 0.0 1.2 ± 0.1 

LS411N 9.1 ± 2.3 6.0 ± 1.5 8.7 ± 2.4 1.0 ± 0.3 5.0 ± 1.5 0.1 ± 0.0 1.5 ± 0.4 0.6 ± 0.2 2.8 ± 0.9 

SW1116 7.9 ± 4.2 6.2 ± 3.1 7.9 ± 4.7 0.5 ± 0.3 3.1 ± 1.9 0.0 ± 0.0 1.4 ± 0.9 0.2 ± 0.1 1.5 ± 0.9 

SW48 6.1 ± 0.5 5.4 ± 0.8 5.0 ± 0.4 0.5 ± 0.0 2.9 ± 0.2 0.1 ± 0.0 1.0 ± 0.0 0.3 ± 0.0 1.7 ± 0.2 

SW480 13.2 ± 2.5 12.6 ± 2.0 10.0 ± 2.4 1.2 ± 0.3 8.1 ± 2.0 0.1 ± 0.0 2.5 ± 0.6 0.9 ± 0.2 3.5 ± 0.9 

SW620 3.1 ± 1.9 0.8 ± 0.6 5.4 ± 2.9 0.5 ± 0.3 2.7 ± 1.6 0.0 ± 0.0 0.9 ± 0.5 0.3 ± 0.2 1.4 ± 0.8 

SW837 5.8 ± 0.5 3.5 ± 0.1 3.9 ± 0.5 0.7 ± 0.1 2.2 ± 0.3 0.2 ± 0.0 0.7 ± 0.1 0.1 ± 0.0 1.1 ± 0.1 

T84 25.3 ± 20.2 28.4 ± 21.6 7.2 ± 6.4 1.1 ± 1.0 9.0 ± 7.7 0.1 ± 0.1 4.2 ± 3.7 0.4 ± 0.4 3.0 ± 2.6 

TC71 4.1 ± 1.0 1.8 ± 1.1 6.0 ± 1.8 0.6 ± 0.0 3.3 ± 0.9 0.0 ± 0.0 1.4 ± 1.0 0.4 ± 0.1 1.7 ± 0.2 
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Table A5.12. FA profile of 5µM DHA treated cells expressed as absolute amount 

 
* FA content is expressed as the mean absolute of total fatty acids present; µg/million cells ± SD for 3 independent replicates. 

  

 Cell Line 
Fatty acid content (µg/million cells)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 17.9 ± 4.5 12.8 ± 2.9 11.4 ± 2.0 1.1 ± 0.2 6.6 ± 1.0 0.1 ± 0.0 3.2 ± 1.0 0.6 ± 0.1 10.7 ± 4.0 

Colo205 6.2 ± 0.8 3.5 ± 0.4 5.3 ± 1.1 0.4 ± 0.1 2.0 ± 0.4 0.0 ± 0.0 1.4 ± 0.3 0.2 ± 0.0 2.3 ± 0.5 

DLD-1 6.0 ± 0.3 4.6 ± 0.8 3.8 ± 0.5 0.5 ±  0.1 2.5 ± 0.3 0.1 ± 0.0 1.9 ± 0.2 0.2 ± 0.0 3.4 ± 0.5 

HCA-7 8.5 ± 0.7 4.8 ± 0.2 7.4 ± 0.9 0.5 ± 0.0 2.0 ± 0.2 0.0 ± 0.0 0.8 ± 0.1 0.3 ± 0.0 3.8 ± 0.5 

HCT116 4.0 ± 1.5 1.0 ± 0.4 4.7 ± 1.7 0.6 ± 0.2 3.1 ± 0.7 0.0 ± 0.0 1.7 ± 0.3 0.3 ± 0.1 4.5 ± 0.9 

HRT18 8.8 ± 2.4 8.1 ± 2.3 7.0 ± 2.1  0.7 ± 0.2 3.9 ± 1.2 0.1 ± 0.0 1.4 ± 0.5 0.3 ± 0.1 4.6 ± 1.4 

HT29 5.0 ± 1.0 2.9 ± 0.5 3.9 ± 1.0 0.4 ± 0.1 2.2 ± 0.5 0.1 ± 0.0 1.3 ± 0.3 0.2 ± 0.0 2.5 ± 0.5 

LoVo 4.7 ± 0.9 1.8 ± 0.3 4.4 ± 0.8 1.0 ± 0.2 5.3 ± 1.0 0.0 ± 0.0 2.4 ± 0.4 0.6 ± 0.1 7.2 ± 1.4 

LS174T 1.5 ± 0.3 0.5 ± 0.1 2.4 ± 0.4 0.3 ± 0.0 1.9 ± 0.3 0.0 ± 0.0 0.6 ± 0.1 0.2 ± 0.0 2.6 ± 0.6 

LS411N 11.2 ± 3.1 8.0 ± 2.1 8.9 ± 2.1 1.0 ± 0.3 4.8 ± 1.1 0.1 ± 0.0 1.9 ± 0.4 0.5 ± 0.1 5.3 ± 1.2 

SW1116 10.0 ± 2.2 7.9 ± 2.2 10.1 ± 1.9 0.6 ± 0.1 3.7 ± 0.8 0.0 ± 0.0 2.3 ± 0.4 0.2 ± 0.0 4.3 ± 0.8 

SW48 5.6 ± 1.5 4.8 ± 1.5 3.9 ± 1.1 0.4 ± 0.1 2.1 ± 0.6 0.1 ± 0.0 0.9 ± 0.2 0.2 ± 0.1 2.8 ± 0.7 

SW480 17.9  ± 2.5 17.7 ± 2.2 12.0 ± 1.2 1.5 ± 0.1 9.4 ± 1.4 0.1 ± 0.0 5.9 ± 0.7 0.9 ± 0.1 9.1 ± 1.0 

SW620 5.1 ± 5.3 1.9 ± 2.4 5.5 ± 3.1 0.5 ± 0.2 2.5 ± 1.3 0.0 ± 0.0 0.8 ± 0.4 0.3 ± 0.1 2.9 ± 1.3 

SW837 5.3 ± 1.9 3.1 ± 1.0 3.5 ± 1.3 0.6 ± 0.2 1.9 ± 0.7 0.1 ± 0.1 0.7 ± 0.2 0.1 ± 0.0 2.0 ± 0.8 

T84 11.2 ± 1.3 12.7 ± 1.6 3.4 ± 0.5 0.5 ± 0.1 4.1 ± 0.7 0.1 ± 0.0 2.4 ± 0.5 0.2 ± 0.0 3.0 ± 0.5  

TC71 3.7 ± 1.6 1.6 ± 1.1 4.7 ± 1.2 0.5 ± 0.1 2.6 ± 0.9 0.0 ± 0.0 1.4 ± 0.8 0.3 ± 0.0 3.6 ± 1.1 
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Table A5.13. FA profile of high concentration DHA treated cells expressed as absolute amount 

 

 
* FA content is expressed as the mean absolute of total fatty acids present; µg/million cells ± SD for 3 independent replicates. 

  

 Cell Line 
Fatty acid content (µg/million cells)* 

PA SA OA LA AA LNA EPA DPA DHA 

CaCo-2 23.7 ± 8.4 16.5 ± 5.7 12.7 ± 4.3 1.2 ± 0.3 7.3 ± 1.9 0.1 ± 0.0 6.3 ± 1.9 0.8 ± 0.2 36.9 ± 12.4 

Colo205 8.8 ± 2.7 5.2 ± 1.2 7.3 ± 2.7 0.6 ± 0.2 2.7 ± 1.0 0.1 ± 0.0 1.9 ± 0.7 0.2 ± 0.1 3.1 ± 1.0 

DLD-1 4.9 ± 2.0 4.1 ± 1.6 2.5 ± 1.1 0.3 ± 0.1 1.7 ± 0.7 0.1 ± 0.0 1.6 ± 0.7 0.1 ± 0.0 5.4 ± 2.3 

HCA-7 6.5 ± 1.4 3.7 ± 0.7 4.8 ± 0.7 0.3 ± 0.1 1.3 ± 0.2 0.0 ± 0.0 1.4 ± 0.3 0.3 ± 0.0 5.5 ± 0.9 

HCT116 3.4 ± 1.1 1.1 ± 0.5 3.0 ± 0.6 0.4 ± 0.1 2.2 ± 0.2 0.0 ± 0.0 2.3 ± 0.1 0.3 ± 0.0 10.0 ± 0.8 

HRT18 13.5 ± 3.1 13.2 ± 3.2 8.1 ± 2.2 0.8 ± 0.2 4.7 ± 1.1 0.1 ± 0.0 2.3 ± 0.5 0.4 ± 0.1 21.6 ± 5.9 

HT29 5.5 ± 1.2 3.6 ± 1.5 3.7 ± 0.4 0.4 ± 0.0 2.0 ± 0.2 0.1 ± 0.0 1.3 ± 0.1 0.2 ± 0.0 12.5 ± 2.5 

LoVo 7.3 ± 1.6 3.0 ± 0.7 5.6 ± 1.2 1.3 ± 0.4 7.2 ± 1.7 0.1 ± 0.0 4.6 ± 1.1 0.7 ± 0.2 22.0 ± 5.7 

LS174T 1.8 ± 0.5 0.6 ± 0.2 2.6 ± 0.2 0.3 ± 0.0 2.0 ± 0.1 0.0 ± 0.0 1.8 ± 0.1 0.3 ± 0.0 28.3 ± 2.1 

LS411N 14.0 ± 2.1 10.9 ± 2.3 8.4 ± 1.0 0.9 ± 0.1 4.6 ± 0.5 0.1 ± 0.0 3.2 ± 0.4 0.5 ± 0.1 20.5 ± 1.7 

SW1116 8.3 ± 1.2 6.7 ± 1.2 6.3 ± 0.7 0.3 ± 0.0 2.1 ± 0.3 0.0 ± 0.0 2.1 ± 0.3 0.1 ± 0.0 16.3 ± 3.2 

SW48 5.7 ± 0.9 5.1 ± 0.5 3.4 ± 0.9 0.4 ± 0.1 1.8 ± 0.5 0.1 ± 0.0 1.6 ± 0.4 0.2 ± 0.0 7.2 ± 1.7 

SW480 15.5 ± 3.3  15.8 ± 2.7 8.3 ± 2.1 1.5 ± 0.1 6.8 ± 1.8 0.1 ± 0.0 6.2 ± 1.7 0.7 ± 0.2 16.6 ± 4.3 

SW620 2.8 ± 1.1 0.8 ± 0.3 4.6 ± 2.8 0.4 ± 0.2 2.2 ± 1.5 0.0 ± 0.0 1.5 ± 1.0 0.2 ± 0.1 8.3 ± 5.6 

SW837 6.9 ± 1.1 3.9 ± 0.7 4.2 ± 1.0 0.6 ± 0.2 2.0 ± 0.6 0.2 ± 0.0 1.1 ± 0.3 0.1 ± 0.0 8.5 ± 2.6 

T84 16.3 ± 0.7 19.8 ± 1.7 3.6 ± 1.5 0.5 ± 0.2 3.7 ± 1.6 0.1 ± 0.0 2.1 ± 1.1 0.2 ± 0.1 6.8 ± 3.1 

TC71 13.6 ± 5.3 5.7 ± 3.9 13.5 ± 1.8 1.4 ± 0.6 8.4 ± 5.2 0.1 ± 0.0 6.6 ± 4.9 0.8 ± 0.4 33.3 ± 11.4 
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A5.6. DPA and DHA content at following treatment with ethanol carrier control and 5µM EPA  

  

       

      

 

 
Figure A5.5 Absolute content of DPA and DHA following treatment with ethanol carrier and 5µM EPA  

DPA content following treatment with EPA carrier , 5µM EPA  and DHA content following treatment with DHA carrier  and 5µM EPA  . All FA content is 

expressed as mean ± SD µg per million cells, for 3 independent replicates.  
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A5.7. Statistical analysis of FA content analysis by molecular subgroup and following DAC exposure 

 

Table A5.14. Differences in n-3 PUFA content of carrier and 5µM EPA (or 5µM DHA) treated CRC cells between molecular subtypes 

 

Table A5.15. Differences in n-3 PUFA content of carrier, DAC, EPA, and combined DAC + EPA treated HCT116 and LS174T cells 

Cell Treatment n-3 Content 
P value (Mann-Whitney) 

CIN- vs CIN+ MSS vs MSI CIMP- vs CIMP+ 

EPA ethanol control treated EPA 0.37 0.14 0.06 

5µM EPA treated EPA 0.33 0.41 0.12 

EPA ethanol control treated DPA 0.13 0.08 0.30 

5µM EPA treated DPA 0.48 0.19 0.12 

EPA ethanol control treated DHA 0.41 0.44 0.12 

5µM EPA treated DHA 0.49 0.31 0.08 

DHA ethanol control treated DHA 0.44 0.44 0.08 

5µM DHA treated DHA 0.48 0.24 0.08 

Treatment 
P value (t-test) 

HCT116:  
EPA content 

HCT116: DPA 
content 

HCT116:  
DHA content 

LS174T:  
EPA content 

LS174T:  
DPA content 

LS174T:  
DHA content 

Carrier control v 1µM DAC  0.08 0.10 0.10 0.38 0.35 0.33 

Carrier control v 5µM EPA  0.0006 0.005 0.06 0.0009 0.03 0.36 

Carrier control v 1µM DAC + 5µM EPA  0.005 0.04 0.06 0.005 0.48 0.27 

5µM EPA v 1µM DAC + 5µM EPA  0.015 0.02 0.40 0.12 0.22 0.20 
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A6.1. Fluorescence Activated Cell Sorting: GFP gating 

 

 Cell Count vs GFP 
Amplified: total  cells in 

fluorescence gated population 

MC38r-CTVL 

  

MC38r-
MFVL 

  
 
Figure A6.1 eGFP gating in MC38r stable transfectants 

MC38r cells had fluorescence detectable in 3% of the population, but with a 1-2 log shift in 
measured fluorescence in transfected cells in relation to untransfected MC38r cells. Peaks in 
fluorescence (B530/40) are highlighted on the plots below in grey (untransfected cells) and in 
transfected cells with black arrows. 
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A6.2. RNA quantity and RT-qPCR output data for HEK293 clones 

 

Table A6.1. RNA quantity and RT-qPCR output data of HEK293 stable clones 

 
RNA was extracted from HEK293 and transfected clones and was measured on the NanoDrop. 
The results are displayed as a concentration; ng/µl, with purity shown by the 260/280 ratio. CT 

and RQ are shown as mean ± SD for 3 independent samples with the exception samples denoted 
with (*) in which transcript levels were measured for one sample over 3 experimental repeats. 

  

Sample 
mRNA quality, purity, and transcript expression  

ng/µl 
260/
280 

β-Actin 
CT 

Mrgprf 
CT 

Δ CT RQ 

HEK293 

487.5 
297.2 
299.5 
401.7 

2.10 
2.10 
2.10 
2.07 

17.9 ± 1.6 30.5 ± 2.1  13.5 ± 1.0  1.0 

HEK293-CTv * 
 

240.1 
 

2.10 18.4 ± 1.1  31.1 ± 2.0  11.2 ± 1.8 4.2 ± 4.9  

HEK293-Mv * 
 

305.1 
 

2.10 17.9 ± 1.5  16.3 ± 1.2 -1.7 ± 0.7 49554 ± 34139 

HEK293-CTvL 
B3 

387.9 
427.1 
327.1 

2.10 
2.09 
2.10 

17.1 ± 0.3 30.0 ± 1.4 12.9 ± 1.1 1.8 ± 1.7 

HEK293-CTvL 
B4 

230.4 
346.4 
223.3 

2.07 
2.04 
2.03 

18.2 ± 0.3 34.4 ± 1.3 16.2 ± 0.7 0.4 ± 0.1 

HEK293-CTvL 
B9 

527.0 
204.1 
516.6 

2.07 
2.08 
2.10 

18.7 ± 0.2 30.6 ± 0.3 11.9 ± 0.1 2.1 ± 1.7 

HEK293-MFvL 

A6 

318.5 
510.6 
381.1 
361.9 

2.10 
2.10 
2.09 
2.08 

18.0 ± 1.3 17.9 ± 1.1 -0.1 ± 1.9 37563 ± 33572 

HEK293-MFvL 

C1 

372.8 
162.4 
179.1 

2.10 
2.10 
2.09 

16.9 ± 0.1 18.0 ± 0.6 1.1 ± 1.5 25848 ± 16140 

HEK293-MFvL 

C3 

518.3 
1367.8 
477.1 
361.1 

2.10 
2.10 
2.10 
2.08 

17.5 ± 0.9 15.5 ± 1.2 -2.0 ± 0.7 48227 ± 36129 

HEK293-MFvL 

C8 

626.4 
238.1 
542.2 

2.08 
2.10 
2.09 

18.4 ± 0.2 18.4 ± 2.3 -0.1 ± 2.1 46536 ± 35650 
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A6.3. Assessing whether EPA stimulation of MRGPRF clones induced 

cAMP signalling 

 

A B 

 

Figure A6.2  cAMP production in stable transfectants 

ELISAs to detect presence of cAMP were completed by Jordan Appleyard and Harriet Beal.  
A: HEK293-CTvL clone B3 and HEK293-MvL clone C3 produce cAMP, with MFVL C3 producing a 
greater amount in presence of 10µM forskolin  compared to DMSO carrier control  and 

compared to CTVL B3. Forskolin is a pharmacological agent often used to study cAMP production 
as it activates adenylyl cyclase in a rapid and reversible manner. B: No cAMP response was 
observed when HEK293 stable clones were treated with ethanol control  and 75µM EPA  
as no increase in cAMP concentration was shown. 


