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INVESTIGATION OF THE ASSOCIATION AND CARCINOGENESIS OF 

FUSOBACTERIUM NUCLEATUM, DNMT3A, AND THE 

HYPERMETHYLATION OF SEPT9 IN COLORECTAL CANCER (CRC)  

ABSTRACT 

The FDA has recently approved the screening of colorectal cancer (CRC) using 

methylated SEPT9 (mSEPT9) as a highly sensitive biomarker. Meanwhile, 

Fusobacterium nucleatum (FN) has been implicated in CRC progression. However, the 

association between FN and SEPT9 in CRC remains unexplored, as does the role of 

DNMT3a, a DNA methyltransferase known to methylate SEPT9 in liver cells but with an 

unknown function towards SEPT9 in CRC. To address these gaps, this study primarily 

aims to demonstrate the clinical significance of FN and SEPT9 methylation in CRC 

patients, investigate the involvement of DNMT3a in regulating SEPT9 methylation in 

CRC, and define the relationship between FN, DNMT3a expression, and SEPT9 

methylation in CRC. Quantitative polymerase chain reaction (qPCR) analysis of the DNA 

from FFPE tissue collected from CRC patients reveals that FN is prevalent in CRC 

patients (87.95 %) and more abundant in cancer tissue than in normal tissue (p < 0.05). 

Although no significant associations were found between FN and clinicopathological 

features of CRC patients, a high bacterial load of FN was significantly associated with 

larger tumour size and the presence of KRAS mutations (p < 0.05). Moreover, SEPT9 is 

more prevalent in CRC patients (90.36 %). Elevated levels of mSEPT9 were detected in 

CRC tissue, particularly in patients aged 50 years and above, and were associated with 

larger tumour size (p < 0.05). Importantly, high levels of mSEPT9 were correlated with 

elevated levels of FN in CRC tissue, regardless of the cancer status of the tissue. For the 

in vitro study, we see a reduction in SEPT9 hypermethylation due to the silencing of 

DNMT3a in HCT116 colon cancer cells. However, the resulting downregulation of 

SEPT9 protein was unexpected. This finding revealed the complex and multifaceted roles 

of DNMT3a in the regulation of SEPT9 at the methylation, gene expression, and protein 

expression levels. On the other hand, the FN infection assay demonstrated that FN induces 
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greater changes in CRC cell line (HCT116) compared to normal colon cell line (CCD-

112). Interestingly, we see a downregulation of DNMT3a and SEPT9 protein expression 

in response to FN infection despite an upregulation of the mRNA expression of DNMT3a 

and SEPT9 in HCT116 and CCD-112 cells. No observable trends in SEPT9 

hypermethylation were observed in the FN infected cells. In summary, this study provides 

valuable insights into the association between FN and SEPT9 methylation in CRC. It 

sheds light on the complex involvement of DNMT3a in regulating SEPT9 methylation in 

CRC cells. These findings contribute to a better understanding of CRC and may pave the 

way for the development of novel diagnostic and therapeutic approaches targeting FN, 

SEPT9, and DNMT3a in the management of CRC. 

Keywords ï Clinicopathological, Indonesian, KRAS, Malaysian Chinese, Prevalence 
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CHAPTER 1: INTRODUCTION  

1.1 Problem Statement of Research  

Colorectal cancer (CRC) is a complex multifactorial disease, and many studies have 

shown the importance of epigenetic modifications and the presence of gut Fusobacterium 

nucleatum (FN) in cancer progression. Recently, the FDA has approved the screening of 

CRC through the detection of methylated SEPT9 as a CRC biomarker with very high 

sensitivity, while FN has been shown to be involved in the progression of CRC. 

Additionally, DNMT3a plays an important role in the methylation of SEPT9 in liver 

fibrotic cells.  

FN, a gram-negative bacterium typically residing in the oral cavity, is known to cause 

oral diseases such as gingivitis and periodontitis. While normally absent in the gut of 

healthy individuals, its presence there has been associated with gut-related disorders 

including irritable bowel disease and CRC. FN is also known to be associated to certain 

clinicopathological variables in CRC. In addition, FN can also increase hypermethylation 

of several cancer-related genes. DNMT3a is an enzyme crucial for gene methylation. In 

general, DNA methylation of a gene causes a reduction in gene expression. A 

dysregulation of DNMT3a can therefore lead to aberrant gene expressions, potentially 

causing deleterious effects such as the downregulation of tumour-suppressor genes (TSG), 

which may lead to the progression of cancer.  

DNMT3a is known to be the primary enzyme in the methylation of SEPT9 in liver fibrotic 

cells.  SEPT9 is a cytoskeletal protein essential for cell division and regulates autophagy. 

Moreover, SEPT9 demonstrates antimicrobial activity against certain bacterial species, 

such as Listeria monocytogenes. Its role in CRC progression is inferred to be from 

disruptions in cell division.  
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While the distinct roles of FN, DNMT3a, and SEPT9 in CRC progression have been well-

documented in the literature, the intricate interplay among these factors remains largely 

unexplored. We hypothesize that FN may play a role in regulating SEPT9 through the 

DNMT3a enzyme in CRC. CRC is a global burden and is commonly diagnosed at later 

stages due to the lack of CRC screening. CRC patients diagnosed at later stages generally 

have very low chances of surviving for the next 5 years. The lack of adherence to CRC 

screening also contributes to diagnosis at late stages. By understanding the interplay 

between these 3, it is possible that better diagnostic and treatment strategies can be 

developed.  

1.2 Aims 

1. To investigate the prevalence of FN and SEPT9 methylation and the association of 

their presence or levels with clinicopathological variables in CRC patients  

2. To investigate the involvement of DNMT3a in regulating SEPT9 methylation in CRC; 

3. To define the predilection of FN in DNMT3a expression and SEPT9 methylation in 

CRC. 
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1.3 Significance of study  

This study will address some limitations presented in current literatures and extend on 

existing experimental designs from the approach of pathogen-epigenetics. Findings from 

this study will improve current understanding on the pathogen-epigenetics aspect of 

diseases and may lead to improved diagnostics and the consideration of applying 

antibiotics and methylation-related drugs in the treatment of CRC. 
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CHAPTER 2: LITERATURE REVIEW  

2.1 Colorectal cancer  

Cancer is a complex and multifactorial disease associated with abnormal cell growth, 

leading to a range of other health complications. The initiation and progression of cancer 

are influenced by various factors, including genetics, age, lifestyle, diet, and the 

environment. These factors can act cooperatively to trigger and drive the development of 

cancerous cells. The initiation of cancer occurs in stages, characterized by aberrant 

changes in gene expression that are closely linked to cell proliferation. (Wu et al., 2018). 

Mutations or alterations in these genes are natural occurrences even in healthy individuals, 

as they are usually repaired by DNA repair mechanisms or eliminated through 

programmed cell death. However, when there are simultaneous mutations in these genes, 

mutated genes for cell proliferation cannot be repaired by DNA repair mechanisms, 

leading to uncontrolled cell growth (Labi & Erlacher, 2015).  

In addition to uncontrolled cell growth, cancer cells also have the ability to synthesize 

additional blood vessels through a process known as angiogenesis. This process facilitates 

the transportation of nutrients to the growing tumour and allows cancer cells to 

disseminate to other parts of the body. It is important to note that in many cases, patients 

do not succumb to the primary tumour site but rather from the spread of cancer cells to 

vital organs such as the lungs, heart, or brain. Metastasis is a significant challenge in 

cancer treatment, as the spread of cancer cells to distant organs often leads to more severe 

health complications and reduces patient survival rates (Rajabi & Mousa, 2017). 

CRC, encompassing cancerous growths in the colon, rectum, and/or anus, is among the 

most prevalent cancers affecting both men and women worldwide. Globally, it ranks as 

the third most common cancer in men and the second most common cancer in women 

(Pang et al., 2020). According to the Global Cancer Observatory (GLOBOCAN), CRC is 

the second leading cause of cancer-related death after lung cancer (Sung et al., 2021). The 
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development of CRC is predominantly attributed to various risk factors, such as advanced 

age, environmental exposures, and lifestyle choices, rather than underlying genetic 

disorders. As individuals age, mutations tend to accumulate in their cells, increasing the 

likelihood of cancer development. Environmental and lifestyle factors include smoking, 

high intake of alcohol, processed meat, and lack of exercise have also been identified as 

significant contributors to the incidence of CRC (Momenyan et al., 2017). Moreover, 

individuals with underlying medical conditions such as inflammatory bowel disease and 

ulcerative colitis are at a higher risk of developing CRC (Lakatos & Lakatos, 2008).  

Although CRC may present symptoms such as blood in the stool and changes in bowel 

movements, these manifestations are not specific to CRC alone. The gold standard for the 

clinical diagnosis of CRC is currently colonoscopy, a procedure that enables the 

examination of the colorectal region through medical imaging techniques. However, it is 

worth noting that CRC is often diagnosed at later stages when symptoms become 

noticeable. Consequently, preventive measures such as CRC screening have proven to be 

more effective in reducing mortality rates associated with CRC. Traditionally, CRC 

screening has been performed using tests like the Fecal Occult Blood Test (FOBT) or the 

Fecal Immunochemical Test (FIT), both of which detect the presence of blood in the stool 

(Brenner, Tao, Hoffmeister, & Pox, 2016). Positive results from these tests are typically 

followed up with colonoscopy for confirmation. However, newer molecular tests, such as 

the detection of circulating-tumour DNA (ctDNA), have demonstrated higher sensitivity 

compared to FOBT and FIT in detecting CRC. These advances in screening techniques 

hold promise for improving early detection and reducing the burden of CRC (Pang et al., 

2020).  
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Early detection of CRC is crucial as it enables timely intervention and improves treatment 

outcomes. Furthermore, advancements in understanding the molecular and genetic 

characteristics of CRC have led to the development of targeted therapies tailored to 

specific subsets of CRC patients. Personalized medicine approaches, such as identifying 

specific genetic mutations or epigenetic alterations, allow for more effective treatment 

strategies and better patient outcomes (Pang et al., 2020). 

2.2 Potential biomarkers of CRC  

In medical laboratories, the detection of biomarkers plays a crucial role in the screening 

and diagnosis of CRC. This process involves analyzing patient samples such as blood, 

urine, and other biological specimens. Molecular biomarkers, capable of examining 

diseases at the DNA, RNA, or protein level, offer a higher degree of specificity. 

Biomarkers can be classified into two main categories: predictive and prognostic 

biomarkers. (Pang et al., 2020).  

Predictive biomarkers are used to anticipate the response of a patient to a specific therapy. 

They provide valuable information about the likelihood of a favorable treatment outcome. 

By identifying predictive biomarkers, healthcare professionals can tailor treatment plans 

to individual patients, optimizing their chances of a positive response. On the other hand, 

prognostic biomarkers offer insights into the overall health outcome of a patient. They 

provide information about the likely progression and prognosis of the disease. Prognostic 

biomarkers are particularly useful in CRC for monitoring the effectiveness of treatment 

interventions. By regularly assessing the levels or presence of specific prognostic 

biomarkers, healthcare providers can evaluate the success of the treatment and make 

necessary adjustments if needed (Pang et al., 2020). 
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2.2.1 Methylated SEPT9 

The identification of SEPT9 hypermethylation as a reliable biomarker for early CRC 

detection has opened up new avenues for diagnostic approaches. Notably, the detection 

of methylated SEPT9 (mSEPT9) in circulating free DNA (cfDNA) extracted from blood 

samples has gained significant interest. The development of methylation-specific qPCR 

assays, such as the FDA-approved Epi proColon kit, allows for the sensitive and specific 

detection of mSEPT9 in clinical settings. This non-invasive screening approach holds 

promise for early CRC detection, as it enables the identification of methylated SEPT9 

DNA fragments shed by tumour cells into the bloodstream (Ma et al., 2019b). 

Beyond its diagnostic potential, mSEPT9 has also shown promise as a prognostic 

biomarker in CRC. Studies have investigated the association between mSEPT9 levels and 

clinical outcomes in CRC patients. For example, Ma et al. (2019) monitored the levels of 

mSEPT9 and carcinoembryonic antigen (CEA) in patients before and after surgical 

tumour removal. They observed that patients with higher levels of both CEA and 

mSEPT9 had a poorer prognosis, with an increased risk of metastasis, recurrence, and 

post-surgical death compared to patients with lower levels (Ma et al., 2019b). 

Furthermore, the detection of mSEPT9 in presurgical plasma samples has shown 

correlations with worse overall survival and disease-free survival rates in CRC patients 

(Shen et al., 2019). This emphasizes the potential of mSEPT9 as a prognostic biomarker 

that can aid in predicting patient outcomes and identifying high-risk individuals who may 

require more aggressive therapeutic strategies (Shen et al., 2019).  

2.2.2 KRAS 

The importance of Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS) as a predictive 

biomarker cannot be understated in the clinical management of CRC. It is estimated that 

approximately 40-52% of CRC cases are associated with mutations in the KRAS gene. 
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KRAS plays a crucial role in the regulation of cell growth and survival, particularly in 

response to epidermal growth factor receptor (EGFR) signaling (Meng et al., 2021).  

KRAS acts as a molecular switch, transmitting signals from cell surface receptors, such as 

EGFR, to intracellular signaling pathways that control vital cellular processes. Upon 

binding of EGFR ligands, KRAS undergoes a conformational change, allowing it to bind 

and activate downstream effectors, such as RAF, PI3K, and RalGDS. Activation of these 

effectors leads to the activation of multiple downstream signaling cascades, including the 

MAPK/ERK and PI3K/AKT pathways, which regulate cell proliferation, survival, and 

migration (Malumbres & Barbacid, 2003). 

However, specific mutations in the KRAS gene can lead to its constitutive activation, 

independent of upstream EGFR signaling. The most common mutations occur at codons 

12 and 13, where a single nucleotide substitution results in the replacement of glycine 

with aspartate, cysteine, or valine. These mutations impair the intrinsic GTPase activity 

of KRAS, preventing it from reverting to its inactive GDP-bound state and leading to 

continuous activation of downstream signaling pathways (Stintzing et al., 2009). The 

presence of KRAS mutations has significant implications for the response to anti-EGFR 

therapies, such as cetuximab and panitumumab. These monoclonal antibodies target the 

extracellular domain of EGFR, preventing ligand binding and subsequent activation of 

downstream signaling pathways. However, in CRC patients with KRAS mutations, the 

constitutively active mutant KRAS bypasses the blockade imposed by anti-EGFR 

antibodies, rendering the therapy ineffective. Therefore, the mutational status of KRAS 

has emerged as a crucial negative predictive biomarker for anti-EGFR treatment response 

in CRC (Di Fiore et al., 2007). 
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To overcome the limitations posed by KRAS mutations, alternative treatment strategies 

have been developed. One such approach involves the use of Tyrosine Kinase Inhibitors 

(TKIs), which target key molecules downstream of KRAS in the signaling cascade. TKIs, 

such as regorafenib, inhibit the activation of downstream effectors, such as RAF and PI3K, 

thereby suppressing cell proliferation and survival. Notably, these TKIs have shown 

promising efficacy in patients with wild-type KRAS, highlighting the importance of KRAS 

testing in selecting appropriate treatment options (Pang et al., 2020). 

The introduction of KRAS testing into the diagnostic workup of CRC patients has 

revolutionized the field of personalized medicine. By identifying patients with KRAS 

mutations, clinicians can avoid futile anti-EGFR therapy and explore alternative 

treatment strategies. Moreover, the discovery of additional downstream effectors and 

regulators of KRAS signaling has paved the way for the development of novel therapeutic 

approaches. Combination therapies targeting multiple nodes in the EGFR/KRAS signaling 

network, such as MEK inhibitors in combination with anti-EGFR antibodies or immune 

checkpoint inhibitors, are being actively investigated in clinical trials (Yang et al., 2021). 

The EGFR/KRAS signaling pathway and the inhibition pathway of anti-EGFR and TKI 

is illustrated in Figure 1. 
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Figure 1. Figure showing the EGFR/KRAS signalling cascade and inhibition steps by anti-EGFR or 

TKIs on WT -KRAS or mutated KRAS, respectively. The binding of ligand to the EGFR in WT KRAS 

patients is necessary for the signalling cascade to continue for cell proliferation. Mutated KRAS is shown 

to be auto-activated without the binding of ligand to the EGFR, rendering anti-EGFR antibody treatment 

ineffective. The signalling cascade of auto-activated KRAS can be stopped with TKIs.  
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2.2.3 MMR proteins and MSI 

Deficiencies in MMR proteins, including MSH2, MLH1, MSH6, and PMS2, are routinely 

tested through immunohistochemistry and are considered crucial prognostic markers for 

CRC patients (Sepulveda et al., 2017). MMR protein deficiencies can lead to MSI. MSI 

status, which refers to alterations in the length of repetitive DNA sequences within the 

genome, is an important predictive biomarker in patients with metastatic CRC. MSI-H 

patients generally exhibit a better prognosis compared to MSS patients (Capper et al., 

2013) because MSS patients tend to have a poor response to checkpoint inhibitor therapy, 

such as pembrolizumab (Overman et al., 2017, 2018). While MSI-H patients have been 

shown to be unresponsive to adjuvant chemotherapy such as 5-fluorouracil (5FU), a meta-

analysis by Jover et al. concluded that MMR mutational status should not be used as an 

indicator of chemotherapy efficacy (Jover et al., 2009). 

2.2.4 BRAF 

The presence of a BRAF mutation in CRC has been linked to the methylation of the MLH1 

gene's promoter region. Interestingly, a positive BRAF mutation is typically associated 

with a negative mutation status of the MMR genes. The negative mutation status of MMR 

genes, particularly MLH1, plays a crucial role in predicting the occurrence of MSI. It has 

been found that MSI status is closely related to the response to treatment with anti-PD-1 

(programmed death-1) checkpoint inhibitors like pembrolizumab. Specifically, 

pembrolizumab has shown effectiveness in treating metastatic CRC patients with high 

levels of microsatellite instability (MSI-H) status (Pang et al., 2020). Therefore, the 

presence of a BRAF mutation, along with the negative mutation status of MMR genes and 

the MSI-H status, collectively serve as predictive biomarkers for mCRC patients. These 

biomarkers can help determine which patients are likely to respond positively to treatment 

with pembrolizumab, an anti-PD-1 checkpoint inhibitor. By identifying patients with 
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MSI-H status, healthcare providers can tailor their treatment approach and improve 

treatment outcomes for individuals with metastatic CRC (Pang et al., 2020).  

Although BRAF mutational testing is not currently recommended in CRC guidelines for 

determining the efficacy of anti-EGFR therapy, there is growing evidence suggesting its 

importance in predicting treatment responses. Recent studies have shown that BRAF 

mutations are better prognostic markers than RAS status in determining the response to 

anti-EGFR therapy. The overall response rate of anti-EGFR monoclonal antibodies in 

mutant BRAF patients is lower compared to mutant Exon 2 KRAS patients, indicating a 

better predictive potential of BRAF mutations (Di Nicolantonio et al., 2008). 

In addition to its potential as a predictive biomarker, BRAF mutations also serve as 

prognostic indicators and play a significant role in stratifying CRC patients based on 

prognosis. Approximately 10% of CRC cases exhibit mutations in the BRAF gene, with 

the majority of mutations occurring in Codon 600 (Ursem, Atreya & Van Loon, 2018). 

These mutations are associated with a poor prognosis in CRC patients (Tian et al., 2012). 

However, this poor prognosis is primarily observed in BRAF-mutated patients with 

microsatellite stable (MSS) status, as reported by Roth et al. The study demonstrated that 

BRAF mutations have no prognostic significance in patients with MSI-high status (Roth 

et al., 2010). In contrast, a recent meta-analysis of 1164 non-metastatic CRC patients with 

MSI-H showed that the BRAFV600E mutation does indicate a poor prognosis in terms of 

overall survival (Manthravadi, Sun & Saeed, 2018). While mutational testing of BRAF is 

recommended in CRC clinical guidelines for prognostic stratification and identification 

of MMR status, it is important to note that BRAF mutation alone is insufficient for a 

comprehensive diagnosis of CRC (Sepulveda et al., 2017). 
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2.2.5 TMB 

In recent studies, tumour mutational burden (TMB) has emerged as a more reliable 

predictive marker compared to MSI. TMB is quantified as the number of mutations per 

megabase (mut/MB) of DNA. An important study demonstrated the effectiveness of anti-

PD-1 immunotherapy in MSS CRC tumours with high TMB (Ó10 mut/MB) (Gong et al., 

2017). This finding contradicts previous studies that showed the lack of efficacy of anti-

PD-1 therapy in MSS patients, highlighting the potential significance of TMB as a 

predictive biomarker. However, further investigation is required to fully understand the 

importance of TMB compared to MSI status (Gong et al., 2017). 

2.2.6 PD-L1 

In addition to MSI status, the expression of programmed death-ligand 1 (PD-L1) is being 

explored as a potential predictive biomarker for pembrolizumab treatment response. High 

PD-L1 expression has been associated with MSI-H status (Lee et al., 2016; Rosenbaum 

et al., 2016). However, another study, which analyzed a larger cohort of nearly 1,500 

samples, reported contrasting results regarding the association between high PD-L1 

expression and MSI-H status (Droeser et al., 2013). These discrepancies might be 

attributed to variations in immunohistochemistry staining methods and scoring criteria, 

as PD-L1 expression can exhibit spatial and temporal heterogeneity in metastatic CRC 

patients (Wang et al., 2017). Another study suggested that the effectiveness of checkpoint 

inhibitors may not depend on the level of PD-L1 expression by tumour cells. Therefore, 

it is evident that these limitations and inconsistencies surrounding PD-L1 expression need 

to be addressed before its clinical application as a biomarker for CRC patients (Llosa et 

al., 2015). 
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2.2.7 Investigational biomarkers (PIK3CA, PTEN, and miRNA)  

Investigational biomarkers are biomarkers that are currently investigated for their use as 

a predictive or prognostic biomarker. In addition to BRAF, the PIK3CA mutation has also 

been studied in the context of CRC treatment. It has been observed that the PIK3CA exon 

20 mutation confers resistance to anti-EGFR monoclonal antibody therapy in CRC 

patients, leading to lower response rates and shorter progression-free survival. However, 

conflicting results have been reported, with some studies showing no significant impact 

of PIK3CA mutations on resistance to cetuximab (Prenen et al., 2009). 

Another potential predictive biomarker in CRC treatment is PTEN. A study involving 67 

CRC patients found that 100% of patients with negative PTEN expression experienced 

disease progression following treatment with cetuximab, while 30% of patients with 

positive PTEN expression showed reduced disease progression (Negri et al., 2010). 

However, a larger cohort study did not find a significant association between PTEN 

expression and response rates (Laurent-Puig et al., 2009). Another study suggested that 

negative PTEN expression only correlates negatively with cetuximab response in 

metastatic tumours but not primary tumours of CRC (Loupakis et al., 2009). The role of 

PTEN as a prognostic marker remains uncertain, as conflicting findings have been 

reported regarding its association with patient survival. Further investigations are needed 

to establish the credibility of PTEN as a potential biomarker (Atreya et al., 2013; Eklöf 

et al., 2013). 

HER2 (ERBB2) is a proto-oncogene in the EGFR family that is amplified in 

approximately 5% of metastatic CRC patients with wild-type KRAS exon 2. HER2 

amplification exhibits a high concordance rate in both primary and metastatic CRC 

tumours (Valtorta et al., 2015) and is mutually exclusive with mutations in NRAS, KRAS, 

and BRAF (Muzny et al., 2012). The phase II HERACLES trial evaluated the 

amplification of HER2 in relation to the response to anti-HER2 treatment in metastatic 
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CRC patients using a combination of trastuzumab and lapatinib. The trial suggested that 

HER2 amplification may serve as a potential clinical predictive marker for CRC. 

However, due to the rarity of this genetic alteration, validating these results in a phase III 

clinical trial poses challenges (Sartore-Bianchi et al., 2016). 

MicroRNAs (miRNAs) have recently gained attention as potential predictive, diagnostic, 

and prognostic biomarkers for CRC. Several miRNAs have been identified as important 

in CRC. For example, miR-135a and miR-135b regulate the Wnt/Wingless pathway 

through the downregulation of the APC gene and have the potential to act as prognostic 

markers (Nagel et al., 2008; Zhou et al., 2012; Kan et al., 2016). MiR-17-3p and miR-92a 

can upregulate cell proliferation in colon cancer cells and have been found to be elevated 

in plasma and CRC tissues (Chen et al., 2018; Lu et al., 2018). MiR-211 has been 

identified as a marker for both the diagnosis and prognosis of CRC (Pu et al., 2010), while 

miR-133a shows promise in predicting response to EGFR inhibitors (Dong et al., 2013). 

These miRNAs hold potential as valuable biomarkers for guiding treatment decisions in 

CRC. A simplified summary of CRC biomarkers, showcasing their roles in screening, 

diagnosis, prognosis, and treatment prediction, is depicted in Figure 2. 
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Figure 2. Simplified summary of CRC biomarkers displaying their roles in screening, diagnosis, 

prognosis, and prediction. Biomarkers indicated by green arrows exhibit multiple roles. Those highlighted 

in red signify potential CRC biomarkers necessitating additional validation. This figure is adapted from my 

previously published work (Pang et al., 2020).  
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2.3 Advancements in molecular diagnostics for CRC  

With the rapid progress in technology, significant advancements have been achieved in 

comprehending how genetic variations in CRC contribute to clinical management. These 

breakthroughs have paved the way for precision medicine, an approach that tailors 

medical care according to an individual's unique genetic profile. This approach has 

demonstrated its efficacy in enhancing clinical outcomes compared to traditional 

approaches such as indiscriminate radiotherapy or chemotherapy (Chen et al., 2016).  

Notably, the FDA's list of approved drugs targeting specific genetic alterations is 

expanding swiftly, particularly for treating advanced-stage solid tumours. Therefore, a 

comprehensive understanding of existing and emerging molecular methods for CRC 

diagnosis and various molecular technologies for profiling an individual's distinct 

molecular characteristics is crucial for devising effective treatment strategies. The era 

before the invention of polymerase chain reaction (PCR) posed challenges in detecting 

nucleic acid biomarkers due to limited nucleic acid availability and tissue heterogeneity 

within samples. Today, the advent of more sensitive quantitative PCR (qPCR) has 

enabled the amplification of tumour-specific DNA to detectable levels (Cree, 2016). 

Similarly, RNA-based biomarkers, like miRNA, can be identified using quantitative 

reverse transcription PCR (RT-qPCR) (Chen et al., 2018). Recent technological 

advancements have even allowed the detection of exceedingly scarce biomarkers such as 

tumour-specific cfDNA using qPCR, digital PCR, and next-generation sequencing (NGS). 

Digital PCR, a modern iteration of PCR, has emerged in the diagnostic realm as an 

effective tool for detecting very rare events or gene variants in patient samples, especially 

when conventional qPCR struggles (Garcia et al., 2018). On the other hand, NGS, a high-

throughput nucleic acid sequencing approach utilizing fragmented and PCR-amplified 

DNA, performs comparably to digital PCR in terms of rare event detection (Garcia et al., 

2018). 
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This section delves into the latest developments in utilizing current molecular diagnostic 

technologies to identify major CRC-related biomarkers like KRAS, BRAF, MSI, and 

SEPT9. It underscores the transformative impact of these technologies in enabling earlier 

and more accurate diagnosis and subsequently guiding targeted treatment decisions for 

CRC patients. As these methods evolve and expand, the future of CRC management 

seems promising with increasingly personalized and effective interventions. In the realm 

of CRC, the genetic variations within key genes like KRAS and BRAF have garnered 

exceptional attention, primarily due to their pivotal role in dictating patient responses to 

anti-EGFR therapies. With somatic KRAS mutations being a prevalent occurrence, 

accounting for approximately 40% of cases, the accurate detection and analysis of these 

mutations become paramount for effective treatment strategies (Neumann et al., 2009). 

2.3.1 Mutation detection for KRAS and BRAF 

The landscape of molecular assays available for KRAS and BRAF mutation detection is 

vast, each wielding distinct levels of sensitivity in detecting even the most minute 

alterations. The widely employed Sanger sequencing technique, for instance, offers a 

limit of detection around 10%-20% for mutant alleles (Tsiatis et al., 2010). More 

advanced approaches like pyrosequencing and high-resolution melt (HRM) curve 

analysis provide a heightened level of sensitivity, with detection thresholds hovering at 

approximately 5% (Do et al., 2008; Tsiatis et al., 2010; Szankasi et al., 2013). Notably, 

qPCR assays have managed to push the boundaries of sensitivity, offering an impressive 

detection range of 1%-5% (Kobunai et al., 2010; Oliner et al., 2010). 

While direct sequencing stands as the traditional gold standard in KRAS and BRAF 

mutation detection, its complexity and modest sensitivity have spurred the exploration of 

alternative methodologies. The advent of these newer, more sophisticated techniques not 

only bolsters our capacity to identify low-level mutations but also enhances our 

understanding of the intricate genetic fabric underpinning CRC. It is within this evolving 
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landscape that the concept of precision medicine in CRC has found fertile ground, 

aligning genetic insights with tailored therapeutic interventions. As the CRC research 

arena continues to evolve, these sophisticated molecular diagnostic technologies are 

anticipated to transition from research laboratories to routine clinical settings. This 

transition promises to reshape the CRC treatment landscape, ensuring that each patient 

receives a bespoke therapeutic strategy that takes into account their unique genetic 

makeup. This not only represents a profound advancement in the treatment of CRC but 

also reinforces the concept that precision medicine is no longer a futuristic ideal but a 

tangible reality that holds the promise of improved patient outcomes and a more targeted 

approach to CRC management (Chen et al., 2016). 

In the realm of mutation detection for CRC, the arsenal of FDA-approved assays 

continues to expand, reflecting the commitment towards enhancing diagnostic accuracy. 

The cobas 4800 BRAF V600 mutation assay, cobas 4800 KRAS mutation assay, and 

therascreen KRAS assay are emblematic examples of these advancements, standing as 

validated tools for mutation analysis (Halait et al., 2012; Harbison et al., 2013; Harlé et 

al., 2013). However, their application is not universal; they exhibit limitations when 

dealing with samples containing scarce tissue, such as fine needle aspiration and core 

biopsy specimens (Chen et al., 2016). In a bid to enhance mutation detection 

methodologies, researchers have developed ingenious approaches that amplify sensitivity 

and cost-effectiveness. Nordgård et al. conducted a seminal study that compared two 

emerging techniques for KRAS mutation detection - the amplification refractory mutation 

system (ARMS) PCR assay and peptic nucleic acid (PNA) clamp PCR (Nordgård et al., 

2012). ARMS PCR employs allele-specific PCR to target a known mutated gene variant, 

while PNA clamp PCR selectively amplifies nucleic acid sequences differing by a single 

base (Orum, 2000; Tsang et al., 2014). The study's findings favored the PNA clamping 
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assay for its heightened sensitivity and nearly 20-fold cost advantage over ARMS PCR 

(Nordgård et al., 2012). 

In a similar vein, the coamplification at lower denaturation temperature PCR (COLD-

PCR) technique showcases innovation in CRC mutation detection. This modified PCR 

protocol, coupled with high-resolution melt (HRM), exhibited a remarkable 26.3% 

increase in detection efficiency for KRAS and BRAF V600E mutations compared to 

traditional PCR and direct sequencing methods (Solassol et al., 2016). The elegance of 

this approach lies in its ability to significantly augment mutation detection without 

necessitating elaborate procedures or specialized equipment. As such, it emerges as a 

potentially valuable tool for diagnostic applications (Solassol et al., 2016). 

2.3.1.1 Automated diagnostic platforms  

Technological progress is harmonizing with diagnostic needs, emphasizing automation 

for routine molecular tests. A noteworthy exemplar is the Idylla platform by Biocartis, 

which has secured CE-IVD marking as a fully automated qPCR diagnostic platform for 

EGFR mutations (Johnston et al., 2018). Streamlining the diagnostic process, this 

platform boasts minimal hands-on time (less than 2 minutes), rendering it accessible even 

without specialized molecular expertise. Its versatile capabilities are exemplified in its 

capacity to simultaneously detect 21 clinically relevant mutations across various codons 

in KRAS and NRAS, as well as V600 mutations in BRAF from FFPE tissue samples 

(Lewandowska, J·¬wicki & ŧurawski, 2013). The ease of operation, rapid turnaround, 

and its ability to be seamlessly integrated into diverse clinical settings underscores the 

transformative potential of such automated platforms in mutation detection for CRC 

(Lewandowska, J·¬wicki & ŧurawski, 2013). 
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2.3.1.2 Alternative assays  

Beyond qPCR, the diagnostic landscape for detecting KRAS and BRAF mutations offers 

cost-effective alternatives that empower laboratories without elaborate equipment. The 

single nucleotide primer extension (SNaPshot) assay and the reverse hybridization 

StripAssay have emerged as noteworthy contenders in this domain (Sarasqueta et al., 

2011). The SNaPshot assay, a lab-developed test, stands as a flexible and efficient option 

for mutation detection. In parallel, the commercially available StripAssay offers a 

standardized approach (Sarasqueta et al., 2011). Notably, these assays exhibit enhanced 

sensitivity when compared to the gold standard of direct sequencing, with detection limits 

for KRAS mutations set at 10% for SNaPshot and an impressive 1% for the StripAssay 

(Sarasqueta et al., 2011). 

In the realm of KRAS mutation detection, the StripAssay surges ahead due to its favorable 

attributes. Its rapidity and heightened sensitivity become particularly advantageous in 

cases where the sample is limited in tumour cells. For the assessment of BRAF mutations, 

a study conducted by Magnin et al. unveiled comparable performance among SNaPshot, 

direct sequencing, and high-resolution melt (HRM) analysis (Denis et al., 2016). 

However, it is essential to underscore that while SNaPshot and the KRAS StripAssay are 

adaptable for laboratories with constrained resources, validation remains critical. 

Sarasqueta et al. have cautioned that confirmation of KRAS mutations is indispensable to 

mitigate the risk of false positives (Sarasqueta et al., 2011). In essence, these alternative 

assays present pragmatic solutions for mutation detection, particularly for settings lacking 

specialized equipment. Their cost-effectiveness, coupled with respectable sensitivity 

levels, makes them attractive contenders for mutation analysis, underlining the evolving 

landscape of precision medicine for CRC. Nonetheless, stringent validation protocols and 

a clear understanding of their limitations are imperative to ensure their reliable application 

in clinical diagnostics (Sarasqueta et al., 2011). 
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2.3.1.3 Liquid biopsy  

Given the challenges of obtaining sufficient and appropriate tumour samples for KRAS 

genotyping, the exploration of alternative methodologies becomes imperative. In this 

context, the emergence of circulating tumour cells (CTCs) has elicited significant interest 

among researchers and clinicians due to their potential to provide real-time insights into 

tumour dynamics. CTCs are believed to offer a dynamic snapshot of the tumour's genetic 

makeup, revolutionizing the field of precision medicine for CRC (Chen et al., 2016). 

The presence of exceedingly low levels of DNA within CTCs has prompted the 

development of sophisticated detection methods, among which qPCR with high-

resolution melt (HRM) and droplet digital PCR (ddPCR) stand out. In a comparative 

analysis, ddPCR demonstrated exceptional sensitivity, detecting less than one KRAS 

mutant cell per milliliter of blood (0.05% mutant ratio). In contrast, conventional qPCR 

(TaqMeltPCR) and HRM techniques exhibited a relatively limited capability, detecting 

up to 0.5% mutant ratio (Neumann et al., 2018). This heightened sensitivity not only 

underlines the potential of CTC-based approaches for mutation analysis but also their 

application in real-time monitoring of treatment responses and disease relapse. Crucially, 

the noninvasive nature of CTC-based analysis signifies a shift towards patient-centric 

diagnostics. This approach minimizes patient discomfort while providing the medical 

community with an avenue for longitudinal monitoring, early detection, and dynamic 

assessment of treatment efficacy. This transformative potential underscores the 

significance of CTCs as a diagnostic tool in CRC management (Neumann et al., 2018). 

However, the effective isolation of CTCs remains a formidable challenge in downstream 

analyses. While several commercially available equipment leverage physical and 

biochemical properties such as size exclusion, deformability, and surface marker 

expression for CTC isolation, these methods are not without limitations. The inherent 

variability in the size, rigidity, and surface marker expression pattern of CTCs poses a 
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significant hurdle. Moreover, marker-based isolation methods are inherently constrained 

by the availability of specific antibodies (Baudrin, Deleuze & How-Kit, 2018). 

Addressing these challenges is paramount for the realization of the full potential of CTC-

based diagnostics and precision medicine applications in CRC (Baudrin, Deleuze & How-

Kit, 2018). 

Advancements in molecular diagnostics have facilitated the detection of RAS mutations 

using cell-free DNA (cfDNA), eliminating the need for isolating circulating tumour cells 

CTC. In a 2018 study, researchers conducted a comparative analysis of three diagnostic 

platforms for the detection of RAS mutations through cfDNA: droplet digital PCR 

(ddPCR) by Bio-Rad, next-generation sequencing (NGS) by Illumina, and 

BEAMing/OncoBEAM-RAS-CRC (BEAM) by Sysmex Inostics. This study aimed to 

assess the diagnostic accuracy and sensitivity of these platforms and their compatibility 

with formalin-fixed paraffin-embedded (FFPE) tissue biopsies (Garcia et al., 2018). The 

investigation involved the simultaneous comparison of mutation profiles between cfDNA 

and FFPE specimens. Notably, the BEAM platform, based on digital PCR technology, 

demonstrated exceptional sensitivity by achieving a detection threshold of 0.03%. In 

contrast, the compared platforms exhibited higher detection thresholds, ranging between 

0.5% and 1%. Remarkably, the heightened sensitivity of BEAM enabled the identification 

of KRAS mutations in 5 out of 19 FFPE profiles that were initially determined as negative. 

This underscored the power of BEAM in detecting low-level mutations that might be 

missed by other platforms (Garcia et al., 2018). 

Comparing sensitivity, specificity, positive predictive value (PPV), and negative 

predictive value (NPV) among the three platforms, BEAM showcased superiority across 

most parameters. However, its specificity was slightly lower than that of the other two 

platforms. While NGS excels in detecting a wide range of mutations, its results are often 

corroborated by ddPCR in clinical practice. Notably, combining BEAM and NGS in a 
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complementary manner can provide a balanced approach, particularly in clinical 

scenarios necessitating the reconciliation of broad mutation coverage and the specificity 

of a particular mutation (Garcia et al., 2018). Selecting the appropriate diagnostic 

platform involves considering various factors, including footprint, cost, and turn-around 

time (TAT). NGS, might be favored in certain scenarios, although the decision hinges on 

the clinical context and priorities. For instance, ddPCR offers rapid results, with a TAT 

of just 8 hours for a complete mutational analysis of KRAS exon 2. In contrast, the more 

extensive analysis of KRAS mutations with BEAM and NGS necessitates approximately 

2 and 7 days, respectively. Cost considerations also come into play, with NGS and BEAM 

appearing comparable but costlier compared to ddPCR (Garcia et al., 2018). 

However, it is worth noting that the clinical relevance of detecting mutations at extremely 

low allelic frequencies was not addressed in this study. While ddPCR may offer quicker 

results, the platform's information depth is comparatively limited. Thus, the choice of 

diagnostic platform must be made with a comprehensive understanding of the clinical 

requirements, aligning footprint, cost, TAT, and the specific mutation detection needs of 

the case (Garcia et al., 2018). 

2.3.2 MSI detection  

The detection of MSI, a crucial biomarker in CRC, involves various methods, including 

PCR-based techniques, NGS, and even miRNA biomarker analysis. Among these, NGS 

stands out due to its ability to simultaneously analyze numerous microsatellite loci, 

reaching a detection limit of 1% MSI in MSS background. However, the utilization of 

NGS for MSI detection is still relatively uncommon, primarily due to the complexity of 

data interpretation, requiring specialized algorithms and computational approaches 

(Redford et al., 2018). 
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Several techniques are available for MSI detection. Capillary electrophoresis fragment 

analysis, utilizing PCR-amplified samples, is one of the earliest molecular methods. 

Nevertheless, this technique's detection limit ranges from 1% to 10% (Redford et al., 

2018). Typically, it examines epiphenomena associated with MSI, such as loci within 

mismatch repair (MMR) genes (Murphy et al., 2006). The 1997 National Cancer Institute-

sponsored MSI workshop suggested investigating five microsatellite loci - three 

dinucleotide (D2S123, D5S346, and D17S250) and two mononucleotide repeats (BAT-

25, BAT-26). This led to the creation of the Bethesda panel, employing a single multiplex 

PCR reaction to amplify these repeats, followed by capillary electrophoresis analysis. 

MSI-H denotes instabilities in two or more loci, while single locus instability or a lack 

thereof results in MSI-low or MSS classification, respectively. Promega Corp developed 

the MSI Analysis System version 1.1, detecting five mononucleotide (BAT-25, BAT-26, 

NR-21, NR-24, and MONO-27) and two pentanucleotide repeats (PentaC and PentaD) 

using capillary electrophoresis. Similar categorizations (MSI-H, MSI-L, MSS) are 

applied based on mononucleotide repeat instabilities (Murphy et al., 2006; Redford et al., 

2018). 

Murphy et al. compared two MSI detection assays using 34 CRC patient samples, with 

an 85% concordance rate observed between the assays. Both assays adequately detected 

MSI cases, but the authors suggested the superiority of the MSI Analysis System, 

particularly in distinguishing MSI-low cases from MSS or MSI-H (Murphy et al., 2006; 

Babaei et al., 2017). In another study, the Promega MSI Analysis System version 1.2 was 

contrasted with a simplified "one mononucleotide" MSI marker test (CAT25 assay), 

detecting the T25 mononucleotide repeat in the caspase 2 gene. The CAT25 assay's 

performance aligned well with the commercial kit, implying its potential as a replacement 

or complement to the MSI detection panel (Chen et al., 2005). Moreover, a diagnostic 

assay based on MSI gene expression, involving 64 genes, offers accurate identification 
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of MSI-positive and MSI-like patients, even without a reference tissue for comparison 

(Tian et al., 2012). 

The assessment of MSI status can also be achieved by identifying miRNA biomarkers 

present in cell-free form within the plasma. One approach involves utilizing RT-qPCR, a 

method that indirectly measures miRNA levels in real-time (Li & Ruan, 2009). Another 

effective technique is microarray analysis, which employs the hybridization of 

specifically designed probes to target miRNA molecules, enabling accurate quantification 

(Hou et al., 2012). An innovative diagnostic tool for MSI, based on spotted locked nucleic 

acid (LNA) technology, facilitates the profiling of up to 315 miRNAs (Schepeler et al., 

2008). Although RT-PCR and microarray methods exhibit high sensitivity and specificity, 

their implementation comes with considerable operational expenses, necessitating 

specialized equipment, facilities, and trained personnel (Mao et al., 2009; He et al., 2011). 

This renders these techniques less suitable for medical settings with limited resources 

(Mao et al., 2009; He et al., 2011). 

Alternatively, medical environments lacking adequate resources might opt for a lateral 

flow nucleic acid strip assay utilizing gold nanoparticles (He et al., 2011). This technique 

has demonstrated its suitability as a point-of-care test, given its attributes of sensitivity, 

cost-effectiveness, speed, and user-friendliness (He et al., 2011; Aravanis, Lee & 

Klausner, 2017). Similar to the microarray system, this assay employs pre-designed 

probes that bind to specific miRNAs, with the added utilization of gold nanoparticles, 

resulting in the development of visible bands on the strip (Tsang et al., 2014). While the 

intensity of the band corresponds to the quantity of miRNA present, the results are semi-

quantitative in nature. However, the application of a quantitative detection platform can 

enhance the quantitative aspect (He et al., 2011; Aravanis, Lee & Klausner, 2017). Studies 

have shown that miRNA levels can be quantified as low as 1 femtomole (fmol), and with 
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the incorporation of silver enhancement, this sensitivity can be further heightened to an 

astonishingly low level of 5 attomoles (amol) (Mao et al., 2009). 

2.3.3 SEPT9 detection  

Epiprocolon represents a significant breakthrough in cancer diagnostics, particularly for 

detecting CRC. By capitalizing on the methylation status of the SEPT9 gene in cfDNA, 

this assay offers a minimally invasive alternative to traditional tissue biopsies. The 

technique's effectiveness relies on the intricate interplay of several steps, including 

bisulfite treatment, multiplex PCR, and fluorescent quenching probes. The central feature 

of Epiprocolon lies in its capacity to exploit the presence of cfDNA in plasma, which 

contains genetic fragments released by tumour cells. The extraction of cfDNA from 

collected blood samples serves as the foundation for subsequent analysis. The key to the 

assay's specificity is the bisulfite conversion step, where the extracted cfDNA is subjected 

to bisulfite treatment. This chemical transformation selectively modifies unmethylated 

cytosines, converting them to uracils while preserving the methylation status of cytosines 

in methylated sequences. Subsequently, the amplified SEPT9 DNA fragments undergo 

multiplex PCR. This process involves the utilization of specific primers that target both 

methylated and unmethylated regions of the SEPT9 gene. The amalgamation of these 

sequences during amplification enhances the assay's sensitivity and ensures that both 

methylation statuses are accurately represented in the amplified product (Shirley, 2020). 

The real-time PCR phase of Epiprocolon employs fluorescent quenching probes. These 

probes, designed to specifically bind to either methylated or unmethylated SEPT9 

sequences, are labeled with distinct fluorophores. As the amplification proceeds, the 

fluorescence emitted by the bound probes provides a clear indication of the methylation 

status of the target sequences. This cutting-edge technique offers a remarkable advantage 

over conventional tissue biopsies by sidestepping the need for invasive procedures. The 



 

Pang Siew Wai  
15035363 

45 

combination of non-invasiveness and high sensitivity makes Epiprocolon a promising 

tool in the early detection and monitoring of CRC (Shirley, 2020). 

Understanding the epidemiology, etiology, mechanisms, and methods for improving 

diagnostics and treatment in CRC is of paramount importance. Ongoing and dedicated 

research efforts in CRC have yielded a deeper comprehension of its underlying 

mechanisms, subsequently offering an array of diagnostic and treatment avenues. Notably, 

the trend towards detecting cfDNA from liquid biopsy has gained prominence due to its 

non-invasiveness and exceptional sensitivity. The detection of methylated SEPT9 in the 

plasma of CRC patients stands out as a reliable screening tool, securing FDA approval as 

the pioneering liquid biopsy screening approach for CRC. These highly sensitive 

diagnostic tools are poised to reshape the landscape of treatment prescription, given that 

targeted therapies often exhibit efficacy only in specific CRC genotypes. It is evident, 

however, that implementing such tests and treatments across all healthcare contexts will 

face challenges. Additionally, as with any emerging technology, validation studies and 

the establishment of standardized operations and methodologies remain hurdles to 

overcome (Chen et al., 2016; Shirley, 2020). 

Undoubtedly, CRC remains one of the most prevalent global cancers, often detected at 

advanced stages. Consequently, current and future research must prioritize early CRC 

screening, as it proves to be among the most effective strategies for CRC prevention. The 

trajectory of CRC prevention, diagnostics, and treatment points towards the 

decentralization of molecular tests. Presently, the highly sensitive molecular techniques 

used for biomarker detection necessitate advanced equipment, specialized facilities, and 

trained personnel. As a result, centralization is a practical approach, albeit with prolonged 

turn-around times. The solution lies in developing streamlined, automated, and robust 

biomarker detection platforms with smaller footprints, ultimately facilitating broader 

accessibility to accurate and timely CRC diagnostics. This innovation will usher in a 
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future where effective CRC prevention and management are accessible across diverse 

healthcare settings (Chen et al., 2016).  

2.4 Treatment of CRC patients  

CRC, being a common and widespread disease, has seen the development of various 

treatment modalities. Surgical resection of the tumour remains a cornerstone of CRC 

treatment, and advancements in surgical techniques have led to the emergence of 

laparoscopic surgery as an alternative to traditional open surgery (Frasson et al., 2008). 

2.4.1 Surgical treatment  

Laparoscopic surgery involves the use of a laparoscope, a thin tube with a camera and 

surgical instruments, inserted through small incisions in the abdomen. This minimally 

invasive approach offers several advantages over open surgery. Firstly, laparoscopic 

surgery is associated with faster recovery times. The smaller incisions result in reduced 

trauma to the abdominal wall, leading to less post-operative pain and a quicker return to 

normal activities for patients. This can be particularly beneficial for elderly patients who 

may have a slower healing process and higher risks associated with major surgery 

(Frasson et al., 2008). Secondly, laparoscopic surgery typically results in a shorter 

hospital stay compared to open surgery. The reduced invasiveness of the procedure leads 

to less disruption of normal bodily functions, facilitating a quicker recovery and earlier 

discharge from the hospital. Shorter hospital stays can have several benefits, including 

lower healthcare costs, reduced risk of hospital-acquired infections, and improved patient 

comfort and satisfaction (Vignali et al., 2005). 

Numerous studies have investigated the outcomes of laparoscopic surgery compared to 

open surgery in CRC patients. Moon et al. conducted a multi-center analysis specifically 

focusing on elderly patients aged 80 years or older (Moon et al., 2016). The study found 

that laparoscopic surgery achieved better short-term outcomes, such as reduced blood loss, 

shorter operative time, and fewer complications, while maintaining comparable overall 
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survival and recurrence-free survival rates compared to open surgery. These findings 

suggest that laparoscopic surgery is a safe and effective option for elderly CRC patients, 

allowing them to benefit from the advantages of minimally invasive surgery without 

compromising their long-term outcomes. It is worth noting that patient selection and 

surgical expertise play crucial roles in the success of laparoscopic surgery. Factors such 

as obesity, previous abdominal surgery, and advanced stage CRC may pose challenges to 

laparoscopic procedures and require careful assessment before determining the most 

appropriate surgical approach. Laparoscopic surgery requires specialized skills and 

training, and surgeons should have sufficient experience and expertise in laparoscopic 

techniques to ensure optimal outcomes (Van De Velde et al., 2014).  

2.4.2 Radio- and chemotherapy  

In the late 1990s and early 2000s, evidence began to emerge regarding the potential 

benefits of combining radiotherapy with surgical treatment for locally advanced rectal 

cancer. Clinical trials conducted during this period led to a shift in the management 

paradigm, emphasizing the use of combination treatment strategies (Häfner & Debus, 

2016). One of the approaches investigated was short-course radiotherapy administered 

prior to surgery. The Swedish Rectal Cancer Trial demonstrated that pre-operative short-

course radiotherapy significantly improved overall survival and reduced local-recurrence 

rates in patients with rectal cancer (Folkesson et al., 2005). However, it's important to 

note that this trial was conducted before the introduction of total mesorectal excision, a 

surgical technique that significantly lowers recurrence rates (Heald, Husband & Ryall, 

1982). In a more recent Dutch trial, it was found that the addition of short-course 

radiotherapy to total mesorectal excision significantly improved local-occurrence rates 

but did not lead to improvements in overall survival (Van Gijn et al., 2011). 

Another treatment option is long-course chemoradiotherapy, which combines radiation 

therapy and chemotherapy. A study by Sauer et al. demonstrated that pre-operative 5-
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fluorouracil (5-FU)-based chemoradiotherapy significantly reduced local-recurrence 

rates over a 10-year period compared to post-operative treatment (Sauer et al., 2004). 

However, there was no improvement in overall survival. Another study by Gérard et al. 

showed that omitting chemotherapy in long-course chemoradiotherapy led to negative 

consequences in terms of local-recurrence rate (Gérard et al., 2006). Additionally, 

capecitabine, a pro-drug of 5-FU, can be used as an alternative to intravenous 

administration due to its reduced toxicity (Chintala et al., 2011). 

The superiority of one treatment method over the other remains a question of debate. 

Several studies have attempted to address this issue, but they have been criticized for their 

small sample sizes, short follow-up periods, and heterogenous treatment regimens (Bujko 

et al., 2006; McCarthy et al., 2012; Ngan et al., 2012; De Caluwé, Van Nieuwenhove & 

Ceelen, 2013). Furthermore, some studies did not incorporate total mesorectal excision 

into their treatment protocols, which limits the reliability of the results (Häfner & Debus, 

2016). 

When considering these treatment options, it is crucial to pay attention to the potential 

toxicity associated with chemotherapy and radiotherapy. Structures such as the anal 

sphincter muscle and urinary tract can be functionally sensitive and may be affected by 

the treatment (Häfner & Debus, 2016). The British MRC CR07 trial reported an increase 

in faecal incontinence associated with short-course radiotherapy, although most cases 

were low-grade and did not significantly impact the patients' quality of life (Stephens et 

al., 2010). Acute toxicity is more commonly observed in patients undergoing long-course 

chemoradiotherapy but there are no significant differences in terms of late side effects 

(Bujko et al., 2006; McCarthy et al., 2012; Ngan et al., 2012; De Caluwé, Van 

Nieuwenhove & Ceelen, 2013). Furthermore, pooled analyses have failed to demonstrate 

an increased risk of radiotherapy-associated secondary malignancies or worsened 
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comorbidities during treatment (Ulrich et al., 2009; Van Gijn et al., 2011; Kulu et al., 

2016). 

It is important to note that advancements in radiotherapy technology and improvements 

in patient selection and management have contributed to optimizing treatment outcomes. 

Further research and larger-scale studies are needed to provide more definitive 

conclusions and guide clinical decision-making in the selection of the most appropriate 

treatment approach for rectal cancer patients (Bujko et al., 2006; McCarthy et al., 2012; 

Ngan et al., 2012; De Caluwé, Van Nieuwenhove & Ceelen, 2013). 

2.4.3 Targeted therapies in CRC 

In recent decades, CRC treatment has been transformed by the introduction of targeted 

therapies, offering more precise and effective options for patients. Among these, 

prominent classes of drugs have emerged: TKIs, monoclonal antibodies targeting the 

EGFR, and inhibitors of the PD-L1 (Huth, Jäkel & Dahl, 2014).  

2.4.3.1 TKIs  

In the 1980s, Dr. John Mendelsohn and Gordon Sato proposed the hypothesis that 

monoclonal antibodies targeting the EGFR could inhibit the receptor's tyrosine kinase 

activity and impede cancer cell proliferation. This led to the development of two classes 

of drugs: TKIs and monoclonal antibodies, which have been studied for their efficacy 

against CRC and non-small cell lung cancer (NSCLC) (Troiani et al., 2016). TKIs are 

small molecules that competitively bind to the intracellular TK region, preventing the 

binding of ATP and inhibiting downstream signaling pathways (Troiani et al., 2016). 

Several TKIs have been investigated for their potential as antiangiogenic agents in the 

treatment of CRC. Examples of TKIs include Gefitinib, Erlotinib, Afatinib, Osimertinib 

(Troiani et al., 2016), Sunitinib, Sorafenib, Tivozanib, and Vatalanib (Kircher, Nimeiri & 

Benson, 2016). Regorafenib, the first oral multitargeted TKI, has demonstrated efficacy 

in inhibiting stromal, oncogenic, and angiogenic receptor tyrosine kinases, particularly 
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vascular endothelial growth factor receptors 1, 2, and 3 (Kircher, Nimeiri & Benson, 

2016). It is approved for the treatment of metastatic CRC; however, the specific 

indications for Regorafenib may vary among countries. In Europe and the USA, the drug 

is indicated for metastatic CRC patients who have been previously treated or are not 

suitable for fluoropyrimidine-based chemotherapy, anti-EGFR therapy, and anti-vascular 

endothelial growth factor therapy. In Japan, Regorafenib is indicated for the treatment of 

advanced, recurrent, and/or unresectable CRC (Dhillon, 2018). 

Clinical trials such as CORRECT and CONCUR have demonstrated the significant 

survival benefit of Regorafenib in refractory metastatic CRC patients (Grothey et al., 

2013; Li et al., 2015). The CONSIGN trial has also reported Regorafenib to be generally 

safe, with mild to moderate side effects (Van Cutsem et al., 2019). It is important to note 

that while Regorafenib has shown effectiveness in targeting specific TK receptors in 

metastatic CRC, it may not be suitable for all CRC patients. The choice of TKIs depends 

on the specific tumour type within CRC. For instance, Imatinib is commonly used to treat 

advanced gastrointestinal stromal tumours, but these tumours account for less than 3% of 

all gastrointestinal malignancies (Hagan, M Orr & Doyle, 2013). Additionally, studies 

have shown that TKIs can downregulate the pro-survival PI3K/AKT pathway in CRC, 

and in combination with other therapies, they may potentially improve treatment 

outcomes for CRC patients with KRAS mutations (Ebi et al., 2011). 

2.4.3.2 Anti -EGFR monoclonal antibody  

In the field of CRC treatment, immunotherapy has emerged as a promising approach. One 

class of immunotherapy drugs used for CRC is EGFR-specific monoclonal antibodies 

such as panitumumab and cetuximab. These monoclonal antibodies were approved by the 

FDA in the early 2000s for the treatment of chemo-resistant metastatic CRC patients. 

Both panitumumab and cetuximab have shown similar efficacy when used as 

monotherapy. However, the combination of cetuximab with irinotecan has demonstrated 
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improved response rates and progression-free survival in patients who did not respond to 

irinotecan alone (Troiani et al., 2016). Several large-scale randomized phase III trials have 

shown that the addition of EGFR-based agents to conventional chemotherapy can 

improve response rates and progression-free survival, but not overall survival (Sobrero et 

al., 2008; Peeters et al., 2010; Seymour et al., 2013). However, a trial combining 

cetuximab with FOLFOX-4 did not show significant improvements in progression-free 

survival or overall survival in unselected populations (Tabernero et al., 2007) 

Further research has focused on understanding the molecular profiles of tumours and how 

they can affect treatment response. It has been observed that the benefit of anti-EGFR 

treatment is only seen in individuals with specific molecular profiles (Van Cutsem et al., 

2015). For example, activating KRAS mutations in CRC patients have been associated 

with a lack of response to anti-EGFR therapies (Douillard et al., 2013; Van Cutsem et al., 

2015). As a result, the FDA and EMA restrict the use of cetuximab and panitumumab to 

metastatic CRC patients with KRAS exon-2 wild-type (WT) status (Tabernero et al., 2007; 

Van Cutsem et al., 2009). More recent clinical trials have shown that other KRAS and 

NRAS mutations can also impact the outcome of anti-EGFR therapies, highlighting the 

importance of complete RAS analysis (Sorich et al., 2015). In 2013, the EMA further 

restricted the use of EGFR-specific mAbs to patients with all RAS WT status (Troiani et 

al., 2016). 

2.4.3.3 Anti PD-L1  

Checkpoint inhibitors are another class of antibodies used in the treatment of various 

cancer types, including melanoma, renal clear cell carcinoma, and non-small cell lung 

cancer. (Marginean & Melosky, 2018). Pembrolizumab (Keytruda) is an immune 

checkpoint inhibitor that targets the PD-1 immune checkpoint pathway, which includes 

the PD-1 receptor and its ligand, PD-L1. By inhibiting the PD-1 pathway, pembrolizumab 

prevents tumour cells from evading the immune system, leading to the activation or re-
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activation of anti-tumour immunity. Pembrolizumab has shown success in the treatment 

of NSCLC (Garon et al., 2015). 

While the role of pembrolizumab in CRC treatment is still being explored, it has been 

FDA-approved for the treatment of metastatic CRC patients with MSI-high status and 

PD-L1 expression, as determined by immunohistochemistry (Marginean & Melosky, 

2018). The effectiveness of pembrolizumab appears to be independent of PD-L1 

expression by tumour cells, as PD-L1 is mostly expressed by infiltrating immune cells 

(Llosa et al., 2015). However, tumour cells with MSS status have shown poor response 

to pembrolizumab (Le et al., 2015). Moreover, pembrolizumab has been found to be 

ineffective in the treatment of metastatic CRC patients with deleterious mutations in Janus 

kinase 1 (JAK1) and JAK2 genes (Shin et al., 2017). 

Combining pembrolizumab with other non-PD-1/PD-L1 checkpoint inhibitors may lead 

to favorable outcomes, as other immune checkpoints have been found to be highly 

expressed in CRC patients with MSI-high status (Marginean & Melosky, 2018). Clinical 

trials are currently underway to investigate the combination of pembrolizumab with 

inhibitors of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), such as ipilimumab, 

in MSI-high CRC patients (Overman et al., 2017, 2018). In 2018, the FDA approved the 

combined use of nivolumab (another PD-1 inhibitor) with ipilimumab for the treatment 

of metastatic CRC patients with MSI-high or deficient mismatch repair following 

progression on certain chemotherapeutic agents. This approval was based on the 

CheckMate-142 trial (Overman et al., 2017, 2018). Other clinical trials are also exploring 

combinations of pembrolizumab with JAK1 inhibitors, p53 immunotherapy, and PI3K-

delta inhibitors (Quiroga, Lyerly & Morse, 2016; Bressy, Hastie & Grdzelishvili, 2017). 

Figure 3 outlines the CRC treatments discussed based on when they were applied or 

approved by the Food and Drug Administration (FDA). 
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Figure 3. Diagram shows a simplified timeline of the treatments for CRC that were reviewed (not 

drawn to scale). The red boxes on the right stand for different types of treatment: including immunotherapy 

(IMT), tyrosine kinase inhibitor (TKI), chemotherapy (CT), and surgery (SUR). This figure was adapted 

from my previously published work (Pang et al., 2020).  

2.5 Epigenetic modifications in CRC 

Epigenetic modifications play a crucial role in the pathogenesis of many diseases, 

including CRC. These heritable alterations to the DNA structure, without changing the 

DNA sequence, can result in the upregulation or downregulation of genes, influencing 

disease development and progression (Jung et al., 2020). Various mechanisms are 

involved in modifying the DNA or chromosome structure, including the addition or 

removal of functional groups. One of the most well-known epigenetic modifications is 

the methylation of histones, which are proteins that shape the structure of chromosomes. 

Histones can undergo methylation, acetylation, SUMOylation, ubiquitination, 

phosphorylation, citrullination, or ribosylation, impacting gene expression and chromatin 

organization (Moosavi & Ardekani, 2016). In the DNA strand, methylation commonly 

occurs at CpG islands, where cytosine is methylated to form 5-methylcytosine. 

Methylation of CpG islands in gene promoter or enhancer regions often leads to gene 

downregulation. Additionally, 5-methylcytosine can undergo spontaneous deamination, 
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converting to thymidine and potentially resulting in permanent mutations. Enzymes and 

non-coding RNAs, such as microRNAs (miRNAs) and long non-coding RNAs 

(lncRNAs), regulate the addition and removal of functional groups (Jung et al., 2020).  

DNA methylation is mediated by several DNA methyltransferases, with DNMT1, 

DNMT3a and DNMT3b being the key enzymes. The loss of DNMT1 is lethal in mice 

(Wang et al., 2021). DNA methylation is primarily mediated by DNA methyltransferases 

(DNMTs), with DNMT1, DNMT3a, and DNMT3b being key enzymes. DNMT1, known 

as the "maintenance methyltransferase," is the most abundant methyltransferase. It 

exhibits high affinity for hemimethylated DNA, which occurs during DNA replication 

when one strand is methylated and the other is not. DNMT1 transfers the methylation 

pattern from the methylated strand to the unmethylated strand (Bashtrykov et al., 2012). 

On the other hand, DNMT3a and DNMT3b are involved in de novo methylation, 

proofreading the methylation pattern established by DNMT1 and contributing to the 

maintenance of methylation. Unlike DNMT1, DNMT3a and DNMT3b do not have 

specific preferences for unmethylated or hemimethylated DNA (Miyake et al., 2010; 

Ahmed et al., 2020).  

One well-known epigenetic instability pathway in a subgroup of CRC is the CpG Island 

Methylator Phenotype (CIMP). CIMP is characterized by extensive hypermethylation of 

CpG island regions in the promoter of tumour-related genes. This hypermethylation leads 

to disruptions in the tumour-suppressing activities of these genes, contributing to CRC 

development (Tapial et al., 2019). In addition to genes involved in tumour suppression, 

CIMP can also affect other genes not typically associated with tumour-suppressing 

activities. For example, hypermethylation of the chemokine ligand CXCL12 has been 

implicated in the metastatic properties of colon cancer cell lines (Wendt et al., 2006; 

Mojarad et al., 2013). The gene panel commonly used to assess CIMP includes MINT1, 

MINT2, MINT31, hypermethylated MLH1, and p16. However, additional genes such as 



 

Pang Siew Wai  
15035363 

55 

CACNA1G, IGF2, CRABP1, RUNX3, NEUROG1, SOCS1, IGFBP3, WRN, and HIC1 

may also be included in the panel (Ogino et al., 2007; Nosho et al., 2009; Mojarad et al., 

2013; Tapial et al., 2019; Liu et al., 2019). Caution should be exercised when interpreting 

results from CIMP studies due to variations in the genes assessed (Mojarad et al., 2013). 

MSI is another important molecular feature in CRC, affecting prognosis and treatment 

outcomes. MSI is characterized by the presence of multiple insertions or deletions of 

repetitive DNA sequences in certain gene regions of tumour DNA (Pang et al., 2020). 

MSI can be classified as MSI-low (MSI-L) or MSI-H, with MSI-H associated with better 

prognosis and lower metastatic rates. Deficiencies in the DNA MMR system, which 

detects and repairs abnormal DNA, underlie MSI. Downregulation of the MMR protein 

MLH1, commonly through promoter hypermethylation, is a prevalent cause of MSI in 

CRC (Kawakami, Zaanan & Sinicrope, 2015; Chen, Swanson & Frankel, 2017; Kang et 

al., 2018; Pang et al., 2020). 

2.6 SEPT9 and its association to CRC 

The Septin (SEPT) family of proteins consists of 14 members, each playing diverse roles 

in cellular processes. These highly conserved GTP-binding proteins are involved in 

cytoskeletal organization and participate in various functions, such as cytokinesis, DNA 

repair, tumour suppression, chromosome segregation, migration, and apoptosis (Connolly 

et al., 2011; Sun et al., 2020). Among the SEPT family members, SEPT9 has gained 

significant attention due to its crucial involvement in chromosomal segregation and the 

separation of daughter cells during mitosis. Through its role in mediating the aggregation 

and stabilization of polymer subunits, SEPT9 ensures proper cell division and 

maintenance of genomic stability. Disruption or dysregulation of SEPT9 expression can 

lead to abnormal cell phenotypes, including aneuploidy, multipolar spindles, and 

centrosome amplification, all of which are associated with carcinogenesis (Sun et al., 

2020). Moreover, recent studies have highlighted the link between SEPT9 expression and 
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autophagy, a cellular process involved in maintaining cellular homeostasis and 

eliminating damaged components. Reduced SEPT9 expression has been found to impair 

autophagy function in CRC cells, resulting in increased genomic and cellular instability. 

This suggests that SEPT9 not only plays a role in mitosis but also contributes to overall 

cellular integrity and the prevention of tumourigenesis (Sun et al., 2020). 

In CRC development, the dysregulation of SEPT9 expression is primarily driven by 

epigenetic modifications, particularly hypermethylation of CpG islands within the v2 

promoter region. This abnormal methylation pattern leads to the downregulation of 

SEPT9 mRNA and protein levels as healthy epithelial cells progress to adenoma and 

subsequently CRC (Sun et al., 2020). SEPT9 is generally downregulated through 

hypermethylation in the CpG islands of the v2 promoter region and this has been 

extensively documented by researchers worldwide, confirming its association with CRC 

pathogenesis (Molnár et al., 2015; Xie et al., 2018; Sun et al., 2020).  

2.7 SEPT9 methylation and its association to clinicopathological features of CRC 

The methylation status of SEPT9 has been extensively studied in relation to various 

clinicopathological features of CRC. Sun et al. conducted a comprehensive study and 

found a significant association between mSEPT9 and several adverse clinicopathological 

features in CRC patients. They observed that mSEPT9 was strongly associated with 

higher invasiveness, distant metastasis, advanced TNM staging, and larger tumour 

volume (> 10 cm^3). These findings indicate that SEPT9 methylation may serve as a 

potential biomarker for identifying CRC patients with more aggressive disease 

characteristics (Sun et al., 2021a). 

In addition to the clinicopathological features mentioned above, Sun et al. also 

investigated the association between mSEPT9 and the mutational status of several genes 

commonly altered in CRC. Their study revealed a significant association between 

mSEPT9 and mutated TP53, a TSG frequently mutated in CRC. Interestingly, mSEPT9 
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showed a strong correlation with the wild-type status of BRAF, PIK3CA, and proficient 

MMR genes (Sun et al., 2021a). These findings suggest that SEPT9 methylation may 

have a distinct association with specific genetic alterations in CRC, highlighting its 

potential role in molecular subtyping and personalized treatment strategies. Investigations 

by Yang also revealed similar findings where mSEPT9 is significantly associated to 

higher cancer staging, tumour size, distant metastasis, TNM and proficient MMR. The 

converging evidence from multiple studies reinforces the notion that SEPT9 methylation 

is intricately linked to the aggressive characteristics of CRC (Yang et al., 2019).  

In addition to the aforementioned studies, several other investigations have further 

explored the association between SEPT9 methylation and various clinicopathological 

features in CRC. One review described the link between tumours with SEPT9 

methylation to higher risk of recurrence (Sun et al., 2019a). This suggests that SEPT9 

methylation may not only serve as a diagnostic tool but also as a potential prognostic 

marker for CRC. Moreover, the correlation between SEPT9 methylation and CRC 

prognosis has also been investigated. A meta-analysis investigated the prognostic 

significance of mSEPT9 in the CRC patients, and their findings revealed that CRC 

patients with mSEPT9-positive tumours had a significantly worse overall survival rate 

compared to those with mSEPT9-negative tumours. This suggests that SEPT9 

methylation status may serve as an independent prognostic factor in CRC, helping to 

identify patients with a higher risk of disease progression and poorer outcomes (Shen et 

al., 2019). 

2.8 FN and its association to CRC 

The human colon is home to a diverse community of microorganisms, including trillions 

of bacteria, viruses, archaea, and fungi, collectively known as the gut microbiome or gut 

flora (Wu & Lewis, 2013; Wu et al., 2013). These microorganisms play crucial roles in 

maintaining the host's physiological balance and are involved in various functions, such 
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as training and activating the immune system (Hullar, Burnett-Hartman & Lampe, 2014). 

Conversely, the immune system helps regulate the composition of the gut flora. The 

interplay between the gut microbiome and the host immune system is essential for the 

maturation of the inflammatory system, including immune cell recruitment, interaction 

with signaling pathways, and secretion of microbial metabolites and small non-coding 

RNAs. Imbalances in the ratio of harmful to beneficial microbes can lead to inflammatory 

diseases, potentially progressing to CRC through pathways such as Toll-like receptor 

activation (Dulal & Keku, 2014).  

Among the bacteria reported in CRC patients, Fusobacterium is the most frequently 

studied. Fusobacterium species have been found to be overabundant in tumour tissues 

compared to healthy tissues, a finding that has been confirmed by researchers worldwide 

(Castellarin et al., 2012a; Kostic et al., 2012, 2013; Geng et al., 2013; McCoy et al., 2013; 

Wu & Lewis, 2013; Wu et al., 2013; Mima et al., 2015). FN is a gram-negative anaerobic 

bacterium that is commonly found in the oral cavity of healthy individuals but rarely 

detected in other parts of the body (Han, 2015). However, under disease conditions, FN 

can be found in extra-oral sites, including the colon. FN was initially discovered when it 

was enriched in carcinomas and rectal swabs of CRC patients (Chen et al., 2012). This 

finding sparked further research on the potential link between FN and CRC. Subsequent 

studies found significantly higher levels of FN in adenomas and stools of patients with 

colorectal neoplasia (Rubinstein et al., 2013). FN is commonly found colonizing the 

ascending colon of the gastrointestinal tract (Zhou et al., 2018). 

FN expresses a variety of virulence factors that enable it to interact with human cells, 

including epithelial cells, endothelial cells, and immune cells such as natural killer (NK) 

cells (Kim et al., 2021). One of the main virulence factors associated with FN is FadA, a 

cell surface protein that mediates adhesion by interacting with and activating epithelial 

E-cadherin/ɓ-catenin. This interaction leads to the upregulation of tumour-promoting 
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transcription factors called lymphoid enhancer factor (LEF)/T cell factor (TCF). FadA 

also functions as an invasin, binding to VE-cadherin on endothelial cells and increasing 

the permeability of the endothelium, facilitating the dissemination of bacterial cells to 

other parts of the body, including the blood-brain barrier and placental barrier (Rubinstein 

et al., 2013). Additionally, Fap2 and RadD are outer membrane proteins of FN that 

facilitate colonization. The lectin domain of Fap2 has recently been shown to bind to the 

sugar Gal-GalNAc, which is overexpressed in CRC, leading to FN aggregation in tumour 

tissues. RadD enables FN to interact and form multispecies biofilms with other bacterial 

species (Kaplan et al., 2010; Abed et al., 2020a; Wu et al., 2021). 

Importantly, there is increasing evidence pointing to the role of FN-mediated 

inflammation and immune suppression in tumour growth in CRC (Wu, Li & Fu, 2019). 

FN induces inflammation by stimulating the production of reactive oxygen species (Tang 

et al., 2016), upregulating inflammatory factors and cytokines, and recruiting 

inflammatory immune cells (Noh et al., 2016; Kong et al., 2023). Interestingly, a study 

found that CRC tumours enriched with FN displayed a unique inflammatory response 

pattern not observed with other bacteria, involving the upregulation of IL1ɓ, IL6, IL8, 

IL24, TNF, and PTGS2 (COX-2) (Kostic et al., 2013). FN can also alter the tumour 

immune microenvironment in CRC by promoting the differentiation of M1 pro-

inflammatory macrophages into tumour-promoting M2 macrophages through the 

TLR4/IL6/p-STAT3/c-MYC pathway. These M2 macrophages are then induced by FN 

to infiltrate the colorectal microenvironment, creating a tumour-promoting environment. 

Additionally, FN contributes to the development of a tumour-promoting 

microenvironment by inducing the aberrant amplification of tumour-associated 

macrophages, which play a crucial role in CRC metastasis (Solinas et al., 2010; Edin et 

al., 2012). FN can also induce apoptosis in macrophages, monocytes, and lymphocytes 

by secreting its metabolite, butyric acid (Abe, 2012). T cells have also been reported to 
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be downregulated by FN-derived molecules such as FN inhibitory protein (FIP), Fap2, 

formylmethionyl-leucyl-phenylalanine, acetate, butyrate, and propionate (Wu, Li & Fu, 

2019). FIP arrests T cells in the G1 phase of the cell cycle (Han, 2011), while Fap2 inhibits 

the activation of T cells and NK cells by directly binding to TIGIT, an inhibitory receptor 

expressed on several T cell subsets (Guevarra et al., 2018). The other molecules 

mentioned indirectly suppress and downregulate T cells by recruiting myeloid-derived 

suppressor cells (Wu, Li & Fu, 2019). Table 1 provides a summary of FN virulence 

factors or secreted metabolites and their functions. 
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Table 1. Summary of FN virulence factors or secreted metabolites, and their functions in human 

host 

 Virulence factor  Function  References 

FadA 

Mediates adhesion via interaction and activation of 

epithelial E-cadherin/ɓ catenin. This leads to upregulation 

of LEF/T cell factor. 

Mediates invasion via binding to VE-cadherin, which 

increases permeability of endothelium leading to 

dissemination to other parts of body. 

(Rubinstein et al., 2013) 

Fap2 

Mediates binding to Gal-GalNAc on CRC tumour, leading 

to bacterial aggregation. 

Inhibits T cell and NK cell activation by binding to TIGIT. 

Promotes inflammatory environment 

(Kaplan et al., 2010; Abed et al., 

2017; Guevarra et al., 2018; Wu, Li & 

Fu, 2019) 

RadD 
Promotes interaction and biofilm formation with other 

bacterial species 

(Kaplan et al., 2010; Wu, Li & Fu, 

2019) 

FIP Arrests T cells in the G1 phase of the cell cycle (Han, 2011; Wu, Li & Fu, 2019) 

FomA Mediates bacterial aggregation and biofilm formation  

 Secreted 

metabolite   

Butyric acid  
Induces apoptosis in macrophages, monocytes, and 

lymphocytes 

(Abe, 2012) 

Formylmethionyl-

leucyl-

phenylalanine, 

Propionate, 

Acetate, 

Butyrate 

Downregulates T cells 

(Wu, Li & Fu, 2019) 
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2.9 FN and its association to clinicopathological features of CRC 

A constellation of studies from various investigators worldwide has consistently reported 

the association of FN infection with various clinicopathological features of CRC. 

Numerous studies have provided compelling evidence linking FN to aggressive tumour 

characteristics and poor clinical outcomes in CRC patients. Firstly, several studies have 

demonstrated a significant association between FN infection and higher lymph node 

metastasis in CRC. Castellarin et al. conducted a study to investigate the role of FN in 

CRC progression and found that FN-positive tumours were more likely to exhibit lymph 

node involvement (Castellarin et al., 2012b). Similarly, other investigations have 

corroborated these findings, suggesting that FN plays a crucial role in promoting 

lymphatic spread of CRC (Chen et al., 2019b; Huangfu et al., 2021a).  

Moreover, FN has been linked to advanced cancer staging in CRC patients. Studies have 

consistently reported a significant association between FN infection and higher tumour 

stages, indicating a more advanced disease state. These findings suggest that FN may 

contribute to the progression and aggressiveness of CRC. The underlying mechanisms 

through which FN promotes tumour progression and metastasis are still under 

investigation but may involve its ability to modulate the tumour microenvironment and 

promote inflammation (Li et al., 2016; Huangfu et al., 2021a). 

Furthermore, FN has been implicated in larger tumour size and distant metastasis in CRC. 

A study to evaluate the association between FN and CRC characteristics and found that 

FN infection was significantly associated with larger tumour size (Huangfu et al., 2021a). 

This indicates that the presence of FN may contribute to tumour growth and expansion. 

Additionally, FN has been linked to an increased risk of distant metastasis, which is a 

major determinant of poor prognosis in CRC patients. FN may facilitate the dissemination 

of cancer cells to distant sites through its ability to interact with host immune cells and 

modulate the tumour microenvironment (Li et al., 2016). 
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Interestingly, some studies have also revealed a significant association between FN 

infection and specific molecular alterations in CRC. For instance, FN has been associated 

with MSI-H, a molecular subtype of CRC characterized by widespread genomic 

instability (Li et al., 2016; Wu et al., 2022). This suggests that FN may interact with the 

host immune system and contribute to the development of MSI-H CRC. Additionally, FN 

has been linked to specific mutations in the KRAS and PIK3CA genes, which are 

commonly observed in CRC. These molecular associations highlight the complex 

interplay between FN infection and the genetic alterations that drive CRC development 

and progression (Huangfu et al., 2021a). 

2.10 Interplay between FN and epigenetic modifications 

The human gut microbiota plays a crucial role in regulating the host's immune system and 

maintaining gut homeostasis. It has been extensively studied that FN contributes to the 

development of CRC through inflammation-promoting pathways. However, the impact 

of the gut microbiome, including FN, on epigenetic modifications of the host is an 

emerging area of research that holds significant importance in understanding CRC 

development and progression (Wei et al., 2016; Wu, Li & Fu, 2019). 

Several studies have demonstrated an association between FN infection and epigenetic 

changes leading to CIMP in CRC patients (Yang et al., 2017; Koi, Okita & M. Carethers, 

2018; Proença et al., 2018). These changes include the upregulation of pro-proliferation 

microRNA-21, and downregulation of the DNA mismatch repair gene MLH-1 through 

hypermethylation, which leads to an increase in MSI. These findings suggest that FN may 

contribute to CRC development by inducing epigenetic alterations (Yang et al., 2017; Koi, 

Okita & M. Carethers, 2018; Proença et al., 2018). 
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Tahara et al. (2017) conducted a multivariate analysis and found that the enrichment of 

FN was associated with hypermethylation of TSGs, including MINT2, MINT31, 

NEUROG1, and P16, in the inflamed colonic mucosa of ulcerative colitis patients. Since 

ulcerative colitis is a known risk factor for CRC, FN may play a role in CRC development 

through the hypermethylation of these genes (Tahara et al., 2017). Since ulcerative colitis 

is a risk factor for CRC, FN may be implicated in the development of CRC through 

hypermethylation of these genes. Another study by Xia et al. (2020) demonstrated an 

association between FN abundance and hypermethylation of TSGs in CRC patient 

samples. They observed higher levels of hypermethylation in genes such as MTSS1, 

PKD1, RBM38, and PTPRT with increasing FN abundance in tumour tissues, while a 

mixture of positive and negative correlations was observed in the normal colonic mucosa. 

To investigate the potential mechanisms underlying FN-induced DNA methylation, the 

author explored the effect of FN infection on DNMT expression in CRC cell lines 

(HCT116 and HT29) and normal colonic mucosa (NCM460). They found that mRNA 

and protein expression of DNMT1 and DNMT3a were increased in the cancer cell lines 

but not in the normal colon cell line. The exact mechanisms by which FN induces DNMT 

expression are currently unknown, but the authors speculated that the upregulation of 

cyclooxygenase-2 (COX-2), as documented in another study with colonic tumours in 

mice inoculated with FN (Kostic et al., 2013; Xia et al., 2020), may be involved. The 

upregulation of COX-2 can increase the production of prostaglandin E2, which has been 

shown to silence TSGs through DNMT-dependent methylation (Xia et al., 2012).  

Inflammatory mediators have also been implicated in aberrant hypermethylation of TSGs. 

For example, IL8 has been shown to induce the promoter methylation of CDH1, the gene 

for the tumour suppressor E-cadherin, in nasopharyngeal carcinoma cells by upregulating 

DNMT1 through the PKB pathway (Zhang et al., 2016). In mouse models with gastric 

cancer, IL1ɓ was shown to also promote methylation of CDH1 (Huang et al., 2016a). In 
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another study on oral cancer cells, IL6 promotes methylation of several TSGs such as 

CHFR, PAX6, and GATA5. Given that COX-2, IL1ɓ, IL6, and IL8 are part of the unique 

inflammatory response induced by FN in CRC tumours (Kostic et al., 2013), similar 

mechanisms may apply (Gasche et al., 2011).  

Notably, there are currently no studies specifically associating FN infection in CRC with 

the methylation of the SEPT9 promoter. However, a study demonstrated that the silencing 

of DNMT3a in mice with liver fibrosis increased the gene expression of SEPT9, 

indicating the role of DNMT3a in SEPT9 methylation. Therefore, the association of FN 

infection in CRC with SEPT9 promoter methylation and the role of FN in inducing 

upregulation of DNMT3a leading to SEPT9 promoter methylation in CRC require further 

investigation (Wu et al., 2017). A schematic illustrating the relationship between FN and 

epigenetic modifications in CRC is presented in Figure 4.  
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Figure 4. Schematic illustrating the relationship between FN and epigenetic modifications in CRC. 

The interactions depicted include both known interactions and potential interactions that are yet to be 

explored. Green arrows represent upregulation while red arrows represent hypermethylation by DNMT. 

Yellow arrows represent potential pathways leading to certain outcomes.  
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2.11 FN as a potential biomarker for CRC  

In the quest for improving CRC detection and diagnosis, the potential role of the gut 

microbiome has garnered considerable attention. Among the various microbial 

inhabitants of the gastrointestinal tract, FN, once associated primarily with oral health 

issues, has emerged as a compelling candidate with possible diagnostic implications in 

CRC. The prospect of FN as a biomarker for CRC has ignited significant interest in its 

diagnostic applications, especially in non-invasive sampling techniques (Bundgaard-

Nielsen et al., 2019; Zhao et al., 2023). 

Researchers are actively exploring diverse diagnostic approaches to harness the potential 

of FN in CRC detection. Conventionally, histological examination of tumour tissues has 

been a cornerstone of cancer diagnosis. However, the advent of molecular techniques has 

introduced new vistas for non-invasive diagnostics (Wei et al., 2016; Neuzillet et al., 

2021). These approaches aim to identify FN in various biological specimens, including 

stool samples and saliva (Zhang et al., 2022; Zhao et al., 2023). 

The rationale for stool-based detection of FN rests on the mounting evidence of its 

association with CRC. FN, initially identified in oral infections, has been found in higher 

abundances within CRC tissues (McCoy et al., 2013; Chen et al., 2019a; Abed et al., 

2020a; Kim et al., 2021). This has spurred investigations into its potential role as a 

biomarker for CRC. The presence of FN in stool samples could signify its translocation 

from the colorectal mucosa, making it a compelling candidate for non-invasive detection. 

Patients are more likely to comply with screening protocols that are convenient and 

devoid of discomfort (Church et al., 2014; Henrikson et al., 2015). Stool samples can be 

easily self-collected at home, eliminating the need for medical appointments and 

procedural inconveniences. This accessibility has the potential to enhance screening rates 

and consequently improve early detection rates (Ebner & Kisiel, 2020). 
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Technological advancements have paved the way for the development of sensitive and 

accurate detection methods. PCR techniques, such as qPCR, are commonly employed to 

identify FN DNA in stool samples. These techniques amplify and quantify specific 

genetic sequences, enabling the identification of even minute amounts of the bacterium. 

As technology evolves, the sensitivity and specificity of these methods continue to 

improve, enhancing the accuracy of stool-based detection (Zhao et al., 2023). 

A study aimed to quantify the relative abundance of FN in CRC patients and healthy 

controls using the optimized qPCR system. The study's findings indicated a significantly 

higher abundance of FN in tumour tissues compared to adjacent paracancerous tissues. 

Additionally, fecal FN levels were found to be significantly elevated in CRC patients 

compared to healthy individuals. These results align with previous research (McCoy et 

al., 2013; Wei et al., 2016; Chen et al., 2019a), reinforcing the potential of FN as a 

valuable biomarker for CRC detection. The study highlights the importance of measuring 

and targeting FN to enhance the clinical screening and management of CRC patients. 

Notably, since tissue-based microbial markers are invasive and less accessible than stool-

based markers, the detection of fecal FN emerges as a noninvasive approach with 

potential applications for aiding CRC diagnosis (Zhao et al., 2023). 

However, the role of FN as a potential biomarker for prognosis in CRC has been a subject 

of investigation, yielding varying results. A former clinical cohort study underscored that 

elevated levels of FN could serve as a CRC biomarker for prognosis and might be linked 

to a higher CRC-specific mortality rate. This finding suggests that FN abundance might 

hold implications for the disease's clinical progression and outcome. However, 

contrasting viewpoints have emerged from other studies (Bundgaard-Nielsen et al., 2019). 

Some of these studies have reported no significant correlation between FN levels and 

CRC prognosis, particularly when assessing clinical survival rates. This discrepancy has 

led to an ongoing debate regarding the association between a high abundance of FN and 



 

Pang Siew Wai  
15035363 

69 

the clinical and prognostic characteristics of CRC. As a result, a consensus on the exact 

role of FN in predicting CRC prognosis remains elusive, demanding further rigorous 

research and comprehensive analysis to elucidate its potential as a prognostic biomarker 

in CRC (Zhao et al., 2023). 

FN, characterized as a gram-negative, nonspore-forming anaerobic bacterial strain, 

occupies species-specific niches within the human oral cavity and gastrointestinal tract 

(Kumar et al., 2016). Initially identified as an adhesive and symbiotic bacterial strain, FN 

was primarily recognized as a periodontal pathogen. However, recent studies have 

revealed its prevalence in the colon tissue of CRC patients, suggesting its potential 

involvement in CRC development (Chen et al., 2012, 2019a). 

The source of FN colonization in CRC tissues is speculated to stem from the oral cavity, 

implying a plausible connection between oral and CRC health (Abed et al., 2020b). 

Exploiting the ease of collecting saliva through noninvasive methods, A study developed 

a multiplex qPCR technique to quantify FN DNA (NusG) levels alongside human 

reference genes in saliva. Their investigation yielded several significant findings (Zhang 

et al., 2022). 

Primarily, elevated salivary FN DNA levels were observed in CRC patients using 

multiplex qPCR, indicating its potential as a salivary biomarker. Importantly, salivary FN 

DNA exhibited superior diagnostic and prognostic capabilities for CRC compared to 

conventional serum tumour markers. Moreover, the levels of FN DNA in saliva were 

found to correlate with its presence in CRC tissue, suggesting its potential role in CRC 

development through pathways involving ECM-receptor interaction and focal adhesion 

(Zhang et al., 2022). Furthermore, the study demonstrated that CRC patients with high 

salivary FN abundance were associated with more aggressive cancer subtypes 

characterized by regional lymph node and distant metastasis. Receiver operating 

characteristic (ROC) analysis indicated that FN DNA possessed discriminatory abilities 
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in distinguishing CRC metastasis, potentially influencing clinicians' therapeutic decisions, 

particularly for early-stage T1 carcinomas (Zhang et al., 2022). 

Significantly, the study established a positive correlation between FN levels in saliva and 

those in CRC tissue, contrasting with the sporadic detection of FN DNA in serum samples. 

This observation suggests that salivary FN levels might reflect the infection status of CRC 

tissue, while FN's entry into the circulatory system is likely transient due to a lack of 

growth and reproduction. Remarkably, salivary FN exhibited heightened sensitivity 

compared to tissue and blood detections, with FN DNA being detected in 93.3% and 76.7% 

of analyzed saliva and tumour tissue samples, respectively (Zhang et al., 2022). 

However, the study has certain limitations. The potential impact of altered FN in CRC 

patients with compromised immune functions remains unexplored due to the absence of 

relevant immune status indicators. Additionally, while FN levels were elevated in 

adenoma patients, salivary FN DNA was deemed unsuitable for adenoma diagnosis, and 

whether adenoma patients with high FN levels are prone to CRC risk remains uncertain. 

Furthermore, the effects of FN in patients with radical operations, crucial for assessing 

FN DNA detection benefits in scenarios of poor survival, warrant further exploration. 

Lastly, the short follow-up duration in the test cohort calls for more extended studies 

(Zhang et al., 2022). 

The advent of noninvasive methods, such as stool-based and saliva-based detection, has 

brought FN into the realm of accessible biomarkers. However, the potential clinical 

implications of FN as a biomarker are not without challenges. Conflicting reports on the 

association between high FN abundance and clinical and prognosis characteristics of 

CRC underscore the need for further research to determine its reliability. In the face of 

these promising findings, future research must tackle the unresolved questions 

surrounding FN as a biomarker. Longitudinal studies with larger and more diverse cohorts 

are needed to validate its diagnostic and prognostic capabilities comprehensively. 
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Moreover, research efforts should focus on refining detection methods, ensuring their 

reproducibility and standardization. Ultimately, the exploration of FN as a biomarker 

underscores the intricate interplay between oral and gut health and its potential to reshape 

the landscape of CRC diagnosis and management (Zhao et al., 2023). 

2.12 Therapeutic potential of inhibiting SEPT9 methylation in the management of 

CRC 

The role of mSEPT9 as a biomarker for the early prevention of CRC is well-established, 

and there are several studies associating mSEPT9 to poorer prognosis. This had led to 

growing interest in the therapeutic value of inhibiting mSEPT9 in CRC. 

Hypermethylation in TSGs and other cancer-related genes is common in many cancers. 

Unlike genetic mutations, methylation is reversible and is therefore a target for 

methylation-reversing drugs (Cheng et al., 2019). Reports of successful reversal of 

oncogenic phenotype in several cancers are seen in clinical settings. One of the methods 

is through the use of DNMT-blockers, which are divided into two groups; nucleoside and 

non-nucleoside analogs. Nucleoside analogs are incorporated into newly synthesized 

strands of DNA which form covalent complexes with DNMTs, rendering them 

sequestered. There are several known nucleoside analogs that are in literature, namely 5-

Azacitidine (5-Aza-CR), 5-aza-2 -deoxycytidine (5-Aza-CdR) (Christman, 2002), 

zebularine, 6-azacytidine, Decitabine, Dihydro-5-azacytidine and others (Cheng et al., 

2019). Among the listed nucleoside analogs, 5-Aza-CR and 5-Aza-CdR are approved by 

the FDA for the treatment of blood cancers; myelodysplastic syndromes and chronic 

myelomonocytic leukemia. Currently, clinical trials are being carried out to assess their 

therapeutic potential in solid tumours (Kaminskas et al., 2005; Steensma, 2009). While it 

is effective in treating these cancers, the genomic instability introduced by the nucleoside 

analogs increases the risk of mutations. This risk can be mitigated by the use of non-

nucleoside analogs (Cheng et al., 2019).  
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Non-nucleoside analogs are generally small inhibitor molecules that directly block 

catalytic sites of enzymes and are not incorporated into the DNA (Brueckner et al., 2005). 

One of the non-nucleoside analogs, (-)-epigallocatechin-3-gallate is a major polyphenol 

from green tea capable of reversing methylation of DNA, leading to the reactivation of 

several genes such as P16, and hypermethylated MLH1 in colon, prostate, and esophageal 

cell lines (Khan et al., 2015). Another two drugs, procainamide and hydralazine, have 

seen success in reactivating antitumour activities in breast cancer cells (Cornacchia et al., 

1988).  

For SEPT9 specifically, hepatic fibrosis cells treated with the DNMT blocker nucleoside 

analog (5-Aza-CdR) was shown to elevate protein expression levels of SEPT9. This 

indicates that methylation of SEPT9 may be reversed through DNMT inhibition. In 

essence, DNMT blockers are potential methylation inhibitors of SEPT9 and should be 

further explored in the context of CRC (Wu et al., 2017).  

2.13 Therapeutic potential of inhibiting FN in the management of CRC 

The involvement of FN infection in mediating inflammation and CRC progression is well 

established globally. To date, numerous studies have explored deeper into the therapeutic 

potential of inhibiting FN in the management of CRC. A high abundance of FN reportedly 

mediated chemoresistance to 5-FU and platinum-based treatment, and contributes to a 

poorer prognosis (Zhang et al., 2019). As in the case of most cancers including CRC, 

surgical procedures and chemotherapy are the first to come to mind. The practice of 

surgically removing tumours and systemically attacking tumours are however limited in 

effectiveness, especially for metastatic and advanced stage cancers (Bertino, 1997; 

Kachnic, 2006; Frasson et al., 2008; Ohta et al., 2014). Thus, a targeted approach based 

on the individualôs molecular features will prove to be more effective both in the 

prevention and treatment of CRC patients (Chen et al., 2016; Pang et al., 2020; Jung et 

al., 2020).  
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One approach is the use of antimicrobials such as antibiotics. In general, clinically 

isolated FN are susceptible to several antibiotics such as clindamycin, metronidazole, and 

some ɓ-lactam antibiotics (Sun et al., 2019b). Metronidazole was observed to reduce 

tumour volumes in xenograft mice models derived from CRC patients (Bullman et al., 

2017). In another study, reducing FN load improved the recovery of patients with diseases 

such as irritable bowel syndrome (Nomura et al., 2005), a risk factor for CRC. Next, a 

case study by Ramos reported the effectiveness of parenterally administering antibacterial 

such as ertapenem to a patient diagnosed with vertebral osteomyelitis caused by FN 

infection. Collectively, these studies indicate a potential role for antibacterial-based 

treatment in the management of CRC. Thus, several therapeutic approaches directly 

targeting FN or its pathogenic signaling pathway may be complimentary to the current 

treatment for CRC (Ramos, Berbari & Huddleston, 2013). 

Another approach is to disrupt the interaction between FN and host epithelial cells by 

reducing the function of the adhesin and invasin, FadA. The binding of FN to host cells 

promotes tumour growth through the E-cadherin/ɓ-catenin pathway, where E-cadherin is 

internalized through clathrin. A clathrin inhibitor, Pitstop2 could possibly stop FN from 

being internalized (Rubinstein et al., 2013). Another potential target is the outer 

membrane protein of FN, Fap2. Fap2 facilitates invasion of other bacteria into the host 

cell and promotes an inflammatory microenvironment. Therefore, membrane blockers 

may be an effective method (Abed et al., 2016). While targeting the virulence factors of 

FN may be beneficial in managing CRC, there are studies indicating horizontal gene 

transfer of virulent genes from gut microbiota to FN (Karpathy et al., 2007; Ang et al., 

2016). Furthermore, it is known that bacterial drug resistance can be developed depending 

on the tumour microenvironment and microbiota (Sun, 2016). Considering this, it may be 

beneficial to include prebiotic and probiotic supplements to manage the gut microbiome 

(Lee et al., 2014). A study by Gao et al, 2015 reported close to a 5-fold reduction in the 
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abundance of FN in surgery patients with CRC supplemented with Bifidobacterium 

longum, Enterococcus faecalis, and Lactobacillus acidophilus (Gao et al., 2015b).  

Interestingly, there are evidence that intestinal FN originated from the oral cavity, and 

there are reports of correlation between FN oral infection and CRC (Komiya et al., 2019). 

While such correlation studies are limited, it is possible that targeting oral FN can reduce 

FN intestinal load (Sun et al., 2019b). Next, FN vaccination targeting FN outer membrane 

protein FomA has seen success in the treatment of halitosis. FomA disruption blocks the 

formation of biofilm and bacterial co-aggregation (Liu et al., 2013). Recently, Puth 

developed a FomA-containing divalent mucosal vaccine against a wide range of FN 

clinical isolates in mice. There are currently no clinical reports on the use of FN 

vaccination in CRC management, but this option remains viable and is worthy of further 

exploration (Sun et al., 2019b; Puth et al., 2019).  
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CHAPTER 3: MATERIALS  AND METHODS  

All reagents and methods used in this study are listed in the following subsections. 

Protocols, manuals from commercial kits, and formulations for buffers and reagents are 

summarized and listed in supplementary section, Appendices.  

The study investigates the association between the pathogenic FN and the methylation of 

SEPT9 in CRC using both patient FFPE tissue samples and in vitro models. For patient 

FFPE tissue samples, qPCR will be carried out to investigate the presence and abundance 

of FN in cancer and paracancerous tissue. These will be compared to the methylation 

status of SEPT9. For in vitro models, experimental variables will be conducted on both 

human colon cancer cell line (HCT116) and human normal colon cell line (CCD-112) to 

compare the differences in mRNA and protein expression levels of DNMT3a and SEPT9. 

HCT116 and CCD-112 cell lines are selected because these 2 cell lines are commonly 

used in in vitro studies related to CRC as can be seen in peer-reviewed literature. 

Furthermore, these 2 cell lines are readily available in the laboratory. FN infection of cell 

lines is to imitate colorectal infection. The inhibition of DNMT3a expression using 

siRNA is to confirm its methylation role of SEPT9 in CRC, which will be analyzed by 

western blot (SEPT9 protein level), qPCR (SEPT9 mRNA level), and SEPT9 

methylation-specific PCR (SEPT9 methylation status). The experimental flowcharts are 

presented in Figure 5. 

. 
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Figure 5. Experimental flowchart summarizing the research direction. For patient FFPE tissue 

samples, DNA was extracted and subjected to qPCR. For in vitro studies using cell lines, the treated cells 

were collected as cell pellets and were used as a starting material. DNA and RNA, and total proteins were 

extracted, followed by qPCR and western blot, respectively. 
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3.1 Detailed methodologies pertaining to formalin-fixed, paraffin-embedded (FFPE) 

tissue work: 

Aim 1: To investigate the prevalence of FN and SEPT9 methylation and the 

association of their presence or levels with clinicopathological variables in CRC 

patients  

3.1.1 FFPE tissue sample collection and ethical clearance 

FFPE archived tissue blocks from a total of 83 CRC patients were collected from the 

collaborating medical centre and stored in dry boxes at RT, protected from light and 

exposure to air. Haematoxylin & eosin (H&E) staining was performed and the tissue were 

reviewed and confirmed by senior pathologists. Demographic and clinicopathological 

information (age, gender, tumour size, tumour location, etc) were retrieved from the 

corresponding histopathology reports and systematically sorted in an excel sheet. Ethical 

clearance and collection of samples for this study was granted by Sunway University 

(REF PGSUREC 2018/052) and Sunway Medical Centre (001/2019/IND/FR).  

3.1.2 FFPE tissue sample preparation 

One block each of cancer and adjacent non-cancer tissue from each patient were selected 

for analysis based on the histopathology report. The FFPE tissue blocks for sectioning 

were left to cool in -20 °C overnight prior to microtome sectioning (SLEE Rotary 

Microtome CUT 5062, Germany). Samples were trimmed at 10 µm for 5 times to remove 

possible degraded layers, followed by another 5 times for sample collection. The 5 

sections were placed into a 1.5 mL microcentrifuge tube using clean plastic forceps and 

immediately capped. In between every sample, the instrument was cleaned with a brush 

while the forceps was wiped clean with Kimwipe to remove debris and contamination. 

Each tube will be processed for DNA or RNA extraction for downstream analysis (section 

3.1.3 and section 3.2.6).  
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3.1.3 FFPE tissue DNA extraction 

FFPE tissue DNA was extracted using ReliaPrep FFPE gDNA Miniprep System kit 

(Promega, USA, Appendix 1). All centrifugations were at 25, 000 x g. Prior to extraction, 

120 mL of 96 % molecular biology grade ethanol (Sigma-Aldrich, USA) was added into 

30 mL of concentrated Wash Solution, and the contents of blue dye was added to 30 mL 

of lysis buffer and mixed by vortexing. FFPE tissue sample in 1.5 mL microcentrifuge 

tubes were deparaffinized by adding 300 µL of mineral oil and left to incubate at 80 °C 

for 1 minute, followed by vortexing. 200 µL of the lysis buffer containing the blue dye 

was added, then centrifuged for 30 s at 1, 000 x g to separate the lower blue phase 

(aqueous) and upper (oil) phase. 20 µL of Proteinase K was then added directly to the 

blue phase and mixed by pipetting up and down. The mixture was then incubated at 56 °C 

for 1 hour, followed by 80 °C for 4 hours to completely lyse the tissue sample. The tubes 

were centrifuged at 1, 000 x g briefly to collect condensation. The samples were either 

stored at 4 °C overnight or processed immediately for RNAse treatment. Samples were 

allowed to equilibrate to RT before 10 µL of RNAse A was added and mixed directly to 

the blue phase by pipetting, then let stand for 5 minutes at RT. 220 µL of BL buffer was 

added into the tubes followed by 240 µL of 96 % molecular biology grade ethanol 

(Sigma-Aldrich, USA). Samples were briefly vortexed, then centrifuged for 30 s at 1, 000 

x g to separate the two phases. The entire volume of the blue phase was carefully 

transferred to a binding column attached to a collection tube. This assembly was then 

centrifuged for 30 s at 1, 000 x g. The flowthrough in the collection tube was discarded, 

and the binding column was reinserted back into the collection tube. The column was 

then washed twice with 500 µL of Wash Buffer (containing ethanol) through 

centrifugation for 30 s at 1, 000 x g, with each wash discarding the flowthrough. The 

collection tube was tapped dry on a paper towel before reinsertion of the column. To 

completely dry the column and prevent ethanol carryover, the cap of the binding column 
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was opened and centrifuged at for 3 minutes at 25,000 x g. The column is then transferred 

to a labelled 1.5 mL centrifuge tube. 50 µL of elution buffer was added, left to incubate 

at RT for 2 minutes, then centrifuged for 1 minute at 1, 000 x g to elute the DNA. 1 µL 

of the DNA was placed on a spectrophotometer (SpectraMax Quick Drop, Molecular 

Devices, USA) for DNA quantification and quality check. The DNA sample was 

considered for downstream application if the sample has at least 20 ng DNA, 260/280 nm 

absorbance ratio of 1.8 ï 2.2, and 260/230 nm of 1.6 ï 2.2. After quantification, the 

samples were diluted to 20 ng / µL. Samples were stored in -20 °C.  

3.1.4 DNA extraction of FN 

FN was cultured as described in section 3.2.8.1. The genomic DNA of FN was extracted 

using QIAamp DNA Mini to be used as a positive control for the detection of FN in 

extracted FFPE tissue DNA (section 3.1.6). Prior to DNA extraction, 25 and 30 mL of 

96 % molecular biology grade ethanol (Sigma-Aldrich, USA) was added into Buffer 

AW1 and AW2, respectively. 1 mL of fresh cultured FN in 15 mL centrifuge tube was 

homogenized by inverting, then aliquoted to a 1.5 mL microcentrifuge tube and pelleted 

at 5, 000 x g for 5 minutes, then discarding of the supernatant to remove metabolites and 

wastes. The pellet was resuspended with 180 µL of ATL through pipetting. 20 µL of 

proteinase K was added into the suspension, then vortexed briefly and incubated at 56 °C 

for 10 minutes. The tube was briefly centrifuged at 1, 000 x g to collect condensation, 

followed by addition of 200 µL of Buffer AL. The sample was vortexed and incubated at 

70 °C for 10 minutes, then centrifuged at 1, 000 x g to collect condensation. 200 µL of 

96 % molecular biology grade ethanol (Sigma-Aldrich, USA) was then added, vortexed, 

and then briefly centrifuged. The entire mixture was transferred to the column provided 

and centrifuged at 25, 000 x g for 1 minute. Next, the column was transferred to a new 

collection tube. 500 µL of Buffer AW1 was added into the column and centrifuged at 25, 

000 x g for 1 minute. The column is transferred to a new collection tube. 500 µL of Buffer 
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AW2 was added with steps identical to the previous. To completely dry the column, the 

collection tube for the final wash was tapped dry on a paper towel before reinsertion of 

the column. Then, the tube was centrifuged at 25, 000 x g for 3 minutes. The column was 

then placed into a clean and labelled 1.5 mL microcentrifuge tube. 50 µL of elution buffer 

was added directly on to the membrane of the column, then centrifuged at 25, 000 x g for 

30 s. 1 µL of the DNA was placed on a spectrophotometer (SpectraMax Quick Drop, 

Molecular Devices, USA) for DNA quantification and quality check. DNA quantity and 

quality check were performed. After quantification, the samples were diluted to 5 ng / µL. 

Samples were either used immediately or stored at -20 °C. 

3.1.5 Primers and probes preparation for the detection of FN in FFPE tissue DNA  

To detect the presence of FN in patient FFPE tissue DNA, the NusG gene of 16S rRNA 

gene of FN was amplified and measured using Taqman probe-based qPCR. After 

analysing the primers in the literature reviewed (Mima et al., 2015) using Basic Local 

Alignment Search Tool (BLAST), the primers were specific only to the NusG gene of 

Fusobacterium nucleatum subsp. animalis. By comparing and aligning the NusG gene of 

three common subspecies; subsp. nucleatum, subsp. animalis, and subsp. polymorphum 

using Multiple Sequence Alignment (MUSCLE) software, the conserved region between 

the three subspecies were identified (Appendix 2). Together with the help from primer 

design experts in Integrated DNA Technology, we constructed a primer set that can detect 

all 3 subspecies. The quantitation of FN in terms of cycle-threshold (CT) value was 

normalized by the simultaneous amplification of the human endogenous control, 18S 

rRNA gene. Primers and probes for FN and 18S rRNA were purchased from Integrated 

DNA Technologies, USA. The primers and probes for FN were provided as premixed and 

lyophilized in a single tube. Upon receipt of primers and probes in lyophilized form, the 

vials can either be stored in -20 °C or immediately reconstituted with sterile nuclease-free 

water to 100 µM stocks. The amount of water to add for the dilution is stated exactly in 
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the manufacturerôs package insert. Next, the 100 ÕM stocks were diluted to 20x primer 

sets in 100 µL (Table 2). Sequences of the primers and probes are presented in Table 3.  

 

 

 

Table 2. Preparation of 20x primer sets for 16S rRNA and human 18S rRNA, 100 µL 

Primer set Primer/probe (100 µM) 
Amount to 

add (µL) 
20x concentration (µM) Final concentration/reaction (µM) 

F. nucleatum  

16S rRNA 

Forward primer 

Reverse primer 

Probe 

Nuclease-free water 

100 

5 

5 

4 

- 

0.25 

0.25 

0.20 

- 

Human  

18S rRNA 

Forward primer 

Reverse primer 

Probe 

Nuclease-free water 

6 

6 

4 

84 

6 

6 

4 

- 

0.30 

0.30 

0.20 

- 

 

Table 3. Sequences of FN 16S rRNA and human 18S rRNA primers and probes  

Target DNA Forward primer  Reverse primer Probe 

F. nucleatum 

16S rRNA 

5ô 

CCATTACTTTAACTCTA

CCATG 3ô 

 

5ô 

CTGAGGGAGATTATGTAAAAA

TC 3ô 

 

5ô FAM-CAATTTCAG-

ZEN-

CAACTTGTCCTTCTTGAT

C-3IABkFQ 3ô 

Human 18S 

rRNA 

5ô 

GAGACTCTGGCATGCT

AACTAG 3ô 

 

5ô 

GGACATCTAAGGGCATCACAG 

3ô 

 

5ô Cy3-TGCTCAATCTCG 

GGTGGCTGAA-3IAbRQSp 

3ô 
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Extreme care was taken to avoid contamination of primers and probes as this will 

detrimentally affect downstream PCR results. To prevent contamination, three separate 

rooms were prepared; Sample Preparation, Pre-PCR, and Post-PCR. DNA extraction was 

performed in the sample preparation room. In the Pre-PCR room, primers and probes 

reconstitution, and master mix was prepared and no template DNA was allowed in the 

room. In the Post-PCR room, template DNA was added to the master mix reactions to be 

amplified. Prior to primers and probes reconstitution or experiments, both Biosafety 

cabinets (BSCs) in the pre-PCR and post-PCR rooms were wiped down with 10 % 

hypochlorite solution. Consumables such as PCR tubes, PCR plates, pipette tips, and 

nuclease-free water were set to decontaminate by UV in the BSC for 30 minutes.  

3.1.6 Detection of FN in FFPE tissue DNA using qPCR 

The qPCR master mix (Environmental Master Mix 2.0, Applied Biosystems, USA), 

primer set FN, and primer set 18S rRNA were left to thaw in the pre-PCR room, while 

the FFPE tissue DNA were left to thaw in the post-PCR room at RT. A sample of the 

master mix preparation for a 20 µL final reaction volume is as follow in Table 4:  
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Table 4. Environmental Master Mix 2.0 preparation for FN 16S rRNA and human 18S rRNA, 20 

µL reaction 

Kit component Volume for 1 reaction (µL) 

2x EMM 2.0 10 

20x Primer set FN  1 

20x Primer set 18S rRNA 1 

Nuclease-free water 4 

Total  16 
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An excess of three reactions were included in the master mix calculation to account for 

pipetting loss. 16 µL of the homogenized master mix reaction was pipetted carefully and 

equally to a 0.2 mL 96-well PCR plate (Applied Biosystems, USA) in the pre-PCR room. 

The plate was then moved to the post-PCR room. 4 µL of FFPE tissue DNA (total of 80 

ng) or nuclease-free water (no template control, NTC) was added into the wells in 

triplicates using filtered tips. For FN positive control, a total of 20 ng DNA in 4 µL was 

added. After addition of DNA, the plate was sealed tight with an adhesive (MicroAmp 

Optical Adhesive Film, Applied Biosystems, USA), followed by centrifugation of the 

plates at 2, 000 x g for 5 minutes to remove air bubbles. The plate was then placed into 

the QuantStudio3 (ThermoFisher Scientific, USA) with the following reaction conditions: 

10 min activation at 95 °C, 40 cycles of 15 s at 95 °C, 30 s at 48 °C and 1 min at 60 °C. 

Optimization of cycling conditions are presented in Appendix 3. FN detection is 

considered valid if the 18S rRNA endogenous control and at least one of the triplicates 

has a valid CT value below 40. In addition, amplification of the FN positive control must 

be observed. The amplification curve was also examined to exclude artifact or 

background noise. Variable CT values of FN with high standard deviation between the 

range of 35 to 40 (undetected) were included by taking into consideration the stochastic 

nature and Poisson distribution of PCR with very low template DNA. The relative 

abundance of FN in each sample were expressed as ȹCT in reference to 18S rRNA, while 

the expression fold-change of FN between cancer and non-cancer tissue were represented 

by 2-ȹȹCT. The formulae are as follow in Table 5.  

 Table 5. Formulae for expression fold-change 2-ȹȹCT. 

 

 

 

 

ȹCT = FN CTcancer ï FN CTnon-cancer 

 

18S rRNA ȹCT = 18S rRNA CTcancer ï 18S rRNA CTnon-cancer 

 

Expression fold-change 2-ȹȹCT = 2 ï (FN ȹCT ï 18S rRNA ȹCT) 
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3.1.7 DNA bisulfite conversion  

Bisulfite conversion of extracted DNA to be used in methylation-specific qPCR was 

performed using EZ DNA Methylation-Lightning kit (Zymo Research, USA, Appendix 

4). DNA extracted from cultured HCT116 and CCD-112 were bisulfite-converted to be 

used as positive and negative controls, respectively. All centrifugations were at 25,000 x 

g. Prior to bisulfite conversion, 96 mL of 96 % molecular biology grade ethanol (Sigma-

Aldrich, USA) was added to the wash buffer. 10 µL of DNA was added into 200 µL 

microcentrifuge tubes, followed by 10 µL of nuclease-free water and 130 µL of Lightning 

Conversion Reagent. The tubes were incubated in a thermal cycler (Biometra TAdvanced 

Twin 48, Analytic Jena, Germany) with the following conditions: 98 °C for 8 minutes 

and 54 °C for 60 minutes. After incubation, the reactions were either stored in 4 °C for 

up to 20 hours or processed immediately. 600 µL of M-Binding Buffer was added to 

labelled columns attached to collection tubes, followed by addition of the entire reaction 

volume. Samples were mixed by inverting, then centrifuged for 30 s at 1, 000 x g. Flow 

through was discarded and the column was washed with 100 µL of M-Wash Buffer. Next, 

the reaction was centrifuged for 30 s at 1, 000 x g. 200 µL L-Desulphonation Buffer was 

added to the column and let to stand at RT for 20 minutes. This was followed by 

centrifugation for 30 s at 1, 000 x g and another 2 washes with 200 µL of M-Wash Buffer. 

The column was then placed into a clean and labelled 1.5 mL microcentrifuge tube. 20 

µL of M-Elution buffer was added directly on to the membrane of the column, then 

centrifuged for 30 s at 1, 000 x g. Samples were either used immediately or stored at -

80 °C due to instability of single-stranded DNA.  

 



 

Pang Siew Wai  
15035363 

86 

3.1.8 Primers and probes preparation for the detection of methylated SEPT9 in 

FFPE tissue DNA  

Bisulfite-treated DNA was used to detect the presence of mSEPT9. The v2 region of 

SEPT9 promoter was amplified and measured using methylation-specific Taqman probe-

based qPCR. The quantitation of mSEPT9 in terms of cycle-threshold (CT) value was 

normalized by the amplification of the bisulfite-converted version of the human 

endogenous control, ɓ-actin gene. The primers and probes used for the detection of 

mSEPT9 and bisulfite-converted ɓ-actin were purchased from Integrated DNA 

Technologies, USA. See section 3.1.5 for preparation, storage, and handling of primer 

sets. 20x primer sets were prepared (Table 6). Sequences of the primers and probes are 

presented in Table 7. The reverse primer of SEPT9 was modified to have an abasic d-

spacer base at 5ô to provide separation in between nucleotides. The blocker was included 

to bind and block the unmethylated part of SEPT9, and thus prevent amplification of 

unmethylated SEPT9. The blocker was terminated with a C3 spacer at 3ô to prevent DNA 

extension during PCR. The primers and probes for ɓ-actin were designed based on the 

DNA sequence of unmethylated ɓ-actin after bisulfite conversion.  
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Table 6. Preparation of 20x primer sets for mSEPT9 and bisulfite-converted ɓ-actin, 100 µL 

Primer 

set 

Primer/probe (100 

µM)  

Amount to 

add (µL) 

20x 

concentration 

(µM)  

Final 

concentration/reaction 

(µM)  

mSEPT9 

Forward primer 

Reverse primer 

Probe 

Blocker 

Nuclease-free 

water 

6 

6 

20 

2 

66 

6 

6 

20 

2 

- 

0.3 

0.3 

1.0 

0.1 

- 

Bisulfite-

converted  

ɓ-actin 

Forward primer 

Reverse primer 

Probe 

Nuclease-free 

water 

6 

6 

4 

84 

6 

6 

4 

- 

0.3 

0.3 

0.2 

- 

 

Table 7. Sequences of mSEPT9 and ɓ-actin primers and probes  

Target 

DNA 

Forward 

primer  
Reverse primer Probe Blocker 

mSEPT9 

5ô 

AAATAAT

CCCATCC

AACTA 3ô 

5ô GATT-DS-

GTTGTTTATTA

GTTATTATGT 

3ô 

5ô FAM-

TTAACCGCGAAATCCG

AC-TAMRA 3ô 

5ô 

GTTATTATG

TTGGATTTT

GTGGTTAA

TGTGTAG-

C3 3ô 

Bisulfite-

converted  

ɓ-actin 

5ô 

TGGTGAT

GGAGGA

GGTTTAG

T AAGT 3ô 

5ô 

AACCAATAA 

AACCTACTCC

TC CCT TAA 3ô 

5ô FAM-

ACCACCACCCAACACA

CA ATAACAAACACA -

TAMRA  3ô 

- 
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3.1.9 Detection of mSEPT9 using methylation-specific qPCR  

The qPCR master mix (Environmental Master Mix 2.0, Applied Biosystems, USA), 

primer set mSEPT9, and primer set ɓ-actin were left to thaw in the pre-PCR room at RT, 

while the bisulfite-converted DNA were left to thaw in the post-PCR room in ice. A 

sample of the master mix preparation for a 20 µL final reaction volume for each target 

gene are as follow in Table 8:  

Table 8. Environmental Master Mix 2.0 preparation for mSEPT9 or bisulfite-converted 

ɓ-actin, 20 µL reaction 

Kit component Volume for 1 reaction (µL) 

2x EMM 2.0 10 

20x Primer set  1 

Nuclease-free water 8 

Total  19 

 

An excess of three reactions were included in the master mix calculation to account for 

pipetting loss. 19 µL of the homogenized master mix reaction was pipetted carefully and 

equally to a 0.2 mL 96-well PCR plate (Applied Biosystems, USA) in the pre-PCR room. 

The plate was then moved to the post-PCR room. 1 µL of bisulfite-converted DNA or 

nuclease-free water (NTC) was added into the wells in triplicates using filtered tips. After 

addition of DNA, the plate was sealed tight with an adhesive (MicroAmp Optical 

Adhesive Film, Applied Biosystems, USA), followed by centrifugation of the plates at 2, 

000 x g for 5 minutes to remove air bubbles. The plate was then placed into the 

QuantStudio3 (ThermoFisher Scientific, USA) with the following reaction conditions: 

mSEPT9; 10 min activation at 95 °C, 40 cycles of 15 s at 95 °C, and 45 s at 50 °C; 

bisulfite-converted ɓ-actin ï 10 min activation at 95 °C, 40 cycles of 15 s at 95 °C, and 

45 s at 56 °C. Optimization of cycling conditions are presented in Appendix 5. mSEPT9 
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detection is considered valid if the bisulfite-converted ɓ-actin and at least one of the 

triplicates has a valid CT value below 40. In addition, amplification of HCT116 positive 

control and no amplification of CCD-112 negative control and NTC must be observed. 

The amplification curve was also examined to exclude artifact or background noise. 

Variable CT values of mSEPT9 with high standard deviation between the range of 35 to 

40 (undetected) were included by taking into consideration the stochastic nature and 

Poisson distribution of PCR with very low template DNA. The relative levels of mSEPT9 

in each sample were expressed as ȹCT in reference to bisulfite-converted ɓ-actin, while 

the fold-change of mSEPT9 between cancer and non-cancer tissue were represented by 

2-ȹȹCT. 

3.1.10 KRAS gene mutation analysis  

KRAS mutation testing was done using therascreen KRAS RGQ PCR Kit (Qiagen, 

Germany, Appendix 6). All the reagents were left to thaw in the pre-PCR room at RT for 

at least one hour, while the extracted DNA were left to thaw in the post-PCR room. Each 

sample will be assayed in 8 different reactions; control, 12ALA, 12ASP, 12ARG, 12CYS, 

12SER, 12VAL, and 13ASP. A sample of the master mix preparation for a 25 µL final 

reaction volume for each sample are as follow in Table 9:  

Table 9. Therascreen KRAS RGQ PCR master mix preparation for KRAS mutation detection, 25 

µL reaction 

Kit component Volume for 1 reaction (µL) 

Control, 12ALA, 12ASP, 12ARG, 

12 CYS, 12SER, 12VAL, or 13ASP 
19.76 

Taq DNA Polymerase  0.24 

Nuclease-free water 2.5 

Total  22.5 
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An excess of two reactions were included in the master mix calculation to account for 

pipetting loss. 22.5 µL of the homogenized master mix reaction was pipetted carefully 

and equally to a 0.2 mL PCR tube in the pre-PCR room. The tubes were then moved to 

the post-PCR room. 2.5 µL of DNA, KRAS positive control, or nuclease-free water (NTC) 

was added into the 8 tubes using filtered tips. After addition of DNA, the tubes were 

capped tight, followed by a quick centrifugation of the tubes to remove air bubbles. The 

tubes were then placed into the Rotor-Gene Q MDx 5plex HRM (Qiagen, Germany) and 

the predefined software ñtherascreen KRAS Locked Templateò was selected and run. The 

analysis and calls for KRAS mutations are automatically done by the software.  

3.1.11 Statistical analysis for the association of FN infection and SEPT9 methylation 

with clinicopathological data of CRC patients 

Clinicopathological data of CRC patients and data from qPCR of FN and SEPT9 

methylation-specific qPCR were systematically sorted in an excel sheet based on patient 

ID. Data filtering was enabled for clinicopathological data such as age, gender, and sex. 

Categorical and continuous data were collected from both experiments.  

Categorical data include the presence or absence of FN infection, and methylation status 

of SEPT9 in cancer or non-cancer tissue of the same patient. FN Infection and methylation 

status of cancer or non-cancer tissue were keyed in as óyesô for CTFN or CTSEPT9 values < 

40 or ónoô for CTFN or CTSEPT9 = 40. Cases with óyesô in cancer tissue and ónoô in non-

cancer tissue were grouped as ódetected in cancer onlyô, while a ónoô and óyesô were 

grouped as ódetected in non-cancer onlyô. Cases with both óyesô or both ónoô were grouped 

as ódetected in both (double-positive)ô or ónot detectedô, respectively. Continuous data 

include the CT values of target genes and housekeeping genes of cancer or non-cancer 

tissue, and the calculated ȹCT and 2-ȹȹCT. A screenshot of the excel data organization is 

presented in Appendix 7.  
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All statistical analysis was performed using the Prism GraphPad (8.0) for Windows. 

Categorical data were analysed using the Chi-square test (two-tailed). Individual 

clinicopathological features were merged to two sub-groups under a clinicopathological 

group. For example, under the clinicopathological group cancer staging, stage I and II 

were merged as sub-group 1, and stage III and IV were merged as sub-group 2. A 2x2 

table was then created between the FN or SEPT9 methylation óyesô or ónoô sub-group and 

cancer staging óstage I + IIô or óstage III + IVô sub-group. The number of cases with óyesô 

and óstage I + IIô was then calculated. This was repeated for other combinations between 

the two sub-groups. The numbers from all 4 combinations were then compared and 

analysed by the software, resulting in a p value, where < 0.05 was considered statistically 

significant. This was repeated for all clinicopathological groups. 

Continuous data were first analysed using a Shapiro-Wilk test to test for normality, where 

a p value of > 0.05 represents a normal distribution. After confirming that the data are not 

normally distributed (non-parametric), the data were analysed using either the Wilcoxon 

signed-rank (two-tailed) or Mann-Whitney (two-tailed) test. Wilcoxon signed-rank test 

was used to analyse the difference in the ȹCT of FN or mSEPT9 in cancer tissue to its 

non-cancer tissue counterpart. To improve graph readability and presentation, the ȹCT 

of cancer or non-cancer tissue were transformed using the equation relative expression 

levels = ï (ȹCT/10) + 10. The resulting values were then placed in pairs of cancer-non-

cancer tissue and analysed, where a of p value of < 0.05 was statistically significant. 

Mann-Whitney test was used to analyse the difference in the 2-ȹȹCT of FN or mSEPT9 in 

sub-groups of a clinicopathological group. For example, the difference in 2-ȹȹCT were 

compared between óI + IIô sub-group and cancer staging óIII + IVô sub-group under the 

cancer staging clinicopathological group. The 2-ȹȹCT was also compared in the double-

positive groups where FN or mSEPT9 were detected in both cancer and non-cancer tissue. 

Sub-groups with less than 5 sample sizes were excluded from analysis.  
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3.2 Detailed methodologies pertaining to in vitro work : 

Aim 2: To investigate the involvement of DNMT3a in regulating SEPT9 methylation 

in CRC; 

Aim 3: To define the predilection of FN in DNMT3a expression and SEPT9 

methylation in CRC. 

3.2.1 Cell culture of HCT116 and CCD-112  

Human cell lines; HCT116 (human CRC) and CCD-112 (human normal colon fibroblast) 

were purchased from ATCC, USA. HCT116 is a localized model originating from the 

primary tumour of CRC. The vials were transported in dry ice and immediately stored in 

the vapor phase in the liquid nitrogen tank, followed by record keeping. Before reviving 

the cells or any cell culture work, extreme care was taken in the preparation of BSC, 

consumables, and media to ensure optimal survival of cells and prevent contamination. 

Prior to all cell culture work in the following sections, the BSC was wiped down with 70 % 

ethanol, and any consumables from outside the BSC such as serological pipettes, T25 cm2 

tissue culture flasks with filtered cap (Nest Biotechnology, China) and 15 mL centrifuge 

tubes were sprayed with 70 % ethanol, then set to decontaminate by UV for at least 20 

minutes. The water bath was set to 37 °C and monitored to ensure that the temperature is 

stable. Dulbeccoôs Modified Eagle Medium High Glucose (DMEM) supplemented with 

high glucose (GIBCO, Netherlands), 10 % fetal bovine serum (GIBCO, Netherlands), and 

10, 000 U/mL of Penicillin/Streptomycin (GIBCO, Netherlands) was placed in the water 

bath. At the end of UV decontamination, 9 mL of warm DMEM were placed into two 15 

mL centrifuge tube each, and 5 mL of warm DMEM into 6 T25 flasks. After that, the 

frozen HCT116 and CCD-112 vials were removed from the liquid nitrogen tank and 

immediately placed on ice during transport. The vials were then thawed in the water bath 

with gentle agitation, with every 5 swings in the water monitored. When the vials were 

around 80 % thawed, they were sprayed with 70 % ethanol and moved into the BSC. The 
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capped of the vials were removed and the entire contents pipetted into the 15 mL 

centrifuge tube containing 9 mL of warm DMEM. This is followed by centrifugation at 

125 x g for 5 minutes to pellet the cells. The supernatant was carefully removed with a 

serological pipette at low suction setting, followed by removal of leftover media with a 1 

mL micropipette. 3 mL of DMEM was added to the pellet, then resuspended by gently 

pipetting up and down. 1 mL each of the resuspended pellet was then added into each 

labelled T25 flasks containing 5 mL of warm media. The flasks were then tapped gently 

on the sides to homogenize and disperse the cells equally. Presence of cells in the flask 

was confirmed via viewing under an inverted microscope. After confirmation, the flasks 

were again tapped gently to homogenize the cells and placed into the CO2 incubator at 

37 °C with 5 % CO2 and 95 % humidity (ESCO, Singapore). The next day, cells in the 

flasks were viewed under an inverted microscope to confirm morphology (Figure 6) and 

the confluency. Next, the flasks were placed into the BSC after the usual preparation of 

decontaminating the BSC and consumables. The media was carefully removed using a 5 

mL serological pipette by suction at the edge of the flask. Then, 6 mL of fresh DMEM 

was added into each flask followed by incubation for another day. Care was taken to avoid 

adding the media directly on the cell monolayer.  
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Figure 6. Microscope images of HCT116 (top) and CCD-112 (bottom) at 10x magnification.  
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3.2.2 Subculture of HCT116 and CCD-112  

The next day after changing media (see above), the cells were subcultured into T75 cm2 

flasks for further propagation. Phosphate-buffered saline (PBS) (Appendix 8, together 

with all other buffers), Dulbeccoôs Modified Eagle Medium High Glucose (DMEM), 

and Trypsin EDTA (TrypLE, GIBCO, USA) were warmed. The media in each T25 flasks 

were removed using a serological pipette, followed by addition of 2 mL of PBS to rinse 

the cells. The PBS was removed using a serological pipette. Next, 1 mL of TrypLE was 

added into the flasks using a 1 mL micropipette. Flasks were rotated to cover the entire 

monolayer with TrypLE, then tapped gently on all sides to detach adhered cells. This is 

followed by incubating the flasks in the CO2 incubator for 4 minutes, with gentle tapping 

every 2 minutes. After detachment, 2 mL of DMEM was added into each flask to 

neutralize the effect of TrypLE. The entire content of the flask was then transferred to a 

15 mL microcentrifuge tube to be centrifuged at 250 x g for 5 minutes. Avoiding the cell 

pellet, the supernatant was gently removed using a 1 mL micropipette, then resuspended 

with 3 mL of DMEM. 1 mL each of resuspension was added into 3 T75 flasks containing 

14 mL of DMEM. The flasks were then tapped gently on all sides and placed into the 

incubator. For routine subculture of cells instead of propagation, 100 µL of resuspension 

was added into T25 flasks containing 6 mL of DMEM.  

3.2.3 Cell counting  

After the 3 T75 flasks reaches ~85 % confluency, they were rinsed with 4 mL of PBS and 

detached using 1 mL of TrypLe each, then neutralized with 3 mL of DMEM. Following 

that, the cells were pelleted and resuspended in 3 mL of DMEM (see above section). 10 

µL of the resuspension was pipetted into a 1.5 mL microcentrifuge tube containing 10 µL 

of Trypan Blue (ThermoFisher Scientific, USA). After mixing by pipetting, 10 µL was 

pipetted into the Countess Cell Counting Chamber Slide (ThermoFisher Scientific, USA). 

The slide was then inserted into the Countess 3 Automated Cell Counter (ThermoFisher 
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Scientific, USA). The number of live and dead cells were automatically determined by 

the software and camera, and reported as number of cells/mL. The following calculation 

is an example of preparing total cell number in total DMEM volume using the reported 

cells/mL (Table 10). 

Table 10. Sample calculation for preparing required number of cells in DMEM for cell seeding 

Cells/mL Total cells in 

3 mL 

DMEM  

Required 

total cell 

number 

Total 

DMEM 

volume (mL) 

Volume to 

add from 

cells/mL 

Volume of 

DMEM to 

top up 

5 x 106 15 x 106 5 x 106 6 1 5 

5 x 106 15 x 106 10 x 106 6 2 4 

5 x 106 15 x 106 15 x 106 6 3 3 

 

3.2.4 Cryopreservation  

Propagated cells with low passage number were cryopreserved for future use. Following 

the sample calculation in the previous table, approximately 3 x 106 cells/mL suspension 

in DMEM containing 10 % fetal bovine serum was prepared. In the BSC, labelled 2 mL 

cryovials were placed in a previously cooled (-20 °C) cryogenic vial holder (CoolCell, 

Corning, USA) and all the caps were opened. 100 µL of Dimethyl Sulfoxide (DMSO) 

were added into each cryovials as the cryoprotectant. Next, 900 µL of cell resuspension 

was added into each vial and immediately capped. The cryovials were immediately placed 

in -20 °C for 1 hour, followed by long-term storage in -80 °C.  

3.2.5 Routine detection of Mycoplasma contamination using PCR  

Mycoplasma contamination was routinely screened using PCR Mycoplasma Detection 

Kit ABM (G238, Canada, Appendix 9). The BlasTaq 2x PCR master mix and primer mix 

were left to thaw in the pre-PCR room in ice, while the positive control was left to thaw 

in the post-PCR room in ice. A sample of the master mix preparation for a 25 µL final 

reaction volume for each sample are as follow in Table 11:  
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Table 11. Mycoplasma PCR Detection Kit ABM master mix preparation for cell culture samples 

Mycoplasma PCR Detection Kit ABM master mix, 25 µL reaction 

Kit component Volume for 1 reaction (µL) 

2x BlasTaq PCR master mix 12.5 

Primer mix  1 

Nuclease-free water 9 

Total  22.5 

 

An excess of three reactions were included in the master mix calculation to account for 

pipetting loss. 22.5 µL of the homogenized master mix reaction was pipetted carefully 

and equally to a 0.2 mL PCR tube in the pre-PCR room. The tubes were then moved to 

the post-PCR room. 2.5 µL of positive control, NTC, or cell culture media from respective 

cell culture flasks that were undisturbed for at least 48 hours and were at least 80 % 

confluent were collected and added into the PCR tubes containing the master mix. After 

addition of DNA, the tubes were capped tight, followed by a quick centrifugation at 1,000 

x g to remove air bubbles. The tubes were then placed into the thermal cycler (Biometra 

TAdvanced Twin 48, Analytic Jena, Germany) with the following reaction conditions: 3 

min activation at 95 °C, 40 cycles of 15 s at 95 °C, 15 s of 55 °C, and 15 s at 72 °C.  

During the cycles, an agarose gel was casted. 0.3 g of agarose powder (HyAgarose, 

ACTGene, USA) was measured in a 50 mL beaker. Then, 30 mL of 1x TAE buffer was 

added into the beaker and swirled. The beaker was then sealed with a cling wrap, and 3 

holes were punctured using a pipette tip. The beaker was then placed into a microwave 

and heated until all the powder has completely dissolved. After cooling the solution at 

room temperature for 5 minutes, 5 ɛL of SYBR Safe DNA gel stain (Invitrogen, USA) 

was added and swirled until homogenized. Using a casting cassette (Major Science, USA), 

the contents of the beaker were slowly poured until it is filled. Then, a comb for 8 wells 
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was inserted at the top of the gel. After the gel has solidified, 3 ɛL of DNA ladder 

(SMOBIO, China) was added into the first well, followed by 25 ɛL of the PCR products 

into the remaining wells. The gel was then placed into the gel electrophoresis tank (MT-

108, Major Science, USA), and 1x TAE buffer was poured into the tank until it reaches 

the mark. The gel was run at 60 V for 30 minutes. Following that, the gel was visualised 

under UV using ImageQuant LAS500 (GE HEALTHCARE, USA). Amplification 

products with sizes between 370-550 base pairs were considered positive for mycoplasma 

contamination.  

3.2.6 DNA and RNA extraction of HCT116 and CCD-112  

The genomic DNA of HCT116 and CCD-112 were extracted using QIAamp DNA Mini 

(Qiagen, Germany, Appendix 10) and were used as positive and negative controls, 

respectively in methylation-specific qPCR of SEPT9. The promoter v2 region of SEPT9 

in the DNA of HCT116 is known to be hypermethylated while it is not in CCD-112. 

Cultured cells in T25 flasks with at least 70 % confluency were detached using TrypLe 

and resuspended with 200 µL PBS in 1.5 mL microcentrifuge tubes. 20 µL of proteinase 

K was then added, followed by 200 µL of Buffer AL and mixed by pulse-vortexing. The 

tubes were subsequently incubated at 56 °C for 1 hour, then briefly centrifuged at 1, 000 

x g to collect condensation. 200 µL of 96 % molecular biology grade ethanol (Sigma-

Aldrich, USA) was added and mixed by pulse-vortexing, then briefly centrifuged for 30 

s at 1, 000 x g. The entire content was then transferred to the provided column attached 

to a collection tube, followed by wash steps, DNA elution, DNA quantification, and 

storage as previously described (see section 2.10).  

RNA of HCT116 and CCD-112 were extracted using the ReliaPrep RNA Cell Miniprep 

System (Promega, USA, Appendix 11). Cultured cells in T25 flasks with at least 70 % 

confluency were detached using TrypLe and resuspended with 200 µL PBS in 1.5 mL 

microcentrifuge tubes. The tubes were then centrifuged at 300 x g for 5 minutes and the 
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supernatant removed. BL + TG buffer were added to the washed pellet and mixed by 

pipetting (10 times). 100 % isopropanol were added and mixed by vortexing for 5 seconds. 

The lysate was then transferred to a Minicolumn in a collection tube, then centrifuged at 

14,000 x g for 30 seconds at room temperature. The liquid in the collection tube were 

removed, and the Minicolumn was placed back. 500 ɛL of RNA wash solution was added, 

then centrifuged at 14,000 x g for 30 seconds before emptying the collection tube. DNAse 

1 incubation mix was then prepared by adding 24 ɛL of Yellow Core Buffer, 3 ɛL of 

Magnesium Chloride, and 3 ɛL of DNAse 1 and mixed gently using a pipette. 30 ɛL of 

the mixture was then added to the Minicolumn membrane and left to incubate for 15 

minutes at room temperature. 200 ɛL of wash solution was then used to wash the 

membrane at 14,000 x g for 15 seconds at room temperature, followed by 500 ɛL of RNA 

wash solution for 30 seconds at room temperature. The RNA wash solution step was then 

repeated with 300 ɛL for 2 minutes. The Minicolumn was then placed into a fresh 1.5 mL 

microcentrifuge tube, and the DNA eluted with 30 ɛL of nuclease-free water at 14,000 x 

g for 1 minute. Purified DNA were stored at -20 °C until further use.  

3.2.7 DNMT3a silencing assay  

 CRC cell line HCT116 and normal colon fibroblast CCD-112 were seeded in a 12 well-

plate format to provide an in vitro platform to study the effect of DNMT3a silencing on 

SEPT9 promoter methylation status and levels, gene, and protein expression. DNMT3a 

in HCT116 and CCD-112 was silenced through transfection of DNMT3a FlexiTube 

silencing RNAs (siRNA) (Qiagen, Germany, GS13435), a package containing validated 

siRNAs for DNMT3a. A validated negative control siRNA (IDTA Technologies, USA) 

with no known target genes in human were also included in this assay.  
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3.2.7.1 Preparation of DNMT3a silencing RNA  

When lyophilized siRNAs were received, they were resuspended in nuclease-free water 

according to package instructions to 10 µM stocks. To prevent repeated freeze-thaws, the 

stocks were aliquoted into tubes of 10 µL and stored in -20 °C.  

3.2.7.2 Cell seeding of HCT116 and CCD-112 

HCT116 and CCD-112 maintained in T25 flasks were detached using TrypLE and 

counted using the automated cell counter, Countess 3. 10 mL of 1.25 x 106 of HCT116 or 

CCD-112 cells were prepared in DMEM according to the sample calculations in Table 

10. Next, 2 mL of DMEM containing 200, 000 HCT116 or CCD-112 cells were seeded 

in 4 wells each. The plate was gently tapped and viewed under the inverted microscope 

to confirm the presence of cells, then tapped again and placed into the CO2 incubator for 

12-16 hours.  

3.2.7.3 Transfection of DNMT3a silencing RNA  

Seeded HCT116 and CCD-112 cells were viewed under the inverted microscope to check 

for adherence and confluency. Confluency of at least 40 - 50 % was required for the study. 

While the siRNAs were thawed on ice, the media in each well were replaced with 1 mL 

of DMEM in the BSC and placed back into the incubator. Two 1.5 microcentrifuge tubes 

for the transfection mix containing the transfection reagent HiPerFect (Qiagen, Germany, 

301704), siRNA, and stock DMEM without serum and antibiotics were prepared in the 

BSC as follow in Table 12:  

Table 12. Preparation of siRNA mix  

Tube HiPerFect (µL) Stock DMEM (µL)  siRNA 

Negative siRNA 12 5 8 

DNMT3a siRNA 12 5 8 
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The tubes were vortexed for 5 seconds and briefly centrifuged using a table-top 

microcentrifuge to collect droplets, then left to incubate at RT for 15 minutes. The entire 

content of the transfection mix was added dropwise into corresponding wells, and 

incubated for 48 hours in the cell culture incubator.  

3.2.7.4 Preparation of treated HCT116 and CCD-112 cell pellet for DNA and RNA 

extraction 

Cells were washed 3 times with 2 mL of PBS, with care taken to avoid disturbing the cell 

monolayer. 50 µL of TrypLe was added into each well and tapped gently, followed by 

incubation in the CO2 incubator for 4 minutes. 550 µL of PBS was then added to each 

well. 200 µL aliquots were then transferred to 3 1.5 mL microcentrifuge tubes, followed 

by pelleting at 5, 000 x g for 5 minutes. Before storage in the -20 °C, the supernatant in 

each tube was completely removed using a pipette. The 3 tubes will be subjected to DNA 

and RNA extraction for downstream analysis (section 3.2.6), and cell lysate preparation 

for immunoblotting (section 3.2.7.13). Prior to DNA and RNA extraction, the cell pellets 

were thawed on ice, then resuspended with 200 µL of PBS. The protocol for DNA and 

RNA extraction follows section 3.2.6.  

3.2.7.5 RNA to cDNA conversion 

The conversion of extracted RNA was performed using High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems, USA), (Appendix 12). The components of the kit 

and RNA samples were left to thaw on ice. The 2x RT master mix was prepared as follow 

on ice (Table 13).  
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Table 13. High Capacity cDNA Reverse Transcription master mix preparation for 20 µL reaction 

Kit component Volume for 1 reaction (µL) 

10x RT Buffer 2.0 

25x dNTP Mix (100 mM) 0.8 

10x RT Random Primers 2.0 

MultiScribe Reverse Transcriptase 1.0 

RNAse inhibitor  1.0 

Nuclease-free water 3.2  

Total  10.0 
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Additional 2 reactions were included in the calculations and preparations of master mix 

to account for pipetting loss. 10 µL of 2x RT master mix was aliquoted to a 200 µL 

microcentrifuge tube, followed by 10 µL of RNA sample and mixed by pipetting. The 

tubes were then centrifuged briefly and incubated in a thermal cycler (Biometra 

TAdvanced Twin 48, Analytic Jena, Germany) with the following conditions: 25 °C for 

10 minutes, 37 °C. for 120 minutes, and 85 °C for 5 minutes. Samples were stored in -

20 °C.  

3.2.7.6 Primers and probes preparation for the detection of DNMT3a and SEPT9 

expression levels in HCT116 and CCD-112 

The gene expression of DNMT3a and SEPT9 was determined using qPCR based on 

SYBR green dye. Gene expression levels were normalized to the housekeeping gene, ɓ-

actin. Primers were purchased from Integrated DNA Technologies, USA. Storage and 

preparation to 100 µM stocks were done as previously described ins section 3.1.5. 100 

µM stocks were diluted to 20x primer sets in 100 µL (Table 14). Sequences of the primers 

and probes are presented in Table 15.  
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Table 14. Preparation for 20x primer sets DNMT3a, SEPT9, and ɓ-actin, 100 µL 

Primer set 
Primer/probe (100 

µM)  

Amount 

to add 

(µL)  

20x 

concentration 

(µM)  

Final 

concentration/reaction 

(µM)  

DNMT3a 

Forward primer 

Reverse primer 

Nuclease-free water  

6 

6 

88 

6 

6 

- 

0.3 

0.3 

- 

SEPT9 

Forward primer 

Reverse primer 

Nuclease-free water 

6 

6 

88 

6 

6 

- 

0.3 

0.3 

- 

ɓ-actin 

Forward primer 

Reverse primer 

Nuclease-free water 

6 

6 

88 

6 

6 

- 

0.3 

0.3 

- 

 

Table 15. Sequences of DNMT3a, SEPT9, and ɓ-actin primers 

Target DNA Forward primer  Reverse primer 

DNMT3a 

5ô 

CCAAGTTCAGCAAAGTG

AGGAC 3ô 

5ô 

TGGACTGGGAAACCAAATACC 

3ô 

SEPT9 

5ô 

GTCCACTGCTGCCTCTA

CTTCA 3ô 

5ô 

GGACGATGTTGACCACCTTGCT 

3ô 

ɓ-actin 

5ô 

ACAGAGCCTCGCCTTTG 

3ô 

5ô CCTTGCACATGCCGGAG 3ô 
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3.2.7.7 DNMT3a and SEPT9 gene expression analysis using qPCR 

Successful silencing of DNMT3a was confirmed by comparing the gene expression level 

to cells transfected with the negative control siRNA. The qPCR master mix (PowerUp 

SYBR Green Master Mix, ThermoFisher Scientific, USA) and primer sets were left to 

thaw in the pre-PCR room at RT, while the cDNAs were left to thaw in the post-PCR 

room in ice. A sample of the master mix preparation for a 20 µL final reaction volume 

for each target gene are as follow in Table 16:  

Table 16. PowerUp SYBR Green Master Mix preparation for DNMT3a, SEPT9, or ɓ-actin, 20 µL 

reaction 

Kit component Volume for 1 reaction (µL) 

2x PowerUp MM 10 

20x Primer set  1 

Nuclease-free water 8 

Total  19 

 

An excess of three reactions were included in the master mix calculation to account for 

pipetting loss. 19 µL of the homogenized master mix reaction was pipetted carefully and 

equally to a 0.2 mL 96-well PCR plate (Applied Biosystems, USA) in the pre-PCR room. 

The plate was then moved to the post-PCR room. 1 µL of cDNA or nuclease-free water 

(NTC) was added into the wells in triplicates using filtered tips. After addition of DNA, 

the plate was sealed tight with an adhesive (MicroAmp Optical Adhesive Film, Applied 

Biosystems, USA), followed by centrifugation of the plates at 2, 000 x g for 5 minutes to 

remove air bubbles. The plate was then placed into the QuantStudio3 (ThermoFisher 

Scientific, USA) with the following reaction conditions for DNMT3a, SEPT9, and ɓ-actin; 

2 min activation at 50 °C, 2 min activation at 95 °C, 40 cycles of 1 s at 95 °C, and 30 s at 

60 °C, followed by dissociation curve; 1.6 °C per s heating to 95 °C for 15 s, 1.6 °C per 
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second cooling to 60 °C for 1 min, and incremental 0.15 °C per s heating to 95 °C for 15 

s. Optimization of cycling conditions are presented in Appendix 13. DNMT3a and 

SEPT9 detections were considered valid if ɓ-actin and at least two of the triplicates has a 

valid CT value below 40, and the average of the valid CT values within standard deviation 

of 0.5 or less was used in calculations. The amplification curve was examined to exclude 

artifact or background noise, and the dissociation curve was examined for primer dimers 

and non-specific binding. The relative levels of DNMT3a and SEPT9 in each sample 

were expressed as ȹCT in reference to ɓ-actin, while the expression fold-changes between 

treated and untreated samples were represented by 2-ȹȹCT. 

3.2.7.8 SEPT9 methylation analysis using methylation-specific qPCR  

DNA from DNMT3a-silenced HCT116 and CCD-112 cells were extracted, bisulfite 

converted, and analysed using SEPT9 methylation-specific qPCR as described in section 

3.2.6, 3.1.7, and 3.1.9.  

3.2.7.9 Preparation of HCT116 and CCD-112 protein lysates 

For protein analysis, frozen cell lysates that were prepared in previously were thawed on 

ice, then resuspended in 100 µL of ice-cold RIPA lysis buffer containing protease 

inhibitor (1:100). The tubes were dragged horizontally across the holes of a 

microcentrifuge tube rack for physical shearing and lysing of the cells, then immediately 

placed on ice for 2 minutes. This step was repeated two times, followed by centrifugation 

for 10 minutes at 16, 000 x g, 4 °C. The supernatant containing the total protein lysate 

was carefully transferred to a new 1.5 mL microcentrifuge tube and placed on ice.  

3.2.7.10 Quantification of protein lysate  

The total protein content of each tube was determined using the Bicinchoninic acid (BCA) 

Protein Assay Kit (Pierce, USA). This colorimetric assay quantifies protein in a sample 

by reference to a standard curve of known protein concentration. For the generation of 

the standard curve, different dilutions of bovine serum albumin (BSA) from a stock of 
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known concentration were prepared according to the table below. The BSA was diluted 

with double-distilled water in 1.5 mL microcentrifuge tubes. Table 17 shows the dilution 

scheme of BSA.  

Table 17. BCA assay dilution scheme of BSA for the generation of standard curve. 

Tube Volume of diluent (µL) 
Volume and source of BSA 

(µL) 

Final BSA concentration 

(µg/mL) 

A 0 300 from stock 2,000 

B 125 375 from stock 1,500 

C 325 325 from stock 1,000 

D 175 175 from tube B 750 

E 325 325 from tube C 500 

F 325 325 from tube E 250 

G 325 325 from tube F 125 

H 400 325 from tube G 25 

I 400 0 0 

 

Next, the BCA working reagent (WR) was prepared by mixing 50 parts of reagent A to 1 

part of reagent B. 200 µL of WR is required for each protein sample including the BCA 

standards. The volume of WR to prepare was calculated based on the number of samples 

with an excess of 2 samples to account for pipetting loss, where total volume of WR = 

(number of standards + number of samples) * (volume of WR per sample). After 

preparation, 200 µL of WR was added into each well in a transparent clear 96-well plate, 

followed by 25 µL of BSA standards or sample protein lysate. The plate was covered, 

tapped gently on a side, and swirled for 30 seconds, then incubated for 30 minutes at 

37 °C. After incubation, the plate was placed into the microplate reader (BRAND) and 

measured using 562 nm absorbance. The absorbance value of the samples and standards 

were subtracted with the blank. A standard curve was then generated using excel with X-

axis as absorbance value and Y-axis as final BSA concentration. A line of best fit was 

made with the points, and the R2 curve and equation were determined. The standard curve 

is considered to be valid if the R2 is above 0.9. By substituting the absorbance values as 
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x into the equation generated where y =mx + c, the quantity of the protein can be 

determined as µg/mL. 

3.2.7.11 Polyacrylamide gel assembly for protein separation 

A sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried 

out to separate the proteins in the total protein lysates based on molecular weight using 

hand-casted 4-12 % SDS polyacrylamide gel. The gel was assembled and casted using 

the Mini-PROTEAN Tetra Handcast Systems (BIO-RAD, USA). Before assembly, the 

short plates, 1 mm spacer plates, and combs were sprayed with 70 % ethanol, wiped dry, 

and left to dry at RT. After that, the plates and slides were assembled and locked securely 

in the casting chamber. The 10 well 1 mm thickness comb was then placed into the space 

between the plates, and a marker pen was used to mark 1 cm below the teeth of the comb. 

After marking, the comb was removed. To cast the gel, unpolymerized stacking (4 %) 

and resolving (12 %) gel were prepared in two separate 15 mL centrifuge tubes. Bis-

acrylamide, 10 % SDS, and buffers with appropriate pH were added to the two tubes 

without the polymerizing reagents, 10 % ammonium persulfate (APS) and TEMED 

(Appendix 8). After adding the respective reagents in both tubes, APS and TEMED were 

added to the resolving gel tube and swirled for 3 seconds. Immediately, the solution was 

transferred to the space between the plates using a pipette gun with a 5 mL serological 

pipette until it reaches the point previously marked. Air bubbles are removed by 

overlaying the solution with 1 mL of isopropanol. After 2 minutes, the isopropanol was 

poured away by slanting the casting platform at 45 degrees, then dried with Kimwipe and 

left to dry at RT for 2 minutes. APS and TEMED was then added into the stacking gel 

tube and swirled for 3 seconds. Using a micropipette, 1 mL of the solution was then 

overlayed on the resolving gel, followed by gentle insertion of the comb, ensuring that no 

air bubbles are formed. Kimwipe was used to wipe any solution that overflows. After 5 

minutes, the gel assembly was removed from the casting chamber and rinsed with running 
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tap water. For overnight storage, the gels were wrapped in water-soaked tissue paper and 

placed in a sealed plastic bag at 4 °C. 

3.2.7.12 Protein sample denaturation and SDS-PAGE 

12 µg of protein samples that were previously quantified were aliquoted to new 1.5 mL 

microcentrifuge tubes on ice. 4 µL of 4X Laemmli SDS buffer was added into each 

sample and mixed by pipetting before denaturation at 95 °C for 10 minutes, followed by 

centrifugation at 25, 000 x g for 10 minutes. During centrifugation, the comb of the 

polyacrylamide gel was gently removed using an upward push motion under running tap 

water, then assembled into the Mini-PROTEAN electrophoresis tank attached to a power 

supply (BIO-RAD,USA). The tank was filled up to the 4 gels mark with Tris-Glycine 

SDS-PAGE running buffer (BIO-RAD, USA). The protein samples and protein ladder 

marker (BRAND) were carefully loaded into each wells using a micropipette. After 

loading, the tank was covered with the lid and the gel was run at 140 V for 75 minutes.  

3.2.7.13 Protein transfer and immunoblotting  

After the run of SDS-PAGE was completed, the separated proteins would need to be 

transferred to a membrane for antibody probing. The cassette with the gel was removed 

and rinsed with running tap water. Then, a plastic stick (BIO-RAD, USA, REF 1653320) 

was inserted between the plates and gently snapped to separate the plates. After carefully 

removing the short plate, the stacking gel and dye front was cut off with the plastic stick. 

Under running water, the gel was gently transferred to a plastic container filled with tap 

water. In a separate container, a PVDF membrane slightly larger than the size of the gel 

was soaked in 100% methanol for 2 minutes. The same tank used for SDS-PAGE was 

placed in an esky filled with ice, and the tank was filled with FlashBlot Transfer Buffer 

(Advansta, USA) to the 4 gels mark. 4 pieces of blotting papers (7x9 cm), sponges, and 

gauze pads were soaked briefly in the transfer buffer. The protein transfer sandwich was 

then assembled on a tray. First, the cassette for the sandwich was placed on the tray with 
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the black surface (negative cathode) facing down. Then, the gauze pad was placed on the 

black surface, followed by the sponge pad, 2 pieces of blotting paper, gel, and PVDF in 

the mentioned order. A roller was used to gently push away air bubbles between the gel 

and the membrane. After that, 2 pieces of blotting paper, sponge pad, and gauze pad was 

placed in the mentioned order. The sandwich was then locked tight and placed into the 

chamber submerged in transfer buffer. Care was taken to ensure that the cathodes are 

correctly matched. After putting on the lid, protein transferred was initiated at 100 V for 

120 minutes.  

After the transfer, the cassette was removed and the membrane was picked up with a 

plastic forceps and placed in a container containing TBS. The TBS was then poured away, 

and Ponceau Red (Advansta, USA) was poured on the membrane until the whole 

membrane was covered to visualize transferred protein. By referring to the protein ladder 

and the stained protein, the membrane was cut according to the band size of DNMT3a, 

SEPT9, and ɓ-actin. After that, the membranes were washed with TBST 2 times for 10 

minutes each to remove all residue of Ponceau Red. 5 % skim milk in 50 mL of TBST 

was then prepared and poured over the membrane on a clean container until it covers the 

membrane completely and left to incubate at 4 °C overnight on an orbital shaker. This 

step blocks the membrane from non-specific binding of antibody. The remaining 5 % 

skim milk was diluted to 2.5 % with TBST and stored at 4 °C. The next day, 1 mL of 

1:1000 rabbit polyclonal SEPT9 (Abnova, Taiwan, PAB4799), 1:500 mouse monoclonal 

DNMT3a (Santacruz Biotechnology, USA, C-12), and 1:250 rabbit monoclonal GAPDH 

(Cell Signaling, USA, 14C10) diluted with 2.5 % skim milk TBST were prepared in 1.5 

mL microcentrifuge tubes and added to the membrane to be incubated in a plastic box 

with small partitions at RT for 1 hour on an orbital shaker. Then, the solution was poured 

away and the membranes were washed 3 times, 5 minutes each with TBST on an orbital 

shaker to remove unbound antibody. 1 mL of 1:1000 horse radish peroxidase-conjugated 
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anti-mouse IgG (Cell Signaling, USA, 7076) and 1:1000 horse radish peroxidase-

conjugated anti-rabbit IgG (Cell Signaling, USA, 7074) were diluted with 2.5 % skim 

milk TBST and added to the respective membranes and incubated at RT for 1 hour. The 

plastic box was wrapped in aluminium foil to prevent bleaching of the horse radish 

peroxidase. After that, the membranes were washed 4 times, 5 minutes each with TBST 

to remove unbound antibody. One at a time, the membranes were placed on the tray of 

ImageQuant LAS500 (GE Healthcare, USA). The electrochemiluminescence reagent 

(ECL) (WesternBright, Advansta, USA, K-12045-D20) was then prepared by mixing 250 

µL each of two ECL components in a 1.5 mL microcentrifuge tube. Using a micropipette, 

the ECL reagent was added on the membrane until the whole surface is covered and 

incubated for 30 seconds at RT. Following that, the signal of the HRP-conjugated 

antibody was read by the automatic exposure system. The experiment was repeated to 

confirm the results.  

3.2.7.14 Densitometry analysis of protein bands  

To quantify the protein expression levels of DNMT3a, SEPT9, and GAPDH, the intensity 

of the bands from the immunoblot was analyzed using the software, ImageJ (version 

1.8.0_172). The JPEG image containing the bands were opened using the software and 

color-inverted so the bands appear white against a black background. Under the analyze 

option, measurements were set to only measure integrated density. A rectangle was then 

drawn to fit as closely as possible around a single band, then measured for its value. This 

process was repeated for every band, and each band was measured three times. The three 

values obtained for DNMT3a or SEPT9 were then divided against the three values of the 

loading control, GAPDH. The resulting values of either negative control siRNA or 

untreated (UT) were considered as 100 % band intensity, and the band intensity of treated 

samples were calculated in reference to 100 % band intensity.  
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3.2.8 FN infection assay 

 CRC cell line HCT116 and normal colon fibroblast CCD-112 were seeded in a 12 well-

plate format to provide an in vitro platform to study the effect of FN infection on the gene 

and protein expression of SEPT9 and DNMT3a. SEPT9 promoter methylation status and 

levels were also determined. FN was prepared in multiplicity of infection (MOI) 1, 10, 

and 100. The MOIs of FN were based on the common range used in literature (Farrugia 

et al., 2022; Liu et al., 2022). An MOI of 100 in the context of this infection assay is 

defined as 100 bacterial cells per HCT116 or CCD-112 cell. FN was cultured 7 days in 

advanced, and HCT116 and CCD-112 were seeded the day before (see below). Only fresh 

FN culture was used for the infection assay.  

3.2.8.1 Anaerobic culture of FN  

Fusobacterium nucleatum subsp. polymorphum was purchased from ATCC (REF ATCC 

10953). The vial was shipped to the laboratory in dry ice and upon arrival was stored 

immediately in liquid nitrogen. Prior to reviving FN, an anaerobic-generating sachet 

(Anaerocult C, Millipore, USA) was rehydrated with 6 mL of double-distilled water 

(ddH20) and placed into a clean 2.5 L anaerobic jar (Millipore, USA). The jar was sealed 

immediately to deplete oxygen and enrich CO2, an environment critical for the growth of 

FN. 500 µL of Brain-Heart Infusion (BHI) media (Appendix 8) was aseptically added 

into the vial and homogenized with pipetting in a sterile and clean Biological Safety 

Cabinet (BSC). The entire content was immediately added into a 15 mL centrifuge tube 

pre-filled with 14 mL of BHI and capped tightly. Using a pipette and sterile disposable 

spreader, the remaining droplets in the primary vial were used to inoculate on blood-horse 

agar (Oxoid, USA). The broth and agar plates were immediately placed into the pre-

prepared 2.5 L anaerobic jar and sealed immediately. The jar was incubated in a 37 °C 

incubator for 7 days.  
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 3.2.8.2 Gram staining confirmatory test  

Gram staining was performed to confirm the growth of FN and to rule out contamination. 

After removing the broth and agar plate from the anaerobic jar, the pellet in the broth was 

homogenized by inverting for 5 times. Beside a lit Bunsen burner, a wire loop was 

sterilized with 70 % ethanol and flamed. The loop was left to cool for 5 s before dipping 

onto the surface of the broth or a single colony on the agar, followed by spreading of the 

droplet/colony on a microscope slide in a zig-zag motion. Care was taken to spread the 

droplet evenly to ensure quick drying. After letting stand for 2 minutes on the bench, the 

slide was picked up with a wooden tong and gently swiped across the Bunsen burner 

flame to fix the cells. Subsequently, a three drops of crystal violet were added to cover 

the area that was spread with FN and let to stand at RT for 1 minute. The slide was gently 

rinsed with tap water. Three drops of Iodine were added and incubated for 1 minute, 

followed by rinsing off with a decolorizer (ethanol 70 %, acetone 30 %). Lastly, three 

drops of Safranin Red were added onto the slide for 1 minute and rinsed off with water. 

After tapping dry the slide with paper towel, the slide was viewed under a light 

microscope. The inoculate was confirmed to be FN when pink, rod-shaped, and 

filamentous structures were observed as shown in Figure 7.  
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Figure 7. Gram-stain microscope image of FN culture under 10x magnification. FN can be seen as 

pink filamentous rods.  
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3.2.8.3 FN glycerol stock  

25 % glycerol stocks of FN were made after the confirmation of FN growth in the broth 

without any contamination. Autoclaved 2 mL cryovials (Brand) were labelled and 

uncapped beside the Bunsen burner flame and added with 500 µL of 50 % glycerol v/v in 

water. 500 µL of the broth containing FN was added to the vial, capped, and stored 

immediately in ï 80 °C. 

3.2.8.4 Preparation of antibiotic-free environment for HCT116 and CCD-112  

250,000 HCT116 and CCD-112 cells were seeded as described in section 3.2.1. 

Confluency of at least 80 % was required for the study. No official doubling time was 

provided by the manufacturer, ATCC for both cell lines. Cell number of HCT116 and 

CCD-112 were assumed to have approximately doubled the day after seeding according 

to what was observed in our lab, with the cell number of CCD-112 being slightly higher. 

In the BSC, DMEM from each well containing HCT116 or CCD-112 cells were carefully 

removed by tilting the plate and suction at the edge of the well using a 1 mL micropipette. 

Then, 1 mL of PBS was carefully added in each well to rinse the cells from DMEM 

containing the antibiotics Penicillin and Streptomycin (50, 000 U/L). The plate was 

swirled 5 times before removal of PBS using a micropipette. This step was then repeated 

for another 2 times. Care was taken to avoid direct contact with the cell monolayer. The 

plate was then incubated in 1 mL of antibiotic-free DMEM, then placed into the CO2 

incubator.  

3.2.8.5 Preparation of FN in different multiplicity of infection  

After confirmatory test of FN culture with gram-staining, FN culture in 15 mL 

microcentrifuge tube was pelleted at 3, 000 x g for 10 minutes. Beside a lit Bunsen burner, 

the supernatant was removed by using a 1 mL micropipette while avoiding the pellet. This 

step is important to remove toxic waste and secreted metabolites. The pellet was then 

resuspended in 5 mL of PBS by pipetting. For the calculation of FN cell number, the 
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optical density was measured using a spectrophotometer at 600 nm wavelength (OD600) 

absorbance. OD600 = 1.0 corresponds approximately to 1 x 109 bacterial cells (cfu/mL) 

(Abed et al., 2020b). The OD600 of 1 mL of PBS in a 1 mL cuvette was first measured as 

a blank. Then, 100 µL of the resuspension was added into a cuvette pre-filled with 900 

µL of PBS (dilution factor of 10) and measured. OD600 = 0.1 and 0.2 corresponds to 1 x 

108 and 2 x 108 colony forming units per mL (cfu/mL), respectively. Dilutions were 

performed to prepare 3 mL each of OD600 = 0.1 (tube A) and OD600 = 0.2 (tube B). An 

example of OD600 dilution from OD600 = 0.6 is as follow in Table 18; 

Table 18. Example of OD600 dilution.  

To obtain OD600 = 0.2 

OD600 of sample x 10 x V1 = 0.2 x 3 
where V1 = volume of bacterial resuspension to add 

Then, volume of PBS to add to, V2 = 2 ï V1 

 

To dilute from OD600 = 0.6 

0.6 x 10 x V1 = 0.2 x 3 

V1 = 0.1 mL 

V2 = 3 ï 0.1 

= 2.9 mL 

# 0.1 mL of bacterial resuspension is added to 2.9 mL of DMEM 

 

 

After tube A and tube B were prepared, OD600 was measured to confirm the optical density. 

Then, the tubes were centrifuged at 3, 000 x g for 10 minutes. The supernatant was 

carefully removed without touching the pellet, and resuspended with 3 mL of antibiotic-

free DMEM. Tube A and tube B were used to prepare 3 mL of antibiotic-free DMEM 

with bacterial cell numbers corresponding to MOI 1, 10, and 100 (Table 19). 

Table 19. Preparation of FN in antibiotic-free DMEM with corresponding MOI  

MOI  
 FN per well 

(cfu/mL)  

Total FN for 3 

wells (cfu/mL) 

FN in tube A/B 

(cfu/mL)  

Volume to add 

from tube A/B 

(mL)  

Volume of 

DMEM to dilute 

(mL)  

1 0.5 x 106 1.5 x 106 (A) 1.0 x 108 0.015 2.985 

10 5.0 x 106 1.5 x 107 (A) 1.0 x 108 0.150 2.850 

100 5.0 x 107 1.5 x 108 (B) 2.0 x 108 0.750 2.250 
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3.2.8.6 Infection of HCT116 and CCD-112 with FN 

1 mL of FN or antibiotic-free DMEM were added to the wells containing HCT116 or 

CCD-112. Then, 1 mL of FN with corresponding MOI were added in cell-free wells to 

confirm the viability of FN. The plate was then centrifuged at 1,000 x g for 2 minutes to 

bring the bacteria directly to the monolayer, then incubated at 37 °C with 5 % CO2 and 

95 % humidity (ESCO, Singapore) for 4 hours.  

3.2.8.7 Preparation of FN-infected HCT116 and CCD-112 for gene, protein and 

methylation analysis  

The viability of FN after incubation in aerobic conditions for 4 hours were determined by 

anaerobic culture for 14 days (section 3.2.8.1), followed by gram staining. In the BSC, 1 

mL of media containing only FN in wells without HCT116 or CCD-112 were transferred 

to a 1.5 mL microcentrifuge and pelleted at 5, 000 x g for 2 minutes. The supernatant was 

removed and the cells were washed 2 times with 1 mL of PBS. FN pellet was then 

resuspended in 1 mL of BHI and homogenized via pipetting, then transferred to a 15 mL 

tube containing 14 mL of BHI to be cultured. Preparation of cell pellet and total protein 

lysate for methylation study, gene, and protein expression follows section 3.2.6 and 

section 3.2.7.9.  

3.2.8.8 Analysis of SEPT9 methylation, DNMT3a and SEPT9 gene and protein 

expression in FN-infected cells 

For SEPT9 methylation and levels, DNA from infected cells were extracted, bisulfite 

converted, and analysed using SEPT9 methylation-specific qPCR as described in section 

3.1.7 and 3.1.9, and 3.2.6. For DNMT3a and SEPT9 gene expression, RNA from infected 

cells were extracted, converted to cDNA, and analysed using qPCR as described in 

section 3.2.7.7, section 3.2.6, and section 3.2.7.5. For DNMT3a and SEPT9 protein 

expression, protein lysates were prepared and analyzed using immunoblotting as 

described in section 3.2.7.9 and 3.2.7.13.  
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3.2.8.9 Summary of experimental flow 

The summary of the experimental flow is presented in Figure 8, Figure 9, Figure 10, 

and Figure 11. 

 

 

 

 

Figure 8. Schematic showing the experimental flow to achieve Aim 1 using FFPE tissues from CRC 

patients. The black arrow represents the FFPE DNA extraction step that was shared by methylation-

specific qPCR, FN qPCR, and KRAS PCR. Brown arrows represent steps involved in detecting SEPT9 

methylation through methylation-specific qPCR, while the green and blue arrows represent steps involved 

in detecting FN and KRAS mutations through FN qPCR and KRAS PCR, respectively. The colored texts in 

the black box describes the purpose of the experiment, with colors corresponding to the colored arrows.  
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Figure 9. Schematic showing the cell pellet preparation of HCT116 CRC cell line and CCD-112 

normal colon cell line that were treated with DNMT3a siRNA or FN to achieve Aim 2 and 3. The 

prepared cell pellets were frozen prior to downstream experiments.  
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Figure 10. Schematic showing the experimental flow for protein work to achieve Aim 2 and 3 using 

frozen cell pellets of HCT116 CRC cell line and CCD-112 normal colon cell line that were previously 

treated with DNMT3a siRNA or FN. Both protein work for Aim 2 and 3 shares the same protocol from 

the point of cell pellet thawing. The black box at the bottom right describes the purpose of the experiment.  
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Figure 11. Schematic showing the experimental flow for molecular work to achieve Aim 2 and 3 using 

frozen cell pellets of HCT116 CRC cell line and CCD-112 normal colon cell line that were previously 

treated with DNMT3a siRNA or FN. Green arrows represent steps involved in detecting the mRNA levels 

of DNMT3a and SEPT9 through qPCR, while the blue arrows represent steps involved in detecting SEPT9 

methylation. The colored texts in the black box describes the purpose of the experiment, with colors 

corresponding to the colored arrows.  
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CHAPTER 4: RESULTS 

4.1. Clinicopathological features of the study cohort 

The clinicopathological features of CRC patients from the study cohort was organized 

systematically using Microsoft Excel and subsequently analysed. Demographic analysis 

of the study cohort revealed that CRC is more commonly diagnosed in females (46/83, 

55.42 %, and those that are 50 years old and above (73/83, 87.95 %, Figure 12). 43 out 

of the 83 (51.81 %) patients were of Malaysian nationality and consist of 40 Chinese, 1 

Malay, and 1 Indian. The remaining 41 patients were of Indonesian nationality with 

unknown ethnicity (data not shown). While 83 pairs of patient FFPE were collected, some 

data on clinicopathological variables were missing and were thus omitted for analysis. 

Next, the tumour sites were analysed and depicted in Figure 13. Figure 13a groups the 

tumour sites into the left side or right side of the colon, and the rectal area. The left side 

of the colon includes the descending and sigmoid colon, and splenic flexure, while the 

right side of the colon includes the ascending colon, caecum, and hepatic flexure. The 

rectal area includes the rectum. The transverse colon and rectosigmoid were not included. 

Figure 13b describes individual tumour sites including the transverse colon and 

rectosigmoid. In the colon, most of the tumours were found in the left side (24/64, 37.5 %) 

while 23.44 % (15/64) were found in the right side, with the remaining 39.06 % (25/64) 

in the rectum. In the left side of the colon (n = 24), 20 of the tumours were found in the 

sigmoid colon at 83.33 %, followed by 3 in the splenic flexure (12.5 %) and one in the 

descending colon (4.17 %). In the right side of the colon (n = 15), 7 of the tumours were 

found in the ascending colon (46.67 %), followed by 5 in the hepatic flexure (33.33 %) 

and 3 in the caecum (20 %). Out of the 82 samples analysed, 25 tumours were found at 

the rectum (30.49 %). Tumours found in the transverse colon and rectosigmoid area were 

not included in the colon or rectal groups, and were found to be at 6.10 % (5/82) and 

15.85 % (13/82), respectively. 
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Figure 12. Bar chart and part of the whole chart showing a.) the number of CRC cases by gender b.) 

the number and percentage of cases by age group. The population studied shows a higher number of females 

compared to males. Most patients in the study group was above the age of 50.  

 

 

Figure 13. Bar charts showing a.) the site of tumours grouped into left side, and right side of the colon, 

and the rectal area b.) the site of individual tumours. The majority of the tumours were found in the left side 

of the colon and in the rectal area. In the left colon, the sigmoid colon shows the highest number of cases, 

while in the rectal area, the rectum has the highest number of cases.  
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The cohort analysis was then followed by analysis of tumour size and cancer staging. 

Tumour size analysis revealed that most of the tumours were less than 5 cm at 63.29 % 

(50/79), with the remaining being equal or greater than 5 cm at 36.71 % (29/79) (Figure 

14). Cancer staging of the study cohort was analysed and represented in Figure 14b and 

Figure 14c. Figure 14b groups the cancer staging into stage I, II, III, and IV, while 

Figure 14c show individual stages e.g. stage IIB. Higher cancer stages refer to increased 

severity of the cancer. Cancer staging group analysis show that most CRC cases were 

diagnosed at stage III at 60.24 % (50/83), followed by 25.30 % (21/83) and 13.25 % 

(11/83) at stage II and IV, respectively. Only one case of CRC was diagnosed at stage I 

(1.20 %). In the 21 cases of stage II cancer, 20 of the cases were at stage IIA (95.45 %), 

with only one at stage IIB (4.55 %). For stage III cancer, most of the cases were diagnosed 

at stage IIIB (30/50, 60 %), followed by stage IIIC (18/50, 36 %). Only two cases were 

diagnosed at stage IIIA (2/50, 4 %). For stage IV cancer (n = 11), 8 cases were diagnosed 

at stage IVA (72.73 %), while the remaining 3 cases were at stage IVB (27.27 %) (Figure 

14c).  

Following that, the KRAS status of the cohort was analysed to study the prevalence of 

KRAS mutation in CRC patients, and to identify the common types of KRAS mutations. 

Out of the 81 samples analysed, 38 were mutated at 46.91 %. The most common type of 

KRAS mutation was 12ASP at 42.11 %, followed by 13ASP and 12VAL at 34.21 % and 

15.79 %, respectively. There was 1 case of 12ALA, 12CYS, and 12SER mutations at 

2.63 % each (Figure 15).  
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Figure 14. Bar charts showing a.) the number of cases by tumour size b.) cancer staging grouped into 

stage I, II, III, and IV c.) individual cancer staging. Most of the tumour sizes were smaller than 5 cm. Most 

patients were diagnosed at stage III, followed by II and IV. Only one patient was diagnosed at stage 1, 

depicting the rarity of diagnosing early stage CRC. Stage IIIB is the most common diagnosed stage of CRC 

in the studied population.  

 

 

Figure 15. Part of the whole charts showing a.) the prevalence of KRAS mutations in the study cohort b.) 

the prevalence of different KRAS mutations in patients with KRAS mutation. There were more wildtype 

KRAS status as compared to mutated KRAS status. Among the KRAS mutations, 12ASP and 13ASP shows 

the highest two prevalence, while 12ALA, 12CYS, and 12SER shows the lowest prevalence.  
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Next, tumour, lymph node metastasis, and distant metastasis (TNM) staging of the 

patients were evaluated. In general, the pathological tumour (pT) staging refers to the size 

of the tumour and extent of tumour infiltration to surrounding tissues, while pathological 

lymph node metastasis (pN) and pathological distant metastasis (pM) refers to the number 

of tumours spread to regional lymph nodes, and the number of tumours spread to distant 

lymph nodes or distant organs, respectively (Arena & Bilchik, 2013). Analysis of the 

tumour staging, pT show that most of the cases were diagnosed at T3 (56/83, 67.47 %), 

followed by T4 at 27.71 % (23/83). Only 4 cases were diagnosed at T2 (4.82 %), while 

no cases were diagnosed at T1. High local lymph node metastasis, pN is common in the 

study cohort, with N2 at 43.37 % (36/83), followed by N1 at 28.92 % (24/83). Cases with 

no local lymph node metastasis, N0 was reported to be at 27.71 % (23/83). On the other 

hand, distant metastasis, pM in this study cohort is rare, where only 10 out of 83 patients 

were diagnosed with M1 (12.05 %). The remaining 73 patients were diagnosed with no 

distant metastasis (87.95 %) (Figure 16). 
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Figure 16. Bar charts showing a.) the number of cases by pathological tumour staging, pT b.) the number 

of cases by pathological lymph node metastasis, pN c.) the number of cases by pathological distant 

metastasis, pM. Most CRC patients were diagnosed at stage T3, indicating a higher degree of tumour 

invasion into surrounding tissues. For lymph node metastasis, the majority of patients were diagnosed at 

N2, indicating the presence of metastasis in at least 4 lymph nodes. However, a large proportion of patients 

did not show signs of metastasis to distant tissues, as indicated by 73 cases of MX. 
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4.2 Detection of FN in the study cohort 

DNA from the FFPE tissue samples of the study cohort were extracted and subjected to 

qPCR to detect the presence of FN. Analysis of the results reveal that the presence of FN 

was common in CRC patients of the study cohort. Out of the 83 patient samples tested, 

73 (87.95 %) were positive for FN in either cancer and/or non-cancer tissue. 47 patients 

(56.63 %) had FN infections in both cancer and non-cancer tissue (double-positive), with 

an additional 15 (18.07 %) and 11 (13.25 %) found only in cancer tissue or non-cancer 

tissue, respectively. The remaining 10 (12.05 %) had no infection in both cancer and 

normal tissue (Figure 17). Since our data show that FN infection is common in the CRC 

patients of this study cohort, we compared the bacterial load between cancer and non-

cancer tissue. Bacterial load of FN was arbitrarily quantified using the ȹCT of FN, where 

a lower ȹCT represents higher bacterial load. The ȹCTs were then converted to relative 

expression of FN as described in section 3.1.6 to better present the results graphically, 

where higher relative expression of FN represents higher bacterial load. The results were 

then analysed using the paired nonparametric Wilcoxon signed-rank test. Analysis of the 

results show that FN bacterial load is significantly higher in cancer tissue compared to 

non-cancer tissue (p = 0.025) (Figure 18). 
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Figure 17. Pie chart showing different cases of FN detection in cancer and non-cancer tissue of the 

study cohort. Most CRC patients of the study cohort have detectable FN infection in the gut, represented 

by the black circle that includes FN detection in cancer only, non-cancer only, and detected in both cancer 

and non-cancer tissue. Out of these, the majority of them have an infection in both cancer and normal tissue. 

Only 12.05 % of the cases have no detectable FN.  
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Figure 18. Wilcoxon signed-rank test comparing the relative expression of FN in pairs of cancer and 

non-cancer tissue from CRC patients. ȹCT of FN in cancer and non-cancer tissue were normalized to 

the human reference gene, 18s rRNA. To improve graph readability and presentation, the ȹCT of cancer or 

non-cancer tissue were transformed using the following equation: relative expression of FN = ï (ȹCT/10) 

+ 10, where a higher value represents higher bacterial load, represented by the blue and red points. The 

grey lines connect the cancer and non-cancer tissue pairs from the same CRC patient. The graph shows a 

significant increase in FN bacterial load in the cancer tissue compared to the non-cancer tissue as shown 

by a p value of < 0.05.  
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Our results so far indicate that FN infection is common, and present in higher amounts in 

cancer compared to non-cancer tissue. Thus, we were interested to investigate if higher 

loads of FN in cancer compared to non-cancer tissue is a representation of CRC patients 

with FN infection in both cancer and non-cancer tissue (double-positives). To accomplish 

this, we compared the log transformed 2-ȹȹCT values of FN double-positive patients, 

where a value of more than 0 represents higher bacterial loads in cancer tissue compared 

to non-cancer tissue, and vice versa. Our results indicate that it is common for FN double-

positive patients to have higher bacterial load in cancer compared to non-cancer tissue at 

78.72 % (37/47) (Figure 19). 

 

 

Figure 19. FN expression fold-change between CRC tissue and non-cancer tissue in double-positive 

CRC patients. The Y-axis represents expression fold-change based on log 2-ȹȹCT. The green bars on the 

left side with negative FN expression fold-change represents a lower abundance of FN in the cancer tissue 

compared to non-cancer tissue, and vice versa. The figure shows that it is common for FN double-positive 

patients to have higher bacterial load in cancer compared to non-cancer tissue at 78.72 % (37/47).  
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4.3 Distribution and association of FN infection with clinicopathological features 

The distribution of FN and association of FN infection in cancer tissue with 

clinicopathologic data of patients is summarized in  

Figure 20 and Table 20, respectively. While no significant association of FN with any 

clinicopathologic variables was observed using the Chi-squared two-tailed test, the FN-

positive group displayed higher numbers of advanced cancer progression (stage III + IV) 

and lymph node metastasis (N1 + N2) with p values approaching less than 0.05 (p = 0.073 

and p = 0.093, respectively). This indicates a stronger likelihood that the differences are 

real and not due to random variation.  

 

 

Figure 20. Distribution of  FN infection by clinicopathological features. FN+ is represented by the 

ódetected in cancer only, detected in non-cancer only, and detected in bothô groups. FN- is represented by 

the ónot detected in bothô group. The Y-axis represents the number of cases, n. p value was calculated using 

chi-squared test (two tails). No significant associations between FN and clinicopathological variables were 

detected.  
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Table 20. Association of FN infection with clinicopathologic features 

Features 
FN detection, n (%)  

Total, n (%)  
p 

value Yes No 

SEPT9 promoter     

Methylated 67 (80.72)  8 (9.64) 75 (90.36) 0.237 

Not methylated 6 (7.23) 2 (2.41) 8 (9.64)   

Gender      

Male 32 (38.55) 5 (6.02) 37 (44.57) 0.713 

Female 41 (49.40) 5 (6.02) 46 (55.43)  

Age     

< 50 8 (9.64) 2 (2.41) 10 (12.05) 0.410 

Ó 50 65 (78.31) 8 (9.64) 73 (87.95) 

Tumour site     

Colon 50 (60.98) 7 (8.54) 57 (69.51) 0.972 

Rectum 22 (26.83) 3 (3.66) 25 (30.49) 

Tumour size     

< 5 cm 42 (53.16) 8 (10.13) 50 (63.29) 0.241 

Ó 5 cm 27 (34.18) 2 (2.53) 29 (36.71) 

Cancer staging     

I + II  17 (20.48) 5 (6.02) 22 (26.50) 0.073 

III + IV  56 (67.47) 5 (6.02) 61 (73.49) 

KRAS status     

WT 38 (46.91) 5 (6.17) 43 (53.09) 0.835 

mutated 33 (40.74) 5 (6.17) 38 (46.91) 

pT     

T2 + T3 53 (63.86) 7 (8.43) 60 (72.29) 0.863 

T4 20 (24.10) 3 (3.61) 23 (27.71) 

pN     

N0 18 (21.69) 5 (6.02) 23 (27.71) 0.093 

N1 + N2 55 (66.27) 5 (6.02) 60 (72.29) 

pM     

MX  65 (78.31) 8 (9.64) 73 (87.95) 0.410 

M1 8 (9.64) 2 (2.41) 10 (12.05) 

Chi-square test (two-tailed) of FN with clinicopathologic features. n represents number of cases. (%) represents percentage. * 

represent statistically significant. 
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4.4 Differential expression of FN in tissues  

The differences in expression fold-change of FN expressed as 2-ȹȹCT were compared 

within clinicopathological groups using the Mann-Whitney test. The expression fold-

change of FN was significantly higher in the methylated SEPT9 promoter, Ó 5 cm tumour 

size, and the lack of distant metastases (pM) sub-groups with p values of 0.021, 0.020, 

and 0.047, respectively. Noticeably, a higher FN expression fold-change was observed in 

the KRAS mutated sub-group, but was not statistically significant with a p value of 0.066 

(Figure 21 and Table 21).  

 

Figure 21. Distribution of FN expression fold-change between cancer and adjacent non-cancer tissue 

in different clinicopathological features. The Y-axis represents FN expression fold-change based on log 

2-ȹȹCT. Error bars represent ± SEM. p value represents the statistical significance. p value was calculated 

using Mann Whitney test. A higher expression fold-change of FN in the cancer tissue was found to be 

significantly associated to SEPT9 promoter methylation, larger tumour size, and the lack of distant 

metastasis with p values of < 0.05.  
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Table 21. Differential expression of FN in different clinicopathologic features 

Features  

Median 

FN 2
-ȹȹCT 

 

Q1 

 

 

Q3 
p value 

SEPT9 promoter     

Methylated 0.49 -0.25 1.40 
0.021 

Not methylated -0.46 -1.40 0.44 

Gender     

Male 0.28 -0.40 1.20 
0.130 

Female 0.73 -0.27 1.64 

Age    
 

< 50 0.61 -0.04 1.20 
0.788 

Ó 50 0.32 -0.40 1.40 

Tumour site    
 

Colon 0.68 -0.42 1.46 
0.210 

Rectum 0.15 -0.40 0.83 

Tumour size    
 

< 5 cm 0.18 -0.68 1.15 
0.043 

Ó 5 cm 0.87 0.11 1.48 

Cancer staging    
 

I + II  0.17 -0.68 1.40 
0.439 

III + IV  0.58 -0.30 1.40 

KRAS status      

WT 0.73 0.14 1.50 
0.066 

mutated 0.10 -0.68 1.30 

pT    
 

T2 + T3 0.30 -0.42 1.41 
0.144 

T4 0.59 0.00 1.46 

pN    
 

N0 0.67 -0.13 1.50 
0.653 

N1 + N2 0.75 0.33 1.30 

pM    
 

MX  0.49 -0.24 1.50 
0.047 

M1 -0.07 -2.80 0.67 

Mann-Whitney test (two-tailed) comparing the expression fold-change (log 2-ȹȹCT ) of FN in different clinicopathologic features. * 

represent statistically significant. 
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When narrowed down to only double-positive patients, the expression fold-change of FN 

was significantly higher in patients with tumour in the colon (p = 0.039), and with tumour 

size Ó 5 cm (p = 0.033). KRAS mutation-bearing patients were also significantly 

associated to higher expression fold-change of FN than the wild-type group (p = 0.046). 

The Mann-Whitney test cannot be performed on SEPT9 promoter methylation status, age, 

and distant metastasis status due to vast differences in sample size within variables 

(Figure 22 and Table 22). 

 

 

Figure 22. Distribution of  FN expression fold-change between cancer and adjacent non-cancer tissue 

in different clinicopathological features of double-positive patients. The Y-axis represents FN 

expression fold-change based on log 2-ȹȹCT. Error bars represent ± SEM. p value represents the statistical 

significance. p value was calculated using Mann Whitney test. A higher expression fold-change of FN in 

the cancer tissue was found to be significantly associated to tumour found in the colon, larger tumour size, 

and KRAS mutations with p values of < 0.05. 
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Table 22. Differential expression of FN in different clinicopathologic features of double-positive 

patients 

Features 
Median 

FN 2
-ȹȹCT

 

Q1 

 

Q3 
p value 

SEPT9 promoter     

Methylated N/A N/A N/A 
N/A 

Not methylated N/A N/A N/A 

Gender    
 

Male 0.59 -0.10 1.45 
0.384 

Female 0.93 0.11 1.79 

Age    
 

< 50 N/A N/A N/A 
N/A 

Ó 50 N/A N/A N/A 

Tumour site    
 

Colon 1.04 0.28 1.77 
0.039 

Rectum 0.23 -0.14 0.90 

Tumour size    
 

< 5 cm 0.32 -0.12 1.26 
0.033 

Ó 5 cm 0.95 0.30 2.04 

Cancer staging    
 

I + II  0.32 0.11 1.81 
0.919 

III + IV  0.87 0.04 1.46 

KRAS status    
 

WT 0.28 -0.42 1.46 , 

0.046 
mutated 0.94 0.45 1.78 

pT    
 

T2 + T3 0.84 -0.04 1.65 
0.611 

T4 0.87 0.32 1.46 

pN    
 

N0 0.23 0.11 1.70 
0.667 

N1 + N2 0.88 0.00 1.46 

pM    
 

MX  N/A N/A N/A 
N/A 

M1 N/A N/A N/A 

Mann-Whitney test (two-tailed) comparing the expression fold-change (log 2-ȹȹCT ) of FN in different clinicopathologic features of 

double-positive patients. * represent statistically significant. 
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4.5 Detection of mSEPT9 in CRC patients 

DNA from the FFPE tissue samples of the study cohort were extracted and subjected to 

methylation-specific qPCR to detect the presence of methylated SEPT9. Analysis of the 

results reveal that the presence of methylated SEPT9 was common in the cancer tissue of 

CRC patients. Out of the 83 patient samples tested, 75 (90.36%) were positive for 

mSEPT9. The majority of mSEPT9 (n = 47, 56.63%) was detected only in cancer tissue, 

with some of the cases having mSEPT9 detected in both cancer and non-cancer tissue 

(mSEPT9 double-positive, n = 25, 30.12%). 3 (3.61 %) patients had detectable mSEPT9 

in non-cancer tissue only, while the remaining 8 (9.64 %) patients had no methylation of 

SEPT9 in both cancer and normal tissue (Figure 23).  

 

 

Figure 23. Chart showing different cases of methylated SEPT9 in cancer and non-cancer tissue of 

CRC patients. Most CRC patients of the study cohort have detectable mSEPT9, represented by the black 

circle that includes mSEPT9 detection in cancer only, non-cancer only, and detected in both cancer and 

non-cancer tissue. Out of these, the majority of them have an infection in the cancer tissue only. Only 9.64 % 

of the cases have no detectable mSEPT9. 
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Since our data show that mSEPT9 is common in the CRC patients of this study cohort, 

we compared the levels of mSEPT9 between cancer and non-cancer tissue. mSEPT9 

levels were arbitrarily quantified using the ȹCT of mSEPT9, where a lower ȹCT 

represents higher relative methylation levels. The ȹCTs were then converted to relative 

methylation levels of SEPT9 to better present the results graphically, where higher 

relative methylation levels of SEPT9 represents higher mSEPT9 levels. mSEPT9 levels 

were significantly higher in cancer tissue compared to non-cancer tissue as shown by the 

Wilcoxon signed-rank test (p < 0.0001) (Figure 24).  
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Figure 24. Wilcoxon signed-rank test comparing the ȹCt of mSEPT9 in cancer and non-cancer tissues 

in reference to ɓ-actin. ȹCT of mSEPT9in cancer and non-cancer tissue were normalized to the human 

reference gene, ɓ-actin. To improve graph readability and presentation, the ȹCT of cancer or non-cancer 

tissue were transformed using the following equation: relative expression of mSEPT9 = ï (ȹCT/10) + 10, 

where a higher value represents higher relative methylation levels, represented by the blue and red points. 

The grey lines connect the cancer and non-cancer tissue pairs from the same CRC patient. The graph shows 

a significant increase in relative mSEPT9 methylation levels in the cancer tissue compared to the non-

cancer tissue as shown by a p value of < 0.05.  
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Our results so far indicate that mSEPT9 methylation is common in CRC, and present in 

higher amounts in cancer compared to non-cancer tissue. Thus, we were interested to 

investigate if higher levels of mSEPT9 in cancer compared to non-cancer tissue is a 

representation of mSEPT9 double-positive CRC patients. To accomplish this, we 

compared the log transformed 2-ȹȹCT values of mSEPT9 double-positive patients, where 

a value of more than 0 represents higher mSEPT9 levels in cancer tissue compared to 

non-cancer tissue, and vice versa. Our results indicate that it is common for mSEPT9 

double-positive patients to have higher mSEPT9 levels in cancer compared to non-cancer 

tissue at 72 % (18/25) (Figure 25). 

 

Figure 25. Methylated SEPT9 fold-change between CRC tissue and non-cancer tissue in double-

positive CRC patients. The Y-axis represents expression fold-change based on log 2-ȹȹCT. The green bars 

on the left side with negative mSEPT9 fold-change represents lower levels of mSEPT9 in the cancer tissue 

compared to non-cancer tissue, and vice versa. The figure shows that it is common for mSEPT9 double-

positive patients to have high mSEPT9 in cancer compared to non-cancer tissue at 72 % (18/25). 
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4.6 Association of mSEPT9 with FN infection and clinicopathological features 

The distribution of mSEPT9 and association to clinicopathologic data of patients is 

summarized in Figure 26 and Table 23, respectively. The presence of mSEPT9 is not 

associated to FN infection or any clinicopathological features as determined by the Chi-

squared two-tailed test.  

 

Figure 26. Distribution of mSEPT9 in cancer tissue by clinicopathological features. mSEPT9+ is 

represented by the ódetected in cancer only, detected in non-cancer only, and detected in bothô groups. 

mSEPT9- is represented by the ónot detected in bothô group. The Y-axis represents the number of cases, n. 

p value was calculated using chi-squared test (two tails). No significant associations between FN and 

clinicopathological variables were detected.  
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Table 23. Association of methylated SEPT9 with clinicopathologic features 

Features 
mSEPT9 detection, n (%) 

Total, n (%)  p value 
Yes No 

FN     

Detected 67 (80.72) 6 (7.23) 73 (87.95) 
0.237 

Not detected 8 (9.64) 2 (2.41) 10 (12.05) 

Gender     

Male 32 (38.55) 5 (6.02) 37 (44.58) 
0.283 

Female 43 (51.81) 3 (3.61) 46 (55.42) 

Age     

< 50 9 (10.84) 1 (1.20) 10 (12.05) 
0.967 

Ó 50 66 (79.52) 7 (8.43) 73 (87.95) 

Tumour site     

Colon 53 (64.63) 4 (4.88) 57 (69.51) 
0.207 

Rectum 21 (25.61) 4 (4.88) 25 (30.49) 

Tumour size     

< 5 cm 43 (54.43) 7 (8.86) 50 (60.24) 
0.134 

Ó 5 cm 28 (35.44) 1 (1.27) 29 (39.76) 

Cancer staging     

I + II  18 (21.69) 4 (4.82) 22 (26.51) 
0.113 

III + IV  57 (68.67) 4 (4.82) 61 (73.49) 

KRAS status     

WT 38 (46.91) 5 (6.17) 43 (51.22) 
0.574 

mutated 35 (43.21) 3 (3.70) 38 (45.78) 

pT     

T2 + T3 55 (66.27) 5 (6.02) 60 (72.29) 
0.515 

T4 20 (24.10) 3 (3.61) 23 (27.71) 

pN     

N0 19 (22.89) 4 (4.82) 23 (27.71) 
0.138 

N1 + N2 56 (67.47) 4 (4.82) 60 (72.29) 

pM     

MX  65 (78.31) 8 (9.64) 73 (87.95) 
0.271 

M1 10 (12.05) 0 (0.00) 10 (12.05) 

Chi-square test (two-tailed) of methylated SEPT9 with clinicopathologic features. n represents number of cases. (%) represents 

percentage. * represents statistically significant. 
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4.7 Differential relative methylation levels of SEPT9 in tissues 

The differences in fold-change of mSEPT9 expressed as 2-ȹȹCT were compared in various 

clinicopathological variables using the Mann-Whitney test. The fold-change of mSEPT9 

was significantly higher in CRC patients aged above 50 years (p < 0.001) and larger 

tumour size that are Ó 5 cm (p = 0.048) (Figure 27). In mSEPT9 double-positive patients, 

the methylation fold-change of SEPT9 was significantly higher in patients with tumour 

size Ó5 cm (p = 0.042) (Table 24).  

 

Figure 27. Distribution of mSEPT9 fold-change between cancer and adjacent non-cancer tissue in 

different clinicopathological features of CRC patients. The Y-axis represents mSEPT9 fold-change 

based on log 2-ȹȹCT. Error bars represent ± SEM. p value represents the statistical significance. p value was 

clculated using Mann Whitney test. A higher fold-change of mSEPT9 in the cancer tissue was found to be 

significantly associated with older age and larger tumour size with p values of < 0.05. 
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Table 24. Differential methylation of SEPT9 in different clinicopathologic features 

Features 
 

Median 

mSEPT9  

2
-ȹȹCT 

 

Q1 

 

 
Q3 

p value 

FN     

Detected 0.74 0.18 1.32 
0.951 

Not detected 0.63 -0.51 1.91 

Gender     

Male 0.70 0.36 1.41 
0.369 

Female 0.71 -0.12 1.20 

Age    
 

< 50 1.66 0.96 1.91 
< 0.001 

Ó 50 0.64 0.04 1.15 

Tumour site    
 

Colon 0.68 0.08 1.38 
0.351 

Rectum 0.80 0.41 1.34 

Tumour size    
 

< 5 cm 0.64 -0.05 1.15 
0.048 

Ó 5 cm 0.92 0.43 1.62 

Cancer staging    
 

I + II  0.66 -0.13 1.43 
0.415 

III + IV  0.76 0.34 1.32 

KRAS status      

WT 0.36 0.70 1.32 
0.847 

mutated 0.78 0.11 1.40 

pT     
 

T2 + T3 0.69 0.28 1.00 
0.501 

T4 1.11 0.04 1.51 

pN    
 

N0 0.67 -0.12 1.45 
0.653 

N1 + N2 0.75 0.32 1.28 

pM     
 

MX  0.68 0.15 1.23 
0.277 

M1 1.15 0.23 1.58 

Mann-Whitney test (two-tailed) comparing the expression fold-change (log 2-ȹȹCT ) of methylated SEPT9 in different 

clinicopathologic features. * represents statistically significant. 

 

 



 

Pang Siew Wai  
15035363 

146 

The Mann-Whitney test cannot be performed on FN infection status, age, and distant 

metastasis status due to vast differences in sample size within variables (Figure 28 and 

Table 25). 

 

Figure 28. Distribution of mSEPT9 fold-change between cancer and adjacent non-cancer tissue in 

different clinicopathological features of double-positive CRC patients. The Y-axis represents mSEPT9 

fold-change based on log 2-ȹȹCT. Error bars represent ± SEM. p value represents the statistical significance. 

p value was calculated using Mann Whitney test. A higher fold-change of mSEPT9 in the cancer tissue was 

found to be significantly associated with larger tumour size with p values of < 0.05. 
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Table 25. Differential SEPT9 relative methylation levels in different clinicopathologic features of 

double-positive patients 

Features 

Median 

mSEPT9 

2
-ȹȹCT

 

Q1 

 

Q3 

p value 

FN     

Detected N/A N/A N/A 
N/A 

Not detected N/A N/A N/A 

Gender    
 

Male 0.89 0.46 1.57 
0.186 

Female 0.40 -0.96 1.00 

Age    
 

< 50 N/A N/A N/A 
N/A 

Ó 50 N/A N/A N/A 

Tumour site    
 

Colon 0.70 -0.82 1.65 
0.842 

Rectum 0.83 0.15 1.26 

Tumour size    
 

< 5 cm 0.51 -0.80 0.94 
0.042 

Ó 5 cm 1.23 0.60 1.88 

Cancer staging    
 

I + II  0.82 -0.08 1.38 
0.975 

III + IV  0.70 -0.43 1.38 

KRAS status    
 

WT 0.40 -0.85 1.38 
0.536 

mutated 0.79 0.28 1.41 

pT    
 

T2 + T3 0.70 -0.21 1.00 
0.798 

T4 1.04 -0.29 1.57 

pN    
 

N0 0.82 -0.08 1.38 
0.975 

N1 + N2 0.70 -0.43 1.38 

pM    
 

MX  N/A N/A N/A 
N/A 

M1 N/A N/A N/A 

Mann-Whitney test (two-tailed) comparing the expression fold-change (log 2-ȹȹCT ) of methylated SEPT9 in different 

clinicopathologic features of double-positive patients. * represents statistically significant. 
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4.8 Correlation of mSEPT9 and FN levels in cancer and non-cancer tissue of CRC 

patients 

High levels of mSEPT9 are shown to be significantly correlated to high bacterial load of 

FN in the cancer and non-cancer tissue of CRC patients as shown using a linear regression 

(n = 166, p < 0.01). Given the R-squared value of 0.06 for the relationship between FN 

levels and SEPT9 methylation levels, this indicates that only approximately 6% of the 

variability in SEPT9 methylation levels can be explained by variations in FN load. Hence, 

while there may be some association between FN levels and SEPT9 methylation levels, 

FN levels alone does not account for much of the observed variability in SEPT9 

methylation levels. In addition, the correlation does not appear to be in a dose-dependent 

manner (Figure 29).  

 

 

Figure 29. Linear regression of the relative expression levels of FN (X-axis) and the relative 

methylation levels of SEPT9 (Y-axis) in cancer and non-cancer tissue. While the figure does not 

show a dose-dependent increase in mSEPT9 levels in increasing load of FN, there is a significant 

correlation between high levels of FN and mSEPT9 levels with a p value of < 0.0.5. Approximately 

6% of the variability in SEPT9 methylation levels can be explained by variations in FN load.  
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4.9 Protein expression analysis of DNMT3a and SEPT9 in DNMT3a-silenced 

HCT116 cell line  

Since DNMT3a was reported to be important for the methylation of SEPT9 in fibrotic 

liver cells, we were interested to investigate the role of DNMT3a in the methylation of 

SEPT9 in CRC. HCT116 cells were transfected with siRNA against DNMT3a to study 

the effect of DNMT3a silencing on the protein expression of SEPT9, where a reduction 

in SEPT9 protein expression would suggest DNA methylation. Protein lysates were 

collected from HCT116 cells and subjected to SDS-PAGE, followed by membrane 

transfer and immunoblotting. DNMT3a protein expression was noticeably silenced in 

HCT116 cells transfected with siRNA directed against DNMT3a instead of the negative 

control siRNA as indicated by lower band intensity in the western blot image. DNMT3a-

silenced cells showed a decrease in the protein expression of SEPT9 when compared to 

the negative control. A quantitative densitometry analysis on the band intensities 

normalized to GAPDH was carried out using ImageJ. With reference to the negative 

control as 100 %, the analysis showed 51 % and 76 % reduction in DNMT3a and SEPT9 

proteins, respectively in cells treated with DNMT3a siRNA (Figure 30). CCD-112 cells 

were also transfected with identical conditions concurrently with HCT116 cells, however 

no successful silencing of DNMT3a was observed.  
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Figure 30. Western blot analysis of DNMT3a and SEPT9 in DNMT3a-silenced HCT116 cells. 250, 

000 HCT116 cells in 12-well plates were transfected with a final concentration of 80 nM negative control 

or DNMT3a siRNA for 48h in the cell culture incubator. No transfection reagent or siRNA were added for 

untreated (UT) cells. Protein lysates were prepared and separated through SDS-PAGE, followed by 

membrane transfer to a PVDF membrane. Proteins were probed with monoclonal mouse anti-DNMT3a, 

polyclonal rabbit anti-SEPT9, or rabbit anti-GAPDH antibodies, followed by HRP-linked anti-rabbit or 

HRP-linked anti-mouse antibodies. Protein bands were visualized using ECL. Error bars represent +/- SEM, 

where n = 3. GAPDH was used as the reference gene for protein normalization. The densitometry analysis 

shows a marked reduction in SEPT9 protein expression after silencing with DNMT3a siRNA.  
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4.10 mRNA expression analysis of DNMT3a and SEPT9 in DNMT3a-silenced 

HCT116 cell line  

Next, we were interested to see if changes in mRNA expressions of DNMT3a and SEPT9 

were in alignment with the protein expression. Total RNA of HCT116 cells were 

converted to cDNA and subjected to quantitation via qPCR. The silencing of DNMT3a 

in HCT116 cells downregulated the mRNA expression of SEPT9, which is in agreement 

with the pattern of the protein expression analysis. The relative mRNA expression of 

DNMT3a was reduced to 51 % in reference to the negative control expressed as 100 %, 

accompanied by a reduction in SEPT9 mRNA expression to 48 %. (Figure 31). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Pang Siew Wai  
15035363 

152 

 

 

 

 

 

 

Figure 31. mRNA expression analysis of DNMT3a and SEPT9 in DNMT3a-silenced HCT116 cells. 

250, 000 HCT116 cells in 12-well plates were transfected with a final concentration of 80 nM negative 

control or DNMT3a siRNA for 48h in the cell culture incubator. No transfection reagent or siRNA were 

added for untreated (UT) cells. Total RNAs of each well were extracted and converted to cDNA, followed 

by analysis using SYBR GREEN qPCR. mRNA expression levels were normalized to the housekeeping 

gene ɓ-actin, and the 2-ȹȹCT was calculated. The relative mRNA expressions of DNMT3a and SEPT9 were 

expressed as % in reference to the 2-ȹȹCT of untreated cells. The silencing of DNMT3a can be seen to 

decrease DNMT3a and SEPT9 mRNA expression.  
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4.11 SEPT9 methylation analysis in DNMT3a-silenced HCT116 cell line  

Results from protein and mRNA expression studies give insight into the role of DNMT3a 

on SEPT9 and predicts the methylation status of SEPT9 in HCT116 cells. The direct 

measurement of SEPT9 methylation via methylation-specific qPCR using bisulfite-

converted DNA aims to confirm our observation and strengthen our findings. The 

silencing of DNMT3a in HCT116 cells reduced the relative methylation of SEPT9 to 33 % 

in reference to the negative control expressed as 100 % (Figure 32). Changes in DNMT3a 

and SEPT9 mRNA and protein expressions, and SEPT9 methylation status are 

summarized in Table 26.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Pang Siew Wai  
15035363 

154 

 

 

 

 

 

 

Figure 32. SEPT9 methylation analysis of DNMT3a and SEPT9 in DNMT3a-silenced HCT116 cells. 

250, 000 HCT116 cells in 12-well plates were transfected with a final concentration of 80 nM negative 

control or DNMT3a siRNA for 48h in the cell culture incubator. No transfection reagent or siRNA were 

added to untreated (UT) cells. Total DNAs of each well were extracted and bisulfite-converted, followed 

by analysis using probe-based methylation-specific qPCR. Relative methylation levels were normalized to 

the bisulfite-converted version of the housekeeping gene ɓ-actin, and the 2-ȹȹCT was calculated. The relative 

methylation levels of SEPT9 were expressed as % in reference to the 2-ȹȹCT of untreated cells. The silencing 

of DNMT3a can be seen to decrease the methylation of SEPT9.  
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Protein expression  mRNA expression SEPT9 promoter 

methylation 

    

DNMT3a - 51 % - 49 % - 

SEPT9 - 76 % - 52 % - 67 % 

    
 

4.12 Protein expression analysis of DNMT3a and SEPT9 in FN-infected HCT116 

and CCD-112 cell lines 

Currently, our results indicate the involvement of DNMT3a in regulating the relative 

methylation levels, and the mRNA and protein expressions of SEPT9 in HCT116 cells. 

Together with accumulating studies describing and associating FN to the disease 

progression of CRC, we were interested to see how increasing bacterial loads of FN 

affects the protein expression of DNMT3a and SEPT9 in HCT116 and CCD-112 cells. 

Western blot images as shown in Figure 33 depicts the protein expression of DNMT3a 

and SEPT9 in HCT116 and CCD-112 cells treated with increasing MOIs of FN. We were 

unable to accurately describe the qualitative changes in protein expression due to uneven 

loading of protein as seen in the differences in GAPDH band intensity. A densitometry 

analysis on the band intensities normalized to GAPDH was carried out using ImageJ to 

quantitate the changes in protein expression levels.  

With reference to untreated cells, the protein expressions of DNMT3a in HCT116 cells 

infected with varying MOIs of FN were downregulated to 61 % and 68 % at MOI 1 and 

10, respectively. At MOI 100, DNMT3a was upregulated to 169 %. Next, SEPT9 protein 

expression was downregulated to 53 %, 23 %, and 38% at MOI 1, 10, and 100, 

respectively. In CCD-112 cells, DNMT3a was downregulated to 81 %, 78 %, and 90 % 

Table 26. Summary of changes in protein expression, mRNA expression, and SEPT9 promoter methylation status 

in HCT116 treated with DNMT3a siRNA. Red numbers represent downregulation while green numbers represent 

upregulation in reference to control at 100 %. 
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at MOI 1, 10, and 100, respectively. SEPT9 was downregulated in a dose-dependent 

manner to 87 %, 64 %, and 56 % at MOI 1, 10, and 100, respectively Figure 33. 

 

 

Figure 33. Western blot analysis of DNMT3a and SEPT9 in HCT116 (top) and CCD-112 (bottom) 

cells infected with FN. 500, 000 HCT116 or CCD-112 cells in 12-well plates were infected with FN for 

4h in the cell culture incubator. No bacteria were added for untreated (UT) cells. Protein lysates were 

prepared and separated through SDS-PAGE, followed by membrane transfer to a PVDF membrane. 

Proteins were probed with monoclonal mouse anti-DNMT3a, polyclonal rabbit anti-SEPT9, or rabbit anti-

GAPDH antibodies, followed by HRP-linked anti-rabbit or HRP-linked anti-mouse antibodies. Protein 

bands were visualized using ECL. Error bars represent +/- SEM, where n = 3. GAPDH was used as the 

reference gene for protein normalization. The densitometry analysis shows that in HCT116 cells, FN is 

shown to decrease the protein expression of DNMT3a and SEPT9. At MOI 100, DNMT3a is upregulated. 

In CCD-112 cells, DNMT3a and SEPT9 were downregulated. Of note, SEPT9 protein expression is 

downregulated in a dose-dependent manner.  
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4.13 mRNA expression analysis of DNMT3a and SEPT9 in FN-infected HCT116 and 

CCD-112 cell lines 

Next, we were interested to see if FN affects mRNA expression and protein expression 

of DNMT3a and SEPT9 in a similar fashion. Total RNA of HCT116 and CCD-112 cells 

infected with or without FN were converted to cDNA and subjected to quantitation via 

qPCR. The mRNA expression levels of DNMT3a and SEPT9 in HCT116 and CCD-112 

cells were differently regulated at different MOIs. However, the mRNA expression 

patterns were in stark contrast with that of protein. In HCT116 cells, at an MOI of 1, 

DNMT3a mRNA expression was reduced by 23 %. At MOI 10 and 100, mRNA 

expression was greatly increased by 2,191 % and 622 %, respectively. SEPT9 mRNA 

expression was decreased by 25 % at an MOI of 1, but was greatly increased by 447 % 

and 302 % at MOI 10 and 100, respectively (Figure 34).  
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Figure 34. mRNA expression analysis of DNMT3a and SEPT9 in HCT116 cells infected with FN. 500, 

000 HCT116 cells in 12-well plates were infected with FN at MOIs of 1, 10, or 100 for 4h in the cell culture 

incubator. No bacteria were added into the untreated (UT) cells. Total RNAs of each well were extracted 

and converted to cDNA, followed by analysis using SYBR GREEN qPCR. mRNA expression levels were 

normalized to the housekeeping gene ɓ-actin, and the 2-ȹȹCT was calculated. The relative mRNA expressions 

of DNMT3a and SEPT9 were expressed as % in reference to the 2-ȹȹCT of untreated (UT) cells. At MOI 10 

and 100, DNMT3a and SEPT9 mRNA was upregulated. The highest upregulation was observed at MOI 10.  
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For CCD-112 cells, mRNA expressions of DNMT3a and SEPT9 were unchanged at MOI 

10. A slight increase of DNMT3a mRNA expression by 15 % and 47 % was observed at 

MOI 1 and 100, respectively. Similarly, SEPT9 mRNA expression was slightly increased 

by 1 % and 31 % at MOI 1 and 100, respectively (Figure 35). 

 

Figure 35. mRNA expression analysis of DNMT3a and SEPT9 in CCD-112 cells infected with FN. 

500, 000 CCD-112 cells in 12-well plates were infected with FN at MOIs of 1, 10, or 100 for 4h in the cell 

culture incubator. No bacteria were added into the untreated (UT) cells. Total RNAs of each well were 

extracted and converted to cDNA, followed by analysis using SYBR GREEN qPCR. mRNA expression 

levels were normalized to the housekeeping gene ɓ-actin, and the 2-ȹȹCT was calculated. The relative mRNA 

expressions of DNMT3a and SEPT9 were expressed as % in reference to the 2-ȹȹCT of untreated (UT) cells. 

The increase in DNMT3a and SEPT9 mRNA expression was highest at MOI 100.  

4.14 SEPT9 methylation analysis in FN-infected HCT116 and CCD-112 cell lines 

Our results so far demonstrated a general downregulation of DNMT3a and SEPT9 protein 

expression in HCT116 and CCD-112 cells infected with FN, with the exception of 

DNMT3a in HCT116 at MOI 100. Only SEPT9 protein expression in CCD-112 cells 

infected with FN was observed to be downregulated in a dose-dependent manner. In 

contrast, the mRNA expression of DNMT3a and SEPT9 were generally upregulated in 
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HCT116 and CCD-112 cells, with exceptions in HCT116 cells at MOI 1. The 

downregulation of DNMT3a protein correlates with the upregulation of SEPT9 mRNA 

expression in both HCT116 and CCD-112 cells. This suggests a potential association 

between DNMT3a and the regulation of SEPT9 expression. A methylation-specific qPCR 

was carried out to confirm this.  

The highest level of SEPT9 methylation in HCT116 cells was observed in cells infected 

with MOI 1, with the lowest in MOI 10. In comparison to untreated cells, the relative 

SEPT9 methylation for MOI 1, 10, and 100 was reported to be 137 %, 85 %, and 117 %, 

respectively. No noticeable trends were observed in cells infected with increasing MOIs 

of FN. CCD-112 cells infected with increasing MOIs of FN did not induce methylation 

of SEPT9 to detectable levels (Figure 36). Changes in DNMT3a and SEPT9 mRNA and 

protein expressions, and SEPT9 methylation status in HCT116 and CCD-112 cells 

infected with increasing MOIs of FN are summarized in Table 27. 
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Figure 36. SEPT9 methylation analysis in HCT116 and CCD-112 cells infected with FN. 500, 000 

HCT116 (top) or CCD-112 (bottom) cells in 12-well plates were infected with FN at MOIs of 1, 10, or 100 

for 4h in the cell culture incubator. No bacteria were added into the untreated (UT) cells. Total DNAs of 

each well were extracted and bisulfite-converted, followed by analysis using probe-based methylation-

specific qPCR. Relative methylation levels were normalized to the bisulfite-converted version of the 

housekeeping gene ɓ-actin, and the 2-ȹȹCT was calculated. The relative methylation levels of SEPT9 were 

expressed as % in reference to the 2-ȹȹCT of untreated cells. In HCT116 cells, the relative methylation levels 

of SEPT9 were observed to be the highest at MOI 1, followed by MOI 100. No increase in SEPT9 

methylation levels was observed in CCD-112 cells.  
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Protein expression  mRNA expression SEPT9 promoter 

methylation 
    

HCT116    

DNMT3a - 39 %, - 32 %, + 69 % - 23 %, + 2,191 %, + 622 % - 
 

- 47 %, - 77 %, - 62 % - 25 %, + 447 %, + 302 % 
+ 37 %, - 15 %, + 

17 % SEPT9 
    

CCD-112    
DNMT3a - 19 %, - 22 %, - 10 % + 15 %, + 0 %, + 47 % - 

    
SEPT9 -13 %, - 36 %, - 44 % + 1 %, + 0 %, + 31 % - 

    

Table 27. Summary of changes in protein expression, mRNA expression, and SEPT9 promoter methylation status in 

HCT116 and CCD-112 cells infected with increasing MOIs of   FN. Red numbers represent downregulation while 

green numbers represent upregulation in reference to untreated at 100 %. 



 

Pang Siew Wai  
15035363 

163 

CHAPTER 5: DISCUSSION 

In our study, the majority of CRC patient samples analyzed are of Malaysian Chinese and 

Indonesians of unknown ethnicity, with females representing 55% of the cohort. However, 

due to the limited representation of Malaysian Indians and Malays, comparing differences 

between ethnic groups in Malaysia is not feasible. Additionally, the absence of ethnicity 

data for Indonesian patients precludes a comparison between Malaysian Chinese and 

Indonesian Chinese. Nonetheless, given the geographical proximity and shared dietary 

habits between Indonesia and Malaysia, our findings may still offer insights relevant to 

the Malaysian population (Raji et al., 2017). 

CRC is a prevalent and significant health issue worldwide, affecting both men and women. 

It is a complex and multifactorial disease influenced by a combination of genetic, 

environmental, dietary, and lifestyle factors (Henrikson et al., 2015; Mira-Pascual et al., 

2015; Arnold et al., 2017; Yu et al., 2022). As different countries have their own 

ethnicities, culture, diet, and lifestyle, the combination of factors contributing to CRC will 

differ among countries, and between different population groups. In Malaysia, the 

majority of the ethnic groups are made up of Malay, followed by Chinese and Indian. 

Interestingly, studies have reported variations in the incidence rates of CRC among these 

major ethnic groups. For instance, a recent study in Malaysia reported that the CRC 

incidence rate was highest among the Chinese population (27.35%), followed by Malay 

(18.95%) and Indian (17.55%) (Abu Hassan et al., 2016). These findings are consistent 

with the National Cancer Registry Report of Malaysia (2012-2016), which indicated that 

Chinese patients had the highest incidence rate of CRC at 19.6%, followed by Malay and 

Indian patients at 12.2% and 11.0%, respectively (Abu Hassan et al., 2016).  
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The observed variations in CRC incidence rates among different ethnic groups in 

Malaysia could be attributed to a combination of genetic and environmental factors. 

Genetic predisposition can play a role in the development of CRC, and certain genetic 

variations may be more prevalent in specific ethnicities. Additionally, environmental 

factors such as dietary patterns, lifestyle choices, and exposure to environmental toxins 

may differ among ethnic groups and contribute to the varying incidence rates of CRC 

(Shah et al., 2014; Abu Hassan et al., 2016). It is important to note that the impact of 

ethnicity on CRC goes beyond incidence rates and extends to other aspects such as 

clinical presentation, response to treatment, and overall survival. Variations in tumour 

biology, genetic alterations, and molecular subtypes may contribute to differences in 

disease outcomes among different ethnic groups. Therefore, further investigations are 

warranted to comprehensively understand the interplay between ethnicity, genetics, and 

CRC. 

In our study, the majority of primary tumours were found in the colon rather than the 

rectum, with a notable prevalence on the left side of the colon. While colon cancer 

encompasses cancerous growths in the entire colon, it is important to recognize that there 

are distinct differences in clinical characteristics, microbiome composition, chromosomal 

alterations, and molecular features between the left and right sides of the colon (Stintzing 

et al., 2017). Clinical characteristics such as histology grade and tumour stage have been 

reported to differ between right-sided colon cancer (RCC) and left-sided colon cancer 

(LCC). Studies have shown that RCC is more frequently associated with higher grade 

histology and advanced tumour stage compared to LCC (Sinicrope et al., 2015). The 

variations in clinical characteristics suggest underlying biological differences between the 

two sides of the colon, which may influence disease progression and patient outcomes. 

Furthermore, lifestyle and environmental factors have also been associated with the 

development of LCC. Smoking, a low-fiber diet, and excessive alcohol consumption have 
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been found to be more strongly associated with LCC compared to RCC. These risk factors 

highlight the importance of considering the anatomical location of the tumour when 

assessing the etiology and implementing preventive measures for colon cancer (Shen et 

al., 2015a). 

Metastasis, the spread of cancer cells from the primary tumour to distant sites, also 

exhibits distinct patterns depending on the location of the primary tumour. Metastases of 

RCC are more commonly found in the peritoneum, while metastases of LCC tend to occur 

in the liver and lung. The differential metastatic patterns suggest unique biological 

properties and microenvironmental interactions associated with each side of the colon 

(Missiaglia et al., 2014). 

Next, one study reportedly observed an increase in microbial richness from the left colon 

towards the rectum. The microbiome as we all know contributes to the general wellbeing 

of the individual, and a dysbiosis can lead to the promotion of CRC (Gao et al., 2015a). 

Bacterial phylotypes are also known to be different in different primary tumour locations 

(Gao et al., 2015a), with reporting of polymicrobial bacterial biofilms invasion being 

more common in the right side (Dejea et al., 2014). A number of chromosomal and 

molecular differences were also observed between LCC and RCC. Chromosomal 

instability for example, is detected in around 75 % of LCC and 30 % in RCC (Shen et al., 

2015b). RCC is typically associated to high MSI and CIMP, hypermutation state, KRAS, 

BRAF, TGFɓR2, and PI3KCA mutations (Stintzing et al., 2017). This is consistent with 

our results, where the majority of the patients were LCC with KRAS WT status. There are 

clinical studies reporting the importance of primary tumour location in the prognosis of 

mCRC patients. In addition, the relationship between primary tumour location and 

response to drug treatment is now being investigated in many clinical studies (Cao et al., 

2017; Stintzing et al., 2017; Loupakis et al., 2018).  
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The analysis of clinicopathological data from our study revealed that the majority of CRC 

patients were diagnosed at the age of 50 and above, accounting for 88% of the cases (73 

out of 83 patients). This finding aligns with the general trend observed globally, where 

CRC is more commonly diagnosed in older individuals (Abu Hassan et al., 2016; Veettil 

et al., 2017). Similar age-related patterns have been reported in various countries, 

including the United States (Wolf et al., 2018), China (Xu et al., 2020), and India (Patil 

et al., 2017). The increasing incidence of CRC with age can be attributed to the 

accumulation of genetic mutations over time. As humans age, their cells undergo natural 

processes of DNA replication, repair, and maintenance, which are susceptible to errors 

and mutations (Pino & Chung, 2010; Hur et al., 2014; Nagai et al., 2017). These mutations, 

combined with environmental and lifestyle factors, can contribute to the development and 

progression of CRC. Risk factors such as smoking, high alcohol and processed meat 

intake, and a sedentary lifestyle have been associated with an increased likelihood of 

developing CRC, particularly in older individuals (Momenyan et al., 2017; Amitay et al., 

2020). 

Furthermore, the age-related nature of CRC can also be attributed to the rarity of heritable 

forms of the disease, such as hereditary non-polyposis CRC (HNPCC) and familial 

adenomatous polyposis (FAP). HNPCC, also known as Lynch Syndrome, accounts for 

only a small percentage, ranging from 1% to 6% in White populations (Devlin, Price & 

Morrison, 2005). Similarly, FAP accounts for only 1% of diagnosed CRC cases. These 

heritable forms of CRC are relatively uncommon compared to sporadic cases, where most 

CRC cases occur without a clear family history of the disease (Rengifo-Cam et al., 2016; 

Pabón & Babiker, 2022).  

The age-related incidence of CRC highlights the importance of implementing appropriate 

screening and prevention strategies, particularly targeting individuals aged 50 and above. 

Regular screening is recommended for early detection of CRC in this age group. Early 
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detection plays a crucial role in improving treatment outcomes and reducing mortality 

rates associated with CRC. Furthermore, raising awareness about modifiable risk factors 

and promoting healthy lifestyle habits, such as regular physical activity and a balanced 

diet, can contribute to the prevention of CRC in older individuals and the general 

population (Shah et al., 2014; Gornick et al., 2022). 

In our study, we observed that a significant proportion of CRC cases were diagnosed at 

late stages, with only one case detected at stage I. This pattern is consistent with global 

trends reported in studies conducted worldwide (Pang et al., 2020; Zhang et al., 2021; 

Ghebrial et al., 2021). Several factors contribute to the late detection of CRC. One of the 

reasons for late-stage diagnosis is the lack of specific signs and symptoms in the early 

stages of CRC. Clinical manifestations of CRC, such as blood in the stool, bleeding, 

diarrhea, constipation, anal mucus secretion, abdominal pain or cramps, weight loss, and 

physical weakness, often emerge in later stages. However, these symptoms are not unique 

to CRC and can be attributed to various other digestive system-related diseases, including 

irritable bowel syndrome, gastritis, peptic ulcer, or food intolerance. The nonspecific 

nature of these symptoms makes it challenging to attribute them solely to CRC, leading 

to delayed diagnosis (Adelstein et al., 2011; Amagai et al., 2023). 

Another crucial factor contributing to late-stage diagnosis is the lack of adherence to CRC 

screening guidelines. CRC is considered an ideal disease for screening because it can be 

detected and effectively treated during the asymptomatic phase, reducing mortality and 

morbidity associated with advanced clinical outcomes. Various screening methods are 

available, including fecal occult blood tests (FOBT), blood and stool biomarkers, 

sigmoidoscopy, and colonoscopy. However, adherence to these screening methods 

remains low (Inadomi et al., 2012; Lin et al., 2021). Studies have demonstrated that the 

rate of completion for colonoscopy screening is significantly lower compared to FOBT. 

In a study by participants who were recommended colonoscopy had a lower adherence 
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rate (38%) compared to those recommended FOBT (67%) or given a choice between 

colonoscopy or FOBT (69%) (Inadomi et al., 2012). The invasiveness of colonoscopy 

and the preference for less invasive tests contribute to the lower adherence rate. Different 

nations have different recommendations and guidelines for CRC screening methods. In 

Malaysia, immunochemical FOBT is the preferred method of screening, while 

colonoscopy is recommended for moderate and high-risk groups (Ministry of Health 

Malaysia, 2016). 

Improving adherence to CRC screening is crucial for effective early detection and 

prevention. Studies have shown that the rate of adherence to screening is more important 

than the specific screening strategy used. Offering choices and shared decision-making 

in screening methods can enhance patient engagement and accommodate personal 

preferences, leading to improved adherence (Heisler et al., 2007). However, it is worth 

noting that too many choices can also lead to indecision and confusion, which may 

negatively impact adherence rates (Anderson, 2003). 

Sociodemographic factors, such as race and location, have been identified as potential 

influences on adherence to CRC screening programs. It is essential to evaluate the 

relationship between sociodemographic factors and adherence to CRC screening, 

especially in a multi-racial and multi-cultural country like Malaysia. Understanding these 

factors can help develop targeted interventions and tailored approaches to improve 

screening rates among different population groups (Inadomi et al., 2012). 

Overcoming poor compliance and adherence to screening and endoscopic examinations 

remains a significant challenge in preventing the progression of CRC. Recent advances 

in CRC screening strategies, such as the detection of methylated SEPT9 in the blood, 

have shown promise. A study involving 7,759 participants demonstrated that screening 

for methylated SEPT9 was more likely to be embraced due to improved comfort and 

convenience. Moreover, individuals with positive methylated SEPT9 results were more 



 

Pang Siew Wai  
15035363 

169 

likely to comply with follow-up endoscopic examinations (Sun et al., 2021b). Given the 

higher sensitivity and specificity of methylated SEPT9 compared to FOBT, the routine 

implementation of methylated SEPT9 screening for CRC should be considered in 

Malaysia. 

Lymph node metastasis plays a critical role in the prognosis and management of CRC 

patients, serving as an important prognostic factor for survival and disease recurrence. 

The status of lymph node metastasis is incorporated into the staging system and helps 

guide the decision for adjuvant therapy after surgical resection (Nelson et al., 2001). The 

ideal approach in CRC treatment involves complete resection of the primary tumour along 

with the regional lymph nodes. Although the exact mechanisms underlying lymph node 

metastasis are not fully understood, it is believed that tumour cells spread to the regional 

lymph nodes through the lymphatic system and subsequently reach distant organs. Thus, 

lymph node metastasis is considered a crucial step in tumour cell dissemination in CRC 

(Filip et al., 2020), and the surgical resection of lymph node metastasis and distant 

metastasis is necessary to achieve a ñcancer-free stateò (Pereira et al., 2015).  

In our study, we observed a high occurrence of lymph node metastasis accompanied by 

the absence of distant metastasis. This finding contrasts with the traditional notion that 

lymph node metastasis serves as a gateway to distant metastasis. A previous study by A 

study proposed an alternative model suggesting that distant metastasis can occur 

independently of lymph node metastasis (Cady, 1984). This alternative perspective is 

supported by the work of a study that described distinct origins for the majority of distant 

metastasis and lymph node metastasis (Naxerova et al., 2017). While distant metastasis 

may be common in CRC of other studied populations the infrequent occurrence of distant 

metastasis in our study raises the possibility of other contributing factors, such as genetics, 

diet, environment, and the microbiome. Exploring these factors further is warranted, as 
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the presence and severity of distant metastasis often correlate with a poorer prognosis 

(Filip et al., 2020).  

Genetics can significantly influence the development and progression of CRC. Certain 

genetic alterations, such as mutations in TSGs (e.g., APC, TP53) or DNA mismatch repair 

genes (e.g., MLH1, MSH2), are associated with an increased risk of CRC and can impact 

the metastatic potential of tumour cells (Fearon, 2011). Additionally, variations in genes 

involved in angiogenesis, epithelial-mesenchymal transition, and immune response 

pathways may influence the likelihood of distant metastasis (Naxerova et al., 2017). 

Dietary factors have also been implicated in CRC metastasis. Consuming a diet rich in 

processed foods, red meat, and saturated fats has been associated with an increased risk 

of CRC and the progression of the disease. Conversely, a diet high in fruits, vegetables, 

fiber, and omega-3 fatty acids has been linked to a lower risk of CRC metastasis (World 

Cancer Research Fund/American Institute for Cancer Research, 2018). These dietary 

components may influence tumour growth, inflammation, and the gut microbiome, 

thereby affecting the metastatic potential of CRC. The environmental factors to which 

individuals are exposed, such as pollutants, toxins, and lifestyle habits, can also impact 

CRC metastasis. Exposure to carcinogens, such as tobacco smoke and industrial 

chemicals, may promote tumour progression and metastasis. Furthermore, lifestyle 

factors like physical activity, smoking, and alcohol consumption can influence the 

inflammatory response, immune function, and angiogenesis, all of which play crucial 

roles in tumour metastasis (World Cancer Research Fund/American Institute for Cancer 

Research, 2018).  

The gut microbiome, composed of trillions of microorganisms residing in the 

gastrointestinal tract, has emerged as an important factor influencing cancer development 

and progression, including metastasis. Dysbiosis, an imbalance in the gut microbial 

composition, has been associated with an increased risk of CRC and may promote 
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metastasis by affecting immune responses, inflammation, and the production of 

metabolites that impact tumour behavior (Zackular et al., 2016; Thomas et al., 2019; 

Artemev et al., 2022). 

Understanding the interplay between genetics, diet, environment, and the microbiome in 

the context of CRC metastasis is vital for identifying potential targets for intervention and 

personalized treatment strategies. Investigating these factors within the Malaysian 

population may shed light on unique characteristics that contribute to the observed rarity 

of distant metastasis in our study. 

In our study, we investigated the presence of FN, and compared the bacterial load of FN 

between cancer and normal tissue. FN is part of the normal oral flora, and can cause oral 

diseases such as periodontitis and gingivitis under pathogenic circumstances. In some 

cases, FN can travel to extra-oral sites such as the gut and cause a myriad of gut-related 

diseases such as IBD and even CRC (Wu & Lewis, 2013). We found that the presence of 

FN is very common in the tissue of CRC patients, and is particularly enriched in the 

cancer tissue compared to the normal tissue. This suggests that FN may contribute to the 

progression of CRC in the studied population. 

The presence of FN and its enrichment in the cancer tissue of CRC patients is in 

agreement with studies across the globe. These studies have also investigated the 

association of FN and the bacterial load to clinicopathological features, with some 

describing the mechanism of pathology in detail (Rubinstein et al., 2013; Flanagan et al., 

2014; Lee et al., 2019).  

The enrichment of FN in the cancer tissue of CRC patients were associated to the 

methylation of SEPT9 promoter, larger tumour size, tumour in the colon, and the lack of 

distant metastasis. To date, our study is the first to associate high bacterial load of FN to 

the hypermethylation of SEPT9 promoter in CRC. This finding has important 
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implications as it emphasizes the importance of FN in contributing to the pathogenesis of 

CRC. In addition, it also hints toward anti-cancer and antibiotic combination treatment 

for CRC. The mechanism as to how FN contributes to the hypermethylation of SEPT9 

promoter remains unknown, however several hypothesis and inferences will be described 

later.  

Next, enrichment of FN is found to be associated to larger tumour size. There are several 

mechanisms in which FN can contribute to larger tumour size in CRC patients. One of 

the mechanisms involve the inflammation pathway induced by FN. FN can stimulate the 

production of ROS through the upregulation of inflammatory factors, cytokines, and the 

recruitment of inflammatory immune cells (Noh et al., 2016; Kong et al., 2023). 

Furthermore, a study found that CRC tumours that are enriched with FN displayed a 

unique inflammatory response pattern that is unique to FN; IL1ɓ, IL6, IL8, IL24, TNF, 

and PTGS2 (COX-2) (Kostic et al., 2013). In addition, FN can also alter the tumour 

microenvironment of CRC through the promotion of M2 macrophages differentiation via 

the promoting M2 macrophages through the TLR4/IL6/p-STAT3/c-MYC pathway. This 

specialised M2 macrophages then infiltrate the CRC microenvironment, thus creating a 

tumour-promoting microenvironment. FN can also exacerbate the tumour-promoting 

microenvironment by inducing the amplification of other tumour-associated 

macrophages that are important in CRC metastasis (Solinas et al., 2010; Edin et al., 2012).  

Another mechanism of tumour progression involves the suppression of the immune 

system by FN. FN can induce apoptosis in several immune cells such as macrophages, 

monocytes, and lymphocytes by secreting its metabolite such as butyric acid (Abe, 2012). 

FIP, Fap2, formylmethionyl-leucyl-phenylalanine, acetate, butyrate, and propionate are 

examples of FN-derived molecules that have been demonstrated to downregulate the 

activity of T cells (Wu, Li & Fu, 2019). FIP halts the cell cycle of T cells by arresting 

them in the G1 phase, while Fap2 inhibits both T cells and NK cells activation through 
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binding to TIGIT, an inhibitory receptor common to several T cells (Guevarra et al., 2018). 

The other molecules mentioned supresses and downregulates T cells indirectly through 

the recruitment of myeloid-derived suppressor cells (Wu, Li & Fu, 2019).  

FN can express a myriad of virulence factors that can interact with human cells including 

epithelial, endothelial, and several immune cells such as NK cells (Kim et al., 2021). The 

main virulence factor associated to FN is FadA, a surface protein known to mediate 

adhesion through interaction with epithelial E-cadherin/ɓ catenin (Rubinstein et al., 2013; 

Kashani et al., 2020). The activation of E-cadherin/ɓ catenin upregulates tumour-

promoting transcription factors such as TCF. On the other hand, FadA also serves as an 

invasin. FadA can bind to VE-cadherin on endothelial cells, thereby increasing the 

permeability of the endothelium, leading to the dissemination of bacterial cells to other 

parts of the body including the placental barrier and blood brain barrier (Rubinstein et al., 

2013). In addition, Fap2 and RadD are two other outer membrane protein virulence 

factors that facilitates colonization. The lectin of Fap2 has been shown to bind the sugar 

Gal-GalNAc that is normally overexpressed in CRC, leading to the aggregation of FN in 

the tumour tissue (Padma et al., 2023). On the other hand, RadD allows FN to interact 

with other bacteria to form polymicrobial biofilms (Kaplan et al., 2010; Abed et al., 2020a; 

Wu et al., 2021). All in all, these can lead to increased inflammation and therefore 

increased tumour size.  

Furthermore, FN can also affect tumour growth by modulating angiogenesis, which is the 

process of forming new blood vessels to supply nutrients and oxygen to the growing 

tumour. Angiogenesis plays a crucial role in tumour progression and metastasis. A study 

have shown that FN upregulate STAT3 in oral cancer (Harrandah et al., 2021) and 

promote metastasis (McIlvanna et al., 2021). 

The association between a higher bacterial load of FN and specific tumour characteristics 

further supports the involvement of FN in CRC progression. FN double-positive CRC 
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patients with a higher bacterial load of FN are more likely to have larger tumour sizes and 

mutated KRAS status. This suggests that the presence of abundant FN bacteria in the 

tumour microenvironment may contribute to tumour aggressiveness and resistance to 

treatment. 

The mutational status of KRAS is a critical determinant in the management of CRC. KRAS 

mutations are prevalent in approximately 40-52% of CRC cases and have substantial 

implications for treatment response, particularly in the context of anti-EGFR therapy 

(Meng et al., 2021). The association between FN and KRAS has been established in a 

study conducted in Brazil (Proença et al., 2018). However, it is important to note that 

Proença et al. compared the presence or absence of FN in tumour tissue of whole patient 

cohort to KRAS mutational status while our study compared the expression fold-change 

specifically only in double positive patients. Another recent independent study linked 

high levels of FN to molecular characteristics of CRC such as KRAS, BRAF, PIK2CA, 

and MSI (Huangfu et al., 2021b). Although the precise mechanisms underlying the 

influence of FN on KRAS mutation status are not fully understood, the strong association 

between high FN levels and KRAS mutations underscores the role of FN in determining 

the response to CRC treatment. It is plausible that FN-induced inflammation impairs 

DNA repair mechanisms, promoting the acquisition of KRAS mutations and potentially 

leading to treatment resistance. 

The localization of FN in the colon rather than the rectum in FN double-positive CRC 

patients is intriguing. The preferential colonization of the colon by FN can be attributed 

to its dissemination through the digestive tract, particularly through the descending route 

(Wilson et al., 2008). The proximity of the colon to the oral area facilitates the 

colonization of FN, as oral bacteria can travel down the gastrointestinal tract and establish 

themselves in the colon. Furthermore, recent studies have highlighted the hematogenous 

route as an effective means for FN to reach the colon. Factors such as personal oral 
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hygiene and chewing habits may influence the entry of FN into the bloodstream, allowing 

it to colonize the colon (Abed et al., 2016). Although FN is predominantly enriched in the 

colon, evidence suggests that it can also colonize the rectal area. This broader colonization 

pattern emphasizes the potential of FN to influence tumour development and progression 

in both the colon and rectum, underscoring its significance in CRC pathogenesis. The 

presence of FN in both regions may contribute to the heterogeneity of CRC and the 

varying clinical outcomes observed in patients. 

In CRC, SEPT9 and protein expression were observed to be progressively downregulated 

as healthy epithelial cells develop to adenoma and CRC (Sun et al., 2020). It has been 

found then that SEPT9 is downregulated through the hypermethylation of the v2 promoter 

region. A constellation of evidence pointing towards the role of SEPT9 aberrant 

methylation was presented by researchers worldwide (Molnár et al., 2015; Xie et al., 2018; 

Sun et al., 2020; Kamel et al., 2022), leading to clinical trials and the FDA approval of 

mSEPT9 as a reliable biomarker for the early detection of CRC (Ma et al., 2019b). The 

detection of mSEPT9 in presurgical plasma is also associated to worse overall survival 

and disease-free survival (Shen et al., 2019).  

In our study population, we did not observe any significant association between the 

hypermethylation of SEPT9 and clinicopathological features in CRC. However, it is 

important to note that SEPT9 hypermethylation has been consistently linked to various 

clinicopathological features in other studies. One study demonstrated a clear association 

between SEPT9 hypermethylation and several clinicopathological features in CRC. They 

found that SEPT9 hypermethylation was associated with higher invasiveness, advanced 

TNM staging, distant metastasis, and larger tumour size (> 10cm^3). These findings 

suggest that SEPT9 hypermethylation may play a role in promoting tumour 

aggressiveness and progression in CRC (Sun et al., 2021a). Furthermore, SEPT9 

hypermethylation has been shown to be associated with the mutational status of several 
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genes in CRC. Sun et al. (2021) found that SEPT9 hypermethylation was significantly 

associated with mutated TP53, as well as with wild-type status of BRAF, PIK3CA, and 

MMR. These associations indicate that SEPT9 hypermethylation may be involved in 

specific molecular pathways and signaling cascades that contribute to CRC development 

and progression.  

Another study conducted reported similar findings regarding the association between 

SEPT9 hypermethylation and clinicopathological features in CRC. They found that 

mSEPT9 was associated with larger tumour size, higher cancer staging, distant metastasis, 

advanced TNM staging, and proficient MMR. (Yang et al., 2019). These consistent 

findings across different studies further support the notion that SEPT9 hypermethylation 

may have a clinical significance in CRC. The disparity in results between our study and 

the aforementioned studies may be attributed to several factors, including differences in 

sample size and population studied. It is possible that our study population was not large 

enough to detect significant associations between SEPT9 hypermethylation and 

clinicopathological features. Additionally, variations in the genetic and environmental 

characteristics of the study populations could contribute to differences in the observed 

associations.  

Our study indicated that higher level of mSEPT9 in the cancer tissue of CRC patients is 

associated to older age, particularly those above the age of 50. This is in agreement with 

the notion of how cancer develops, where cancer is partly attributed to the accumulation 

of mutations as we age. According to a study, CRC typically affects adults over the age 

of 50 years old. Thus, screening using the detection of mSEPT9 is recommended for high-

risk groups with age of 50 years old and above (Warren et al., 2011; Mo et al., 2023).  

High levels of mSEPT9 have been consistently associated with larger tumour size in CRC. 

This finding is not surprising considering the crucial role of SEPT9 in cell division, 

particularly in the process of cytokinesis. Cytokinesis is the final step of cell division 
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where the cytoplasm divides to form two daughter cells. SEPT9 plays a critical role in 

orchestrating the assembly and organization of the contractile ring, which is essential for 

successful cytokinesis. Studies have shown that the absence or dysfunction of SEPT9 can 

disrupt cytokinesis, leading to incomplete cell division and reduced cellular stability. This 

disruption of cytokinesis can result in the formation of multinucleated cells or abnormal 

cell structures, which are often observed in cancerous tissues (Füchtbauer et al., 2011). 

These aberrant cellular structures may contribute to the development of larger tumour 

masses in CRC. 

In addition to its role in cytokinesis, SEPT9 has been implicated in autophagy, a cellular 

process involved in maintaining cellular homeostasis and stability. Autophagy is 

responsible for the degradation and recycling of damaged or unnecessary cellular 

components, thereby ensuring the proper functioning and survival of cells. SEPT9 has 

been shown to interact with autophagy-related proteins and modulate autophagic 

processes. Disruptions in autophagy have been linked to various diseases, including 

cancer. Dysfunctional autophagy can impair the removal of damaged cellular components 

and promote cellular stress and genomic instability, which are factors contributing to 

tumour development and progression. The involvement of SEPT9 in autophagy suggests 

that alterations in its expression or function may affect cellular stability and contribute to 

the growth of larger tumour masses in CRC (Rybstein et al., 2018; Robertin & Mostowy, 

2020).  

Our study revealed a significant association between higher levels of mSEPT9 and an 

increased bacterial load of FN in the cancer tissue of CRC patients. This finding suggests 

a potential link between FN and the epigenetic regulation of SEPT9, indicating that FN 

may directly or indirectly contribute to the increase in SEPT9 methylation. It is plausible 

that FN infection induces changes in the cellular environment that promote SEPT9 

hypermethylation, which may be necessary for the continued propagation and survival of 
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FN within the tumour microenvironment. We also hypothesize that SEPT9 

hypermethylation may be an early event that happens prior to FN infection. It is 

conceivable that the acquisition of SEPT9 methylation alters the cellular antimicrobial 

activities, thereby creating a favorable environment for FN colonization. By reducing the 

cell's ability to mount effective antimicrobial defenses, SEPT9 hypermethylation may 

facilitate the establishment and persistence of FN in the colon.  

To further elucidate the relationship between SEPT9 expression, methylation, and FN 

infection, additional investigations using colon cell lines will be conducted. These 

experiments will provide valuable insights into the underlying mechanisms by which FN 

influences SEPT9 methylation. Existing evidence suggests that epigenetic modifications, 

including DNA methylation, play a crucial role in CRC initiation and progression. 

Alterations in the DNA methylation patterns of specific genes can lead to dysregulation 

of key cellular processes and contribute to the development of cancer. Understanding how 

FN infection affects the epigenetic landscape, particularly the methylation status of 

SEPT9, will provide valuable insights into the interplay between bacterial infection and 

host epigenetic modifications in the context of CRC. 

The dysregulation of DNA methyltransferases (DNMTs), the enzymes responsible for 

DNA methylation, is a common occurrence in cancer and can lead to aberrant methylation 

patterns. Previous studies have shown that DNMT3a can downregulate SEPT9 protein 

expression in liver fibrosis cells and mice through DNMT3a-mediated promoter 

methylation. Wu observed an increase in SEPT9 protein expression levels in DNMT3a-

knocked down cells treated with transforming growth factor ɓ (TGF-ɓ), which is known 

to downregulate SEPT9 in liver fibrosis cells. Additionally, methylation-specific PCR 

analysis revealed lower relative methylation levels.(Wu et al., 2017). While the 

relationship between DNMT3a and SEPT9 in CRC has not been studied, we aimed to 

evaluate this relationship in our study.  



 

Pang Siew Wai  
15035363 

179 

Results for CCD-112 were not presented due to failure in silencing DNMT3a. This failure 

is due to CCD-112 being a fibroblast. Fibroblasts are generally difficult to transfect 

because fibroblasts are generally large cells with a sturdy cytoskeleton. This prevents the 

siRNA from penetrating the cell membrane (Kucharski, Mrowiec & OcğoŒ, 2021). In our 

study using methylation-specific qPCR, we observed lower levels of SEPT9 promoter 

methylation in HCT116 cells silenced by DNMT3a siRNA, supporting the results of Wu. 

However, in contrast to the upregulation of SEPT9 protein observed in liver fibrosis cells, 

both the mRNA and protein expressions of SEPT9 in our study in HCT116 cells were 

downregulated. These contrasting results suggest that SEPT9 may be regulated 

differently by DNMT3a in different cell types and indicate the possibility of multiple 

pathways involved in its regulation. One possible pathway is the differential regulation 

of transcription regulating proteins such as TGF-ɓ and its factors in different cell types 

by DNMT3a. The binding of TGF-ɓ complexes to the TGF-ɓ receptor activates 

downstream regulatory proteins, leading to transcriptional regulation of genes involved 

in immune cell activation, cellular differentiation, proliferation, and chemotaxis 

(Massagué, 2012). In HSC-T6 cells, external treatment of TGF-ɓ downregulates protein 

expression of SEPT9 (Wu et al., 2017). Although the mechanism by which DNMT3a 

regulates TGF-ɓ and SEPT9 in HCT116 cells is currently unknown, a separate study 

reported the upregulation of TGF-ɓ in DNMT3a-knocked down trophoblast cells (Jia et 

al., 2020). Collectively, it is theorized that the knockdown of DNMT3a induces the 

upregulation of TGF-ɓ, which in turn downregulates the expression levels of SEPT9 in 

HCT116 cells.  

The downregulation of SEPT9 through hypermethylation is extensively emphasized in 

the study of CRC, thus a better understanding of the methylation mechanisms by DNMTs 

is crucial. Since DNA methylation is one of the earliest and most consistent molecular 

changes in cells predisposed to tumourigenesis (Dammann et al., 2000; M¿ller & GyŖrffy, 
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2022), the role of DNMTs in the disease progression of many cancers have been described. 

Nevertheless, the role of DNMTs in regulating mRNA and protein expressions in CRC is 

still largely unclear.  

DNMTs have been shown to be crucial gene regulators in several cancers, and 

dysregulations can lead to promotion of oncogenes and suppression of TSGs. However, 

DNMTs are rarely mutated even in the context of cancer, indicating its involvement with 

other regulatory pathways. Although rare, DNMT mutations have been reported in CRC, 

particularly DNMT3b. The overexpression of this protein is known to consequent in 

abhorrent methylation of CIMP markers and the development of CIMP. In mice, the 

number of intestinal adenomas were increased, accompanied with upregulation and 

downregulation of oncogenic and tumour suppressor activities, respectively.  

Additionally, DNMT3b expression and gene methylation levels positively correlate with 

the progression of adenoma to CRC (Ibrahim et al., 2011). In contrast, DNMT3a was 

found to be downregulated in CRC tissues compared to adjacent normal colon tissues. 

The reduction in DNMT3a expression level was accompanied with lower levels of DNA 

methylation (Li et al., 2014), suggesting its role in the methylation of oncogenic genes. 

Observations from this study suggests that DNMT3a is not the primary methylating agent 

of SEPT9 in CRC, as the downregulation of DNMT3a is not correlated to higher 

methylation levels of SEPT9 commonly reported in CRC. In contrast, our study 

demonstrated a decrease in SEPT9 relative methylation levels in DNMT3a-silenced 

HCT116 cells. The contradiction in results suggest a more complex regulation pathway 

by DNMT3a and other factors, in which SEPT9 relative methylation levels are not solely 

dependent on DNMT3a expression levels.  

Our protein expression analysis of SEPT9 in DNMT3a-silenced HCT116 cells supports 

the notion that the downregulation of SEPT9 protein expression in CRC results from the 

reduction or loss of DNMT3a. It is important to understand and delineate the pathways 
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of DNMT3a and SEPT9 regulation as dysregulations of either protein have been 

associated to disease progression in CRC. The importance of SEPT9 in coordinating 

chromosomal segregation and cytokinesis is reflected in its progressive downregulation 

through promoter hypermethylation as healthy epithelial cells progresses to adenoma and 

finally CRC (Ma et al., 2019a). Lower levels of SEPT9 mRNA and protein expressions 

in CRC were also reported in a separate study (Tóth et al., 2011).  

Understanding the intricate interplay between DNMTs, SEPT9 methylation, and protein 

expression in CRC is crucial for unravelling the underlying mechanisms of disease 

progression. Further research is needed to elucidate the regulatory pathways involved and 

to explore the therapeutic potential of targeting these pathways for effective management 

and treatment of CRC. 

In the tumours of CRC, abhorrent hypermethylation at CpG islands is commonly 

observed. A recent study described the pattern of de novo methylation in HCT116 cells, 

and found that abhorrently methylated CpG islands contribute to lower levels of de novo 

DNMT activities (Masalmeh et al., 2021). A study then associated the de novo 

methylation activity of DNMT3b to CpG islands marked with the histone modification, 

H3K36me3. At the marked CpG island, DNMT3b has been shown to recruit DNMT3a, 

forming DNMT3b-DNMT3a heterocomplexes with higher catalytic activity than single 

proteins. Although DNMT3a is also capable of mediating de novo methylation in 

H3K36me3 marked CpG islands, recruitment is dependent on DNMT3b. In our study, 

the reduction in SEPT9 promoter relative methylation levels in DNMT3a-silenced 

HCT116 cells could possibly mean that SEPT9 promoter CpG islands are marked with 

H3K36me3 or H3K36me2, the latter where DNMT3a has a stronger affinity to (Weinberg 

et al., 2019). While DNMT3a has a role in the promoter methylation of SEPT9 as seen 

by a decrease in promoter relative methylation levels in our study, the downregulation of 
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SEPT9 protein expression was not expected, implying a complex regulation system 

involving other factors.  

These findings underscore the complexity of DNMT-mediated methylation processes and 

highlight the need for further investigation into the interactions between DNMT proteins 

and other regulatory factors. Future studies should explore the roles of multiple DNMT 

proteins, as well as DNMT-related co-factors, to gain a comprehensive understanding of 

how genes like SEPT9 are regulated at the epigenetic level. By unraveling the intricacies 

of these regulatory networks, we can uncover novel therapeutic targets and develop more 

effective strategies for the treatment and management of CRC. 

More recently, a study described the gene regulation of immune-infiltrating neutrophils 

and dendritic cells in CRC. Importantly, 97.1 % of these genes were found to be regulated 

by DNMTs, and are prognostic of CRC. Surprisingly, the study revealed that DNMTs are 

not only capable of methylation, but are also involved in hypomethylation of genes. Of 

note, ALOX5AP and CSF3R, known for their oncogenic activities in several cancer types, 

increased disease progression of CRC through demethylation by DNMTs. On the other 

hand, ALOX5AP and CSF3R were found to be hypermethylated in normal colon cells. 

Taken together, the authors noted that DNMTs have notable interactions with infiltrating 

neutrophils and dendritic cells, and contribute significantly to the microenvironment of 

CRC through methylation of genes. The ability of DNMTs to upregulate and 

downregulate oncogenes and TSGs should give new insights into how genes are regulated 

through methylation, especially in cancers. Furthermore, the dual role of DNMTs further 

complicates clinical treatment involving DNMT inhibitors (Shi et al., 2019).  

The study of DNA methylation profiles has many implications in the clinical setting. In 

CRC, approximately 80 % progressed through the chromosomal instability pathway. 10 

ï 15 % of CRC cases are associated to a deficiency in the MMR pathway, leading to high 

MSI-H, a molecular phenotype of CRC that is associated to better prognosis and treatment 



 

Pang Siew Wai  
15035363 

183 

response to antibody and checkpoint inhibitor treatments (Quiroga, Lyerly & Morse, 2016; 

Baudrin, Deleuze & How-Kit, 2018; Rantanen et al., 2023). The deficiency in the repair 

system is known to be caused by the hypermethylation of MLH1. Several other genes 

were also evaluated for methylation status for the determination of CIMP status such as 

CACNAG1, RUNX3, SOCS1, and NEUROG1. Patients with negative CIMP status 

receiving adjuvant 5-FU chemotherapy was linked to longer-disease free survival. These 

examples highlight the potential and benefit of profiling individual methylation status in 

the treatment of CRC. To date, the detection of mSEPT9 as free-circulating DNA in the 

blood of patients has proven sensitive as a screening tool for the early detection of CRC. 

Additionally, increasing studies are supporting the use of mSEPT9 as a prognostic 

biomarker with promising results. Currently, a clinical trial is underway to evaluate the 

therapeutic effect of surgery on mSEPT9 levels (NCT03334890). Plasma mSEPT9 levels 

will be measured prior to surgery and after surgery (Cervena et al., 2020). These 

advancements in understanding DNA methylation and its association with CRC have the 

potential to revolutionize clinical management strategies. By unravelling the methylation 

status of specific genes and utilizing biomarkers like mSEPT9, healthcare professionals 

can tailor treatment approaches, predict prognosis, and improve patient outcomes in CRC. 

Further research and clinical trials will continue to refine and validate the utility of DNA 

methylation profiles as essential tools in the diagnosis, prognosis, and treatment of CRC. 

Despite the significant therapeutic potential of targeting SEPT9 and the DNMT-SEPT9 

pathway in CRC, there has been relatively little research conducted in this area. DNMT 

inhibitors, which have been available since the 1990s, have been approved by the FDA 

for the treatment of certain non-solid cancers such as chronic myelomonocytic leukemia 

and myelodysplastic syndromes (Kaminskas et al., 2005; Steensma, 2009; Cheng et al., 

2019). Owing to their efficacy, new clinical trials are also evaluating its effectiveness in 

treating solid tumours (Kaminskas et al., 2005; Steensma, 2009). In the context of CRC, 
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DNMT inhibitors like Azacitidine and Decitabine have been studied for their potential 

use in treating patients with high levels of DNA methylation. Inhibition of DNMTs has 

been reported to induce apoptosis and control the growth of CRC cells. A study recently 

listed 17 clinical trials investigating the potential of Azacitidine, Decitabine, SGI-110, 

and TMZ in the treatment of CRC patients. While most of these drugs were well tolerated, 

no clear associations were made between clinical response and induced changes in DNA 

methylation levels. One of the main challenges in using DNMT inhibitors for CRC 

treatment is their lack of specificity, which can lead to the reactivation of oncogenes 

(Cervena et al., 2020). To overcome this challenge, alternative approaches have been 

explored. One strategy involves the design of DNA sequence-targeted molecules with 

demethylation capabilities. For example, a study successfully directed thymine-DNA-

glycosylase to specific target sequences to induce demethylation, resulting in enhanced 

gene expression (Gregory, Mikhaylova & Fedulov, 2012). A separate study blocked 

DNMT from interacting with specific DNA sequences through disruption of DNMT-

inducing complexes, leading to demethylation of DNA of interest (Cheray et al., 2016). 

As of current, our understanding of SEPT9 and its regulation by DNMTs are limited, and 

a thorough understanding of this pathway may require time. Thus, it is proposed that a 

SEPT9 DNA sequence-targeted demethylating protein complex as described by Gregory 

be designed to study its effect in CRC cells. However, measures have to be taken to 

prevent the recurrence of methylation. A study studied the effect of Azacitidine in 

HCT116 and has seen a decrease in total DNA methylation by approximately 50 %. 

However, the author noted that CpG islands marked by histone modification H3K36me3 

are able to recover relative methylation levels to original levels within 22 days (Masalmeh 

et al., 2021), indicating the importance of considering H3K36me3 marking in the 

treatment response of DNMT-inhibitors.  
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The contribution of FN towards disease progression of CRC is well established, and its 

association to several clinicopathological and molecular features of CRC highlights the 

importance of better understanding its pathogenic pathways. As previously discussed, our 

studies using clinical samples and data have discovered a link between the relative 

methylation levels of SEPT9 to the abundance of FN in both CRC and normal colon cells. 

Thus, in vitro infection assays were designed to evaluate the effect of FN on the epigenetic 

aspects of CRC. DNMT3a was found to be generally downregulated in both cancer and 

normal colon cell lines. Of note, DNMT3a protein expression was upregulated in 

HCT116 cells infected with FN at MOI 100. SEPT9 protein expression however, was 

downregulated in HCT116 and CCD-112 cells at all MOIs. This observation indicates 

that FN infection at high MOIs downregulates SEPT9 protein expression regardless of 

DNMT3a upregulation. Our previous results demonstrated a loss of SEPT9 protein 

expression in HCT116 cells upon silencing of DNMT3a. Together, we infer that the 

regulation of SEPT9 is complex and not completely dependent on DNMT3a alone, 

especially in the case of FN infection at high MOIs. The fact that FN is strongly associated 

to CRC and capable of altering the tumour microenvironment suggest that the regulation 

of DNMT3a and SEPT9 may have a role in infection, inflammation, and immune evasion.  

The general downregulation of DNMT3a and SEPT9 protein expressions in HCT116 and 

CCD-112 cells infected with FN was in stark contrast with the mRNA expression analysis, 

particularly in HCT116 cells where several fold increases in DNMT3a and SEPT9 were 

observed. Furthermore, methylation analysis did not reveal any noticeable trend in the 

methylation status of SEPT9 in FN-infected HCT116 and CCD-112 cells. The 

contradiction between the mRNA and protein expression results of DNMT3a and SEPT9, 

together with non-dose-dependent changes in the methylation status suggest that FN may 

regulate DNMT3a and SEPT9 at the protein level. It is possible that post-translational 
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modifications or factors secreted by FN can reduce or increase the stability of DNMT3a 

and SEPT9.  

The post-translational modifications of DNMT3a and SEPT9 present an intriguing area 

of investigation in the context of CRC, particularly in the presence of FN infection. 

Several studies have demonstrated the impact of acetyl groups and phosphoryl groups on 

amino acid residues in affecting heteropolymer stability in DNMTs and SEPT9 

(Hernández-Rodríguez & Momany, 2012; Lin & Wang, 2014). These modifications can 

dynamically modulate protein function and interaction networks. The addition of acetyl 

groups to lysine residues, known as acetylation, can neutralize the positive charge of the 

lysine and disrupt its interaction with negatively charged DNA. This modification has 

been shown to regulate the activity of DNMTs by either promoting or inhibiting their 

enzymatic function (Hernández-Rodríguez & Momany, 2012). Furthermore, acetylation 

can also influence protein-protein interactions, altering the stability and localization of 

DNMTs and SEPT9 within the cell. 

Phosphorylation, the addition of phosphate groups to serine, threonine, or tyrosine 

residues, is another significant post-translational modification that can affect the function 

of proteins (Bilbrough, Piemontese & Seitz, 2022). Phosphorylation events can modulate 

protein activity, subcellular localization, and protein-protein interactions. In the case of 

DNMT3a and SEPT9, phosphorylation may play a role in regulating their enzymatic 

activity, DNA binding affinity, or interaction with other regulatory factors (Lin & Wang, 

2014). Investigating the specific phosphorylation sites and the functional consequences 

of phosphorylation on DNMT3a and SEPT9 in the context of CRC and FN infection could 

provide valuable insights into their regulatory mechanisms. 
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In addition, SUMOylation has been reported to alter the protein dynamics of SEPT9 

(Hernández-Rodríguez & Momany, 2012). However, in the context of CRC, it is unclear 

as to how these post-translational modifications regulate DNMT3a and SEPT9, especially 

in the presence of FN infection. Thus, a deeper understanding into the post-translational 

modification of DNMT3a and SEPT9 in the context of CRC and FN warrants future 

studies. 

Overall, investigating the post-translational modifications of DNMT3a and SEPT9, such 

as acetylation, phosphorylation, and SUMOylation, in the context of CRC and FN 

infection could provide valuable insights into their functional regulation. These 

modifications have the potential to influence protein stability, enzymatic activity, DNA 

binding affinity, and protein-protein interactions, thereby impacting the DNMT-SEPT9 

pathway and its role in CRC development and progression. Future studies should aim to 

decipher the specific modifications, their functional consequences, and the underlying 

mechanisms involved, shedding light on the complex interplay between post-translational 

modifications and the regulatory networks of DNMT3a and SEPT9 in CRC. 

The role of DNMT3a in regulating gene expression via DNA methylation is not only 

known to be important in human physiology such as embryonic development and 

homeostasis (Robertson et al., 1999; Wendt et al., 2006; Uysal et al., 2023), but also in 

response to bacterial infection (Tahara et al., 2014, 2017). Following our previous 

inference that DNMT3a was regulated by FN at the protein level, we further infer that the 

downregulation and upregulation of DNMT3a protein by FN serves to promote and limit 

bacterial growth, respectively. Previous studies reported that mutations in DNMT3a 

increases the risk of Helicobacter pylori infection, while another study showed that mice 

deficient in DNMT3a were more susceptible to vesicular stomatitis infection (Medie et 

al., 2019). At low MOIs, FN may have downregulated DNMT3a as a mean to mediate 
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bacterial propagation. At higher MOIs, DNMT3a may have been upregulated to control 

the population and prevent accumulation of metabolic wastes.  

The human immune system has evolved a variety of mechanisms and measures against 

pathogenic microbials such as bacteria and are constantly in an evolution arms race. 

Bacterial infection is generally first intercepted by the innate human system which 

consists of macrophages, dendritic cells, leukocytes, epithelial cells and etc. When 

microbial components called pathogen-associated molecular patterns (PAMPs) such as 

lipopolysaccharide and flagellin are recognized by pathogen recognition receptors (PPRs) 

of the immune cells, antimicrobial pathways are activated. For example, cytokines, 

chemokines, and other antimicrobial peptides are secreted, contributing directly or 

indirectly to the elimination of the pathogen. In addition, immune cells that have 

interacted with the pathogen can further signal the activation and differentiation of 

acquired immune cells such as T cells and B cells that are pathogen-specific. In order to 

avoid autoimmunity where the host cells are mistakenly recognized as antigens, the innate 

and acquired immune systems are tightly regulated at different levels (Qin, Scicluna & 

van der Poll, 2021).  

The fact that FN is capable of thriving and altering the tumour microenvironment in the 

colon to favor its survival demonstrate its ability to regulate and evade the immune system 

at different levels including DNA methylation. An example of an important pathway in 

the immune response against bacterial infection is the Toll-like receptors (TLRs) pathway. 

In particular, TLR2 is the receptor for the peptidoglycan component of gram-positive 

bacteria, while TLR4 responds to lipopolysaccharide of gram-negative bacteria. 

TLR2/TLR4 signaling has been reported to participate in the production of cytokines such 

as IL6 and tumour necrosis factor (TNF-Ŭ) by macrophages in response to FN. This leads 

to the activation of the transcription factor NF-əB and mitogen-activated protein kinases 

(MAPKs) in macrophages, both of which are important in mediating inflammatory 
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immune responses to infection (Park et al., 2014). TLR2/TLR4 signaling has also been 

demonstrated to reduce FN colonization and inflammation via regulation of regulatory T 

cells (Jia et al., 2017). In a study by Pan, the microbiota of the gut of pigs are capable of 

inducing DNA methylation in genes involved in innate immune response (Pan et al., 

2018). In another study, TLR4 was found to be downregulated by hypermethylation as 

observed in intestinal epithelial cells that are known to be continuously exposed to the 

lipopolysaccharide of commensal bacteria (Takahashi et al., 2011). Together, it is 

possible that TLR signaling is downregulated via hypermethylation by FN to improve its 

survival. However, chronic inflammation and differentiation of M1 macrophages to M2 

tumour-promoting macrophages through TLR4 are features of FN infection in CRC (Edin 

et al., 2012). Thus, the role and regulatory mechanism of TLR4 in the context of FN 

infection, inflammation, and CRC remains unclear and warrants further research.  

The versatility of DNMTs in regulating both oncogenic and TSGs in several cancers 

including CRC is well established. The inclination towards oncogenic or TSG activation 

depends on many factors such as genetic mutations and the tumour microenvironment. 

Thus, the upregulation of DNMT3a by FN in our results is surmised to be a means of 

silencing TSGs in colon cells, thereby promoting CRC progression and providing a 

favorable environment for FN to grow.  

Our results are supported by another study, where protein expressions of DNMT1 and 

DNMT3a were reportedly upregulated in HCT116 and HT29 CRC cell lines infected with 

FN. In addition, an increase in global hypermethylation was observed in HCT116, HT29, 

and NCM460 colonic epithelial cell lines (Xia et al., 2020). The increase in global 

hypermethylation in ulcerative colitis strongly linked to FN was also previously described 

by Tahara (Tahara et al., 2014, 2017). The mechanisms in which DNMTs are orchestrated 

by FN subsequently leading to the downregulation of TSGs remain unelucidated, 

however there are several possible explanations owing to numerous studies of FN. First, 
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the upregulation of cyclooxygenase-2 (COX-2) has been documented in colonic tumours 

of mice infected with FN (Kostic et al., 2013). COX-2 is found to be upregulated in CRC, 

and is an enzyme known for its involvement in inflammation and production of 

prostaglandin E2 (PGE2). This results in increased proliferation and invasiveness of 

cancer epithelial cells (Sheng et al., 2020). PGE2 was also shown to directly upregulate 

DNMT1 and DNMT3b in CRC cell lines (Xia et al., 2012), and DNMT3a in Human 

Myeloid-Derived Suppressor Cells (Rodríguez-Ubreva et al., 2017). Together, this points 

toward the possibility of TSGs suppression by DNMTs via the COX-2/PGE2 pathway 

(Xia et al., 2020).  

Next, DNMT-mediated silencing of TSGs may be mediated by pro-inflammatory 

cytokines that are upregulated by FN in CRC such as IL1ɓ, IL6 and IL8. In oral cancer 

cells, IL6 treatment resulted in the hypermethylation of TSGs such as GATA5, CHFR, 

and PAX6 (Gasche et al., 2011). IL1ɓ has been demonstrated to directly hypermethylate 

the promoter of CDH1, which encodes for the tumour suppressor E-cadherin in mice with 

gastric cancer (Huang et al., 2016b). Similarly, IL8 treatment in nasopharyngeal 

carcinoma resulted in the upregulation of DNMT1 through the protein kinase B (PKB) 

pathway, leading to CDH1 hypermethylation and subsequently E-cadherin 

downregulation (Zhang et al., 2016). E-cadherin is a calcium-dependent transmembrane 

glycoprotein found at adherence junctions of epithelial cells that is important in mediating 

cell-cell interactions. Its downregulation has been linked to loss of differentiation, tumour 

progression, invasion, and metastasis (Christou et al., 2017). However, FN is known to 

promote CRC progression by interacting with the E-cadherin/ɓ-Catenin pathway 

(Rubinstein et al., 2013). Therefore, the suppression of TSGs via the IL6 pathway is more 

probable, although the possibility of E-cadherin suppression via IL1ɓ and IL8 cannot be 

discounted.  
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The constant generation of reactive oxygen species (ROS) is a factor that is associated to 

chronic FN infection in CRC (Nosho et al., 2016). The formation of aberrant bases, 

especially 7,8-dihydro-8-oxo-guanine (8-oxoG), is extensively generated and enriched at 

promoter CpG islands of the genome upon exposure to ROS (Koi, Okita & M. Carethers, 

2018). 8-oxoG clusters are normally repaired by MutSŬ, a protein complex consisting of 

the MMR proteins, MSH2 and MSH6. During the repairing process by MutSŬ, DNMT1 

has been shown to be recruited to the repair site (Ding et al., 2016). One study discovered 

the binding of a large protein complex to the promoter CpG island of a certain gene upon 

ROS exposure, resulting in hypermethylation. This protein complex was revealed to 

consist of polycomb repressive complex 4 (PRC4), DNMT1, and DNMT3b (OôHagan et 

al., 2011). In another study on mice models of colitis-associated CRC, MSH2 was found 

to interact with DNMTs and components of PRC4, the loss of which reduced CpG island 

hypermethylation (Maiuri et al., 2017). Collectively, it is inferred that the constant 

generation of ROS in response to chronic infection of FN in CRC results in the 

hypermethylation of promoter CpG islands mediated by MutSŬ and DNMT complexes 

(Koi, Okita & M. Carethers, 2018). An example of a TSG known to be suppressed by 

ROS-induced hypermethylation in CRC is runt domain transcription factor 3 (RUNX3). 

This was demonstrated in a study by Kang, where oxidative stress treatment on SNU-407 

CRC cells upregulated DNMT1 and improved its binding activity to RUNX3 promoter, 

resulting in decreased mRNA and protein expression. Treatment with methylation 

inhibitor prevented the reduction of RUNX3 mRNA and protein expression induced by 

ROS, supporting the involvement of DNMTs in the epigenetic silencing of RUNX3 

(Kang et al., 2012). Silencing of RUNX3 in CRC has been linked to lymph node 

metastasis and angiogenesis (Kim et al., 2016). Intestine-specific transcription factor, 

caudal type homeobox-1 (CDX1) is another TSG suppressed via ROS-induced 

hypermethylation in CRC. Similar to RUNX3, oxidative stress treatment upregulated 
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DNMT1 and reduced mRNA and protein expression of CDX1, and the inhibition of DNA 

methylation activities prevented the reduction in both mRNA and protein expression 

(Zhang et al., 2013). All in all, the upregulation of DNMT and hypermethylation activities 

by FN in CRC is surmised to be important for the progression of CRC through TSG 

suppression.  

SEPT9, as a key component of the cytoskeleton and cell division machinery, plays a 

crucial role in various cellular functions and orchestrates the rearrangement of 

cytoskeletal components, including actin and microtubules. During infection, 

rearrangement of cytoskeletal components is common as it promotes the internalization 

and dissemination of pathogens from cell to cell (Robertin & Mostowy, 2020). 

Fundamental aspects and valuable insights of how cytoskeletal components are 

rearranged were obtained in studies using Listeria monocytogenes. For non-phagocytic 

cells such as colon cells, bacteria can trigger invasion into the cells either through 

secreting molecules that mimic host endogenous ligands, or secreting effector proteins 

into the cytosol, both of which results in the engulfment of bacteria via rearrangement of 

cytoskeletal filaments. Following invagination, a phagosome is formed around the 

bacterium. In some cases, the bacteria are able to initiate polymerization of actin, which 

mediates actin-based motility of the bacteria. This allows cytosolic bacteria to avoid some 

of the host defense machineries (Radoshevich & Cossart, 2018; Robertin & Mostowy, 

2020).  

It is known that the FN surface adhesin molecule, Fad A interacts and invade cells through 

the E-cadherin/ɓ-catenin pathway (Ma et al., 2018). Similarly, L. monocytogenes has 

several surface proteins such as Internalin A and Internalin B that interacts with E-

cadherin, catenins, and actin for cytosolic invasion (Robertin & Mostowy, 2020). SEPT9 

has been found to be enriched at the entry site of Internalin B, along with actin. The 

colocalization of these three proteins suggests the involvement of SEPT9 in mediating 
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the entry of L. monocytogenes. Additionally, the formation of septin rings involving 

SEPT9, SEPT2, and SEPT11 has been observed at entry points of L. monocytogenes and 

another bacterial species, Shigella flexneri (Mostowy et al., 2009b; Robertin & Mostowy, 

2020). Interestingly, while SEPT2 has been demonstrated to promote bacterial entry of L. 

monocytogenes and S. flexneri, the opposite has been observed for SEPT11 (Mostowy et 

al., 2009b,a). Thus, SEPT9 may promote or inhibit bacterial invasion depending on the 

expression levels of SEPT2 and SEPT11, and this mechanism may be utilized by FN for 

cytosolic invasion during early infection.  

While Septins contribute to some cases of bacterial internalization, it is not crucial for 

bacterial movement or directionality (Van Troys et al., 2008). In fact, Septins have been 

shown to restrict and immobilize bacterial movement by surrounding S. flexneri with 

Septin cage-like structures. Furthermore, SEPT2 and SEPT9 have been shown to restrict 

the formation of bacterial actin tails in S. flexneri (Mostowy et al., 2010). The 

immobilization of bacterial cells via the formation of Septin cage-like structures is also 

observed in other species such as Mycobacterium marinum (Mostowy et al., 2010), 

enteropathogenic Escherichia coli (Lee et al., 2017), and Chlamydia trachomatis 

(Volceanov et al., 2014). In addition, Septins have also been reported to form rings around 

vaccinia virus, effectively inhibiting the release of viral particles from the cell (Pfanzelter, 

Mostowy & Way, 2018). While these observations point toward an effective means of 

physically immobilizing cytosolic pathogens, a study has shown that only 15 to 30 % of 

cytosolic S. flexneri are compartmentalized by the septin cage (Mostowy et al., 2010). 

Accumulating evidence have point towards the evolution of escape mechanisms by S. 

flexneri through post-translational modifications of the host protein. Septins can be 

modified via SUMOylation, phosphorylation, acetylation, and ubiquitination, and S. 

flexneri in particular has been observed to acetylate SEPT7 and SEPT11 through its 

effector protein, IcsB (Liu et al., 2018; Robertin & Mostowy, 2020). While there are 
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currently no studies linking FN to post-translational modification of Septins, a study 

suggests that Fusobacterium necrophum can degrade actin in bovine portal cells during 

the initial stage of infection (Yamaguchi et al., 1999). Since Septins are known to initiate 

polymerization and coordinate the movement of actin, it is possible that FN, being closely 

related to F. necrophum, degrades SEPT9 in CRC to avoid entrapment. Furthermore, our 

results show an increase in SEPT9 mRNA expression but a decrease in protein expression 

in HCT116 cells infected with FN. Therefore, it is surmised that the increase in SEPT9 

mRNA expression is a defense mechanism against FN, but is degraded by FN at the 

protein level to avoid septin cage entrapment.  

Furthermore, studies have provided mechanistic insights into septin-mediated bacterial 

entrapment and revealed the role of lipopolysaccharide in evading septin cage entrapment. 

S. flexneri lacking lipopolysaccharide is more efficiently entrapped by the septin cage 

consisting of SEPT2, SEPT6, and SEPT7 (Lobato-Márquez et al., 2021). Since FN is a 

gram-negative bacterium with lipopolysaccharide as a component of its cell wall, it may 

have initially evaded septin caging during the early stages of infection before proceeding 

to degrade SEPT9. 

Previously, the role of autophagy in maintaining genomic stability and clearing infection 

in CRC has been discussed, and several studies have shown the importance of SEPT9 in 

autophagy, where a decrease in SEPT9 expression is linked to reduced autophagic 

functions. Our study demonstrated the protein downregulation of SEPT9 in normal colon 

and CRC cell lines infected with FN, which should theoretically downregulate the activity 

of autophagy. Thus, this leads to the notion that autophagy is downregulated in CRC due 

to hypermethylation of SEPT9 DNA promoter, and can be further exacerbated by SEPT9 

protein downregulation due to FN infection. The formation of septin cages have been 

suggested to be interdependent on autophagy. The depletion of either Septins (SEPT2 or 

SEPT9) or autophagy markers via siRNA silencing resulted in failure of septin cage and 
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autophagy formation around S. flexneri (Mostowy et al., 2010). Thus, it is possible that 

FN downregulates autophagy via the downregulation of SEPT9 to avoid both autophagy 

and entrapment by septin cage. 

In a recent study by Haruki, higher abundance of FN in CRC patient sample tissue has 

been linked to lower autophagy status as shown by lower protein expression of the 

positive autophagy marker, beclin1. However, two other autophagy markers, MAP1LC3 

and SQSTM1 are not significantly associated to FN abundance. (Haruki et al., 2020). 

MAP1LC3 is a positive autophagy marker, while SQSTM1 is a negative autophagy 

marker that accumulates when autophagy is inhibited. These results suggest the 

inconclusive role of autophagy in eliminating FN, but also suggest that autophagy is not 

inhibited by FN in CRC. However, the upregulation of autophagy by FN in CRC has been 

reported by two separate studies. Chen reported an increase in metastasis in CRC induced 

by FN through activation of autophagy by upregulating Caspase activation and 

recruitment domain 3 (Chen et al., 2020). Another study suggested the contribution of FN 

in promoting chemoresistance in CRC through the upregulation of autophagy (Yu et al., 

2017b). Taken together, the relationship between FN, SEPT9, and autophagy in CRC 

remains unclear and is a topic to be explored.  

With our current understanding, we propose two hypotheses. First, FN does not inhibit 

autophagy via SEPT9 depletion and may activate autophagy in CRC in a SEPT9-

independent pathway through mechanisms currently unknown. Second, the activation of 

SEPT9-independent autophagy pathway may be a way to promote CRC disease 

progression without the danger of septin cage entrapment.  

While the exact roles of SEPT9 in FN infection and the promotion of CRC disease 

progression remain unclear, our studies have provided initial insights into the interplay 

between these factors. The hypermethylation of SEPT9 in CRC, coupled with its 

downregulation during FN infection, underscores the significance of SEPT9 in CRC. 
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Consequently, treatment strategies for CRC should consider targeting FN, SEPT9, or both 

to improve therapeutic outcomes. Further research is needed to elucidate the complex 

relationship between FN, SEPT9, and autophagy in CRC and to uncover potential 

therapeutic interventions.  

The design and use of SEPT9-specific DNMT inhibitors to demethylate SEPT9 in the 

treatment of CRC was previously discussed. In addition to the use of SEPT9-specific 

DNMT inhibitors to demethylate SEPT9 in CRC treatment, it is important to consider the 

presence of FN infection, which our studies have shown to downregulate SEPT9 protein 

expression despite increased mRNA levels. Combining antibiotic therapy targeting FN 

with CRC treatment could be a potential strategy. Antibiotic treatment has been shown to 

reduce FN load and improve recovery in patients with irritable bowel syndrome (Nomura 

et al., 2005). Several antibiotics, including clindamycin, metronidazole, and ɓ-lactam 

antibiotics, have demonstrated efficacy against clinically isolated FN (Sun et al., 2019b). 

By reducing the FN load in CRC tumours, antibiotic treatment may alleviate the 

downregulation of SEPT9 protein, leading to improved regulation of cell division, 

infection, and autophagy. Restoration of SEPT9 protein levels could have a positive 

impact on treatment outcomes, as dysregulation of autophagy by FN in CRC has been 

associated with increased metastasis and chemoresistance. (Yu et al., 2017a; Chen et al., 

2020). Furthermore, targeting FN infection in high-risk groups may also help prevent the 

progression of chronic inflammation and intestinal diseases to CRC. Therefore, 

thoroughly investigating the feasibility of screening both SEPT9 and FN for early 

prevention of CRC could significantly enhance sensitivity and treatment outcomes.  

In conjunction to antibiotic treatments of FN, another approach to consider is the 

prevention of SEPT9 post-translational modifications by FN. The pathways involved in 

the post-translational modification of SEPT9 by FN is currently still unknown. Future 

studies into the biochemistry of SEPT9 in FN-infected CRC will very likely lead to better 
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treatment options. In short, the progression of CRC is proposed to be exacerbated by FN 

through the downregulation of SEPT9 protein. Therefore, the elimination of FN should 

be strongly considered as a potential treatment option in CRC. Combining antibiotic 

therapy to target FN, along with strategies to restore SEPT9 protein levels and prevent 

post-translational modifications, could be promising avenues for future research and 

therapeutic interventions. 

While our results addressed the research questions and objectives, there are limitations to 

our study. The first limitation pertains to the sampling procedure. Tissue samples were 

collected, processed, graded, and detailed by personnel outside of our control. While the 

tissue samples were collected mostly by the same surgeon over the years, the samples 

were processed by different individuals, and can thus lead to inconsistencies in the final 

quality of FFPE tissue samples. In addition, the time between sample collection to tissue 

processing is not recorded and is a variable that may affect the final quality of the tissue. 

The categorization of clinicopathological features such as tumour size and TNM staging 

may also be affected by the handling of multiple individuals.  

Next, the sample size of the study population is adequate but can be larger to better 

represent the actual population. There is also room for improvement in the selection 

criteria for the study population. The number of patients with distant metastasis is lacking 

in this study population, and the lack of this particular clinicopathological variable may 

negatively skew or impact downstream statistical analyses. For instance, the significant 

association of high FN load to the lack of distant metastasis in our study is questionable 

owing to this limitation. Our study also did not include FFPE tissue samples from healthy 

individuals without CRC. This additional analysis will help to strengthen our claims that 

FN is indeed one of the causatives and contributing agents to CRC since it is not found 

in healthy individual tissue.  
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The next limitation lies in the design of the probes and primers used for the detection of 

FN DNA in FFPE tissue samples. Our probes and primers were designed to 

simultaneously detect three subspecies of FN, which is nucleatum, animalis, and 

polymorphum. Whilst the design of our probes and primers is an improvement over the 

primers used in other studies in terms of a broader detection range, our probes and primers 

are inefficient at picking up two other clinically relevant subspecies, which are vincentii 

and fusiforme. Next, there is a limitation to the methylation-specific qPCR assay for the 

detection of mSEPT9. The primers and probe design are adapted from a study by deVos 

(DeVos et al., 2009), and were designed and optimized specifically for another master 

mix and fluorescence detection system (qPCR machine). Hence, it is possible that the 

efficiency is not optimal in our study, although proper optimization procedures were 

carried out prior to data collection.  

Another limitation to take note of is the lack of variety in the cell lines used for the in 

vitro assays. Only HCT116 cancer cell line and CCD-112 normal colon fibroblasts were 

used in our study. The addition of other cell lines will help to determine if the results are 

cell line specific or generally applies to CRC and normal colon cells. Furthermore, 

identifying variable results between cell lines will help to spur additional inferences, 

questions, and draw better conclusions. Also, the methylation-specific qPCR did not 

include known methylation standards to generate a standard curve to allow for better 

quantification of methylation levels.  

Next, there are three main DNMTs that are of significance to the maintenance and 

initiation of methylation in the human body, namely DNMT1, DNMT3a and DNMT3b. 

In our study, we only explored the relationship between FN and SEPT9 to DNMT3a, 

which is recently reported to be the main methylating agent of SEPT9 in fibrotic liver 

cells (Wu et al., 2017). By including DNMT1 and DNMT3b, we will be able to better 

understand the interrelationship between DNMTs, FN, and SEPT9. 
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A negative control bacterium such as non-pathogenic Escherichia coli was not used the 

in FN infection assay. Instead, the negative control was replaced by cell culture medium 

without any bacteria. Thus, it is debatable that any results obtained by the infection of FN 

is attributed merely to the presence of any bacteria or due to nutrient depletion. Nutrient 

depletion is however unlikely as the incubation time was limited to only 4 hours. 

Furthermore, FN generally do not grow well in aerobic conditions. In addition, FN was 

only incubated for 4 hours with HCT116 and CCD-112 cells in aerobic conditions to 

minimize the death of FN which is anaerobic in nature. A longer incubation period 

without causing too much bacterial death will be ideal to see optimal changes in 

methylation patterns.  
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CHAPTER 6: CONCLUSIONS 

6.0 Conclusions  

In conclusion, CRC is one of the most common cancers worldwide, and every opportunity 

to understand the disease better deserves further exploration. In our study, we found that 

FN is common amongst CRC patients and is more abundant in the cancer tissue than the 

normal tissue. Whilst our study did not find any significant association between the 

presence of FN to clinicopathological features of CRC patients, high bacterial load of FN 

is found to be significantly associated to SEPT9 promoter methylation, larger tumour size, 

tumour in the colon, KRAS mutations, and a lack of distant metastasis, although the results 

pertaining to the lack of distant metastasis require further investigations. mSEPT9 is 

mostly detected in the cancer tissue of CRC patients and is associated to those aged 50 

years old and above. Additionally, mSEPT9 is also expectedly associated to larger tumour 

size, given our understanding of the role of SEPT9 in cell division and autophagy. High 

mSEPT9 levels are correlated to high levels of FN in CRC patient tissue samples, 

regardless of tissue cancer status.  

For in vitro studies, we observed a difference in the role of DNMT3a on SEPT9 in CRC 

cell line, HCT116 as compared to findings from another study on liver fibrotic cells (Wu 

et al., 2017). Whilst SEPT9 hypermethylation was reduced due to the silencing of 

DNMT3a, the resulting downregulation of SEPT9 protein was unexpected. This shows 

that DNMT3a has complex and multiple roles in the regulation of SEPT9 at the 

methylation, gene, and protein expression levels. We also found that FN induces greater 

changes in HCT116 colon cancer cell line as compared to CCD-112 normal colon cell 

line. The increase in the mRNA expression of DNMT3a and SEPT9 in both HCT116 and 

CCD-112 in response to FN infection may suggest their roles in antimicrobial activity. 

Furthermore, the decrease in the protein expression of DNMT3a and SEPT9 in response 

to FN infection suggest that FN may escape antimicrobial machineries through protein 
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downregulation independent of the RNA pathway. A summary of the key findings for 

this study is depicted in Figure 37 and Figure 38. 

 

Figure 37. Summary of key findings in Aim 1 highlighting the prevalence and the association of FN 

and SEPT9 methylation with clinicopathological variables in CRC patients. While most of the findings 

have been reported in literature, the association of high FN load to SEPT9 promoter methylation and lack 

of distant metastasis in CRC is of particular interest as they were not reported in existing literature. The 

correlation of high FN levels to SEPT9 hypermethylation levels regardless of tissue cancer status may be 

suggestive of FNôs role in progressing healthy tissue to CRC through the methylation of SEPT9. 
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Figure 38. Summary of key findings in Aim 1 and Aim 2. The figure summarizes the effect of DNMT3a 

silencing and FN infection on HCT116 and CCD-112 cell lines. Of note, the downregulation of SEPT9 

mRNA and protein expression in HCT116 after DNMT3a silencing is in contrast with observations in liver 

fibrotic cells, suggesting the multiple and complex roles of DNMT3a across different tissues. While 

DNMT3a and SEPT9 mRNA was upregulated in both CRC and normal cell lines after FN infection, the 

protein expressions were downregulated. This suggest that DNMT3a and SEPT9 may have antimicrobial 

properties that are detrimental to FN, and is thus downregulated by FN, possibly through post-translational 

modification or miRNAs to improve survival. The antimicrobial properties of DNMT3a and SEPT9, and 

the possibility of post-translational modification or miRNAs involvement warrant future studies.  
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6.1 Future directions  

Our study has provided insight into the relationship between FN, DNMT3a, and SEPT9 

in CRC. Furthermore, it has raised several additional research questions worthy of further 

exploration. This section will address the limitations previously described in section 5 

and explore future directions that are built upon our current findings.  

Firstly, FN and mSEPT9 association studies should be conducted in several centres in 

Malaysia. Different socioeconomic populations should be evaluated independently, then 

pooled together for a comprehensive overview. For example, association studies should 

be carried out in private hospitals, non-government organizations, and government 

hospitals. Then, the states in which the studies are carried out should also be segregated 

accordingly as different states have different culture and socioeconomic status. Individual 

studies with sample populations consisting of Malays, Chinese, or Indians only should be 

carried out to understand ethnic-specific risk factors. Understanding the ethnic-specific 

risk factors associated with CRC is essential for developing targeted prevention and 

intervention strategies. For instance, educational campaigns and public health initiatives 

can be tailored to specific ethnic groups to promote healthy lifestyle choices and raise 

awareness about the importance of CRC screening. Furthermore, genetic research can 

help identify specific genetic variations that may be associated with an increased risk of 

CRC in certain ethnic populations. This knowledge can aid in the development of 

personalized screening and treatment approaches. 

Future studies should investigate the effect of SEPT9 silencing together with DNMT 

silencing to better understand their role and function in CRC. In addition to the 

relationship between DNMT and SEPT9, the role of DNMT and SEPT9 in cell viability, 

morphology, proliferation, attachment, and invasiveness should be investigated. The 

overexpression of DNMT and SEPT9 and its effect on the aforementioned responding 

variables will be an insightful addition. In cells infected with FN, it will be interesting to 
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see if antibiotic treatment will recover the expression of DNMT and SEPT9. This data 

may be useful for the complimentary treatment of CRC with antibiotics.  

The role of SEPT9 in antimicrobial activity is well studied in the case of L. 

monocytogenes. The formation of a cage made of Septin polymers traps L. 

monocytogenes, effectively neutralising them. We hypothesize that SEPTIN caging is one 

strategy by the cells to neutralise FN, as FN can be seen degrading SEPT9 in our in vitro 

study. One way to study the formation of SEPTIN caging around FN is by expressing 

fusion proteins such as SEPTIN9-Green Fluorescence Protein (GFP) in CRC cells. It is 

also important that these experiments be replicated in several different CRC and normal 

colon cell lines before they are being translated to in vivo studies.  

As mentioned earlier, there is evidence that F. necrophorum, a closely related bacterium 

to FN, can degrade actin during infection. It would be intriguing to explore whether FN 

possesses similar mechanisms to degrade SEPTIN9 in host cells. This could involve 

examining changes in SEPTIN9 protein levels and localization upon FN infection using 

immunoblotting, immunofluorescence, or other suitable techniques. 

For in vivo studies, FN colonization in the colon can be facilitated through the ingestion 

of FN in capsules, or via intravenous injection. Intravenous injection has been shown to 

be effective in facilitating the colonization of tumour tissue with FN, though its efficacy 

in healthy mice models is unestablished. Once the colon of the mice has been infected 

with FN, DNMT and SEPT9 knockdown and overexpression studies can be carried out 

to study its effect on the tumour and the mice as a whole. In addition, antibiotic treatment 

can be carried out to see if the mice recover from the infection and the effects from the 

infection.  
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Appendix 2: Multiple sequence alignment of three Fusobacterium nucleatum 

subspecies 

Fusobacterium nucleatum subsp. nucleatum ATCC 25586 chromosome, complete 

genome 

NusG 

NCBI Reference Sequence: NC_003454.1 
 

ATGAGTATAGAAAATGTCAGAAAATGGTTTATGATTCATACTTATTCTGGATATGAAAAAAAAGTAAAAA 

CAGACCTTGAACAAAAAATGGAAACATTGGGTTTTAAAGAAGTTGTAACTAATATATTGGTTCCAGAAGA 

AGAATTAACAGAAATTGTTAGAGGAAAGCCCAAGAAGGTCTATAGAAAGCTTTTTCCAGCATATGTTATG 

CTTGAAATGGAAGCTACAAGAGAAGAAAATGAAAATGGTATAAGTTATAAAGTAGATCCTCGTGTATGGT 

ATGAAGTTAGAAATACTAATGGGGTTACTGGATTTGTAGGAGTTGGTTCTGACCCTATTCCTATGGAAGA 

AGAAGAAGTAAAAAATATATTCAACATAATAGGTGTAAAGACACCTAAAGAAAATGTGAAAATTGACTTT 

ACTGAGGGAGATTATGTAAAAATCTTAAAAGGTTCATTTAAAGATCAAGAAGGACAAGTTGCTGAAATTG 

ATCATGAACATGGTAGAGTTAAAGTAATGGTTGATATTTTTGGAAGAATGACACCAGTTGAAATTGAAGT 

AGATGGTGTTTTGAAAGTGTAG 

 

Fusobacterium nucleatum subsp. animalis strain ChDC F332 chromosome, complete 

genome NusG 

GenBank: NPNC01000005.1 

 
ATGAGTATAGAAAATGTCAGAAAGTGGTTTATGATTCATACTTATTCTGGATATGAAAAAAAAGTAAAAA

CAGATCTTGAACAAAAAATGGAAACATTAGGTTTCAAAGAAGTTGTAACTAATATATTGGTTCCAGAAGA

AGAGTTGACG 

GAGATTGTTAGAGGGAAACCTAAAAAAGTTTATAGAAAACTTTTCCCTGCTTATGTTATGCTTGAAATGG

AAGCAACAAGAGAAGAAAACGAACAAGGTATAAGCTATAAAGTAGATCCTCGTGTATGGTATGAAGTAAG

AAATACCAAT 

GGCGTTACTGGGTTTGTAGGAGTTGGATCAGATCCTATTCCTATGGAAGAGGAAGAAGTAAAAAATATAT

TCAATATAATAGGTGTAAAGACACCTAAAGAAACTATAAAAGTTGACTTTACAGAAGGAGATTATGTAAA

AATCTTAAAA 

GGCTCATTTAAAGATCAAGAAGGACAAGTTGCTGAAATAGATCATGAACATGGTAGAGTTAAAGTAATGG

TTGATATTTTT 

 

Fusobacterium nucleatum subsp. polymorphum genome assembly NCTC10562, 

chromosome : 1 NusG 

GenBank: LN831027.1 

 
ATGAGTGTAGAAAATGTCAGAAAATGGTTTATGATTCATACTTATTCTGGATATGAAAAAAAAGTAAAAA 

CAGACCTTGAACAAAAAATGGAAACATTAGGTTTTAGAGAAGTTGTGACTAACATATTGGTTCCAGAAGA 

AGAGTTAACAGAAATTGTTAGAGGAAAGCCTAAAAAGATTTACAGAAAACTTTTCCCAGCATATGTTATG 

CTTGAAATGGAAGCTACAAGAGAAGAAAATGAACATGGTATAAGTTATAAAGTAGACCCTCGTGTATGGT 

ATGAAGTAAGAAATACCAATGGGGTTACTGGATTTGTAGGAGTTGGTTCTGATCCTATTCCTATGGAAGA 

AGAAGAAGTAAAAAATATATTCAATATAATAGGTGTAAAAACACCTAAAGAAACTATAAAAATTGACTTT 

GCTGAAGGAGATTATGTAAAAATCTTAAAGGGTTCATTCAAAGATCAAGAAGGACAAGTTGCTGAAATTG 

ATAATGAACATGGTAGAGTTAAAGTAATGGTTGATATTTTTGGAAGAATGACACCAGTTGAAATTGAAGT 

AGATGGTGTTTTGAAAGTGTAG 
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Alignment  

 

animalis         ATGAGTATAGAAAATGTCAGAAAGTGGTTTATGATTCATACTTATTCTGGATATGAAAAA 

nucleatum        ATGAGTATAGAAAATGTCAGAAAATGGTTTATGATTCATACTTATTCTGGATATGAAAAA 

polymorphum      ATGAGTGTAGAAAATGTCAGAAAATGGTTTATGATTCATACTTATTCTGGATATGAAAAA 

                 ****** **************** ************************************  

 

animalis         AAAGTAAAAACAGATCTTGAACAAAAAATGGAAACATTAGGTTTCAAAGAAGTTGTAACT 

nucleatum        AAAGTAAAAACAGACCTTGAACAAAAAATGGAAACATTGGGTTTTAAAGAAGTTGTAACT 

polymorphum      AAAGTAAAAACAGACCTTGAACAAAAAATGGAAACATTAGGTTTTAGAGAAGTTGTGACT 

                 ************** *********************** ***** * ********* ***  

 

animalis         AATATATTGGTTCCAGAAGAAGAGTTGACGGAGATTGTTAGAGGGAAACCTAAAAAAGTT 

nucleatum        AATATATTGGTTCCAGAAGAAGAATTAACAGAAATTGTTAGAGGAAAGCCCAAGAAGGTC 

polymorphum      AACATATTGGTTCCAGAAGAAGAGTTAACAGAAATTGTTAGAGGAAAGCCTAAAAAGATT 

                 ** ******************** ** ** ** *********** ** ** ** **  *  

 

animalis         TATAGAAAACTTTTCCCTGCTTATGTTATGCTTGAAATGGAAGCAACAAGAGAAGAAAAC 

nucleatum        TATAGAAAGCTTTTTCCAGCATATGTTATGCTTGAAATGGAAGCTACAAGAGAAGAAAAT 

polymorphum      TACAGAAAACTTTTCCCAGCATATGTTATGCTTGAAATGGAAGCTACAAGAGAAGAAAAT 

                 ** ***** ***** ** ** *********************** **************  

 

animalis         GAACAAGGTATAAGCTATAAAGTAGATCCTCGTGTATGGTATGAAGTAAGAAATACCAAT 

nucleatum        GAAAATGGTATAAGTTATAAAGTAGATCCTCGTGTATGGTATGAAGTTAGAAATACTAAT 

polymorphum      GAACATGGTATAAGTTATAAAGTAGACCCTCGTGTATGGTATGAAGTAAGAAATACCAAT 

                 *** * ******** *********** ******************** ******** ***  

 

animalis         GGCGTTACTGGGTTTGTAGGAGTTGGATCAGATCCTATTCCTATGGAAGAGGAAGAAGTA 

nucleatum        GGGGTTACTGGATTTGTAGGAGTTGGTTCTGACCCTATTCCTATGGAAGAAGAAGAAGTA 

polymorphum      GGGGTTACTGGATTTGTAGGAGTTGGTTCTGATCCTATTCCTATGGAAGAAGAAGAAGTA 

                 ** ******** ************** ** ** ***************** *********  

 

animalis         AAAAATATATTCAATATAATAGGTGTAAAGACACCTAAAGAAACTATAAAAGTTGACTTT 

nucleatum        AAAAATATATTCAACATAATAGGTGTAAAGACACCTAAAGAAAATGTGAAAATTGACTTT 

polymorphum      AAAAATATATTCAATATAATAGGTGTAAAAACACCTAAAGAAACTATAAAAATTGACTTT 

                 ************** ************** ************* * * *** ********  

 

animalis         ACAGAAGGAGATTATGTAAAAATCTTAAAAGGCTCATTTAAAGATCAAGAAGGACAAGTT 

nucleatum        ACTGAGGGAGATTATGTAAAAATCTTAAAAGGTTCATTTAAAGATCAAGAAGGACAAGTT 

polymorphum      GCTGAAGGAGATTATGTAAAAATCTTAAAGGGTTCATTCAAAGATCAAGAAGGACAAGTT 

                  * ** *********************** ** ***** *********************  

 

animalis         GCTGAAATAGATCATGAACATGGTAGAGTTAAAGTAATGGTTGATATTTTT ---------  

nucleatum        GCTGAAATTGATCATGAACATGGTAGAGTTAAAGTAATGGTTGATATTTTTGGAAGAATG 

polymorphum      GCTGAAATTGATAATGAACATGGTAGAGTTAAAGTAATGGTTGATATTTTTGGAAGAATG 

                 ******** *** **************************************          

 

animalis         ------------------------------------------  

nucleatum        ACACCAGTTGAAATTGAAGTAGATGGTGTTTTGAAAGTGTAG 

polymorphum      ACACCAGTTGAAATTGAAGTAGATGGTGTTTTGAAAGTGTAG 
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Appendix 3: Optimization of FN detection qPCR assay 
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Appendix 4: EZ DNA Methylation -Lightning kit technical manual (Zymo Research) 
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Appendix 5: Optimization of mSEPT9 assay 
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Appendix 6: KRAS RGQ PCR Kit, Qiagen 
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