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Abstract 
 
Estimates for 2017 indicate that 20% of cancers globally are gastrointestinal tract (GIT) cancers,  

with oesophageal cancer  being the 8th most common cancer. Oesophageal squamous cell 

carcinoma (OSCC) occurs in the upper to mid oesophagus and is present at high incidence in 

developing countries including South Africa. There are no early symptoms,  resulting  in late 

diagnosis and poor prognosis.  

In this study, tumour and blood DNA was obtained from 35 OSCC patients and subjected to whole 

genome sequencing (WGS). Bioinformatics analysis pipelines were designed to identify the 

possibility of novel viral insertions, investigating Human Endogenous Retroviruses (HERV’s) 

insertions alongside the presence of somatic mutations in patient samples. The aims being to identify 

integration of any foreign DNA , to investigate if there is any linkage between HERV insertion and 

somatic mutations, and to identify any somatic mutations of potential interest in the OSCC cohort.  

The novel virus investigations however, proved to be inconclusive and there appeared to be no link  

between HERV insertions and somatic mutations  present in the patients.  Very significantly, it was 

determined that numerous somatic mutations were present in the MUC3A gene of the patient  cohort, 

an interesting observation as no such previous association with OSCC has been recorded. MUC3A 

is a membrane-bound glycoprotein component of mucous gels and its aberrant expression has been 

correlated with invasion and metastasis in a variety of other cancers. However, due to the complexity 

of the particular gene sequence and the known inconsistencies of variant calling performed on 

complex data sets, these mutations should be viewed with extreme caution as they are likely to be 

false positives. Analysis of RNA-seq data showed a 4.6 log2 fold increase in MUC3A expression in 

the tumour samples of these OSCC patients, with a P-adjusted value of 7.05e-06, suggesting highly 

significant differential gene expression. Functional enrichment analysis further showed that MUC3A 

was significantly associated with one of the top 5 gene ontologies  (extracellular matrix structural 

constituent) for molecular function ontology class together with a number of collagen (COL) and 

MMP genes known to play a role in oncogenic progression and membrane stiffness. GSEA and 

KEGG analysis indicated predominantly chemokine/cytokine pro-inflammatory enriched pathways. 

Immunohistochemistry staining showed 10 out of 13 of the samples had no detectable levels of 

MUC3A protein, suggesting that the production of a non-functional truncated protein may lead to the 

upregulation of MUC3A expression that could possibly play a role in downstream pro-oncogenic 

signalling.  
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Chapter 1: Literature Review and Introduction 

 

1.1 The Burden of Oesophageal Cancer 

Cancer is a leading cause of death globally, and is widely regarded as a formidable barrier 

in the pursuit of increasing life expectancy in all countries of the world 1. Cancer of the 

oesophagus is one of the most frequently reported malignancies, generally described as the 

seventh most common type of cancer globally in terms of incidence, and constitutes the 

sixth leading cause of cancer-related deaths. It accounts for more than 500 000 cases of 

mortality each year, and in 2020 was responsible for one in every 18 cancer deaths 2. 

Diagnosis often only occurs during advanced stages of the disease due to a lack of early 

clinical symptoms 3. 

Oesophageal cancer comprises two distinct epidemiologically, histologically and 

pathologically diverse subtypes; oesophageal adenocarcinoma (OAC) and oesophageal 

squamous cell carcinoma (OSCC) 4–6. OAC typically occurs in the distal third of the 

oesophagus, close to the gastroesophageal junction while OSCC occurs higher up in the 

proximal two thirds of the oesophagus, originating from the squamous epithelial lining of the 

oesophagus 7–9. 

 

1.1.1 Risk Factors 

Both subtypes of oesophageal cancer are frequently preceded by chronic inflammation in 

the oesophagus, leading to the disruption of normal cell signalling and growth 10. Risk factors 

commonly associated with OSCC include heavy alcohol use, tobacco smoking, certain 

vitamin and iron deficiencies (A, C and zinc), consumption of excessively hot beverages, 

infection (such as human papillomavirus), poor oral health and low socioeconomic status 11–

14 Conversely, OAC is associated with distinctly different risk factors including Barett’s 

oesophagus, obesity and gastro-oesophageal reflux disease (GORD) 4,5,10,14.  

 

1.1.2 Development of Oesophageal Cancer 

The development and mechanism of carcinogenesis of OSCC progresses from normal 

epithelium to basal cell hyperplasia and dysplasia (low to high grade), followed by carcinoma 

in situ and then invasive OSCC involving either direct mechanical injury or exposure of the 
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oesophageal mucosa to carcinogens, or a combination of both 6,8,9. OAC development and 

progression follows from metaplastic changes in the oesophageal epithelium stemming from 

chronic GORD and progresses from normal squamous cell epithelium, to columnar 

epithelium (known as Barrett’s oesophagus), to low then high grade dysplasia and in due 

course, invasive adenocarcinoma 6. Biologically, OSCC is reported to closely resemble head 

and neck squamous cell carcinomas, sharing many of the distinguishing characteristics. 

OAC on the other hand more closely resembles chromosomally unstable gastric 

adenocarcinoma 6,9. 

 

1.1.3 Incidence 

The two types of oesophageal cancer  OAC and OSCC vary  geographically and between 

populations, with OSCC  being the most common subtype present in a high incidence belt 

prevalent in developing countries of Eastern Asia, and Eastern and Southern Africa. 

Approximately 90% of oesophageal cancer patients in these regions present with OSCC 

2,4,5,10. Globally, approximately 87% of all oesophageal cancers are defined as OSCC, while 

OAC constitutes only 11% of cases 15. However, over the past four decades, the incidence 

of OSCC has been on the decrease, while OAC incidence, primarily observed in developed 

western countries such as North America, Europe and Australia,  has been rising sharply 

and is expected to  sustain this trend 5,15. In Africa however, incidence rates of OSCC appear 

to be increasing with some of the highest incidence rates globally reported in East Africa 16. 

Ferlay et al reported that globally, we can expect to see a 35% increase in all oesophageal 

cancers  between 2018 and 2030, with an accompanied increase in number of deaths during 

the same time 17.  

As with other digestive system cancers, a higher incidence is reported in men than in 

women, with men accounting for up to 70% of all oesophageal cancers worldwide. Men have 

a three to four times higher risk of developing OSCC than women, and seven to ten times 

higher risk of developing OAC 2,10. These increased rates in men can possibly be explained 

by a higher prevalence of abdominal obesity and GORD, along with the associations of 

higher testosterone levels where oestrogen is reported to have a protective effect in females 

18. Figure 1.1 shows a graphical representation of regional incidence rates for both men and 

women. Incidence rate for both sexes is reported to increase generally with age 

predominantly affecting individuals older than 65 years 2,10.  
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Figure 1.1: Regional-specific incidence age-standardised rate by sex for oesophageal cancer in 2020 
taken from GLOBOCAN statistics reported for 2020 2. 

 

 

1.1.4 Prognosis 

Prognosis of oesophageal cancer varies greatly between geographical regions but is 

generally considered poor due to late diagnosis, with an overall five year survival rate of 

<20% 5,6,10. OAC has typically shows a better overall median survival when compared with 

OSCC, particularly in the early stages of the disease 19,20. In 2020 it was reported that age-

standardised mortality rates for both sexes globally (per 100 000) are highest in Eastern 

Asia, Eastern African, and Southern Africa 10. This  is plausibly due to these being high 

incidence regions, as well as socio-economic factors and the majority of the affected 

populations coming from rural areas with limited access to health care systems and later 

diagnosis.  
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1.1.5 Genetics 

Analyses of comprehensive mutational changes using high throughput sequencing have 

detected widespread multiple genetic mutations, identified as driver mutations, associated 

with oesophageal cancers 21–23. OAC is commonly associated with GORD and 

complications arising therefrom. OSCC however, is thought to have a more exposure driven 

causality where direct and prolonged exposure to various carcinogenic compounds in the 

upper digestive tract (i.e. tobacco smoke, hot beverages, alcohol etc) is likely to have a 

modulatory effect on the genetic and epigenetic makeup of the exposed squamous epithelial 

cells, facilitating neoplastic transformation 24. 

Compelling evidence shows that the genomic alteration profiles of OAC and OSCC vary 

considerably 25 with genes commonly altered in OAC including ERBB2, KRAS, EGFR, 

SMAD4, FGF3/4/19, VEGFA, CCNE1 and GATA4/6 9, and in OSCC, TP53, AJUBA, 

CDKN2A, KMT2D, ZNF750, FAT1, NOTCH1, NOTCH 3, PIK3CA, NFE2L2, RB1, KDM6A, 

FBXW7, CREBBP and TGFBR2 more frequently altered 26. 

The dysregulation of TP53 and other genes is reported as a prominent characteristic of 

OSCC where changes in such genes can already be detected in precursor lesions 27.  

Somatic mutations in TP53 are present in more than 83% of OSCC patients, with the over 

expression of EGFR shown in up to 76% of cases, CCND1 in 46% of cases and CDK4/CDK6 

in 24% of cases common in OSCC, associated with poor prognosis 3,28,29. Genetic mutations 

detected in OSCC are most commonly associated with the cell cycle, DNA repair 

mechanisms, growth factor signalling and apoptosis 30. Mutations in cell cycle control genes 

(CKN2A, RB1, NFE2L2, CHEK1 and CHEK2), and in genes affecting differentiation 

(NOTCH1 and NOTCH3) have been associated with 2-10% of OSCC cases21,22,29.  

Conversely, the amplification of CCNE1 and Cyclin E, along with mutations in MGST1 have 

been implicated in the development of OAC 3. Xie et al suggested that identifying genetic 

variants influencing the risks of oesophageal cancer might provide a better understanding 

of the biology of the disease and how these genetic changes interact with environmental 

factors in the aetiology of the disease, especially OSCC, and may also assist in risk 

stratification for future tailored and targeted prevention of this cancer 14. 

The vast and significant clinical, histological and etiological differences between OSCC and 

OAC give rise to major variances in incidence and characteristics further dependent on 

geographical and socioeconomic factors, making full understanding and prevention of 
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oesophageal cancer very difficult 10. Table 1.1 shows the defining differences between 

OSCC and OAC.  

Furthermore, studies predominantly focusing on a Kenyan population have also 

demonstrated the importance and contribution of genetic factors to the development and 

progression of OSCC, and assisting in the predisposition of individuals with a family history 

to oesophageal cancer 31. Kenya, like South Africa, is an area of very high risk for OSCC.  

 

Table 1.1: Key differences between OSCC and OAC as adapted from Smyth et al. (2017) 6 

Differences OSCC OAC 

Geographical 
Distribution 

Most common in East Asia, 
Eastern and Southern Africa 

Most common in developed regions 
in western Europe, North America and 
Australia 

Main Risk Factors Tobacco smoking, alcohol use, thermal 
injury and regional micronutrient 
deficiency 

Acid or bile reflux, Barrett's oesophagus, 
and central or visceral obesity 

Tumour Location Throughout the oesophagus, more 
common 
in the upper and middle third.  

More common in the distal oesophagus. 

Frequent 
comorbidities 

Liver cirrhosis, chronic obstructive 
pulmonary disease, synchronous and 
metachronous cancer of the aero-
digestive tract, and atherosclerosis 

Obesity and atherosclerosis 

Diagnosis and 
symptoms 

Late diagnosis with no early warning 
symptoms 

Early diagnosis. GORD and Barrett’s 
oesophagus 

Curative treatment Definitive chemoradiotherapy, or 
chemoradiotherapy followed by surgery 

Neoadjuvant or perioperative 
chemotherapy followed by surgery, or 
neoadjuvant chemoradiotherapy followed 
by surgery 

Palliative treatment Chemotherapy, radiotherapy or stenting Chemotherapy (plus trastuzumab if 
HER2-positive 
radiotherapy or stenting 

 

1.1.6 Incidence and Risk in South Africa 

Recorded Incidences of oesophageal cancer weren’t always high in South Africa, and it was 

only in the later decades of the 1900’s into the 2000’s where a rapid rise in the number of 

diagnosed cases was detected and reported 32,33. However, this does not take into account 

that these statistics reflect an era where access to sufficient health care for black South 

Africans, particularly in rural areas, was severely lacking which could have skewed the 

statistics. Oesophageal cancer has become the third most commonly diagnosed cancer 
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among Black South African’s and is further reported as the fourth highest cause of death in 

males of a mixed-race population 34. As with the incidence trends reported for other high 

incidence regions, rates in South Africa increase noticeably with age, specifically between 

the ages of 60 and 70 years 35. The former Transkei region in the Eastern Cape Province is 

largely considered as the most affected area in the country and continually rising rates over 

the past recent decades is largely due to changes in environmental factors as well as 

possibly increased exposure to carcinogens 36,37. 

The two biggest contributing risk factors in the development of this cancer  are in keeping 

with the rest of the high incidence belt, being high tobacco usage and high alcohol intake 

38,39. However, there are other contributing factors that are more unique to the South African 

population and these include the exposure to environmental smoke from extensive utilisation 

of wood and charcoal for cooking and heating 40,41, the use of wild herbs such as Solanum 

nigrum, increased incidence of human papilloma virus (HPV) infection 36,42, and the high 

consumption of home-made beer brewed with maize instead of sorghum, frequently found 

to be contaminated with fungal mycotoxins 38. These factors combined with the now frequent 

adoption of a more western diet including fats and animal proteins, are seen as important 

risk factors for oesophageal cancer. Analyses of populations in the Transkei and the Kwa-

Zulu Natal Province have further indicated that poorer people are at a higher risk due to their 

nutritionally deficient diets and fungal contamination of staple maize and traditionally cooked 

wild plants, combined with high volumes of alcohol and tobacco use 36,37,43.  

 

1.2 Viruses at Large 

1.2.1 Viruses and Integration 

Viruses are the most numerous and most diverse organisms on modern earth, evoking a 

profound influence on the evolution of life 44–46. Fossil and genomic data demonstrates the 

presence of common viral genes in the genomes of organism known to have diverged tens 

of millions of years ago, together with common antiviral genes strongly indicate that specific 

viruses and viral defences are millions of years old 47,48.  

Viral particles consistently outnumber other organisms by one to two orders of magnitude in 

marine, soil and animal-associated environments 49, and approximately 1030 viruses are 

found in oceans alone, with an abundance that exceeds that of archaea and bacteria by at 

least 15-fold 50. It is often postulated that evolution of life would not have been possible 

without viruses 51, and two driving mechanisms of evolution occurred through the provision 
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of strong selective pressure for resistance to viral infection, alongside the movement of 

exogenous genetic materials into cells 46. Exceptionally strong evolutionary pressure is 

derived through the evolution of host resistance to viral infections resulting in host death, 

and since viruses need hosts for replication, there also exists very strong evolutionary 

pressure for viruses to overcome host cell defences 46,52.  

Accordingly, humans, like all other organisms on earth, are constantly bombarded with 

viruses leading to numerous disease states 53. At least 30 families of viruses have been 

identified to be infectious to humans and other mammals. These require the manufacture of 

progeny virions within a host cell to facilitate horizontal viral transmission with subsequent 

attachment and disassembly in a host for the next infectious cycle 54. Many viruses have the 

ability to integrate their DNA into the genetic material of their host species 55, and a vast 

degree of invasion of the human genome by RNA and DNA viral sequences are reported to 

have become integrated into the vertebrate genome. It is speculated that viral DNA could 

account for between 8% and 40% of the human genome, and may have the potential to 

trigger tumorigenesis 53,56,57.  

In a review by Feschotte and Gilbert (2012)57, it was reported that recent studies have 

suggested that all major types of eukaryotic viruses can be integrated, leading to vertical 

transmission and potential fixation within a host population. Furthermore, it has been 

reported that viruses are likely largely responsible for the generation of much of the variation 

driving evolution and the selection of new traits, including gene duplication, exon shuffling 

and the diversification of non-coding regulatory elements 58.  

 

1.2.2 Viral Modification of Host Genomes 

Described as arduous pathogens, viruses present a unique challenge to host recognition 

systems 58. Because all organisms are susceptible to infection by viruses, all organisms 

therefore have dedicated detection and prevention systems against nucleic acid parasitism 

with varying responses dictated by the needs of the organism 58,59. The detection of viral 

genomes composed of nucleic acids has been favoured through the evolution of host cell 

receptors designated for this purpose 60,61.   

Viruses frequently promote a parasitic and destructive lifestyle. This perpetual conflict with 

host cells allows for hijacking and manipulation of the host machinery through the continuous 

selection of genetic adaptations within the virus. Furthermore, antiviral immune defences of 

the host are often counteracted favouring the expression of viral genes57,58. A review by 
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Rapicetta et al (2002) echoed this observation, stating that multiple viral mechanisms and 

viral proteins profoundly impact infected host cells and their immune responses to ensure 

successful viral infection62. Conversely, recent discoveries have shown a more symbiotic 

coexistence of some (if not most) viruses with their hosts (discussed in reviews  63–65). In 

fact, host-virus interactions can range from parasitism to clear mutualism 66 where viral 

infection is shown to benefit hosts,  mostly through the contribution of genes allowing for 

survival under otherwise detrimental conditions (reviewed in 63,67). Upon infection, genes 

specific for viral replication are expressed, but, frequently viral genomes also encode genes 

whose products lead to the alteration of host metabolism allowing hosts to adapt to new 

environments 46. 

 

1.2.3 Viruses in Cancer  

 1.2.3.1 Human Oncogenic Viruses 

Cancers, including those of the gastrointestinal tract (GIT) result from intricate interactions 

between environmental factors and host genetic factors in response to chronic inflammation 

by cigarette smoke, alcohol, ultra-violet light, asbestos and x-rays 68,69. Several viruses have 

also been reported as playing a significant role in the multistage development of human 

cancers, evoking such responses through the expression of certain proteins, nuclear 

antigens and RNA’s to manipulate host immune responses and promoting chronic 

inflammation 70,71. In fact, reports suggest that 15-20% of all cancers are associated with 

viral infections 72,73. Oncogenic viruses can contribute to different steps in the process of 

carcinogenesis, and the association and involvement of certain viruses in different cancers 

can be anywhere between 15% and 100% 73.  

 

 1.2.3.2 Mechanisms of Viral Oncogenesis 

Over time, viruses have evolved ways to exploit and subvert their host cell machinery to 

allow for their own propagation, while at the same time, hosts have evolved mechanisms to 

allow maintenance of the integrity of their cellular environment for life-sustaining functions. 

In this way, the fate of both the host and the invading pathogen is decided by the extent to 

which either one is in control of the critical homeostatic pathways 74. It is only when 

cumulative changes or external forces causing DNA damage disrupt the fragile equilibrium, 

that the virus then shifts and drive uncontrolled cellular proliferation, accumulation of 

mutations and the evasion of antitumour immunity 74.  
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Four main mechanisms by which viruses lead to oncogenesis in humans has been 

described. For a detailed review of these mechanisms, see Krump and You, (2018) 74. The 

mechanisms and pathways are listed below in Table 1.2. 

 
Table 1.2: Mechanisms of viral oncogenesis and the signalling pathways frequently affected.  
 

1 Targeting Tumour Suppressor Pathways 

  
2 Targeting Host Signalling Pathways 

 • PI3K-AKT-mTOR pathways 

 • MAPK Signalling 

 • Notch Signalling 

 • WNT/B-catenin signalling 

 • NFKB signalling 

  
3 Exploiting Host DNA Damage Response 

  
4 Manipulation of Host immune System 

 

 

 1.2.3.3 Endogenous Retroviruses and Transposable Elements 

Some viruses not only infect host cells, but are capable of inserting their genomes into that 

of their hosts. The best-studied of these are retroviruses whose replication cycles are 

dependent on inserting their own genomes into their host’s genome. In this way, a copy of 

the virus genome is generated within the host in a form referred to as a ‘provirus’ which can 

be triggered to replicate and produce new virions 46. Through replication of proviruses, 

retroviruses are able to acquire cellular genes of the host 75.  

Over recent decades a number of viral families have been shown to transmit vertically 

through the human genome, retaining some of the hallmarks of exogenous retroviruses, as 

with the human immunodeficiency virus (HIV) and human T-cell leukaemia virus (HTLV) and 

their genomic structure. 76,77. Between 8%-9% of the modern human genome is made up of 

retroviruses that became integrated through exogenous retroviral infection over the course 

of millions of years, becoming stable and part of what is now our inherited genetic material 

78–81. These are referred to as Human endogenous retroviruses (HERV’s) that are not 

infectious but over the course of time have been subjected to repeated amplification and 

transposition events that have led to the presence of multiple copies of proviruses within the 

DNA 54. As HERV’s have been present in our genomes for around 30 million years, it is 

plausible that some transposition events have modified and modulated host gene 

expression, conferring a selective advantage to the host. However, the potential for negative 
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impact does exist as the opportunity for mutation accompanies transposition, playing a 

possible role in cancer development 82,83.  

Transposable elements (TE) are frequently described as discrete DNA sequences that 

maintain the ability to translocate within the human genome from one position to another, 

leading to the development of interspersed repeats 84–86. Classification of these TE’s is 

dependent on their ability to encode genes for transposition, and can either be autonomous, 

such as Long Interspersed Nuclear Elements (LINE’s), or non-autonomous, such as Short 

interspersed Nuclear Elements (SINE’s). LINE’s  effectively encode all sequences that move 

in the genome, while SINE’s are more structurally deficient and dependent on LINE’s for 

movement. SINE’s are reported to have evolved independently to LINE’s, but in parallel, 

with the most common SINE family being Alu elements. There also exist some TE’s where 

the distinction between autonomous and non-autonomous remains unclear, such as 

HERV’s. These however, have been particularly well characterised and it is commonly 

believed that their integration leads to phenotypic alterations in the human genome. Thus 

variations arising in host genomes can often be attributed to these potent, broad-spectrum 

mutator elements 84. 

Over time, the accumulation of multiple mutations acquired in these viral elements (including 

deletions, insertions, truncations and frameshifts) has led to the assumption that they are 

commonly inactive and unable to replicate 87,88. However, studies in live patients rather than 

immortalised cell lines have suggested that some HERV’s may in actual fact still have open 

reading frames (ORF) with a potential for protein expression and capabilities for replication 

in modern humans 79,89,90. These include the HERV-K family viruses, reportedly some of the 

most recently biologically active retroviral elements in the human genome with the least 

number of mutations with the ability to encode functional retroviral proteins, producing 

retrovirus-like particles 88,91,92. Findings have further suggested a significant evolutionary 

role as well as potential roles in various diseases 79,93,94. 

HERV’s are classified into 22 independently acquired families, some of which (such as 

HERV-K) are associated with the development autoimmune diseases or a number of 

different cancers 95, such as breast cancer 96, lung cancer 97, prostate cancer 98, 

hepatocellular carcinoma 99, melanomas 100, germ cell tumour 101, leukaemia 102, and 

lymphoma 103. The disruption of host gene regulation through hijacking and manipulation by 

these retroviral elements can influence the expression of the hosts own genes, posing a 

long-lasting burden on the genome 57, while it is speculated that HERV’s might transform 

benign cells and  induce cancer though several mechanisms including:  
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(1) Hypermethylation leading to the activation of HERV sequences 

(2) expression of HERV-encoded oncogenes Rec and NP9 which interact with transcriptions 

factors and activate immune-suppressor pathways 

(3) mutational insertions causing the inactivation of tumour suppressor genes 

(4) homologous recombination 

(5) recruitment of transcription factors, oncogenes or growth factors via LTR’s for retroviral 

gene transcription 

(6) the induction of syncytial formation by Env protein aiding in the propagation and 

progression of cancer cells 95.  

The discovery of significantly elevated expression of HERV elements in cancer cells has 

driven research to  investigate using HERVs as biomarkers for malignant transformation, 

staging and prognosis of cancers 104–106. However, even though many studies have 

demonstrated the expression of HERV in multiple cancer tissues, the exact causal role in 

cancer development remains controversial 95. Several factors have been proposed to trigger 

HERV protein expression in cancer, and these include UV radiation, oestrogen hormone, 

and smoking, while the intrinsic activation of the MAPK and p16INK4A-CDK4 pathways lead 

to HERV expression in melanoma 107. It has also been reported that the transposable ability 

of HERV elements might influence tumorigenesis due to retroviral movement causing 

disruption and instability of the host genome 108. 

The HERV-K family is the most recently acquired HERV subgroup by humans and so far, 

are the only known human endogenous proviruses to have retained open reading frames 

for all viral proteins 56,95. HERV-K (HML-2) is the most studied subgroup, and the only one 

with a full length ORF 56. Moyes et al reported that HERV-K113 and HERV-K115 are far 

more prevalent in Africa than in other regions with between 30-40% frequency, and that 

racial origin is an important factor for integration 88. It was further suggested that the initial 

infection and incorporation of HERV-K113 likely occurred in Africa either during or after the 

migration of Homo sapiens north and eastward between 150 000 – 200 000 years ago 109–

111.  
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 1.2.3.4 Viruses Associated with Oesophageal Squamous Cell Carcinoma 

As discussed above, multiple risk factors have been associated with oesophageal 

malignancies, including carcinogenic pathogens such as oncogenic viruses. Such viruses 

include HPV, EBV as well as Cytomegalovirus (CMV) and Herpes Simplex Virus (HSV) 112–

114. 

Human Papilloma Virus 

HPV is a small, non-enveloped double-stranded circular DNA virus belonging to the 

Papillomaviridae family with more than 200 genotypes, classified into high risk (e.g. HPV-16 

and 18), and low risk (e.g. HPV-6 and 11) based on their propensity for carcinogenesis 115–

117. Most commonly, HPV carcinogenesis has been characterised in cervical squamous 

cancer, but some research has also shown that persistent infection with high risk HPV can 

lead to head and neck cancers and oesophageal cancer 118 as the upper gastrointestinal 

tract may be exposed to HPV through oral transmission 119.  

Some studies have suggested that the integration of HPV genomic DNA into the host 

genome could lead to the upregulation of viral oncogenes E6 and E7, facilitating the 

progression of oncogenesis 120. This is brought about by mechanisms that disrupt the 

expression of the repressor E2 gene, and promote the abnormal expression of E6 and E7 

121. HPV viral oncoprotein E6 targets p53 degradation and upregulation of telomerase 

expression leading to immortality of transformed cells, while oncoprotein E7 inhibits pRb 

suppressor protein leading to proteosome-dependent degradation 122. 

In 1982, HPV was first suggested as having an association and contributing role in OSCC 

by Syrjanen at al, when morphological similarities were observed between HVP induced 

lesions in the genital tract and OSCC 123. To date however, contention still exists over the 

exact role of HPV in the development of OSCC, if any, as no firm evidence has been 

established 124. The frequency of HPV infection in oesophageal cancer is seen to vary 

greatly between 0%-88% 125,126. However, this range may not accurately reflect the true 

situation as discrepancies in the findings are potentially due to variations in sampling 

methods, demographic and ethnic factors, anatomic sites and methods used for viral 

detection 21.  

Many studies investigating the association of HPV with OSCC, have shown that the 

occurrence of HPV in OSCC fluctuates geographically, as HPV associated OSCC rates 

were frequently found to be twice as high in the common ‘high incidence OSCC belt’ across 

Asia and Eastern and Southern Africa when compared to western countries in Europe as 
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well as America 21,119. Some studies showed the prevalence of HPV in OSCC to range from 

11.7% to 39.9% in high OSCC incidence areas, where the most common genotypes 

detected were HPV16 (11.4%), HPV18 (2.9%), and HPV6 (2.1%) 21,124. Demographic 

analysis showed that 20% of men and 18.4% of women were positive for HPV genotypes in 

oesophageal cancer 21.  

During persistent infection with high risk HPV16, increased expression of viral oncoproteins 

E6 and E7 inactivate p53 and pRB tumour-suppressor proteins respectively, interfering with 

cell cycle control and causing genome instability as with other cancers 127,128. Interestingly, 

it has been shown that in OSCC cell lines, high risk HPV18 oncoproteins do not promote 

cancer progression by the same mechanisms as seen in cervical cancer. Instead, 

oncoprotein E7 targets p130, a transcriptional regulator of cell cycle genes 129, while E6 

deregulates miR-125b microRNA tumour suppressor 130 leading to activation of the Wnt/β-

catenin signalling pathway and affecting cell migration, proliferation and apoptosis, and 

promoting the progression of cancer 131,132. 

However, the exact role of HPV in OSCC remains unclear and a point of contention among 

researchers. Continued investigations with well-designed, case controlled studies using 

optimal detection methods are required.  

 

Epstein-Barr Virus 

EBV, also known as human herpes 4, is a dsDNA virus belonging to the Herpesviridae family 

affecting approximately 90% of the global population causing mostly asymptomatic 

infections 133–135. Associated with 1.5% of all cancers globally, it is most commonly 

implicated in Burkitt’s lymphoma, Hodgkin’s disease, nasopharyngeal carcinoma, gastric 

carcinoma and leiomyosarcoma 136. Similar to HPV, the HBV detection rate in oesophageal 

cancer has varied substantially ranging from 1.8% to 35.5% in several different studies 137–

140.  

The first reports of HBV detection in OSCC showed that 8.33% oesophageal tumour 

samples and 6.25% OSCC cell lines to contain a highly conserved EBV genome 141. EBV 

DNA was then subsequently detected in 35-36% of samples in Taiwan 137 and later in 

Germany 142. A most compelling study by Wu et al (2005) further showed a positive outcome 

where 164 oesophageal cancers (151 OSCC and 13 undifferentiated) showed clear 

associations with EBV 140. 
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However, these observations are a continual point of contention among researchers as a 

number of others have found no correlation between EBV with OSCC in studies from Russia 

143, Malaysia 138, China 144, Iran 145, Greece 146 and Japan 147. Therefore, whether EBV in 

fact is associated with OSCC remains unclear. These contradictory data could be due to a 

combination of geographical, racial and differences in detection techniques, and continued 

investigations with larger cohorts from different regions is required to illuminate these 

findings and uncover correlation relationship 114,148.  

 

Cytomegalovirus and Herpes Simplex Virus 

CMV and HSV both belong to the Herpesviridae family along with EBV. CMV is reported to 

possess the largest genome of all herpes viruses, and infections are commonly acquired 

from either sexual contact during adulthood or perinatally 149. Multiple organs can be affected 

by CMV infection including the gastrointestinal tract and the oesophagus. CMV-associated 

oesophagitis was been described in oesophageal cancer patients, however, this association 

has not been thoroughly described 71,150.  

 

HSV is categorised into two types, namely HSV-1 and HSV-2. HSV-1 is primarily transmitted 

through oral contact causing herpes lesions in the head and neck region, especially in the 

oral cavity (commonly referred to as cold sores). HSV-2 is a sexually transmitted infection 

more frequently associated with genital lesions and acting as a co-factor in the development 

and progression of cervical cancer 140,151. Studies have reported a prevalence of 30% for 

HSV-associated oesophageal cancer in a high OSCC incidence region of China, where 

HSV-1 and HSV-2 DNA and protein were detected in 31.7% of well differentiated OSCC 

samples, proposing a plausible aetiological role of HSV in OSCC 151. Furthermore, it has 

also been shown that mixed herpes viruses and HPV infection are highly associated (71.4%) 

with oesophageal cancer, although the mechanism of action for promotion of tumorigenesis 

remains to be clarified 71.  

 

The aetiological role of oncogenic viruses in OSCC has remained contentious and debatable 

for many years as studies from a number of regions have reported high prevalence while 

other studies have found none. These varying observations may be dependent on 

geographical locations where countries in the high incidence areas appear to show higher 

prevalence of oncogenic viruses. Among the oncogenic viruses reported, HPV has the 
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strongest consensus of association while the implication of other viruses remain debatable 

114.  

 

1.3 Somatic Mutations in Cancer 

Somatic mutations are a set of mutations acquired throughout the lifetime of an individual, 

distinguishable from germline mutations that are inherited from parents and transmitted to 

offspring 152. They occur initially in healthy cells and most frequently do not cause alterations 

to cell behaviour 153. However, occasionally key genes become altered in a manner that 

provides a competitive advantage to the mutated cell, promoting the formation of persistent 

mutant clones and initiating the process of tumour cell transformation 154,155. For many 

decades it has widely been described that cancers are abnormal clones of cells 

characterised by and caused by abnormalities of the genome, further supported by the 

determination that agents that cause DNA damage and genetic mutations, also cause 

cancer 156. Stratton et al. has suggested that two constituent processes form the basis of 

cancer development, being the continuous acquisition of heritable genetic variation and 

mutations in individual cells, and the natural selection that acts upon the resultant diverse 

phenotypes 152. This natural selection frequently leads to the elimination of cells that have 

acquired deleterious mutations, yet in some instances may foster the progression of cells 

carrying alterations that confer the ability for more efficient and continued proliferation, and 

occasionally cells may develop the propensity for autonomous proliferation, invasion and 

metastasis 152. 

Several distinct classes of  DNA sequence changes are categorised as somatic mutations 

in the genome. These include single nucleotide polymorphisms (SNP’s), insertions or 

deletions (indels) of small or large fragments of DNA, rearrangements where DNA is broken 

and re-joined to different segments, copy number variations (CNV’s) leading to gene 

amplification or alternatively the complete absence of a DNA sequence from the genome 

152. Epigenetic changes can also lead to genomic mutations altering chromatin structure and 

gene expression, manifesting through changes in gene methylation states 152. Mutagens 

originating both internally and externally to cells continually damage and affect cells, leading 

to DNA instability. In normal, healthy cells, this damage is routinely repaired, however, some 

mutations evade the DNA repair mechanisms and become fixed in the genome 152. The rate 

of mutation increases with the exposure to exogenous factors such as carcinogens found in 

cigarette smoke, aflatoxins and ultra-violet radiation, which have all been implicated in a 

number of different cancers 157.  
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Within the distinct classes of DNA mutations mentioned above, each mutation can further 

be classified according to the tendency for carcinogenesis. Mutations that are found to 

confer a growth advantage within the cell are frequently referred to as ‘driver’ mutations, 

while those that do not confer this advantage but are present in the ancestor of the cancer 

cell, are termed ‘passenger’ mutations 152. Driver mutations reside in genes typically known 

as ‘cancer genes’ and have been positively selected for during the evolutionary process of 

the cancer development 152. It is likely that most cancer types carry multiple drivers, and on 

the basis of age-incidence statistics, it has been reported that breast, prostate, colorectal 

and other epithelial cancers require 5-7 rate-limiting events 158. Further studies by Schinzel 

and Hahn supported this claim with their experimental research showing that in normal 

primary human cells, it is necessary for at least five to six critical changes to transform them 

into cancerous cells 159.  

Recurring somatic mutations occurred in at least 350 out of the approximately 22,000 known 

protein-coding genes in the human genome with evidence that these contribute to the 

process of carcinogenesis 160. Meanwhile, mouse model studies have shown that more than 

2000 genes may have the potential to contribute to carcinogenesis if and when appropriately 

altered 161. 

While mutation patterns differ between dominant and recessive cancer genes, 

approximately 90% of the known somatic mutations occur in dominantly acting genes where 

the mutation in only one allele is sufficient to contribute to tumorigenesis. The remaining 

10% occur in recessively acting genes and require an alteration to be present in both alleles 

of the gene leading to the abolition of the function of the encoded protein 152. In each 

dominantly acting cancer gene, missense mutations, in-frame indels, gene amplifications 

and genomic rearrangements are considered to be common mutational mechanisms 

involved in activation of these genes 152. 

Among cancer genes, certain gene families, particularly the protein kinases, appear to be 

more prominently affected that others, with most cancer genes clustering on particular 

regulatory signalling pathways such as the classical MAPK-ERK pathway 162 where 

upstream mutations are detected in cell-membrane-bound receptor tyrosine kinases such 

as EGFR, ERBB2, FGFR1, FGFR2, FGFR3, PDGFRA and PDGFRB, as well as in 

downstream cytoplasmic components NF1, PTPN11, HRAS, KRAS, NRAS and BRAF 152.  
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1.3.1 Genetic Alterations in Oesophageal Squamous Cell Carcinoma 

In recent years, the focus of OSCC research in both Western countries and regions of the 

high incidence OSCC corridor (Asia, through the east and southern Africa) have shifted their 

investigations from candidate gene studies to genome-wide association studies (GWAS) 

and whole exome sequencing (WES) with the purpose of identifying genomic variants 

associated with OSCC 163. 

Multiple studies over the past decade have performed analyses of OSCC tumour-normal 

paired exomes and have collectively identified 22 driver mutations in genes commonly 

referred to as significantly mutated genes (SMG’s) 9,21–23,29,164,165. This significance is 

denoted by the functional relevance of these somatic variants166. These 22 SMG’s are 

reported in Table 1.3. 

 

Table 1.3: Significantly mutated genes detected in OSCC. Table adapted from Lin et al (2018)166. 

  

Song  
et al. 
(n = 88) 

Lin  
et al.  
(n=139) 

Gao  
et al. 
(n=113) 

Sawada 
et al. 
(n=144) 

TCGA 
(n=97) 

Prevalence 
(%) 

Additional 
Aberrations 

Validation in 
OSCC cells 

TP53 1 1 1 1 1 80.5 
 

Tumour-suppressor 
NOTCH1 1 1 1 1 1 13.2 

 
Tumour-suppressor 

NFE2L2 1 1 1 1 1 9.3 Amplification Oncogene 
KMT2D 

 
1 1 1 1 15.2 

  

CDKN2A 1 1 1 1 
 

5.8 Deletion, 
hypermethylation 

Tumour-suppressor 

ZNF750 
 

1 
 

1 1 9.0 Deletion Tumour-suppressor 
PIK3CA 1 1 

 
1 

 
8.2 Amplification Oncogene 

RB1 1 1 1 
  

4.8 Deletion Tumour-suppressor 
FAT1 

 
1 

 
1 

 
8.8 Deletion Tumour-suppressor 

EP300 
 

1 
 

1 
 

6.5 
 

Tumour-suppressor 
FBXW7 

  
1 1 

 
4.2 Deletion Tumour-suppressor 

TGFBR2 
   

1 1 3.2 
  

AJUBA 
  

1 1 
 

2.8 
 

Tumour-suppressor 
CREBBP 

   
1 

 
5.5 Loss of 

heterozygosity 

 

FAT2 
 

1 
   

5.0 
 

Tumour-suppressor 
NOTCH3 

   
1 

 
4.8 

 
Tumour-suppressor 

PTCH1 
  

1 
  

4.5 
  

KDM6A 
 

1 
   

4.2 Deletion 
 

FAM135B 1 
    

4.0 
 

Oncogene 
TET2 

   
1 

 
3.2 

 
Tumour-suppressor 

PTEN 
 

1 
   

2.2 Deletion Tumour-suppressor 
AADAM29 1         1.3     

* All genes have been reported in GWAS catalogue with detected mutations.  

OSCC shares a number of these SMG’s (such as NOTCH1 and ZNF750) exclusively with 

squamous cell carcinomas of the lung 167 and head and neck 168, closely resembling these 

cancer types and quite distinctly different from OAC which is associated with GORD. This 

observation suggests that cells sharing similar origins acquire genetic aberrations of similar 
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oncogenic potential, with similar gene expression and cell differentiation profiles. Neoplasms 

emerging from cell linages with similar development patterns are more closely alike than 

those of different lineages located within the same tissue suggesting that a lineage-specific 

mutation process likely contributes to the different subtypes of oesophageal cancer 166.  

The 22 SMG’s consistently identified across the different study cohorts have also been 

linked to the development of multiple tumour types while functional studies have confirmed 

their biological effects in OSCC, confirming their ‘driver mutation’ status 166.  Many genes 

that have previously been linked to the development of oesophageal cancer are associated 

with DNA maintenance and repair, alcohol folate and carcinogen metabolism, cell cycle 

regulation and apoptosis 169–171. As with most other cancer types, OSCC has mutations in 

the most frequently mutated driver gene, TP53 with other driver genes being less recurrent 

in OSCC 166. Thus there is growing evidence supporting the notion that genomic alterations 

and epigenetic modifications contribute to the development and progression of 

carcinogenesis 172.  

In Africa, the aetiology of OSCC still remains inadequately defined since there have been 

very few studies on OSCC in African populations. However, a systematic review of the 

genetic factors in the aetiology of OSCC identified 44 somatic changes in 22 genes in an 

African population. These included AR, CCND1, CDKN2A, COL1A2, EFGR, EP300, FAT1, 

FAT2, FAT3, FAT4, FBXW7, JAG1, KMT2C (MLL3), KMT2D (MLL2), MUC2, NFE2L2, 

NOTCH1, NOTCH3, PIK3CA, SERPINB4, TP53, and TP63, with 20 variants reported in 

South Africa, 3 variants in Kenya, and 21 variants in a Malawian population 163. When 

comparing these genes with those shown in Table 1.4, it can be seen that there is significant 

overlap with most of the genes common to both. 

The most common type of somatic variants that have been reported in OSCC are missense 

mutations that were detected in 14 out of the 22 genes (64%) 173,174. Other somatic variants 

include insertions, deletions, frameshift mutations, loss of heterozygosity (LOH), and copy 

number gains all accounting for 14% each, while copy number losses accounted for 5% 175–

177.  

While a number of genes have clearly been highlighted as playing a role in OSCC in Africa 

and other high incidence regions, there still remains the need for further large scale 

investigations  for reproducibility purposes. The identification of genetic variants and 

markers of OSCC susceptibility has very clear translational benefits especially to African 



19 
 

populations with regards to understanding and identifying disease risk and progression, and 

providing insights into potential targeted therapies and screening programs 163.  

 

1.3.2 Mucins 

Evidence in the literature suggests that mucins are also involved in the development of some 

cancers 178–184. An extensive overview of mucins, and specifically MUC3A has been included 

in this review based on the later research findings reported in this thesis.  

Mucosal surfaces commonly line body cavities in contact with the external environment. 

These include the gastrointestinal tract, the respiratory tract, reproductive tract and ocular 

surfaces, protecting them against pathogens and preventing dehydration 178,179,184. Goblet 

cells of the vascular epithelium express a class of highly glycosylated, gel-forming proteins 

called mucins that form a viscous mucus layer lubricating mucosal surfaces, maintaining 

hydration and acting as a barrier against bacteria and other pathogens 178,184. This complex 

viscoelastic mucus plays an important role in the immune response and is predominantly 

comprised of glycoproteins 185.  

Contributing to the major structural component of this mucus is the mucin family of large 

mucins encoded for by the mucin genes. Mucins are heavily glycosylated proteins frequently 

categorised into two classes depending on their structure and localisation. Seven secreted 

mucins are categorised (MUC2, MUC5AC, MUC5B, MUC6, MUC7, MUC8, and MUC19), 

while eleven membrane bound mucins have been described, also referred to as 

transmembrane mucins (MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC13, MUC15, 

MUC16, MUC17, MUC20 and MUC21) 184,186,187. Secreted mucins are reported to play a 

major role in barrier formation and surface protection against pathogens, while 

transmembrane mucins are retained within the plasma membrane and act as cell surface 

receptors  involved in various signalling pathways affecting cell growth, differentiation, cell 

proliferation and apoptosis 178,185.  

Mucin genes are translated into rod-shaped polypeptides which are then extensively 

glycosylated. The amino acid sequences of these glycoproteins are found to be considerably 

strewn with tandem repeat (TR) structures with a very high proportion of proline, threonine 

and serine residues forming what is known as the PTS domain characteristic of the mucin 

core. These TR’s are highly polymorphic in length and sequence variability, are poorly 

conserved and are repeated multiple times 181,184. TR’s may be considered as the 

informational content of mucins and thus comprise what is frequently termed the 
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mucinome188. All mucins contain PTS rich repetitive domains where extensive O-linkage 

glycosylation occurs at the threonine and serine residues, forming major binding sites for 

many bacterial adhesins and thereby functioning to stimulate the immune response. The 

carbohydrate residues on the protein structure present in a ‘bottle brush’ formation around 

the protein core 178. This structure further acts in an antimicrobial activity where bound 

pathogens are not killed but rather trapped and cleared through mucociliary transport in the 

viscoelastic mucin gel 189.  

Mucins exert an extensive range of physiological functions including protection and 

lubrication of epithelial surfaces, maintenance of epithelial integrity, cell adhesion and 

protection against foreign particles, pathogens and toxins 178. The extracellular protein 

backbone of the mucins is protected from proteolytic attack of host proteases by the 

extensive degree of glycosylation contributing to barrier function 184. Different types of 

mucins present in various locations throughout the body perform specific functions, 

maintaining homeostasis and overall cell survival 178.  

 

 1.3.2.1 Transmembrane Mucins: Structure and Function 

The transmembrane mucins are large glycoproteins of differing lengths, compositions and 

cytoplasmic signalling domains 184. They are anchored to the apical surfaces of the plasma 

membrane of epithelial cells that come into contact with external environments. Structurally, 

transmembrane mucins are receptor-like and reminiscent of classical innate immune 

receptors. They are composed of a heavily glycosylated amino terminal extracellular region 

performing a barrier function, a single membrane-spanning domain anchoring the protein to 

the membrane, and a carboxy terminal intracellular cytoplasmic tail prone to phosphorylation 

184. The extracellular domain of these mucins is mainly composed of a varying number of 

TR’s, a SEA domain (sea urchin sperm protein, enterokinase, and agrin), and an epidermal 

growth factor (EGF)-like domain 190,191.  

 

Sea Domain 

The SEA domain is a highly conserved domain of approximately 100 amino acid residues 

situated close to the luminal side of the membrane in the extracellular region of the 

glycoprotein. First identified in MUC1 as playing a role in protein glycosylation, this domain 

is autoproteolytically cleaved in the endoplasmic reticulum 192, separating the mucin into two 

subunits: a large extracellular α-chain with numerous TR’s, and a shorter β-chain containing 



21 
 

a portion of the extracellular domain, the SEA domain and EGF-like domain, the single 

transmembrane domain and the cytoplasmic tail. These subunits are non-covalently 

connected by parallel β-sheets 193. MUC1, MUC3, MUC12 and MUC17 all contain the SEA 

domain with conserved G-S[V/I]VV cleavage motifs 194. One of the functions of the SEA 

domain could be protection against mechanical force, alternatively it may be to shed the 

extracellular domain from the mucin structure to function as decoy receptors for pathogens 

195. Cells are able to sense the disruption of the SEA domain or release of the extracellular 

mucin domain, and activate signalling pathways emanating from the cytoplasmic tail 184,196.  

 

EGF-like Domain 

The extracellular domains of most transmembrane mucins contain EGF-like domains 

flanking the SEA domain (if present) that show homology to EGF and other related growth 

factors 178. The function of this domain is to interact with EGF receptors to activate receptor 

signalling as has been reported for MUC4 197–199. Through the release of the extracellular 

mucin domain, the EGF-like domain in both the α- and β-chain is free to interact with EGF 

receptors 200, and in this way the α-chain might have a biologically active role similar to that 

of cytokines, at a more distant location 181. 

 

Cytoplasmic Tail  

Cytoplasmic tails of transmembrane mucins vary greatly in length among different mucins. 

MUC1 has a long cytoplasmic tail with numerous sites for phosphorylation of tyrosine 

residues 201. Other large transmembrane mucins such as MUC3, MUC12 and MUC17 

contain PDZ binding motifs (post synaptic density protein, Drosophilia disc large tumour 

suppressor, and zonula occludens-1 protein) in their far C-terminal region that are crucial 

for the trafficking and anchoring of receptor proteins, and for interacting with the cytoskeleton 

202,203.  

These intracellular cytoplasmic mucin tails are comparably similar to classical immune 

receptors in that they link to signalling pathways within the cell. MUC1 is the most extensively 

researched transmembrane mucin with its cytoplasmic tail associated with several 

intracellular signalling pathways 184. Putative phosphorylation sites have been found on the 

cytoplasmic tails of all transmembrane mucins yet these tails are largely dissimilar in 

sequence and length and do not contain conserved domains among them. This suggests 
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that it is highly likely that a substantial degree of functional divergence is present among 

transmembrane mucins and signalling specificity between different mucins is expected 184.  

Upon binding to bacteria or pathogens this extracellular region can be shed from the 

epithelial surface, triggering the phosphorylation of the intracellular cytoplasmic tail and 

activating signalling pathways that influence the inflammatory response, cell adhesion, 

differentiation and apoptosis 178,184,185. Thus it is highly likely that transmembrane mucins act 

as signalling receptors able to activate specific signal transduction pathways involved in 

mucosal maintenance 184.  

The transmembrane mucins may play a critical role in the maintenance of cellular mucosa, 

and the high degree of glycosylation of the extracellular domain provides a barrier function 

against invading bacteria, pathogens and contaminating agents. In addition, damage to this 

barrier in turn leads to shedding of the extracellular domain with subsequent signalling 

pathway activation linked to proliferation and apoptosis. Thus it is plausible that mucins are 

able to sense both pathogenic threat as well as epithelial damage 184. 

 

 1.3.2.2 Mucins in Cancer 

To date, each specialised epithelium studied has been shown to display unique patterns of 

MUC gene expression that is frequently altered under numerous pathological conditions 

including diseases of chronic inflammation and many cancers 178,180. As mucins commonly 

function as a protective barrier to pathogens entering the epithelium, it has been suggested 

that bacteria and circulating pathogens might affect mucin expression and production 

initiating a role for potential malignancies through the control of bacteria, regulation of 

inflammation and influence on signal transduction pathway 113.  

Mucins commonly display altered expression patterns in human malignancies, both in type 

and quantity of mucin produced 181,182. This is used as a disease diagnostic marker and has 

the potential to become a target for anti-cancer therapies 204. This increased expression of 

mucins is favourable to cancer cells in a multitude of different ways through their 

characteristic patterns of glycosylation providing binding platforms for various growth factors 

and in turn promoting cell proliferation and metastasis through the downstream activation of 

pro-cancerous signalling pathways 183. The chronic inflammation present in many cancerous 

states can alter mucin expression, for example, increasing MUC2 expression in gastric 

cancers 205.  
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Glycosylation patterns and density of mucins differ quite substantially between healthy 

normal tissue and those expressed in tumour cells derived from the same tissue 206–208. 

Commonly, the differentially glycosylated mucins expressed in tumours are used as markers 

for cancer. Transmembrane mucins contribute to carcinogenesis via their glycosylated 

extracellular domain that acts to protect cells against harmful conditions, as well as through 

their intracellular domains linking to pathways that regulate cell differentiation, apoptosis and 

inflammation 184. Changes such as these may reflect the more direct role of mucins in tumour 

progression achieved for example, through their interactions with Trefoil family of receptors 

(TFF) which are known to have antiapoptotic functions 181. Similarly, the EGF-like domains 

of membrane-bound mucins are capable of interacting with the EGFR family, including the 

HER2 receptor thereby affecting cell growth, proliferation and differentiation 181,199. Shedding 

of the extracellular mucin domain releases and exposes the EGF-like motif to bind receptors, 

initiating the activation of signalling cascades like ERK1 and ERK2, enhancing proliferation 

209. Thus shedding may act as an activation signal leading to the phosphorylation and 

continuous activation of the intracellular cytoplasmic tail and subsequent activation of 

signalling pathways influencing inflammatory responses, epithelial adhesion, differentiation 

and apoptosis 184. While this functional link between shedding of the extracellular domain 

and activation of the intracellular domain has not been conclusively established, it is possible 

that transmembrane mucins are able to activate intracellular signal transduction pathways 

by acting as signalling receptors for the external environment 184. Cancer cells have been 

found to hijack and exploit this role for sustained pathway activation for survival, metastasis 

and tumour growth 178,184. Mucin extracellular domains are detected in biological fluids such 

as serum and in the lumen of the intestinal tract. Excess shedding of these domains is 

frequently observed in cases of metastatic carcinomas through continuous activation of the 

cytoplasmic tails 210. Furthermore, in cancer cells, the mucin cytoplasmic tail is frequently 

phosphorylated and can modulate immune responses such as IL-8 production and NF-KB 

pathways, as well as trafficking to the nucleus to influence transcription 184. 

 Membrane-bound mucins possess extremely long extracellular domains widely considered 

as sensors and receptors for the external environment. Because of this capacity to interact 

with pathogens and oncogenic receptors, they are frequently observed as playing a role in 

signal transduction and modulation of biological cell properties 211.   

A number of studies have investigated the relationship between mucin expression in various 

cancers, and the biological behaviour of these neoplasms 212. Differences in MUC1 and 

MUC4  expression have most commonly and most frequently been associated with 
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malignancy and have been identified as useful indicators of carcinogenesis 213–215. MUC1 

has repeatedly been found to be upregulated in tumours with a poor outcome and 

significantly lower patient survival rates 212,216–219. Alterations in the glycosylation patterns of 

mucins has been described in cancer where aberrant glycosylation results in truncated 

oligosaccharide side chains frequently observed in many adenocarcinomas 212. 

Membrane-bound mucins, in particular MUC4, are often overexpressed in numerous 

cancers, promoting tumour development and progression 181,220. This aberrant expression 

has been reported in pancreatic carcinomas, breast 209, cervical 221, head and neck 222 and 

gastrointestinal carcinomas 223, with some studies indicating that overexpression of MUC4 

in pancreatic cancer promotes tumour growth through the increase of cell proliferation and 

decrease of apoptosis 224–226  

The upregulation of MUC1 expression in tumours may contribute an anti-adhesion function 

in cancer cells, inhibiting cell-cell aggregation and prompting the dissemination of cells from 

solid tumours and promoting tumour cell metastasis 227,228. High levels of MUC1 gene 

expression have been positively correlated  with lymph node metastasis leading to poor 

patient prognosis 229  

The most common observations among mucin studies in cancer is the relationship between 

increased mucin expression and the inhibition of apoptosis in cancer cells. MUC1 and MUC4 

have been the most intensively researched mucins across a number of different cancers, 

but even mucins such as MUC2, MUC5, MUC13 and MUC16 are associated with various 

neoplasms through their effect on cell cycle regulation and decreased apoptosis 230–233.  

During pathogenic conditions, mucins that are restricted to the epithelial surfaces become 

exposed to circulation and their overexpression is frequently recognised as a potential 

biomarker for diagnosis of certain disease states 234. Mucins are overexpressed, or 

aberrantly expressed in a number of different cancers, and this overexpression is commonly 

associated with poor patient prognosis, invasion and metastasis 181. 

MUC1 and MUC4 are the most widely studied transmembrane mucins and Reynolds et al. 

(2019) have described the cell regulatory signalling pathways influenced by these mucins in 

cancer. Figure 1.2 adapted from Reynolds et al. (2019) shows an overview of the signalling 

pathways affected. MUC1 has been shown to activate JAK/STAT3 signalling in 

hepatocellular carcinoma and enhances the nuclear translocation of EGFR in cervical 

cancer. In colorectal cancer, MUC1 blocks targeting of c-Abl in the apoptotic response to 

DNA damage and in lung cancer, STAT3 has been shown to regulate the expression of 
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MUC1, driving cell survival and colony formation 235. MUC4 is reported to inhibit apoptosis 

and enhance proliferation, migration and invasion through the PI3K signalling pathway and 

in breast cancer its overexpression was shown to promote apoptosis through the 

augmentation of ErbB2 signalling 235.  

 

 

 Figure 1.2: Signalling pathways affected by A) MUC1 and B) MUC4 transmembrane mucins in 
cancer. Figure adapted from Reynolds et al. (2019) 235 

 

Aside from their involvement in different cell regulatory signalling pathways, mucins are 

capable of altering cell-cell and cell-matrix interactions 236, promoting metastasis 237, 

conferring tumour cell resistance to therapeutics 238,239, and promoting immune evasion by 

tumour cells 240. Apoptosis can be prevented through both the alteration of intracellular 

signalling as well as the formation of a physical barrier to limit chemotherapeutics reaching 

the cell 235. 

In conclusion, many mucins have a role in the development of epithelium malignancies 

through their receptor function and regulation of inflammation, yet they also have the 

potential to initiate tumorigenesis through their influence on signalling pathways controlling 

many cell proliferation and regulating cascades 113.  

 

A B 
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 1.3.2.3 Mucins in Oesophageal cancer 

Like other epithelial cancers, mucins have also been implicated in the progression of 

cancers of the oesophagus. Mucin gene expression patterns in both normal and malignant 

oesophageal tissues have been investigated and MUC1 and MUC4 are commonly 

expressed in the normal oesophageal squamous epithelium and MUC5B is expressed in the 

submucosal glands 180. In oesophageal malignancies, both MUC1 and MUC4 expression 

are upregulated, and increases in MUC4 expression have been correlated with all stages of 

squamous cell differentiation 180. Well differentiated OAC was further reported to display the 

strongest MUC expression accompanying cell differentiation from metaplastic Barrett’s 

oesophagus (specifically MUC5AC and MUC6 in this case) 180.  

In 1994, Fegelman et al. described a condition where OSCC primary tumours were found to 

contain a mucin-secreting component 241. These tumours displayed both OAC and OSCC 

components and were believed to have arisen from the submucosal salivary glands of the 

oesophagus 242. Sagara et al. (1999) demonstrated that MUC1 expression is more frequent 

and intensive in OSCC, and that expression of MUC1 was significantly more prevalent in 

advanced stage tumours and is associated with poor patient survival 212. Upregulation of 

MUC1 in OSCC also acts as an effective tumour marker for early stages of tumour growth 

since it is not expressed in normal oesophageal tissue 212,243. High expression of MUC1 is 

often observed in advanced stages of OSCC, or with lymph node metastasis further 

suggesting the correlation between MUC1 expression and tumour invasion and metastasis 

212.  

Over expression of MUC1 in cultured oesophageal cells inhibits their aggregation, possibly 

due to the large, extended and rigid structure of the glycoprotein 227. MUC1 is weakly 

expressed by normal epithelial cells of the oesophagus, and its expression dramatically 

increases when cells become malignant 244,245, particularly in OSCC 246, and the 

upregulation of MUC1 expression might play an essential role in the invasion and metastasis 

of OSCC cells, and was associated with a poor prognosis in patients 229.  

An aberrant pattern of MUC4 expression has frequently been reported 224, and this has also 

been shown to correlate with poor patient prognosis 247. In normal oesophageal epithelium, 

the transmembrane MUC4 is expressed at very low levels. In comparison, MUC4 expression 

is significantly increased in oesophageal cancers, progressively increasing from early 

metaplasia to invasive OAC 180,248. Bruyere et al. further confirmed the link between 

upregulated MUC4 expression and OAC with their data indicating a major role for MUC4 in 

epithelial tumorigenesis 249. Aberrant MUC gene expression has been closely correlated 
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with oesophageal cell differentiation, and most frequently, MUC1 and MUC4 genes have 

been associated with squamous cell differentiation 180.  

In an oesophageal meta-analysis, mucin expression was examined in Barrett’s mucosa, 

OSCC, OAC as well as low grade dysplasia (LGD) and high grade dysplasia (HGD) 250. 

MUC2, MUC3, MUC5AC and MUC6 displayed a gradient of mucin expression progressing 

from oesophageal premalignant to malignant lesions. Increasing from lower levels in LGD  

and Barrett’s mucosa, to higher levels in HGD with the highest expression detected in OAC 

250. It was suggested that the increased expression of these mucins in Barrett’s epithelium 

could prove to be early events in the development of OAC 250.  

Taking these observations into account, it is suggested that the increased expression of 

certain mucins in oesophageal cancer could serve as biomarkers for detection as well 

diagnostic indicators  

 

 1.3.2.4 MUC3A 

MUC3A is a transmembrane glycoprotein encoded by the MUC3A gene in the mucin cluster 

of chromosome 7q22, expressed in various epithelial cells 251,252. Structurally, this 

glycoprotein includes two tandem repeat domains of 375 and 17 amino acid residues 

respectively at the amino terminus of the extracellular domain, along with two cysteine-rich 

EGF-like domains flanking a SEA domain. A transmembrane domain follows with a 72 amino 

acid long cytoplasmic tail at the carboxy terminal (Figure 1.3) 252,253.The cytoplasmic tail 

contains a YVAL sequence similar to motifs recognised by SH-2 domain containing proteins 

254. This suggests that as with MUC1, MUC3A might be involved with intracellular signal 

transduction. Furthermore, the extracellular EGF-like domains have been suggested as 

playing a role in cell proliferation through protein-protein interactions and ligand binding 

251,255. Although the role of MUC3A in cancer development has not been fully elucidated, 

evidence has suggested that upregulated MUC3A expression is associated with poor 

prognosis and decreased overall survival in many tumour types 256–258. 
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Aberrant and upregulated expression of MUC3A has been implicated in a variety of different 

cancers including breast, pancreatic, gastric, colorectal, renal and prostate cancers 257–261. 

The mechanism of MUC3A upregulation remains somewhat unclear, although some reports 

have indicated that a tetrameric-branched peptide through a conserved TFLK motif and an 

hypoxic tumour microenvironment were attributed to MUC3A expression 262,263. 

Epigenetically, the expression of MUC3A is impacted by promoter hypomethylation 256, 

where MUC3A influenced cell migration and inhibited apoptosis through phosphorylation of 

tyrosine on the two EGF-like extracellular domains 264. Similar to MUC1, the SEA domain of 

MUC3A is critical for autoproteolysis, impacting cell migration and invasion through the 

phosphorylation of HER/ErbB2 affecting the PI3K-Akt signalling pathway 260,265. Additionally, 

MUC3A expression may also be regulated through PKC signalling pathways, thereby 

modulating the invasive and metastatic properties of multiple types of cancers 186. MUC3A 

promotes tumorigenesis through the activation of the NF-KB pathway, interrupting DNA 

damage repair 266. 

Patients with high MUC3A expression have a higher likelihood of developing lymph node 

metastasis and peripheral infiltration, correlated with late stage tumours and thereby 

corroborating the hypothesis that increased levels of MUC3A are linked to poor prognosis 

in cancer patients 258. MUC3A expression may have an adverse independent prognostic 

Figure 1.3: Structural components of MUC3A transmembrane 
glycoprotein, 3323 amino acids in length. Figure adapted from 
van Putten et al., 2017 184 
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factor and may play an important role in oncogenesis, particularly in metastasis, invasion 

and the progression of cancer 267.  

These observations suggests that MUC3A could act as a potential therapeutic target as 

inhibition of MUC3A may limit the rate of tumour evolvement and improve effectiveness of 

therapeutics already in practice 267. Expression of MUC3A may also be seen as promising 

tumour biomarker, especially in cancerous tissues where expression in the normal tissue 

does not occur 266,268.  

 

1.4 Bioinformatics Tools and Whole Genome Sequence Analysis 

1.4.1 Bioinformatics in Cancer Research 

Cancer is a progressive disease characterised by several genetic and epigenetic 

abnormalities and aberrations in gene expression 269–271. These alterations of the genome 

differ between cancer types and include mutations, translocations, insertions, deletions and 

replications leading to the distortion of normal gene expression and function characteristic 

of cancer phenotypes 272,273. Thus for any cancer-specific therapies to be developed and 

initiated, the exact molecular and genomic alterations must be identified in the cancer type 

of interest 274. The application of bioinformatics approaches have widely been used to 

identify indicative phenotypic profiles of numerous cancer types 272. For example, in 2007 

Kim et al. was able to produce a list of differentially expressed genes in lung cancer through 

bioinformatics analysis of data 275. An increasing body of evidence suggests that the 

interactions and networks between genes and proteins plays a pivotal role elucidating 

cancer mechanisms, thus it has become necessary to integrate systems biology, clinical 

science, omics technologies and computational science to improve research outcomes and 

understandings, essentially leading to improved diagnoses and targeted therapies 276. 

Bioinformatics methods include high-throughput analyses comprised of mathematical and 

computational systems to facilitate the deciphering of oncogenic genomic data 277–279.  

Designed with the intention to integrate data and results from multiple applications, 

bioinformatics platforms such as the open source development software Bioconductor 280, 

were developed specifically to address numerous biological questions at the intersection of 

genomics, genetics, proteomics and biomarker screening in cancer studies, while also 

providing comprehensive statistical analysis, data mining and visualisation tools 272. With 

the development of technologies for large scale data generation and analysis, the 

approaches to cancer research are rapidly and continually changing 281. The use of 
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genomics, transcriptomics and proteomics tools within bioinformatics pipelines has allowed 

for many new hypotheses to be tested and has prompted the rapid advancements in cancer 

research 282. Large scale analyses has seen the proliferation of the number of genetic 

variants known to be associated with tumorigenic risk and cancer progression 272. Mapping 

of amplicons associated with regions of high copy number is another common method used 

for searching for new oncogenes or for determining which known oncogenes contribute to a 

specific type of cancer 273. In this way, bioinformatics approaches have enabled the 

identification of these oncogenic amplicons  in several tumours 283. 

With the completion of the sequencing of the human genome and the availability of pair-

wise alignment programs such as the Basic Local Alignment Search Tool (Blast)284, the 

identification of homologous sequences of known cancer genes has become increasingly 

relevant in cancer studies 273. Implementing bioinformatics methods to exploit high 

throughput genomic data sources such as gene expression assays and mutational studies 

allows for an efficient and powerful approach for downstream analysis 273. Target candidates 

can therefore be defined through gene clusters and desirable expression characteristics 

when comparing tumour and matched normal cells 273.  

The most straightforward inference of differential gene expression can be deduced from a 

fold-change measurement where interesting gene clusters would exhibit a high fold-change 

ratio between tumour and normal cells. Although care should be taken to note that fold-

change does not take into account measurement noise or sample heterogeneity, it has 

become commonplace to include as many tumour samples in an analysis as possible to 

allow statistical methods such as ANOVA and t-tests to be used on a gene-by-gene basis, 

assigning statistical significance where appropriate 273.  

Bioinformatics tools are also widely used to identify, detect and validate cancer biomarkers 

associated with different stages of tumour development including initiation, progression and 

advanced stage diagnosis 272. Alterations of biomarkers can be monitored and evaluated 

throughout the different cancer stages 276. It has been suggested that genes with similar 

expression patterns are likely to share related functions 285. Identification of new genes with 

similar expression profiles to tumour markers can be carried out by comparing expression 

patterns in a pair-wise fashion using appropriate distance metrics, such as Pearson’s 

correlation coefficient and selecting the highest ranking observations 273.  

As cancer is largely a genetic disease of altered gene expression patterns, genome 

instability and somatic mutations, it leaves a trail of genetic markers accompanying 
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tumorigenesis and cancer progression that can be used to discriminate cancer cells from 

normal ones. Such distinctions can aid in the identification and detection of bioinformatics 

strategies to develop strategies targeting cancer cells 272,273. In this context, bioinformatics 

is an enabling and essential tool for the identification if biological markers and is continually 

evolving to enable the identification of influencers of cancer signalling pathways furthering 

our comprehension of the process of tumour development 272,273. 

The applicability, specificity and integration of bioinformatics methodologies software and 

computational tools are continually being developed, refined and applied to exploit large 

datasets of genomic information 273,276. The exploration of molecular mechanisms of cancer 

along with the identification and validation of novel cancer biomarkers is of growing 

importance, and the classical statistical and bioinformatics techniques for analysis form an 

indispensable ‘backbone’ for computational cancer research 286. Furthermore, the 

identification of potential genes and proteins of interest in cancer signalling pathways is 

critical in the development of more effective cancer therapeutics and strategies 272.  

 

1.4.2 Next Generation Sequencing (NGS) Technologies 

WGS provides a comprehensive collection of genomic variants and is now becoming one of 

the most widely used sequencing applications, providing massive quantities of genome 

sequences in comparison to previous sequencing methods 287,288. The most comprehensive 

assemblies of NGS are commonly derived when paired-end reads are used due to the very 

repetitive content of the human genome sequence 288. Currently, most human genome 

sequencing efforts rely on a reference based assembly method where DNA fragments 

(reads) are mapped to the reference genome through the use of a multitude of specific 

alignment tools to build a consensus sequence similar to that of the reference 289–292. The 

quality of the resulting genome assembly is of utmost importance for subsequent analyses 

of sequence variations, thus in addition to the specialised toolsets, additional parameters 

are necessary to evaluate quality, including Mate-pair information, unassembled reads, and 

read coverage 288. 

The many NGS applications are immediately relevant in multiple fields, especially the 

medical field and cancer genomics. These methods frequently facilitate the discovery of 

genomic mutations and enhance the quantification of gene expression and discovery of 

regulatory RNA regularly classified in cancer 293. When analysing WGS through 

bioinformatics pipelines, researchers can expect to discover molecular biomarkers and 
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genomic variants that can lead to the development of targeted therapies, acceleration of 

precision medicine and advancements in predicting, diagnosis and treating different 

diseases 287,294.  

 

1.5 Introduction to the Project 

This study  analyses the Whole Genome Sequence (WGS) data obtained  from 35 paired 

tumour-normal oesophageal squamous cell carcinoma patients  in South Africa.  

Despite the fact that several viruses and endogenous retroviruses have been shown to be 

present in the human genome, not much is known about their origins, their stability, their 

effect on normal gene function, or their role in disease initiation and progression. However, 

tentative evidence exists for  a possible viral aetiology in oesophageal cancer. In this study, 

we investigated whether there exist any links between viral integration and cancer, initially 

making use of oesophageal cancer as a model for this investigation. We aimed to establish 

a catalogue of integrated non-human DNA sequences in the human genome, and to gain a 

better understanding of these viruses and their effects in tumorigenesis. 

 

1.5.1 Aims and Objectives 

The aims of the study were to: 

1. Investigate the presence of novel viral insertions in the patient cohort 

2. Investigate the locations and translocations of Human Endogenous Retroviruses, and 

to identify any links that might exist between their insertion and somatic mutations. 

3. Investigate the presence of high impact somatic mutations in the cohort and identify 

possible genes of interest. 

4. Use the analysis of RNA-sequence data to confirm the findings from (3) above.  

 

These aims were achieved through bioinformatics analysis of WGS and RNA-sequence data 

combined with wet lab confirmation experiments. 

While the novel viral insertion investigations were inconclusive, it was found that HERV’s 

were not linked to somatic mutations in this patient cohort. In the investigations examining 

high impact somatic mutations, numerous mutations in the mucin gene, MUC3A were 

detected, however, these mutations are likely false positives. These findings were further 
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explored through RNA-sequence analysis for differential gene expression as well as 

functional enrichment analysis and immunohistochemistry. Thus the main focus of the study 

shifted heavily to explore the involvement of MUC3A in the OSCC samples investigated in 

this study, but there is still no definite consensus on these findings as they could not be 

confirmed in laboratory experiments.  
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Chapter 2: Laboratory Methods and Materials 

 

2.1 MATERIALS 

2.1.1 Sample Collection and DNA Sequencing 

2.1.1.1 Sample Cohort 

Patient recruitment has been ongoing since 2000 as part of a larger Oesophageal 

Squamous Cell Carcinoma (OSCC) research endeavour. For this doctoral study, patients 

presenting with histologically confirmed OSCC were recruited through informed consent at 

Groote Schuur Hospital in Cape Town and Charlotte Maxeke Hospital in Johannesburg, 

South Africa. Tumour biopsies with matched normal and blood samples were collected from 

patients by a registered nurse and samples were transported back to the laboratories at the 

University of Cape Town (UCT) and the University of the Witwatersrand (WITS) respectively, 

for processing and storage.  Since there are no early symptoms, all patients presented with 

advanced stage 4 cancer, typically with lymph node metastases. No early stage cancers 

were present in the recruited patients.  

The inclusion and exclusion criteria applied for patient recruitment were as follows: 

Inclusion Criteria: 

- All Patients with histologically confirmed OSSC  

- All patients with histologically diagnosed oesophageal cancer 

Exclusion Criteria: 

- Patients who had received any form of radio or chemotherapy 

- Patients who were too ill to go through the procedure 

 

Once patient biopsies and blood samples had been processed, extracted DNA was 

subjected to Whole Genome Sequencing (WGS). Prior to the onset of this particular study, 

WGS was carried out on five tumour-normal pairs from Groote Schuur Hospital, at the New 

York Genome Centre in New York, United States of America. Of these five pairs, two were 

found to be cross contaminated but three were used in an exploratory pilot bioinformatics 

analysis for the investigation of viral integration using the facilities and expertise at the 

Centre for Proteomic and Genomic Research (CPGR) in Cape Town, South Africa.  
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The main sample cohort for this study comprised of a further thirty-five tumour-normal pairs 

which were subjected to WGS at the Wellcome Sanger Institute in Cambridge in the United 

Kingdom, a major global centre for high throughput sequencing. The total patient cohort of 

thirty-five patients comprised of twenty females and fifteen males with a mean patient age 

of 62 years for females and 54 years for males (Table 2.1). Twenty-one of the thirty-five 

patients were recruited at UCT/Groote Schuur, with the remaining 14 recruited from 

WITS/Charlotte Maxeke hospital. A breakdown of the individual patients’ age, gender, % 

tumour cells, sequencing coverage and sequencing duplication factor is shown in Table 2.2.  

The entire patient cohort was made up of South African patients seeking medical care at the 

two government hospitals mentioned above.  

Table 2.1: Number of patients and mean age per gender of the main 35-patient cohort subjected to 
WGS by the Wellcome Sanger Institute  

  
Number 
of Patients Mean Age 

Male  15 54 

Female 20 62 

 

 

Table 2.2: Patient cohort age and gender, where F represents females and M represents males. 
Pilot UCT patients were sequenced  at the New York Genome Centre, while WGS of the remaining 
patients making up the main patient cohort of the study, were sequenced at the Wellcome Sanger 
Institute, UK. Histological testing was performed on these main thirty-five patient DNA samples and 
the % tumour cells in the biopsy is indicated. WGS coverage for each tumour and normal sample is 
shown, as well as the duplication factor for samples in the main patient cohort. Duplication factor 
represents the fraction of mapped reads where any two reads share the same 5’ and 3’ co-ordinates.  

 

Pilot UCT Patients  
Patient 
Number Age Sex 

Coverage 
T/N 

OC547 30 F 80x/40x 
OC569 79 F 80x/40x 

OC607 48 F 80x/40x 

 

UCT 
Patients      

 WITS 
Patients      

Patient 
Number Age Sex 

% 
Tumour 

Cells 

WGS 
Coverage 

T/N 

Duplication 
Factor  

T/N 
Patient 
Number Age Sex 

% 
Tumour 

Cells 

WGS 
Coverage 

T/N 

Duplication 
Factor  

T/N 

PD39445 57 F n.d. 42.64/55.65 0.09/0.08 PD44691 70 F 39 33.77/41.83 0.06/0.08 

PD39446 45 M n.d. 42.42/51.14 0.09/0.07 PD44692 54 M 47 31.48/39.89 0.06/0.08 

PD39447 41 M 28 50.64/49.49 0.14/0.07 PD44693 59 M 54 42.6/38.02 0.07/0.08 

PD39448 52 M 44 46.73/48.17 0.14/0.07 PD44694 54 F 21 40.01/38.1 0.07/0.08 

PD39449 79 F 57 47.33/50.99 0.13/0.07 PD44695 63 F 64 41.5/42.37 0.07/0.09 

PD39450 50 F 64 51.99/46.1 0.14/0.07 PD44696 54 F 69 34.86/39.44 0.06/0.08 

PD39451 71 M 47 55.27/47.23 0.14/0.11 PD44697 38 M 29 36.02/37.06 0.07/0.07 

PD39452 53 F 64 53.17/49.06 0.14/0.11 PD44698 45 F 70 38.59/37.61 0.07/0.08 
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PD39453 37 M 22 51.67/43.32 0.16/0.11 PD44699 81 F 61 34.13/42.24 0.07/0.09 

PD39454 67 F n.d. 51.68/51.82 0.16/0.11 PD44700 71 F 43 34.85/35.76 0.06/0.07 

PD39455 48 F 91 47.11/53.46 0.16/0.12 PD44701 69 F 13 35.49/36.71 0.06/0.07 

PD39456 41 M 51 50.71/45.18 0.17/0.11 PD44702 65 F 46 36.33/40.62 0.06/0.07 

PD39457 57 M 62 48.83/45.3 0.16/0.08 PD44703 78 M 38 37.12/36.23 0.06/0.07 

PD39458 60 F 30 48.58/44.17 0.17/0.08 PD44704 56 M 30 34.21/39.34 0.06/0.07 

PD39459 64 F 22 62.77/51.09 0.12/0.09      
  

PD39460 56 M 66 48.05/47.45 0.10/0.09      
  

PD50649 66 F 55 34.13/31.14 0.10/0.09      
  

PD50650 60 F 22 37.02/37.83 0.09/0.09      
  

PD50651 70 M 56 34.68/40.05 0.09/0.09      
  

PD50653 57 F 48 29.09/33.14 0.09/0.09      
  

PD51372 60 M 27 36.73/32.16 0.09/0.08  *n.d. = not determined 

 

 

2.1.1.2 Ethics and Consent 

Ethical approval for the project was obtained from the UCT/Groote Schuur Hospital Human 

Research Ethics Committee (Ethics number: 040/2005), and any publications derived from 

this study will not divulge the identity of the participants. Only a limited set of researchers 

have access to patient information which is kept confidential and password protected.  

 

2.1.2 Cell lines 

Seven OSCC cell lines were used in this study. WHCO 1, WHCO5 and WHCO 6 cells lines 

were originally established in South Africa from surgical biopsies of primary OSCC 295, while 

the KYSE 30, Kyse 150, KYSE 180 and KYSE 450 cell lines were Japanese derived 296. 

The non-cancerous oesophageal cell line EPC2 a telomerase-immortalised epithelial cell 

line 297 was used as a control cell line.  

 

2.1.3 PCR Primers 

All primers used in Polymerase Chain Reactions (PCR) were purchased with standard 

desalting from Whitehead Scientific (Pty) Ltd (WhiteSci, Cape Town, South Africa). Primers 

were prepared as 100 µM stocks and frozen at -20ºC. 10 µM Working solutions of these 

stocks were used in PCR experiments. 
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2.1.4 PCR Reagents 

PCR reaction reagents were purchased from Roche ( Mannheim, Germany) (Table 2.3) and 

used as per the manufacturer’s instructions. 

Table 2.3: Reagents used in PCR reactions 

 

 

 

 

 

2.2 METHODS 

2.2.1 Extraction of Genomic DNA and RNA 

2.2.1.1 Processing of Patient Blood 

Blood were collected in EDTA tubes  and centrifuged at 2000xg for 10 minutes to separate 

the  blood into three layers. The upper clear-to-pale-yellow plasma layer was aspirated using 

a disposable transfer pipette, and stored in clearly labelled 1.5 ml aliquots at -80°C. The 

middle grey-white buffy coat interphase layer was removed using a transfer pipette and 

transferred to a clearly labelled 1.5 ml cryovial for storage, also at -80°C. Finally, the dark-

red bottom layer was removed and aliquoted into 3-4 cryotubes for storage at -80°C.  

 

2.2.1.2 Extraction of Genomic DNA from Blood 

Tubes containing buffy coat were removed from -80°C storage and thawed at room 

temperature. Once thawed, the buffy coat was transferred to a sterile 50 ml centrifuge tube, 

diluted with 2 volumes of 1x PBS and mixed by inverting the tubes, followed by centrifugation 

at 3000xg for 15 minutes. The resulting pellet was resuspended in 25 ml of Sucrose Triton 

X -100 Lysing Buffer and vortexed to mix thoroughly. Tubes were then placed on ice for 5 

minutes, followed by centrifugation for 5 minutes at 3000xg at 4°C. The supernatant was 

removed and the pellet was resuspended in 3 ml of T20E5 (20 mM Tris-HCl, 5 mM EDTA), 

200 µl of 10% SDS and 75 µl of 10 mg/ml Proteinase K (Roche, 03 115 852 001, 

Indianapolis, USA), and inverted to mix well and then incubated overnight at 45°C.  

The following day, 1 ml of saturated NaCl was added followed by vigorous mixing for 15 

seconds and centrifugation at 3200xg for 40 minutes at room temperature. The supernatant 

Reagent Supplier Product Code 

PCR Buffer (Excl. Mg2+) Roche  11647687001 

MgCl2 Roche  11600770001 

dNTP Roche  11581295001 

Taq DNA Polymerase Roche  11146165001 
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containing the DNA was carefully transferred to a clean tube and 2 volumes of absolute 

ethanol was added to precipitate the DNA. The tube was agitated gently and centrifuged for 

30 minutes at 3000xg at 4°C to precipitate the DNA which was then transferred to a clean 

microcentrifuge tube. The pellet was then washed with 1 ml of 70% ice-cold ethanol and 

centrifuged at 7000xg for 5 minutes at 4°C. This step was repeated followed by the removal 

of the supernatant. The DNA pellet was air dried at room temperature and then dissolved in 

400 µl Tris-EDTA buffer overnight at 4°C. The following day the samples were vortexed 

gently and incubated at 60°C for a further 10 minutes to ensure the complete dissolution of 

the DNA. The DNA yield was determined using the NanoDrop 2000 spectrophotometer 

(ThermoFisher Scientific, 2000/2000c, USA), at a wavelength of 260nm. DNA was stored at 

-20°C until use.  

 

2.2.1.3 Extraction of Genomic DNA from Tissue biopsies 

Tissue biopsies collected from patients were stored at -80°C until ready for DNA extraction. 

Purification of DNA was performed using the Qiagen AllPrep DNA/RNA/miRNA Universal 

Kit (Qiagen, 80224, Hilden, Germany) as described by the manufacturers. Tubes containing 

frozen biopsy samples were thawed on ice, biopsies were weighed, transferred to a sterile 

P2 hood and dissected into several small pieces using a sharp surgical blade. A section was 

removed for haematoxylin and eosin staining. Tissue samples were disrupted and 

homogenised at room temperature with lysis buffer (Buffer RLT) containing β-

mercaptoethanol in a tissue rupture probe at full speed until the tissue was uniformly 

homogenised. Lysates were then centrifuged at room temperature and the supernatant 

transferred to an AllPrep DNA spin column placed in a 2 ml collection tube and centrifuged 

at 20 000xg for 30 seconds. The flow-through was set aside for RNA extraction (see section 

2.2.1.4). A further 300 µl lysis buffer (Buffer RLT) was then added to the spin column 

followed by centrifugation. The spin column was placed in a clean 2ml collection tube with 

350 µl wash buffer 1  (Buffer AW1) and centrifuged at 20 000xg for 30 seconds to wash the 

membrane. The flow through was discarded. The DNA spin column was transferred to a 

new 2 ml collection tube and 80 µl of Proteinase-K/Buffer wash buffer 1 (Buffer AW1) mix 

was added and the tube incubated for 5 minutes at room temperature. The spin column was 

then centrifuged with wash buffer 2 (Buffer AW2) at 20 000xg for 30 seconds and transferred 

to a clean 2ml collection tube after the addition of 500 µl wash buffer 2 and centrifuged for 

2 minutes. Flow through was discarded. Finally, the DNA spin column was placed in a new 

1.5 ml microfuge tube and 100 µl of elution buffer (Buffer EB) was added directly onto the 
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centre of the spin column membrane. The column was incubated at room temperature for 1 

minute and centrifuged at 8000xg for 1 minute to elute the DNA. This step was repeated 

with a further 50-100 µl elution buffer. DNA yield was calculated 260nm using a NanoDrop 

2000 spectrophotometer, and samples were stored at -20°C until further use.  

 

2.2.1.4 Extraction of RNA from Tissue Biopsies 

The flow-through obtained from the initial steps in section 2.2.1.3 was used for RNA 

extraction according to manufacturer’s instructions (Qiagen AllPrep DNA/RNA/miRNA 

Universal Kit). 50 - 80 µl  Proteinase K was added (depending on the lysate volume) to the 

flow-through together with 200 - 350 µl of 100% ethanol, and mixed well. Samples were 

incubated at room temperature for 10 minutes followed by the addition of 400 – 750 µl of 

100% ethanol and mixed well. Up to 700 µl of the sample, including any precipitated that 

may have formed, was then transferred to an RNeasy® spin column placed in a 2 ml 

collection tube (supplied with kit) and centrifuged at 20 000xg for 15 seconds. This step was 

repeated until the all the lysate was used. 500 µl of wash buffer (Buffer RPE) was added to 

the spin column and centrifuged at 20 000xg for 15 seconds. 10 µl DNase 1 stock solution 

was added to 70 µl of digestion buffer (Buffer RDD) and mixed gently by inverting the tube. 

80 of this was added directly to the spin column membrane and incubated at room 

temperature for 15 minutes. 500 µl  RNA buffer (Buffer FRN) was added to the spin column 

and centrifuged at 20 000xg for 15 seconds and the flow through was set aside. The spin 

column was placed in a new 2 ml collection tube and the flow-through reapplied to the 

column and centrifuged for 15 seconds at 20 000xg. 500 µl wash buffer (Buffer RPE) was 

added to the RNeasy spin column and centrifuged  for 15 seconds followed by the addition 

of 500 µl 100% ethanol to the spin column and re-centrifugation for 2 minutes at 20 000xg. 

The spin column was then placed in a new 1.5 ml collection tube and 30-50 µl of RNAase-

free water was added directly to the spin column membrane. The sample was centrifuged 

for 1 minutes at 8000xg to elute the RNA. This step was repeated to elute further RNA by 

reapplying the eluate to the column. RNA yield was calculated 260nm using a NanoDrop 

2000 spectrophotometer, and samples were stored at -20°C until use. 

 

2.2.1.5 Determination of DNA Integrity 

100 ng of DNA was electrophoresed on a 1% agarose gel (SeaKem®, Lonza, 50002, 

Rockland, ME, USA) together with 1 µl Novel Juice (Bio-Helix, LD001-1000, Taipei, Taiwan) 

detection dye. A suitable gene-ladder was loaded into the gel (GeneRuler ™ 100bp Plus 
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DNA Ladder (ThermoFisher, SM0321, Vilnius, Lithuania)). Gels were immersed in TBE 

buffer (45 mM Tris-borate, 1 mM EDTA) in a gel-electrophoresis system (ADVANCE 

Mupid®-One 077388, Tokyo, Japan) and  run for 35 minutes at 100V. Gels were then 

examined under ultra violet light using a gel documentation system (Biospectrum ™ 500 

Imaging System UVP, Cambridge, UK) in order to visualise the DNA. This standard protocol 

is described in Lee et al, 2012 298, with the amendment that Novel Juice fluorescent reagent 

was added to the samples to provide an environmentally safe, non-hazardous alternative to 

ethidium bromide for DNA detection. 

 

2.2.2 Whole Genome Sequencing 

2.2.2.1 Whole Genome Sequencing at New York Genome Centre: 

DNA isolated from five normal and tumour paired biopsies were subjected to WGS at the 

New York Genome Centre. In the selection criteria, only tumour biopsies  containing more 

than 50% tumour tissue, and normal biopsies with 0% tumour tissue were subjected to 

sequencing and analysis. Whole genomes of the isolated RNase treated DNA were 

sequenced on an Illumina HiSeqX using 150 base pair (bp) paired end reads to a depth of 

40x and 80x coverage for normal and tumour tissue respectively. Reads were aligned to the 

NCBI genome build 37 using Burrows-Wheeler Aligner (BWA) 299 and duplicates were 

removed using Picard 300. Base quality score was recalibrated and local realignment around 

indels were performed using GATK 301. More than 75% of bases were sequenced with a 

quality score above Q30 (1 in 1000 probability of incorrect base call with 99.9% inferred 

base call accuracy). Downstream bioinformatics analysis of these sequenced genomes is 

described in Chapter 3.  

 

2.2.2.2 Wellcome Sanger Institute Data 

DNA isolated from thirty-five paired blood samples and tumour biopsies, were subjected to 

WGS at the Wellcome Sanger Institute in Cambridge, UK. Samples were genotyped for 

single nucleotide polymorphisms (SNP)  using a Fluidigm chip array to confirm the tumour 

and normal samples matched.  Samples were then sequenced on an Illumina HiseqX10 

using 150 bp paired end reads to a depth >30x coverage.  Paired-end reads were aligned 

with Burrows-Wheeler Aligner (BWA) 299  and polymerase chain reaction (PCR) duplicates 

were marked using Picard 300.  The Caveman and Pindel algorithms 

(github.com/cancerit/CaVEMan, https://github.com/genome/pindel) 302,303 were used to call 

http://github.com/cancerit/CaVEMan
https://github.com/genome/pindel
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SNPs and insertions and deletions (indels) in the whole genome data.  Copy number 

analysis was performed using ASCAT 304. Downstream bioinformatics analyses of these 

sequenced genomes are described in Chapters 4 and 5.  

 

2.2.3 RNA Sequencing 

RNA sequencing (RNA-seq) was also performed at the Wellcome Sanger Institute on 15 of 

the WGS patients’ RNA. Table 2.4 indicates the RNA sample numbers alongside their 

matched WGS DNA sample numbers. Eight of the patients were from Groote Schuur/UCT 

and seven were Charlotte Maxeke/WITS patients. RNA libraries were generated using the 

NEBNext® Ultra™ II Directional RNA Library Prep Kit for Illumina® (New England Biolabs, 

E7760, Ipswich, MA, USA) and in-house adaptors were ligated to 100-300 bp fragments. 

This kit incorporates dUTP during second strand cDNA synthesis for strand-specificity and 

is then subsequently excised with the USER enzyme. All samples were subjected to 10 PCR 

cycles using the ‘sanger_168 tag’ set of primers using Kapa HIFI HotStart ReadyMix PCR 

kit (Roche, KR0370 – v10.19, UK) and paired-end sequencing was performed on Illumina’s 

HiSeq 2500 with 75 bp read length. GRCh37 reference genome was used for the alignment 

steps. Downstream analysis of this RNA-seq data is described in Chapter 6.  

 

Table 2.4: RNA patient numbers and their matched WGS DNA patient numbers.  

WITS Patients UCT Patients 

RNA Seq Matched DNA RNA Seq Matched DNA 

PR44697 PD44697 PR50548 PD50649 

PF44699 PD44699 PR50549 PD50650 

PD44701 PD44701 PR50550 PD50651 

PR44702 PD44702 PR50551 * 

PR44703 PD44703 PR50552 PD50653 

PR44704 PD44704 PR50553 PD51372 

PR44705 * PR50554 * 

    PR50555 * 

*DNA not available for these samples   
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2.2.4 Cell Culture 

2.2.4.1 Thawing of Frozen Cells 

Cryotubes of frozen cells were removed from liquid nitrogen storage and thawed in a water 

bath at 37°C. 70% ethanol was used to sterilise the vials, and the contents was then 

transferred to sterile 12 ml tubes containing  5ml of complete culture media. Complete 

culture media contains high glucose (4.5 g/L) Dulbecco’s Modified Eagle Medium (DMEM) 

(Gibco, 12800-017, Paisley, UK) supplemented with 10% gamma irradiated foetal bovine 

serum (FBS) (Gibco, 10493-106, Paisley, UK), 100 U/ml penicillin and 100 µg/ml 

streptomycin (Biochrom AG, A321-44 and A331-27, Berlin, Germany) 

Cell suspensions were centrifuged at 3220xg for 4 minutes at 4°C using an Orto Alresa 

Consul 21 R centrifuge (Orto Alresa, CE114, Madrid, Spain). The media was removed and 

the cell pellets were resuspended in 10 ml of DMEM media and re-seeded onto fresh 10ml 

tissue culture dishes.  

 

2.2.4.2 Culturing and Passaging 

The OSCC cell lines were maintained in a proliferative state through culture in complete 

media, at 37°C in a humidified atmosphere containing 5% CO2. 

The non-cancerous EPC-2 cells were maintained in Keratinocyte Serum-Free Media 

(KSFM) (Gibco, 17005-034, Paisley, UK) supplemented with 50 µg/ml Bovine Pituitary 

Extract (BPE) (Gibco, 13028-014, Aukland, New Zealand), 1 ng/ml Epidermal Growth Factor 

(EGF) (Gibco, 10450-013, New York, USA) and 1% penicillin-streptomycin 297 at 37°C in a 

humidified atmosphere containing 5% CO2. 

Culture media was refreshed every two to three days using pre-warmed phosphate buffered 

saline (PBS) for all washing steps. Cells were passaged to ~80% confluence before 

trypsinisation at 37°C for 4 minutes in 0.25% trypsin-EDTA (BD DifcoTM 250, 215240, San 

Jose, CA, USA) to lift cells from the culture plates. The trypsin was quenched by the addition 

of complete culture media, centrifuged at 3220xg for 4 minutes at 4°C, resuspended in 

complete medium and re-seeded onto fresh culture plates. Cells were split in a 1:3 ratio and 

maintained in this manner until enough plates and cells were obtained for the purpose of 

DNA and RNA extraction. 
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2.2.4.3 Freezing Cells for Storage 

Cells were washed with pre-warmed PBS followed by trypsinisation and centrifugation as 

was described above. Following centrifugation, each cell pellet was resuspended in 1.8 ml 

DMEM complete medium, and 1.8 ml of freeze medium (20% DMSO,  in complete medium) 

was added to obtain a final DMSO concentration of 10%. Cell suspensions were divided into 

two sterile cryotubes and stored at -80°C for 24-48 hours before they were transferred to 

liquid nitrogen storage.  

 

2.2.4.4 Extraction of Genomic DNA from Cell Cultures 

Extraction of genomic DNA from cell lines was performed as described by Strauss (1998) 

305. Once cultures reached ~80% confluence, cells were harvested by trypsinisation as 

previously described, quenched and centrifuged at 423xg for 4 minutes at 4°C. The cell 

pellets were resuspended and washed in 10 ml of ice-cold PBS and re-centrifuged. The 

supernatant was discarded and the pellets were then resuspended in 600 µl of digestion 

buffer (100 mM NaCl, 10 mM Tris pH8, 25 mM Na2EDTA pH8, 0.5% SDS and 0.1 mg/ml 

Proteinase K). Samples were incubated overnight in a shaking water bath at 50°C. 

The following day, an equal volume (600 µl) of phenol:chloroform:isoamylalcohol (25:24:1) 

was added and contents transferred to 1.5ml microcentrifuge tubes. The tubes were 

vortexed to mix the contents thoroughly and centrifuged at 1700xg for 10 minutes at 4°C to 

separate the phases. The clear upper aqueous phase was transferred to a clean 1.5 ml 

microcentrifuge tube and one half volume of 7.5 M ammonium acetate (pH5.5) and two 

volumes of ice-cold 100% ethanol was added. DNA was pelleted by centrifugation at 1700xg 

for 10 minutes. The pellet was washed with 1 ml of 70% ethanol, vortexed gently and 

centrifuged at 1700xg for 5 minutes. The supernatant was removed, the DNA pellets air-

dried for 60 minutes, and resuspended in 50 µl TE-buffer. The DNA yield was measured 

using the NanoDrop 2000 spectrophotometer at a wavelength of 260nm. DNA was stored 

at -20°C until use. 

 

2.2.4.5 Extraction of RNA from Cell Cultures 

Following cell propagation and culture as described above, RNA isolation was performed 

once cell cultures reached ~80% confluence. Plates were washed with 10 ml ice-cold PBS 

and cells were lysed with 1ml of TRIzol reagent (Zymo Research, R2050-1-200, Irvine, CA, 

USA) added to each plate.  Using a combination of pipetting and cell scraping, cell 
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suspensions were transferred to clean, sterile 1.5 ml microcentrifuge tubes and incubated 

at room temperature for 5 minutes to allow for the complete dissociation of the nucleoprotein 

complexes. 200 µl Chloroform was added per 1 ml TRIzol Reagent, the tubes were shaken 

vigorously by hand for 15 seconds and incubated for a further 3 minutes at room 

temperature. Samples were then centrifuged at 20 000xg for 15 minutes at 4°C. The clear, 

upper aqueous layer was transferred to clean 1.5 ml microcentrifuge tubes and the RNA 

was precipitated by the addition of 500 µl isopropanol followed by shaking thoroughly for 15 

seconds. Samples were incubated for 10 minutes at room temperature followed by 

centrifugation at 20 000xg for 20 minutes at 4°C to pellet the RNA. 

Following this centrifugation step, the supernatant was carefully removed from the RNA 

pellet which was then washed with 1 ml of 75% DEPC-treated-ethanol, mixed by vortexing 

and re-centrifuged at 15 000x for 5 minutes at 4°C. The RNA pellet was air dried for 10 

minutes and dissolved in 50 µl DEPC-treated-H2O at 55°C for 5 minutes. RNA yield was 

measured using a NanoDrop 2000 spectrophotometer at a wavelength of 260nm, and 

samples were stored at -80°C until use.  

 

2.2.5 Polymerase Chain Reaction (PCR) 

2.2.5.1 PCR Primers 

All PCR primers were designed using standard PCR design protocols 306 and purchased 

with standard desalting from Whitehead Scientific (Pty) Ltd (WhiteSci, Cape Town, South 

Africa). Primers were prepared as 100 µM stocks and frozen at -20ºC. 10 µM Working 

solutions of these stocks were used in PCR experiments. 

All primers used in this study are detailed below (Tables 2.5-2.8). 

Table 2.5: Forward and Reverse primers for long (611 bp) and short (170 bp) Autographa Californica 
Nucleopolyhedrovirus sequences. The same forward primer was used for each set while the reverse 
primers differed, providing a long and a short anticipated product length. Primer sequences are 
provided in 5’ to 3’ direction.  

Primer 5’ – 3’ 
Primer 
Length TA °C GC% 

Product 
Length 

Forward Primer CAAACGCAACAAGAACATTTGTAG 
24 bp 53.5 37.5  

Reverse primer 
1 (Long) 

GTTTGTGCGTCTCATTACAATGGC 
24 bp 57.1 45.8 611 bp 

Reverse primer 
2 (Short) 

GAAGGAATACGAAGAAGAAGACG 
23 bp 53.1 43 170 bp 
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Table 2.6: New Autographa Californica Nucleopolyhedrovirus primers designed for some individual 
insertion fragments detected. Primer sequences are shown in a 5’ to 3’ direction. 

Primer 5’ – 3’ 
Primer 
Length 

TA °C GC% 
Product 
Length 

Forward Primer 1 GTTTAACGGTTCGTCCAAC 19 bp 51 47.4 
134 bp 

Reverse Primer 1 CAATGAATTTGGGATCGTCGG 21 bp 54,2 47.6 
 

Forward Primer 2 CAACAAACAACTGCTCGCAG 20 bp 55 50 
142 bp 

Reverse Primer 2 GTACGCAGCTTCTTCTAGTTC 21 bp 53 47.6 
 

Forward Primer 3 CGCGTAGTTATAATCGCTGAGG 22 bp 55.3 50 
118 bp 

Reverse Primer 3 CGAAGAAGAAGACGACAAGGCG 22 bp 54.5 54.4 

 

 

Table 2.7: HERV-K113 forward and reverse primers sourced from literature 307,308. Primer sequences 
are shown in a 5’ to 3’ direction. 

Primer 5' - 3' 
Primer 
Length TA °C GC% 

Product 
Length 

Forward Primer GCATGGGGAGATTCAGAACC 20 bp 55.7 55 
303 bp 

Reverse primer  CATGTTTCCTAGTCAACTTAGC 22 bp 56.4 55 

 

 

Table 2.8: Primer sets designed for each of the five clusters where mutations in the MUC3A gene 
were located. Primer sequences are shown in a 5’ to 3’ direction.  

Primer 5’ – 3’ 
Primer 
Length TA °C GC% 

Product 
Length  

Cluster 1      
Forward Primer TAAGTACACTCAGCACTCCTA 21 bp 52.1 42.9 

889 bp 
Reverse Primer GAGATCATGGATGTAGAAGTTACC 24 bp 52.6 41.7 

      
      

Cluster 2      
Forward Primer TTTCTACAGTATCTCTCACAACAGC 25 bp 54.4 40 

631 bp 
Reverse Primer TAGGTGATAGTTGTTGGTGTTGTG 24 bp 54.9 41.7 

  
    

      

Cluster 3      

Forward Primer CTACTTCTCTTACTAGTGCTCTC 23 bp 51.5 43.5 
1292 bp 

Reverse Primer GCTGGGAGTATCATGTGA 18 bp 51.2 50 
      

      
Midway Forward 
Primer 

TCTTTGATCACCACAACCAC 20 bp 52.9 45 837 bp 

Reverse Primer AAGTGAAGCTGGGAGTACTGT 21 bp 55.7 47.6 810 bp 

  
    

      

Cluster 4      

Forward Primer TCTTTGATCACCACAACCAC 20 bp 52.9 45 
1424 bp 

Reverse Primer GTCTCTGAGGTAGTAAAATGTGAGGTGATG 30 bp 58.2 43.3 
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Midway Forward 
Primer 

ACTGAGAACGCCACACAC 18 bp 55.3 55.6 1004 bp 

Reverse Primer GCTGGGAGTATCATGTGA 18 bp 51.2 50 837 bp 

      

Cluster 5      

Forward Primer ACCTCACATGATACTCCC 18 bp 50.6 50 
752 bp 

Reverse Primer ATATCAGTGGGTATAGAGGGAAAG 24 bp 53.3 41.7 

 

 

2.2.5.2 PCR Methodology 

The primers were optimised using cell line or normal blood DNA. PCR reactions were 

prepared under sterile conditions on ice in 25 µl volumes as per Table 2.9. Thermocycling 

was carried out using an Applied Biosystems SimpliAmp Thermo cycler machine (Applied 

Biosystems by Thermo Fisher Scientific, A24B12, Singapore). A standard thermocycling 

protocol was applied at the start of each primer optimisation as described by Canene-Adams 

(2013) 306 (Table 2.10). Annealing temperatures were set according to the manufacturer 

specifications for each primer set, and adjusted to obtain the most optimal conditions for 

each primer set. Magnesium, primer concentration and DNA concentration titrations or the 

addition of enhancers such as DMSO and a combination of Tris, KCl and Gelatine were all 

tested in the pursuit of primer optimisation. Optimal primer conditions for each primer set 

are described in the relevant chapters.  

 

Table 2.9: Standard PCR reaction mix components per single reaction. Reactions were prepared to 
a final volume of 25 µl.  

Reagent 
Stock  
Concentration 

Volume Added 
(µl) 

Distilled H2O - 15.8 

PCR Buffer 10x 2.5 

MgCl2 25mM 2 

dNTP 10mM 0.5 

Forward Primer 10µM 1.5 

Reverse Primer 10µM 1.5 

Taq DNA Polymerase 100U 0.2 

DNA Template  100ng/ul 1 
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Table 2.10: Standard PCR thermocycling conditions used as a starting point for all PCRs. 306. 

Cycle Conditions   

Initial Denaturation 94°C: 1 minute  

Denaturation 94°C: 1 minute 
25-35 
cycles Annealing  55°C: 1 minute 

Elongation 72°C: 1 minute (per kilobase PCR product) 

Final Extension 72°C: 4 minutes  

Cooling 4°C: Hold   

 

 

2.2.5.3 Post-PCR Visualisation of Product Amplification 

 After successful amplification, 1-2 µl of the PCR products were electrophoresed through a 

1% agarose gel for 35 minutes at 100V. Novel Juice was added to the samples for the 

purpose of visualisation of the amplified DNA. The GeneRuler™ 100bp Plus DNA Ladder 

was loaded into the gel as markers for amplicon size identification. Gels were visualised on 

the Biospectrum™ imaging system under UV light to confirm the quality of the PCR as well 

as to identify the specific product size.  

 

2.2.5.4 Purification of amplified DNA from Agarose Gel using a Microcentrifuge 

DNA purification from agarose gels was performed using the Qiagen QIAquick Gel 

Extraction Kit (Qiagen, 28704, Hilden, Germany). All centrifugation steps were performed at 

17900 xg. Following PCR and visualisation of amplification on a 1% agarose gel under UV 

light, target bands (DNA fragments) were excised from the gel using a sterile surgical blade 

and placed into sterile microcentrifuge tubes. Gel slices were weighed and 3 volumes of 

solubilisation and binding buffer (Buffer QG) was added to 1 volume of gel (i.e. 300 µl buffer 

adder per 100 mg gel). Tubes were incubated at 50°C for 10 minutes to completely dissolve 

the agarose, and were vortexed every 2-3 minutes during this incubation to aid in the 

process. Following incubation, the colour of the tube contents was evaluated, a yellow colour 

indicating the correct pH (≤ 7.5). 1 gel volume of isopropanol (i.e. 100 µl added for 100 mg 

of gel) was added to the sample to increase the yield of DNA and mixed by inverting the 

tubes. The sample was applied to a QIAquick spin column in a 2 ml collection tube (provided) 

and centrifuged for 1 minute to bind the DNA. The flow through was discarded and the 

QIAquick column placed back in the same collection tube. 0.5 ml of solubilisation and 

binding buffer (Buffer QG) was added to the column followed by centrifugation for 1 minute 

to remove all traces of agarose. 0.75 ml of wash buffer (Buffer PE) was added to the column 
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and centrifuged for 1 minute. The flow through was discarded and the column was 

centrifuged for an additional 1 minute. The QIAquick column was placed into a clean 1.5 ml 

microcentrifuge tube and 30-50 µl of elution buffer (Buffer EB) was added to the centre of 

the column membrane and incubated at room temperature for 1-4 minutes before 

centrifuging for 1 minute. DNA eluents were stored at 4°C.  

 

2.2.5.5 Post-PCR DNA Sequencing 

PCR’s were performed on patient DNA using the optimal conditions established for each 

primer pair. Resulting amplification products were subjected to bi-directional Sanger 

sequencing. Chromatograms were analysed using Chromas v2.6.6 (available at 

http://technelysium.com.au/wp/chromas/) a free trace viewer for simple DNA sequencing 

projects that is free to download.  

 

2.2.6 Immunohistochemistry  

Immunohistochemistry (IHC) was performed on formalin fixed paraffin embedded (FFPE) 

sections of seventeen tumour biopsies collected from patients in the study cohort using a 

rabbit polyclonal antibody to MUC3A (Life Technologies, PA5-82409, Rockford, IL, USA) 

according to their standard operating protocol (SOP).  

Briefly, 3-4 micron FFPE sections were cut, dewaxed and rehydrated. Heat mediated 

antigen retrieval was performed using 1M citric acid (pH6) in a pressure cooker for  90 

seconds to reverse the effects of the formalin fixing and to unmask the antigenic binding 

sites. Blocking for endogenous peroxidase activity was performed by treating slides with 1% 

H2O2 solution for 5-10 minutes followed by the application of appropriately diluted (1:100) 

primary MUC3 antibody. Goat anti-rabbit secondary antibody was then applied followed by 

rinsing and application of a chromogenic substrate (buffer containing diaminobenzaldehyde) 

for 3-5 minutes. Slides were rinsed and immersed in 1% copper sulphate for 3-5 minutes 

followed by counter staining with haematoxylin, and then blued in ‘bluing solution’ (NH4 and 

water), dehydrated through graded ethanol and mounted in Entellan. Staining was viewed 

using the Optiview detection system (Ventana XT) automated IHC system. Table 2.11 

shows the UCT patient FFPE blocks that were stained for MUC3A protein. 

 

 

http://technelysium.com.au/wp/chromas/
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Table 2.11: List of UCT patient biopsies fixed in FFPE blocks that underwent IHC staining, including 
tumour differentiation description.  

Patient  
Number 

Tumour 
Differentiation 

PD39445 Undetermined  
PD39446 Moderate 
PD39447 Moderate 
PD39448 Moderate 
PD39449 Poor 
PD39450 Moderate 
PD39451 Poor 
PD39452 Moderate 
PD39453 Moderate 

PD39454 Moderate 
PD39455 Moderate 
PD39456 Moderate 
PD39457 Moderate 
PD39458 Moderate 
PD39459 Moderate 
PD39460 Moderate 

PD51372 Moderate 

 

 

2.2.7 Preparation of Buffers and Reagents 

Buffers and reagents prepared for laboratory use are tabulated below. Distilled, autoclaved 

H2O was used in all preparations, and where a specified pH was necessary, NaOH or HCl 

was used to adjust and achieve the suitable pH levels using an OHAUS Starter 3100 (model 

ST3100, New Jersey, USA) pH meter. 

PBS 10X (pH 7.4)   

Component Amount 
Final 
Concentration 

NaCl 80g 1.4M 

Na2HPO4 14.4g 0.1M 

KCl 2g 0.03M 

KH2PO4 2.4g 0.02M 

H2O 1L  

 

TBE Buffer (10x) 

Component Amount 
Final 
Concentration 

Tris 108g 0.9M 

Boric Acid 55g 0.9M 

0.5M Na2EDTA 40ml 0.02M 

H2O Make up to 1L   
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Tris-EDTA Buffer  

Component Volume 
Final 
Concentration 

1M Tris (pH8) 1ml 0.01M 

0.5M EDTA (pH8) 0.2ml 0.001M 

H2O 98.2ml  

 

Trypsin-EDTA (pH 7.4) 

Component Amount 
Final 
Concentration 

Trypsin 0.5g 0.0007M 

EDTA 0.2g 0.0007M 

PBS (sterile) 1L   

 

Penicillin/Streptomycin (100x) 

Component Amount 

Penicillin 604mg 

Streptomycin 1314mg 

H2O 100ml 

 

Digestion buffer preparation used in DNA isolation from cell cultures. Made up to 10 ml. 

Reagent Volume 
Final  
Concentration 

5M NaCl 200µl 0.1M 

1M Tris (pH 8) 100µl 0.01M 

0.5M EDTA (pH 8) 500µl 0.025M 

1% SDS 50µl 0.005M 

Proteinase K (10mg/ml) 100µl 0.1 mg/ml 

 

DMEM Culture Medium (pH 7.4) preparation for cell culture use. DMEM powder was dissolved 
in 800ml distilled water and brought to pH 7.4 using  NaHCo3. The solution was filtered using a TPP 
“rapid” 500 0.2 µm PES filter top (Filtermax, 99505), in a sterile tissue culture hood. Bottles of filtered 
medium were incubated at 37°C for 48 hours to check for bacterial contaminants.  

Component Amount 

H2O 1L 

DMEM powder 1 sachet 

NaHCo3 3.7g 
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DEPC-treated-H2O (autoclaved) 

Component Volume 

DEPC 100ul 

H2O 100ml 

Autoclave for 30 min and leave to cool in a sterile hood with the cap removed.  
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Chapter 3: Bioinformatics Analysis of Novel Viral Insertions 

 

3.1 Introduction 

Humans, like all other organisms, are constantly bombarded with micro-organisms such as 

viruses, that may result in many disease states as a consequence of an acute infection 53. 

Many viruses have the ability to integrate their DNA into the genome 55.  Many eukaryotic 

viruses can be integrated, leading to vertical transmission and potential fixation within a host 

population 57. The human genome exhibits a vast degree of invasion by pathogens, such as 

viral DNA. Integrated viral DNA may account for as much as 8% of the human genome as 

during the process of evolution several RNA and DNA viruses have become integrated into 

the vertebrate genome, and there is no reason to believe that the process has ended 53,56.  

The causal association between viruses and cancers is estimated to be approximately 10-

15% of malignant tumours globally 309, while Cantalupo et al (2018) have further suggested 

that the expression of transforming proteins by oncogenic viruses may contribute to the 

progression of tumorigenesis through their action on key cellular targets, and in so doing, 

altering the cellular biology of the host. Changes in host cellular gene expression frequently 

is the result of repression or activation of essential signalling pathways by these transforming 

proteins, and thus the integration of viral DNA is now viewed as a specific hallmark of 

tumorigenesis for certain viruses 53. Several viruses have already been implicated and 

associated with the development and progression of certain human cancers 309,310. Such 

viruses include hepatitis C virus (HCV), Epstein-Barr virus (EBV) and human herpesvirus 8 

(HHV8),  along with hepatitis B virus (HBV), human papillomavirus (HPV) and Merkel cell 

polyomavirus which have been found to be integrated within the host genome 57,310–315.  

This chapter, investigates the presence of viral integration in the genomes of three OSCC 

patients from South Africa with the hopes of identifying possible novel viral integrations. This 

pilot study was intended to be a quick exploratory study to briefly look at the possibility of 

novel viral insertions in OSCC patients. We recognise that the incidence of viral integration 

would be low given the rarity of the events, and that using such a small sample set is not 

ideal. However, this investigation was merely a quick exploration of the three sets of data 

available to us at the time.  
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3.2 Results 

3.2.1 DNA Extraction from Patient Biopsies 

DNA isolation from tumour and normal biopsies for these patients was performed as per the 

standard operating protocols described in section 2.2.1.3. The patient DNA had been stored 

at -80°C, but because these samples had been used as part of another study, only DNA 

from the tumour sample T547 was still available for further analysis.  

Before use in PCR experiments, the integrity of the DNA was validated through agarose gel 

electrophoresis. Sample concentrations were also determined using a NanoDrop 2000 

spectrophotometer (ThermoFisher Scientific, 2000/2000c) at a wavelength of 260 nm. 

Samples were prepared at 100 ng/ul stocks for future use.  

 

3.2.2 Whole Genome Sequencing 

DNA isolated from five paired normal and tumour biopsies, were subjected to WGS at the 

New York Genome Centre in New York, USA. In the selection criteria, only tumour biopsies 

with more than 50% tumour tissue, and normal biopsies with 0% tumour tissue were 

subjected to sequencing and analysis. These patient samples had been part of a previous 

study in the research group and the availability of this WGS data at the start of this study 

enabled our initial analysis to proceed while the main cohort samples underwent WGS.  

 

3.2.3 Bioinformatics Investigations into Viral Insertions 

Bioinformatics Analysis of the WGS data from three of the five sample-pairs sequenced at 

the New York Genome Centre was performed  using the facilities at the Centre for Proteomic 

and Genomic Research (CPGR) in Cape Town, South Africa. The remaining two samples 

were  excluded due to sample contamination detected during the quality control process.  

Raw data files were converted to FASTQ files and aligned to the Human Reference Genome 

GRCh37 (also known as Hg19) using the Burrows-Wheeler Aligner (BWA) 299 to map reads 

with high confidence for variant calling. Variant calling was then performed using the 

established Vy-PER pipeline 316 through two sub-pipelines for 1) classical  variant-calling 

and 2) virus integration detection. To detect virus integration in the unmapped reads that 

could not align to the human reference genome, the pipeline first extracted paired-end reads 

where one end aligned to the human reference genome and the second end did not. Low-

complexity reads were discarded and the remaining reads were aligned to known virus 
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genomes to test for viral origins. Here some reads mapped fully or partially to a virus 

genome. Candidate virus sequences were then tested for low complexity and the remaining 

candidate sequences were tested for human origin using exact alignment to the human 

genome. In the interest of speeding up this alignment step, candidate sequences were 

exactly aligned to their own small reference sequence window around the end of the read-

pair that mapped to the human genome. Candidates failing this alignment were then 

consecutively exactly aligned against the entire human genome using BLAT (Basic Local 

Alignment Tool) 316. DNA sequences from normal samples were compared with matching 

tumour DNA sequences for each patient in order to identify viral integration differences 

between the sets. Using this approach, a number of putative viral sequences and integration 

sites were identified.  

Figure 3.1 gives an overview of the bioinformatics workflow used.  

 

The analysis identified a number of foreign DNA insertions within the normal and tumour 

DNA of the three patients’ genomes. Table 3.1 shows the putative foreign DNA integrations 

that were identified in the normal and tumour DNA of each patient. Multiple foreign 

integrations were identified in the tumour DNA of patient 547, while only the Human 

Herpesvirus 7 was identified in the patient’s normal DNA. Four foreign integrations in the 

tumour DNA of patient 569 were detected with only one in the corresponding normal DNA,  

while three foreign integrations were detected in each of the tumour and normal DNA of  

patient 607.  

Most foreign DNA integrated into these three patients appeared to be bacterial or as 

expected, Human Herpesvirus. The few insertions that stood out as of potential interest were 

the Emiliana Huxleyi Virus 86 in sample T547, and the Gryllus Bimacularis Nudivirus and 

Trichodisplasia Spinulosa Associated Polyomavirus in sample T569. However, the most 

interesting observation was the presence of the Autographa Californica 

Nucleopolyhedrovirus in all three of the patients, T547 (tumour), N569 (normal) and T607 

(tumour). In total, 42 individual insertions of this virus were identified across the three 

patients. Because this particular virus appeared in all three of the patients at some point, it 

was decided to investigate this integration specifically.  
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Figure 3.1: Overview of Vy-PER pipeline used for the detection of viral integration. WGS = Whole 
Genome Sequencing. SV = Structural Variant, SNV = Single Nucleotide Variant, indel = insertions 
and deletions, T/N = tumour and paired normal.  
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Table 3.1: Foreign DNA insertions identified for patients 547, 569 and 607 where T represents the 
tumour genome and N represents the normal genomes. 

Accession Number Name  
Number of 
Insertions 

T547   

NC_001623.1 Autographa Californica Nucleopolyhedrovirus 22 

NC_001716.2 Human Herpesvirus 7 1 

NC_007346.1 Emiliana Huxleyi Virus 86 4 

NC_019486.1 Lactobacillus Phage LF1 1 

NC_023503.1 Streptococcus Phage 20617 3 

NC_031941.1 Streptococcus Phage phiARI0131-2 1 

N547 
  

NC_001716.2 Human Herpesvirus 7 3 

T569 
  

NC_001806.2 Human Herpesvirus 1 Strain 17 1 

NC_006273.2 Human Herpesvirus 5 Strain Merlin 3 

NC_009240.1 Gryllus Bimacularis Nudivirus 3 

NC_014361.1 Trichodisplasia Spinulosa Associated Polyomavirus 17 

N569 
  

NC_001623.1 Autographa Californic Nucleopolyhedrovirus 10 

T607 
  

NC_000896.1 Lactobacillus Prophage Phiadh 11 

NC_001623.1 Autographa Californica Nucleopolyhedrovirus 10 

NC_005355.1 Lactobacillus Prophage Lj 965 18 

N607 
  

NC_0008961.1 Lactobacillus Prophage Phiadh 8 

NC_001716.2 Human Herpesvirus 7 5 

NC_005355.1 Lactobacillus Prophage Lj 965 13 

 

The Autographa Californica Nucleopolyhedrovirus is a large 130-kb double-stranded DNA 

virus of the Baculoviridae family that commonly infects arthropod insect hosts, more 

specifically, Lepidoptera 317,318. This virus is known to be able to infect mammalian cells and 

transport it’s genome across the nuclear membrane 319. The mechanism of DNA  transport 

into the host cell nucleus is proposed to be through docking to nuclear pore complexes in 

the host nuclear membrane, for translocation of DNA 320. However, the mechanism of how 

these patients came to be infected by this virus initially remains unknown.   

When assessing the 42 individual Autographa Californica Nucleopolyhedrovirus insertions 

across all three patients, it was observed that the insertion fragments detected on various 

chromosomes appeared to overlap and it was possible to construct a single 611 base 
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contiguous viral DNA sequence. This was aligned against a viral sequence database using 

the National Centre for Biotechnology Information (NCBI) Basic Local Alignment Seach Tool 

(BLAST) function. This BLAST alignment confirmed that the contiguously aligned sequence 

detected from the patient samples matched to the Autographa Californica 

Nucleopolyhedrovirus genomic sequence.  

 

3.2.4 PCR Confirmation of Viral Integration 

3.2.4.1 Primer Design 

Two sets of primers were designed  and processed through the IDT Oligo Analyser 

(https://eu.idtdna.com/calc/analyzer) to identify possible hairpins or self-dimers, and to 

confirm suitable ΔG values. Primers were prepared as 100 µM stocks and stored at -20°C. 

10 µl Working solutions of these stocks were used in PCR reactions.  

The first primer set was designed to amplify the bulk of the 611 base sequence, while the 

second primer set was intended to amplify the initial segment of the sequence (170 bp). 

Primer sequences for both the long product length (611 bp) and the shorter (170 bp) product 

length, along with the GC content and annealing temperatures (TA)  are shown in table 2.5,  

section 2.2.5.1.   

 

3.2.4.2 Primer Optimisation and Patient DNA PCR 

The two primer sets were optimised starting with a temperature gradient thermocycling 

profile (Table 3.2) with the standard reaction mix set up described in section 2.2.5.2. A no-

template-control (NTC) was prepared with each reaction as a negative control and to rule 

out the possibility of reaction mix contamination upon product analysis. GAPDH primers 

were also used as a positive control for the PCR and were run at an annealing temperature 

of 60°C as previously optimised. GAPDH product size was expected at 452 bp.  

 

Table 3.2: Temperature gradient PCR profile 

Cycle Conditions     

Initial Denaturation 94°C: 4 minutes  
Denaturation 94°C: 30 seconds 

35 cycles Annealing  53°C/55°C/56°C: 30 seconds 

Elongation 72°C: 45 seconds 

Final Extension 72°C: 7 minutes  
Cooling 4°C: Hold   

 

https://eu.idtdna.com/calc/analyzer
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 The annealing temperature gradient of 53°C, 55°C and 56°C on  tumour DNA extracted 

from patient 547 is shown in Figure 3.2. There is a long-sequence amplification product at 

55°C and a non-specific short product amplification at 53°C, however, there was a strong 

presence of primer-dimers and GAPDH primers did not appear to amplify, possibly due to 

primer contamination or degradation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Annealing temperature gradient applied to T547 DNA. PCR products separated on a 1% 
Agarose gel at 100V for 45 minutes. The gel was exposed to UV light for visualisation of the 
amplification bands for long (611 bp) and short (170 bp) primer sets. The red ring indicate a possible 
long sequence target band (611 bp) at 55°C. NTC represents the no-template control.  

 

 

This PCR was repeated using these PCR products as templates for the second PCR. 

Annealing temperature was set at 53°C and the reaction was prepared in duplicate and run 

through two separate thermocycler machines. Primer concentration was also decreased 

from 0.6 µM to 0.25 µM. and the PCR products were separated on a 1.5% agarose gel at 

100V for 45 minutes and visualised under UV light.  
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Figure 3.3: Re-amplification of PCR products obtained in Figure 3.2 using both long (611 bp) and 
short (170 bp) primer sets. PCR run at 53°C. Product amplification was visualised on a 1.5% agarose 
gel under UV light. NTC represents the no-template control. 

 

Amplification of GAPDH is clearly present in Figure 3.3 and amplification bands can be seen 

for both long and short primer sets. However,  several  non-specific bands are present and 

an amplification band is visible in both NTC lanes. This could be due to accidental pipetting 

errors when loading the gel for electrophoresis as the bands closely resemble those of the 

long primer set samples.  

A magnesium titration was carried out using the long sequence primers at an annealing 

temperature of 53°C. The PCR product from the previous reaction (illustrated in Figure 3.2) 

was again used as a template for the reactions. Figure 3.4 shows the PCR products 

electrophoresed through a 1.5% agarose gel.  
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Figure 3.4: Magnesium titration at 53°C with primers for the long 611 base product using PCR 
products illustrated in Figure 3.2. PCR products were electrophoresed through a 1.5% agarose gel 
at 100V for 45 minutes and visualised under UV light. NTC represents the no-template control. 

 

Clear amplification of the DNA target at 611bp across all levels of the magnesium 

concentrations is visible in Figure 3.4. However, a large degree of non-specificity is still 

present.  

After visualisation of the agarose gel indicated the presence of both target sequence bands, 

electrophoresis was repeated using a 1.5% gel incorporating ethidium bromide into the TBE 

buffer in the system tank to allow for visualisation of the gel under a manual UV light box for 

the purpose of target band excision. The target bands were excised from the agarose gel 

using a sterile surgical scalpel blade and the fragments transferred to clean, sterile micro-

centrifuge tubes for weighing and DNA purification using the Qiagen QIAquick Gel Extraction 

Kit (Qiagen, 28704, Hilden, Germany). The DNA extraction and purification of PCR samples 

from the gel was carried out as per the manufacturer’s instructions as described in section 

2.2.5.4. DNA elution through the spin column was repeated two to three times to ensure as 

M
o
le

c
u
la

r 
M

a
rk

e
r 

N
T

C
 

500bp 

0mM 0,5mM 1mM 1,5mM 2mM 

[Mg2+] 



61 
 

much DNA was eluted as possible. Two eluents were obtained for the longer 611 bp 

sequence PCR product and three eluents from the shorter 170 bp PCR product. 

 

The eluted DNA was then used as templates in a further PCR. Primer concentration was 

again decreased back down to 0.25 µM and thermocycling carried out for 30 cycles with the 

annealing temperature set at 53°C. PCR products were electrophoresed through at 1.5% 

agarose gel at 100V for 45 minutes and visualised under UV light (Figure 3.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Eluents from purified PCR products previously obtained were used as templates for a 
repeat PCR. Eluent 1 from the long sequence PCR product was reamplified successfully and can 
be seen as a bright, clear band at 611 bp. No target bands are visible from the re-amplification of 
the eluents of the short 170 bp sequence. Eluent 1 refers to the first 50 µl aliquot passed through the 
elution column, eluent 2 refers to the second 50 µl aliquot and eluant 3 refers to the third 50 µl aliquot 
passed through the column to elute DNA. NTC represents the no-template control.  

 

 

 

N
T

C
 

L
o
n
g

 P
ro

d
u
c
t 

E
lu

e
n
t 

1
 

S
h
o
rt

 P
ro

d
u
c
t 

E
lu

e
n
t 

1
 

500bp 

200bp 

M
o
le

c
u
la

r 
M

a
rk

e
r 

L
o
n
g

 P
ro

d
u
c
t 

E
lu

e
n
t 

2
 

S
h
o
rt

 P
ro

d
u
c
t 

E
lu

e
n
t 

3
 

S
h
o
rt

 P
ro

d
u
c
t 

E
lu

e
n
t 

2
 



62 
 

The PCR product for the long, 611 bp sequence was subjected to post-PCR Sanger 

sequencing at two separate sequencing facilities, as described in section 2.2.5.4. The 

resulting chromatogram sequences were blasted against the NCBI BLAST tool selecting for 

a viral sequence database. No matches to the Autographa Californica Nucleopolyhedrovirus 

reference sequence were found, but rather, sequences mapped to some cloned human 

gene sequences. Furthermore, the sequences obtained from the separate sequencing 

facilities did not match each other.  

The question of primer specificity was raised and it was decided to re-design new PCR 

primers for some of the individual virus fragments identified in the bioinformatics analysis. 

From the 22 fragments that were detected in the tumour sample T547, a further three sets 

of primers were designed. A PCR was performed using all three sets of primers designed 

for individual viral fragments of the Autographa Californica Nucleopolyhedrovirus present in 

the DNA sample of tumour biopsy T547. Biopsy T547 DNA was used along with the 

corresponding normal blood DNA (N547) (previously extracted) from the same patient. 

Working stocks of the DNA were prepared at 100ng/µl for PCR use.  

The first PCR was prepared in 25 µl reactions as before and the thermocycling profile was 

set with annealing temperatures of 54˚C, 56˚C and 62˚C for 35 cycles. The PCR products 

were electrophoresed through a 1.5% agarose gel at 100V for 35 minutes together with 

Novel Juice for visualisation under UV light (Figure 3.6). Primers for fragment 1 were run at 

an annealing temperature of 54˚C, primers for fragment 2 were run at 54˚C and 56˚C, and 

primers for fragment 3 were run at 54˚C and 62˚C. 

Faint amplification bands were visible only at 54˚C with primers for fragment 2, although the 

bands were slightly larger than anticipated. We speculated that these visible amplification 

bands could possibly be our target products and to investigate further, a primer 

concentration gradient was performed at 54˚C with an incremental increase on 0.5 µM. 

Primers for fragment 2 were used in the reaction mix and GAPDH primers were run as a 

positive control. PCR samples were electrophoresed at 70V for 1 hour to allow for optimal 

and clear migration of products, before visualisation under UV light (Figure 3.7).  

Results of this PCR remained ambiguous with non-specific amplification visible on the gel.  
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Figure 3.6: Three new sets of primers for three separate Autographa Californica 
Nucleopolyhedrovirus insertion fragments. T represents tumour sample T547, and N represents 
corresponding normal samples N547. Primers were run at separate annealing temperatures and 
PCR products visualised on a 1.5% agarose gel under UV light. Fragment 1 target size= 134 bp, 
fragment 2 target size = 142 bp and fragment 3 target size = 118 bp. NTC represents the no-template 
control. The red ring indicates the target bands at 54°C for Fragment 2.  

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Primer concentration gradient with primers for fragment 2 (142 bp) as well as GAPDH 
control. T represents tumour sample T547, and N represents corresponding normal samples N547. 
Visualisation of PCR products under UV light post gel electrophoresis at 70V for 1 hour. NTC 
represents the no-template control. 
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GAPDH (452 bp) amplified clearly in both the tumour and normal sample, but a large degree 

of non-specific amplification was visible at all concentrations with primers for fragment 2, 

although possible target bands might be close to the 200 bp mark, similar to Figure 3.6. 

A further PCR was carried out using primers for fragment 1, at 50˚C, 52˚C, and 54˚C for 40 

cycles and the resulting products electrophoresed through a 1.5% agarose at 70V for 1 hour. 

Multiple amplification bands were visualised at 50°C for the tumour DNA (Figure 3.8A) and 

a possible target product shown at around 134 bp (encircled in red). The PCR product for 

this sample was used as a template for a repeat PCR at 49˚C, 50˚C, and 51˚C  and a 

probable target band was  visible at 134 bp (Figure 3.8B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: A) PCR amplification with primers for fragment 1 (134 bp) carried out at 50°C, 52°C and 
54°C. Target product size circled in red. B) The tumour sample PCR product from (A) was then used 
as a template for a repeat PCR at 49°C, 50°C and 51°C. The presence of non-specific amplification 
is still visible but target size bands are clear. NTC represents the no-template control. The red ring 
indicates the target band at 50°C in the tumour sample for Fragment 1 in (A). 
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A magnesium titration was then carried out with 0.5 µM incremental increases from 0-2 µM, 

at both 49°C and 50°C using the same PCR product from Figure 3.8A (gel image not shown). 

Following gel electrophoresis, target size bands were excised from the gel for purification. 

Target bands were found at 49°C at a Mg2+ concentration of 2 mM, as well as at 54°C at 

both at 1.5 mM and 2mM concentrations. These bands were excised under UV light with a 

sterile surgical scalpel blade and transferred to clean microcentrifuge tubes for weighing and 

DNA purification from the gel. The Qiagen QIAquick Gel Extraction Kit (Qiagen, 28704, 

Hilden, Germany) was used for this purification step and DNA was eluted in 30-50 µl 

volumes as described in section 2.2.5.4. These eluents were used as templates in a final 

PCR carried out at annealing temperatures of 49°C and 54°C with 30 cycles of the PCR 

profile.  

The PCR products were electrophoresed and visualised on a 1.5% agarose gel (Figure 3.9) 

with ethidium bromide to allow for the further excision of the clear target bands.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: PCR amplification using eluted DNA purified from bands excised from agarose gel in the 
previous Mg2+ titration (gel image not shown). Annealing temperatures set at 49°C and 54°C. Target 
size bands are visible in the anticipated size range.  

 

49˚C 54˚C 

2
m

M
 M

g
 a

t 
4
9
˚C

 

1
.5

m
M

 M
g
 a

t 
5
4
˚C

 

2
m

M
 M

g
 a

t 
 

5
4
˚C

 

200 bp 

100 bp 

M
o
le

c
u
la

r 
M

a
rk

e
r 



66 
 

The bands visualised in Figure 3.9 were excised from the gel under UV light as before. DNA 

was extracted and purified from the gel as before, and purified products were subjected to 

Sanger sequencing. Disappointingly, the three sequences did not match the Autographa 

Californica Nucleopolyhedrovirus reference sequence when blasted on NCBI, nor did they 

match the previously sequenced samples.  

 

These sequences were aligned, together with the original 611 bp long sequence, to a vector 

database on the NCBI resource to investigate whether amplification of bacteria or vectors 

had occurred. An NCBI BLAST alignment of the original 611 bp sequence together with the 

forward sequence matched strongly to the terminal end of a Baculovirus vector pBacPAK-

His3, beta-lactamase gene. The reverse sequence obtained had a moderate match to the 

terminal end to a cloning vector, pBacPAK1. 

 

Of the smaller individual sequence fragments blasted, the forward sequences matched 

moderately to the same pBacPAK-His3, beta-lactamase gene while reverse sequences had 

no significant similarity.  

 

3.3 Discussion  

This brief exploratory pilot study aimed to determine the feasibility of further extensive 

investigations of a larger sample cohort to determine the presence of novel viral DNA 

integration into the genomes of OSCC patients. The investigation was carried out on three 

sets of matched tumour-normal OSCC WGS data available, and while we acknowledge that 

the rarity of viral integration events demands a greater sample cohort for accuracy, the 

results determined in this study corroborated those found by the Wellcome Sanger Institute 

indicating no obvious viral integrations among the larger cohort.  

Bioinformatics analysis of WGS’s indicated the presence of a number of viral integrations 

with the Autographa Californica Nucleopolyhedrovirus identified in all three of the patients. 

Considerable time was spent optimising primers and repeating PCR’s, yet sequencing of 

the amplified DNA showed no match to the anticipated viral reference sequence, but rather 

mapped to bacterial clone vectors pBacPAK-His3 and pBacPAK1. 

This result prompted the re-evaluation of primer specificity and PCR conditions, along with 

speculations into sequencing and bioinformatics analysis methods. The sequence mapping 

to bacterial clones and vectors also raised the question of how the vector sequences landed 



67 
 

up in the patient genomes, however this fell beyond the scope of this project but should be 

carefully considered for future investigations to eliminate artifacts.  

It  would appear that the bioinformatics pipeline used was  not appropriate and provided 

false positives of viral integrations. WGS data was mapped and aligned to a reference viral 

genome database to confirm the speculated viral insertions. However, the presence of 

Autographa Californica Nucleopolyhedrovirus was not found to be present in any of the three 

patient tumour or normal samples, nor were the other Emiliana Huxleyi Virus 86, the Gryllus 

Bimacularis Nudivirus or the Trichodisplasia Spinulosa Associated Polyomavirus insertions 

that has also previously been identified.  

These conflicting findings together with the inability to identify the Autographa Californica 

Nucleopolyhedrovirus insertions through PCR suggested that the analysis performed up to 

this point had been flawed.  

This initial short exploratory investigation was a pilot study carried out before the onset of 

the main study, and as such, WGS data from only three patients was available for use. We 

recognise that due to the rarity of insertion events, investigations with a larger sample cohort 

and a more robust and reliable bioinformatics analysis pipeline may allow for the detection 

of novel viral insertions. However, this was an exploratory investigation showing ambiguous 

and inconclusive results. Furthermore, foreign insertion investigations that were also 

performed by the Wellcome Sanger Institute as part of a larger study also revealed no 

obvious viral integrations among the full cohort of 35 sample pairs. Therefore, after careful 

consideration the focus of the project was shifted to move on and investigate the presence 

and possible translocation of Human Endogenous Retroviruses (HERV’s) together with the 

presence of somatic mutations in these pilot samples, and later in a larger sample cohort. 

These investigations and findings are discussed in Chapters 4 and 5. 
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Chapter 4: Analysis of Human Endogenous Retrovirus (HERV) 

integration in the human genome.  

 

4.1 Introduction 

This chapter focuses on investigations into the integration of well-researched and well 

documented Transposable Elements (TE’s), Human Endogenous Retroviruses (HERV’s).  

TE’s are best described as discrete DNA sequences that possess the ability to translocate 

within the genome from one position to another, giving rise to interspersed repeats 84–86. 

Classification of TE’s is dependent on their ability to encode genes for transposition, and 

can either be autonomous, such as Long Interspersed Nuclear Elements (LINE’s), or non-

autonomous, such as Short Interspersed Nuclear Elements (SINE’s). LINE’s effectively 

encode all sequences that move in the genome, while SINE’s are more structurally deficient 

and depend on LINE’s for movement. SINE’s have evolved independently but in parallel to 

LINE’s, with the most common SINE family being Alu elements. There are also some TE’s 

where the distinction between autonomous and non-autonomous transposition remains 

unclear, such as HERV’s. These however, have been particularly well characterised and it 

is commonly believed that their integration leads to phenotypic alterations in the human 

genome. Thus variations arising in host genomes can often be attributed to these potent, 

broad-spectrum mutator elements 84. 

Endogenous retroviruses have been detected in every animal species tested, including 

humans, and constitute approximately 8% of the human genome 111,308. It is widely accepted 

that HERVs originated from infection by an ancestral exogenous retroviral element that 

became integrated into host germ cell DNA during evolution more than a million years ago, 

resulting in Mendelian vertical transmission 77,88,91. Most of these incorporated sequences 

are highly defective and non-protein coding. As a result of their longevity within host 

genomes, they have accumulated a large degree of mutations including deletions, 

insertions, truncations and frameshifts 87,88. However, some integrated viral elements can 

produce both mRNA transcripts as well as viral proteins in the host germline cells. These 

include the HERV-K family of viruses, reportedly some of the most recently biologically 

active retroviral elements in the human genome with the least number of mutations and the 

ability to encode functional retroviral proteins, and produce retrovirus-like particles 88,91,92.  
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Two of the most well-known and well researched HERV-K retroviral elements include HERV-

K113 and HERV-K115. These are full-length proviruses with open-reading frames and 

present in only a portion of the population 56,88. HERV-K113 and HERV-K115 are far more 

prevalent in Africa than in other regions, with a frequency of between 30-40%, and racial 

origin appears to be an important factor of integration 88. It is further suggested that the initial 

infection and incorporation of HERV-K113 likely occurred in Africa either during or after the 

migration of Homo sapiens north and eastward between 150 000 – 200 000 years ago 109–

111.  

HERVs have been implicated in the development of some cancers, suggesting links with 

breast cancer, lymphoma, melanoma, ovarian cancers and prostate cancers. For reviews 

see  92,321. The disruption of host gene regulation through hijacking and manipulation by 

these retroviral elements influences the expression of cellular genes, posing a long-lasting 

burden on the genome 57. Furthermore, the discovery of significantly elevated expression of 

HERV elements in cancer cells has driven research into the investigation of HERVs as 

biomarkers for malignant transformation, staging and prognosis of cancers 99,105,106. Two 

possible pathogenic mechanisms might exist whereby HERV-K elements influence the host. 

Firstly, the possibility that auto-antibodies may be induced in the host by the HERV-K viral 

proteins, or that these proteins may function as onco-proteins. Secondly, the functions of 

HERV-K loci or the long terminal repeats (LTRs) might induce dysregulation of the host 

genome, including recombination with HERV-K sequences and leading to chromosomal 

instability and large-scale chromosomal abnormalities. Additionally, the aberrant expression 

and regulatory function of HERV-K transcripts on proximal host-genes has been identified 

in numerous diseases and pathologies 92. It has also been reported that the transposable 

ability of HERV elements might influence tumorigenesis due to retroviral movement causing 

disruption and instability of the host genome 108. 

Taking into consideration the outcome of the investigations into novel viral insertions, the 

aim of this study therefore evolved into investigating the presence of HERVs in a larger 

patient cohort with the objective to identify whether the integration of these viral elements 

could be linked to, or influence the occurrence of somatic mutations present in the genomes 

of these OSCC patients.  
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4.2 Investigations of HERV Insertions 

4.2.1 PCR Primers 

HERV-K113 primers sourced from the literature 307,308 (shown in section 2.2.5.1, Table 2.7) 

were used to detect integrated HERV-K113 at the pre-integration/LTR (long terminal repeat) 

sites in the pilot patient DNA sequence data that was previously used in the novel virus 

insertion analysis.  

 

4.2.2 PCR for HERV Insertions 

As with the PCR investigations described in Chapter 3, only DNA from patient 547 was 

available for experimentation as the DNA from patients 569 and 607 had been depleted. An 

exploratory PCR was set up using the HERV-K113 primers on patient tumour DNA (T547) 

and normal blood DNA (N547), as well as non-patient blood DNA.  

 

The PCR reaction mix was prepared in 25 µl volumes using 100 ng/ul DNA template as 

described in section 2.2.5.2. An annealing temperature of 56˚C was used and thermocycling 

was set for 35 cycles (Table 4.1). GAPDH was run as a control at an annealing temperature 

of 60˚C.  

 

Table 4.1: Thermocycling conditions for HERV-K113 primers. 

Cycle Conditions   

Initial Denaturation 94°C: 4 minute  

Denaturation 94°C: 30 seconds 

35 cycles Annealing  56°C: 30 seconds 

Elongation 72°C: 30 seconds 

Final Extension 72°C: 7 minutes  

Cooling 4°C: Hold   

 

After PCR, amplification products were electrophoresed through a 1.5% agarose gel at 100V 

for 35 minutes and visualised under UV light. Figure 4.1 shows the target bands for the 

HERV-K113 product (303 bp) in the patient tumour (T547), normal (N547) and the non-

patient blood samples. The GAPDH positive control can also be observed at the target size 

of 452 bp.   
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Figure 4.1: Gel visualisation of PCR products (303 bp) using HERV-K113 primers on patient 547 
tumour and normal  DNA, as well as non-patient blood DNA. GAPDH (452 bp) primers were included 
as a positive control to confirm the efficacy of the thermocycling conditions. NTC represents no-
template control.  

 

The amplification products obtained for samples T547, N547 and the non-patient blood DNA 

were subjected to bidirectional Sanger sequencing as described in section 2.2.5.4. Figure 

4.2 shows the DNA sequence chromatogram that was obtained for each of the three PCR 

products. The resulting sequence (199 bp) was then blasted on the NCBI BLAST online 

resource and returned a 73% query cover. That is, 73% of the 199 bp were found to match 

to HERV-K113 with 146/147 homology (see Figure 4.3).  
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Figure 4.2: A) HERV-K113 sequence and B) the Chromatogram obtained from Sanger sequencing 
of PCR products of samples T547, N547 and non-patient blood DNA. All three samples returned the 
same chromatogram sequence. This sequence was run through the NCBI BLAST online resource.  

 

These sequence results confirm the presence of HERV-K113 in the pilot patient study. 

 

 

 

 

 

 

 

 

 

Figure 4.3: NCBI BLAST results of the HERV-K113 sequence of PCR products. HERV-K113 showed 
a 73% query cover with a 99% homology (146/147 identities matched). Max (maximum) score 
indicates the highest alignment score calculated from the sum of rewards for matched nucleotides 
and penalties for mismatches and gaps. Total Score provides the sum of alignment scores of all 
segments from the same subject sequence. Query Cover is the percentage of the query length that 
is included in the aligned segments. E-value denotes the number of alignments expected by chance 
with the calculated score or better. And, Ident (identity) shows the highest percentage identity for a 
set of aligned segments to the same subject sequence.  

A 5’TACAAAGCAGAGAATATACTTGCTTTCAGCATTTTTAAGGTTTTTAGTTTTCTAGTACTCATCTTG
TTGAAATGATTTGCCTTGTTCAATATTGTTTTCTTCTGAAAATAGTTACAAATTCATACTTACACAA
ACTCACTTACTCTATAATTTTCTTACACCTAACCTTTATCTTTAGACTAACATATATTGAACTCTAT3’ 

B 
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4.3 Analysis of Patient DNA 

The next step of the bioinformatics analysis sought to implement pipelines to determine the 

locations and influences of HERV insertions within the sample cohort, combined with 

investigations to identify the presence of somatic mutations that might be linked to these 

HERV insertions. The literature indicates that HERV’s, particularly HERV-K, may play a 

potential role in disease progression, especially cancer (reviewed in Li et al., 2019; and 

Zhang et al., 2019) thus we hoped to explore any possible connections between HERV 

insertions, somatic mutations and OSCC development and progression.   

The raw WGS data of the pilot three tumour-normal sample pairs sequenced at the New 

York Genome Centre, along with the WGS data from the thirty tumour-normal sample pairs 

sequenced at the Wellcome Sanger Institute were transferred to the SANBI servers where 

decryption and extraction of useable BAM (Binary Alignment Map) files to be run through 

relevant software. 

All the bioinformatics methodologies were performed in-house, by the student using only 

previously published and well documented software for tumour-normal paired analyses, as 

described below. Pipelines were established according to software guidelines. Analysis and 

processing were performed using the Linux command line, and all scripts and code written 

and used can be found at https://github.com/VictoriaPatten/phd-

scripts/tree/main/ERVcaller.  

Use was made of Ilifu Cloud Computing and Storage (www.ilifu.ac.za) to expand the 

computing power and storage space available. Ilifu is a big data infrastructure for data-

intensive research in bioinformatics and astronomy and is operated by a consortium of 

universities and research organisations in the Western and Northern Cape in South Africa.  

All of the extracted BAM files from the tumour-normal paired samples were transferred 

across from SANBI for storage on the Ilifu cloud. This was achieved using a Globus account 

transfer link.  

Software containers were built by the systems developers on both the SANBI and Ilifu 

clusters, and included all necessary software tools needed for the analysis of the sequence 

data. 

After receiving transfer of all of the extracted BAM files, files were sorted, and indices were 

created using Samtools 324 functions samtools sort() and samtools index() respectively. 

Figure 4.4 shows an overview of the bioinformatics workflow used.  

https://github.com/VictoriaPatten/phd-scripts
https://github.com/VictoriaPatten/phd-scripts
http://www.ilifu.ac.za/
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Figure 4.4: Overview of the bioinformatics pipeline used to determine the chromosomal locations of 
HERV-K insertions as well as the tools used to identify the closest up- and downstream genes and 
somatic mutations. WGS = Whole Genome Sequencing; T/N = tumour and matched normal; TE = 
transposable elements; VCF = variant call format, HERV = human endogenous retrovirus 

 

4.4 Wellcome Sanger Institute DNA sequence data 

DNA from thirty-five paired blood samples and tumour biopsies were subjected to WGS at 

the Sanger Institute in Cambridge, UK as described in section 2.2.2.2. OSCC patients were 

recruited from Groote Schuur Hospital in Cape Town as well as Charlotte Maxeke Hospital 

in Johannesburg. DNA was isolated from the blood and biopsy samples (as described in 

section 2.2.1) and was shipped to the Wellcome Sanger Institute in the UK for WGS. 

Samples were SNP genotyped and sequenced using 150 bp paired-end reads to a depth of 

>30x coverage. The BWA aligner was used to align the reads while PCR duplicates were 
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marked using Picard tools. Caveman and Pindel algorithms were used to call SNPs and 

indels while copy number analysis was performed using ACAT.  

Samples from 17 females and 13 males were sequenced and made up the initial sample 

cohort of thirty OSCC patients. Quality control of the sequencing data was performed by the 

Wellcome Sanger Institute as part of their sequencing pipeline. These QC metrics are 

presented in Appendix 1, Table A1.1.  

 

4.5 Bioinformatics Analysis  

4.5.1 ERVcaller Pipeline 

ERVcaller is a software tool that was developed in 2018 for the identification and accurate 

genotyping of the allele frequency of non-reference, unfixed transposable element (TE) 

insertions, particularly endogenous retroviruses (ERVs), in the human genome using Next 

Generation Sequencing (NGS) short read sequence data 325. When developing the software 

and comparing with other existing tools available, the developers identified that ERVcaller 

showed the most efficient and accurate detection of unfixed TE insertions, detecting the 

most precise breakpoints, and consistently achieving high sensitivity and precision with the 

various TE references of differing sequence complexities 325. The software consists of a 

three module pipeline process: 1) extraction of unmapped reads, 2) obtaining supporting 

reads, and 3) detection and genotyping of the unfixed TE insertions identified.  

ERVcaller uses either BAM or FASTQ files as input into the pipeline, and aligns the raw 

reads to a reference genome directly using BWA-MEM 326. In this pipeline setup, the latest 

GRCh38 human reference genome was used. All reads that did not fully map to the 

reference genome were extracted and from these, chimeric reads, split reads and improper 

reads were obtained using Samtools, a library software package used for parsing and 

manipulating SAM/BAM format alignments 324. These supporting reads were aligned to a TE 

reference library and were then used to determine the chromosomal locations of the TE 

insertions including upstream and downstream breakpoints. Confident TE insertions were 

identified only when the following criteria were met: 1) the insertion had at least two 

supporting reads, 2) one of the supporting reads must either be a chimeric or an improper 

read, 3) each supporting read must have an average alignment score of more than 30, and 

4) a minimum of 50 bp was required for each read length mapping to the human reference 

genome. With this stringent filtering, high confidence unfixed TE insertions were thus 



76 
 

genotyped based on the reads crossing the breakpoint 325. The output VCF file provides the 

chromosome, position, sample ID, reference allele, alternate allele, quality score and the 

filtering information including the ‘status’ parameter. The status of each TE event indicates 

the read type. Where the status of the detected TE is indicated as: 0 = Inconsistent direction 

for the supporting reads; 1 = One breakpoint detected by only chimeric and/or improper 

reads without split reads; 2 = Only one breakpoint is detected and covered by split reads; 3 

= Two breakpoints detected, and both of them are not covered by split reads; 4 = Two 

breakpoints detected, and one of them are not covered by split reads; 5 = Two breakpoints 

detected, and both of them are covered by split reads. In these analyses TE’s of all status 

levels were considered. 

ERVcaller v1.3 was installed into singularity containers on both SANBI and Ilifu servers. The 

initial analysis, setting up and execution of the pipeline was carried out using the three 

patient tumour-normal pairs previously sequenced at the New York Genome Centre from a 

previous study (Samples 547, 569 and 607). The WGS data from the thirty pairs of samples 

sequenced at the Wellcome Sanger Institute were transferred to SANBI and run through the 

pipeline as well.  

Bash scripts with arguments for the human reference genome to be used (GRCh38), the 

sequencing type (paired-end) and the specific input files to be mapped were prepared for 

each patient (https://github.com/VictoriaPatten/phd-scripts/tree/main/ERVcaller/erv.sh).   

The resulting ERVcaller output was tabulated and converted to VCF (variant caller format) 

files for subsequent genetic association analysis. These VCF files thus provided information 

on HERV-K insertion locations on each chromosome per patient.  

 

4.5.2 BEDTools 

To be able to associate the detected HERV-K TE insertions with the proximal genes per 

chromosome, it was necessary to use a specialised software created for genomic arithmetic.  

BEDTools v2.30.0 327 is a fast and flexible suite of utilities for performing genome analysis 

tasks and allowing for intersecting, merging, counting, complementing and shuffling of 

genomic intervals from multiple files, in multiple formats.  

It is possible to determine whether distinct genomic features (such as aligned sequence 

reads, gene annotations, polymorphisms and mobile elements) overlap or are associated 

https://github.com/VictoriaPatten/phd-scripts
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with each other allowing for the characterisation of results and the assessment of the 

biological impact. Browser Extensible Data (BED) and General Feature Format (GFF) file 

formats are commonly used to represent genomic features and are used for comparison in 

BEDTools 327. 

The HERV-K insertion positions from the VCF output files for all patients obtained from 

ERVcaller were combined into a single BED file. This BED file was constructed in columns 

containing the information on chromosome, start and end position and whether the insertion 

was found on the forward or reverse strand of the DNA. A second BED file was also required 

for comparison to the human reference library of genes. A reference GFF (general feature 

format) file was downloaded and converted to BED format for this purpose. This BED file 

thus contained columns for chromosome, start and end position of genes, gene names and 

strand direction for all reference genes of the human genome. Using the bedtools closest() 

function these two BED files were searched against each other for overlapping features. In 

the event that no feature from the query BED file overlapped the current feature in the 

reference BED file, bedtools closest() reports the nearest feature to the given location (the 

least genomic distance from the start or end of the query feature). Using the arguments -D 

(report closest feature) with -iu ( ignore upstream, report downstream) and -id (ignore 

downstream, report upstream), we were able to identify the closest upstream and 

downstream genes to the HERV-K insertion positions respectively 328. 

 

4.6 Results 

4.6.1 Preliminary Sample Findings (Patients 547, 569 and 607) 

The VCF output files obtained from the three pilot study WGS data processed through the 

ERVcaller pipeline was analysed to identify the different TE’s present and to gain a better 

understanding of the ratio in which these elements occur. Figure 4.5 demonstrates that 

HERV-K insertional elements were vastly fewer in both tumour and normal samples of the 

three patients when compared to other unfixed TE elements (SVA, ALU and LINE1).  

Tumour samples consistently displayed higher numbers of all TE insertions when compared 

with their respective normal samples. Although HERV-K insertions were drastically lower 

than the other TE elements, this trend was also observed for HERV-K insertions, suggesting 

possible translocations and/or duplications.  
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Figure 4.6 indicates the number of HERV-K insertions per chromosome. Tumour sample 

T547 showed insertions on chromosomes 1, 8, 12, 14 and 18 that were not  present in the 

paired normal sample, N547. Sample T569 showed insertions on chromosomes 4 and 19 

that were not detected in the paired normal samples, N569, and, sample T607 showed 

insertions on chromosomes 12 and 19 that were not present in the paired normal sample, 

N607.  

 

 

Figure 4.5: A) Visual representation of the number of SVA, ALU and LINE1 insertions per patient, 
illustrating the differences between tumour and normal samples for each patient. B) The number of 
HERV-K insertions per patient, showing the differences between tumour and normal.  

 

 

A BED file of this output data was then created and run through BEDTools 327 to identify the 

closest proximity genes to these HERV-K insertions. Table 4.2 shows all the upstream and 

downstream genes that were detected per insertion per patient, and Table 4.3 provides a 

condensed list of all the common genes.  
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Figure 4.6: Number of HERV-K insertions detected per chromosome for A) tumour and paired B) 
normal pilot samples. Differences are observed on Chromosomes 1, 8, 12, 14 and 18 for samples 
T547 compared to N547. Insertions were detected on chromosome 4 and 19 in sample T569 
compared to N569, and sample T607 shows more insertions on chromosomes 12 and 19 that are 
not present in N607.  

 

 

Table 4.2: Upstream and Downstream genes detected relative to all HERV-K insertions positions for 
all tumour and normal samples. Entries highlighted in grey appear in the tumour sample only and 
not in their matched normal sample pair.  

T457    

Chromosome Upstream gene 
Insertion 
Position Downstream gene 

1 CHIAP1 111259975 CHIAP2 

4 SNRPCP13 9601620 ENPP7P11 

5 LINC02063 4537495 LOC107986400 

8 COL22A1 139463347 KCNK9 

10 HPSE2 99256367 CNNM1 

12 ZNF970P 37739005 AK6P2 

12 ZNF970P 37738034 AK6P2 

15 TPM1 63082400 LOC107984798 

18 LOC100128360 2000824 LOC105371957 

18 LOC105372045 30137898 MIR302F 
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N547    

Chromosome Upstream gene 
Insertion 
Position Downstream gene 

4 SNRPCP13 9601620 ENPP7P11 

5 LINC02063 4537495 LOC107986400 

10 HPSE2 99256367 CNNM1 

12 ZNF970P 37738045 AK6P2 

15 TPM1 63082403 LOC107984798 

    

    
T569    

Chromosome Upstream gene 
Insertion 
Position Downstream gene 

1 NVL 224340389 CNIH4 

4 SNRPCP13 9601523 ENPP7P11 

7 WDR60 158980700 LINC00689 

8 COL22A1 139463347 KCNK9 

10 HPSE2 99256367 CNNM1 

12 NTF3 5537508 ANO2 

12 ZNF970P 37738973 AK6P2 

12 ZNF970P 37738034 AK6P2 

19 LINC00665 36332606 ZFP14 

 
     

N569    

Chromosome Upstream gene 
Insertion 
Position Downstream gene 

1 CHIAP1 111259975 CHIAP2 

7 WDR60 158980700 LINC00689 

8 COL22A1 139463347 KCNK9 

10 HPSE2 99256367 CNNM1 

12 NTF3 5537542 ANO2 

12 ZNF970P 37738978 AK6P2 

12 ZNF970P 37738034 AK6P2 

    

    
T607    

Chromosome Upstream gene 
Insertion 
Position Downstream gene 

1 CDK4P1 105473257 LOC105378881 

4 SNRPCP13 9601620 ENPP7P11 

10 HPSE2 99256368 CNNM1 

12 ZNF970P 37738992 AK6P2 

12 ZNF970P 37738043 AK6P2 

19 LINC00665 36332758 ZFP14 

    
N607    

Chromosome Upstream gene 
Insertion 
Position Downstream gene 

1 CDK4P1 105473257 LOC105378881 

4 SNRPCP13 9601620 ENPP7P11 

10 HPSE2 99256368 CNNM1 

12 ZNF970P 37738992 AK6P2 
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Table 4.3: List of common upstream and downstream genes relative to the HERV-K insertions 
detected across tumour and normal samples. 

Upstream Genes Downstream Genes 

CDK4P1 AK6P2 

CHIAP1 ANO2 

COL22A1 CHIAP2 

HPSE2 CNIH4 

LINC00665 CNNM1 

LINC02063 ENPP7P11 

NTF3 KCNK9 

NVL LINC00689 

SNRPCP13 MIR302F 

TPM1 ZFP14 

WDR60  

ZNF970P   

 

(Respective up- and downstream search code can be found at 

https://github.com/VictoriaPatten/phd-scripts/tree/main/ERVcaller/ERVcaller_downstream_bedtools.sh and 

https://github.com/VictoriaPatten/phd-scripts/tree/main/ERVcaller/ERVcaller_upstream_bedtools.sh).   

 

Aside from the upstream and downstream proximity genes, the data also showed that three 

insertions occurred within genes in both tumour and normal samples (Table 4.4). All three 

patients presented an HERV-K insertion within the ABCC2 gene in both their tumour and 

normal samples. Patients 569 and 607 showed an insertion in TMED2-DT in tumour and 

normal samples, and patient 547 showed an insertion within WDHD1 in both tumour and 

normal samples. These genes are all protein coding and WDHD1 has been reported as 

having a role in the occurrence of OSCC 329,330. 

 

Table 4.4: HERV-K insertions detected within genes for both tumour and normal samples.  

Patients (T and N) 
HERV-K 
Insertion Position Inside Gene 

547/569/607 99827974 ABCC2 

569/607 123581935 TMED2-DT 

547 55024644 WDHD1 

 

The next step was to investigate the role and/or presence of HERV-K in the study cohort of 

the paired tumour-normal samples sequenced at the Wellcome Sanger Institute.  

 

https://github.com/VictoriaPatten/phd-scripts/tree/main/ERVcaller/ERVcaller_downstream_bedtools.sh
https://github.com/VictoriaPatten/phd-scripts
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4.6.2 Main Patient Cohort Results 

Once the WGS data of the main sample cohort had been received at the SANBI servers and 

transferred to Ilifu for processing, all tumour and blood DNA sequences were run through 

the ERVcaller pipeline followed by the BEDTools genomic arithmetic software. A similar 

table of results was obtained indicating the closest proximity upstream and downstream 

genes to all of the HERV-K insertions, and a list of common genes most likely to be affected 

was obtained.  

Table 4.5 shows this list of upstream and downstream genes relative to the detected HERV-

K insertions as well as genes where the insertions were reported to be within the gene. 

TPM1, TMEM117 and LINC00559 are the top three genes featured in most patients with 

HERV-K insertions. Furthermore, HERV-K insertions were detected within the TMEM-117 

and LINC00559 genes. . The differences between tumour and normal samples are further 

visually represented in Figure 4.7. 

The number of patients with HERV-K insertions proximal to TPM1, TMEM117 and 

LINC00559 are all higher in the normal sample versus the paired tumour samples. The same 

is true for CHIAP1 and CHIAP2 as well. In fact discrepancies exist between all tumour and 

normal samples for all genes identified suggesting that HERV-K insertions are not fixed and 

may present some degree of movement and translocation within the patients.  

TPM1 is a member of the tropomyosin family of actin-binding proteins involved in muscular 

(striated and smooth) contraction and its downregulation has previously been reported to 

play an influencing role in the OSCC tumorigenesis 331. While TMEM-117 and LINC00559 

have not previously been identified as having a role in OSCC, the methylation and 

downregulation of TMEM-117 has been associated with tumorigenesis and metastasis of 

pancreatic cancer, and breast cancer 332. Mao et al recently described that LINC00559, a 

non-protein coding RNA, promotes cancer cell, growth along with colony formation and cell-

cycle progression in animal and in vitro  studies 333.  
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Table 4.5: Proximal genes detected relative to HERV-K insertion positions.  

  

Number of patients 
with HERV-K Insertion 

Gene Proximity to HERV-K insertion Tumour Normal 

TPM1 Upstream 24 26 

TMEM117 Inside gene 23 24 

LINC00559 Inside gene 20 21 

CHIAP1 Upstream 15 18 

CHIAP2  Downstream 15 18 

ANO2 Inside gene 13 12 

TMED2-DT Inside gene 7 8 

ZNF419 Downstream 6 8 

WDHD1 Inside gene 5 8 

ZNF528  Upstream 4 3 

DPPA5P1 Downstream 4 3 

NVL Upstream 3 7 

CCDC185 Upstream 3 2 

SCGB1D1 Upstream 3 1 

CNIH4 Downstream 3 7 

CAPN8 Downstream 3 2 

SCGB2A1 Downstream 3 1 

MINCR Upstream 2 1 

ZNF16 Inside gene 2 1 

ZNF696 Downstream 2 1 

DUX4L2 Upstream 1 2 

SUSD2 Upstream 1 2 

DUX4 Downstream 1 2 

GGT5 Downstream 1 2 

 

This list of genes identified through ERVcaller and BEDTools analysis of WGS data will be 

further described in Chapter 5 with regards to the presence and potential implications of any 

somatic mutations that might have arisen.  
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Figure 4.7: Number of patients with HERV-K insertions proximal to these A) upstream genes, B) 
downstream genes or C) insertions within genes. Tumour samples are represented in red and their 
paired normal samples are represented in peach.  
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4.7 Discussion 

HERV-K insertion analysis allowed us to identify where HERV-K TE’s were integrated in the 

genomes of the patients in this study, and to compare the matching tumour, normal and 

blood pairs to illustrate insertion differences indicating the likely transposition of these 

elements. Both the preliminary analysis and the analysis using the full sample cohort 

showed a trend whereby tumour samples had increased numbers of insertions possibly 

suggesting that in the tumour samples, the HERV-K elements are more active leading to 

regions of duplication and replicates, which is in keeping with literature reports alluding to 

elevated expression of HERV elements found in various cancers 99,105,106. It is still unsure 

whether these insertions that were detected in this study might induce dysregulation of the 

host genomes and lead to chromosome instability and abnormalities. At this stage, we 

hypothesise that these HERV-K insertions and translocations might influence the proximal 

genes and further investigations may elucidate the role they might play. It is well known that 

TE’s play an essential role in the maintenance of genomic stability, chromosomal 

architecture and transcriptional regulation, and the dysregulation of these elements has 

been reported in different cancer types 334. The results obtained in this chapter indicate an 

increase in TE’s (HERV-K) in the some of the tumour samples of the cohort, thus we 

postulate that this increase might be linked to regulation of the genome through influencing 

gene expression. Integration of TE’s into existing genes can lead to the production of 

chimeric proteins while increased insertions into intronic regions could possibly interfere with 

transcription and gene stability  334–336. It is likely that, due to the fact that TE’s frequently 

translocate within the genome, an increase in the number of TE’s could play a role in the 

development or progression of cancer through their activation and influence on 

chromosomal architecture and transcriptional regulation. These highly mutagenic elements 

are commonly associated with multiple steps of cancer development and progression 

although the exact mechanisms of action remain largely unexplained 334.  

From the genes identified by the bioinformatics pipeline, a number of upstream and 

downstream proximal genes are shown in Table 4.7, along with genes where HERV-K 

insertions were found to be inserted within the gene. A number of these genes were also 

detected in the preliminary analysis using the three pilot pairs sequenced by the New York 

genome Centre. ANO2, CHIAP1, CHIAP2, CNIH4, NVL, TMED2-DT and TPM1 all appeared 

in both analyses. Discrepancies between tumour and normal observations suggest that 

these HERV-K integrated sequences are not fixed in the genomes of these patients and 
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may possibly move around. This is in agreement with literature descriptions of this family of 

HERV’s (discussed in section 1.2.3.3).  

Some of the identified genes have also previously been reported to be involved in OSCC. 

GGT5 (Y. Wang et al., 2022), CHIAP2 338, SCGB2A1 339, SUSD2 340, ZNF419 341, and 

WDHD1 329,330 have all been reported to show aberrant expression levels in OSCC and 

suggested to play an influencing role in tumorigenesis.  

Further investigations of this study focuses on whether any of these genes identified as 

proximal to HERV-K insertions showed any somatic mutations in the tumour samples that 

could be linked to the insertions. Discussed in Chapter 5, bioinformatics analysis was 

performed on the WGS data using specialised variant calling software to examine the 

presence of somatic mutations.  
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Chapter 5: Identification of Somatic Mutations 

 

5.1 Introduction 

In the early twentieth century, chromosomal abnormalities were observed as one of the first 

links between cancer and genetic mutations 342–344. After the discovery of DNA and the 

description of its structure, it was purported that chemical carcinogens and agents causing 

DNA damage that results in mutations leading to the mechanistic causation of cancer 

through the expansion of a single abnormal cell 345,346. Conclusive evidence of this was 

reported in studies where fragments of cancer cell DNA were introduced into normal cells 

leading to transformation and malignancy 347,348. This important and pivotal discovery 

launched the extensive research endeavour still ongoing today, to search for and identify 

abnormal genes promoting the development of human cancers .  

A widely accepted understanding of the progression of cancer still remains the description 

of cancer as a Darwinian evolutionary mechanism whereby phenotypically normal cells 

acquire the hallmarks of cancer through positive selection for survival along with the 

development of somatic mutations 271,349. Throughout the duration of a lifetime, all individuals 

are prone to the accumulation of spontaneously occurring mutations in somatic cells. Most 

of these are harmless, but occasionally, some will lead to phenotypic consequences 

affecting genes or regulatory elements, conferring a selective advantage to the cell, 

promoting growth and survival 350. As links between somatic mutations and cancer have 

been established over the years, studies have led to the discovery of oncogenes whereby 

genetic mutations result in a gain of function leading to the progression and transformation 

of cancer cells. Parallel to this, studies on hereditary cancers have identified tumour 

suppressor genes typically inactivated by mutations 350,351. The term ‘driver mutation’ has 

been coined to describe such mutations under positive selection, while ‘passenger mutation’ 

is used for variants that bring about no advantageous biological effect to the cell 152. 

Recently the development and utilisation of high-throughput DNA sequencing has 

transformed our understanding of cancer genetics by facilitating the complete sequencing 

of more than 2500 whole cancer genomes and 10 000 cancer exomes. This has resulted in 

the identification of genes not previously recognised as having a role in various cancers 350.  

This chapter describes an investigation into somatic mutations in a cohort of South African 

patients diagnosed with oesophageal cancer, via bioinformatics analysis of whole genome 

sequence (WGS) data of matched tumour-blood DNA. Using raw WGS data a variant calling 
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pipeline was established to align patient genomes to a reference genome (GRCh38) to call 

for somatic variants in the tumour samples only. It was possible to identify all genes with 

high impact severity (consequence of mutation) mutations as well as to confirm the 

mutations previously identified by the Wellcome Sanger Institute. The established pipeline 

was also utilised to investigate whether ERVcaller genes identified in Chapter 4 were 

associated with any somatic mutations. 

Variant calling for somatic mutations was performed and identified a high level of mutations 

in the MUC3A gene, not previously associated with OSCC. However, we were unable to 

verify these mutations through PCR in the laboratory and suspected they were false 

positives. When re-evaluating the bioinformatics data using a panel of normal (PON) 

approach and a different variant caller, none of the initial mutations were confirmed thus we 

concluded they were indeed false positives. However, the re-analysis identified similar high 

numbers of different mutations in the same gene although due to time constrains, no 

laboratory confirmation was performed on these. We remain concerned that these mutations 

are also false positives as it is perplexing that no previous OSCC studies have reported 

mutations in this gene.  

 

5.2 Bioinformatics Pipeline Set-up  

5.2.1 Whole Genome Sequencing Data 

As described in section 2.2.2, DNA from thirty-five blood samples and their paired tumour 

biopsies from South African patients underwent WGS and limited analysis at the Wellcome 

Sanger Institute in the UK. They confirmed a number of known mutated genes that had 

previously been reported to be associated with OSCC (Table 5.1).  

 
 
 
Table 5.1: Known mutated genes associated with OSCC identified by bioinformatics analysis 
performed at the Wellcome Sanger institute on the WGS data from this study. This analysis was 

performed using Caveman and Pindel software 302,303 
 

AJUBA CREBBP FAT1 KMT2C NOTCH2 RB1 

BRCA1 CUL3 FAT2 KMT2D NOTCH3 TGFBR2 

BRCA2 EGRF FAT4 LRP1B PIK3CA TP53 

CCND1 EP300 FBXW7 NFE2L2 PREX2 TERT 

CDKN2A ERBB4 KDM6A NOTCH1 PTCH1   
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This information was used as a reference point for further analyses performed by the 

student, described in Figure 5.1 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: The bioinformatics workflow to detect somatic mutations using bcbio-nextgen. WGS = 
Whole Genome Sequencing, T/N = tumour and matched normal, SV = structural variants, CNV = 
copy number variants; SNV = single nucleotide variants, indels = insertions and deletions, VCF = 
variant call format. 
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5.2.2 Bcbio-nextgen Pipeline 

Setting up a variant calling pipeline for small variants including SNV and indels, was the first 

step in the analysis process. It was decided to utilise an open source software package 

called bcbio-nextgen, a community developed “python toolkit providing best-practice 

pipelines for fully automated high throughput sequencing analysis” 352. This software allows 

for the analysis of sequences through specialised pipelines with further visualisation and 

additional processing made possible. The variant calling analysis pipeline aligns reads to 

selected reference genomes, allowing for the identification of variants within the query 

sequences 353. In this way, calls were compared against the common reference genome 

GRCh38 and multiple approaches for alignment, preparation and variant calling were 

incorporated into the pipeline to ensure an unbiased comparison of algorithms 352. 

Bcbio-nextgen software (version 1.2.9) was downloaded and installed on the Ilifu server 

along with the necessary dependencies, aligners and the human reference genome 

GRCh38. Once the set up was confirmed, configuration files were constructed for each 

patient in the sample cohort following guidelines described in the software documentation 

354. 

All pipeline scripts used and query searches can be found in the online repository at 

https://github.com/VictoriaPatten/phd-scripts/tree/main/bcbio-nextgen.  

 

5.2.3 Configuration Parameters 

Bcbio-nextgen software is suitable for variant calling of small variants (SNP’s) and indels, 

and supports the feature of tumour-normal paired calling. For tumour-normal samples, 

bcbio-nextgen is able to call both somatic (tumour-specific) and germline (pre-existing) 

variants (Chapman et al., 2021) using the parameters below: 

BWA Aligner 

The workflow involved in establishing this pipeline includes the setup of configuration files 

as YAML templates (Figure 5.1) which for each patient specify particular parameters and 

tools needed for the analysis. Raw patient BAM files were specified as the input files for 

each patient’s configuration file, and reads were aligned to GRCh38 human reference 

genome using the Burrows-Wheeler Aligner (BWA 0.7.17) which maps low-divergent 

sequences against a large reference genome 355.  

https://github.com/VictoriaPatten/phd-scripts/tree/main/bcbio-nextgen
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To option somatic and germline calls, individual variant callers were specified for each. 

Bcbio-nextgen carried out a single alignment for the normal sample first and then splits at 

the variant calling stage using the normal sample as a baseline for germline and somatic 

calling.  

Mark Duplicates 

In WGS it is a common best practice to mark or remove duplicate aligned reads as not doing so 

would lead to variant calling bias with incorrect results. Patient BAM files were prepared, aligned to 

GRCh37 at the Wellcome Sanger Institute, and duplicates were removed. However, in the bcbio-

nextgen pipeline we realigned the BAM files to the latest, most up to date version of the reference 

genome (GRCh38) and thus the parameter mark_duplicates was set to ‘TRUE’ in the configuration 

files in order to mark duplicates again. Without this parameter, one would run the risk of preferentially 

amplified areas of the genome sequence being over-represented. Having these duplicates marked 

or removed increases the quality and reliability of the areas covered in sequencing 356. 

Freebayes 

Multiple different callers are supported for variant calling and in this instance germline SNV’s 

and indels were called using Freebayes v1.3.6 357, a genetic variant detector designed to 

locate small polymorphisms, specifically SNP’s and indels. Freebayes is haplotype-based 

and calls variants based on the literal sequences of reads aligned to a particular target. The 

most likely combination of genotypes for the population at each position in the reference is 

determined through the short read alignments, and polymorphic positions are reported in 

variant calling file (VCF) format 357.  

Vardict 

Somatic calling uses the normal samples as a background to subtract existing (germline) 

calls, and in this instance, somatic SNPs and indels were called using Vardict 358, an ultra-

sensitive variant caller that simultaneously calls SNV’s and indels, performing local 

realignments for more accurate allele frequency estimation. Vardict further performs 

amplicon bias aware calling, rescue of long indels and improved scalability. Several 

downstream strategies are also employed to filter variants for the most likely cancer driving 

events 358.  
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SnpEff  

VCF annotation was performed using the SnpEff tool 359. The effects of variants in a genome 

sequence are rapidly categorised and annotated based on their genomic locations and 

prediction of coding effects. Using the VCF file generated by Vardict as input, SnpEff 

analyses and annotates the input variants and calculates the effects they produce on known 

genes. Annotated genomic locations include intronic and exonic regions, untranslated 

regions, intergenic regions, splice sites as well as upstream and downstream regions. The 

coding effects predicted include synonymous and non-synonymous amino acid 

replacements, start or stop codon gains or losses and frameshift variants 359.  

Lumpy 

Structural and copy number variants (CNV’s) were called using Lumpy v0.3.1 360, a 

probabilistic prediction framework for structural variant discovery. Multiple classes of 

evidence from multiple sources are accommodated in the same analysis run with multiple 

structural variant signals jointly integrated across a number of samples.  

 

5.3 Pipeline Output Analysis and Results 

When executing the pipeline and running the sample configuration files through the bcbio-

nextgen, the alignment, mark duplicates, sorting and indexing of the BAM files is performed 

through a shell pipeline of BWA, samblaster and samtools 361,362. The built-in multi-threading 

capabilities of BWA allow for the parallelized alignment of the BAM files. This is then followed 

by further parallelization of variant calling enabled by the simultaneous processing of 

partitioned genome regions that are bounded by spans of the genome where no callable 

reads in any of the samples that are being processed are contained 361. 

 



93 
 

Figure 5.2: A prepared YAML configuration file for bcbio-nextgen somatic (cancer) variant calling. 
Both the tumour and normal BAM files for each patient were used as input. The aligner was set to 
BWA; mark_duplicates set to ‘true’; Vardict and Freebayes are specified as somatic and germline 
variant callers respectively; lumpy was set as the structural variant caller (svcaller); and gemini and 
somatic vcf annotation is set to use SnpEff. https://github.com/VictoriaPatten/phd-
scripts/blob/main/bcbio-nextgen/bcbio_config.yaml 

 

https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/bcbio_config.yaml
https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/bcbio_config.yaml
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5.3.1 GEMINI Output 

Annotation of the output was performed using the SnpEff tool 359.  GEMINI v.0.20.1 363, was 

then used to create a database of the output to facilitate the query of the annotated vcf files. 

GEMINI is a genome mining tool for exploring human variations. This tool integrates genetic 

variation with a diverse and adaptable set of genome annotations into a unified database to 

facilitate interpretation and data exploration 363, thus when executing the bcbio-nextgen 

pipeline with the parameter vcfanno: [gemini, somatic] (Figure 5.2), a GEMINI database 

containing somatic variant tables is created for downstream query and analysis. The 

GEMINI tool provides a flexible database-driven Application Programming Interface (API) 

for the purposes of data visualisation and exploration. Accurately predicting the functional 

consequences and effects of the detected variants using GEMINI is however dependent on 

external tools, either SnpEff or VEP 364. For this analysis, SnpEff was utilised and indicated 

in the YAML file as effects: snpeff. The documentation description states that “SnpEff is a 

variant annotation and effect prediction tool. It annotates and predicts the effect of genetic 

variants” 365. 

One is able to pose intricate questions about one’s data due to the expressive power of 

Structured Query Language (SQL), and the convenience of having all genetic variants 

stored in a database to facilitate variant interpretation 363. Using the command line, the 

GEMINI output database files were explored and filtered to search for particular parameters 

of interest annotated within the variant/variant_impacts tables of the output database files. 

Variant consequence columns such as gene, impact and impact_severity (Table 5.2) were 

filtered out for specific variant searches. The impact_severity rankings (HIGH, 

MED(medium) or LOW) for each GEMINI impact term can be found in Appendix 2. The 

impact severity can be described as the functional consequence of a given variant 364. 

GEMINI incorporates specific tools for the command line for the purpose of querying the 

output database files. This tools is called ‘gemini query’  and below is an indication of how it 

was used to interact with the database files to filter for all HIGH impact severity mutations 

(Figure 5.3).   
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Table 5.2: Annotations of variant consequence columns found in GEMINI variant/variant_impacts 

tables within the output database files 364.   

Variant Consequence Description 

anno_id Annotation ID 

gene Gene name 

transcript Transcript name 

exon Exon number 

is_exonic_is_lof Loss of function in exon 

is_coding Is a coding region 

condon_change Change of codon 

aa_change Amino acid change 

aa_length Amino acid length 

biotype Biotype variant 

impact Impact of variant 

impact_so Sequence ontology for impact 

impact_severity Impact severity  

polyphen_pred Polymorphism phenotyping score 

polyphen_score Polymorphism phenotyping prediction 

sift_pred SIFT prediction 

sift_score SIFT score 

 

 

Figure 5.3: gemini query command line to filter the database file of patient PD39445 for chromosome, 
start and end positions, gene, reference and alternate alleles, impact and impact severity of variants, 
where the impact severity is given as HIGH. https://github.com/VictoriaPatten/phd-
scripts/blob/main/bcbio-nextgen/HIGH_impact_gemini_search.sh 
 
 

5.3.2 SnpSift Filtering 

To ensure that the gemini query tool provided correct descriptions of variants from the 

database files, a second filtering tool was applied to all the DNA sequences to confirm the 

variants identified.  

Following execution of the bcbio-nextgen pipelines, the SnpEff tool further generated variant 

identification output in VCF files for each patient, in addition to the GEMINI databases that 

were created. These VCF files could not be explored using gemini query, but instead 

required the use of SnpSift, a toolbox joined to the SnpEff package and allowing one to filter 

and manipulate VCF files in order to identify interesting and relevant variants 365.  

Using SnpEff and SnpSift together, SNV’s, indels and structural variants were identified with 

a simple assessment of the putative impact of each variant given as HIGH, MODERATE 

and LOW, in contrast to GEMINI’S HIGH, MED, LOW. Filtering of the VCF files was 

implemented using the SnpSift filter and SnpSift extractFields commands. Figure 5.4 shows 

https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/HIGH_impact_gemini_search.sh
https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/HIGH_impact_gemini_search.sh
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an example of filtering for all HIGH impact mutations on chromosome 1, extracting the fields 

of the gene, position, reference allele and alternate allele columns of the VCF file. 

Figure 5.4: Command line for SnpSift filter and SnpSift extractFields commands. The output of 

SnpSift filter is piped as input to SnpSift extractFields. 

 

5.3.3 Search for Genes with Somatic Variants 

5.3.3.1 Genes Identified in ERVCaller  

Chapter 4, identified the locations of HERV’s and possible translocations within the genomes 

of thirty patients. Output from this software generated a list of possible genes where HERV’s 

are integrated (Table 5.3).  

Using the GEMINI database files generated from bcbio-nextgen analysis, we endeavoured 

to identify whether any somatic mutations might exist within or near to the genes present on 

this list that may possibly link the HERV insertions to somatic mutations. The gemini query 

tool was used to search for the genes shown in Table 5.3. Figure 5.5 shows this gemini 

query command line search.  

Table 5.3: Genes identified by ERVcaller with HERV-K insertions (Chapter 4) in the genomes of 
thirty patients.  

TPM1 WDHD1 MINCR DPPA5P1 

TMEM117 NVL ZNF16 CAPN8 

LINC00559 ZNF528 SCGB1D1 DUX4 

CHIAP1 CCDC185 CHIAP2 GGT5 

ANO2 DUX4L2 ZNF419 ZNF696 

TMED2-DT SUSD2 CNIH4 SCGB2A1 

 

 

Figure 5.5: gemini query command line to filter the database file of patient PD39445 for chromosome, 
start and end positions, gene, reference and alternate alleles, impact and impact severity of variants, 
where the genes are specified from the given list of genes identified in ERVcaller. 
https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/erv_gemini_search.sh 
 

 

https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/erv_gemini_search.sh
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5.3.3.2 OSCC Associated Genes  

Preliminary analysis performed at the Wellcome Sanger Institute of the first set of samples 

identified somatic variants in a list of genes previously reported to be associated with OSCC 

(Table 5.1) using Caveman and Pindel algorithms 302,303. Our own analysis included use of 

the gemini query command (Figure 5.6) to filter for HIGH impact variants in these genes and 

use this as a further confirmation step (in addition to the two different filtering methods - 

GEMINI and SnpSift) that the bcbio-nextgen analysis pipeline that was set up was indeed 

accurate.  

 

Figure 5.6: gemini query command line to filter the database file of patient PD39445 for chromosome, 
start and end positions, gene, reference and alternate alleles, impact and impact severity of variants, 
where the genes specified are from the given list of genes identified with HIGH impact mutations by 
the analysis carried out by the Wellcome Sanger Institute. https://github.com/VictoriaPatten/phd-
scripts/blob/main/bcbio-nextgen/sanger_gemini_search.sh 

 

5.3.3.3 All Genes with HIGH Impact Severity Variants 

Once we had confirmed the previously identified genes using gemini query, a further search 

for all genes presenting HIGH impact variants was performed across all patient  genomes. 

This was to determine the top genes with the highest number of HIGH impact mutations 

within the patient cohort. This was carried out on all thirty-five patients. Figure 5.3 above 

shows the gemini query command used to filter database files for all genes with HIGH impact 

severity mutations.  

 

5.4 Gene Search 

5.4.1 ERVcaller Gene Search 

The search for somatic variants within genes containing HERV insertions as identified by 

ERVcaller software did not confirm the hypothesis that HERV insertion was associated with 

contiguous high impact mutations. The objective had been to link these HERV insertions 

sites to possible somatic mutations within or near to the genes of interest. Table 5.4 indicates 

that of the initial thirty patients sequenced, only four patients presented with MED (medium) 

impact severity mutations. 

https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/sanger_gemini_search.sh
https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/sanger_gemini_search.sh
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 Table 5.4: GEMNI Search for variants within genes identified by ERVcaller as having HERV 

insertions 

Patient Number  Chromosome Gene Ref Alt Type Severity 

PD39448 Chr22 SUSD2 C T missense variant MED 

PD39454 Chr4 DUX4 G A missense variant MED 

 Chr13 LINC00559 T A splice region variant MED 

 Chr14 WDHD1 A G splice region variant MED 

PD44699 Chr1 CAPN8 G A Missense variant MED 

 Chr1 CAPN8 A AG splice region variant MED 

PD44702 Chr15 TPM1 T G Missense variant MED 

*MED=Medium impact severity 

 

Patient PD39448 had a MED severity missense mutation on chromosome 22 in gene 

SUSD2, a possible cytokine receptor or tumour suppressor involved in breast tumorigenesis 

366. Patient PD39454 had three MED severity mutations, one on chromosome 4 in gene 

DUX4 (missense variant), one on chromosome 13, in gene LINC00559 (splice region 

variant), and one on chromosome 14 in gene WDHD1 (splice region variant). DUX4 is a 

transcription factor in embryos and involved in muscular dystrophy 367. LINC00559 is a non-

protein coding RNA expressed in the testis 368, and WDHD1 is a DNA replication initiation 

factor 369. Patient PD44699 has two MED impact severity mutations both on chromosome 1 

in the CAPN8 gene (missense variant and splice region variant respectively). CAPN8 is 

involved in membrane trafficking in gastric pit cells and mucus cells in the stomach 370. The 

fourth patient to present a MED impact severity missense variant was PD44702 on 

chromosome 15 in the TPM1 gene which is involved in binding to actin filaments in muscle 

and non-muscle cells as well as associating with the troponin complex during striated muscle 

contraction 371.  

With only four of thirty patients presenting somatic variants, and MED impact severity 

variants at that, it can be deduced that there is very little linkage between HERV insertions 

and somatic mutations. No HIGH impact severity variants were detected, further suggesting 

that there is no significant effect on the genes or nearby genes where the portions of  HERV 

genomic DNA appear to be inserted. This does not support the hypothesis that HERV 

insertions or translocations could be linked to somatic mutations possibly as either a causal 

effect or a consequence.  

Due to this finding, further investigations into the effects of HERV insertions were not 

explored and the focus was on investigating somatic mutations in the sample cohort.  
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5.4.2 Identification of Somatic Mutations 

The list of genes shown in Table 5.1 was further used to confirm the bcbio-nextgen database 

output of our own analysis to prove that the pipeline was functional and accurate in its 

alignment, mapping and variant database generation. Table 5.5 indicates the number of 

patients with either or both MED/HIGH impact severity variants.  

 

Table 5.5: bcbio-nextgen and GEMINI search of genes previously identified to be altered, yielding 
the indicated mutations in column 3. Column 2 lists the number of patients displaying the mutations 
identified. MED indicates medium impact severity mutations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From table 5.5, it can be seen that 24 genes that were previously identified in the Wellcome 

Sanger Institute’s analysis had either or both MED/HIGH impact severity mutations when 

processed though our own bcbio-nextgen pipeline. This provides some confirmation that the 

results we obtained are reliable. As anticipated, TP53 showed the highest number of 

variants with 20 patients presenting HIGH impact severity variants and 7 patients presenting 

MED impact severity variants. CDKN2A was another expected result with 10 patients 

Genes  
Investigated 

Total number 
of patients with  
mutations 

Number and Type  
of Variant 

AJUBA 4 2HIGH / 3MED 
BRCA1 2 4MED 
BRCA2 3 1HIGH / 2MED 
CCND1 0  
CDKN2A 10 7HIGH / 3MED 
CREBBP 0  
CUL3 0  
EGRF 0  
EP300 2 1HIGH / MED 
ERBB4 2 2MED 
FAT1 3 1HIGH / 9MED 
FAT2 5 2HIGH / 4MED 
FAT4 3 4MED 
FBXW7 3 2HIGH / 1MED 
KDM6A 1 1HIGH 
KMT2C 3 1HIGH / 3MED 
KMT2D 8 8HIGH / 2MED 
LRP1B 2 2HIGH 
NFE2L2 3 3MED 
NOTCH1 10 3HIGH / 7MED 
NOTCH2 0  
NOTCH3 3 3HIGH / 3MED 
PIK3CA 3 3MED 
PREX2 2 3MED 
PTCH1 2 1HIGH / MED 
RB1 1 1MED 
TGFBR2 2 2MED 
TP53 26 20HIGH / 7MED 
TERT 1 1MED 



100 
 

presenting 7 HIGH and 3 MED impact severity mutations. Both of these genes have been 

reported in the literature as being associated with a myriad of cancers, and more specifically, 

OSCC 6,30. A recent systemic review and meta-analysis by Naseri et al (2021), showed that 

changes in the TP53, CCND1, MDM2, NOTCH1/2/3, KMT2D, CDKN2A, PIK3CA and FAT1 

genes were detected in more than 10% of OSCC patients in studies predominantly from 

China and Japan with a few studies coming from Brazil, Korea and Iran 30. While the patient 

cohort in this study comprises only South Africans, it is encouraging to confirm that most of 

these commonly mutated genes in OSCC were identified as mutated in this patient cohort.  

These findings indicate that the analysis pipeline of the WGS data that was performed in 

this study provided results that were in accordance with those reported in the literature. 

 

5.4.3 HIGH Impact Severity Variant Gene Search 

With the knowledge and confidence that our pipeline and results were accurate, a further 

search of the GEMINI database files was conducted using the gemini query command line 

(Figure 5.2) to filter and extract information on all the genes present in the sample cohort 

presenting with HIGH impact severity mutations. 

Table 5.6 shows the results of this search indicating the number of patients with HIGH impact 

severity mutations in a given gene, thus providing a ranking of genes with the highest 

number of patients having mutations for each gene. Figure 5.7 shows the total number of 

variants detected across the patient cohort. For example, 18 out of 35 patients had HIGH 

impact mutations in the TP53 gene, while 19 separate incidences were detected, suggesting 

that one patient had more than one mutation in the gene.  

The results depicted in this table indicated a surprising finding. At the top of the list with 30 

out of 35 patients presenting HIGH impact mutations, is the MUC3A gene. Furthermore, 258 

incidences of mutations were detected across the patient cohort. These numbers far exceed 

those for genes such as TP53, CDKN2A and KMT2D. Table 5.7 gives a brief description of 

each gene and whether it has previously been reported to play a role in oesophageal cancer. 

86% of this South African cohort display HIGH impact severity mutations in MUC3A, a gene 

not previously reported as being associated with OSCC. Figure 5.8 provides a breakdown 

of the number of MUC3A mutations detected per patient in the cohort. These findings 

prompted a number of questions into what could possibly be happening in this gene with 

such a significantly high number of mutations. What is the MUC3A gene responsible for and 

how is this affecting these South African OSCC patients? 
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Table 5.6: Top 20 genes with the most HIGH impact severity variants detected in the full thirty-five 
patient cohort. 

Gene 
Number of patients 
with mutations 

MUC3A 30 

TP53 18 

HEATR9 14 

VPS52 12 

NCOR1 10 
AHNAK 9 

OR4D10 8 

CDKN2A 8 

FIGN 7 

OR4D11 7 

KMT2D 7 

CST3 6 

GRIN2A 6 

DEF8 6 

FGFR1 6 

TBL1X 6 

FAM135A 6 
TDG 6 

CST5 5 

SLC4A3 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Lollipop plot indicating the  distribution of somatic variants across the top 20 genes with 
the most HIGH impact severity variants detected using Vardict variant caller with bcbio-nextgen 
pipeline. The MUC3A gene shows a vastly greater total number of mutations detected across to 
whole cohort compared to all other genes. 
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Table 5.7: Description of the genes identified in Table 5.6 and whether they have previously been reported to be associated with oesophageal cancer.  

Gene Description 
Reported role in  
Oesophageal Cancer 

MUC3A Epithelial glycoprotein involved in ligand binding and intracellular signalling 372 - 
TP53 Tumour suppressor protein involved in many cancers 373 Yes 26,374,375 
HEATR9 Acts upstream of or within hematopoietic progenitor cell differentiation 376 - 
VPS52 Involved in vesicle trafficking from both early and late endosomes, back to the trans-Golgi network 377 - 
NCOR1 Mediates ligand-independent transcription repression of thyroid-hormone and retinoic-acid receptors by 

promoting chromatin condensation and preventing access of the transcription machinery 378 
- 

AHNAK May play a role in such diverse processes as blood-brain barrier formation, cell structure and migration, 
cardiac calcium channel regulation, and tumour metastasis 379 

Yes 380 

OR4D10 Interacts with odorant molecules in the nose, to initiate a neuronal response that triggers the perception 
of a smell 381 

- 

CDKN2A Tumour suppressor that induces cell cycle arrest in G1 and G2 phases 382 Yes 26,383–385 
FIGN Predicted to enable microtubule-severing ATPase activity, and to be involved in cytoplasmic microtubule 

organization 386 
- 

OR4D11 Interacts with odorant molecules in the nose, to initiate a neuronal response that triggers the perception 
of a smell 387 

- 

KMT2D Methylates the Lys-4 position of histone H3 388 Yes 26 
CST3 Serves as a local regulator of cysteine proteinase activity 389 Yes 390 
GRIN2A Involved in long-term activity-dependent increase in the efficiency of synaptic transmission 391 - 
DEF8 Enables metal ion binding activity, and is involved in lysosome localization; positive regulation of bone 

resorption; and positive regulation of ruffle assembly 392 
- 

FGFR1 Involved in intracellular tyrosine kinase activity and downstream signalling via PI3K and MAPK pathways 
393 

Yes 394–396 

TBL1X Plays a role in transcription activation mediated by nuclear receptors 397 Yes 398 
FAM135A Predicted to be involved in cellular lipid metabolic process 399 - 
TDG Plays a key role in active DNA demethylation and removes thymine moieties from G/T mismatches 400 Yes 70,401 
CST5 Plays a protective role against proteinases present in the oral cavity 402 - 
SLC4A3 Encodes a plasma membrane anion exchange protein 403 - 

 

 



103 
 
 

MUC3A is a protein coding gene whose product is a highly O-glycosylated trans-membrane 

mucin expressed in various epithelial cells and located in the mucin cluster of chromosome 

7q22 256,266,404–406. The extracellular domain of this transmembrane mucin would ordinarily 

function as a protection barrier, while the intracellular domain can be phosphorylated in turn 

activating various mucin-specific signal transduction pathways leading to the alteration of 

downstream cellular regulation processes such as inflammatory responses, epithelial cell 

adhesion, cellular differentiation and apoptosis 184. In previous studies the aberrant 

expression of MUC3A has been associated with oncogenic profiles in breast, pancreatic, 

gastric, colorectal, prostate and renal cancers, eliciting poor prognosis in patients 257–259,405. 

In normal epithelial cells the MUC3A protein plays an important role in the maintenance of 

the mucosal barrier function and prevention of invasion of pathogens at mucosal surfaces 

184.  

Further investigation into the MUC3A gene mutations were performed, with the intention to 

elucidate some understanding of a functional role in OSCC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Bar graph of the number of MUC3A mutations detected per patient in the cohort (30 out 
of 35 patients). The number at the top of each bar indicates the number of mutations. 
https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/MUC3A_gemini_search.sh 

 

https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbio-nextgen/MUC3A_gemini_search.sh
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Analysis of all 258 individual mutations detected across the cohort showed that 95% of the 

mutations identified were frameshift variants caused by short indels. Only 14 out of the 258 

variants were as stop codons. The full list of 258 variants detected are shown in Appendix 

3. When sorting the variants by start and end position, it appeared that many patients shared 

a number of the same mutations and the positions identified were grouped together into five 

genomic regions, or clusters. This sorting is shown in Appendix 4. Cluster locations are 

indicated in Table 5.8. Using the NCBI resource Genome Data Viewer 407, the exact 

locations of these clusters all fall within the large second exon of the gene. The MUC3A 

gene consists of 12 exons with the largest being the second exon of 8805 base-pairs in 

length. Figure 5.9 shows the structure of the MUC3A gene with the mutation clusters 

indicated by vertical coloured lines.  

 

Table 5.8: MUC3A mutations grouped into 5 cluster locations within exon 2 of chromosome 7. 

  
Start 
position 

End 
position 

Cluster 1 100953731 100953840 

Cluster 2 100954996 100955249 

Cluster 3 100957642 100958144 

Cluster 4 100958183 100958658 

Cluster 5 100958763 100959000 

 

 

 

 

 

 

 

 

Figure 5.9: Visual representation taken from the NCBI Genome Data Viewer 407 depicting the 
MUC3A gene structure. The locations of the clusters of mutations detected through bioinformatics 
analysis are indicated in the second exon by coloured lines on the image. Cluster 1 = green, cluster 
2 = blue, cluster 3 = red, cluster 4 = black and cluster 5 = purple.  

 

It can clearly be seen from Figure 5.9 that clusters 3, 4 and 5 lie fairly close to each other, 

toward the second half of the second exon. Clusters 1 and 2 lie closer toward the beginning 

of exon 2 and are further apart from each other.  

MUC3A gene 

Exon 2 
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5.5 Laboratory Confirmation of Bioinformatics Data 

At this point it was important to confirm the presence of these MUC3A mutations by PCR 

amplification and sequencing of patient DNA.  

5.5.1 DNA Extraction for use in PCR 

Genomic DNA was extracted from OSCC cell lines, and paired patient blood and tumour 

biopsies for PCR analysis.  

Cell line DNA was used to optimise the PCR primers. Seven OSCC cell lines were grown in 

culture under standard conditions. WHCO 1, WHCO5 and WHCO 6 cells lines were 

originally established in South Africa from surgical biopsies of primary OSCC 295, while  Kyse 

30, Kyse 150, Kyse 180 and Kyse 450 cell lines were Japanese derived 296. Extraction of 

DNA from cells was carried out using a standard phenol:chloroform:isoamylalcohol (25:24:1) 

protocol and eluted DNA was stored at -20°C until needed (see section 2.2.4.4). 

DNA extraction from patient blood and biopsies were extracted in accordance with standard 

operating protocols as described in sections 2.2.1.2 and 2.2.1.3. Patient DNA was stored at 

-20°C until needed. DNA was thus available for PCR use from the 16 UCT patients that 

made up part of the patient sample cohort. DNA from the 14 WITS patients was not available 

in this laboratory due to shipping complications during the COVID-19 lockdown period.  

 

5.5.2 PCR Primer Design 

The clusters of mutations identified in exon 2 of the MUC3A gene served as guideline 

locations for the design of primers for PCR. Clusters 1, 2 and 5 where small enough in length 

to allow for a single set of primers each, while clusters 3 and 4 were too lengthy to allow for 

accurate amplification and post-PCR sequencing. For this reason, mid-way primers were 

designed for these two clusters. 

The genomic MUC3A DNA sequence contains multiple tandem repeats, and exon 2 proved 

highly challenging for the design of robust and stable primers. The large number of multiple 

binding sites was a challenge as the repetitive nature of the DNA meant one or both of the 

primers in a pair would inevitably bind at more than one location. Eventually suitable primers 

were designed with the lowest possibility of multiple product lengths. Primer sequences for 

clusters 1-5 with their respective lengths, annealing temperatures, GC contents and the 

expected product lengths can be found in section 2.2.5.1, Table 2.7.  
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5.5.3 Primer Optimisation 

The primers were prepared as 100µM stock solutions and stored at -20°C. 10µM working 

solutions were prepared from these stocks and used to prepare PCR reactions in order to 

avoid contamination of stocks. Primers for the individual five clusters were optimised 

separately using the DNA extracted from the OSCC cell lines. The integrity of this cellular 

DNA was confirmed by agarose gel electrophoresis as described in section 2.2.1.5.  

A standard PCR protocol was used as a starting point for optimisation of each primer set, 

as described in section 2.2.5.2 306, and thereafter, conditions were adjusted to obtain an 

optimal set of parameters for each primer pair. Reaction mixes were prepared in 25 µl 

volumes and thermocycling was carried out in an Applied Biosystems SimpliAmp 

thermocycler. Annealing temperatures were as per the manufacturer’s specifications, and 

adjusted throughout the optimisation process. Primer sequences for Cluster 1 and Cluster 

5 were easily optimised (Figure 5.10 A and B) and their specific cycling conditions are shown 

in Tables 5.9 and 5.10 respectively. Both of these primer sets amplified the cell line DNA at 

60°C, cycling through forty repeats of the denaturation, annealing and elongation stages of 

the PCR.  

Table 5.9: Optimised conditions for the primer set for Cluster 1 mutations.  

Primer Pair PCR Conditions   
Product 
Size 

Cluster 1 Forward: 95°C: 4 minutes   

889bp 

5'- TAA GTA CAC TCA GCA CTC CTA -3' 95°C: 45 seconds 

40 cycles  60°C: 45 seconds 

Cluster 1 Reverse: 72°C: 1 minute 

5'- GAG ATC ATG GAT GTA GAA GTT ACC -3' 72°C: 7 minutes  
  4°C: 7 minutes   

 

 

Table 5.10: Optimised conditions of the primer set for Cluster 5 mutations. 

Primer Pair PCR Conditions   
Product 
Size 

Cluster 5 Forward: 95°C: 5minutes   

752bp 

5'- ACC TCA CAT GAT ACT CCC -3' 95°C: 1 minute 

40 cycles  60°C: 1 minute 

Cluster 5 Reverse: 72°C: 1 minute 

5'-  ATA TCA GTG GGT ATA GAG GGA AAG -3' 72°C: 7 minutes  

  4°C: 7 minutes   
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Figure 5.10: Optimisation of primers for A) Cluster 1 and B) Cluster 5 using several OSCC cell line 
DNAs. Both Primer sets were optimal at an annealing temperature of 60°C. PCR products were 
electrophoresed through a 1% agarose gel for 35 minutes at 100V and visualised under UV light for 
20 seconds using Novel juice. Expected band sizes were observed for all samples for Cluster 1 (889 
bp) and for Cluster 5 (752 bp).  

 

The primer sets for Clusters 2, 3 and 4 (full product length primers as well as midway 

primers) were exceptionally difficult to optimise. Numerous adjustments to the protocols 

were made including magnesium titrations, primer concentration titrations, DNA 

concentration titrations and the addition of enhancers such as DMSO at varying 

concentrations, and a combination of Tris, KCl and Gelatine. Alternate PCR buffers and Taq 

polymerase were included in the reaction mix and multiple thermocycler machines were 

tested along with a myriad of different cycling profiles that were attempted. None of these 

yielded adequate template amplification.  

In the absence of optimisation of clusters 2, 3 and 4, it was decided to proceed with PCR 

amplification of patient DNA using the two optimised primer sets for Clusters 1 and 5 while 

attempts at optimisation of the remaining primers continued in the background.  
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5.5.4 PCR of Patient DNA with Cluster 1 and 5 Primers 

Using the optimised primer conditions for Clusters 1 and 5, PCR’s were performed using 

genomic DNA previously extracted from patient tumour biopsies. The integrity of this DNA 

was verified by agarose gel electrophoresis as described in section 2.2.1.5. DNA was shown 

to be intact and suitable for PCR (Figure 5.11).  

Table 5.11 below indicates the patients identified as having MUC3A mutations in clusters 1 

and 5 (also shown in Appendix 3). Three patients were identified as having mutations in 

cluster 1 while four were identified in cluster 5. However, genomic DNA from only two UCT 

patients for cluster 1, and three patients for cluster 5 were available for analysis.  

 

Table 5.11: Patients identified as having mutations falling into cluster 1 and cluster 5 MUC3A 
genomic locations. ‘Institute’ gives an indication of where the patients were recruited and biopsies 
collected.  

  Patients Institute 

Cluster 1 PD39456 UCT/Groote Schuur 

 PD39457 UCT/Groote Schuur 
   
Cluster 5 PD39448 UCT/Groote Schuur 

 PD39454 UCT/Groote Schuur 

 PD39457 UCT/Groote Schuur 

    

 

In all PCR reactions, a no-template control (NTC) was included. Figure 5.12 shows the PCR 

products from patients PD39456 and PD39457 respectively. The product size for this primer 

set is 889 bp according to the reference genome sequence, and sample amplification bands 

of the expected size were obtained.  

PCR of cluster 5 primers with patient DNA had to be repeated a number of times to obtain 

useable PCR products for sequencing. A representative gel is shown in Figure 5.13 below.  

The amplified PCR products obtained for cluster 5 primers appeared to be ‘less clear’ on 

the electrophoresis gels than those obtained for cluster 1 primers. The product size for this 

cluster was 752 bp according to the reference genome, and from Figure 5.13 the 

amplification bands visible on the gels appear to lie closer to the 1000 bp marker, suggesting 

that the PCR product may be slightly larger than anticipated. PCR products were subjected 

to bidirectional Sanger Sequencing as described in section 2.2.5.4.  
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Figure 5.11: Visualisation of patient DNA electrophoresed through a 1% agarose gel for 35 minutes 
at 100V to verify the integrity of the DNA. The GeneLadder™ molecular marker is shown in lane 1 
of the gel.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Visualisation of PCR products using primers for cluster 1 MUC3A mutations in patients 
PD39456 and PD39457 respectively. Post-PCR, products were electrophoresed through a 1% 
agarose gel for 35 minutes at 100V and visualised under UV light for 20 seconds using Novel juice. 
Expected amplification size are bands shown in the region of 889bp. NTC indicates no-template 
control.  
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Figure 5.13: PCR using cluster 5 primers on patients PD39448, PD39454 and PD39457. All products 
were electrophoresed through 1% agarose gel for 35 minutes at 100 and visualised using Novel 
Juice, under UV light for 25 seconds. Amplification bands are visible slightly higher than the expected 
target size of 752bp. A non-specific amplification ban is visible for patient PD39448. NTC indicates 
no-template control.  

 

 

5.5.5 Post-PCR DNA Sequencing Results 

Cluster 1 Mutations in Patients: 

The DNA sequence of the PCR products for patient PD39456 was very clear and easy to 

interpret (Figure 5.14 B). When analysing this chromatogram together with Table 5.12, it 

can be seen that the MUC3A variants identified through bioinformatics analysis in this 

patient, shown in the ‘Alt’ column in Table 5.12, could not be confirmed in the PCR product 

sequence. The variant positions have been indicated in the reference sequence and on the 

chromatogram to show where the alternate variants were expected, but the chromatogram 

sequences represented the reference sequence exactly (Figure 5.14 A), and none of the six 

variants were present in the patients.  

 

P
D

3
9

4
4

8
 

P
D

3
9

8
4

5
4

 

P
D

3
9

4
5

7
 

N
T

C
 

1000bp 

500bp 

M
o
le

c
u
la

r 
M

a
rk

e
r 

Machine 2 



111 
 
 

Table 5.12: Cluster 1 variants identified in the MUC3A gene for patient PD39456 through 
bioinformatics analysis. Positions indicated correspond to reference genome GRCh38, and Ref and 
Alt refer to the reference and alternate alleles respectively.  

Patient Chromosome Position Gene Ref Alt Impact 

PD39456 

chr7 100953731 MUC3A CTC T Frameshift 

chr7 100953737 MUC3A T TGG Frameshift 

chr7 100953752 MUC3A T TA Frameshift 

chr7 100953758 MUC3A TA T Frameshift 

chr7 100953774 MUC3A AT A Frameshift 

chr7 100953777 MUC3A C CA Frameshift 

 

The clearly resolved peaks on the chromatogram show high confidence that the DNA 

sequence is accurate and that the PCR product matched the reference sequence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: A) MUC3A reference sequence showing the locations of the cluster 1 mutations 
determined from bioinformatics data for patient PD39456 in red. B) Chromatogram of the PCR 
product sequence for patient PD39456 using the primer set for cluster 1 mutations. The annotated 
sequence is shown above each line of corresponding peaks and the nucleotides indicated by arrows 
represent the positions where the identified variants are located as identified in Table 5.12.  

 

100953674 CTCCCATCACTTCATCAGTCACTTCCACAAATACAGTGACTTCTATGACAACTACGACCT 100953733 

100953734 CTCCTCCCACAACCACCAATTCTTTTACATCACTGACCAGTATGCCTCTGTCTTCTACAC 100953793 

100953794 CTGTCCCAAGCACAGAAGTAGTCACCAGTGGCACCATAAACACAATCCCTCCATCTATCT 100953853 

A 

B 
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Patient PD39457 presented a further 6 MUC3A variants in the cluster 1 region, shown in 

Table 5.13 according to the bioinformatics analysis. The DNA sequence chromatogram 

obtained was again clear with well resolved peaks, and the positions for the expected 

variants are indicated on the chromatogram in yellow, but as can be seen when comparing 

the chromatogram sequence (Figure 5.15 B) to the MUC3A reference sequence (Figure 

5.15 A), the variants once again are not present in the patients.  

 

Table 5.13: Cluster 1 variants identified in the MUC3A gene for patient PD39457 through 
bioinformatics analysis. Positions indicated correspond to reference genome GRCh38, and Ref and 
Alt refer to the reference and alternate alleles respectively.  

Patient Chromosome Position Gene Ref Alt Impact 

PD39457 

chr7 100953731 MUC3A CTC T Frameshift 

chr7 100953737 MUC3A T TGG Frameshift 

chr7 100953808 MUC3A A AG Frameshift 

chr7 100953812 MUC3A AG A Frameshift 

chr7 100953834 MUC3A A AT Frameshift 

chr7 100953838 MUC3A TC T Frameshift 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: A) MUC3A reference sequence showing cluster 1 mutation locations for patient 
PD39457 in red. B) Chromatogram of forward direction Sanger Sequencing of the PCR product for 
patient PD39457 using the primer set for cluster 1 mutations. The annotated sequence is shown 

100953674 CTCCCATCACTTCATCAGTCACTTCCACAAATACAGTGACTTCTATGACAACTACGACCT 100953733 

100953734 CTCCTCCCACAACCACCAATTCTTTTACATCACTGACCAGTATGCCTCTGTCTTCTACAC 100953793 

100953794 CTGTCCCAAGCACAGAAGTAGTCACCAGTGGCACCATAAACACAATCCCTCCATCTATCT 100953853 

A 

B 
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above each line of corresponding peaks and the nucleotides indicated by arrows, indicate the 
positions of the variants identified by bioinformatics analysis of the WGS data.   

Neither of the patients for the cluster 1 primer set showed the anticipated variants in their 

PCR products. This result was unexpected and perplexing, and we speculate that this could 

be due to low primer specificity and the high volume of tandem repeats in exon 2 of MUC3A 

influencing primer binding to a repeat region where no mutations are present.  

 

Cluster 5 Mutations in Patients: 

Sequencing of the PCR product from patient PD39448 provided a slightly less ideal 

chromatogram with a small degree of background noise (Figure 5.16). As with patient 

PD39456 and cluster 1, the MUC3A variants detected through bioinformatics analysis (Table 

5.14) were not present in the resulting sequence chromatogram. The reference positions 

shown in Table 5.14 are indicated by the arrows on the chromatogram in Figure 5.16, and 

clearly match the reference genomic sequence. None of the alternate allele variants are 

present.  

 

Table 5.14: Cluster 5 variants identified in the MUC3A gene for patient PD39448 through 
bioinformatics analysis. Positions indicated correspond to reference genome GRCh38, and Ref and 
Alt refer to the reference and alternate alleles respectively.  

Patient Chromosome Position Gene Ref Alt Impact 

PD39448 

Chr7 100958806 MUC3A C CCAAGACCACCTC 
AACCAGTCCTCCCA 
GATTCACCT 

Frameshift 

Chr7 100958808 MUC3A T TG Frameshift 

Chr7 100958856 MUC3A TC T Frameshift 

Chr7 100958858 MUC3A T TGG Frameshift 

Chr7 100958859 MUC3A TC T Frameshift 

 

Because this sequence showed some degree of background noise, a portion of the 

sequence was analysed using the NCBI BLAST 284 to confirm the sequence alignment and 

identity. Figure 5.17 shows a screenshot of the BLAST results confirming that the sequence 

showed 100% query cover to MUC3A with 96% identities matched.  

These sequencing and BLAST results suggest that the PCR product sequence obtained 

from patient PD39448 with cluster 5 primers matches the normal MUC3A genomic sequence 

exactly, and the variants identified through bioinformatics analysis are not present.  
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Figure 5.16: A) MUC3A reference sequence showing cluster 5 mutation locations for patient 
PD39448 in red. B) Chromatogram of forward direction Sanger Sequencing of the PCR product for 
patient PD39448 using the primer set for Cluster 5 mutations. The annotated sequence can be found 
above each line of corresponding peaks and the nucleotides indicated with arrows represent the 
positions where the identified variants should be located as identified in Table 5.14. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: NCBI BLAST results of the sequence obtained from the PCR product of patient 
PD39448 with cluster 5 primers. 100% Query cover and 96% identities matched to the MUC3A 
genomic sequence.  Max (maximum) score indicates the highest alignment score calculated from 
the sum of rewards for matched nucleotides and penalties for mismatches and gaps. Total Score 
provides the sum of alignment scores of all segments from the same subject sequence. Query Cover 
is the percentage of the query length that is included in the aligned segments. E-value denotes the 

A 100958714 CCACCACGGAGACCACCTCACACAGTGCTCACAGCTTCACTTCTTCGATCACCACCACCG 100958773 

100958774 AGACCACCTCACACAATACTCGCAGCTTCACTTCTTCGATCACCACCACCGAGACCAACT 100958833 

100958834 CTCACAGTACTACCAGCTTCACTTCTTCGATCACCACCACCGAGACCACCTCACACAGTA 100958893 

100958894 CTCCCAGCTTCAGTTCTTCAATCACCACCACTGAGACCCCCTTACACAGTACTCCTGGCC 100958953 

100958954 TCACTTCGTGGGTCACCACCACCAAGACCACCTCACACATTACTCCTGGCCTCACTTCTT 100959013 

B 
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number of alignments expected by chance with the calculated score or better. And, Ident (identity) 
shows the highest percentage identity for a set of aligned segments to the same subject sequence. 

Patient PD39454 had only two mutations according to the bioinformatics analysis, shown in 

Table 5.15. Figure 5.18 shows the MUC3A reference sequence (Figure 5.18 A) as well as 

the sequence chromatogram obtained by sequencing of the PCR products (Figure 5.18 B). 

This chromatogram sequence also matches the reference sequence exactly and does not 

indicate the presence of the variants detected in the bioinformatics study.  

 

Table 5.15: Cluster 5 variants identified in the MUC3A gene for patient PD39454 through 
bioinformatics analysis. Positions indicated correspond to reference genome GRCh38, and Ref and 
Alt refer to the reference and alternate alleles respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18: A) MUC3A reference sequence showing cluster 5 mutation locations for patient 
PD39454 in red. B) Chromatogram of forward direction Sanger Sequencing of the PCR product for 
patient PD39454 using the primer set for Cluster 5 mutations. The annotated sequence can be found 
above each line of corresponding peaks and the nucleotides indicated with arrows represent the 
positions where the identified variants should be located as identified in Table 5.15 

 

Bioinformatics analysis of the WGS data of patient PD39457, had previously detected a 

single, large insertion (Table 5.16). The position for this expected variant is highlighted in 

Patient Chromosome Position Gene Ref Alt Impact 

PD39454 

Chr7 100958995 MUC3A CT C Frameshift 

Chr7 100958999 MUC3A T TC Frameshift 

100958714 CCACCACGGAGACCACCTCACACAGTGCTCACAGCTTCACTTCTTCGATCACCACCACCG 100958773 

100958774 AGACCACCTCACACAATACTCGCAGCTTCACTTCTTCGATCACCACCACCGAGACCAACT 100958833 

100958834 CTCACAGTACTACCAGCTTCACTTCTTCGATCACCACCACCGAGACCACCTCACACAGTA 100958893 

100958894 CTCCCAGCTTCAGTTCTTCAATCACCACCACTGAGACCCCCTTACACAGTACTCCTGGCC 100958953 

100958954 TCACTTCGTGGGTCACCACCACCAAGACCACCTCACACATTACTCCTGGCCTCACTTCTT 100959013 

A 

B 
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the MUC3A reference sequence (Figure 5.19 A) as well as on the chromatogram obtained 

from sequencing (Figure 5.19 B).  

Table 5.16: Cluster 5 variants identified in the MUC3A gene for patient PD39457 through 
bioinformatics analysis. Positions indicated correspond to reference genome GRCh38, and Ref and 
Alt refer to the reference and alternate alleles respectively. 

Patient Chromosome Position Gene Ref Alt Impact 

PD39457 Chr7 100958763 MUC3A A ACCACCACCTGTTC 
ACTTCTTCTGTCGCC 
ACCATGGAGACCAC 
CTCACACAGTACTC 
CCAGCATCGCTACG 
TCAATCGCCACCAC 
TGAGATCATCTCAC 
ACAGCACTCCCAGC 
TATGCTTCTTCAA 
TTG 

Frameshift 

 

 

 

 

 

 

 

 

Figure 5.19: A) MUC3A reference sequence showing cluster 5 mutation locations for patient 
PD39457 in red. B) Chromatogram of forward direction Sanger Sequencing of the PCR product for 
patient PD39457 using the primer set for Cluster 5 mutations. The annotated sequence is shown 
above each line of corresponding peaks and the nucleotides indicated with an arrow represent the 
positions where the identified variant should be located as identified in Table 5.15 

 

As with all four of the previous post-PCR sequencing, the sequence obtained for patient 

PD39457 with the cluster 5 primer set, did not confirm the large 129 base insertion that was 

expected based on the output obtained from the bioinformatics analysis performed on the 

samples. None of the bioinformatics variants identified were detected in these patients’ post-

PCR sequences, begging the question of, why and how? 

 

 

100958714 CCACCACGGAGACCACCTCACACAGTGCTCACAGCTTCACTTCTTCGATCACCACCACCG 100958773 

100958774 AGACCACCTCACACAATACTCGCAGCTTCACTTCTTCGATCACCACCACCGAGACCAACT 100958833 

100958834 CTCACAGTACTACCAGCTTCACTTCTTCGATCACCACCACCGAGACCACCTCACACAGTA 100958893 

100958894 CTCCCAGCTTCAGTTCTTCAATCACCACCACTGAGACCCCCTTACACAGTACTCCTGGCC 100958953 

100958954 TCACTTCGTGGGTCACCACCACCAAGACCACCTCACACATTACTCCTGGCCTCACTTCTT 100959013 

A 

B 
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Cluster 5 Screening: 

As numerous OSCC biopsies had continuously been collected at UCT and Groote Schuur 

Hospital for the duration of the project, and DNA had been extracted and stored at -20°C, it 

was decided to screen some of these additional patients who were not part of the WGS 

cohort using the primers designed for the MUC3A cluster 5 mutations. Table 5.17 provides 

the list of additional patients with their respective ages and genders.  

 

Table 5.17: Additional patients screened for cluster 1 and 5 mutations. Patient DNA was not part of 
the WGS cohort 

UCT Patient 
Number  Gender 

Age 
(years) 

GT675 Male 50 

GT676 Female 60 

GT677 Male 70 

GT678 Male 57 

GT679 Female 84 

GT680 Female 61 

GT684 Male 76 

GT685 Male 74 

 

Three of these patients’ chromatograms contained too much background noise and were 

unsuitable for any kind of analysis or interpretation. The remaining five patients’ had the 

same outcome as patients PD3944, PD39454 and PD39457. None of the mutations 

identified through the bioinformatics analysis were present. 

These perplexing findings were entirely unexpected and provided a great deal of 

consternation as to how the bioinformatics pipelines provided a set of mutations identified in 

the MUC3A that could not be confirmed in laboratory PCR experiments. In an attempt to 

resolve these contradictory findings, additional bioinformatics analyses were performed to 

determine the validity of the mutations observed in the MUC3A gene in this study. The 

results of these additional analyses are described below.   
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5.6 Assessment of MUC3A Mutation Validity 

5.6.1 Integrative Genomics Viewer (IGV) 

Visual inspection of sample read alignment and the complexity of the genomic region where 

the MUC3A gene is located were visualised using the high-performance IGV tool 408,409. The 

genomic co-ordinates of the gene on chromosome 7 for each sample were selected and the 

aligned reads were manually reviewed and interpreted. Visual inspection of such reads can 

increase confidence in the variant calls identified, flag the possibility of false positives and 

provide visual insight into complex genomic regions 408. Figure 5.20 is a representative 

image of a matched tumour and normal pair visualised on IGV. All tumour-normal pairs in 

the cohort showed similar patterns of noise in the MUC3A gene, particularly in the region of 

exon 2, which is exactly where putative mutations were observed using out methodology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20: A representative IGV survey of the MUC3A gene on chromosome 7, showing excessive 
noise in both the A) tumour and B) matched normal sample, concentrated over exon 2. Samples 
were aligned against the GRCh38 human reference genome.  
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5.6.2 Panel of Normals  

Following on from the wet laboratory findings where we were unable to confirm the MUC3A 

mutations through PCR, together with the noisy IGV assessments of exon 2 of MUC3A, it 

was imperative that we revisited the bioinformatics findings to further investigate the validity 

of the MUC3A mutations that were identified in the bcbio-nextgen pipeline. The high 

proportion of noise in both the tumour and normal samples seen in IGV images indicate that 

this particular gene, specifically exon 2, may be more problematic than originally expected 

and that it is likely that a large number of false positive somatic mutations in the variant calls 

may be present.  

A ‘Panel of Normals’ (PON) was incorporated into the bcbio-nextgen pipeline to investigate 

whether the identified MUC3A mutations may have been false positives. Using a  PON 

approach, a baseline level for variant calling is determined from a combined a set of normal 

samples typically derived from the same library preparation and sequencing workflow used 

for tumour samples to allow for non-sample specific system level biases to be subtracted 

410. In this way, variant calling results are improved as recurrent technical artifacts are 

removed. For short variant calling, it is recommended that the PON should be created and 

run using the variant caller Mutect2. Mutect2 is a variant detector for SNPs and indels and 

is part of the Genome Analysis Toolkit (GATK) 411,412. An investigation by Bian et al., (2018) 

413 examined the performance between several variant callers, including Vardict and 

Mutect2, run with bcbio-nextgen. Their findings indicated that Vardict produced the highest 

number of true positives, but also produced a high number of false positives. Mutect2 was 

found to be one of the best tools for detecting true positives and controlling for false 

positives.   

PON files were created for each normal sample in the cohort 

(https://github.com/VictoriaPatten/phd-scripts/blob/main/Panel_of_Normals/Create_PON.sh) and 

combined into a single zipped VCF file (https://github.com/VictoriaPatten/phd-

scripts/blob/main/Panel_of_Normals/combine_PONS.sh). The original bcbio-nexgen 

configuration files described above were edited to include Mutect2 as the somatic variant 

caller instead of the previously used Vardict, and the background: parameter was set to 

include the PON of all 35 normal samples. Bcbio-nextgen pipelines were re-run for all 35 

tumour-normal pairs (https://github.com/VictoriaPatten/phd-

scripts/blob/main/Panel_of_Normals/bcbio_with_pon.yaml) and the resulting VCF files were 

filtered for HIGH impact MUC3A mutations.  

https://github.com/VictoriaPatten/phd-scripts/blob/main/Panel_of_Normals/Create_PON.sh
https://github.com/VictoriaPatten/phd-scripts/blob/main/Panel_of_Normals/combine_PONS.sh
https://github.com/VictoriaPatten/phd-scripts/blob/main/Panel_of_Normals/combine_PONS.sh
https://github.com/VictoriaPatten/phd-scripts/blob/main/Panel_of_Normals/bcbio_with_pon.yaml
https://github.com/VictoriaPatten/phd-scripts/blob/main/Panel_of_Normals/bcbio_with_pon.yaml
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 5.6.2.1 MUC3A Mutations When Using Mutect2 and PON 

After re-running the bcbio-nextgen pipeline for all 35 tumour-normal pairs using Mutect2 and 

the PON approach, an entirely new set of HIGH impact MUC3A mutations was identified. 

More than 400 incidences of MUC3A mutations were now shown across all 35 samples in 

the cohort, with HIGH impact severity status. Out of these mutation events, a number were 

tagged with dbSNP (Single Nucleotide Polymorphisms Database) accession numbers 

(https://www.ncbi.nlm.nih.gov/snp/), indicating their inclusion in online databases as 

identified in previous studies. However, when checking these on the dbSNP database, 

mutations were listed as ‘dubious’ or synonymous and were non-pathogenic. Furthermore, 

all the mutations identified using Vardict variant caller were filtered out. This strongly 

suggests that the mutations in the MUC3A gene using the Vardict variant caller were false 

positives. 

Figure 5.21 shows the total number of MUC3A mutations identified per patient using Mutect2 

and the PON approach.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21: Lollipop plot of the number of MUC3A mutations per patient, detected using Mutect2 
and the PON approach with bcbio-nextgen pipeline.  

https://www.ncbi.nlm.nih.gov/snp/
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Table 5.18 provides a list of the MUC3A mutations that were common to a number of 

patients throughout the cohort. Several mutations with dbSNP accession numbers were 

detected in multiple patients and all mutations identified were of HIGH impact severity, being 

frameshift mutations. The list of all mutations detected are shown in Appendix 5.  

 

Table 5.18: List of common mutations detected across the patient cohort, using Mutect2 and the 
PON approach with the bcbio-nextgen pipeline. Start refers to the variant genomic location, ref refers 
to the reference allele alt refers to the alternative allele, Impact indicates the type of variant identified, 
Impact severity denotes the severity of the variant, and Number of patients shows the number of 
patients within the cohort of 35 that shows the particular variant.  

start 
dbSNP 

Reference ref alt Impact 
Impact 

Severity 

Number 
of 

Patients 

100955010 rs1344850949; C T,CG frameshift HIGH 23 

100956694 . G GA frameshift HIGH 23 

100956690 . TG T frameshift HIGH 19 

100955606 . C CAG frameshift HIGH 15 

100955607 . CCT C frameshift HIGH 15 

100954993 . CTCCTCACTACCAT C frameshift HIGH 14 

100954987 . AC A frameshift HIGH 13 

100954991 . C CGGCG frameshift HIGH 13 

100956808 . ACC A frameshift HIGH 13 

100956813 . G GAA frameshift HIGH 13 

100955595 . TC T frameshift HIGH 11 

100955585 . CTG C frameshift HIGH 10 

100955302 rs1584801296; C CA frameshift HIGH 9 

100955539 . ATG A frameshift HIGH 9 

100955560 rs1584801446; AGT A frameshift HIGH 9 

100955296 . GC G frameshift HIGH 8 

100955126 . CTA C frameshift HIGH 7 

100955133 . C CTT frameshift HIGH 7 

100955149 . T TTG frameshift HIGH 7 

100955774 . CA C frameshift HIGH 7 

100952647 rs773185111; AGG A frameshift HIGH 6 

100952650 rs765973058; AC A frameshift HIGH 6 

100953283 . ATG A frameshift HIGH 6 

100953330 rs1237518715; ACT A frameshift HIGH 6 

100955153 . TCC AGC,T frameshift HIGH 6 

100955537 rs1305667129; G A,GTA frameshift HIGH 6 

100955571 . A ATG,G frameshift HIGH 6 

100953281 rs1229668308; G GTA,A frameshift HIGH 5 

100953350 . C CAG frameshift HIGH 5 

100953351 . CCT C frameshift HIGH 5 

100953359 rs986103920; C CAA,T frameshift HIGH 5 

100955565 . G GAA frameshift HIGH 5 
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100955779 rs1313584776; C CA,A frameshift HIGH 5 

100963159 . G T frameshift HIGH 5 

100963171 . G GTC frameshift HIGH 5 

100952833 rs1584799673; GCC G,ACC frameshift HIGH 5 

100953361 . ACC A frameshift HIGH 4 

100953949 . AC A frameshift HIGH 4 

100953954 . A AG frameshift HIGH 4 

100955004 . CAT C frameshift HIGH 4 

100955247 . TTC T frameshift HIGH 4 

100963179 . AGTGTCTGTGG A frameshift HIGH 4 

100954960 rs1584801081; AAC GAC,A frameshift HIGH 3 

100954965 . C CTT frameshift HIGH 3 

100955615 . C CAA frameshift HIGH 3 

100955617 . AC A frameshift HIGH 3 

100955920 rs1584801776; A AG frameshift HIGH 3 

100963173 . C CCGTATCATTAA frameshift HIGH 3 

100952718 . CCT C,ACT frameshift HIGH 3 

100955916 rs1584801772; AG A frameshift HIGH 2 

100952716 rs773095268; C CGT frameshift HIGH 2 

 

 

From this PON approach with Mutect2 variant caller, a much larger number of MUC3A 

mutations were identified, all falling in the second exon of the MUC3A gene. However, the 

IGV image shown in Figure 5.20 indicates that in both tumour and normal samples, this 

genomic region is extremely noisy and it is very likely that most, if not all, of these putative 

mutations are not valid. All of the mutations previously identified with Vardict have been 

filtered out suggesting they were false positives. This could explain why we were unable to 

confirm the presence of these mutations experimentally. Given the experiences of this study 

we believe the present results in Table 5.18 and Figure 5.21 probably reflect false positive 

mutations as well. In the new set of mutations, every patient in the cohort was found to have 

MUC3A mutations which is highly improbable. It is likely that this revised data also suffers 

from false positives due to the difficult nature of the MUC3A genomic structure. We believe 

that extensive further analysis would be necessary to determine whether these mutations 

are in fact true and at this point we are unable to conclude their accuracy although we would 

suggest that they are probably all false positives.  
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5.8 Discussion 

The investigations into the presence of somatic mutations in the sample cohort proved to be 

a tumultuous endeavour with conflicting results. The initial bioinformatics pipeline set-up and 

testing was a lengthy process requiring many re-configurations and troubleshooting of the 

software packages before the installation and set-up ran without errors. Once satisfied that 

the pipeline was running correctly, patient data files were run through the pipeline in their 

matched pairs, and this was carried out in parallel. Due to the large size of WGS data files, 

this analysis took approximately 4-5 days per patient. Both the GEMINI and SnpEff tools 

were utilised following pipeline execution to filter and search the output for somatic variants 

in specified genes, as well as for all variants in all genes with a HIGH impact severity.  

When searching specifically for genes that had been identified in Chapter 4 as locations 

where, or near to where HERV insertions were found, the output showed that only four out 

of the initial thirty patient cohort showed MED (medium) impact severity mutations. No HIGH 

impact mutations were found thus  eliminating the posibilty of linking the HERV insertions to 

functionally important somatic mutations. Without any HIGH impact mutations, nor a 

significant amount of MED impact mutations, it was clear that the insertion and possible 

translocations of HERV’s in the genome couldn’t be linked to any genomic variants that 

might lead to downstream anomalies.  

To further test the validity of the bcbio-nextgen pipeline, filtering of the pipeline output was 

performed to search for genes previously identified by the Wellcome Sanger Institute’s own 

analysis and reported as playing a role in OSCC. 24 out of these 29 mutated OSCC-

associated genes appeared in our filtering analysis using both GEMINI and SnpSift,  with 

both MED and HIGH impact mutations. Five of the genes however (CCND1, CREBBP, 

CUL3, EGRF and NOTCH2) were not identified as having HIGH impact severity variants in 

our pipeline and this could possibly be due to sensitivity differences of the different software 

used, the use of different variant callers or false positives reported in previous analyses. 

We felt comfortable proceeding with further investigations and performed an extensive 

search of the database and VCF output files to identify all genes throughout the cohort where 

multiple instances of HIGH impact mutations were observed. The results from this search 

provided some expected results such as TP53, CDKN2A and KMT2D, but the most 

interesting finding was that a gene not previously described as associated with OSCC, 



124 
 
 

appeared to be the most highly mutated gene (with HIGH impact mutations) with 258 

detected mutations across the cohort, 96% of which were frameshift variants.   

Mutations in the MUC3A gene far exceeded numbers detected for other more commonly 

mutated genes. This transmembrane mucin gene has been found to be highly expressed in 

various epithelial cells of the intestines 256,406, whose protein product is reported to be 

involved in cellular protection through barrier function as well as in intracellular signal 

transduction pathways for regulation of inflammation, cell adhesion, cellular differentiation 

and apoptosis 184. It is very interesting that while MUC3A has not yet been implicated in 

OSCC, it has been reported to play a role in other cancers including breast, prostate, gastric 

and renal cancers where elevated expression of the gene has been linked to poor disease 

prognosis 257–259,405. These findings thus provided a clear path for the trajectory of the project 

and investigations into MUC3A became the focus of the study. 

Following these observations it was necessary to confirm the presence of these mutations 

in the laboratory through PCR amplification and sequencing of patient genomic DNA. The 

design of suitable primers however, proved to be incredibly difficult due to the high number 

of tandem repeats causing a complex and complicated genomic structure with frequent 

multiple binding sites. Five sets of primers were designed to facilitate the PCR of the MUC3A 

mutations which grouped into five locations on exon 2 of the gene. These were colloquially 

referred to as ‘clusters’ for the purpose of this study. Optimisation of the primer sets proved 

just as difficult as the designing of the primers, and in the end only primers for clusters 1 and 

5 were successfully optimised. Numerous PCR runs were performed and eventually suitable 

PCR products were subjected to post-PCR Sanger sequencing. Chromatograms of the 

resulting sequences however, showed that none of the expected MUC3A mutations 

identified in the bioinformatics analysis were present in the patient sequences, and rather, 

sequences matched to the human reference sequence exactly. Further screening of 

additional patients was done using cluster 5 primers, and again, no mutations were identified 

and sequences matched the reference. Given this observation, we became suspicious that 

the mutations identified through the bioinformatics pipeline might be false positives.  

The inability to experimentally confirm the detected MUC3A mutations cast doubt over their 

validity and it was imperative to revisit and re-examine the data and bioinformatics pipeline. 

A colleague in the laboratory investigating different OSCC genes was able to confirm 

mutations identified through the bioinformatics pipeline in PIK3CA and CDKN2A genes 
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through PCR amplification and sequencing 414. These results suggested the problem may 

lie with the MUC3A gene itself and the analysis thereof rather than with the pipeline explicitly. 

We postulated a number of different plausible explanations for this and a possible 

explanation might be that the genomic sequence of exon 2 of MUC3A is filled with tandem 

repeat structures with a high proportion of serine, threonine and proline residues 178,184,415, 

a difficult region to PCR, thus making primer specificity incredibly tricky due to multiple 

binding sites. It is possible that the primers that were designed were not specific enough 

and may have produced PCR products that were not specific to the region of interest. 

However, a more probable and likely explanation was that the mutations identified in the 

analysis were false positives given the nature of the MUC3A genomic sequence and the 

likelihood of WGS difficulties with this gene.  

In order to validate the mutations and the bioinformatics pipeline it therefore was necessary 

to manually investigate the specific genomic region using the IGV tool. This confirmed the 

high degree of complexity of the gene at an individual read level, as all samples showed a 

high level of background noise and technical artefacts in both tumour and normal samples. 

This observation cast further doubt on the validity of the MUC3A mutations. The likelihood 

of false positives became the more apparent explanation and prompted the reanalysis of 

the WGS data using a PON approach and Mutect2 variant caller, with the hopes to eliminate 

these false positives. This was in fact achieved with the PON as following the re-running of 

the bcbio-nextgen pipeline, all mutations previously identified using Vardict variant caller 

were filtered out and we were able to conclude that they had indeed been false positives. 

However, a new set of MUC3A mutations was identified and further questions and 

speculations around their validity were given our previous experience and since further 

experimental confirmation attempts were not carried out due to time constraints.  

A study conducted by Bian et al (2018) sought to compare the performance of a number of 

different variant callers, including Vardict and Mutect2 with bcbio-nextgen software. They 

questioned whether different callers might perform differently on different parts of the 

genome and whether guanine-cysteine content might affect analysis results. Their 

investigations showed that differences in true positives between callers was small, but the 

number of false positives varied far more. Furthermore, callers experienced diminishing 

accuracy when exposed to increasing levels of data complexity and that sequencing 

properties such as read depth, read quality, strand bias, and varying allele fractions can 

challenge a given caller’s ability to accurately detect mutations. Their results showed that 
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Vardict produced the highest number of true positives, but in a trade-off, also produced a 

high number of false positives, while Mutect2 was among the best performing tools for 

detecting true positives and controlling for false positives 413.  

The study by Bian et al (2018) brings into perspective the challenges faced in this doctoral 

study. It is evident that the MUC3A gene has a high degree of genomic complexity, 

especially in the region of the second exon, which has subsequently led to difficulties in 

variant calling of true positive variants, greatly affected by the variant callers used. The value 

of NGS data is wholly dependent on valid methods of interpretation and the accurate 

analysis and identification of mutations. Eliminating the presence of false positives is 

imperative and in this instance, extensive further investigations would be needed to 

conclude whether the new putative MUC3A mutations identified in the reanalysis with the 

PON approach were indeed true positives, however our prediction is that they too are false 

positives. Statistically it is improbable that all 35 patients in the cohort would have mutations 

in this gene. Furthermore, the high volume of mutations detected in MUC3A (as indicated in 

figure 5.7) raises the question of why no previous OSCC studies have identified and reported 

mutations in this gene. MUC3A has a highly complex and difficult to work with genomic 

structure and this is likely causing issues with its analysis.  

In future, it would be advisable to include multiple variant callers in any bioinformatics 

analyses of MUC3A to integrate results and improve calling accuracy. We can conclude that 

the initial MUC3A mutations identified with Vardict were false positives. The putative MUC3A 

mutations identified using the Mutect2 and the PON approach require further experimental 

confirmation to determine whether they are true of false positives, however, the analysis of 

RNA-seq data was performed to try to identify whether these putative mutations were 

reflected in RNA expression patterns, and whether this affected gene expression within the 

patient cohort. The RNA-seq analysis will be discussed in Chapter 6.  
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Chapter 6: Analysis of Gene Expression 

 

6.1 Introduction 

6.1.1 Differential Gene Expression in OSCC 

In order to understand the molecular basis of OSCC and to select potential candidate genes 

for the downstream development of anti-tumour drugs and treatment strategies, the analysis 

of the changes in gene expression between OSCC tumour samples and non-tumour 

samples is of critical importance. Molecular techniques have been developed to analyse 

changes in gene expression of thousands of genes simultaneously in an attempt to develop 

early diagnosis and prognosis strategies 416. The discovery and identification of gene 

expression profiles may enable individualised targeted therapy for OSCC patients 417.  

A study conducted by Lu et al (2014) found 1315 genes were differentially expressed in 

OSCC and of the 715 differentially expressed (DE) genes with known functions, 42.24% 

were related to the immune response, cell adhesion and cell metabolism 416, and EGFR has 

been reported to be expressed in 33.3% of OSCC cases 418. It is speculated that some DE 

genes serve as beneficial novel therapeutic targets or diagnostic or prognostic markers 416.  

Analysis of differential gene expression (DGE) between tumour and normal samples of 

OSCC patients may therefore provide valuable information for further investigations into the 

molecular basis underlying oesophageal cancer and tumorigenesis. In this way, more 

effective management, personalised therapy and potentially, early detection strategies may 

be developed from the elucidation and better understanding of gene expression profiles in 

OSCC. 

 

6.1.2 RNA Sequence Analysis 

With the rapidly advancing and ever improving technology present today, it is possible to 

analyse many aspects of RNA biology, from contributing to an essential understanding of 

genomic function, to investigating development and illuminating molecular dysregulation 

leading to cancer and other diseases 419. RNA sequencing (RNA-seq) was developed more 

than a decade ago, and has been increasingly shown to provide insight into our 

understanding of genomic function 419,420.  
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High-throughput sequencing technology is widely acknowledged as the standard method for 

measuring RNA expression levels 421. The recent large reduction in sequencing costs 

together with the advent of rapid sequencing technologies have enabled researchers to 

examine detailed profiling of gene expression levels 422. Current RNA-seq technology 

facilitates a range of downstream analyses including comprehensive identification of gene 

isoforms, translocation events, nucleotide variations and post-transcriptional modifications 

423,424, with one of the main objectives being the identification of differential gene expression 

(DGE) between two or more conditions, such as tumour and normal phenotype 425. The 

correct identification of differentially expressed (DE) genes between specific conditions is 

critical in illuminating phenotypic variation 426. Common methodologies for RNA-seq and 

DGE analysis include mapping of RNA sequences to a reference genome or transcriptome, 

followed by the estimation of gene expression levels and normalisation of mapped data 

using statistical and machine learning methods to identify DE genes. The obtained data is 

then evaluated for biological relevance 423,427,428. It is expected that the number of 

sequenced fragments mapping to a transcript correlate directly with abundance levels and 

provide a measurable level of expression of each RNA unit. Sequencing depth is known to 

limit such expression signals. Recently, there has been much motivation to develop 

numerous statistical algorithms to implement  a variety of approaches for normalisation and 

DGE analysis 425.  

Most commonly, RNA-seq is used as a routine research tool to seek and identify DGE 

among sample groups, illuminating the underlying biology of the system of interest 423. It 

involves multiple steps of a standard workflow, from RNA extraction from samples in a 

laboratory, followed by mRNA enrichment or ribosomal RNA depletion, cDNA synthesis and 

the preparation and sequencing of an adaptor-ligated sequencing library to a read depth of 

10-30 million reads per sample on a high throughput platform (usually Illumina) 419,423,429.  

Computational steps then follow via an automated analysis of raw sequence data to 

functionally annotated gene results. This requires the coordination of multiple steps and 

tools for the alignment and/or assembly of the sequence reads to a transcriptome or 

reference genome, quantification of reads overlapping reference transcripts, sample filtering 

and normalisation, and finally, statistical modelling for the reporting of significant changes in 

the expression levels of individual genes and/or transcripts between sample groups 419,429. 

RNA-seq analysis involves the repetition of commands using various tools for the 
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quantification of gene expression, data quality control to identify DGE, as well as functional 

enrichment categories performed on a per-sample basis. 429.  

The analysis of the raw RNA-seq data in this study was performed using bcbio-nextgen 352 

in conjunction with a Bioconductor (BioC) 280 package called bcbioRNASeq 429 to aggregate 

the outputs of tools for RNA-seq quality control (QC), DGE and functional enrichment 

analysis. R Markdown templates available on installation of bcbioRNASeq were used for 

these analyses.  

Figure 6.1 provides an overview of the bioinformatics workflow used.  

 

 

Figure 6.1: RNA-seq analysis pipeline overview using bcbio-nextgen and bcbioRNASeq R package 
to perform differential gene expression analysis and functional enrichment analysis. T/N = tumour 
and matched normal; GO = gene ontology.  
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6.1.3 Variant Calling with RNA-seq Data 

6.1.3.1 RNA Sequence Data 

RNA from fifteen patients was subjected to RNA sequencing as described in section 2.2.3. 

Eight of these patients had been recruited from UCT, while the remaining seven were from 

WITS University. Following sequencing, raw patient BAM files were transferred to the SANBI 

and Ilifu servers in South Africa for RNA-seq analysis.  

 

6.1.3.2 Bcbio-nextgen pipeline for variant calling using RNA-seq data 

As described for the WGS data, a variant calling pipeline was established using bcbio-

nextgen software 352. The RNA-seq pipeline configuration file in YAML specified the analysis 

type (RNA-seq) and the Spliced Transcripts Alignment to a Reference (STAR) aligner 

v2.7.10a 430 was used to re-align high throughput long and short RNA-seq data to the 

reference genome GRCh38. This aligner was developed to overcome common issues 

plaguing previous RNA-seq alignment methods such as high mapping error rates, alignment 

biases, low sensitivity, poor scalability, low mapping throughput and inability to detect non-

linear chimeric RNAs 431.  

The strandedness parameter was also specified in the configuration file. Strandedness can 

either be set as ‘unstranded’ (default), ‘firststrand’ or ‘secondstrand’ depending on the library 

preparation methods used during the RNA sequencing. Setting the incorrect strandedness 

could account for up to 90% count loss in the analysis 354. The RNA library preparation kit 

that was used incorporated dUTP during second strand cDNA synthesis thus according to 

the bcbio-nextgen documentation, firststrand was the correct specification. 

The variant caller vardict  358 was used for somatic calling from tumour samples as 

described previously for WGS analysis. The configuration files used for this pipeline can 

be found at https://github.com/VictoriaPatten/phd-

scripts/tree/main/bcbioRNAseq/RNAseq_VC_tumor.yaml.  

Raw patient RNA-seq BAM files were specified as input for the pipeline which was then 

executed for each patient. The output from the pipeline was provided as a VCF file of 

detected variants. 

 

https://github.com/VictoriaPatten/phd-scripts
https://github.com/VictoriaPatten/phd-scripts
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6.1.3.3 RNA-seq Variant Calling Output 

Output VCF files were separately obtained for each patient’s tumour and normal samples. 

When analysing these files it was necessary to filter the data to validate the calls. High 

quality variants were labelled as PASS which indicates a depth ≥ 10 reads. From the variants 

that passed the quality control validation, we then filtered the data specifically searching for 

the MUC3A gene (Ensembl ID: ENSG00000169894) with HIGH or MED (medium) impact 

variants.  

Because we had identified a large number of HIGH impact variants in the WGS data 

analysis, we hoped to find similar results with the RNA-seq analysis. However, in fifteen 

patient tumour samples, only 78 MED impact severity variants were detected in the MUC3A 

gene, and only two HIGH impact variants were discovered, one in patient PR50554 and one 

in patient PR50549 (Table 6.1). Furthermore, these two HIGH impact variants that were 

detected did not match any reference positions of any of the WGS variants that were 

identified and described in Chapter 5. A list of all variants detected is shown in Appendix 6.  

 

Table 6.1: HIGH impact severity variants detected in MUC3A gene from RNA-seq analysis of patient 
tumour samples.  

Patient Position Reference  Alternate Mutation Impact 
Impact 
Severity 

PR50554 100966942 CA C Deletion frameshift_variant HIGH 

PR50549 100967142 AT A Deletion frameshift_variant HIGH 

 

These results were perplexing as it was hoped to find a similar pattern of variation as 

observed in the analysis of the WGS data described in Chapter 5. Returning to the software 

documentation, we discovered reports suggesting that variant calling with RNA-seq data is 

frequently problematic. The bcbio-nextgen documentation reports high false negative rates 

when performing RNA-seq variant calling, indicating that 83% of variants are not called. 

When validating exome capture regions representing all protein coding genes, only a very 

small fraction of genes were expressed in normal samples and only these few genes had a 

read coverage suitable for variant calling. Indel calling specifically, was described as 

unreliable and imprecise 354. Therefore a comparison of WGS results with RNA-seq variant 

calling is not suitable. However, as we believe the MUC3A mutations identified through WGS 
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are spurious, it was expected that variant calling with the RNA-seq data would not show 

similar mutations.  

Most of the variants discovered with WGS pipeline were indeed small indels which may 

explain why this comparison provided conflicting results. It would be more suitable to 

investigate differential gene expression of RNA-seq data instead. 

 

6.1.4 Bulk-RNA-seq Analysis to Determine Differential Gene Expression  

6.1.4.1 Bcbio Pipeline 

A new bcbio-nextgen pipeline was established, this time for bulk-RNA-seq analysis whereby 

all 15 patients’ tumour and normal raw BAM files were used as input in a single YAML 

configuration file and executed through the pipeline as a singular job. STAR aligner was 

again specified but no variant callers were included. For a comprehensive quality control 

and differential gene expression analysis the bcbiornaseq parameter was included in the 

configuration set up. This supplies a dictionary of key-value pairs that are passed as options 

to the bcbioRNAseq R package 429,432. The statistical computing software R, v 4.2.0 433 was 

used for analysis and interpretation. This parameter supports organism as a key and takes 

the Latin name of the genome used, in this instance, Homo sapiens. The parameter further 

supports the interesting_groups key which was set as phenotype in this configuration to 

differentiate between ‘tumour’ and ‘normal’ samples.  

After execution of the pipeline, quality control and gene abundance information was 

generated compatible with the bcbioRNASeq R package 432 for downstream analysis. Bcbio 

is able to assess the quality and complexity of the RNA-seq data using a combination of 

custom tools for the quantification of ribosomal RNA (rRNA) content as well as the genomic 

context of alignments in known transcripts and introns 429. The important files and output 

generated from the bcbio run are saved by default in a ‘final’ directory. Quality metrics of the 

data, provenance information and the data derived from the analysis that have been 

aggregated across all samples (i.e. count files) can all be found within a dated project 

directory created and saved within the parent final directory. In addition to this, individual 

directories corresponding to each patient sample are present containing the BAM files and 

count data for each sample. This final directory is later used as input for bcbioRNASeq 429. 
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6.1.4.2 bcbioRNASeq 

bcbioRNASeq is a Bioconductor 280 package that aggregates the outputs of tools for RNA-

seq QC, DGE  and functional enrichment analysis 429. The package relies on the output of 

the bcbio bulk-RNA-seq pipeline providing a unified package with objects, functions and pre-

made templates for the continued next steps of RNA-seq analysis including the assessment 

of reads and alignment quality, the identification of outlier samples, clustering of samples, 

assessment of model fit, setting cut-offs and identifying DE genes. These R markdown 

templates are available upon installation of bcbioRNASeq 432 in R. They are ready-to-render 

and include the code for QC metrics, differential expression and functional enrichment 

analysis.  

Before working with the markdown templates, it was necessary to create a structured S4 

object containing all the necessary data and information from the bcbio run. By specifying 

the uploadDir argument which specifies the path to the final bcbio directory the object was 

created and used as input for the R templates. See https://github.com/VictoriaPatten/phd-

scripts/blob/main/bcbioRNAseq/bulk_rnaseq.yaml 

 

6.1.4.2.1 Quality Control 

RNA-seq analyses characteristically require QC assessments of reads, alignments, 

samples and models, and the data required for these assessments are generated by the 

bcbio run. The Qualimap tool 434 built into the bcbio pipeline generates several metrics to be 

used to assess the quality of the reads and consistency across the samples.  These metrics 

are stored in the S4 bcbioRNASeq object (https://github.com/VictoriaPatten/phd-

scripts/blob/main/bcbioRNAseq/bcb_obj.R) and when amending the QC template to specify 

the specific input object, these metrics are visualised graphically through the generation of 

specialised plots. These plots are useful in checking the data quality. Figure 6.2 A-F below 

show these graphical representations of the QC assessment of the RNA-seq data.  

When analysing these statistical plots, total reads per sample and the mapping rate are 

given as metrics to identify any potential imbalances in sequencing depth or failure among 

the samples. Figure 6.2 A shows some variability, but in all cases the read coverage is 

higher than 100 million reads, which is considered as sufficient to provide good gene quality. 

Regarding mapping rates, it is expected that samples should have similar rates and should 

be greater than 75%. In this instance, all samples are well within the cut-off range having 

https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbioRNAseq/bulk_rnaseq.yaml
https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbioRNAseq/bulk_rnaseq.yaml
https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbioRNAseq/bcb_obj.R
https://github.com/VictoriaPatten/phd-scripts/blob/main/bcbioRNAseq/bcb_obj.R
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around 90% reads mapping (Figure 6.2 B). Low genomic mapping rates would be indicative 

of sample contamination, poor sequencing quality or other artifacts. These graphs suggest 

good sequencing quality. To provide genomic context, it is expected that the majority of 

reads should map to exons and not introns. Ideally, at least 60% of total reads should map 

to exons. DNA or RNA contamination would result in high intronic mapping 429. Figure 6.2 C 

and D clearly shows that nearly all samples are above 75% exon mapping, and far below 

the threshold for intron mapping, further indicating no DNA contamination.  

Determining the number of genes detected relative to the number of mapped reads, is a 

further assessment of sample quality. Ideally, all samples should have similar number of 

detected genes/features and samples with a higher number of mapped reads will have more 

genes detected. Figure 6.2 E shows more features detected relative to normal samples, and 

all with fairly similar numbers. The gene saturation plot (Figure 6.2 F) clearly shows the 

relationship between the number of genes detected and the number of mapped reads.   

As this trend appears to be linear, it is suggested that the sequencing was not yet saturated 

in detecting gene expression, indicating that more genes could possibly be detected if 

coverage were increased for the samples with lower numbers of reads.  

It is further important to explore the fit of the model for the given dataset before performing 

DGE analysis. The normalized and transformed data can be used to assess the variance-

expression level relationship in the data, to identify which method is best at stabilising the 

variance across the mean for downstream visualisation 429. Plotting the mean standard 

deviation with the plotMeanSD() function wraps the output of different variance stabilising 

methods (Figure 6.3). The mean of the counts (log2) is plotted against the standard deviation 

using four separate normalisation tools, sf (size factor), vst (variance stabilising 

transformation, tmm (trimmed mean of M-values) and rle (relative log expression). This 

dataset shows that tmm and rle normalisation methods show smaller standard deviation and 

thus smaller variance for this dataset and are therefore more suitable for normalisation of 

the data moving forward.As this dataset can be classified into groups according to 

phenotype (tumour vs normal samples), it was further possible to investigate how similar the 

samples were to each other within the groups. To do this, bcbioRNASeq performed an Inter-

Correlation Analysis (ICA) as well as a Principal Components Analysis (PCA) between the 

samples. 
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Figure 6.2: Read alignment, genomic context, and gene detection statistics. A) The total reads plot 
indicates the total number of reads sequenced per sample. B) Shows the percentage of reads 
mapping to the reference genome. The exonic and intronic mapping rate plots (C and D) indicate 
the percentage of reads mapping to exons or introns, respectively. The genes/features detected plot 
(E) indicates the total number of genes for each sample with at least one mapped read. The gene 
detection saturation plot (F) shows the relationship between the number of reads mapped and the 
number of genes detected. Vertical dashed black lines indicate suggested cut-off values. Normal 
samples are presented in purple and tumour samples in orange.  
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The ICA carried out a pair-wise correlation between expression profiles of all samples, 

followed by clustering based on these correlation patterns. Similar samples are described 

as highly correlated and are generally found to cluster together, thus one would expect 

samples from the same group to cluster together. Results of this correlation clustering are 

presented as a heatmap (Figure 6.4) where one is also able to identify outliers present in 

the dataset (samples with low correlation). PCA is a further technique used to summarise 

variation within the dataset where expression levels are transformed in principal component 

space, reducing each sample to a single point  435. This allows one to separate samples by 

expression variation and to further identify outlier samples (Figure 6.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Variance stabilizing transformation plots showing the standard deviation of normalised 
counts using A) sf (size factor), B) vst (variance stabilising transformation), C) tmm (trimmed mean 
of M-values), and D) rle (relative log expression). The orange line denotes the running median 
estimator. These panels show that rle and tmm normalisation greatly reduce the standard deviation 
and variance across the mean. Count refers to normalised read count, expressed in log2.  
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Figure 6.4: Correlation heatmap of a pairwise sample Pearson correlation where correlations are 
clustered by both column and row. The sample class (phenotype) is highlighted across the top of the 
heatmap. Three tumour sample outliers are detected within the purple (normal) cluster.  

Figure 6.5: PCA plot for tumour and normal paired samples. Clustering of samples within the tumour 
and normal groups is shown, however three tumour outliers were detected, labelled on the plot. 
n=500 is a default value of the top 500 transcripts (genes) used that differentiate between tumour 
and normal samples.  
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The ICA and PCA plots give an indication of the clustering and therefore, the correlation of 

the samples within the tumour and normal groups. In both plots, it can clearly been seen 

that three outliers appear to exist within the tumour sample group, with these samples 

clustering close to and within the normal grouping. Three orange (tumour) blocks can be 

seen grouped within the purple (normal) bar across the top of the heatmap, while the same 

three samples are seen clustering with the normal samples on the PCA plot. Tumour 

samples PD50550, PD44701 and PD44704 appear to be more closely resemble normal 

samples as the biopsies from which the RNA was extracted were reported to show low 

percentage of tumour purity (section 2.1.1.1, Table 2.1). 

Sample outliers were removed from the dataset and the bcbio analysis pipeline and QC 

metrics were repeated with the amended group so as to avoid skewed results. The raw data 

BAM files for these patients were removed from the dataset which was then re-run through 

the pipeline. A new final output directory was produced and this was used to create a new 

S4 object used as input as before in a new QC analysis template. Figures 6.6 and 6.7 show 

the updated ICA an PCA plots with outliers removed from the dataset 

Removing outlier samples from the dataset eliminates samples with possible RNA material 

issues, the presence of high levels of normal tissue or instances where issues in RNA library 

preparation have occurred. In doing so, the best, most reliable set of sample data is put 

forward for further analysis of differential gene expression. 

 

6.1.4.2.2 Differential Gene Expression 

Once QC of the sample data had been performed and outliers removed from the dataset, 

the next step was to identify genes that were differentially expressed between the sample 

groups. As with QC, a bcbioRNASeq R markdown template was used for this analysis 

incorporating the DESeqAnalysis package 436 library which uses Salmon-derived 

abundance estimates imported with tximport from the bcbio object. The object with removed 

outlier tumour samples was used as input going forward. Tools used in the DGE analysis 

follow the approach of using regression-based models to estimate expression differences 

for a given gene, followed by statistical testing based on the null hypothesis that differences 

are close to zero 437. In order to determine whether the read count differences between 

phenotypes for a given gene are greater than would be expected by chance, DGE tools 

estimate the differences based on the replicates of each condition 437. 
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Figure 6.6: ICA plot of amended dataset with outlier tumour samples removed.  

 

 

Figure 6.7: PCA plot of amended dataset with outlier tumour samples removed. n=500 is a default 
value of the top 500 transcripts (genes) used that differentiate between tumour and normal samples. 
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The DESeq2 tool utilised in this analysis makes use of this regression based model and was 

applied to every gene, relying in a negative binomial model to fit the observed read counts 

to arrive at the estimate for the expression differences 437.  

Dündar et al (2015) 437 described that if variance = mean, as with Poisson distribution, 

precise estimates of mean read counts through RNA-seq analysis give an accurate 

indication of the kind of variance to be expected. This therefore allows for the identification 

of genes showing greater differences between two conditions (i.e. tumour vs normal 

phenotypes) than can be expected by chance.  

Results obtained from the analysis include P values associated with each gene detected, 

as well as adjusted P values that are corrected for multiple testing including false discovery 

rates. The Benjamini Hochberg (BH) statistical method 438 was set as the default statistical 

test correction to control for false discovery rate (FDR). The alpha-threshold was set at 0.01 

(the significance cut-off used for optimising the independent filtering) and the log2 fold 

change (LFC) threshold set at 1 (a non-negative value which specifies the LFC threshold. 

The default value is 0, corresponding to a test that the LFC’s are equal to zero). LFC=1 was 

set to reject the null hypothesis (that no expression change occurs) and to include all small 

and large DGE changes in the analysis.  

The plotMA() function was incorporated to visualise the mean of the normalised counts 

versus the log2 fold changes for all genes tested (Figure 6.8). Here each dot on the plot 

represents one gene. The LFC y-axis indicates the significant DGE of each gene, plotted 

against the mean expression of all samples. 2421 DE genes were identified, of which, 1564 

were upregulated and 857 were downregulated, relative to the norm. The plotVolcano() 

function was also used to produce a volcano plot comparing significance (using BH-adjusted 

P values) for each gene against the LFC scale (Figure 6.9). Significantly upregulated genes 

are plotted on the positive axis, while downregulated genes are plotted on the negative axis.  

The plotDEGHeatmap() function was further used to produce a gene expression heatmap 

(Figure 6.10) for the visualisation of the expression of differentially expressed (DE) genes 

across the samples. This heatmap shows DE genes on a per-sample bases, using an 

additional LFC cut off. By default, the heatmap plot is scaled by row, and uses the ward.D2 

method for clustering 439. Figure 6.11 shows a further PCA plot from the plotDEGPCA() 

function demonstrating the correlation and clustering of the tumour and normal samples 

where the LFC threshold was set at 1 and the alpha threshold set at <0.01.  
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Figure 6.8: Mean Average expression levels across all samples plotted against log2 fold change 
observed in the contrast of interest on the y-axis. 2421 DE genes were detected of which 1564 genes 
were upregulated (red dots) and 857 genes were  downregulated (blue dots). Each point on the plot 
represents one gene. LFC threshold was set at 1 while alpha value was plotted at <0.01. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9: Volcano plot comparing the amount of gene expression to the significance of that change, 
plotted as -log10 transformation of the multiple test adjusted P value. Genes identified as significantly 
upregulated are plotted in red, while downregulated genes are plotted in blue.  
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Figure 6.10: Differentially expressed genes heatmap showing DE genes on a per-sample basis. 
Results are clustered by both row and column, with sample classes (tumour vs normal) highlighted 

across the top of the heatmap.   

 

Figure 6.11: PCA plot of tumour and normal correlation clustering for the 2421 DE genes detected.  
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At the end of the analysis, results tables were generated using the results() function in the 

template whereby tables were extracted with log2 fold change, P values and adjusted P 

values for all 2421 DE gene. 1564 upregulated genes and 857 downregulated genes were 

recorded, with the significance of the differential expression indicated by the adjusted P 

values, the log2 fold change and the base mean (mean of the normalised counts per gene 

for all samples) per gene. Table 6.2 shows the top 10 up- and down- regulated genes 

detected in the DGE analysis, where the most significantly up- and down-regulated genes 

were MMP11 and AC005532.1 respectively. 

 

Table 6.2: Top 10 up- and downregulated genes in the tumour samples when compared to the 
normal samples.  

  Ensembl ID Gene Name 
Log2 Fold 
Change 

P Adjusted 
Value 

Upregulated Genes    

1 ENSG00000099953 MMP11 7.17 1.22e-53 

2 ENSG00000123500 COL10A1 11.24 2.69e-47 

3 ENSG00000196611 MMP1 10.57 7.15e-44 

4 ENSG00000149968 MMP3 12.11 2.85e-42 

5 ENSG00000163064 EN1 8.21 3.04e-35 

6 ENSG00000106366 SERPINE1 7.79 3.68e-34 

7 ENSG00000120708 TGFBI 6.26 1.04e-32 

8 ENSG00000137745 MMP13 11.54 2.04e-29 

9 ENSG00000133110 POSTN 6.63 1.97e-28 

10 ENSG00000170454 KRT75 9.50 4.53e-28 

Downregulated genes    

1 ENSG00000230825 AC005532.1 -9.23 3.24e-78 

2 ENSG00000096006 CRISP3 -9.60 6.14e-49 

3 ENSG00000267709 AC024592.2 -8.83 1.34e-43 

4 ENSG00000244040 IL12A-AS1 -7.24 2.70e-30 

5 ENSG00000196260 SFTA2 -8.24 6.55e-30 

6 ENSG00000226051 ZNF503-AS1 -5.98 8.59e-28 

7 ENSG00000077063 CTTNBP2 -5.45 5.01e-27 

8 ENSG00000150672 DLG2 -4.84 5.01e-27 

9 ENSG00000228789 HCG22 -7.77 2.23e-25 

10 ENSG00000258616 LINC02303 -8.97 2.23e-25 

 

Although MUC3A in tumour samples did not feature in the top 10 upregulated genes, it had 

an adjusted P value of 7.05e-06 and a LFC of 4.6 (Table 6.3). This indicates that the 

expression of MUC3A was indeed 24.25 times higher (i.e. if LFC=4.6, then fold change = 

24.6)  in the tumour samples than the corresponding normal samples, and this change in 

expression can be viewed as highly significant.  
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Table 6.3: MUC3A upregulation in tumour samples. 

  Ensembl ID Gene Name Log2 Fold Change P Adjusted Value 

570 ENSG00000169894 MUC3A 4,6 7.05e-6 

 

The differential expression of MUC3A was ranked at 570 out of 1564 upregulated genes. 

This falls close to the top third of all upregulated genes detected. While it may not fall in the 

top 100 genes, its increased expression is still a worthwhile observation as it aligns with a 

number of other studies reporting similar findings in other cancers, for example, in previous 

studies the increased expression of MUC3A has been found to exert oncogenic profiles in 

breast, pancreatic, gastric, colorectal, prostate and renal cancers, eliciting poor prognosis in 

patients 257–259,405.  

Furthermore, when analysing the MUC3A gene counts for tumour and normal samples, this 

significantly increased expression is clearly visible (Figure 6.12). The tximport() function 

incorporated into the bcbio pipeline provides transcript-level estimates of counts and 

abundance.  

   

 

Figure 6.12: Box plot of MUC3A counts per sample, tumour vs normal taken from the tximport() 
function in bcbio, providing transcript level count estimates. A tumour outlier is observed at 2045. 
Corresponding count values are shown in the table on the right hand side. Values indicate the 
increase in counts observed in tumour samples relative to their paired normal samples.  

 

When examining the top ten up- and down- regulated genes, it is interesting to note that 

aberrant expression of a number of these genes have also previously been associated with 

OSCC in literature. Li et al (2020) and Song et al (2021) reported that the expression of 

COL10A1 was found to be significantly increased in OSCC tumour tissue compared to 

Patient Normal Tumour 

PR44697 13 295 

PR44699 33 112 

PR44702 0 35 

PR44703 26 358 

PR44705 0 56 

PR50548 3 245 

PR50549 2 151 

PR50550 7 508 

PR50551 5 16 

PR50552 20 2045 

PR50553 0 17 

PR50554 1 109 
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matched normal tissue 440,441, while Liu et al (2016) 442 reported that MMP1 expression is 

increased in OSCC and associated with poor outcomes through promotion of tumour growth 

and metastasis. This pattern of high expression and upregulation has also been reported for 

MMP3 443, SERPINE1 444, TBFB1 445, MMP13 446, and POSTN 447, all found to promote 

OSCC invasion and metastasis.  

Of the list of the top downregulated genes, only HCG22 has previously been reported to be 

associated with OSCC. Under normal conditions, HCG22 inhibits tumour proliferation, 

invasion and migration. Li et al (2020) 448 described that in OSCC, it is remarkably 

downregulated, no longer exerting it’s anti-tumour role. 

These observations are all in keeping with current literature views and provide a further 

indication of the legitimacy of the bioinformatics analysis performed.  

 

6.1.4.2.3 Functional Enrichment Analysis 

In order to gain a greater insight into the list of DE genes, a functional enrichment analysis 

was performed using the R Markdown template available upon installation of the 

bcbioRNASeq 432 package in R. Interpreting gene lists and genome-wide regions of interest 

has become increasingly more prevalent in genomic research through the widely 

implemented functional enrichment analysis techniques 449. The analysis of pathway 

enrichment is an essential step toward identifying logical themes that are most characteristic 

of high-throughput sequencing data 450.  

The purpose of this analysis was to identify significantly enriched biological processes, 

molecular functions and cellular components classes among the list of DE genes. The 

Markdown template generates gene ID’s for the list of DE genes previously obtained, as well 

as a background list of genes, using LFC values (generated in DGE analysis) for significant 

results. The enrichGO() function uses the significant genes list, the background gene list 

and the ontology to test as input to perform statistical enrichment analysis of gene ontology 

(GO) terms using hypergeometric testing. Category net-plots, dot plots and enrichment GO 

plots were produced in order to visualise the enriched processes identified.  

When performing analyses for Biological Processes, Molecular Functions and Cellular 

components, we observed that our gene of interest, MUC3A, was only associated with the 

Molecular Functions ontology. Therefore, only plots from the Molecular Function analysis 
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are shown here. All plots from Biological Processes and Cellular Components are shown in 

Appendix 7. The dot plot of Molecular Function (Figure 6.13) shows the number of DE genes 

associated with the top 25 GO terms (size) and the P-adjusted values for these terms. The 

order of GO terms is based on the gene ratio (number of significant genes associated with 

the GO term / total number of significant genes). LFC threshold was increased to 2  in order 

to reduce the large number of DE genes and consider those that have a large (statistically 

significant) difference in expression between tumour and normal conditions. Thus we 

consider the GO functions of the important genes which generated clear plots.  

The top GO enrichment terms were used to plot category net-plots, and the plot for Molecular 

Function (Figure 6.14) showed that MUC3A was significantly associated with the GO term 

‘extracellular matrix structural constituent’. The category net-plot shows the relationship 

between the genes associated with the top five most significant GO terms (Figure 6.13) and 

the LFC’s (threshold set at 2) of the associated significant genes. The size of the GO term 

reflects the P-values of the terms, with the more significant terms being larger. The 

significant fold change of MUC3A can thus be viewed as an important factor in this functional 

enrichment analysis. 

The GO term ‘extracellular matrix structural constituent’ is the sixth highest GO enrichment 

for the Molecular Function ontology, and the category net-plot shows links to ‘signalling 

receptor regulator activity’, ‘receptor ligand activity’ as well as ‘signalling receptor activator 

activity’. It is not surprising to observe the other genes linked to the same gene ontology 

produce common extracellular matrix proteins. Eleven collagen genes are linked to this 

ontology (COL1A1, COL1A2, COL3A1, COL4A1, COL5A1, COL5A2, COL6A3, COL10A1, 

COL11A1, COL12A1 and COL22A1). Studies investigating the collagen family of genes 

found that COL1A1, COL10A1 and COL11A1 showed upregulated expression in OSCC 

tissue compared to normal controls (J. Li et al., 2019), and increased expression of COL1A2 

and COL11A1 promotes proliferation and metastasis in OSCC 452,453. Furthermore, 

increased collagen content has been associated with MAPK and PI3K/Akt signalling 

pathways leading to chemotherapy resistance in OSCC 454.  

Matrix metalloproteinases (MMPs) (associated with the ‘metallopeptidase activity’ gene 

ontology in Figure 6.14) along with the numerous collagen isoforms, laminins, glycoproteins 

and proteoglycans are known contributors to extracellular matrix stiffness in OSCC, and are 

strongly associated with important cellular events during tumour progression during invasion 
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and metastasis, activating oncogenic signalling pathways involved in cytoskeleton 

alterations during adhesion and migration 455. Plausibly, MUC3A may play a similar role as 

an extracellular matrix structural constituent. This link with MUC3A and the cell signalling 

ontologies ties in with the discussion in section 1.3.2.1 suggesting that transmembrane 

mucins, including MUC3A, are involved in cell signalling through the phosphorylation of the 

intracellular cytoplasmic tails activating signal transduction pathways. 

 

Gene Set Enrichment Analysis 

A gene set enrichment analysis (GSEA) was also included in this functional enrichment 

analysis. GSEA is a computational method used to determine whether a pre-defined set of 

genes show any statistically significant concordant differences between two biological 

states, i.e. tumour vs. normal phenotypes (Mootha et al., 2003; A. Subramanian et al., 2005).  

The previous GO analyses were based on the list of DE genes in order to identify large 

differences in expression, but not necessarily small differences. The GSEA analysis 

addresses this limitation by aggregating per gene statistics across genes within a gene set, 

to detect all genes in a predefined set that change in a small but co-ordinated way. It is likely 

that many relevant phenotypic differences are established by small but consistent changes 

in a set of genes 432. The basic assumption of GSEA is that although large changes in 

individual genes has significant implications on biological pathways, some weaker but co-

ordinated changes in sets of genes that are seen to be functionally related (i.e. in related 

pathways) might also cause significant effects 437.  

In this analysis, GSEA was performed using the clusterProfiler tool (T. Wu et al., 2021) 

together with the Kyoto Encyclopaedia of Genes and Genomes (KEGG) gene sets and the 

LFC measured previously as input to identify enriched biological pathways with genes that 

exhibit coordinated fold changes larger than can be expected by chance. The clusterProfiler 

library provides a set of functions to uncover biological functions and pathways through over-

representation analysis, and makes use of GO and KEGG to support thousands of 

organisms.  
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Figure 6.13: Dot plot showing the top 25 enriched GO terms for Molecular Function, where the LFC 
threshold was set at 2. The largest gene ratios are plotted in order of gene ratio while the size of the 
dots represents the number of genes in the significant DE genes list. Dot colour represents the P-
adjusted values (BH).  
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Figure 6.14: Category net-plot of the top most significant GO terms (P-adjusted values) plotted and 
connected with lines to associated DE genes, and where the LFC threshold was set at 2. Colours 
represent the fold changes of the significant genes associated with the GO terms while the size of 
the terms reflects the P values, with the more significant terms being larger. MUC3A associated with 
extracellular matrix structural constituent GO term. 
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GSEA tools make use of the ranked genes (ranked by LFC) without the use of a cut-

off/threshold. In this way, tools are able to use more information to identify enriched 

pathways. By using LFC rankings, pathways involving genes exhibiting coordinated fold 

changes larger than expected by chance are identified. Significantly dysregulated pathways 

show a FDR (q-value) of <0.05. Enriched pathway images can be viewed at 

https://github.com/VictoriaPatten/phd-scripts/tree/main/kegg_pathways_images. Table 6.4 

below shows the top ten KEGG enriched pathways detected in the analysis. 

The top GSEA KEGG enriched pathways show a heavy leaning to cytokine/chemokine 

influence with IL-17 (interleukin-17) signalling pathways (hsa04657) as the most enriched in 

these OSCC patients. IL-17 is a well-known pro-inflammatory cytokine that has been proven 

to play an important role in numerous inflammatory and autoimmune diseases 458. There is 

evidence that shows IL-17 induces OSCC tumour cells to produce increased amounts of 

chemokines (L. Lu et al., 2013) and in OAC, reactive oxygen species (ROS)-NFKB signalling 

pathways are activated by IL-17, subsequently upregulating the expression of a number of 

matrix metallopeptidases (MMP’s) to promote invasiveness 460–462.  In Table 6.4, a number 

of MMP genes are shown to be associated with IL-17 signalling pathway. Numerous CXC, 

CSF and CCL genes are listed which are all chemokines or cytokines commonly involved in 

inflammation and the immune response, as reflected in the enriched pathways listed.  

Interestingly, two of the top enriched pathways implicate viral influences within the patients; 

these being ‘Viral protein interaction with cytokine and cytokine receptor’ (hsa04061), and 

‘Human cytomegalovirus infection’ (hsa05163). Viral cytokine and cytokine receptors, 

together with structurally unique, soluble, cytokine-binding or cytokine-receptor-binding 

proteins present molecular strategies for subversion and alteration of host cytokine networks 

by large DNA viruses. This may lead to the activation or inhibition of cytokine signalling in 

the host and may affect aspects of host immunity 463,464.  

The human cytomegalovirus (HCMV) is an enveloped, dsDNA virus known to cause 

significant morbidity and mortality in immunocompromised individuals. Reports have shown 

that HCMV can lead to the activation of the oncogenic PI3K/AKT pathway, catalysing 

oncogenesis. Furthermore, HCMV gene products and antiapoptotic proteins interfere with 

major histocompatibility complex (MHC) class 1 antigen presentation and avoid immune 

clearance of infected tumour cells 465,466. 

 

https://github.com/VictoriaPatten/phd-scripts/tree/main/kegg_pathways_images
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Table 6.4 Top 10 GSEA KEGG enriched pathways. 

 

The functional analysis results suggest genes and pathways that may be involved with the 

condition of interest, however, it is important to note that the results are not conclusive and 

all identified processes and pathways would require further experimental validation.  

 

 

 

 

 

KEGG ID Enriched Pathway 
P-adjusted 
value 

q-value 
(FDR) Genes 

hsa04657 IL-17 signalling pathway 0,0005 0,0003 MMP3/MMP13/MMP1/CXCL5/IL6/CXCL8/ 
CSF2/PTGS2/MMP9/CSF3 

hsa05323 Rheumatoid arthritis 0,0118 0,0091 MMP3/MMP1/CXCL5/IL6/CCL3/CXCL8/CSF2/ 
IL11/CXCL1/CD80/CXCL6/CTSL/TLR2/ 
ATP6V0D2 

hsa04061 Viral protein interaction with 
cytokine and cytokine 
receptor 

0,0235 0,0181 IL24/CXCL5/IL6/CCL3/CXCL8/CXCL11/ 
CCR3/CCL4/CXCL1/CCR1/IL20/CXCL6/ 
CXCL10/IL2RA/ACKR4/PPBP 

hsa04620 Toll-like receptor signalling 
pathway 

0,0235 0,0181 SPP1/IL6/CCL3/CXCL8/CXCL11/CCL4/CD80/
CXCL10/TLR2/TLR8/CD14/LBP/TLR4/ CTSK 

hsa04926 Relaxin signalling pathway 0,0312 0,0239 MMP13/MMP1/GNGT1/MMP9/COL1A1/ 
COL1A2/MMP2/COL3A1/COL4A1 

hsa04062 Chemokine signalling 
pathway 

0,0321 0,0246 CXCL5/CCL3/GNGT1/CXCL8/CXCL11/CCR3/
CCL4/CXCL1/CCR1/CXCL6/CXCL10 

hsa04974 Protein digestion and 
absorption 

0,0321 0,0246 COL10A1/COL11A1/COL22A1/COL1A1/ 
MME/COL5A2/COL1A2/COL5A1/COL3A1/ 
COL4A1/SLC7A7/COL6A3/COL12A1/ 
SLC16A10/COL4A2/COL24A1/COL8A1 

hsa05163 Human cytomegalovirus 
infection 

0,0321 0,0246 IL6/CCL3/GNGT1/CXCL8/PTGS2/CCR3/ 
CCL4/CCR1 

hsa05205 Proteoglycans in cancer 0,0321 0,0246 WNT2/MMP9/COL1A1/PLAUR/COL1A2 
/HOXD10/MMP2/PLAU/CTSL/TLR2/SHH/ 
ITGA5/THBS1/LUM/GPC3/FN1/TLR4 

hsa04060 Cytokine-cytokine receptor 
interaction 

0,0321 0,0246 IL24/CXCL5/IL6/CCL3/CXCL8/CSF2/INHBA/ 
CSF3/INHBE/IL11/BMP8A/CXCL11/CCR3/ 
IL31RA/CCL4/CXCL1/CCR1/IL20/CXCL6/ 
CXCL10/IL13RA2/IL2RA/ACKR4/IL7R/PPBP/ 
XCL1/TNFRSF12A/TNFRSF17/BMP8B/ 
TGFB2/CCL11/IL12RB2/TNFRSF9/TNFRSF1B
/LIF/CCR8/TNFRSF4/IL3RA/TNFSF13B/ 
TNFRSF8 
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6.2 Immunohistochemical Analysis 

Given the high somatic mutation rates observed in the WGS investigations together with the 

RNA-seq analysis that indicated a significantly increased gene expression in the patient 

cohort, further investigations were carried out to assess the protein levels by 

immunohistochemistry (IHC) staining. Given the WGS and DGE analysis results already 

obtained, we investigated MUC3A protein levels in order to gain a clearer insight. 

The specific advantage of this technique over others is the ability to correlate specific 

antigens with certain cellular or tissue compartments thus aiding in functional analyses of 

pathological conditions 467. It is frequently performed on formalin-fixed paraffin-embedded 

(FFPE) tissue which requires an antigen retrieval step to retrieve antigens that are masked 

by fixation thereby facilitating more accessible antibody binding 468. This significantly 

increases IHC sensitivity allowing for a more expansive application of the technique 469,470.  

Primary antibodies can be either monoclonal or polyclonal. Generally, monoclonal 

antibodies have a greater specificity, while polyclonal antibodies are more sensitive 471. 

Quality control of the IHC staining is of critical importance and both positive and negative 

controls are routinely used 472. Negative controls are run to eliminate any possibility of 

nonspecific antibody binding and consist of sample tissue stained with only secondary 

antibody, and no primary 472. Visualisation of staining results is commonly performed under 

a light microscope for identification of the presence or absence, or the localisation of the 

molecule of interest.  

 

6.2.1 Results: Immunohistochemistry for MUC3A 

In this study, seventeen patient biopsies obtained at Groote Schuur Hospital in Cape Town 

had previously undergone histological testing and fixation in FFPE blocks for long term 

storage in the Department of Pathology at UCT. IHC staining was performed on all of the 

FFPE sample blocks with the exception of four samples that had been damaged whilst in 

storage. IHC staining was carried out in the Department of Pathology at UCT as described 

in section 2.2.6, using duodenum FFPE tissue as a positive control 473,474.  

Standard IHC staining techniques were carried out as discussed in section 2.2.6, with the 

inclusion of antigen retrieval steps from the FFPE sections. IHC sections were examined 

under light microscopy. FFPE blocks for samples PD39451, PD39456, PD39457 and 
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PD39459 were unfortunately damaged during storage and were thus not available to be 

sectioned and stained. Of the remaining thirteen samples, three cases showed focal 

membrane and cytoplasmic staining within neoplastic squamous cells. Ten cases were 

negative for MUC3A IHC stain in the presence of positive external control which showed 

cytoplasmic and membrane positivity. Some of these ten cases showed very weak nuclear 

positivity within the squamous epithelium but this was interpreted as a negative staining. 

Positive IHC for MUC3A is recorded as cytoplasmic and/or membrane staining. Table 6.5 

shows the positive and negative staining of the tumour biopsies.  

When evaluating the thirteen stained samples, Table 6.5 shows that ten patients with 

putative MUC3A mutations in their WGS data stained negatively, and three stained 

positively, as shown in Figures 6.16 and 6.17 while Figure 6.15 shows duodenum staining 

as a positive control.  

 

Table 6.5: MUC3A Staining results of FFPE sections of OSCC patients from Groote Schuur Hospital. 
Patients whose FFPE blocks had been damaged are highlighted in blue.  

Patient  
Number 

MUC3A mutations 
found in WGS data 
using Vardict 

MUC3A mutations 
found in WGS data 
using Mutect2 

Staining 
Result 

% Tumour 
Cells 

PD39445 Yes Yes Negative n.d. 

PD39446 No Yes Positive n.d 

PD39447 Yes Yes Negative 28 

PD39448 Yes Yes Negative 44 

PD39449 No Yes Positive 57 

PD39450 No Yes Negative 64 

PD39451 Yes Yes No FFPE block   

PD39452 Yes Yes Negative 64 

PD39453 Yes Yes Negative 22 

PD39454 Yes Yes Negative n.d 

PD39455 Yes Yes Negative 91 

PD39456 Yes Yes No FFPE block   

PD39457 Yes Yes No FFPE block   

PD39458 Yes Yes Negative 30 

PD39459 Yes Yes No FFPE block   

PD39460 Yes Yes Positive 66 

PD51372 Yes Yes Negative 27 

 *n.d. = not determined 
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Figure 6.15: Positive cytoplasmic staining of duodenum tissue as a positive experimental control. 3-
4µm slices of duodenum FFPE tissue were stained using a MUC3A primary antibody. Brown stains 
indicate positive staining for MUC3A.  

 

 

Figure 6.16: IHC on haematoxylin stained FFPE tissue sections of samples. A - C show positive 
staining of samples PD39446, PD39449 and P39460 respectively.  

 

The positively stained OSCC samples showed concentrated focal membrane staining in 

some areas, as well as diffuse and cytoplasmic staining, while the control duodenum tissue 

staining was visible on one side of cells, possibly secretory vesicles. These positive staining 

differences are to be expected due to the nature of the different tissues and cells.  

The IHC results show that in ten out of thirteen samples no expression of the MUC3A protein 

was detected via IHC staining, while the remaining three samples did show the presence of 

MUC3A protein. Given that we currently view the putative MUC3A mutations identified in 

C A B 
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WGS as spurious, it is not surprising that the pattern of MUC3A staining doesn’t seem to 

associate or correlate with the putative mutation profile as previously determined.  

Ideally it would be useful to have a larger sample group to give a better reflection of the 

protein expression profile of this gene in this cohort. This small sample set showed that 10 

out of 13 tumour samples showed no MUC3A protein upon IHC staining. This observation 

seemingly contradicts the significantly upregulated gene expression observed with DGE 

analysis.  

Figure 6.17: IHC on haematoxylin stained FFPE tissue 
sections of samples. A-J show negative staining of samples 
PD39445, PD39447, PD39448, PD39450, PD39452, 
PD39453, PD39454, PD39455, PD39458 and PD51372 
respectively. .  
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6.2.2 Correlation of Putative MUC3A Mutations with Expression 

Literature describes that aberrant and upregulated expression of MUC3A has been 

implicated in a variety of different cancers including breast, pancreatic, gastric, colorectal, 

renal and prostate cancers 257–261, although the exact mechanism of MUC3A upregulation 

remains unclear. MUC3A expression may play an important role in oncogenesis, particularly 

in metastasis, invasion and the progression of cancer 267. Table 6.6 provides an overview of 

the different techniques used, indicating samples utilised in each analysis.  

DNA sequence data from thirty five South African OSCC patients indicated putative MUC3A 

mutations  in the entire  cohort, however, based on our previous experience, we currently 

view these putative mutations as false positives given the high frequency of alterations, the 

observation that these specific alterations were not detected in the previous round of 

analyses, and that other authors had not made similar findings (especially given the high 

frequency). RNA from fifteen of the cohort samples was subjected to RNA-seq. When 

performing variant calling on this data, some moderate impact severity and two high impact 

severity (frameshift) MUC3A mutations were identified. It was subsequently determined 

however, that variant calling for small variants and indels using RNA-seq data is unreliable 

and inaccurate with the bcbio-nextgen software. Although, the inability to identify HIGH 

impact MUC3A mutations in the RNA-seq data is consistent with the view that the WGS 

analysis mutations were in fact false positives. Surprisingly though, the analysis of DGE 

indicated a highly significant increase in expression of MUC3A in tumour samples compared 

to their paired normal samples indicating some degree of dysregulation of the gene. IHC on 

FFPE sections gave the opposite results, with negative MUC3A protein staining in 10 out of 

13 samples, indicating that although a significant increase in gene expression was observed 

at a transcript level, this increased expression is not reflected at  the protein level. The role 

mechanism for this aberrant protein expression remains unclear.  
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Table 6.6: Overview of MUC3A analysis through WGS, RNA-seq analysis, DGE and IHC. Patients 
whose DNA was subjected to WGS are listed the first column, and the number of putative MUC3A 
mutations detected per patient using Vardict and Mutect2 respectively are listed in the second and 
third columns. The patients whose RNA was subjected to RNA-seq are listed in the fourth column, 
followed by the number and type of MUC3A variants detected in RNA variant calling in the fifth 
column. RNA-seq data used for DGE is indicated in the sixth column while FFPE blocks used for 
IHC are indicated in the seventh column with their respective staining results.  

WGS 
Patients 

# HIGH impact 
WGS MUC3A 

variants 
detected with 

Vardict 

# HIGH impact 
WGS MUC3A 

variants 
detected with 

Mutect2 
RNA-seq 
Patients 

RNA-seq 
MUC3A variants 

Used 
in 

DGE IHC Stain 

PD39445 5 11 NA NA NA Negative 

PD39446 0 6 NA NA NA Positive 

PD39447 5 18 NA NA NA Negative 

PD39448 18 13 NA NA NA Negative 

PD39449 0 18 NA NA NA Positive 

PD39450 0 18 NA NA NA Negative 

PD39451 5 7 NA NA NA n.a. 

PD39452 10 42 NA NA NA Negative 

PD39453 12 10 NA NA NA Negative 

PD39454 6 7 NA NA NA Negative 

PD39455 16 12 NA NA NA Negative 

PD39456 17 4 NA NA NA n.a. 

PD39457 13 10 NA NA NA n.a. 

PD39458 7 14 NA NA NA Negative 

PD39459 2 13 NA NA NA n.a. 

PD39460 7 15 NA NA NA Positive 

PD44691 15 10 NA NA NA n.a. 

PD44692 1 10 NA NA NA n.a. 

PD44693 9 2 NA NA NA n.a. 

PD44694 0 4 NA NA NA n.a. 

PD44695 2 10 NA NA NA n.a. 

PD44696 11 16 NA NA NA n.a. 

PD44697 15 13 PR44697 4 Moderate Yes n.a. 

PD44698 7 9 NA NA NA n.a. 

PD44699 7 4 PR44699 7 Moderate Yes n.a. 

PD44700 6 14 NA NA NA n.a. 

PD44701 2 16 PR44701 2 Moderate Yes n.a. 

PD44702 6 24 PR44702 2 Moderate Yes n.a. 

PD44703 7 23 PR44703 21 Moderate Yes n.a. 

PD44704 8 16 PR44704 3 Moderate Yes n.a. 

   PR44705 3 Moderate Yes n.a. 

PD50649 11 2 PR50548 7 Moderate Yes n.a. 

PD50650 11 6 PR50549 
1 High, 1 
Moderate Yes n.a. 

PD50651 0 10 PR50550 1 Moderate Yes n.a. 

   PR50551 12 Moderate Yes n.a. 

PD50653 11 12 PR50552 5 Moderate Yes n.a. 

PD51372 6 14 PR50553 NA Yes Negative 

   PR50554 
1 High, 6 
Moderate Yes n.a. 

      PR50555 NA Yes n.a. 

*NA = not applicable 
*n.a. =  no paraffin section available 
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6.3 Discussion 

Variant calling of RNA-seq data appears to be notoriously difficult with numerous issues 

plaguing alignment methods. These include high mapping error rates, low sensitivity, 

alignment biases and low mapping throughput 431. The official documentation for bcbio-

nextgen software describes variant calling with RNA-seq data as frequently problematic with 

a high false negative rate commonly reported. Specifically, variant calling for indels may be 

inaccurate and unreliable 354. It was therefore no surprise that we were not able to identify 

the MUC3A mutations in the RNA-seq data that had been identified in the WGS analysis. 

Variant calling on RNA-seq data only identified two patients each with a single HIGH impact 

variant in the MUC3A gene. Some MED impact mutations were identified but did not match 

those found in WGS. However, when attempting to validate the WGS MUC3A mutations 

using the PON approach and Mutect2 variant caller (described in Chapter 5), all initial 

MUC3A mutations were filtered out and an entirely new set of mutations identified. This 

indicates that the initial mutations were in fact false positives. It is also highly likely that most, 

if not all of the new MUC3A mutations identified are also spurious. Thus the results we 

obtained when performing variant calling on RNA-seq data could either be due to the 

problematic and unreliable nature of the pipeline, or that the WGS MUC3A mutations were 

in fact false positives.  For future work, it would be pertinent to investigate different software 

packages and pipelines more suitable and tailored for RNA-seq variant calling. Unfortunately 

this was not possible due to time constraints in this project. Thus the focus of the RNA-seq 

analysis was quickly changed to investigate the more common analysis methods of DGE 

and functional enrichment. 

A subsequent bcbio-nextgen pipeline was established to perform RNA-seq alignment steps 

and generate QC and gene abundance information from the RNA-seq data. Using R 

statistical analysis software 433, this information from all patients was converted into a 

structured S4 object containing the necessary data for downstream analysis. R markdown 

templates specific to the bcbioRNASeq R package were utilised to perform QC, DGE and 

functional enrichment analysis. The QC output gave an indication of the quality of the RNA-

seq data and implemented tests to identify whether the data was suitable for continuing with 

DGE analysis. Figure 6.1 confirms that the sequenced data shows high coverage and 

mapping rates well above the cut-off thresholds. This  confirms the quality of the sequence 

data, indicating good sequencing with no presence of background artifacts or contamination. 

Exon vs intron mapping also confirmed the integrity of the sequencing with all samples 
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mapping well above the exon threshold and well below the intron threshold. A further 

assessment of sample quality comes from determining the number of genes detected 

relative to the number of mapped reads, where samples should ideally have similar numbers 

of features detected. Tumour samples are shown to all have an increased number of 

features detected than compared to their respective normal samples, and are all in a similar 

range to each other.  

When assessing the PCA and ICA plots it was evident that in the initial dataset, three outliers 

were present in the group showing low correlation to their respective grouping and leading 

to a level of potential skewedness of the data. After these three patient outliers were 

removed (both tumour and paired normal), the PCA and ICA plots showed clear clustering 

of tumour and normal sample data suggesting a suitable and reliable dataset to use for DGE 

analysis. These QC measures all confirmed that the RNA-seq data was of high quality, with 

accurate mapping and clustering. 

DGE was then assessed using the same S4 object utilised for QC with outliers removed 

from the dataset. Correctly identifying DGE between specific conditions is critical to the 

understanding of phenotype variation between the two 426. 2421 DE genes were identified 

in the analysis, with 1564 genes shown to be upregulated and 857 genes downregulated 

when the LFC threshold was set at 1. Confidence in the list of DE genes produced was 

assessed through examining the tumour vs normal clustering. The heatmap shown in Figure 

6.9 together with the PCA plot Figure 6.10 demonstrate clear clustering of tumour samples, 

well separated from the clustering of normal samples.  This represents a major trend of the 

data confirming that differences in gene expression were accurately detected between the 

two phenotypes and the trend was represented across all samples in each group. 

Furthermore, the robustness of the LFC values reported can be used as an indication of the 

differential expression effects between the phenotypes.  

When examining the list of DE genes, a number of genes were identified that have previously 

been associated with OSCC. This finding serves as a control of sorts further verifying the 

robustness of the analysis in keeping with literature observations. When looking specifically 

at MUC3A, expression was significantly increased with a 4.6 log2 fold increase from the 

normal (24.25 fold change), and a P-adjusted value of 7.05e-6. This upregulation falls within 

the top third of all upregulated genes detected. Furthermore, when assessing the transcript 

level count estimates for each patient generated in the initial bcbio-nextgen pipeline analysis 
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using the tximport() function, tumour samples displayed far greater transcript counts when 

compared to their paired normal samples as shown in figure 6.12. This further confirms the 

observations of increased MUC3A gene expression in tumour samples. These results 

suggest that even though the putative WGS MUC3A mutations identified are likely spurious 

and we cannot link them to the DGE findings, this gene is indeed upregulated in the patient 

cohort. Ideally, it would be beneficial to confirm these results with PCR and qRT-PCR, 

however, as described previously, the MUC3A gene is notoriously difficult to PCR due to the 

high degree of tandem repeats in the genomic sequence and presents a difficult limitation 

to the study. It is important to note the recurrent elevation of MUC3A expression levels in 

tumour samples compared to paired normal samples. This internal control provides 

substantial weight to the finding of MUC3A upregulation and suggests that there may be 

some involvement of this gene in this patient cohort.  Many genes are upregulated in cancer 

whose exact roles are  not always well understood, and MUC3A  is one of them.  

Functional enrichment analysis was carried out utilising the list of DE genes. The purpose 

of this analysis was to bring to light the functional implications of DGE in these OSCC 

patients. The GO analysis of biological processes, molecular functions and cellular 

components identified the top most enriched GO terms among the samples and the number 

of genes associated with these terms (Figures 6.12-6.14).  Interestingly, MUC3A was 

associated with the ‘extracellular matrix structural component’ GO term of the Molecular 

Functions ontology class, further cementing the idea that MUC3A might have an interesting 

role in these OSCC patients. This GO terms was also linked to a number of collagen (COL) 

genes which have been shown to promote proliferation and metastasis in cancers including 

OSCC. In support of the literature 451–453, the expression of the COL genes were found to be 

increased in this patient cohort. A number of MMP genes also showed significantly 

increased expression along with laminins, glycoproteins and proteoglycan genes known to 

contribute to extracellular matrix stiffness and tumour progression through the activation of 

oncogenic signalling pathways 455. Thus the extracellular matrix in these OSCC appears to 

be highly affected, and a mutated, upregulated MUC3A gene could possibly play a similar 

role in signalling dysregulation.  

A GSEA analysis was carried out using the KEGG library gene set to identify significantly 

enriched pathways influenced by smaller co-ordinated changes in related genes.  The IL-17 

signalling pathway was revealed to be the most enriched pathway. The general trend points 

to the enrichment of pathways involved in inflammation, and cellular regulatory mechanisms 
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(IL-17 pathway, Toll-like receptor pathway, chemokine and cytokine pathways and 

proteoglycans in cancer) and suggest a pro-inflammatory environment exists in this OSCC 

patient cohort. Chronic inflammation is known to play a pivotal role in pathogenesis and 

development of malignant disease 462.  

Furthermore, the enrichment of two viral associated pathways (viral protein interactions with 

cytokine receptor and human cytomegalovirus infection) is of interest. These viral pathways 

suggest that the patients in the cohort have experienced viral infections influencing cytokine 

and cytokine-receptor interactions, affecting the immune response and possibly the 

activation of oncogenic signalling pathways, further contributing to the overall tumour 

microenvironment.    

IHC staining for MUC3A was performed on thirteen OSCC biopsies set in FFPE blocks. The 

resulting stain images showed clear positive staining in three samples and negative staining 

in ten samples. The role and mechanism of the reduced MUC3A protein levels in the sample 

cohort is currently unclear and requires further investigation.   

DGE analysis of RNA-seq data found that the transcription of MUC3A gene was significantly 

increased in tumour samples. One can speculate that although RNA levels are upregulated, 

translation of the RNA either results in a protein product which is rapidly degraded, or a 

truncated protein which corresponds to the extracellular domain of MUC3A which is released 

from the cell. This truncated protein could bind to EGF receptor (as discussed in section 

1.3.2). This in turn could lead to the activation of signalling cascades, enhancing cell 

regulatory mechanisms 178,184 and providing a positive feedback loop for increased and 

sustained transcription. However, these suggestions remain speculative.   

Although these techniques together suggest an interesting possibility regarding MUC3A and 

its involvement in OSCC, there still remains some degree of uncertainty. With such a high 

proportion of the cohort still presenting with putative MUC3A mutations when using the PON 

approach with Mutect2 variant caller, it is perplexing that these observations were not 

detected in previous studies in Asia and other African studies given the high incidence of 

OSCC in these regions, and gives rise to the question of validity of these results. The initial 

MUC3A mutations detected when using Vardict variant caller have been completely 

eliminated  as false positives due to the inability to confirm their presence with PCR and 

their complete absence when using the PON approach analysis. The new set of mutations 

identified however are also to be viewed with a high degree of caution  as these may also 
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be spurious given the inconsistencies with individual variant callers and the complexity of 

the MUC3A genomic sequence. Furthermore, a search of the TCGA and COSMIC 

databases showed no reported MUC3A mutations in OSCC, and only three MUC3A 

mutations reported in OAC. We suggest that in future, multiple variant callers should be 

incorporated  into the analysis pipeline to integrate the results and improve performance. 

Continued and further analyses into a larger South African cohort and other populations 

would be beneficial. It is also pertinent for future investigations to note the complexity and 

difficult nature of the MUC3A gene, and that all mutation analyses results should be 

interpreted with caution. 
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Chapter 7: Conclusions 

 

7.1 Novel Viral Insertions 

Viruses are constantly bombarding the human genome leading to the development of 

several diseases as a consequence of acute infection 53. With many families of viruses 

capable of integrating their DNA into the human genome, it is speculated that between 8% 

and 40% of the human genome may therefore house these hidden potential carcinogens 

53,56,57. Statistical analyses have indicated causal associations between several viruses and 

cancer 309, and it is now widely accepted that viruses are directly responsible for a number 

of human cancers with estimates suggesting that up to 20% of all human cancers have a 

viral aetiology 72,73. The aim of this study was to investigate whether any novel viral insertions 

might be present in South African OSCC patients which could be associated with the 

development of this disease.   

While there initially appeared to be interesting observations of insertions of Autographa 

Californica Nucleopolyhedrovirus in the preliminary WGS data, these results could not be 

confirmed by PCR analysis. Subsequent reanalysis of the WGS data using different 

analytical tools eliminated the presence of Autographa Californica Nucleopolyhedrovirus, 

Emiliana Huxleyi Virus 86, the Gryllus Bimacularis Nudivirus or the Trichodisplasia 

Spinulosa Associated Polyomavirus. Although this evidence shows these viruses are not 

associated with OSCC, another family of exogenous viral genes, Human Endogenous 

Retroviruses (HERV’s) were more common. 

One can speculate that with a larger sample cohort and a robust bioinformatics pipeline, 

novel viral integrations may possibly be identified. As  discussed in section 1.2, many viruses 

have the ability to integrate their DNA into host genomes through viral integration 55 thus it 

is quite plausible that novel viral integrations exist and are yet to be discovered.  

After completing the functional enrichment analysis of KEGG pathways (Chapter 6) on 

fifteen RNA-seq data samples from a larger OSCC patient cohort, it was shown that two 

viral associated pathways (viral protein interactions with cytokine receptor and human 

cytomegalovirus infection) were enriched in these patients. This finding suggests that there 

might be a role for viral integrations in OSCC.  
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We accept that the small sample size used in this analysis made it difficult to identify viral 

insertions which could be involved in the development of OSCC. However, at the time this 

study was carried out, the inconclusive results and time constraints led to a re-focussing of 

the project objectives and investigations were redirected to HERV’s and their possible link 

to somatic mutations. These investigations were initially carried out on the three pilot sets of 

WGS data and later on a larger sample cohort.   

 

7.1.1 Limitations and Future Directions 

This exploratory study experienced limitations due to unreliable bioinformatics pipelines 

used for the initial analysis. Much time was spent on PCR analysis when it was later 

discovered that the viral sequences not present in the genomes analysis, or at least not at 

the sites indicated by the bioinformatics analysis. It was interesting to note that PCR-

amplified DNA sequences mapped to bacterial cloning vectors which raised the question of 

how these were picked up in the bioinformatics analysis and should raise caution for future 

investigations.  

A further limitation experienced was the reliance on external bioinformatics analysis with no 

knowledge of the pipelines or processes involved. It was only after new collaborations were 

formed that a more hands-on approach and deeper understanding of the requirements and 

objectives of the analyses was acquired. In future, it may be interesting to revisit 

investigations into novel viral insertions with the development of suitable analysis pipelines. 

This however fell outside of the time and scope of this particular thesis.   

 

7.2 Human Endogenous Retroviruses 

It is well known that endogenous retroviruses became integrated into the human genome 

millions of years ago and are now stably integrated in the genome and part of our inherited 

genetic material 78–81. A number of HERV’s are implicated in a variety of different cancers 

such as breast cancer 96, lung cancer 97, prostate cancer 98, hepatocellular carcinoma 99, 

melanomas 100, germ cell tumour 101, leukaemia 102, and lymphoma 103. Investigations into 

HERV-K integration in South African OSCC patients was performed to determine where 

these Transposable Elements are integrated and whether differences exist between tumour 

and matched normal samples. Tumour tissue had increased numbers of insertions 
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compared to normal tissue, suggesting duplication and/or translocation of integrated DNA, 

which aligns with the literature reports that increased expression of HERV elements is 

associated with numerous cancers 104–106. We were able to identify a number of upstream 

and downstream genes in close proximity to the HERV insertion sites and although a 

number of the genes identified were previously reported to be involved in OSCC, when 

performing variant calling on the WGS data, only four patients showed medium impact 

severity mutations and we were unable to conclusively form any links between the HERV 

insertions and the presence of somatic mutations in close proximity to these genes.  

Thus while HERV-K insertions in these patients cannot be linked to somatic mutations that 

influence OSCC development or progression, it was still interesting to observe the 

differences in number of insertions in tumour tissue compared to their matched normal 

tissue, confirming the retroviral movement within the human genome, and it is possible that 

they may still be the cause of host genome instability 108. The disruption of host gene 

regulation through hijacking and manipulation by retroviral elements can influence the 

expression of host genes, leading to long-lasting effects on the genome 57, and it is 

speculated that HERV’s might transform benign cells and induce cancer though several 

other mechanisms, not within the scope of this thesis. 

 

7.2.1 Limitations and Future Directions 

Due to COVID-19 lockdown and regulations, extensive delays in sequencing and data 

analyses were experienced. In future it would be interesting to delve further into the role that 

translocated/duplicated HERV insertions may play in OSCC, and whether they influence the 

activation of immune-suppressor pathways, homologous recombination, or promote 

oncogenes aiding propagation and progression of tumorigenesis.  

 

7.3 MUC3A in Oesophageal Squamous Cell Carcinoma 

Initial bioinformatics analysis of WGS data yielded unexpected results where 258 somatic 

variants were detected in the MUC3A gene in thirty out of thirty-five South African OSCC 

patients. This gene has not previously been associated with OSCC, however it has been 

implicated in a number of other cancers where upregulated expression has been associated 

with poor prognosis and a decrease in overall survival 257–259,405. This gene was the most 
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mutated gene in the patient cohort with 96% of the variants reported to be frameshift in 

nature. The fact that we were unable to validate these mutations in the laboratory raised 

questions around the robustness and accuracy of the bioinformatics pipeline used for 

analysis, as well as the original whole genome sequencing. The MUC3A gene is very large 

and the genomic sequence contains variable tandem repeats that may influence the 

mapping of the sequenced reads leading to incorrect variant calling. This highly repetitive 

nature of the gene impacted on PCR primer design and specificity. Gum et al (1997) 251 

stated that the long stretches of tandem repeats make the cloning of MUC3A ‘extraordinarily 

difficult’, and PCR seemed to face the same problem. We must also consider the possibility 

of the mutations only occurring on one allele which was preferentially amplified during PCR 

reactions, and/or the presence of false positive results generated by the variant caller used 

in the analysis pipeline. As primer optimisation was successful for only two clusters of 

mutations, we were unable to validate all 258 variants that were detected using PCR as a 

validation tool, thus we cannot be certain of the degree of possible false positivity. Different 

variant callers have been reported to perform differently for various datasets and levels of 

genomic complexity. Different sequencing properties at individual variant sites, including 

read depth, read quality, strand bias and varying allele fractions frequently challenge the 

ability of variant callers to detect mutations accurately and increasingly complex data makes 

the detection of true positives and minimising false positives more difficult 413. Two separate 

bcbio-pipelines were built and samples were run through each, producing the same output. 

Furthermore, two separate filtering tools were used (GEMINI and SnpSift), with each 

indicating the same high level of MUC3A mutation. Thus investigations continued with the 

analysis of RNA-seq data. While we were comfortable with the bcbio-nextgen pipeline as a 

whole, the question of the validity of the mutations due to the complexity of the gene was 

still pertinent. Using the IGV tool we manually examined the target genomic location 

(chromosome 7, MUC3A gene, exon2) and found a high degree of noise in both tumour and 

normal samples. This prompted the re-analysis of the data using a Panel of Normals 

approach with the Mutect2 variant caller. The study by Bian et al (2018) 413 revealed that 

Mutect2 was one of the top performing variant callers in their comparative study. The new 

bcbio-nextgen analysis using the PON approach filtered out all previous MUC3A mutations 

identified using Vardict, and instead showed an entirely new set of MUC3A mutations. A 

number of the new mutations were tagged with dbSNP accession numbers and are reported 

on the dbSNP database. Although there is the possibility that these new mutations are real, 
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the vast number of mutations identified and exact repetitions between patients, together with 

the high level of complexity of the genomic region do not inspire confidence in the quality of 

the data. There is a strong likelihood that these new mutations are also false positives and 

extensive laboratory validation would be necessary to conclude their validity with certainty.  

RNA sequencing was performed on fifteen of the patients in the cohort. Initially, we 

attempted to perform variant calling using bcbio-nextgen software, however some evidence 

indicates that this is unreliable and imprecise for indel calling 354 and one should rather 

perform DGE analysis for better consideration of the RNA data. This was reflected in the 

results we obtained for variant calling where only two high and 78 medium impact severity 

variants were detected, none of which corresponded to the WGS variants.  

DGE analysis was performed on the RNA-seq data using bcbio-nextgen in conjunction with 

bcbioRNASeq R software package 429,432. Assessment of the quality of the data was 

performed using the QC Markdown template and this provided an indication that the data 

was of high quality. Interestingly, three tumour samples (PD50555, PD44701 and PD44704) 

were observed to group more closely to the normal samples. Upon inspection of the initial 

percentage tumour purity (section 2.1.1.1, Table 2.1) we noted that these three patients all 

presented with low tumour content. These outliers were subsequently removed from the 

dataset. DGE of the amended dataset showed 2421 upregulated genes and 857 

downregulated genes. MUC3A was significantly upregulated with a log2 fold change of 4.6 

(24.25 times higher than expression in normal samples) with a P-adjusted value of 7.05e-6. 

This observation echoed literature reports of upregulated expression of MUC3A in multiple 

cancers 256–258. 

The functional enrichment analysis that followed DGE highlighted the pro-inflammatory 

status of the patients, as predominantly pro-inflammatory chemokine and cytokine 

influencing pathways and genes were enriched in the samples. MUC3A was significantly 

associated with the ‘extra cellular matrix structural constituent’ Gene Ontology of the 

Molecular Function class which was linked to a number of collagen genes that are well 

documented to play a role in tumour proliferation and metastasis, and influencing various 

signalling pathways. MMP genes were also upregulated and associated with the Molecular 

Functions ontology class. Thus conceivably, MUC3A may play a similar role in influencing 

the extra cellular matrix and signalling pathways in these patients. 
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While expression analysis results aligned with what has been reported in the literature 

regarding MUC3A gene expression in cancer, it was pertinent to investigate the protein 

levels to further characterise these findings. IHC was performed on thirteen FFPE sections, 

ten of which stained negatively for MUC3A protein. This altered protein expression 

seemingly contradicts the highly significant upregulation of the gene seen at a transcript 

level. Taken together, we observed an over expression of the gene and transcript 

production, but no overexpression based on protein levels. We thus speculate that the 

MUC3A gene may in fact be dysregulated, but the exact role of this altered MUC3A protein 

expression is unclear and requires further investigation. Ideally, a repeat of the 

immunohistochemistry staining with a larger cohort would be beneficial.  

We can speculate that the increased transcription may be due to production of a truncated 

protein that structurally, may expose the EGF-like domains for binding to various receptors, 

and/or the SEA domain for autoproteolysis that can then affect cell migration and invasion 

through the phosphorylation of HER/ErB2, affecting the PI3K/Akt signalling pathway 260,265. 

Shedding of the extracellular domain of MUC3A protein can lead to signalling pathway 

activation linked to proliferation and apoptosis 184, thus it is possible that a truncated protein 

may act in a similar way to a ‘post-shedding’ protein, with EGF-like domains interacting with 

various receptors, leading to phosphorylation of the cytosolic tail and initiating cell growth 

and proliferation pathways 181,184,199. It has been suggested that mutations in MUC3A may 

be associated with its expression 450, and a study investigating gastric cancer showed that 

recurrent mutations in MUC3A were associated with increased risk of tumorigenesis. It was 

also speculated that mutations in the MUC3A gene are highly likely to change the 

extracellular structure of the protein, or the structure of the glycosylation site, thereby 

affecting it’s barrier function efficacy 475.  

MUC1 and MUC4 are the most widely studied mucin genes and since they are 

transmembrane mucins like MUC3A, we could speculate that MUC3A might function in a 

similar fashion with regards to intracellular signalling.  Through interactions with the EGF 

receptor, MUC1 has been shown to activate JAK/STAT3 signalling as well as NFKB and Wnt 

signalling while MUC4 interacts with HER2 to influence the PI3K/Akt pathway. An exposed 

EGF-like domain on a truncated MUC3A protein therefore could activate these cell 

regulatory signalling pathways and contribute to OSCC tumorigenesis and tumour 

progression in a continuous loop together with the upregulated transcription of the MUC3A 
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gene in a microenvironment that is already in a state of chronic inflammation as shown in 

the pathway enrichment analysis.  

The results from the DGE analysis and functional enrichment analysis do show that in this 

sample cohort, MUC3A is significantly differentially upregulated. Furthermore, when 

assessing IHC staining, 77% of the samples stained negatively for the MUC3A protein, albeit 

in a small sample size. Taken together, these results suggest that the MUC3A gene is 

dysregulated in this patient cohort. 

 

7.3.1 Limitations and Future Directions 

This study evolved as it progressed and a number of limitations were experienced.  

The value of WGS data is heavily dependent upon accurate analysis and identification of 

mutations, thus it would be pertinent to include multiple variant callers in the bioinformatics 

pipeline when analysing WGS data in future to minimise false positives detected and 

improve the overall performance.  

It would also be more ideal to have performed RNA sequencing on all thirty five patients 

rather than only fifteen patients, thus increasing the sample size for DGE and functional 

enrichment analyses. Similarly, it would have been beneficial to have access to the DNA 

from all thirty-five patients for PCR analysis, and all thirty-five FFPE blocks for IHC staining. 

Unfortunately this was not possible as the DNA from patients recruited from WITS/Charlotte 

Maxeke Hospital were not shipped due to COVID lockdown regulations. FFPE fixation of 

tumour biopsies was also only performed on biopsies recruited from patients at Groote 

Schuur Hospital in Cape Town. Performing these analyses on only a subset of the total 

cohort was definitely a limitation to the study. 

A further limitation was that a number of patients displayed low tumour purity. This was 

detected in the QC of RNA-seq data and patients were removed from the dataset, however, 

all of the patients were included in WGS analyses regardless of tumour purity. Tumour 

content from three patients was reported as ‘not determined’ and a further 8 patients showed 

a tumour content of below 30%. It is possible that this may have affected the WGS analysis 

and contributed to false positive variant discovery.  

In future, it would be beneficial to expand the investigations to include a much larger patient 

cohort, as well as to include a more diverse population for comparisons and indication of 
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prevalence. It would also be pertinent to test different variant callers with the bcbio-nextgen 

software and perform all analyses on all patients.  

 

7.4 Final Remarks 

While the viral insertion investigations proved inconclusive, it may be useful to revisit the 

hypothesis with a more robust bioinformatics pipeline, in a larger patient cohort.  

While no links with HERV-K integrations and somatic mutations could be made in these 

OSCC patients, it was interesting to observe the difference in number of insertions between 

tumour and matched normal samples, suggesting further investigations into HERV 

translocation and duplication in the genome could be fruitful.  

Although we initially detected a high degree of somatic mutations in the MUC3A gene, these 

mutations proved to be false positives when reanalysing the data together with a PON 

approach. An entirely new and different set of MUC3A mutations were identified with the 

PON approach and Mutect2 variant caller, however, we view these with caution and 

conclude they were probably false positives as well given the complexity of the genomic 

structure and the variation in variant caller accuracy. Further laboratory confirmation would 

be needed to confirm these mutations. However, the significant upregulation of MUC3A 

observed in DGE analysis and the contradictory IHC results suggest that MUC3A is 

dysregulated in this patient cohort in some way. We feel that the literature surrounding 

MUC3A is missing key information regarding the complexity of this gene and the difficulties 

that lie in its analysis. It is pertinent for future investigators to be aware of these difficulties 

and the challenging nature of the genomic sequence when performing future analyses. A 

number of limitations were experienced in this investigation and future studies should take 

care to address these issues in their endeavours to elucidate the true role of MUC3A in 

OSCC. We suggest that future investigations incorporate multiple different variant callers 

into their analysis pipelines and integrate the results to improve performance. In depth 

laboratory confirmations methods should be employed to validate any mutations detected 

although this may be complicated by the complexity of the genomic sequence of this 

particular gene. 
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Appendix 1 

Table A1.1: Quality control metrics of WGS data reads performed by the Wellcome Sanger Institute. % Map indicates the percentage of reads per 
sample that mapped to the reference genome (Hg37). %R1 UM and % R2 UM indicate the percentage of unmapped reads for read 1 and read 2 
respectively. R1 GC dev and R2 GC dev indicate the deviation of GC content from whole genome average read 1 and read 2 respectively. GC dist 
indicates the difference in GC content between read 1 and read 2. Ins size sd indicates the standard deviation of the insert size. Edit dist indicates the 
fold change of mismatched bases in read 1 vs read 2. Map dist indicates the difference between percentage unmapped read 1 and read 2 expressed 
as a fraction.  

UCT Samples            

Sample   % Map % R1 UM % R2 UM R1 GC dev R2 GC dev GC dist Ins size sd Edit dist Map dist 

PD39445a Tumour 99,38375 0,11 1,11875 2,835 2,88125 0,04875 217,39875 1,63875 0,01 

PD39445b Normal 99,6675 0,07 0,59875 0,035 0,33625 0,30125 139,7225 1,90875 0,0075 

PD39446a Tumour 99,55125 0,1325 0,7625 2,82125 2,9325 0,11125 570,40375 1,64625 0,01 

PD39446b Normal 99,5775 0,10125 0,74125 2,9025 3,265 0,365 136,6125 2,0625 0,01 

PD39447a Tumour 99,77375 0,03125 0,41875 0,185 0,4025 0,21875 127,86 1,74875 0 

PD39447b Normal 99,58 0,03 0,81 -0,17625 0,24875 0,42375 139,16625 2,09875 0,01 

PD39448a Tumour 99,5925 0,2125 0,5975 -0,06125 0,16625 0,225 125,79 1,79375 0 

PD39448b Normal 99,6025 0,055 0,74 0,02875 0,3975 0,36875 141,4275 1,97125 0,01 

PD39449a Tumour 99,4575 0,36 0,74 0,2925 0,53625 0,2425 127,78 1,77 0 

PD39449b Normal 99,61375 0,06 0,7125 0,00375 0,38125 0,3775 135,28375 2,07375 0,01 

PD39450a Tumour 99,80375 0,03125 0,35625 0,27625 0,45125 0,1825 122,88875 1,7025 0 

PD39450b Normal 99,6575 0,05 0,635 0,0375 0,38875 0,35 133,63 2,0225 0,01 

PD39451a Tumour 99,81375 0,03125 0,33875 0,11875 0,28375 0,16625 123,8675 1,65 0 

PD39451b Normal 99,66125 0,1025 0,57375 0,14625 0,42375 0,2775 124,1425 1,875 0,00375 

PD39452a Tumour 99,78375 0,03125 0,39375 0,2025 0,39875 0,195 124,745 1,705 0 

PD39452b Normal 99,71625 0,04875 0,51875 -0,15125 0,1075 0,2625 127,47625 1,88375 0,00375 

PD39453a Tumour 99,8125 0,0625 0,3125 0,0025 0,17875 0,17625 123,71375 1,56125 0 

PD39453b Normal 99,70875 0,0625 0,5425 -0,1325 0,18 0,31375 126,95375 1,90625 0,00375 

PD39454a Tumour 99,7275 0,14 0,405 -0,665 -0,4875 0,18125 123,7575 1,58375 0 

PD39454b Normal 99,69125 0,07 0,55125 -0,02625 0,2275 0,255 125,4325 1,91125 0,00375 

PD39455a Tumour 99,52 0,29 0,6725 -0,12375 0,09125 0,21 127,48875 1,75125 0 
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PD39455b Normal 99,73 0,05875 0,48125 -0,04625 0,20375 0,2525 128,485 1,82 0 

PD39456a Tumour 99,78 0,07 0,3675 -1,13 -0,96 0,1725 125,52875 1,605 0 

PD39456b Normal 99,67625 0,0625 0,58625 0,01375 0,3075 0,29375 129,29375 1,905 0,0075 

PD39457c Tumour 99,8075 0,03875 0,35125 -1,675 -1,505 0,17 123,39 1,6425 0 

PD39457b Normal 99,55125 0,04125 0,85375 -0,11625 0,08375 0,2 121,78 1,96 0,01 

PD39458c Tumour 99,7425 0,09 0,4275 -1,37125 -1,20375 0,17 128,07 1,6475 0 

PD39458b Normal 99,58625 0,03 0,80125 -0,27375 -0,03 0,24375 120,49125 2 0,01 

PD39459a Tumour 99,28333 0,57 0,866666667 
-

1,046666667 -0,95 0,096666667 107,0633333 1,523333 0 

PD39459b Normal 99,55125 0,06125 0,8375 -0,17125 0,02875 0,19875 117,30375 1,965 0,01 

PD39460a Tumour 99,73667 0,046666667 0,483333333 0,163333333 0,303333333 0,143333333 112,2533333 1,71 0 

PD39460b Normal 99,5775 0,06125 0,78 -0,14875 0,04625 0,19375 117,795 1,9725 0,01 

PD50649a Tumour 96,2225 1,345 6,21 -0,5025 -0,2725 0,2275 154,5825 1,5625 0,0525 

PD50649b Normal 96,0575 1,395 6,485 -0,49 -0,2275 0,255 166,065 1,5075 0,0525 

PD50650a Tumour 96,2 1,465 6,14 -0,4675 -0,22 0,2475 153,715 1,5375 0,0525 

PD50650b Normal 96,045 1,395 6,5125 -0,2275 0,04 0,27 147,4975 1,53 0,0525 

PD50651a Tumour 96,3075 1,2425 6,14 -0,205 0,0525 0,2575 154,49 1,325 0,0525 

PD50651b Normal 96,925 1,2825 4,8675 -0,44 -0,2075 0,2325 138,95 1,2975 0,04 

PD50653a Tumour 96,0825 1,2425 6,5925 -0,335 -0,0275 0,305 158,405 1,3675 0,055 

PD50653b Normal 96,2525 1,31 6,185 -0,33 -0,0775 0,25 148,7225 1,325 0,0525 

PD51372a Tumour 93,57 1,51 11,345 -0,145 0,52 0,67 165,165 1,79 0,11 

PD51372b Normal 94,72 1,53 9,03 0,125 0,62 0,495 140,74 1,735 0,085 

WITS 
Samples            

Sample   % Map % R1 UM % R2 UM R1 GC dev R2 GC dev GC dist Ins size sd Edit dist Map dist 

PD44691a Tumour 97,77667 1,011666667 3,435 
-

0,343333333 -0,245 0,098333333 136,455 1,311667 0,023333 

PD44691b Normal 96,30167 1,243333333 6,153333333 
-

0,056666667 0,206666667 0,261666667 151,4766667 1,476667 0,051667 

PD44692a Tumour 84,57 14,22333333 16,63833333 0,066666667 0,188333333 0,12 133,71 1,311667 0,031667 

PD44692b Normal 95,955 1,26 6,83 0,775 1,068333333 0,293333333 149,4916667 1,523333 0,06 

PD44693a Tumour 97,225 1,115 4,438333333 
-

0,388333333 
-

0,258333333 0,13 139,02 1,343333 0,033333 

PD44693b Normal 96,135 1,356666667 6,373333333 0,201666667 0,466666667 0,265 149,3983333 1,446667 0,055 
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PD44694a Tumour 97,27833 1,21 4,23 
-

0,483333333 
-

0,356666667 0,126666667 138,1733333 1,331667 0,033333 

PD44694b Normal 95,71667 1,293333333 7,268333333 0,206666667 0,545 0,336666667 145,59 1,526667 0,065 

PD44695a Tumour 97,32333 1,238333333 4,111666667 -0,585 
-

0,511666667 0,075 137,4133333 1,333333 0,031667 

PD44695b Normal 96,43833 1,125 5,998333333 0,435 0,661666667 0,225 146,26 1,545 0,051667 

PD44696a Tumour 97,11833 1,275 4,488333333 -0,21 
-

0,098333333 0,113333333 139,1733333 1,333333 0,033333 

PD44696b Normal 96,27 1,16 6,3 0,043333333 0,305 0,261666667 161,3333333 1,531667 0,055 

PD44697a Tumour 95,675 1,91 6,741666667 
-

0,226666667 0,028333333 0,255 144,3833333 1,295 0,053333 

PD44697b Normal 95,39333 1,431666667 7,781666667 
-

0,268333333 0,208333333 0,476666667 155,56 1,48 0,068333 

PD44698a Tumour 95,935 1,746666667 6,381666667 
-

0,411666667 
-

0,198333333 0,216666667 143,4266667 1,311667 0,05 

PD44698b Normal 95,335 1,488333333 7,84 -0,175 0,25 0,425 152,9116667 1,483333 0,068333 

PD44699a Tumour 95,715 1,788333333 6,785 -0,225 0,043333333 0,268333333 144,6033333 1,316667 0,053333 

PD44699b Normal 95,92333 1,36 6,795 -0,37 -0,015 0,358333333 151,7016667 1,471667 0,056667 

PD44700a Tumour 96,596 1,298 5,51 -1,304 -1,138 0,166 145,126 1,358 0,046 

PD44700b Normal 94,57333 1,456666667 9,4 
-

0,148333333 0,458333333 0,608333333 149,1183333 1,575 0,088333 

PD44701a Tumour 96,996 1,2 4,81 -0,3 -0,172 0,126 146,864 1,324 0,036 

PD44701b Normal 95,26667 1,473333333 7,993333333 -0,135 0,338333333 0,471666667 153,2533333 1,486667 0,071667 

PD44702a Tumour 96,714 1,254 5,312 -0,256 -0,13 0,128 143,704 1,342 0,044 

PD44702b Normal 96,18333 1,366666667 6,265 -0,52 -0,2 0,32 149,7 1,425 0,055 

PD44703a Tumour 96,64 1,246 5,468 -0,182 0,012 0,192 138,324 1,386 0,046 

PD44703b Normal 95,965 1,838333333 6,23 
-

0,533333333 
-

0,318333333 0,218333333 138,7733333 1,301667 0,048333 

PD44704a Tumour 96,686 1,266 5,36 -0,23 -0,09 0,144 141,422 1,34 0,044 

PD44704b Normal 95,88667 1,861666667 6,366666667 -0,34 -0,135 0,203333333 142,26 1,291667 0,05 
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Appendix 2 

Table A2.1 GEMINI Impact and Impact_severity term mappings of the variant/variant_impacts tables 

within the output database files (GEMINI 2022).  

GEMINI terms (impact) 
Impact 
severity 

GEMINI terms (impact) 
Impact 
severity 

splice_acceptor HIGH inframe_codon_loss MED 

splice_donor HIGH inframe_codon_change MED 

stop_gain HIGH codon_change_del MED 

stop_loss HIGH codon_change_ins MED 

frame_shift HIGH UTR_5_del MED 

start_loss HIGH UTR_3_del MED 

exon_deleted HIGH splice_region MED 

non_synonymous_start HIGH mature_miRNA MED 

transcript_codon_change HIGH regulatory_region MED 

chrom_large_del HIGH TF_binding_site MED 

rare_amino_acid HIGH regulatory_region_ablation MED 

   regulatory_region_amplification MED 

   TFBS_ablation MED 
   non_syn_coding MED 
   inframe_codon_gain MED 

    TFBS_amplification MED 

    

GEMINI terms (impact) 
Impact 
severity 

GEMINI terms (impact) 
Impact 
severity 

synonymous_stop LOW start_gain LOW 

synonymous_coding LOW synonymous_start LOW 

UTR_5_prime LOW intron_conserved LOW 

UTR_3_prime LOW nc_transcript LOW 

intron LOW NMD_transcript LOW 

CDS LOW incomplete_terminal_codon LOW 

upstream LOW nc_exon LOW 

downstream LOW transcript_ablation LOW 

intergenic LOW transcript_amplification LOW 

intergenic_conserved LOW feature elongation LOW 

intragenic LOW feature truncation LOW 

gene LOW transcript LOW 

exon LOW     

MED = Medium impact severity 
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Appendix 3 

Table A3.1: All HIGH impact severity MUC3A mutations detected through bioinformatics analysis of 
WGS data using the bcbio-nextgen (Chapman et al. 2021) pipeline. Start positions correspond to 
reference genome GRCh38 and Ref and Alt refer to the reference and alternate alleles respectively.  

Patient 
Start 
Position Gene Ref Alt Impact 

Impact 
Severity 

PD39445 100952610 MUC3A C T stop_gained HIGH 

PD39445 100952646 MUC3A AGG A frameshift_variant HIGH 

PD39445 100952649 MUC3A AC A frameshift_variant HIGH 

PD39445 100958132 MUC3A G GAAGAC frameshift_variant HIGH 

PD39445 100958143 MUC3A A 
ACTTCTTTGATAGCCA
C frameshift_variant HIGH 

PD39447 100957681 MUC3A C 

GCTCACACAGTACCC
TCGGCTTAAGTTCTTC
G frameshift_variant HIGH 

PD39447 100957684 MUC3A C CGTCACCA frameshift_variant HIGH 

PD39447 100957690 MUC3A A 

ACCTCACACAGTACT
GCCAGCTTCACTTCTT
CGATCACTACCACCG
AGACACTATCACATA
G stop_gained HIGH 

PD39447 100957699 MUC3A G 

GCTTGACTCCTGTGA
ACACCACCACTGAAA
CCACGTCAAACAGTA
TT frameshift_variant HIGH 

PD39447 100957701 MUC3A C CAGGCT frameshift_variant HIGH 

PD39448 100957775 MUC3A C CG frameshift_variant HIGH 

PD39448 100957776 MUC3A A AGT frameshift_variant HIGH 

PD39448 100957779 MUC3A AC A frameshift_variant HIGH 

PD39448 100957784 MUC3A CT C frameshift_variant HIGH 

PD39448 100957787 MUC3A AC A frameshift_variant HIGH 

PD39448 100958184 MUC3A A ACC frameshift_variant HIGH 

PD39448 100958186 MUC3A C CTGA stop_gained HIGH 

PD39448 100958187 MUC3A G GA frameshift_variant HIGH 

PD39448 100958216 MUC3A T TGCCACCGAGA frameshift_variant HIGH 

PD39448 100958219 MUC3A A AT frameshift_variant HIGH 

PD39448 100958224 MUC3A C CA frameshift_variant HIGH 

PD39448 100958230 MUC3A C CTT frameshift_variant HIGH 

PD39448 100958234 MUC3A G GC frameshift_variant HIGH 

PD39448 100958806 MUC3A C 

CCAAGACCACCTCAA
CCAGTCCTCCCAGAT
TCACCT frameshift_variant HIGH 

PD39448 100958808 MUC3A T TG frameshift_variant HIGH 

PD39448 100958856 MUC3A TC T frameshift_variant HIGH 

PD39448 100958858 MUC3A T TGG frameshift_variant HIGH 

PD39448 100958859 MUC3A TC T frameshift_variant HIGH 

PD39451 100957775 MUC3A C CG frameshift_variant HIGH 

PD39451 100957776 MUC3A A AGT frameshift_variant HIGH 

PD39451 100957779 MUC3A AC A frameshift_variant HIGH 

PD39451 100957784 MUC3A CT C frameshift_variant HIGH 

PD39451 100957787 MUC3A AC A frameshift_variant HIGH 

PD39452 100955243 MUC3A TTC T frameshift_variant HIGH 

PD39452 100955247 MUC3A TC T frameshift_variant HIGH 

PD39452 100958302 MUC3A G GCTTAA frameshift_variant HIGH 

PD39452 100958303 MUC3A G GTTCT frameshift_variant HIGH 

PD39452 100958352 MUC3A A 
ATCACCACCACTGGC
AACACCTCACACAGT frameshift_variant HIGH 

PD39452 100958354 MUC3A T TGCCGAGCTTC frameshift_variant HIGH 
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PD39452 100958356 MUC3A C CTTCTT frameshift_variant HIGH 

PD39452 100958357 MUC3A C CG frameshift_variant HIGH 

PD39452 100958809 MUC3A C 

CAATTGCCACCTCCA
AGACCACCTCAACCA
GTCCTCCCA frameshift_variant HIGH 

PD39452 100958811 MUC3A A AT frameshift_variant HIGH 

PD39453 100953731 MUC3A CTC T frameshift_variant HIGH 

PD39453 100953737 MUC3A T TGG frameshift_variant HIGH 

PD39453 100953808 MUC3A A AG frameshift_variant HIGH 

PD39453 100953812 MUC3A AG A frameshift_variant HIGH 

PD39453 100953834 MUC3A A AT frameshift_variant HIGH 

PD39453 100953838 MUC3A TC T frameshift_variant HIGH 

PD39453 100958653 MUC3A C CAAACAGTA frameshift_variant HIGH 

PD39453 100958654 MUC3A T TTCCAGGC frameshift_variant HIGH 

PD39453 100958656 MUC3A T TC frameshift_variant HIGH 

PD39453 100958657 MUC3A A ACTTCTTCG frameshift_variant HIGH 

PD39453 100958829 MUC3A AAC A frameshift_variant HIGH 

PD39453 100958836 MUC3A A AAC frameshift_variant HIGH 

PD39454 100958011 MUC3A C CAT frameshift_variant HIGH 

PD39454 100958015 MUC3A A ATAGT stop_gained HIGH 

PD39454 100958016 MUC3A A AC frameshift_variant HIGH 

PD39454 100958018 MUC3A C CCTAGCTTG stop_gained HIGH 

PD39454 100958995 MUC3A CT C frameshift_variant HIGH 

PD39454 100958999 MUC3A T TC frameshift_variant HIGH 

PD39455 100957959 MUC3A TC T frameshift_variant HIGH 

PD39455 100957963 MUC3A T TC frameshift_variant HIGH 

PD39455 100958184 MUC3A A ACCACCTC frameshift_variant HIGH 

PD39455 100958188 MUC3A C CAGTACTCCTGGTTT frameshift_variant HIGH 

PD39455 100958190 MUC3A A ACTTCTTCGATTGT frameshift_variant HIGH 

PD39455 100958192 MUC3A A AC frameshift_variant HIGH 

PD39455 100958195 MUC3A C CCG frameshift_variant HIGH 

PD39455 100958197 MUC3A G GACCACCTCACCCCA frameshift_variant HIGH 

PD39455 100958302 MUC3A G GCTTAA frameshift_variant HIGH 

PD39455 100958303 MUC3A G GTTCT frameshift_variant HIGH 

PD39455 100958352 MUC3A A 
ATCACCACCACTGGC
AACACCTCACACAGT frameshift_variant HIGH 

PD39455 100958354 MUC3A T TGCCGAGCTTC frameshift_variant HIGH 

PD39455 100958356 MUC3A C 

CTGCCAGCTTCACTT
CTTCAATCACCACCA
CTGGCAACACCTCAC
ACAGTATGCCGAGCT
TCACTTCTT frameshift_variant HIGH 

PD39455 100958356 MUC3A C CTTCTT frameshift_variant HIGH 

PD39455 100958357 MUC3A C CG frameshift_variant HIGH 

PD39455 100958357 MUC3A C CG frameshift_variant HIGH 

PD39456 100953731 MUC3A CTC T frameshift_variant HIGH 

PD39456 100953737 MUC3A T TGG frameshift_variant HIGH 

PD39456 100953752 MUC3A T TA frameshift_variant HIGH 

PD39456 100953758 MUC3A TA T frameshift_variant HIGH 

PD39456 100953774 MUC3A AT A frameshift_variant HIGH 

PD39456 100953777 MUC3A C CA frameshift_variant HIGH 

PD39456 100957834 MUC3A CAT C frameshift_variant HIGH 

PD39456 100957842 MUC3A A AC frameshift_variant HIGH 

PD39456 100957843 MUC3A A AG frameshift_variant HIGH 

PD39456 100958184 MUC3A A ACC frameshift_variant HIGH 

PD39456 100958186 MUC3A C CTGA stop_gained HIGH 

PD39456 100958187 MUC3A G GA frameshift_variant HIGH 

PD39456 100958216 MUC3A T TGCCACCGAGA frameshift_variant HIGH 

PD39456 100958219 MUC3A A AT frameshift_variant HIGH 

PD39456 100958224 MUC3A C CA frameshift_variant HIGH 
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PD39456 100958230 MUC3A C CTT frameshift_variant HIGH 

PD39456 100958234 MUC3A G GC frameshift_variant HIGH 

PD39457 100953731 MUC3A CTC T frameshift_variant HIGH 

PD39457 100953737 MUC3A T TGG frameshift_variant HIGH 

PD39457 100953808 MUC3A A AG frameshift_variant HIGH 

PD39457 100953812 MUC3A AG A frameshift_variant HIGH 

PD39457 100953834 MUC3A A AT frameshift_variant HIGH 

PD39457 100953838 MUC3A TC T frameshift_variant HIGH 

PD39457 100958619 MUC3A G GTCTCCATATCACAC frameshift_variant HIGH 

PD39457 100958621 MUC3A G GT frameshift_variant HIGH 

PD39457 100958623 MUC3A C CT frameshift_variant HIGH 

PD39457 100958626 MUC3A C 

CAGCATCACTACGTC
AATCGCCACCACTGA
GATCAT frameshift_variant HIGH 

PD39457 100958646 MUC3A T 

TTGAGTTCTGCGATC
ACCACCACTGAGGCC
ATGTCACATAGTATTC
CAGGCTTCACTTCTTT
GATCACCACTGCTGA
GGCTACCTCACACCT
TCCTCC frameshift_variant HIGH 

PD39457 100958647 MUC3A C CAGGTT frameshift_variant HIGH 

PD39457 100958763 MUC3A A 

ACCACCACCTGTTCA
CTTCTTCTGTCGCCA
CCATGGAGACCACCT
CACACAGTACTCCCA
GCATCGCTACGTCAA
TCGCCACCACTGAGA
TCATCTCACACAGCA
CTCCCAGCTATGCTT
CTTCAATTG frameshift_variant HIGH 

PD39458 100958011 MUC3A C CAT frameshift_variant HIGH 

PD39458 100958015 MUC3A A ATGGT frameshift_variant HIGH 

PD39458 100958016 MUC3A A AC frameshift_variant HIGH 

PD39458 100958018 MUC3A C CCTAGCTTG stop_gained HIGH 

PD39458 100958184 MUC3A A AC frameshift_variant HIGH 

PD39458 100958188 MUC3A C CT frameshift_variant HIGH 

PD39458 100958198 MUC3A TAC T frameshift_variant HIGH 

PD39459 100958250 MUC3A AC A frameshift_variant HIGH 

PD39459 100958257 MUC3A G GT frameshift_variant HIGH 

PD39460 100958183 MUC3A 
GAACGCCA
CAC G frameshift_variant HIGH 

PD39460 100958196 MUC3A AGTACT A frameshift_variant HIGH 

PD39460 100958204 MUC3A 
CAACTTCA
CTTCTTCAA C frameshift_variant HIGH 

PD39460 100958224 MUC3A 
CCACCACC
GAG C frameshift_variant HIGH 

PD39460 100958235 MUC3A AC A frameshift_variant HIGH 

PD39460 100958239 MUC3A CA C frameshift_variant HIGH 

PD39460 100958249 MUC3A TAC T frameshift_variant HIGH 

PD44691 100957885 MUC3A 

CATCCCAT
AGTACTCC
CAGCTTCA
CTT C frameshift_variant HIGH 

PD44691 100957913 MUC3A 

TTCGATCA
CCACCGAG
ACCA T frameshift_variant HIGH 

PD44691 100957978 MUC3A AG A frameshift_variant HIGH 

PD44691 100957982 MUC3A CACCT C frameshift_variant HIGH 

PD44691 100957989 MUC3A 
CACAGTAC
TCTCAGCT C frameshift_variant HIGH 
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ACACTACC
TCA 

PD44691 100958018 MUC3A CACCA C frameshift_variant HIGH 

PD44691 100958026 MUC3A CCG C frameshift_variant HIGH 

PD44691 100958042 MUC3A CAG C frameshift_variant HIGH 

PD44691 100958183 MUC3A 
GAACGCCA
CAC G frameshift_variant HIGH 

PD44691 100958196 MUC3A AGTACT A frameshift_variant HIGH 

PD44691 100958204 MUC3A 
CAACTTCC
TTCTTCAA C frameshift_variant HIGH 

PD44691 100958224 MUC3A 
CCACCACC
GAG C frameshift_variant HIGH 

PD44691 100958235 MUC3A AC A frameshift_variant HIGH 

PD44691 100958239 MUC3A CA C frameshift_variant HIGH 

PD44691 100958249 MUC3A TAC T frameshift_variant HIGH 

PD44692 100958586 MUC3A A 

ACTCCCAGCTTCACTT
ACCACAGAGTACTCC
AGCTTCACTTCTTTGA
TCACTACCAGCGAGA
TGACATCCCACAGTA 
CTCCCAGCTTGACTTT
TTCAATCACCACCAC
CAAAAGCACATCCTA
CAGTC stop_gained HIGH 

PD44693 100958184 MUC3A A AC frameshift_variant HIGH 

PD44693 100958188 MUC3A C CT frameshift_variant HIGH 

PD44693 100958198 MUC3A TAC T frameshift_variant HIGH 

PD44693 100958904 MUC3A A ACTTCTGC frameshift_variant HIGH 

PD44693 100958905 MUC3A G GA frameshift_variant HIGH 

PD44693 100958907 MUC3A T 
TGCCAGCACCAAGAT
CA frameshift_variant HIGH 

PD44693 100958944 MUC3A CT C frameshift_variant HIGH 

PD44693 100958948 MUC3A T TC frameshift_variant HIGH 

PD44693 100958963 MUC3A G A stop_gained HIGH 

PD44695 100955009 MUC3A C CG frameshift_variant HIGH 

PD44695 100957642 MUC3A C 

CTCCCAGCTTCGGAC
ATCCCACAGCTCTCT
CAGCTACACTTCTTC
GATCGCCACCAGAGA
GACCCCCTCACACAC
TGT frameshift_variant HIGH 

PD44696 100954996 MUC3A TC T frameshift_variant HIGH 

PD44696 100955002 MUC3A C CG frameshift_variant HIGH 

PD44696 100957770 MUC3A A AT frameshift_variant HIGH 

PD44696 100957773 MUC3A A AGT frameshift_variant HIGH 

PD44696 100958298 MUC3A A AGTACTGCT frameshift_variant HIGH 

PD44696 100958300 MUC3A G GCTTCACTTCTTCAA frameshift_variant HIGH 

PD44696 100958304 MUC3A G 
GCTTCACTTCTTCAAT
CA frameshift_variant HIGH 

PD44696 100958581 MUC3A A ACAGTATTC frameshift_variant HIGH 

PD44696 100958582 MUC3A T TAG frameshift_variant HIGH 

PD44696 100958583 MUC3A G 
GCTTCACTCCTTCTAT
CATCTCACCT frameshift_variant HIGH 

PD44696 100958584 MUC3A A AG frameshift_variant HIGH 

PD44697 100954996 MUC3A TC T frameshift_variant HIGH 

PD44697 100955009 MUC3A C CG frameshift_variant HIGH 

PD44697 100958920 MUC3A C CTT frameshift_variant HIGH 

PD44697 100958927 MUC3A G GT frameshift_variant HIGH 

PD44697 100958929 MUC3A C CT frameshift_variant HIGH 

PD44697 100958932 MUC3A C CAGTTTGA stop_gained HIGH 

PD44697 100958935 MUC3A T TCTCTGATC frameshift_variant HIGH 
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PD44697 100958936 MUC3A A AC frameshift_variant HIGH 

PD44697 100958938 MUC3A A AC frameshift_variant HIGH 

PD44697 100958943 MUC3A A ACCAG frameshift_variant HIGH 

PD44697 100958947 MUC3A C CAG frameshift_variant HIGH 

PD44697 100958955 MUC3A A AG frameshift_variant HIGH 

PD44697 100958956 MUC3A C CTTAAG stop_gained HIGH 

PD44697 100958996 MUC3A T TG frameshift_variant HIGH 

PD44697 100959001 MUC3A GC G frameshift_variant HIGH 

PD44698 100958183 MUC3A 
GAACGCCA
CAC G frameshift_variant HIGH 

PD44698 100958196 MUC3A AGTACT A frameshift_variant HIGH 

PD44698 100958204 MUC3A 
CAACTTCA
CTTCTTCAA C frameshift_variant HIGH 

PD44698 100958224 MUC3A 
CCACCACC
GAG C frameshift_variant HIGH 

PD44698 100958235 MUC3A AC A frameshift_variant HIGH 

PD44698 100958239 MUC3A CA C frameshift_variant HIGH 

PD44698 100958249 MUC3A TAC T frameshift_variant HIGH 

PD44699 100958183 MUC3A 
GAACGCCA
CAC G frameshift_variant HIGH 

PD44699 100958196 MUC3A AGTACT A frameshift_variant HIGH 

PD44699 100958204 MUC3A 
CAACTTCA
CTTCTTCAA C frameshift_variant HIGH 

PD44699 100958224 MUC3A 
CCACCACC
GAG C frameshift_variant HIGH 

PD44699 100958235 MUC3A AC A frameshift_variant HIGH 

PD44699 100958239 MUC3A CA C frameshift_variant HIGH 

PD44699 100958249 MUC3A TAC T frameshift_variant HIGH 

PD44700 100954996 MUC3A TC T frameshift_variant HIGH 

PD44700 100957775 MUC3A C CG frameshift_variant HIGH 

PD44700 100957776 MUC3A A AGT frameshift_variant HIGH 

PD44700 100957779 MUC3A AC A frameshift_variant HIGH 

PD44700 100957784 MUC3A CT C frameshift_variant HIGH 

PD44700 100957787 MUC3A AC A frameshift_variant HIGH 

PD44701 100954996 MUC3A TC T frameshift_variant HIGH 

PD44701 100955009 MUC3A C CG frameshift_variant HIGH 

PD44702 100955173 MUC3A CG C frameshift_variant HIGH 

PD44702 100955175 MUC3A ATG A frameshift_variant HIGH 

PD44702 100955244 MUC3A TC T frameshift_variant HIGH 

PD44702 100955246 MUC3A TTC T frameshift_variant HIGH 

PD44702 100958132 MUC3A G GAAGAC frameshift_variant HIGH 

PD44702 100958143 MUC3A A 
ACTTCTTTGATAGCCA
C frameshift_variant HIGH 

PD44703 100953731 MUC3A CTC T frameshift_variant HIGH 

PD44703 100953737 MUC3A T TGG frameshift_variant HIGH 

PD44703 100953808 MUC3A A AG frameshift_variant HIGH 

PD44703 100953812 MUC3A AG A frameshift_variant HIGH 

PD44703 100953834 MUC3A A AT frameshift_variant HIGH 

PD44703 100953838 MUC3A TC T frameshift_variant HIGH 

PD44703 100955009 MUC3A C CG frameshift_variant HIGH 

PD44704 100955243 MUC3A TTC T frameshift_variant HIGH 

PD44704 100955247 MUC3A TC T frameshift_variant HIGH 

PD44704 100958216 MUC3A T TTTGA frameshift_variant HIGH 

PD44704 100958219 MUC3A A ACC frameshift_variant HIGH 

PD44704 100958619 MUC3A G GTCTCCATATCACAC frameshift_variant HIGH 

PD44704 100958621 MUC3A G GT frameshift_variant HIGH 

PD44704 100958623 MUC3A C CT frameshift_variant HIGH 

PD44704 100958626 MUC3A C 

CAGCATCACTACGTC
AATCGCCACCACTGA
GATCAT frameshift_variant HIGH 
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PD50649 100954996 MUC3A TC T frameshift_variant HIGH 

PD50649 100955009 MUC3A C CG frameshift_variant HIGH 

PD50649 100957774 MUC3A C CTGAGACCG frameshift_variant HIGH 

PD50649 100957776 MUC3A A AT frameshift_variant HIGH 

PD50649 100957784 MUC3A C CA frameshift_variant HIGH 

PD50649 100957788 MUC3A C CCGAGTCCACATCCA frameshift_variant HIGH 

PD50649 100958132 MUC3A G GAAGAC frameshift_variant HIGH 

PD50649 100958143 MUC3A A 
ACTTCTTTGATAGCCA
C frameshift_variant HIGH 

PD50649 100958184 MUC3A A AC frameshift_variant HIGH 

PD50649 100958188 MUC3A C CT frameshift_variant HIGH 

PD50649 100958198 MUC3A TAC T frameshift_variant HIGH 

PD50650 100953774 MUC3A AT A frameshift_variant HIGH 

PD50650 100953777 MUC3A C CA frameshift_variant HIGH 

PD50650 100958586 MUC3A A 

ACTCCCAGCTTCACTT
ACCACAGAGTACTCC
CACCTTCACTTCTTTG
ATCACTACCAGCGAG
ATGACATCCCACAGT
ACTCCCAGCTTGACT
TTTTCAATCACCACCA
CCAAAAGCACATCCT
AAGTC stop_gained HIGH 

PD50650 100958619 MUC3A G 

GAGACCCCCTCACAC
AGTACTACACCAAGA
CTACCTCACACCTTC
CTCCCAGGTTCACTT
GTTTGATCACCACCA
CCA stop_gained HIGH 

PD50650 100958932 MUC3A C 
TATCACATAGTACTCC
CAGCTTGA frameshift_variant HIGH 

PD50650 100958935 MUC3A T 
TCTGCAATCACCAATA
CTGAGACCATGTC stop_gained HIGH 

PD50650 100958949 MUC3A G GCCAGCACCGA frameshift_variant HIGH 

PD50650 100958950 MUC3A G GACCA frameshift_variant HIGH 

PD50650 100958956 MUC3A C 
CACAGTACTCCCAGT
TTGAA frameshift_variant HIGH 

PD50650 100958959 MUC3A C 

CTCTGATCACCACCA
CCGGGACCAGCTCAC
ACA frameshift_variant HIGH 

PD50650 100958961 MUC3A T TACCCTCGGCTTAA frameshift_variant HIGH 

PD50653 100958302 MUC3A G GCTTAA frameshift_variant HIGH 

PD50653 100958303 MUC3A G GTTCT frameshift_variant HIGH 

PD50653 100958352 MUC3A A 
ATCACCACCACTGGC
AACACCTCACACAGT frameshift_variant HIGH 

PD50653 100958354 MUC3A T TGCCGAGCTTC frameshift_variant HIGH 

PD50653 100958356 MUC3A C CTTCTT frameshift_variant HIGH 

PD50653 100958357 MUC3A C CG frameshift_variant HIGH 

PD50653 100958806 MUC3A C 

CCAAGACCACCTCAA
CCAGTCCTCCCAGAT
TCACCT frameshift_variant HIGH 

PD50653 100958808 MUC3A T TG frameshift_variant HIGH 

PD50653 100958856 MUC3A TC T frameshift_variant HIGH 

PD50653 100958858 MUC3A T TGG frameshift_variant HIGH 

PD50653 100958859 MUC3A TC T frameshift_variant HIGH 

PD51372 100953731 MUC3A CTC T frameshift_variant HIGH 

PD51372 100953737 MUC3A T TGG frameshift_variant HIGH 

PD51372 100953808 MUC3A A AG frameshift_variant HIGH 

PD51372 100953812 MUC3A AG A frameshift_variant HIGH 

PD51372 100953834 MUC3A A AT frameshift_variant HIGH 

PD51372 100953838 MUC3A TC T frameshift_variant HIGH 
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Appendix 4 

Table A4.1: Clustering of locations of MUC3A variants detected using the bcbio-nextgen (Chapman 
et al. 2021) pipeline. Start and End Positions correspond to reference genome GRCh38.  

Cluster 
Number Patient 

Start 
Position 

End 
Position 

Cluster 
Length 

(bp) 

1 

PD39456 100953731 100953734 

109 

PD39457 100953731 100953734 

PD44703 100953731 100953734 

PD39456 100953737 100953738 

PD39457 100953737 100953738 

PD44703 100953737 100953738 

PD39456 100953752 100953753 

PD39456 100953758 100953760 

PD39456 100953774 100953776 

PD39456 100953777 100953778 

PD39457 100953808 100953809 

PD44703 100953808 100953809 

PD39457 100953812 100953814 

PD44703 100953812 100953814 

PD39457 100953834 100953835 

PD44703 100953834 100953835 

PD39457 100953838 100953840 

PD44703 100953838 100953840 

     

2 

PD44696 100954996 100954998 

253 

PD44697 100954996 100954998 

PD44700 100954996 100954998 

PD44701 100954996 100954998 

PD44696 100955002 100955003 

PD44697 100955009 100955010 

PD44701 100955009 100955010 

PD44702 100955173 100955175 

PD44702 100955175 100955178 

PD39452 100955243 100955246 

PD39456 100955243 100955246 

PD44701 100955243 100955246 

PD44704 100955243 100955246 

PD44702 100955244 100955246 

PD44702 100955246 100955249 

PD39456 100955247 100955249 

PD44701 100955247 100955249 

PD44704 100955247 100955249 

      

3 
PD44695 100957642 100957643 

502 
PD44696 100957770 100957771 
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PD44696 100957773 100957774 

PD39448 100957775 100957776 

PD39451 100957775 100957776 

PD44700 100957775 100957776 

PD39448 100957776 100957777 

PD39451 100957776 100957777 

PD44700 100957776 100957777 

PD39448 100957779 100957781 

PD39451 100957779 100957781 

PD44700 100957779 100957781 

PD39448 100957784 100957786 

PD39451 100957784 100957786 

PD44700 100957784 100957786 

PD39448 100957787 100957789 

PD39451 100957787 100957789 

PD44700 100957787 100957789 

PD39456 100957834 100957837 

PD39456 100957842 100957843 

PD39456 100957843 100957844 

PD44703 100957884 100957890 

PD44691 100957885 100957912 

PD44703 100957894 100957902 

PD44703 100957909 100957912 

PD44691 100957913 100957933 

PD44703 100957913 100957931 

PD44703 100957935 100957941 

PD39455 100957959 100957961 

PD39455 100957963 100957964 

PD44691 100957978 100957980 

PD44691 100957982 100957987 

PD44691 100957989 100958016 

PD39458 100958011 100958012 

PD39458 100958015 100958016 

PD39458 100958016 100958017 

PD39458 100958018 100958019 

PD44691 100958018 100958023 

PD44691 100958026 100958029 

PD44691 100958042 100958045 

PD44702 100958132 100958144 

PD44702 100958143 100958144 

 

 
 
     

4 

PD39460 100958183 100958194 

475 

PD44691 100958183 100958194 

PD44699 100958183 100958194 

PD39448 100958184 100958185 

PD39455 100958184 100958185 
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PD39458 100958184 100958185 

PD44693 100958184 100958185 

PD39448 100958186 100958187 

PD39448 100958187 100958188 

PD39455 100958188 100958189 

PD39458 100958188 100958189 

PD44693 100958188 100958189 

PD39455 100958190 100958191 

PD39458 100958190 100958191 

PD39455 100958192 100958193 

PD39458 100958192 100958193 

PD39455 100958195 100958196 

PD39458 100958195 100958196 

PD39460 100958196 100958202 

PD44691 100958196 100958202 

PD44699 100958196 100958202 

PD39455 100958197 100958198 

PD39458 100958197 100958198 

PD44693 100958198 100958201 

PD39460 100958204 100958221 

PD44691 100958204 100958221 

PD44699 100958204 100958221 

PD39448 100958216 100958217 

PD44704 100958216 100958217 

PD44704 100958216 100958217 

PD39448 100958219 100958220 

PD44704 100958219 100958220 

PD44704 100958219 100958220 

PD39448 100958224 100958225 

PD39460 100958224 100958235 

PD44691 100958224 100958235 

PD44699 100958224 100958235 

PD44704 100958224 100958225 

PD39448 100958230 100958231 

PD44704 100958230 100958231 

PD39448 100958234 100958235 

PD44704 100958234 100958235 

PD39460 100958235 100958237 

PD44691 100958235 100958237 

PD44699 100958235 100958237 

PD39460 100958239 100958241 

PD44691 100958239 100958241 

PD44699 100958239 100958241 

PD39460 100958249 100958252 

PD44691 100958249 100958252 

PD44699 100958249 100958252 

PD44696 100958298 100958299 
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PD44696 100958300 100958301 

PD39455 100958302 100958303 

PD39455 100958303 100958304 

PD44696 100958304 100958305 

PD39455 100958352 100958353 

PD39455 100958354 100958355 

PD39455 100958356 100958357 

PD39455 100958356 100958357 

PD39455 100958357 100958358 

PD39455 100958357 100958358 

PD44692 100958586 100958587 

PD39457 100958619 100958620 

PD44704 100958619 100958620 

PD39457 100958621 100958622 

PD44704 100958621 100958622 

PD39457 100958623 100958624 

PD44704 100958623 100958624 

PD44691 100958624 100958625 

PD39457 100958626 100958627 

PD44704 100958626 100958627 

PD44691 100958629 100958630 

PD39457 100958646 100958647 

PD39457 100958647 100958648 

PD39453 100958653 100958654 

PD39453 100958654 100958655 

PD39453 100958656 100958657 

PD39453 100958657 100958658 

     

5 

PD39457 100958763 100958764 

237 

PD39448 100958806 100958807 

PD39448 100958808 100958809 

PD39448 100958856 100958858 

PD39448 100958858 100958859 

PD39448 100958859 100958861 

PD44693 100958904 100958905 

PD44693 100958905 100958906 

PD44693 100958907 100958908 

PD44693 100958944 100958946 

PD44693 100958948 100958949 

PD44693 100958963 100958964 

PD39454 100958995 100958997 

PD39454 100958999 100959000 
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Appendix 5 

Table A5.1: All HIGH impact severity MUC3A mutations detected through bioinformatics analysis of 
WGS data using Mutect2 Variant caller and the PON approach with bcbio-nextgen (Chapman et al. 
2021) pipeline. Start positions correspond to reference genome GRCh38 and Ref and Alt refer to 
the reference and alternate alleles respectively. 

Patient start 
dbSNP 
Reference ref alt Impact 

Impact 
Severity 

PD39445 100952716 rs773095268; C CGT frameshift HIGH 

PD39445 100952718 . CCT C frameshift HIGH 

PD39445 100952833 rs1584799673; GCC G,ACC frameshift HIGH 

PD39445 100954987 . AC A frameshift HIGH 

PD39445 100954991 . C CGGCG frameshift HIGH 

PD39445 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD39445 100955010 rs1344850949; C T,CG frameshift HIGH 

PD39445 100955296 . GC G frameshift HIGH 

PD39445 100955302 rs1584801296; C CA frameshift HIGH 

PD39445 100956808 . ACC A frameshift HIGH 

PD39445 100956813 . G GAA frameshift HIGH 

PD39446 100955537 . G GTA frameshift HIGH 

PD39446 100955539 . ATG A frameshift HIGH 

PD39446 100955560 rs1584801446; AGT A frameshift HIGH 

PD39446 100955571 . A ATG frameshift HIGH 

PD39446 100956690 . TG T frameshift HIGH 

PD39446 100956694 . G GA frameshift HIGH 

PD39447 100954960 rs1584801081; AAC GAC,A frameshift HIGH 

PD39447 100954965 . C CTT frameshift HIGH 

PD39447 100954987 . AC A frameshift HIGH 

PD39447 100954991 . C CGGCG frameshift HIGH 

PD39447 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD39447 100955010 rs1344850949; C T,CG frameshift HIGH 

PD39447 100955296 . GC G frameshift HIGH 

PD39447 100955302 rs1419100339; C CA,A frameshift HIGH 

PD39447 100955537 rs1305667129; G A,GTA frameshift HIGH 

PD39447 100955539 . ATG A frameshift HIGH 

PD39447 100955560 rs1584801446; AGT A frameshift HIGH 

PD39447 100955565 . G GAA frameshift HIGH 
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PD39447 100955585 . CTG C frameshift HIGH 

PD39447 100955595 . TC T frameshift HIGH 

PD39447 100955606 . C CAG frameshift HIGH 

PD39447 100955607 . CCT C frameshift HIGH 

PD39447 100955774 . CA C frameshift HIGH 

PD39447 100956690 . TG T frameshift HIGH 

PD39448 100953281 rs1229668308; G GTA,A frameshift HIGH 

PD39448 100953330 rs1237518715; ACT A frameshift HIGH 

PD39448 100953342 . T TTG frameshift HIGH 

PD39448 100953350 . C CAG frameshift HIGH 

PD39448 100953351 . CCT C frameshift HIGH 

PD39448 100953359 rs986103920; C CAA,T frameshift HIGH 

PD39448 100953361 . ACC A frameshift HIGH 

PD39448 100955010 . C CG frameshift HIGH 

PD39448 100955296 . GC G frameshift HIGH 

PD39448 100955302 rs1584801296; C CA frameshift HIGH 

PD39448 100955606 . C CAG frameshift HIGH 

PD39448 100955607 . CCT C frameshift HIGH 

PD39448 100956694 . G GA frameshift HIGH 

PD39449 100952833 rs1584799673; GCC G,ACC frameshift HIGH 

PD39449 100953283 . ATG A frameshift HIGH 

PD39449 100953330 rs1237518715; ACT A frameshift HIGH 

PD39449 100953342 . T TTG frameshift HIGH 

PD39449 100953350 . C CAG frameshift HIGH 

PD39449 100953351 . CCT C frameshift HIGH 

PD39449 100953359 rs986103920; C CAA,T frameshift HIGH 

PD39449 100953361 . ACC A frameshift HIGH 

PD39449 100953775 . AT A frameshift HIGH 

PD39449 100953778 . CC AT,AC,CAC frameshift HIGH 

PD39449 100954987 . AC A frameshift HIGH 

PD39449 100954991 . C CGGCG frameshift HIGH 

PD39449 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD39449 100955010 rs1344850949; C T,CG frameshift HIGH 

PD39449 100955296 . GC G frameshift HIGH 

PD39449 100955302 rs1584801296; C CA frameshift HIGH 
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PD39449 100956808 . ACC A frameshift HIGH 

PD39449 100956813 . G GAA frameshift HIGH 

PD39450 100952647 rs773185111; AGG A frameshift HIGH 

PD39450 100952650 rs765973058; AC A frameshift HIGH 

PD39450 100952833 rs1584799673; GCC G,ACC frameshift HIGH 

PD39450 100955010 . C CG frameshift HIGH 

PD39450 100955296 . GC G frameshift HIGH 

PD39450 100955302 rs1584801296; C CA frameshift HIGH 

PD39450 100955595 . TC T frameshift HIGH 

PD39450 100955606 . C CAG frameshift HIGH 

PD39450 100955607 . CCT C frameshift HIGH 

PD39450 100955615 . C CAA frameshift HIGH 

PD39450 100955617 . AC A frameshift HIGH 

PD39450 100956690 . TG T frameshift HIGH 

PD39450 100956694 . G GA frameshift HIGH 

PD39450 100956808 . ACC A frameshift HIGH 

PD39450 100956813 . G GAA frameshift HIGH 

PD39450 100957507 . TCA T frameshift HIGH 

PD39450 100957511 . T C,TGATA frameshift HIGH 

PD39450 100957512 . C CG frameshift HIGH 

PD39451 100952647 rs773185111; AGG A frameshift HIGH 

PD39451 100952650 rs765973058; AC A frameshift HIGH 

PD39451 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD39451 100955126 . CTA C frameshift HIGH 

PD39451 100955133 . C CTT frameshift HIGH 

PD39451 100955149 . T TTG frameshift HIGH 

PD39451 100955302 rs1584801296; C CA frameshift HIGH 

PD39452 100953281 rs1229668308; G GTA,A frameshift HIGH 

PD39452 100953283 . ATG A frameshift HIGH 

PD39452 100953330 rs1237518715; ACT A frameshift HIGH 

PD39452 100953350 . C CAG frameshift HIGH 

PD39452 100953351 . CCT C frameshift HIGH 

PD39452 100953359 rs986103920; C CAA,T frameshift HIGH 

PD39452 100953361 . ACC A frameshift HIGH 

PD39452 100953730 . AC A frameshift HIGH 
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PD39452 100953733 . TC T frameshift HIGH 

PD39452 100953738 . T TGG frameshift HIGH 

PD39452 100953752 . AT A frameshift HIGH 

PD39452 100953760 . A AT frameshift HIGH 

PD39452 100953949 . AC A frameshift HIGH 

PD39452 100953954 . A AG frameshift HIGH 

PD39452 100954960 rs1584801081; AAC GAC,A frameshift HIGH 

PD39452 100954965 . C CTT frameshift HIGH 

PD39452 100954983 . GGTGA G frameshift HIGH 

PD39452 100954987 . AC A frameshift HIGH 

PD39452 100954989 rs1390720829; T C,TTGCC frameshift HIGH 

PD39452 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD39452 100954996 . CT C frameshift HIGH 

PD39452 100955004 . CAT C frameshift HIGH 

PD39452 100955010 rs1344850949; C CG,T frameshift HIGH 

PD39452 100955126 . CTA C frameshift HIGH 

PD39452 100955133 . C CTT frameshift HIGH 

PD39452 100955149 . T TTG frameshift HIGH 

PD39452 100955153 . TCC AGC,T frameshift HIGH 

PD39452 100955245 . TC T frameshift HIGH 

PD39452 100955247 . TTC T frameshift HIGH 

PD39452 100955296 . GC G frameshift HIGH 

PD39452 100955302 rs1584801296; C CA frameshift HIGH 

PD39452 100955539 . ATG A frameshift HIGH 

PD39452 100955560 rs1584801446; AGT A frameshift HIGH 

PD39452 100955565 . G GAA frameshift HIGH 

PD39452 100955585 . CTG C frameshift HIGH 

PD39452 100955595 . TC T frameshift HIGH 

PD39452 100955606 . C CAG frameshift HIGH 

PD39452 100955607 . CCT C frameshift HIGH 

PD39452 100955615 . C CAA frameshift HIGH 

PD39452 100955617 . ACC A frameshift HIGH 

PD39452 100956690 . TG T frameshift HIGH 

PD39452 100956694 . G GA frameshift HIGH 

PD39453 100953155 . CCGGT C frameshift HIGH 
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PD39453 100953160 . T TGAA frameshift HIGH 

PD39453 100953163 . C CT frameshift HIGH 

PD39453 100954987 . AC A frameshift HIGH 

PD39453 100954991 . C CGGCG frameshift HIGH 

PD39453 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD39453 100955010 rs1344850949; C T,CG frameshift HIGH 

PD39453 100955571 . A ATG,G frameshift HIGH 

PD39453 100955606 . C CAG frameshift HIGH 

PD39453 100955607 . CCT C frameshift HIGH 

PD39454 100952647 rs773185111; AGG A frameshift HIGH 

PD39454 100952650 rs765973058; AC A frameshift HIGH 

PD39454 100952833 rs1584799673; GCC G,ACC frameshift HIGH 

PD39454 100955247 . TTC T frameshift HIGH 

PD39454 100955774 . CA C frameshift HIGH 

PD39454 100955779 rs1313584776; C CA,A frameshift HIGH 

PD39454 100956694 . G GA frameshift HIGH 

PD39455 100954991 . C CGGCG frameshift HIGH 

PD39455 100955010 . C CG frameshift HIGH 

PD39455 100955126 . CTA C frameshift HIGH 

PD39455 100955133 . C CTT frameshift HIGH 

PD39455 100955149 . T TTG frameshift HIGH 

PD39455 100955153 . TCC T frameshift HIGH 

PD39455 100955247 . TTC T frameshift HIGH 

PD39455 100955606 . C CAG frameshift HIGH 

PD39455 100955607 . CCT C frameshift HIGH 

PD39455 100955774 . CA C frameshift HIGH 

PD39455 100955779 rs1313584776; C CA,A frameshift HIGH 

PD39455 100956694 . G GA frameshift HIGH 

PD39456 100955004 . CAT C frameshift HIGH 

PD39456 100955010 rs1344850949; C CG,T frameshift HIGH 

PD39456 100955169 . AG A frameshift HIGH 

PD39456 100955171 . CCA C frameshift HIGH 

PD39457 100954998 . CACTA C frameshift HIGH 

PD39457 100955004 . CAT C frameshift HIGH 

PD39457 100955010 . C CG frameshift HIGH 
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PD39457 100955539 . ATG A frameshift HIGH 

PD39457 100955560 rs1584801446; AGT A frameshift HIGH 

PD39457 100955565 . G GAA frameshift HIGH 

PD39457 100955585 . CTG C frameshift HIGH 

PD39457 100955595 . TC T frameshift HIGH 

PD39457 100956808 . ACC A frameshift HIGH 

PD39457 100956813 . G GAA frameshift HIGH 

PD39458 100952647 rs773185111; AGG A frameshift HIGH 

PD39458 100952650 rs765973058; AC A frameshift HIGH 

PD39458 100955004 . CAT C frameshift HIGH 

PD39458 100955010 rs1344850949; C T,CG frameshift HIGH 

PD39458 100955537 . G GTA frameshift HIGH 

PD39458 100955539 . ATG A frameshift HIGH 

PD39458 100955560 rs1584801446; AGT A frameshift HIGH 

PD39458 100955565 . G GAA frameshift HIGH 

PD39458 100955585 . CTG C frameshift HIGH 

PD39458 100955595 . TC T frameshift HIGH 

PD39458 100955606 . C CAG frameshift HIGH 

PD39458 100955607 . CCT C frameshift HIGH 

PD39458 100956690 . TG T frameshift HIGH 

PD39458 100956694 . G GA frameshift HIGH 

PD39459 100952647 rs773185111; AGG A frameshift HIGH 

PD39459 100952650 rs765973058; AC A frameshift HIGH 

PD39459 100952833 rs1584799673; GCC G,ACC frameshift HIGH 

PD39459 100955126 . CTA C frameshift HIGH 

PD39459 100955133 . C CTT frameshift HIGH 

PD39459 100955149 . T TTG frameshift HIGH 

PD39459 100955153 . TCC AGC,T frameshift HIGH 

PD39459 100955606 . C CAG frameshift HIGH 

PD39459 100955607 . CCT C frameshift HIGH 

PD39459 100955615 . C CAA frameshift HIGH 

PD39459 100955617 . ACC A frameshift HIGH 

PD39459 100956690 . TG T frameshift HIGH 

PD39459 100956694 . G GA frameshift HIGH 

PD39460 100953281 rs1229668308; G GTA,A frameshift HIGH 

PD39460 100953283 . ATG A frameshift HIGH 
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PD39460 100953330 rs1237518715; ACT A frameshift HIGH 

PD39460 100953350 . C CAG frameshift HIGH 

PD39460 100953351 . CCT C frameshift HIGH 

PD39460 100953949 . AC A frameshift HIGH 

PD39460 100953954 . A AG frameshift HIGH 

PD39460 100954987 . AC A frameshift HIGH 

PD39460 100954991 . C CGGCG frameshift HIGH 

PD39460 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD39460 100955010 . C CG frameshift HIGH 

PD39460 100955169 . AG A frameshift HIGH 

PD39460 100955171 . CCA C frameshift HIGH 

PD39460 100956690 . TG T frameshift HIGH 

PD39460 100956694 . G GA frameshift HIGH 

PD44691 100954987 . AC A frameshift HIGH 

PD44691 100954991 . C CGGCG frameshift HIGH 

PD44691 100955010 . C CG frameshift HIGH 

PD44691 100955537 rs1305667129; G A,GTA frameshift HIGH 

PD44691 100955539 . ATG A frameshift HIGH 

PD44691 100955560 rs1584801446; AGT A frameshift HIGH 

PD44691 100955571 . A ATG frameshift HIGH 

PD44691 100955586 . TG AC,TACCCCG frameshift HIGH 

PD44691 100963159 . G T frameshift HIGH 

PD44691 100963171 . G GTC frameshift HIGH 

PD44692 100955296 . GC G frameshift HIGH 

PD44692 100955302 rs1584801296; C CA frameshift HIGH 

PD44692 100955585 . CTG C frameshift HIGH 

PD44692 100955595 . TC T frameshift HIGH 

PD44692 100955606 . C CAG frameshift HIGH 

PD44692 100955607 . CCT C frameshift HIGH 

PD44692 100955774 . CA C frameshift HIGH 

PD44692 100956690 . TG T frameshift HIGH 

PD44692 100956694 . G GA frameshift HIGH 

PD44692 100957605 . 

TTCTTCAATCA
CCAATACCAA
GACCACCTCA
CACAGCTCTC
CCAGCTTCACT
TCTTCGATCAC

T frameshift HIGH 
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CACCACCGAG
ACCACATCCC
ACAATACTCCC
AGCC 

PD44693 100956690 . TG T frameshift HIGH 

PD44693 100956694 . G GA frameshift HIGH 

PD44694 100956690 . TG T frameshift HIGH 

PD44694 100956694 . G GA frameshift HIGH 

PD44694 100956808 . ACC A frameshift HIGH 

PD44694 100956813 . G GAA frameshift HIGH 

PD44695 100953221 . C CTG frameshift HIGH 

PD44695 100953223 . ACG A frameshift HIGH 

PD44695 100954987 . AC A frameshift HIGH 

PD44695 100954991 . C CGGCG frameshift HIGH 

PD44695 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD44695 100955010 rs1344850949; C CG,T frameshift HIGH 

PD44695 100955606 . C CAG frameshift HIGH 

PD44695 100955607 . CCT C frameshift HIGH 

PD44695 100956690 . TG T frameshift HIGH 

PD44695 100956694 . G GA frameshift HIGH 

PD44696 100953281 . G GTA frameshift HIGH 

PD44696 100953283 . ATG A frameshift HIGH 

PD44696 100954987 . AC A frameshift HIGH 

PD44696 100954991 . C CGGCG frameshift HIGH 

PD44696 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD44696 100955008 rs1273949401; A G,AT frameshift HIGH 

PD44696 100955010 rs1344850949; C CG,T frameshift HIGH 

PD44696 100955571 . A ATG,G frameshift HIGH 

PD44696 100955585 . CTG C frameshift HIGH 

PD44696 100955595 . TC T frameshift HIGH 

PD44696 100955774 . CA C frameshift HIGH 

PD44696 100955779 rs1313584776; C CA,G,A frameshift HIGH 

PD44696 100956690 . TG T frameshift HIGH 

PD44696 100956694 . G GA frameshift HIGH 

PD44696 100956808 . ACC A frameshift HIGH 

PD44696 100956813 . G GAA frameshift HIGH 
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PD44697 100953281 rs1229668308; G GTA,A frameshift HIGH 

PD44697 100953283 . ATG A frameshift HIGH 

PD44697 100953330 rs1237518715; ACT A frameshift HIGH 

PD44697 100954991 . C CGGCG frameshift HIGH 

PD44697 100955010 rs1344850949; C T,CG frameshift HIGH 

PD44697 100955585 . CTG C frameshift HIGH 

PD44697 100955595 . TC T frameshift HIGH 

PD44697 100955606 . C CAG frameshift HIGH 

PD44697 100955607 . CCT C frameshift HIGH 

PD44697 100956690 . TG T frameshift HIGH 

PD44697 100956694 . G GA frameshift HIGH 

PD44697 100956808 . ACC A frameshift HIGH 

PD44697 100956813 . G GAA frameshift HIGH 

PD44698 100953155 . CCGGT C frameshift HIGH 

PD44698 100953160 . T TGAA frameshift HIGH 

PD44698 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD44698 100955774 . CA C frameshift HIGH 

PD44698 100955779 rs1313584776; C CA,A frameshift HIGH 

PD44698 100956690 . TG T frameshift HIGH 

PD44698 100956694 . G GA frameshift HIGH 

PD44698 100956808 . ACC A frameshift HIGH 

PD44698 100956813 . G GAA frameshift HIGH 

PD44699 100954987 . AC A frameshift HIGH 

PD44699 100955010 rs1344850949; C CG,T frameshift HIGH 

PD44699 100956808 . ACC A frameshift HIGH 

PD44699 100956813 . G GAA frameshift HIGH 

PD44700 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD44700 100955010 rs1344850949; C T,CG frameshift HIGH 

PD44700 100955174 . CG C frameshift HIGH 

PD44700 100955176 rs1584801207; ATG A frameshift HIGH 

PD44700 100955302 rs1584801296; C CA frameshift HIGH 

PD44700 100955585 . CTG C frameshift HIGH 

PD44700 100955595 . TC T frameshift HIGH 

PD44700 100955606 . C CAG frameshift HIGH 
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PD44700 100955607 . CCT C frameshift HIGH 

PD44700 100955916 rs1584801772; AG A frameshift HIGH 

PD44700 100955920 rs1584801776; A AG frameshift HIGH 

PD44700 100955959 . ACC A frameshift HIGH 

PD44700 100956690 . TG T frameshift HIGH 

PD44700 100956694 . G GA frameshift HIGH 

PD44701 100952716 rs773095268; C CGT frameshift HIGH 

PD44701 100952718 . CCT C,ACT frameshift HIGH 

PD44701 100954960 rs1584801081; AAC A frameshift HIGH 

PD44701 100954965 . C CTT frameshift HIGH 

PD44701 100954991 . C CGGCG frameshift HIGH 

PD44701 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD44701 100955010 rs1344850949; C T,CG frameshift HIGH 

PD44701 100955916 rs1584801772; AG A frameshift HIGH 

PD44701 100955920 rs1584801776; A AG frameshift HIGH 

PD44701 100955959 . ACC A frameshift HIGH 

PD44701 100956690 . TG T frameshift HIGH 

PD44701 100956694 . G GA frameshift HIGH 

PD44701 100963159 . G T frameshift HIGH 

PD44701 100963171 . G GTC frameshift HIGH 

PD44701 100963173 . C 
CCGTATCATT
AA frameshift HIGH 

PD44701 100963179 . 
AGTGTCTGTG
G A frameshift HIGH 

PD44702 100952647 rs773185111; AGG A frameshift HIGH 

PD44702 100952650 rs765973058; AC A frameshift HIGH 

PD44702 100953312 rs1196620613; ACC A frameshift HIGH 

PD44702 100953315 . A ATG,G frameshift HIGH 

PD44702 100953335 rs1237264217; G GAA,A frameshift HIGH 

PD44702 100953359 rs986103920; C CAA,T frameshift HIGH 

PD44702 100955010 rs1344850949; C CG,T frameshift HIGH 

PD44702 100955126 . CTA C frameshift HIGH 

PD44702 100955133 . C CTT frameshift HIGH 

PD44702 100955149 . T TTG frameshift HIGH 

PD44702 100955153 . TCC T,AGC frameshift HIGH 

PD44702 100955173 . ACG A frameshift HIGH 
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PD44702 100955296 . GC G frameshift HIGH 

PD44702 100955302 rs1584801296; C CA frameshift HIGH 

PD44702 100956690 . TG T frameshift HIGH 

PD44702 100956691 . G GT frameshift HIGH 

PD44702 100956693 . AG GA,A frameshift HIGH 

PD44702 100956694 . G GA frameshift HIGH 

PD44702 100956808 . ACC A frameshift HIGH 

PD44702 100956813 . G GAA frameshift HIGH 

PD44702 100963159 . G T frameshift HIGH 

PD44702 100963171 . G GTC frameshift HIGH 

PD44702 100963173 . C 
CCGTATCATT
AA frameshift HIGH 

PD44702 100963179 . 
AGTGTCTGTG
G A frameshift HIGH 

PD44703 100953949 . AC A frameshift HIGH 

PD44703 100953954 . A AG frameshift HIGH 

PD44703 100954987 . AC A frameshift HIGH 

PD44703 100954991 . C CGGCG frameshift HIGH 

PD44703 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD44703 100955010 . C CG frameshift HIGH 

PD44703 100955126 . CTA C frameshift HIGH 

PD44703 100955133 . C CTT frameshift HIGH 

PD44703 100955149 . T TTG frameshift HIGH 

PD44703 100955153 . TCC T frameshift HIGH 

PD44703 100955537 . G GTA frameshift HIGH 

PD44703 100955539 . ATG A frameshift HIGH 

PD44703 100955560 rs1584801446; AGT A frameshift HIGH 

PD44703 100955571 . A ATG frameshift HIGH 

PD44703 100956691 . G GT frameshift HIGH 

PD44703 100956693 . AG A frameshift HIGH 

PD44703 100956694 . G GA frameshift HIGH 

PD44703 100956808 . ACC A frameshift HIGH 

PD44703 100956813 . G GAA frameshift HIGH 

PD44703 100957504 . TC T frameshift HIGH 

PD44703 100957507 . TC T frameshift HIGH 

PD44703 100957511 . T TGATA frameshift HIGH 
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PD44703 100957512 . C CG frameshift HIGH 

PD44704 100954987 . ACTACAC ATACAC,A frameshift HIGH 

PD44704 100955126 . CTA C frameshift HIGH 

PD44704 100955133 . C CTT frameshift HIGH 

PD44704 100955149 . T TTG frameshift HIGH 

PD44704 100955153 . TCC T frameshift HIGH 

PD44704 100955245 . TC T frameshift HIGH 

PD44704 100955247 . TTC T frameshift HIGH 

PD44704 100955585 . CTG C frameshift HIGH 

PD44704 100955595 . TC CC,T frameshift HIGH 

PD44704 100955606 . C A,CAG frameshift HIGH 

PD44704 100955607 . CCT C frameshift HIGH 

PD44704 100956690 . TG T frameshift HIGH 

PD44704 100956694 . G GA frameshift HIGH 

PD44704 100963159 . G T frameshift HIGH 

PD44704 100963171 . G GTC frameshift HIGH 

PD44704 100963179 . 
AGTGTCTGTG
G A frameshift HIGH 

PD50649 100955920 rs1584801776; A AG frameshift HIGH 

PD50649 100956694 . G GA frameshift HIGH 

PD50650 100954991 . C CGGCG frameshift HIGH 

PD50650 100954993 . 
CTCCTCACTAC
CAT C frameshift HIGH 

PD50650 100955537 rs1305667129; G GTA,A frameshift HIGH 

PD50650 100955539 . ATG A frameshift HIGH 

PD50650 100955560 rs1584801446; AGT A frameshift HIGH 

PD50650 100955571 . A ATG frameshift HIGH 

PD50651 100953949 . AC A frameshift HIGH 

PD50651 100953954 . A AG frameshift HIGH 

PD50651 100955302 rs1584801296; C CA frameshift HIGH 

PD50651 100955539 . ATG A frameshift HIGH 

PD50651 100955560 rs1584801446; AGT A frameshift HIGH 

PD50651 100955565 . G GAA frameshift HIGH 

PD50651 100955585 . CTG C frameshift HIGH 

PD50651 100955595 . TC T frameshift HIGH 

PD50651 100955606 . C CAG frameshift HIGH 
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PD50651 100955607 . CCT C frameshift HIGH 

PD50653 100953283 . ATG A frameshift HIGH 

PD50653 100953330 rs1237518715; ACT A frameshift HIGH 

PD50653 100953350 . C CAG frameshift HIGH 

PD50653 100953351 . CCT C frameshift HIGH 

PD50653 100953359 rs986103920; C CAA,T frameshift HIGH 

PD50653 100953361 . ACC A frameshift HIGH 

PD50653 100954987 . AC A frameshift HIGH 

PD50653 100955010 . C CG frameshift HIGH 

PD50653 100956690 . TG T frameshift HIGH 

PD50653 100956694 . G GA frameshift HIGH 

PD50653 100956808 . ACC A frameshift HIGH 

PD50653 100956813 . G GAA frameshift HIGH 

PD51372 100953221 . C CTG frameshift HIGH 

PD51372 100953223 . ACG A frameshift HIGH 

PD51372 100955010 . C CG frameshift HIGH 

PD51372 100955606 . C CAG frameshift HIGH 

PD51372 100955607 . CCT C frameshift HIGH 

PD51372 100955774 . CA C frameshift HIGH 

PD51372 100955779 . C CA frameshift HIGH 

PD51372 100956808 . ACC A frameshift HIGH 

PD51372 100956813 . G GAA frameshift HIGH 

PD51372 100963159 . G T frameshift HIGH 

PD51372 100963171 . G GTC frameshift HIGH 

PD51372 100963173 . C 
CCGTATCATT
AA frameshift HIGH 

PD51372 100963179 . 
AGTGTCTGTG
G A frameshift HIGH 

PD51372 100973055 rs796345412; G A frameshift HIGH 
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Appendix 6 

Table A6.1: All medium and high impact MUC3A variants detected though variant calling of RNA-
seq data from 15 patients. Start Positions correspond to reference genome GRCh38 and Ref and 
Alt refer to the reference and alternate alleles respectively. 

Patient 
Start 
Position Gene Ref Alt Impact 

Impact 
Severity 

PR50551 100952327 MUC3A C T missense_variant MED 

PR44703 100952756 MUC3A G C missense_variant MED 

PR44703 100952788 MUC3A A C missense_variant MED 

PR44703 100952792 MUC3A C T missense_variant MED 

PR44703 100952797 MUC3A C T missense_variant MED 

PR44703 100954123 MUC3A G A missense_variant MED 

PR44703 100954136 MUC3A C G missense_variant MED 

PR44703 100955384 MUC3A C G missense_variant MED 

PR44703 100955486 MUC3A T A missense_variant MED 

PR44703 100955962 MUC3A G A missense_variant MED 

PR44703 100955968 MUC3A A G missense_variant MED 

PR44703 100955981 MUC3A G C missense_variant MED 

PR44703 100956223 MUC3A C T missense_variant MED 

PR44703 100956249 MUC3A TAC CAG missense_variant MED 

PR44703 100956404 MUC3A C A missense_variant MED 

PR44703 100956443 MUC3A C A missense_variant MED 

PR50554 100957015 MUC3A T C missense_variant MED 

PR44697 100957015 MUC3A T C missense_variant MED 

PR44705 100957568 MUC3A CT GC missense_variant MED 

PR44705 100957573 MUC3A G A missense_variant MED 

PR50554 100957768 MUC3A A C missense_variant MED 

PR50554 100957777 MUC3A ACC GAG missense_variant MED 

PR50552 100957857 MUC3A G C missense_variant MED 

PR44705 100958000 MUC3A T C missense_variant MED 

PR50551 100958051 MUC3A T C missense_variant MED 

PR50551 100958135 MUC3A TG CC missense_variant MED 

PR50552 100958135 MUC3A TG CC missense_variant MED 

PR44699 100958135 MUC3A TG CC missense_variant MED 

PR44703 100958247 MUC3A C G missense_variant MED 

PR44704 100958251 MUC3A A C missense_variant MED 

PR50551 100958270 MUC3A TG CA missense_variant MED 

PR50551 100958276 MUC3A C G missense_variant MED 

PR44704 100958277 MUC3A CA TG missense_variant MED 

PR44704 100958290 MUC3A A G missense_variant MED 

PR44702 100958352 MUC3A AAAT GATC missense_variant  MED 

PR50551 100958396 MUC3A T C missense_variant MED 

PR50554 100958396 MUC3A T C missense_variant MED 

PR44702 100958396 MUC3A T C missense_variant  MED 

PR50548 100958426 MUC3A C T missense_variant MED 

PR50554 100958428 MUC3A AG CA missense_variant MED 
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PR50551 100958437 MUC3A C G missense_variant MED 

PR50548 100958447 MUC3A G C missense_variant MED 

PR50551 100958447 MUC3A G C missense_variant MED 

PR50548 100958459 MUC3A C G missense_variant MED 

PR50551 100958491 MUC3A G A missense_variant MED 

PR50551 100958744 MUC3A A G missense_variant MED 

PR44697 100958795 MUC3A G C missense_variant MED 

PR44697 100958831 MUC3A ACTCT CATCC missense_variant MED 

PR44703 100958845 MUC3A A G missense_variant MED 

PR44703 100958870 MUC3A C G missense_variant MED 

PR44703 100958882 MUC3A C T missense_variant MED 

PR50548 100958912 MUC3A CAATC TGATA missense_variant MED 

PR50551 100958912 MUC3A CAATC TGATA missense_variant MED 

PR44703 100958912 MUC3A CA TG missense_variant MED 

PR50548 100958923 MUC3A A T missense_variant MED 

PR44699 100958977 MUC3A A G missense_variant MED 

PR44699 100959091 MUC3A G C missense_variant MED 

PR44699 100959497 MUC3A T C missense_variant MED 

PR44699 100959868 MUC3A G T missense_variant MED 

PR44703 100959868 MUC3A G T missense_variant MED 

PR44701 100964807 MUC3A G C missense_variant MED 

PR44703 100964820 MUC3A T C missense_variant MED 

PR50552 100964838 MUC3A C T missense_variant MED 

PR44703 100965345 MUC3A C A missense_variant MED 

PR50548 100966478 MUC3A C T missense_variant MED 

PR44701 100966478 MUC3A C T missense_variant MED 

PR44703 100966478 MUC3A C T missense_variant MED 

PR50548 100966916 MUC3A T C missense_variant MED 

PF50549 100966916 MUC3A T C missense_variant MED 

PR50550 100966916 MUC3A T C missense variant MED 

PR50551 100966916 MUC3A T C missense_variant MED 

PR50552 100966916 MUC3A T C missense_variant MED 

PR50554 100966916 MUC3A T C missense_variant MED 

PR44697 100966916 MUC3A T C missense_variant MED 

PR44699 100966916 MUC3A T C missense_variant MED 

PR44703 100966916 MUC3A T C missense_variant  MED 

PR50554 100966942 MUC3A CA C frameshift_variant HIGH 

PR50549 100967142 MUC3A AT A frameshift_variant HIGH 

PR50552 100967146 MUC3A C A missense_variant MED 

PR44699 100967146 MUC3A C A missense_variant MED 
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Appendix 7 
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Figure A7.1: Dot plots showing the top 25 enriched GO terms for Biological Processes, where the 
LFC threshold was set at 2. The largest gene ratios are plotted in order of gene ratio while the size 
of the dots represents the number of genes in the significant DE genes list. Dot colour represents 
the P-adjusted values (BH). 
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Figure A7.2: Dot plots showing the top 25 enriched GO terms for Cellular Components, where the 
LFC threshold was set at 2. The largest gene ratios are plotted in order of gene ratio while the size 
of the dots represents the number of genes in the significant DE genes list. Dot colour represents 
the P-adjusted values (BH).  
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Figure A7.3: Category net-plots of the top most significant GO terms (P-adjusted values) plotted and 
connected with lines to associate DE genes for Biological processes where the LFC threshold was 
set at 2. Colours represent the fold changes of the significant genes associated with the GO terms 
while the size of the terms reflects the P values, with the more significant terms being larger.  
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Figure A7.4: Category net-plots of the top most significant GO terms (P-adjusted values) plotted and 
connected with lines to associate DE genes for Cellular Components, where the LFC threshold was 
set at 2. Colours represent the fold changes of the significant genes associated with the GO terms 
while the size of the terms reflects the P values, with the more significant terms being larger. 
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