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Abstract 

Esophageal cancer (EC) is an aggressive cancer contributing an estimated 572,034 

new cases and 508,585 deaths annually. Because no early detection programs exist, 

late presentation and high mortality are the rule. Prevalence rates are high in East 

Asia, Southern Europe, as well as in Eastern and Southern Africa. This peculiar 

distribution draws attention on the specificity of certain risk factors to particular regions. 

South Africa is a hotspot for EC; high prevalence has been reported in the Eastern 

Cape for the past five decades. Little research attention is given to EC in Africa; 

therefore, the epidemiology, as well as the genetic and environmental basis of EC is 

not well understood. The high incidence of EC, and the fatal nature of the disease, 

warrants a dedicated study to understand risk factors and pathobiology to facilitate 

strategies on prevention and screening.  

The aim of this study was to assess the role of genetic and environmental factors in 

the development of EC, and investigate the underlying molecular pathobiology using 

gene expression. Genetic variants associated with esophageal squamous cell 

carcinoma (ESCC) in African populations were assessed in 23 studies. Altogether, 25 

variants in 20 genes were reported with a statistically significant association. In 

addition, eight studies identified somatic alterations in 17 genes and evidence of loss 

of heterozygosity, copy number variation, and microsatellite instability. This was the 

first genetic systematic review in African populations. 

A meta-analysis on 27 studies investigating environmental and lifestyle risk factors for 

ESCC (tobacco, alcohol use, combined tobacco and alcohol use, polycyclic aromatic 

hydrocarbon exposure, esophageal injury and fruit and vegetable consumption) was 

carried out.  Adverse associations between ESCC risk and all the risk factors were 

found, whereas fruit and vegetable consumption showed a protective effect. The 

proportion of ESCC attributable to tobacco (17%), alcohol use (13%), combined 

tobacco and alcohol use (23%), polycyclic aromatic hydrocarbon exposure (5%), 

esophageal injury (17%) and fruit and vegetable consumption (-11%) were estimated 

using population attributable fraction analysis. This study was the most comprehensive 

systematic review and meta-analysis on African literature. 

Genes and pathways with differential mRNA expression were identified using datasets 

on ESCC, esophageal adenocarcinoma (EAC) and Barrett’s esophagus (BE) using 
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the Rank Product Method, and gene set enrichment analysis (SetRank), with the 

Reactome Annotation Database. A total of 18 publicly available GEO mRNA 

expression datasets on 906 tissue samples, were analyzed. Overall, 1,107 

upregulated genes and 1,537 downregulated genes were outputted for BE, EAC and 

ESCC. Significantly associated pathways included “Extracellular matrix organisation”, 

“Collagen chain trimerization”, “TP53 regulates transcription of several additional cell 

death genes whose specific roles in p53-dependent apoptosis remain uncertain”, and 

“Cyclin B2 mediated events”. Pathways not previously discussed or interpreted for EC 

in literature were identified, which warrant further investigation.  

These results highlight the multifactorial and complex etiology of EC. Comprehensive 

large-scale studies on the genetic basis and pathobiology of ESCC are still lacking in 

Africa. Understanding EC requires an integrated approach incorporating different 

study designs to assess both environmental and genetic factors of EC.  
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Opsomming 

Esofageale kanker (EK) is ‘n aggressiewe kanker wat ‘n benaderde 572034 nuwe 

gevalle en 508585 sterftes jaarliks bydra.  Omdat geen vroeë waarnemingsprogram 

bestaan nie, is laat waarneming en hoë mortaliteit die reël.  Die voorkomskoers is hoog 

in Oos-Asië, Suid-Europa en Oos- en Suidelike Afrika.  Hierdie eienaardige 

verspreiding lig spesifieke risikofaktore in sekere gebiede uit.   

Suid-Afrika is ‘n knelgebied vir EK;  ‘n hoë voorkomskoers is aangemeld in die Oos-

Kaap gedurende die vorige vyf dekades.  Min navorsingsaandag is gevestig op EK in 

Afrika;  daarom word die epidemiologie, en die genetiese en omgewingsbasis van EK, 

nie goed begryp nie.  Die hoë insidensie van EK en die dodelike geaardheid daarvan 

regverdig geöormerkte bestudering daarvan om die risikofaktore en patologiese 

biologie te verstaan en stategieë vir voorkoming en sifting te bewerkstellig.   

Die doel van hierdie studie was om die rol van genetiese faktore, omgewingsfaktore 

en die onderliggende patologiese biologie in die ontwikkel van EK te ondersoek, deur 

geenuitdrukkingsdata te gebruik.  Genetiese variante wat geassosieer is met 

esofageale plaveiselepiteel karsinoom (EPEK) in Afrika-bevolkings, is in 23 studies 

bestudeer.  Altesaam 25 variante in 20 gene is met statistiese beduidendheid 

gerapporteer.  Daarby het agt studies ook somatiese veranderinge in 17 gene en 

bewyse van verlies van heterosigositeit, kopie aantal variasie en mikrosatelliet 

onstabiliteit gewys.  Hierdie is die eerste genetiese sistematiese oorsig in Afrika-

bevolkings. 

‘n Meta-analise van 27 studies wat omgewings- en leefstylrisikofaktore vir EPEK 

ondersoek het (tabak, alkoholverbruik, tabak- en alkoholverbruik, polisikliese 

aromatiese hidrokoolstofblootstelling, esofageale besering en groente en vrugte 

verbruik) is uitgevoer.  Ongewenste assosiasies tussen EPEK risiko en al die 

risikofaktore is gevind, terwyl groente en vrugte verbruik ‘n beskermende effek getoon 

het.  Die breukdeel van EPEK toegeken aan tabak (17%), alkoholverbruik (13%), 

tabak- en alkoholverbruik (23%), polisikliese aromatiese hidrokoolstof blootstelling 

(5%), esofageale besering (17%) en groente en vrugte verbruik (-11%) is bepaal deur 

bevolkingstoekenningsfraksie analise.  Hierdie studie is die mees deeglike 

sistematiese oorsig en meta-analise nóg van Afrika literatuur. 
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Gene en biologiese netwerke met differensiële bRNS uitdrukking is geïdentifiseer in 

EPEK, esofageale adenokarsinoom (EAK) en Barret se esofagus (BE) datastelle deur 

die rangorde produk metode te gebruik, tesame met geenversameling 

verrykingsanalise (SetRank), met die Reactome Annotation databasis. ‘n Totaal van 

18 publieke beskikbare GEO bRNS geenuitdrukkingsdatastelle vir 906 

weefselmonsters, is geanaliseer.  In totaal is 1107 oorgereguleerde, en 1537 

ondergereguleerde gene gevind vir BE, EAC en ESCC.  Beduidende geassosieerde 

biologiese netwerke het “Ekstra-sellulêre matriks organisasie”, “Kollageenketting 

trimerisasie”, “TP53 reguleer transkripsie van verskeie addisionele seldood gene 

waarvan die spesifieke rolle in p53-afhanklike apoptose onseker bly”, en “Siklien B2-

gemediëerde gebeurtenisse” ingesluit.  Biologiese netwerke wat nie voorheen in EK 

literatuur bespreek of geïnterpreteer is nie, is gevind en verdere ondersoeke daarvan 

is geregverdig.   

Hierdie resultate lig die veelvuldige betrokke faktore en komplekse etiologie van EK, 

uit.  Deeglike grootskaalse studies oor die genetiese basis en patologiese biologie van 

EPEK is steeds beperk in Afrika.  ‘n Begrip van EK benodig ‘n geïntegreerde 

benadering wat verskillende studie ontwerpe insluit, om beide omgewings- en 

genetiese faktore te ondersoek.    
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Outline of thesis 

The thesis focussed on genetic and environmental risk factors associated with 

esophageal squamous cell carcinoma (ESCC) in African populations as well as 

identifying biological pathways enriched with differentially expressed genes in 

esophageal cancer (EC). It is divided into six parts. 

 

Chapter 1 introduces the problem of ESCC and gives a global view of the research 

activities being undertaken worldwide. The epidemiology of ESCC is described. Risk 

factors associated with ESCC reported in the literature are also described and these 

include environmental, lifestyle and genetic risk factors. Tools and techniques used in 

the assessment of risk factors in cancer research are also described. In addition, the 

study rationale, overall aims and objectives of the study are outlined in this chapter. 

Chapter 2 describes the genetic factors associated with ESCC risk in African 

populations. This review systematically screened and critically appraised relevant 

studies which reported germline and somatic variants. Genetic variants reported to be 

associated with ESCC are summarised and linkage disequilibrium for SNPs reported 

in the same gene is described. The need for more comprehensive large-scale genetic 

studies in Africa is emphasised. This systematic review has been published in the 

journal, Frontiers in Genetics. 

Chapter 3 is a systematic review on the lifestyle and environmental risk factors 

associated with ESCC development in African population. Studies which met the 

selection criteria were critically appraised and numerous known and emerging risk 

factors were identified and described. These included tobacco smoking and alcohol 

consumption, socioeconomic status, diet, PAH exposure, consumption of hot food and 

beverages, oral health, infectious agents, esophageal injury, family history of cancer 

and non-acid gastro-esophageal reflux. Meta-analyses were carried out and 

population attributable fractions were calculated, where adequate information was 

provided. 

Chapter 4 focusses on the identification of genes with differential mRNA expression 

in EC using meta-analysis of differentially expressed genes (DEGs) and Gene Set 

Enrichment Analysis of GEO (Gene Expression Omnibus) datasets. A total of 18 
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publicly available GEO mRNA expression datasets, with expression data on 906 

individual tissue samples, were included in the analysis. Of the 18 datasets, three used 

esophageal adenocarcinoma (EAC) tissue, eleven used ESCC tissue and nine used 

Barrett’s esophagus (BE) tissue. One dataset included EAC, ESCC and BE tissue, 

whilst one dataset included both EAC and squamous dysplasia tissue samples.  This 

analysis provides novel insights into the mechanisms linked to EC development, and 

the differences between the different types of EC as well as the precancerous lesion, 

BE. 

Chapter 5 is a general discussion integrating the study findings and highlighting the 

key findings of this thesis as well as limitations. The chapter provides a unified 

hypothesis for the PhD study. 

Chapter 6 contains the conclusions of the PhD study. Future directions of research 

are also discussed. 
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1.1 Esophageal Cancer 

Esophageal cancer (EC) is a lethal malignant tumour of the esophagus ranking as the 

6th most common cause of cancer mortality and the 7th most common cancer 

worldwide.(1)  According to the Global Cancer Statistics  of 2018, a total of 572,034 

new cases and 508,585 deaths were reported, indicative of the high fatality associated 

with EC diagnosis.(1) This translates to approximately 1 in every 20 cancer deaths 

being attributable to EC.(1) The 5-year survival of EC ranges between 13–18% and 

this is due to the lack of primary and secondary prevention methods.(2) 

Malignant esophageal tumours are characterized by two major subtypes; esophageal 

squamous cell carcinoma (ESCC), which is the more common type and contributes 

90%, and esophageal adenocarcinoma (EAC).(3, 4)).(3, 4) ESCC occurs proximal to 

the squamocolumnar junction and develops as a result of inflammation or carcinogenic 

and mutagenic factors which lead to dysplasia in situ and eventual malignant tumour 

development.(5) EAC commonly occurs in the distal and mid-esophagus, and 

develops from specialized intestinal epithelium (Barrett’s esophagus, BE) as a result 

of chronic exposure to gastric acid, bile, pancreatic juice, and pepsin.(5) The two 

subtypes have different etiologies, pathophysiology, prognosis, treatment and different 

geographically defined high incidence regions. Over 80% of EC cases and deaths are 

reported in developing countries.(6) In Western populations; North America, Australia 

and Europe, EAC is more common. The squamous cell carcinoma subtype is most 

common in the developing countries of Africa, Asia and South America.(7) This thesis 

will mainly focus on the epidemiology and risk factors of ESCC. Figure 1 shows the 

estimated age standardised incidence rates for EC in 2018 according to 

GLOBOCAN.(1) 

Stellenbosch University https://scholar.sun.ac.za



 

 

4  

 

Figure 1.1: Estimated age standardised incidence rates for EC in 2018 according to 
GLOBOCAN. Reproduced from https://gco.iarc.fr/today 

1.2 Epidemiology of ESCC 

1.2.1 Worldwide  

There is a striking variation in the ESCC incidence worldwide. Variability in the 

incidence between high risk and low risk areas worldwide has been reported to be up 

to 10-fold.(8) The highest incidence rates are recorded on two major geographical 

belts; north central China through the central Asian republics to northern Iran, and one 

from eastern to southern Africa.(1) The highest incidence rates ever recorded 

worldwide were reported in the 1970s in Iran with incidence rates of 165 per 

100,000/year in men and 195 per 100,000/year in women.(9) Although incidence rates 

have declined in most regions worldwide, ESCC remains a common and fatal 

malignancy in these hotspot regions. According to country, Malawi has the highest 

incidence rates globally for both men and women with Age Standardised Incidence 

Rates (ASIR) of 18.7 per 100,000, followed by Mongolia and Kenya with ASIR of 18.5 

and 18.4 per 100,000, respectively. According to region, Eastern Asia ranks first with 
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ASIR of 12.2 per 100,000.(1) Table 1 shows the top 20 countries worldwide with the 

highest ASIR per 100,000 and the corresponding incident cases according to 

GLOBOCAN 2018.(1) 

Table 1.1: Top 20 countries with the highest ASIR per 100 000 worldwide in 2018 according to 
GLOBOCAN 

 

There is a lot of uncertainty regarding the accuracy of national incidence rates, 

particularly for LMICs, particularly due to lack of human capacity for registration, 

infrastructure and government commitment. Population based cancer incidence 

registries in the LMICs therefore provide with more accurate incidence rates as they 

provide with region specific statistics for current ESCC hotspots. However there 

remains uncertainties due to the paucity of comprehensive information nationally and 

the scarcity of resources for histological diagnosis. The Cancer Incidence in Five 

Country Incident cases ASIR 

Malawi 1,844 18.7 

Mongolia 397 18.5 

Kenya 4,380 18.4 

Bangladesh 20,906 14.8 

China 307,359 13.9 

Zimbabwe 920 12.4 

Tajikistan 619 11.1 

Uganda 1,749 10.8 

Cabo Verde 39 10.4 

Burundi 520 10.2 

Turkmenistan 408 9.2 

Tanzania, United Republic of 2,516 8.9 

Afghanistan 1,312 8.2 

Kazakhstan 1,615 8.1 

Madagascar 1,085 7.9 

Comoros 35 7.9 

South Africa 3,697 7.8 

South Sudan 523 7.6 

Somalia 524 7.5 

Botswana 105 6.9 
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Continents (CI5) series, provides high quality data from cancer registries worldwide, 

and is published by the International Agency for Research on Cancer (IARC) and the 

International Association of Cancer Registries (IACR).(10)  The current volume 

contains data collected from 2008 to 2012. The top 20 regions worldwide with the 

highest incidence rates for males and females are shown in Table 1.2 and 1.3 

respectively 

 

Table 1.2: EC incidence rates for males from the Cancer in 5 continents XI publication 

Population Cases Crude Rate ASR (W) 

China, Cixian County 1847 114.7 (2.67) 162.8 (3.99) 

China, Yanting County 1670 106.3 (2.60) 101.3 (2.60) 

China, Linzhou County 2575 95.3 (1.88) 91.4 (1.89) 

China, Shexian County 865 83.3 (2.83) 77.6 (2.72) 

China, Jianhu County 994 81.1 (2.57) 59.5 (1.93) 

China, Huaiyin District, Huai'an 1565 83.2 (2.10) 58.8 (1.51) 

China, Yanshi 447 48.1 (2.27) 45.7 (2.21) 

China, Tongling City 573 50.3 (2.10) 45.7 (2.03) 

China, Sheyang 1393 56.1 (1.50) 35.2 (0.96) 

China, Xianju 379 48.9 (2.51) 34.2 (1.82) 

China, Hefei 1276 37.6 (1.05) 32.8 (0.94) 

China, Xiping 483 36.2 (1.65) 32.0 (1.50) 

China, Guanyun 1019 37.5 (1.17) 31.5 (1.02) 

India, Mizoram 546 19.9 (0.85) 27.6 (1.21) 

China, Maanshan 539 33.3 (1.44) 27.2 (1.21) 

India, Kamrup Urban District 508 20.9 (0.93) 24.9 (1.15) 

South Africa, Eastern Cape 374 15.1 (0.78) 24.0 (1.27) 

Iran, Golestan 508 14.6 (0.65) 22.3 (1.04) 

Uganda, Kyadondo 281 5.3 (0.32) 21.1 (1.39) 

China, Lianyungang 647 27.3 (1.07) 20.3 (0.81) 
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Table 1.3: EC incidence rates for females from the Cancer in 5 continents XI publication 

Population Cases Crude Rate ASR (W) 

 China, Cixian County 1320 84.0 (2.31) 101.9 (2.89) 

 China, Yanting County 1242 85.6 (2.43) 69.4 (1.99) 

 China, Linzhou County 2021 78.8 (1.75) 61.9 (1.42) 

China, Shexian County 425 43.9 (2.13) 38.1 (1.90) 

 China, Jianhu County 667 56.0 (2.17) 38.0 (1.51) 

China, Huaiyin District, Huai'an 820 46.8 (1.63) 29.0 (1.07) 

 China, Yanshi 325 35.8 (1.99) 26.2 (1.51) 

 China, Xianju 222 30.9 (2.07) 21.7 (1.54) 

 China, Sheyang 831 35.2 (1.22) 20.1 (0.71) 

India, Kamrup Urban District 283 12.5 (0.74) 16.6 (1.02) 

 Iran, Golestan 357 10.4 (0.55) 16.2 (0.88) 

 China, Guanyun 479 19.3 (0.88) 15.9 (0.75) 

 China, Xiping 265 21.0 (1.29) 15.4 (1.00) 

Kenya, Nairobi 261 3.4 (0.21) 15.2 (1.07) 

South Africa, Eastern Cape 410 14.2 (0.70) 14.6 (0.75) 

Zimbabwe, Harare: African 110 4.9 (0.47) 12.5 (1.28) 

 Turkey, Erzurum 136 11.7 (1.01) 11.9 (1.05) 

Uganda, Kyadondo 177 3.0 (0.23) 11.7 (0.96) 

 China, Tongling City 131 12.0 (1.05) 10.3 (0.92) 

 China, Hefei 437 13.8 (0.66) 10.2 (0.51) 

 

Only seven registries have been submitted from Africa to the CI5 XI volume, from 6 

countries (South Africa, Eastern Cape; Uganda, Kyadondo; Zimbabwe, Harare: 

African; Kenya, Nairobi; Seychelles; Algeria, Setif; Algeria, Batna), and this covers 

only 1% of Africa’s population.(10) The paucity of population-based cancer registries 

in Africa means precise figures on incidence rates are lacking. The EC incidence rates 

from the seven registries are shown in Tables 1.4 and 1.5 
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Table 1.4: EC incidence rates for males from the Cancer in 5 continents XI publication (Africa) 

Population Cases Crude Rate ASR (W) 

South Africa, Eastern Cape 374 15.1 (0.78) 24.0 (1.27) 

Uganda, Kyadondo 281 5.3 (0.32) 21.1 (1.39) 

Zimbabwe, Harare: African 128 6.0 (0.53) 15.5 (1.55) 

Kenya, Nairobi 322 4.0 (0.22) 14.7 (0.97) 

 Seychelles 12 6.8 (1.95) 7.5 (2.20) 

Algeria, Setif 17 0.5 (0.13) 0.6 (0.16) 

Algeria, Batna 10 0.3 (0.11) 0.5 (0.15) 

 

Table 1.5: EC incidence rates for females from the Cancer in 5 continents XI publication 

(Africa) 

Population Cases Crude Rate ASR (W) 

Kenya, Nairobi 261 3.4 (0.21) 15.2 (1.07) 

South Africa, Eastern Cape 410 14.2 (0.70) 14.6 (0.75) 

Zimbabwe, Harare: African 110 4.9 (0.47) 12.5 (1.28) 

Uganda, Kyadondo 177 3.0 (0.23) 11.7 (0.96) 

 Seychelles 3 1.7 (0.99) 1.9 (1.13) 

Algeria, Setif 17 0.6 (0.14) 0.7 (0.18) 

Algeria, Batna 12 0.4 (0.12) 0.5 (0.16) 

 

1.2.2 Africa  

The peculiar geographical distribution of ESCC is also present in Africa, with high 

incidence areas lying on what is known as the African ESCC corridor or the East 

African Rift Valley. The African ESCC corridor runs from Kenya down to South Africa 

on the easterly side of Africa. This African corridor includes Malawi, Kenya, Zimbabwe, 

Uganda, Burundi, Tanzania, Madagascar, Comoros and South Africa with ASIR per 

100,000 ranging from 18.7 to 7.8.(1, 11, 12) A comparison of data from the C15 XI 
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with GLOBOCAN data shows higher ASIR for South Africa (14.6 vs 7.8), Zimbabwe 

(12.5 vs 12.4), Uganda (11.7 vs 10.8) and lower ASIR for Kenya (15.2 vs 18.4) High 

incidence rates from this corridor have been reported as far back as 1969.(13) ESCC 

cases from the African ESCC corridor are also reported to be younger than those 

found elsewhere in the world.(14, 15) This presents with possible unique risk factors 

for this region.(16) The average age of diagnosis for ESCC worldwide is 60 years 

whilst in sub-Saharan Africa, Malawi has a median age at diagnosis of 47.5 years and 

51 years in Uganda.(15)  

The young age at presentation for EC cannot be fully explained by the young age 

structure in Africa. There are likely other contributing factors including genetic, 

environmental, as well as interplay of both. Investigation is needed to elucidate the 

driving factors of young age at presentation for esophageal cancer and the extent to 

which the young age structure contributes to this incidence. 

1.2.3 South Africa  

South Africa currently has the 17th highest incidence of ESCC in the world and 10th 

highest incidence of ESCC in Africa with ASIR of 8.7 per 100,000.(1) Men have ASIR 

of 11.4 per 100,000, whilst women have ASIR of 5.4 per 100,000. In South Africa, 

ESCC is the 8th most common cancer for men with an estimated lifetime risk of 1:178 

and the 9th most common cancer for women with an estimated lifetime risk of 

1:326.(17) Incidence rates are disproportionately higher in the Eastern Cape Province, 

where it was first identified as a health issue over five decades ago, among the 

isiXhosa speaking people.(18) This region has continued to be a major hotspot for the 

disease to this day, contributing the bulk of the cases nationwide. ESCC in the Eastern 

Cape Province is the most common cancer for men with ASIR of 23.2 per 100,000 

and contributing 30% of all the cancers.(19) It is the 2nd most common cancer for 

women with ASIR of 14.5 per 100,000 and contributing 20% of all the cancers.(19) 
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1.3 ESCC diagnosis and prognosis 

1.3.1 Pathophysiology 

ESCC normally starts in the cells of the mucosa (inner layer) and grows to the sub-

mucosa and the muscular layers of the esophagus (Figure 2).(20) It commonly occurs 

in the upper two thirds of the esophagus. Squamous dysplasia of the esophagus 

consists of precursor lesions known to develop into malignant ESCC tumours. 

Development of ESCC, therefore, starts from squamous hyperplasia to squamous 

dysplasia, and then progresses from low-grade intraepithelial neoplasia to high grade, 

and subsequently carcinoma in situ and finally invasive cancer.(21) Dysregulation in 

cell cycle regulators including TP53, retinoblastoma-associated protein (RB) and 

cyclin-dependent kinase inhibitor 2A (CDKN2A) is evident in cancerous and precursor 

lesions.(21) Overall, the pathophysiology is complex and not fully understood. Several 

genes are likely to be dysregulated and contribute to the disease development and 

progression (see 6.4.1). 

1.3.2 Diagnosis  

The gold standard for EC diagnosis is endoscopy and biopsy with pathologic reading 

of the prepared tissues of the esophagus, which can detect pre-malignant and 

malignant changes.(21) Chromoendoscopy with Lugol’s iodine is important in the 

diagnosis of preneoplasia of ESCC called esophageal squamous dysplasia (ESD). 

Use of esophagogastroduodenoscopy (EGD) with Luogl’s iodine staining with biopsy 

leads to >95% sensitivity and specificity for ESD and is established as the gold 

standard for screening. Non-invasive experimental methods to screening of pre-

cancerous include the EsophaCap and cytosponge -TFF3  which can detect genetic 

and epigenetic alterations on samples collected.(5) Grading is done using the Tumour, 

Node, Metastasis (TNM) system and is based on the depth of tumour invasion in the 

mucosa, submucosa, muscle, connective tissue, lymph nodes and into nearby 

structures.(21) There are five stages of diagnosis ranging from stage 0 to stage IV, 

with stage 0 being high grade dysplasia and the remaining four stages divided into two 

sub-stages each. Table 2 shows the staging for ESCC and EAC according to the 

American Joint Committee on Cancer (AJCC) of 2018.(22) 
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Table 1.6: Staging of EC according to the American Joint Committee on Cancer (AJCC) TNM system 

ESCC  EAC 

Stage Description  Stage Description 

0 Cancer cells only present in the 

epithelial cell of the esophagus and 

has not spread to any lymph nodes or 

distant organs. High-grade dysplasia. 

Cancer grade - does not apply.  

 0 Cancer cells only present in the 

epithelial cell of the esophagus and 

has not spread to any lymph nodes or 

distant organs. High-grade dysplasia. 

Cancer grade - does not apply. 

IA Cancer cells have spread and growing 

into the tissue under the epithelium 

(lamina propria or muscularis 

mucosa). Cancer grade - grade 1 or 

an unknown grade  

 IA Cancer cells have spread and growing 

into the tissue under the epithelium 

(lamina propria or muscularis 

mucosa). Cancer grade - grade 1 or 

an unknown grade 

IB Cancer cells are growing into the 

lamina propria, muscularis mucosa, 

submucosa or the thick muscle layer 

(muscularis propria). Cancer grade - 

any grade or an unknown grade. 

 IB Cancer cells are growing into the 

lamina propria, muscularis mucosa, 

or the submucosa. Cancer grade - 

grade 1 or 2 or an unknown grade. 

 Not applicable  IC Cancer cells are growing into the 

lamina propria, muscularis mucosa, 

submucosa or the thick muscle layer. 

Cancer grade -grade 1, 2 or 3. 

  

IIA 

Cancer cells are growing into the 

muscularis propria. Cancer grade - 

grade 2 or 3, or unknown grade.  

OR 

  IIA The cancer is growing into the 

muscularis propria. Cancer grade - 

grade 3 or an unknown grade. 
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The cancer is growing into the outer 

layer of the esophagus (the 

adventitia).  

Cancer grade - any grade and located 

in the lower esophagus, or grade 1 

and located in the upper or middle 

esophagus. 

IIB 

  

Cancer cells are growing into the outer 

layer of the esophagus (the 

adventitia).  

Cancer grade - grade 2 or 3 and 

located in the upper or middle of the 

esophagus, or unknown grade and 

located anywhere in the esophagus or 

any grade and have an unknown 

location in the esophagus. 

OR 

Cancer cells are growing into the 

lamina propria, muscularis mucosa or 

into the submucosa, and spread to 1 

or 2 nearby lymph nodes. Cancer 

grade - any grade. 

 IIB 

  

Cancer cells are growing into the 

lamina propria, muscularis mucosa, 

or the submucosa. It has spread to 1 

or 2 nearby lymph nodes. Cancer 

grade - any grade. 

OR 

The cancer is growing into the outer 

layer of the esophagus (the 

adventitia). It has not spread nearby 

lymph nodes. Cancer grade - any 

grade. 

IIIA Cancer cells are growing into the 

lamina propria, muscularis mucosa, 

submucosa or the thick muscle layer. 

The cancer has spread to no more 

than 6 nearby lymph nodes.  

Cancer grade - any grade and located 

anywhere in the esophagus. 

 IIIA The cancer is growing into the lamina 

propria, muscularis mucosa, the 

submucosa, or the thick muscle layer. 

It has spread to no more than 6 nearby 

lymph nodes. It has not spread to 

distant organs. 

Stellenbosch University https://scholar.sun.ac.za



 

 

13  

Cancer grade - any grade. 

IIIB Cancer cells are growing into: 

i)The thick muscle layer and spread to 

no more than 6 nearby lymph 

nodes OR 

ii)The outer layer of the esophagus and 

spread to no more than 6 nearby 

lymph nodes 

OR 

iii)The pleura (a thin layer of tissue 

covering the lungs), the pericardium 

(a thin sac covering the heart), or the 

diaphragm (the muscle below the 

lungs) and spread to no more than 2 

nearby lymph nodes. 

Cancer grade - any grade and located 

anywhere in the esophagus. 

 IIIB The cancer is growing into: 

i)the thick muscle layer (muscularis 

propria) and spread to no more than 

6 nearby lymph nodes  

OR 

ii)the outer layer of the esophagus and 

spread to no more than 6 nearby 

lymph nodes  

OR 

iii)the pleura (the thin layer of tissue 

covering the lungs), the pericardium 

(the thin sac surrounding the heart), 

or the diaphragm (the muscle below 

the lungs that separates the chest 

from the abdomen) and spread to no 

more than 2 nearby lymph nodes. 

It has not spread to distant organs. 

Cancer grade - any grade. 

IVA Cancer cells are growing into   IVA The cancer is growing into: 

i)the pleura (the thin layer of tissue 

covering the lungs), the pericardium 

(the thin sac surrounding the heart), 
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i)the pleura, the pericardium, or the 

diaphragm and spread to no more 

than 6 nearby lymph nodes  

OR 

ii) the trachea, the aorta, the spine, or 

other crucial structures and no more 

than 6 nearby lymph nodes  

OR 

iii) any layers of the esophagus and 

spread to 7 or more nearby lymph 

nodes. 

Cancer grade - any grade. 

or the diaphragm (the muscle below 

the lungs that separates the chest 

from the abdomen) and spread to no 

more than 6 nearby lymph nodes  

OR 

ii)the trachea (windpipe), the aorta (the 

large blood vessel coming from the 

heart), the spine, or other crucial 

structures and no more than 6 nearby 

lymph nodes  

OR 

iii)any layers of the esophagus and 

spread to 7 or more nearby lymph 

nodes. 

The cancer has not spread to distant 

organs. 

Cancer grade - any grade. 

IVB 

Cancer cells have spread to distant 

lymph nodes and/or other organs, 

such as the liver and lungs. Cancer 

grade - any grade and located 

anywhere in the esophagus.  IVB 

The cancer has spread to distant 

lymph nodes and/or other organs 

such as the liver and lungs. Cancer 

grade - any grade. 

 

Cancer staging is important in finding out if the tumour has spread and serves as a 

guide for treatment options. Figure 2 shows Stage IIIB cancer that has spread into the 

thick muscle layer or the connective tissue layer of the esophagus wall and into the 

lymph nodes. The role of screening at-risk populations for surveillance remains a 
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contentious topic between scientists, as cost benefits and survival benefits have not 

been proven as yet. There is, therefore, a need for development and validation of risk 

models which can identify persons and populations with a higher risk of ESCC 

development and eligible for screening. There have been successful ESCC screening 

programs developed in China. One of the main programs was the endoscopic 

screening and intervention program of 3,319 participants and 797 controls to assess 

reduction in mortality.(23) Screening for ESCC was done using endoscopy with 

Lugol's iodine staining. The authors reported a reduction in ESCC incidence and 

mortality in the intervention group compared to the control group.(23) In a recent study, 

short term ESCC and ESD screening efficacy was assessed on 52,729 intervention 

participants and 43,068 controls using endoscopy.(24) Follow up on this study is still 

ongoing. 

 

Figure 1.2: Stage IIIB ESCC that has spread into the thick muscle layer or the 
connective tissue layer of the esophagus wall and into the lymph nodes. [Reproduced 
with permission https://surgery.ucsf.edu/conditions--procedures/esophageal-
cancer.aspx] 
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1.3.3 Symptoms and treatment 

ESCC has a poor prognosis as patients usually present at advanced stage and at 

metastatic disease. At this stage, treatment is limited to palliative chemo-radiation and 

stenting.(21) Common symptoms include dysphagia and unexplained weight loss.(21) 

If detected early, options for treatment include endoscopic mucosal resection or 

radiofrequency ablation for low-grade, high-grade and carcinoma in situ.(21) For 

invasive ESCC, treatment options include esophagectomy with lymphadenectomy or 

definitive chemoradiotherapy.(21, 25) When esophageal resection is possible, with no 

neoadjuvant therapy, a 5-year survival rate of 12–27% is reported, whilst surgery with 

neoadjuvant therapy increases the 5-year survival rate up to 57%.(21) Minimally 

invasive methods for surgical resection, namely, robotic-assisted minimally invasive 

esophagectomy (RAMIE) and minimally invasive esophagectomy (MIE) are reported 

to have better short-term surgical outcomes and quality of life compared to open 

esophagectomy.(25) There is an expected influx of new robotic platforms for surgical 

resection which will incorporate the use of artificial intelligence and impact robotic 

surgery to be less invasive and have better outcomes.(25) Immunotherapy for EC 

treatment is still being explored with potential targets for tyrosine-kinase receptors and 

epidermal growth factor receptors.(21) Despite advances in management and 

treatment, ESCC prognosis is still poor with a survival rate of <5% in low income 

countries, and 21% in China(26). The variation of survival rates is indicative of the 

potential benefits of primary and secondary prevention in reducing mortality.  

1.4 Environmental and lifestyle risk factors of ESCC 

The variability in incidence rates of ESCC according to geographical location points to 

multifactorial and population dependent risk factors. This is evident with the most 

common risk factors for ESCC, tobacco smoking and alcohol consumption. In a study 

done in the USA(27), cigarette smoking, alcohol consumption, and low consumption 

of fruits and vegetables were found to have a population attributable risk (PAR) of 

89%, whilst in a large study done in China(28) both tobacco smoking and alcohol 

consumption were reported to not increase risk of ESCC. It is still unclear if exposure 

rates play a role in these differences in effects, however this highlights the importance 

of population specific estimates for ESCC risk factors.  
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A number of environmental and lifestyle risk factors have been reported to be 

associated with ESCC development..(9) Figure 3 summarizes the risk factors of ESCC 

worldwide. 

 

 

Reports from 2005 projected that the number of ESCC cases will dramatically increase 

by 140% by the year 2025.(29, 30) Therefore, research agenda needs to focus on 

determining risk factors associated with the development and progression of ESCC 

and strategies for its prevention. 

1.4.1 Tobacco smoking and chewing 

Tobacco is classified as a class 1 carcinogen by the International Agency for Research 

on Cancer (IARC).(15) Smoking commercial cigarettes causes exposure to a number 

of chemicals including polycyclic aromatic hydrocarbons (PAH), acetaldehyde, and 

nitrosamines such as N’-nitrosonornicotine (NNN), and 4(methylnitrosamino)-1,3-

pyridyl-1-butanone (NNK), reactive oxygen species, and nitric oxide which have been 

reported to have carcinogenic, mutagenic and toxic componets.(15) Tobacco smoking 

Figure 1.3: Summary of ESCC risk factors worldwide 
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also inhibits the aldehyde dehydrogenase (ALDH) enzyme which metabolizes 

acetaldehyde, resulting in higher levels of acetealdehyde.(15) It has been shown that 

the risk of ESCC increases with high tobacco exposure intensity and increased 

duration of tobacco exposure.(31, 32) Second-hand smoke has also been shown to 

increase the risk of ESCC in a study done on a high-risk population of India.(33) 

Smoking tobacco after an ESCC diagnosis is reported to reduce survival times.(34) 

Chewing and smoking tobacco has been reported to increase the risk of ESCC in 

African, Asian and Western populations.(15, 35, 36) Other forms of tobacco use 

include pipes, hookah, cigars and snuff. In a recent systematic review on the risk 

factors of ESCC in Africa by Asombang et al(35) tobacco smoking was found to be a 

significant risk factor in African populations, associated with a 3-fold increased risk. 

1.4.2 Opium use 

Opium use has been reported to increase the risk of ESCC in a number of studies.(37) 

It is suspected that opium smoking, similar to tobacco smoking, may result in exposure 

to PAHs due to increases in the urinary levels of 1-OHPG (1-hydroxy pyrene 

glucuronide).(15) Other studies have indicated that opium can be contaminated with 

lead, hence its association with cancer development.(38) Studies on the role of opium 

use are prone to discrepancies due to the differences in doses of opioids, route of 

administration or the time and method of exposure to opioids (39) 

In one of the largest EC studies, the Golestan Cohort study in Iran, which collected 

data from 50, 000 participants (2004-2008) and followed up for 10 years, opium use 

emerged as a major risk factor in the population.(40) 

1.4.3 Alcohol consumption 

IARC has classified alcohol as carcinogenic to humans and stated that alcohol is 

associated with EC development.(41) Alcohol consumption causes exposure to 

acetaldehyde, which is a class 1 carcinogen associated with ESCC development and 

a primary metabolite for ethanol metabolism.(4) Heavy to moderate alcohol 

consumption has been reported to increase the risk of ESCC in high risk 

populations.(41) In Kenyan, Zambian and South African populations, the consumption 
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of homemade/traditional beer has been reported to increase ESCC risk.(35, 42) 

Furthermore, preparation of the beer is often done in containers which may contain 

carcinogens e.g. oil drums may be mixed with potentially carcinogenic 

compounds.(15) Homemade and traditional beer forms part of the unrecorded alcohol 

consumption, and it is estimated that low income countries consume as much as 

47.9% of unrecorded alcohol, with middle‐income, upper middle‐income, and high‐

income countries consuming 38.9%, 30.5%, and 11.2% respectively.(43) The 

consumption of unrecorded alcohol is important as it impacts health and is an major 

risk factor for ESCC. In a systematic review done on the prevalence of unrecorded 

alcohol consumption, data from sub-Saharan Africa showed that traditional beverages 

were less expensive than commercial beers, and were predominantly consumed in 

low socioeconomic settings.(43) Similar to tobacco use, alcohol consumption after 

ESCC diagnosis impacts survival negatively.(15) 

Two African studies, on Nigerian and Ugandan populations, assessed the population 

attributable fractions (PAF) for alcohol use.(44, 45) In Nigeria, 42.1% of ESCC cases 

were attributable to alcohol.(44) However in Uganda, the PAF for alcohol use was 

lower (10.17%), and the combined PAF for smoking and alcohol was 12.66%.(45) This 

indicates that smoking and alcohol use are not major risk factors in Uganda, or that 

ESCC development in this population is through multifactorial interactions of risk 

factors.(45) 

Tobacco smoking and alcohol use can interact resulting in increased risk of ESCC. A 

combination of tobacco smoking and alcohol consumption is reported to have a 

synergistic effect on ESCC risk.(15) A number of tumorigenesis mechanisms for 

combined tobacco smoking and alcohol use have been hypothesised which may 

happen concurrently. They include i) cellular DNA damage leading to a reduction in 

metabolic activity, detoxification capability and increased oxidation, ii) alcohol may 

cause the solvent effect on the esophagus resulting in increased permeability of the 

esophageal lumen to potential carcinogens, iii) smoking may instigate changes in the 

oral microbiome causing increased levels of acetaldehyde in saliva following alcohol 

consumption, and iv) prolonged alcohol consumption may induce cytochrome P450 

enzymes resulting in an increase of carcinogenic ethanol metabolites.(15)  
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1.4.4 Diet 

Observational studies and systematic reviews have shown that intake of fruits and 

vegetables decreases ESCC risk.(4, 46, 47) Among smokers, an increase in the 

consumption of vegetables and fruits combined and fruit consumption independently 

was associated with a 12% and 24% reduction of ESCC risk, respectively, in a large 

European study.(48) The Golestan Cohort Study in Iran reported that low intake of fruit 

and vegetables increased ESCC risk.(40) The proposed protective mechanisms of 

fruits and vegetables include; DNA methylation modulation; DNA damage protection 

and repair; detoxifying phase‐II enzymes induction and promotion of apoptosis.(47) 

The role of micronutrients in ESCC development has been described in the literature. 

These micronutrients, vitamin A, pro-vitamin A carotenoids, selenium, retinol, 

thiamine, riboflavin, β-cryptoxathin, zinc, and iron are reported to reduce ESCC risk. 

(4, 49, 50) Whilst high levels of selenium have been reported to reduce ESCC risk, 

excess iron levels have been reported to increase ESCC risk. (51, 52) It is important 

to state that no action or intervention for iron risk reduction is recommended if ferritin 

and transferrin levels are within normal reference ranges recommended by the WHO 

(WHO, 2020) selenium deficiency has been reported in Malawi, which has the highest 

ESCC incidence rate in Africa. It is theorised that this is due to low levels of selenium 

in the staple food, maize.(53) Schaafsma et al. (54) performed a large ecological study 

assessing the role of seven micronutrients (calcium, iron, copper, iodine, magnesium, 

selenium, and zinc) in the development of ESCC in 32 African countries. Iron, zinc and 

selenium were described to have a protective effect in males and females, whilst 

magnesium was reported to be protective in females. A randomized trial was 

conducted in China, which constituted of six years of multivitamin supplementation 

and 20 years of post-intervention follow-up in 29 584 participants from 1986-1991.(55) 

Supplementation was done in combinations of multivitamins: A (retinol/zinc), B 

(riboflavin/niacin), C (vitamin C/molybdenum), and/or D (selenium/vitamin E/beta-

carotene). Daily supplementation of factors A, B and C did not have an effect of total 

mortality, whilst factor D (selenium/vitamin E/beta-carotene) showed a protective 

effect against ESCC.(55)  

This section contains a number of epidemiological study designs which have been 

utilized to explore the role of diet on ESCC development, these includes case control, 
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cohort, ecological, and randomized case control trial studies. The quality and efficacy 

of the evidence from these studies differs due to biases linked to the study designs. 

Generally, researching the effect of diet on health is difficult, this is because 

consumption of a healthy diet is usually linked to other lifestyle factors which may be 

protective of cancer such as exercise, lack of smoking and lack of alcohol 

consumption.(56) Case control studies were used to retrospectively assess the dietary 

factors associated with ESCC. Case controls studies are a good design for chronic 

long latency diseases with multiple exposures like ESCC. However, particularly for 

dietary intake assessment, this study design is riddled with recall bias for past 

exposures, selection bias, as well as reverse causation where there is behavioural 

change from early ESCC symptoms or post diagnosis.(57) Cohort studies assess the 

effect of a specific dietary intake on ESCC for exposed and non-exposed participants 

prospectively or retrospectively.  Cohort studies are less likely to be subject to recall 

bias as in case control studies. However, cohort studies still need to control for 

confounders and additionally, assessment of diet as a risk factor in cancer in cohort 

studies has not produced conclusive evidence. Other biases linked to cohort studies 

include sampling, observer biases, as well as non-response and loss to follow up.(57) 

In ecological studies associations between exposures and outcomes are assessed for 

entire populations or groups of people in different geographical regions at a single 

point in time. Evidence from ecological studies is confounded by ecological fallacy, 

where associations determined at the group levels are assumed to hold true at the 

individual level.(57) The use of an ecological study design for the assessment of 

dietary factors is therefore questionable, especially because of the heterogeneity of 

dietary patterns within populations. Randomized control trials (RCT)are considered 

the gold standard of study designs, if designed and implemented well they are the 

least subject to biases including confounding and selection biases. Limitations of 

RCTs include non-compliance, dropouts and randomization issues.(57)   Particularly 

when assessing for the effect of diet and cancer, there are limitations as to which 

exposures are assignable to one group and not the other. Meta-analysis of dietary 

data also has limitations as adjustment of confounders can only be done for the 

individual studies. It is therefore important to take all these biases and shortcomings 

into considering when appraising studies which assessed dietary intake for ESCC.” 
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1.4.5 Socioeconomic status 

ESCC development is highly depended on socioeconomic status.(4) Lower 

socioeconomic status has been linked with increased risk of ESCC.(4) Although 

socioeconomic status cannot influence cancer development or progression 

biologically, it can be associated with certain lifestyle, environmental and dietary 

factors which increase the risk of ESCC development. This disparity has been 

consistent in studies done in developed and developing countries.(4) Studies carried 

out in Sweden and the USA reported that risk was increased for populations with a 

lower income or not having a high school education.(58, 59) A study done in India 

reported an association between low socioeconomic status and risk of ESCC 

development.(60) Lower income, and lack of education and housing facilities were 

reported to increase ESCC risk in the population.(60) In a systematic review on the 

risk factors of ESCC in African populations, low socioeconomic status was reported 

as an important risk factor.(35) 

1.4.6 Infectious agents 

The infectious agents, human papilloma virus (HPV) and Helicobacter pylori have 

been implicated in the development of ESCC.(61) However, studies on both HPV and 

H. pylori have been inconsistent, hence the evidence for infectious aetiology for ESCC 

has not been conclusive.(61, 62) The discrepancies in the case of HPV may be 

attributed to the different methods employed in the detection of HPV DNA in different 

studies.(63) Additionally, sample collection and storage may also play a role.  The role 

of the bacterial pathogens in esophageal carcinogenesis has been described in the 

literature. The human microbiome has been reported to induce carcinogenesis in 

several types of cancer through DNA damage (oxidative stress, and production of 

mutagens) and activation of metabolic pathways.(64-67) The microbiome is an 

environmental factor which we are constantly being exposed to.(67) Studies looking 

at the human microbiome have reported its association to ESCC development. The 

microbiome is acquired over the first few years of life, but is greatly influenced by diet, 

environmental exposure and oral health throughout the life.(68) Genetic factors of the 

host have also been reported to influence the human microbiome.(68) The majority of 

the studies have investigated the role of gastric and esophageal microbiota in ESCC, 
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and have established an association.(64, 69, 70) Recently, a few studies have begun 

to analyse the possibility of the oral microbiome playing a role in esophageal 

carcinogenesis using saliva/mouthwash samples.(71) A study done by May et al. 

showed that the esophageal microbiome has a similar composition to the oral 

microbiome giving the possibility of a non-invasive approach in analysing the human 

microbiome.(72) One of these studies, done by Peters et al. (2017), showed that 

Tannerella forsythia and Porphyromonas gingivalis were associated with a high risk of 

ESCC, whilst a reduction in the genus Neisseria and the species Streptococcus 

pneumoniae resulted in a lower risk.(73) F. nucleatum, a microbe which is found in the 

oral cavity, has been analyzed from ESCC tissue samples and found to be associated 

with shorter survival of ESCC patients.(66)  

1.4.7 Polycyclic aromatic hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAH) are a group of compounds formed during the 

incomplete combustion of coal, oil, gas, wood, garbage, or other organic substances, 

such as tobacco and charbroiled meat.(15) They are present in the air, water, soil and 

food and therefore exposure occurs through inhalation, ingestion or percutaneous 

penetration.(9) PAHs are classified as class 1 carcinogens.(74) Once in the body, 

PAHs are metabolized within cells into active diol-epoxides via hydroxylation of the 

methylene carbon by cytochrome P450 enzymes, and elicit their effect by binding to 

macromolecules like DNA and initiating mutagenesis.(9) This is further elaborated in 

section 5.3.1: DNA adducts and cancer. Exposure to PAHs has been reported to 

contribute considerably to carcinogenesis of ESCC.(9) An excess risk of ESCC has 

been reported in individuals with direct exposure to ESCC in several countries.(9, 75, 

76) The major pathways of PAH exposure are through: 

i) Dietary exposure 

More than 96% of the daily intake of PAHs is attributable to dietary intake.(9) 

Exposure to PAH can occur through ingestion of food items which have 

naturally high PAH content. An example is the yerba mate (Ilex 

paraguayensis) herb, commonly infused with water and drank in parts of 

South America.(9, 77) High levels of the benzo-a-pyrene, a PAH metabolite 

and other PAHs have been found in the leaves, and according to a study 
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done by Kamangar et al. “drinking a gourd of mate in the traditional manner 

can expose an individual to as much benzo-a-pyrene as smoking a typical 

pack of 20 cigarettes”.(9, 78) Addition of certain compounds to food can also 

lead to PAH exposure e.g. the mursik beverage consumed by the Kenyan 

population.(79) Mursik is a popular drink made by fermenting milk and lacing 

it with charcoal powder from a local herb plant to flavour the drink. The 

charcoal is likely to contain PAHs which increase the risk of ESCC.(79) 

Additionally food can be contaminated by PAHs during processing, 

preparation or accidental atmospheric contamination. Food preparation 

methods reported to increase PAH levels include smoking, grilling, 

barbequing (mainly because exposure to smoke), charbroiling and deep 

frying (mainly because of exposure to oil).(9)  

 

ii) Tobacco smoking 

Tobacco smoking is positively associated with carcinogenic urinary PAH 

biomarker, 1-OHPG.(78) It is reported that 99% of PAH urinary excretion is 

attributable to active smoking and consumption of food containing PAHs, in 

individuals who are not occupationally exposed to PAHs.(80) Whilst 

smokers are reported to have up to ten times the amount of 1-OHPG 

compared to non-smokers, second hand smoking is also associated with 

high levels of 1-OHPG.(9) 

 

iii) Opium use 

Opium consumption regardless of route of use, is positively associated with 

three PAHs, 1-hydroxynaphthalene, 3-hydroxyfluorene, and 1-

hydroxypyrene.(81)  

 

iv) Occupational exposure 

Occupational exposure to carcinogens is an important risk factor of ESCC. 

The main carcinogen implicated in occupational exposures associated with 

ESCC is PAH. Exposure levels vary between occupations, with high levels 

of PAH exposure reported for the following occupations: foundry workers, 

chimney sweeps, blast furnace and coke-oven workers, vendors of broiled 
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food, and steel plant and waste incineration workers.(9) Route of exposure 

is mainly inhalation and dermal.  

 

v) Indoor air pollution 

A major source of indoor PAH exposure is through the combustion of solid 

fuels for heating or cooking. In Chinese homes where coal is used for 

cooking and heating, high levels of PAH were found in indoor air.(9) Studies 

from South Africa, Kenya and Zambia have reported an association 

between indoor air pollution from heating and cooking fuel and ESCC 

development.(79, 82-85). The Golestan Cohort study also reported 

increased risk of ESCC from PAH exposure through indoor air pollution.(40) 

In a systematic review on the role of biomass fuel (wood, charcoal, coal, 

dung, and crop residues) in ESCC development, the authors reported that 

use of biomass fuel for heating and cooking was associated with ESCC 

development, due to smoke exposure.(86) Africa and Asia were reported to 

have the highest risk. 

 

vi) Environmental air pollution 

The main sources of atmospheric PAHs are from incomplete combustion of 

solid fuels from natural, industrial, commercial, vehicular and residential 

sources.(9, 87) Atmospheric PAH can travel for long distances and 

eventually deposits onto vegetation, soil and water bodies.(87) 

 

1.4.8 Esophageal injury 

1.4.8.1 Hot food and beverages 

Esophageal thermal injury due to consumption of hot food and beverages has been 

associated with increased risk of ESCC. This includes hot teas and hot porridge. Hot 

beverages have been classified as probably carcinogenic to humans (Group 2A).(15) 

Hot beverage temperatures of 650C or higher have a positive association with ESCC 

development.(15, 88) High tea temperatures have been reported to be associated with 

ESCC in a number of populations including Kenyan, Tanzanian, Chinese, Iranian and 
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South American populations.(15, 40, 77, 88-91) There has been an increase in studies 

assessing the role of hot tea as a risk factor for ESCC in African populations.(35) 

ESCC development due to hot substance consumption can occur in a number of 

biological pathways. Firstly, the thermal injury from hot beverages can result in 

activation of the immune system, i.e., heat shock proteins, cytokines, and chemokines. 

This may result in chronic inflammation which will affect the intracellular signaling 

pathways and thereby facilitating the occurrence and survival of mutant cells and 

subsequently tumorigenesis.(15, 88) Secondly, esophageal thermal injury may result 

in the formation of endogenous nitrogen species, followed by formation of 

nitrosamines which are classified as Group 1 human carcinogens and mutagenic.(15) 

Another pathway is that thermal injury may allow for carcinogens in the beverage or 

food to permeate the esophagus.(15) 

It has been established that high levels of PAHs are present in the mate beverage of 

South America. The anti-carcinogenic effects of tea leaves constituents have been 

established in a number of animal and some human studies, it however remains 

uncertain whether the consumption of tea or coffee at lower temperatures is protective 

of cancer development.(15, 92) Certain brands of black tea have been reported to 

contain PAHs, whilst certain teas, due to method of processing or preparation, can 

contain heavy metals, dioxins, fluoride, pesticides, and mycotoxins.(15) There is 

however, a lack of epidemiological evidence to support the theory of intraluminal 

carcinogens due to thermal injury as a risk factor for ESCC. Finally, thermal injury can 

also stimulate the proliferation of esophageal epithelial basal cells, and this has been 

confirmed by the increase of Ki-67 and CK-14 and decrease in CK5 positive cells on 

immunohistochemical analyses following thermal injury.(15) A major limitation in this 

research area is that most studies rely on self-reporting, which may not be accurate. 

Overall, more research is needed in this area. 

1.4.8.2 Self-induced vomiting 

In Africa, the role of self-induced vomiting and ESCC risk has almost exclusively been 

studied in two South African studies.(93, 94) Induced vomiting is done as a part of the 

indigenous traditional rituals with various methods to induce vomiting which include 

use of salt water, traditional medicine, warm water, holy water, and vinegar water.(93) 
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The two studies show conflicting results with one study reporting an association 

between induced vomiting and the other not.(93, 94) Self-induced vomiting is also a 

common practice in people with bulimia nervosa, and some studies have indicated an 

increased risk for ESCC in these patients who have no history of other major ESCC 

exposures. Self-induced vomiting may result in esophageal injury that can cause 

chronic inflammation of the esophagus and subsequently tumourigenesis.(93) The 

weakening of the esophageal epithelium may also allow carcinogens which may be 

present in the traditional emetics to permeate. 

1.4.9 Oral Health 

Poor oral health is an independent risk factor for ESCC, reported in a number of 

studies.(15) Both poor oral health and poor dentition have been associated with 

esophageal squamous cell dysplasia(95) and ESCC development in a number of 

countries including India(96), Kenya(97), China(98), Iran(40, 99), Japan.(100) A 

multicentric study including countries in Latin America (Argentina, Brazil, and Cuba), 

and Europe (Russia, Romania, and Poland) reported that periodontal disease 

increased the risk of ESCC development(101). However, in a cohort study from the 

USA consisting of 51,529 men followed up for 18 years (1986-2000), no association 

was reported between periodontal disease or tooth loss and EC.(102) In the Linxian 

Dysplasia Nutrition Intervention Trial Cohort done in China, which included a 30-year 

follow-up, moderate tooth loss was reported to be associated with an increase in 

ESCC mortality.(103)One African study which comprehensively looked at the role of 

oral hygiene as a risk factor for ESCC was done in Kenya by Menya at al.(97), and 

found significant associations between tooth loss and decayed teeth and ESCC 

development.(97) Another Kenyan study reported an association between tooth loss 

and ESCC. (79) It is yet unclear whether good oral hygiene induces protective or 

preventative effect on ESCC, whether it alters the oral microbiome or if it removes 

possible carcinogens from teeth.(15) 

The oral microbiome, which colonizes the oral cavity, comprises 700 bacterial 

species.(2) It has been reported that a balance in the oral microbiome is crucial in 

maintaining oral health, hence poor oral health is linked to an imbalance in the oral 

microbiome.(2) The oral microbiome plays a role in tooth decay and periodontal 
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disease.(2) Studies have shown that people diagnosed with ESCC have lower salivary 

microbial diversity compared to healthy controls.(2) It is also hypothesized that 

individuals with low oral microbial richness are at higher risk of esophageal squamous 

dysplasia.(2) The hypothesised biological pathways for the oral microbiome are that 

the oral microbial species: 1) Facilitate the production of a carcinogen, e.g., nitrite to 

nitrosamines or ethanol to acetaldehyde, or 2) Induce systemic inflammatory 

processes.(15) 

1.4.10 Mycotoxins 

Mycotoxins are secondary toxic metabolites produced by fungi, and encompass a 

class of toxins including fumonisins, aflatoxins, ochratoxin A, zearalenone, 

deoxynivalenol, diacetoxyscirpenol, nivalenol and trichothecenes.(15, 104) They 

mainly affect agricultural commodities and therefore can be inhaled, ingested or 

absorbed through skin. They are implicated in a number of diseases in both humans 

and animals. In humans, mycotoxin exposure has been reported to be associated with 

allergies, immunosuppression, hepatocellular carcinoma and renal cell carcinoma.(15) 

Their role on ESCC development is contested among scientists. High levels of 

fumonisin contamination have been reported in the ESCC high risk areas of South 

Africa, Iran and China.(105-111) Additionally, the recorded farming and dietary pattern 

change of maize to sorghum in the South African population and in the Italian 

population (after World War II), is reported to be associated with increased rates of 

OC in these countries.(15) This is because sorghum does not facilitate the growth of 

fusarium fungi, whereas maize does.(15) Sorghum is the staple diet in Nigeria, and 

ESCC is rare in the population.(15) In South Africa contaminated maize had also been 

reported to be used to make traditional or homemade beer, hence mycotoxins have 

been found in these beverages.(112, 113) Consumption of maize beer made with 

contaminated maize has been reported to be associated with ESCC.(112) This 

provides with a potential additive pathway in the risk to ESCC. However, no studies 

have been done to assess if there are additional carcinogens present in the 

homemade beers responsible for the increased risk. 

Mainly fumonisins and aflatoxins have been associated with ESCC.(104) The 

mechanism of action for fumonisins is still unclear, but is postulated to be non-
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genotoxic.(104) Other pathways include oxidative damage, disruption of lipid 

metabolism, apoptosis and inhibition of sphingolipid metabolism.(104) Fumonisin B1 

is classified by IARC as possibly carcinogenic to humans (Group 2B), as there is 

compelling evidence from animal studies, but a lack of epidemiological evidence. In a 

prospective nested case-control study done in China, no significant associations were 

found between sphingolipid levels, which are biomarkers of fumonisin exposure, and 

ESCC incidence.(114) 

1.4.11 Sex hormones 

The current evidence on the role of sex hormones in ESCC development is inadequate 

and unclear. In a study done on the Survival Epidemiology and End Results (SEER9) 

dataset from 1977–2004, patients who developed prostate cancer had a reduced risk 

of EAC and ESCC.(115) It is unclear whether the androgen deprivation therapy for 

prostate cancer patients, contributed to this low risk, or if changes to lifestyle following 

a prostate cancer diagnosis contributed to this reduced risk.(115) Other confounders 

may also be responsible such as socioeconomic status or study biases.(115) In 

another study mutations in the androgen receptor genes were reported to be 

associated with ESCC development.(116) In animal studies, oestrogen is reported to 

have an inhibitory effect on esophageal tumour growth mediated by the oestrogen 

receptors.(117) In a case-control study done in Iran, female hormonal factors were 

reported to have a protective effect of ESCC risk.(118) However the evidence has 

been inconsistent and confounded by other factors. There has also been a lack of 

human and epidemiological studies to confirm these hypotheses. The reason for the 

difference of ESCC incidence rates between men and women in certain regions of the 

world, therefore, remains to be elucidated. 

1.4.12 Environmental geochemistry 

The high incidence of ESCC has been reported to have a geochemical 

contribution.(53) The peculiar distribution of ESCC high incidence along the African 

Cancer Corridor or the East African Rift Valley has not been adequately explained. 

Incidence rates in this corridor have been reported to be as high as 20-fold compared 

to West Africa, and the argument is that this difference cannot be entirely attributable 
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to the established risk factors such as tobacco and alcohol.(53) The “Rift Valley 

Hypothesis” has been brought forward by McCormack et al. to explain the high 

incidence rates in this region.(119) Due to its volcanic pact, this region has distinctive 

physiography and residential altitudes are often above 2,000 meters and a near 

surface lithology of volcanic rock-types and subsequently a unique geochemistry.(53) 

This physiography is reported to yield a severe enrichment and depletion of both 

essential and possibly toxic elements in soil, groundwater and surface water.(53) The 

disease profile in the region is also distinct, with nonfilarial elephantiasis 

(podoconiosis), upper respiratory tract infections, Rift Valley fever, dental, skeletal 

fluorosis.  Iodine deficiency as well as other trace element deficiencies are also 

common in this region. One hypothesis that has been put forward is micronutrient 

deficiencies, which has been described in section 4.4: Diet. More inter-disciplinary 

studies are needed to elucidate the role of environmental geochemistry in the aetiology 

of ESCC and confirm the current hypotheses and observations. 

1.5 Genetic risk factors for ESCC 

Genetic factors contribute to the increased risk of EC development. Genetic basis and 

susceptibility to ESCC has been studied, with reports of genomic alterations resulting 

in tumour development. (120, 121) It is important to note that the majority of the gene 

variants including single nucleotide polymorphisms (SNPs), nucleotide deletions and 

insertions are considered non-pathogenic with many having unknown effects and 

others contributing to differences between humans. Only a few variants have been 

directly associated with the development and progression of ESCC. Genetic variants 

reported in various types of cancers can be classified according to the new 2017 

guidelines by the Association for Molecular Pathology, American Society of Clinical 

Oncology, and College of American Pathologists using a four-tiered system.(122) The 

tiers are as follows: tier I, variants of strong clinical significance; tier II, variants of 

potential clinical significance; tier III, variants of unknown significance; and tier IV, 

variants of known insignificance (i.e., likely benign or benign). Further elaboration of 

classification is recommended for somatic variants according to level of evidence and 

clinical significance in diagnosis, prognosis and therapeutics as shown in Table 2. 
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Table 1.7: Categorization of somatic variants into four tiers according to the Association for Molecular 
Pathology, American Society of Clinical Oncology, and College of American Pathologists 2017 
guidelines 

 

The reporting and classification of germline variants can be done according to a Joint 

Consensus Recommendation of the American College of Medical Genetics and 

Genomics and the Association for Molecular Pathology .(123) The recommendation 

states that Mendelian disorders be classified in five categories as :‘pathogenic’, ‘likely 

pathogenic’, ‘uncertain significance’, ‘likely benign’, and ‘benign’, taking into 

Tier 

l 

Variants of strong 

clinical significance 

ll 

Variants of potential 

clinical significance 

lll 

Variants of 

unknown clinical 

significance 

lV 

Benign or likely 

benign variants 

Level of 

significance 

Therapeutic, 

prognostic and 

diagnostics 

 

Therapeutic, 

prognostic and 

diagnostics 

 

  

Level of evidence Level A 

FDA approved 

therapies and 

included in 

professional 

guidelines 

 

Level B 

Well powered 

studies with expert 

consensus 

Level C 

FDA approved 

therapies, or 

investigational 

therapies, and 

multiple small 

published studies 

 

Level D 

Preclinical trials or 

few case reports 

Absence of 

convincing 

published data 

Absence of 

published data 

Stellenbosch University https://scholar.sun.ac.za



 

 

32  

consideration types of variant evidence i.e., population data, computational data, 

functional data, segregation data e.t.c.(123) 

1.5.1 Genetics 

ESCC has both an inherited and cellular genetic basis. (4, 121) Familial syndromes 

which have been associated with increased risk of malignancy include Tylosis and 

Fanconi anaemia.(4) Somatic mutations have been identified using DNA sequence 

analysis for targeted genes. Whole genome sequencing (WGS) and whole exome 

sequencing (WES) techniques have been reported to provide more comprehensive 

results in terms of mutation signatures.(124) Associations between genetic variants 

and risk of developing ESCC have been determined using genome wide association 

studies (GWAS) in Chinese and European studies.(4) GWAS involves high throughput 

genotyping which can identify genetic associations with a disease.(4) GWAS uses 

SNPs, to find which allele is more common in people with a specific disease than not. 

Overall, GWAS studies on African populations are scarce. The National Human 

Genome Research Institute–European Bioinformatics Institute (NHGRI-EBI) GWAS 

Catalogue, which contains information on over 4,346 published GWAS studies across 

more than 4,933 diseases and traits, shows limited geographic and demographic 

diversity.(125, 126) For cancer research the majority are European-ancestry groups 

which make up 86.15% of all GWAS participants, in contrast with 0.09% African, 

13.29% Asian, 0.05% African-American and Afro-Caribbean, and 0.42% Hispanic or 

Latin American ancestries.(125) Figure 4 shows the total GWAS participants diversity 

by country according the GWAS Diversity Monitor.(126) WGS and WES studies have 

also improved knowledge on molecular signatures responsible for diseases, mostly in 

western and Asian populations.  
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Figure 1.4: Total GWAS participants diversity according to the GWAS Diversity 
Monitor for 4,933 diseases and traits. Reproduced from 
https://gwasdiversitymonitor.com/ Accessed 11/05/2020 

Genes which have been implicated in the development of ESCC include 

phospholipase c epsilon 1 gene (PLCE1), caspase 8 gene (CAP8), runt-related 

transcription factor 1 (RUNX1), checkpoint kinase 2 (CHEK2), phosphodiesterase 4D 

(PDE4D), trans-membrane protein 173 (TMEM173), tumour protein 53 (TP53), and 

human leukocyte antigen (HLA).(4) A WGS study done by Liu et al. (2016) revealed 

mutations associated with ESCC in the following genes: TP53, RB1, CDKN2A, 

PIK3CA, NOTCH1, and NFE2L2.(127) In South Africa, a genetic association study by 

Bye et al. (2012) detected variants in PLCE1 gene associated with ESCC 

development.(128) Other studies done in South Africa have shown associations with 

variants in GSTP1, CYP2E1, SULT1A1 and CYP3A5.(129) A few studies in Africa 

have reassessed SNPs which were identified to be associated with ESCC in Chinese 
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GWAS studies, and only two studies carried out WES.(127, 130, 131) A number of 

systematic and meta-analyses have confirmed several genetic association to ESCC. 

However, these studies have been exclusively reported in the Western and Asian 

populations. Many early studies reported significant associations between various 

genes and risk of ESCC(132-139) but few of these findings replicated in GWAS, the 

gold standard for delineating genes associated with human diseases. At this time, no 

GWAS of oesophageal cancer in Africans have been published and validation of the 

current hypotheses awaits this more definitive study design.  

In a recent study, 552 ESCC genomes from eight countries were assessed with the 

aim of elucidating the driving factors of the global variation in ESCC.(140) The authors 

combined whole genome sequencing and mutational signature analysis with 

epidemiological questionnaire data to assess if a specific environmental mutagen is 

driving the difference in ESCC global incidence.(140) The countries studies comprised 

of : Brazil, China, Iran, Japan, Kenya, Malawi, Tanzania and United Kingdom, and the 

risk factors assessed were tobacco smoking and alcohol consumption, hot food and 

drink consumption, indoor air pollution and opioid use. The authors found no evidence 

of a mutational signature linked to an environmental exposure which could explain the 

global difference in ESCC incidence.(140) 

1.5.2 Epigenetics 

Epigenetic modifications resulting from DNA methylation and histone modifications are 

associated with gene silencing, and other mechanisms that control gene 

expression.(141) Whilst these modifications occur naturally to regulate gene 

expression in the body, disruptions can occur due to changes in the internal body 

environment, genetic predisposition, exposure to environmental carcinogens, and 

lifestyle factors resulting in tumour development. Aberrant epigenetic modifications, 

particularly hypermethylation, have been reported to be associated with ESCC 

development.(3, 142) Hypermethylation of the CDKN2A (p16INK4a) tumour 

suppressor gene was reported to be associated with ESCC development.(3) This 

hypermethylation is associated with loss of expression and high grade tumours.(3) 

Another common epigenetic modification associated with ESCC development is 

hypermethylation of the MGMT gene.(3) MGMT hypermethylation results in a reduced 
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level of MGMT protein, which plays a role in repairing DNA damage caused by the 

environmental carcinogens, nitrosames.(3) A summary of genes reported to be 

hypermethylated in ESCC, according to a review by Kaz et al.(3) is shown in Table 4. 

The table also includes percentage of hypermethylation which occurs in specific genes 

of ESCC patients.  

Table 1.8: Frequency of hypermethylation of genes studied in ESCC cases. [Table adapted from Kaz 
et al.] 

Official Gene 

Symbol (NCBI) Full name 

Frequency of 

hypermethylation 

(%)1 Reference 

CDKN2A Cyclin-dependent kinase 

  

40 – 62 Guo et al 2006(143) 

    

    

    

    

MGMT O-6-Methylguanine-DNA 

 

33 – 39 Guo et al 2006(143) 

    

APC Adenomatous polyposis 

 

50 Kawakami 2000(149) 

p14ARF Protein product of CDKN2A 15 Xing et al 1999(147) 

p15INK4b Protein product of CDKN2A 12 Xing et al 1999(147) 

DAB2 Disabled 2 20 Anupam et al 2006(150) 

HIN-12 High in normal 1 50 Guo et al 2008(151) 

MLH1 MutL Homolog 1 23 Guo et al 2006(143) 

RARB Retinoic acid receptor β2 36 – 70 Guo et al 2006(143) 

    

    

CDH1 Cadherin-1 34 Guo et al 2006(143) 

DAPK1 Death-associated protein 

  

26 Guo et al 2006(143) 

ECRG4 Esophageal Cancer 

    

60 Yue et al 2003(154) 

FHIT Fragile histidine triad 45 – 69 Noguchi 2003(155) 

GNG7 G protein gamma 7 41 Ohta et al 2008(156) 

TMEFF2 Transmembrane protein 

  

    

 

54 Zhao et al 2008(157) 

VHL von Hippel-Lindau tumour 

 

13 Kuroki et al 2003(153) 

RASSF1 Ras association domain 

   

51 Kuroki et al 2003(153) 

CADM1 Cell adhesion molecule 1 50 Ito et al 2003(158) 

UCHL1 Protein gene product 9.5  42 Mandelker et al 2005(159) 

RPRM Reprimo, TP53 dependent 

   

 

13 Hamilton 2006(160) 

SST Somatostatin 54 Jin et al 2008(161) 

CDH13 Cadherin-13 19 Jin et al 2008(162) 

TAC12 Tachykinin-1 50 Jin et al 2007(163) 
NELL1 Nel-like 1 12 Jin et al 2007(164) 

1Frequency of hypermethylation; percentage of cases demonstrating methylation of given gene 
2NCBI gene symbol not found for the gene 
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1.5.3 Gene and protein expression 

Gene expression is the process of transcription which results in phenotypic 

manifestation of genes. Gene expression also encompasses the regulation of these 

processes. This directional flow of information from DNA to RNA (transcription) and 

from RNA to protein (translation) is called the Central Dogma of molecular 

biology.(165) Whilst proteins dictate cell function, the amount and types of RNA in cell 

also reflect the function of the cell, making transcription the key control point for gene 

expression. Gene expression analysis determines the pattern of genes expressed at 

the transcription level, and identifies key genes and biological pathways associated 

with disease development, progression, and survival.(166) Gene expression can be 

analysed by microarray based or RNA sequencing approaches. Useful methods for 

studying transcriptional control and protein expression promoter analysis, protein 

expression profiling, and post-translational modification analysis.  

Few studies have analysed gene expression in EC. Differential mRNA expression 

analysis has identified a number of genes and pathways associated with EC, and 

these include KRAS, SPARC, SPP1, FOXM1, WDR66, PTGS2, V-ATPase genes, 

tumour suppressor genes, and PI3K signalling pathway.(167-170) Non coding RNAs 

have been implicated in EC development, particularly long non-coding RNAs 

(lncRNAs) and microRNAs (miRNAs), which can either be tumour promoters or 

suppressors.(171) A number of miRNA have been reported to dysregulated in 

EC(172), with miR-145, miR-30a-3p, miR133a and miR-133b reported to be tumour 

promoters.(173, 174)  

1.5.4 Gene–environment interactions  

Gene-environment interactions and combined effects occur when a person’s genotype 

is susceptible to environmental exposures, which may lead to disease formation.(175) 

Understanding these interactions brings clarity to the aetiology of diseases, particularly 

ESCC, whose risk factors include both genetic and environmental factors.(175) 

Knowledge of gene-environment interactions is important in identifying populations 

and individuals at a higher risk, in order to make informed decisions on prevention 

interventions and treatment strategies.(176, 177) The diverse geographical pattern 
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apparent in ESCC incidence suggests gene-environment interactions play a role in the 

aetiology and disease progression. This means that individuals with genetic variations 

associated with ESCC may be at an increased risk for developing the malignancy if a 

particular environmental factor is present or absent. In a study done by Bhat et al. 

(2017), variants in the CYP2D6 gene were reported to be associated with tobacco 

smoking in a population in India.(178) CYP2D6 belong to the phase I xenobiotic 

metabolizing enzymes.(178) However, there have been few studies which have 

analysed the role of CYP2D6 in ESCC development in the presence of tobacco 

smoking. More studies are needed to ascertain if testing for CYP2D6 variants in ESCC 

patients exposed to tobacco can be recommended. The CYP2C19*2 allele has 

combined effects with drinking hot tea and eating pickled vegetables in a Chinese 

population.(179) The CYP2C19*2 allele is additionally associated with reduced activity 

of the enzyme cytochrome p450 2C19 (CYP2C19) which is involved in drug 

metabolism.(179)  

1.5.4.1 DNA adducts and cancer 

The genotoxicity of chemical carcinogens occurs through various pathways including 

formation of DNA adducts, DNA strand breaks, DNA-protein crosslinks, sister 

chromatid exchanges, chromosomal aberrations, and formation of micronuclei.(180-

182) Chemical carcinogens have the ability to form covalent bonds with DNA. This 

results in DNA adducts which reflect exposure to carcinogens.(183) PAH-DNA 

adducts have been reported to cause genetic changes and mutations in proto-

oncogenes and tumour-suppressor genes that can initiate carcinogenesis.(9, 184) 

Another mechanism of action of PAH-DNA adducts is through the generation of 

reactive intermediates through a one-electron oxidation process which may result in 

chemical alkylation of DNA and potentially mutagenic depurination.(9) DNA adducts 

are used as biomarkers of chemical/toxic exposure and for human risk assessment. 

Their quantification and analysis sheds more light on their association with cancer risk 

and carcinogenesis.(184) In a study done in 2010 by Marjani et al., on an Iranian 

population, the number of PAH-DNA adducts found in ESCC tissue biopsies was 

significantly higher than that in esophageal tissue from controls.(75) The study 

established that PAH-DNA adducts have the potential to be used as biomarkers for 

PAH exposure and ESCC risk.(75) 
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1.6 Tools and techniques for assessment of risk factors in cancer 

research 

Numerous tools and techniques are used in assessing risk factors in cancer research. 

These include animal, biomonitoring and human observational studies (Figure 5). 

Research on cancer risk factor aids in the understanding of carcinogenesis and in the 

identification of new approaches to disease prevention and treatment. Additionally, the 

data generated from cancer research focussed on risk factors can be used to lobby 

regulatory bodies and other stakeholders to set safety standards that reduce exposure 

to carcinogens and mutagens associated to cancer development.  
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Figure 1.5: A summary of tools and techniques used in the assessment of risk factors in cancer research 
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1.6.1 Epidemiological study designs 

Epidemiology is essential in the assessment of risk factors for cancer. The basic 

elements of epidemiological studies include(185):  

I. Formulation of the research question or hypothesis 

II. Selection of study populations and study samples 

III. Selection of indicators of exposure 

IV. Measurement of exposure and disease 

V. Analysis of the relationship between exposure and outcome 

VI. Evaluation of the role of biases  

VII. Evaluation of the role of chance 

 

The main types of epidemiologic study designs include descriptive studies, analytical 

or observational studies, and experimental or intervention studies.(185) These study 

designs can be used in the assessment of risk factors associated with cancer. 

Descriptive studies examine the patterns of occurrence of disease according to 

person, place, and time.(185) Analytical studies test a specific hypothesis and can be 

divided into four groups; ecological, cross sectional, case-control and cohort 

studies.(185) In ecological studies associations between exposures and outcomes are 

assessed for entire populations or groups of people in different geographical regions 

at a single point in time. Cross-sectional studies assess exposure outcomes from a 

subset of a population at a specific point in time. Cohort studies investigate risk of 

specific health outcomes for individuals over a period of time. Case-control studies 

assess outcomes due to exposure by comparing individuals who already have the 

outcome (cases) versus individuals from the same population who do not have the 

outcome (controls). Experimental studies include the introduction of an intervention 

into the study to assess the cause and effect of an exposure. They also include 

randomisation of the study cohort into two groups, the exposure group and the control 

group.  
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Questionnaires are commonly used for collection of data used in exposure 

assessment for epidemiological studies. This is because in most cases they provide 

the most efficient data collection method. Questionnaires can either be self-

administered or administered by an interviewer over several platforms including face-

to-face, handed out, mailed, over-the-phone interview, online form, questionnaire 

diaries and obtaining information from a proxy responded in the case of death.(186) 

Statistical tests commonly used to analyse data from the questionnaire include 

univariate or multivariate logistic regression models, or cox proportional hazard 

models. These statistical analyses provide with quantifiable risk/odds of developing 

the disease or risk/odds of dying from the disease due to a specific risk factor. Data 

from these studies can be critically appraised and synthesized qualitatively or 

quantitatively using systematic reviews and meta-analysis. Systematics reviews and 

meta-analysis can validate the role of reported risk factors and provide aggregated 

effect sizes.
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Table 1.9: Advantages and disadvantages of epidemiological study designs 

Method Summary Advantages Disadvantages 

Case-control studies Measurement of 

exposures 

retrospectively in 

diseases and non-

diseased individuals 

 Assessment of multiple 

exposures 

Suitable for rare 

diseases with long 

latency periods 

Relatively cost effective, 

efficient often less time 

consuming 

 

Recall bias 

Sampling bias 

Multiple outcomes 

cannot be assessed 

Reverse causation 

Calculation of 

prevalence, incidence, 

population relative risk 

or attributable risk not 

possible 

Confounding factors 
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Cross-sectional studies Assessment of existing 

disease and current 

exposure levels at one 

point in time 

Quick and inexpensive 

Good for hypothesis 

testing 

Assessment of multiple 

exposures and 

outcomes 

Estimations of 

prevalence 

Cannot provide cause 

and effect 

Recall bias 

May miss latent disease 

Confounding factors 

Cohort studies Assessment of outcomes 

for exposed and non 

exposed participants 

prospectively or 

retrospectively 

Low recall bias 

Multiple outcomes can 

be assessed 

Can measure population 

based incidence rates 

Can assess rare 

exposures 

 

More prone to selection 

bias 

Can be expensive and 

time consuming 

Sampling and observer 

bias 

Study non-response  

Loss-to-follow-up 

Confounding factors 

Ecological studies Assessment of  

population-level effect 

Assesses health status 

and needs of 

community 

Ecological fallacy 
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of exposures on a 

disease  

Generation of a 

hypothesis 

Randomised control 

studies 

Experimental studies 

where 

exposure/treatment is 

assigned 

Has the least biases of 

all the study designs 

Expensive 

Loss-to-follow-up 

Has to take intention to 

treat into considerations 

Not all 

exposures/treatments 

are assignable 

Randomization issues 

due to crossovers and 

non compliance 
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Meta-analysis Aggregated data 

analysis from multiple 

individual studies 

Increases external 

validity  

Method easily replicable 

Analysis done according 

to rigorous rules 

Increases statistical 

power 

Improves effect size 

estimates 

 

Adjustment of 

confounders can only 

be done for the 

individual studies 

Publication bias 
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1.6.2 Biomonitoring study designs 

Human biomonitoring studies 

Human biomonitoring is the measurement of exposure to chemicals or their 

metabolites in human bodily fluids (blood, urine, saliva and breast milk) and tissues 

(hair, nails, fat and bone).(187) This allows for the quantification of potentially toxic 

chemicals to humans, extent of exposure and how these exposures may be changing 

over time and most importantly, the health risks associated.(187) The data from 

human biomonitoring studies can also be used as evidence to support policy making 

and health impact assessments with the overall agenda of reducing exposure to toxic 

and carcinogenic chemicals.  

According to the European Union’s (EU) 7th Environmental Action Programme of 2013, 

human biomonitoring is an important tool that can provide “authorities with a more 

comprehensive view of actual exposure of the population to pollutants, especially 

sensitive groups such as children, and can provide better evidence from guiding 

appropriate responses”.(188) 

The analytical methodologies used in biomonitoring studies are mostly mass 

spectrometry based. A substance or biomarker/s of interest is identified which will 

guide the type of bio-specimen used and the assay used. The assays mainly used 

include inductively coupled plasma mass spectrometry (ICP-MS) for trace elements, 

gas chromatography mass spectrometry (GC/MS) or gas chromatography-tandem 

mass spectrometry (GC-MS/MS) for volatile organic compounds and their metabolites, 

and liquid chromatography-tandem mass spectrometry (LCMS/MS) for semi- and non-

volatile compounds and their metabolites.(189, 190) DNA and protein adducts are 

assessed using High Performance Liquid Chromatography (HPLC), Enzyme-Linked 

Immunosorbent Assay (ELISA), and immunohistochemical techniques.(191) 
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Environmental biomonitoring 

Environmental monitoring is the sampling and analysis of toxic chemicals, and bacteria 

in environmental media (soil, plants, air and water). It is an important aspect in the 

maintenance of both environmental and human health.(192) The assays used to 

detect and quantify contaminants in environmental media are also dependant on the 

type of contaminant and type of media. Assays similar to those mentioned under the 

human biomonitoring section are also used in environmental biomonitoring. 

Mutagenicity of environmental chemicals can also be investigated using laboratory 

organism with the Ames and Comet assays.(193) Ionizing radiation in the environment 

is measured using a Geiger counter. 

1.6.3 Animal studies in Esophageal Cancer 

Animal models play a significant role in understanding the pathophysiology of EC. This 

includes tumour-host interaction, environmental exposure assessment, mechanisms 

of metastasis, and the development of therapeutic interventions.(194-198) Laboratory 

animal models used in the EC research include rat (Rattus norvegicus), mouse (Mus 

musculus), rabbit (Oryctolagus cuniculus), guinea pig (Cavia porcellus) and hamster 

models (Mesocricetus auratus).(194)  

Three main rat models are used in EC studies. This includes the rat reflux model that 

is suitable for studying EAC, very few studies have used this model to study 

ESCC.(194) The model is appropriate to use in EAC due to the rat being larger in size 

compared to the mouse, additionally, the pathophysiology of EAC in the rat is similar 

to that in humans.(194) (199) Establishment of the model is normally done through 

esophagoduodenal anastomosis with total gastrectomy surgical procedure.(194) 

Development of the model usually takes 40 weeks. Second is the orthotopic xenograft 

implantation rat model which is used in ESCC studies. Human ESCC cells are injected 

subcutaneously into the cervical esophagus of athymic nude rats.(194, 200) The 

model develops in six weeks. In the chemical induction model, rats are subcutaneously 

injected with N-nitrosomethylbenzylamine (NMBA) for five weeks.(194) NMBA is a 

mutagen known to induce ESCC development in rats.(194) 
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There are five mouse models commonly used in EC studies. The subcutaneous 

xenograft model is the most common and mature mouse model used in EC studies. 

Human esophageal cancer cell lines are used to induce both EAC and ESCC but being 

injected into the dorsolateral flanks of immunodeficient mice subcutaneaosly.(194) 

The transgenic model has mice that are genetically modified and therefore the 

development of the model takes a shorter time. Induction of ESCC is mostly done by 

insertion of the Epstein–Barr virus ED-L2.(199) This is an early lytic cycle promoter 

that targets the cyclin D1 in the transgenic mouse model leading to dysplastic 

conditions in the esophagus.(194) Induction of EAC in the transgenic model is done 

through insertion of interleukin-1β cDNA into the Epstein–Barr virus ED-L2.(194, 199) 

This results in metaplasia of the esophagus similar to BE. The orthotopic xenograft 

model can be used to analyse both tumour development and metastasis, unlike the 

previous two models which are used to analyse tumour development. The model is 

developed by surgical transplantation of histologically intact human cancer fragments 

through a series of steps.(194, 199) The patient-derived xenograft model is similar to 

subcutaneous xenograft model apart from the fact that the immunodeficient mice in 

this model are injected with tumour biopsy cells from EC patients.(194, 199) The 

tumour takes three months to develop. Mice are the most commonly used animals for 

tumour xenograft models due to the fact that they have a comparable genome size 

with humans, a short reproductive cycle, large litter size, low maintenance expenses 

and are easy to manipulate.(199) Lastly, the chemical induction in transgenic model 

is one of the best mouse models (together with the transgenic model) to study 

ESCC.(194) The mutagens 4-nitroquinoline 1-oxide (4-NQO), NMBA, deoxycholate, 

and N-methyl-N-nitrosourea are used to induce ESCC.(194) It takes about 24 weeks 

for the model to develop post induction.  

Two rabbit models are commonly used in EC studies. The induction of tumour cells by 

surgical technique model is used in ESCC studies. ESCC is induced by surgically 

introducing the VX2 tumour cell suspension into the submucosal layer or muscular 

layer of the cervical esophagus, from the esophageal tunica adventitia.(194) The 

second model, endoscopic implantation model, has a similar induction method to the 

induction of tumour cells by surgical technique model, but the induction is done using 

an endoscope.(194) The endoscope introduces the tumour cells into the submucosa 
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of the esophagus. VX2 tumour cells lines can mimic human ESCC and are able to 

produce a variety of pathological characteristics.(194)  

Gastresophageal reflux model is used to study EAC in guinea pigs.(194) Development 

of the reflux model is done through perfusion of esophagus with HCl (containing 1 g/L 

pepsin) for 20 minutes/day.(194) Inflammation is induced due the acid, which develops 

into Barrett’s esophagus and subsequently EAC.(194) Whilst hamsters are commonly 

used for oral cancer, few studies have included them in EC. The benzo[a]pyrene (BP) 

induced model uses instillation of BP to induce ESCC in hamsters.(194)  

Animal models play a critical role in our understanding on EC, and in the development 

of effective drugs. They form the bridge from basic to clinical research and can 

complement in vitro studies. 

1.6.4 Genetic study designs 

In the past 15 years, the emergence of high throughput DNA sequencing technologies 

have dramatically transformed human genetics research and clinical diagnostics.(201) 

These technologies are collectively termed next generation sequencing (NGS). NGS 

includes WGS, targeted sequencing, metagenomics, transcriptome quantitation and 

sequencing, DNA methylation analysis, ribosome profiling and ChIP sequencing.(202) 

A summary of advantages and limitations of high throughput methods used in genome 

analysis are shown in Table 5.(203-208) Biospecimens used for analysis include 

blood, saliva, urine, stool and tumour samples. There are a number of NGS 

approaches including Illumina sequencing-by-synthesis (Solexa technology), Roche 

454 pyrosequencing, AB SOLID colour-based sequencing by ligation, Ion Torrent 

semiconductor sequencing and Single-molecule sequencing (PacBio, MinION, 

etc).(209) Types of variants detectable using NGS include large amplifications, large 

deletions, point mutations (SNPs), insertions/deletions, rearrangements, copy number 

variations (CNVs), and fusions/splice variants.  

Advantages of NGS compared to previous sequencing technologies i.e., Sanger 

sequencing, which was laborious, time consuming and expensive (dependant on 

number of genes analysed, fewer genes are less costly) were that(210): 
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I. They do not require electrophoretic separation of sequencing products 

II. They are relatively cheaper, and prices continue to decrease 

III. They are high throughput, whilst sanger sequencing allows for only one read (1 

kb), NGS allows for up to thousands of GB of DNA to be read on a single run 

on a single chip. 

IV. They have higher accuracy, due to the generation of multiple data points on a 

single nucleotide locus 

V. A single molecule of DNA can generate a nucleotide sequence, whilst in Sanger 

sequencing several thousands of copies of DNA are needed as input. 

 

One of the major drawbacks of NGS is that is produces short reads, this results in 

heavily fragmented genomes in the form of contigs.(210) Short reads have a restricted 

capacity to link independent variations present on the same DNA molecule.(210) 

Subsequently, NGS methods are not well suited to differentiate and phase alleles to 

their corresponding parental homologs, an important aspect in human genetics.(210) 

Additionally, detection and characterization of larger structural variants (SVs) is difficult 

with NGS. This is particularly important considering that SVs have been associated 

with the development of many diseases.(210) Finally NGS techniques are dependent 

on PCR which causes difficulties in amplifying regions of high GC content.(210) 

Following the introduction of NGS, Third-Generation Sequencing (TGS)/Long-Read 

Sequencing emerged. One of the main distinguishing features of TGS is the single-

molecule sequencing (SMS) and sequencing in real-time which is not present in 

NGS.(210) The first viable TGS technology was produced by PacBio, called ‘single-

molecule real-time’ (SMRT) sequencing. A more recent TGS technology was 

produced by Oxford Nanopore Technologies (ONT) called Nanopore sequencing. A 

major feature of both SMRT sequencing and Nanopore sequencing is the production 

if long reads.(210) Other advantages of TGS methods, compared to NGS 

include(210): 

I. Generation of reads of up to tens of kilobase up to 1 Mb, compared to NGS 

which generates hundreds of base pairs 
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II. Lack of PCR amplification which results in less bias and increased homogeneity 

in genome coverage 

III. Enhanced performance in the analysis of repeated regions and SVs, haplotype 

phasing, and transcriptome analysis 

 

Disadvantages of TGS technologies, particularly Nanopore sequencing is the high 

error rate. Overall, TGS allows for the analysis of genomes, transcriptomes, and 

metagenomes at an unprecedented resolution.  The third revolution of sequencing is 

only at the beginning and new technologies and innovations will continue being 

introduced. 
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 Table 1.10: Summary of high throughput methods used in genetic analysis of human diseases 

Method Summary Advantages Disadvantages 

Whole genome 

sequencing 

(WGS) 

Sequencing of the entire genomic DNA 

sequence of an organism. Comprehensive 

characterisation of the genome, which is a 

starting point for the elucidation of function 

Provides complete coverage of the coding 

and non-coding regions of the genome. 

Has better determination of structural 

variants due to having reads longer than 

2×100 paired 

Easier fine mapping 

May be costly for developing countries 

Challenges in interpretation of data 

Storage and analysis issues due to large 

amount of data produced 

Relatively less accurate compared to SNP 

arrays 

Whole exome 

sequencing 

(WES) 

Entails targeting exonic regions of the 

genome.  

Ensures higher depth of coverage 

Provides a platform for creating custom 

panels 

Cheaper than WGS 

It only covers the protein coding regions of 

the genome 

Representation of genomic SV is limited 
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Targeted 

sequencing 

Detection of known and novel variants in 

selected sets of genes or genomic regions 

Rapid and cost effective Limited to only selected genes 

SNP arrays A type of DNA array used to detect SNPs 

in a DNA sample. It contains designed 

probes which can determine specific 

alleles in a given sample 

Relatively less costly compared to WGS 

Reliable and highly accurate 

Well established pipelines for analysis 

 

Genomic coverage is mostly restricted 

towards high frequency variants, and 

biased towards variants present in highly 

sequenced populations 

 

Methylation-

Sequencing 

(methyl-seq or 

bisulfite 

sequencing) 

Profiles the methylation status of genomic 

regions of interest with single nucleotide 

resolution 

Generates resolution at DNA level.  

High coverage of sparse CpG 

dinucleotides 

Effective in providing evidence of cytosine 

methylation 

Difficulty in distinguishing between 

methylated and hemi-methylated cytosine 

Low coverage of CGIs 
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ChIP-Sequencing In-situ genome- wide profiling of DNA-

binding proteins and histone and 

nucleosome modifications. 

Fast and well-studied. Compatible with 

both array-and sequencing based 

analysis, therefore possible to perform 

genome-wide analysis 

Unlimited dynamic range 

Multiplexing possible 

High throughput analysis of large numbers 

of single cells 

Relies on antibody specificity  

Requires a lot of tissue as input samples 

Low coverage of sequencing reads 

ATAC-

Sequencing 

Assay for Transposase-Accessible 

Chromatin (ATAC-seq) sequencing 

assesses genome- wide chromatin 

accessibility. Analysis uncovers how 

chromatic packaging and other factors are 

associated with gene expression. 

Requires no prior knowledge of regulatory 

elements 

Low number of cells as unput material 

Shorter experimental time compared to 

other methods 

Uses paired-end sequencing technology to 

map nucleosome positioning and 

ATAC-generated data contains 

mitochondrial DNA 

DNA fragments are joined at random by 

adapter, resulting in a 1 in 2 chances that 

the adapters at both ends of the adapter 

are the same. This produces unusable 

fragments. 

Low coverage of sequencing reads 
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occupancy, resulting in more accurate 

mapping.  

 

Metagenomics Sequencing and identification of genetic 

material from multiple taxa 

Ability to identify genetic material from 

different kingdoms of organisms 

simultaneously 

Analysis is hypothesis free. 

Difficulties in the interpretation of results 

due to contamination and colonization 

Difficulties in the selection and validation of 

databases used for analysis 

 

16S rRNA 

sequencing 

The use of 16S rRNA sequencing as the 

gold standard for identification and 

classification of bacterial species is 

because it is present in almost all bacteria.  

16S rRNA gene function has not changed 

over time 

The 16S rRNA gene is 1,500 bp, and 

therefore easy to process with basic 

sequencing methods and informatics. 

It is highly conserved between different 

species of bacteria and archaea therefore 

universal primers can be used. 

Data analysis can be done on pre-existing 

pipelines 

 

Sequences only a single region of the 

bacterial genome, unlike WGS which has 

more bacterial species per read 
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Ampliconsequenc

ing 

High throughput sequencing of a PCR 

product (amplicon) that targets a specific 

region of the genome 

It is ideal for the detection of rare variants. 

phase variation assessment, haplotype 

description of complex immune regions, 

detection of somatic variants in complex 

samples, taxonomic classification of 

microorganisms, validation and follow-up 

of WES, and genome editing 

Comprehensive reference databases 

available 

Functional annotations are inferential 

Low confidence in the characterisation of 

taxa at the species level 

Overestimation of richness 
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1.6.4.1 Global genomics project on cancer 

An interdisciplinary team of scientists from four continents recently embarked on a 

global genomics project which aimed to understand the full genetic complexity of 

cancer. The Pan-Cancer Analysis of Whole Genomes (PCAWG) Consortium 

performed the most comprehensive meta-analysis of cancer genomes to date, 

resulting in studies of 2658 tumours and 38 tissues.(211) Of these, 98 were EAC 

tumours. A total of six main papers were produced from the study with each paper 

assessing a key aspect of cancer genomics i.e. cancer drivers(212), non-coding 

changes(213), mutational signatures, structural variants, cancer evolution, and RNA 

alternations. 

In the first study, which focussed on the assessment of whole genomes, authors 

reported that 91% of the tumours had at least one identified driver mutation.(212) On 

average, cancer genomes contained four to five driver mutations, with coding and non-

coding genomic elements combined.(212) In 5% of the cases no cancer drivers were 

identified. Many of the tumours exhibited patterns of clustered mutations including 

chromoplexy (17.8% of samples), kataegis (65% of cancers), and chromothripsis 

(22.3% of samples).(212) Chromoplexy is the re-arrangement of co-occurring double 

stranded DNA breaks, normally on different chromosomes. Kataegis is a process 

where focal hypermutation occurs resulting in locally clustered nucleotide 

substitutions, with bias towards a single strand. Chromothripsis is a mutational process 

in which simultaneous DNA breaks occur (tens to hundreds) on one or few 

chromosomes with subsequent near-random stitching of fragments. 

In the second study, which explored the non-coding somatic drivers in the whole 

genomes, the authors used rigorous statistical models to reliably identify non-coding 

drivers.(213) Overall, the study showed that compared to protein coding driver, non-

protein coding drivers are rare. This may be due to low discovery power or low 

sequence coverage. The most frequently mutated non-coding driver was the TERT 

promoter, with mutations being associated with high TERT overexpression.(213) The 

TERT enzyme facilitates the uncontrollable division of tumour cells.(211) The authors 

reported recurrent somatic events in the 3′ UTRs of TOB1 (carcinoma and pan-cancer 

meta-cohorts), NFKBIZ (lymphomas) and ALB (liver cancer).(213) Significant 
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recurrence of mutations in the non-coding region of the tumour suppressor gene TP53 

were also reported.(213) The mutations were coupled with loss of heterozygosity and 

reduced mRNA expression levels.(213) Interestingly, previously reported non-coding 

drivers including the ncRNAs, NEAT1 and MALAT1 were found to not be genuine 

drivers.(213) 

Li et al(214) and Alexandrov et al(215) explored the mutational signatures in cancer 

together identified 97 signatures. In the study by Li et al(214), the authors developed 

methods for grouping, classifying and describing somatic structural variants. Structural 

variation occurs in the form in genomic segments rearrangements i.e. deletions, 

amplification and reordering.(214) The authors identified 16 signatures of somatic 

variants, and the roles of these structural variants were also ascertained.(214) 

Structural variants facilitate tumour development  by affecting cancer genes through 

copy number alteration, tumour suppressor gene suppression, creation of fusion 

genes, and the juxtaposition of one gene’s DNA and the regulatory apparatus of 

another.(214) This publication represents one of the first studies to discover 

reproducible structural variant signatures.(214) The study by Alexandrov et al(215) 

identified 79 structural somatic variants. These included 49 single-base-substitution, 

eleven doublet-base-substitution, four clustered-base-substitution and 17 small 

insertion-and-deletion signatures. New signatures were discovered with included, 

SBS31, SBS32, SBS35, SBS36, SBS42 and SBS44. 

In the 5th paper, Gerstung et al (216) characterised the evolutionary history of the 2568 

tumour samples and 38 cancer types. This was done by inferring timing and patterns 

of chromosomal evolution in each tumour type and learning the characteristic 

sequences of mutations.(216) This was the first large-scale genome-wide study to 

reconstruct the evolutionary patterns of cancer, by reconstructing precancer and later 

stages of 38 tumour types.(216) Progression of most precancerous lesions to tumours 

normally occurs over years to decades. This study corroborated this and further 

extended these timeframes to tumours without detectable precursor lesions.(216)   

The final paper, presented the most comprehensive catalogue of cancer-associated 

gene alterations to date, which was done by characterisation of tumour transcriptomes 
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from 1,188 donors in the PCAWG dataset.(217)  This is, to date, the largest resource 

of RNA phenotype and their underlying genetic mechanisms in cancer. Calabrese et 

al (217) used WGS data to explore associations between altered RNA expression and 

germline and somatic DNA alterations. Hundreds of single nucleotide variants were 

identified and were associated with expression of nearby genes. Somatic copy number 

alterations were the major mutational drivers of total gene and allele-specific 

expression.(217) The study revealed that 731 genes were recurrently altered by 

several mechanisms, including TP53 and GAS7.(217) Overall the study demonstrated 

that RNA analyses reveals cancer-associated pathway alterations that have not been 

discovered by DNA methods. 

1.6.5 Gene expression study designs 

There are an array of techniques used to analyse and quantify gene expression and 

its regulation. Older or low to mid-plex techniques include reporter gene assays 

(DNA regulation), northern blotting (RNA expression), western blotting (protein 

expression), fluorescent in situ hybridization (FISH) (identification and location of 

gene sequences), Reverse transcription polymerase chain reaction (RT-PCR) 

(detecting and quantifying mRNA). Gene expression data can also be determined 

using NGS techniques.(218, 219) These include microarray and RNA sequencing. 

Bioinformatics tools are used to annotate, filter and analyse variants associated with 

diseases and determine expression levels of mRNAs, miRNAs and lnc RNAs. 
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Table 1.11: Summary of high throughput methods used in gene and protein expression analysis of human diseases 

Method Summary Advantages Disadvantages 

RNA sequencing Profiles the transcriptome (mRNA, rRNA 

and tRNA etc). RNA- sequencing provides 

information on which genes are turned on 

or off in a cell, their level of expression, 

and what times they are activated or shut 

off. 

Direct, quantitative and high throughput 

method.  

Does not require a prior knowledge on 

genomic features.  

Suitable for gene, transcripts (including 

alternative gene spliced transcripts) or 

allele-specific expression detection 

Does not rely on previous sequence 

information 

High dynamic range with no saturation 

Direct sequence alignment, hybridisation 

not required,  

Has high sequence resemblance between 

alternatively spliced isoforms 

Relatively expensive compared to 

microarrays 

High powered computing facilities required 

Splice variants analysis complex 
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Microarray  Extensively studied method with well 

defined pipelines for analysis and well 

defined protocols for hybridisation 

High throughput and quantitative method  

Based on fluorescence therefore no need 

of radioactive probes 

Low cost compared to RNA sequencing 

Analysis is only for predefined sequences  

High variance detected for low expressed 

genes 

Reliant on hybridisations which can be 

non-specific 

Generally does not specify splice variants 

Limited dynamic range 

Complex data analysis 
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1.7 Rationale for the Study 

The geographical distribution of ESCC worldwide points to population-specific risk 

factors. Despite there being more data coming out from Western and Asian research, 

there is still a dearth of information regarding the etiology of ESCC, particularly on the 

role of genetic risk factors and the pathobiology of ESCC. There still remains a high 

level of uncertainty regarding the role of genetic, environmental and lifestyle risk 

factors. The questions which are currently unanswered for the African populations are: 

I. What are the genetic variants that are associated with ESCC development? 

II. What is the underlying molecular pathobiology driving EC development, 

progression?  

III. What is the role for gene-environment interaction in tumour development? 

IV. Which environmental and lifestyle factors increase susceptibility to ESCC? 

 

Answering these questions will not only bring in new and relevant knowledge on the 

disease but will also inform prevention, early screening and diagnostic strategies for 

ESCC. It will provide a platform to bring in solutions which are relevant to the African 

population. 

Scientific evidence has shown that ESCC etiology includes both genetic and 

environmental factors. Genetic variants that increase person’s susceptibility to 

develop tumours and mutations which induce tumorigenesis have been described in 

literature, more-so for the Western and Asian populations. Studies in Africa and South 

Africa are still lacking, and the contribution of genetic variants has not been fully 

resolved. Recently, in an African first, a study was done on a Malawian population 

(2016) looking at the genetic basis of ESCC using WES and RNA-sequencing (127). 

Some studies in South Africa have reassessed the polymorphisms found in the Asian 

studies on the South African population.(128, 129, 220). However, the studies 

highlighted the complexities of translating and analysing findings from one population 

to another. Whilst it is clear that more studies need to be done, the major hurdles that 

remain include having studies with small sample sizes and patient groups that were 
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not well characterized. A number of environmental factors have been described as 

well (4, 11, 36, 46, 49). Exposure to PAH and acetaldehyde has been reported to 

influence carcinogenesis. Such evidence in the African population has been indirect 

as no studies have looked at the direct measure of these exposures in individuals. 

Environmental factors, including PAH, acetaldehyde have been reported to influence 

carcinogenesis through host DNA damage and activation of oncogenic pathways (65, 

66, 175, 182, 221). PAH in particular has been reported to form DNA adducts. 

Carcinogen-DNA adducts are biomarkers of exposure, which are reported to cause 

genomic alterations which result in carcinogenesis.  

It is clear that gene-environment interactions and combined effects underlie EC 

aetiology. The diverse geographical pattern apparent in EC incidence suggests gene-

environmental interactions play a role in susceptibility, disease progression and 

survival. These interactions are important in identifying populations and individuals 

which may be at a higher risk, to make informed and personalized decisions on 

screening, prevention interventions and treatment strategies. They also shed light on 

disease aetiology. There have been very few studies looking at gene-environment 

interactions and combined effects for EC in Africa.  

Understanding the genetic basis and pathobiology of EC, and the link of the major 

environmental exposures to genomic alterations is what makes this study of interest 

to us. The high incidence of ESCC in South Africa, and the fatal nature of the disease, 

warrants a dedicated study on the genetic and environmental basis of disease, whose 

epidemiology differs from that of the West and Asia.  

1.8 Aims and objectives 

The aim of this study is to assess and characterise the role of genetic and 

environmental factors in the development of EC, and investigate the underlying 

molecular pathobiology using gene expression. This will be achieved through the 

following objectives: 
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1. Chapter 2: To assess all genetic risk factors for ESCC reported in relevant 

African literature using a systematic review  

2. Chapter 3: To assess all ESCC risk factors reported in relevant African 

literature using a systematic review and meta-analysis 

3. Chapter 4: To identify genes and pathways with differential mRNA expression 

in EC (EAC, ESCC and BE) using meta-analysis of DEGs and Gene Set 

Enrichment Analysis of GEO (Gene Expression Omnibus) datasets. 

 

1.8.1 Why is this PhD study of importance? 

This Introduction chapter gave an analysis of EC epidemiology as well as the current 

state of research activities being done worldwide. This global assessment highlighted 

that there is a plethora of risk factors associated with EC, some of which are globally 

significant whilst others are only locally/regionally relevant. The strength of the 

evidence for various risk factors are also inconsistent between studies. Therefore, a 

systematic review to assess the strength of the evidence across various 

epidemiological studies, and reporting of pooled estimates for various risk factors, was 

considered a necessity. Chapters 2 and 3 which are systematic reviews assessed the 

role of genetic factors, and environmental and lifestyle factors, respectively, giving a 

more in-depth analysis on the association of these risk factors on ESCC development, 

with a focus on African populations. The aim was to critically appraise the studies in 

order understand the merits, strengths and weaknesses of these studies included in 

the analysis, and to compute and analyse pooled risk estimates in order to determine 

the gravity of the evidence for ESCC risk factors in African populations. Assessing the 

genetic risk factors was particularly important in highlighting the research gaps which 

exists, considering the dearth of information on genetic studies from African countries. 

Gene-environment interactions were also described in the systematic review focussed 

on the role of genetic variants. Assessing the pathobiology of EC in chapter 4 provided 

an opportunity for further in-depth analysis into the genomics of EC through the 

analysis and identification of genes and biological pathways involved in its 

pathogenesis. This was achieved through leveraging available microarray data from 
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GEO datasets platform and performing a comprehensive meta-analysis of DEGs from 

multiple datasets. Insights on plausible environmental factors associated with the 

dysregulated pathways identified in the study were also discussed. The lack of data 

from African populations in this chapter highlights the lack of genetic studies in Africa, 

and the need for more research to be done. 
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2.1 Abstract 

Background: Esophageal squamous cell carcinoma (ESCC), one of the most 

aggressive cancers, is endemic in Sub-Saharan Africa, constituting a major health 

burden. It has the most divergence in cancer incidence globally, with high prevalence 

reported in East Asia, Southern Europe, and in East and Southern Africa. Its etiology 

is multifactorial, with lifestyle, environmental and genetic risk factors. Very little is 

known about the role of genetic factors in ESCC development and progression among 

African populations. The study aimed to systematically assess the evidence on genetic 

variants associated with ESCC in African populations. 

Methods: We carried out a comprehensive search of all African published studies up 

to April 2019, using PubMed, Embase, Scopus and African Index Medicus databases. 

Quality assessment and data extraction were carried out by two investigators. The 

strength of the associations was measured by odds ratios and 95% confidence 

intervals. 

Results: Twenty-three genetic studies on ESCC in African populations were included 

in the systematic review. They were carried out on Black and Admixed South African 

populations, as well as on Malawian, Sudanese and Kenyan populations.  Most 

studies were candidate gene studies and included DNA sequence variants in 58 

different genes. Only one study carried out whole exome sequencing of 59 ESCC 

patients. Sample sizes varied from 18 to 880 cases and 88 to 939 controls. Altogether 

over 100 variants in 37 genes were part of 17 case-control genetic association studies 

to identify susceptibility loci for ESCC. In these studies 25 variants in 20 genes were 

reported to have a statistically significant association. In addition, eight studies 

investigated changes in cancer tissues and identified somatic alterations in 17 genes 

and evidence of loss-off-heterozygosity, copy number variation and microsatellite 

instability. Two genes were assessed for both genetic association and somatic 

mutation.  

Conclusions: Comprehensive large-scale studies on the genetic basis of ESCC are 

still lacking in Africa. Sample sizes in existing studies are too small to draw definitive 

conclusions about ESCC etiology. Only a small number of African populations have 

been analysed, and replication and validation studies are missing. The genetic etiology 

of ESCC in Africa is, therefore, still poorly defined.  
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2.2 Introduction 

Esophageal cancer is an aggressive and fatal cancer of the digestive tract. It accounts 

for an estimated 455,800 new cases and 400,200 deaths per year globally, making it 

the 8th most common cancer in the world (1). The malignant tumours are characterized 

by two major subtypes; esophageal squamous cell carcinoma (ESCC), which is the 

more common type and contributes 90%, and esophageal adenocarcinoma (EAC) (2, 

3). ESCC presents with poor prognosis and low survival rate (<5%) in low resource 

settings (1, 4). The asymptomatic development of ESCC results in diagnosis at late 

stage for patients and is characterized by dysphagia. At this stage, treatment is limited 

to palliative care.  

ESCC is endemic in specific geographic locations worldwide and has the most 

divergence in cancer incidence globally, with high prevalence reported in East Asia, 

Southern Europe, as well as in Eastern and Southern Africa (3). This peculiar 

distribution draws questions on the specificity of certain risk factors to particular 

populations. The African ESCC corridor, which includes Ethiopia, Rwanda, Burundi, 

Malawi, Kenya, Uganda, Tanzania and South Africa, is an ESCC hotspot region (5, 

6). It has also been reported that in Sub-Saharan Africa ESCC develops in younger 

patients than in other regions (7).  

The etiology of esophageal carcinoma is multifactorial. The risk factors reported 

worldwide comprise several lifestyle, environmental and genetic factors (8-12). 

Growing evidence supports the hypothesis that genomic alterations and epigenetic 

modifications contribute to tumour development (13). ESCC has both an inherited and 

cellular genetic basis (3, 14). Familial syndromes associated with increased risk of 

malignancy include tylosis and Fanconi anemia (3). The majority of genetic studies on 

ESCC have been case-control association studies analysing single-nucleotide 

polymorphisms (SNPs) in various candidate genes. However, the reproducibility of 

these studies has been low. Some of the more common SNPs associated with ESCC 

have been identified in the aldehyde dehydrogenase 2 family gene (ALDH2) and an 

acetaldehyde dehydrogenase gene (ADH1B) (3). Variants in these genes have been 

shown to increase susceptibility to ESCC development, and they are also associated 

with alcohol consumption (3). Two meta-analyses published in 2018 reported 

associations between the genes MTHFR and GSTT1 and esophageal cancer 
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development (15, 16). However, the meta-analyses were done on predominantly 

Asian and Western populations. In recent years, the focus of ESCC research in the 

Western and Asian countries has shifted from candidate gene studies to genome-wide 

association studies (GWAS) and whole exome sequencing (WES) to identify variants 

associated with ESCC. Combined analysis of different study designs has provided a 

better understanding of ESCC etiology in Asian populations (3, 17). Genes with 

variants implicated in the development of ESCC in these populations include 

phospholipase c epsilon 1 (PLCE1), caspase 8 (CAP8), tumour protein 53 (TP53), and 

human leukocyte antigen (HLA) (3). 

The genetic etiology of ESCC in Africa is not well understood, since there have been 

very few studies on ESCC in African populations. This is in part due to the 

unavailability of adequate research infrastructure. A lack of comprehensive 

assessment and validation of existing evidence through systematic reviews has also 

contributed to this knowledge gap. A number of small studies on African populations 

have yielded varied associations between genetic variants and ESCC. There is, 

therefore, a need to systematically assess the current evidence in order to map out 

the contribution of genetic factors in the development of ESCC in African populations 

using critically appraised data.  

The aim of the current systematic review was to assess all genetic (cross-sectional, 

case-control, and cohort) studies reporting on germline and somatic variants where 

risk factor estimates were calculated. This was achieved through the following: 1) 

Critical appraisal of African literature on association of genetic factors to ESCC 

development; 2) Comprehensive analysis of genetic (germline and somatic) variants 

in the reported studies; 3) Data synthesis through pooled analysis, if feasible; and 4) 

Comparison of genetic variants identified in African populations to those reported in 

other geographic regions. 

2.3 Materials and methods 

We followed the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses guidelines (PRISMA)(18). However, because PRISMA is not a quality 

assessment tool, other instruments were used to assess quality control.  
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2.3.1 Data Sources and Search Strategy 

We carried out a literature search on all published African ESCC studies up to April 

2019. We developed a comprehensive set of search terms subjectively and iteratively. 

We searched the following electronic bibliographic databases without time or language 

limits: Medline (PubMed), Embase (OViD), Scopus, African index medicus, and Africa-

wide information (EbsCOHost). We also checked the reference lists of potentially 

relevant articles for additional citations, and used the "related citations" search key in 

PubMed to identify similar papers. 

We checked Medline (PubMed) to identify controlled vocabulary (MeSH) terms related 

to esophageal cancer, and also identified text keywords based on our knowledge of 

the field (Table 1). Medline search terms were modified for other electronic databases 

to conform to their search functions. 
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Table 2.1. Medline (Pubmed) search strategy to identify published African ESCC literature. 

 

Screening for eligible studies was carried out by two authors (HS and HK). First, the 

two authors read the titles and abstracts independently and then met to finalise an 

initial list. Full articles of the studies were selected based on the initial screening, read 

and assessed for inclusion to the systematic review. Figure 1 shows the outline for 

selection of eligible studies. 

Search 

Number 

Search terms 

#1 Search cancer or carcinoma or neoplasm* Field: Title/Abstract 

#2 Search Esophageal or oesophageal Field: Title/Abstract 

#3 #1 and #2 

#4 Search "Esophageal cancer " Field: Title/Abstract 

#5 Search "oesophageal cancer "  or “oesophageal neoplasm*” Field: Title/Abstract 

#6 Search "Esophageal Neoplasms"[Mesh]  

#7 Search "Esophageal Neoplasms" Field: Title/Abstract 

#8 Search “Esophageal squamous cell carcinoma” or   “oesophageal squamous cell carcinoma” 

or ESCC Field: Title/Abstract 

#9 Search ((((#3) OR #4) OR #5) OR #6) OR #7 OR #8 

#10 Search "Africa"[Mesh]  

#11 Search algeria OR angola OR benin OR botswana OR burkina faso OR burundi OR 

cameroon OR cape verde OR central african republic OR chad OR comoros OR congo OR 

"Democratic Republic of Congo" OR DRC OR djibouti OR equatorial guinea OR egypt OR 

eritrea OR ethiopia OR gabon OR gambia OR ghana OR guinea OR bissau OR ivory coast 

OR (Côte d' Ivoire)  OR jamahiriya OR kenya OR lesotho OR liberia OR Libya  OR 

madagascar OR malawi OR mali OR mauritania OR mauritius OR mayotte OR morocco OR 

mozambique OR namibia OR niger OR nigeria OR principe OR reunion OR rwanda OR 

"Sao Tome" OR senegal OR seychelles OR "Sierra Leone" OR somalia OR "South Africa" 

OR st helena OR sudan OR swaziland OR tanzania OR togo OR tunisia OR uganda OR 

zaire OR zambia OR zimbabwe OR "Central Africa" OR "West Africa" OR "East Africa" OR 

"Southern Africa" OR "South Africa" Field: Title/Abstract 

#12 Search (#10) or #11  

#13 Search (#9) AND #12 
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2.3.2 Quality Control and Data Extraction 

Quality of the methodology used in the published studies was assessed using a quality 

assessment tool adapted from the STrengthening the REporting of Genetic 

Association studies (STREGA) statement (18). The quality assessment for genetic 

association studies to identify ESCC susceptibility loci included reporting on power 

calculations, detailed population characteristics for cases, description of ESCC 

diagnosis, screening of cases and controls, reporting a measure of association using 

odds ratios, adjustment of population stratification, assessment of genotyping error, 

reporting the Hardy–Weinberg equilibrium, correction for multiple testing, and 

reporting of NCBI rs numbers for variants (Table S1).  

For somatic mutation studies quality assessment included the following: description of 

ESCC diagnosis, reporting of tissues used [cancerous (Ca) and normal neighboring 

tissue (NET)], detailed population characteristics, variant classification and type, 

confirmation of variants identified, reporting of amino acid change and use of 

pathogenicity scoring (Table 2A2). 

Data extraction was carried out by two authors (HS and HK) using data extraction 

forms. Two separate extraction forms were prepared for the germline (genetic 

susceptibility) and somatic mutation studies. The data extraction form for the genetic 

susceptibility studies included the following: description of the population (age, sex, 

sample size, smoking and alcohol use for cases and controls separately), genotyping 

method, statistical analysis test, minor allele frequency (MAF), genotype frequency, 

haplotype frequency, and environmental association frequency. The somatic mutation 

study extraction form had the same variables excluding gene-environment interaction 

frequency and haplotype frequency. 

The South African Admixed Population is reported as Mixed Ancestry in the tables 

according to how it was reported in the articles. 

2.3.3 Data Analysis 

A meta-analysis could not be performed as there were only two SNPs analyzed in 

more than one study and even those were analysed in only two independent studies. 

For a meta-analysis to be carried out, SNPs have to be assessed in at least three 

separate case-control studies. TP53 in the somatic variant studies was analysed in 

four separate studies, but two of the studies were had cases only with no controls, and 
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the remaining two assessed different parts of the gene. The results of this systematic 

review will, therefore, be reported in a descriptive manner. 

We were able to find rs-numbers for most of the variants even if the authors of the 

original studies did not report them, and have included them in the tables of this 

systematic review. We used the canonical SNP identifier (rs-number) and dbSNP 

(version 152; April 2019) database at NCBI (https://www.ncbi.nlm.nih.gov/snp/)for this. 

We also determined the locus positions of the microsatellite markers reported in a 

study by Naidoo et al. 2005 (19) using the primer-BLAST database at NCBI 

(https://www-ncbi-nlm-nih-gov.ez.sun.ac.za/tools/primer-blast). 

To determine the linkage disequilibrium (LD) measures between the SNPs reported in 

the same genes, we obtained the imputed data set from the Thousand Genomes 

project (1000 Genomes Release Phase 3 2013-05-02; ref 1kG), and used bcftools to 

extract all individuals from African populations not including African Americans, and 

the 77 SNPs discussed here using all synonyms (alternative rs IDs) for SNPs (20). We 

obtained a dataset of 504 individuals and 67 SNPs. We computed all pair-wise r2 using 

PLINK (v1.09) (21, 22). 

2.4 Results 

2.4.1 Systematic Review Outline 

The selection process for all the included studies is shown in Figure 1. The initial 

database search identified 2,235 articles. Titles and abstracts of these articles were 

reviewed and 2,168 studies were removed for not being original genetic studies. The 

67 articles that remained were selected for full-text eligibility assessment. This process 

resulted in the removal of 40 articles: 15 review articles, 18 chromosomal, gene or 

protein expression studies, four blood group studies, one duplicate and two abstracts. 

A total of 27 full articles were then assessed for eligibility, and four articles were 

removed for not meeting the criteria, as follows: one study had no cancer 

patients/cases (23), one focused on the Chinese population (Li et al., 2016), whilst 

one focused on protein expression (9, 24) and the other was a mathematical model 

study (25). In the end, 23 studies were included and analysed in the systematic review.  

Stellenbosch University https://scholar.sun.ac.za





 

 

96  

and eight somatic variant studies. Two studies reported on both genetic susceptibility 

and somatic variants. 
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Table 2.2: Characteristics of genetic susceptibility studies for ESCC in African populations. 

Study 

(PMID) 

Loca

tion 

Year Populat

ion 

Age, y (SD) Sample size Sex, cases  

n (%) 

Sex, ctrl  

 n (%) 

Clinical 

assessment 

Analysis 

method 

Smoking  

n (%) 

Alcohol n (%) 

Cases Ctrl Cases Ctrl Male Female Male 

 

Femal

e 

 

Cases Ctrl  Cases  Ctrl Case

s 

Ctrl 

Bye et al 

(21926110) 

Sout

h 

Afric

a 

2011 Black  59.8 

(11.3) 

- 358 477 182 

(50.8

) 

176 

(49.2) 

- - Histology - Taqman 

Assay 

228 

(63.7) 

- 228 

(63.7) 

- 

Mixed 

Ancestr

y 

60.5 

(10.6) 

- 201 427 131 

(65.2

) 

70 

(34.8) 

- - Histology - Taqman 

Assay 

189 

(94.1) 

- 163 

(81.1) 

- 

Bye et al  

(22865593) 

Sout

h 

Afric

a 

2012  Black 59.8 

(11.3) 

48.8 

(16.7

) 

407 849 199 

(48.9

) 

208 

(51.1) 

335 

(39.5

) 

511 

(60.2) 

Histology - Taqman 

Assay 

and KASP 

242 

(59.5) 

333 

(39.2) 

253 

(62.2) 

452 

(53.2

) 

Mixed 

Ancestr

y 

60.6 

(10.6) 

46.7 

(16.8

) 

257 860 165 

(64.2

) 

91 

(35.4) 

309 

(35.9

) 

551 

(64.1) 

Histology - Taqman 

Assay 

and KASP 

240 

(93.4) 

597 

(69.4) 

212 

(82.5) 

419 

(48.7

) 

Chelule et 

al 

(17264406) 

Sout

h 

Afric

a 

2006 Black  18-741 18-

74 

70 261 - - - - Histology - PCR-

RFLP 

- - - - 

Chen et al 

(30753320) 

Sout

h 

Afric

a 

2019  Black7 60.2 

(11.3)  

48.9 

(16.8

) 

591 852 284 

(48.1

)  

307 

(51.9)  

342 

(40.1

) 

507 

(59.5) 

Histology - Taqman 

Assay 

364 

(61.6)  

338 

(39.7) 

370 

(62.6)  

458 

(53.7

) 
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 Sout

h 

Afric

a 

 Black8 58.2 

(10.2)  

50.0 

(15.5

) 

880 939 545 

(61.9

)  

332 

(37.7)  

240 

(25.6

) 

698 

(74.3) 

Histology  iPLEX 

and 

Taqman 

assays 

598 

(68.0)  

 333 

(35.5) 

473 

(53.8)  

633 

(67.4

) 

Dandara et 

al 

(15978331) 

Sout

h 

Afric

a 

2005 Black - - 142 178 - - - - Histology - PCR-

RFLP 

179 162 171 160 

 Sout

h 

Afric

a 

2005 Mixed 

Ancestr

y 

  99 94     Histology  PCR-

RFLP 

Dandara et 

al 

(16272171) 

Sout

h 

Afric

a 

2006 Black  61.23 61.8

5 

145 194 85 

(59) 

60  

(41) 

111 

(57) 

83 

 (43) 

Histology - PCR-

RFLP 

95  

(65) 

123  

(63) 

98 

 (68) 

127 

 (65) 

   Mixed 

Ancestr

y 

61.49 69.5

3                        

100 94 78 

(78) 

22  

(22) 

45  

(48) 

49 

 (52) 

Histology - PCR-

RFLP 

93 

 (93) 

74  

(79) 

73  

(73) 

45 

 (48) 

Dietzsch et 

al 

(12925954) 

Sout

h 

Afric

a 

2003 Black & 

Mixed 

Ancestr

y 

59.6 58.7 582 226 44 14 167 59 - - PCR and 

PAGE 

    

Eltahir et al 

(23053979) 

Suda

n 

2012    18 235     Histology  PCR-

RFLP 

    

Li et al 

(15899651) 

Sout

h 

Afric

a 

2005 Black & 

Mixed 

Ancestr

y 

61.1 

(10.5) 

65.7(

10.2) 

189 198 - - - - Histology - PCR-

SSCP 

and DNA 

sequencin

g 

144 

(76) 

122  

(62) 

133 

(70) 

114  

(58) 
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Li et al 

(18254707) 

Sout

h 

Afric

a 

2008 Black3 - - 142 178 - - - - Histology - PCR- 

RLFP 

179 162 71 160 

 Sout

h 

Afric

a 

2008 Mixed3 

Ancestr

y 

  101 100     Histology  PCR-

RFLP 

Li et al 

(20540773) 

Sout

h 

Afric

a 

2010  Black3 61.23 61.8

5 

145 194 85 

(59) 

60  

(41) 

111 

(57) 

83 

 (43) 

Histology - PCR-

RFLP 

95  

(65) 

123  

(63) 

98 

 (68) 

127 

 (65) 

Mixed3 

Ancestr

y 

61.49 69.5

3          

100 94 78 

(78) 

22  

(22) 

45  

(48) 

49 

 (52) 

Histology - PCR- 

RFLP 

93 

 (93) 

74  

(79) 

73  

(73) 

45 

 (48) 

Matejcic et 

al 

(22216261) 

Sout

h 

Afric

a 

2011  Black - - 330 479 - - - - Histology - Taqman 

Assay 

and Gel 

Electroph

oresis 

210 - 204 - 

Mixed 

Ancestr

y 

- - 232 428 - - - - Histology - Taqman 

Assay 

and Gel 

Electroph

oresis 

216 - 189 - 

Matejcic et 

al 

(26447020) 

Sout

h 

Afric

a 

2015  Black 59.6 

(10.7) 

56.7 

(15.0

) 

463 480 229 

(49) 

234 

(51) 

235 

(49) 

245 

(51) 

Histology - Taqman 

Assay 

280 

(60) 

222 

 (46) 

286 

(62) 

278 

 (58)  

Mixed 

Ancestr

y 

60.7 

(10.3) 

57.7 

(14.3

) 

269 288 177 

(66) 

92  

(34) 

178 

(62) 

110 

(38) 

Histology - Taqman 

Assay 

250 

(93) 

226 

 (78) 

215 

(80) 

172 

 (60) 
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Strickland 

et al 

(21901748) 

Sout

h 

Afric

a 

2012 Black 59/664 - 96 88 48 48 - - Histology Bru

sh 

bio

psy 

HEX 

SSCP 

and DNA 

sequencin

g 

58 - 58 - 

Vogelsang 

et al 

(22623965) 

Sout

h 

Afric

a 

2012  Black 59.8 

(11.3) 

56.1 

(16.2

) 

3455 344 166 

(48.1

) 

179 

(51.9) 

120 

(34.9

) 

224 

(65.1) 

Histology - Allele- 

specific 

quantitativ

e PCR 

209 

(60.6) 

117 

(34.0) 

160 

(46.4) 

92 

(26.7

) 

Mixed 

Ancestr

y 

60.7 

(10.2) 

56.8 

(16.5

) 

2056 266 136 

(66.3

) 

69 

(33.7) 

82 

(30.8

) 

184 

(69.2) 

Histology - Allele-

specific 

quantitativ

e PCR 

189 

(92.2) 

162 

(60.9) 

118 

(57.6) 

38 

(14.3

) 

Vos et al 

(12550754) 

Sout

h 

Afric

a 

2003 Black 57  

(11) 

57 

(11) 

74 118 - - - - Histology - SSCP 

and DNA 

sequencin

g 

- - - - 

Zaahl et al 

(15860357) 

Sout

h 

Afric

a 

2005 Mixed 

Ancestr

y 

- - 105 110 82 23 43 67 Histology - SSCP 

and DNA 

sequencin

g 

- - - - 

1Only range of age was reported for the combined group of cases and controls. 
257 had ESCC. 
3Same population as in Dandara et al. 2005 study. 
459+/-13 for male (n=48) and 66+/- (n=48) for female patients. 
5326 had ESCC. 
6182 had ESCC. 
7Western and Eastern Cape Province Black Population 
8Gauteng Province Black Population 
Ctrl, controls; ESCC, Esophageal squamous cell carcinoma; HEX, heteroduplex;  KASP, competitive allele specific PCR; PAGE, polyacrylamide gel electrophoresis; PCR, 

polymerase chain reaction; RFLP, restriction fragment length polymorphism; SD, Standard deviation; SSCP, single-strand conformation polymorphis
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Table 2.3: Characteristics of studies on somatic changes in ESCC in African populations. 

Study 
(PMID) 

Country Year Population Sample size Age, y 
(SD) 

Sex 
 n (%) 

Clinical 
assessment 

Analysis method Smoking 
n (%) 
 

Alcohol 
n (%) 
 Ca NET Blood Cases Male Female Ca NET 

Dietzsch et 
al 
(12435113) 

South 
Africa 

2002 Black 33 33 - 57.4 23 
(70) 

10 
(30) 

Histology - PCR and DNA 
sequencing analysis 

- - 

Dietzsch et 
al 
(12925954) 

South 
Africa 

2003 Black & 
Mixed 
ancestry 

581 58 - 59.6 29 
(67) 

14 
(33) 

- - PCR and PAGE - - 

Gamieldien 
et al 
(9808520) 

South 
Africa 

1998 Black 76 9 50 57 (11) 49 
(65) 

27 
(35) 

Histology Histology PCR and HEX-
SSCP 

- - 

Liu et al 
(29148985) 

Malawi 2016 Malawian 59 - 59 56 27 
(45.8) 

31 
(52.5) 

Histology - WES 24 (40.7) 14 
(23.7) 

Naidoo et 
al 
(15735161) 

South 
Africa 

2005 South 
African 

100 100 - 56 53 
(54) 

45 
(46) 

Histology Histology PCR - - 

Patel et al 
(22040862) 

Kenya 2011 Kenyan 28 - - 56.03 
(12.30) 

13 
(46) 

15 
(54) 

- - PCR and DNA 
sequencing 

6 
(21) 

10 
(36) 

Victor et al 
(21901748) 

South 
Africa 

1990 Black & 
Mixed 
ancestry 

27 - - - - - - - PCR and Dot Blot 
Hybridisation 

- - 

Vos et al 
(12550754) 

South 
Africa 

2003 South 
African 

74 - 37 - - - Histology - SSCP and DNA 
sequencing 

- - 

Ca, cancer tissue; HEX-SSCP, heteroduplex single-strand conformation polymorphism; NET, neighboring tissue; PAGE, polyacrylamide gel electrophoresis; PCR, polymerase 

chain reaction; WES, whole exome sequencing.  
157 had ESCC and 1 had adenocarcinoma
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2.4.3 Genetic Susceptibility Studies 

The 17 genetic susceptibility studies (Table 2) were all case-control studies (26-42) 

published between 2003 and 2019. Sixteen articles reported on the South African 

population and one article on the Sudanese population. The majority (13/16; 81%) of 

the studies reported on the main subject characteristics (ethnicity, sex, age, and type 

of clinical assessment). Sample sizes for ESCC patients ranged from 18 to 880 with 

six of the studies having over 200 patient samples. Sample sizes for controls ranged 

from 88 to 939 with nine of the studies having over 200 control samples. It is difficult 

to estimate the total number of patients analysed in these 17 studies, since it appears 

that the same authors used the same sample set for different SNPs in different 

publications. Our assessment showed that Bye et al. 2011 (27) and Bye et al. 2012 

(26) used the same participants. In addition studies by Li et al. 2005 (40) and Li et al. 

2008 (33) used the same participants as Dandara et al. 2005 (29). The remaining 12 

studies do not seem to have any obvious sample overlap. 

Altogether 16 out of 17 studies clinically assessed for ESCC through histology. None 

of the studies clinically assessed controls for ESCC with the exception of one study 

(35) which assessed controls using a brush biopsy. Nine studies reported on smoking 

and alcohol consumption status for all participants (26, 29, 30, 34, 36, 39-41), whilst 

three (27, 35, 42) reported those risk factors for only the ESCC patients.  

The Hardy Weinberg equilibrium deviation was assessed in eleven (65%) studies, 

however only six (35%) of the studies reported power calculations and three (18%) 

studies reported the evaluation of a genotyping error. Detailed characteristics of the 

study population were reported in twelve of the studies for cases and ten for controls. 

Correction for multiple testing was reported in only seven (41%) studies. NCBI rs 

numbers were reported in eight (47%) studies. Our quality assessment scoring had 11 

items (Table S1), and each item had a weight of 1 point, therefore total maximum 

quality score was 11. Overall, only seven of the 17 (41%) studies scored half or above 

half (5.5). The highest score was 9 (36, 39) and the lowest score was 1 (37, 38).  

2.4.3 Somatic Variant Studies 

Somatic variant studies (Table 3) constituted of eight studies published between 1990 

and 2016 (19, 31, 37, 43-47). A total of 455 patients were assessed, with the control 

group comprising 200 NET and 146 blood samples. Of the 455 patient samples, one 
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was reported to be an adenocarcinoma from one study; therefore the exact ESCC 

patient population was 454. The study populations were from South Africa, Kenya, 

and Malawi. 

Clinical diagnosis of ESCC was determined by histology in five (75%) studies, and the 

remaining three did not report on how clinical assessment was done. Four (50%) 

studies reported using both cancer tissue and NET for assessment. Three of these 

studies had an equal number of cancer tissue and NET samples. Two (25%) studies 

did not have any control samples and the remaining two (25%) studies collected blood 

samples only as controls. Only two studies reported on smoking and alcohol 

consumption status. On patient characteristics, age and sex were reported in six (75%) 

of the studies. Variant classification and type was reported in all of the studies, but 

confirmation of results was reported in only two studies. No studies used pathogenicity 

scoring. Amino acid change was also reported in only two of the studies. Our quality 

assessment score had seven items (Table 2A2), and each item had a weight of 1 

point, therefore total maximum score for the quality assessment was 7. Overall, six of 

the eight (75%) studies scored half or above half (3.5). The highest score was 6 (44) 

and the lowest score was zero (47). 

2.4.4 Description of Genes Studied 

A total of 58 genes were investigated in the 23 studies which were selected for the 

systematic review, with 37 genes studied in the genetic susceptibility studies and 23 

in the somatic variant studies. Two genes were investigated in both studies. In 

addition, the somatic studies investigated six genetic loci without specific gene names.  

A summary of SNPs analyzed in the genetic susceptibility studies is shown in Table 

4. Over 100 SNPs were analysed and 25 SNPs were reported to be associated with 

ESCC (four SNPs using p values only, and 21 SNPs using p values and odds ratios). 

The 25 SNPs were in 20 genes; ADH1B, ADH3, ALDH2, AR, CASP8, CHEK2, CP, 

CYP2E1, CYP3A5, GSTT2B, MGMT, MLH3, MSH3, NAT2, PTGS2 (also known as 

COX-2), PLCE1, PMS1, RUNX1, SLC11A1, and TP53.  The associations with all 25 

SNPs were identified in South African populations, whilst none were found in the 

Sudanese population.  
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Table 2.4: Summary of studies investigating genetic susceptibility of ESCC in African populations. 

Gene Variant (rs 
number) 

Study Population ESCC Controls 
 

Effect 
Allele2 

Findings 
and 
Comments 

n MAF n MAF   

ADH1B rs1229984 
(Arg48His)  

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0 477 0  Not 
informative 

  Bye et al 
2011 
(21926110) 

Mixed 
ancestry 
South 
African 

201 0.054 427 0.098 A OR = 0.52 
(0.32–0.86) 
p=0.009 

ADH2 ADH2*1/*2/*3 Li et al 2008 
(18254707) 

Black 
South 
African 

142 0.01 174 0.01  Not 
informative 

  Li et al 2008 
(18254707)  

Mixed 
ancestry 
South 
African 

96 0.03 94 0.03  Not 
informative 

ADH3 ADH3*1/*2 Li et al 2008 
(18254707) 

Black 
South 
African 

141 0.46 174 0.32  NS 

  Li et al 2008 
(18254707) 

Mixed 
ancestry 
South 
African 

96 0.38 94 0.31 *2 OR = 1.80; 
p=0.0004 

ADH7 rs1573496 
(Gly92Ala) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0 477 0.001  Not 
informative 

  Bye et al 
2011 
(21926110) 

Mixed 
ancestry 
South 
African 

201 0.014 427 0.02  NS 

ALDH2 rs671 
(Glu504Lys) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0 477 0  Not 
informative 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0 427 0  Not 
informative 

 rs441  
(-261 C/T) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.154 477 0.145  NS 

  Bye et al 
2011 

Mixed 
Ancestry 
South 
African 

201 0.18 427 0.194  NS 
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 rs886205 (+82 
A/G) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.247 477 0.252  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.402 427 0.489 G OR = 0.70 
(0.55–
0.89); 
p=0.004 

 ALDH2*1/*2 Li et al 2008 
(18254707) 

Black 
South 
African 

142 0.10 174 0.04 *2 OR  = 2.35; 
p=0.008 

  Li et al 2008 
(18254707) 

Mixed 
Ancestry 
South 
African 

101 0.03 1004 0.04  Not 
informative 

 rs4767364 
(A/G) 

Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.12 939 0.11  NS 

ALS2CR
12 

rs13016963 
(G/A) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.35 852 0.35  NS 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.39 939 0.38  NS 

 rs10201587 
(A/G) 

Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.38 939 0.39  NS 

AR CAG-repeat in 
exon 1 

Dietzsch et 
al 2003 
(12925954) 

Black 
South 
African 
males 

29  109   NS 

  Dietzsch et 
al 2003 
(12925954) 

Mixed 
Ancestry 
South 
African 
males 

15  58   NS 

 GGC-repeat in 
exon 1 

Dietzsch et 
al 2003 
(12925954) 

Black 
South 
African 
males 

29  109  (GGC)≤16 OR = 2.7 
(1.14-6.36); 
p=0.018 

  Dietzsch et 
al 2003 
(12925954) 

Mixed 
Ancestry 
South 
African 
males 

15  58   NS 

ATP1B2/
TP53 

rs1642764 
(C/T) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.21 852 0.20  NS 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.18 939 0.18  NS 
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 rs1641511 
(A/G) 

Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.39 939 0.42  NS 

C20orf54 rs13042395 Bye et al 
2012 
(22865593)  

Black 
South 
African 

407 0.002 849 0.005  Not 
informative 

  
 

 Bye et al 
2012 
(22865593) 

Mixed 
Ancestry 
South 
African 

257 0.067 860 0.068  NS 

CASP8 rs1045485 
(Asp302His) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.154 477 0.152  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.169 427 0.126 C OR = 1.42 
(1.01–
1.98); 
p=0.040 

 rs3834129 
(-652 6N 
ins/del) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.518 477 0.502  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.385 427 0.386  NS 

 rs10931936 
(C/T) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.19 852 0.20  NS 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.22 939 0.20  NS 

CHEK2 rs4822983 
(C/T) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.46 852 0.39 T OR=1.32 
(1.12-1.56); 
p=0.001 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.43 939 0.42  NS 

 rs1033667 
(C/T) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.44 852 0.38  
T 

OR=1.30 
(1.10-1.53)  
P=0.002 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.42 939 0.39  NS 

CP 

rs34053109 
(C/G) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

84 

  0 

85 

0.01 

 Not 
informative 
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rs17838834 
(T/C) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

90 

0.33 

85 

0.23 

 NS 

 

rs701749 
(C/T)  

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

79 

0.01 

78 

0.02 

 Not 
informative 

 

rs17838833 
(delT) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

79 

0.01 

78 

0 

 Not 
informative 

 

rs17838832 
(T/C) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

80 

0.33 

78 

0.3 

 NS 

 

rs34334174 
(C/T) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

80 

0.14 

78 

0.08 

 NS 

 

5'UTR-308G/A  

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

52 

0.05 

64 

0 

A p=0.012; 
sample 
size very 
small 

 

rs17838831 
(A/G) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

53 

0.21 

64 

0.22 

 NS 

 

rs138512757 
(Thr83)  

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

92 

0.02 

84 

0.01 

 Not 
informative 

 

rs35438054 
(Val223) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

95 

0.01 

85 

0.01 

 Not 
informative 

 

rs797045480 
(Val246Ala)  

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

95 

0.01 

85 

0 

 Not 
informative 

 

rs34067682 
(IVS4-14C/T) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

84 

0.12 

83 

0.12 

 NS 

 

rs34624984 
(Arg367Cys) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

94 

0.02 

86 

0.01 

 Not 
informative 

 

rs34237139 
(Tyr425) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

91 

0.01 

87 

0 

 Not 
informative 

 

rs35272481 
(IVS7+9T/C) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

91 

0.01 

87 

0 

 Not 
informative 
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rs701753 
(D544E) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

95 

0.23 

81 

0.27 

 NS 

 

rs147192657 
(Gly633 T/C) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

88 

0.07 

84 

0 

C p=0.0004 

 

rs16861582 
(IVS15-12T/C) 

Strickland et 
al. 2012 
(21901748) 

Black 
South 
African 

93 

0,44 

88 

0.41 

 NS 

CYP2E1 CYP2E1*1 (c1) 
/ CYP2E1*5 
(c2) 

Chelule et al 
2006 
(17264406) 

Black 
South 
African 

30 0.04 331 0.06  Limited 
power 

 -1053C/T Li et al 2005 
(15899651)  

Black & 
Mixed 
Ancestry 
South 
African 

189 0.01 198 0.02  NS 

 -1293G/A Li et al 2005 
(15899651) 

Black & 
Mixed 
Ancestry 
South 
African 

189 0.01 198 0.03  NS 

 7632T/A Li et al 2005 
(15899651) 

Black & 
Mixed 
Ancestry 
South 
African 

189 0.18 198 0.07 A OR = 5.90 
(3.25-10.7); 
p=0.001 for 
genotype 
distribution 

CYP3A5 CYP3A5*1 Dandara et 
al 2005 
(15978331) 

Black 
South 
African 

142 0.627 178 0.638  NS 

  Dandara et 
al 2005 
(15978331) 

Mixed 
Ancestry 
South 
African 

99 0.384 94 0.287  NS 

 CYP3A5*3 
(6986A/G) 

Dandara et 
al 2005 
(15978331) 

Black 
South 
African 

142 0.155 178 0.138  NS 

  Dandara et 
al 2005 
(15978331) 

Mixed 
Ancestry 
South 
African 

99 0.475 94 0.590 G OR = 0.60 
(0.39–
0.94); 
p=0.025 

 CYP3A5*6 
(1490G/A) 

Dandara et 
al 2005 
(15978331) 

Black 
South 
African 

142 0.190 178 0.213  NS 

  Dandara et 
al 2005 
(15978331) 

Mixed 
Ancestry 
South 
African 

99 0.136 94 0.122  NS 
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 CYP3A5*7 
(27131-32insT; 
frameshift) 

Dandara et 
al 2005 
(15978331) 

Black 
South 
African 

142 0.028 178 0.011  NS 

  Dandara et 
al 2005 
(15978331) 

Mixed 
Ancestry 
South 
African 

99 0.005 94 0  Not 
informative 

 CYP3A5 all 
variants 

Dandara et 
al 2005 
(15978331) 

Black 
South 
African 

142 0.373 178 0.441  NS 

  Dandara et 
al 2005 
(15978331) 

Mixed 
Ancestry 
South 
African 

99 0.616 94 0.713  OR = 0.65 
(0.42–
0.99); 
p=0.045 

FAS rs1800682 
(-670 G>A) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.219 477 0.225  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.356 427 0.406  NS 

 rs2234767 
(-1377 G>A) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.096 477 0.072  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.139 427 0.183  NS 

FASL rs763110 
(-844 T>C) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.192 477 0.189  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.416 427 0.386  NS 

GSTP1 rs1695 
(Ile105Val) 

Matejcic et 
al. 2011  

Black 
South 
African 

325 0.518 474 0.534  NS 

 rs1695 
(Ile105Val) 

Matejcic et 
al. 2011  

Mixed 
Ancestry 
South 
African 

229 0.454 428 0.438  NS 

 rs1695 
(Ile105Val) 

Li et al 2010 
(20540773) 

Black 
South 
African 

 0.39  0.37  NS 

 rs1695 
(Ile105Val) 

Li et al 2010 
(20540773) 

Mixed 
Ancestry 
South 
African 

 0.38  0.41  NS 
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 rs1138272 
(Ala114Val) 

Li et al 2010 
(20540773)  

Black 
South 
African 

 0.22  0.07  NS 

 rs1138272 
(Ala114Val) 

Li et al 2010 
(20540773)  

Mixed 
Ancestry 
South 
African 

 0.19  0.03  NS 

GSTT1 Deletion allele Matejcic et 
al. 2011  
(22216261) 

Black 
South 
African 

311 0.574 462 0.554  NS 

  Matejcic et 
al. 2011  
(22216261) 

Mixed 
Ancestry 
South 
African 

217 0.493 414 0.495  NS 

GSTT2B Deletion allele Matejcic et 
al. 2011  
(22216261) 

Black 
South 
African 

320 0.336 461 0.371  NS 

  Matejcic et 
al. 2011  
(22216261) 

Mixed 
Ancestry 
South 
African 

226 0.418 425 0.501  OR = 0.71 
(0.57-0.90); 
p=0.004 

MGMT rs12917 
(Leu84Phe) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.189 477 0.195  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.222 427 0.168  OR = 1.41 
(1.05–
1.91); 
p=0.023 

MLH1 rs13320360 
(c.546-191T/C) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

343 

0.15 

340 

0.17 

 NS 

  Volgesang 
et al.2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

203 

0.07 

264 

0.06 

 NS 

MLH3 rs28756991 
(Arg797His) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

345 

0.11 

342 

0.12 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

205 0.09 264 0.4 G OR = 2.07 
(1.04-4.12); 
p=0.038 

MSH2 

rs17217772 
(Asn127Ser)   

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

341 

0.06 

343 

0.06 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

204 0.03 264 0.03  NS 
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 rs10188090 
(c.2635-
765G/A) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

343 

0.09 

342 

0.10 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

205 0.31 265 0.33  NS 

 rs3771280 
(c.1510+118T/
C) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

344 

0.11 

339 

0.12 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

202 0.35 266 0.37  NS 

MSH3 rs26279 
(Ala1045Thr) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

341 

0.40 

344 

0.43 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

204 0.38 263 0.32 A OR = 2.71 
(1.34-5.50); 
p=5.71x10-

3 

 rs1428030 
(c.1341-
12568A/G) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

342 

0.29 

342 

0.27 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

201 0.23 264 0.20  NS 

 rs1805355 
(Pro231Pro) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

343 

0.28 

339 

0.29 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

203 0.24 265 0.22  NS 

NAT1 rs1057126 
(1088T>A 
NAT1*10) 

Matejcic et 
al. 2015 
(26447020) 

Black 
South 
African 

463 54.8 480 57.7  NS 

  Matejcic et 
al. 2015 
(26447020) 

Mixed 
Ancestry 
South 
African 

269 43.4 288 40.1  NS 

 rs15561 
(1095C>A 
NAT1*10, 
NAT1*3) 

Matejcic et 
al. 2015 
(26447020) 

Black 
South 
African 

463 55.7 480 57.7  NS 

  Matejcic et 
al. 2015 
(26447020) 

Mixed 
Ancestry 
South 
African 

269 46.5 288 43  NS 
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NAT2 rs1799930 
(590G/A  
NAT2*6) 

Matejcic et 
al. 2015 
(26447020) 

Black 
South 
African 

463 24.7 480 21.4  NS 

  Matejcic et 
al. 2015 
(26447020) 

Mixed 
Ancestry 
South 
African 

269 22.4 288 22  NS 

 rs1801280 
(341T/C 
NAT2*5) 

Matejcic et 
al. 2015 
(26447020) 

Black 
South 
African 

463 27.1 480 29  NS 

  Matejcic et 
al. 2015 
(26447020) 

Mixed 
Ancestry 
South 
African 

269 25.2 288 33.2 C 0R = 0.57 
(0.38-0.87) 
p=0.01 

 rs1799931 
(857G/A 
NAT2*7) 

Matejcic et 
al. 2015 
(26447020) 

Black 
South 
African 

463 0.01 480 0.05  Not 
informative 

  Matejcic et 
al. 2015 
(26447020) 

Mixed 
Ancestry 
South 
African 

269 0.05 288 0.04  NS 

 rs1801279 
(191G/A 
NAT2*14) 

Matejcic et 
al. 2015 
(26447020) 

Black 
South 
African 

463 0.053 480 0.063  NS 

  Matejcic et 
al. 2015 
(26447020) 

Mixed 
Ancestry 
South 
African 

269 0.038 288 0.023  NS 

UNC5CL rs10484761 
(G/A) 

Bye et al 
2012 
(22865593) 

Black 
South 
African 

407 0.467 849 0.477  NS 

  Bye et al 
2012 
(22865593) 

Mixed 
Ancestry 
South 
African 

257 0.354 860 0.314  NS 

PTGS2 rs20417 
(-765 G/C) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.471 477 0.513  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.376 427 0.321  NS 

 rs689466 
(-1195 A/G) 

Bye et al 
2011 
(21926110) 

Black 
South 
African 

358 0.064 477 0.053  NS 

  Bye et al 
2011 
(21926110) 

Mixed 
Ancestry 
South 
African 

201 0.103 427 0.155 G OR = 0.63 
(0.43–
0.91); 
p=0.014 
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PDE4D rs10052657 
(C/A) 

Bye et al 
2012 
(22865593) 

Black 
South 
African 

407 0.137 849 0.128  NS 

  Bye et al 
2012 
(22865593) 

Mixed 
Ancestry 
South 
African 

257 0.175 860 0.155  NS 

PLCE1 rs2274223 
(His1927Arg) 

Bye et al 
2012 
(22865593)  

Black 
South 
African 

407 0.416 849 0.403  NS 

  Bye et al 
2012 
(22865593) 

Mixed 
Ancestry 
South 
African 

257 0.437 860 0.40  NS 

 rs17417407 
(Arg548Leu) 

Bye et al 
2012 
(22865593) 

Black 
South 
African 

407 0.166 849 0.211 T OR = 0.74 
(0.60-0.93); 
p=0.008 

  Bye et al 
2012 
(22865593) 

Mixed 
Ancestry 
South 
African 

257 0.174 860 0.18  NS 

 rs1438095332  
(5’UTR 14 bp 
indel) 

Bye et al 
2012 
(22865593) 

Black 
South 
African 

321 0.234 456 0.242  NS 

  
rs199781223 
(Gly1199Ser) 

Bye et al 
2012 
(22865593) 

Black 
South 
African 

321 0.053 449 0.045  NS 

 rs37655253 

(Ile1777Thr) 
Bye et al 
2012 
(22865593) 

Black 
South 
African 

316 0.472 452 0.463  NS 

 rs58539480 
(Pro1890Leu) 

Bye et al 
2012 
(22865593) 

Black 
South 
African 

307 0.073 429 0.064  NS 

 rs17417407 
(G/T) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.17 852 0.21 T OR = 0.76 
(0.60-0.95); 
p=0.014 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.19 939 0.19  NS 

 rs7084339 
(G/A) 

Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.48 939 0.46  NS 

 rs3765524 
(T/C) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.47 852 0.47  NS 
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  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.48 939 0.46  NS 

 rs2274223 
(A/G) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.42 852 0.40  NS 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.41 939 0.43  NS 

 rs11187850 
(A/G) 

Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.21 939 0.19  NS 

PMS1 rs5742938 
(c.-
21+639G/A) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

345 

0.18 

344 

0.15 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

203 0.43 266 0.48 A OR = 1.73 
(1.07-2.79); 
p=0.027 

 rs13404927 
(c.699+3331G/
A) 

Volgesang 
et al. 2012 
(22623965) 

Black 
South 
African 

342 

0.18 

339 

0.19 

 NS 

  Volgesang 
et al. 2012 
(22623965) 

Mixed 
Ancestry 
South 
African 

204 0.14 264 0.12  NS 

RUNX1  rs2014300 
(A/G)  

Bye et al 
2012 
(22865593) 

Black 
South 
African 

407 0.378 849 0.403  NS 

  Bye et al 
2012 
(22865593) 

Mixed 
Ancestry 
South 
African 

257 0.438 860 0.370 G OR = 1.33 
(1.09–
1.63); 
p=0.0055 

 rs2014300 
(A/G) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.38 852 0.40  NS 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.36 939 0.36  NS 

 rs2834718 
(T/A) 

Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.33 939 0.33  NS 

SLC11A1 -237C/T Zaahl et al.  
2005 
(15860357) 

Mixed 
Ancestry 
South 
African 

105 0.029 110 0.1  p<0.004 
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 -8G/A Zaahl et al.  
2005 
(15860357) 

Mixed 
Ancestry 
South 
African 

105 0.004 110 0.009  NS 

 IVSI-28C/T Zaahl et al.  
2005 
(15860357) 

Mixed 
Ancestry 
South 
African 

105 0.028 110 0.0004   p<0.05 

 GT-repeat Zaahl et al.  
2005 
(15860357) 

Mixed 
Ancestry 
South 
African 

 0.171  0.191  NS 

SULT1A1 638G/A in 
Exon 7 

Dandara et 
al 2006 
(16272171) 

Black 
South 
African 

145 0.42 194 0.37  NS1 

  Dandara et 
al 2006 
(16272171) 

Mixed 
Ancestry 
South 
African 

100 0.40 94 0.29  NS 

TMEM17
3 

rs13181561 
(A/G) 

Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.48 939 0.49  NS 

 rs13153461 
(G/A) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.04 852 0.05  NS 

TP53 16-bp insertion 
in intron 3 

Vos et al. 
2003  
(12550754) 

Black 
South 
African 

74 0.108 118 0.364   

 rs200073907 
(Exon 4 codon 
34) 

Vos et al. 
2003  
(12550754) 

Black 
South 
African 

74 0.115 118 0.102  NS 

 rs750578863 
(Exon 4 codon 
36) 

Vos et al. 
2003  
(12550754) 

Black 
South 
African 

73 0.089 115 0.143  NS 

 Arg72Pro Vos et al. 
2003  
(12550754) 

Black 
South 
African 

73 0.356 115 0.409  p<0.05 

 Arg72Pro Eltahir et al 
2012 
(23053979) 

Sudanese 25 0.49 235 0.51  NS 

 rs1800371 
(G/A) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.02 852 0.03  NS 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880 0.03 939 0.02  NS 
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XBP1  rs2239815 
(C/T) 

Chen et al 
2019 
(30753320) 

Black 
South 
African4 

591 0.21 852 0.16 T OR=1.41 
(1.15-1.74) 
p=0.001 

  Chen et al 
2019 
(30753320) 

Black 
South 
African5 

880  939   NS 

1Increased risk among smokers with SULT1A1*2/*2 genotype, but sample size was small. 
2 When OR>1, effect allele =increased risk ; When OR<1, effect  allele = protective effect. 
3 rs3765525 has been merged into rs959421. 
4Western and Eastern Cape Province Black Population. 
5Gauteng Province Black Population. 

 

Table 2.5 shows a summary of the pathways for the 20 genes. All the genes encode 

for proteins. Four of the genes ADH1B, ADH3, ALDH2 are involved in alcohol 

metabolism (27, 33). Three mismatch repair genes, MLH3, MSH3, and PMS1 play a 

role in genomic integrity (36). They are reported to also play a role in carcinogenesis. 

MGMT is involved in cell defence against mutagens, and mutations in the gene are 

reported to be associated with cancer formation (27). NAT2 and GSTT2B play a role 

in the activation and deactivation of drugs and carcinogens, with reports of mutations 

being associated with carcinogenesis (34). Genes regulating cell apoptosis are TP5, 

CHEK2 and CASP8 (27, 32, 37, 39). TP53 and CHEK2 is also involved in gene 

expression, and DNA repair. Regulation of gene expression is facilitated by PLCE1 

and SLC11A1 (26, 38). The AR gene regulates the sex hormones, androgens (31), 

whilst CYP2E1 and CYP3A5 is involved in steroid, cholesterol and lipid synthesis (28, 

29, 40). CYP2E1 also metabolizes drugs and has been implicated in carcinogenesis. 

CP facilitates transportation of iron from organs into the blood cells, RUNX1 plays a 

role in hematopoiesis and PTGS2 in inflammation and mitogenesis (26, 27, 35).  
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Table 2.5: Biological pathways for genetic susceptibility studies showing putative association with 
ESCC in African populations 

Gene Full Name Pathway 

ADH1B Alcohol dehydrogenase 1B (class 
I), beta polypeptide 

Ethanol metabolism  

ADH3 Alcohol dehydrogenase ADH3 Metabolises ethanol into acetaldehyde 

ALDH2 Aldehyde dehydrogenase 2 family 
member 

Alcohol metabolism. Implicated in increased 
susceptibility for cancer 

AR Androgen Receptor Regulates binding of androgens on androgen 
receptor 

CASP8 Caspase 8 Cell apoptosis 

CHEK2 Checkpoint kinase 2 Tumour suppressor gene. Mutations associated 
with predisposition to carcinogenesis 

CP Ceruloplasm Peroxidation of iron through its transportation 
from organs and tissue into blood 

CYP2E1 Cytochrome P450 family 2 
subfamily E member 1 

Drug metabolism and catalysis and synthesis of 
cholesterol, steroids and other lipids. Implicated 
in cancer development 

CYP3A5 cytochrome P450 family 3 
subfamily A member 5 

Involved in drug metabolism and in the synthesis 
of cholesterol, steroids and other lipids 

GSTT2B  Glutathione S-transferase theta 
2B (gene/pseudogene) 

Conjugation of glutathione to electrophilic and 
hydrophobic compounds. Plays a role in 
carcinogenesis 

MGMT O-6-methylguanine-DNA 
methyltransferase 

DNA repair and defence from alkylating agents 
which cause mutagenesis and toxicity. 
Implicated in several cancers. 

MLH3 MutL homolog 3 Maintenance of genomic integrity following cell 
division and DNA replication. Germline 
mutations implicated in cancer and somatic 
mutations implicated in microsatellite instability 

MSH3 MutS homolog 3 Forms heterodimers with MSH2. Involved in 
mismatch repair and implicated in cancer 
development. 
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Nine of the 25 associated SNPs were from small studies with fewer than 150 cases 

and controls. These SNPs are in the following six genes: ADH3, AR, CP, CYP3A5, 

SLC11A1, and TP53. Because of the small sample size, the reliability and replicability 

of these results is uncertain. Sixteen of the SNPs came from studies with at least 150 

cases and controls, and one study with 142 cases. These sample sizes could 

potentially give reliable and replicable results. The 16 SNPs were from the following 

genes: ADH1B, ALDH2, CASP8, CHEK2, CYP2E1, GSTT2B, MGMT, MLH3, MSH3, 

NAT2, PLCE1, PMS1, PTGS2, and RUNX1.  

Two of the 16 SNPs in the ALDH2 gene and were analysed in two different studies. 

However, it is not clear whether these two SNPs are the same because whilst one 

study reported the NCBI rs number (rs886205) (27) the other study did not (33).The 

NAT2 N-acetyltransferase 2 Activation and deactivation of arylamine and 
hydrazine drugs and carcinogens. Implicated in 
high cancer incidence and drug toxicity. 

PTGS2 Prostaglandin-endoperoxide 
synthase 2 

A dioxygenase and a peroxidase involved in both 
inflammation and mitogenesis 

PLCE1 Phospholipase C epsilon 1 Regulation of cell growth, differentiation, and 
gene expression. 

PMS1 PMS1 homolog 1, mismatch 
repair system component 
 

Mismatch repair gene. Mutations implicated in 
cancer development. 

RUNX1  Runt related transcription factor 1 Development of hematopoiesis 

SLC11A1 Solute carrier family 11 (proton-
coupled divalent metal ion 
transporter), member 1 

Regulation of gene expression. 

TMEM173 Transmembrane protein 173 Regulation of the innate immune response to viral 
and bacterial infections. Role in tumourigenesis 
still inadequate 

TP53 Tumour protein 53 Regulation of gene expression, cell cycle, 
apoptosis, and DNA repair.  

XBP1 X-box binding protein 1 Regulation of genes involved in endoplasmic 
reticulum protein synthesis, folding, 
glycosylation, redox metabolism, autophagy, 
lipid biogenesis and vesicular trafficking. 
Associated with development of cancer. 
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two SNPs reported very different MAF, and opposite odds ratios of 2.35 and 0.70 

demonstrating increased risk and a protective effect, respectively. 

Six of the 16 SNPs were reported to reduce the risk of ESCC, and they are: ADH1B 

(Arg48His; rs1229984), ALDH2 (+82 A>G; rs886205), GSTT2B (deletion allele), NAT2 

(341T>C; rs1801280), PTGS2 (-1195 A>G; rs689466) and PLCE1 (Arg548Leu; 

rs17417407). The remaining ten SNPs were reported to increase the risk of ESCC: 

ALDH2 (ALDH2*1/*2), CASP8 (Asp302His; rs1045485), CHEK2 (rs4822983 C>T, and 

rs1033667, C>T), CYP2E1 (7632T>A), MGMT (Leu84Phe; rs12917), MLH3 

(Arg797His; rs28756991), MSH3 (Ala1045Thr; rs26279), PMS1 (c.-21+639G>A; 

rs5742938), and RUNX1 (rs2014300). The effect alleles associated with these SNPs 

are indicated in Table 2.4. Eleven of the 16 SNPs showed association in the South 

African Admixed population, whilst only 4 showed association in the Black South 

African population and one in a combined South African population. All the studies 

used PCR-based methods for genotyping.Using the 1000 Genomes Database, r2 

analysis was carried out on SNPs reported in the same gene, to assess the LD 

between the SNPs. Thirteen pairs of SNPs in MHS2, CP, MSH3, PLCE1,CHEK2, and 

NAT1 genes had r2 > 0.45, shown in Figure 2 and Table 2A3.  
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Figure 2.2: Linkage Disequilibrium Plot for Paired SNPs. We obtained the rs-
numbers of the variants from dbSNP (version 152; April 2019; 
(https://www.ncbi.nlm.nih.gov/snp/) and used the canonical SNP identifier. To 
determine the linkage disequilibrium (LD) between the SNPs, we obtained the 
imputed data set from the Thousand Genomes project (1000 Genomes Release 
Phase 3 2013-05-02; ref 1kG), and used bcftools to extract all individuals from 
African populations not including African Americans, and the 77 SNPs discussed 
here using all synonyms (alternative rs IDs) for SNPs (Auton et al., 2015). We 
obtained a dataset of 504 individuals and 67 SNPs. We computed all pair-wise r2 
using PLINK (v1.09) (Danecek et al., 2011;Chang et al., 2015) 

 

Altogether 44 somatic changes were reported in the following 22 genes: 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, and six genetic loci without specific gene names (Table 

6). The specific locus positions with the corresponding microsatellite markers are as 

follows:  2p (D2S123), 3p13 (D3S659), 3p24.2-25 (D3S1255), 4q12 (Bat 25), 2p21-

p16.3 (Bat 26), and 1p12-13.3 (Bat 40).  These variants were reported in the South 

African (20 variants), Kenyan (three variants), and Malawian (21 variants) populations. 
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Whilst the majority of the studies used PCR-based methods, a more recent study used 

WES as the analysis method (45). A total of 18 of the 22 genes with somatic variants 

in cancer tissue were discovered using WES. Statistical significance was not reported 

for any of the 44 variants. The most common type of somatic variants was missense 

mutations, reported in 14 of the 22 genes (64%) (45, 46). Other somatic changes 

included copy number gains (14%), copy number losses (5%), deletions (14%), 

insertions (14%), and frameshift mutations (14%). In three studies (19, 31, 43) 

microsatellite instability and loss of heterozygosity (LOH) was reported (14%).  

Table 2.6: Summary of studies investigating somatic changes linked to ESCC in African patients 

Gene Study (PMID) Population Findings 

AR Dietzsch et al 2003 
(12925954) 

Black and Mixed 
Ancestry South 
African  

 
LOH at CAG locus 

CCND1 Liu et al 2016 
(29148985) 

Malawian Enriched copy number gains 

CDKN2A Gamieldien et al 1998  
(9808520) 

Black South African Insertions 
Deletions 
Frameshift mutations 

 Liu et al 2016 
(29148985) 

Malawian Copy number losses 

COL1A2 Dietzsch et al 2002 
(12435113) 

Black South African LOH (promoter and 1st 
intron) 
No evidence of MSI or allelic 
amplification 

EFGR Liu et al 2016 
(29148985) 

Malawian Copy number gains 

EP300 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

FAT1 Liu et al 2016 
(29148985) 

Malawian Nonsense mutations 

FAT2 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

FAT3 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

FAT4 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

FBXW7 Liu et al 2016 
(29148985) 

Malawian Frameshift mutations 

JAG1 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

KMT2C (MLL3) Liu et al 2016 
(29148985) 

Malawian Missense mutations 

KMT2D(MLL2)  Liu et al 2016 
(29148985) 

Malawian Nonsense mutations 

Mismatch repair 
genes 

Naidoo et al 2005 
(15735161) 

South African LOH and MSI at:  

• D2S123 (2p)  

• D3S659 (3p13)  

• D3S1255 (3p3p24.2-
25)  

• Bat 25 (4q12)  
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• Bat 26 (2p2p21-
p16.3)  

• Bat 40 (1p12-13.3) 
 

MUC2 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

NFE2L2 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

NOTCH1 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

NOTCH3 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

PIK3CA  Liu et al 2016 
(29148985) 

Malawian Missense mutations 

Ras genes Victor et al 1990 
(21901748) 

South African No mutations found in codon 
12, 13 or 61 

SERPINB4 Liu et al 2016 
(29148985) 

Malawian Missense mutations 

TP53 Liu et al 2016 
(29148985) 

Malawian Missense and nonsense 
mutations 

 Gamieldien et al 1998  
(9808520) 

Black South African Exon 5-8 frameshift 
mutations: point mutations, 
deletions and insertions  

 Patel et al 2011 
(22040862) 

Kenyan Exon 5-8 mutations: 
missense, nonsense and 
deletions  

 Vos et al 2003 
(12550754) 

South African 16-bp insertion in intron 3 

 Vos et al 2003 
(12550754)  

South African Exon 4 polymorphism in 
codons 34, 36 and 72 
LOH   (16-bp repeat locus) 
 

TP63 Liu et al 2016 
(29148985) 

Malawian Copy number gains 

LOH, loss of heterozygosity; MSI, microsatellite instability. 

Table 7 shows a summary of the pathways in the 22 genes reporting somatic changes. 

Five genes; AR, EP300, KMT2D, KMT2C, and TP53, play a role in the regulation of 

transcription (31, 37, 44-46). The encoded protein for the AR gene functions as a 

steroid hormone activated transcription factor, whilst KMT2D has a role in methylation. 

Both TP53 and EP300 have been implicated in a number of cancers (37, 44-46). TP53 

additionally functions in DNA repair, gene expression and apoptosis. The mismatch 

repair genes also facilitate DNA repair (19). CCND1, CDKN2A, FAT1/2/3/4, and Ras 

genes are all reported to be involved in cell cycle pathways including regulation of 

mitotic events, cell proliferation, cell growth and death (44, 45, 47). NOTCH1 and 

NOTCH3 both facilitate cell and tissue development (45). JAG1 plays a role in 

hematopoiesis whilst NFE2L2 is involved in response to inflammation including 

production of free radicals (45).  PIK3CA is an oncogene implicated in tumour 

development whilst SERPINB4 modulates response against tumour cells (45). EGFR 
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and COL1A2 genes encode for epidermal growth factor and type 1 collagen, 

respectively (43, 45). FBXW7 is a tumour suppressor involved in ubiquitin degradation 

(45). MUC2 facilitates the formation of a mucous barrier that protects the gut lumen 

(45). TP63 gene is involved in tissue and organ development including skin and heart, 

and in adult stem cell regulation (45). 
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Table 2.7: Biological pathways for somatic changes studies showing putative association with 
ESCC in African populations. 

Gene Full Name Pathway 

AR Androgen receptor gene Regulation of gene expression and the protein 
functions as a steroid-hormone activated 
transcription factor. 

CCND1 Cyclin D1 Regulators of CDK kinases and mitotic events. 
Mutations and overexpression of the gene has 
been associated with cancer development. 

CDKN2A Cyclin dependent kinase 
inhibitor 2A 

A tumour suppressor gene which regulates the cell 
cycle. Commonly inactivated in a variety of 
tumours. 

CHEK2   

COL1A2 Collagen type I, alpha 2 chain Encodes for type I collagen, which is an abundant 
connective tissue protein and part of extracellular 
matrix. 

EFGR Epidermal growth factor 
receptor 

Encodes for the growth factor epidermal growth 
factor receptor. 

EP300 E1A binding protein p300 Encodes the adenovirus E1A-associated cellular 
p300 transcriptional co-activator protein which 
functions in transcription regulation. Mutations 
have been implicated in tumorigenesis. 

FAT1/2/3/4 FAT atypical cadherin 1/2/3/4 Human homologues of the Drosophila FAT genes. 
Putative tumour suppressor involved in cell 
proliferation during Drosophila development. 

FBXW7 F-box and WD repeat domain 
containing 7 

Encodes an F-Box protein which binds directly to 
cyclin E and potentially targets cyclin E for 
ubiquitin-mediated degradation. 

JAG1 Jagged 1 Encodes for the human homolog of the Drosophila 
jagged 1 protein which is involved in 
hematopoiesis. 

KMT2C 
(MLL3) 

Lysine methyltransferase 2C The gene is member of the myeloid/lymphoid or 
mixed-lineage leukemia (MLL) family. It encodes 
a nuclear protein involved in transcriptional 
regulation. 

KMT2D 
(MLL2)  

Lysine methyltransferase 2D Methylation of histones and transcriptional 
regulation. 
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2.4.5 Interaction Studies 

Combinations of specific genotypes with environmental factors were also reported to 

be associated with ESCC in a number of studies (Table 2). The main two 

environmental factors studied were smoking and alcohol consumption.  The interaction 

between smoking and alcohol status and specific genotypes was measured and 

reported as frequency (percentage) and assessed using p values and odds ratios in 

eight genetic susceptibility studies (27, 29, 30, 33, 34, 36, 40-42). Four studies showed 

statistically significant associations between both alcohol and smoking status and 

Mismatch 
repair genes 

Mismatch repair genes DNA repair. Mutations have been implicated in 
cancer. 

MUC2 Mucin 2, oligomeric 
mucus/gel-forming 

Formation of insoluble mucous barrier that protects 
the gut lumen. 

NFE2L2 nuclear factor, erythroid 2 like 
2 

Encodes for proteins involved in response to 
inflammation including free radical production. 

NOTCH1 NOTCH1 Development of cell and tissue. Mutations have 
been reported to be linked with tumorigenesis.  

NOTCH3 NOTCH3 The third discovered human homologue of the 
Drosophilia melanogaster type I membrane 
protein notch. Involved in intercellular signalling 
pathways in neural development. 

PIK3CA  Phosphatidylinositol-4,5-
bisphosphate 3-kinase 
catalytic subunit alpha 

Oncogenic and implicated in cancer development. 

Ras genes Rat sarcoma Regulation of cell signalling pathways, cell growth 
and death. 

SERPINB4 Serpin family B member 4 Inactivation of granzyme M, an enzyme that kills 
tumour cells. Highly expressed in tumour cells. 

TP53 Tumor protein p53 Regulates transcription, expression of target 
genes, thereby inducing cell cycle arrest, 
apoptosis, senescence, DNA repair, or changes 
in metabolism. Implicated in a number of 
cancers. 

TP63 Tumor protein p63 Involved in the following processes in skin 
development and maintenance, adult 
stem/progenitor cell regulation, heart 
development and premature aging. 
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variants in the CYP3A5, CYP2E1, GST and NAT2 genes (29, 34, 40). SULT1A1 

variants were associated with smoking status only (30). Other interaction studies  

included wood/charcoal use and mutations in the GST genes (41), as well as red and 

white meat intake and SNPs in NAT1/2 genes (34).  

2.5 Discussion 

2.5.1 General Systematic Review Findings 

In this study, we systematically evaluated the genetic variants reported to be 

associated with ESCC in African populations providing the first systematic review on 

genetic factors of ESCC in this region.  Of all studies that have been published on 

genetic association to ESCC in the African populations only 23 fit our selection criteria. 

It was clear from the beginning that there is a dearth of information on this topic. Our 

analysis showed that 25 germline SNPs were reported to be associated with ESCC in 

the South African population. However, none of these SNPs were repeated in three or 

more independent studies, hence a meta-analysis was not possible. Additionally, only 

three (ALDH2 and CYP2E1) of the 23 genes were analyzed in two independent 

studies, but testing for different SNPs. We determined that it was unlikely that the two 

ALDH2 SNPs analysed were the same SNPs. This is because the MAFs were 

significantly different and whilst one SNP had a protective effect (reduced risk), the 

other increased risk. The lack of studies re-assessing the same genetic variants poses 

a major hurdle in validating existing evidence on the association between genetic 

variants and ESCC development. This makes resolving the genetic etiology of ESCC 

in African populations difficult. 

2.5.2 Genetic Susceptibility to ESCC 

Of the 25 SNPs from the genetic susceptibility studies which showed an association 

to ESCC, we concluded that results on 16 SNPs had the potential to be reliable and 

reproducible due to the larger sample sizes. Ten of the SNPs were reported to 

increase the risk of ESCC, whilst six were reported to reduce the risk.  However, it was 

noted that the majority (11) of these SNPs showed association in the South African 

Admixed population and the studies did not report controlling for population 

stratification. This is a highly admixed population (48), in which the predominant 

ancestral lines are Khoesan (32-43%), Bantu speaking Africans (20-36%), European 
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(21-28%) and Asian (9-11%) (49). This diverse population is a result of South Africa’s 

colonial and trade history, and constitutes 9% of the total South African population 

(49). Genetic variability can also be seen in the Black South African population (48). 

Without controlling for population stratification, the reproducibility of these results is 

questionable. It is, however, important to note that the majority of these studies were 

carried out several years ago and information on population stratification and methods 

to detect it may not have been available as yet.  

Re-examination of common SNPs from the Chinese population was done in three of 

the studies (26, 27, 39), but the findings were not conclusive. It is possible that there 

may be population-specific differences influencing the genetic etiology of ESCC in the 

African populations. This may also point to the role of environmental factors 

contributing to the genetic susceptibility to ESCC through gene-environment 

interactions. 

2.5.3 Somatic Changes in ESCC  

Forty-four somatic variants were reported but only two were significantly associated 

with ESCC. The paucity of information was also evident in the somatic variant studies. 

There were significantly fewer studies (eight) on somatic variants than on genetic 

susceptibility (16). The molecular profiling of tumours is of great importance as it is 

relevant in the development of targeted cellular therapeutics. One gene (CDKN2A) 

was analyzed in two studies, but these studies focussed on a different variant. Another 

gene, TP53 was analyzed in four studies, but two studies analysed different parts of 

the gene and two had no control data. It was evident, however, that the WES study 

provided with a wider variety of genetic variants associated with ESCC (45). The WES 

study overall had the largest number of genetic variants of all the 22 studies, and was 

able to identify variants in an unbiased manner.  

2.5.4 Common Limitations among the African Studies 

There were no GWAS studies among the studies we analysed, but reports from the 

Chinese and European studies demonstrated that GWAS studies are able to 

successfully identify common genetic variants associated with ESCC (3). To date, 

GWAS has successfully identified more than 700 loci for cancer risk. However these 

studies have been predominantly done in populations of European ancestry (80%), 

with African and Latin American populations contributing less than 1% (Van Loon et 

Stellenbosch University https://scholar.sun.ac.za



 

 

128  

al., 2018). A shift to WES and GWAS studies on the African populations might, 

therefore, yield better results in identifying variants that play a role in ESCC 

development. The African Esophageal Cancer Consortium, which was initiated in 2016 

by African investigators and International partners, released a call to action to, among 

other priority activities, increase molecular research on esophageal cancer in Africa, 

particularly GWAS and genomic profiling (Van Loon et al., 2018). 

One of the main deficiencies in the studies was that the majority of the genetic 

susceptibility studies did not report a power calculation, or a genotyping error and this 

may have resulted in studies being underpowered and with increased type II error.  

Few studies reported correction for multiple testing, however many of the studies were 

not analysing multiple variants at the same time. The lack of correction for multiple 

testing, therefore, is not a reflection on the methodological quality. Very few studies 

reported NCBI rs numbers. In most studies, the diagnosis of ESCC in patients was 

adequately defined with no ambiguity on the number of patients with ESCC. There 

were, however, three studies that combined samples from patients with squamous cell 

and adenocarcinoma into one case group, which could introduce bias (31, 32, 36).  

It is important to note that rs numbers were poorly documented in the majority of the 

studies assessed in this systematic review. Additionally, in many of these studies, the 

positions of the SNPs using genome coordinates were not reported, hence making it 

difficult to locate the SNPs. In the absence of an rs number, we recommend that 

authors report the position using genome coordinates and the version of the genome 

used as a reference.  

The somatic variant studies also had adequately defined ESCC diagnosis for the 

majority of the studies. Whilst the variant classification and type was reported by most 

studies, there was no confirmation of the results (except for two studies). Overall, for 

both the germline and somatic variant studies, the quality of reporting for the majority 

of the studies was not adequate. Other important limitations and biases are the lack 

of controlling for population stratification and small sample sizes in the study 

populations, which may have led to unreliable results.   

2.5.5 Limitations of the Systematic Review 

Whilst we did a comprehensive search in four of the main literature databases, it is 

possible that we could have missed some non-English studies on African populations. 
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Because of the lack of replication and validation studies, we could not carry out a meta-

analysis in the current study. Furthermore, we did not re-analyse the data, and relied 

on reported p values and odds ratios for descriptive analysis.  

2.6 Conclusions 

Whilst this review has highlighted a number of genes that may be potentially 

associated with ESCC in the African populations, limitations such as lack of 

reproducibility, quality of reporting and quality of assessment remain a major concern. 

The implications of having these inconsistencies, and lack of reproducibility is that the 

genetic etiology of ESCC in Africa will continue to be unclear. The region lags behind 

in contributing to genetic knowledge and literature on ESCC. Importantly any 

preventative, diagnostic or therapeutic interventions cannot be effectively identified or 

applied in these populations. 

The identification of genetic markers of esophageal cancer susceptibility has clear 

translational benefits to African populations in understanding the underlying disease 

risk and heritability. Benefits include the utilization of genetic information to improve 

risk prediction, which can be translated into prevention and screening programs 

relevant and specific to the African population. These studies also play a role in 

identifying and quantifying the interactions of modifiable environmental risk factors 

which interact with these genetic variants, and hence provide a platform for better 

targeted interventions. The ability to sufficiently translate genetic research on the 

African population is dependent on more genetic studies done on the population. 

Our recommendations are that more and larger genetic studies be done on the African 

populations, particularly focussing on WES and GWAS approaches. This will require 

multinational collaborations between the African countries. 
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3.1 Abstract 

The African esophageal squamous cell carcinoma (ESCC) corridor, which runs from 

Ethiopia down to South Africa, is an esophageal cancer (EC) hotspot. High incidence 

and mortality rates of EC have been reported from this region. We systematically 

assessed the evidence on environmental and life-style related risk factors associated 

with ESCC in African populations. We followed the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) guidelines. We carried out a 

comprehensive search of all African published studies up to January 2020 using 

PubMed, Embase, Scopus and African Index Medicus databases. We identified 31 

studies with measures of association [odds ratio (OR), relative risk (RR), and 95% 

confidence intervals (95%CI)], which reported smoking and alcohol consumption, 

socioeconomic status, diet, polycyclic aromatic hydrocarbon exposure, consumption 

of hot food and beverages, oral health, infectious agents, esophageal inflammation, 

family history of cancer and non-acid gastro-esophageal reflux as risk factors for 

ESCC in Africa. We performed a meta-analysis on 27 studies investigating tobacco, 

alcohol use, combined tobacco and alcohol use, polycyclic aromatic hydrocarbon 

exposure, esophageal injury and fruit and vegetable consumption. We found adverse 

associations between ESCC risk and all the risk factors. Analysis of fruit and vegetable 

consumption showed a protective effect. Using population attributable fraction (PAF) 

analysis, we calculated the proportion of ESCC attributable to tobacco (17%), alcohol 

use (13%), combined tobacco and alcohol use (23%), polycyclic aromatic hydrocarbon 

exposure (5%), esophageal injury (17%) and fruit and vegetable consumption (-11%). 

In conclusion, tobacco smoking and alcohol consumption were the most studied risk 

factors overall, whilst esophageal injury emerged as an important risk factor for ESCC 

in our meta-analysis and population attributable fraction analysis, although 

understudied. Our results point to a multifactorial etiology of ESCC in African 

populations. 
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3.2 Introduction 

Esophageal cancer (EC) is a lethal malignancy ranking as the 6th most common cause 

of cancer mortality and the 7th most common cancer worldwide.(1) In 2018, 572,034 

new cases and 508,585 deaths were reported, indicative of the high fatality associated 

with EC diagnosis.(1) About 80% of EC cases and deaths occur in economically 

developing countries, where esophageal squamous cell carcinoma (ESCC) is more 

prevalent.(2, 3) ESCC is the major subtype contributing approximately 90% of all ECs, 

in contrast to esophageal adenocarcinoma, which is more prevalent in the Western 

countries.(3) The high mortality rate is attributable to late diagnosis with patients 

presenting at advanced stage due to a lack of early symptoms. ESCC has a peculiar 

geographical distribution with high incidence rates reported from China to Iran, parts 

of South America and from Eastern to Southern Africa.(4, 5) The variability in 

incidence between high risk and low risk areas across the globe has been reported to 

be up to 10-fold.(6) Variations within regions and countries have also been noted. This 

peculiar distribution draws questions on the specificity of certain risk factors to 

particular regions.  

The African EC corridor, which runs from Kenya down to South Africa on the easterly 

side of Africa, is an ESCC hotspot region. This African corridor includes Ethiopia, 

Burundi, Malawi, Kenya, Uganda, Tanzania, Zimbabwe, Madagascar and South 

Africa.(7, 8) High incidence rates from this corridor have been reported as far back as 

1969.(9) ESCC cases from the African cancer corridor are also reported to be younger 

than those found elsewhere in the world.(10) This presents with possible unique risk 

factors for this region.(2) 

EC has a multi-factorial etiology. The risk factors reported worldwide comprise 

lifestyle, environmental and genetic factors. The lifestyle and environmental factors 

include smoking, alcohol consumption, poor diet, micronutrient deficiency, exposure 

to polycyclic aromatic hydrocarbons (PAHs) through cooking and heating methods, 

esophageal thermal injury, obesity, infectious agents, low socioeconomic status, and 

exposure to contaminants which have carcinogenic effects.(6, 11-13) Genetic basis 

and susceptibility to esophageal carcinoma has also been studied, with reports of 

single nucleotide polymorphisms (SNPs), genomic alterations and epigenetic 
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modifications contributing to tumour development.(6, 14, 15) Familial syndromes have 

been reported to be associated with increased risk of malignancy,  including tylosis 

and Fanconi anemia.(16) 

Despite advances in management and treatment, ESCC prognosis is still poor with a 

survival rate of <5% in economically developing countries.(4) The etiology of ESCC 

and the reasons for the high EC burden in Africa are not well understood. The rapid 

fatality of the cancer, poor prognosis, and contribution of reported modifiable risk 

factors make ESCC research important in Africa and worldwide. A number of studies 

have been done in Africa looking at the association between risk factors and ESCC. 

This body of evidence, when systematically assessed and analysed, will shed light on 

the epidemiology of ESCC in the African populations. It will also substantiate the role 

of reported risk factors on esophageal carcinogenesis, shed light on emerging risk 

factors, and provide knowledge on the pathobiology of EC. Improved understanding 

of EC is required to design better prevention and treatment modalities. 

The aim of this systematic review was to provide an in-depth analysis of key 

environmental, and lifestyle related factors associated with ESCC development in 

African populations and perform a meta-analysis and population attributable fraction 

(PAF) analysis. Whilst the meta-analysis provides information on the overall risk of a 

specific risk factor to disease, PAF is the proportional reduction in disease that would 

occur in a population if exposure to a risk factor were modified or removed. Genetic 

factors were not included in the current study, since they have been reported recently 

in a separate study.(17) The aim of this study was achieved through: 1) critical 

appraisal of reported African studies on known and emerging risk factors; 2) data 

synthesis through pooled analysis of each risk factor using meta-analysis; 3) 

quantifying contribution of risk factors to disease burden using PAF analysis; and 4) 

comparison of risk factors reported in other ESCC high-risk regions. 

3.3 Materials and methods 

3.3.1 Study design 

The study assessed all environmental and lifestyle risk factors reported in relevant 

African literature (cross sectional, case-control, and cohort studies) and tested for an 
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association with ESCC development or progression. We followed the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

guidelines.(18) To assess the quality of methods and reporting of the published 

studies, the Joanna Briggs Institute Meta Analysis of Statistics Assessment and 

Review Instrument (JBI-MAStARI) for Cohort and Case-Control Studies was used.(19) 

3.3.2 Data sources, search strategy and extraction 

We carried out a literature search on all published African ESCC studies up to January 

2020. We developed a comprehensive set of search terms subjectively and iteratively. 

We searched the following electronic bibliographic databases without time or language 

limits: Medline (PubMed), Embase (OViD), Scopus, African index medicus, and Africa-

wide information (EbsCOHost). We also checked the reference lists of potentially 

relevant articles for additional citations and used the "related citations" search key in 

PubMed to identify similar papers. 

We checked Medline (PubMed) to identify controlled vocabulary (MeSH) terms related 

to EC, and identified text keywords based on our knowledge of the field (Table 1). 

Medline search terms were modified for other electronic databases to conform to their 

search functions. 

Two authors (HS and VS) carried out screening for eligible studies. First, the two 

authors read the titles and abstracts independently and then met to finalise an initial 

list. Full articles of the studies selected, based on the initial screening, were read and 

assessed for inclusion to the systematic review. Figure 3.1 shows the outline for 

selection of eligible studies. Data extraction was carried out by two authors (HS and 

VS) using data extraction forms in Microsoft Excel software. 
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Figure 3.1: Outline of the study using the PRISMA diagram 

 

3.3.4 Quality of methodology and reporting assessment, and data extraction 

Quality of the methods and reporting used in the published studies was assessed 

using a quality assessment tool adapted from the JBI-MAStARI.(19) The selection, 

stage of EC in patients, confounding factors, assessment of outcomes in cases and 
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controls, reliability of assessment of outcomes methods, and statistical analysis used. 

External validity and representativeness of sample to the population was confirmed if 

the study had at least 150 cases and/or controls. Statistical analysis was measured by 

determining if the correct analysis was used as well as if enough information was 

reported regarding the analysis used. Studies were classified as low quality (score of 

1–3), moderate quality (score of 4–6) or high quality (score of 7+). Only studies, which 

reported on measures of association [odds ratio (OR), relative risk (RR), and 95% 

confidence intervals (95%CI)], were assessed for quality of methodology and 

reporting.  

3.3.5 Data analysis 

Where high quality data were available from a minimum of three studies, pooled 

statistical analysis was carried out using meta-analysis and attributable risk analysis. 

Where statistical pooling was not possible, the results were presented in a narrative 

form.  

Meta-analysis was performed using R statistical software.(20) The metagen R 

package was the main package used for the analysis. A random effects model was 

used in the analysis, using the Sidik-Jonkman estimator. To assess for heterogeneity 

in the meta-analysis, a test for heterogeneity was done. A test for heterogeneity and 

between study variance was done as part of the meta-analysis using the Chi-squared 

test. Outlier detection method was used to remove studies with extreme effect sizes 

from the meta-analysis.(21), shown in the results section. If a study’s confidence 

interval did not overlap with the confidence interval of the pooled effect from the initial 

meta-analysis it was considered an outlier. Influence analysis was further performed 

to detect studies in the meta-analysis exerted high influence on the overall results. 

This was done by repeatedly recalculating the results of the meta-analysis, and each 

time leaving out one study.(21) This allowed for better assessment of studies that 

influenced or distorted the overall pooled effect. To further explore the robustness of 

the meta-analyses, Graphic Display of Heterogeneity (GOSH) plots were generated 

to identify the patterns of effect sizes and heterogeneity in the data.(22) This is a more 

vigorous and computationally intensive method. A second meta-analysis was done 

after the removal of outliers.  
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Publication bias analysis was done through funnel plots to determine and visualize 

whether small studies with small effect sizes are missing from the meta-analysis, and 

this was visualised through funnel plots. Egger’s test of the intercept was done to test 

for funnel plot asymmetry. 

Attributable risk is used to determine how much of an outcome is attributable to a 

particular risk factor, and hence provides with estimates (proportions or percentages) 

of how an outcome can be influenced with the removal or reduction of that risk factor. 

The PAF was computed using the formula (23):  

∑
𝑝 ∗ (𝑅𝑅 − 1)

𝑃 ∗ (𝑅𝑅 − 1) + 1
 

where p is the proportion of people in the population exposed to the risk factor, and 

RR is the relative risk. Where only ORs were reported, we converted OR to RR using 

data provided in the studies.(24) The formula was executed using a function that we 

generated in R statistical software. The overall PAF value for each risk factor was 

computed using weighted PAF values. The final PAF values where therefore 

calculated using the following equation, incorporating weighted PAF values. 

 

∑   
𝑝

∑𝑝
∗ 𝑃𝐴𝐹 

Where p is the proportion of people in the population exposed to the risk factor and 

∑p is the sum of p.  

We calculated the combined PAF from exposure to tobacco smoking, alcohol 

consumption, esophageal injury, and PAH using the following equation (25). 

 

𝑃𝐴𝐹 = 1 − (1 − 𝑃𝐴𝐹1) ∗ (1 − 𝑃𝐴𝐹2) ∗ (1 − 𝑃𝐴𝐹3) ∗ (1 − 𝑃𝐴𝐹4) 
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where PAF1 is the PAF for tobacco smoking, PAF2 is the PAF for alcohol consumption, 

PAF3 is the PAF for esophageal injury, and PAF4 is the PAF for PAH exposure. It is 

important to note that this equation assumes independence of exposure from the four 

sources. 

3.4 Results 

3.4.1 Review outline 

A summary of the search results, as well as the screening and inclusion process for 

the review are presented as a PRISMA diagram in Figure 3.1. The initial search 

produced 2,216 articles, which were screened for duplicates and 46 duplicates were 

removed. The remaining 2,170 articles were screened using titles and abstracts for 

eligibility. A total of 2,076 articles were removed after the screening, since they were 

not original observational studies reporting associations between environmental and 

lifestyle risk factors and EC in Africa. Full text assessment was done on the remaining 

94 articles. Twenty-two articles were removed for the following reasons: nine had no 

full text, eight were non-English articles and five were dissertations. Finally, 72 studies 

we included in the study for appraisal and analysis. Studies that did not report on ORs 

or RR and 95%CIs were not included in the meta-analysis or the PAF analysis. 

3.4.2 Study selection and characteristics 

Risk factors reported in the 72 included studies were smoking and alcohol 

consumption, low socioeconomic status, poor diet, PAH exposure, consumption of hot 

food and beverages, poor oral health, infectious agents, esophageal inflammation, 

family history of cancer and non-acid gastro-esophageal reflux. The studies were 

published between 1972 and 2019. The diagnostic methods for ESCC used included 

histopathology, barium swallow, and brush. Of the 72 studies, only 31 (43%) reported 

association of a risk factor to ESCC using ORs or RRs and 95%CIs. Some of these 

studies (n=8) reported on more than one environmental and lifestyle risk factor. The 

least reported characteristics were the EC stage (n=1) of the patients and the response 

rates of participants (n=2).  
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Quality of methods and reporting assessment was done on the 31 articles that 

reported ORs or RRs and 95%CIs and hence qualified for quantitative assessment. 

The quality scores are reported in Appendix Table 3A1. The majority of the articles 

(77.5%) were of moderate quality (score of 4–6). Five studies (16.5%) were of low 

quality (score of 1-3). Only two studies (6%) had high quality reporting (score of 7-9). 

The least reported characteristics were the EC stage of the patients and the response 

rates of participants.  

Table 3.1 shows a list of African countries (majority from the African Esophageal 

Cancer Corridor) according to incidence numbers and Age Standardized Incidence 

Rater (ASIR) per 100,000, which had studies included in our systematic review and 

meta-analysis. The risk factors analyzed in each country are presented in the table. 

This information is further depicted in Figure 3.2 and 3.3 as pie charts. 

 

Table 3.1: List of African countries according to incidence numbers and ASIR, which had studies 

included in the systematic review and meta-analysis 

Populatio
n 

Inciden
ce 
number 

 ASIR 
(Worl
d)  

Rank in 
Africa 
accordi
ng to 
ASIR 

Number of 
studies 
eligible for 
meta-
analysis 

Number 
of 
studies 
included 
in the 
systema
tic 
review 

Risk factors 
investigated in case 
control studies 

Malawi 1844 18.70  1 0 3 Alcohol, Tobacco, 
Infectious agents 

Kenya 4380 18.40  2 4 9 Alcohol, Tobacco, 
Diet, PAH, Hot food 
and beverages, 
Socioeconomic 
status, Esophageal 
Injury, Family history 
of ESCC, Oral 
health, Water source 

Zimbabwe 920 12.40  3 2 4 Alcohol, Tobacco, 
Socioeconomic 
status 

Uganda 1749 10.80  4 2 2 Alcohol, Tobacco 
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United 
Republic of 
Tanzania 

2516  8.90  7 0 2 Alcohol, Tobacco, Hot 
food and beverages 

South 
Africa 

3697 7.80  10 17 43 Alcohol, Tobacco, 
Infectious agents, 
Diet, PAH, 
Socioeconomic 
status, Esophageal 
Injury, Non-acid 
gastro esophageal 
reflux 

Somalia 524 7.50  12 0 1 Infectious agents 

Zambia 389 5.30  17 2 2 Alcohol, Tobacco, 
Infectious agents, 
Diet, PAH 

Ethiopia 1752 3.00  23 3 4 Alcohol, Tobacco, 
Infectious agents, 
Diet, PAH, Hot food 
and beverages 

Mali 190 1.90  36 0 1 Diet 

Egypt 1034 1.30  38 0 1 Alcohol, Tobacco 

ASIR, age standardised incidence rates  
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Figure 3.2: Risk factors investigated in the 11 African countries which reported on case control studies 
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Figure 3.3: African countries (n=11) studying a specific risk factor. NAGER; non-acid gastroesophageal refluxUsing data from 

GLOBOCAN, Table 3.2 shows environmental and lifestyle risk factors investigated in other ESCC high risk regions which are reported 

in the systematic review. 
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Table 3.2: Risk factors investigated in other ESCC high-risk regions and reported in this systematic 

review 

Risk factor for ESCC  High-risk non-African country and region reporting risk 
factors  

Alcohol Argentina, Brazil, Paraguay, Uruguay, China, Thailand, Japan (26, 
27) 

Tobacco Argentina, Brazil, Paraguay, Uruguay, China, Thailand, Japan (26, 
27) 

Helicobacter pylori  China, India, Japan, Korea, Iran (28) 

Diet (fruits and vegetables) China, Japan, Uruguay (29) 

PAH Argentina, Brazil, Paraguay, and Uruguay, India, China, Iran (30-
32) 

Hot food and beverages, 
and esophageal 
inflammation 

China, India, Iran, Argentina, Brazil, Uruguay, Paraguay (33-35) 

Socioeconomic status India, China (36, 37) 

Family history of cancer China, India (38, 39) 

Non-acid gastro 
esophageal reflux 

Japan (40) 

Oral health China, Iran (37, 41) 

Water source Iran (42) 

 

3.4.3 Tobacco smoking and chewing 

Tobacco smoking was the most commonly investigated risk factor, with 21 (68%) of 

the 31 reporting quantifiable associations between smoking and EC (Figure 2). 

Twenty-one studies were case-control studies and included 6,984 cases and 15,322 

controls. The majority (n=15) of the studies were from South Africa, with two from 

Zambia, two from Zimbabwe, two from Kenya, and two from Uganda. The studies were 

published between 1988 and 2019. Of the 21 studies, 15 (71%) reported significant 

associations between tobacco use and the ESCC development. 

Of the 15 studies that reported a significant association, all indicated an increased risk 

of ESCC in people who smoke or chew tobacco, with ORs ranging from 1.05 to 

11.24.(43, 44) The highest risk was reported in studies done on a Zambian population 

and a South African female population, with ORs of 11.24 (1.34-92.4 95%CI) and 11.1 

(4.5-27 95%CI), respectively.(44, 45) This was followed by studies done on a Zambian 

population and two Zimbabwean male populations which reported ORs of 8 (2.8-22.7 

Stellenbosch University https://scholar.sun.ac.za



 

 

151  

95%CI), 5.7(3.7-8.5 95%CI) and 5.6 (3.8-8.4 95%CI), respectively.(46-48) The rest of 

the studies stated increased risk of ESCC with ORs ≤ 4.11. In studies that assessed 

the tobacco as a risk factor separately for men and women, men had a slightly higher 

risk than women.(49, 50)  

3.4.4 Alcohol consumption 

Alcohol consumption was investigated as a risk factor in 21 of the 31 (66%) studies 

with quantifiable associations to ESCC. All the studies were case-control studies with 

the majority (n=15) of the studies coming from South Africa, and two from Zambia, two 

from Zimbabwe, two from Kenya, and two from Uganda. They included 6,773 cases 

and 15,111 controls. There was a significant overlap with the studies reporting the 

effects of tobacco smoking. The studies were published between 1988 and 2019.  

Only eight (38%) of the 21 studies reported statistically significant associations and 

increased risk to ESCC. The highest risk was reported in a study done on a South 

African population with OR of 15.4 (5.5-43.4 95%CI) for men and 9.9 (3.4-28.6 95%CI) 

for women consuming commercial beer.(45) This was followed by a South African 

study which reported an OR of 5.09 (3.4-7.6 95%CI) and 3.86 (2.7-5.5 95%CI) for 

traditional beer and commercial spirits, respectively.(51) The remaining eight studies 

documented increased risk with ORs ranging from 2.2 to 3.48 and 95%CI of 1.23 to 

6.07.(50) One of the studies by Patel et al (52), after adjusting for gender, age, 

smoking, snuff use, and cooking and sleeping in the same room, ESCC patients were 

45% more likely to have EC due to alcohol consumption as compared to controls.  

3.4.5 Tobacco and alcohol 

A combination of smoking and alcohol as a risk factor for ESCC was investigated in 

11 of the 31 studies, with 10 reporting statistically significant interactions between the 

two factors. They included 4,052 cases and 7,007 controls. Both alcohol and tobacco 

independent risk factors for ESCC The combination of tobacco and alcohol was 

reported to increase the risk in all the studies with ORs ranging from 1.95 to 19.06 and 

95%CIs ranging from 1.4 to 41.7.(45, 53-55) A South African study described an 

increased risk of OR 18.2 (8.1-41.7 95%CI) for women, which was significantly higher 

than that for men 3.5 (1.5-8.4 95%CI).(45) In another study which assessed the risk 
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for men and women separately, the risk for women was slightly higher, with an OR of 

4.8 (3-7.8 95%CI), than for men, 4.7 (2.8-7.9 95%CI).(49) It is important to determine 

whether the joint effect of adverse risk factors has an additive or multiplicative effect. 

3.5.6 Diet 

Nine studies investigated the effect of poor diet on ESCC. This included food groups, 

food items, vitamins and trace elements. A total of 1,509 cases and 2,188 controls 

were assessed. Seven of the studies reported statistically significant associations to 

ESCC development; six were case-control studies whilst one was an ecological study. 

Three South African studies reported increased risk of ESCC in participants who 

consume wild vegetables.(56-58) The wild vegetables comprised imifino, Uthyuthu 

(Amaranthus thunbergii), imbikicane (Chenopodium album), and umsobo (Sofanum 

nigrum). One of the studies on South African women reported an increased risk of 

ESCC in consumers of wild imifino vegetables with OR of 1.84 (1.04-3.27 95%CI).(58) 

The highest risk was observed by Sammon et al (56) with a RR of 2.86 (1.16-8 95%CI).  

Consumption of fruits, vegetables and green legumes was individually associated with 

a protective effect to ESCC development in a South African study by Sewram et al 

(58). Eating fruits 5-7 times a week was associated with a protective effect of OR 0.51 

and 0.42 for men and women, respectively. Consumption of vegetables 5-7 times a 

week, also had a protective effect of OR 0.62 and 0.5 for men and women, 

respectively. A study done by Leon et al (59) reported that not eating vegetables at 

least once a week, or not eating green vegetables at all significantly increased the risk 

of ESCC with OR of 12.68 (1.99-80.96 95%CI) and 400 (12-3,345 95%CI), 

respectively.(59) Additionally, consumption of meat 5-7 days per week was reported 

to have a protective effect.(58) 

Other food items that were reported to increase the risk of ESCC development, were: 

purchased maize, pumpkin, beans, sorghum and porridge reported in three South 

African and one Ethiopian study. (57, 58, 60, 61) The Ethiopian study by Leon et al 

(59), also indicated that saltiness in food increased the risk of ESCC with OR of 7.79 

(1.21-50.3 95%CI). In another South African study, daily and weekly consumption of 

margarine was reported to have a protective effect with OR of 0.51 and 0.71, 

respectively.(61) Schaafsma et al (62) performed an ecological study assessing the 
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ESCC development and seven micronutrients (calcium, copper, iodine, magnesium, 

selenium, zinc) in 32 African countries. Iron, zinc and selenium were described to have 

a protective effect in males and females, whilst magnesium was reported to be 

protective in females only. 

3.5.7 Socio-economic status 

Low socio-economic status was assessed as a risk factor for ESCC development in 

four case-control studies. They included 1,268 cases and 3,723 controls. One of the 

studies was from South Africa, one from Zimbabwe and two were from Kenya. Socio-

economic status was measured using salaries, occupational status and type of 

housing. The South African study reported an increased risk of ESCC associated with 

lower salaries.(51) The study found RR ranging from 1.23 to 74.94 for various low-

salary levels.(51) The Zimbabwean study evaluated the effect of occupational status 

in men.(48) Low occupational status and mining as an occupation were found to 

increase the risk for ESCC when compared to high occupational status in men with 

OR of 1.5 and 2.5, respectively.(48) One Kenyan study showed that a monthly salary 

of over 100 dollars reduced the risk of ESCC with OR of 0.59 (0.46-0.77 95%CI).(52) 

The second Kenyan study showed that poor housing increased the risk of ESCC with 

OR of 1.98 (1.11-3.53 95%CI).(43)  

3.5.8 PAH exposure 

Six case control studies reported PAH exposure as a risk factor for ESCC. They 

included 1,176 cases and 3,076 controls. Indoor air pollution through: smokiness in 

the home, heating and cooking fuel, and mursik (a fermented milk beverage which 

may contain charcoal) was classified as PAH exposures. Five studies from South 

Africa, Kenya and Zambia reported significant associations between PAH exposure 

and ESCC. Pacella-Norman et al (49) assessed the effect of heating fuel (paraffin) in 

South African men and women and found an increased risk of ESCC in women OR 

3.5 (1.1-11.3 95%CI). In another South African study, the use of wood and charcoal 

for heating and cooking were reported to increase ESCC risk with OR 15.2 (8.15-28.2 

95%CI).(63) The use of charcoal and wood as cooking fuel was reported to increase 

risk in a Zambian population with OR 3.0 (1.2-7.4 95%CI).(46) Charcoal and wood use 

for cooking were also assessed in a Kenyan study, which reported an increased risk 
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with OR 2.32 (1.41-3.84 95%CI) and in a South African study with OR 7.1 (4.6-11 95% 

CI).(52, 55) The same Kenyan study reported on the use of mursik, the consumption 

of which increased the risk of ESCC with OR 3.72 (1.96-7.14 95%CI).(52) 

3.5.9 Hot food and beverages 

Two Kenyan studies assessed the consumption of hot food and beverages and their 

association to ESCC. They included 589 cases and 599 controls. Both studies were 

case-control studies, and reported that drinking hot, and very hot beverages increased 

the risk of ESCC with OR of 12.78 (6.98-23.6 95%CI) and 3.66 (2.1-6.5 95%CI), 

respectively.(52, 64) A few studies from Kenya, Ethiopia, Tanzania and Malawi have 

also shown that the consumption of hot tea, hot food and hot chai are important risk 

factors for ESCC.(65-67) However, these studies did not report risk estimates. 

3.5.10 Oral Health 

Two Kenyan and two Tanzanian case-control studies explored poor oral health as a 

risk factor for ESCC. They included 1,370 cases and 1,380 controls. A study by Patel 

et al (52) showed that tooth loss was associated with an increased risk of ESCC with 

OR 5.28 (2.98-9.41 95%CI). Tooth loss was also associated with an increased risk of 

ESCC in a study by Menya et al (68). In this study, other components of oral health 

were assessed which showed an increased risk, these include: decayed teeth (≥3) OR 

4.4 (2.3-8.3 95%CI), brushing teeth only once per week OR 2.3 (1.0-5.5 95%CI), never 

having brushed teeth OR 2.5 (1.0-6.0 95%CI), oral leukoplakia OR 3.1 (1.8-5.3 

95%CI), and the sum of number of decayed + missing + filled teeth ≥8 OR 3.0 (1.5-

6.1 95%CI).(68)  

3.5.11 Infectious agents  

Human papillomavirus (HPV) and HIV infection were assessed as risk factors in three 

studies (two Zambian and one South African). They included 200 cases and 720 

controls. Two studies reported statistically significant associations between HPV, HIV 

and ESCC development. In a South African study HPV16 was associated with an 

increased risk of OR 1.59 (1.19-2.13 95%CI).(69) One of the Zambian studies did not 

find statistically significant associations between HPV and ESCC; however HIV 

infection in patients over 60 years was associated with increased risk of ESCC with 
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OR 5.5 (1-27.7 95%CI).(70) The second Zambian study did not report significant 

association between HIV infection and ESCC development.(71) The discrepancies in 

HPV detection may be attributable to the different methods employed in the detection 

of HPV DNA in different studies as well conditions surrounding sample collection and 

storage 

3.5.12 Esophageal injury 

Esophageal inflammation due to self-induced vomiting and caustic ingestion was 

reported as a risk factor in two South African studies and one Kenyan study. The case-

control studies had a total of 661 cases and 266 controls. In the South African study, 

induced vomiting was associated with ESCC, reporting OR of 1.83 (1.13-2.96 

95%CI).(72) The study reported on various methods used by the participants to induce 

vomiting which include use of salt water, traditional medicine, warm water, holy water, 

and vinegar water. The South African case-control study did not show a statistically 

significant association between induced vomiting or use of traditional emetics and 

ESCC development.(56) The Kenyan study reported that caustic ingestion was 

associated with an increased risk of ESCC with OR 11.35 (3.04-42.46 95%CI).(43) 

The use of traditional medicines, which can be used as emetics, was reported in a 

South African case-control study by Sammon et al. (56) However, the association 

between traditional medicines and EC development was not statistically significant.  

3.5.13 Water sources 

Water source was assessed as a risk factor for ESCC development in a Kenyan case 

control study of 430 cases and 440 controls.(68) Use of spring/river water compared 

to piped/rain water was reported to be associated with ESCC development with OR 

3.1 (1.5-6.5 95%CI). Use of borehole and piped water did not show statistically 

significant associations with ESCC.(68) 

3.5.14 Family history of cancer 

Family history of cancer was reported to increase the risk of ESCC in a Kenyan case-

control study with OR of 3.50 (1.29-9.49 95%CI).(43) Sample size was small with only 

83 cases and 166 controls. Ten (12%) of the cases and eight (4%) of the controls had 

a positive family history of cancer. 
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3.5.15 Non-acid gastroesophageal reflux 

Non-acid gastroesophageal reflux was reported to increase the risk of ESCC in a 

South African case-control study with OR of 8.8 (3.2-24.5 95%CI).(73) The authors 

measured non-acid gastroesophageal reflux using a digi-trapper high-definition 

multichannel impedance and pH medical measurement system, which involved 

placing a test catheter near the esophagogastric junction for 24 hours. Sample size 

was very small with only 32 cases and 49 controls. Non-acid gastroesophageal reflux 

was reported in 23 (73%) of the cases and in 11 (22%) of the controls. 

3.5.16 Synthesized findings 

3.5.16.1 Meta-analysis 

We performed a meta-analysis for six of the risk factors: tobacco smoking, alcohol 

consumption, combined tobacco and alcohol use, esophageal injury, fruit and 

vegetable consumption and PAH exposure. We first included all studies in the meta-

analysis and then using an outlier detection method, removed the studies with extreme 

effect sizes from the final meta-analysis. The outliers are still displayed in the second 

meta-analysis forest plots, however their weight is set to 0%, indicating that we did not 

include them in the pooled analysis. Influence analysis was also done to detect studies 

which were distorting the overall effect size the most as well as to corroborate the 

results from the outlier detection methods. Three studies, van Rensburg et al 

1985(61), Segal et al 1988(51), and Sammon et al 1992(56), reported their effect sizes 

as RR, therefore ORs were calculated from the exposed vs non-exposed data 

provided in the respective publications and used in our meta-analysis.  

The pooled analysis for tobacco smoking showed an effect size of OR of 3.07 (2.39-

3.94 95%CI) (Figure 3.4). Heterogeneity (I2) of 95% with p < 0.01 was recorded. Using 

the outliers detection method, influence analysis and GOSH method, 12 studies were 

identified as outliers, distorting the overall effect size, and contributing to the high 

heterogeneity and cluster imbalance. A second meta-analysis following the removal 

of these seven studies, resulted in a pooled effect size of OR of 4.14 (3.26-5.26 

95%CI) and I2 of 36% (p = 0.09) (Figure 3.5). The forest plot is shown in Figure 3.6. 

Funnel plot assessing for publication bias showed significant asymmetry, eggers test 

had a p < 2.74x10-8 confirming significant asymmetry and possible publication bias 
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(Figure 3.9). One of the studies included in this analysis, Machoki et al (74) is not 

indexed on PubMed®.  

 

Figure 3.4: Effect of tobacco smoking on esophageal cancer in Africa. Forest plot 

showing the pooled effect of tobacco smoking on esophageal cancer development in 

Africa. The figure was generated using R software. Study ID gives the first author and 

the year of the publication. OR, odds ratio: TE, logged effect size: seTE, standard error 

of effect size: CI, confidence interval 
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Figure 3.5: Final estimates of the of tobacco smoking on esophageal cancer in 

Africa. Forest plot showing the pooled effect of tobacco smoking on esophageal 

cancer development in Africa, after excluding outliers and studies which account for 

distorted effect size, high-heterogeneity and clustering. The figure was generated 

using R software. Study ID gives the first author and the year of the publication. OR, 

odds ratio: TE, logged effect size: seTE, standard error of effect size: CI, confidence 

interval 
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Figure 3.7: Effect of alcohol consumption on ESCC in Africa. Forest plot showing 

the pooled effect of alcohol consumption on ESCC development in Africa. The figure 

was generated using R software. Study ID gives the first author and the year of the 

publication. OR, odds ratio: TE, logged effect size: seTE, standard error of effect size: 

CI, confidence interval 
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Figure 3.8: Final estimates of the effect of alcohol consumption on ESCC in 

Africa. Forest plot showing the pooled effect of alcohol consumption on ESCC 

development in Africa, after excluding outliers and studies which account for distorted 

ES, high-heterogeneity and clustering. The figure was generated using R software. 

Study ID gives the first author and the year of the publication. OR, odds ratio: TE, 

logged effect size: seTE, standard error of effect size: CI, confidence interval 
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Figure 3.10: Effect of combined tobacco and alcohol use on ESCC in Africa. 

Forest plot showing the pooled effect of combined tobacco and alcohol use on ESCC 

development in Africa. The figure was generated using R software. Study ID gives the 

first author and the year of the publication. OR, odds ratio: TE, logged effect size: 

seTE, standard error of effect size: CI, confidence interval 

 

Figure 3.11: Final estimates of the effect of combined tobacco and alcohol 

consumption on ESCC in Africa. Forest plot showing the pooled effect of combined 

tobacco and alcohol use on ESCC development in Africa, after excluding outliers and 

studies which account for distorted ES, high-heterogeneity and clustering. The figure 

was generated using R software. Study ID gives the first author and the year of the 

publication. OR, odds ratio: TE, logged effect size: seTE, standard error of effect size: 

CI, confidence interval 
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Figure 3.13: Effect of esophageal injury on ESCC in Africa. Forest plot showing 

the pooled effect of esophageal injury on ESCC development in Africa. The figure was 

generated using R software. Study ID gives the first author and the year of the 

publication. OR, odds ratio: TE, logged effect size: seTE, standard error of effect size: 

CI, confidence interval 

 

Figure 3.14: Final estimates of effect of esophageal injury on ESCC in Africa. 

Forest plot showing the pooled effect of esophageal injury on ESCC development in 

Africa, after excluding outliers and studies which account for distorted ES, high-

heterogeneity and clustering. The figure was generated using R software. Study ID 

gives the first author and the year of the publication. OR, odds ratio: TE, logged effect 

size: seTE, standard error of effect size: CI, confidence interval 
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Figure 3.15: Funnel plot for assessing publication bias for esophageal injury. 

The figure was generated using R software. Egger’s test could not be performed. 

 

A forest plot of PAH exposure showed an effect estimate of OR of 2.79 (1.68-4.64 

95%CI) (Figure 3.16). This indicates that exposure to PAHs increases the risk of 

developing EC by a factor of 2. Test for heterogeneity showed an I2 of 85% (p < 0.01). 

The second pooled analysis resulted in OR 2.46 (1.68-3.60 95%CI) and I2 of 0% 

(Figure 3.17). The funnel plot shows moderate symmetry and some outliers (Figure 

3.18). Egger’s test gave p < 0.43. 
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Figure 3.16: Effect of PAH on ESCC in Africa. Forest plot showing the pooled effect 

of PAH on ESCC development in Africa. The figure was generated using R software. 

Study ID gives the first author and the year of the publication. OR, odds ratio: TE, 

logged effect size: seTE, standard error of effect size: CI, confidence interval 

 

Figure 3.17: Final estimates of effect of PAH on ESCC in Africa. Forest plot 

showing the pooled effect of PAH on ESCC development in Africa, after excluding 

outliers and studies which account for distorted ES, high-heterogeneity and clustering. 

The figure was generated using R software. Study ID gives the first author and the 

year of the publication. OR, odds ratio: TE, logged effect size: seTE, standard error of 

effect size: CI, confidence interval 
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Figure 3.19: Effect of fruit and vegetables consumption on ESCC in Africa. Forest 

plot showing the pooled effect of fruit and vegetables consumption on ESCC 

development in Africa. The figure was generated using R software. Study ID gives the 

first author and the year of the publication. OR, odds ratio: TE, logged effect size: 

seTE, standard error of effect size: CI, confidence interval 

 

Figure 3.20: Final estimate of effect of fruit and vegetables consumption on 

ESCC in Africa. Forest plot showing the pooled effect of fruit and vegetables 

consumption on ESCC development in Africa, after excluding outliers and studies 

which account for distorted ES, high-heterogeneity and clustering. The figure was 

generated using R software. Study ID gives the first author and the year of the 

publication. OR, odds ratio: TE, logged effect size: seTE, standard error of effect size: 

CI, confidence interval 
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Figure 3.21: Funnel plot for assessing publication bias for fruit and vegetable 

consumption. The figure was generated using R software. Egger’s test could not be 

performed.  

 

3.5.16.2 Population attributable fraction 

PAF calculations were done for six risk factors: tobacco smoking, alcohol 

consumption, combined tobacco and alcohol use, esophageal injury, fruit and 

vegetable consumption and PAH exposure (Table 3.3). The data were taken from the 

studies selected for the meta-analysis. Five studies were excluded from the analysis 

due to not having enough information on exposure. The PAF attributable to tobacco 

smoking was 17%, whilst for alcohol consumption it was 13%. According to our 

analysis, the combined exposure of tobacco and alcohol attributed 23% of the 

esophageal cancers. Esophageal injury was responsible for 17% of ESCC cases. 

Exposure to PAHs contributed 5% of ESCC cases. Fruit and vegetable consumption, 

due to its protective effect, showed a negative PAF of -11%. Our estimates show that 
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43% of ESCC cases are attributable to the combined effects of tobacco smoking, 

alcohol consumption, esophageal injury and PAH exposure. 

Table 3.3: PAF values for risk factors associated with ESCC in African populations 

Risk factor for ESCC PAF value 
(%) 

Studies from which the PAF was calculated  

Alcohol 0.17 (17) (11, 46, 48, 49, 51-53, 55, 57, 71, 75-82) 

Tobacco 0.13 (13) (11, 46, 52, 53, 61, 71, 74, 78, 80, 81, 83) 

Tobacco and alcohol 0.23 (23) (11, 49, 53, 55, 77, 79, 81) 

Esophageal injury 0.17 (17) (52, 56, 64, 84) 

PAH 0.05 (5) (46, 49, 52, 75, 78) 

Fruits and vegetables -0.11 (12, 78) 

Total* 0.43 (43)  

*Combined PAF for Alcohol, tobacco, esophageal injury and PAH only 

3.6 Discussion 

EC constitutes a major health burden in specific geographic regions of the world, i.e., 

China to Iran, parts of South America and from Eastern to Southern Africa.(6) Our 

systematic review identified 31 studies which reported smoking and alcohol 

consumption, low socioeconomic status, poor diet, PAH exposure, consumption of hot 

food and beverages, poor oral health, infectious agents, esophageal injury, family 

history of cancer, water source, and non-acid gastro-esophageal reflux as 

environmental and life-style risk factors for ESCC in Africa using risk estimates. This 

points to a multifactorial etiology of ESCC which was also reported in two other recent 

systematic reviews, one published while the current study was in progress.(33, 85) 

Most of the studies in our systematic review were reported from the African 

oesophageal cancer corridor. We performed a meta-analysis of eligible studies. Our 
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study also aggregated data from additional sources other than PubMed and performed 

PAF analysis, which has not been done before.  

Meta-analysis was done for the following risk factors, which had enough studies for a 

pooled analysis: tobacco smoking, alcohol consumption, combined smoking and 

tobacco exposure, PAH exposure, esophageal injury, as well as fruit and vegetable 

consumption. Our systematic review differed from the already published systematic 

review(85) in that we performed meta-analysis on an additional four risk factors 

(combined smoking and tobacco exposure, PAH exposure, esophageal injury, and 

fruit and vegetable consumption) and performed PAF analysis. 

We performed two meta-analysis for each risk factors. The initial meta-analyses for all 

risk factors showed significant heterogeneity, and therefore for each pooled analysis 

a second meta-analysis was done after removal of outliers and studies which 

accounted for the distorted effect size, high-heterogeneity and clustering.  

Tobacco smoking was the most studied risk factor and emerged as a plausible 

contributing agent for ESCC in South Africa, Uganda, Zambia, and Zimbabwe. Alcohol 

consumption was the second most reported risk factor, however only 38% of the 

studies reported statistically significant associations. Our pooled analysis showed that 

tobacco smoking increased ESCC risk by 3.07 (2.39-3.94 95%CI), but the 

heterogeneity of the studies was high (I2 = 95%). The second meta-analysis after the 

removal of outliers and studies which account for distorted effect size, high-

heterogeneity and clustering showed an OR of 4.14 (3.26-5.26 95%CI) and I2 of 36% 

(p = 0.09). The heterogeneity was reduced from 95% to 36% and the effect size 

increased. The funnel plot analysis showed potential publication bias, possibly due to 

meta-analysis of non-standardized exposures and intensities.  

Home-brewed beer consumption was a major risk factor for ESCC in South African, 

Zambian and Kenyan populations. Preparation of this beer is often done in oil drums 

which may contain iron and other carcinogens.(86) Our meta-analysis showed that 

alcohol consumption increased ESCC risk of OR 2.31 (1.77-3.02 95%CI) and high 

heterogeneity (I2 = 83%). The second meta-analysis after the removal of outliers 

showed OR of 2.14 (1.65-2.78 95%CI) and I2 of 57% (p < 0.01), also showing a 

significant reduction in heterogeneity. Alcohol consumption therefore increased the 
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risk of developing ESCC by a factor of two. The funnel plot showed moderate 

symmetry (Figure 9) and the Egger’s test had a p < 0.07. This means that publication 

bias in this pooled analysis was unlikely, although a few outliers are present.  

Whilst data from high income countries have conclusively implicated tobacco smoking 

and alcohol consumption as the main risk factors for ESCC(16), more evidence is 

needed to assess if they are major causative agents of ESCC in the African EC 

corridor. Some studies reported the interaction between tobacco and alcohol, with high 

risk estimates, indicative of synergistic effects of combined exposure to tobacco and 

alcohol. However, because none of these studies were originally designed as 

interaction studies, they may not have had enough statistical power to detect 

interactions. In a systematic review and meta-analyses done by Prabhu et al (87) 

pooled analysis of five studies from Asian populations showed a positive synergistic 

effect of tobacco and alcohol exposure. The synergy factor was reported as an OR of 

3.28 (2.11- 508 95%CI), Cochrane’s Q P value = 0.05 and I2 = 55.3 %.(87) The authors 

reported that the combined effect of tobacco and alcohol exposure was approximately 

twice that of each risk factor alone.(87) In our study, pooled analysis of combined 

tobacco and alcohol use showed similar findings with OR 3.95 (2.53-6.17 95%CI) and 

an I2 of 88%. The second pooled analysis following the removal of outliers showed OR 

4.48 (3.37-5.95 95%CI), with I2 of 25% (p = 0.25). The results support the synergistic 

effects of combined alcohol and tobacco exposure reported in literature, with a two-

fold increase in risk compared to alcohol consumption alone. Regarding tobacco 

smoking alone, the combined effect of tobacco smoking and alcohol consumption only 

slightly increases. A significant reduction in heterogeneity was reported, from 88% to 

25%. The funnel plot showed moderate symmetry with some outliers, indicating that 

publication bias was unlikely.  

Esophageal injury emerged as an important risk factor for ESCC in our meta-analysis, 

however, only three studies have assessed this risk factor in African populations. 

Esophageal injury can occur due to consumption of hot food and beverages, self-

induced vomiting, use of traditional emetics, and non-acid gastroesophageal reflux. In 

our study, the role of self-induced vomiting and traditional emetics in ESCC 

development was conflicting. Over the past few years, there has been an increase in 

the number of African studies assessing the role of hot food and beverages in ESCC 
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pathogenesis. The studies reported an association, corroborated with other studies in 

China, Iran and South America which demonstrated the same effect.(33) Additionally, 

results from our meta-analysis were consistent with these findings, showing that 

esophageal injury was associated with increased risk of ESCC, with OR 4.27 (2.06-

8.86 95%CI) and I2 of 91% (p < 0.01). A second pooled analysis showed OR 4.63 

(2.03-10.52 95%CI) and I2 of 63% (p = 0.04). Esophageal injury therefore increases 

the risk of developing ESCC by a factor on four.  

Similar to our study, low socioeconomic status was reported to be associated with 

increased ESCC risk in Indian, American and Swedish studies.(88-90) Our study 

assessed PAHs from different sources (heating and cooking fuel, and consumption of 

charcoal powder when drinking mursik) and was found to increase ESCC risk. In a 

systematic review on the role of biomass fuel (wood, charcoal, coal, dung, and crop 

residues) in ESCC development, the use of biomass fuel for heating and cooking was 

associated with ESCC development, due to smoke exposure.(30) The highest risk was 

reported in Africa and Asia. These results were corroborated in our study, as pooled 

analysis demonstrated that PAH exposure was associated with increased risk of 

developing ESCC with OR of 2.79 (1.68-4.64 95%CI) and I2 of 85% (p < 0.01). The 

second pooled analysis gave an OR 2.46 (1.68-3.60 95%CI) and I2 of 0%. PAH 

exposure therefore increases the risk of developing ESCC by a factor of two. After 

removal of outliers, heterogeneity was reduced to 0%, representing the biggest 

reduction in heterogeneity in our meta-analysis. The funnel plot shows moderate 

symmetry and some outliers, with eggers test p < 0.43.  

Consumption of fruits and vegetables reduced the risk of ESCC in our study. This 

evidence is supported by a previous meta-analysis done by Liu et al (29) on 32 studies 

on Asian, European, North and South American populations. The study reported that 

consumption of vegetables and fruits significantly reduced the risk of ESCC with 

summary relative risks of 0.56 (0.45–0.69 95%CI) and 0.53 (0.44–0.64 95%CI), 

respectively.(29) Our pooled analysis for fruit and vegetable consumption among 

African populations showed OR 0.64 (0.47-0.87 95%CI) and I2 of 70% (p < 0.01). A 

second pooled analysis after removal of outliers gave an OR 0.60 (0.43-0.83 95%CI) 

and I2 of 45% (p = 0.08). Fruit and vegetable consumption had a protective effect on 

ESCC, meaning it reduced the risk of developing ESCC by 40%. Due to the small 
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number of studies, fruit and vegetables consumption could not be analysed separately. 

The role of micronutrient deficiencies in the etiology of ESCC is contested in the 

literature. Our study found that micronutrient deficiencies of iron, zinc, selenium and 

magnesium increase the risk of ESCC. In one of the biggest micronutrient studies 

done in 32 African countries, iron, zinc and selenium were described to have a 

protective effect in males and females, whilst magnesium was reported to be 

protective in females only.(91)The study was an ecological study, which is an 

observational study where data are analysed for entire populations in different 

geographical regions at a single point in time. In a systematic review on micronutrients 

and EC by Velenzuela et al(92) increased dietary intake of total iron and zinc, and 

reduced heme iron intake was reported to be protective against. 

Our meta-analysis showed that tobacco smoking, alcohol use, combined tobacco and 

alcohol use, PAH exposure and esophageal injury all enhanced the risk of ESCC. 

However, these results also showed high heterogeneity, and hence should be 

interpreted with caution. It is inevitable that studies pooled together in a meta-analysis 

will have some level of heterogeneity. Based on the recommendations of the Cochrane 

Handbook for Systematic Reviews of Interventions version 6.0 (93), five (tobacco 

exposure, alcohol consumption, combined tobacco and alcohol exposure, PAH, and 

esophageal injury) of our initial meta-analysis results fall within the 75-90% 

heterogeneity, indicating considerable heterogeneity. Fruit and vegetable 

consumption fell within the 50% to 90%, representing substantial heterogeneity. The 

second set of meta-analyses after removal of outliers resulted in three (tobacco 

exposure, alcohol consumption, fruit and vegetables exposure) meta-analyses falling 

within 30% to 60%, representing moderate heterogeneity. The analysis on PAH fell 

within 0% to 40% of heterogeneity whilst the analysis on esophageal injury had 

heterogeneity within 50% to 90%. It is important to note that our meta-analysis was 

performed using the random effects model, which incorporates heterogeneity among 

studies.  

Our study provides evidence-based assessment of the proportion of ESCC cases 

attributable to certain risk factors. To quantify the contribution of a risk factor to the 

development of ESCC, PAF analysis was performed. An estimation of PAF is 

imperative as it plays an important role in cancer control and prevention. Our analysis 

Stellenbosch University https://scholar.sun.ac.za



 

 

176  

showed that tobacco smoking and alcohol consumption contributed to 17% and 13% 

of the ESCC cases, respectively, whilst their combined exposure contributed 23% of 

the ESCC cases. The combined PAF corroborates our results from the meta-analysis 

which also showed synergistic effects of combined and tobacco exposure. In a 

Chinese study, the contribution of alcohol consumption in EC cases was reported to 

be PAF of 10.9% (15.2% for men and 1.3% for women) (94), which was lower than 

our overall estimate of 17%. Another Chinese study reported the combined 

contribution of tobacco smoking and alcohol consumption in ESCC as 40.9%.(95) A 

study done on a Ugandan population reported PAF values of 15.62 for tobacco 

smoking, 10.17% for alcohol consumption, and 13% for combined tobacco smoking 

and alcohol use.(81). A recent study on a Kenyan population reported that PAF of 

ESCC for alcohol consumption was 48% (59% for men and 27% for women).(79) A 

Lebanese study reported higher PAF values of tobacco smoking; (43%) and alcohol 

(31%) for men and smoking (33%), and alcohol (6%) for women.(96) Combined 

attributable risk for tobacco smoking and alcohol consumption in men was 76% and 

37% in women.(96) In a meta-analysis of large-scale population-based cohort studies 

in Japan, the authors reported PAF values of 55.4%, 61.2%, and 81.4% for smoking, 

alcohol consumption, and combined smoking and alcohol consumption 

respectively.(97) An Australian study in 2013 reported that PAF for ESCC due to 

tobacco smoking was 49% and for alcohol consumption it was 32%.(98) Attributable 

fraction for ESCC was reported in a Parkistani population with the following PAF 

values; chewing areca nut (10.8%), chewing betel quid with tobacco (47.6%), oral 

snuff (10.1), and cigarette smoking (22.3).(99) Tobacco chewing and snuff use is a 

common practice in African populations, but understudied.  

Whilst our findings from the PAF analysis point to tobacco use being one of the more 

important risk factors, interestingly, esophageal injury also showed a similar 

attributable fraction of 17%. Esophageal injury therefore emerged as an important risk 

factor. In a 2003 study done in Paraguay, maté consumption, which is normally 

consumed at high temperatures, had a population-attributable risk of 53%.(100) 

However the authors mention that two competitive mechanisms could explain this high 

attributable risk; the high temperature of the mate causing thermal injury of the 

esophagus, and the carcinogenic effects of the herbs used in preparation of the drink. 

Exposure to PAH contributed 5% of ESCC cases in our analysis. Whilst our study did 
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not assess for low intake of fruits and vegetables, this has been shown in an Australian 

study to attribute to 9% of ESCC cases (98), and 2% in a Canadian study.(101)  

In another study which used data from Global Burden of Diseases, Injuries, and Risk 

Factors Study (GBD) 2017, the authors identified smoking, alcohol use, high body 

mass index (BMI), a diet low in fruits, and chewing tobacco as contributing significantly 

to the proportion of oesophageal cancer disability-adjusted life-years (DALYs).(102) 

The data originated from 195 countries and territories between 1990 and 2017. The 

combined attributable risk of four of the risk factors (tobacco smoking, alcohol 

consumption, esophageal injury and PAH exposure) was reported to be 43%. This 

suggests that 43% of ESCC cases would be prevented if these exposures were 

removed. Overall our results show that certain risk factors are population- and region-

specific, and point to a multifactorial etiology of ESCC.  

Overall, our study showed that there is a relatively large body of evidence for smoking 

and alcohol being associated with ESCC, compared to other risk factors. Areas where 

there is an emerging body of evidence include hot food and beverages, and oral 

health. At the same time new avenues of research are also emerging in PAH exposure, 

and diet as risk factors. A number of South African studies reported on risk according 

to specific populations, i.e. black population and mixed ancestry. This South African 

mixed ancestry population is a highly admixed population (103), in which the 

predominant ancestral lines are Khoesan (32-43%), Bantu speaking Africans (20-

36%), European (21-28%) and Asian (9-11%).(104)  

Strengths 

The strength of this study is that it provides the most comprehensive meta-analysis on 

environmental risk factors associated with ESCC in African populations. It is also the 

first study to perform an aggregated PAF analysis of multiple risk factors which 

contribute to ESCC cases in African populations.  

Limitations 

One of the main limitations was the heterogeneity of the original studies. Studies 

assessing the same risk factor often had a different study design, geographical 

location, exposure measurement, exposure assessment category, exposure intensity, 
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and confounding factors adjusted for, variability in sample size (the majority of the 

studies were small case-control studies), therefore caution is needed when 

interpreting the magnitude of the risk estimates. None of the studies directly measured 

carcinogen levels in tobacco, alcohol or indoor smoke. Tobacco exposure had multiple 

routes of exposure, including smoking, chewing, and snuff, therefore the carcinogen 

levels may have differed. Acetaldehyde levels of alcohol also may have differed, 

especially in home-brewed beer. 

A number of studies did not report risk estimates, and hence could not be included in 

the meta-analyses. Most of these studies were published before 1990. There were 

some deficiencies in the quality of reporting and methods in some of the studies. About 

one third of the studies did not report on adjusting for confounding factors. 

Unmeasured and unadjusted confounders can result in a false association. Response 

rates were also reported in only two of the studies.  

There is a lack of interaction studies to investigate the multifactorial etiology of ESCC. 

There are a number of gene-environment interaction studies which have been 

published (105) assessing the interaction between genetic variants and family history 

of cancer, age, gender, food hygiene, eating habits,(106) tobacco smoking (107, 108) 

and alcohol consumption.(107-109) However, the majority of the studies have been 

published on Asian populations. 

Whilst we reported on PAFs, there are potential biases in our estimates due to the 

uncertainty of the magnitude (RR) of the effect given the sparse literature and the lack 

of population-based estimates of exposure. Additionally, for risk factors such as 

alcohol consumption and tobacco smoking, sex aggregated data would have given a 

clearer picture of the attributable risk as prevalence of exposure may differ according 

to gender. Both the meta-analysis and PAF analysis combined fruits and vegetables 

as one factor, however, the nutritional value of fruits and vegetables differ.(110) The 

combination of these factors was done due to limited number of studies for analysis.  

Whilst we identified these limitations in the included studies, we also acknowledge the 

challenges that come with doing research in low-to-middle-income countries. These 

include the availability of resources and infrastructure to perform research, including 

time and expenses. There is also a lack of suitable methods and technologies, which 
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results in the use of non-standardized assessment tools. Most data collection tools are 

based on self-reporting of lifestyle behaviors and environmental exposures via 

questionnaires which have a low precision of accuracy and can result in recall and 

misclassification bias.(111) It is important to highlight the lack of prospective cohort 

studies, which have the capability of significantly reducing some of the biases common 

in case-control studies.  

3.7 Conclusions 

Studies investigating the etiology of ESCC in Africa are very limited, therefore more 

research needs to be done to understand the high prevalence seen in the African EC 

corridor. A standardized way of measuring risk factors will allow for future systematic 

reviews to report with certainty pooled estimates which can be generalized to the 

region. The results of our study point to a multifactorial etiology, which includes genetic 

predisposition and multiple environmental and life-style risk factors, playing a role in 

ESCC risk. More interaction studies, are, therefore needed to elucidate the etiology of 

ESCC in the African populations. Whilst the majority of the risk factors here can be 

generalized to most African countries, more studies are needed to investigated if there 

are risk factors which are specific to the African ESCC corridor, which may explain the 

high incidence in this region. In particular, the role of gene x environment interactions 

needs to be further investigate as well as the role of geochemistry. 
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4.1 Abstract 

Esophageal cancer (EC) is one of the most aggressive malignancies and a leading 

cause of cancer death globally. It is characterised by poor prognosis as patients 

present at an advanced stage, and consequently EC has a low survival rate. The 

pathobiology of EC is not well understood. The aim of this study was to identify 

biological pathways involved in EC development with genes demonstrating differential 

mRNA expression in EC. Method: We performed a comprehensive search on the 

GEO Database (NCBI) to identify datasets on esophageal squamous cell carcinoma 

(ESCC), squamous dysplasia, esophageal adenocarcinoma (EAC) and Barrett’s 

esophagus (BE). Identification and meta-analysis of differentially expressed genes 

(DEGs) was done using the Rank Product Method. An advanced gene set enrichment 

analysis, SetRank, was used to identify enriched biological pathways using the 

Reactome Annotation Database. Pathways were visualised using Cytoscape. 

Results: A total of 18 publicly available GEO mRNA expression datasets, with 

expression data on 906 individual tissue samples, were included in the analysis. 

Overall, 1,107 upregulated genes and 1,537 downregulated genes were outputted for 

BE, EAC and ESCC. The majority of DEGs were significantly associated with the 

pathways involved in the extracellular matrix, including “Extracellular matrix 

organisation”, “Assembly of collagen fibrils and other multimeric structures”, and 

“Collagen chain trimerization”. Pathways involved in cell cycle regulation were also 

identified, including “TP53 regulates transcription of several additional cell death 

genes whose specific roles in p53-dependent apoptosis remain uncertain”, and “Cyclin 

B2 mediated events”. Conclusions: We identified key pathways not previously 

discussed or interpreted in literature in relation to EC, which warrant further 

investigation. The combined bioinformatic analysis of existing GEO mRNA expression 

datasets on EC provided novel insights into the pathobiology of EC. 

4.2 Background 

Esophageal cancer (EC) is a complex disease and the 6th most common cause of 

cancer deaths and the 7th most common cancer worldwide.(1) It is characterised by 

two main histological subtypes, esophageal squamous cell carcinoma (ESCC) which 

constitutes about 90% of all EC cases, and esophageal adenocarcinoma (EAC).(1) 
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ESCC develops from precursor lesions in the mucosa of the esophagus, consisting of 

squamous dysplasia known to develop into malignant ESCC tumours.(2) EAC 

develops from intestinal metaplasia of the esophageal epithelium (Barrett’s 

esophagus, BE) that develops in response to chronic gastroesophageal reflux.(2, 3) 

Whilst the origin of squamous dysplasia is definitive, the origin of BE is still contested 

in literature, with several hypotheses currently being brought forward (Figure 4.1).(4)  

 

Figure 4.1: Proposed hypothesis on the cell origins of Barrett's Esophagus and 
esophageal squamous dysplasia. Figure by Nesteruk et al (4). Creative Commons 
licence: Rightslink® by Copyright Clearance Center. BE, Barrett’s esophagus; 
ESCC, esophageal squamous cell carcinoma; EAC, esophageal adenocarcinoma; 
GERD, gastroesophageal reflux disease. 

 

EC has a multifactorial etiology, with environmental, lifestyle and genetic risk factors 

reported to be associated with EC development and progression.(3) Whilst multiple 

genomic alterations have been reported to be associated with EC development and 

prognosis (5-8), the genetic basis and pathobiology of EC are still poorly understood. 

Investigating differential mRNA expression allows for elucidation of oncogenic 
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pathways which drive EC development, progression, and survival. Research has 

shown that biological differences reflected in gene expression profiles of tumours may 

be associated with cancer prognosis, and could be used to select more targeted 

therapies.(9) High throughput technologies such as microarrays and RNA-sequencing 

are some of the most effective approaches used to identify key molecular events 

involved in tumorigenesis and have been used in the identification of novel pathways 

associated with cancer development.(9, 10)  

Microarray analysis has been useful in revealing genetic networks and pathways 

associated with EC, through comprehensive screening of differentially expressed 

genes (DEGs). The development, progression, metastasis, response to therapy, and 

survival of EC is linked to changes in patterns of gene expression.(11) Microarray 

analysis involves simultaneous expression analysis of thousands of genes from 

tumour samples and is, therefore, a powerful platform for assessing complex changes 

in gene expression.(11) Studies have shown that one of the most commonly identified 

genomic alterations in ESCC is NRF2 hyperactivation, which has been associated with 

a poor prognosis. (12) Several receptor tyrosine kinases (RTKs) have also been 

reported to have differential expression in OSCC and these include; EFGR, IGF1R, 

MET, FLT1, and PTK7.(13) The Cancer Genome Atlas (TGCA) project reported that 

upregulation of Wnt, syndecan, and p63 pathways was characteristic of ESCC.(14) 

Increased E-cadherin expression and upregulation of pathways involved in the 

regulation of E-cadherin were reported to be associated with EAC (14), whilst p53 

overexpression has been linked with BE (15). In a systematic review assessing 

prognostic gene expression profiles using microarray data, the authors reported eight 

genes; ALDH1A3, BIN1, CSPG2, DOK1, IFIT1, IFIT3, PHB, and SPP1, which were 

differentially expressed in the survival of EAC.(16) Three genes; ATR, MAL, PCP4 

were associated with lymph node metastasis in ESCC.(16) These differences in gene 

expression profiles point to different genomic alterations or transcriptional regulations 

driving EAC, ESCC, and BE development and progression.  

The development and application of gene chips over the past decades have resulted 

in more data being generated and stored in public databases. Cancer genomics 

researchers have over the past years generated a large amount of genomic data, used 

to address specific research questions or only in the analysis of a subset of the 
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data.(17) A growing trend is the depositing of this data in public repositories for further 

use.(18) This has created opportunities for researchers to repurpose such data for 

answering new research questions, analysing part of the data not previously analysed, 

and/or performing integrated analyses of multiple datasets for more comprehensive 

analyses. Researchers who would have otherwise not been able to generate this type 

of data can also have access to it and contribute to scientific progress and new 

insights. Public repositories of genomic data have consequently become valuable 

sources of data and springboards for new research. Repositories also allow for 

transparency and validation of research. Several repositories exist, including the 

National Cancer Institute (NCI) Genomic Data Commons (GDC) which contains 

genomic and associated clinical data from over 60 NCI-funded and other research 

projects.(19) Gene expression omnibus (GEO) database is a data repository of 

curated gene expression datasets, containing one of the most comprehensive 

repositories of microarray data.(20)  

The high fatality and poor prognosis of EC calls for more research focussed on 

elucidating the pathobiology of EC, which is not well understood. Over the past several 

of years, bioinformatic tools have been used to effectively explore and identify genes, 

proteins and pathways involved in cancer development and prognosis. The aim of this 

study is to identify biological pathways involved in EC development with genes 

demonstrating differential mRNA expression in EC. Very few studies have investigated 

the transcriptome in EC. Although several studies have described individual gene 

signatures associated with EC development, few have investigated the key modules, 

hub genes and functional networks involved.(9, 21) In this study, gene expression 

profiling of the two main histological EC subtypes, ESCC, EAC and the pre-cancerous 

lesions, BE using data from microarray analysis was used to analyse genes and 

pathways associated with EC. We included datasets that assessed ESCC, EAC, 

squamous dysplasia, and BE. This was done to provide a comprehensive analysis of 

the pre-cancer (BE and squamous dysplasia) and cancerous tissue (ESCC and EAC) 

and to also analyse the progression of the precursor lesions to malignant tumours for 

both EAC and ESCC.  

This was achieved through the following objectives: i) data compilation of raw genome-

wide mRNA expression data on EC from the GEO database repository, ii) meta-
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analysis of DEGs from the combined datasets using the Rank Product method, iii) 

gene set enrichment analysis using SetRank analysis, and iv) functional annotation of 

DEGs and gene sets using the Reactome annotation database. The study provided 

novel insights into the mechanisms linked to EC development. It is important to 

mention that only a minority of the precancerous lesions in EC develop to cancer (4), 

and that BE and squamous dysplasia, are not tumours. 

4.3 Methods 

4.3.1 Raw data acquisition 

We performed a comprehensive search on the GEO Database (NCBI) to identify 

genome-wide mRNA expression datasets on EC. Table 4.1 shows the search strategy 

used. Additional manual screening was performed to remove datasets using cell lines, 

not tissue samples, and studies using printed microarray designs. Raw data were 

downloaded from the GEO database onto the Stellenbosch University 

aither.mb.sun.ac.za server, from which all the analyses were performed.  

 

Table 4.1: GEO Datasets Search Strategy 

Search type Search criteria 

Base search ((esophageal cancer) AND "rna"[Sample Type]) AND 
"gse"[Entry Type] AND homo sapiens[ORGN] 

 

Extended search 1 ((((esophageal cancer) AND "rna"[Sample Type]) AND 
"gse"[Entry Type] AND homo sapiens[ORGN])) AND 
Squamous 

 
Extended search 2 ((esophageal cancer) AND "rna"[Sample Type]) AND 

"gse"[Entry Type] AND homo sapiens[ORGN] AND 
adenocarcinoma 

 
Extended search 3 ((((esophageal cancer) AND "rna"[Sample Type]) AND 

"gse"[Entry Type] AND homo sapiens[ORGN])) AND barrett's 
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4.3.2 Summary of datasets 

A total of 32 potential publicly available mRNA expression datasets were identified on 

GEO datasets (NCBI). After screening, 21 datasets fitting the selection criteria were 

identified. The 21 datasets were from three platforms: Affymetrix, Agilent and Illumina. 

They included Affymetrix Human Gene 1.0 ST Arrays, Affymetrix Human Exon 1.0 ST 

Array, Affymetrix Human Genome U133 Plus 2.0 Array, Affymetrix Human Genome 

U133A Array, Affymetrix Human Genome U133B Array, Agilent-026652 Whole 

Human Genome Microarray 4x44K v2 and Illumina Human-6 v2.0 Expression 

BeadChip.(22-24) A summary of the platforms is shown in Table 4.2. Of the 21 

datasets included in the study, 18 were analysed using the Affymetrix platforms, whilst 

two datasets used the Illumina platforms, and one dataset used the Agilent platform. 

Differential expression analysis was done only on the 18 datasets that used the 

Affymetrix platforms.  

Table 4.2: Summary of platforms in included datasets 

Platform Probes 
Probe 
sets Genes 

Probe
s per 
gene Exons 

Transc
ripts 
and 
variant
s 

Oligon
ucleoti
de 
probe 
size 

Affymetrix 
Human Gene 
1.0 ST Array 

764,885 33,252 28,869 26  36,079 25-mer 

Affymetrix 
Human Exon 
1.0 ST Array 

1,073,146 1,400,000  40 325,353 35,685 25-mer 

Affymetrix 
Human 
Genome U133 
Plus 2.0 Array 

604,258 54,675 38,500 16  47,000 25-mer 

Affymetrix  
Human 
Genome U133A 
Array 

 22,000 14,500 11  18,400 25-mer 

Affymetrix  
Human 
Genome U133B 
Array 

 22,000 18,500 11  20,600 25-mer 
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The Human Gene 1.0 ST Array utilizes a subset of probes selected from the Exon 1.0 

ST Array and these two arrays were therefore considered as one platform. Affymetrix 

Human Genome U133 Plus 2.0 Array’s housekeeping/control genes are GAPDH, 

ACTB, ISGF-3 (STAT1). The Human Gene 1.0 ST Array, Human Genome U133 Plus 

2.0 and the Human Exon 1.0 ST Arrays were assessed and reported to have 

comparable gene-level performance and strong concordance.(24, 25) The analysis 

also showed a marginally improved reproducibility for the Human Gene 1.0 ST array 

with comparable detection thresholds.(24) The three Affymetrix platforms had a 65% 

overlap in the top 2,000 DEGs in an analysis done by Robinson et al (26) in brain and 

heart samples. 

4.3.3 Summary of published studies 

A total of 81 studies were published based on the 21 datasets. Wang et al (27) 

analysed the most datasets, nine, followed by Zhang et al (28) and He et al (29) which 

analysed seven and six datasets, respectively. The rest of the studies analysed five 

or fewer datasets. The 81 studies were published between 2010 and 2020. The 

previously published studies highlighted several genes and pathways in these 

datasets: KRAS, SPARC, SPP1, FOXM1, WDR66, PTGS2, V-ATPase genes, tumour 

suppressor genes, and PI3K signalling pathway. These are shown in Table 4.3. A 

summary of the bioinformatics and biostatistics tools used in some of these studies is 

shown in Table 4.4. The table only includes studies that assessed four or more GEO 

database datasets. Pathway and network analyses were performed using Ingenuity 

Pathway Analysis, Gene Ontology and KEGG analysis. Functional analysis was 

carried out using Gene Set Enrichment Analysis (GSEA). The false discovery rate 

(FDR) method was used to adjust p-values for multiple testing. 

Agilent-026652 
Whole Human 
Genome 
Microarray 
4x44K v2 

 

  34,184     

Illumina human-6 
v2.0 expression 
beadchip 

48,702  14,507    50 bp 
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4.3.4 Studies included for analysis 

Altogether 18 datasets that used the Affymetrix platform were included in the meta-

analysis of DEGs. Of the 18 datasets, three used EAC tissue, 11 used ESCC tissue 

and nine used BE tissue. One dataset included EAC, ESCC and BE tissue, whilst one 

dataset included both EAC and squamous dysplasia tissue samples. GSE33426 and 

GSE29001 had 18 similar samples, these duplicate samples were removed from 

GSE33426 before analysis. In total there were 906 genome-wide mRNA expression 

datasets on 280 ESCC, 45 EAC, 140 BE, 2 squamous dysplasia and 439 normal tissue 

samples. The distribution of the sample types according to a dataset is shown in Figure 

4.2. It is important to note that one dataset, GSE23400, used two Affymetrix platforms: 

Affymetrix Human Genome U133 Array and Affymetrix Human Genome U133B Array, 

therefore the dataset was analysed as two datasets, GSE2300A and GSE23400B.  

 

Figure 4.2: Summary of the distribution of sample types according to each of the 18 

Affymetrix datasets (The GSE23400 dataset had 2 Affymetrix platforms and was 

analysed as 2 datasets). BE; Barrett’s esophagus, DYS; squamous dysplasia, EAC; 
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esophageal adenocarcinoma, ESCC; esophageal squamous cell carcinoma, normal; 

non-tumour tissue samples.  

Six of the 18 datasets had samples originating from China, and another six datasets 

had samples originating from the USA. One dataset had samples from both the USA 

and Japan. The remaining five datasets had samples originating from Germany, 

Hong Kong, Poland and the UK each. The novelty of the current study is that we 

analysed all available data together and were able to compare the different EC types 

and stages in this analysis. An overview of the microarray data analysis steps 

employed in the current study is shown in Figure 4.3. A summary of the 

characteristics of the datasets selected for analysis is shown in table 4.5. 
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Table 4.3: Genes and pathways highlighted in previous publications 

GEO ID 
GEO Series 
Accession Highlighted genes/pathways 

References (PMID) 

200092396 GSE92396 KRAS associated gene signature Peng et al 2017 
(28102292)(30) 

200013898 GSE13898 SPARC and SPP1 Kim et al 2010 
(21152079)(31) 

200001420 GSE1420 Aldo-keto reductases, aldehyde 
dehydrogenases , dual-specificity 
phosphatases, annexins, chloride 
channels, keratins and genes involved 
in the formation of desmosomes, and 
the cornified envelope of squamous 
epithelium  

Kimchi et al 2005 
(15833844)(10) 

200028302 GSE28302 DPP4, ATP2A3, AGR2, collagens, 
IGFBP7, PLAU, MUC6, CA2, TFF1, 
AKR1C2, AKR1B10  

Nancarrow et al 
2011 
(21829465)(32) 

200013083 GSE13083 Cdx1 homeodomain transcription factor 
and the c-myc pathway  

Stairs et al 2008 
(18953412)(33) 

200034619 GSE34619 HOXB genes di Pietro et al 2012 
(22603795)(34) 

200039491 GSE39491 ABP1, ATP2C2, CALML4, HOXB7 
KRT7, MSLN, and TFF3 

Hyland et al 2014 
(24714516)(35) 

200036223 GSE36223 Defence and repair responses of 
metaplastic mucosa 

Ostrowski et al 2007 
(17415542)(36) 

200100843 GSE100843 PTGS2 pathway of PGE2 Cummings et al 
2017 
(28922414)(37) 

200026886 GSE26886 WDR66 Wang et al 2013 
(23514407)(38)  
Dai et al 2018 
(29223109)(39) 

200020347 GSE20347 Loss of heterozygosity (LOH) and copy 
number (CN) change 

Hu et al 2010 
(20955586) 
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200075241 GSE75241 FOXM1, PI3K Signalling Pathway and 
V-ATPase genes 

Nicolau-Neto et al 
2018 
(29682174),(40)  
Couto-Vieira et al 
2020 
(31901859)(41) 

200100942 GSE100942 RHCG (Tumour suppressor genes) Ming at al 2018 
(29290801)(42) 

200017351 GSE17351 Cyclooxygenase-2-prostaglandin E 
synthase axis 

Lee et al 2010 
(20042640)(43) 

200023400 GSE23400 PLCE1 Su et al 2011 
(21385931)(44) 

Li  et al 2014 
(24867265)(45)  

Hyland et al 2016 
(26635288)(46) 

200033426 GSE33426 ODC1, POSTN, ASPA and IGF2BP3 Yan et al 2012 
(22280838)(47) 

Yan et al 2013 
(23219752)(48) 

200029001 GSE29001 ODC1, POSTN, ASPA Yan et al 2012 
(22280838)(47) 

200045168 GSE45168 NEK6   

200045670 GSE45670 LIMCH1, SDPR, C1orf226, SLC9A9, 
GSTM3, IGSF10, MMP1, MMP9, 
MMP12 and OASL 

Wen et al 2014 
(24907633)(49) 

200077861 GSE77861 KRT17, PRDCSH, TNFRSF6B, SELK, 
RAB5B, ALD, RAF  

Erkizan et al 2019 
(28629367)(50) 

200038129 GSE38129 
FOXP1, CSMD1, CDKN2A/2B, FHIT, 
DLEC1, and RARB 
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Table 4.4: Published studies 

Study (PMID) 

Microarray 

data 

normalisati

on Statistics1 Bioinformatics 

Data

sets 

(n) 

Wang et al 2019 

(31686859)(27) 

Affy 

package in 

R 

LIMMA and independent 

sample t test. Pearson’s 

correlation matrix. 

WGCNA, GO and KEGG 9 

Zhang et al 2018 

(29600044)(28) 

Quantile 

normalisati

on 

LIMMA and moderate sample 

t test. Pheatmap package in 

R 

Differentially expressed genes 

(DEGs) analysis, GO, KEGG 

and Cytoscape 

7 

He et al 2018 

(30505479)(29) 

Robust 

Multichip 

Averaging 

Student’s t-test Gene set enrichment analysis, 

KEGG, Blast2go 

6 

Wu et al 2013 

(24039884)(51) 

 k-clique method in 

Subpathway Miner R 

packages  

Fold-change analysis3 5 

Liu et al 2015 

(26489668)(52) 

Least 

variant set 

(LVS) 

method 

SAM package in R Search Tool for the Retrieval of 

Interacting Genes/Proteins 

(STRING) and MCODE. GO 

and Cytoscape 

5 

Lv et al 2018 

(29417867)(53) 

 LIMMA using R. SPSS, 

Graphpad Prism, Med-calc 

software 

DAVID Bioinformatics 

Resources, GO, KEGG and 

Cytoscape 

5 

Lian at al 2019 

(31164411)(54) 

 Multiple linear regression 

analysis using Matlab 

‘Shortest Path’ module of 

Pathway Studio 

5 

McKenzie et al 2016 

(27895316)(55) 

  Oncomine™ analysis 4 

Li et al 2017 

(28937628)(56) 

 SAM package in R and 

Kaplan-Meier analysis 

Subpathway-GM and Cytoscape 4 
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Chen et al 2019 

(31114367)(57) 

 LIMMA and Kaplan Meier 

analysis in R. Graphpad 

Prism and students t test. 

TF-miRNA-mRNA network, GO, 

KEGG and PPI 

4 

Wang et al 2019 

(31383552)(58) 

 LIMMA and Pheatmap in R. 

SPSS 

Venn online analysis tool 4 

Li et al 2020 

(32208405)(59) 

RMA 

algorithm 

Volcano plot in R (ggplot2). 

T-test and Graphpad prism 

GEO2R and Jvenn. GSEA, 

GEPIA, GO and KEGG 

4 

Xia et l 2020 

(32494154)(60)  

Student’s t-test and 

Graphpad Prism. Kaplan-

Meier analysis GEPIA 4 

1Statistical analysis and tools used to analyse/compare gene expression levels and in prognostic analysis 

2Bioinformatics tools used for pathway, network and functional analysis 

3Intersections of predicted targets from miRecords and ESCC DEGs from ESCC mRNA profile were 

computed for subsequent subpathway analysis for each differentially expressed miRNA, respectively. 
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Figure 4.3: An overview of the microarray data analysis steps used for the study  
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Table 4.5: Summary of GEO datasets included in the current study 

GEO ID 
GEO Series 
Accession EC Type Platform 

Design 
Comm
ent 

Platfor
m ID 

Sample 
(n) 

Sample description 

Design 
Validatio
n 

Study 
(PMID) EAC ESCC BE Normal 

200092396 GSE92396 EAC Affymetrix Human 
Gene 1.0 ST arrays 

HE GPL62
44 

21 12   9 Cross-
sectional 

None Peng et al 
2017 
(28102292
)(30) 

200013898 GSE13898 EAC & BE Illumina human-6 v2.0 
expression beadchip 

Frozen GPL61
02 

118 75   15 28 Cross-
sectional 

qRT-PCR Kim et al 
2010 
(21152079
)(31) 

200001420 GSE1420 EAC  Affymetrix Human 
Genome U133A 
Array 

Frozen GPL96 24 12   12  qRT-PCR Kimchi et al 
2005 
(15833844
)(10) 

200028302 GSE28302 EAC & BE Sentrix Human-6 
Expression 
BeadChip 

Frozen GPL25
07 

54 23  22 9    Nancarrow 
et al 2011 
(21829465
)(32) 

200013083 GSE13083 BE Affymetrix Human 
Genome U133A 
Array 

FF GPL96 19   7 12 Paired IHC Stairs et al 
2008 
(18953412
)(33) 

200034619 GSE34619 BE Affymetrix Human 
Gene 1.0 ST Array 

Frozen GPL62
44 

28   10 18 Paired qRT-PCR di Pietro et 
al 2012 
(22603795
)(34) 

Stellenbosch University https://scholar.sun.ac.za



 

 

208  

200039491 GSE39491 BE Affymetrix Human 
Genome U133A 2.0 
Array 

Frozen GPL57
1 

120   40 80 Paired qRT-PCR Hyland et 
al 2014 
(24714516
)(35) 

200036223 GSE36223 BE Affymetrix Human 
Genome U133A 2.0 
Array 

Frozen GPL57
1 

46   23 23 Paired qRT-PCR Ostrowski 
et al 2007 
(17415542
)(36) 

200100843 GSE100843 BE Affymetrix Human 
Gene 1.0 ST Array 

FFPE 
and 
HE 

GPL62
44 

76 

 

 40 36 Longitudin
al 

None Cummings 
et al 2017 
(28922414
)(37) 

200026886 GSE26886 EAC, ESCC & 
BE 

Affymetrix Human 
Genome U133 Plus 
2.0 Array 

Frozen GPL57
0 

69 21 9 20 19 Cross-
sectional 

qRT-PCR Wang et al 
2013 
(23514407
)(38)  Dai 
et al 2018 
(29223109
)(39) 

200020347 GSE20347 ESCC Affymetrix Human 
Genome U133A 2.0 
Array 

Frozen GPL57
1 

34  17  17 Paired  Hu et al 
2010 
(20955586
) 

 

200075241 GSE75241 ESCC Affymetrix Human 
Exon 1.0 ST Array 

Frozen GPL51
75 

30 

 

15  15 Paired qRT-PCR Nicolau-
Neto et al 
2018 
(29682174
),(40)  
Couto-
Vieira et al 
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2020 
(31901859
)(41) 

200100942 GSE100942 ESCC Affymetrix Human 
Genome U133 Plus 
2.0 Array 

HE GPL57
0 

10 

 

5  5 Paired qRT-PCR Ming at al 
2018 
(29290801
)(42) 

200017351 GSE17351 ESCC Affymetrix Human 
Genome U133 Plus 
2.0 Array 

Paraffin 
blocks 

GPL57
0 

10 

 

5  5 Paired qRT-PCR Lee et al 
2010 
(20042640
)(43) 

200023400 GSE23400 ESCC Affymetrix Human 
Genome U133 Array 
and Affymetrix 
Human Genome 
U133B Array 

Frozen GPL96 
andGP
L97 

106  53  53 Paired qRT-PCR Su et al 
2011 
(21385931
)(44) 

Li  et al 
2014 
(24867265
)(45)  

Hyland et 
al 2016 
(26635288
)(46) 

200033426 GSE33426 ESCC Affymetrix Human 
Genome U133A 2.0 
Array 

Frozen 
and 
Hemat
oxylin 
and 
eosin 
staine
d 

GPL57
1 

71  59  12  IHC Yan et al 
2012 
(22280838
)(47) 

Yan et al 
2013 
(23219752
)(48) 
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BE; Barrett’s esophagus, EAC; esophageal adenocarcinoma, ESCC; esophageal squamous cell carcinoma; FFPE, formalin-fixed paraffin-embedded, HE; 

hematoxylin and eosin, IHC; immunohistochemistry, qRT-PCT;  quantitative reverse transcription polymerase chain reaction. 

200029001 GSE29001 ESCC Affymetrix Human 
Genome U133A 2.0 
Array 

Frozen GPL57
1 

45  21  24  IHC Yan et al 
2012 
(22280838
)(47) 

200045168 GSE45168 ESCC Agilent-026652 Whole 
Human Genome 
Microarray 4x44K v2 

  GPL13
497 

10  5  5 Paired qRT-PCR   

200045670 GSE45670 ESCC Affymetrix Human 
Genome U133 Plus 
2.0 Array 

  GPL57
0 

38  28  10  qRT-PCR Wen et al 
2014 
(24907633
)(49) 

200077861 GSE77861 ESCC Affymetrix Human 
Genome U133 Plus 
2.0 Array 

Frozen GPL57
0 

14  7  7 Paired qRT-PCR Erkizan et 
al 2019 
(28629367
)(50) 

200038129 GSE38129 ESCC Affymetrix Human 
Genome U133A 2.0 
Array 

Frozen GPL57
1 

60  30  30 Paired     
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4.3.5 Data pre-processing: QC, background correction, normalisation, and 

annotation 

All the data pre-processing was done using R statistical software, version 4.0.3. 

Quality Control (QC) reports were generated using the AffyQC package (61) for all the 

14 Affymetrix U133 arrays, and the Oligo QC method (62) was used for the four 

Affymetrix human ST arrays. QC reports are provided in the Appendix file 4A1. The 

input data were raw CEL files from microarray analysis, and normalisation resulted in 

log2 transformed intensities. The packages allow for the assessment of the quality of 

arrays in an Affybatch object. Components assessed in the QC report include overall 

signal quality for the arrays, 3':5' ratio for spiked-in and control genes specific to the 

array type, clustering of negative and positive elements, position of the centre of 

intensity on the grid, and assessment of the heat map of the array-array Spearman 

rank correlation coefficients. QC reports from the datasets are found in Appendix file 

4A1. Normalization of all datasets was done using the RMA function in the Affy 

package.(63) The Affy package is used for data analysis of Affymetrix oligonucleotide 

array probe level data. The RMA function computes expression in the following way: 

i) Probe-specific background correction of the array data using a model where 

observed intensity is the sum of signal and noise. Spatial variation within 

individual arrays is corrected for. 

ii) Log transformation of base 2 for each probe. This transformation corrects 

for skewness and generates an equal spread of ratios between up and 

downregulated genes. 

iii) Normalization of perfect match (PM) probes using quantile normalization. 

This equalizes the data distribution of the arrays, by correcting for biases 

from non-biological sources. 

iv) Expression measure calculation from probe level data using median polish. 

This probe normalisation is done to correct for variability within probe sets, 

which will now be equalized and combined into one value for a complete 

probe set. 

The effect of normalization was assessed by comparing raw and normalized data for 

comparable median expression levels using box plots. Annotation of the datasets from 
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Probe IDs to Entrez gene IDs was done according to the microarray platform using the 

following R packages and respective datasets: hgu133plus2.db (GSE13083, 

GSE1420, GSE45670, GSE77861, GSE100942, GSE17351, GSE20347, GSE29001, 

GSE33426, GSE36223, GSE38129, GSE39491), hgu133a.db (GSE23400, 

GSE26886), hugene10sttranscriptcluster.db (GSE92396, GSE100842, GSE34619), 

huex10sttranscriptcluster.db (GSE75241). During annotation of duplicate Entrez gene 

IDs, probes that mapped to multiple genes were removed by a selection of those with 

higher variance. This was done to prevent misinterpretation of results and to increase 

the specificity of the analysis. Entrez gene IDs detected as NAs or null values were 

also filtered out. The processed microarray datasets were then used in the meta-

analysis of DEGs. 

4.3.6 Meta-analysis of DEGs 

To generate one combined dataset, expression data frames for the 18 datasets were 

merged by common Entrez gene IDs. This merged data frame was used for 

downstream analysis. The R Bioconductor package RankProd (64) was used for the 

microarray DEG meta‐analyses of the dataset, according to the manual. RankProd 

uses a non‐parametric rank product (RP) method to detect genes and other variables 

that are consistently up or downregulated in repeat experiments. Combining multiple 

datasets for RP analysis increases the power of the statistical test and results in more 

genes being selected. The RankProduct method is based on relatively weak 

assumptions compared to other methods, and these include: 

i) A minority of all the features measured are up or downregulated. 

ii) Independence of measurements between replicate experiments.  

iii) A majority of the changes are independent of each other. 

iv) Equal measurement variance for all measurements. Variance stabilisation 

during the normalization process addressed this assumption in our analysis. 

An RP statistic, which is a product of the RP method, for a specific gene is defined as 

the geometric mean of all the ranks of the gene obtained from each experiment. The 

equation used in the RP method to generate an RP statistic is as follows: 
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𝑅𝑃𝑖 = (∏ 𝑟𝑖,𝑗

𝐾

𝑗=1

)

1/𝐾

 

Where 𝑖 is the 𝑖th gene and 𝑗 is the 𝑗th replicate experiment and 𝑟𝑖,𝑗  is the position of the 

𝑖th gene in the 𝑗th replicate experiment in a list of up or downregulated genes ordered 

according to fold changes. Where 𝐾 is the number of replicated experiments. Pairs of 

datasets were selected for the RP method analysis (tumour vs normal tissue). The 

input data for the analysis included the normalised expression datasets with 

expression levels and probe IDs from the microarray analysis, a vector containing the 

class labels of all the samples in the dataset, i.e., case and controls, and a vector 

containing the platform origins labels (platforms labelled 1 to 19) of datasets. The Rank 

Product identifies DEGs based on a percentage of false prediction (pfp <0.05) and fold 

change; log2 fold change of >1 (downregulated genes) or < 1 (upregulated genes). 

The fold change was additionally presented in the results section using the following 

calculation: [-1*(1/FC)]. 

4.3.7 Gene Set Enrichment Analysis (GSEA) 

GSEA is a technique used to identify general trends in the lists of genes or proteins 

produced by functional genomics techniques and bioinformatics analyses. GSEA 

methods detect groups of genes that occur significantly more than expected by chance 

in a given list of genes.(65) There are several limitations of GSEA methods which 

include: 

i) When defining a list of significant genes, the output is highly dependent on 

arbitrary parameters such as the p-value cut-off.  

ii) Results frequently contain many false positive entries as a result of the overlap 

between many pathways and of bias introduced by the sample source. Gene 

sets overlap occurs due to the same genes playing a role in different pathways 

and processes. 

iii) Correcting for testing multiple gene sets is not feasible using conventional 

correction methods due to the many overlaps between gene sets. 
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SetRank is a novel GSEA algorithm that was developed specifically to address some 

of these limitations. The key principle of the algorithm is that it removes gene sets that 

are identified as significant if their significance is only due to the overlap with another 

gene set.(65) SetRank analysis was performed using the SetRank package on the R 

statistical software. The input files for analysis included a list of genes from the Rank 

Product analysis, ranked by p-value, and a gene set collection compiled from the 

Reactome annotation database(66). The output from the SetRank analysis is a 

network representation of enriched pathways, based on a p-value cutoff of 0.01 and a 

false discovery rate cut-off of 0.05. SetRank uses a sophisticated method of sorting 

results using three p values. These include: 

• SetRank p-value, the p-value linked to the SetRank value of the gene set 

• Corrected p-value, corrected p-values of the gene set and adjusted for overlap 

• Adjusted p-value, p-value adjusted for multiple testing using the Holm 

procedure and assigned back to the gene sets within each component 

The SetRank results presented in this chapter are from the corrected p-values. The 

pathways were visualized and integrated using the Cytoscape platform.(67)  

4.3.8 Mapping of enriched pathways to DEGs 

The enriched pathways from the SetRank analysis were also mapped to the DEGs 

and the corresponding fold changes reported in the RankProd analysis. This was done 

to determine which genes were involved in pathways as well as whether they were 

upregulated or downregulated for each particular pathway reported.   

4.3.9 Functional annotation of DEGs 

The Reactome annotation database(66) was used to explore biological themes and 

pathways of genes in the SetRank analysis. The pathways in the Reactome database 

are of high quality and human/expert-curated. What makes it distinctive from other 

pathway databases is its focus is on the annotation of only one species, Homo 

sapiens, and the application of a single and consistent data model across the 

platform.(66) It contains entries for 10,867 human protein-coding genes, which is 53% 
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of all predicted human protein-coding genes.(66) It is the most comprehensive open-

source open data pathway database, providing high coverage of the genome.  

The pathways from the SetRank analysis were visualized using Cytoscape. An 

example and interpretation of the gene set networks which are produced in Cytoscape 

are shown in Figure 4.4. In summary, the diagram shows three Venn diagrams of 

hypothetical gene set interactions. The red dots characterize the significant genes, 

and the white dots represent the non-significant genes. The gene sets are represented 

by the nodes, and the intersections between the gene sets are represented by the 

edges. There are three types of edges, the first edge shows normal overlap, showing 

the intersection between the two gene sets. The arrow points from the less significant 

gene set to the more significant gene set, after subtracting the intersection between 

the two gene sets. The second edge occurs when the significance of each gene set is 

only due to the interaction between the two gene sets. The third edge occurs when 

one gene set is a proper subset of the second gene set. 

 

 

Figure 4.4: Venn diagrams of hypothetical intersecting gene sets A and B. 1. 

Straight line arrow, normal overlap. Both gene sets are significant, but the 

significance of gene set B is partly due to its overlap with gene set A due to gene set 

A having more significant genes. 2. Two straight lines, intersection only. Significance 

of both gene set A and B is due to the intersection between both. 3. Multiple arrows, 

subset. Gene set B is a subset of gene set A. Figure by Simmilon et al (2017)(65) 

Creative commons licence http://creativecommons.org/licenses/by/4.0/ 
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4.3.10 Functional interaction networks using ReactomeFIViz application 

Additionally, the ReactomeFIViz application (68) was used to investigate functional 

relationships among genes in some of the pathways identified by the SetRank analysis 

on the Cytoscape platform. ReactomeFIViz is used for pathway and network-based 

data analysis using the Reactome database.(68) The application can access 

Reactome pathways and convert them into Reactome Functional Interaction (FI) 

networks using a method described by Wu et al (69). For this study, the app was used 

to show network and pathway patterns from the pathways uncovered from the 

SetRank analysis.  

4.3.11 Substudy: Reliability of subsampling 

One of the limitations we had in our analysis was not being able to perform the Rank 

Product analysis on the entire combined dataset due to the package not being able to 

analyse a large number of samples at once - exceeding computational resources. We 

addressed this issue through performing the analysis using different pairwise contrasts 

of the datasets. Another approach that we used to address this limitation was 

subsampling. Subsampling refers to reducing the sample size through the selection of 

a subset of the original dataset.(70) The subsampling was done to reach the sample 

size which the RankProd package could analyse. We performed a substudy to 

ascertain the reliability of the subsampling that was performed for some of the pairwise 

contrasts and to provide more stable estimates of the effects. The substudy of 

repeated subsampling was important to ensure that we did not add enriched pathways 

that were arbitrarily significant, and to even out outliers. The subsampling substudy 

was done in one of the BE pairwise contrasts, which had the following datasets 

GSE36223, GSE26886, GSE100843, and GSE34619. The Rank Product method was 

repeated using the set seed function in R to randomise the samples (GSE100843) 

from where the subsampling was done. Nine repeats of the RankProd were done 

subsequently followed by nine repeats of the SetRank analysis. The p-value for each 

enriched pathway produced in the SetRank analysis in each of the repeats was 

recorded. These p-values were then transformed to z-values and averaged. The z-

value averages were transformed back to a mean p-value. Variance for the z-values 

across the nine repeats was measured and recorded.  
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4.4 Results 

4.4.1 Identification of DEGs using the Rank Product method 

We performed a meta-analysis of microarray data using the Rank Product method to 

identify DEGs in BE, EAC, and ESCC. Merged datasets for BE, EAC, and ESCC were 

inputted into the RankProd package for identification and meta-analysis of DEGs. One 

of the major limitations of the RankProd Package is that it cannot analyse large 

datasets at once, due to a large number of pairwise computations needed to be 

performed for each analysis. This becomes computationally intensive and requires 

large amounts of memory. We, therefore, performed the analysis using different 

pairwise contrasts of datasets up to the sample size that the analysis allowed (range 

from 180 to 200), BE, EAC, and ESCC. For BE, there were eight pairwise contrasts, 

including one contrast which included sub-sampling. For ESCC, there were six 

pairwise contrasts, including one sub-sampling contrast. All the EAC datasets were 

analysed at once. Model contrasts were selected for BE and ESCC based on the 

number of datasets and the sample size. The pairwise contrasts are shown in 

Appendix Table 4A2.  

4.4.2 Identification of DEGs between BE samples and normal tissue samples 

The model pairwise contrasts for BE included GSE100843, GSE34619, GSE13083, 

GSE26886 datasets, with 77 tumour samples and 85 normal tissue samples. There 

were 1,181 downregulated genes and 767 upregulated genes identified in the 

RankProd Analysis. Figure 4.5 shows the up- and downregulated genes in 

diagrammatic format. In the diagram, the estimated percentage of false prediction (pfp) 

vs. the number of identified genes using the output from RankProd is shown. The pfp 

cut-off is specified as 0.05, therefore the identified genes are shown in red. Table 4.6 

and 4.7 show the top 30 most up and downregulated genes, respectively. RankProd 

analysis identified sciellin (SCEL), small proline rich protein 3 (SPRR3), desmocollin 3 

(DSC3), and desmoglein 3 (DSG3) as the most downregulated genes with fold-change 

ranging from 11.2(-0.09) to 7.2 (-0.14). The most upregulated genes were anterior 

gradient 2, protein disulphide isomerase family member (AGR2), sulfotransferase 

family 1C member 2 (SULT1C2), mucin 13, cell surface associated (MUC13), and 
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alanyl aminopeptidase, membrane (ANPEP) with fold change ranging from 0.03(-33.3) 

to 0.09(-11.1).  

 

Figure 4.5: Graphical display of the estimated percentage of false prediction (pfp) 

vs. number of identified genes using the output from RankProd for BE (model 

contrast) analysis. 
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Table 4.6: The top 30 upregulated genes in BE  Table 4.7: The top 30 downregulated genes in BE 

Gene name  Symbol 
Fold 

Change pfp1 Gene name Symbol 
Fold 

Change pfp1 

Anterior gradient 2, protein disulphide 
isomerase family member AGR2 0.03 0 Sciellin SCEL 11.23 1.46E-118 

Sulfotransferase family 1C member 2 SULT1C2 0.06 2.70E-136  Small proline rich protein 3 SPRR3 9.10 2.11E-103 

Mucin 13, cell surface associated MUC13 0.06 4.90E-122  Desmocollin 3 DSC3 8.16 1.71E-102 

Alanyl aminopeptidase, membrane ANPEP 0.09 8.90E-109  Desmoglein 3 DSG3 7.21 1.98E-101 

Claudin 18 CLDN18 0.08 8.71E-107  Epithelial membrane protein 1 EMP1 5.43 3.04E-91 

Polymeric immunoglobulin receptor PIGR 0.12 2.55E-104 
 Heat shock protein family B (small) 

member 8 HSPB8 5.84 1.62E-82 

Transmembrane channel like 5 TMC5 0.08 2.47E-102 
 Protein phosphatase 1 regulatory 

subunit 3C 
PPP1R3

C 5.41 9.13E-79 

3-hydroxy-3-methylglutaryl-coa synthase 2 HMGCS2 0.15 1.09E-84 
 

Transmembrane protein 40 
TMEM4

0 4.10 5.38E-72 

IQ motif containing gtpase activating protein 
2 IQGAP2 0.17 7.28E-82 

 Protein tyrosine phosphatase non-
receptor type 13 PTPN13 4.09 1.27E-64 

Endosome-lysosome associated apoptosis 
and autophagy regulator 1 

ELAPOR
1 0.18 6.84E-81 

 
EH domain containing 3 EHD3 4.03 1.50E-64 

Serpin family A member 1 
SERPINA

1 0.15 3.98E-77 
 

Annexin A1 ANXA1 3.15 2.18E-63 

SEL1L family member 3 SEL1L3 0.16 1.58E-73  Paired box 9 PAX9 3.22 5.03E-62 

Fatty acid binding protein 1 FABP1 0.15 4.52E-72  Peptidyl arginine deiminase 1 PADI1 3.18 6.50E-62 
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Gasdermin B GSDMB 0.21 5.66E-71  SAM and SH3 domain containing 1 SASH1 3.51 8.07E-62 

Aldolase, fructose-bisphosphate B ALDOB 0.24 2.88E-69 
 Endoplasmic reticulum oxidoreductase 

1 alpha ERO1A 3.03 2.22E-60 

Villin 1 VIL1 0.19 1.19E-67  MAX dimerization protein 1 MXD1 3.20 1.56E-58 

Polypeptide N-
acetylgalactosaminyltransferase 6 GALNT6 0.20 3.58E-64 

 Pleckstrin homology like domain family 
A member 1 

PHLDA
1 3.86 6.85E-57 

GATA binding protein 6 GATA6 0.16 4.73E-63  Myelin protein zero like 2 MPZL2 3.03 1.44E-56 

Synaptotagmin like 2 SYTL2 0.28 3.24E-62  Sterile alpha motif domain containing 9 SAMD9 2.79 4.33E-53 

CF transmembrane conductance regulator CFTR 0.19 7.12E-60 
 Chromosome 18 open reading frame 

25 
C18orf2

5 3.45 1.18E-52 

Tropomyosin 1 TPM1 0.27 2.83E-59 
 

RAN binding protein 9 
RANBP

9 3.15 1.20E-51 

5'-nucleotidase ecto NT5E 0.21 7.05E-59  RAR related orphan receptor A RORA 3.57 4.23E-51 

ATP binding cassette subfamily C member 
3 ABCC3 0.27 8.31E-57 

 Nicotinamide 
phosphoribosyltransferase NAMPT 2.64 5.19E-51 

Endoplasmic reticulum to nucleus signaling 
2 ERN2 0.31 3.20E-55 

 
Iodothyronine deiodinase 2 DIO2 3.09 5.98E-51 

Acyl-coa synthetase long chain family 
member 5 ACSL5 0.25 4.59E-55 

 
Dedicator of cytokinesis 9 DOCK9 3.15 1.11E-50 

Golgi integral membrane protein 4 GOLIM4 0.29 4.41E-54 
 Tumor associated calcium signal 

transducer 2 
TACST

D2 2.45 2.55E-49 

Atpase sarcoplasmic/endoplasmic reticulum 
Ca2+ transporting 3 ATP2A3 0.28 7.50E-52 

 
Solute carrier family 16 member 6 

SLC16A
6 3.25 5.61E-49 
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Glucosaminyl (N-acetyl) transferase 1 GCNT1 0.31 8.46E-52  Carbonic anhydrase 12 CA12 2.74 1.55E-47 

Solute carrier family 12 member 2 SLC12A2 0.09 0  Kallikrein related peptidase 12 KLK12 3.41 1.50E-47 

Solute carrier family 6 member 20 SLC6A20 0.09 2.70E-136  GM2 ganglioside activator GM2A 2.92 1.64E-47 

1pfp; percentage of false prediction         
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4.4.3 Identification of DEGs between EAC tumour samples and normal tissue 

samples 

For EAC analysis, three datasets were included: GSE26886, GSE92396, and 

GSE1420. The three datasets included 45 tumour samples and 41 control samples. 

The merged dataset of 86 samples was analysed using Rank Product Method. A total 

of 1,130 genes were found to be differentially expressed. RankProd analysis identified 

557 downregulated genes and 573 upregulated genes. A diagrammatic representation 

of the up- and downregulated genes is shown in Figure 4.6. The top 30 upregulated 

and downregulated genes are shown in Tables 4.8 and 4.9. The most downregulated 

genes were sciellin (SCEL), small proline rich protein 3 (SPRR3), desmoglein 3 

(DSG3), and desmocollin 3 (DSC3), with fold change ranging from 18.9(-0.05) to 9.8(-

0.10). The most upregulated genes were anterior gradient 2, protein disulphide 

isomerase family member (AGR2), transmembrane channel like 5 (TMC5), and GATA 

binding protein 6 (GATA6), and mucin 13, cell surface associated (MUC13) with fold-

change ranging from 0.09(-11.1) to 0.16(-6.25).  
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Figure 4.6: Graphical display of the estimated percentage of false prediction (pfp) 

vs. number of identified genes using the output from RankProd for EAC analysis. 
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Table 4.8: The top 30 upregulated genes in EAC 

 

Table 4.9: The top 30 downregulated genes in EAC 

Gene name  Symbol 

Fold 
Chang

e pfp1 Gene name Symbol 
Fold 

Change pfp1 

Anterior gradient 2, protein disulphide isomerase 
family member 

AGR2 0.09 1.11E-54 Small proline rich protein 3 SPRR3 18.90 8.11E-64 

Mucin 13, cell surface associated MUC13 0.09 2.79E-48  Sciellin SCEL 13.53 2.38E-59 

Transmembrane channel like 5 TMC5 0.12 2.14E-47  Desmoglein 3 DSG3 10.88 6.24E-52 

Sulfotransferase family 1c member 2 
SULT1C

2 0.16 5.81E-38  Desmocollin 3 DSC3 9.77 4.22E-48 

Gata binding protein 6 GATA6 0.19 3.16E-37  
Protein phosphatase 1 regulatory 

subunit 3C PPP1R3C 6.90 4.39E-42 

Claudin 18 CLDN18 0.19 8.04E-34  Epithelial membrane protein 1 EMP1 6.51 5.38E-41 

Agmatinase AGMAT 0.21 2.35E-31  Kallikrein related peptidase 12 KLK12 5.92 2.19E-37 

Coagulation factor v F5 0.22 6.75E-29  
Heat shock protein family B 

(small) member 8 HSPB8 5.71 4.74E-36 

Villin 1 VIL1 0.21 6.04E-29  Annexin A1 ANXA1 4.36 5.75E-32 

Sel1l family member 3 SEL1L3 0.24 4.25E-28  EH domain containing 3 EHD3 4.18 5.64E-29 

Transmembrane serine protease 3 
TMPRSS

3 0.25 9.33E-27  Acid phosphatase 3 ACP3 4.32 8.01E-29 
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Serpin family a member 1 
SERPIN

A1 0.28 7.76E-26  
Protein tyrosine phosphatase 

non-receptor type 13 PTPN13 4.32 5.70E-27 

Collagen type i alpha 2 chain COL1A2 0.28 7.53E-26  Myelin protein zero like 2 MPZL2 3.59 3.45E-26 

Growth differentiation factor 15 GDF15 0.28 3.15E-25  Transmembrane protein 40 TMEM40 4.53 5.93E-26 

Alanyl aminopeptidase, membrane ANPEP 0.28 9.91E-23  MAX dimerization protein 1 MXD1 3.20 3.54E-25 

Lumican LUM 0.29 3.89E-22  Desmocollin 2 DSC2 3.32 2.02E-24 

Gasdermin b GSDMB 0.31 4.71E-21  Glycolipid transfer protein GLTP 3.39 1.38E-23 

5'-nucleotidase ecto NT5E 0.29 7.77E-21  Dehydrogenase/reductase 9 DHRS9 3.49 1.03E-22 

Solute carrier family 12 member 2 SLC12A2 0.30 8.04E-21  SRY-box transcription factor 2 SOX2 3.84 1.76E-22 

Microtubule associated monooxygenase, 
calponin and lim domain containing 2 MICAL2 0.33 1.52E-20  Paired box 9 PAX9 3.43 3.05E-22 

Cadherin 11 CDH11 0.32 1.72E-20  Palmdelphin PALMD 3.28 2.55E-21 

Fatty acyl-coa reductase 2 FAR2 0.31 2.36E-20  Solute carrier family 16 member 6 SLC16A6 3.26 2.95E-21 

Tropomyosin 1 TPM1 0.33 4.43E-20  Kallikrein related peptidase 8 KLK8 2.87 3.21E-21 

Acyl-coa synthetase long chain family member 5 ACSL5 0.31 5.29E-20  
Chromosome 18 open reading 

frame 25 C18orf25 3.19 3.71E-21 

Phospholipase a and acyltransferase 3 PLAAT3 0.33 7.00E-19  Cyclin G2 CCNG2 2.77 1.27E-20 

Cf transmembrane conductance regulator CFTR 0.31 8.47E-19  Carbonic anhydrase 12 CA12 3.07 1.44E-20 

Solute carrier family 6 member 20 SLC6A20 0.29 1.07E-18  Kallikrein related peptidase 7 KLK7 2.70 2.03E-20 

Solute carrier family 3 member 1 SLC3A1 0.34 1.32E-18  Iodothyronine deiodinase 2 DIO2 2.98 3.14E-20 
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Anterior gradient 2, protein disulphide isomerase 
family member NNMT 0.09 2.05E-18  PDZ domain containing 2 PDZD2 3.05 3.36E-20 

Mucin 13, cell surface associated 
PLEKHB

1 0.09 3.53E-18  
Tumor protein p53 regulated 

apoptosis inducing protein 1 TP53AIP1 3.25 1.01E-19 

1pfp; percentage of false prediction         
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4.4.4 Identification of DEGs between ESCC tumour samples and normal tissue 

samples 

Four datasets were included in the ESCC model pairwise contrast, these were 

GSE20347, GSE33426, GSE29001, and GSE38129. The analyses comprised 109 

cases and 83 controls. The RankProd analyses identified 1,832 differentially 

expressed genes, of these, 826 were downregulated and 1,006 were upregulated 

(Figure 4.7). The top 30 up and downregulated genes are shown in Tables 4.10 and 

4.11. The most downregulated genes outputted by the analysis were sciellin (SCEL), 

epithelial membrane protein 1 (EMP1), small proline rich protein 3 (SPRR3), and 

protein phosphatase 1 regulatory subunit 3C (PPP1R3C), with fold-change ranging 

from 22.5(-0.04) to 8.2(-0.12). The most upregulated genes were collagen type XI 

alpha 1 chain (COL11A1), collagen type I alpha 2 chain (COL1A2), epithelial cell 

transforming 2 (ECT2), and inhibin subunit beta A (INHBA), with fold-change ranging 

from 0.11(-9.09) to 0.14(-7.14).  

Stellenbosch University https://scholar.sun.ac.za



 

 

228  

 

Figure 4.7: Graphical display of the estimated percentage of false prediction (pfp) 

vs. number of identified genes using the output from RankProd for ESCC (model 

contrast) analysis. 
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Table 4.10: The top 30 upregulated genes in ESCC 

 

Table 4.11: The top 30 downregulated genes in ESCC 

Gene name  Symbol 

Fold 
Chang

e pfp1 Gene name Symbol 
Fold 

Change pfp1 

collagen type XI alpha 1 chain COL11A
1 

0.11 1.53E-97 sciellin SCEL 22.49 8.17E-133 

collagen type I alpha 2 chain COL1A2 0.14 1.49E-81  epithelial membrane protein 1 EMP1 11.91 9.01E-97 

epithelial cell transforming 2 ECT2 0.14 3.11E-78  small proline rich protein 3 SPRR3 17.62 4.32E-95 

inhibin subunit beta A INHBA 0.14 8.78E-77  
protein phosphatase 1 regulatory 

subunit 3C 
PPP1R3

C 8.24 2.56E-87 

Zic family member 1 ZIC1 0.14 2.07E-75  serpin family B member 1 
SERPIN

B1 8.01 4.25E-80 

mitochondrial assembly of ribosomal large 
subunit 1 MALSU1 0.17 1.86E-70  

chromosome 1 open reading frame 
116 

C1orf11
6 8.19 2.39E-77 

DNA topoisomerase II alpha TOP2A 0.20 2.49E-60  acid phosphatase 3 ACP3 7.09 3.13E-77 

cadherin 11 CDH11 0.23 1.57E-54  transmembrane serine protease 2 
TMPRS

S2 7.77 1.97E-73 

fibronectin type III domain containing 3B FNDC3B 0.21 5.44E-52  monoglyceride lipase MGLL 6.11 2.50E-70 

collagen type III alpha 1 chain COL3A1 0.26 9.85E-51  kallikrein related peptidase 12 KLK12 6.31 5.01E-67 

malignant fibrous histiocytoma amplified 
sequence 1 MFHAS1 0.22 2.71E-48  

Cbp/p300 interacting transactivator 
with Glu/Asp rich carboxy-terminal 
domain 2 CITED2 6.07 6.91E-67 

mitotic arrest deficient 2 like 1 MAD2L1 0.25 4.87E-46  MAX dimerization protein 1 MXD1 6.65 1.65E-65 
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kinesin family member 23 KIF23 0.27 7.32E-44  synaptopodin 2 like 
SYNPO

2L 7.29 6.65E-65 

cyclin dependent kinase 1 CDK1 0.27 1.01E-43  
cytochrome P450 family 3 

subfamily A member 5 CYP3A5 5.48 5.18E-64 

transferrin receptor TFRC 0.26 1.31E-43  nucleobindin 2 NUCB2 5.68 4.79E-63 

ENAH actin regulator ENAH 0.24 1.55E-43  
heat shock protein family B (small) 

member 8 HSPB8 5.41 3.01E-62 

denticleless E3 ubiquitin protein ligase homolog DTL 0.27 1.82E-43  
alcohol dehydrogenase 1B (class I). 

beta polypeptide ADH1B 4.72 4.71E-60 

BH3 interacting domain death agonist BID 0.26 1.73E-43  iodothyronine deiodinase 2 DIO2 4.92 6.59E-58 

ATPase family AAA domain containing 2 ATAD2 0.28 6.59E-43  

polypeptide N-
acetylgalactosaminyltransferase 
12 

GALNT
12 4.36 1.34E-53 

kinesin family member 14 KIF14 0.28 6.46E-43  
chromosome 18 open reading 

frame 25 
C18orf2

5 4.89 7.34E-53 

FA complementation group I FANCI 0.27 1.28E-42  
inhibitor of DNA binding 4. HLH 

protein ID4 4.17 1.64E-52 

atypical chemokine receptor 3 ACKR3 0.29 3.72E-41  
adhesion G protein-coupled 

receptor F1 
ADGRF

1 5.98 1.95E-51 

asporin ASPN 0.27 4.44E-41  dehydrogenase/reductase 9 DHRS9 4.86 3.90E-51 

insulin like growth factor 2 mRNA binding protein 
2 IGF2BP2 0.30 7.05E-41  myelin protein zero like 2 MPZL2 4.04 4.26E-49 

neuropilin and tolloid like 2 NETO2 0.28 3.25E-40  
endoplasmic reticulum 

oxidoreductase 1 alpha ERO1A 4.08 6.11E-48 
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integrin subunit alpha 6 ITGA6 0.29 1.39E-39  
sorbin and SH3 domain containing 

2 
SORBS

2 3.86 2.13E-47 

matrix metallopeptidase 11 MMP11 0.31 1.41E-38  cystatin E/M CST6 4.05 6.50E-47 

lumican LUM 0.31 1.74E-38  PDZ and LIM domain 2 PDLIM2 4.33 1.32E-46 

minichromosome maintenance 10 replication 
initiation factor MCM10 0.30 6.42E-38  SAM and SH3 domain containing 1 SASH1 3.88 1.68E-46 

centromere protein N CENPN 0.31 1.48E-36  RIO kinase 3 RIOK3 3.98 2.13E-46 

1pfp; percentage of false prediction         
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4.4.5 Identification of DEGs between squamous dysplasia samples and normal 

tissue samples 

We identified only one dataset which assessed squamous dysplasia, with a sample 

size of six (two dysplastic tissue and four normal tissue samples). The sample size 

was therefore not enough for a meta-analysis and subsequent analysis.  

4.4.6 Comparison of results for BE, EAC and ESCC 

Overall, the RankProd analysis outputted a total of 1,107 upregulated genes for BE, 

EAC and ESCC with 216 overlapping genes. A total of 1,537 genes were 

downregulated for BE, EAC and ESCC with 341 overlapping genes. Venn diagrams 

of the up and downregulated genes, as well as overlapping genes for BE, EAC and, 

ESCC, are shown in Figure 4.8. Of the top 15 most significantly upregulated genes, 

eight overlapped between BE and EAC were AGR2, SULT1C2, MUC13, ANPEP, 

CLDN18, TMC5, SERPINA1, and SEL1L3. One gene, COL1A2, overlapped between 

EAC and ESCC. In the top 15 most significantly downregulated genes, SCEL, SPRR3, 

PPP1R3C, EMP1 showed overlap among BE, EAC and ESCC, whilst seven genes, 

DSC3, DSG3, EMP1, HSPB8, TMEM40, PTPN13, EHD3, and ANXA1 showed overlap 

between BE and EAC. Three genes, ACP3, KLK12, and MXD1 showed overlap 

between EAC and ESCC.  
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Figure 4.8: Comparison of results for up- and downregulated genes. Venn diagrams 
showing the number of upregulated, downregulated, and overlapping genes for BE, 
EAC and ESCC obtained from the RankProd analysis 

4.4.7 Advanced gene set enrichment analysis using SetRank  

Output from the RankProd meta-analysis was used in the SetRank analysis to identify 

gene sets and networks of enriched biological pathways. This included output from the 

eight pairwise contrasts for BE, six pairwise contrasts for ESCC and the output from 

the single EAC analysis. A total of 97 pathways were identified by the SetRank 

analyses for BE, EAC and ESCC, with varying p-values (Appendix Table 4A2). The 

most common enriched pathways which were present in all three tumour types were 

the formation of the cornified envelope, smooth muscle contraction, and glycogen 

storage diseases.  

4.4.8 Advanced gene set enrichment analysis for BE 

SetRank analysis for BE identified 45 enriched pathways in all the eight BE pairwise 

contrasts using the Reactome Database. In the model pairwise contrast, 18 enriched 

pathways were identified. Table 4.12 shows these pathways as well as the number of 

genes involved in each pathway, and the corrected and adjusted p-values. The top 
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enriched pathways according to the corrected p-values included formation of the 

cornified envelope (p=1.30E-05), transport of inorganic cations/anions and amino 

acids/oligopeptides (p=7.49E-04), glycosaminoglycan metabolism (p=2.77E-03). The 

pathways neutrophil granulation had the highest number of genes, 114. 

Table 4.12: Biological pathways identified by the Advanced Gene Set Enrichment Analysis. SetRank 
for BE 

Pathway Name 
Number 
of genes 

Corrected 
P-value1 

Adjusted 
P-value2 

BMAL1: CLOCK. NPAS2 activates circadian gene expression 20 6.50E-03 4.38E-02 

Cytosolic sulfonation of small molecules 5 1.77E-03 2.48E-02 

Glycosaminoglycan metabolism 35 2.77E-04 4.15E-03 

Hormone-sensitive lipase (HSL)-mediated triacylglycerol 
hydrolysis 6 

3.38E-03 4.27E-02 

Nicotinate metabolism 6 6.26E-03 4.38E-02 

Assembly of collagen fibrils and other multimeric structures 14 
3.28E-03 4.27E-02 

Metabolism of Angiotensinogen to Angiotensins 3 6.40E-03 4.38E-02 

Tight junction interactions 7 7.68E-03 4.38E-02 

Transport of inorganic cations/anions and amino 
acids/oligopeptides 29 

7.49E-05 1.20E-03 

Smooth Muscle Contraction 14 6.55E-03 4.38E-02 

Defective GALNT3 causes familial hyperphosphatemic 
tumoral calcinosis (HFTC) 2 

3.84E-03 4.27E-02 

Neutrophil degranulation 114 4.18E-03 4.27E-02 

TP53 regulates transcription of several additional cell death 
genes whose specific roles in p53-dependent apoptosis 
remain uncertain 5 

9.38E-03 4.38E-02 

Formation of the cornified envelope 12 1.30E-06 2.29E-05 

Glucose metabolism 19 4.17E-03 4.27E-02 

Ketone body metabolism 3 8.33E-03 4.38E-02 

RAB geranylgeranylation 21 5.06E-03 4.27E-02 

O-linked glycosylation of mucins 15 3.82E-03 4.27E-02 
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1Holm correction for multiple testing for the gene set; 2Holm correction second round. correcting for 
dependence among pathways. Number of pathways = 18 

 

The pathways were visualised using the Cytoscape platform. Using a Cytoscape 

function, all the BE pathways from the eight pairwise contrasts were merged. The 

merged pathways are shown in Figure 4.9. The diagram shows the intersections and 

interconnectedness of 13 pathways, due to the overlap of genes in the gene sets.  

 

Figure 4.9: Merged gene set network of Reactome pathways identified by the 
advanced GSEA analysis (SetRank) for BE. Node fill colour indicates level of 
significance (blue to red – increasing significance). Node size denotes number of 
genes in the gene set. Edge thickness denotes size of the intersection. pp – negative 
logarithm of the p-value. 
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4.4.9 Advanced gene set enrichment analysis for EAC 

Analysis for EAC identified twelve enriched pathways using the Reactome Database 

(Table 4.13). The top enriched pathways according to the corrected p-values, 

formation of the cornified envelope (p=2.23E-07), transport of inorganic cations/anions 

and amino acids/oligopeptides (p=5.27E-03), smooth muscle contraction (p=9.00E-

03). The gene set with the most genes (78) was “Extracellular matrix organisation”. 

Cytoscape visualisation showed no intersections between the gene sets (Figure 4.10). 

Table 4.13: Biological pathways identified by the Advanced Gene Set Enrichment Analysis. 
SetRank for EAC 

Pathway Name 

Numbe
r of 
genes 

Correcte
d P-value 

Adjuste
d P-
value 

Extracellular matrix organization 78 4.51E-03 3.16E-02 

Nicotinate metabolism 6 5.06E-03 3.16E-02 

Peptide hormone metabolism 21 8.10E-03 3.56E-02 

Glycogen storage diseases 1 7.11E-03 3.56E-02 

Apoptotic cleavage of cell adhesion proteins 3 3.56E-03 2.84E-02 

Transport of inorganic cations/anions and amino 
acids/oligopeptides 

29 
5.27E-04 5.80E-03 

Smooth Muscle Contraction 14 9.00E-04 9.00E-03 

Defective GALNT3 causes familial hyperphosphatemic tumoral 
calcinosis (HFTC) 

2 
8.87E-03 3.56E-02 

RHO GTPases activate IQGAPs 5 8.02E-03 3.56E-02 

Cargo concentration in the ER 13 7.28E-03 3.56E-02 

Interleukin-4 and 13 signalling 24 9.26E-04 9.00E-03 

Formation of the cornified envelope 12 2.23E-07 3.00E-06 

1Holm correction for multiple testing for the gene set; 2Holm correction second round. correcting 
for dependence among pathways. Number of pathways = 12 
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Figure 4.10: Merged gene set network of Reactome pathways identified by the 
advanced GSEA analysis (SetRank) for EAC. Node fill colour indicates level of 
significance (blue to red – increasing significance). Node size denotes number of 
genes in the gene set. Edge thickness denotes size of the intersection. pp – negative 
logarithm of the p-value. 

4.4.10 Advanced gene set enrichment analysis for ESCC 

The SetRank analysis identified a total of 62 Reactome pathways in all the ESCC 

model pairwise contrasts. The model pairwise contrast had 21 pathways, with the top 

pathways according to the corrected p values being collagen chain trimerization 

(p=5.40E-04), G2/M Checkpoints (p=1.15E-03), integrin cell surface interactions 

(p=7.40E-03). The pathways are shown in Table 4.14 with the corresponding 

corrected and adjusted p values. Metabolism had the most genes in all the gene sets 

(545).  
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Table 4.14: Biological pathways identified by the Advanced Gene Set Enrichment Analysis. 

SetRank for ESCC 

Pathway Name 
Number of 

genes 
Corrected 
P-value 

Adjusted 
P-value 

E2F-enabled inhibition of pre-replication complex formation 3 7.41E-03 1.38E-03 

Metabolism 545 2.98E-03 1.90E-02 

Cyclin B2 mediated events 2 2.78E-03 1.38E-03 

Glycosaminoglycan metabolism 35 3.28E-03 1.90E-02 

Metabolism of water-soluble vitamins and cofactors 31 7.61E-03 1.90E-02 

Glycoprotein hormones 2 6.07E-03 3.04E-02 

Phase 1 - Functionalization of compounds 19 4.49E-03 1.90E-02 

Integrin cell surface interactions 21 7.40E-04 8.14E-03 

Metabolism of ingested SeMet. Sec. MeSec into H2Se 3 2.11E-03 1.90E-02 

Antagonism of Activin by Follistatin 2 6.07E-03 3.04E-02 

Glycogen storage diseases 1 2.76E-03 2.21E-02 

Arachidonate production from DAG 1 8.28E-03 3.31E-02 

Smooth Muscle Contraction 14 3.95E-03 2.37E-02 

Homologous DNA Pairing and Strand Exchange 10 9.64E-03 1.38E-03 

Signaling by MET 26 3.00E-03 2.21E-02 

Formation of the cornified envelope 12 1.15E-03 1.15E-02 

G2/M Checkpoints 34 1.15E-04 1.38E-03 

Amino acid synthesis and interconversion (transamination) 8 2.17E-03 1.90E-02 

Metabolism of amino acids and derivatives 93 6.46E-03 1.90E-02 

TFAP2 (AP-2) family regulates transcription of other 
transcription factors 1 

9.39E-03 3.31E-02 

Collagen chain trimerization 7 5.40E-05 7.00E-04 

Interferon alpha/beta signaling 20 9.81E-03 3.31E-02 

O-linked glycosylation of mucins 15 8.77E-03 3.31E-02 

1Holm correction for multiple testing for the gene set; 2Holm correction second round. correcting 
for dependence among pathways. Number of pathways =23 
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The pathways from all the ESCC pairwise contrasts were merged and visualised in 

Cytoscape (Figure 4.11). A total of 41 gene sets showed intersections. The pathways 

which were interconnected to at least three other pathways included “Metabolism” (8), 

“Extracellular matrix organisation” (6), “Resolution of sister chromatic cohesion” (3), 

and “Signal transduction” (3). 

 

 

Figure 4.11: Merged gene set network of Reactome pathways identified by the 
advanced GSEA analysis (SetRank) for ESCC. Node fill colour indicates level of 
significance (blue to red – increasing significance). Node size denotes number of 
genes in the gene set. Edge thickness denotes size of the intersection. pp – negative 
logarithm of the p-value. 

 

4.4.11 Mapping the DEGs to the enriched pathways 

Output from the SetRank analysis showing the enriched pathways were mapped to 

the DEGs and the corresponding fold change reported in the RankProd analysis.  
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In the analysis for BE, the formation of the cornified envelope showed ten 

downregulated genes and one upregulated. “Transport of inorganic cations/anions 

and amino acids/oligopeptides” pathway had eight upregulated and eight 

downregulated genes. The pathway “Glycosaminoglycan metabolism” had seven 

downregulated genes and eight upregulated genes. The top five pathways according 

to the corrected p-value as well the corresponding up and downregulated genes are 

shown in Table 4.15.  

Table 4.15: Differentially expressed genes (DEGs) mapped to the enriched pathways for BE vs 
normal tissue 

Enriched pathway Upregulated genes Downregulated genes 

Formation of the cornified 
envelope 

CAPNS1. CAPN1. PERP. 
DSC2. KAZN. KLK8. KLK12. 
DSG3. DSC3. SPRR3 

PKP4 

 

Transport of inorganic 
cations/anions and amino 
acids/oligopeptides 

SLC1A4, SLC15A2, 
SLC6A15, CALM1, SLC7A2, 
SLC38A2, SLC12A6, 
SLC26A2 

SLC3A1, SLC12A2, 
SLC6A20, SLC9A1, 
SLC20A1, SLC26A6, 
SLC17A5, SLC38A1 

Glycosaminoglycan 
metabolism 

CD44, HS3ST3B1, B4GALT1, 
IDS, ST3GAL1, HPSE, 
SLC26A2 

LUM, SLC9A1, CHST6, 
EXT1, SLC35D2, HEXA, 
DCN, GUSB 

Cytosolic sulfonation of small 
molecules 

SLC26A2 BPNT1, SULT1C2, SULT1E1, 
SULT1A1 

Assembly of collagen fibrils 
and other multimeric 
structures CTSB, DST 

ITGA6, CTSS, LAMA3, 
ITGB4, COL3A1, COL1A2, 
LOXL2, COL4A5 
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For EAC, ten genes involved in the pathway “Formation of the cornified envelope” 

were all downregulated. The pathway “transport of inorganic cations/anions and amino 

acids/oligopeptides” had six downregulated and six upregulated genes. The pathway 

“smooth muscle contraction” had four downregulated genes and seven upregulated 

genes. The top five pathways according to the corrected p-value are shown in Table 

4.16 with a list of the upregulated and downregulated genes in the pathway. 

Table 4.16 Differentially expressed genes (DEGs) mapped to the enriched pathways for EAC vs 
normal tissue 

Pathway Upregulated genes Downregulated genes 

Formation of the cornified 
envelope 

DSG3, PERP, KLK12, KAZN, 
KLK8, SPRR3, DSC2, DSC3, 
CAPN1, CAPNS1 

 

Transport of inorganic 
cations/anions and amino 
acids/oligopeptides 

SLC38A2, SLC15A2, 
SLC6A15, CALM1, SLC12A6, 
SLC26A2 

SLC6A20, SLC12A2, SLC3A1, 
SLC20A1, SLC26A6, SLC9A1 

Smooth muscle contraction MYH11, ACTG2, CALM1, 
ANXA1 

TPM1, TPM2, ACTA2, CALD1, 
MYLK, MYL9, SORBS1 

Interleukin-4 and 13 signaling BCL6, STAT3, HSPA8, MCL1, 
RORA, SOX2, ANXA1 

COL1A2, STAT1, ZEB1 

Apoptotic cleavage of cell 
adhesion proteins 

DSG3  

 

“Collagen chain trimerization”, one of the pathways by the ESCC SetRank analysis 

had four upregulated genes. “G2/M checkpoints” pathway had one downregulated 

gene and 18 upregulated genes, whilst “Integrin cell surface interactions” had three 

downregulated and six upregulated genes. A list of the five most significant pathway 

with the corresponding up and downregulated genes are shown in Table 4.17. 

The full maps for BE (model contrast), EAC, and ESCC (model contrast) are shown in 

the Appendix tables 4A3, 4A4 and 4A5.   
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Table 4.17: Differentially expressed genes (DEGs) mapped to the enriched pathways for ESCC vs 
normal tissue 

Enriched pathway Upregulated genes Downregulated genes 

Collagen chain trimerization 
 COL11A1, COL4A5, COL1A2, 

COL3A1 

G2/M Checkpoints 

H2BC4 MCM10, GTSE1, CDK1, 
CHEK1, CCNB2, CCNB1, 
MCM6, MCM4, ATR, PSMB2, 
RFC3, MRE11, NSD2, RAD1, 
NBN, PSMB4, RPA1, YWHAH 

Integrin cell surface 
interactions 

JAM3, ITGA8, JAM2 LUM, TNC, ITGA6, CD44, 
THBS1, FBN1 

Formation of the cornified 
envelope 

CAPN1, KLK8, PCSK6, 
CAPNS1, DSG3, KAZN, 
DSC2, KLK12, SPRR3 

DSC3 

Metabolism of ingested SeMet. 
Sec. MeSec into H2Se 

NNMT, CBS HNMT 

 

 

4.4.12 Functional interaction networks using ReactomeFIViz application 

The ReactomeFIViz application was able to identify functional interaction networks 

among genes in the pathways described in this study. Four of the most common 

pathways identified in the SetRank analysis were selected further investigation using 

the ReactomeFIViz app. These were “Formation of the cornified envelope”, “Smooth 

muscle contraction”, “BMAL1:CLOCK,NPAS2 activates circadian gene expression”, 

and “Assembly of collagen fibrils and other multimeric structures”. The gene interaction 

networks as well as the corresponding Reactome pathway diagrams are shown in 

Figures 4.12, 4.13, 4.14 and 4.15.  
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Figure 4.12: A. Functional interaction network among genes in the enriched pathway “Formation of the cornified envelope”. 

developed using the ReactomeFIViz app. B. Reactome pathway overview for “Formation of the cornified envelope. 
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Figure 4.13: A. Functional interaction network among genes in the enriched pathway “Smooth muscle contraction”. developed 

using the ReactomeFIViz app. B. Reactome pathway overview for “Smooth muscle contraction”. 
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Figure 4.14: A. Functional interaction network among genes in the enriched pathway “BMAL1:CLOCK.NPAS2 activates circadian 

gene expression”. developed using the ReactomeFIViz app. B. Reactome pathway overview for “BMAL1:CLOCK.NPAS2 activates 
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circadian gene expression”.

 

Figure 4.15: A. Functional interaction network among genes in the enriched pathway “Assembly of collagen fibrils and other 

multimeric structures”. developed using the ReactomeFIViz app. B. Reactome pathway overview for “Assembly of collagen fibrils and 

other multimeric structures”
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4.4.13 Substudy: Reliability of subsampling 

Overall, most of the pathways from the nine repeats showed consistency in the p 

values. The top 21 pathways showed consistently stable p and z values with low 

variance between the nine repeats. The pathways are ordered according to statistical 

significance using the mean p value. These pathways are shown in Table 4.18, with 

the corresponding z and p mean values, as well as the variance. The three topmost 

significant pathways included “Formation of the cornified envelope” (p=5.33E-07), 

“Smooth Muscle Contraction” (p=1.00E-03), and “Type I hemidesmosome assembly” 

(p=6.00E-03). The variance in the top 21 enriched pathways ranged from 0.00059 to 

0.14.  

Table 4.18: Subsampling sub study P and Z estimates from nine repeats 

Description Mean Z value Mean P value Z Variance  

Consistency 
(Mean Z/Z 
variance) 

Formation of the cornified 
envelope 

-4.88 5.34E-07 2.45E-02 -199 

Smooth Muscle Contraction -3.70 1.09E-04 8.55E-03 -433 

Type I hemidesmosome 
assembly 

-3.24 5.92E-04 3.60E-03 -900 

Cytosolic sulfonation of small 
molecules 

-3.12 8.90E-04 2.79E-02 -112 

Assembly of collagen fibrils 
and other multimeric 
structures 

-2.97 1.50E-03 5.52E-03 -537 

TP53 regulates transcription 
of several additional cell 
death genes whose 
specific roles in p53-
dependent apoptosis 
remain uncertain 

-2.76 2.88E-03 1.33E-03 -2078 

Neutrophil degranulation -2.68 3.64E-03 4.73E-02 -57 

O-linked glycosylation of 
mucins 

-2.60 4.65E-03 1.47E-01 -18 

BMAL1:CLOCK.NPAS2 
activates circadian gene 
expression 

-2.46 6.97E-03 8.90E-02 -28 
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Retrograde transport at the 
Trans-Golgi-Network 

-2.41 7.91E-03 8.72E-03 -277 

Aflatoxin activation and 
detoxification 

-2.40 8.28E-03 6.71E-03 -357 

Tight junction interactions -2.36 9.09E-03 6.90E-03 -342 

Interleukin-4 and 13 
signalling 

-2.32 1.02E-02 1.04E-02 -224 

Surfactant metabolism -2.29 1.10E-02 1.82E-02 -126 

Ketone body metabolism -2.20 1.38E-02 1.58E-03 -1395 

Interaction between PHLDA1 
and AURKA 

-2.11 1.75E-02 5.87E-04 -3591 

RHO GTPases regulate 
CFTR trafficking 

-2.07 1.94E-02 6.71E-04 -3081 

Antigen activates B Cell 
Receptor (BCR) leading to 
generation of second 
messengers 

-2.06 1.96E-02 6.32E-04 -3264 

Factors involved in 
megakaryocyte 
development and platelet 
production 

-2.03 2.13E-02 2.28E-02 -89 

Hormone-sensitive lipase 
(HSL)-mediated 
triacylglycerol hydrolysis 

-1.98 2.38E-02 4.93E-03 -402 

 

Comparisons between the pathways identified in the initial BE subsampling analysis 

and the BE subsampling repeats were done. The initial BE subsampling identified 16 

pathways, of which the top 9 enriched pathways were also identified as the nine 

topmost enriched pathways in the subsampling sub study. The remaining seven 

pathways from the initial subsampling analysis were present in the top 45 pathways 

identified in the subsampling repeats. The pathways in the initial analysis and the 

subsampling repeats were ordered according to p-values, smallest to largest. The p-

values in both analyses were comparable (Table 4.19). The differences in p-values 

between the two analyses ranged from 3.58E-07 to 1.99E-02. The complete data on 

the subsampling sub-study is shown in Appendix Table 4A6.   
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Table 4.19: Comparison of p values from the initial subsampling analysis and the subsampling 

repeats 

Description P-value1 

Mean P-

value2 

Formation of the cornified envelope 1.76E-07 5.34E-07 

Transport of inorganic cations/anions and amino 

acids/oligopeptides 
2.20E-05 2.51E-02 

Smooth Muscle Contraction 6.30E-05 1.09E-04 

Cytosolic sulfonation of small molecules 6.11E-04 8.90E-04 

Type I hemidesmosome assembly 9.90E-04 5.92E-04 

Assembly of collagen fibrils and other multimeric structures 1.19E-03 1.50E-03 

Neutrophil degranulation 1.23E-03 3.64E-03 

BMAL1:CLOCK.NPAS2 activates circadian gene expression 3.70E-03 6.97E-03 

TP53 regulates transcription of several additional cell death genes 

whose specific roles in p53-dependent apoptosis remain 

uncertain 

3.85E-03 2.88E-03 

Nicotinate metabolism 6.44E-03 4.36E-02 

Tight junction interactions 6.97E-03 9.09E-03 

Defective GALNT3 causes familial hyperphosphatemic tumoral 

calcinosis (HFTC) 
6.98E-03 2.69E-02 

PPARA activates gene expression 7.11E-03 2.60E-02 

Metabolism of Angiotensinogen to Angiotensins 8.71E-03 2.54E-02 

Glucose metabolism 8.77E-03 7.14E-02 

O-linked glycosylation of mucins 9.63E-03 4.65E-03 

1P value from the initial subsampling analysis 2Mean p value computed from the nine subsampling 

repeats 
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4.5 Discussion 

4.5.1 Overview 

In this study, we analysed altered mRNA expression in EC using 18 datasets from the 

public repository, GEO datasets. We identified 1,107 upregulated genes and 1,537 

downregulated genes for ESCC and EAC, and the precancerous tumour BE. A total 

of 97 enriched biological pathways were identified for ESCC, EAC and BE, using the 

novel GSEA, SetRank. The pathway “Formation of the cornified envelope” emerged 

as a key and common pathway explaining the pathobiology of ESCC, EAC and BE. 

Pathways involved in the ECM were the most common, followed by pathways involved 

in cell membrane regulation, cell cycle regulation and detoxification. We also identified 

key and interesting pathways not previously interpreted in literature.  

4.5.2 Summary of results: DEGs 

We performed a meta-analysis of microarray data (ESCC, EAC, BE) to identify DEGs. 

Analysis of squamous dysplasia could not be done as there were not enough samples 

for analysis. The meta-analysis, compared to individual analysis, provided greater 

power to detect high confidence DEGs and subsequently gene sets. It also reduced 

the number of false positives normally identified in individual studies. The total 

numbers of DEGs identified for BE (model pairwise contrast) were 1,945, for EAC were 

1,130, and for ESCC (model pairwise contrast) were 1,832. The top DEGs for BE 

included the downregulated, SCEL (precursor of the cornified envelope, linked cancer 

development), and SPRR3 (differentiation and cornification of keratinocytes), and the 

upregulated genes AGR2 (tp53 inhibitor, cell metastasis, and linked to cancer 

progression), and SULT1C2 (catalysis of endogenous and xenobiotic compounds). 

The top DEGs for EAC comprised of the downregulated genes, DSG3 (cell-cell 

adhesion, expressed in squamous epithelium), DSC3 (cell-cell adhesion, cancer 

biomarker), and the upregulated genes, MUCIN13 (cell surface glycoproteins), and 

TMC5 (cell cycle regulation). The top DEGs for ESCC included the downregulated 

genes EMP1 (cell migration and proliferation and implicated in cancer), PPP1R3C 

(protein phosphorylation), and the upregulated genes COL11A1 and COL1A2 
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(encodes for collagen), and ECT2 (oncoprotein associated with cell division and 

growth and associated with cancer).  

The top upregulated gene which overlapped between EAC and ESCC, COL1A2, is 

involved in type I collagen synthesis. In a study by Fang et al (71), on ESCC cell lines 

the authors reported that type I collagen expression was significantly associated with 

survival and cancer cells differentiation. In our study, COL1A2 was also upregulated 

in BE and EAC and ESCC, pointing to similar collagen-mediated effects on 

tumorigenesis in the three tissue types. Hypermethylation of COL1A2, which has been 

associated with upregulation of gene expression (72), has been reported in some 

cancers including colorectal, bladder, breast cancers, as well as melanoma, 

neuroblastoma, medulloblastoma, and hepatoma.(73) In another study that re-

analysed microarray datasets, COL1A2 was reported to have expression significantly 

higher than normal tissue.(74) Three of the most upregulated genes which overlapped 

between BE and EAC have the following functions; AGR2 (p53 inhibitor and involved 

in cell migration, differentiation and metastasis), SULT1C2 (catalysis of endogenous 

and xenobiotic compounds), and MUC13 (cell surface glycoproteins). The gene AGR2 

has been implicated in promoting tumour growth in EAC (32, 75, 76) and the 

development of BE (32). MUC13 is widely reported to be overexpressed in epithelial 

tissue tumours, as well as in ESCC (77), but there is currently no evidence in the 

literature regarding its association to EAC and BE.  

The top downregulated genes that showed overlap among BE, EAC, and ESCC 

included SCEL, SPRR3, and EMP1. There is not much in the literature regarding the 

role of SCEL in esophageal tumorigenesis. Gene expression studies have shown 

overexpression of SCEL in ESCC.(78) SPRR3 has been reported to be downregulated 

in EAC and ESCC in several studies and is strongly associated with 

carcinogenesis.(79, 80) Detection of EMP1 expression using RT-PCR in EC cells 

showed downregulation in cancer cells compared to normal tissue.(81) ACP3 and 

MXD1 were the two most downregulated genes which overlapped between EAC and 

ESCC, and there is little information in the literature regarding their role in EC 

carcinogenesis. The most downregulated genes between BE and EAC were DSC3, 

DSG3, and HSPB8. The role and expression of DSC3 and DSG3 in cancer is still 
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contested in literature, and there is little evidence. DSC3 was reported to be 

downregulated in BE and EAC cell lines and tissue samples using qRT-PCR.(82) 

There is a lack of information on the role of DSG3 in BE and EAC. DSG3 is reported 

to be downregulated in oral squamous cell carcinoma and overexpressed in the skin 

and head and neck cancers.(83) In our study, DSG3 was downregulated in ESCC, 

however, in a study done by Fang et al (83) DSG3 was overexpressed in 74% of the 

ESCC tumours compared to normal tissue, whilst 25% showed downregulation. 

Additionally, in one of the few studies performed on an African population (Malawi), 

DSG3 and DSC3 were upregulated in ESCC tissue compared to normal tissue.(84)  

More studies are needed to elucidate the role of DSG3 expression in esophageal 

tumorigenesis. Studies have shown that desmosome deficiency plays a significant role 

in tumorigenesis and the progression of various epithelial cancers.(85) HSPB8 has 

been reported to be downregulated in a study by Nancarrow et al (32) assessing BE 

and EAC tissue, as well as in a study by Yang et al in 2019 (86) which re-analysed 

ESCC GEO datasets. In our study, HSPB8 was downregulated. Overall, the 

differential expression shown in our analysis corroborated the evidence in the 

literature. There are some significantly DEGs, identified in our analysis, which require 

further investigation regarding their role in BE, EAC and, ESCC development and 

progression. These include SCEL, DSG3, ACP3, MXD1, and MUC13. 

Some additional genes have been reported to be associated with EC in the literature. 

In a previous study that we undertook, a systematic review on the ESCC genetic 

variants reported in African populations, we identified several genes associated with 

ESCC development.(8) We assumed that some of these genes would be differentially 

expressed in our present study. We checked for these genes in our dataset to 

ascertain if they were differentially expressed. The genes which showed differential 

expression in our gene expression dataset, which were also present in our systematic 

review include ALDH2, ADH1B, TP53, CASP8, RUNX1, CYP3A5, MTHFR, AR, XBP1, 

GSTT1, FBXW7, JAG1, PIK3CA.(8) ALDH2, ADH1B, TP53, CASP8, RUNX1, 

CYP3A5, AR, GSTT1, MTHFR, XBP1 had germline variation, whilst AR, FBXW7, 

JAG1, PIK3CA, and TP53 genes has somatic variation. ADH1B (ethanol metabolism), 

in our study, was downregulated in ESCC and EAC and upregulated in BE. ADH1B is 

widely reported to be associated with ESCC due to its role in modulating alcohol 
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oxidising capabilities. This links to alcohol consumption, which is one of the main risk 

factors of ESCC. TP53AIP1 (mediating p53-dependent apoptosis) gene was 

downregulated in BE, EAC and ESCC. The gene TP53 is one of the major tumour 

suppressor genes involved in the inhibition of tumour growth. EC is reported to have 

a TP53 mutation rate of over 50%, one of the highest among other cancer types, which 

subsequently results in decreased mRNA expression.(87) It is important to note that 

TP53 is downregulated in non-truncating cancers.(87) The downregulation of 

TP53AIP1 in BE may indicate that the patients whose BE samples were analysed here 

are at a high risk of progressing into EAC. The downregulation of TP53AIP1 in our 

analysis, therefore, corroborates the evidence in the literature. Another tumour 

suppressor gene downregulated in our analysis in BE, EAC and ESCC was FBXW7.  

The p53 protein regulates the expression of other genes, repressing them 

transcriptionally, present in our study and upregulated (EAC and ESCC) is CDK1 (cell 

cycle regulation). CDK1 dysregulation has been linked to disorders in cell 

differentiation and cell cycle, resulting in abnormal cell differentiation and malignant 

tumour development.(88) It is overexpressed in other tumours including breast, 

cervical, gastric and oral cancers.(88) It is also reported to be upregulated in both EAC 

and ESCC.(88, 89) CASP8 and FADD like apoptosis regulator also known as CFLAR 

(cell apoptosis, similar to CASP8) was downregulated in BE, EAC and ESCC. 

RUNX1(development of hematopoiesis) was upregulated in BE and EAC and 

downregulated in ESCC. CYP3A5 (drug metabolism synthesis of cholesterol, and 

steroids), was upregulated in BE and downregulated in EAC and ESCC. The gene AR 

(regulation of androgen binding on androgen receptor) and was downregulated in only 

ESCC and was not differentially expressed in BE and EAC. XBP1 (regulation of genes) 

was upregulated in BE and EAC only. There is little evidence in the literature on XBP1 

expression and BE and EAC, most of the reports are on ESCC where it is 

overexpressed. GSTT1 (conjugation of reduced glutathione to hydrophobic 

electrophiles) was downregulated in BE, EAC, and ESCC. One of the major drivers of 

ESCC is exposure to carcinogenic and mutagenic factors, therefore the 

downregulation of GSTT1, which plays a role in the detoxification of carcinogens, 

results in increased susceptibility to developing ESCC. The gene JAG1 (involved in 

hematopoiesis) was upregulated in ESCC and downregulated in BE and EAC. PIK3CA 
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(involved in multiple signalling pathways and oncogenic) was present in our dataset, 

upregulated in ESCC. PIK3CA expression and mutational signature were assessed 

by Wang et al (90) using immunohistochemistry and PCR, respectively, on ESCC 

tumour samples. The study reported PIK3CA overexpression and identified somatic 

point mutations associated with ESCC. PIK3CA is one of the most significantly 

mutated genes associated with ESCC, with a mutation frequency between 2.2% and 

21%, and is linked to local recurrence and poor survival.(90) 

We could not find any datasets on African populations in our screening and selection 

process. This points to the lack of genomic analysis being on the African continent. 

Microarray analysis is a powerful tool and also cheaper than other genome-wide 

technologies, and is, therefore, a good option in low-resource settings. Considering 

the impact that gene expression studies have in understanding the pathobiology of 

EC, including its diagnosis, progression, therapy, treatments, and the high burden of 

EC in the African EC corridor, more microarray studies are needed on African 

populations. Our initial plan for the PhD included a comprehensive study of South 

African ESCC patients residing in Eastern Cape Province, but due to the COVID-19 

pandemic, participant recruitment was not possible, and the project had to be 

postponed. The study was designed to include collection of tissue samples from the 

esophagus which would have been used in genetic analysis. 

4.5.3 Summary of results: Enriched pathways 

Overall, we identified 97 pathways that were enriched biological pathways. The 

majority of the pathways are involved in ECM. These included “Formation of the 

cornified envelope”, “Smooth muscle contraction”, “Assembly of collagen fibrils and 

other multimeric structures”, “Type I hemidesmosome assembly”, “Collagen chain 

trimerization”, “Extracellular matrix organization”, “Integrin cell surface interactions”, 

“ECM proteoglycans”, and “Tight junction interactions”. The ECM is a non-cellular 

component of tissues and organs involved in the physical scaffolding of the cells and 

also involved in biological processes such as tissue morphogenesis, cell differentiation 

and homeostasis.(91) Its involvement in crucial biochemical and biomechanical 

processes is what makes abnormalities in the ECM result in the development and 

progression of several diseases, such as cancer.(91) The ECM can modulate key 
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processes which drive carcinogenesis, which include: cell survival and proliferation, 

apoptosis, angiogenesis, and migration, among others.(91) Additionally, the tumor and 

its microenvironment establish a feedback loop mechanism that facilitated malignant 

behavior in cells due to its effect on ECM stiffness, adhesion, remodeling, and other 

biological aspects.(92) The proteins which make up the ECM include proteoglycans 

and fibrous proteins (collagens, elastins, fibronectins and laminins).(93) The ECM is 

dynamic and constantly being reconstructed, and modulated, mainly by matrix 

metalloproteinases (MMP) and growth factors. In the past couple of years, the ECM 

has been reported to play a role in EC development and progression.(91, 92) The role 

of the ECM in EC carcinogenesis through activation of signaling pathways in the 

feedback loop mechanism is shown in Figure 4.16. ECM proteins like type I collagen 

are reported to be upregulated in EC (91), and this is corroborated by our results where 

COL11A1, COL1A2, FNDC3B, COL3A1 and MMP11 were upregulated. These genes 

were dysregulated in the “Extracellular matrix organization” pathway in our study. This 

pathway has been reported in several studies as contributing to EC development.(94, 

95)  
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Figure 4.16: The role of the ECM in EC carcinogenesis. The inner triangle shows 
the ECM proteins involved in ECM carcinogenesis. The middle triangle shows the 
effect of ECM protein alteration. The outer triangle shows the major cellular events 
facilitated by the mechanical and biochemical alterations in the ECM. which may play 
a role in EC carcinogenesis. Figure adapted from Palumbo et al 2020 (92) using the 
MDPI open access licence MDPI | Open Access Information 

The most common pathway in our study was “Formation of the cornified envelope”, 

which was reported in EAC, all the BE pairwise contrasts, and all but one of the ESCC 

pairwise contrasts. For the EAC and the BE model pairwise contrasts, it was the most 

significantly enriched pathway. The majority of the genes in this pathway were 

downregulated. There is a lack of information in the literature regarding the role of the 

cornified envelope in EC carcinogenesis. SPRR3, a precursor protein of the cornified 

envelope was reported to be downregulated using Immunohistochemistry (IHC) and 

tissue microarray in a study by Zhang et al (96). The authors also determined that 

SPRR3 was involved in anti-tumor activity. SPRR proteins have been reported to have 

anti-oxidative properties in the cornified envelope.(97) The role of antioxidant enzymes 

and SPRR proteins in the cornified envelope and EC warrants investigation. In our 

study, SPRR3 was downregulated in both EAC and ESCC. The formation of the 

cornified envelope is the final step in the keratinization process of the epidermis. Whilst 
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this process is commonly reported in skin and hair follicles, it also occurs in the 

esophagus and serves as a barrier from environmental exposures. Our study, 

therefore, suggests that the dysregulation of genes associated with the formation of 

cornified envelope impact the development of BE, EAC and ESCC, by modulating the 

proteins involved in the keratinization process. Other studies have listed pathways 

related to keratinization in ESCC analysis, which include “Epidermis development”, 

“Keratinocyte differentiation”, and “Keratinization”.(95) However, these pathways are 

not interpreted in literature. More studies are needed to elucidate the role of the 

cornified envelope in EC development and progression, and how dysregulation of its 

components drive carcinogenesis.  

Another enriched pathway that was common in BE, EAC and ESCC was “Smooth 

muscle contraction”. Peristalsis is dependent on smooth muscle contraction of the 

esophagus. The genes dysregulated in this pathway in our study are involved in actin 

(ACTA2, ACTG2)(98), myosin (MYL9, TPM2, TPM1)(99) and calcium (CALM1)(100) 

control. Aberrant expression of Actin has been reported to be an early biomarker of 

cancer, through supporting oncogenic process such as cell proliferation.(98)The 

calcium cation, which is involved in many physiological processes in the body, is also 

involved in smooth muscle contraction. Interpretation of how smooth muscle 

contraction plays a role in EC is scarce in the literature. In a study that assessed the 

calcium regulation and its role in smooth muscle contraction of the esophagus in mice, 

reduced calcium levels resulted in reduced smooth muscle contractions.(101) The 

reduced smooth muscle contractions can have result in gastro-esophageal reflux, 

which is a risk factor for BE and subsequently EAC. Achalasia, which is also a risk 

factor for EC, occurs when smooth muscle fibers do not relax, is also regulated by 

calcium.(101) Smooth muscle disorders therefore can result in EC. Whilst it is clear 

that smooth muscle disorders can result in esophageal diseases, it is unclear if 

increasing intracellular calcium will reduce the prevalence of reflux, BE, and EAC. In 

a meta-analysis done on the effect of calcium intake and EC, dietary calcium intake 

was reported to have a protective effect on ESCC risk, in a Chinese population.(102) 

The second most common grouping of the pathways was that of cell membrane 

regulation. These included: “Cytosolic sulfonation of small molecules”, “Transport of 
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inorganic cations/anions and amino acids/oligopeptides”, “Neutrophil degranulation”, 

“Metabolism of Angiotensinogen to Angiotensins”, “Tight junction interactions”, and 

“RAB geranylgeranylation”. The pathway “Cytosolic sulfonation of small molecules” 

involves sulfonation of proteoglycans and other molecules making them soluble. The 

genes dysregulated in this pathway in our study include sulfotransferases which are 

involved in the conjugation of hormones, neurotransmitters, drugs, and xenobiotic 

compounds which may be toxic to the body. This pathway was identified in the BE 

analysis. “Transport of inorganic cations/anions and amino acids/oligopeptides” was 

one of the most significantly enriched pathways reported in BE (p = 7.50E-05) and 

EAC (p = 5.30E-04) analysis. This suggests that the dysregulation of transport of 

proteins and oligopeptides plays a role in the development of BE and EAC. The 

pathway “Neutrophil degranulation” was also reported in a study that re-assessed 

GEO datasets of BE.(103) The pathway “Tight junction interactions” plays a critical 

role in acting as a membrane barrier and regulating cell proliferation and 

morphogenesis, although its role in EC carcinogenesis is unclear and warrants further 

investigation.  

The “RAB geranylgeranylation” pathway was identified in the BE analysis in our study 

(p = 5.00E-03). It is involved in the post-translational modification of proteins and lipids 

(an important cellular regulatory process), which regulate exocytic and endocytic 

pathways.(104) The genes dysregulated in this pathway in our BE analysis are RAB 

genes (RAB27A, RAB7A, RAB20, RAB8B, RAB21, RAB29, RAB11A, RAB27B, 

RAB3B, RAB5A), which are a part of the RAS oncogene family. (105) The RAB genes 

regulate membrane trafficking as well as cell growth, signalling and survival and are 

reported to be dysregulated in cancer. (105) However, this pathway has not been 

described for EC or BE in the literature. Two RAB genes, RAB25 (106) and RAB23 

(107) (also dysregulated in our ESCC analysis) have been reported to be associated 

with ESCC development in the literature. Overall, the role of the RAB genes in cancer 

is still understudied. We hypothesize that the biological processes associated with this 

pathway drive formation of malignant tumours from BE. Again, this pathway warrants 

further investigation. 
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Several pathways in or analysis are involved in cell cycle regulation, and they include, 

“TP53 regulates transcription of several additional cell death genes whose specific 

roles in p53-dependent apoptosis remain uncertain”, “Cyclin B2 mediated events”, 

“PI3K/AKT activation”, and, “BMAL1:CLOCK,NPAS2 activates circadian gene 

expression”. The pathway “TP53 regulates transcription of several additional cell death 

genes whose specific roles in p53-dependent apoptosis remain uncertain” was 

identified in our BE analysis. TP53 facilitates tumour suppression through regulation 

of transcription in several genes mainly involved in cell apoptosis, as well as others 

that inhibit apoptosis, leaving the cells an opportunity to repair the damage. Some of 

the genes involved in this pathway reported in our study include PERP (effector of the 

TP53 apoptotic pathway), BCL6 (transcriptional repressor and regulator of germinal 

centers), and BCL2L14 (apoptotic facilitation). The precise mechanisms of these pro-

apoptotic genes, particularly in EC, remain unclear. Whilst P53 pathways have been 

described in other studies (108), this specific pathway has not been described in the 

literature, in relation to EC. Our study posits that the dysregulation of TP53 mediated 

cell death genes drives oncogenesis from BE and EAC. “Cyclin B2 mediated events” 

is a pathway involved in cell cycle regulation and was present in our ESCC analysis. 

The presence of this pathway in ESCC suggests that dysregulation of the pathway 

“Cyclin B2 mediated events” pathway drives carcinogenesis in ESCC. The genes 

dysregulated the pathway “Antagonism of activin by follistatin” were upregulated and 

they included INHBA, FST. This pathway was dysregulated in all of the ESCC pairwise 

contrasts, and the model contrast had a p value of 0.006. The response of normal and 

tumour cells to activin is mixed, but overall, it involved in a number of oncogenic 

processes including cell growth, death and migration, angiogenesis, inflammation, 

drug resistance, and bone loss.(109) 

The pathway “BMAL1:CLOCK,NPAS2 activates circadian gene expression” was 

identified for ESCC (p=3.00E-02) and BE (p=6.50E-05). Circadian disruption is known 

as a cancer risk factor and classified as a carcinogen by the Word Health 

Organisation.(110) Circadian control is regulated by the suprachiasmatic nucleus in 

the hypothalamus of the brain.(111) The circadian clock genes which regulate the 

sleep and wake cycles also regulate normal cells and cancer cells’ division, and 

proliferation.(110). Specifically, the circadian clock influences cancer development 
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and progression through cell-cycle control, apoptosis, metabolism, and DNA damage 

response Disruptions of normal circadian rhythms associated with dysregulation in the 

clock genes may lead to cancer development.(110) Cancers reported to be associated 

with the disrupted circadian rhythm in epidemiological studies include breast, 

endometrial, colorectal, and ovarian cancer.(110, 112) Additionally, perturbation of the 

circadian clock is also reported to influence cancer therapy and survival. Interestingly, 

overall cancer incidence is reported to be low in in visually impaired individuals who 

are not sensitive to ambient light changes, and hence their daily circadian cycles are 

facilitated by endogenous circadian clocks which coordinate daily physiology.(110) 

This pathway has not been interpreted for EC in literature, and is a novel risk factor 

for EAC and ESCC 

We expected to find pathways involved in detoxification, which may play roles in the 

stress and toxic response, as well as xenobiotic metabolism. The pathways we 

identified included “Ethanol oxidation”, “Detoxification of Reactive Oxygen Species”, 

“Aflatoxin activation and detoxification”, “Cytosolic sulfonation of small molecules”, 

“Fatty acid, triacylglycerol, and ketone body metabolism” and “Nicotinate metabolism”. 

The pathway “Ethanol oxidation” (p=3.00E-02) is involved in alcohol metabolism and 

was identified in our ESCC analysis. The gene dysregulated in this pathway is ADHB1, 

which is involved in the oxidation of ethanol into acetaldehyde in the liver.(113) 

Polymorphisms of ADHB genes have consistently been shown to be associated with 

EC, together with ALDH genes, which is involved in the metabolisms of acetaldehyde 

to acetate.(113, 114) Acetaldehyde is a carcinogen and associated with EC 

development.(113) The pathway “Cytosolic sulfonation of small molecules” (p=1.80E-

02) was identified in all the BE pairwise contrasts. The genes dysregulated in this 

pathway are sulfotransferases which are phase ll drug metabolizing enzymes involved 

in the biotransformation of xenobiotic and endogenous compounds.(115)  

The identification of pathways involved in detoxification is noteworthy due to their 

involvement in the detoxification of environmental carcinogens. Environmental 

exposure to carcinogens such as alcohol, tobacco and PAHs is one of the biggest 

drivers ESCC development worldwide. The role of environmental carcinogens is also 
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stated in our systematic review. The identification of these pathways therefore gives 

biological plausibility of environmental carcinogens and EC. 

An interesting pathway that was identified in our study (ESCC analysis) is “Metabolism 

of ingested SeMet, Sec, MeSec into H2Se” which involves the transformation of 

dietary selenium to its metabolites. Selenium is a trace element found in food, and its 

presence in food is dependent on selenium content in the soil from which the food is 

grown.(116) There is limited evidence on the role of selenium in EC, however, a few 

studies have shown that selenium deficiency is a risk factor for ESCC.(116-119) 

Selenium has anti-tumour properties which include apoptosis induction in cancer cells, 

angiogenesis inhibition, and anti-oxidant characteristics.(116) The genes involved in 

this pathway and identified in our study include NNMT (metabolism of drugs and 

xenobiotic compounds), CBS (regulation of homocysteine metabolism and involved in 

cellular redox status), and HNMT (metabolism of histamine). This pathway has not 

been discussed in the literature. However, our results may suggest that dysregulation 

of selenium metabolism could result in low levels of selenium metabolites facilitating 

carcinogenesis. Further work is needed to understand the role of this pathway in 

ESCC development. 

Another interesting pathway present and significantly enriched in our BE and EAC 

analysis which we consider important for further inquiry is “Defective GALNT3 causes 

familial hyperphosphatemic tumoral calcinosis (HFTC)”, due to the fact the GALNT3 

has been reported to be associated with some cancers including lung cancer, gastric 

cancer, breast cancer, colorectal cancer, hepatocellular carcinoma, and oral 

carcinoma.(120) However, its role in EC has not been described in the literature. 

GALNT3 is involved in O-glycosylation, a process involved in the induction of tumour 

invasion, metastasis, and recurrence.(120) The GALNT family is linked to mucins 

proteins. The dysregulated genes in the pathway “Defective GALNT3 causes familial 

hyperphosphatemic tumoral calcinosis (HFTC)” in our study were MUC4 and MUC13. 

It is important to note that the pathway “O-linked glycosylation of mucins” was enriched 

in our BE analysis (p=3.80E-03), and ESCC analysis (p=8.80E-03), and the 

dysregulated genes included the GALNT family of genes and mucin genes. We 

suggest that further studies look into associations between HFTC and EC, to elucidate 
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whether the “Defective GALNT3 causes familial hyperphosphatemic tumoral 

calcinosis (HFTC)” pathway is associated with EC solely due to its link with defective 

GALNT3 and the “O-linked glycosylation of mucins”, or if there are possibly any 

associations between HFTC and EC. 

We also identified the pathway “Arachidonate production from DAG” (p=6.00E-02) to 

be dysregulated in our ESCC analysis. This pathway is involved in the formation of 

prostaglandins, from arachidonate acid. Prostaglandins play an important role in 

inflammation, this includes redness (rubor), heat (calor), pain (dolor), and swelling 

(tumor).(121, 122) One of the genes dysregulated in this pathway, MGLL, has been 

reported to regulate tumour progression in cancer cell lines.(123) Chronic 

inflammation has been implicated as a risk factor for cancer.(124) Inflammatory 

processes are linked with hypermethylation of the promoter regions of tumour 

suppressor genes.(124) The is no evidence in the literature regarding the role of the 

pathway “Arachidonate production from DAG” as well as the MGLL gene. Due to the 

pathway’s role in inflammation, we hypothesize that it may have a role to play in 

esophageal injury and inflammation as a risk factor for ESCC development. 

Esophageal injury leading to inflammation can occur through consumption of hot food 

and beverages, reflux, caustic ingestion, and induced vomiting. We recommend that 

further studies be done to elucidate the role of the pathway “Arachidonate production 

from DAG” and its dysregulated genes in ESCC development.  

Overall, our results are consistent with previous studies in terms of pathways 

identified, our study identified pathways that need further investigation and 

interpretation. Importantly, we also identified pathways that have not been described 

in the literature in relation to EC. Lastly, our subsampling sub study confirmed and 

validated the reliability of the subsampling that we performed.  

Strengths and limitations of the study 

Our study assessed GEO datasets of microarray data. There are several strengths 

and limitations associated with the use of microarray data. Microarrays are an older 

technology, therefore there is a lot of information available on how to analyse them, 
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and they are widely used in studies and relatively cheap on a per sample basis. There 

is also an ease of handling data for microarrays, as data summary is produced for 

each probe on the array, rather than for each DNA or RNA fragment which is 

characteristic of sequencing. However, microarrays require known sequences as 

probes and are unable to detect unknown sequences, unlike sequencing technologies. 

They also depend on existing knowledge of the genome sequence; this means that 

they can only provide information on genes that are part of the array. There can also 

be high background noise due to cross hybridisation.  

One limitation of our study is that we did not assess clinical parameters or 

environmental exposures in the study sample due to limitations of data availability in 

the data submitted in the GEO datasets. Another limitation was the datasets were 

biased towards European, American and Asian populations, as there were no datasets 

from African populations. The majority of the ESCC cases were from Asian 

populations, where, similar to the African region, ESCC is prevalent. It is however not 

clear if these results can be generalized to African populations as the risk factors 

driving development may be different. Additionally, our analysis was limited to studies 

on the GEO datasets, other repositories exist, which we did not include as part of our 

inclusion criteria. There were a few squamous dysplasia samples, therefore we could 

not perform analysis on squamous dysplasia vs control samples. There were also 

limitations with the meta-analysis package that we used, RankProd, as it could not 

analyse all the samples at once due to computational load of a large number of 

samples. We resorted to breaking up the analysis into multiple pairwise contrasts, up 

to a sample size the package allowed. 

The main strength of this study is that we combined data from GEO datasets and 

performed combined analysis using meta-analysis. The combined analysis increased 

the power of the study as well as allowed for a more comprehensive analysis. The use 

of a novel GSEA algorithm, SetRank, ensured that our analysis addressed issues of 

overlap, multiple testing, and remove false positives. We also used and validated the 

reliability of the subsampling that we performed on some of the datasets. The 

subsampling approach is an important technique in genomics, considering that sample 

sizes keep getting larger. Whilst development of methods and platforms that can take 
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the computational load of large datasets is important, use and validation of techniques 

involved in data reduction such as subsampling is also important. 

This study highlights the importance of public repositories and data sharing, without 

which this analysis would not have been possible. Data sharing through public 

repositories is important as it lowers barriers for genomic data analysis and 

interpretation of results for the larger scientific community. Gene expression profiles 

play an important role in elucidating cell functions, as well as biological and regulatory 

pathways. They also can significantly add to conventional clinical risk factors in the 

prediction of patient outcomes. Differential gene expression analysis aids in 

understanding disease mechanism of function, identification of new therapeutic points 

of intervention, and prognosis. Specific to cancer this includes identification of markers 

for diagnosis, clinical response to chemotherapy, recurrence, metastasis, and 

survival.(125)  

4.6 Conclusions 

Despite the significant strides made in understanding the epidemiology, risk factors 

and pathobiology of EC, the comprehensive and complex mechanisms involved in its 

pathogenesis are still unclear. The combined bioinformatic analysis of existing GEO 

mRNA expression datasets on EC corroborated the existing evidence in the literature 

and importantly, provided novel insights into the pathobiology of EC.  

There is an apparent lack of gene expression studies in African populations, therefore 

the pathobiology of ESCC remains unclear. Gene expression studies have the 

capability to elucidate the pathobiology of ESCC, and give vital insights into the 

development, progression, metastasis, response to therapy, and survival of ESCC. 

Considering the high burden of ESCC in the African esophageal cancer corridor, and 

a lack of understanding of its genetic architecture, we recommend that more gene 

expression studies be prioritized in Africa. 
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5.1 Summary of the PhD topic 

Cancer remains a leading cause of mortality globally, with an estimated 18.1 million 

cases and 9.6 million deaths occurring in 2018.(1) Whilst cancer contributes 

immensely to loss of life, its disease burden also contributes an immense burden on 

healthcare systems, healthcare costs, and quality of life of those affected. EC is a 

deadly malignancy with high incidence and mortality rates (572,034 new cases and 

508,585 deaths annually) worldwide. The environmental and genetic etiology of EC is 

still poorly understood, with research gaps in African populations. EC has a poor 

prognosis and a low survival rate.(1) In this study, we assessed genetic, 

environmental, and lifestyle factors associated with the development of EC as well as 

its pathobiology. To achieve this overarching aim, objectives were presented in 

chapter format as follows: 

5.1.1 Chapter 2: Genetic risk factors for ESCC reported in African literature: a 

systematic review.  

This study was a systematic review that investigated the genetic factors (germline and 

somatic variants) associated with ESCC development in African populations. The 

study was published in Frontiers in Genetics with the title “Systematic Review of 

Genetic Factors in the Etiology of Esophageal Squamous Cell Carcinoma in African 

Populations”(2) (doi:10.3389/fgene.2019.00642). The review systematically screened 

and critically appraised studies reported in African populations, specifically looking at 

germline variants (inherited at birth) and somatic variants (acquired throughout life and 

present in the tumour). The study represented the first systematic review on ESCC 

genetics in African populations.  

Genetic variants reported to be associated with ESCC in African populations were 

summarized. Over 100 SNPs were analysed in 17 case-control genetic association 

studies. Of these, 25 SNPs in 20 genes [ADH1B, ADH3, ALDH2, AR, CASP8, CHEK2, 

CP, CYP2E1, CYP3A5, GSTT2B, MGMT, MLH3, MSH3, NAT2, PTGS2 (also known 

as COX-2), PLCE1, PMS1, RUNX1, SLC11A1, and TP53] were reported to be 

associated with ESCC. The results from the somatic studies showed 44 somatic 

changes in the following 22 genes: AR, CCND1, CDKN2A, COL1A2, EFGR, EP300, 
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FAT1, FAT2, FAT3, FAT4, FBXW7, JAG1, KMT2C (MLL3), KMT2D (MLL2), MUC2, 

NFE2L2, NOTCH1, NOTCH3, PIK3CA, SERPINB4, TP53, and TP63, and six genetic 

loci without specific gene names. In summary, these genes are involved in alcohol 

metabolism, cell cycle regulation, DNA repair, tumour suppression, xenobiotic 

metabolism, and extracellular matrix (ECM) formation.(2) 

We performed all pairwise r2 analyses to determine the linkage disequilibrium (LD) for 

67 SNPs reported in our study. The results showed overall low LD across all the SNPs. 

Thirteen pairs of SNPs in MHS2, CP, MSH3, PLCE1, CHEK2, NAT1 genes had r2 > 

0.45. LD is the non-random association of alleles positioned at different locations in a 

population.(3) It has multiple applications, including identifying regions of a gene 

associated with the disease.(3) 

Whilst we identified important genetic variants associated with ESCC in African 

populations, we also identified several limitations. These include the overall lack of 

genetic studies, small studies from which reliability and replicability of results are 

uncertain, and inadequate quality of reporting. We recommend comprehensive large-

scale genetic studies in Africa with a particular focus on WGS and GWAS.  

5.1.2 Chapter 3: Lifestyle and environmental risk factors reported in African 

literature: a systematic review and meta-analysis.  

This chapter is a systematic review of the lifestyle and environmental risk factors for 

ESCC in African populations. Studies that met the selection criteria were critically 

appraised and several known and emerging risk factors were identified and described. 

These included smoking, alcohol consumption, low socioeconomic status, poor diet, 

PAH exposure, consumption of hot food and beverages, poor oral health, infectious 

agents, esophageal injury, family history of cancer, and non-acid gastro-esophageal 

reflux. Meta-analyses were carried out and population attributable fractions calculated 

on risk factors that had adequate information (tobacco, alcohol use, combined tobacco 

and alcohol use, PAH exposure, esophageal injury, and fruit and vegetable 

consumption). This study represents one of the few systematic reviews on 

environmental factors done on African populations. It is also the first study to perform 

an integrated PAF analysis from multiple African studies. PAF analysis was done on 
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tobacco, alcohol use, combined tobacco and alcohol use, PAH exposure, esophageal 

injury, and fruit and vegetable consumption.  

During the writing of this systematic review, another systematic review on the same 

topic was published.(4) Neither we nor the authors of the other systematic review had 

registered our protocols on the International Prospective Register of Systematic 

Reviews (PROSPERO), which is a registry for systematic review protocols.(5) 

PROSPERO allows for authors to check if a similar review already exists or is in 

progress. This avoids unnecessary duplication of work. Our systematic review differed 

from the already published systematic review(4) in that we performed a meta-analysis 

on an additional four risk factors (combined smoking and tobacco exposure, PAH 

exposure, esophageal injury, and fruit and vegetable consumption) and performed 

PAF analysis. For similar risk factors, our study had a more comprehensive list of 

studies included in the meta-analysis. Our meta-analysis methods were also more 

extensive.  We performed tests for heterogeneity and between study variance as part 

of the meta-analysis. To assess the robustness of the meta-analyses, Graphic Display 

of Heterogeneity (GOSH) plots were generated to identify the patterns of effect sizes 

and heterogeneity in the data.  Additionally, a second meta-analysis for each risk factor 

was done after the removal of outliers.  We also performed PAF analysis as part of the 

systematic review, to ascertain the proportion of ESCC attributable to each risk factor. 

Tobacco smoking and alcohol exposure are some of the main environmental risk 

factors for ESCC, and we expected to find them to significantly increase ESCC 

development in our analysis. It is important to state that alcohol is an independent risk 

factor for ESCC, in the absence of tobacco smoking. It has a clear dose response 

relationship for ESCC. In the meta-analysis, both tobacco smoking and alcohol 

consumption showed an increased risk of ESCC, with OR 4.14 (3.26-5.26) and 2.14 

(1.65-2.78), respectively. Both risk factors also had relatively high PAF, 17% for 

tobacco smoking and 13% for alcohol consumption. A positive synergistic effect for 

combined alcohol and tobacco use was also identified in our meta-analysis, similar to 

the evidence presented in the literature.(6) The interactive nature of tobacco and 

alcohol has been substantiated by biological evidence in the literature. Molecular 

studies have shown that tobacco extracts and ethanol interact resulting in altered gene 
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expression profiles, cellular morphology, and cell growth of endothelial cells and 

fibroblasts.(7)  

We expected PAH exposure to be one of the main risk factors, as approximately 77% 

of the population in Africa still relies on traditional biomass fuel (wood, charcoal, coal, 

dung, and crop residues) for cooking and heating.(8) These fuels are a source of 

PAHs. In our study, exposure to PAHs from wood, and charcoal increased the risk of 

ESCC twofold with a PAF of 5%. Our meta-analysis results corroborated evidence 

from one other systematic review which investigated the role of biomass fuel exposure 

and ESCC.(9) Household PAH exposure mostly occurs through the burning of solid 

fuels for cooking and heating, which is common in African households where wood, 

charcoal, dung, and maize cobs are the primary fuel source.(10) PAH exposure 

through household air pollution may explain the ESCC burden in women and younger 

patients in African populations, as women are most likely to be tending to fires for 

cooking in small kitchen rooms with inadequate ventilation, at times in the company of 

their young children. Household air pollution studies using measured continuous 

monitoring have shown mean daily concentrations of particulate matter of 2800 to 

5000 mg/m3 in young and adult women in Kenya, 2.5 to 5 times higher than that of 

their male counterparts.(11) Women are reported to have the highest absolute 

exposure to particulate matter, with results from Ghana and Ethiopia corroborating this 

evidence.(12) Surprisingly, most of the evidence in household air pollution has been 

dominated by countries outside Africa, despite large proportions of African households 

being dependant on biomass fuel. More studies are needed to elucidate the role of 

PAHs in ESCC development in high-risk regions.  

We expected consumption of fruits and vegetables to have a protective effect from 

ESCC, similar to other systematic reviews investigating the role of fruits and vegetable 

consumption (13), and citrus fruit consumption (14). Our study showed that 

consumption of fruits and vegetables reduced the risk of ESCC by 40%. The protective 

effect of fruits and vegetables may be through their antioxidant properties, alleviating 

the effect of oxidative stress (15). Investigating the role of dietary practices and ESCC 

development can be difficult due to the heterogeneity of dietary practices, therefore 

analysis of micronutrient deficiencies may be more effective. It is reported that 

micronutrient deficiencies make the esophageal epithelium more susceptible to 
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inflammation, promoting epigenetic changes that result in tumorigenesis. Interactions 

between diet and genomics is an area that may be pivotal in understanding diet as a 

risk factor for ESCC.  

Our study identified emerging risk factors in African populations which warrant further 

investigations, and they include consumption of hot food and beverages and oral 

health. Esophageal injury emerged as an important risk factor for ESCC in African 

populations and was comprised of consumption of hot food and beverages, induced 

vomiting, and caustic ingestion. Esophageal injury increased the risk of ESCC by over 

four-fold with OR 4.63 (2.03-10.52 95%CI) and a PAF of 17%. We believe that the role 

of esophageal injury in ESCC requires further investigation, particularly the 

consumption of hot food and beverages. We also recommend investigating the role of 

esophageal injury on the development of squamous dysplasia. 

Overall, according to our study, 43% of ESCC is attributable to the five risk factors: 

tobacco, alcohol use, combined tobacco and alcohol use, PAH exposure, and 

esophageal injury. The PAF estimates presented here should be interpreted with 

caution considering the study heterogeneity, heterogeneity in exposure assessment 

of the original studies and potential misclassification of exposures.All these risk 

factors, including consumption of fruit and vegetables, are particularly appealing 

because they are modifiable and can make a big contribution in the primary prevention 

of ESCC in Africa.  

5.1.3 Chapter 4: Genes and pathways with differential mRNA expression in 

esophageal cancer: meta-analysis of differentially expressed genes and Gene 

Set Enrichment Analysis of GEO (Gene Expression Omnibus) datasets 

This chapter focussed on the identification of genes and pathways with differential 

mRNA expression in EC using meta-analysis of DEGs and Gene Set Enrichment 

Analysis of GEO (Gene Expression Omnibus) datasets. A total of 18 publicly available 

GEO mRNA expression datasets, with expression data on 906 individual tissue 

samples, were included in the analysis. Of the 18 datasets, three used EAC tissue, 

eleven used ESCC tissue, and nine used Barrett’s esophagus (BE) tissue. One 

dataset included EAC, ESCC, and BE tissue, whilst one dataset included both EAC 

and squamous dysplasia tissue samples. This analysis provides novel insights into the 
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mechanisms linked to EC development, and the differences between the different 

types of EC and BE. 

In this chapter, shared and divergent molecular features of ESCC and EAC, which are 

histologically different tumours(16), as well as the precancerous lesion for EAC, BE, 

was analysed. Squamous dysplasia could not be analysed due to the limited number 

of samples that were available. Overall, 1,579 upregulated genes and 1,383 

downregulated genes were outputted for EAC and ESCC, whilst 767 upregulated and 

1,181 downregulated genes were outputted for BE. The majority of DEGs were 

significantly associated with the pathways involved in the ECM, including “Extracellular 

matrix organisation”, “Assembly of collagen fibrils and other multimeric structures”, 

“Smooth muscle contraction”, and “Collagen chain trimerization”. Interpretation on how 

the “smooth muscle contraction” and “Formation of the cornified envelope” pathways 

is lacking in the literature and needs further investigation. The second most common 

group of pathways belonged to cell membrane regulation and included “Cytosolic 

sulfonation of small molecules”, “Transport of inorganic cations/anions and amino 

acids/oligopeptides”, “Neutrophil degranulation”, “Metabolism of Angiotensinogen to 

Angiotensins”, “Tight junction interactions”, and “RAB geranylgeranylation”. We 

identified the pathway “RAB geranylgeranylation” as novel and a pathway of interest 

warranting further investigation. We hypothesised that this pathway, which is involved 

in posttranslational modification of proteins, cell growth, and signalling, may be 

involved in the progression of BE to EAC. 

Pathways involved in cell cycle regulation were also identified, including “TP53 

regulates transcription of several additional cell death genes whose specific roles in 

p53-dependent apoptosis remain uncertain”, “Cyclin B2 mediated events”, and 

“BMAL1:CLOCK,NPAS2 activates circadian gene expression”. We hypothesised that 

genes dysregulated in the pathway “TP53 regulates transcription of several additional 

cell death genes whose specific roles in p53-dependent apoptosis remain uncertain” 

may be driving tumorigenesis from BE, whilst genes dysregulated in “Cyclin B2 

mediated events” may be driving tumour development in ESCC. The pathway 

“BMAL1:CLOCK,NPAS2 activates circadian gene expression” has not been described 

for EC previously. The circadian clock genes which regulate the sleep and wake cycles 

also regulate normal cells and cancer cells’ division, and proliferation. Disruptions of 
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normal circadian rhythms associated with dysregulation in the clock genes which may 

lead to cancer development.(17) Cancers reported to be associated with disrupted 

circadian rhythm include breast, endometrial, colorectal, and ovarian cancer.(17) This 

pathway has not been interpreted for EC in literature, and provides a novel 

mechanistic aspect for EAC and ESCC 

We expected to find pathways involved in detoxification, which may play roles in the 

stress and toxic response, as well as xenobiotic metabolism. The pathways we 

identified included “Detoxification of Reactive Oxygen Species”, “Aflatoxin activation 

and detoxification”, “Cytosolic sulfonation of small molecules”, “Fatty acid, 

triacylglycerol, and ketone body metabolism” and “Nicotinate metabolism”. We also 

identified a pathway involved in alcohol metabolism, “Ethanol oxidation”. The 

identification of these pathways is significant due to their involvement in the 

detoxification of environmental carcinogens including alcohol, tobacco, and PAHs. 

These are some of the major risk factors reported for ESCC worldwide as well as in 

our systematic review (Chapter 3), which therefore gives biological plausibility of 

environmental carcinogens and EC. 

Particularly noteworthy are the pathways we identified which have not been interpreted 

in literature for EC and warrant further investigation. These include “Metabolism of 

ingested SeMet, Sec, MeSec into H2Se” which involves the transformation of dietary 

selenium to its metabolites. Selenium deficiency is reported to be associated with 

ESCC development, through the promotion of oxidative stress, and DNA damage(15), 

and hence dysregulation of this pathway which is involved in the metabolism of 

selenium may result in low levels of selenium being available in the body. We noted 

that this pathway has not been previously described for EC in literature and hence 

should be considered for further investigation. We also identified the pathway 

“Defective GALNT3 causes familial hyperphosphatemic tumoral calcinosis (HFTC)” to 

be significantly enriched in our analysis. This pathway has also not been described 

and interpreted for EC in literature and it is unclear whether its association to EC is 

through the dysregulated GALNT3 or HFTC. We recommend that further studies be 

done to elucidate the role that this pathway plays in EC tumorigenesis.  
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It is important to reiterate that only a minority of the precancerous lesions in EC 

develop to cancer, and that BE, which we assessed in our study, is not a cancer. There 

were unfortunately not enough samples for squamous dysplasia to be included in the 

analysis. Whilst the development of BE significantly increases the risk of EAC 

development (30-60 fold), the number of BE cases that progress to EAC is low (0.33% 

for non-dysplastic BE and 10% high grade dysplasia annually).(18) The inclusions of 

the precancerous lesions into our study were important because understanding the 

pathobiology of precancerous lesions provides the platform for early diagnosis and 

prevention. Most importantly, to identify biological pathways driving the progression of 

premalignant lesions to tumours. Compared to BE, there has been far less research 

done to understand the genetics and pathobiology of squamous dysplasia. Over the 

past decade, about five GWAS studies have been done on BE identifying germline 

variants associated with BE, whilst we could not find any done on squamous 

dysplasia.(18) Additionally, the risk of progression from squamous dysplasia to ESCC 

has not been adequately studied. The few studies available have mainly been done 

on the Chinese population.(19) Early detection of the precancerous lesions has the 

capacity to reduce the morbidity and mortality rates of EC.(20) A whole genome 

analysis of both ESCC and squamous dysplasia found similar variants in the two tissue 

types from the following genes: TP53, CDKN2A, CCND1, SOX2, NFE2L2, and 

CDKN2A.(21) There continues to be a push towards surveillance and screening for 

BE and squamous dysplasia in high incidence areas, with the intent of preventing the 

development of EAC and ESCC. However, the cost effectiveness and accuracy of this 

intervention remains a point of contention among researchers. There is therefore a 

need for accurate identification of BE patients who end up progressing to EAC. This 

requires knowledge of the genetic basis of BE and EAC, and the mechanisms which 

drive tumorigenesis. The importance of studying BE and squamous dysplasia can, 

therefore, not be understated. Additionally, studies detailing follow up after treatment 

of precancerous lesions are needed.  

There was an apparent lack of gene expression studies on African populations, 

making the generalization of the results from the ESCC analysis difficult. Similar to the 

African Esophageal Cancer Corridor, China has a high prevalence of ESCC, however, 

evidence from our systematic review on genetic factors shows that associations 
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reported in the Asian populations at times do not exist in some of the African 

populations (Chapter 2). It remains to be seen if this is the same regarding gene 

expression and the biological pathways associated with EC pathobiology.  

Gene expression analysis plays an important role in understanding the pathobiology 

of EC, including development, prognosis, progression, metastasis, and therapy. 

Investing in gene expression analysis for EC in African populations will allow for the 

production of a wealth of information that can be used to understand the disease better 

and identify biological pathways driving its etiology. This will have major implications 

in prevention, diagnosis, and treatment. Microarrays are one of the high throughput 

technologies which can identify key and novel pathways associated with the 

pathobiology of cancer. Although they are an older technology, they are cost-effective 

and would be a good resource to explore gene expression in LMICs.  

We encountered a limitation in our study, in that the sample size we planned to analyse 

exceeded the computational resources of the meta-analysis package, RankProd. The 

issue of large sample sizes is not uncommon in genomic studies. We addressed this 

limitation in two ways. Firstly, we computed multiple pairwise contrasts, which allowed 

us to assess different combinations of the datasets together. This also allowed us to 

assess all the datasets included in our study. Secondly, we explored sample size 

reduction using subsampling, which allowed us to assess the same datasets with 

reduced sample sizes. We checked and validated the reliability of the subsampling 

using multiple repeats of the analysis on the same datasets to get stable estimates of 

the effects.  

5.2 A unified hypothesis 

In the chapters presented here, the thesis identified environmental, genetic, and 

biological mechanisms underscoring the development, progression, and pathobiology 

of EC. The findings corroborated the evidence in the literature, identified emerging 

environmental risk factors in African populations, and provided evidence on germline 

and somatic variants driving ESCC development in African populations, and identified 

key and novel biological pathways involved in ESCC, EAC and BE pathobiology in 
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Asian, American, and European populations. The studies presented here also 

highlight the gaps in EC research, particularly in Africa. Overall, the PhD studies 

explored and highlighted the multifactorial etiology of ESCC. 

Investigation and interpretation of interactions between genomics and the environment 

is pivotal in understanding EC. The findings in our systematic review on genetic risk 

factors and the differential mRNA expression study identified genetic variants, 

dysregulated genes, and pathways which provide additional evidence for the effect of 

some of the environmental risk factors in our systematic review. These risk factors 

included 

I. Alcohol consumption 

Alcohol was one of the major risk factors identified for ESCC in our 

environmental and lifestyle risk factor systematic review. It is an independent 

risk factor for ESCC. The alcohol metabolizing genes (ALDH2, ADH1B)(22) 

were reported to have variants associated with ESCC in our genetic systematic 

review (Chapter 2), were dysregulated in our expression profiling study, and 

were involved in one of the enriched pathways identified, “Ethanol oxidation” 

(Chapter 4). Alcohol consumption emerged as a consistent risk for ESCC 

throughout the thesis. 

II. Tobacco smoking, PAHs and other environmental carcinogens 

Tobacco smoke and exposure to PAHs were some of the ESCC risk factors in 

African populations we identified in our environmental and lifestyle risk factors 

systematic review (Chapter 3). We identified variants in genes involved in 

detoxification and xenobiotic metabolism in our systematic review which 

included Phase I enzyme CYP3A5 and Phase II enzyme GSTT1 (Chapter 2). 

CYP3A5 and GSTT1 have been reported to be involved in the metabolism and 

detoxification of carcinogens including alcohol, tobacco smoke, and PAHs. 

These genes were also dysregulated in our expression profiling study (Chapter 

4). Several pathways involved in toxic response, as well as xenobiotic 

metabolism, were significantly enriched in our study, which are likely involved 

in the detoxification of environmental carcinogens. The pathways included 

“Detoxification of Reactive Oxygen Species”, “Aflatoxin activation and 
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detoxification”, “Fatty acid, triacylglycerol, and ketone body metabolism” and 

“Nicotinate metabolism” (Chapter 4).  

III. Common genes in the ESCC genetic systematic review and gene expression 

study 

We identified 13 dysregulated genes in our gene expression study that also had 

variants associated with ESCC in our genetic systematic review (Chapter 2 and 

4). The genes included ALDH2, ADH1B, TP53, CASP8, RUNX1, CYP3A5, 

MTHFR, AR, XBP1, GSTT1, FBXW7, JAG1, PIK3CA. The identification of 

these genes confirmed that these genes are associated with ESCC. However, 

the gene expression study did not include data from any African populations, 

whilst for the genetic systematic review we included exclusively African 

populations. Some of the 13 genes are linked to stress response and 

detoxification of environmental carcinogens as indicated in points I and II 

above.  

IV. We also identified the pathway “Arachidonate production from DAG” to be 

dysregulated in our gene expression pathway (Chapter 4). This pathway is 

involved in the formation of prostaglandins, which play an important role in 

inflammation.(23) This includes redness (rubor), heat (calor), pain (dolor), and 

swelling (tumor). We suspect that this pathway may have a role to play in 

esophageal injury and inflammation as a risk factor for ESCC. Esophageal 

injury emerged as one of the important risk factors for ESCC in our systematic 

review (Chapter 3). We recommend that further studies be done to elucidate 

the role the pathway “Arachidonate production from DAG” and its dysregulated 

genes in ESCC development.  

The one theme that connects the three chapters in this PhD dissertation is an 

integrated analysis of multiple datasets, or data from multiple sources to elucidate the 

etiology and pathobiology of EC. This was achieved through systematic review and 

linkage disequilibrium analysis of genetic variants from 23 African studies(2), 

systematic review and meta-analysis of environmental and lifestyle risk factors from 

African 32 studies, as well as meta-analysis and of differentially expressed genes from 

18 GEO datasets collected worldwide from non-African countries. This was made 

possible through the availability of data in the literature for the systematic reviews as 
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well as the availability of data through public repositories for the gene expression 

study.  

Whilst the main focus of the thesis was on ESCC, we saw an opportunity with the gene 

expression study to explore the pathobiology of EAC and the BE, the precancerous 

lesions that may develop to EAC. This study highlighted the importance of studying 

precancerous lesions which may develop to EC, which are BE, and squamous 

dysplasia. We identified genes and pathways dysregulated in BE, some of which may 

drive EAC development, adding to the knowledge on BE pathobiology. Further studies 

need to elucidate both the environmental and genetic factors resulting in the 

development of the precancerous lesions, to identify high-risk individuals for which 

endoscopy surveillance may be instituted. Similar to germline variants in the APC gene 

which increases the risk of colon cancer, and therefore allows for screening and 

intervention as early as 10 years old,(18) germline variants identified in BE and 

squamous dysplasia, have the potential to be used in early interventions. This has 

implications not only for early interventions for the precancerous lesions but for the 

tumours, EAC, and ESCC, as well. 

SNPs from GWAS studies analysing germline variants can be used to calculate 

polygenic risk scores (PRS), which predict the susceptibility of an individual to disease. 

Only three studies so far have reported on PRSs for BE and EAC(24-26), however, 

none to our knowledge have been imputed for squamous dysplasia or ESCC. 

Imputation of PRS in EC is the first step in the development of a risk prediction model, 

which incorporates genetic markers, clinical characteristics, demographics, and other 

identified risk factors. In the study by Dong et al (2019), the authors imputed PRS for 

EAC and together with known risk factors for EAC [GERD, tobacco smoking, body 

mass index (BMI), and use of nonsteroidal anti-inflammatory drugs (NSAIDs)], 

developed a risk prediction model.(25) The PRS was strongly associated with the risk 

of BE and EAC, however, the risk prediction model’s discriminatory ability between 

cases and controls was poor to moderate.(25) Comprehensive risk prediction models 

can incorporate genetic risk factors, environmental risk factors, as well as clinical 

features, and other risk factors and predict susceptibility to EC. Combining these risk 

factors into an ultimate risk score(18) has the potential to revolutionize screening for 
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EC and the associated precancerous lesions, address the issue of high costs 

screening as well as accuracy issues.  

Overall, EC is understudied in African populations, particularly in the field of genomics. 

The lack of genetic studies is common in LMICs and occurs due to a lack of 

infrastructure, resources, and capacity. The limited studies mean that the genetic 

architecture of ESCC in African populations remains unclear. We recommend more 

genomic and transcriptomic studies on the African populations. As shown in this 

thesis, understanding EC requires an integrated approach, which incorporates the 

environmental, lifestyle, and genetic factors.  

5.3 Overall strengths and limitations of the PhD study  

One of the main strengths of the PhD study is that we used systematic reviews and 

meta-analysis of data from multiple sources, and these provide the highest quality 

evidence with high statistical power compared to other studies. The PhD study also 

gave a comprehensive view of ESCC etiology, from lifestyle and environmental 

factors, genetic variants as well as biological pathways associated with ESCC. 

Another strength of the study was that we were able to analyse EAC and ESCC as 

well as BE, the precancerous lesion, and compare results in the gene expression 

study. This allowed us to determine and compare factors driving tumorigenesis in the 

two histologically different tumour types. It also allowed us to assess the genetic 

architecture of BE and processes which may be driving its progression to EAC. For all 

the included studies/datasets we applied strict QC standards, and the sample sizes in 

our analysis were sufficient to draw meaningful conclusions Finally, we were able to 

analyse data from a public repository, GEO datasets, for our gene expression study. 

Whilst this highlighted the importance of public repositories and data sharing it was 

also the most comprehensive bioinformatic analysis of existing GEO mRNA 

expression datasets on EC.  

A major limitation of this PhD study was that we were not able to collect primary data 

for the gene expression analysis. This meant that we could not set the parameters for 

data collection, particularly clinical and environmental exposures. These additional 

Stellenbosch University https://scholar.sun.ac.za



 

 

292  

parameters in combination with the gene expression data would have aided in the 

interpretation of the enriched biological pathways. We were also not able to control the 

sample quality during collection and storage. Maintaining the quality of the RNA and 

making sure it does not degrade is important for accurate results. RNA integrity is 

important in gene expression studies. Another limitation was that there was a lack of 

African data in the gene expression analysis. This makes the generalization of our 

results to the African populations challenging. 

5.4 How COVID-19 impacted the PhD studies 

The COVID-19 pandemic has caused unforeseen devastation worldwide, infecting 

and killing millions of people.(27) It has also caused a lot if disruptions in the academic 

space, increasing pressures on students and researchers alike. The movement 

restrictions and lockdowns instituted to slow down the spread of the virus in many 

countries, including South Africa, meant that a lot of research slowed down or came 

to a standstill. Similar to students worldwide, the COVID-19 pandemic affected my 

studies. The original plan for my PhD primary study was to perform a hospital-based 

case-control study assessing the environmental and genetic basis of ESCC in South 

Africa. The plan was to collect epidemiological data and biospecimens in the Eastern 

Cape Province. This was going to be achieved through the collection of primary data 

(environmental, lifestyle factors, diet) through a questionnaire as well as the collection 

of biological samples for genetic analysis from patients attending Frere hospital in the 

Eastern Cape Province of South Africa. This region has the highest incidence of ESCC 

in South Africa and is one of the major “hotspots” of ESCC worldwide. I had received 

an approval from the Heath Research Ethics Committee (HREC number: S18/10/250) 

of Stellenbosch University for the study before the Covid-19 pandemic started. I was 

busy ordering supplies and getting ready to start the study participant recruitment. My 

plans to data collection process involved traveling to Frere hospital to facilitate the 

data and sample collection, storage, and subsequent transportation to Stellenbosch 

University for sample preparation and analysis. I intended to officially start data and 

sample collection in March of 2020, which coincided with several changes which were 

happening in the country and at Stellenbosch University regarding COVID-19. 
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The first case of COVID-19 in South Africa was recorded on the 6th of March 2020, 

and immediately after (15 March 2020) COVID-19 was declared a national disaster. 

On the 27th of March, the country was officially put on lockdown, with lockdown 

regulations and travel (international and in-country) restrictions being instituted. This 

meant that travel to the Eastern Cape Province for my data collection became 

impossible. During that time, Stellenbosch University also held a contingency meeting 

(25 March 2020) to discuss university regulations. The Contingency Committee for 

Research at Stellenbosch University issued a statement to all researchers which read; 

“There will be a postponement of all research activities at Stellenbosch University, 

apart from research that can be conducted remotely/online and requires no human 

contact, and research in those areas specifically acknowledged as essential services 

by the South African government under the presidential regulations related to Covid-

19 (e.g., clinical studies).” 

This meant I could no longer carry out the data and sample collection since my 

research required patient contact and interaction. It would have also required travel to 

a different province, from the Western Cape Province to the Eastern Cape Province, 

which was not allowed during the initial lockdown period. At the time of these new 

developments nationally and at the University I had completed one systematic review 

(Chapter 2) on oesophageal cancer on the genetics of EC in Africa with the title 

“Systematic Review of Genetic Factors in the Etiology of Esophageal Squamous Cell 

Carcinoma in African Populations” and published in Frontiers in Genetics(2) (DOI: 

10.3389/fgene.2019.00642). We were still finalizing the second systematic review 

(Chapter 3) on the environmental and lifestyle risk factors of EC in Africa, with the title 

“Environmental and life-style risk factors for esophageal squamous cell carcinoma in 

Africa: A systematic review”. 

I had also made good progress with the primary case-control research study by 

finalising the protocol, getting ethics approval from the University as well as the 

Eastern Cape Provincial Department of Health. We planned to administer the 

questionnaire using an application, the Mobenzi app, and had purchased the devices 

that we were going to use for the study. We had ordered the supplies needed for 

Stellenbosch University https://scholar.sun.ac.za



 

 

294  

sample collection and recruited two nurses who would assist. I had also travelled to 

Frere hospital and met with the gastroenterologist who was to assist on the study. 

Unfortunately, the plans came to a halt following the implementation of the new 

research regulations at the university. We did not know how long the regulations would 

last. I, therefore, decided to explore ways in which to continue and finish my PhD thesis 

during the pandemic. 

The decision to revise objectives was not easy, as I had made significant progress in 

preparing for data collection. Additionally, being an international student facing a lot of 

uncertainty regarding the future of my studies was difficult. I had meetings with my 

supervisors (Prof. Vikash Sewram, Prof. Helena Kuivaniemi, and Dr. Christian Abnet), 

the Director of the Doctoral Office at Stellenbosch University (Dr. J Chabilall), and my 

funders (CEBHA+ and Margaret McNamara personnel) who guided and supported me 

on pursuing an alternative set of objectives, as well as reaching out to potential 

collaborators for the revised objectives. I had meetings with several potential 

collaborators to discuss collaborations on the PhD study using existing data and 

developed a good network of mentors and colleagues in the process. The revised 

objectives included extensive bioinformatic analyses on existing GEO datasets, which 

then became the primary study.  

The gene expression study proposal had to be approved by the Faculty Postgraduate 

Committee, the Health Research Ethics Committee as well as the Faculty Senate. This 

process took a few months, during which time, I went through extensive training in 

bioinformatics analyses, the R language, essential Linux usage and bash scripting, 

using high performance computers and how to write scripts for computational 

analyses. I attended the Bioinformatics Summer School training as well as the Human 

Genomic Epidemiology in African populations course offered by the Wellcome 

Genome Campus. I also attended webinars on bioinformatics offered by Bioconductor 

and other institutions. Throughout this process, I have continually received 

bioinformatics training and mentorship from Prof Gerard Tromp, who became an 

additional supervisor for my PhD thesis. I also learned approaches to dealing with 

situations where the size of the dataset exceeds the computational resources: in my 

research I dealt with that by resampling to provide more stable estimates of the effects. 
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I also attended the Cancer Epidemiology module offered as part of the MPhil (Cancer 

Science) Programme and received statistical software training from Prof Birhanu 

Ayele, who unfortunately passed away from COVID-19-related complications in March 

2021.  

I embarked on a passion project with a colleague during this time. We wrote a 

perspective manuscript on COVID-19 and women’s health. This side project allowed 

me to take a mental break from the stress that came from waiting for approval of the 

revised objectives and to focus on something different. The article was published in 

Frontiers in Global Women’s Health(28) (https://doi.org/10.3389/fgwh.2020.570666). 

The article was also picked up by the local news site, News24, and published(29) 

(https://www.news24.com/news24/columnists/guestcolumn/opinion-covid-19-and-

the-impact-on-women-20201202).  

Not being able to continue with the study plan we had planned for two years was 

stressful. What made the whole process better was the support from my supervisors. 

Their support and guidance made the continuation of the PhD work during a pandemic 

feasible. Doing a Ph.D. during a pandemic is also stressful and comes with its unique 

pressures. Throughout this process, I believe I gained more than I lost.  

I. I made a new network of colleagues and potential future collaborators through 

the meetings I had as I planned to revise objectives. 

II. I was able to learn and gain new skills in cancer epidemiology, bioinformatics 

and statistics that I would have otherwise not gained.  

III. I was able to perform analysis on EAC, and the precancerous lesions, BE, and 

interpret the biological mechanisms driving tumorigenesis in EAC, on top of the 

ESCC analysis I had originally planned.  

IV. I learned the importance of being flexible in research. There are unforeseen 

events that can happen, and it is important to be able to be flexible enough for 

change. 

Although the objectives were revised, the main theme of the study remained the same 

- the genetic and environmental factors associated with EC. I am grateful for the 
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support of my supervisors in mentoring and guiding me as I finish my PhD during a 

pandemic. 
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Chapter 6: Conclusions and implications for 
future research 

Eliminating the burden of EC needs a multidisciplinary approach. A lot still needs to 

be done to understand the risk factors driving development and progression, as well 

as the pathobiology of EC, particularly in African populations. Our study identified gaps 

in the literature that can be addressed by future studies. These include: 

1. More and larger studies analysing the association between genetic variants and 

ESCC in African populations. 

2. Investment in WGS and GWAS studies on EC in Africa. We are aware of two 

GWAS studies which are currently underway under the Johannesburg Cancer 

Study (South Africa), and the ESCC African Prevention Research network 

(ESCCAPE) study (Malawi, Tanzania, Kenya). 

3. More studies on ESCC transcriptomics in African populations that can elucidate 

ESCC pathobiology. 

4. Further assessment of novel pathways identified in our gene expression 

analysis.  

5. More studies on squamous cell dysplasia and its progression to ESCC. 

Additionally, the potential impact of endoscopic surveillance in ESCC “hotspot” 

areas. 

6. Incorporate standardised methods for data and biological sample collection, 

analysis, and reporting. We found this to be a major issue in our critical 

appraisal of the studies in our systematic reviews.  

7. Assess the new and emerging environmental and lifestyle risk factors identified 

in our systematic review including esophageal injury due to hot food and 

beverage consumption, and oral health. Further studies on the role of 

esophageal injury on ESCC as well as squamous dysplasia are also needed. 

8. Interaction studies to investigate the multifactorial etiology of ESCC. 

9. Polygenic risk scores for both precancerous lesions and tumours. 

EC has a multifactorial and complex etiology, and this study provided compelling 

evidence on the role of genetic, environmental, and lifestyle, factors, as well as EC 
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pathobiology. Investigating the complex interplay of risk factors will go a long way in 

elucidating the disease effect, particularly focusing on what is driving its development, 

why there is a distinct geographical delineation in incidence, and why it is presenting 

in younger people in African populations. Understanding EC requires an integrated 

approach to determine which risk factors interact with each other. We recommend that 

future studies incorporate study designs that will analyze the multifactorial etiology of 

EC, particularly in African populations. The lack of studies in African populations limits 

our understanding of the disease. EC constitutes a severe public health burden in high 

incidence areas and requires research prioritization as well as national and 

international intervention strategies.  
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INTRODUCTION

Esophageal cancer is an aggressive and fatal cancer of the 
18digestive tract. It accounts for an estimated 455,800 new cases 
and 400,200 deaths per year globally, making it the eighth most 
common cancer in the world (Murphy et al., 2017). The malignant 
tumors are characterized by two major subtypes: esophageal 
squamous cell carcinoma (ESCC), which is the more common 
type and contributes 90%, and esophageal adenocarcinoma 
(EAC) (Kaz and Grady, 2014; Abnet et al., 2017). ESCC 
presents with poor prognosis and low survival rate (<5%) in low 
resource settings (Yazbeck et al., 2016; Murphy et al., 2017). The 
asymptomatic development of ESCC results in diagnosis at late 
stage for patients and is characterized by dysphagia. At this stage, 
treatment is limited to palliative care.

ESCC is endemic in specific geographic locations worldwide 
and has the most divergence in cancer incidence globally, with 
high prevalence reported in East Asia, Southern Europe, as 
well as in Eastern and Southern Africa (Abnet et al., 2017). 
This peculiar distribution draws questions on the specificity 
of certain risk factors to particular populations. The African 
ESCC corridor, which includes Ethiopia, Rwanda, Burundi, 
Malawi, Kenya, Uganda, Tanzania, and South Africa, is an 
ESCC hotspot region (Munishi et al., 2015; Schaafsma et al., 
2015). It has also been reported that in Sub-Saharan Africa, 
ESCC develops in younger patients than in other regions 
(Kayamba et al., 2015).

The etiology of esophageal carcinoma is multifactorial. The 
risk factors reported worldwide comprise several lifestyle and 
environmental and genetic factors (Pink et al., 2011; Sewram et al., 
2014; Chen et al., 2015; Sewram et al., 2016; Huang and Yu, 
2018). Growing evidence supports the hypothesis that genomic 
alterations and epigenetic modifications contribute to tumor 
development (Baba et al., 2017). ESCC has both an inherited 
and cellular genetic basis (Abnet et al., 2017; Coleman et al., 
2018). Familial syndromes associated with increased risk of 
malignancy include tylosis and Fanconi anemia (Abnet et al., 
2017). The majority of genetic studies on ESCC have been 
case-control association studies analyzing single-nucleotide 
polymorphisms (SNPs) in various candidate genes. However, 
the reproducibility of these studies has been low. Some of 
the more common SNPs associated with ESCC have been 
identified in the aldehyde dehydrogenase 2 family gene 
(ALDH2) and an acetaldehyde dehydrogenase gene (ADH1B) 
(Abnet et al., 2017). Variants in these genes have been shown 
to increase susceptibility to ESCC development, and they are 

also associated with alcohol consumption (Abnet et al., 2017). 
Two meta-analyses published in 2018 reported associations 
between the genes MTHFR and GSTT1 and esophageal 
cancer development (He et al., 2018; Kumar and Rai, 2018). 
However, the meta-analyses were done on predominantly 
Asian and Western populations. In recent years, the focus of 
ESCC research in the Western and Asian countries has shifted 
from candidate gene studies to genome-wide association 
studies (GWAS) and whole-exome sequencing (WES) to 
identify variants associated with ESCC. Combined analysis of 
different study designs has provided a better understanding 
of ESCC etiology in Asian populations (Abnet et al., 2017). 
Genes with variants implicated in the development of ESCC in 
these populations include phospholipase c epsilon 1 (PLCE1), 
caspase 8 (CAP8), tumor protein 53 (TP53), and human 
leukocyte antigen (HLA) (Abnet et al., 2017).

The genetic etiology of ESCC in Africa is not well 
understood, since there have been very few studies on ESCC 
in African populations. This is in part due to the unavailability 
of adequate research infrastructure. A lack of comprehensive 
assessment and validation of existing evidence through 
systematic reviews has also contributed to this knowledge gap. 
A number of small studies on African populations have yielded 
varied associations between genetic variants and ESCC. There 
is, therefore, a need to systematically assess the current evidence 
in order to map out the contribution of genetic factors in the 
development of ESCC in African populations using critically 
appraised data.

The aim of the current systematic review was to assess all genetic 
(cross-sectional, case-control, and cohort) studies reporting on 
germline and somatic variants where risk factor estimates were 
calculated. This was achieved through the following: 1) critical 
appraisal of African literature on association of genetic factors 
to ESCC development; 2) comprehensive analysis of genetic 
(germline and somatic) variants in the reported studies; 3) data 
synthesis through pooled analysis, if feasible; and 4) comparison 
of genetic variants identified in African populations to those 
reported in other geographic regions.

MATERIALS AND METHODS

We followed the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses guidelines (PRISMA) (Little et al., 
2009). However, because PRISMA is not a quality assessment 
tool, other instruments were used to assess quality control.

Conclusions: Comprehensive large-scale studies on the genetic basis of ESCC are 
still lacking in Africa. Sample sizes in existing studies are too small to draw definitive 
conclusions about ESCC etiology. Only a small number of African populations have been 
analyzed, and replication and validation studies are missing. The genetic etiology of ESCC 
in Africa is, therefore, still poorly defined.

Keywords: esophageal squamous cell carcinoma, genetic association, somatic variant, germline mutation, 
sequence variants, systematic review, African populations
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Data Sources and Search Strategy
We carried out a literature search on all published African 
ESCC studies up to April 2019. We developed a comprehensive 
set of search terms subjectively and iteratively. We searched 
the following electronic bibliographic databases without time 
or language limits: Medline (PubMed), Embase (OViD), 
Scopus, African Index Medicus, and Africa-wide information 
(EbsCOHost). We also checked the reference lists of potentially 
relevant articles for additional citations and used the “related 
citations” search key in PubMed to identify similar papers.

We checked Medline (PubMed) to identify controlled 
vocabulary (MeSH) terms related to esophageal cancer and 
also identified text keywords based on our knowledge of the 
field (Table 1). Medline search terms were modified for other 
electronic databases to conform to their search functions.

Screening for eligible studies was carried out by two authors 
(HS and HK). First, the two authors read the titles and abstracts 
independently and then met to finalize an initial list. Full articles 
of the studies selected based on the initial screening were read 
and assessed for inclusion to the systematic review. Figure 1 
shows the outline for selection of eligible studies.

Quality Control and Data Extraction
Quality of the methodology used in the published studies was 
assessed using a quality assessment tool adapted from the 
STrengthening the REporting of Genetic Association studies 
(STREGA) statement (Little et al., 2009). The quality assessment 
for genetic association studies to identify ESCC susceptibility loci 
included reporting on power calculations, detailed population 

characteristics for cases, description of ESCC diagnosis, screening 
of cases and controls, reporting a measure of association using 
odds ratios, adjustment of population stratification, assessment 
of genotyping error, reporting the Hardy–Weinberg equilibrium, 
correction for multiple testing, and reporting of National Center 
for Biotechnology Information (NCBI) rs numbers for variants 
(Table S1).

For somatic mutation studies, quality assessment included the 
following: description of ESCC diagnosis, reporting of tissues 
used [cancerous (Ca) and normal neighboring tissue (NET)], 
detailed population characteristics, variant classification and 
type, confirmation of variants identified, reporting of amino acid 
change, and use of pathogenicity scoring (Table S2).

Data extraction was carried out by two authors (HS and HK) 
using data extraction forms. Two separate extraction forms were 
prepared for the germline (genetic susceptibility) and somatic 
mutation studies. The data extraction form for the genetic 
susceptibility studies included the following: description of the 
population (age, sex, sample size, smoking, and alcohol use for 
cases and controls separately), genotyping method, statistical 
analysis test, minor allele frequency (MAF), genotype frequency, 
haplotype frequency, and environmental association frequency. 
The somatic mutation study extraction form had the same 
variables excluding gene–environment interaction frequency 
and haplotype frequency.

The South African Admixed Population is reported as mixed 
ancestry in the tables according to how it was reported in the articles.

Data Analysis
A meta-analysis could not be performed as there were only two 
SNPs analyzed in more than one study and even those were 
analyzed in only two independent studies. For a meta-analysis to 
be carried out, SNPs have to be assessed in at least three separate 
case-control studies. TP53 in the somatic variant studies was 
analyzed in four separate studies, but two of the studies had cases 
only with no controls, and the remaining two assessed different 
parts of the gene. The results of this systematic review will, 
therefore, be reported in a descriptive manner.

We were able to find rs numbers for most of the variants even 
if the authors of the original studies did not report them and have 
included them in the tables of this systematic review. We used 
the canonical SNP identifier (rs number) and dbSNP (version 
152; April 2019) database at NCBI (https://www.ncbi.nlm.nih.
gov/snp/) for this. We also determined the locus positions of the 
microsatellite markers reported in a study by Naidoo et al. (2005) 
using the primer-BLAST database at NCBI (https://www-ncbi-
nlm-nih-gov.ez.sun.ac.za/tools/primer-blast).

To determine the linkage disequilibrium (LD) measures between 
the SNPs reported in the same genes, we obtained the imputed data 
set from the Thousand Genomes project (1000 Genomes Release 
Phase 3 2013-05-02) and used bcftools to extract all individuals 
from African populations, not including African Americans, and 
the 77 SNPs discussed here using all synonyms (alternative rs 
IDs) for SNPs (Auton et al., 2015). We obtained a dataset of 504 
individuals and 67 SNPs. We computed all pair-wise r2-values using 
PLINK (v1.09) (Danecek et al., 2011; Chang et al., 2015).

TABLE 1 | Medline (PubMed) search strategy to identify published African 
ESCC literature.

#1 Search cancer or carcinoma or neoplasm* Field: Title/Abstract
#2 Search Esophageal or oesophageal Field: Title/Abstract
#3 #1 and #2
#4 Search “Esophageal cancer” Field: Title/Abstract
#5 Search “oesophageal cancer” or “oesophageal neoplasm*” Field: Title/

Abstract
#6 Search “Esophageal Neoplasms”[Mesh] 
#7 Search “Esophageal Neoplasms” Field: Title/Abstract
#8 Search “Esophageal squamous cell carcinoma” or “oesophageal 

squamous cell carcinoma” or ESCC Field: Title/Abstract
#9 Search ((((#3) OR #4) OR #5) OR #6) OR #7 OR #8
#10 Search “Africa”[Mesh] 
#11 Search algeria OR angola OR benin OR botswana OR burkina faso 

OR burundi OR cameroon OR cape verde OR central african republic 
OR chad OR comoros OR congo OR “Democratic Republic of Congo” 
OR DRC OR djibouti OR equatorial guinea OR egypt OR eritrea OR 
ethiopia OR gabon OR gambia OR ghana OR guinea OR bissau OR 
ivory coast OR (Côte d’ Ivoire) OR jamahiriya OR kenya OR lesotho OR 
liberia OR Libya OR madagascar OR malawi OR mali OR mauritania 
OR mauritius OR mayotte OR morocco OR mozambique OR namibia 
OR niger OR nigeria OR principe OR reunion OR rwanda OR “Sao 
Tome” OR senegal OR seychelles OR “Sierra Leone” OR somalia OR 
“South Africa” OR st helena OR sudan OR swaziland OR tanzania 
OR togo OR tunisia OR uganda OR zaire OR zambia OR zimbabwe 
OR “Central Africa” OR “West Africa” OR “East Africa” OR “Southern 
Africa” OR “South Africa” Field: Title/Abstract

#12 Search (#10) or #11 
#13 Search (#9) AND #12
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RESULTS

Systematic Review Outline
The selection process for all the included studies is shown in 
Figure 1. The initial database search identified 2,235 articles. 
Titles and abstracts of these articles were reviewed, and 2,168 
studies were removed for not being original genetic studies. The 
67 articles that remained were selected for full-text eligibility 

assessment. This process resulted in the removal of 40 articles: 
15 review articles, 18 chromosomal, gene or protein expression 
studies, 4 blood group studies, 1 duplicate, and 2 abstracts. 
A total of 27 full articles were then assessed for eligibility, and four 
articles  were removed for not meeting the criteria, as follows: 
one study had no cancer patients/cases (Adams et al., 2003), one 
focused on the Chinese population (Li et al., 2016), while one 
focused on protein expression (Jaskiewicz and De Groot, 1994; 

FIGURE 1 | Outline of the systematic review.
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Huang and Yu, 2018), and the other was a mathematical model 
study (Uys and Van Helden, 2003). In the end, 23 studies were 
included and analyzed in the systematic review.

Study Characteristics
The characteristics of all the genetic susceptibility and somatic 
variant studies included are shown in Tables 2 and 3, respectively. 
The 23 studies included in the study were published between 
1990 and 2019. There were 17 genetic susceptibility and eight 
somatic variant studies. Two studies reported on both genetic 
susceptibility and somatic variants.

Genetic Susceptibility Studies
The 17 genetic susceptibility studies (Table 2) were all case-control 
studies (Dietzsch et al., 2003; Vos et al., 2003; Dandara et al., 2005; 
Li et al., 2005; Zaahl et al., 2005; Chelule et al., 2006; Dandara 
et al., 2006; Li et al., 2008; Li et al., 2010; Bye et al., 2011; Matejcic 
et al., 2011; Bye et al., 2012; Eltahir et al., 2012; Strickland et al., 
2012; Vogelsang et al., 2012; Matejcic et al., 2015; Chen et al., 
2019) published between 2003 and 2019. Sixteen articles reported 
on the South African population and one article on the Sudanese 
population. The majority (13/17; 76%) of the studies reported on 
the main subject characteristics (ethnicity, sex, age, and type of 
clinical assessment). Sample sizes for ESCC patients ranged from 
18 to 880 with six of the studies having over 200 patient samples. 
Sample sizes for controls ranged from 88 to 939 with nine of the 
studies having over 200 control samples. It is difficult to estimate 
the total number of patients analyzed in these 17 studies, since it 
appears that the same authors used the same sample set for different 
SNPs in different publications. Our assessment showed that Bye 
et al. (2011) and Bye et al. (2012) used the same participants. 
In  addition, studies by Li et al. (2005) and Li et al. (2008) used 
the same participants as Dandara et al. (2005). The remaining 12 
studies do not seem to have any obvious sample overlap.

Altogether, 16 out of 17 studies clinically assessed for ESCC 
through histology. None of the studies clinically assessed controls 
for ESCC with the exception of one study (Strickland et al., 
2012), which assessed controls using a brush biopsy. Nine studies 
reported on smoking and alcohol consumption status for all 
participants (Dandara et al., 2005; Li et al., 2005; Dandara et al., 
2006; Li et al., 2008 Li et al., 2010; Bye et al., 2012; Vogelsang et 
al., 2012; Matejcic et al., 2015; Chen et al., 2019), while three (Bye 
et al., 2011; Matejcic et al., 2011; Strickland et al., 2012) reported 
those risk factors for only the ESCC patients.

The Hardy–Weinberg equilibrium deviation was assessed in 11 
(65%) studies; however, only six (35%) of the studies reported power 
calculations, and three (18%) studies reported the evaluation of a 
genotyping error. Detailed characteristics of the study population 
were reported in 12 of the studies for cases and 10 for controls. 
Correction for multiple testing was reported in only seven (41%) 
studies. NCBI rs numbers were reported in eight (47%) studies. Our 
quality assessment scoring had 11 items (Table S1), and each item 
had a weight of 1 point; therefore, total maximum quality score was 
11. Overall, only seven of the 17 (41%) studies scored half or above 
half (5.5). The highest score was 9 (Vogelsang et al., 2012; Chen et al., 
2019), and the lowest score was 1 (Vos et al., 2003; Zaahl et al., 2005).

Somatic Variant Studies
Somatic variant studies (Table 3) constituted of eight studies 
published between 1990 and 2016 (Victor et al., 1990; Gamieldien 
et al., 1998; Dietzsch and Parker, 2002; Dietzsch et al., 2003; Vos 
et al., 2003; Naidoo et al., 2005; Patel et al., 2011; Liu et al., 2016). 
A total of 455 patients were assessed, with the control group 
comprising 200 NET and 146 blood samples. Of the 455 patient 
samples, one was reported to be an adenocarcinoma from one 
study; therefore, the exact ESCC patient population was 454. The 
study populations were from South Africa, Kenya, and Malawi.

Clinical diagnosis of ESCC was determined by histology in 
five (75%) studies, and the remaining three did not report on 
how clinical assessment was done. Four (50%) studies reported 
using both cancer tissue and NET for assessment. Three of these 
studies had an equal number of cancer tissue and NET samples. 
Two (25%) studies did not have any control samples, and the 
remaining two (25%) studies collected blood samples only as 
controls. Only two studies reported on smoking and alcohol 
consumption status. On patient characteristics, age and sex were 
reported in six (75%) of the studies. Variant classification and 
type were reported in all of the studies, but confirmation of results 
was reported in only two studies. No studies used pathogenicity 
scoring. Amino acid change was also reported in only two of the 
studies. Our quality assessment score had seven items (Table S2), 
and each item had a weight of 1 point; therefore, total maximum 
score for the quality assessment was 7. Overall, six of the eight 
(75%) studies scored half or above half (3.5). The highest score 
was 6 (Gamieldien et al., 1998), and the lowest score was 0 
(Victor et al., 1990).

Description of Genes Studied
A total of 58 genes were investigated in the 23 studies, which 
were selected for the systematic review, with 37 genes studied in 
the genetic susceptibility studies and 23 in the somatic variant 
studies. Two genes were investigated in both studies. In addition, 
the somatic studies investigated six genetic loci without specific 
gene names. A summary of SNPs analyzed in the genetic 
susceptibility studies is shown in Table 4. Over 100 SNPs were 
analyzed, and 25 SNPs were reported to be associated with ESCC 
(four SNPs using p values only, and 21 SNPs using p values and 
odds ratios). The 25 SNPs were in 20 genes: ADH1B, ADH3, 
ALDH2, AR, CASP8, CHEK2, CP, CYP2E1, CYP3A5, GSTT2B, 
MGMT, MLH3, MSH3, NAT2, PTGS2 (also known as COX-2), 
PLCE1, PMS1, RUNX1, SLC11A1, and TP53. The associations 
with all 25 SNPs were identified in South African populations, 
while none were found in the Sudanese population.

Table 5 shows a summary of the pathways for the 20 genes. All 
the genes encode for proteins. Three of the genes, ADH1B, ADH3, 
and ALDH2, are involved in alcohol metabolism (Li et al., 2008; 
Bye et al., 2011). Three mismatch repair genes, MLH3, MSH3, and 
PMS1, play a role in genomic integrity (Vogelsang et al., 2012). 
They are reported to also play a role in carcinogenesis. MGMT is 
involved in cell defense against mutagens, and mutations in the 
gene are reported to be associated with cancer formation (Bye et 
al., 2011). NAT2 and GSTT2B play a role in the activation and 
deactivation of drugs and carcinogens, with reports of mutations 
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TABLE 2 | Characteristics of genetic susceptibility studies for ESCC in African populations.

Study
(PMID)

Location Year Population Age, y (SD) Sample size Sex, cases  
n (%)

Sex, ctrl  
n (%)

Clinical 
assessment

Analysis 
method

Smoking  
n (%)

Alcohol n (%)

Cases Ctrl Cases Ctrl Male Female Male Female Cases Ctrl Cases Ctrl Cases Ctrl

Bye et al., 
2011
(21926110)

South 
Africa

2011 Black 59.8 (11.3) – 358 477 182 (50.8) 176 (49.2) – – Histology – TaqMan Assay 228 (63.7) – 228 (63.7) –
Mixed ancestry 60.5 (10.6) – 201 427 131 (65.2) 70 (34.8) – – Histology – TaqMan Assay 189 (94.1) – 163 (81.1) –

Bye et al., 
2012 
(22865593)

South 
Africa

2012 Black 59.8 (11.3) 48.8 (16.7) 407 849 199 (48.9) 208 (51.1) 335 (39.5) 511 (60.2) Histology – TaqMan Assay 
and KASP

242 (59.5) 333 (39.2) 253 (62.2) 452 (53.2)

Mixed ancestry 60.6 (10.6) 46.7 (16.8) 257 860 165 (64.2) 91 (35.4) 309 (35.9) 551 (64.1) Histology – TaqMan Assay 
and KASP

240 (93.4) 597 (69.4) 212 (82.5) 419 (48.7)

Chelule et al., 
2006 
(17264406)

South 
Africa

2006 Black 18–741 18–74 70 261 – – – – Histology – PCR-RFLP – – – –

Chen et al., 
2019 
(30753320)

South 
Africa

2019 Black7 60.2 (11.3) 48.9 (16.8) 591 852 284 (48.1) 307 (51.9) 342 (40.1) 507 (59.5) Histology – TaqMan Assay 364 (61.6) 338 (39.7) 370 (62.6) 458 (53.7)
Black8 58.2 (10.2) 50.0 (15.5) 880 939 545 (61.9) 332 (37.7) 240 (25.6) 698 (74.3) Histology iPLEX and 

TaqMan Assays
598 (68.0)  333 (35.5) 473 (53.8) 633 (67.4)

Dandara 
et al., 2005 
(15978331)

South 
Africa

2005 Black – – 142 178 – – – – Histology – PCR-RFLP 179 162 171 160
Mixed ancestry – – 99 94 Histology PCR-RFLP

Dandara et al., 
2006 
(16272171)

South 
Africa

2006 Black 61.23 61.85 145 194 85 (59) 60 (41) 111 (57) 83 (43) Histology – PCR-RFLP 95 (65) 123 (63) 98 (68) 127 (65)
Mixed ancestry 61.49 69.53 100 94 78 (78) 22 (22) 45 (48) 49 (52) Histology – PCR-RFLP 93 (93) 74 (79) 73 (73) 45 (48)

Dietzsch 
et al., 2003 
(12925954)

South 
Africa

2003 Black and 
mixed ancestry

59.6 58.7 582 226 44 14 167 59 – – PCR and
PAGE

Eltahir 
et al., 2012 
(23053979)

Sudan 2012 18 235 Histology PCR-RFLP

Li et al., 2005 
(15899651)

South 
Africa

2005 Black and 
mixed ancestry

61.1 (10.5) 65.7 (10.2) 189 198 – – – – Histology – PCR-SSCP and 
DNA sequencing

144 (76) 122 (62) 133 (70) 114 (58)

Li et al., 2008 
(18254707)

South 
Africa

2008 Black3 – – 142 178 – – – – Histology – PCR- RLFP 179 162 71 160
Mixed3 
ancestry

101 100 Histology PCR-RFLP

Li et al., 2010 
(20540773)

South 
Africa

2010 Black3 61.23 61.85 145 194 85 (59) 60 (41) 111 (57) 83 (43) Histology – PCR-RFLP 95 (65) 123 (63) 98 (68) 127 (65)
Mixed3 
ancestry

61.49 69.53 100 94 78 (78) 22 (22) 45 (48) 49 (52) Histology – PCR- RFLP 93 (93) 74 (79) 73 (73) 45 (48)

Matejcic 
et al., 2011 
(22216261)

South 
Africa

2011 Black – – 330 479 – – – – Histology – TaqMan 
assay and gel 
electrophoresis

210 – 204 –

Mixed ancestry – – 232 428 – – – – Histology – TaqMan 
assay and gel 
electrophoresis

216 – 189 –

Matejcic 
et al., 2015 
(26447020)

South 
Africa

2015 Black 59.6
(10.7)

56.7
(15.0)

463 480 229 (49) 234 (51) 235 (49) 245 (51) Histology – TaqMan assay 280 (60) 222 (46) 286 (62) 278 (58) 

Mixed ancestry 60.7 (10.3) 57.7 (14.3) 269 288 177 (66) 92 (34) 178 (62) 110 (38) Histology – TaqMan Assay 250 (93) 226 (78) 215 (80) 172 (60)
Strickland 
et al., 2012 
(21901748)

South 
Africa

2012 Black 59/664 – 96 88 48 48 – – Histology Brush
biopsy

HEX SSCP and 
DNA sequencing

58 – 58 –

Vogelsang 
et al., 2012 
(22623965)

South 
Africa

2012 Black 59.8 (11.3) 56.1 (16.2) 3455 344 166 (48.1) 179 (51.9) 120 (34.9) 224 (65.1) Histology – Allele-specific 
quantitative PCR

209 (60.6) 117 (34.0) 160 (46.4) 92 (26.7)

Mixed ancestry 60.7 (10.2) 56.8 (16.5) 2056 266 136 (66.3) 69 (33.7) 82 (30.8) 184 (69.2) Histology – Allele-specific 
quantitative PCR

189 (92.2) 162 (60.9) 118 (57.6) 38 (14.3)

(Continued)
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TABLE 2 | Continued

Study
(PMID)

Location Year Population Age, y (SD) Sample size Sex, cases  
n (%)

Sex, ctrl  
n (%)

Clinical 
assessment

Analysis 
method

Smoking  
n (%)

Alcohol n (%)

Cases Ctrl Cases Ctrl Male Female Male Female Cases Ctrl Cases Ctrl Cases Ctrl

Vos et al., 
2003 
(12550754)

South 
Africa

2003 Black 57 (11) 57 (11) 74 118 – – – – Histology – SSCP and DNA 
sequencing

– – – –

Zaahl 
et al., 2005 
(15860357)

South 
Africa

2005 Mixed ancestry – – 105 110 82 23 43 67 Histology – SSCP and DNA 
sequencing

– – – –

1Only range of age was reported for the combined group of cases and controls.
257 had ESCC.
3Same population as in Dandara et al. (2005) study.
459+/–13 for male (n = 48) and 66+/– (n = 48) for female patients.
5326 had ESCC.
6182 had ESCC.
7Western and Eastern Cape Province Black Population.
8Gauteng Province Black Population.

Ctrl, controls; ESCC, esophageal squamous cell carcinoma; HEX, heteroduplex; KASP, competitive allele specific PCR; PAGE, polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; RFLP, restriction fragment length polymorphism; 

SD, Standard deviation; SSCP, single-strand conformation polymorphism.

TABLE 3 | Characteristics of studies on somatic changes in ESCC in African populations.

Study (PMID) Country Year Population Sample size Age, y 
(SD)

Sex  
n (%)

Clinical assessment Analysis method Smoking 
n (%)

Alcohol n 
(%)

Ca NET Blood Cases Male Female Ca NET

Dietzsch and Parker, 2002 
(12435113)

South Africa 2002 Black 33 33 – 57.4 23 (70) 10 (30) Histology – PCR and DNA 
sequencing analysis

– –

Dietzsch et al., 2003 
(12925954)

South Africa 2003 Black and 
mixed ancestry

581 58 – 59.6 29 (67) 14 (33) – – PCR and PAGE – –

Gamieldien et al., 1998 
(9808520)

South Africa 1998 Black 76 9 50 57 (11) 49 (65) 27 (35) Histology Histology PCR and HEX-SSCP – –

Liu et al., 2016 (29148985) Malawi 2016 Malawian 59 – 59 56 27 (45.8) 31 (52.5) Histology - WES 24 (40.7) 14 (23.7)
Naidoo et al., 2005 
(15735161)

South Africa 2005 South African 100 100 – 56 53 (54) 45 (46) Histology Histology PCR – –

Patel et al., 2011 
(22040862)

Kenya 2011 Kenyan 28 – – 56.03 
(12.30)

13 (46) 15 (54) – – PCR and DNA 
sequencing

6 (21) 10 (36)

Victor et al., 1990 
(2199031)

South Africa 1990 Black and 
mixed ancestry

27 – – – – – – – PCR and dot blot 
hybridization

– –

Vos et al., 2003 
(12550754)

South Africa 2003 South African 74 – 37 – – – Histology – SSCP and DNA 
sequencing

– –

Ca, cancer tissue; HEX-SSCP, heteroduplex single-strand conformation polymorphism; NET, neighboring tissue; PAGE, polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; WES, whole exome sequencing.
157 had ESCC and 1 had adenocarcinoma.
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TABLE 4 | Summary of studies investigating genetic susceptibility of ESCC in African populations.

Gene Variant (rs 
number)

Study (PMID) Population ESCC Controls Effect 
allele

Findings and  
Comments2

n MAF n MAF

ADH1B rs1229984 
(Arg48His) 

Bye et al., 2011 
(21926110)

Black South African 358 0 477 0 Not informative

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.054 427 0.098 A OR = 0.52 (0.32–0.86) 
p = 0.009

ADH2 ADH2*1/*2/*3 Li et al., 2008 
(18254707)

Black South African 142 0.01 174 0.01 Not informative

Li et al., 2008 
(18254707) 

Mixed ancestry 
South African

96 0.03 94 0.03 Not informative

ADH3 ADH3*1/*2 Li et al., 2008 
(18254707)

Black South African 141 0.46 174 0.32 NS

Li et al., 2008 
(18254707)

Mixed ancestry 
South African

96 0.38 94 0.31 *2 OR = 1.80; p = 0.0004

ADH7 rs1573496 
(Gly92Ala)

Bye et al., 2011 
(21926110)

Black South African 358 0 477 0.001 Not informative

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.014 427 0.02 NS

ALDH2 rs671 
(Glu504Lys)

Bye et al., 2011 
(21926110)

Black South African 358 0 477 0 Not informative

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0 427 0 Not informative

rs441
(-261 C/T)

Bye et al., 2011 
(21926110)

Black South African 358 0.154 477 0.145 NS

Bye et al., 2011 Mixed ancestry 
South African

201 0.18 427 0.194 NS

rs886205 (+82 
A/G)

Bye et al., 2011 
(21926110)

Black South African 358 0.247 477 0.252 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.402 427 0.489 G OR = 0.70 (0.55–0.89); 
p = 0.004

ALDH2*1/*2 Li et al., 2008 
(18254707)

Black South African 142 0.10 174 0.04 *2 OR = 2.35; p = 0.008

Li et al., 2008 
(18254707)

Mixed ancestry 
South African

101 0.03 1004 0.04 Not informative

rs4767364 (A/G) Chen et al., 2019 
(30753320)

Black South African5 880 0.12 939 0.11 NS

ALS2CR12 rs13016963 (G/A) Chen et al., 2019 
(30753320)

Black South African4 591 0.35 852 0.35 NS

Chen et al., 2019 
(30753320)

Black South African5 880 0.39 939 0.38 NS

rs10201587 (A/G) Chen et al., 2019 
(30753320)

Black South African5 880 0.38 939 0.39 NS

AR CAG-repeat in 
exon 1

Dietzsch et al., 2003 
(12925954)

Black South African 
males

29 109 NS

Dietzsch et al., 2003 
(12925954)

Mixed ancestry 
South African males

15 58 NS

GGC-repeat in 
exon 1

Dietzsch et al., 2003 
(12925954)

Black South African 
males

29 109 (GGC)≤16 OR = 2.7 (1.14–6.36); 
p = 0.018

Dietzsch et al., 2003 
(12925954)

Mixed ancestry 
South African males

15 58 NS

ATP1B2/
TP53

rs1642764 (C/T) Chen et al., 2019 
(30753320)

Black South African4 591 0.21 852 0.20 NS

Chen et al., 2019 
(30753320)

Black South African5 880 0.18 939 0.18 NS

rs1641511 (A/G) Chen et al., 2019 
(30753320)

Black South African5 880 0.39 939 0.42 NS

C20orf54 rs13042395 Bye et al., 2012 
(22865593) 

Black South African 407 0.002 849 0.005 Not informative

Bye et al., 2012 
(22865593)

Mixed ancestry 
South African

257 0.067 860 0.068 NS

(Continued)
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TABLE 4 | Continued

Gene Variant (rs 
number)

Study (PMID) Population ESCC Controls Effect 
allele

Findings and  
Comments2

n MAF n MAF

CASP8 rs1045485 
(Asp302His)

Bye et al., 2011 
(21926110)

Black South African 358 0.154 477 0.152 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.169 427 0.126 C OR = 1.42 (1.01–1.98); 
p = 0.040

rs3834129
(-652 6N ins/del)

Bye et al., 2011 
(21926110)

Black South African 358 0.518 477 0.502 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.385 427 0.386 NS

rs10931936 (C/T) Chen et al., 2019 
(30753320)

Black South African4 591 0.19 852 0.20 NS

Chen et al., 2019 
(30753320)

Black South African5 880 0.22 939 0.20 NS

CHEK2 rs4822983 (C/T) Chen et al., 2019 
(30753320)

Black South African4 591 0.46 852 0.39 T OR = 1.32 (1.12–1.56); 
p = 0.001

Chen et al., 2019 
(30753320)

Black South African5 880 0.43 939 0.42 NS

rs1033667 (C/T) Chen et al., 2019 
(30753320)

Black South African4 591 0.44 852 0.38
T

OR = 1.30 (1.10–1.53)
P = 0.002

Chen et al., 2019 
(30753320)

Black South African5 880 0.42 939 0.39 NS

CP rs34053109 
(C/G)

Strickland et al., 2012 
(21901748)

Black South African 84  0 85 0.01 Not informative

rs17838834 (T/C) Strickland et al., 2012 
(21901748)

Black South African 90 0.33 85 0.23 NS

rs701749 (C/T) Strickland et al., 2012 
(21901748)

Black South African 79 0.01 78 0.02 Not informative

rs17838833 
(delT)

Strickland et al., 2012 
(21901748)

Black South African 79 0.01 78 0 Not informative

rs17838832 (T/C) Strickland et al., 2012 
(21901748)

Black South African 80 0.33 78 0.3 NS

rs34334174 (C/T) Strickland et al., 2012 
(21901748)

Black South African 80 0.14 78 0.08 NS

5’UTR-308G/A Strickland et al., 2012 
(21901748)

Black South African 52 0.05 64 0 A p = 0.012; sample size very 
small

rs17838831 (A/G) Strickland et al., 2012 
(21901748)

Black South African 53 0.21 64 0.22 NS

rs138512757 
(Thr83) 

Strickland et al., 2012 
(21901748)

Black South African 92 0.02 84 0.01 Not informative

rs35438054 
(Val223)

Strickland et al., 2012 
(21901748)

Black South African 95 0.01 85 0.01 Not informative

rs797045480 
(Val246Ala) 

Strickland et al., 2012 
(21901748)

Black South African 95 0.01 85 0 Not informative

rs34067682
(IVS4-14C/T)

Strickland et al., 2012 
(21901748)

Black South African 84 0.12 83 0.12 NS

rs34624984
(Arg367Cys)

Strickland et al., 2012 
(21901748)

Black South African 94 0.02 86 0.01 Not informative

rs34237139
(Tyr425)

Strickland et al., 2012 
(21901748)

Black South African 91 0.01 87 0 Not informative

rs35272481 
(IVS7+9T/C)

Strickland et al., 2012 
(21901748)

Black South African 91 0.01 87 0 Not informative

rs701753
(D544E)

Strickland et al., 2012 
(21901748)

Black South African 95 0.23 81 0.27 NS

rs147192657
(Gly633 T/C)

Strickland et al., 2012 
(21901748)

Black South African 88 0.07 84 0 C p = 0.0004

rs16861582
(IVS15-12T/C)

Strickland et al., 2012 
(21901748)

Black South African 93 0,44 88 0.41 NS

(Continued)
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TABLE 4 | Continued

Gene Variant (rs 
number)

Study (PMID) Population ESCC Controls Effect 
allele

Findings and  
Comments2

n MAF n MAF

CYP2E1 CYP2E1*1 (c1)/
CYP2E1*5 (c2)

Chelule et al., 2006 
(17264406)

Black South African 30 0.04 331 0.06 Limited power

-1053C/T Li et al., 2005 
(15899651) 

Black and Mixed 
ancestry South 
African

189 0.01 198 0.02 NS

-1293G/A Li et al., 2005 
(15899651)

Black and Mixed 
ancestry South 
African

189 0.01 198 0.03 NS

7632T/A Li et al., 2005 
(15899651)

Black and Mixed 
ancestry South 
African

189 0.18 198 0.07 A OR = 5.90 (3.25–10.7); 
p = 0.001 for genotype 
distribution

CYP3A5 CYP3A5*1 Dandara et al., 2005 
(15978331)

Black South African 142 0.627 178 0.638 NS

Dandara et al., 2005 
(15978331)

Mixed ancestry 
South African

99 0.384 94 0.287 NS

CYP3A5*3 
(6986A/G)

Dandara et al., 2005 
(15978331)

Black South African 142 0.155 178 0.138 NS

Dandara et al., 2005 
(15978331)

Mixed ancestry 
South African

99 0.475 94 0.590 G OR = 0.60 (0.39–0.94); 
p = 0.025

CYP3A5*6 
(1490G/A)

Dandara et al., 2005 
(15978331)

Black South African 142 0.190 178 0.213 NS

Dandara et al., 2005 
(15978331)

Mixed ancestry 
South African

99 0.136 94 0.122 NS

CYP3A5*7 
(27131-32insT; 
frameshift)

Dandara et al., 2005 
(15978331)

Black South African 142 0.028 178 0.011 NS

Dandara et al., 2005 
(15978331)

Mixed ancestry 
South African

99 0.005 94 0 Not informative

CYP3A5 all 
variants

Dandara et al., 2005 
(15978331)

Black South African 142 0.373 178 0.441 NS

Dandara et al., 2005 
(15978331)

Mixed ancestry 
South African

99 0.616 94 0.713 OR = 0.65 (0.42–0.99); 
p = 0.045

FAS rs1800682
(-670 G > A)

Bye et al., 2011 
(21926110)

Black South African 358 0.219 477 0.225 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.356 427 0.406 NS

rs2234767
(-1377 G > A)

Bye et al., 2011 
(21926110)

Black South African 358 0.096 477 0.072 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.139 427 0.183 NS

FASL rs763110
(-844 T > C)

Bye et al., 2011 
(21926110)

Black South African 358 0.192 477 0.189 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.416 427 0.386 NS

GSTP1 rs1695
(Ile105Val)

Matejcic et al., 2011 Black South African 325 0.518 474 0.534 NS

rs1695
(Ile105Val)

Matejcic et al., 2011 Mixed ancestry 
South African

229 0.454 428 0.438 NS

rs1695
(Ile105Val)

Li et al., 2010 
(20540773)

Black South African 0.39 0.37 NS

rs1695
(Ile105Val)

Li et al., 2010 
(20540773)

Mixed ancestry 
South African

0.38 0.41 NS

rs1138272
(Ala114Val)

Li et al., 2010 
(20540773) 

Black South African 0.22 0.07 NS

rs1138272
(Ala114Val)

Li et al., 2010 
(20540773) 

Mixed ancestry 
South African

0.19 0.03 NS

GSTT1 Deletion allele Matejcic et al., 2011 
(22216261)

Black South African 311 0.574 462 0.554 NS

Matejcic et al., 2011 
(22216261)

Mixed ancestry 
South African

217 0.493 414 0.495 NS

(Continued)
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TABLE 4 | Continued

Gene Variant (rs 
number)

Study (PMID) Population ESCC Controls Effect 
allele

Findings and  
Comments2

n MAF n MAF

GSTT2B Deletion allele Matejcic et al., 2011 
(22216261)

Black South African 320 0.336 461 0.371 NS

Matejcic et al., 2011 
(22216261)

Mixed ancestry 
South African

226 0.418 425 0.501 OR = 0.71 (0.57–0.90); 
p = 0.004

MGMT rs12917
(Leu84Phe)

Bye et al., 2011 
(21926110)

Black South African 358 0.189 477 0.195 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.222 427 0.168 OR = 1.41 (1.05–1.91); 
p = 0.023

MLH1 rs13320360
(c.546-191T/C)

Vogelsang et al., 2012 
(22623965)

Black South African 343 0.15 340 0.17 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

203 0.07 264 0.06 NS

MLH3 rs28756991
(Arg797His)

Vogelsang et al., 2012 
(22623965)

Black South African 345 0.11 342 0.12 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

205 0.09 264 0.4 G OR = 2.07 (1.04–4.12); 
p = 0.038

MSH2 rs17217772
(Asn127Ser) 

Vogelsang et al., 2012 
(22623965)

Black South African 341 0.06 343 0.06 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

204 0.03 264 0.03 NS

rs10188090
(c.2635-765G/A)

Vogelsang et al., 2012 
(22623965)

Black South African 343 0.09 342 0.10 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

205 0.31 265 0.33 NS

rs3771280
(c.1510+118T/C)

Vogelsang et al., 2012 
(22623965)

Black South African 344 0.11 339 0.12 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

202 0.35 266 0.37 NS

MSH3 rs26279
(Ala1045Thr)

Vogelsang et al., 2012 
(22623965)

Black South African 341 0.40 344 0.43 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

204 0.38 263 0.32 A OR = 2.71 (1.34–5.50); 
p = 5.71×10-3

rs1428030
(c.1341-
12568A/G)

Vogelsang et al., 2012 
(22623965)

Black South African 342 0.29 342 0.27 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

201 0.23 264 0.20 NS

rs1805355
(Pro231Pro)

Vogelsang et al., 2012 
(22623965)

Black South African 343 0.28 339 0.29 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

203 0.24 265 0.22 NS

NAT1 rs1057126
(1088T > A 
NAT1*10)

Matejcic et al., 2015 
(26447020)

Black South African 463 54.8 480 57.7 NS

Matejcic et al., 2015 
(26447020)

Mixed ancestry 
South African

269 43.4 288 40.1 NS

rs15561 (1095C 
> A NAT1*10, 
NAT1*3)

Matejcic et al., 2015 
(26447020)

Black South African 463 55.7 480 57.7 NS

Matejcic et al., 2015 
(26447020)

Mixed ancestry 
South African

269 46.5 288 43 NS

NAT2 rs1799930
(590G/A NAT2*6)

Matejcic et al., 2015 
(26447020)

Black South African 463 24.7 480 21.4 NS

Matejcic et al., 2015 
(26447020)

Mixed ancestry 
South African

269 22.4 288 22 NS

rs1801280
(341T/C NAT2*5)

Matejcic et al., 2015 
(26447020)

Black South African 463 27.1 480 29 NS

Matejcic et al., 2015 
(26447020)

Mixed ancestry 
South African

269 25.2 288 33.2 C 0R = 0.57 (0.38–0.87) 
p = 0.01

rs1799931
(857G/A NAT2*7)

Matejcic et al., 2015 
(26447020)

Black South African 463 0.01 480 0.05 Not informative

Matejcic et al., 2015 
(26447020)

Mixed ancestry 
South African

269 0.05 288 0.04 NS
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Gene Variant (rs 
number)

Study (PMID) Population ESCC Controls Effect 
allele

Findings and  
Comments2

n MAF n MAF

rs1801279
(191G/A 
NAT2*14)

Matejcic et al., 2015 
(26447020)

Black South African 463 0.053 480 0.063 NS

Matejcic et al., 2015 
(26447020)

Mixed ancestry 
South African

269 0.038 288 0.023 NS

UNC5CL rs10484761 (G/A) Bye et al., 2012 
(22865593)

Black South African 407 0.467 849 0.477 NS

Bye et al., 2012 
(22865593)

Mixed ancestry 
South African

257 0.354 860 0.314 NS

PTGS2 rs20417
(-765 G/C)

Bye et al., 2011 
(21926110)

Black South African 358 0.471 477 0.513 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.376 427 0.321 NS

rs689466
(-1195 A/G)

Bye et al., 2011 
(21926110)

Black South African 358 0.064 477 0.053 NS

Bye et al., 2011 
(21926110)

Mixed ancestry 
South African

201 0.103 427 0.155 G OR = 0.63 (0.43–0.91); 
p = 0.014

PDE4D rs10052657
(C/A)

Bye et al., 2012 
(22865593)

Black South African 407 0.137 849 0.128 NS

Bye et al., 2012 
(22865593)

Mixed ancestry 
South African

257 0.175 860 0.155 NS

PLCE1 rs2274223
(His1927Arg)

Bye et al., 2012 
(22865593) 

Black South African 407 0.416 849 0.403 NS

Bye et al., 2012 
(22865593)

Mixed ancestry 
South African

257 0.437 860 0.40 NS

rs17417407
(Arg548Leu)

Bye et al., 2012 
(22865593)

Black South African 407 0.166 849 0.211 T OR = 0.74 (0.60–0.93); 
p = 0.008

Bye et al., 2012 
(22865593)

Mixed ancestry 
South African

257 0.174 860 0.18 NS

rs1438095332
(5’UTR 14 bp 
indel)

Bye et al., 2012 
(22865593)

Black South African 321 0.234 456 0.242 NS

rs199781223 
(Gly1199Ser)

Bye et al., 2012 
(22865593)

Black South African 321 0.053 449 0.045 NS

rs37655253

(Ile1777Thr)
Bye et al., 2012 
(22865593)

Black South African 316 0.472 452 0.463 NS

rs58539480
(Pro1890Leu)

Bye et al., 2012 
(22865593)

Black South African 307 0.073 429 0.064 NS

rs17417407 (G/T) Chen et al., 2019 
(30753320)

Black South African4 591 0.17 852 0.21 T OR = 0.76 (0.60–0.95); 
p = 0.014

Chen et al., 2019 
(30753320)

Black South African5 880 0.19 939 0.19 NS

rs7084339 (G/A) Chen et al., 2019 
(30753320)

Black South African5 880 0.48 939 0.46 NS

rs3765524 (T/C) Chen et al., 2019 
(30753320)

Black South African4 591 0.47 852 0.47 NS

Chen et al., 2019 
(30753320)

Black South African5 880 0.48 939 0.46 NS

rs2274223 (A/G) Chen et al., 2019 
(30753320)

Black South African4 591 0.42 852 0.40 NS

Chen et al., 2019 
(30753320)

Black South African5 880 0.41 939 0.43 NS

rs11187850 (A/G) Chen et al., 2019 
(30753320)

Black South African5 880 0.21 939 0.19 NS

PMS1 rs5742938
(c.-21+639G/A)

Vogelsang et al., 2012 
(22623965)

Black South African 345 0.18 344 0.15 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

203 0.43 266 0.48 A OR = 1.73 (1.07–2.79); 
p = 0.027

rs13404927
(c.699+3331G/A)

Vogelsang et al., 2012 
(22623965)

Black South African 342 0.18 339 0.19 NS

Vogelsang et al., 2012 
(22623965)

Mixed ancestry 
South African

204 0.14 264 0.12 NS
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being associated with carcinogenesis (Matejcic et al., 2015). Genes 
regulating cell apoptosis are TP5, CHEK2, and CASP8 (Vos et al., 
2003; Bye et al., 2011; Eltahir et al., 2012; Chen et al., 2019). TP53 
and CHEK2 are also involved in gene expression and DNA repair. 
Regulation of gene expression is facilitated by PLCE1 and SLC11A1 
(Zaahl et al., 2005; Bye et al., 2012). The AR gene regulates the sex 
hormones, androgens (Dietzsch et al., 2003), while CYP2E1 and 
CYP3A5 are involved in steroid, cholesterol, and lipid synthesis 

(Dandara et al., 2005; Li et al., 2005; Chelule et al., 2006). CYP2E1 
also metabolizes drugs and has been implicated in carcinogenesis. 
CP facilitates transportation of iron from organs into the blood 
cells; RUNX1 plays a role in hematopoiesis and PTGS2 in 
inflammation and mitogenesis (Bye et al., 2011; Bye et al., 2012; 
Strickland et al., 2012).

Nine of the 25 associated SNPs were from small studies with 
fewer than 150 cases and controls. These SNPs are in the following 

TABLE 4 | Continued

Gene Variant (rs 
number)

Study (PMID) Population ESCC Controls Effect 
allele

Findings and  
Comments2

n MAF n MAF

RUNX1 rs2014300 (A/G) Bye et al., 2012 
(22865593)

Black South African 407 0.378 849 0.403 NS

Bye et al., 2012 
(22865593)

Mixed ancestry 
South African

257 0.438 860 0.370 G OR = 1.33 (1.09–1.63); 
p = 0.0055

rs2014300 (A/G) Chen et al., 2019 
(30753320)

Black South African4 591 0.38 852 0.40 NS

Chen et al., 2019 
(30753320)

Black South African5 880 0.36 939 0.36 NS

rs2834718 (T/A) Chen et al., 2019 
(30753320)

Black South African5 880 0.33 939 0.33 NS

SLC11A1 -237C/T Zaahl et al., 2005 
(15860357)

Mixed ancestry 
South African

105 0.029 110 0.1 p < 0.004

-8G/A Zaahl et al., 2005 
(15860357)

Mixed ancestry 
South African

105 0.004 110 0.009 NS

IVSI-28C/T Zaahl et al., 2005 
(15860357)

Mixed ancestry 
South African

105 0.028 110 0.0004  p < 0.05

GT-repeat Zaahl et al., 2005 
(15860357)

Mixed ancestry 
South African

0.171 0.191 NS

SULT1A1 638G/A in Exon 7 Dandara et al., 2006 
(16272171)

Black South African 145 0.42 194 0.37 NS1

Dandara et al., 2006 
(16272171)

Mixed ancestry 
South African

100 0.40 94 0.29 NS

TMEM173 rs13181561 (A/G) Chen et al., 2019 
(30753320)

Black South African5 880 0.48 939 0.49 NS

rs13153461 (G/A) Chen et al., 2019 
(30753320)

Black South African4 591 0.04 852 0.05 NS

TP53 16-bp insertion in 
intron 3

Vos et al., 2003 
(12550754)

Black South African 74 0.108 118 0.364

rs200073907
(Exon 4 codon 
34)

Vos et al., 2003 
(12550754)

Black South African 74 0.115 118 0.102 NS

rs750578863
(Exon 4 codon 
36)

Vos et al., 2003 
(12550754)

Black South African 73 0.089 115 0.143 NS

Arg72Pro Vos et al., 2003 
(12550754)

Black South African 73 0.356 115 0.409 p < 0.05

Arg72Pro Eltahir et al., 2012 
(23053979)

Sudanese 25 0.49 235 0.51 NS

rs1800371 (G/A) Chen et al., 2019 
(30753320)

Black South African4 591 0.02 852 0.03 NS

Chen et al., 2019 
(30753320)

Black South African5 880 0.03 939 0.02 NS

XBP1 rs2239815 (C/T) Chen et al., 2019 
(30753320)

Black South African4 591 0.21 852 0.16 T OR = 1.41 (1.15–1.74)
p = 0.001

Chen et al., 2019 
(30753320)

Black South African5 880 939 NS

1Increased risk among smokers with SULT1A1*2/*2 genotype, but sample size was small.
2When OR > 1, effect allele = increased risk; when OR < 1, effect allele = protective effect.
3rs3765525 has been merged into rs959421.
4Western and Eastern Cape Province Black Population.
5Gauteng Province Black Population.
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six genes: ADH3, AR, CP, CYP3A5, SLC11A1, and TP53. Because 
of the small sample size, the reliability and replicability of these 
results are uncertain. Sixteen of the SNPs came from studies with 
at least 150 cases and controls, and one study with 142 cases. 
These sample sizes could potentially give reliable and replicable 
results. The 16 SNPs were from the following genes: ADH1B, 
ALDH2, CASP8, CHEK2, CYP2E1, GSTT2B, MGMT, MLH3, 
MSH3, NAT2, PLCE1, PMS1, PTGS2, and RUNX1.

Two of the 16 SNPs are in the ALDH2 gene and were analyzed 
in two different studies. However, it is not clear whether these 
two SNPs are the same because, while one study reported the 
NCBI rs number (rs886205) (Bye et al., 2011), the other study 
did not (Li et al., 2008).The two SNPs reported very different 
MAF, and opposite odds ratios of 2.35 and 0.70 demonstrating 
increased risk and a protective effect, respectively.

Six of the 16 SNPs were reported to reduce the risk of ESCC, 
and they are the following: ADH1B (Arg48His; rs1229984), 
ALDH2 (+82 A > G; rs886205), GSTT2B (deletion allele), NAT2 
(341T > C; rs1801280), PTGS2 (-1195 A > G; rs689466), and 
PLCE1 (Arg548Leu; rs17417407). The remaining 10 SNPs were 
reported to increase the risk of ESCC: ALDH2 (ALDH2*1/*2), 
CASP8 (Asp302His; rs1045485), CHEK2 (rs4822983 C > T, and 
rs1033667, C > T), CYP2E1 (7632T > A), MGMT (Leu84Phe; 
rs12917), MLH3 (Arg797His; rs28756991), MSH3 (Ala1045Thr; 

rs26279), PMS1 (c.-21+639G > A; rs5742938), and RUNX1 
(rs2014300). Eleven of the 16 SNPs showed association in the 
South African Admixed population, while only four showed 
association in the Black South African population and one in 
a combined South African population. All the studies used 
PCR-based methods for genotyping. Using the 1000 Genomes 
Database, r2 analysis was carried out on SNPs reported in the 
same gene, to assess the LD between the SNPs. Thirteen pairs of 
SNPs in MHS2, CP, MSH3, PLCE1,CHEK2, and NAT1 genes had 
r2 > 0.45, shown in Figure 2 and Table S3.

Altogether 44 somatic changes were reported in the following 
22 genes: 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, and six genetic loci without 
specific gene names (Table 6). The specific locus positions 
with the corresponding microsatellite markers are as follows: 
2p (D2S123), 3p13 (D3S659), 3p24.2-25 (D3S1255), 4q12 (Bat 
25), 2p21-p16.3 (Bat 26), and 1p12-13.3 (Bat 40). These variants 
were reported in the South African (20 variants), Kenyan (three 
variants), and Malawian (21 variants) populations. While the 
majority of the studies used PCR-based methods, a more recent 
study used WES as the analysis method (Liu et al., 2016). A total 
of 18 of the 22 genes with somatic variants in cancer tissue were 

TABLE 5 | Biological pathways for genetic susceptibility studies showing putative association with ESCC in African populations.

Gene Full name Pathway

ADH1B Alcohol dehydrogenase 1B (class I), beta 
polypeptide

Ethanol metabolism 

ADH3 Alcohol dehydrogenase ADH3 Metabolizes ethanol into acetaldehyde
ALDH2 Aldehyde dehydrogenase 2 family member Alcohol metabolism. Implicated in increased susceptibility for cancer
AR Androgen receptor Regulates binding of androgens on androgen receptor
CASP8 Caspase 8 Cell apoptosis
CHEK2 Checkpoint kinase 2 Tumor suppressor gene. Mutations associated with predisposition to carcinogenesis
CP Ceruloplasmin Peroxidation of iron through its transportation from organs and tissue into blood
CYP2E1 Cytochrome P450 family 2 subfamily E 

member 1
Drug metabolism and catalysis and synthesis of cholesterol, steroids, and other lipids. Implicated in 
cancer development

CYP3A5 cytochrome P450 family 3 subfamily A 
member 5

Involved in drug metabolism and in the synthesis of cholesterol, steroids, and other lipids

GSTT2B Glutathione S-transferase theta 2B (gene/
pseudogene)

Conjugation of glutathione to electrophilic and hydrophobic compounds. Plays a role in carcinogenesis

MGMT O-6-methylguanine-DNA methyltransferase DNA repair and defense from alkylating agents which cause mutagenesis and toxicity. Implicated in 
several cancers.

MLH3 MutL homolog 3 Maintenance of genomic integrity following cell division and DNA replication. Germline mutations 
implicated in cancer and somatic mutations implicated in microsatellite instability

MSH3 MutS homolog 3 Forms heterodimers with MSH2. Involved in mismatch repair and implicated in cancer development.
NAT2 N-acetyltransferase 2 Activation and deactivation of arylamine and hydrazine drugs and carcinogens. Implicated in high 

cancer incidence and drug toxicity.
PTGS2 Prostaglandin-endoperoxide synthase 2 A dioxygenase and a peroxidase involved in both inflammation and mitogenesis
PLCE1 Phospholipase C epsilon 1 Regulation of cell growth, differentiation, and gene expression.
PMS1 PMS1 homolog 1, mismatch repair system 

component
Mismatch repair gene. Mutations implicated in cancer development.

RUNX1 Runt related transcription factor 1 Development of hematopoiesis
SLC11A1 Solute carrier family 11 (proton-coupled 

divalent metal ion transporter), member 1
Regulation of gene expression.

TMEM173 Transmembrane protein 173 Regulation of the innate immune response to viral and bacterial infections. Role in tumorigenesis still 
inadequate

TP53 Tumor protein 53 Regulation of gene expression, cell cycle, apoptosis, and DNA repair. 
XBP1 X-box binding protein 1 Regulation of genes involved in endoplasmic reticulum protein synthesis, folding, glycosylation, redox 

metabolism, autophagy, lipid biogenesis, and vesicular trafficking. Associated with development of 
cancer.
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discovered using WES. Statistical significance was not reported 
for any of the 44 variants. The most common type of somatic 
variants was missense mutations, reported in 14 of the 22 genes 
(64%) (Patel et al., 2011; Liu et al., 2016). Other somatic changes 
included copy number gains (14%), copy number losses (5%), 
deletions (14%), insertions (14%), and frameshift mutations 
(14%). In three studies (Dietzsch and Parker, 2002; Dietzsch 
et  al., 2003; Naidoo et al., 2005), microsatellite instability and 
loss of heterozygosity (LOH) were reported (14%).

Table 7 shows a summary of the pathways in the 22 genes 
reporting somatic changes. Five genes, AR, EP300, KMT2D, 
KMT2C, and TP53, play a role in the regulation of transcription 
(Gamieldien et al., 1998; Dietzsch et al., 2003; Vos et al., 2003; Patel 
et al., 2011; Liu et al., 2016). The encoded protein for the AR gene 
functions as a steroid hormone activated transcription factor, while 
KMT2D has a role in methylation. Both TP53 and EP300 have been 
implicated in a number of cancers (Gamieldien et al., 1998; Vos et al., 
2003; Patel et al., 2011; Liu et al., 2016). TP53 additionally functions 

in DNA repair, gene expression, and apoptosis. The mismatch repair 
genes also facilitate DNA repair (Naidoo et al., 2005). CCND1, 
CDKN2A, FAT1/2/3/4, and Ras genes are all reported to be involved 
in cell cycle pathways including regulation of mitotic events, cell 
proliferation, and cell growth and death (Victor et al., 1990; 
Gamieldien et al., 1998; Liu et al., 2016). NOTCH1 and NOTCH3 
both facilitate cell and tissue development (Liu et al., 2016). JAG1 
plays a role in hematopoiesis while NFE2L2 is involved in response 
to inflammation including production of free radicals (Liu et al., 
2016). PIK3CA is an oncogene implicated in tumor development 
while SERPINB4 modulates response against tumor cells (Liu et 
al., 2016). EGFR and COL1A2 genes encode for epidermal growth 
factor and type 1 collagen, respectively (Dietzsch and Parker, 2002; 
Liu et al., 2016). FBXW7 is a tumor suppressor involved in ubiquitin 
degradation (Liu et al., 2016). MUC2 facilitates the formation of a 
mucous barrier that protects the gut lumen (Liu et al., 2016). TP63 
gene is involved in tissue and organ development including skin 
and heart, and in adult stem cell regulation (Liu et al., 2016).

FIGURE 2 | Linkage disequilibrium (LD) plot for paired SNPs. We obtained the rs numbers of the variants from dbSNP (version 152; April 2019; (https://www.ncbi.
nlm.nih.gov/snp/)) and used the canonical SNP identifier. To determine the LD between the SNPs, we obtained the imputed data set from the Thousand Genomes 
project (1000 Genomes Release Phase 3 2013-05-02) and used bcftools to extract all individuals from African populations not including African Americans, and the 
77 SNPs discussed here using all synonyms (alternative rs IDs) for SNPs (Auton et al., 2015). We obtained a dataset of 504 individuals and 67 SNPs. We computed 
all pair-wise r2 using PLINK (v1.09) (Danecek et al., 2011; Chang et al., 2015).
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Interaction Studies
Combinations of specific genotypes with environmental factors 
were also reported to be associated with ESCC in a number of 
studies (Table 2). The main two environmental factors studied 
were smoking and alcohol consumption. The interaction between 
smoking and alcohol status and specific genotypes was measured 
and reported as frequency (percentage) and assessed using p 
values and odds ratios in nine genetic susceptibility studies 
(Dandara et al., 2005; Li et al., 2005; Li et al., 2010; Dandara et al., 
2006; Li et al., 2008; Li et al., 2010; Bye et al., 2011; Matejcic et al., 
2011; Vogelsang et al., 2012; Matejcic et al., 2015). Four studies 
showed statistically significant associations between both alcohol 
and smoking status and variants in the CYP3A5, CYP2E1, GST, 
and NAT2 genes (Dandara et al., 2005; Li et al., 2005; Matejcic et 
al., 2015). SULT1A1 variants were associated with smoking status 
only (Dandara et al., 2006). Other interaction studies included 

wood/charcoal use and mutations in  the GST genes (Li et al., 
2010), as well as red and white meat intake and SNPs in NAT1/2 
genes (Matejcic et al., 2015).

DISCUSSION

General Systematic Review Findings
In this study, we systematically evaluated the genetic variants 
reported to be associated with ESCC in African populations 
providing the first systematic review on genetic factors of ESCC 
in this region. Of all studies that have been published on genetic 
association to ESCC in the African populations, only 23 fit our 
selection criteria. It was clear from the beginning that there is 
a dearth of information on this topic. Our analysis showed that 
25 germline SNPs were reported to be associated with ESCC in 
the South African population. However, none of these SNPs were 

TABLE 6 | Summary of studies investigating somatic changes linked to ESCC in African patients.

Gene Study (PMID) Population Findings

AR Dietzsch et al., 2003 (12925954) Black and mixed ancestry 
South African 

LOH at CAG locus

CCND1 Liu et al., 2016 (29148985) Malawian Enriched copy number gains
CDKN2A Gamieldien et al., 1998 (9808520) Black South African Insertions

Deletions
Frameshift mutations

Liu et al., 2016 (29148985) Malawian Copy number losses
COL1A2 Dietzsch and Parker, 2002 (12435113) Black South African LOH (promoter and 1st intron)

No evidence of MSI or allelic amplification
EFGR Liu et al., 2016 (29148985) Malawian Copy number gains
EP300 Liu et al., 2016 (29148985) Malawian Missense mutations
FAT1 Liu et al., 2016 (29148985) Malawian Nonsense mutations
FAT2 Liu et al., 2016 (29148985) Malawian Missense mutations
FAT3 Liu et al., 2016 (29148985) Malawian Missense mutations
FAT4 Liu et al., 2016 (29148985) Malawian Missense mutations
FBXW7 Liu et al., 2016 (29148985) Malawian Frameshift mutations
JAG1 Liu et al., 2016 (29148985) Malawian Missense mutations
KMT2C (MLL3) Liu et al., 2016 (29148985) Malawian Missense mutations
KMT2D (MLL2) Liu et al., 2016 (29148985) Malawian Nonsense mutations
Mismatch repair 
genes

Naidoo et al., 2005 (15735161) South African LOH and MSI at:
• D2S123 (2p)
• D3S659 (3p13)
• D3S1255 (3p3p24.2-25)
• Bat 25 (4q12)
• Bat 26 (2p2p21-p16.3)
• Bat 40 (1p12-13.3)

MUC2 Liu et al., 2016 (29148985) Malawian Missense mutations
NFE2L2 Liu et al., 2016 (29148985) Malawian Missense mutations
NOTCH1 Liu et al., 2016 (29148985) Malawian Missense mutations
NOTCH3 Liu et al., 2016 (29148985) Malawian Missense mutations
PIK3CA Liu et al., 2016 (29148985) Malawian Missense mutations
Ras genes Victor et al., 1990 (2199031) South African No mutations found in codon 12, 13 or 61
SERPINB4 Liu et al., 2016 (29148985) Malawian Missense mutations
TP53 Liu et al., 2016 (29148985) Malawian Missense and nonsense mutations

Gamieldien et al., 1998 (9808520) Black South African Exon 5–8 frameshift mutations: point mutations,
deletions and insertions 

Patel et al., 2011 (22040862) Kenyan Exon 5–8 mutations: missense, nonsense and deletions 
Vos et al., 2003 (12550754) South African 16-bp insertion in intron 3
Vos et al., 2003 (12550754) South African Exon 4 polymorphism in codons 34, 36 and 72

LOH (16-bp repeat locus)
TP63 Liu et al., 2016 (29148985) Malawian Copy number gains

LOH, loss of heterozygosity; MSI, microsatellite instability.
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repeated in three or more independent studies; hence, a meta-
analysis was not possible. Additionally, only three (ALDH2, PLCE 
and CYP2E1) of the 20 genes were analyzed in two independent 
studies, but testing for different SNPs. We determined that it 
was unlikely that the two ALDH2 SNPs analyzed were the same 
SNPs. This is because the MAFs were significantly different and, 
while one SNP had a protective effect (reduced risk), the other 
increased risk. The lack of studies re-assessing the same genetic 
variants poses a major hurdle in validating existing evidence on 
the association between genetic variants and ESCC development. 
This makes resolving the genetic etiology of ESCC in African 
populations difficult.

Genetic Susceptibility to ESCC
Of the 25 SNPs from the genetic susceptibility studies that showed 
an association to ESCC, we concluded that results on 16 SNPs 
had the potential to be reliable and reproducible due to the larger 
sample sizes. Ten of the SNPs were reported to increase the risk 
of ESCC, while six were reported to reduce the risk. However, 
it was noted that the majority (11) of these SNPs showed 
association in the South African Admixed population and the 

studies did not report controlling for population stratification. 
This is a highly admixed population (Chimusa et al., 2013), in 
which the predominant ancestral lines are Khoesan (32–43%), 
Bantu-speaking Africans (20–36%), European (21–28%), and 
Asian (9–11%) (De Wit et al., 2010). This diverse population is a 
result of South Africa’s colonial and trade history, and constitutes 
9% of the total South African population (De Wit et al., 2010). 
Genetic variability can also be seen in the Black South African 
population (Chimusa et  al., 2013). Without controlling for 
population stratification, the reproducibility of these results is 
questionable. It is, however, important to note that the majority of 
these studies were carried out several years ago, and information 
on population stratification and methods to detect it may not 
have been available as yet.

Re-examination of common SNPs from the Chinese 
population was done in three of the studies (Bye et al., 2011; 
Bye et al., 2012; Chen et al., 2019), but the findings were 
not conclusive. It is possible that there may be population-
specific differences influencing the genetic etiology of ESCC 
in the African populations. This may also point to the role of 
environmental factors contributing to the genetic susceptibility 
to ESCC through gene-environment interactions.

TABLE 7 | Biological pathways for somatic changes studies showing putative association with ESCC in African populations.

Gene Full name Pathway

AR Androgen receptor gene Regulation of gene expression and the protein functions as a steroid-hormone activated 
transcription factor.

CCND1 Cyclin D1 Regulators of CDK kinases and mitotic events. Mutations and overexpression of the gene has 
been associated with cancer development.

CDKN2A Cyclin dependent kinase inhibitor 2A A tumor suppressor gene which regulates the cell cycle. Commonly inactivated in a variety of 
tumors.

CHEK2
COL1A2 Collagen type I, alpha 2 chain Encodes for type I collagen, which is an abundant connective tissue protein and part of 

extracellular matrix.
EFGR Epidermal growth factor receptor Encodes for the growth factor epidermal growth factor receptor.
EP300 E1A binding protein p300 Encodes the adenovirus E1A-associated cellular p300 transcriptional co-activator protein which 

functions in transcription regulation. Mutations have been implicated in tumorigenesis.
FAT1/2/3/4 FAT atypical cadherin 1/2/3/4 Human homologues of the Drosophila FAT genes. Putative tumor suppressor involved in cell 

proliferation during Drosophila development.
FBXW7 F-box and WD repeat domain 

containing 7
Encodes an F-Box protein which binds directly to cyclin E and potentially targets cyclin E for 
ubiquitin-mediated degradation.

JAG1 Jagged 1 Encodes for the human homolog of the Drosophila jagged 1 protein which is involved in 
hematopoiesis.

KMT2C (MLL3) Lysine methyltransferase 2C The gene is member of the myeloid/lymphoid or mixed-lineage leukemia (MLL) family. It encodes 
a nuclear protein involved in transcriptional regulation.

KMT2D (MLL2) Lysine methyltransferase 2D Methylation of histones and transcriptional regulation.
Mismatch repair genes Mismatch repair genes DNA repair. Mutations have been implicated in cancer.
MUC2 Mucin 2, oligomeric mucus/gel-forming Formation of insoluble mucous barrier that protects the gut lumen.
NFE2L2 Nuclear factor, erythroid 2 like 2 Encodes for proteins involved in response to inflammation including free radical production.
NOTCH1 NOTCH1 Development of cell and tissue. Mutations have been reported to be linked with tumorigenesis. 
NOTCH3 NOTCH3 The third discovered human homologue of the Drosophila melanogaster type I membrane protein 

notch. Involved in intercellular signaling pathways in neural development.
PIK3CA Phosphatidylinositol-4,5-bisphosphate 

3-kinase catalytic subunit alpha
Oncogenic and implicated in cancer development.

Ras genes Rat sarcoma Regulation of cell signaling pathways, and cell growth and death.
SERPINB4 Serpin family B member 4 Inactivation of granzyme M, an enzyme that kills tumor cells. Highly expressed in tumor cells.
TP53 Tumor protein p53 Regulates transcription, expression of target genes, thereby inducing cell cycle arrest, apoptosis, 

senescence, DNA repair, or changes in metabolism. Implicated in a number of cancers.
TP63 Tumor protein p63 Involved in the following processes in skin development and maintenance, adult stem/progenitor 

cell regulation, heart development, and premature aging.
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Somatic Changes in ESCC
Forty-four somatic variants were reported, but only two were 
significantly associated with ESCC. The paucity of information was 
also evident in the somatic variant studies. There were significantly 
fewer studies (8) on somatic variants than on genetic susceptibility 
(17). The molecular profiling of tumors is of great importance as 
it is relevant in the development of targeted cellular therapeutics. 
One gene (CDKN2A) was analyzed in two studies, but these studies 
focused on a different variant. Another gene, TP53, was analyzed 
in four studies, but two studies analyzed different parts of the gene, 
and two had no control data. It was evident, however, that the WES 
study provided with a wider variety of genetic variants associated 
with ESCC (Liu et al., 2016). The WES study overall had the largest 
number of genetic variants of all the 23 studies and was able to 
identify variants in an unbiased manner.

Common Limitations Among 
the African Studies
There were no GWAS among the studies we analyzed, but 
reports from the Chinese and European studies demonstrated 
that GWAS are able to successfully identify common genetic 
variants associated with ESCC (Abnet et al., 2017). To date, 
GWAS has successfully identified more than 700 loci for cancer 
risk. However, these studies have been predominantly done in 
populations of European ancestry (80%), with African and 
Latin American populations contributing less than 1% (Van 
Loon et al., 2018). A shift to WES and GWAS on the African 
populations might, therefore, yield better results in identifying 
variants that play a role in ESCC development. The African 
Esophageal Cancer Consortium, which was initiated in 2016 by 
African investigators and International partners, released a call 
to action to, among other priority activities, increase molecular 
research on esophageal cancer in Africa, particularly GWAS and 
genomic profiling (Van Loon et al., 2018).

One of the main deficiencies in the studies was that the 
majority of the genetic susceptibility studies did not report 
a power calculation, or a genotyping error, and this may have 
resulted in studies being underpowered and with increased type 
II error. Few studies reported correction for multiple testing; 
however, many of the studies were not analyzing multiple variants 
at the same time. The lack of correction for multiple testing, 
therefore, is not a reflection on the methodological quality. Very 
few studies reported NCBI rs numbers. In most studies, the 
diagnosis of ESCC in patients was adequately defined with no 
ambiguity on the number of patients with ESCC. There were, 
however, three studies that combined samples from patients with 
squamous cell and adenocarcinoma into one case group, which 
could introduce bias (Dietzsch et al., 2003; Eltahir et al., 2012; 
Vogelsang et al., 2012).

It is important to note that rs numbers were poorly 
documented in the majority of the studies assessed in this 
systematic review. Additionally, in many of these studies, the 
positions of the SNPs using genome coordinates were not 
reported, hence making it difficult to locate the SNPs. In the 
absence of an rs number, we recommend that authors report 

the position using genome coordinates and the version of the 
genome used as a reference.

The somatic variant studies also had adequately defined 
ESCC diagnosis for the majority of the studies. While the variant 
classification and type were reported by most studies, there was 
no confirmation of the results (except for two studies). Overall, 
for both the germline and somatic variant studies, the quality of 
reporting for the majority of the studies was not adequate. Other 
important limitations and biases are the lack of controlling for 
population stratification and small sample sizes in the study 
populations, which may have led to unreliable results.

Limitations of the Systematic Review
While we did a comprehensive search in four of the main 
literature databases, it is possible that we could have missed 
some non-English studies on African populations. Because of 
the lack of replication and validation studies, we could not carry 
out a meta-analysis in the current study. Furthermore, we did 
not re-analyze the data and relied on reported p values and odds 
ratios for descriptive analysis.

CONCLUSIONS

While this review has highlighted a number of genes that may 
be potentially associated with ESCC in the African populations, 
limitations such as lack of reproducibility, quality of reporting, and 
quality of assessment remain a major concern. The implications 
of having these inconsistencies and lack of reproducibility are that 
the genetic etiology of ESCC in Africa will continue to be unclear. 
The region lags behind in contributing to genetic knowledge and 
literature on ESCC. Importantly, any preventative, diagnostic, 
or therapeutic interventions cannot be effectively identified or 
applied in these populations.

The identification of genetic markers of esophageal cancer 
susceptibility has clear translational benefits to African 
populations in understanding the underlying disease risk and 
heritability. Benefits include the utilization of genetic information 
to improve risk prediction, which can be translated into prevention 
and screening programs relevant and specific to the African 
population. These studies also play a role in identifying and 
quantifying the interactions of modifiable environmental risk 
factors, which interact with these genetic variants, and hence 
provide a platform for better targeted interventions. The ability to 
sufficiently translate genetic research on the African population 
is dependent on more genetic studies done on the population.

Our recommendations are that more and larger genetic 
studies be done on the African populations, particularly focusing 
on WES and GWAS approaches. This will require multinational 
collaborations between the African countries.
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Supplementary Table S1. Quality Assessment of Genetic Susceptibility Studies 

Study Power 

calculations 

reported 

Description 

of ESCC 

diagnosis 

Screening 

of 

Controls 

for ESCC 

Detailed 

population 

characterist

ics for 

cases 

Detailed 

population 

characterist

ics for 

controls 

Adjustments 

for 

population 

stratification 

NCBI rs 

numbers 

Assess

ment 

of 

HWE 

Assess

ment 

of 

genoty

ping 

error 

Report

ed data 

as risk 

ratios 

Correcti

on for 

multiple 

testing 

Quality 

score 

(0 to 

11) 

Bye et al 2012 Yes Yes No Yes Yes No Yes Yes No Yes Yes 8 

Bye et al 2011 Yes Yes No Yes No No Yes Yes No Yes Yes 7 

Chen et al 2019 Yes Yes No Yes Yes No Yes Yes Yes Yes Yes 9 

Chelule at al 2006 No Yes No No No No No Yes No No No 2 

Dandara at al 2005 No Yes No No No No No No No Yes No 2 

Dandara at al 2006 No Yes No Yes Yes No No Yes No Yes No 5 

Dietzsch et al 2003 No Yes No Yes Yes No No No No Yes No 4 

Eltahir et al 2012 No Yes No No No No No No No Yes No 2 

Li et al 2005 No Yes No Yes Yes No No Yes No Yes No 5 

Li et al 2010 Yes Yes No Yes Yes No Yes Yes No Yes Yes 8 

Li et al 2008 No Yes No Yes Yes No No No Yes Yes No 5 

Matejcic et al 2011 Yes Yes No Yes Yes No Yes Yes No Yes Yes 8 

Matejcic 2015 No Yes No Yes Yes No Yes Yes No Yes Yes 7 

Strickland et al 2012 No Yes Yes Yes No No Yes Yes No No No 5 

Vogelsang et al 2012 Yes Yes No Yes Yes No Yes Yes Yes Yes Yes 9 

Vos et al 2003 No Yes No No No No No No No No No 1 

Zaahl et al 2005 No Yes No No No No No No No No No 1 

ESCC, esophageal squamous cell carcinoma; HWE, Hardy Weinberg equilibrium; NCBI, National Center for Biotechnology Information 

(https://www.ncbi.nlm.nih.gov/): rs-numbers can be obtained from the NCBI dbSNP database, which is available at https://www.ncbi.nlm.nih.gov/snp/. 
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Supplementary Table S2. Quality Assessment of Somatic Variant Studies 

Study 

 

 

Description 

of ESCC 

diagnosis 

Tissues used: 

Cancerous & 

Normal 

neighbouring 

tissue, or blood 

Detailed 

population 

characteristics 

Variant 

classification 

and type 

Confirmation 

of  results 

Amino 

acid 

change 

reported 

Use of 

pathogenicity 

scoring 

described 

Quality 

score (0 to 

7) 

Dietzsch et al 2003 No Yes Yes Yes No NA NA 3 

Dietzsch et al 2002 Yes Yes Yes Yes No NA NA 4 

Gamieldien et al 1998 Yes Yes Yes Yes Yes Yes No 6 

Liu et al 2016 Yes Yes Yes Yes No No No 4 

Naidoo et al 2005 Yes Yes Yes Yes No NA NA 4 

Patel et al 2011 Yes No Yes Yes No Yes No 4 

Victor et al 1990 No No No NA NA NA NA 0 

Vos et al 2003 Yes Yes No Yes Yes Yes No 5 

ESCC, esophageal squamous cell carcinoma; NA, not applicable 
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Supplementary Table S3. Summary of SNPs with r2>0.20. 

Gene 

Symbol 

Chro

mos

ome 

A BP A1 SNP A 

Chro

mos

ome 

B BP B1 SNP B R2 

MSH2 2 47690411 rs3771280 2 47709153 rs10188090 0.787  

CASP8 2 202097531 rs3834129 2 202143928 rs10931936 0.256  

CASP8/ 
ALS2CR12 

2 202143928 rs10931936 2 202162811 rs13016963 0.315  

ALS2CR12 2 202162811 rs13016963 2 202202791 rs10201587 0.409  

CP 3 148919880 rs35272481 3 148919962 rs34237139 1  

CP 3 148939861 rs17838831 3 148939929 rs34334174 0.515  

CP 3 148939861 rs17838831 3 148939933 rs17838832 0.884  

CP 3 148939861 rs17838831 3 148940142 rs17838834 0.884  

CP 3 148939929 rs34334174 3 148939933 rs17838832 0.579  

CP 3 148939929 rs34334174 3 148940142 rs17838834 0.580  

CP 3 148939933 rs17838832 3 148940142 rs17838834 1  

MSH3 5 79966029 rs1805355 5 80008704 rs1428030 0.809  

NAT1 8 18080644 rs1057126 8 18080651 rs15561 0.908 

PLCE1 10 96043732 rs7084339 10 96058298 rs3765524 0.970  

PLCE1 10 96043732 rs7084339 10 96066341 rs2274223 0.572  

PLCE1 10 96043732 rs7084339 10 96068480 rs11187850 0.224  

PLCE1 10 96058298 rs3765524 10 96066341 rs2274223 0.585  

PLCE1 10 96058298 rs3765524 10 96068480 rs11187850 0.233  

PLCE1 10 96066341 rs2274223 10 96068480 rs11187850 0.349  

ALDH2 12 112204427 rs886205 12 112521448 rs4767364 0.404  

RUNX1 21 36357861 rs2014300 21 36360884 rs2834718 0.283  

CHEK2 22 29115066 rs4822983 22 29130300 rs1033667 0.470  

1Genome coordinate for the SNP 
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ESCC, esophageal squamous cell carcinoma; HWE, Hardy Weinberg equilibrium; NCBI, National Center for Biotechnology Information 

(https://www.ncbi.nlm.nih.gov/): rs-numbers can be obtained from the NCBI dbSNP database, which is available at https://www.ncbi.nlm.nih.gov/snp/
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Appendix Table 2A1. Quality Assessment of Genetic Susceptibility Studies 

Study 

Powe
r 

calcul
ation

s 
repor
ted 

Descriptio
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of 
genot
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error 
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data 
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risk 
ratios 

Corre
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Quality 
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0 to 
11) 

Bye et al 2012 Yes Yes No Yes Yes No Yes Yes No Yes Yes 8 
Bye et al 2011 Yes Yes No Yes No No Yes Yes No Yes Yes 7 
Chen et al 2019 Yes Yes No Yes Yes No Yes Yes Yes Yes Yes 9 
Chelule at al 2006 No Yes No No No No No Yes No No No 2 
Dandara at al 2005 No Yes No No No No No No No Yes No 2 
Dandara at al 2006 No Yes No Yes Yes No No Yes No Yes No 5 
Dietzsch et al 2003 No Yes No Yes Yes No No No No Yes No 4 
Eltahir et al 2012 No Yes No No No No No No No Yes No 2 
Li et al 2005 No Yes No Yes Yes No No Yes No Yes No 5 
Li et al 2010 Yes Yes No Yes Yes No Yes Yes No Yes Yes 8 
Li et al 2008 No Yes No Yes Yes No No No Yes Yes No 5 
Matejcic et al 2011 Yes Yes No Yes Yes No Yes Yes No Yes Yes 8 
Matejcic 2015 No Yes No Yes Yes No Yes Yes No Yes Yes 7 
Strickland et al 2012 No Yes Yes Yes No No Yes Yes No No No 5 
Vogelsang et al 2012 Yes Yes No Yes Yes No Yes Yes Yes Yes Yes 9 
Vos et al 2003 No Yes No No No No No No No No No 1 
Zaahl et al 2005 No Yes No No No No No No No No No 1 
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ESCC, esophageal squamous cell carcinoma; NA, not applicable

Appendix Table 2A2 

Table 2A2. Quality Assessment of Somatic Variant Studies 

Study 

Descripti
on of 
ESCC 
diagnosis 

Tissues used: 
Cancerous & 
Normal 
neighbouring 
tissue, or 
blood 

Detailed 
population 
characteristics 

Variant 
classification 
and type 

Confirmat
ion of 
results 

Amino 
acid 
change 
reported 

Use of 
pathogenicity 
scoring 
described 

Quality score(0 
to 7) 

Dietzsch et al 2003 No Yes Yes Yes No NA NA 3 

Dietzsch et al 2002 Yes Yes Yes Yes No NA NA 4 

Gamieldien et al 1998 Yes Yes Yes Yes Yes Yes No 6 

Liu et al 2016 Yes Yes Yes Yes No No No 4 

Naidoo et al 2005 Yes Yes Yes Yes No NA NA 4 

Patel et al 2011 Yes No Yes Yes No Yes No 4 

Victor et al 1990 No No No NA NA NA NA 0 

Vos et al 2003 Yes Yes No Yes Yes Yes No 5 
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Appendix Table 2A3 
Table 2A3:  Summary of SNPs with r2>0.20. 

Gene 
Symbol 

Chr
om
os
om
e A BP A1 SNP A 

Chr
om
os
om
e B BP B1 SNP B R2 

MSH2 2 47690411 rs3771280 2 47709153 rs10188090 0.787  
CASP8 2 202097531 rs3834129 2 202143928 rs10931936 0.256  
CASP8/ 
ALS2CR1
2 

2 202143928 rs10931936 2 202162811 rs13016963 0.315  

ALS2CR1
2 

2 202162811 rs13016963 2 202202791 rs10201587 0.409  

CP 3 148919880 rs35272481 3 148919962 rs34237139 1  
CP 3 148939861 rs17838831 3 148939929 rs34334174 0.515  
CP 3 148939861 rs17838831 3 148939933 rs17838832 0.884  
CP 3 148939861 rs17838831 3 148940142 rs17838834 0.884  
CP 3 148939929 rs34334174 3 148939933 rs17838832 0.579  
CP 3 148939929 rs34334174 3 148940142 rs17838834 0.580  
CP 3 148939933 rs17838832 3 148940142 rs17838834 1  
MSH3 5 79966029 rs1805355 5 80008704 rs1428030 0.809  
NAT1 8 18080644 rs1057126 8 18080651 rs15561 0.908 
PLCE1 10 96043732 rs7084339 10 96058298 rs3765524 0.970  
PLCE1 10 96043732 rs7084339 10 96066341 rs2274223 0.572  
PLCE1 10 96043732 rs7084339 10 96068480 rs11187850 0.224  
PLCE1 10 96058298 rs3765524 10 96066341 rs2274223 0.585  
PLCE1 10 96058298 rs3765524 10 96068480 rs11187850 0.233  

PLCE1 10 96066341 rs2274223 10 96068480 rs11187850 0.349  

ALDH2 12 112204427 rs886205 12 112521448 rs4767364 0.404  
RUNX1 21 36357861 rs2014300 21 36360884 rs2834718 0.283  
CHEK2 22 29115066 rs4822983 22 29130300 rs1033667 0.470  

1Genome coordinate for the SNP 
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Appendix Table 3A1 

Table 3A1: Quality assessment of reporting and methodology in included studies 

 Study 
(PMID) 

Is the 
sample 
representati
ve of 
patients in 
the 
population 
as a whole? 

Are the 
patients at a 
similar point 
in the course 
of their 
condition/illne
ss? 

Has bias 
been 
minimis
ed in 
relation 
to cases 
and of 
controls
? 

Are 
confoundi
ng factors 
identified 
and 
strategies 
to deal 
with them 
stated? 

Descripti
on of 
ESCC 
diagnosi
s 

Were 
control
s 
screen
ed and 
tested 
for 
ESCC? 

Were 
respons
e rates 
reporte
d? 

Were 
outcom
es 
measur
ed in a 
reliable 
way? 

Was 
appropri
ate 
statistic
al 
analysis 
used? Score 

 

 
Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Total 

(Y) 

 

Asombang 2016 
(26973419) 

N U Y U Y Y N Y Y 5   

Astini et al 1990 
(2083189) 

N U Y N Y N N Y Y 4   

Dandara et al 
2005 
(15978331) 

Y U Y N Y Y N Y Y 6   

Dandara et al 
2006 
(16272171) 

Y U Y Y Y N N Y Y 6   

Kayamba 2015 
(25641622) 

N U Y Y Y N N Y Y 5   

Kgomo et al 2017 
(29177066) 

N U Y Y Y Y N Y Y 6   

Leon et al 2017 
(28594883) 

N U Y Y Y N N Y Y 5   

Li et al 2005 
(15899651) 

Y U Y Y Y N N Y Y 6   

Machoki et al 
2015 

N U Y N Y N N Y Y 4   
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Matejcic et al 
2015 
(26447020)  

Y U Y Y Y N N Y Y 6   

Matsha et al 
2006 
(17176219) 

Y U N Y Y N N N Y 4   

Matsha b et al 
2006 
(16607430) 

Y N NA N Y NA N Y N 3   

Menya et al 2019 
(30117158) 

Y Y Y Y Y N N Y Y 7   

Menya b et al 
2019 
(30582155) 

Y U Y Y Y N N Y Y 6   

Middleton et al 
2019 
(30496610) 

Y N Y Y Y N N Y Y 6   

Ocama et al 2008 
(19357755) 

N U U Y Y N N Y Y 4   

Okello et al 2016 
(27400987) 

N U U Y Y Y N Y Y 5   

Pacella-Norman 
2002 
(12087462) 

Y U U Y Y U N Y Y 5   

Parkin et al 1994 
(7827583) 

Y U U Y Y U N Y Y 5   

Patel et al 2013  
(24490085) 

Y U Y Y N N N Y Y 5   

Sammon 1992 
(1735077)  

N U Y N Y N N N Y 4   

Sammon et al 
1998 (9690530) 

N U Y U Y N N N Y 3   

Schaafsma et al 
2015 
(26448405) 

Y N NA Y U NA NA U Y 3   

Segal et al  1988 
(3219281) 

Y U Y N N N N U Y 3   
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ESCC; esophageal squamous cell carcinoma 

Sewram et al 
2014 
(24877989)  

Y U Y Y N N Y Y Y 6   

Sewram et al 
2016 
(26900781) 

Y U Y Y Y N Y Y Y 7   

Shewaye et al 
2015 

Y U N U Y N N Y Y 4   

Sitas et al 2007 
(17331260) 

U N U Y N U N U Y 2   

van Rensburg et 
al 1985 
(3970816)  

Y U Y Y N N N U Y 4   

Vizcaino et al 
1995 (7669592) 

Y N U Y Y U N Y Y 5   

Vogelsang et al 
2012 
(22623965)  Y U Y Y Y N N Y Y 6   
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Appendix Figure 3A2 

 

Figure 3A2: Bar graph showing raw and weighted PAF values for tobacco smoking in individual studies. 

PAF; population attributable fraction  
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Appendix Figure 3A3 

 

 

Figure 3A3: Bar graph showing raw and weighted PAF values for alcohol consumption in individual 

studies. PAF; population attributable fraction  

Stellenbosch University https://scholar.sun.ac.za



 

 

311  

Appendix Figure 3A4 

 

Figure 3A4: Bar graph showing raw and weighted PAF values for tobacco and alcohol consumption in 

individual studies. PAF; population attributable fraction.  
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Appendix Figure 3A5 

 

Figure 3A5: Bar graph showing raw and weighted PAF values for esophageal injury in individual studies. 

PAF; population attributable fraction.  
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Appendix Figure 3A6 

 

Figure 3A6: Bar graph showing raw and weighted PAF values for PAH in individual studies. PAF; 

population attributable fraction, PAH; polycyclic aromatic hydrocarbons  
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Appendix Figure 3A7 

 

Figure 3A7: Bar graph showing raw and weighted PAF values for fruits and vegetables individual 

studies. PAF; population attributable fraction, PAH; polycyclic aromatic hydrocarbons  
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Appendix 4A1: Quality Control reports for 
included studies 
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23 GSM23426.cel

24 GSM23427.cel

GSE1420
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 16:12:23 2020

Array Index Array Name

1 GSM433786.CEL

2 GSM433787.CEL

3 GSM433788.CEL

4 GSM433789.CEL

5 GSM433790.CEL

6 GSM433791.CEL

7 GSM433792.CEL

8 GSM433793.CEL

9 GSM433794.CEL

10 GSM433795.CEL

GSE17351
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 16 24:55 2020

Array Index Array Name
1 GSM509787_E1507N.CEL

2 GSM509788_E1520N.CEL

3 GSM509789_E1521N.CEL

4 GSM509790_E1532N.CEL

5 GSM509791_E1535N.CEL
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16 GSM509802_E1796N.CEL
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18 GSM509804_E1507T.CEL

19 GSM509805_E1520T.CEL

20 GSM509806_E1521T.CEL
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32 GSM509818_E1709T.CEL

33 GSM509819_E1796T.CEL

34 GSM509820_E2644T.CEL

GSE20347

Stellenbosch University https://scholar.sun.ac.za



1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33

6
8

10
12

14

Array Index

Lo
g2

(I
nt

en
si

ty
)

6 8 10 12 14 16

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

log intensity

de
ns

ity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Stellenbosch University https://scholar.sun.ac.za



QC Stats

GSM509787_E1507N.CEL

GSM509788_E1520N.CEL

GSM509789_E1521N.CEL

GSM509790_E1532N.CEL

GSM509791_E1535N.CEL

GSM509792_E1542N.CEL

GSM509793_E1546N.CEL

GSM509794_E1566N.CEL

GSM509795_E1584N.CEL

GSM509796_E1589N.CEL

GSM509797_E1603N.CEL

GSM509798_E1610N.CEL

GSM509799_E1614N.CEL

GSM509800_E1635N.CEL

GSM509801_E1709N.CEL

GSM509802_E1796N.CEL

GSM509803_E2644N.CEL

GSM509804_E1507T.CEL

GSM509805_E1520T.CEL

GSM509806_E1521T.CEL

GSM509807_E1532T.CEL

GSM509808_E1535T.CEL

GSM509809_E1542T.CEL

GSM509810_E1546T.CEL

GSM509811_E1566T.CEL

GSM509812_E1584T.CEL

GSM509813_E1589T.CEL

GSM509814_E1603T.CEL

GSM509815_E1610T.CEL

GSM509816_E1614T.CEL

GSM509817_E1635T.CEL

GSM509818_E1709T.CEL

GSM509819_E1796T.CEL

GSM509820_E2644T.CEL

0

321−3 −2 −1 0

●

●
54.61%
60.07

●

●
52.39%
47.69

●

●
53.52%
52.09

●

●
52.3%
67.38

●

●
51.69%
44.81

●

●
53.11%
48.54

●

●
53.43%
64.82

●

●
53.65%
59.14

●

●
53.79%
61.93

●

●
54.24%
58.69

●

●
54.66%
61.3

●

●
57.27%
62.21

●

●
57.84%
76.06

●

●
55.4%
64.82

●

●
55.08%
91.19

●

●
54.11%
85.16

●

●
52.34%
76.18

●

●
53.24%
85.96

●

●
54.72%
62.71

●

●
51.57%
54.08

●

●
57.18%
72.38

●

●
50.49%
57.93

●

●
50.62%
51.87

●

●
55.23%
57.92

●

●
56.77%
83.36

●

●
58.42%
65.66

●

●
58.79%
71.44

●

●
56.79%
74.45

●

●
58.58%
61.85

●

●
57.51%
66.16

●

●
60.58%
71.17

●

●
55.84%
86.43

●

●
59.95%
105.56

●

●
57.45%
113.26

● gapdh3/gapdh5

actin3/actin5

Stellenbosch University https://scholar.sun.ac.za



●

●

●●●
●●
●●●●●●●
●●●
●●●●
●●●

●

●

●●●

●

●●●●●
●●●●●●●●●●●●
●●●●●●●●●●●
●
●●●
●●
●
●●

●●●
●●●●
●●●●
●
●●●●●
●
●
●●●
●

●

●

●●●●●

●

●●●●●●
●●●●●
●

●

●

●

●

●

●

●●●●●●●●

●●
●
●●●●●●●
●●●

●

●

●

●

●

●

●

●●●●
●●●●●●●●●●●●●
●
●●●
●●●●●
●
●●●●

●

●

●

●

●

●
●
●●
●
●

●●
●
●●●●●
●●
●
●●●●●●●●●

●

●

●●●●●●●●●●●●●●●
●
●
●●●●●

●

●●●●●
●●●●

●
●●●

●●●

●●
●
●●
●●●●●●●●
●
●●●●

●

●●●
●●●
●●
●●●●
●
●

●●●●●●●●●●●●●●●
●●●●●
●

●

●

●●●●●●●

●

●●●●●●●●●●

●

●
●●

●

●●●
●●●●
●
●●●●●●

●●●

●●●

●●

●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●
●●●●●●●●●●
●●

●

●●●●●●

●

●
●●●●

●

●

●

●

●●

●

●
●

●●●●
●●●●●●●●●●●●●●●●●●●●●
●●●●
●●
●

●

●●●●●

●

●

●

●●●●●●●●●●●●●
●●●●●●
●●

●
●●

●

●

●

●

●●●●●●

●●●●●●●
●●●●
●●

●

●
●●●
●●
●●
●●●●●●
●●●
●●●●●
●●●●
●●●●●●
●

●●●

●●
●●

●

●

●●●
●●●
●
●●●●
●●●●●●●●●●●●●●●●●●●
●●●●●
●●

●●

●●
●
●●

●●●●●●●●●●●

●

●

●

●

●●

●

●

●●
●●●●
●
●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●

●●●●●
●
●●●●
●●●
●●●
●●●●●●●●●●●●●
●
●●●●●
●

●

1 3 5 7 9 12 15 18 21 24 27 30 33

0
10

00
0

20
00

0
30

00
0

40
00

0
50

00
0

60
00

0

Positive Border Elements

Array Index

In
te

ns
ity

●●●●●

●

●

●●●●●

●

●

●●●●●●

●

●

●●●

●

●

●●●●●●●●●●●●● ●●●●●●●●

●

●●

●

●

●●●●●●●●●●●●●●●●●●●●●●

●
●

●●

●
●

●●●●●●●●●●●●●●●●● ●●●

●
●

●

●

●
●

●

●●●

●

●

●●

●

●

●
●●

●

●●●●●●

●

●

●

●

●

●●●●●

●

●

●●●●

●

●

●●●●● ●

●

●

●

●

●●●

●●

●●●●●●●●●●

●●

●●●●●●● ●●●

●

●●●

●

●

●●●●●●●

●

●

●●●●

●

●

●●●● ●

●
●

●●

●

●●●●

●
●

●●

●●

●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●

●

●

●

●
●

●●

●
●

● ●●

●

●

●

●

●●●●●●●●●●●

●

●

●●●

●

●

●●●●●●●●●●●● ●●●●

●

●●●●

●

●

●●●●●●●●

●

●

●●

●
●

●●●●●●●●●●●
●
●●●●●

●

●● ●●●●●●●●●●●●

●

●●●●●●●●●

●

●●●
●●●●●●●●

●
●

●●●●

●
●

●●●●●●●●●●●●
●

●

●

●

●

●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●

●

●●

●

●

●●●

●
●

●●

●
●

●●
●
●● ●●●●

●

●

●

●

●●●

●

●

●●

●
●

●●● ●●●●

●
●

●●●

●

●

●●
●

●

●

●●

●

●

●
●●●● ●●●

●

●

●●●●●●

●

●

●●●●●●●●

●

●

●●

●

●

●●●●●●●●●●● ●●●●●●●●●●●●

●

●

●●●●●●●

●

●

●●●●●●●

●

●

●

●

●●●●●●●●●●
●
●●●●●●●

●
●●

●

●

●●
●

●

●

●
●●●●

●●

●●

●

●

●●

●

●
●●●●●
●
●●
●
●●●
●
●●

●●●●●

●

●●●

●

●

●●●●●●●●●●●●●●●

●
●

●●●●

●
●

●●●●●●●●●●●●●●●●●●●●●●●● ●●●

●

●

●●●

●

●

●●●

●

●●●●●●●●●

●

●

●●●●●●●●●●●●●●●●●● ●●●●

●

●

●

●

●

●●●

●●

●●●●●●●

●●

●●●●●●●●● ●

●

●

●●

●

●

●●●●

●
●

●●●●●

●
●

●● ●●●●●●●●

●

●●●●●

●

●

●●●●●●

●

●

●●●

●

●

●●●●●●● ●●

●

●

●●●●

●

●

●●●●●●●●●●

●

●

●●●

●

●

●●●●●●●●●●● ●●●●●●●

●

●

●●●●

●

●

●●●●●●

●

●

●●

●

●

●●●●●●●● ●●●

●

●●●●

●

●

●●●●●●●

●

●

●●●●●●●

●

●

●●●●●●●●●●●●●●●●●●●●●● ●●

●

●

●

●

●

●●

●

●

●●●

●

●

●●●● ●●●●●●●●●

●

●●●●●●●●●●●

●

●

●●●●●●●●●●●●●●

●

●

●●

●

●

●●●●●●●●●●●●● ●●

●

●

●●●●

●

●

●
●●
●

●
●

●●●●●

●

●

●●●●●●●● ●●

●

●

●

●

●
●

●

●

●

●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●

●●

●

●

●●●●●

●

●

●●●

●
●

●●●●●●●●●●●●●●●●●●
●● ●●●●●●●

●

●

●●●●

●

●

●●●●●●●●●●●●●●●

●
●

●●●●●●●●

●●

●●●●●●●●●●●●●●●● ●●●●

●

●●●

●

●

●●●●

●
●

●●●●

●

●

●●●●●●●●● ●●●

●

●

●●

●

●

●●

●

●

●●●●●●

●

●

●●●●●●●●●●●●●

1 3 5 7 9 12 15 18 21 24 27 30 33

0
10

00
0

20
00

0
30

00
0

40
00

0
50

00
0

60
00

0

Negative Border Elements

Array Index

In
te

ns
ity

Array Index

S
am

pl
e 

N
am

e

1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 22 24 26 28 30 32 34

M509 8 _GSM50978 _GSM509 8 _GSM509 9 _GSM509 91_GSM509 92_GSM509 93_GSM509 94_GSM509 95_GSM509 96_GSM509 9 _GSM509 98_GSM509 9 _GSM50980 _GSM50980 _GSM50980 _GSM50980 _GSM50980 _GSM50980 _GSM509806_GSM509807_GSM509808_GSM509809_GSM5098 _GSM5098 _GSM5098 2_GSM5098 _GSM5098 _GSM5098 _GSM5098 _GSM5098 _GSM5098 _GSM5098 9_GSM5098

Stellenbosch University https://scholar.sun.ac.za



●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●
●

●
●

●

●

●

●

●

●

●

●

−1.0 −0.5 0.0 0.5 1.0

−
1.

0
−

0.
5

0.
0

0.
5

1.
0

Positive Elements

X Center of Intensity position

Y
 C

en
te

r 
of

 In
te

ns
ity

 p
os

iti
on

●

●

●
● ●

●

●

●●

●

●

●

●

●

●

●
●

●

● ●
●

●

●

●
●

●

●

●

●
●

● ●

●●

−1.0 −0.5 0.0 0.5 1.0

−
1.

0
−

0.
5

0.
0

0.
5

1.
0

Negative Elements

X Center of Intensity position

Y
 C

en
te

r 
of

 In
te

ns
ity

 p
os

iti
on

Array Index

S
am

pl
e 

N
am

e

1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 22 24 26 28 30 32 34

M509 8 _GSM50978 _GSM509 8 _GSM509 9 _GSM509 91_GSM509 92_GSM509 93_GSM509 94_GSM509 95_GSM509 96_GSM509 9 _GSM509 98_GSM509 9 _GSM50980 _GSM50980 _GSM50980 _GSM50980 _GSM50980 _GSM50980 _GSM509806_GSM509807_GSM509808_GSM509809_GSM5098 _GSM5098 _GSM5098 2_GSM5098 _GSM5098 _GSM5098 _GSM5098 _GSM5098 _GSM5098 _GSM5098 9_GSM5098

Stellenbosch University https://scholar.sun.ac.za



Array−Array Intensity Correlation

Array Index

A
rr

ay
 In

de
x

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33

1
2

3
4

5
6

7
8

9
10

12
14

16
18

20
22

24
26

28
30

32
34

C
or

re
la

tio
n 

C
oe

ffi
ci

en
t

0.
8

0.
82

0.
84

0.
86

0.
88

0.
9

0.
92

0.
94

0.
96

0.
98

1

Array Index

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33

0.51 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

Stellenbosch University https://scholar.sun.ac.za



AffyBatch QC Report

Produced by AffyQCReport R Package

Sun Oct 11 12:49:48 2020

Array Index Array Name
S

S

S

S 9

S 0

S

S

S

9 S

0 S

S

S

S

S 9

S 0

S

S

S

9 S

0 S

S

S

S

S 9

S 0

S

S

S

9 S

0 S

S

S

S

S 9

S 0

S

S

S

9 S

0 S

S

S

S

S 9

S 0

S 9

S 9

S 9

9 S 9

0 S 9

S 9

S 9

S 9

S 9

S 9 0

S 90

S 90

S 90

9 S 90

0 S 90

S 90

S 90

S 90

S 9 9

S 9 0

S 9

S 9

S 9

9 S 9

0 S 9

S 9

S 9

S 9

S 9 9

S 9 0

S 9

S 9

S 9

9 S 9

0 S 9

S 9

S 9

S 9

S 9 9

S 9 0

S 9

S 9

S 9

9 S 9

0 S 9

9 S 9

9 S 9

9 S 9

9 S 9 9

9 S 9 0

9 S 9

9 S 9

9 S 9

9 S 9

0 S 9

0 S 9

0 S 9

0 S 9

0 S 9 9

0 S 9 0

0 S 9

GSE23400A

Stellenbosch University https://scholar.sun.ac.za



1 5 9 14 20 26 32 38 44 50 56 62 68 74 80 86 92 98 105

4
6

8
10

12
14

Array Index

Lo
g2

(I
nt

en
si

ty
)

4 6 8 10 12 14 16

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

log intensity

de
ns

ity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Stellenbosch University https://scholar.sun.ac.za



QC Stats

GSM573846.CEL
GSM573847.CEL
GSM573848.CEL
GSM573849.CEL
GSM573850.CEL
GSM573851.CEL
GSM573852.CEL
GSM573853.CEL
GSM573854.CEL
GSM573855.CEL
GSM573856.CEL
GSM573857.CEL
GSM573858.CEL
GSM573859.CEL
GSM573860.CEL
GSM573861.CEL
GSM573862.CEL
GSM573863.CEL
GSM573864.CEL
GSM573865.CEL
GSM573866.CEL
GSM573867.CEL
GSM573868.CEL
GSM573869.CEL
GSM573870.CEL
GSM573871.CEL
GSM573872.CEL
GSM573873.CEL
GSM573874.CEL
GSM573875.CEL
GSM573876.CEL
GSM573877.CEL
GSM573878.CEL
GSM573879.CEL
GSM573880.CEL
GSM573881.CEL
GSM573882.CEL
GSM573883.CEL
GSM573884.CEL
GSM573885.CEL
GSM573886.CEL
GSM573887.CEL
GSM573888.CEL
GSM573889.CEL
GSM573890.CEL
GSM573891.CEL
GSM573892.CEL
GSM573893.CEL
GSM573894.CEL
GSM573895.CEL
GSM573896.CEL
GSM573897.CEL
GSM573898.CEL
GSM573899.CEL
GSM573900.CEL
GSM573901.CEL
GSM573902.CEL
GSM573903.CEL
GSM573904.CEL
GSM573905.CEL
GSM573906.CEL
GSM573907.CEL
GSM573908.CEL
GSM573909.CEL
GSM573910.CEL
GSM573911.CEL
GSM573912.CEL
GSM573913.CEL
GSM573914.CEL
GSM573915.CEL
GSM573916.CEL
GSM573917.CEL
GSM573918.CEL
GSM573919.CEL
GSM573920.CEL
GSM573921.CEL
GSM573922.CEL
GSM573923.CEL
GSM573924.CEL
GSM573925.CEL
GSM573926.CEL
GSM573927.CEL
GSM573928.CEL
GSM573929.CEL
GSM573930.CEL
GSM573931.CEL
GSM573932.CEL
GSM573933.CEL
GSM573934.CEL
GSM573935.CEL
GSM573936.CEL
GSM573937.CEL
GSM573938.CEL
GSM573939.CEL
GSM573940.CEL
GSM573941.CEL
GSM573942.CEL
GSM573943.CEL
GSM573944.CEL
GSM573945.CEL
GSM573946.CEL
GSM573947.CEL
GSM573948.CEL
GSM573949.CEL
GSM573950.CEL
GSM573951.CEL

0

321−3 −2 −1 0●●48.95%38.82
● ●54.21%68.51

●●53.63%60.28
● ●57.15%57.7

● ●53.64%49.39
● ●55.89%51.97

● ●51.88%45.52
● ●50.42%62.52

● ●51.22%44.9
● ●53.22%56.71

● ●52.58%49.37
● ●48.8%57.14

● ●53.58%62.19
●●42.02%66.57

●●47.15%50.56
● ●52.24%54.61

● ●45.69%49.23
● ●48.34%61.88
● ●44.52%64.44

● ●46.35%49.31
● ●45.96%55.06

● ●51.22%51.55
● ●41.19%59.11

● ●49.87%61.98
● ●43.93%57.91

● ●47.09%81.03
● ●47.04%52.47

● ●50.19%58.37
● ●47.48%58.57

● ●48.25%68.83
● ●45.94%64.2

● ●48.92%62.81
● ●48.19%69.69

● ●46.32%63.59
● ●48.89%57.4

●●43.75%59.39
● ●42.37%74.21

● ●42.76%71.45
● ●40.87%66.3

● ●44.42%57.94
● ●46.93%59.25

●●38.81%50.49
● ●52.51%89.99

● ●47.42%62.98
●●48.65%38.7

●●43.2%57.29
● ●50.77%48.91

●●51.03%43.93
● ●43.54%64.04

● ●45.74%65.35
● ●47.71%60.16

●●39.59%70.97
● ●47.83%54.34

●●49.28%36.51
● ●59.39%65.43

● ●56.19%45.33
● ●59.29%64.61

● ●53.52%60.21
● ●58.22%50.74

●●50.49%47.06
● ●50.04%57.18

● ●53.84%63.69
● ●56.08%47.75

● ●52.92%56.23
● ●50.97%61

● ●54.07%60.19
● ●50.39%55.05

● ●52.17%50.99
● ●54.1%71.9

● ●46.56%54.67
● ●52.64%70.85

● ●48.72%73.05
● ●51.62%51.21

● ●49.6%58.67
● ●53.02%49.72

● ●47.68%59.91
● ●46.46%62.5

●●46.88%62.77
● ●50.96%69.35

● ●54.03%56.14
● ●50.27%63.57

● ●53.27%59.11
● ●52.84%63.73

● ●47.9%60.92
● ●53.55%59.54

● ●53.01%63.62
● ●55.3%47.77

● ●50.22%52.26
● ●54.11%44.38

● ●45.25%67.74
● ●49.28%60.6

● ●49.54%67.7
● ●52.61%55.99

● ●49.16%55.45
● ●49.11%64.81

● ●51.38%91.26
● ●47.83%65.72

●●47.5%43.87
● ●45.51%49.79

●●43.72%55.94
● ●54.58%44.42

● ●47.18%73.28
● ●53.41%63.48

● ●49.41%61.34
● ●53.22%77.68
● ●49.97%63.45

● gapdh3/gapdh5

actin3/actin5
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AffyBatch QC Report

Produced by AffyQCReport R Package

Sun Oct 11 13:11:16 2020
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QC Stats

GSM573952.CEL
GSM573953.CEL
GSM573954.CEL
GSM573955.CEL
GSM573956.CEL
GSM573957.CEL
GSM573958.CEL
GSM573959.CEL
GSM573960.CEL
GSM573961.CEL
GSM573962.CEL
GSM573963.CEL
GSM573964.CEL
GSM573965.CEL
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GSM574001.CEL
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GSM574053.CEL

0

321−3 −2 −1 0 ●●34.94%54.13
●●41.51%69.32

●●33.4%65.34
●●35.53%64.54
●●35.06%56.15

●●36.05%57.58
●●32.55%60.27

●●32.4%47.98
●●29.18%47.57

●●37.27%72.38
●●36.9%63.86

●●38.46%53.73
●●32.74%60.5

●●33.96%73.36
●●38.09%69.42

●●30.8%61.87
●●35.25%60.23

●●27.2%55.89
●●29.3%87.76

●●32.92%68.4
●●35.91%74.65

●●28.75%85.13
●●37.41%52.35
●●29.24%63.11

●●34.14%77.03
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●●31.45%65.48
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●●30.36%61.52

●●35.14%56.34
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●●31.27%59.69
●●33.73%40.07

●●35.02%48.3
●●29 93%141.23

●●28.53%54.42
●●21.85%47.54

●●37.19%64.96
●●28.55%92.99 bioB

●●40.01%58.92
●●36.46%56.11
●●37.48%42.36

●●36.93%52.25
●●35.65%49.62

●●35.97%55.36
●●35.49%44.97

●●36.79%56.6
●●36.87%55.53

●●35.12%53.76
●●37.49%69.37

●●38.49%95.35
●●34.83%65.8

●●34.65%52.09
●●35.36%54.01

●●33.7%60.66
●●32.1%62.38

●●23.63%110.93
●●32.29%81.74

●●37.4%71.82
●●32.43%63.96

●●35.3%61.49
● ●37.36%68.54

●●34.57%70.21
●●29.99%63.46

● ●35.2%69.14
●●33%62.27

●●28.73%73.14
●●27.59%157.81

●●32.11%59.09
●●25.9%73.63

●●29.32%50.79
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●●36.79%61.34
●●27.03%87.05

●●34.95%67.69
●●29.01%145.33

●●37.13%60.85
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●●32.91%110.77
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●●41.53%61.31
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●●28.03%67.13
●●33.35%41.38

●●41.63%53.08
●●40.09%52.17

●●35.53%46.13
●●35.5%50.27

●●41.89%53.98
●●41.06%65.09

● gapdh3/gapdh5

actin3/actin5
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 20 09:55 2020

Array Index Array Name
GSM66 72 CE

2 GSM66 722 CE

3 GSM66 723 CE

4 GSM66 724 CE

5 GSM66 725 CE

6 GSM66 726 CE

7 GSM66 727 CE

8 GSM66 728 CE

9 GSM66 729 CE

0 GSM66 730 CE

GSM66 73 CE

2 GSM66 732 CE

3 GSM66 733 CE

4 GSM66 734 CE

5 GSM66 735 CE

6 GSM66 736 CE

7 GSM66 737 CE

8 GSM66 738 CE

9 GSM66 739 CE

20 GSM66 740 CE

2 GSM66 74 CE

22 GSM66 742 CE

23 GSM66 743 CE

24 GSM66 744 CE

25 GSM66 745 CE

26 GSM66 746 CE

27 GSM66 747 CE

28 GSM66 748 CE

29 GSM66 749 CE

30 GSM66 750 CE

3 GSM66 75 CE

32 GSM66 752 CE

33 GSM66 753 CE

34 GSM66 754 CE

35 GSM66 755 CE

36 GSM66 756 CE

37 GSM66 757 CE

38 GSM66 758 CE

39 GSM66 759 CE

40 GSM66 760 CE

4 GSM66 76 CE

42 GSM66 762 CE

43 GSM66 763 CE

44 GSM66 764 CE

45 GSM66 765 CE

46 GSM66 766 CE

47 GSM66 767 CE

48 GSM66 768 CE

49 GSM66 769 CE

50 GSM66 770 CE

5 GSM66 77 CE

52 GSM66 772 CE

53 GSM66 773 CE

54 GSM66 774 CE

55 GSM66 775 CE

56 GSM66 776 CE

57 GSM66 777 CE

58 GSM66 778 CE

59 GSM66 779 CE

60 GSM66 780 CE

6 GSM66 78 CE

62 GSM66 782 CE

63 GSM66 783 CE

64 GSM66 784 CE

65 GSM66 785 CE

66 GSM66 786 CE

67 GSM66 787 CE

68 GSM66 788 CE

69 GSM66 789 CE

GSE26886
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QC Stats

GSM661721.CEL
GSM661722.CEL
GSM661723.CEL
GSM661724.CEL
GSM661725.CEL
GSM661726.CEL
GSM661727.CEL
GSM661728.CEL
GSM661729.CEL
GSM661730.CEL
GSM661731.CEL
GSM661732.CEL
GSM661733.CEL
GSM661734.CEL
GSM661735.CEL
GSM661736.CEL
GSM661737.CEL
GSM661738.CEL
GSM661739.CEL
GSM661740.CEL
GSM661741.CEL
GSM661742.CEL
GSM661743.CEL
GSM661744.CEL
GSM661745.CEL
GSM661746.CEL
GSM661747.CEL
GSM661748.CEL
GSM661749.CEL
GSM661750.CEL
GSM661751.CEL
GSM661752.CEL
GSM661753.CEL
GSM661754.CEL
GSM661755.CEL
GSM661756.CEL
GSM661757.CEL
GSM661758.CEL
GSM661759.CEL
GSM661760.CEL
GSM661761.CEL
GSM661762.CEL
GSM661763.CEL
GSM661764.CEL
GSM661765.CEL
GSM661766.CEL
GSM661767.CEL
GSM661768.CEL
GSM661769.CEL
GSM661770.CEL
GSM661771.CEL
GSM661772.CEL
GSM661773.CEL
GSM661774.CEL
GSM661775.CEL
GSM661776.CEL
GSM661777.CEL
GSM661778.CEL
GSM661779.CEL
GSM661780.CEL
GSM661781.CEL
GSM661782.CEL
GSM661783.CEL
GSM661784.CEL
GSM661785.CEL
GSM661786.CEL
GSM661787.CEL
GSM661788.CEL
GSM661789.CEL

0

321−3 −2 −1 0
●

●44 74%135.12

●
●42.91%112.12

●
●43.34%157.73

●
●42.19%137.57

●
●39.98%131.24

●
●43.02%113.88

●
●40.28%109.45

●
●42.66%111.12

●
●39.68%109.35

●
●46.41%111.77

●
●45.02%109.8

●
●37.62%45.8

●
●38.76%36.85

●
●32.94%51.26

●
●41.42%37.82

●
●40.76%34.93

●
●32.39%36.61

●
●40.85%33.65

●
●43.07%36.08

●
●43.24%32.74

●
●42.58%61.19

●
●43.26%82.98

●
●40.28%87.28

●
●37.34%86.04

●
●39.47%101.9

●
●40.14%129.87

●
●45.99%82.95

●
●38.48%140.62

●
●39.83%95.49

●
●41.99%52.42

●
●35.93%99.1

●
●42.25%51.39

●
●42.94%43.57

●
●42 76%105.09

●
●47.67%94.89

●
●44.47%98.56

●
●43.05%112.27

●
●49.49%76.13

●
●48.52%109.48

●
●47.38%134.4

●
●44.98%114.09

●
●42.3%112.1

●
●42.94%127.99

●
●41.22%121.87

●
●41.83%121.07

●
●40.72%120.57

●
●44.22%123.16

●
●38.41%80.11

●
●41.73%111.55

●
●43.54%92.1

●
●38%102.43

●
●46.25%75.68

●
●44.63%109.96

●
●38.63%67.32

●
●41.5%66.92

●
●39.9%81.59

●
●43.36%83.27

●
●41.89%67.91

●
●41.01%62.73

●
●44.7%103.14

●
●39.79%63.67

●
●44.3%58.38

●
●38.82%43.78

●
●41.9%51.08

●
●41.17%122.04

●
●38.77%79.11

●
●33.81%88.56

●
●37.41%70.86

●
●46%92.34

● gapdh3/gapdh5

actin3/actin5
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 16 54:31 2020

Array Index Array Name
GSM7 8595.CEL

2 GSM718596.CEL

3 GSM718597.CEL

GSM718598.CEL

5 GSM718599.CEL

6 GSM718600.CEL

7 GSM718601.CEL

8 GSM718602.CEL

9 GSM718603.CEL

10 GSM71860 .CEL

11 GSM718605.CEL

12 GSM718606.CEL

13 GSM718607.CEL

1 GSM718608.CEL

15 GSM718609.CEL

16 GSM718610.CEL

17 GSM718611.CEL

18 GSM718612.CEL

19 GSM718613.CEL

20 GSM71861 .CEL

21 GSM718615.CEL

22 GSM718616.CEL

23 GSM718617.CEL

2 GSM718618.CEL

25 GSM718619.CEL

26 GSM718620.CEL

27 GSM718621.CEL

28 GSM718622.CEL

29 GSM718623.CEL

30 GSM71862 .CEL

31 GSM718625.CEL

32 GSM718626.CEL

33 GSM718627.CEL

3 GSM718628.CEL

35 GSM718629.CEL

36 GSM718630.CEL

37 GSM718631.CEL

38 GSM718632.CEL

39 GSM718633.CEL

0 GSM71863 .CEL

1 GSM718635.CEL

2 GSM718636.CEL

3 GSM718637.CEL

GSM718638.CEL

5 GSM718639.CEL

GSE29001
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QC Stats
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 16 59:53 2020

Array Index Array Name
GSM7 8600 CE

2 GSM7 860 CE

3 GSM7 8604 CE

4 GSM7 8605 CE

5 GSM7 8608 CE

6 GSM7 8609 CE

7 GSM7 86 2 CE

8 GSM7 86 3 CE

9 GSM7 86 9 CE

0 GSM7 8620 CE

GSM7 8623 CE

2 GSM7 8624 CE

3 GSM7 8627 CE

4 GSM7 8628 CE

5 GSM7 863 CE

6 GSM7 8632 CE

7 GSM7 8635 CE

8 GSM7 8636 CE

9 GSM826782 CE

20 GSM826783 CE

2 GSM826784 CE

22 GSM826785 CE

23 GSM826786 CE

24 GSM826787 CE

25 GSM826788 CE

26 GSM826789 CE

27 GSM826790 CE

28 GSM82679 CE

29 GSM826792 CE

30 GSM826793 CE

3 GSM826794 CE

32 GSM826795 CE

33 GSM826796 CE

34 GSM826797 CE

35 GSM826798 CE

36 GSM826799 CE

37 GSM826800 CE

38 GSM82680 CE

39 GSM826802 CE

40 GSM826803 CE

4 GSM826804 CE

42 GSM826805 CE

43 GSM826806 CE

44 GSM826807 CE

45 GSM826808 CE

46 GSM826809 CE

47 GSM8268 0 CE

48 GSM8268 CE

49 GSM8268 2 CE

50 GSM8268 3 CE

5 GSM8268 4 CE

52 GSM8268 5 CE

53 GSM8268 6 CE

54 GSM8268 7 CE

55 GSM8268 8 CE

56 GSM8268 9 CE

57 GSM826820 CE

58 GSM82682 CE

59 GSM826822 CE

60 GSM826823 CE

6 GSM826824 CE

62 GSM826825 CE

63 GSM826826 CE

64 GSM826827 CE

65 GSM826828 CE

66 GSM826829 CE

67 GSM826830 CE

68 GSM82683 CE

69 GSM826832 CE

70 GSM826833 CE

7 GSM826834 CE

GSE33426GSE
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QC Stats

GSM718600.CEL
GSM718601.CEL
GSM718604.CEL
GSM718605.CEL
GSM718608.CEL
GSM718609.CEL
GSM718612.CEL
GSM718613.CEL
GSM718619.CEL
GSM718620.CEL
GSM718623.CEL
GSM718624.CEL
GSM718627.CEL
GSM718628.CEL
GSM718631.CEL
GSM718632.CEL
GSM718635.CEL
GSM718636.CEL
GSM826782.CEL
GSM826783.CEL
GSM826784.CEL
GSM826785.CEL
GSM826786.CEL
GSM826787.CEL
GSM826788.CEL
GSM826789.CEL
GSM826790.CEL
GSM826791.CEL
GSM826792.CEL
GSM826793.CEL
GSM826794.CEL
GSM826795.CEL
GSM826796.CEL
GSM826797.CEL
GSM826798.CEL
GSM826799.CEL
GSM826800.CEL
GSM826801.CEL
GSM826802.CEL
GSM826803.CEL
GSM826804.CEL
GSM826805.CEL
GSM826806.CEL
GSM826807.CEL
GSM826808.CEL
GSM826809.CEL
GSM826810.CEL
GSM826811.CEL
GSM826812.CEL
GSM826813.CEL
GSM826814.CEL
GSM826815.CEL
GSM826816.CEL
GSM826817.CEL
GSM826818.CEL
GSM826819.CEL
GSM826820.CEL
GSM826821.CEL
GSM826822.CEL
GSM826823.CEL
GSM826824.CEL
GSM826825.CEL
GSM826826.CEL
GSM826827.CEL
GSM826828.CEL
GSM826829.CEL
GSM826830.CEL
GSM826831.CEL
GSM826832.CEL
GSM826833.CEL
GSM826834.CEL

0

321−3 −2 −1 0
●

●58.91%54.5

●
●57.14%50.62

●
●58.58%48.21

●
●56.62%43.43

●
●51.72%48.19

●
●51.95%49.94

●
●53.46%51.23

●
●52.98%44.38

●
●44.23%46.66

●
●51.29%49.74

●
●50.9%54.97

●
●54.7%58.16

●
●60.19%53.86

●
●60.19%45.05

●
●61.17%46.41

●
●61.56%46.12

●
●58.48%60.68

●
●59.53%46.57

●
●58.03%45.94

●
●53.36%45.28

●
●55.81%44.13

●
●54.24%47.15

●
●54.26%42.68

●
●54.15%45.58

●
●55.84%49.34

●
●55.34%43.73

●
●35.67%46.5

●
●58.37%45.14

●
●51.95%53.37

●
●56.12%48.96

●
●55.18%65.22

●
●39.91%56.19

●
●48.76%58.8

●
●41.83%44.51

●
●33.13%51.39

●
●43.83%60.24

●
●40.05%57.33

●
●40.62%55.99

●
●38.99%44.88

●
●43.19%55.43

●
●50.32%60.03

●
●46.57%44.88

●
●42.55%48.06

●
●56.5%52.7

●
●48.93%47.22

●
●40.94%50.01

●
●48.4%50.51

●
●49.5%48.15

●
●34.64%47.35

●
●44.52%44.16

●
●34.05%45.24

●
●43.64%49.54

●
●45.5%48.44

●
●41.41%41.11

●
●45.95%40.48

●
●42.9%40.14

●
●37.1%38.55

●
●37.52%39.28

●
●32.53%37.25

●
●39.96%38.46

●
●40.07%39.37

●
●40.02%39.39

●
●27.82%36.92

●
●32.62%43.78

●
●33.44%43.09

●
●38.18%40.59

●
●29.64%38.06

●
●35.15%44.19

●
●27.28%36.69

●
●36.34%39.16

●
●39.42%40.63

● gapdh3/gapdh5

actin3/actin5
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arrayQualityMetrics report for eset.oligoGeneCore

 
Section 1: Between array comparison

Distances between arrays
Principal Component Analysis

 
Section 2: Array intensity distributions

Boxplots
Density plots

 
Section 3: Variance mean dependence

Standard deviation versus rank of the mean
 
Section 4: Individual array quality

MA plots

+ Array metadata and outlier detection overview
 

Section 1: Between array comparison

- Figure 1: Distances between arrays.
 

 Figure 1 (PDF file) shows a false color heatmap of the distances between arrays. The color scale is chosen to cover the range of distances
encountered in the dataset. Patterns in this plot can indicate clustering of the arrays either because of intended biological or unintended
experimental factors (batch effects). The distance dab between two arrays a and b is computed as the mean absolute difference (L1-distance)
between the data of the arrays (using the data from all probes without filtering). In formula, dab = mean | Mai - Mbi |, where Mai is the value of
the i-th probe on the a-th array. Outlier detection was performed by looking for arrays for which the sum of the distances to all other arrays, Sa
= Σb dab was exceptionally large. No such arrays were detected.

  
 
+ Figure 2: Outlier detection for Distances between arrays.

 - Figure 3: Principal Component Analysis.
 array

sampleNames
index

GSE34619

GSE
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Figure 6 (PDF file) shows density estimates (smoothed histograms) of the data. Typically, the distributions of the arrays should have similar
shapes and ranges. Arrays whose distributions are very different from the others should be considered for possible problems. Various
features of the distributions can be indicative of quality related phenomena. For instance, high levels of background will shift an array's
distribution to the right. Lack of signal diminishes its right right tail. A bulge at the upper end of the intensity range often indicates signal
saturation.

  
 

Section 3: Variance mean dependence
- Figure 7: Standard deviation versus rank of the mean.

 

 Figure 7 (PDF file) shows a density plot of the standard deviation of the intensities across arrays on the y-axis versus the rank of their mean
on the x-axis. The red dots, connected by lines, show the running median of the standard deviation. After normalisation and transformation to
a logarithm(-like) scale, one typically expects the red line to be approximately horizontal, that is, show no substantial trend. In some cases, a
hump on the right hand of the x-axis can be observed and is symptomatic of a saturation of the intensities.

  
 

Section 4: Individual array quality

- Figure 8: MA plots.
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Figure 8 (PDF file) shows MA plots. M and A are defined as:
M = log2(I1) - log2(I2)
A = 1/2 (log2(I1)+log2(I2)),
where I1 is the intensity of the array studied,and I2 is the intensity of a "pseudo"-array that consists of the median across arrays. Typically, we
expect the mass of the distribution in an MA plot to be concentrated along the M = 0 axis, and there should be no trend in M as a function of
A. If there is a trend in the lower range of A, this often indicates that the arrays have different background intensities; this may be addressed
by background correction. A trend in the upper range of A can indicate saturation of the measurements; in mild cases, this may be addressed
by non-linear normalisation (e.g. quantile normalisation).
Outlier detection was performed by computing Hoeffding's statistic Da on the joint distribution of A and M for each array. Shown are first the 4
arrays with the highest values of Da, then the 4 arrays with the lowest values. The value of Da is shown in the panel headings. 0 arrays had
Da>0.15 and were marked as outliers. For more information on Hoeffing's D-statistic, please see the manual page of the function hoeffd in
the Hmisc package.
 
 
+ Figure 9: Outlier detection for MA plots.

This report has been created with arrayQualityMetrics 3.42.0 under R version 3.6.0 (2019-04-26).

 
 
(Page generated on Tue Oct 6 01:08:39 2020 by hwriter )
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 17 07:34 2020

Array Index Array Name
1 GSM88 169_2 CEL

2 GSM88 170_3.CEL

3 GSM88 171_6.CEL

GSM88 172_8.CEL

5 GSM88 173_10.CEL

6 GSM88 17 _12.CEL

7 GSM88 175_13.CEL

8 GSM88 176_82.CEL

9 GSM88 177_131 CEL

10 GSM88 178_133 CEL

11 GSM88 179_135 CEL

12 GSM88 180_137 CEL

13 GSM88 181_1 3 CEL

1 GSM88 182_1 5 CEL

15 GSM88 183_1 7 CEL

16 GSM88 18 _151 CEL

17 GSM88 185_155 CEL

18 GSM88 186_157 CEL

19 GSM88 187_160 CEL

20 GSM88 188_16 CEL

21 GSM88 189_165 CEL

22 GSM88 190_167 CEL

23 GSM88 191_310 CEL

2 GSM88 192_1.CEL

25 GSM88 193_ .CEL

26 GSM88 19 _5.CEL

27 GSM88 195_7.CEL

28 GSM88 196_9.CEL

29 GSM88 197_11.CEL

30 GSM88 198_1 .CEL

31 GSM88 199_83.CEL

32 GSM88 200_132 CEL

33 GSM88 201_13 CEL

3 GSM88 202_136 CEL

35 GSM88 203_138 CEL

36 GSM88 20 _1 CEL

37 GSM88 205_1 6 CEL

38 GSM88 206_1 8 CEL

39 GSM88 207_152 CEL

0 GSM88 208_156 CEL

1 GSM88 209_158 CEL

2 GSM88 210_159 CEL

3 GSM88 211_163 CEL

GSM88 212_166 CEL

5 GSM88 213_168 CEL

6 GSM88 21 _311 CEL

GSGSE36223
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QC Stats

GSM884169_2.CEL

GSM884170_3.CEL

GSM884171_6.CEL

GSM884172_8.CEL

GSM884173_10.CEL

GSM884174_12.CEL

GSM884175_13.CEL

GSM884176_82.CEL

GSM884177_131.CEL

GSM884178_133.CEL

GSM884179_135.CEL

GSM884180_137.CEL

GSM884181_143.CEL

GSM884182_145.CEL

GSM884183_147.CEL

GSM884184_151.CEL

GSM884185_155.CEL

GSM884186_157.CEL

GSM884187_160.CEL

GSM884188_164.CEL

GSM884189_165.CEL

GSM884190_167.CEL

GSM884191_310.CEL

GSM884192_1.CEL

GSM884193_4.CEL

GSM884194_5.CEL

GSM884195_7.CEL

GSM884196_9.CEL

GSM884197_11.CEL

GSM884198_14.CEL

GSM884199_83.CEL

GSM884200_132.CEL

GSM884201_134.CEL

GSM884202_136.CEL

GSM884203_138.CEL

GSM884204_144.CEL

GSM884205_146.CEL

GSM884206_148.CEL

GSM884207_152.CEL

GSM884208_156.CEL

GSM884209_158.CEL

GSM884210_159.CEL

GSM884211_163.CEL

GSM884212_166.CEL

GSM884213_168.CEL

GSM884214_311.CEL
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 17 26:56 2020

Array Index Array Name
GSM935 44_E 0N CE

3 GSM935 46_E N CE

4 GSM935 47_E CE

5 GSM935 48_E 2N CE

6 GSM935 49_E 2 CE

7 GSM935 50_E 3N CE

8 GSM935 5 _E 3 CE

9 GSM935 52_E 4N CE

0 GSM935 53_E 4 CE

GSM935 54_E 5N CE

2 GSM935 55_E 5 CE

3 GSM935 56_E 6N CE

4 GSM935 57_E 6 CE

5 GSM935 58_E 7N CE

6 GSM935 59_E 7 CE

7 GSM935 60_E 8N CE

8 GSM935 6 _E 8 CE

9 GSM935 62_E 9N CE

20 GSM935 63_E 9 CE

2 GSM935 64_E N CE

22 GSM935 65_E CE

23 GSM935 66_E20N CE

24 GSM935 67_E20 CE

25 GSM935 68_E2 N CE

26 GSM935 69_E2 CE

27 GSM935 70_E22N CE

28 GSM935 7 _E22 CE

29 GSM935 72_E23N CE

30 GSM935 73_E23 CE

3 GSM935 74_E24N CE

32 GSM935 75_E24 CE

33 GSM935 76_E25N CE

34 GSM935 77_E25 CE

35 GSM935 78_E26N CE

36 GSM935 79_E26 CE

37 GSM935 80_E27N CE

38 GSM935 8 _E27 CE

39 GSM935 82_E28N CE

40 GSM935 83_E28 CE

4 GSM935 84_E29N CE

42 GSM935 85_E29 CE

43 GSM935 86_E2N CE

44 GSM935 87_E2 CE

45 GSM935 88_E30N CE

46 GSM935 89_E30 CE

47 GSM935 90_E3N CE

48 GSM935 9 _E3 CE

49 GSM935 92_E4N CE

50 GSM935 93_E4 CE

5 GSM935 94_E5N CE

52 GSM935 95_E5 CE

53 GSM935 96_E6N CE

54 GSM935 97_E6 CE

55 GSM935 98_E7N CE

56 GSM935 99_E7 CE

57 GSM935200_E8N CE

58 GSM93520 _E8 CE

59 GSM935202_E9N CE

60 GSM935203_E9 CE

GSE38129
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QC Stats

GSM935144_E10N.CEL
GSM935145_E10T.CEL
GSM935146_E11N.CEL
GSM935147_E11T.CEL
GSM935148_E12N.CEL
GSM935149_E12T.CEL
GSM935150_E13N.CEL
GSM935151_E13T.CEL
GSM935152_E14N.CEL
GSM935153_E14T.CEL
GSM935154_E15N.CEL
GSM935155_E15T.CEL
GSM935156_E16N.CEL
GSM935157_E16T.CEL
GSM935158_E17N.CEL
GSM935159_E17T.CEL
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 17:44:07 2020

Array Index Array Name
S 9 99 B 0 0

S 9 99 B 0 0

S 9 99 9 B 0 0

S 9 99 B 0 0

S 9 99 B 0 0

S 9 99 B 00 9

S 9 99 B 00 9 B

9 S 9 99 B 00 9

0 S 9 99 B 00 0

S 9 99 B 00 0

S 9 99 B 00 0

S 9 9 9 B 00 0

S 9 9 9 B 00 0 B

S 9 9 9 B 00 0

S 9 9 9 B 00

S 9 9 9 B 00 B

S 9 9 9 B 00

9 S 9 0 0 B 00

0 S 9 0 0 B 00

S 9 0 0 B 00

S 9 0 09 B 0 0

S 9 00 0 B 0 0

S 9 00 B 0 0

S 9 00 B 0 0

S 9 00 B 0 0 B

S 9 00 B 0 0

S 9 00 B 0 0

9 S 9 00 B 0 0 B

0 S 9 00 9 B 0 0

S 9 00 B 0

S 9 00 B 0 B

S 9 00 B 0

S 9 00 B 0

S 9 00 B 0

S 9 00 9 B 0

S 9 00 0 B 0

S 9 00 B 0 B

9 S 9 00 B 0

0 S 9 0 B 0 0 B

S 9 00 B 0 0

S 9 00 B 0 0

S 9 00 0 B 0

S 9 00 B 0 B

S 9 00 B 0

S 9 00 B 0

S 9 00 B 0 B

S 9 0 B 0

9 S 9 00 B 0

0 S 9 00 9 B 0

S 9 00 0 B 0

S 9 00 B 0

S 9 00 B 0 B

S 9 00 B 0

S 9 00 0 B 0 0

S 9 00 B 0 0 B

S 9 00 B 0 0

S 9 00 B 0

9 S 9 00 B 0 B

0 S 9 00 B 0

S 9 00 0 B 0

S 9 00 B 0 B

S 9 00 B 0

S 9 00 B 0

S 9 00 B 0 B

S 9 00 9 B 0

S 9 00 0 B 0

S 9 00 B 0

9 S 9 00 B 0

0 S 9 00 B 0

S 9 00 B 0 B

S 9 00 9 B 0

S 9 0 9 B 0 9

S 9 0 9 B 0 9

S 9 09 B 0 9

S 9 0 99 B 0

S 9 0 00 B 0

S 9 0 0 B 0

9 S 9 0 0 B 0

0 S 9 0 0 B 0 B

S 9 0 0 B 0

S 9 0 09 B 0

S 9 0 0 B 0

S 9 0 B 0

S 9 0 B 0 B

S 9 0 B 0

S 9 0 B 0

S 9 0 9 B 0 9

9 S 9 0 0 B 0 B

0 S 9 0 B 0 9

9 S 9 0 B 0

9 S 9 0 B 0

9 S 9 0 9 B 0

9 S 9 0 B 0

9 S 9 0 B 0 B

9 S 9 0 B 0

9 S 9 0 B 0 B

9 S 9 0 B 0

9 S 9 0 9 B 0

0 S 9 0 B 0 0

0 S 9 0 B 0 0

0 S 9 0 B 0 0

0 S 9 0 B 0

0 S 9 0 B 0

0 S 9 0 9 B 0

0 S 9 0 0 B 0 B

0 S 9 0 B 0

0 S 9 0 B 0

9 S 9 0 0 B

0 S 9 0 0

S 9 0 0

S 9 0 B 0

S 9 0 9 B 0 B

S 9 0 0 B 0

S 9 0 B 0 9

S 9 0 B 0 9 B

S 9 0 B 0 9

S 9 0 B 0 0

9 S 9 0 B 0 0 B

0 S 9 0 B 0 0

GSE39491

Stellenbosch University https://scholar.sun.ac.za



1 6 12 19 26 33 40 47 54 61 68 75 82 89 96 104 112 120

6
8

10
12

14

Array Index

Lo
g2

(I
nt

en
si

ty
)

4 6 8 10 12 14 16

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

log intensity

de
ns

ity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Stellenbosch University https://scholar.sun.ac.za
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GSM970110_BE0347−1−D1.CEL
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GSM970145_BE0406−1−D1.CEL
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GSM970153_be0454B1.CEL
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GSM970159_BE0471B1.CEL
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GSM970163_BE0492A1.CEL
GSM970164_BE0492B1.CEL
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GSM970171_BE0507A1.CEL
GSM970172_BE0507B1.CEL
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●●61.81%33.21
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●●53.56%32.5

●●44.18%29.9
●●54.81%29.15

●●49.46%29.97
●●42.53%26.72

●●51.66%27.55
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●●49%29.36
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 19 55:32 2020

Array Index Array Name
1 GSM1111662_BH12036−3_1_HG−U133_Plus_2_.CEL

2 GSM1111663_BH12036−3_2_HG−U133_Plus_2_.CEL

3 GSM111166 _BH12036−3_3_HG−U133_Plus_2_.CEL

GSM1111665_BH12036−3_ _HG−U133_Plus_2_.CEL

5 GSM1111666_BH12036−3_6_HG−U133_Plus_2_.CEL

6 GSM1111667_BH12036−3_11_2_HG−U133_Plus_2_.CEL

7 GSM1111668_BH12036−3_12_HG−U133_Plus_2_.CEL

8 GSM1111669_BH12036−3_13_HG−U133_Plus_2_.CEL

9 GSM1111670_BH12036−3_15_HG−U133_Plus_2_.CEL

10 GSM1111671_BH12036−3_580_HG−U133_Plus_2_ CEL

11 GSM1111672_BH12036−3_11_HG−U133_Plus_2_.CEL

12 GSM1111673_BH12036−3_18_HG−U133_Plus_2_.CEL

13 GSM111167 _BH12036−3_21_HG−U133_Plus_2_.CEL

1 GSM1111675_BH12036−3_26_HG−U133_Plus_2_.CEL

15 GSM1111676_BH12036−3_28_HG−U133_Plus_2_.CEL

16 GSM1111677_BH12036−3_79_HG−U133_Plus_2_.CEL

17 GSM1111678_BH12036−3_102_HG−U133_Plus_2_ CEL

18 GSM1111679_BH12036−3_103_HG−U133_Plus_2_ CEL

19 GSM1111680_BH12036−3_106_HG−U133_Plus_2_ CEL

20 GSM1111681_BH12036−3_107_HG−U133_Plus_2_ CEL

21 GSM1111682_BH12036−3_109_HG−U133_Plus_2_ CEL

22 GSM1111683_BH12036−3_110_HG−U133_Plus_2_ CEL

23 GSM111168 _BH12036−3_11 _HG−U133_Plus_2_ CEL

2 GSM1111685_BH12036−3_115_HG−U133_Plus_2_ CEL

25 GSM1111686_BH12036−3_121_HG−U133_Plus_2_ CEL

26 GSM1111687_BH12036−3_123_HG−U133_Plus_2_ CEL

27 GSM1111688_BH12036−6_126_HG−U133_Plus_2_ CEL

28 GSM1111689_BH12036−3_31_HG−U133_Plus_2_.CEL

29 GSM1111690_BH12036−3_10 _HG−U133_Plus_2_ CEL

30 GSM1111691_BH12036−3_105_2_HG−U133_Plus_2_.CEL

31 GSM1111692_BH12036−3_108_HG−U133_Plus_2_ CEL

32 GSM1111693_BH12036−3_111_HG−U133_Plus_2_ CEL

33 GSM111169 _BH12036−3_113_HG−U133_Plus_2_ CEL

3 GSM1111695_BH12036−3_117_HG−U133_Plus_2_ CEL

35 GSM1111696_BH12036−3_118_HG−U133_Plus_2_ CEL

36 GSM1111697_BH12036−3_119_HG−U133_Plus_2_ CEL

37 GSM1111698_BH12036−3_120_HG−U133_Plus_2_ CEL

38 GSM1111699_BH12036−3_122_HG−U133_Plus_2_ CEL

GSE45670

Stellenbosch University https://scholar.sun.ac.za



1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

6
8

10
12

14

Array Index

Lo
g2

(I
nt

en
si

ty
)

4 6 8 10 12 14 16

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

log intensity

de
ns

ity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Stellenbosch University https://scholar.sun.ac.za



QC Stats

2_BH12036−3_1_HG−U133_Plus_2_.CEL

3_BH12036−3_2_HG−U133_Plus_2_.CEL

4_BH12036−3_3_HG−U133_Plus_2_.CEL

5_BH12036−3_4_HG−U133_Plus_2_.CEL

6_BH12036−3_6_HG−U133_Plus_2_.CEL

H12036−3_11_2_HG−U133_Plus_2_.CEL

_BH12036−3_12_HG−U133_Plus_2_.CEL

_BH12036−3_13_HG−U133_Plus_2_.CEL

_BH12036−3_15_HG−U133_Plus_2_.CEL

BH12036−3_580_HG−U133_Plus_2_.CEL

_BH12036−3_11_HG−U133_Plus_2_.CEL

_BH12036−3_18_HG−U133_Plus_2_.CEL

_BH12036−3_21_HG−U133_Plus_2_.CEL

_BH12036−3_26_HG−U133_Plus_2_.CEL

_BH12036−3_28_HG−U133_Plus_2_.CEL

_BH12036−3_79_HG−U133_Plus_2_.CEL

BH12036−3_102_HG−U133_Plus_2_.CEL

BH12036−3_103_HG−U133_Plus_2_.CEL

BH12036−3_106_HG−U133_Plus_2_.CEL

BH12036−3_107_HG−U133_Plus_2_.CEL

BH12036−3_109_HG−U133_Plus_2_.CEL

BH12036−3_110_HG−U133_Plus_2_.CEL

BH12036−3_114_HG−U133_Plus_2_.CEL

BH12036−3_115_HG−U133_Plus_2_.CEL

BH12036−3_121_HG−U133_Plus_2_.CEL

BH12036−3_123_HG−U133_Plus_2_.CEL

BH12036−6_126_HG−U133_Plus_2_.CEL

_BH12036−3_31_HG−U133_Plus_2_.CEL

BH12036−3_104_HG−U133_Plus_2_.CEL

12036−3_105_2_HG−U133_Plus_2_.CEL

BH12036−3_108_HG−U133_Plus_2_.CEL

BH12036−3_111_HG−U133_Plus_2_.CEL

BH12036−3_113_HG−U133_Plus_2_.CEL

BH12036−3_117_HG−U133_Plus_2_.CEL

BH12036−3_118_HG−U133_Plus_2_.CEL

BH12036−3_119_HG−U133_Plus_2_.CEL

BH12036−3_120_HG−U133_Plus_2_.CEL

BH12036−3_122_HG−U133_Plus_2_.CEL
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arrayQualityMetrics report for eset.oligoGeneCore

 
Section 1: Between array comparison

Distances between arrays
Principal Component Analysis

 
Section 2: Array intensity distributions

Boxplots
Density plots

 
Section 3: Variance mean dependence

Standard deviation versus rank of the mean
 
Section 4: Individual array quality

MA plots

+ Array metadata and outlier detection overview
 

Section 1: Between array comparison

- Figure 1: Distances between arrays.
 

 Figure 1 (PDF file) shows a false color heatmap of the distances between arrays. The color scale is chosen to cover the range of distances
encountered in the dataset. Patterns in this plot can indicate clustering of the arrays either because of intended biological or unintended
experimental factors (batch effects). The distance dab between two arrays a and b is computed as the mean absolute difference (L1-distance)
between the data of the arrays (using the data from all probes without filtering). In formula, dab = mean | Mai - Mbi |, where Mai is the value of
the i-th probe on the a-th array. Outlier detection was performed by looking for arrays for which the sum of the distances to all other arrays, Sa
= Σb dab was exceptionally large. One such array was detected, and it is marked by an asterisk, *.

  
 
+ Figure 2: Outlier detection for Distances between arrays.

 - Figure 3: Principal Component Analysis.
 array

sampleNames
index

GSE75241
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Figure 3 (PDF file) shows a scatterplot of the arrays along the first two principal components. You can use this plot to explore if the arrays
cluster, and whether this is according to an intended experimental factor (you can indicate such a factor by color using the 'intgroup'
argument), or according to unintended causes such as batch effects. Move the mouse over the points to see the sample names.

 Principal component analysis is a dimension reduction and visualisation technique that is here used to project the multivariate data vector of
each array into a two-dimensional plot, such that the spatial arrangement of the points in the plot reflects the overall data (dis)similarity
between the arrays.

  
 

Section 2: Array intensity distributions
- Figure 4: Boxplots.

 

 Figure 4 (PDF file) shows boxplots representing summaries of the signal intensity distributions of the arrays. Each box corresponds to one
array. Typically, one expects the boxes to have similar positions and widths. If the distribution of an array is very different from the others, this
may indicate an experimental problem. Outlier detection was performed by computing the Kolmogorov-Smirnov statistic Ka between each
array's distribution and the distribution of the pooled data.

  
 
+ Figure 5: Outlier detection for Boxplots.

 - Figure 6: Density plots.
 array

sampleNames
index
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Figure 6 (PDF file) shows density estimates (smoothed histograms) of the data. Typically, the distributions of the arrays should have similar
shapes and ranges. Arrays whose distributions are very different from the others should be considered for possible problems. Various
features of the distributions can be indicative of quality related phenomena. For instance, high levels of background will shift an array's
distribution to the right. Lack of signal diminishes its right right tail. A bulge at the upper end of the intensity range often indicates signal
saturation.

  
 

Section 3: Variance mean dependence
- Figure 7: Standard deviation versus rank of the mean.

 

 Figure 7 (PDF file) shows a density plot of the standard deviation of the intensities across arrays on the y-axis versus the rank of their mean
on the x-axis. The red dots, connected by lines, show the running median of the standard deviation. After normalisation and transformation to
a logarithm(-like) scale, one typically expects the red line to be approximately horizontal, that is, show no substantial trend. In some cases, a
hump on the right hand of the x-axis can be observed and is symptomatic of a saturation of the intensities.

  
 

Section 4: Individual array quality

- Figure 8: MA plots.
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Figure 8 (PDF file) shows MA plots. M and A are defined as:
M = log2(I1) - log2(I2)
A = 1/2 (log2(I1)+log2(I2)),
where I1 is the intensity of the array studied,and I2 is the intensity of a "pseudo"-array that consists of the median across arrays. Typically, we
expect the mass of the distribution in an MA plot to be concentrated along the M = 0 axis, and there should be no trend in M as a function of
A. If there is a trend in the lower range of A, this often indicates that the arrays have different background intensities; this may be addressed
by background correction. A trend in the upper range of A can indicate saturation of the measurements; in mild cases, this may be addressed
by non-linear normalisation (e.g. quantile normalisation).
Outlier detection was performed by computing Hoeffding's statistic Da on the joint distribution of A and M for each array. Shown are first the 4
arrays with the highest values of Da, then the 4 arrays with the lowest values. The value of Da is shown in the panel headings. 0 arrays had
Da>0.15 and were marked as outliers. For more information on Hoeffing's D-statistic, please see the manual page of the function hoeffd in
the Hmisc package.
 
 
+ Figure 9: Outlier detection for MA plots.

This report has been created with arrayQualityMetrics 3.42.0 under R version 3.6.0 (2019-04-26).

 
 
(Page generated on Sun Oct 11 13:46:23 2020 by hwriter )

 

Stellenbosch University https://scholar.sun.ac.za



AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 17 59:08 2020

Array Index Array Name

1 GSM2061761_SAMPLE_1.CEL

2 GSM2061762_SAMPLE_2.CEL

3 GSM2061763_SAMPLE_3.CEL

4 GSM2061764_SAMPLE_4.CEL

5 GSM2061765_SAMPLE_5.CEL

6 GSM2061766_SAMPLE_6.CEL

7 GSM2061767_SAMPLE_7.CEL

8 GSM2061768_SAMPLE_8.CEL

9 GSM2061769_SAMPLE_9.CEL

10 GSM2061770_SAMPLE_10.CEL

11 GSM2061771_SAMPLE_11.CEL

12 GSM2061772_SAMPLE_12.CEL

13 GSM2061773_SAMPLE_13.CEL

14 GSM2061774_SAMPLE_14.CEL

GSE77861
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QC Stats

GSM2061761_SAMPLE_1.CEL

GSM2061762_SAMPLE_2.CEL

GSM2061763_SAMPLE_3.CEL

GSM2061764_SAMPLE_4.CEL

GSM2061765_SAMPLE_5.CEL

GSM2061766_SAMPLE_6.CEL

GSM2061767_SAMPLE_7.CEL

GSM2061768_SAMPLE_8.CEL

GSM2061769_SAMPLE_9.CEL

GSM2061770_SAMPLE_10.CEL

GSM2061771_SAMPLE_11.CEL

GSM2061772_SAMPLE_12.CEL

GSM2061773_SAMPLE_13.CEL

GSM2061774_SAMPLE_14.CEL
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Array−Array Intensity Correlation

Array Index
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arrayQualityMetrics report for eset.oligoGeneCore

 
Section 1: Between array comparison

Distances between arrays
Principal Component Analysis

 
Section 2: Array intensity distributions

Boxplots
Density plots

 
Section 3: Variance mean dependence

Standard deviation versus rank of the mean
 
Section 4: Individual array quality

MA plots

+ Array metadata and outlier detection overview
 

Section 1: Between array comparison

- Figure 1: Distances between arrays.
 

 Figure 1 (PDF file) shows a false color heatmap of the distances between arrays. The color scale is chosen to cover the range of distances
encountered in the dataset. Patterns in this plot can indicate clustering of the arrays either because of intended biological or unintended
experimental factors (batch effects). The distance dab between two arrays a and b is computed as the mean absolute difference (L1-distance)
between the data of the arrays (using the data from all probes without filtering). In formula, dab = mean | Mai - Mbi |, where Mai is the value of
the i-th probe on the a-th array. Outlier detection was performed by looking for arrays for which the sum of the distances to all other arrays, Sa
= Σb dab was exceptionally large. No such arrays were detected.

  
 
+ Figure 2: Outlier detection for Distances between arrays.

 - Figure 3: Principal Component Analysis.
 array

sampleNames
index

GSE92396
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Figure 3 (PDF file) shows a scatterplot of the arrays along the first two principal components. You can use this plot to explore if the arrays
cluster, and whether this is according to an intended experimental factor (you can indicate such a factor by color using the 'intgroup'
argument), or according to unintended causes such as batch effects. Move the mouse over the points to see the sample names.

 Principal component analysis is a dimension reduction and visualisation technique that is here used to project the multivariate data vector of
each array into a two-dimensional plot, such that the spatial arrangement of the points in the plot reflects the overall data (dis)similarity
between the arrays.

  
 

Section 2: Array intensity distributions
- Figure 4: Boxplots.

 

 Figure 4 (PDF file) shows boxplots representing summaries of the signal intensity distributions of the arrays. Each box corresponds to one
array. Typically, one expects the boxes to have similar positions and widths. If the distribution of an array is very different from the others, this
may indicate an experimental problem. Outlier detection was performed by computing the Kolmogorov-Smirnov statistic Ka between each
array's distribution and the distribution of the pooled data.

  
 
+ Figure 5: Outlier detection for Boxplots.

 - Figure 6: Density plots.
 array

sampleNames
index
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Figure 6 (PDF file) shows density estimates (smoothed histograms) of the data. Typically, the distributions of the arrays should have similar
shapes and ranges. Arrays whose distributions are very different from the others should be considered for possible problems. Various
features of the distributions can be indicative of quality related phenomena. For instance, high levels of background will shift an array's
distribution to the right. Lack of signal diminishes its right right tail. A bulge at the upper end of the intensity range often indicates signal
saturation.

  
 

Section 3: Variance mean dependence
- Figure 7: Standard deviation versus rank of the mean.

 

 Figure 7 (PDF file) shows a density plot of the standard deviation of the intensities across arrays on the y-axis versus the rank of their mean
on the x-axis. The red dots, connected by lines, show the running median of the standard deviation. After normalisation and transformation to
a logarithm(-like) scale, one typically expects the red line to be approximately horizontal, that is, show no substantial trend. In some cases, a
hump on the right hand of the x-axis can be observed and is symptomatic of a saturation of the intensities.

  
 

Section 4: Individual array quality

- Figure 8: MA plots.
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Figure 8 (PDF file) shows MA plots. M and A are defined as:
M = log2(I1) - log2(I2)
A = 1/2 (log2(I1)+log2(I2)),
where I1 is the intensity of the array studied,and I2 is the intensity of a "pseudo"-array that consists of the median across arrays. Typically, we
expect the mass of the distribution in an MA plot to be concentrated along the M = 0 axis, and there should be no trend in M as a function of
A. If there is a trend in the lower range of A, this often indicates that the arrays have different background intensities; this may be addressed
by background correction. A trend in the upper range of A can indicate saturation of the measurements; in mild cases, this may be addressed
by non-linear normalisation (e.g. quantile normalisation).
Outlier detection was performed by computing Hoeffding's statistic Da on the joint distribution of A and M for each array. Shown are first the 4
arrays with the highest values of Da, then the 4 arrays with the lowest values. The value of Da is shown in the panel headings. 0 arrays had
Da>0.15 and were marked as outliers. For more information on Hoeffing's D-statistic, please see the manual page of the function hoeffd in
the Hmisc package.
 
 
+ Figure 9: Outlier detection for MA plots.

This report has been created with arrayQualityMetrics 3.42.0 under R version 3.6.0 (2019-04-26).

 
 
(Page generated on Tue Oct 6 00:54:54 2020 by hwriter )
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arrayQualityMetrics report for eset.oligoGeneCore

 
Section 1: Between array comparison

Distances between arrays
Principal Component Analysis

 
Section 2: Array intensity distributions

Boxplots
Density plots

 
Section 3: Variance mean dependence

Standard deviation versus rank of the mean
 
Section 4: Individual array quality

MA plots

+ Array metadata and outlier detection overview
 

Section 1: Between array comparison

- Figure 1: Distances between arrays.
 

 Figure 1 (PDF file) shows a false color heatmap of the distances between arrays. The color scale is chosen to cover the range of distances
encountered in the dataset. Patterns in this plot can indicate clustering of the arrays either because of intended biological or unintended
experimental factors (batch effects). The distance dab between two arrays a and b is computed as the mean absolute difference (L1-distance)
between the data of the arrays (using the data from all probes without filtering). In formula, dab = mean | Mai - Mbi |, where Mai is the value of
the i-th probe on the a-th array. Outlier detection was performed by looking for arrays for which the sum of the distances to all other arrays, Sa
= Σb dab was exceptionally large. No such arrays were detected.

  
 
+ Figure 2: Outlier detection for Distances between arrays.

 - Figure 3: Principal Component Analysis.
 array

sampleNames

GSE100843
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Figure 4 (PDF file) shows boxplots representing summaries of the signal intensity distributions of the arrays. Each box corresponds to one
array. Typically, one expects the boxes to have similar positions and widths. If the distribution of an array is very different from the others, this
may indicate an experimental problem. Outlier detection was performed by computing the Kolmogorov-Smirnov statistic Ka between each
array's distribution and the distribution of the pooled data.
 
 
+ Figure 5: Outlier detection for Boxplots.
- Figure 6: Density plots.

00
00

array
sampleNames
index

 
Figure 6 (PDF file) shows density estimates (smoothed histograms) of the data. Typically, the distributions of the arrays should have similar
shapes and ranges. Arrays whose distributions are very different from the others should be considered for possible problems. Various
features of the distributions can be indicative of quality related phenomena. For instance, high levels of background will shift an array's
distribution to the right. Lack of signal diminishes its right right tail. A bulge at the upper end of the intensity range often indicates signal
saturation.
 
 

Section 3: Variance mean dependence
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- Figure 7: Standard deviation versus rank of the mean.

Figure 7 (PDF file) shows a density plot of the standard deviation of the intensities across arrays on the y-axis versus the rank of their mean
on the x-axis. The red dots, connected by lines, show the running median of the standard deviation. After normalisation and transformation to
a logarithm(-like) scale, one typically expects the red line to be approximately horizontal, that is, show no substantial trend. In some cases, a
hump on the right hand of the x-axis can be observed and is symptomatic of a saturation of the intensities.
 
 

Section 4: Individual array quality

- Figure 8: MA plots.
 

Figure 8 (PDF file) shows MA plots. M and A are defined as:
 M = log2(I1) - log2(I2)

 A = 1/2 (log2(I1)+log2(I2)),
 where I1 is the intensity of the array studied,and I2 is the intensity of a "pseudo"-array that consists of the median across arrays. Typically, we

expect the mass of the distribution in an MA plot to be concentrated along the M = 0 axis, and there should be no trend in M as a function of
A. If there is a trend in the lower range of A, this often indicates that the arrays have different background intensities; this may be addressed
by background correction. A trend in the upper range of A can indicate saturation of the measurements; in mild cases, this may be addressed
by non-linear normalisation (e.g. quantile normalisation).

 Outlier detection was performed by computing Hoeffding's statistic Da on the joint distribution of A and M for each array. Shown are first the 4
arrays with the highest values of Da, then the 4 arrays with the lowest values. The value of Da is shown in the panel headings. 0 arrays had
Da>0.15 and were marked as outliers. For more information on Hoeffing's D-statistic, please see the manual page of the function hoeffd in
the Hmisc package.

  
 
+ Figure 9: Outlier detection for MA plots.

 
This report has been created with arrayQualityMetrics 3.42.0 under R version 3.6.0 (2019-04-26).
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AffyBatch QC Report

Produced by AffyQCReport R Package

Thu Oct  1 15 38:35 2020

Array Index Array Name

1 GSM2696912_301A.CEL

2 GSM2696913_301B.CEL

3 GSM2696914_327A.CEL

4 GSM2696915_327B.CEL

5 GSM2696916_351A.CEL

6 GSM2696917_351B.CEL

7 GSM2696918_363A.CEL

8 GSM2696919_363B.CEL

9 GSM2696920_314A.CEL

10 GSM2696921_314B.CEL

GSE100942
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QC Stats
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Appendix Table 4A2 

Table 4A2: Pairwise contrasts for EAC, BE and ESCC 

 
  EAC 

model 
 

BE models 
 

ESCC models 

Dataset Country  EAC  BE1 BE2 BE3 BE4 BE5 BE6 BE7 BE8*  ESCC1 ESCC3 ESCC4** ESCC6 ESCC8 

GSE45670 China  

 

 

        

 ✓ 

   

✓ 

GSE77861 USA  
 

 
        

 ✓ 
   

✓ 

GSE100942 Hong Kong  
 

 
        

 ✓ 
   

✓ 

GSE17351 
USA and 
Japan 

 
 

 
        

 ✓ 
   

✓ 

GSE13083 USA  
 

 
 

✓ ✓ ✓ 
 

✓ ✓ 
 

 
     

GSE1420 USA  ✓  
        

 
     

GSE20347 China  
 

 
        

 
 

✓ 
   

GSE29001 China  
 

 
        

 
 

✓ 
   

GSE33426 China  
 

 
        

 
 

✓ 
 

✓ 
 

GSE36223 Poland  
 

 ✓ 
 

✓ 
 

✓ ✓ 
 

✓  
     

GSE38129 China  
 

 
        

 
 

✓ 
 

✓ 
 

GSE39491 USA  
 

 ✓ 
 

✓ 
 

✓ 
   

 
     

GSE23400 China  
 

 
        

 
  

✓ 
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GSE23400B China  
 

 
        

 
  

✓ 
  

GSE26886 Germany  ✓  ✓ 
  

✓ 
 

✓ ✓ ✓  ✓ 
   

✓ 

GSE92396 USA  ✓  
        

 
     

GSE100843 USA  
 

 
 

✓ 
 

✓ 
  

✓ ✓  
     

GSE34619 UK  
 

 
 

✓ 
 

✓ ✓ ✓ 
 

✓  
     

GSE75241 Brazil                ✓ ✓ 

*Dataset GSE100843 was subsampled  

**Both GSE23400 and GSE2344B were subsampled 
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Appendix Table 4A3 

Table 4A3: All enriched pathways present and respective p-values in the analysis for BE, EAC and ESCC 

 
Dataset
s EAC BE1 BE2 BE3 BE4 BE5 BE6 BE7 

BE9sub
50 ESCC1 ESCC3 

ESCC4s
ub80 ESCC6 ESCC8  

 

Number 
of 
platfor
ms 2 3 3 3 4 3 4 3 4 5 4 2 3 6  

Pathway Name 
Sample 
size 143 205 123 185 162 194 132 134 163 98 192 160 143 128 

Contras
t count 

Formation of the 
cornified envelope 

 2,23E-
07 

1,40E-
05 

4,86E-
06 

4,44E-
04 

1,35E-
06 

8,97E-
03 

3,86E-
07 

1,81E-
07 

1,79E-
07   

1,15E-
03 

3,26E-
03 

2,80E-
03 

3,70E-
03 

13 

Smooth Muscle 
Contraction 

 9,00E-
04 

5,17E-
05   

7,03E-
04 

6,55E-
03 

1,00E-
04 

1,37E-
04 

5,94E-
03 

6,26E-
05   

3,95E-
03 

2,00E-
05     

10 

Cytosolic 
sulfonation of small 
molecules 

 

  
2,54E-
04 

7,72E-
04 

3,34E-
04 

1,77E-
03 

4,46E-
04 

2,32E-
04 

7,06E-
04 

6,11E-
04           

8 

Assembly of 
collagen fibrils and 
other multimeric 
structures 

 

  
4,08E-
03   

3,59E-
03 

3,28E-
03   

4,49E-
03   

1,19E-
03 

2,83E-
03   

3,28E-
03 

7,72E-
04 

1,39E-
03 

9 

Transport of 
inorganic 
cations/anions and 
amino 
acids/oligopeptides 

 
 

5,27E-
04 

6,17E-
03 

6,85E-
03   

7,49E-
05   

9,01E-
03 

3,27E-
04 

2,20E-
05           

7 

BMAL1:CLOCK,NP
AS2 activates 
circadian gene 
expression 

 

  
3,27E-
03     

6,50E-
03 

6,35E-
03 

3,72E-
03 

7,43E-
03 

3,70E-
03     

2,56E-
03     

7 

Collagen chain 
trimerization 

 
  

9,05E-
03   

4,02E-
03   

1,49E-
03 

8,23E-
03     

1,92E-
04 

5,38E-
05 

1,04E-
04 

2,45E-
05 

7,87E-
04 

9 

Defective GALNT3 
causes familial 
hyperphosphatemic 
tumoral calcinosis 
(HFTC) 

 

8,87E-
03 

4,40E-
03 

4,10E-
03   

3,84E-
03 

7,19E-
03   

7,65E-
03 

6,97E-
03           

7 

Type I 
hemidesmosome 
assembly 

 

    
1,97E-
03       

2,75E-
03   

9,90E-
04 

1,08E-
03   

7,35E-
03 

2,56E-
03 

5,66E-
04 

7 

Neutrophil 
degranulation 

 
    

6,17E-
04   

4,18E-
03     

3,11E-
03 

1,23E-
03     

5,16E-
03     

5 
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O-linked 
glycosylation of 
mucins 

 

      
9,81E-
03 

3,82E-
03   

4,08E-
04 

7,05E-
03 

9,63E-
03   

8,77E-
03       

6 

Nicotinate 
metabolism 

 5,06E-
03   

2,98E-
03   

6,26E-
03     

5,76E-
03 

6,44E-
03           

5 

Glycogen storage 
diseases 

 7,11E-
03   

9,58E-
03             

1,31E-
03 

2,76E-
03   

1,27E-
03 

1,20E-
03 

6 

Metabolism of 
Angiotensinogen to 
Angiotensins 

 

  
9,40E-
03 

5,47E-
03 

5,98E-
03 

6,40E-
03 

4,32E-
03     

8,71E-
03           

6 

Tight junction 
interactions 

 
  

8,06E-
03     

7,68E-
03   

7,56E-
03 

5,10E-
03 

6,97E-
03           

5 

Hormone-sensitive 
lipase (HSL)-
mediated 
triacylglycerol 
hydrolysis 

 

    
7,16E-
03 

7,47E-
03 

3,38E-
03 

7,19E-
03   

1,10E-
03             

5 

TP53 regulates 
transcription of 
several additional 
cell death genes 
whose specific roles 
in p53-dependent 
apoptosis remain 
uncertain 

 

        
9,38E-
03   

8,32E-
03 

6,23E-
03 

3,85E-
03           

4 

Cargo concentration 
in the ER 

 7,28E-
03 

3,90E-
03   

3,23E-
03   

6,49E-
04 

2,46E-
03               

5 

PPARA activates 
gene expression 

 
  

3,03E-
03   

3,92E-
03   

4,90E-
03 

1,66E-
03   

7,11E-
03           

5 

Antagonism of 
Activin by Follistatin 

 
                  

3,29E-
03 

6,07E-
03 

3,90E-
05 

6,33E-
03 

1,80E-
03 

5 

Extracellular matrix 
organization 

 4,51E-
03                 

1,73E-
04   

1,88E-
03 

3,58E-
03   

4 

Surfactant 
metabolism 

 
  

2,69E-
03   

4,49E-
03   

6,48E-
03 

3,15E-
03               

4 

Glucose 
metabolism 

 
    

5,77E-
03   

4,17E-
03   

5,17E-
03   

8,77E-
03           

4 

Cyclin B2 mediated 
events 

 
                  

7,37E-
03 

2,78E-
03   

2,67E-
03 

5,55E-
03 

4 

Glycoprotein 
hormones 

 
                  

3,29E-
03 

6,07E-
03   

6,33E-
03 

1,80E-
03 

4 

Integrin cell surface 
interactions 

 
                  

4,43E-
03 

7,40E-
04 

5,65E-
04 

1,03E-
03   

4 

Arachidonate 
production from 
DAG 

 

                    
8,28E-
03 

5,95E-
03 

5,70E-
03 

6,58E-
03 

4 
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Detoxification of 
Reactive Oxygen 
Species 

 

  
9,85E-
03   

2,25E-
03   

2,41E-
03                 

3 

Fructose catabolism  
  

8,75E-
03   

7,48E-
03   

8,65E-
03                 

3 

Metabolism of 
water-soluble 
vitamins and 
cofactors 

 

    
8,13E-
03               

7,61E-
03     

1,08E-
03 

3 

Glycosaminoglycan 
metabolism 

 
        

2,77E-
04           

3,28E-
03     

2,78E-
03 

3 

Ketone body 
metabolism 

 
        

8,33E-
03     

8,94E-
03             

2 

RAB 
geranylgeranylation 

 
        

5,06E-
03     

4,57E-
03             

2 

ECM proteoglycans  
                  

4,43E-
03   

5,65E-
04   

3,58E-
03 

3 

Metabolism of 
amino acids and 
derivatives 

 

                  
3,17E-
03 

6,46E-
03   

7,98E-
03   

3 

Apoptotic cleavage 
of cell adhesion  
proteins 

 
3,56E-
03           

7,57E-
03               

2 

Interleukin-4 and 13 
signaling 

 9,26E-
04                     

9,88E-
03     

2 

Glycosphingolipid 
metabolism 

 
  

3,24E-
03         

8,35E-
03               

2 

Heparan 
sulfate/heparin (HS-
GAG) metabolism 

 

          
8,17E-
03               

2,88E-
03 

2 

Cell-Cell 
communication 

 
              

6,23E-
03             

1 

Rho GTPase cycle  
              

1,13E-
03             

1 

Glycolysis  
              

9,95E-
03             

1 

Defective CHST6 
causes MCDC1 

 
                  

3,60E-
03   

2,96E-
03     

2 

Insulin-l ke Growth 
Factor-2 mRNA 
Binding Proteins 
(IGF2BPs/IMPs/VIC
KZs) bind RNA 

 

                  
4,60E-
03       

5,39E-
03 

2 

Metabolism  
                    

2,98E-
03     

4,88E-
03 

2 

Phase 1 - 
Functionalization of 
compounds 

 

                    
4,49E-
03     

3,46E-
03 

2 
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Signaling by MET  
                    

3,00E-
03 

2,76E-
03     

2 

G2/M Checkpoints  
                    

1,15E-
04   

1,50E-
03   

2 

TFAP2 (AP-2) 
family regulates 
transcription of 
other transcription 
factors 

 

                    
9,39E-
03   

8,23E-
03   

2 

Peptide hormone 
metabolism 

 8,10E-
03                           

1 

RHO GTPases 
activate IQGAPs 

 8,02E-
03                           

1 

Diseases 
associated with 
glycosaminoglycan 
metabolism 

 

  
8,29E-
03                         

1 

Translocation of 
GLUT4 to the 
plasma membrane 

 

    
5,69E-
03                       

1 

PI3K/AKT activation  
    

8,88E-
03                       

1 

Regulation of gene 
expression in beta 
cells 

 

    
7,62E-
03                       

1 

FCERI mediated 
Ca+2 mobilization 

 
    

3,68E-
03                       

1 

Amino acid 
transport across the 
plasma membrane 

 

    
5,10E-
03                       

1 

Striated Muscle 
Contraction 

 
    

8,57E-
03                       

1 

GPCR downstream 
signaling 

 
      

2,97E-
03                     

1 

GPCR ligand 
binding 

 
      

6,78E-
03                     

1 

Aflatoxin activation 
and detoxification 

 
      

3,72E-
03                     

1 

Common Pathway 
of F brin Clot 
Formation 

 

          
4,83E-
03                 

1 

Scavenging by 
Class A Receptors 

 
          

1,49E-
03                 

1 

G0 and Early G1  
                  

6,66E-
03         

1 

Signal Transduction  
                  

4,67E-
03         

1 
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Terminal pathway of 
complement 

 
                  

9,20E-
03         

1 

Diseases of 
glycosylation 

 
                  

4,07E-
03         

1 

RHO GTPases 
activate CIT 

 
                  

6,74E-
03         

1 

RHO GTPases 
Activate ROCKs 

 
                  

6,81E-
03         

1 

RHO GTPases 
activate PAKs 

 
                  

6,81E-
03         

1 

Activation of the 
pre-replicative 
complex 

 

                  
9,32E-
04         

1 

Removal of 
licensing factors 
from origins 

 

                  
9,32E-
04         

1 

Ethanol oxidation  
                  

2,63E-
03         

1 

Interferon gamma 
signaling 

 
                  

1,91E-
03         

1 

E2F-enabled 
inhibition of pre-
replication complex 
formation 

 

                    
7,41E-
03       

1 

Metabolism of 
ingested SeMet, 
Sec, MeSec into 
H2Se 

 

                    
2,11E-
03       

1 

Homologous DNA 
Pairing and Strand 
Exchange 

 

                    
9,63E-
03       

1 

Amino acid 
synthesis and 
interconversion 
(transamination) 

 

                    
2,17E-
03       

1 

Interferon 
alpha/beta signaling 

 
                    

9,81E-
03       

1 

Phosphorylation of 
Emi1 

 
                      

8,14E-
03     

1 

Transmembrane 
transport of small 
molecules 

 

                      
4,76E-
03     

1 

Depolymerisation of 
the Nuclear Lamina 

 
                      

8,14E-
03     

1 

M Phase  
                      

8,53E-
03     

1 
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Chondroitin 
sulfate/dermatan 
sulfate metabolism 

 

                        
2,74E-
03   

1 

Biological 
oxidations 

 
                        

7,98E-
03   

1 

Resolution of Sister 
Chromatid 
Cohesion 

 

                        
3,79E-
03   

1 

Fatty acid, 
triacylglycerol, and 
ketone body 
metabolism 

 

                        
8,67E-
03   

1 

Metabolism of lipids 
and lipoproteins 

 
                        

6,36E-
03   

1 

Purine metabolism  
                        

1,92E-
03   

1 

The role of GTSE1 
in G2/M progression 
after G2 checkpoint 

 

                        
9,86E-
03   

1 

Retinoid 
metabolism and 
transport 

 

                        
5,11E-
03   

1 

Activation of ATR in 
response to 
replication stress 

 

                          
3,43E-
03 

1 

Membrane 
Trafficking 

 
                          

3,92E-
03 

1 

Keratan sulfate 
biosynthesis 

 
                          

4,10E-
03 

1 

Vesicle-mediated 
transport 

 
                          

3,87E-
03 

1 

Chk1/Chk2(Cds1) 
mediated 
inactivation of 
Cyclin B:Cdk1 
complex 

 

                          
8,92E-
03 

1 

Growth hormone 
receptor signaling                            

8,55E-
03 1 
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Appendix Table 4A4 

Table 4A4: Barrett’s Esophagus mapping of enriched pathways to differentially expressed genes 

Neutr
ophil 
degra
nulati
on 

Glyco
samin
oglyc
an 
meta
bolis
m 

Trans
port 
of 
inorg
anic 
catio
ns/ani
ons 
and 
amin
o 
acids/
oligo
pepti
des 

Smoo
th 
Muscl
e 
Contr
actio
n 

Form
ation 
of the 
cornif
ied 
envel
ope 

BMAL
1:CL
OCK,
NPAS
2 
activa
tes 
circa
dian 
gene 
expre
ssion 

RAB 
geran
ylger
anylat
ion 

Gluco
se 
meta
bolis
m 

Asse
mbly 
of 
collag
en 
fibrils 
and 
other 
multi
meric 
struct
ures 

O-
linked 
glyco
sylati
on of 
muci
ns 

Horm
one-
sensit
ive 
lipase 
(HSL)
-
media
ted 
triacy
lglyce
rol 
hydro
lysis 

Cytos
olic 
sulfo
natio
n of 
small 
molec
ules 

Nicoti
nate 
meta
bolis
m 

TP53 
regul
ates 
trans
cripti
on of 
sever
al 
additi
onal 
cell 
death 
genes 
whos
e 
specif
ic 
roles 
in 
p53-
depe
ndent 
apopt
osis 
remai
n 
uncer
tain 

Defec
tive 
GALN
T3 
cause
s 
famili
al 
hyper
phos
phate
mic 
tumor
al 
calcin
osis 
(HFT
C) 

Tight 
juncti
on 
intera
ction
s 

Metab
olism 
of 
Angio
tensi
noge
n to 
Angio
tensi
ns 

Keton
e 
body 
meta
bolis
m    

R.HS
A.679
8695 

R.HS
A.163
0316 

R.HS
A.425
393 

R.HS
A.445
355 

R.HS
A.680
9371 

R.HS
A.136
8108 

R.HS
A.887
3719 

R.HS
A.703
26 

R.HS
A.202
2090 

R.HS
A.913
709 

R.HS
A.163
560 

R.HS
A.156
584 

R.HS
A.196
807 

R.HS
A.680
3205 

R.HS
A.508
3625 

R.HS
A.420
029 

R.HS
A.202
2377 

R.HS
A.741
82 

GENENAME SYMB
OL 

logF
C 

. . X X . . . X . . . . . . . . . . calmodulin 1 CALM
1 

0.72 

X X . . . . . . . . . . . . . . . . heparanase HPSE 0.90 

X X . . . . . . . . . . . . . . . . glucuronidase 
beta 

GUSB 
-0.59 

X X . . . . . . . . . . . . . . . . CD44 
molecule 
(Indian blood 
group) 

CD44 

0.27 
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X X . . . . . . . . . . . . . . . . beta-1,4-
galactosyltran
sferase 1 

B4GA
LT1 0.37 

. X . . . . . . . . . . . . . . . . solute carrier 
family 35 
member D2 

SLC3
5D2 -0.85 

. X . . . . . . . . . . . . . . . . heparan 
sulfate-
glucosamine 
3-
sulfotransfera
se 3B1 

HS3S
T3B1 

0.37 

. X . . . . . . . . . . . . . . . . carbohydrate 
sulfotransfera
se 6 

CHST
6 -0.99 

. X . . . . . . . . . . . . . . . . lumican LUM -1.55 

. X . . . . . . . . . . . . . . . . iduronate 2-
sulfatase 

IDS 
0.53 

. X . . . . . . . . . . . . . . . . hexosaminida
se subunit 
alpha 

HEXA 
-0.78 

. X . . . . . . . . . . . . . . . . decorin DCN -0.63 

. X . . . . . . . . . . . . . . . . exostosin 
glycosyltransf
erase 1 

EXT1 
-0.86 

. . X . . . . . . . . . . . . . . . solute carrier 
family 38 
member 1 

SLC3
8A1 -0.11 

. . X . . . . . . . . . . . . . . . solute carrier 
family 26 
member 6 

SLC2
6A6 -0.84 

. . X . . . . . . . . . . . . . . . solute carrier 
family 6 
member 15 

SLC6
A15 0.71 

. . X . . . . . . . . . . . . . . . solute carrier 
family 6 
member 20 

SLC6
A20 -1.84 

. . X . . . . . . . . . . . . . . . solute carrier 
family 38 
member 2 

SLC3
8A2 0.79 

. . X . . . . . . . . . . . . . . . solute carrier 
family 17 
member 5 

SLC1
7A5 -0.64 

. . X . . . . . . . . . . . . . . . solute carrier 
family 12 
member 6 

SLC1
2A6 0.92 
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. . X . . . . . . . . . . . . . . . solute carrier 
family 20 
member 1 

SLC2
0A1 -0.88 

. . X . . . . . . . . . . . . . . . solute carrier 
family 15 
member 2 

SLC1
5A2 0.47 

. . X . . . . . . . . . . . . . . . solute carrier 
family 12 
member 2 

SLC1
2A2 -1.97 

. . X . . . . . . . . . . . . . . . solute carrier 
family 7 
member 2 

SLC7
A2 0.74 

. . X . . . . . . . . . . . . . . . solute carrier 
family 1 
member 4 

SLC1
A4 0.35 

. . X . . . . . . . . . . . . . . . solute carrier 
family 3 
member 1 

SLC3
A1 -2.21 

. X X . . . . . . . . X . . . . . . solute carrier 
family 26 
member 2 

SLC2
6A2 1.04 

. X X . . . . . . . . . . . . . . . solute carrier 
family 9 
member A1 

SLC9
A1 -1.30 

. . . . X . . . . . . . . X . . . . p53 apoptosis 
effector 
related to 
PMP22 

PERP 

1.10 

. . . . . . . . . . . . . X . . . . BCL6 
transcription 
repressor 

BCL6 
0.80 

. . . . . . . . . . . . . X . . . . BCL2 like 14 BCL2
L14 

-1.37 

X . . . . . X . . . . . . . . . . . RAB27A, 
member RAS 
oncogene 
family 

RAB2
7A 

-0.79 

X . . . . . X . . . . . . . . . . . RAB7A, 
member RAS 
oncogene 
family 

RAB7
A 

0.60 

. . . . . . X . . . . . . . . . . . RAB20, 
member RAS 
oncogene 
family 

RAB2
0 

-1.15 

. . . . . . X . . . . . . . . . . . RAB8B, 
member RAS 

RAB8
B 

-0.32 
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oncogene 
family 

. . . . . . X . . . . . . . . . . . RAB21, 
member RAS 
oncogene 
family 

RAB2
1 

0.64 

. . . . . . X . . . . . . . . . . . RAB29, 
member RAS 
oncogene 
family 

RAB2
9 

-0.21 

. . . . . . X . . . . . . . . . . . RAB11A, 
member RAS 
oncogene 
family 

RAB1
1A 

0.83 

. . . . . . X . . . . . . . . . . . RAB27B, 
member RAS 
oncogene 
family 

RAB2
7B 

-0.54 

. . . . . . X . . . . . . . . . . . RAB3B, 
member RAS 
oncogene 
family 

RAB3
B 

-1.22 

. . . . . . X . . . . . . . . . . . RAB5A, 
member RAS 
oncogene 
family 

RAB5
A 

0.47 

X . . . X . . . . . . . . . . . . . calpain 1 CAPN
1 

0.83 

. . . . X . . . . . . . . . . . . . kallikrein 
related 
peptidase 12 

KLK1
2 1.77 

. . . . X . . . . . . . . . . . . . kazrin, 
periplakin 
interacting 
protein 

KAZN 

1.34 

. . . . X . . . . . . . . . . . . . kallikrein 
related 
peptidase 8 

KLK8 
1.39 

. . . . X . . . . . . . . . . . . . plakophilin 4 PKP4 -0.32 

. . . . X . . . . . . . . . . . . . small proline 
rich protein 3 

SPRR
3 

3.19 

. . . . X . . . . . . . . . . . . . desmoglein 3 DSG3 2.85 

. . . . X . . . . . . . . . . . . . desmocollin 3 DSC3 3.03 

. . . . X . . . . . . . . . . . . . calpain small 
subunit 1 

CAPN
S1 

0.65 

. . . . X . . . . . . . . . . . . . desmocollin 2 DSC2 1.18 
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. . . . . . . . X . . . . . . . . . lysyl oxidase 
like 2 

LOXL
2 

-0.62 

. . . . . . . . X . . . . . . . . . laminin 
subunit alpha 
3 

LAMA
3 -1.22 

. . . . . . . . X . . . . . . . . . integrin 
subunit beta 4 

ITGB4 
-1.11 

. . . . . . . . X . . . . . . . . . integrin 
subunit alpha 
6 

ITGA6 
-1.42 

. . . . . . . . X . . . . . . . . . collagen type 
IV alpha 5 
chain 

COL4
A5 -0.15 

. . . . . . . . X . . . . . . . . . collagen type 
III alpha 1 
chain 

COL3
A1 -1.09 

. . . . . . . . X . . . . . . . . .   0.70 

. . . . . . . . X . . . . . . . . . dystonin DST 0.70 

. . . . . . . . X . . . . . . . . . collagen type 
I alpha 2 
chain 

COL1
A2 -1.04 

X . . . . . . . X . . . . . . . . . cathepsin B CTSB 0.51 

X . . . . . . . X . . . . . . . . . cathepsin S CTSS -1.34 

X . . . . . . . . . . . . . . . X . alanyl 
aminopeptida
se, membrane 

ANPE
P -3.46 

. . . . . . . . . . . . . . . . X . aminopeptida
se O 
(putative) 

AOPE
P 0.48 

. . . . . . . X . . X . . . . . . . protein kinase 
cAMP-
activated 
catalytic 
subunit beta 

PRKA
CB 

-0.69 

. . . . . . . . . . X . . . . . . . abhydrolase 
domain 
containing 5, 
lysophosphati
dic acid 
acyltransferas
e 

ABHD
5 

1.26 

. . . . . . . . . . X . . . . . . . monoglycerid
e lipase 

MGLL 
0.42 

. . . . . . . . . . X . . . . . . . fatty acid 
binding 
protein 1 

FABP
1 -2.76 
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. . . . . . . . . . X . . . . . . . protein 
phosphatase 
1 catalytic 
subunit beta 

PPP1
CB 

1.06 

X . . . . . . . . . . . . . . . . . magnesium 
transporter 1 

MAGT
1 

-0.25 

X . . . . . . . . . . . . . . . . . tetraspanin 14 TSPA
N14 

0.78 

X . . . . . . . . . . . . . . . . . potassium 
channel 
modulatory 
factor 1 

KCMF
1 

0.61 

X . . . . . . . . . . . . . . . . . transmembra
ne protein 
30A 

TME
M30A 0.29 

X . . . . . . . . . . . . . . . . . calcineurin 
like 
phosphoester
ase domain 
containing 1 

CPPE
D1 

0.83 

X . . . . . . . . . . . . . . . . . ras homolog 
family 
member F, 
filopodia 
associated 

RHOF 

-0.71 

X . . . . . . . . . . . . . . . . . toll interacting 
protein 

TOLLI
P 

0.55 

X . . . . . . . . . . . . . . . . . calcium 
binding 
protein 39 

CAB3
9 0.43 

X . . . . . . . . . . . . . . . . . yippee l ke 5 YPEL
5 

0.28 

X . . . . . . . . . . . . . . . . . ATPase H+ 
transporting 
V1 subunit D 

ATP6
V1D 0.76 

X . . . . . . . . . . . . . . . . . heme binding 
protein 2 

HEBP
2 

0.69 

X . . . . . . . . . . . . . . . . . ATPase 
phospholipid 
transporting 
11B (putative) 

ATP1
1B 

0.62 

X . . . . . . . . . . . . . . . . . GLI 
pathogenesis 
related 1 

GLIP
R1 0.20 

X . . . . . . . . . . . . . . . . . cytoskeleton 
associated 
protein 4 

CKAP
4 0.23 
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X . . . . . . . . . . . . . . . . . IQ motif 
containing 
GTPase 
activating 
protein 2 

IQGA
P2 

-2.54 

X . . . . . . . . . . . . . . . . . proteasome 
26S subunit, 
non-ATPase 6 

PSMD
6 0.40 

X . . . . . . . . . . . . . . . . . transmembra
ne protein 
63A 

TME
M63A -0.95 

X . . . . . . . . . . . . . . . . . synaptosome 
associated 
protein 29 

SNAP
29 0.41 

X . . . . . . . . . . . . . . . . . VAMP 
associated 
protein A 

VAPA 
0.22 

X . . . . . . . . . . . . . . . . . synaptosome 
associated 
protein 23 

SNAP
23 -0.36 

X . . . . . . . . . . . . . . . . . late 
endosomal/lys
osomal 
adaptor, 
MAPK and 
MTOR 
activator 3 

LAMT
OR3 

0.29 

X . . . . . . . . . . . . . . . . . r bonuclease 
T2 

RNAS
ET2 

-0.96 

X . . . . . . . . . . . . . . . . . X-ray repair 
cross 
complementin
g 5 

XRCC
5 

0.13 

X . . . . . . . . . . . . . . . . . serine/threoni
ne kinase 10 

STK1
0 

-0.35 

X . . . . . . . . . . . . . . . . . signal 
recognition 
particle 14 

SRP1
4 0.28 

X . . . . . . . . . . . . . . . . . Rho 
associated 
coiled-coil 
containing 
protein kinase 
1 

ROCK
1 

-0.40 

X . . . . . . . . . . . . . . . . . RAP2B, 
member of 
RAS 

RAP2
B 0.39 

Stellenbosch University https://scholar.sun.ac.za



 

 

331  

oncogene 
family 

X . . . . . . . . . . . . . . . . . protein 
tyrosine 
phosphatase 
receptor type 
B 

PTPR
B 

-0.62 

X . . . . . . . . . . . . . . . . . proteasome 
20S subunit 
beta 7 

PSMB
7 0.24 

X . . . . . . . . . . . . . . . . . proteasome 
20S subunit 
alpha 5 

PSMA
5 -0.35 

X . . . . . . . . . . . . . . . . . DnaJ heat 
shock protein 
family 
(Hsp40) 
member C3 

DNAJ
C3 

-0.47 

X . . . . . . . . . . . . . . . . . mitogen-
activated 
protein kinase 
1 

MAPK
1 

0.70 

X . . . . . . . . . . . . . . . . . prolylcarboxy
peptidase 

PRCP 
0.92 

X . . . . . . . . . . . . . . . . . phospholipas
e D1 

PLD1 
0.96 

X . . . . . . . . . . . . . . . . . polymeric 
immunoglobul
in receptor 

PIGR 
-3.00 

X . . . . . . . . . . . . . . . . . serpin family 
B member 6 

SERP
INB6 

-0.64 

X . . . . . . . . . . . . . . . . . serpin family 
A member 1 

SERP
INA1 

-2.74 

X . . . . . . . . . . . . . . . . . inositol 1,4,5-
triphosphate 
receptor 
associated 2 

IRAG
2 

0.27 

X . . . . . . . . . . . . . . . . . lysosomal 
associated 
membrane 
protein 2 

LAMP
2 

0.70 

X . . . . . . . . . . . . . . . . . isocitrate 
dehydrogenas
e (NADP(+)) 1 

IDH1 
-0.38 

X . . . . . . . . . . . . . . . . . heat shock 
protein family 
A (Hsp70) 
member 8 

HSPA
8 

0.15 
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X . . . . . . . . . . . . . . . . . gelsolin GSN 0.61 

X . . . . . . . . . . . . . . . . . GM2 
ganglioside 
activator 

GM2A 
1.55 

X . . . . . . . . . . . . . . . . . alpha-L-
fucosidase 1 

FUCA
1 

-1.25 

X . . . . . . . . . . . . . . . . . serpin family 
B member 1 

SERP
INB1 

0.95 

X . . . . . . . . . . . . . . . . . cytochrome b-
245 alpha 
chain 

CYBA 
-0.98 

X . . . . . . . . . . . . . . . . . cystatin B CSTB 1.24 

X . . . . . . . . . . . . . . . . . COPI coat 
complex 
subunit beta 1 

COPB
1 -0.42 

X . . . . . . . . . . . . . . . . . cathepsin C CTSC -0.56 

X . . . . . . . . . . . . . . . . . CD59 
molecule 
(CD59 blood 
group) 

CD59 

0.61 

X . . . . . . . . . . . . . . . . . CD47 
molecule 

CD47 
0.31 

X . . . . . . . . . . . . . . . . . CD36 
molecule 

CD36 
0.01 

X . . . . . . . . . . . . . . . . . beta-2-
microglobulin 

B2M 
-0.86 

X . . . . . . . . . . . . . . . . . ras homolog 
family 
member A 

RHOA 
0.16 

X . . . . . . . . . . . . . . . . . acid 
phosphatase 
3 

ACP3 
1.55 

X . . . . . . . . . . . . . . . . . arginase 1 ARG1 0.68 

X . . . . . . X . . . . . . . . . . aldolase, 
fructose-
bisphosphate 
A 

ALDO
A 

0.46 

X . . . . . . X . . . . . . . . . . glycogen 
phosphorylas
e B 

PYGB 
-0.76 

. . . . . . . . . X . . . . X . . . mucin 4, cell 
surface 
associated 

MUC4 
0.49 

. . . . . . . . . X . . . . X . . . mucin 13, cell 
surface 
associated 

MUC1
3 -3.87 
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. X . . . . . . . X . . . . . . . . ST3 beta-
galactoside 
alpha-2,3-
sialyltransfera
se 1 

ST3G
AL1 

0.68 

. . . . . . . . . X . . . . . . . . polypeptide 
N-
acetylgalactos
aminyltransfer
ase 10 

GALN
T10 

-1.43 

. . . . . . . . . X . . . . . . . . polypeptide 
N-
acetylgalactos
aminyltransfer
ase 7 

GALN
T7 

-1.39 

. . . . . . . . . X . . . . . . . . ST6 N-
acetylgalactos
aminide 
alpha-2,6-
sialyltransfera
se 4 

ST6G
ALNA
C4 

-0.31 

. . . . . . . . . X . . . . . . . . polypeptide 
N-
acetylgalactos
aminyltransfer
ase 6 

GALN
T6 

-2.36 

. . . . . . . . . X . . . . . . . . polypeptide 
N-
acetylgalactos
aminyltransfer
ase 1 

GALN
T1 

0.66 

. . . . . . . . . X . . . . . . . . glucosaminyl 
(N-acetyl) 
transferase 1 

GCNT
1 -1.67 

. . . . . . . . . . . . X . . . . . poly(ADP-
r bose) 
polymerase 
family 
member 8 

PARP
8 

-0.55 

. . . . . . . . . . . . X . . . . . nicotinamide 
N-
methyltransfer
ase 

NNMT 

-0.78 

. . . . . . . . . . . . X . . . . . 5'-
nucleotidase 
ecto 

NT5E 
-2.22 
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. . . . . X . . . . . . X . . . . . nicotinamide 
phosphoribos
yltransferase 

NAMP
T 1.40 

. . . . . X . . . . . . . . . . . . trimethylguan
osine 
synthase 1 

TGS1 
-0.39 

. . . . . X . . . . . . . . . . . . basic helix-
loop-helix 
family 
member e41 

BHLH
E41 

-1.72 

. . . . . X . . . . . . . . . . . . aryl 
hydrocarbon 
receptor 
nuclear 
translocator 
like 2 

ARNT
L2 

1.10 

. . . . . X . . . . . . . . . . . . nuclear 
receptor 
corepressor 1 

NCO
R1 -0.25 

. . . . . X . . . . . . . . . . . . clock 
circadian 
regulator 

CLOC
K 0.29 

. . . . . X . . . . . . . . . . . . RAR related 
orphan 
receptor A 

RORA 
1.84 

. . . . . X . . . . . . . . . . . . RNA binding 
motif protein 4 

RBM4 
0.27 

. . . . . X . . . . . . . . . . . . peroxisome 
proliferator 
activated 
receptor alpha 

PPAR
A 

-0.31 

. . . . . X . . . . . . . . . . . . nuclear 
receptor 
subfamily 3 
group C 
member 1 

NR3C
1 

0.63 

. . . . . X . . . . . . . . . . . . period 
circadian 
regulator 1 

PER1 
0.60 

. . . . . . . . . . . . . . . . . X 3-hydroxy-3-
methylglutaryl
-CoA 
synthase 2 

HMG
CS2 

-2.67 

. . . . . . . X . . . . . . . . . . solute carrier 
family 25 
member 13 

SLC2
5A13 -0.36 

. . . . . . . X . . . . . . . . . . protein 
phosphatase 

PPP2
CA 

0.39 
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2 catalytic 
subunit alpha 

. . . . . . . X . . . . . . . . . . protein 
phosphatase 
1 regulatory 
subunit 3C 

PPP1
R3C 

2.44 

. . . . . . . X . . . . . . . . . . phosphoglyce
rate kinase 1 

PGK1 
0.58 

. . . . . . . X . . . . . . . . . . aldolase, 
fructose-
bisphosphate 
B 

ALDO
B 

-2.07 

. . . . . . . X . . . . . . . . . . enolase 1 ENO1 0.36 

. . . X . . . . . . . . . . . . . . sorbin and 
SH3 domain 
containing 1 

SORB
S1 -0.08 

. . . X . . . . . . . . . . . . . . myosin light 
chain 9 

MYL9 
-0.14 

. . . X . . . . . . . . . . . . . . tropomyosin 2 TPM2 -0.36 

. . . X . . . . . . . . . . . . . . tropomyosin 1 TPM1 -1.91 

. . . X . . . . . . . . . . . . . . talin 1 TLN1 -0.23 

. . . X . . . . . . . . . . . . . . myosin light 
chain kinase 

MYLK 
-0.52 

. . . X . . . . . . . . . . . . . . myosin heavy 
chain 11 

MYH1
1 

-0.50 

. . . X . . . . . . . . . . . . . . caldesmon 1 CALD
1 

-0.34 

. . . X . . . . . . . . . . . . . . annexin A6 ANXA
6 

-0.19 

. . . X . . . . . . . . . . . . . . annexin A1 ANXA
1 

1.66 

. . . X . . . . . . . . . . . . . . actin alpha 2, 
smooth 
muscle 

ACTA
2 -1.14 

. . . X . . . . . . . . . . . . . . actin gamma 
2, smooth 
muscle 

ACTG
2 -0.73 

. . . . . . . . . . . X . . . . . . 3'(2'), 5'-
bisphosphate 
nucleotidase 
1 

BPNT
1 

-0.53 

. . . . . . . . . . . X . . . . . . sulfotransfera
se family 1C 
member 2 

SULT
1C2 -3.99 
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. . . . . . . . . . . X . . . . . . sulfotransfera
se family 1E 
member 1 

SULT
1E1 -1.27 

. . . . . . . . . . . X . . . . . . sulfotransfera
se family 1A 
member 1 

SULT
1A1 -1.25 

. . . . . . . . . . . . . . . X . . claudin 1 CLDN
1 

0.42 

. . . . . . . . . . . . . . . X . . claudin 18 
CLDN
18 

-3.53 
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Appendix Table 4A5:  

Table 4A5: Esophageal Adenocarcinoma map of enriched pathways to differentially expressed genes 

Extracellu
lar matrix 
organizati
on 

Transport 
of 
inorganic 
cations/an
ions and 
amino 
acids/olig
opeptides 

Formation 
of the 
cornified 
envelope 

Smooth 
Muscle 
Contractio
n 

Interleuki
n-4 and 13 
signaling 

Cargo 
concentra
tion in the 
ER 

Peptide 
hormone 
metabolis
m 

RHO 
GTPases 
activate 
IQGAPs 

Nicotinate 
metabolis
m 

Defective 
GALNT3 
causes 
familial 
hyperpho
sphatemic 
tumoral 
calcinosis 
(HFTC) 

Glycogen 
storage 
diseases 

Apoptotic 
cleavage 
of cell 
adhesion  
proteins    

R.HSA.14
74244 

R.HSA.42
5393 

R.HSA.68
09371 

R.HSA.44
5355 

R.HSA.67
85807 

R.HSA.56
94530 

R.HSA.29
80736 

R.HSA.56
26467 

R.HSA.19
6807 

R.HSA.50
83625 

R.HSA.32
29121 

R.HSA.35
1906 

GENENA
ME 

SYMBOL logFC 

. X . X . . . X . . . . calmodulin 
1 

CALM1 
0.89 

. . . X X . . . . . . . annexin A1 ANXA1 2.12 

. . . X . . . . . . . . sorbin and 
SH3 
domain 
containing 
1 

SORBS1 

-0.15 

. . . X . . . . . . . . myosin 
light chain 
9 

MYL9 
-0.31 

. . . X . . . . . . . . tropomyosi
n 2 

TPM2 
-0.97 

. . . X . . . . . . . . tropomyosi
n 1 

TPM1 
-1.59 

. . . X . . . . . . . . myosin 
light chain 
kinase 

MYLK 
-0.49 

. . . X . . . . . . . .   0.14 

. . . X . . . . . . . . myosin 
heavy 
chain 11 

MYH11 
0.14 

. . . X . . . . . . . . caldesmon 
1 

CALD1 
-0.55 

. . . X . . . . . . . . actin alpha 
2, smooth 
muscle 

ACTA2 
-0.77 

. . . X . . . . . . . .   0.19 

Stellenbosch University https://scholar.sun.ac.za



 

 

338  

. . . X . . . . . . . . actin 
gamma 2, 
smooth 
muscle 

ACTG2 

0.19 

. . X . . . . . . . . X desmoglei
n 3 

DSG3 
3.44 

. . X . . . . . . . . . p53 
apoptosis 
effector 
related to 
PMP22 

PERP 

1.22 

. . X . . . . . . . . . kallikrein 
related 
peptidase 
12 

KLK12 

2.57 

. . X . . . . . . . . . kazrin, 
periplakin 
interacting 
protein 

KAZN 

1.32 

. . X . . . . . . . . . kallikrein 
related 
peptidase 
8 

KLK8 

1.52 

. . X . . . . . . . . . small 
proline rich 
protein 3 

SPRR3 
4.24 

. . X . . . . . . . . . desmocolli
n 2 

DSC2 
1.73 

. . X . . . . . . . . . desmocolli
n 3 

DSC3 
3.29 

. . . . . X . . . . . . transmemb
rane p24 
trafficking 
protein 2 

TMED2 

0.32 

. . . . . X . . . . . . golgi 
SNAP 
receptor 
complex 
member 2 

GOSR2 

-0.49 

. . . . . X . . . . . . serpin 
family A 
member 1 

SERPINA1 
-1.85 

. . . . . X . . . . . . coagulatio
n factor V 

F5 
-2.19 

 . . . . X . . . . . . CD59 
molecule 
(CD59 

CD59 
0.80 
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blood 
group) 

. . . . . X . . . . . . cathepsin 
C 

CTSC 
-0.51 

. . . . . . . X . . . . CAP-Gly 
domain 
containing 
linker 
protein 1 

CLIP1 

1.45 

. . . . . . . X . . . . IQ motif 
containing 
GTPase 
activating 
protein 2 

IQGAP2 

-1.45 

. . . . . . . . . X . . mucin 4, 
cell 
surface 
associated 

MUC4 

1.17 

. . . . . . . . . X . . mucin 13, 
cell 
surface 
associated 

MUC13 

-3.49 

. X . . . . . . . . . . solute 
carrier 
family 26 
member 6 

SLC26A6 

-0.77 

. X . . . . . . . . . . solute 
carrier 
family 6 
member 
15 

SLC6A15 

0.88 

. X . . . . . . . . . . solute 
carrier 
family 6 
member 
20 

SLC6A20 

-1.77 

. X . . . . . . . . . . solute 
carrier 
family 38 
member 2 

SLC38A2 

0.61 

. X . . . . . . . . . . solute 
carrier 
family 12 
member 6 

SLC12A6 

1.11 

. X . . . . . . . . . . solute 
carrier 
family 20 
member 1 

SLC20A1 

-1.04 
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. X . . . . . . . . . . solute 
carrier 
family 15 
member 2 

SLC15A2 

0.82 

. X . . . . . . . . . . solute 
carrier 
family 12 
member 2 

SLC12A2 

-1.75 

. X . . . . . . . . . . solute 
carrier 
family 9 
member 
A1 

SLC9A1 

-0.38 

. X . . . . . . . . . . solute 
carrier 
family 26 
member 2 

SLC26A2 

1.16 

. X . . . . . . . . . . solute 
carrier 
family 3 
member 1 

SLC3A1 

-1.56 

. . . . . . . . . . X . protein 
phosphata
se 1 
regulatory 
subunit 3C 

PPP1R3C 

2.79 

. . . . . . . . X . . . nicotinami
de 
phosphor b
osyltransfe
rase 

NAMPT 

0.94 

. . . . . . . . X . . . nicotinami
de N-
methyltran
sferase 

NNMT 

-1.37 

. . . . . . . . X . . . 5'-
nucleotida
se ecto 

NT5E 
-1.78 

. . . . . . X . . . . . aminopepti
dase O 
(putative) 

AOPEP 
0.50 

. . . . . . X . . . . . endoplasm
ic 
reticulum 
oxidoreduc
tase 1 
alpha 

ERO1A 

1.46 

Stellenbosch University https://scholar.sun.ac.za



 

 

341  

. . . . . . X . . . . . transcriptio
n factor 7 
like 2 

TCF7L2 
-0.65 

. . . . . . X . . . . . inhibin 
subunit 
beta A 

INHBA 
-1.39 

. . . . . . X . . . . . alanyl 
aminopepti
dase, 
membrane 

ANPEP 

-1.86 

. . . . . . X . . . . . GATA 
binding 
protein 4 

GATA4 
-1.19 

X . . . . . . . . . . . junctional 
adhesion 
molecule 3 

JAM3 
-0.50 

X . . . . . . . . . . . junctional 
adhesion 
molecule 2 

JAM2 
0.43 

X . . . . . . . . . . . prolyl 3-
hydroxylas
e 2 

P3H2 
0.54 

X . . . . . . . . . . . asporin ASPN -1.50 

X . . . . . . . . . . . ADAM 
metallopep
tidase with 
thrombosp
ondin type 
1 motif 5 

ADAMTS5 

-0.58 

X . . . . . . . . . . . ADAM 
metallopep
tidase with 
thrombosp
ondin type 
1 motif 1 

ADAMTS1 

-0.58 

X . . . . . . . . . . . calcium/cal
modulin 
dependent 
serine 
protein 
kinase 

CASK 

-0.58 

X . . . . . . . . . . . thrombosp
ondin 1 

THBS1 
-1.19 

X . . . . . . . . . . . transformin
g growth 
factor beta 
2 

TGFB2 

-0.71 
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X . . . . . . . . . . . presenilin 
1 

PSEN1 
0.48 

X . . . . . . . . . . . kallikrein 
related 
peptidase 
7 

KLK7 

1.43 

X . . . . . . . . . . . prolyl 4-
hydroxylas
e subunit 
alpha 1 

P4HA1 

-0.51 

X . . . . . . . . . . . matrix 
metallopep
tidase 15 

MMP15 
-0.98 

X . . . . . . . . . . . matrix 
metallopep
tidase 11 

MMP11 
-1.14 

X . . . . . . . . . . . lumican LUM -1.81 

X . . . . . . . . . . . latent 
transformin
g growth 
factor beta 
binding 
protein 2 

LTBP2 

-0.62 

X . . . . . . . . . . . lysyl 
oxidase 
like 2 

LOXL2 
-1.33 

X . . . . . . . . . . . laminin 
subunit 
alpha 3 

LAMA3 
-0.52 

X . . . . . . . . . . . integrin 
subunit 
beta 8 

ITGB8 
0.47 

X . . . . . . . . . . . integrin 
subunit 
beta 4 

ITGB4 
-0.59 

X . . . . . . . . . . . integrin 
subunit 
alpha 6 

ITGA6 
-0.69 

X . . . . . . . . . . . tenascin C TNC 0.24 

X . . . . . . . . . . . EGF 
containing 
f bulin 
extracellul
ar matrix 
protein 1 

EFEMP1 

0.42 

X . . . . . . . . . . . f brillin 1 FBN1 -1.21 
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X . . . . . . . . . . . decorin DCN -0.33 

X . . . . . . . . . . . cathepsin 
S 

CTSS 
-0.56 

X . . . . . . . . . . . collagen 
type XI 
alpha 1 
chain 

COL11A1 

-0.57 

X . . . . . . . . . . . collagen 
type III 
alpha 1 
chain 

COL3A1 

-1.15 

X . . . . . . . . . . . CD47 
molecule 

CD47 
0.34 

X . . . . . . . . . . . dystonin DST 1.08 

X . . . . . . . . . . . CD44 
molecule 
(Indian 
blood 
group) 

CD44 

0.57 

X . X . . . . . . . . . calpain 1 CAPN1 0.82 

X . X . . . . . . . . . calpain 
small 
subunit 1 

CAPNS1 
0.73 

X . . . X . . . . . . . collagen 
type I 
alpha 2 
chain 

COL1A2 

-1.85 

. . . . X . . . . . . . zinc finger 
E-box 
binding 
homeobox 
1 

ZEB1 

-0.73 

. . . . X . . . . . . . signal 
transducer 
and 
activator of 
transcriptio
n 3 

STAT3 

0.45 

. . . . X . . . . . . . signal 
transducer 
and 
activator of 
transcriptio
n 1 

STAT1 

-0.96 
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. . . . X . . . . . . . SRY-box 
transcriptio
n factor 2 

SOX2 
1.94 

. . . . X . . . . . . . RAR 
related 
orphan 
receptor A 

RORA 

1.51 

. . . . X . . . . . . . MCL1 
apoptosis 
regulator, 
BCL2 
family 
member 

MCL1 

0.54 

. . . . X . . . . . . . BCL6 
transcriptio
n 
repressor 

BCL6 

0.35 

. . . . X . . . . . . . heat shock 
protein 
family A 
(Hsp70) 
member 8 

HSPA8 

0.46 
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Appendix Table 4A6 

Table 4A6: Esophageal Squamous Cell Carcinoma map of enriched pathways to differentially expressed genes 

Met
abol
ism 

Met
abol
ism 
of 
ami
no 
acid
s 
and 
deri
vati
ves 

Glyc
osa
min
ogly
can 
met
abol
ism 

G2/
M 
Che
ckp
oint
s 

Sign
alin
g by 
MET 

Inter
fero
n 
alph
a/be
ta 
sign
alin
g 

For
mati
on 
of 
the 
corn
ified 
env
elop
e 

Smo
oth 
Mus
cle 
Con
tract
ion 

Met
abol
ism 
of 
wat
er-
solu
ble 
vita
min
s 
and 
cofa
ctor
s 

Inte
grin 
cell 
surf
ace 
inter
acti
ons 

O-
link
ed 
glyc
osyl
atio
n of 
muc
ins 

Pha
se 1 
- 
Fun
ctio
nali
zati
on 
of 
com
pou
nds 

Ho
mol
ogo
us 
DNA 
Pairi
ng 
and 
Stra
nd 
Exc
han
ge 

Coll
age
n 
chai
n 
trim
eriz
atio
n 

Ami
no 
acid 
synt
hesi
s 
and 
inter
con
vers
ion 
(tra
nsa
min
atio
n) 

Met
abol
ism 
of 
inge
sted 
SeM
et, 
Sec, 
MeS
ec 
into 
H2S
e 

E2F-
ena
bled 
inhi
bitio
n of 
pre-
repli
cati
on 
com
plex 
for
mati
on 

Cycl
in 
B2 
med
iate
d 
eve
nts 

Glyc
opr
otei
n 
hor
mon
es 

Ant
ago
nis
m of 
Acti
vin 
by 
Folli
stati
n 

TFA
P2 
(AP-
2) 
fami
ly 
regu
late
s 
tran
scri
ptio
n of 
othe
r 
tran
scri
ptio
n 
fact
ors 

Glyc
oge
n 
stor
age 
dise
ase
s 

Ara
chid
onat
e 
pro
duct
ion 
fro
m 
DA
G    

R.H
SA.1
430
728 

R.H
SA.7
129
1 

R.H
SA.1
630
316 

R.H
SA.6
948
1 

R.H
SA.6
806
834 

R.H
SA.9
097
33 

R.H
SA.6
809
371 

R.H
SA.4
453
55 

R.H
SA.1
968
49 

R.H
SA.2
160
83 

R.H
SA.9
137
09 

R.H
SA.2
119
45 

R.H
SA.5
693
579 

R.H
SA.8
948
216 

R.H
SA.7
061
4 

R.H
SA.2
408
508 

R.H
SA.1
135
07 

R.H
SA.1
578
81 

R.H
SA.2
098
22 

R.H
SA.2
473
224 

R.H
SA.8
866
906 

R.H
SA.3
229
121 

R.H
SA.4
260
48 GENENAME 

SYM
BOL logFC 

. . . X . . . . . . . . X . . . . . . . . . . replication 
protein A1 

RPA
1 

-0.49 

. . . X . . . . . . . . X . . . . . . . . . . replication 
factor C 
subunit 3 

RFC
3 -0.86 

. . . X . . . . . . . . X . . . . . . . . . . RAD1 
checkpoint 
DNA 
exonuclease 

RAD
1 

-0.71 

. . . X . . . . . . . . X . . . . . . . . . . nibrin NBN -0.67 

. . . X . . . . . . . . X . . . . . . . . . . MRE11 
homolog, 
double strand 
break repair 
nuclease 

MR
E11 

-0.79 
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. . . X . . . . . . . . X . . . . . . . . . . ATR 
serine/threoni
ne kinase 

ATR 
-0.98 

. . . X . . . . . . . . X . . . . . . . . . . checkpoint 
kinase 1 

CHE
K1 

-1.34 

. . . X . . . . . . . . . . . . X X . . . . . cyclin 
dependent 
kinase 1 

CDK
1 -1.40 

. . . X . . . . . . . . . . . . X . . . . . . cyclin B1 CCN
B1 

-1.13 

. . . X . . . . . . . . . . . . X . . . . . .    

. . . X . . . . . . . . . . . . . X . . . . . cyclin B2 CCN
B2 

-1.30 

. . . X . . . . . . . . . . . . . . . . . . . minichromos
ome 
maintenance 
10 replication 
initiation 
factor 

MC
M10 

-1.52 

. . . X . . . . . . . . . . . . . . . . . . . G2 and S-
phase 
expressed 1 

GTS
E1 -1.46 

. . . X . . . . . . . . . . . . . . . . . . . H2B 
clustered 
histone 4 

H2B
C4 0.43 

. . . X . . . . . . . . . . . . . . . . . . . tyrosine 3-
monooxygen
ase/tryptopha
n 5-
monooxygen
ase 
activation 
protein eta 

YW
HAH 

-0.41 

. . . X . . . . . . . . . . . . . . . . . . . nuclear 
receptor 
binding SET 
domain 
protein 2 

NSD
2 

-0.79 

. . . X . . . . . . . . . . . . . . . . . . .    

. . . X . . . . . . . . . . . . . . . . . . . minichromos
ome 
maintenance 
complex 
component 4 

MC
M4 

-1.09 

. . . X . . . . . . . . . . . . . . . . . . . minichromos
ome 
maintenance 

MC
M6 -1.10 
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complex 
component 6 

. . . . . . . . . . . . . . . . . . X X . . . inhibin 
subunit beta 
A 

INH
BA -2.61 

. . . . . . . . . . . . . . . . . . . X . . . follistatin FST -1.48 

. . . . . . . . . . . . . X . . . . . . . . . collagen type 
XI alpha 1 
chain 

COL
11A
1 

-2.08 

. . . . . . . . . . . . . X . . . . . . . . . collagen type 
IV alpha 5 
chain 

COL
4A5 -1.05 

. . . . . . . . . . . . . X . . . . . . . . . collagen type 
I alpha 2 
chain 

COL
1A2 -2.64 

. . . . . . . . . . . . . X . . . . . . . . . collagen type 
III alpha 1 
chain 

COL
3A1 -1.79 

. . . . . . . . . X . . . X . . . . . . . . .    

. . . . . . . . . X . . . . . . . . . . . . . junctional 
adhesion 
molecule 3 

JAM
3 0.57 

. . . . . . . . . X . . . . . . . . . . . . . junctional 
adhesion 
molecule 2 

JAM
2 1.21 

. . . . . . . . . X . . . . . . . . . . . . . integrin 
subunit alpha 
8 

ITG
A8 1.07 

. . . . . . . . . X . . . . . . . . . . . . . thrombospon
din 1 

THB
S1 

-0.72 

. . . . . . . . . X . . . . . . . . . . . . . integrin 
subunit alpha 
6 

ITG
A6 -1.67 

. . . . . . . . . X . . . . . . . . . . . . . f brillin 1 FBN
1 

-0.43 

. . . . . . . . . X . . . . . . . . . . . . . tenascin C TNC -1.88 

X X . . . . . . X . . . . . . X . . . . . . . nicotinamide 
N-
methyltransfe
rase 

NN
MT 

-0.71 

X X . . . . . . . . . . . . . X . . . . . . . cystathionine 
beta-
synthase 

CBS 
-0.94 

X X . . . . . . . . . . . . . X . . . . . . . histamine N-
methyltransfe
rase 

HN
MT 1.17 
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X . X . . . . . . . X . . . . . . . . . . . .    

X . X . . . . . . X . . . . . . . . . . . . . CD44 
molecule 
(Indian blood 
group) 

CD4
4 

-0.78 

X . X . . . . . . X . . . . . . . . . . . . . lumican LUM -1.93 

X . X . . . . . . . . . . . . . . . . . . . . xylosyltransfe
rase 1 

XYL
T1 

1.30 

X . X . . . . . . . . . . . . . . . . . . . . carbohydrate 
sulfotransfera
se 12 

CHS
T12 -0.57 

X . X . . . . . . . . . . . . . . . . . . . . chondroitin 
sulfate N-
acetylgalacto
saminyltransf
erase 2 

CSG
ALN
ACT
2 

-0.72 

X . X . . . . . . . . . . . . . . . . . . . . carbohydrate 
sulfotransfera
se 11 

CHS
T11 -0.75 

X . X . . . . . . . . . . . . . . . . . . . .    

X . X . . . . . . . . . . . . . . . . . . . . heparanase HPS
E 

0.93 

X . X . . . . . . . . . . . . . . . . . . . . ATP binding 
cassette 
subfamily C 
member 5 

ABC
C5 

-1.08 

X . X . . . . . . . . . . . . . . . . . . . .    

X . X . . . . . . . . . . . . . . . . . . . . carbohydrate 
sulfotransfera
se 2 

CHS
T2 -1.14 

X . X . . . . . . . . . . . . . . . . . . . . carbohydrate 
sulfotransfera
se 1 

CHS
T1 -0.95 

X . X . . . . . . . . . . . . . . . . . . . . proline and 
arginine rich 
end leucine 
rich repeat 
protein 

PRE
LP 

1.13 

X . X . . . . . . . . . . . . . . . . . . . . osteoglycin OG
N 

2.21 

X . X . . . . . . . . . . . . . . . . . . . .    

X . X . . . . . . . . . . . . . . . . . . . .    

X . X . . . . . . . . . . . . . . . . . . . . hexosaminid
ase subunit 
alpha 

HEX
A -0.50 
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X . X . . . . . . . . . . . . . . . . . . . . hyaluronan 
synthase 2 

HAS
2 

-0.61 

X . X . . . . . . . . . . . . . . . . . . . .    

X . X . . . . . . . . . . . . . . . . . . . . glypican 3 GPC
3 

-0.89 

X . X . . . . . . . . . . . . . . . . . . . . exostosin 
glycosyltransf
erase 1 

EXT
1 -0.96 

X . X . . . . . . . . . . . . . . . . . . . . decorin DCN 0.49 

X . X . . . . . . . . . . . . . . . . . . . .   0.49 

X . X . . . . . . . . . . . . . . . . . . . . solute carrier 
family 26 
member 2 

SLC
26A
2 

1.35 

X . . . . . . . . . . . . . . . . . . . . X . protein 
phosphatase 
1 regulatory 
subunit 3C 

PPP
1R3
C 

3.47 

X . . . . . . . . . . . . . . . . . . . . . X monoglycerid
e lipase 

MGL
L 

2.20 

X . . . . . . . X . . . . . . . . . . . . . . LMBR1 
domain 
containing 1 

LMB
RD1 1.04 

X . . . . . . . X . . . . . . . . . . . . . .    

X . . . . . . . X . . . . . . . . . . . . . . nicotinamide 
phosphoribos
yltransferase 

NA
MPT 0.73 

X . . . . . . . X . . . . . . . . . . . . . . solute carrier 
family 19 
member 1 

SLC
19A
1 

-0.81 

X . . . . . . . X . . . . . . . . . . . . . . propionyl-
CoA 
carboxylase 
subunit alpha 

PCC
A 

0.95 

X . . . . . . . X . . . . . . . . . . . . . . 5'-
nucleotidase 
ecto 

NT5
E -0.51 

X . . . . . . . X . . . . . . . . . . . . . . biotinidase BTD 0.70 

X . . . . . . . X . . . . . . . . . . . . . .    

X X . . . . . . X . . . . . . . . . . . . . . 5-
methyltetrahy
drofolate-
homocystein
e 
methyltransfe
rase 

MTR 

-0.66 
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X X . . . . . . X . . . . . . . . . . . . . . serine 
hydroxymeth
yltransferase 
1 

SH
MT1 

1.13 

X X . . . . . . . . . . . . . . . . . . . . . 2-
aminoethanet
hiol 
dioxygenase 

ADO 

-0.50 

X X . . . . . . . . . . . . . . . . . . . . . agmatinase AG
MAT 

-0.89 

X X . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . . . . . . . . . . . . . dehydrogena
se E1 and 
transketolase 
domain 
containing 1 

DHT
KD1 

-0.53 

X X . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . . . . . . . . . . . . . betaine--
homocystein
e S-
methyltransfe
rase 2 

BH
MT2 

1.01 

X X . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . . . . . . . . . . . . . tryptophan 
2,3-
dioxygenase 

TDO
2 -1.69 

X X . . . . . . . . . . . . . . . . . . . . . solute carrier 
family 6 
member 8 

SLC
6A8 -0.81 

X X . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . . . . . . . . . . . . . ribosomal 
protein L15 

RPL
15 

0.68 

X X . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . . . . . . . . . . . . . glutamate-
cysteine 
ligase 
modifier 
subunit 

GCL
M 

-0.91 

X X . . . . . . . . . . . . . . . . . . . . . glycine 
amidinotransf
erase 

GAT
M 1.68 
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X X . . . . . . . . . . . . . . . . . . . . . iodothyronine 
deiodinase 2 

DIO
2 

1.85 

X X . . . . . . . . . . . . . . . . . . . . . branched 
chain amino 
acid 
transaminase 
1 

BCA
T1 

-1.84 

X X . . . . . . . . . . . . . . . . . . . . . acyl-CoA 
dehydrogena
se 
short/branch
ed chain 

ACA
DSB 

0.82 

X X . . . . . . . . . . . . . . . . . . . . . arginase 1 ARG
1 

0.96 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . nucleoporin 
43 

NUP
43 

-0.63 

X . . . . . . . . . . . . . . . . . . . . . . lysophosphat
idylcholine 
acyltransfera
se 4 

LPC
AT4 

0.30 

X . . . . . . . . . . . . . . . . . . . . . . membrane 
bound O-
acyltransfera
se domain 
containing 2 

MB
OAT
2 0.51 

X . . . . . . . . . . . . . . . . . . . . . . oxysterol 
binding 
protein like 
10 

OSB
PL1
0 

0.88 

X . . . . . . . . . . . . . . . . . . . . . . oxysterol 
binding 
protein like 8 

OSB
PL8 0.34 

X . . . . . . . . . . . . . . . . . . . . . . trimethylguan
osine 
synthase 1 

TGS
1 -0.77 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . ADP 
dependent 
glucokinase 

ADP
GK -0.61 

X . . . . . . . . . . . . . . . . . . . . . . SEH1 like 
nucleoporin 

SEH
1L 

-0.48 

X . . . . . . . . . . . . . . . . . . . . . . phospholipas
e A2 group 
XIIA 

PLA
2G1
2A 

0.74 

X . . . . . . . . . . . . . . . . . . . . . . RUN and 
FYVE 

RUF
Y1 

0.42 
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domain 
containing 1 

X . . . . . . . . . . . . . . . . . . . . . . stearoyl-CoA 
desaturase 5 

SCD
5 

-0.44 

X . . . . . . . . . . . . . . . . . . . . . . phospholipas
e B domain 
containing 1 

PLB
D1 1.02 

X . . . . . . . . . . . . . . . . . . . . . . TBL1X 
receptor 1 

TBL
1XR
1 

-0.56 

X . . . . . . . . . . . . . . . . . . . . . . fatty acid 2-
hydroxylase 

FA2
H 

0.53 

X . . . . . . . . . . . . . . . . . . . . . . ELOVL fatty 
acid 
elongase 6 

ELO
VL6 1.21 

X . . . . . . . . . . . . . . . . . . . . . . nucleoporin 
37 

NUP
37 

-0.51 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . LYR motif 
containing 4 

LYR
M4 

-0.59 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . choline 
phosphotrans
ferase 1 

CHP
T1 0.90 

X . . . . . . . . . . . . . . . . . . . . . . StAR related 
lipid transfer 
domain 
containing 7 

STA
RD7 

-0.67 

X . . . . . . . . . . . . . . . . . . . . . . G protein 
subunit 
gamma 12 

GN
G12 0.68 

X . . . . . . . . . . . . . . . . . . . . . . nucleoporin 
133 

NUP
133 

-0.45 

X . . . . . . . . . . . . . . . . . . . . . . fatty acyl-
CoA 
reductase 2 

FAR
2 0.00 

X . . . . . . . . . . . . . . . . . . . . . . NDC1 
transmembra
ne 
nucleoporin 

NDC
1 

-1.08 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . abhydrolase 
domain 
containing 
10, 

ABH
D10 

-0.47 
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depalmitoyla
se 

X . . . . . . . . . . . . . . . . . . . . . . 1-
acylglycerol-
3-phosphate 
O-
acyltransfera
se 5 

AGP
AT5 

-0.41 

X . . . . . . . . . . . . . . . . . . . . . . pyruvate 
dehyrogenas
e 
phosphatase 
catalytic 
subunit 1 

PDP
1 

-0.66 

X . . . . . . . . . . . . . . . . . . . . . . carnitine O-
octanoyltrans
ferase 

CR
OT 0.47 

X . . . . . . . . . . . . . . . . . . . . . . UDP 
glucuronosylt
ransferase 
family 1 
member A1 

UGT
1A1 

1.35 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . cytidine/uridi
ne 
monophosph
ate kinase 1 

CM
PK1 

0.66 

X . . . . . . . . . . . . . . . . . . . . . . acyl-CoA 
synthetase 
long chain 
family 
member 5 

ACS
L5 

0.56 

X . . . . . . . . . . . . . . . . . . . . . . mitochondrial 
pyruvate 
carrier 1 

MP
C1 1.12 

X . . . . . . . . . . . . . . . . . . . . . . 3-
hydroxyacyl-
CoA 
dehydratase 
3 

HAC
D3 

-0.79 

X . . . . . . . . . . . . . . . . . . . . . . inositol-3-
phosphate 
synthase 1 

ISY
NA1 -0.67 
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X . . . . . . . . . . . . . . . . . . . . . . solute carrier 
family 25 
member 37 

SLC
25A
37 

-0.41 

X . . . . . . . . . . . . . . . . . . . . . . glycolipid 
transfer 
protein 

GLT
P 0.92 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . secretion 
associated 
Ras related 
GTPase 1B 

SAR
1B 

0.53 

X . . . . . . . . . . . . . . . . . . . . . . retinol 
dehydrogena
se 11 

RDH
11 -0.39 

X . . . . . . . . . . . . . . . . . . . . . . abhydrolase 
domain 
containing 5, 
lysophosphat
idic acid 
acyltransfera
se 

ABH
D5 

1.12 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . ORMDL 
sphingolipid 
biosynthesis 
regulator 2 

OR
MDL
2 

0.38 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . LDL receptor 
related 
protein 10 

LRP
10 0.71 

X . . . . . . . . . . . . . . . . . . . . . . WW domain 
containing 
transcription 
regulator 1 

WW
TR1 

0.53 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . nucleoporin 
62 

NUP
62 

-0.76 

X . . . . . . . . . . . . . . . . . . . . . . alpha-
methylacyl-
CoA 
racemase 

AMA
CR 

0.76 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . dimethylargin
ine 

DDA
H1 

1.67 
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dimethylamin
ohydrolase 1 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . cyclin 
dependent 
kinase 19 

CDK
19 0.65 

X . . . . . . . . . . . . . . . . . . . . . . 5'-
nucleotidase, 
cytosolic II 

NT5
C2 0.89 

X . . . . . . . . . . . . . . . . . . . . . . pleckstrin 
homology 
domain 
containing A6 

PLE
KHA
6 

1.22 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . phospholipas
e A and 
acyltransfera
se 3 

PLA
AT3 

-0.02 

X . . . . . . . . . . . . . . . . . . . . . . GLI 
pathogenesis 
related 1 

GLI
PR1 -0.89 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . G protein 
subunit beta 
5 

GNB
5 -0.54 

X . . . . . . . . . . . . . . . . . . . . . . acetyl-CoA 
acyltransfera
se 2 

ACA
A2 1.05 

X . . . . . . . . . . . . . . . . . . . . . . Yes1 
associated 
transcriptiona
l regulator 

YAP
1 

0.35 

X . . . . . . . . . . . . . . . . . . . . . . solute carrier 
family 25 
member 13 

SLC
25A
13 

-0.66 

X . . . . . . . . . . . . . . . . . . . . . . leucine rich 
pentatricopep
tide repeat 
containing 

LRP
PRC 

-0.60 
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X . . . . . . . . . . . . . . . . . . . . . . ceramide 
transporter 1 

CER
T1 

0.63 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . lysophosphat
idylglycerol 
acyltransfera
se 1 

LPG
AT1 

-0.57 

X . . . . . . . . . . . . . . . . . . . . . . nucleoporin 
93 

NUP
93 

-0.48 

X . . . . . . . . . . . . . . . . . . . . . . G protein 
subunit alpha 
14 

GNA
14 1.05 

X . . . . . . . . . . . . . . . . . . . . . . ATP binding 
cassette 
subfamily G 
member 1 

ABC
G1 

-0.83 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . clock 
circadian 
regulator 

CLO
CK 0.90 

X . . . . . . . . . . . . . . . . . . . . . . serine 
palmitoyltran
sferase long 
chain base 
subunit 2 

SPT
LC2 

0.70 

X . . . . . . . . . . . . . . . . . . . . . . phosphatidyl
glycerophosp
hate 
synthase 1 

PGS
1 

-0.56 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . fatty acid 
desaturase 2 

FAD
S2 

-0.72 

X . . . . . . . . . . . . . . . . . . . . . . WASP like 
actin 
nucleation 
promoting 
factor 

WA
SL 

0.59 

X . . . . . . . . . . . . . . . . . . . . . . myotubularin 
related 
protein 3 

MT
MR3 0.64 

X . . . . . . . . . . . . . . . . . . . . . . guanine 
monophosph
ate synthase 

GM
PS -0.80 

X . . . . . . . . . . . . . . . . . . . . . . inositol 
polyphosphat
e-4-

INP
P4B 0.59 
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phosphatase 
type II B 

X . . . . . . . . . . . . . . . . . . . . . . succinate-
CoA ligase 
GDP/ADP-
forming 
subunit alpha 

SUC
LG1 

0.42 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . alkylglyceron
e phosphate 
synthase 

AGP
S -0.45 

X . . . . . . . . . . . . . . . . . . . . . . phosphoinosi
tide-3-kinase 
regulatory 
subunit 3 

PIK3
R3 

-0.51 

X . . . . . . . . . . . . . . . . . . . . . . LDL receptor 
related 
protein 8 

LRP
8 -1.22 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . uridine 
monophosph
ate 
synthetase 

UM
PS 

-0.79 

X . . . . . . . . . . . . . . . . . . . . . . uridine-
cytidine 
kinase 2 

UCK
2 -0.89 

X . . . . . . . . . . . . . . . . . . . . . . UDP 
glycosyltransf
erase 8 

UGT
8 -0.85 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . UDP-glucose 
ceramide 
glucosyltrans
ferase 

UG
CG 

0.36 

X . . . . . . . . . . . . . . . . . . . . . . translocated 
promoter 
region, 
nuclear 
basket 
protein 

TPR 

-0.37 

X . . . . . . . . . . . . . . . . . . . . . . TEA domain 
transcription 
factor 1 

TEA
D1 0.82 
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X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . sterol O-
acyltransfera
se 1 

SOA
T1 -1.23 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . solute carrier 
family 5 
member 1 

SLC
5A1 0.76 

X . . . . . . . . . . . . . . . . . . . . . . regulator of 
solute 
carriers 1 

RSC
1A1 0.34 

X . . . . . . . . . . . . . . . . . . . . . . ribonucleotid
e reductase 
catalytic 
subunit M1 

RR
M1 

-0.37 

X . . . . . . . . . . . . . . . . . . . . . . RAR related 
orphan 
receptor A 

RO
RA 1.47 

X . . . . . . . . . . . . . . . . . . . . . . retinol 
binding 
protein 1 

RBP
1 -1.88 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . RAB5A, 
member RAS 
oncogene 
family 

RAB
5A 

0.92 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . phosphoribos
yl 
pyrophosphat
e synthetase 
2 

PRP
S2 

-0.48 

X . . . . . . . . . . . . . . . . . . . . . . protein 
kinase 
cAMP-
dependent 
type II 
regulatory 
subunit alpha 

PRK
AR2
A 

0.58 

X . . . . . . . . . . . . . . . . . . . . . . protein 
kinase 
cAMP-
activated 

PRK
ACB 

0.54 
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catalytic 
subunit beta 

X . . . . . . . . . . . . . . . . . . . . . . protein 
kinase AMP-
activated 
non-catalytic 
subunit beta 
2 

PRK
AB2 

-0.44 

X . . . . . . . . . . . . . . . . . . . . . . protein 
kinase AMP-
activated 
catalytic 
subunit alpha 
2 

PRK
AA2 

1.71 

X . . . . . . . . . . . . . . . . . . . . . . protein 
phosphatase 
1 catalytic 
subunit beta 

PPP
1CB 

0.92 

X . . . . . . . . . . . . . . . . . . . . . . phosphoribos
yl 
pyrophosphat
e 
amidotransfe
rase 

PPA
T 

-1.04 

X . . . . . . . . . . . . . . . . . . . . . . mediator 
complex 
subunit 1 

ME
D1 -0.54 

X . . . . . . . . . . . . . . . . . . . . . . paraoxonase 
2 

PON
2 

-0.75 

X . . . . . . . . . . . . . . . . . . . . . . phospholipas
e D1 

PLD
1 

0.47 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . phosphorylas
e kinase 
regulatory 
subunit beta 

PHK
B 

0.63 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . pyruvate 
dehydrogena
se kinase 1 

PDK
1 -0.56 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    
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X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . lipase A, 
lysosomal 
acid type 

LIPA 
-0.28 

X . . . . . . . . . . . . . . . . . . . . . . potassium 
voltage-gated 
channel 
subfamily B 
member 1 

KCN
B1 

0.88 

X . . . . . . . . . . . . . . . . . . . . . . inositol 1,4,5-
trisphosphate 
receptor type 
3 

ITP
R3 

-1.30 

X . . . . . . . . . . . . . . . . . . . . . . inositol 1,4,5-
trisphosphate 
receptor type 
1 

ITP
R1 

0.81 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . 3-hydroxy-3-
methylglutary
l-CoA 
synthase 2 

HM
GCS
2 

0.78 

X . . . . . . . . . . . . . . . . . . . . . . hexokinase 2 HK2 -0.50 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . glutathione 
S-transferase 
theta 1 

GST
T1 0.67 

X . . . . . . . . . . . . . . . . . . . . . . glutathione 
S-transferase 
mu 3 

GST
M3 -0.07 

X . . . . . . . . . . . . . . . . . . . . . .   -0.07 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . glutathione 
peroxidase 2 

GPX
2 

-0.95 

X . . . . . . . . . . . . . . . . . . . . . .    
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X . . . . . . . . . . . . . . . . . . . . . . G protein 
subunit 
gamma 11 

GN
G11 0.27 

X . . . . . . . . . . . . . . . . . . . . . . G protein 
subunit alpha 
q 

GNA
Q 0.99 

X . . . . . . . . . . . . . . . . . . . . . . G protein 
subunit alpha 
i1 

GNA
I1 -0.64 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . phosphoribos
ylglycinamide 
formyltransfe
rase, 
phosphoribos
ylglycinamide 
synthetase, 
phosphoribos
ylaminoimida
zole 
synthetase 

GAR
T 

-0.57 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . fatty acid 
binding 
protein 4 

FAB
P4 -0.79 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . deoxyguanos
ine kinase 

DG
UOK 

-0.69 

X . . . . . . . . . . . . . . . . . . . . . . aldo-keto 
reductase 
family 1 
member C2 

AKR
1C2 

-1.15 

X . . . . . . . . . . . . . . . . . . . . . .   0.52 

X . . . . . . . . . . . . . . . . . . . . . . cholinergic 
receptor 
muscarinic 3 

CHR
M3 0.52 

X . . . . . . . . . . . . . . . . . . . . . . CDP-
diacylglycerol 
synthase 1 

CDS
1 0.82 

X . . . . . . . . . . . . . . . . . . . . . . ectonucleosi
de 
triphosphate 
diphosphohy
drolase 5 
(inactive) 

ENT
PD5 

0.76 
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X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . scavenger 
receptor 
class B 
member 1 

SCA
RB1 

-0.83 

X . . . . . . . . . . . . . . . . . . . . . . CD36 
molecule 

CD3
6 

0.63 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . biliverdin 
reductase A 

BLV
RA 

0.45 

X . . . . . . . . . . . . . . . . . . . . . . ATP 
synthase 
peripheral 
stalk-
membrane 
subunit b 

ATP
5PB 

0.72 

X . . . . . . . . . . . . . . . . . . . . . .    

X . . . . . . . . . . . . . . . . . . . . . . adenylate 
kinase 4 

AK4 
0.97 

X . . . . . . . . . . . . . . . . . . . . . . adenylosucci
nate 
synthase 2 

ADS
S2 -0.71 

X . . . . . . . . . . . . . . . . . . . . . . acyl-CoA 
oxidase 1 

ACO
X1 

1.45 

X . . . . . . . . . . . . . . . . . . . . . .    

X X . . . . . . . . . X . . . . . . . . . . .    

X . . . . . . . . . . X . . . . . . . . . . . mitochondrial 
amidoxime 
reducing 
component 2 

MTA
RC2 

0.89 

X . . . . . . . . . . X . . . . . . . . . . . cytochrome 
P450 family 
39 subfamily 
A member 1 

CYP
39A
1 

0.27 

X . . . . . . . . . . X . . . . . . . . . . . prostaglandin
-
endoperoxide 
synthase 1 

PTG
S1 

1.65 

X . . . . . . . . . . X . . . . . . . . . . .    

X . . . . . . . . . . X . . . . . . . . . . . cytochrome 
P450 family 3 
subfamily A 
member 5 

CYP
3A5 

2.40 

X . . . . . . . . . . X . . . . . . . . . . . alcohol 
dehydrogena

ADH
1B 

3.05 
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se 1B (class 
I), beta 
polypeptide 

X . . . . . . . . . . X . . . . . . . . . . . cytochrome 
P450 family 3 
subfamily A 
member 4 

CYP
3A4 

0.70 

X X . . . . . . . . . . . . X . . . . . . . . glutamate-
ammonia 
ligase 

GLU
L 0.46 

X X . . . . . . . . . . . . X . . . . . . . . glutaminase GLS -0.83 

X X . . . . . . . . . . . . X . . . . . . . . asparagine 
synthetase 
(glutamine-
hydrolyzing) 

ASN
S 

-0.87 

X X . . . . . . . . . . . . X . . . . . . . . aspartoacyla
se 

ASP
A 

1.65 

X X . X . . . . . . . . . . . . . . . . . . . proteasome 
20S subunit 
beta 4 

PSM
B4 -0.65 

X X . X . . . . . . . . . . . . . . . . . . .    

X X . X . . . . . . . . . . . . . . . . . . . proteasome 
20S subunit 
beta 2 

PSM
B2 -0.93 

. . . . . . . . . . X . . . . . . . . . . . . polypeptide 
N-
acetylgalacto
saminyltransf
erase 12 

GAL
NT1
2 2.19 

. . . . . . . . . . X . . . . . . . . . . . . core 1 
synthase, 
glycoprotein-
N-
acetylgalacto
samine 3-
beta-
galactosyltra
nsferase 1 

C1G
ALT
1 

0.69 

. . . . . . . . . . X . . . . . . . . . . . . polypeptide 
N-
acetylgalacto
saminyltransf
erase 10 

GAL
NT1
0 -0.65 

. . . . . . . . . . X . . . . . . . . . . . . polypeptide 
N-
acetylgalacto

GAL
NT7 0.23 
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saminyltransf
erase 7 

. . . . . . . . . . X . . . . . . . . . . . . polypeptide 
N-
acetylgalacto
saminyltransf
erase 6 

GAL
NT6 

-1.48 

. . . . . . . . . . X . . . . . . . . . . . .   0.32 

. . . . . . . . . . X . . . . . . . . . . . . mucin 4, cell 
surface 
associated 

MU
C4 0.32 

. . . . . . . . . . X . . . . . . . . . . . . polypeptide 
N-
acetylgalacto
saminyltransf
erase 1 

GAL
NT1 

0.72 

. . . . . . . . . . X . . . . . . . . . . . . polypeptide 
N-
acetylgalacto
saminyltransf
erase 2 

GAL
NT2 

-0.75 

. . . . . . . . . . . . . . . . . . . . X . . Cbp/p300 
interacting 
transactivator 
with Glu/Asp 
rich carboxy-
terminal 
domain 2 

CIT
ED2 

2.18 

. . . . . X . . . . . . . . . . . . . . . . . radical S-
adenosyl 
methionine 
domain 
containing 2 

RSA
D2 

-1.23 

. . . . . X . . . . . . . . . . . . . . . . . XIAP 
associated 
factor 1 

XAF
1 -0.57 

. . . . . X . . . . . . . . . . . . . . . . . SAM and HD 
domain 
containing 
deoxynucleo
side 
triphosphate 
triphosphohy
drolase 1 

SAM
HD1 

0.88 

. . . . . X . . . . . . . . . . . . . . . . . signal 
transducer 
and activator 
of 

STA
T1 

-1.60 
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transcription 
1 

. . . . . X . . . . . . . . . . . . . . . . . 2'-5'-
oligoadenylat
e synthetase 
3 

OAS
3 

-0.84 

. . . . . X . . . . . . . . . . . . . . . . . 2'-5'-
oligoadenylat
e synthetase 
2 

OAS
2 

-0.81 

. . . . . X . . . . . . . . . . . . . . . . . interferon 
regulatory 
factor 1 

IRF1 
-0.31 

. . . . . X . . . . . . . . . . . . . . . . . interferon 
alpha and 
beta receptor 
subunit 2 

IFN
AR2 

-0.46 

. . . . . X . . . . . . . . . . . . . . . . . interferon 
induced 
protein with 
tetratricopepti
de repeats 3 

IFIT
3 

-1.06 

. . . . . X . . . . . . . . . . . . . . . . . early growth 
response 1 

EGR
1 

0.22 

. . . . . X . . . . . . . . . . . . . . . . .    

X . . . X . . . . . . . . . . . . . . . . . .    

X . . . X . . . . . . . . . . . . . . . . . . RAP1A, 
member of 
RAS 
oncogene 
family 

RAP
1A 

1.07 

. . . . X . . . . . . . . . . . . . . . . . . tensin 3 TNS
3 

-0.73 

. . . . X . . . . . . . . . . . . . . . . . . leucine rich 
repeats and 
immunoglobu
lin l ke 
domains 1 

LRI
G1 

-0.11 

. . . . X . . . . . . . . . . . . . . . . . . RAN binding 
protein 9 

RAN
BP9 

1.68 

. . . . X . . . . . . . . . . . . . . . . . . serine 
peptidase 
inhibitor, 
Kunitz type 1 

SPI
NT1 

0.53 

. . . . X . . . . . . . . . . . . . . . . . . protein 
tyrosine 
phosphatase 

PTP
N2 -0.69 
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non-receptor 
type 2 

. . . . X . . . . . . . . . . . . . . . . . . protein 
tyrosine 
kinase 2 

PTK
2 -0.71 

. . . . X . . . . . . . . . . . . . . . . . . laminin 
subunit alpha 
5 

LAM
A5 -0.68 

. . . . X . . . . . . . . . . . . . . . . . . laminin 
subunit alpha 
3 

LAM
A3 -1.50 

. . . . X . . . . . . . . . . . . . . . . . . ADP 
ribosylation 
factor 6 

ARF
6 0.74 

. . . . X . . . . . . . . . . . . . . . . . . GRB2 
associated 
binding 
protein 1 

GAB
1 

1.29 

X . . . . . . X . . . . . . . . . . . . . . . calmodulin 1 CAL
M1 

0.84 

. . . . . . . X . . . . . . . . . . . . . . . sorbin and 
SH3 domain 
containing 1 

SOR
BS1 1.74 

. . . . . . . X . . . . . . . . . . . . . . .   0.72 

. . . . . . . X . . . . . . . . . . . . . . . myosin light 
chain 9 

MYL
9 

0.72 

. . . . . . . X . . . . . . . . . . . . . . . tropomyosin 
2 

TPM
2 

0.36 

. . . . . . . X . . . . . . . . . . . . . . .   0.36 

. . . . . . . X . . . . . . . . . . . . . . . tropomyosin 
1 

TPM
1 

0.02 

. . . . . . . X . . . . . . . . . . . . . . .   0.02 

. . . . . . . X . . . . . . . . . . . . . . . myosin light 
chain kinase 

MYL
K 

0.04 

. . . . . . . X . . . . . . . . . . . . . . .   0.04 

. . . . . . . X . . . . . . . . . . . . . . .   1.57 

. . . . . . . X . . . . . . . . . . . . . . . myosin 
heavy chain 
11 

MY
H11 1.57 

. . . . . . . X . . . . . . . . . . . . . . . caldesmon 1 CAL
D1 

-0.07 

. . . . . . . X . . . . . . . . . . . . . . . annexin A1 ANX
A1 

1.86 
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. . . . . . . X . . . . . . . . . . . . . . . actin alpha 2, 
smooth 
muscle 

ACT
A2 0.02 

. . . . . . . X . . . . . . . . . . . . . . .   0.02 

. . . . . . . X . . . . . . . . . . . . . . .   1.23 

. . . . . . . X . . . . . . . . . . . . . . . actin gamma 
2, smooth 
muscle 

ACT
G2 1.23 

X . . . . . X . . . . . . . . . . . . . . . . proprotein 
convertase 
subtilisin/kexi
n type 6 

PCS
K6 

0.45 

. . . . . . X . . . . . . . . . . . . . . . .    

. . . . . . X . . . . . . . . . . . . . . . . kall krein 
related 
peptidase 12 

KLK
12 2.11 

. . . . . . X . . . . . . . . . . . . . . . . kazrin, 
periplakin 
interacting 
protein 

KAZ
N 

0.88 

. . . . . . X . . . . . . . . . . . . . . . . kall krein 
related 
peptidase 8 

KLK
8 0.45 

. . . . . . X . . . . . . . . . . . . . . . . small proline 
rich protein 3 

SPR
R3 

2.81 

. . . . . . X . . . . . . . . . . . . . . . . desmoglein 3 DSG
3 

0.60 

. . . . . . X . . . . . . . . . . . . . . . . desmocollin 
3 

DSC
3 

-0.51 

. . . . . . X . . . . . . . . . . . . . . . . desmocollin 
2 

DSC
2 

1.33 

. . . . . . X . . . . . . . . . . . . . . . . calpain 1 CAP
N1 

0.31 

. . . . . . X . . . . . . . . . . . . . . . . 
calpain small 
subunit 1 

CAP
NS1 

0.50 
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Appendix Table 4A7 

Table 4A7: Subsampling substudy from nine repeats and top 50 pathways 
Path
way 
ID Pathway name 

Tria
l1 

Tria
l2 

Tria
l3 

Tria
l4 

Tria
l5 

Tria
l6 

Tria
l7 

Tria
l8 

Tria
l9 

Ztri
al1 

Ztri
al2 

Ztri
al3 

Ztri
al4 

Ztri
al5 

Ztri
al6 

Ztri
al7 

Ztri
al8 

Ztri
al9 

Z 
me
an 

P 
mea
n 

Z 
varian
ce 

Consistency 
(Zmean/Zvar
iance) 

R-
HSA-
68093
71 

Formation of the 
cornified 
envelope 

1,65
E-
06 

7,96
E-
07 

8,57
E-
07 

1,04
E-
06 

8,34
E-
07 

2,29
E-
07 

2,36
E-
07 

3,31
E-
07 

1,84
E-
07 

-
4,65 

-
4,80 

-
4,78 

-
4,75 

-
4,79 

-
5,04 

-
5,04 

-
4,97 

-
5,08 

-
4,8
8 

5,34
E-
07 

2,45E-
02 

-199 

R-
HSA-
44535
5 

Smooth Muscle 
Contraction 

7,91
E-
05 

5,23
E-
05 

1,92
E-
04 

1,22
E-
04 

1,18
E-
04 

9,60
E-
05 

1,41
E-
04 

1,18
E-
04 

1,12
E-
04 

-
3,78 

-
3,88 

-
3,55 

-
3,67 

-
3,68 

-
3,73 

-
3,63 

-
3,68 

-
3,69 

-
3,7
0 

1,09
E-
04 

8,55E-
03 

-433 

R-
HSA-
44610
7 

Type I 
hemidesmosom
e assembly 

6,18
E-
04 

6,69
E-
04 

3,92
E-
04 

5,71
E-
04 

4,77
E-
04 

6,73
E-
04 

5,44
E-
04 

7,56
E-
04 

7,23
E-
04 

-
3,23 

-
3,21 

-
3,36 

-
3,25 

-
3,30 

-
3,21 

-
3,27 

-
3,17 

-
3,19 

-
3,2
4 

5,92
E-
04 

3,60E-
03 

-900 

R-
HSA-
15658
4 

Cytosolic 
sulfonation of 
small molecules 

1,53
E-
03 

3,96
E-
04 

5,45
E-
04 

1,45
E-
03 

1,87
E-
03 

1,12
E-
03 

6,13
E-
04 

1,06
E-
03 

4,80
E-
04 

-
2,96 

-
3,36 

-
3,27 

-
2,98 

-
2,90 

-
3,06 

-
3,23 

-
3,07 

-
3,30 

-
3,1
2 

8,90
E-
04 

2,79E-
02 

-112 

R-
HSA-
20220
90 

Assembly of 
collagen fibrils 
and other 
multimeric 
structures 

2,34
E-
03 

1,95
E-
03 

1,21
E-
03 

1,40
E-
03 

1,57
E-
03 

1,29
E-
03 

1,06
E-
03 

1,55
E-
03 

1,46
E-
03 

-
2,83 

-
2,89 

-
3,03 

-
2,99 

-
2,95 

-
3,01 

-
3,07 

-
2,96 

-
2,98 

-
2,9
7 

1,50
E-
03 

5,52E-
03 

-537 

R-
HSA-
68032
05 

TP53 regulates 
transcription of 
several 
additional cell 
death genes 
whose specific 
roles in p53-
dependent 
apoptosis 
remain 
uncertain 

2,84
E-
03 

3,70
E-
03 

2,53
E-
03 

2,71
E-
03 

3,17
E-
03 

2,82
E-
03 

2,78
E-
03 

2,74
E-
03 

2,77
E-
03 

-
2,77 

-
2,68 

-
2,80 

-
2,78 

-
2,73 

-
2,77 

-
2,77 

-
2,78 

-
2,77 

-
2,7
6 

2,88
E-
03 

1,33E-
03 

-2078 

R-
HSA-
67986
95 

Neutrophil 
degranulation 

7,83
E-
03 

3,05
E-
03 

2,94
E-
03 

8,78
E-
03 

7,45
E-
03 

2,56
E-
03 

1,91
E-
03 

1,56
E-
03 

2,70
E-
03 

-
2,42 

-
2,74 

-
2,75 

-
2,37 

-
2,43 

-
2,80 

-
2,89 

-
2,96 

-
2,78 

-
2,6
8 

3,64
E-
03 

4,73E-
02 

-57 

R-
HSA-

O-linked 
glycosylation of 
mucins 

5,61
E-
03 

6,99
E-
03 

6,98
E-
03 

6,14
E-
03 

1,50
E-
04 

7,76
E-
03 

7,20
E-
03 

5,75
E-
03 

7,35
E-
03 

-
2,54 

-
2,46 

-
2,46 

-
2,50 

-
3,62 

-
2,42 

-
2,45 

-
2,53 

-
2,44 

-
2,6
0 

4,65
E-
03 

1,47E-
01 

-18 
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91370
9 
R-
HSA-
13681
08 

BMAL1:CLOCK,
NPAS2 
activates 
circadian gene 
expression 

2,32
E-
02 

4,06
E-
03 

2,43
E-
03 

4,46
E-
03 

2,52
E-
02 

5,01
E-
03 

5,05
E-
03 

9,04
E-
03 

4,79
E-
03 

-
1,99 

-
2,65 

-
2,82 

-
2,62 

-
1,96 

-
2,58 

-
2,57 

-
2,36 

-
2,59 

-
2,4
6 

6,97
E-
03 

8,90E-
02 

-28 

R-
HSA-
68114
40 

Retrograde 
transport at the 
Trans-Golgi-
Network 

6,35
E-
03 

7,50
E-
03 

1,27
E-
02 

6,70
E-
03 

6,19
E-
03 

9,09
E-
03 

6,03
E-
03 

1,00
E-
02 

8,58
E-
03 

-
2,49 

-
2,43 

-
2,24 

-
2,47 

-
2,50 

-
2,36 

-
2,51 

-
2,33 

-
2,38 

-
2,4
1 

7,91
E-
03 

8,72E-
03 

-277 

R-
HSA-
54236
46 

Aflatoxin 
activation and 
detoxification 

6,98
E-
03 

9,78
E-
03 

7,00
E-
03 

6,92
E-
03 

6,83
E-
03 

1,11
E-
02 

6,99
E-
03 

1,17
E-
02 

8,63
E-
03 

-
2,46 

-
2,33 

-
2,46 

-
2,46 

-
2,47 

-
2,29 

-
2,46 

-
2,27 

-
2,38 

-
2,4
0 

8,28
E-
03 

6,71E-
03 

-357 

R-
HSA-
42002
9 

Tight junction 
interactions 

1,16
E-
02 

6,96
E-
03 

9,33
E-
03 

9,11
E-
03 

1,16
E-
02 

6,87
E-
03 

1,17
E-
02 

6,98
E-
03 

9,29
E-
03 

-
2,27 

-
2,46 

-
2,35 

-
2,36 

-
2,27 

-
2,46 

-
2,27 

-
2,46 

-
2,35 

-
2,3
6 

9,09
E-
03 

6,90E-
03 

-342 

R-
HSA-
67858
07 

Interleukin-4 
and 13 signaling 

1,06
E-
02 

1,14
E-
02 

9,61
E-
03 

8,67
E-
03 

1,18
E-
02 

1,48
E-
02 

6,71
E-
03 

1,36
E-
02 

7,12
E-
03 

-
2,30 

-
2,28 

-
2,34 

-
2,38 

-
2,26 

-
2,18 

-
2,47 

-
2,21 

-
2,45 

-
2,3
2 

1,02
E-
02 

1,04E-
02 

-224 

R-
HSA-
56838
26 

Surfactant 
metabolism 

1,97
E-
02 

9,30
E-
03 

9,35
E-
03 

9,14
E-
03 

9,90
E-
03 

7,46
E-
03 

1,05
E-
02 

9,32
E-
03 

1,97
E-
02 

-
2,06 

-
2,35 

-
2,35 

-
2,36 

-
2,33 

-
2,43 

-
2,31 

-
2,35 

-
2,06 

-
2,2
9 

1,10
E-
02 

1,82E-
02 

-126 

R-
HSA-
74182 

Ketone body 
metabolism 

1,28
E-
02 

1,27
E-
02 

1,51
E-
02 

1,48
E-
02 

1,62
E-
02 

1,26
E-
02 

1,52
E-
02 

1,28
E-
02 

1,28
E-
02 

-
2,23 

-
2,23 

-
2,17 

-
2,18 

-
2,14 

-
2,24 

-
2,17 

-
2,23 

-
2,23 

-
2,2
0 

1,38
E-
02 

1,58E-
03 

-1395 

R-
HSA-
88545
21 

Interaction 
between 
PHLDA1 and 
AURKA 

1,69
E-
02 

1,80
E-
02 

1,87
E-
02 

1,60
E-
02 

1,69
E-
02 

1,78
E-
02 

1,93
E-
02 

1,69
E-
02 

1,69
E-
02 

-
2,12 

-
2,10 

-
2,08 

-
2,14 

-
2,12 

-
2,10 

-
2,07 

-
2,12 

-
2,12 

-
2,1
1 

1,75
E-
02 

5,87E-
04 

-3591 

R-
HSA-
56270
83 

RHO GTPases 
regulate CFTR 
trafficking 

1,86
E-
02 

2,03
E-
02 

2,10
E-
02 

1,94
E-
02 

1,75
E-
02 

1,95
E-
02 

1,82
E-
02 

1,92
E-
02 

2,10
E-
02 

-
2,08 

-
2,05 

-
2,03 

-
2,07 

-
2,11 

-
2,06 

-
2,09 

-
2,07 

-
2,03 

-
2,0
7 

1,94
E-
02 

6,71E-
04 

-3081 

R-
HSA-
98369
5 

Antigen 
activates B Cell 
Receptor (BCR) 
leading to 
generation of 
second 
messengers 

1,98
E-
02 

2,05
E-
02 

1,91
E-
02 

1,90
E-
02 

1,89
E-
02 

1,90
E-
02 

2,09
E-
02 

2,18
E-
02 

1,79
E-
02 

-
2,06 

-
2,04 

-
2,07 

-
2,07 

-
2,08 

-
2,07 

-
2,04 

-
2,02 

-
2,10 

-
2,0
6 

1,96
E-
02 

6,32E-
04 

-3264 

R-
HSA-

Factors involved 
in 
megakaryocyte 

2,42
E-
02 

2,41
E-
02 

1,11
E-
02 

1,13
E-
02 

2,32
E-
02 

2,36
E-
02 

2,64
E-
02 

3,22
E-
02 

2,42
E-
02 

-
1,97 

-
1,98 

-
2,29 

-
2,28 

-
1,99 

-
1,99 

-
1,94 

-
1,85 

-
1,97 

-
2,0
3 

2,13
E-
02 

2,28E-
02 

-89 

Stellenbosch University https://scholar.sun.ac.za



 

 

370  

98323
1 

development 
and platelet 
production 

R-
HSA-
16356
0 

Hormone-
sensitive lipase 
(HSL)-mediated 
triacylglycerol 
hydrolysis 

2,96
E-
02 

2,27
E-
02 

2,47
E-
02 

2,86
E-
02 

2,81
E-
02 

2,10
E-
02 

2,29
E-
02 

1,99
E-
02 

1,87
E-
02 

-
1,89 

-
2,00 

-
1,96 

-
1,90 

-
1,91 

-
2,03 

-
2,00 

-
2,06 

-
2,08 

-
1,9
8 

2,38
E-
02 

4,93E-
03 

-402 

R-
HSA-
42539
3 

Transport of 
inorganic 
cations/anions 
and amino 
acids/oligopepti
des 

6,56
E-
04 

1,03
E-
03 

9,86
E-
01 

7,56
E-
04 

5,09
E-
04 

9,33
E-
04 

7,44
E-
04 

9,86
E-
01 

1,42
E-
03 

-
3,21 

-
3,08 

2,20 
-
3,17 

-
3,29 

-
3,11 

-
3,18 

2,20 
-
2,98 

-
1,9
6 

2,51
E-
02 

5,56E
+00 

0 

R-
HSA-
20223
77 

Metabolism of 
Angiotensinoge
n to 
Angiotensins 

4,66
E-
03 

5,80
E-
03 

1,05
E-
02 

8,55
E-
03 

4,66
E-
03 

9,86
E-
01 

4,68
E-
03 

6,98
E-
03 

1,04
E-
02 

-
2,60 

-
2,52 

-
2,31 

-
2,38 

-
2,60 

2,20 
-
2,60 

-
2,46 

-
2,31 

-
1,9
5 

2,54
E-
02 

2,44E
+00 

-1 

R-
HSA-
19897
81 

PPARA 
activates gene 
expression 

5,09
E-
03 

5,96
E-
03 

9,86
E-
01 

6,50
E-
03 

6,10
E-
03 

8,52
E-
03 

7,65
E-
03 

7,56
E-
03 

8,97
E-
03 

-
2,57 

-
2,51 

2,20 
-
2,48 

-
2,51 

-
2,39 

-
2,43 

-
2,43 

-
2,37 

-
1,9
4 

2,60
E-
02 

2,42E
+00 

-1 

R-
HSA-
10958
2 

Hemostasis 
1,74
E-
02 

3,28
E-
02 

2,30
E-
02 

1,79
E-
02 

1,70
E-
02 

2,50
E-
02 

3,17
E-
02 

6,18
E-
02 

2,59
E-
02 

-
2,11 

-
1,84 

-
2,00 

-
2,10 

-
2,12 

-
1,96 

-
1,86 

-
1,54 

-
1,95 

-
1,9
4 

2,61
E-
02 

3,35E-
02 

-58 

R-
HSA-
44672
8 

Cell junction 
organization 

3,17
E-
02 

2,08
E-
02 

2,78
E-
02 

2,72
E-
02 

3,45
E-
02 

2,05
E-
02 

3,47
E-
02 

2,08
E-
02 

2,77
E-
02 

-
1,86 

-
2,04 

-
1,91 

-
1,92 

-
1,82 

-
2,04 

-
1,82 

-
2,04 

-
1,92 

-
1,9
3 

2,68
E-
02 

8,39E-
03 

-230 

R-
HSA-
50836
25 

Defective 
GALNT3 
causes familial 
hyperphosphate
mic tumoral 
calcinosis 
(HFTC) 

6,80
E-
03 

8,12
E-
03 

8,16
E-
03 

6,35
E-
03 

9,86
E-
01 

8,02
E-
03 

7,02
E-
03 

5,82
E-
03 

8,13
E-
03 

-
2,47 

-
2,40 

-
2,40 

-
2,49 

2,20 
-
2,41 

-
2,46 

-
2,52 

-
2,40 

-
1,9
3 

2,69
E-
02 

2,40E
+00 

-1 

R-
HSA-
56765
94 

TNF receptor 
superfamily 
(TNFSF) 
members 
mediating non-
canonical NF-
kB pathway 

3,04
E-
02 

3,03
E-
02 

3,40
E-
02 

3,15
E-
02 

3,42
E-
02 

2,93
E-
02 

3,53
E-
02 

3,11
E-
02 

3,06
E-
02 

-
1,87 

-
1,88 

-
1,82 

-
1,86 

-
1,82 

-
1,89 

-
1,81 

-
1,87 

-
1,87 

-
1,8
5 

3,18
E-
02 

8,34E-
04 

-2224 

R-
HSA-
32291
21 

Glycogen 
storage 
diseases 

9,86
E-
01 

1,34
E-
02 

1,34
E-
02 

1,37
E-
02 

1,16
E-
02 

1,09
E-
02 

1,35
E-
02 

1,28
E-
02 

1,11
E-
02 

2,20 
-
2,22 

-
2,21 

-
2,21 

-
2,27 

-
2,29 

-
2,21 

-
2,23 

-
2,29 

-
1,7
5 

4,03
E-
02 

2,19E
+00 

-1 
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R-
HSA-
14750
29 

Reversible 
hydration of 
carbon dioxide 

3,67
E-
02 

3,78
E-
02 

7,34
E-
02 

3,54
E-
02 

3,73
E-
02 

3,84
E-
02 

3,98
E-
02 

3,73
E-
02 

4,02
E-
02 

-
1,79 

-
1,78 

-
1,45 

-
1,81 

-
1,78 

-
1,77 

-
1,75 

-
1,78 

-
1,75 

-
1,7
4 

4,09
E-
02 

1,21E-
02 

-144 

R-
HSA-
19680
7 

Nicotinate 
metabolism 

7,82
E-
03 

1,74
E-
02 

1,81
E-
02 

1,71
E-
02 

1,63
E-
02 

9,86
E-
01 

1,70
E-
02 

1,63
E-
02 

6,88
E-
03 

-
2,42 

-
2,11 

-
2,09 

-
2,12 

-
2,14 

2,20 
-
2,12 

-
2,14 

-
2,46 

-
1,7
1 

4,36
E-
02 

2,17E
+00 

-1 

R-
HSA-
14742
28 

Degradation of 
the extracellular 
matrix 

6,59
E-
02 

6,25
E-
02 

3,75
E-
02 

5,49
E-
02 

5,48
E-
02 

3,91
E-
02 

2,53
E-
02 

3,29
E-
02 

3,68
E-
02 

-
1,51 

-
1,53 

-
1,78 

-
1,60 

-
1,60 

-
1,76 

-
1,95 

-
1,84 

-
1,79 

-
1,7
1 

4,39
E-
02 

2,34E-
02 

-73 

R-
HSA-
70171 

Glycolysis 4,13
E-
02 

4,12
E-
02 

4,37
E-
02 

4,05
E-
02 

4,13
E-
02 

5,18
E-
02 

3,93
E-
02 

5,48
E-
02 

4,58
E-
02 

-
1,74 

-
1,74 

-
1,71 

-
1,74 

-
1,74 

-
1,63 

-
1,76 

-
1,60 

-
1,69 

-
1,7
0 

4,42
E-
02 

3,09E-
03 

-552 

R-
HSA-
70263 

Gluconeogenesi
s 

4,13
E-
02 

4,12
E-
02 

4,37
E-
02 

4,05
E-
02 

4,13
E-
02 

5,18
E-
02 

3,93
E-
02 

5,48
E-
02 

4,58
E-
02 

-
1,74 

-
1,74 

-
1,71 

-
1,74 

-
1,74 

-
1,63 

-
1,76 

-
1,60 

-
1,69 

-
1,7
0 

4,42
E-
02 

3,09E-
03 

-552 

R-
HSA-
70921 

Histidine 
catabolism 

9,16
E-
02 

3,17
E-
02 

3,36
E-
02 

3,61
E-
02 

8,69
E-
02 

3,64
E-
02 

4,12
E-
02 

4,22
E-
02 

4,07
E-
02 

-
1,33 

-
1,86 

-
1,83 

-
1,80 

-
1,36 

-
1,79 

-
1,74 

-
1,73 

-
1,74 

-
1,6
9 

4,59
E-
02 

3,92E-
02 

-43 

R-
HSA-
71387 

Metabolism of 
carbohydrates 

2,18
E-
02 

5,88
E-
02 

3,61
E-
02 

6,64
E-
02 

2,93
E-
02 

7,24
E-
02 

5,31
E-
02 

7,72
E-
02 

3,39
E-
02 

-
2,02 

-
1,57 

-
1,80 

-
1,50 

-
1,89 

-
1,46 

-
1,62 

-
1,42 

-
1,83 

-
1,6
8 

4,67
E-
02 

4,46E-
02 

-38 

R-
HSA-
70614 

Amino acid 
synthesis and 
interconversion 
(transamination) 

4,58
E-
02 

4,29
E-
02 

3,28
E-
02 

3,31
E-
02 

3,55
E-
02 

5,07
E-
02 

8,10
E-
02 

1,29
E-
01 

5,04
E-
02 

-
1,69 

-
1,72 

-
1,84 

-
1,84 

-
1,81 

-
1,64 

-
1,40 

-
1,13 

-
1,64 

-
1,6
3 

5,13
E-
02 

5,42E-
02 

-30 

R-
HSA-
35086
4 

Regulation of 
thyroid hormone 
activity 

1,98
E-
02 

1,86
E-
02 

1,64
E-
02 

9,86
E-
01 

1,98
E-
02 

1,89
E-
02 

1,76
E-
02 

1,86
E-
02 

1,98
E-
02 

-
2,06 

-
2,08 

-
2,14 

2,20 
-
2,06 

-
2,08 

-
2,11 

-
2,08 

-
2,06 

-
1,6
1 

5,41
E-
02 

2,04E
+00 

-1 

R-
HSA-
88669
06 

TFAP2 (AP-2) 
family regulates 
transcription of 
other 
transcription 
factors 

5,88
E-
02 

5,58
E-
02 

6,02
E-
02 

5,71
E-
02 

6,17
E-
02 

5,34
E-
02 

6,09
E-
02 

5,59
E-
02 

5,47
E-
02 

-
1,56 

-
1,59 

-
1,55 

-
1,58 

-
1,54 

-
1,61 

-
1,55 

-
1,59 

-
1,60 

-
1,5
8 

5,76
E-
02 

6,49E-
04 

-2428 

R-
HSA-
71384 

Ethanol 
oxidation 

6,00
E-
02 

5,81
E-
02 

6,78
E-
02 

5,94
E-
02 

6,35
E-
02 

5,39
E-
02 

5,92
E-
02 

5,71
E-
02 

6,69
E-
02 

-
1,55 

-
1,57 

-
1,49 

-
1,56 

-
1,53 

-
1,61 

-
1,56 

-
1,58 

-
1,50 

-
1,5
5 

6,05
E-
02 

1,43E-
03 

-1086 

R-
HSA-
67943
61 

Interactions of 
neurexins and 
neuroligins at 
synapses 

6,20
E-
02 

5,33
E-
02 

7,91
E-
02 

4,64
E-
02 

9,19
E-
02 

5,29
E-
02 

6,25
E-
02 

6,24
E-
02 

5,59
E-
02 

-
1,54 

-
1,61 

-
1,41 

-
1,68 

-
1,33 

-
1,62 

-
1,53 

-
1,53 

-
1,59 

-
1,5
4 

6,19
E-
02 

1,19E-
02 

-129 

R-
HSA-

Wax 
biosynthesis 

5,94
E-
02 

6,33
E-
02 

6,90
E-
02 

6,17
E-
02 

6,23
E-
02 

6,25
E-
02 

6,68
E-
02 

6,17
E-
02 

6,11
E-
02 

-
1,56 

-
1,53 

-
1,48 

-
1,54 

-
1,54 

-
1,53 

-
1,50 

-
1,54 

-
1,55 

-
1,5
3 

6,31
E-
02 

5,56E-
04 

-2750 
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372  

88485
84 
R-
HSA-
14307
28 

Metabolism 
5,54
E-
02 

7,84
E-
02 

6,84
E-
02 

7,37
E-
02 

2,70
E-
02 

1,00
E-
01 

7,51
E-
02 

8,70
E-
02 

8,49
E-
02 

-
1,59 

-
1,42 

-
1,49 

-
1,45 

-
1,93 

-
1,28 

-
1,44 

-
1,36 

-
1,37 

-
1,4
8 

6,94
E-
02 

3,57E-
02 

-41 

R-
HSA-
14451
48 

Translocation of 
GLUT4 to the 
plasma 
membrane 

8,30
E-
02 

7,88
E-
02 

7,65
E-
02 

7,04
E-
02 

7,38
E-
02 

6,43
E-
02 

6,36
E-
02 

6,15
E-
02 

6,10
E-
02 

-
1,39 

-
1,41 

-
1,43 

-
1,47 

-
1,45 

-
1,52 

-
1,53 

-
1,54 

-
1,55 

-
1,4
8 

7,00
E-
02 

3,61E-
03 

-409 

R-
HSA-
70326 

Glucose 
metabolism 

5,97
E-
02 

6,51
E-
02 

6,55
E-
02 

6,76
E-
02 

6,14
E-
02 

7,35
E-
02 

7,71
E-
02 

9,89
E-
02 

7,93
E-
02 

-
1,56 

-
1,51 

-
1,51 

-
1,49 

-
1,54 

-
1,45 

-
1,42 

-
1,29 

-
1,41 

-
1,4
7 

7,14
E-
02 

7,01E-
03 

-209 

R-
HSA-
75876 

Synthesis of 
very long-chain 
fatty acyl-CoAs 

7,16
E-
02 

7,81
E-
02 

7,69
E-
02 

7,03
E-
02 

6,50
E-
02 

7,88
E-
02 

7,04
E-
02 

7,83
E-
02 

7,49
E-
02 

-
1,46 

-
1,42 

-
1,43 

-
1,47 

-
1,51 

-
1,41 

-
1,47 

-
1,42 

-
1,44 

-
1,4
5 

7,37
E-
02 

1,19E-
03 

-1215 

R-
HSA-
14742
44 

Extracellular 
matrix 
organization 

1,04
E-
01 

3,55
E-
02 

1,14
E-
01 

5,97
E-
02 

1,20
E-
01 

9,04
E-
02 

8,79
E-
02 

4,69
E-
02 

5,36
E-
02 

-
1,26 

-
1,80 

-
1,21 

-
1,56 

-
1,17 

-
1,34 

-
1,35 

-
1,68 

-
1,61 

-
1,4
4 

7,46
E-
02 

5,10E-
02 

-28 

R-
HSA-
17105
2 

LDL-mediated 
lipid transport 

1,36
E-
01 

6,04
E-
02 

7,67
E-
02 

5,91
E-
02 

1,56
E-
01 

4,25
E-
02 

7,60
E-
02 

6,34
E-
02 

6,25
E-
02 

-
1,10 

-
1,55 

-
1,43 

-
1,56 

-
1,01 

-
1,72 

-
1,43 

-
1,53 

-
1,53 

-
1,4
3 

7,64
E-
02 

5,29E-
02 

-27 

R-
HSA-
56264
67 

RHO GTPases 
activate 
IQGAPs 

8,04
E-
02 

8,02
E-
02 

8,30
E-
02 

8,17
E-
02 

8,27
E-
02 

7,80
E-
02 

8,14
E-
02 

7,75
E-
02 

7,57
E-
02 

-
1,40 

-
1,40 

-
1,39 

-
1,39 

-
1,39 

-
1,42 

-
1,40 

-
1,42 

-
1,43 

-
1,4
0 

8,00
E-
02 

2,88E-
04 

-4882 

R-
HSA-
55683
3 

Metabolism of 
lipids and 
lipoproteins 

7,46
E-
02 

7,03
E-
02 

4,80
E-
02 

9,49
E-
02 

4,62
E-
02 

1,56
E-
01 

1,05
E-
01 

1,40
E-
01 

7,99
E-
02 

-
1,44 

-
1,47 

-
1,66 

-
1,31 

-
1,68 

-
1,01 

-
1,26 

-
1,08 

-
1,41 

-
1,3
7 

8,54
E-
02 

5,40E-
02 

-25 
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