
 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 

U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

IDENTIFICATION OF GENETIC POLYMORPHISMS 
ASSOCIATED WITH OESOPHAGEAL SQUAMOUS CELL 

CARCINOMA RISK IN SOUTH AFRICA 
 

 

Thesis presented by: 

 

MARCO MATEJCIC 

 

in fulfillment of the degree of 

 

DOCTOR OF PHILOSOPHY 

 

in 

 

MEDICAL BIOCHEMISTRY 

 

at the 

 

University of Cape Town 

and the 

International Centre for Genetic Engineering and Biotecnology 

 

under the supervision of 

 

PROF. M. IQBAL PARKER 

 

 

FEBRUARY 2013



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

ii 
 

 

 

 

 

 

 

DEDICATION 

 

 

To my mother and my father, who have always understood my decisions, supported me and advised 

me during these years, and raised me in an environment of love and care. 

To my grandmother, who expected me to complete my studies and find a good job. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

iii 
 

ACKNOWLEDGEMENTS 

 

I would like to express my sincere thanks to the following individuals and organizations: 

 

My supervisor, Professor Iqbal Parker, for his invaluable guidance and advice throughout this 
project; 

My co-supervisor, Professor Chris Mathew, who gave me the basics of how to conduct a research 
project; 

Professor Cathrin Lewis, who performed some of the statistical analysis and taught me how to 
interpret results from genetic association studies; 

Doctor Collet Dandara and Doctor DongPing Li, for their valuable previous publications that I used as 
basis for my research project; 

Doctor Natalie Prescott, who taught me most of the molecular biology techniques described in this 
thesis; 

Doctor Matjaz Vogelsang, who gave a valuable contribution in the interpretation of genetic 
association studies and taught me some of the statistical analysis used in this work; 

Doctor Yabing Wang, who helped me in the set up of PCR mixture solutions and cycle conditions; 

Ms Hannah Bye and Doctor Sarah Spain, who provided me with the Immunochip data set and helped 
me in the interpretation of the results from quality control analysis; 

Ms Zenaria Abbas, who helped me in the DNA extraction and concentration measurement work; 

Ms Alexis Beck, who helped me in the practical work at the beginning of my project; 

The International Centre for Genetic Engineering and Biotechnology (ICGEB), which funded me 
throughout my PhD; 

The International Union of Biochemistry and Molecular Biology (IUBMB), which awarded me with 
the Wood/Whelan Fellowship. 

My project was also supported by the Association for International Cancer Research (AICR), the 
South African Research Chairs Initiative of the Department of Science and Technology, the National 
Research Foundation (NRF), the South African Medical Research Council, the University of Cape 
Town (UCT), the Medical Research Council UK, The Generation Trust, and the National Institutes of 
Health Research Biomedical Research Centre at Guy’s and St Thomas’ NHS Foundation Trust in 
partnership with King’s College London. 

 

 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

iv 
 

TABLE OF CONTENTS 

 

Title Page           i 

Dedication           ii 

Acknowledgements          iii 

Table of Contents          iv 

Abbreviations           x 

ABSTRACT           1 

 

CHAPTER 1  INTRODUCTION 

 

1.1 BACKGROUND          3 

1.1.1 Histological features of oesophageal cancer      5 

1.1.2 Epidemiology of oesophageal squamous cell carcinoma     6 

1.2 ENVIRONMENTAL EXPOSURE        10 

1.2.1 Environmental risk factors in South Africa      10 

1.2.1.1 Tobacco smoking         11 

1.2.1.2 Alcohol consumption         11 

1.2.1.3 Synergistic effect of tobacco smoking and alcohol consumption    12 

1.2.1.4 Nutrition          13 

1.2.1.5 Solanum nigrum         14 

1.2.1.6 Fungi           15                                                                                                                                                                             

1.2.1.7 Physical and chemical injuries        15 

1.2.1.8 Human papillomavirus         16 

1.2.2 Other alleged environmental risk factors      17 

1.2.2.1 Wood and charcoal use         17 

1.2.2.2 Occupational exposure         17 

1.2.2.3 Low-socioeconomic status        18 

1.2.2.4 Family history          18 

1.2.2.5 Head and neck cancer         19 

1.2.2.6 Oesophagitis          19 

1.2.3 Environmental risk factors uncommon in South Africa     19 

1.2.3.1 Maté           19 

1.2.3.2 Betel nut          20 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

v 
 

1.2.3.3 Opium and nass          20 

1.2.3.4 Gastric atrophy          21 

1.2.3.5 Helicobacter pylori         21 

1.2.3.6 Rare risk factors         22 

1.3 GENETIC POLYMORPHISMS        22 

1.3.1 Glutathione S-transferases        25 

1.3.1.1 GST Mu class          28 

1.3.1.2 GST Theta class          29 

1.3.1.3 GST Pi class          31 

1.3.1.4 Post-transcriptional and post-translational regulation of GSTs    33 

1.3.1.5 GST deletion polymorphisms and cancer risk      34 

1.3.2 N-acetyltransferases         36 

1.3.2.1 N-acetyltransferase 2         38 

1.3.2.2 N-acetyltransferase 1         41 

1.3.2.3 Linkage disequilibrium         42 

1.3.2.4 NAT polymorphisms and cancer risk       43 

1.3.2.5 Post-transcriptional and post-translational regulation of NATs    44 

1.3.3 CYP superfamily         45 

1.3.4 Sulfotransferases         47 

1.3.5 Alcohol metabolizing enzymes        48 

1.4 OTHER GENETIC FACTORS        50 

1.4.1 MTHFR and folate metabolism        50 

1.4.2 Mismatch repair genes         51 

1.5 GENOME-WIDE ASSOCIATION STUDIES       52 

1.5.1 Population-specific genetic associations with oesophageal cancer   53 

1.5.2 1000 Genomes Project         56 

1.5.3 Immunochip          57 

1.6 IMMUNE SYSTEM         57 

1.6.1 Inflammation and cancer        59 

1.6.2 Genetic polymorphisms in immune-related genes and cancer    61 

1.6.3 Major histocompatibility complex       62 

1.6.4 MHC polymorphisms and disease susceptibility      63 

1.6.5 Human leukocyte antigen (HLA) typing       64 

1.7 OBJECTIVES OF THE STUDY        65 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

vi 
 

CHAPTER 2  GLUTATHIONE S-TRANSFERASES AND OSCC RISK 

 

2.1 INTRODUCTION         66 

2.2 RESULTS          67 

2.2.1 GSTT1 deletion polymorphism and OSCC risk      67 

2.2.2 GSTT2B deletion polymorphism and OSCC risk      69 

2.2.3 GSTP1 Ile105Val polymorphism and OSCC risk      71 

2.2.4 Linkage disequilibrium and haplotype analysis      72 

2.2.5 Gene-gene interactions and OSCC risk       77 

2.3 DISCUSSION          81 

2.3.1 GSTT1 deletion polymorphism        81 

2.3.2 GSTP1 Ile105Val polymorphism        82 

2.3.3 GSTT2B deletion polymorphism        82 

2.3.4 Gene-environment interaction analysis       83 

2.3.5 Linkage disequilibrium and haplotype analysis      84 

2.3.6 Gene-gene interaction analysis        85 

2.3.7 Past, present, and future of GST genotyping studies     86 

2.3.8 Conclusions          89 

 

CHAPTER 3  N-ACETYLTRANSFERASES AND OSCC RISK 

 

3.1 INTRODUCTION         90 

3.2 RESULTS          91 

3.2.1 Demographic details and environmental exposure     91 

3.2.2 NAT2 polymorphisms and OSCC risk       93 

3.2.3 NAT1 polymorphisms and OSCC risk       98 

3.2.4 Joint effect of NAT1 and NAT2 acetylator phenotypes on OSCC risk   99 

3.2.5 Linkage disequilibrium analysis        101 

3.2.6 Haplotype analysis         104 

3.3 DISCUSSION          106 

3.3.1 OSCC and environmental risk factors       106 

3.3.2 NAT1 and NAT2 genotyping in South Africans      108 

3.3.3 NAT1 and NAT2 polymorphisms and environmental exposure    109 

3.3.4 NAT1-NAT2 interaction analysis        111 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

vii 
 

3.3.5 Synergistic effect of alcohol and tobacco smoke      112 

3.3.6 Linkage disequilibrium and haplotype analysis      113 

3.3.7 Strengths and limitations of the study       113 

3.3.8 NAT genotype-phenotype correlation challenges     114 

3.3.9 Conclusions          116 

 

CHAPTER 4  POPULATION-SPECIFIC GENETIC ASSOCIATIONS WITH OSCC 

 

4.1 INTRODUCTION         117 

4.2 RESULTS          117 

4.2.1 Case-control association analysis       117 

4.2.2 Gene-environment interaction analysis       121 

4.2.3 Linkage disequilibrium analysis        124 

4.2.4 Haplotype analysis         125 

4.3 DISCUSSION          127 

4.3.1 Population-specific genetic associations       127 

4.3.2 Gene-environment interaction analysis       129 

4.3.3 Linkage disequilibrium and haplotype analysis      131 

4.3.4 Identification of candidate causal genes       132 

4.3.5 Interethnic differences in association study results     133 

4.3.6 Conclusions          135 

 

CHAPTER 5  INVESTIGATION OF THE ASSOCIATION OF IMMUNE RESPONSE GENES WITH OSCC 

 

5.1 INTRODUCTION         136 

5.2 RESULTS          136 

5.2.1 Quality control analysis         136 

5.2.2 Case-control association analysis       137 

5.2.3 Principal component analysis        143 

5.2.4 Gene-environment interaction analysis       143 

5.3 DISCUSSION          146 

5.3.1 Immunochip scan of chromosome 6       146 

5.3.2 Candidate genes in susceptibility loci       147 

5.3.3 Gene-environment interaction analysis       149 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

viii 
 

5.3.4 Analysis of population structure        149 

5.3.5 The Immunochip strategy        151 

5.3.6 Conclusions          153 

 

CHAPTER 6  FINAL CONCLUSIONS 

 

6.1 NOVELTY OF THE STUDIES        154 

6.2 FUTURE PROSPECTIVE OF GENETIC ASSOCIATION STUDIES IN SOUTH AFRICA  154 

 

CHAPTER 7  MATERIALS AND METHODS 

 

7.1 SAMPLE COLLECTION         157 

7.1.1 Study group          157 

7.1.2 Definition of variables         158 

7.2 DNA EXTRACTION         159 

7.2.1 Isolation and purification of DNA       159 

7.2.2 DNA concentration measurement       160 

7.3 GENOTYPING OF GSTT1, GSTT2B, AND GSTP1 POLYMORPHISMS   160 

7.3.1 Determination of the GSTT1 deletion genotype      160 

7.3.2 Determination of the GSTT2B deletion genotype      161 

7.3.3 Determination of the GSTP1 Ile105Val genotype      162 

7.3.4 Preparation of agarose gel for electrophoresis      163 

7.4 GENOTYPING OF NAT1 AND NAT2 POLYMORPHISMS     163 

7.4.1 Determination of the NAT2 genotype and acetylator phenotype    163 

7.4.2 Determination of the NAT1 genotype and acetylator phenotype    164 

7.5 GENOTYPING OF SNPs AT 2q33.1 AND AT THE MHC     165 

7.6 IMMUNOCHIP DATA ANALYSIS        166 

7.6.1 Genotyping panel and SNPs selection       166 

7.6.2 Immunochip data quality control       167 

7.6.2.1  Variant removal          167 

7.6.2.2  Sample removal          167 

7.6.2.3  Removal of duplicated/related samples       168 

7.6.3     Population stratification         168 

7.7 STATISTICAL ANALYSIS         169 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

ix 
 

APPENDIX A: List of primers for genotyping assays      171 

APPENDIX B: PCR working conditions for genotyping assays     172 

APPENDIX C: Solutions         173 

 

REFERENCES           175 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

x 
 

ABBREVIATIONS 

 

 

95% CI 95% confidence interval 

ADH Alcohol dehydrogenase 

ALDH Aldehyde dehydrogenase 

AOR Adjusted odds ratio 

APC Antigen presenting cell 

CASP8 Caspase-8 

COX-2 Cyclooxygenase-2 

CYP Cytochrome P450 

DDCT D-dopachrome tautomerase 

Del Deletion 

EGFR Epidermal growh factor receptor 

GERD Gastro-oesophageal reflux disease 

GSH Glutathione 

GST Glutathione S-transferase 

GWAS Genome-wide association study 

HCA Heterocyclic amine 

HPV Human papillomavirus 

HWE Hardy-Weinberg equilibrium 

LD Linkage disequilibrium 

MAF Minor allele frequency 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

xi 
 

MHC Major histocompatibility complex 

MMR Mismatch repair 

MTHFR Methylenetetrahydrofolate reductase 

NAT N-acetyltransferase 

OAC Oesophageal adenocarcinoma 

OR Odds ratio 

OSCC Oesophageal squamous cell carcinoma 

P P-value 

PAH Polycyclic aromatic hydrocarbon 

PCA Principal component analysis 

PVS Plummer-Vinson syndrome 

Ref Reference 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

SCCHN Squamous cell cancer of the head and neck 

SNP Single nucleotide polymorphism 

SULT Sulfotransferase 

UAC Upper aerodigestive cancer 

UGT UDP-glucuronosyltransferase 

Wt Wild-type 

 

 

 

 

http://en.wikipedia.org/wiki/Uridine-diphosphate


U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

1 
 

ABSTRACT 

 

Oesophageal squamous cell carcinoma (OSCC) is a complex disease, determined by the interaction of 

genetic factors with environmental risk factors. In South Africa, OSCC is a major malignancy 

occurring with high incidence in the Black and Mixed Ancestry populations. Previous studies by our 

research group have reported that genetic polymorphism of xenobiotic metabolizing enzymes 

influence greatly the detoxification of tobacco-related carcinogens in vivo, and may therefore have 

an important role in determining susceptibility to oesophageal cancer. 

We evaluated the role of the GSTT1 deletion, GSTP1 Ile105Val SNP (rs1695), and the recently 

described GSTT2B deletion, which influences GSTT2 expression, on susceptibility to OSCC in Black 

Xhosa and Mixed Ancestry South Africans. The GSTT1, GSTT2B, and GSTP1 polymorphisms were also 

tested for association with OSCC under exposure to tobacco smoke and alcohol. The deletion of 

GSTT2B did not influence OSCC risk in the Black population but was associated with reduced risk in 

the Mixed Ancestry population (OR = 0.71; 95% CI 0.57–0.90, P = 0.004). Case-control stratification 

analysis for gene-environment interactions pointed out the protective effect of the GSTT2B deletion 

only among Mixed Ancestry smokers (OR = 0.70; 95% CI 0.54-0.91; P = 0.007) and alcohol drinkers 

(OR = 0.75; 95% CI 0.56-0.99; P = 0.049). LD between the neighbouring GSTT1 and GSTT2B deletions 

was low in both populations (r2
Black = 0.04; r2

MxA = 0.07), thus these deletions should be assessed 

independently for effects on disease risk.  

We also investigated the interaction between NAT1 and NAT2 functional polymorphisms and 

environmental risk factors with regard to OSCC susceptibility. NAT2*5 slow acetylator allele 

(rs1801280) was associated with reduced risk among Mixed Ancestry individuals (OR = 0.68; 95% CI 

0.52-0.88; P = 0.0037). NAT2 slow/intermediate acetylator phenotype (inferred by genotype data) 

was associated with higher risk among smokers in both ethnic groups (P <0.0001) and among alcohol 

drinkers in the Mixed Ancestry population (OR = 2.77; 95% CI 1.38-5.58; P = 0.004). NAT1*10/*10 

genotype conferred protection against smoking in the Black population (OR = 3.41; 95% CI 1.95-5.96; 

P <0.0001) and against alcohol in the Mixed Ancestry population (OR = 3.41; 95% CI 1.70-6.81; P = 

0.001). Case-only stratification analysis showed that frequent consumption of red meat increases 

the risk of OSCC among NAT2 slow/intermediate acetylators in the Mixed Ancestry group (OR = 3.62; 

95% CI 1.24-10.59; P = 0.019). NAT1 and NAT2 also have an additive effect in modulating the 

smoking-related susceptibility to OSCC. Our findings indicate that NAT polymorphisms may act 

individually or jointly to modify the association between environmental risk factors and OSCC, and 

that heterocyclic amines present in red meat may have an important role in oesophageal 

carcinogenesis.  
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Recently, genome-wide association studies (GWAS) have discovered novel risk loci for many of the 

commonest cancer types occurring in European and Asian populations, including oesophageal 

cancer. In view of these findings, we tested the association of OSCC with risk variants at two 

susceptibility loci − 2q33.1 and major histocompatibility complex (MHC) – in Black Xhosa and Mixed 

Ancestry South Africans. Three SNPs at 2q33.1 were significantly associated with increased risk (P 

<0.05) of OSCC in the Mixed Ancestry population while none of the SNPs at the MHC region were 

associated with OSCC in either population group. Gene-environment interaction analysis found that 

rs7578456 and rs2244438 increase the risk only among smokers and alcohol drinkers in the Mixed 

Ancestry population, suggesting a role of these polymorphisms in carcinogenesis. Additional analysis 

carried out in our study indicate TRAK2 as the causal gene at 2q33.1 and provide evidence that 

genetic variants in a gene involved in cellular trafficking may contribute to oesophageal 

carcinogenesis. 

Finally, we assessed the role of genetic polymorphism of immune-related genes in susceptibility to 

OSCC by genotyping a set of Black and Mixed Ancestry South African samples on the Immunochip 

array, which is specifically designed for investigating genetic associations in immune-related 

diseases. Data analysis focused on chromosome 6, which contains the major histocompatibility 

complex (MHC) and many other genes involved in immune defense. After quality control analysis of 

the genotype data set, we identified five novel associations reaching genome-wide significance (P 

<0.001) in the Black population. These SNPs are localized within coding or regulatory regions of 

genes with roles in immune response or in other important cellular functions. The regional 

association plots showed that rs3130267 and rs3851229 are in LD with multiple SNPs that give 

moderately positive association signals (P <0.05). Using the Immunochip SNP data, we performed 

principal component analysis (PCA) to investigate the genetic structure of the Black and Mixed 

Ancestry populations and its possible effect on genetic association studies of OSCC. Cases and 

controls from the Black population, who were mainly Xhosa speakers, were mostly located in a 

single cluster, indicating limited population structure. However, cases and controls in the Mixed 

Ancestry group showed very substantial population structure, which could lead to spurious 

associations in genetic studies and would require appropriate correction to achieve reliable results. 

These results expand the repertoire of genes with potential roles in oesophageal carcinogenesis that 

need to be explored by follow-up biological studies, and emphasize the importance of innate and 

acquired immunity in susceptibility to oesophageal cancer, suggesting a role of immune-mediated 

inflammation in oesophageal carcinogenesis.  
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CHAPTER 1  INTRODUCTION 

 

 

1.1  BACKGROUND 

 

Oesophageal cancer is the eighth most common cancer and the sixth most common cause of cancer-

related death worldwide (Parkin et al., 2005; Tomizawa and Wang, 2009). More than 80% of the 

cases and of the deaths occur in developing countries (Ferlay et al., 2010). The incidence rates of 

oesophageal cancer vary widely among regions and ethnic groups, with the highest rates observed in 

Southern and Eastern Africa and in Eastern Asia and the lowest rates in Western and Middle Africa 

and Central America in both sexes (Figure 1.1, GLOBOCAN 2008, IARC; Jemal et al., 2011). 

 

 

               

 

Figure 1.1  Age-standardized oesophageal cancer incidence rates by sex and world area. Incidence rates vary 
internationally by nearly 16-fold, with the highest rates found in Southern and Eastern Africa and Eastern Asia 
and lowest rates observed in Western and Middle Africa and Central America in both males and females. 
Oesophageal cancer is 3 to 4 times more common among males than females. Values for each world area 
correspond to incidence of oesophageal cancer per 100,000 individuals among males (blue bars) and females 
(pink bars). (Source: GLOBOCAN 2008) 
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Cancer of the oesophagus is a disease commonly diagnosed at a late stage with poor prognosis and 

limited treatment, leading to a high mortality rate. Mortality rates represent roughly 90% of the 

incidence rates of the disease in each region of the world (Kollarova et al., 2007). The prognosis is 

generally unfavourable even when the tumour is surgically removed at an early and operable stage. 

Among patients who undergo surgery, 10–20% survives 5 years; in patients with inoperable cancer, 

the median survival is 13–29 months (Jemal et al., 2009). 

It is generally two to four times more common among males than females (Vizcaino et al., 2002) 

except in some high-incidence areas where the distribution is more or less equal (Tran et al., 2005; 

Kamangar et al., 2007a). Studies in South Africa indicated that oesophageal cancer is about two 

times more common in males than in females (Kachala, 2010; van der Merwe et al., 2010). Male 

gender as a predisposing factor may be due to the fact that most of the risk factors associated with 

this cancer are more prevalent among men than women (Bradshaw et al., 2004). 

Although oesophageal cancer can occur at any age, it is generally a disease of the middle-aged or 

elderly. The risk increases with age, with 80% of patients over the age of 50 and incidence rates 

peaking at approximately 60 years in both sexes (Sweed et al., 2009; Nagel et al., 2007; Wijnhoven et 

al., 2007). In South Africa, it occurs mainly between 50 and 74 years, reaching a peak at age 65-69, 

and the incidence rates in females are lower at all ages (Figure 1.2; Somdyala et al., 2010). 

 

 

                                     Oesophageal squamous cell carcinoma 

                       
                         
Figure 1.2  Age-specific incidence rates (log scales) of oesophageal cancer in South Africa, 1998–2002. The 
incidence of oesophageal cancer increases steadily from the age of 30-34 to reach a maximum at age 65–69 
and remain approximately constant up to over the age of 75 in both males and females. Rates in females are 
lower than those in males at all ages. X-axis represents 5-year age groups; y-axis represents incidence of 
oesophageal cancer per 100,000 individuals. Males are represented by red squares whereas females are 
represented by blue circles. (Source: Somdyala et al., 2010) 
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1.1.1  Histological features of oesophageal cancer 

 

Cancer of the oesophagus exists as two main histological subtypes − oesophageal squamous cell 

carcinoma (OSCC) and oesophageal adenocarcinoma (OAC) − with other subtypes such as 

mucoepidermoid, adenosquamous, adenoid cystic, and small cell carcinomas occurring at much 

lower frequency in the oesophagus. Excluding other minor subtypes, squamous cell carcinoma 

accounts for 50–60% of all oesophageal tumors worldwide (Wu X et al., 2006; van Blankenstein et 

al., 2005).  

Although OSCC and OAC share a high incidence rate, the epidemiology, etiology, pathogenesis, 

treatment strategies, and prognosis are quite different (Table 1.1; Mariette et al., 2005; Siewert and 

Ott, 2007). OSCC usually arises from normal squamous epithelium in the middle or upper one-third 

of the oesophagus whereas OAC arises from glandular cells located in the lower one-third or at the 

gastro-oesophageal junction (Figure 1.3; Fritz et al., 2000). OSCC is the predominant subtype in 

developing countries and is mainly associated with smoking and alcohol consumption. Conversely, 

oesophageal adenocarcinoma is mainly a disease of western countries and is primarily associated 

with obesity, gastro-oesophageal reflux disease (GERD), and Barrett’s oesophagus (Umar and 

Fleischer, 2008).   

 

 
Table 1.1  Squamous cell carcinoma and adenocarcinoma of the oesophagus: epidemiology, etiology, and 
symptoms (Source: Carcinoma of the oesophagus; Rankin, 2007) 
 

 Squamous cell carcinoma Adenocarcinoma 

 
Age 

 
50–70 years, median 62.6 years 

 
40–60 years, median 53.4 years 

 
Sex 

 
Male dominant, lower socioeconomic group 

 
Male dominant, middle or upper 
socioeconomic group 

 
Association 

 
Head and neck cancer, smoking, alcohol 
excess, radiation exposure, achalasia, poor 
nutritional status, Human papillomavirus 
(HPV) infection, Helicobacter pylori infection, 
Plummer–Vinson syndrome, tylosis palmaris, 
lye ingestion 

 
Barrett’s oesophagus, gastro-oesophageal 
reflux disease, hiatus hernia, obesity, 
scleroderma, family history 

 
Location 

 
Mostly midoesophagus (75% at level of 
tracheal bifurcation) and with a prominently 
linear growth pattern and wider nodal spread 

 
Almost always distal one-third of esophagus 
(94% entirely subcarinal) and radial growth 
pattern with early local nodal dissemination 

 
Symptoms 

 
Progressive dysphagia, odynophagia, halitosis, 
unintentional weight loss, chest pain 

 
Progressive dysphagia, odynophagia, 
halitosis, unintentional weight loss, chest 
pain 
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Figure 1.3  Location of the frequently occurring subtypes of oesophageal cancer. Oesophageal squamous cell 
carcinoma (OSCC) is generally diagnosed in the upper and middle third of the oesophagus. Oesophageal 
adenocarcinoma (OAC) occurs mainly in the lower third and at the gastro-oesophageal junction. However, 
both subtypes can occur in all regions of the oesophagus. (Source: Fritz et al., 2000) 

 

 

In view of the distinct patterns of OSCC and OAC, prior studies have typically chosen to analyze these 

histological subtypes separately, with the majority devoted preferentially to the study of OSCC 

because of its higher incidence worldwide. Furthermore, OSCC is the predominant histological 

subtype in sub-Saharan Africa and one of the most common malignancies in South Africa (Kachala, 

2010). 

 

1.1.2  Epidemiology of oesophageal squamous cell carcinoma 

 

The incidence rate of OSCC varies remarkably among countries, as shown in Figure 1.4. There are 

also marked differences among the various regions and ethnic groups within a country, which 

suggests the occurrence of population-specific risk factors (Kmet and Mahboubi, 1972; Khuroo et al., 

1992; Zaridze et al., 1992). 

OSCC occurs at high frequencies in Southern and Eastern Africa, in the area known as “oesophageal 

cancer belt” that spreads from eastern Turkey through Iran, Iraq, Kazakhstan, into Western and 

Northern China, and in some regions of South America (Gholipour et al., 2008; Tran et al., 2005; Silva 

et al., 2012; Dlamini and Bhoola, 2005). 

The highest age-standardized incidence rates (ASR) are observed in Southern Africa and Eastern Asia, 

with 16.3 and 14.2 cases per 100.000 individuals, respectively, in contrast to Central America, 

Western and Central Africa where the incidence rates are 1.4, 1.2, and 1.1 cases per 100.000, 

respectively (http://globocan.iarc.fr/). Western countries, such as Europe and United States, have 

http://globocan.iarc.fr/


U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

7 
 

generally low incidence rates of squamous cell carcinoma and the main oesophageal cancer subtype 

is represented by adenocarcinoma, especially among White males (Claudia et al., 2005). The ASR of 

OSCC observed in the majority of developed countries is less than 3/100.000 individuals (Curado et 

al., 2007). Although incidence rates by histological type are often unavailable, data almost 

exclusively refer to the squamous cell carcinoma subtype, enabling overall rates of esophageal 

cancer to be used as a surrogate of OSCC rates (Islami et al., 2004). 

 

 

 
 

Figure 1.4  Worldwide age-standardized incidence rates (per 100,000 individuals) of oesophageal cancer in 
both sexes. Numbers on the map indicate regional average values. Incidence rate groups are represented by 
colours on the world map, ranging from green (low incidence areas) to yellow (medium incidence areas) and 
red (high incidence areas). The incidence of OSCC is the highest in developing countries such as Southern 
Africa, China, and South America. However, high incidence areas are also observed in some European 
countries such as the United Kingdom, France, and Portugal. (Source: GLOBACAN 2008) 

 

 

Blacks have a greater chance of being diagnosed with OSCC. During 1977–2005, the incidence rate in 

Black men was approximately five times that of white men (13.6 vs. 2.7 cases per 100.000) (Cook et 

al., 2009). Furthermore, Blacks have demonstrated worse survival rates compared to Whites, 

because they were always diagnosed at more advanced stages of disease and were less likely to 

undergo surgery (Mao et al., 2011).  

Until the 1970s, OSCC constituted the large majority (over 90%) of all oesophageal cancer cases in all 

parts of the world. However, the prevalence of the two types of oesophageal cancer has changed in 
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the past three decades in the Western world (Brown et al., 2008; Vizcaino et al., 2002). Data for the 

United States show a 30% drop in incidence of OSCC between 1973 and 2002, with a more 

significant reduction among African American males although the incidence rate in this group 

remains high compared to other ethnic groups (Wu et al., 2007). In contrast, the incidence of OAC 

has increased 4-fold over the same period, with a nearly 5-fold increase in Caucasian males (Holmes 

and Vaughan, 2007; Baquet et al., 2005). The increase of incidence rates for OAC and reduction for 

OSCC observed in Western countries is likely a secondary effect due to increase in the prevalence of 

obesity and reduction in tobacco smoking and alcohol consumption. However, there are 

geographical areas in the developed world with high incidence rates of OSCC among men, including 

the Calvados region of France (11.8 cases per 100,000) and north-east Italy (7–9 cases per 100,000), 

as well as in Japan (13.7 cases per 100,000) (Abbas et al., 2004; Zambon et al., 2000). Overall, OSCC 

is the predominant subtype in developing countries (Kamangar et al., 2009a) and has been 

increasing in certain Asian countries such as Taiwan, possibly due to increase in tobacco use and 

alcohol consumption (Jemal et al., 2011). 

In South Africa, OSCC is a main cause of cancer death among both men and women, with incidence 

and mortality rates approximately 7-fold higher than the rates in Western, Middle, or Northern 

Africa among men, and about 4-fold higher among women (Jemal et al., 2012). The frequency of 

oesophageal cancer varies widely among regions in South Africa, with exceptionally high incidence 

rates recorded in the Eastern Cape Province (former Transkei), mainly inhabited by indigenous Black 

Africans who speak Xhosa (Sumeruk et al., 1992). A cancer survey carried out in this area, during the 

period 1998–2002, confirmed the highest incidence rate of oesophageal cancer in the country, with 

32.7 and 20.2 cases per 100.000 individuals among men and women, respectively. As shown in 

Figure 1.5, OSCC is the most frequent cancer in males, with an incidence rate far higher than those 

reported for other cancer types, whereas the incidence rate in females was second only to the one 

of cervix cancer (Somdyala et al., 2010). A study investigating epidemiological changes in 

oesophageal cancer in South Africa between 1995 and 2005 reported that the number of patients 

diagnosed with oesophageal carcinoma decreased across this study period, with 221, 147, and 106 

cases per 100.000 individuals diagnosed in 1995, 2000, and 2005, respectively (van der Merwe et al., 

2010). With regard to the histological subtype of oesophageal carcinoma, the majority of patients 

were diagnosed with squamous cell carcinoma – 76.9% in 1995, 90.5% in 2000, and 94.3% in 2005 – 

and the number of cases increased steadily over the 10-year study (Figure 1.6). The wide 

geographical variation and substantial changes in the incidence of OSCC over time suggest that there 

are major genetic and environmental influences in the development of this cancer subtype, mainly 

represented by genetic polymorphism and variable exposure to environmental risk factors. 
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Furthermore, genes and environmental factors may also interact with one another in determining 

susceptibility to OSCC (Hendriks and Parker, 2002). The interplay between genetic and 

environmental factors is referred to as gene–environment interaction (Edwards and Myers, 2008). 

 

 

 

 
Figure 1.5  Age-standardized incidence rates (per 100,000 individuals) of oesophageal cancer in South Africa 
by sex, 1998–2002. The figure shows the ranking of the 10 cancer types with the highest age-standardized 
incidence rates in South Africa between 1998 and 2002 in both males and females. In males, cancer of the 
oesophagus was the most frequently reported cancer (43.4%; ASR, 32.7 per 100,000); in females, the most 
common cancers were in cervix (33.2%; ASR, 21.7 per 100,000) and oesophagus (32.4%; ASR, 20.2 per 
100,000). X-axis indicates incidence rates per 100,000 individuals; y-axis shows cancer types. (Source: 
Somdyala et al., 2010) 
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Figure 1.6  Distribution of different morphological subtypes of oesophageal carcinoma in South Africa in 
1995, 2000, and 2005. With regard to the morphological subtype of oesophageal carcinoma, the majority of 
patients were diagnosed with squamous cell carcinoma – 76.9% in 1995, 90.5% in 2000, and 94.3% in 2005 – 
and the number of OSCC cases increased over time. The “other” and “carcinoma” groups indicates patients 
whose specific morphological subtype was unknown and not indicated, respectively. X-axis indicates the 
investigated years; y-axis indicates percentages of patients for each morphological subtype. (Source: van der 
Merwe et al., 2010) 

 

 

1.2  ENVIRONMENTAL EXPOSURE 

 

1.2.1  Environmental risk factors in South Africa 

 

Epidemiological studies have shown that tobacco smoking and alcohol consumption are major risk 

factors in the etiology of squamous cell carcinoma of the oesophagus in South Africa (Pacella-

Norman et al., 2002; Dlamini and Bhoola, 2005). Other environmental factors have been suggested 

to play a role in oesophageal carcinogenesis such as nutritional deficiencies, consumption of 

Fusarium-contaminated maize, consumption of extremely hot beverages, and infection by Human 

papillomavirus (Boeing et al., 2006; Islami et al., 2009; Farhadi et al., 2005; Isaacson, 2005). Many of 

these environmental factors are related to poor socioeconomic status, which may partially explain 

the high incidence of OSCC in low-income areas of developing countries. 
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1.2.1.1  Tobacco smoking 

 

It is well documented that tobacco smoking is strongly associated with increased risk of OSCC in both 

high- and low-incidence areas (Ishikawa et al., 2006; Freedman et al., 2007a; Tran et al., 2005), 

which correlates directly with the quantity of cigarettes smoked and the duration of smoking 

(Pelucchi et al., 2008). The increased risk has also been associated with cigar and pipe smoking, 

although the magnitude of risk appears to be less than with cigarettes (Randi et al., 2007). Former 

smokers are also at increased risk compared to individuals who have never smoked, and even 

passive smoking has been significantly associated with increased risk of OSCC (Freedman et al., 

2007a; Wang et al., 2006). 

In South Africa, the association of smoking with oesophageal cancer has been recorded especially in 

Zulu men (Dlamini and Bhoola, 2005) whereas pipe smoking, the most popular smoking style 

amongst elderly people in the Transkei, has been shown to be associated with increased risk of OSCC 

in this region (Sammon, 2007). Tobacco smoking was also found to be a risk factor for OSCC in the 

Mixed Ancestry population from Western Cape, and the risk was higher among individuals who 

started smoking at an early age (≤20 years) and those smoking ≥10 cigarettes per day (Dandara et 

al., 2006). 

Tobacco smoke contains more than 60 compounds that have been found to be carcinogenic, which 

may explain the role of cigarette smoking in the development of OSCC (Hecht, 2006). Among these 

carcinogens, N-nitrosamines, polycyclic aromatic hydrocarbons (PAHs), and heterocyclic amines 

(HCAs) are considered to be the most important carcinogens in tobacco smoke and have been 

reported to cause cancer of the oesophagus in several animal models (Kamangar et al., 2009a). The 

role of these compounds as human carcinogens has not yet been sufficiently clarified but the 

mechanisms of their action are believed to be DNA adducts formation, induction of DNA methylation 

and mutation in critical genes such as oncogenes and tumor-suppressor genes in somatic cells, and 

induction of chromosome translocation in target organs (Hecht, 2006). 

 

1.2.1.2  Alcohol consumption 

 

There is consistent epidemiologic evidence for elevated risk of OSCC associated with alcohol intake 

in countries where alcohol consumption is a common habit (Ishiguro et al., 2009; Freedman et al., 

2007a; Islami et al., 2011). The risk increases with the amount of alcohol consumed (Blot and 

McLaughlin, 1999) and differential risk is observed with different types of alcoholic drink, with liquor 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ishiguro%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19036500
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and whiskey more closely linked than beer and wine; however, the cumulative amount of alcohol 

rather than the type is probably more important (Tuyns et al., 1979). 

In South Africa, alcohol consumption was found to be associated with increased risk of developing 

OSCC in rural areas, where the consumption of home-made traditional maize beer is very common 

(Matsha et al., 2006). An increased risk was also observed among Black Xhosa and Mixed Ancestry 

individuals; consumption of commercial beer was associated with increased risk in the Mixed 

Ancestry population whereas consumption of home-brewed beer was associated with increased risk 

among Blacks (Dandara et al., 2006). 

The biological mechanisms involved in alcohol-related carcinogenesis have been clarified, although 

they are not fully understood (Seitz and Stickel, 2007). Ethanol, which is the type of alcohol found in 

alcoholic beverages, may act as a direct irritant of the oesophageal epithelium, increasing the 

susceptibility to other carcinogens, or may contain potential carcinogens that predispose to OSCC 

(Holmes and Vaughan, 2007). Acetaldehyde is the most toxic ethanol metabolite and several studies 

on animal models point out the carcinogenic effect of acetaldehyde as the causative factor of 

oesophageal tumorigenesis (Freedman et al., 2007a; Shiraishi-Yokoyama et al., 2006; Seitz et al., 

2004). Acetaldehyde can circulate in the blood after formation in the liver, and can also be formed in 

the saliva by oral bacteria (Pöschl and Seitz, 2004). Therefore, it is possible that acetaldehyde is 

involved in oesophageal carcinogenesis in consequence to the fact that acetaldehyde in blood and 

saliva comes into direct contact with the oesophageal mucosa (Seitz and Stickel, 2007). In vitro 

studies have shown that acetaldehyde interacts with DNA to form stable DNA adducts and may 

cause point mutations or sister chromatid exchanges (Vaca et al., 1995); acetaldehyde also binds to 

various proteins involved in DNA repair and methylation, causing structural and functional 

alterations (Garro et al., 1986). Finally, chronic alcohol consumption in animals and humans induces 

the hepatic enzyme CYP2E1, which generates reactive oxygen species (ROS) that cause DNA damage 

by oxidative stress, inflammation, and lipid peroxidation (Homann et al., 2005; Seitz and Stickel, 

2006). 

 

1.2.1.3  Synergistic effect of tobacco smoking and alcohol consumption 

 

A large number of epidemiological studies have reported synergistic effects of alcohol consumption 

and tobacco smoking on susceptibility to OSCC (Castellsagué et al., 2000; Garavello et al., 2005; Lee 

et al., 2005; Zanor et al., 2003). 

Epidemiological studies in Black South Africans have investigated the joint contribution of alcohol 

consumption and tobacco smoking to oesophageal cancer risk (McGlashan et al., 1982; Segal et al., 
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1988), the most recent of which suggests that while alcohol intake itself does not increases risk, 

smoking does and the combination of the two habits compounds the risk (Pacella-Norman et al., 

2002). 

The interaction between alcohol consumption and tobacco smoking can be explained biologically. 

Ethanol itself can cause local irritation of the oesophagus and, being a highly active solvent, may 

facilitate the uptake of carcinogens present in cigarette smoke (Pöschl and Seitz, 2004). Chronic 

smoking modifies the oral flora to contain a larger amount of aerobic bacteria and yeasts capable of 

generating acetaldeyde from ethanol (Homann et al., 2000). Because further metabolism of 

acetaldehyde by oral bacteria is limited, the acetaldehyde in the saliva may reach concentrations 

from 10- to 100-fold higher than those in non-smokers (Salaspuro V and Salaspuro M, 2004). 

Furthermore, chronic alcohol consumption induces cytochrome P450 enzymes in the liver and the 

gastrointestinal mucosa, leading to increased metabolic activation of cigarette smoke-related 

procarcinogens to active carcinogens (Homann et al., 2005; Seitz and Stickel, 2006; Pfeifer et al., 

2002). Finally, there is also evidence of inhibition of the ALDH enzyme by smoking, which leads to 

less efficient acetaldehyde removal in the body and, consequently, to higher acetaldehyde 

concentrations in the oesophagus of smokers (Helander and Curvall, 1991). 

In conclusion, alcohol consumption and tobacco smoking each have an individual effect on OSCC risk 

but, when combined, they act synergistically (Steevens et al., 2009). 

 

1.2.1.4  Nutrition 

 

Numerous studies have reported that dietary factors such as diets rich in preserved and pickled 

foods, low intake of fresh fruit and vegetables, and vitamin and mineral deficiencies, especially of 

iron, beta-carotene, vitamin E, folate, selenium, riboflavin, niacin, retinol, and zinc, are strongly 

associated with increased risk of OSCC in both high- and low-incidence areas (Kamangar et al., 

2009a; Sampliner and Gibson, 2012; Berretta et al., 2012; Freedman et al., 2007b). High 

consumption of salted food, animal fats, and high-starch and low-fiber diets has also been suggested 

to be associated with higher risk of the disease (De Stefani et al., 2008). 

Studies in Africans support the role of a maize-rich diet as risk factor for OSCC. The breakdown, in 

the stomach mucosa, of esterified linoleic acid contained in maize meals to the free form leads to 

high levels of prostaglandin E2 in the stomach. The excess of prostaglandin E2 stimulates cell division 

and induces the enzyme cyclooxygenase-2 (COX-2), resulting in a low-acid, duodenogastro-

oesophageal reflux (as a positive feedback mechanism) that predisposes to OSCC (Pink et al., 2011; 

Sammon and Iputo, 2006). 
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Recent studies found a significant association between red and processed meat intake and the risk 

of oesophageal squamous cell carcinoma (Lagiou et al., 2009; De Stefani et al., 2012; Keszei et al., 

2012; Cross et al., 2011); indeed, in high-incidence areas of sub-Saharan Africa there are Bantu-

speaking populations who traditionally and culturally consume high quantities of red meat like the 

Zulu and Ngoni tribes of Southern Africa and the Maasai tribe of Eastern Africa (Kachala, 2010). 

Although the mechanisms of nutrition deficiency in tumorigenesis of OSCC are not clear, some 

hypothesis have been proposed. Dietary zinc deficiency has been reported to be responsible for the 

immunodeficiency observed in certain human cancers, suggesting a role of nutritional 

immunodeficiency also in the etiology of OSCC (Hansen et al., 1982). Furthermore, zinc deficiency 

may act by either enhancing the carcinogenic effects of nitrosamines or overexpressing COX-2 (Fong 

et al., 1999; Fong et al., 2005). Several mechanisms have been proposed to explain the increased risk 

of OSCC with meat consumption, including exposure to carcinogenic N-nitroso compounds, 

polycyclic aromatic hydrocarbons (PAHs), and heterocyclic amines (HCAs), which are formed when 

meat is overcooked, as well as release of heme iron, which facilitates the production of free radicals 

(Bartsch and Spiegelhalder, 1996; Kazerouni et al., 2001; Turesky, 2007). Fruit and vegetables 

contain high levels of phytochemicals that may prevent carcinogenesis through their antioxidant 

properties, suppressing the abnormal proliferation of early, preneoplastic lesions (Wargovich et al., 

1997). Furthermore, antioxidants and micronutrients present in fruit and vegetables may play a 

crucial role in signal transduction owing to the modulation of several transcription factors such as 

NF-kB, activator protein-1, and mitogen-activated protein kinase (van den Berg et al., 2001). 

 

1.2.1.5  Solanum nigrum  

 

Solanum nigrum (also called “garden nightshade”) is a wild vegetable that is very commonly used 

among people of rural areas of Eastern Cape (Sammon, 2007). A study on rats showed that when S. 

nigrum and Sonchus oleraceus (another wild vegetable) were included in the diet, resulted in 

epithelial hyperplasia of the oesophagus (Purchase et al., 1975). However, S. oleraceus leaves are 

used as salad in Mediterranean countries and there are no reports of carcinogenic activity. In a case-

control study of oesophageal cancer in the former Transkei region, 89% of patients consumed S. 

nigrum and the risk of OSCC was significantly associated with S. nigrum consumption (Sammon, 

1992). 

It is well known that some strains of S. nigrum contain toxic glycoalkaloids, such as solamargine, 

solasonine, and solanine, that may result in gastrointestinal and neurological disorders and may also 

have mutagenic properties (Milner et al., 2011; Smith et al., 2008). 

http://en.wikipedia.org/wiki/Glycoalkaloid
http://en.wikipedia.org/wiki/Solamargine
http://en.wikipedia.org/wiki/Solasonine
http://en.wikipedia.org/wiki/Solanine
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1.2.1.6  Fungi 

 

The risk of oesophageal cancer associated with a maize-rich diet is not only due to the high 

production of prostaglandin E2 in the stomach (as discussed earlier) but also to the contamination of 

maize with fungal species, like Fusarium moniliforme and Fusarium verticilliodes, that produce 

fumonisins, a group of cancer-initiating mycotoxins in experimental animals (Shephard et al., 2007). 

Epidemiologic studies have identified a strong link between high consumption of Fusarium 

verticillioides-contaminated maize and the incidence of oesophageal squamous cell carcinoma in the 

former Transkei region of South Africa (Marasas, 2001). Furthermore, fungal contamination of maize 

with Fusarium verticillioides has been demonstrated to be more common in high-incidence areas of 

Transkei than in low-incidence areas as well as in high-incidence households than in low-incidence 

households (Marasas, 1979; Marasas et al., 1988). 

Drinking home-brewed beer, often made from mouldy maize contaminated with various 

carcinogenic fungal toxins, contributes to the high incidence of OSCC observed in African countries, 

including the Eastern Cape region of South Africa (Matsha et al., 2006). As discussed earlier, 

consumption of home-brewed beer has been significantly associated with increased risk for OSCC 

among Black Xhosa (Dandara et al., 2006). Fungi and yeasts growing during pickling process of food 

release potentially carcinogenic compounds such as N-nitrosamines and toxins, which may explain 

the increased risk of OSCC associated with frequent consumption of pickled vegetables in high-

incidence areas (Bartsch and Spiegelhalder, 1996). The evidence concerning this association, 

however, is not clear; while some studies have shown an association between pickled vegetable 

intake and oesophageal cancer, others have found no evidence of association (Hung et al., 2004; 

Wang et al., 2006; Tran et al., 2005). 

The mechanism underlying the effect of fungal toxins in the development of OSCC is still unknown; 

however, fumonisins are known to modulate the expression of different xenobiotic metabolising 

enzymes including the cytochrome P450 family enzymes (Spotti et al., 2000). Furthermore, it is still 

unclear whether fungal toxins play a significant role in the development of oesophageal cancer 

(Isaacson, 2005). 

 

1.2.1.7  Physical and chemical injuries 

 

Any factor that causes intense irritation or inflammation of the oesophageal mucosa such as caustic 

or lye ingestion appears to increase the risk of oesophageal squamous cell carcinoma by 

approximately 1000-fold (Kochhar et al., 2006). The time frame from ingestion to presentation is 
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variable, although an interval of 20-40 years is common. Because accidental ingestion often occurs in 

childhood, the resulting tumors tend to be observed in a younger age group (Appelqvist and Salmo, 

1980). The prognosis of patients who have such corrosion-associated carcinoma is usually good 

because of three reasons: (i) they are often younger; (ii) they are diagnosed earlier because their 

symptoms arise sooner; finally, (iii) their tumor is usually surrounded by scar tissue, which helps 

prevent early dissemination (Kochhar et al., 2006). 

Repeated thermal injury of the oesophagus caused by ingestion of hot drinks and food (tea, coffee, 

soup) is also thought to be a risk factor of oesophageal cancer, by either direct damage or facilitating 

the absorption of carcinogens (Islami et al., 2009). However, the results of epidemiologic studies 

have been inconsistent, partly due to the difficulty in measuring quantity and temperature of hot 

drinks consumed (De Jong et al., 1972). 

In spite of the role of hot beverages as possible risk factor for OSCC, a protective effect of green tea 

consumption has been reported (Sun et al., 2002; Gao et al., 2002). A possible explanation of this 

effect may be that polyphenols and flavonoids present in green tea hinder tumor proliferation by 

inducing epidermal growth factor receptor (EGFR) inhibition in oesophageal cancer cells (Hou et al., 

2005). 

 

1.2.1.8  Human papillomavirus 

 

Human papillomavirus (HPV) is not detected or detected at low frequency in low-incidence areas of 

OSCC such as Western countries, except in France and Portugal where high frequencies of HPV have 

been observed in individuals with OSCC (Benamouzig et al., 1995; Fidalgo et al., 1995). Conversely, 

HPV is often detected in OSCC patients from Asia (Japan, China, Hong Kong, India, Pakistan and 

Korea), South Africa, Alaska and Australia, with incidence frequencies ranging from 13% to 63% (Koh 

et al., 2008; Castillo et al., 2006). HPV has been detected in 26–71% of OSCC samples from South 

African patients, with a median prevalence of 40−45% in the former Transkei region (Matsha et al., 

2002). In contrast to the majority of studies that found high-risk HPV 16 and 18 types to be more 

frequently associated with oesophageal cancer, the low-risk HPV 11 and 39 were most frequently 

detected in oesophageal tumour tissues from South African patients (Si et al., 2005; Castillo et al., 

2006; Matsha et al., 2007). 

Despite the high number of studies conducted to date, the role of Human papillomavirus in the 

etiology of OSCC remains controversial; while some studies found moderate to strong association 

between HPV and oesophageal cancer, others found no evidence of association (Yao et al., 2006; 

Koh et al., 2008; White at al., 2005). This inconsistency may be due to environmental, geographical, 
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or genetic differences in susceptibility to oesophageal HPV infection in different populations 

(Syrjänen, 2002). Because different methodologies are used to detect the presence of HPV in tumor 

tissues, the inconsistency of results may also reflect the different sensitivity of these methodologies 

(Abreu et al., 2012). However, data suggest that HPV is not a major risk factor for OSCC and it may 

act synergistically with other risk factors in the pathogenesis of this cancer subtype (Melhado et al., 

2010).  

HPV has carcinogenic properties for human oesophageal cells but the molecular mechanisms 

underlying the effect of HPV on oesophageal tumorigenesis are not fully elucidated (Shen et al., 

2004). A suggested mechanism is that the E6 and E7 HPV proteins interact with p53 protein and Rb 

protein, respectively, leading to loss of function of these tumor suppressor gene products and 

inactivation of the growth suppressive effects of these proteins, which results in cellular abnormal 

proliferation (Sur and Cooper, 1998). 

 

1.2.2  Other alleged environmental risk factors 

 

1.2.2.1  Wood and charcoal use 

 

In most Black African households, the burning of wood or charcoal is used as source of fuel for 

cooking and keeping houses warm. Recent studies in South Africa showed that the prolonged use of 

these sources of fuel results in excessive smoke inhalation, and has been associated with increased 

risk of OSCC (Dandara et al., 2006; Li D et al., 2010). 

 

1.2.2.2  Occupational exposure 

 

There is very little in the literature on occupational exposure in OSCC risk; however, one study has 

shown that workers such as builders and bricklayers, who are heavily exposed to soot, metal dust, 

vehicle exhaust and silica dust over long periods of time, have increased risk of developing OSCC 

(Wernli et al. 2006).  

Crystalline silica is a known human carcinogen that is generally associated with increased risk of lung 

and upper gastrointestinal cancers in factory workers (Steenland and Sanderson, 2001). Despite 

oesophageal cancer is generally not considered an occupational cancer, silica has been proposed as 

an oesophageal carcinogen due to abnormally high levels found in the mucosa of oesophageal 

cancer patients in Northern China (Pan et al., 1999; Yu IT et al., 2005). In South Africa, significant 
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silica contamination of common foodstuffs has been described, such as blackjack leaves (Bidens 

pilosa L.) that are used to flavour dishes in the Transkei (Parry et al., 1986).  

Several studies have reported higher OSCC risk associated with occupational exposure to asbestos, 

although others have shown no or only a very slightly increased risk (Santibañez et al., 2008; Wernli 

et al., 2006; Kang et al., 1997). Long-term exposure to products of combustion (chimney-sweepers), 

diesel pollutants (garage staffers), and beryllium have also been associated with higher risk of 

developing oesophageal cancer (Kollarova et al., 2007). 

 

1.2.2.3  Low socioeconomic status 

 

Throughout the world, high-incidence regions for OSCC are marked out by poverty while the highest 

incidence within a country is mainly observed in low-income and low-socioeconomic areas. These 

observations suggest that low-socioeconomical factors, represented by income, education, and 

occupation, are associated with higher risk of OSCC (Brown et al., 2001; Wu X et al., 2006). However, 

low-education and low-income are not direct biological causes of oesophageal cancer and this 

association may unveil more direct risk factors which are commonly linked to low socioeconomic 

status, such as nutritional deficiencies, insufficient vitamin supply, low consumption of fruit and 

vegetables, tobacco smoking, and alcohol abuse (Kollarova et al., 2007). 

 

1.2.2.4  Family history 

 

Familial aggregation of oesophageal cancer has been described in both high- and low-incidence 

areas, such as China, Italy, and Sweden (Hu et al., 2003; Ji and Hemminki, 2006; Garavello et al., 

2005). Those with a family history of oesophageal cancer have a 40%-93% increased risk of 

developing the disease (Akbari et al., 2006; Tran e al. 2005). Whether these patterns simply reflect 

common environmental exposure among family members or genetic predisposition is uncertain; 

however, the patterns suggest that genetic factors likely contribute in part to oesophageal 

tumorigenesis (Chang-Claude et al., 1997). 

A study performed in the Black South African population of KwaZulu-Natal shows a similar trend 

between oesophageal cancer incidence and family history of the disease. Such a familial association 

could arise from the fact that Zulu people form a closely enclosed cultural group sharing dietary 

habits and lifestyle, and therefore they are exposed to the same environmental factors (Dlamini and 

Bhoola, 2005). 
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1.2.2.5  Head and neck cancer 

 

OSCC is similar to head and neck squamous cell carcinoma (SCCHN) in their appearance and 

association with tobacco smoking and alcohol consumption, which suggests that there may be a 

causal relationship between oesophageal cancer and previous SCCHN (Mao et al., 2011). Several 

studies have described an association between SCCHN (i.e. oral cavity, oropharynx, hypopharynx, or 

larynx) and OSCC, with an incidence frequency of oesophageal cancer ranging from 3% to 14% 

among individuals with history of head and neck cancers (Tincani et al., 2000; Muto et al., 2002). 

Furthermore, patients with an aerodigestive malignancy have an increased risk of developing second 

primary tumors of the aerodigestive tract; indeed, head and neck cancers are found in 

approximately 10% to 15% of patients diagnosed with oesophageal cancer (Petit et al., 2001; Erkal et 

al., 2001). 

 

1.2.2.6  Oesophagitis 

 

High rates of chronic non-erosive oesophagitis have been described in China, Iran, and the former 

Transkei area in South Africa (Munoz et al., 1982; Crespi et al., 1979; Jaskiewicz et al., 1987). In the 

Transkei region, 24% of adults were diagnosed with oesophagitis, which is significantly higher than in 

adjacent low-risk areas. Chronic non-erosive oesophagitis has therefore been considered a precursor 

to oesophageal cancer (Jaskiewicz et al., 1987). 

 

1.2.3  Environmental risk factors uncommon in South Africa 

 

1.2.3.1  Maté 

 

Maté is an herbal tea consumed at high temperature; epidemiologic studies have reported a high 

incidence of OSCC in areas where consumption of hot maté is popular, especially in some regions of 

South America such as southern Brazil, northeastern Argentina, Uruguay, and Paraguay (Castellsagué 

et al., 2000). Several studies in these countries have examined the association between maté 

consumption and OSCC and nearly all of them found an increased risk associated with this beverage 

(Castelletto et al., 1994; Rolon et al., 1995; Sewram et al., 2003). When cumulative exposition to 

maté, tobacco, and alcohol was examined, the relative risk of oesophageal cancer was even higher 

(Sewram et al., 2003). 
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Two independent mechanisms are likely to explain the carcinogenicity of maté: (i) repeated thermal 

injury, resulting from drinking hot maté, and (ii) exposure to polycyclic aromatic hydrocarbons 

(PAHs) present in maté (Kamangar et al., 2008), which may increase the risk of oesophageal cancer 

even at low temperature if consumed in high quantities (Fagundes et al., 2006). 

 

1.2.3.2  Betel nut 

 

A number of studies found that chewing smokeless tobacco products and betel nut (with or without 

tobacco) are risk factors for oesophageal cancer in Asian and Indian populations (Wu IC et al., 2006; 

Phukan et al., 2001). In Taiwan, tobacco is not included in betel nut, which allowed for studying its 

independent effects on OSCC. It was observed an increased risk among current chewers compared 

to never chewers, with a positive dose-response for both duration and intensity of use. Furthermore, 

the risk was even higher when chewing betel nut was combined with alcohol consumption and 

tobacco smoking (Lee et al., 2005). 

 

1.2.3.3  Opium and nass 

 

Opium smoking and chewing is common in the high-risk areas of the Iranian Caspian littoral. Opium 

itself is expensive and not carcinogenic whereas opium dross (called “sukhteh” in the local 

language), a cheap alternative that remains in the pipe after smoking, has been shown to be 

carcinogenic to the oesophageal mucosa (Malaveille et al., 1982; Ghadirian et al., 1985). Sukhteh 

and smoke condensates from opium have been found to cause mutations in S. typhimorium, sister 

chromatid exchanges in human lymphocytes, and morphologic transformations in cultured Syrian 

hamster embryo cells (Hewer et al., 1978; Perry et al., 1983; Friesen et al., 1985). Another possible 

reason for carcinogenicity in sukhteh and opium smoke condensate is the presence of polycyclic 

aromatic hydrocarbons (PAHs) (Kamangar et al., 2007a). Despite its proven carcinogenic effect, a 

role for opium dross in oesophageal carcinogenesis is not yet well-established. One study has shown 

that in Kerman Province, where opium and sukhteh consumption is very high, the incidence of 

oesophageal cancer is low whereas a study in Golestan Province showed that only 33% of 

oesophageal cancer patients had ever used opium (Kamangar et al., 2007a; Islami et al., 2004). 

Therefore, opium seems to have only a limited effect on oesophageal carcinogenesis in humans. 

Nass (a mixture of tobacco and lime) chewing, typical of Turkmen males in Golestan Province, has 

also been suggested as a risk factor for OSCC. However, this association has not been confirmed by 
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epidemiologic studies, which showed low levels of nass use in the general population in Golestan 

province and among oesophageal cancer patients in the rural Atrak area (Pourshams et al., 2010). 

 

1.2.3.4  Gastric atrophy 

 

Atrophy of the gastric mucosa has long been known to be a precursor lesion of gastric cancer 

(Correa, 1988); however, an association between gastric atrophy and OSCC has recently been 

suggested in Asian and Western countries (Ye et al., 2004; Iijima et al., 2007). Studies in Asians found 

an increased risk of OSCC among patients with low serum pepsinogens, which are pro-enzymes 

secreted by gastric epithelial cells and are indicators of gastric atrophy (Kamangar et al., 2009b). A 

recent study from the Netherlands found that patients with gastric atrophy had higher risk of OSCC 

than the general population but the risk was not proportional to the severity of atrophy, suggesting 

that the association of gastric atrophy with OSCC may be confounded by other factors such as 

tobacco smoking (de Vries et al., 2009). 

Gastric and oesophageal glands tend to disappear in atrophy and acid secretion is reduced, which 

results in proliferation of bacteria in the stomach and in the oesophagus. These bacteria may 

increase the production of carcinogens such as nitrosamines and acetaldehyde, which may explain 

the association of gastric atrophy with gastric and oesophageal cancer (Correa, 1992). 

 

1.2.3.5  Helicobacter pylori 

  

Reduction of intragastric acidity through gastric mucosal atrophy induced by Helicobacter pylori 

infection may be another factor in the promotion of OSCC (Kusters et al., 2006). However, H. pylori 

has not shown a consistent association with OSCC; some studies reported an increased risk of OSCC 

with H. pylori colonization in the stomach whereas others found no association or even reduced risk 

(Wang et al., 2006; El-Omar et al., 2003; Kamangar et al., 2007b; Wu DC et al., 2005). A study 

suggested that nitrosamine production by H. pylori significantly contributes to the development of 

oesophageal cancer (Ye et al., 2004). Three recent meta-analyses that summarized the association of 

H. pylori with OSCC found no overall association but they showed substantial heterogeneity in the 

results (Islami and Kamangar, 2008; Rokkas et al., 2007; Zhuo et al., 2008). It is therefore possible 

that the variable association of OSCC with H. pylori is simply a consequence of the differences in 

socioeconomic status or environmental exposure among individuals. 
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1.2.3.6  Rare risk factors 

 

An uncommon risk factor associated with OSCC is achalasia, a condition in which the lower 

oesophageal sphincter does not relax so that food cannot pass into the stomach and is retained and 

decomposed by bacteria in the oesophagus, releasing various chemical irritants (Leeuwenburgh et 

al., 2006). Food retention causes dilation of the oesophagus and about 3−7% of patients with 

achalasia develop OSCC (Sandler et al., 1995). Chronic inflammation caused by retention of 

fermenting food debris has been proposed as the most likely mechanism (Melhado et al., 2010). 

Other rare causes include Plummer-Vinson syndrome and tylosis, which are congenital. Plummer-

Vinson syndrome (PVS) is characterized by iron-deficiency anemia, oesophageal webbing, and 

abnormalities of tongue, fingernails, and spleen, and patients with PVS have a 10% risk of developing 

OSCC (Enzinger and Mayers, 2003). Tylosis is a rare autosomal dominant skin disease characterized 

by excessive thickening of plantar and palmer skin surfaces, as well as thickening of oral mucosa, and 

is associated with a 40% to 95% higher risk of developing OSCC (Risk et al., 1999). The gene locus 

responsible for tylosis has been mapped on chromosome 17q25.1, which probably contains a tumor 

suppressor gene as deletions in this locus have been found to occur in 70% of OSCC patients (Iwaya 

et al., 1998). 

 

 

1.3  GENETIC POLYMORPHISMS 

 

The epidemiologic evidence presented earlier shows that environmental risk factors have an 

important role in causing OSCC. However, only a subset of exposed individuals will develop cancer, 

suggesting that genetic factors may also play a significant role in oesophageal carcinogenesis. 

Genetic polymorphisms are inherited DNA sequence variations observed among different individuals 

in a population with a frequency of at least 1% (Efferth and Volm, 2005). Single nucleotide 

polymorphisms (SNPs) are the simplest and most common polymorphisms in the human genome 

(Dutt and Beroukhim, 2007). SNPs may fall within coding or noncoding regions of genes, or in 

intergenic areas between genes. Among SNPs that occur within a coding region, only a portion 

ultimately contributes to changes in the amino acid sequence of the protein that is being produced. 

Such SNPs are known as nonsynonymous SNPs and may lead to phenotypic changes (Chorley et al., 

2008). Among SNPs located within noncoding regions of genes or in intergenic areas (i.e. splice sites, 

promoter regions, or transcriptional binding sites), some may still exert a phenotypic effect through 

either indirect interaction with other genes or regulation of downstream proteins (Sauna et al., 
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2007). Other forms of genetic variations include microsatellite instability, chromosomal insertions or 

deletions, and duplications leading to unaltered, reduced, or increased activity of enzymes (Soussi 

and Wiman, 2007). Like SNPs, each of these different germline genetic variations can affect the risk 

of developing cancer (Zhang and Yu, 2007; Velasco et al., 2008; Pande et al., 2008). 

The previous knowledge of environmental risk factors for OSCC, including tobacco smoking, alcohol 

abuse, micronutrient-deficient diets, and Human papillomavirus infection, has helped identify 

possible genes involved in oesophageal carcinogenesis. For instance, studies have generally 

evaluated genetic polymorphisms in enzymes involved in metabolism of carcinogenic compounds 

from tobacco smoke, such as phase I and phase II xenobiotic metabolizing enzymes (i.e. cytochrome 

P450 enzymes and glutathione S-transferases) (Abbas et al., 2004; Dandara et al., 2005; Jain et al., 

2006), and those that participate in alcohol metabolism (aldehyde dehydrogenase and alcohol 

dehydrogenase) (Wu CF et al., 2005; Chen et al., 2006). 

Xenobiotics are foreign chemicals that are toxic for the organism (Singh and Michael, 2009). The 

human body is continuously exposed to a number of xenobiotics including drugs, dietary 

compounds, and environmental carcinogens; however, the majority of them require metabolic 

activation to exert their carcinogenic effect (Poirier et al., 2000). The biotransformation of 

xenobiotics in humans is carried out by xenobiotic metabolizing enzymes (XMEs), which are 

classified as either phase I or phase II enzymes, while phase III transporters are involved in efflux 

mechanisms (Belitsky and Yakubovskaya, 2008). Phase I enzymes catalyze the biotransformation of 

parent compounds to more polar and watersoluble metabolites by oxidation and generation of 

functional groups (i.e. -OH, -NH2, -SH) that may subsequently serve as a site for conjugation 

catalysed by phase II enzymes, so as to generate more hydrophilic compounds that are easily 

excreted in the urine by phase III transporters (Figure 1.7). Although phase I and phase II enzymes 

act in a detoxification pathway, they can generate unstable and reactive intermediate compounds 

that, if not removed quickly, can bind covalently to DNA to form DNA-adducts and cause mutations 

that can lead to cancer (Glatt, 2000; Surh, 1998).  

Approximately 70–80% of the phase I enzymes are cytochromes P450 (CYPs), which catalyze mainly 

oxidative reactions and hence act as monooxygenases, oxidases, and peroxidises (Bozina et al., 

2009). Phase II drug metabolizing enzymes are mostly transferases and include UDP-

glucuronosyltransferases (UGTs), sulfotransferases (SULTs), glutathione S-transferases (GSTs), and N-

acetyltransferases (NATs) (Yang et al., 2005a). The main phase I and phase II enzymes are described 

in Table 1.2. 

Phase I and phase II enzymes exert their activity mainly in human liver although studies have 

revealed the existence of various types of CYPs and GSTs in the oesophageal mucosa, suggesting that 
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the metabolic activation and detoxification of procarcinogens could also occur locally in the 

oesophagus (Nakajima et al., 1996; Peters et al., 1993).  

 

 

 

Figure 1.7  Overview of the detoxification pathway in the human body. Xenobiotic compounds are 
metabolized by phase I enzymes to form intermediate reactive metabolites that are inactivated by phase II 
enzymes and excreted from the cell by phase III transporters. Genetic polymorphism affects the activity of 
xenobiotic metabolizing enzymes and therefore the efficiency of xenobiotic detoxification. If reactive 
intermediates are not quickly inactivated, they can react with DNA to form DNA adducts that can lead to 
carcinogenesis. (Source: Liska, 1998) 

 

 

 

Table 1.2  The xenobiotic metabolizing enzyme categories and their membership (Source: Singh and Michael, 
2009) 
 

Phase I enzymes CYP, monoamine oxidase, peroxidases, oxidases, lipoxygenases, 

monooxygenases, dioxygenases, cyclooxygenases, hydroxylases, epoxygenases, 

esterases, carboxylesterases, reductases, aldoketoreductases, hydrolases, 

sulphatases, glycosylases, glucuronidases, aldoketoreductases, reductases, 

NAD-dependent enzymes 

Phase II enzymes Acetyltransferases, acyltransferases, methyltransferases, transaminases, 

epoxidases, uridine diphosphate glucuronostyltransferases, glutathione 

transferases 

Phase III transporter Multidrug resistance protein (MRP) family 

The classification of enzymes is not rigid and the same enzyme may act as a phase I and phase II enzyme under 

different circumstances 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Singh%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=19107436
http://en.wikipedia.org/wiki/P-glycoprotein
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Individuals differ in the level of expression and catalytic activity of xenobiotic metabolizing enzymes 

that activate and/or detoxify xenobiotics in various organs. Factors affecting these variations include 

induction and inhibition of enzymes by environmental factors, such as tobacco smoke and alcohol, 

and by genetic polymorphisms. Therefore, the activity of xenobiotic metabolizing enzymes can vary 

significantly among individuals and these phenomena are thought to be critical in determining the 

effects of carcinogen exposure on the body and the individual susceptibility to cancer (Jancova et al., 

2010). Genetic polymorphism of xenobiotic metabolizing enzymes may result in: (i) reduced 

expression or total loss of enzyme activity due to deletion polymorphism; (ii) overexpression due to 

gene multiplication; and (iii) altered activity by either producing a mutant protein with diminished 

catalytic capacity or affecting the inducibility of the enzyme in response to xenobiotics or other 

environmental stimuli (Pavanello and Clonfero, 2000; Kelada et al., 2003).  

To date, numerous genetic polymorphisms of these enzymes have been associated with altered risk 

of oesophageal cancer in various populations. However, the results have not always been consistent, 

particularly across different ethnic groups, and only a few genetic polymorphisms have been 

consistently associated with altered risk of oesophageal cancer such as the CYP1A1*2C and ADH2*1 

alleles, the MTHFR 677T variant, and the ALDH2*1/*2 genotype (Hiyama et al., 2007; Lao-Sirieix et 

al., 2010). The inconsistency of results may reflect: (i) differences in the prevalence of susceptibility 

variants among populations, (ii) differences in environmental exposures, or (iii) technical issues such 

as small sample sizes which are not well powered to detect modest genetic effects (Newton-Cheh 

and Hirschhorn, 2005). The role of various phase I and phase II enzymes on susceptibility to OSCC 

has also been investigated in the South African population. These studies have reported that single 

nucleotide polymorphisms in SULT1A1, CYP3A5, CYP2E1, GSTP1, alcohol metabolizing enzymes, and 

deletion polymorphisms in GSTM1 and GSTT1 were significantly associated with altered risk of OSCC 

(Li D et al., 2008a; Dandara et al., 2006; Li D et al., 2005; Li D et al., 2010; Matejcic et al., 2011).  

 

1.3.1  Glutathione S-transferases 

 

Glutathione S-transferases (GSTs) are a family of phase II detoxification enzymes that catalyze the 

conjugation of glutathione (GSH) to a wide variety of electrophilic compounds, including products of 

oxidative stress and environmental carcinogens, thereby neutralizing their electrophilic sites and 

producing more hydrophilic and less reactive metabolites that are easily excreted out of the body 

(Hayes et al., 2005). The reaction catalyzed by GSTs is represented in Figure 1.8. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Hirschhorn%20JN%5BAuthor%5D&cauthor=true&cauthor_uid=15829237
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Figure 1.8  Glutathione conjugation to a generic xenobiotic (RX) via GST results in the formation of a 
glutathione-S-conjugate. GSTs catalyze the nucleophilic attack of the sulphur atom of reduced glutathione 
(R−SH) to an electrophilic group on metabolic derivates of xenobiotic compounds (RX), resulting in the 
formation of a glutathione-S-conjugate (RX−S−R). (Source: Armstrong, 2007; Jancova et al., 2010) 

 

 

The main substrates for GSTs are PAH diol-epoxides, derived from bioactivation of polycyclic 

aromatic hydrocarbons (PAHs) present in pollutants such as tobacco smoke and automobile exhaust 

fumes (Coles and Ketterer, 1990). Furthermore, a number of endogenous compounds such as 

prostaglandins and steroids are metabolized via glutathione conjugation (van Bladeren et al., 2000). 

The main classes of endogenous and exogenous substrates of GSTs are summarized in Table 1.3. 

 

 

Table 1.3  Substrates of GSTs (Source: Townsend and Tew, 2003) 
 

Endogenous 
      O-Quinones of catecholamines and dopamine 

  Prostaglandins 
Steroids 

   Lipid peroxidation products generated by reactive oxygen species 

        Exogenous 
      Polycyclic aromatic hydrocarbons (PAHs) 

   α, β unsaturated aldehydes 
    Molecules with epoxide groups 
    Chemotherapeutic agents       

 

 

GSTs contribute to detoxifying the reactive and toxic electrophilic products of phase I reactions 

catalyzed by cytochrome P450 and other oxidases, facilitating their excretion by phase III enzymes 

and protecting macromolecules from attack by electrophilic compounds (Eaton and Bammler, 1999; 

Strange et al., 2001). However, in some instances, GSTs can also catalyze the bioactivation of certain 

substrates and lead to generation of more cytotoxic and genotoxic metabolites (Guengerich, 2003a). 

Therefore, the pattern of biotransformation to either mutagenic or non-mutagenic species by GSTs 
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depends upon the substrate involved (Landi, 2000). Although the liver contains the highest amount 

of total GST proteins in the human body, certain isozymes are present in high amounts in 

extrahepatic organs, including the oesophagus (Juronen et al., 1996). 

Human GSTs are divided into three main families: cytosolic, which forms the largest family, 

mitochondrial, and membrane-bound microsomal. Cytosolic and mitochondrial GSTs are mainly 

involved in the biotransformation of reactive exogenous and endogenous compounds, and play an 

important role in defense against chemical and oxidative stress. Microsomal GSTs are mainly 

involved in the biosynthesis of leukotrienes and prostaglandin E through arachidonic acid 

metabolism (Sheehan et al., 2001; Frova, 2006; Jakobsson et al., 1999). However, several 

microsomal GSTs catalyze the conjugation of GSH to a number of electrophilic compounds but little 

is known about genetic polymorphism of this family of enzymes (Hayes et al., 2005; Iida et al., 2001). 

Human cytosolic and mitochondrial GSTs are soluble dimeric enzymes with subunits of 199–244 

amino acids in length (Oakley, 2011). Cytosolic enzymes are predominantly found in the cytosol of 

hepatocytes, constituting up to 4% of total soluble proteins, whereas the mitochondrial class 

appears to be more widely and uniformly expressed in human tissues (Eaton and Bammler, 1999; 

Morel et al., 2004). Based on amino acid sequence similarities, human cytosolic GSTs have been 

grouped into six classes, designated as Alpha, Mu, Omega, Pi, Theta, Zeta, each containing one or 

more isozymes encoded by clusters of genes located on different chromosomes (Table 1.4). 

Conversely, humans possess only a single class of mitochondrial GST enzymes, designated as Kappa 

class (Strange et al., 2001; Morel et al., 2004). The enzymes belonging to different classes metabolize 

a variety of xenobiotics with a large overlap in substrate specificity; however, some substrates are 

relatively specific for particular GST enzymes (Whalen and Boyer, 1998).  

 

 

Table 1.4  Human cytosolic GSTs (Source: Townsend et al., 2003) 
 

Class   Gene   Chromosome location 

Alpha (α) 
 

GSTA1-5 
 

6p12.1 

Mu (μ) 
 

GSTM1-5 
 

1p13.3 

Omega (ω) GSTO1-2 
 

10q25.1 

Pi (π) 
 

GSTP1 
 

11q13.1 

Theta (θ) 
 

GSTT1-2 
 

22q11.2 

Zeta (Ϛ)   GSTZ1   14q24.3 

 

 

The importance of glutathione conjugation in metabolism of carcinogens led to a large number of 

studies investigating the genetic polymorphism of GSTs as potential risk factor for different types of 

http://www.ncbi.nlm.nih.gov/pubmed?term=Whalen%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9875553
http://www.ncbi.nlm.nih.gov/pubmed?term=Boyer%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=9875553
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cancer (Parl, 2005; McIlwain et al., 2006). The underlying hypothesis of these studies is that 

polymorphic variants associated with reduced GST activity may impair the detoxification of 

electrophilic carcinogens, which can bind to DNA causing mutations and carcinogenesis. 

Nevertheless, variable or inconsistent results from independent studies are frequently observed, 

especially among different ethnic groups, which may be due to geographical differences, ethnicity, 

lack of study power, dietary differences, and different environmental exposure among populations. 

Among cytosolic GSTs, GSTM1 (Mu), GSTT1 (Theta), and GSTP1 (Pi) are highly polymorphic in 

humans and are the most extensively studied GST enzymes with regard to cancer susceptibility 

(Wormhoudt et al., 1999; Bolt & Thier, 2006). Genetic polymorphisms affect the activity of other 

cytosolic GSTs (alpha, omega, and zeta) but the functional and toxicological implications of these 

polymorphisms are less well-studied (Coles & Kadlubar, 2005; Whitbread et al., 2005; Board & 

Anders, 2005). 

 

1.3.1.1  GST Mu class 

 

Human Mu class GSTs have been subdivided into five isoforms based on different substrate 

specificities and are encoded by a gene cluster at chromosome 1p13.3 (Pearson et al., 1993; Xu et 

al., 1998). Among these, GSTM1 is highly polymorphic in humans and genetic polymorphism of this 

enzyme has been linked to a number of cancer subtypes (Cetta, 2009). GSTM1 is predominantly 

expressed in the liver but is also found in a variety of extrahepatic organs such as testes, brain, and 

adrenal gland, with low levels in other extrahepatic organs (Rowe et al., 1997). This enzyme 

metabolizes mainly polyaromatic hydrocarbons, the benzopyrene class of carcinogens, and epoxide 

metabolites of 1,3-butadiene (Srám, 1998).  

Two important variants have been identified: the GSTM1 null allele (referred to as GSTM1*0), which 

is caused by gene deletion, and GSTM1*B, which differs from the wild-type (GSTM1*A) for a 534C>G 

nucleotide change in exon 7 that leads to Lys173Asn amino acid substitution. However, only the 

GSTM1*0 allele seems to affect cancer susceptibility since GSTM1*B encodes a protein with catalytic 

activity similar to the wild-type (Parl, 2005). GSTM1*0 represents a 15-kb deletion of the entire 

GSTM1 gene that is thought to have arisen from a homologous recombination between two almost 

identical 4.2-kb repeated sequences flanking the GSTM1 gene (Xu et al., 1998; Bolt and Thier, 2006). 

The relationship between GSTM1 deletion polymorphism and phenotype has been established in 

studies assessing genotype and enzyme activity in vitro and in vivo, revealing a gene dosage effect 

(Brockmoller et al., 1992). While homozygotes for the deleted allele (Del/Del) are essentially devoid 

of GSTM1 activity, heterozygotes (Wt/Del) have approximately 50% of the activity compared to wild-
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type homozygotes (Wt/Wt) (McLellan et al., 1997). The frequency of the GSTM1 double-deletion 

(null) genotype appears to be high in both Asians (33−63%) and Caucasians (38−67%) (Cho et al., 

2005; Chen et al., 1996; Ada et al., 2004) whereas a lower frequency is usually observed in sub-

Saharan Africans (16−36%) (Dandara et al., 2002; Adams et al., 2003; Masimirembwa et al., 1998). In 

South Africans, the GSTM1 null genotype occurs in 21% of Black Xhosa, and 20% and 36% of Mixed 

Ancestry individuals, as reported by two independent studies (Adams et al., 2003; Reddy et al., 

2010). 

 

1.3.1.2  GST Theta class 

 

The GST Theta class consists of two genes, GSTT1 and GSTT2, located at 22q11.2 and separated by 

about 50 kb (Figure 1.9; Coggan et al., 1998). These enzymes are expressed at high levels in the liver 

and some extrahepatic organs such as the kidney and the gastrointestinal tract, with low levels in a 

variety of other tissues (Rowe et al., 1997). The GSTT1 and GSTT2 genes are oriented head-to-head 

and have a similar structure, each being composed by five exons with identical intron/exon 

boundaries but sharing only 55% amino acid identity (Tan et al., 1995; Flanagan et al., 1998). As 

shown in Figure 1.9, the GSTT2 gene lies next to a gene encoding d-dopachrome tautomerase 

(DDCT), which extends over 8.5 kb and contains four exons. The GSTT2 and DDCT genes have been 

duplicated in an inverted repeat located immediately adjacent to them. Sequence analysis of the 

duplicate GSTT2 gene identified exon 2/intron 2 splice site abnormalities and a premature 

translation stop signal at codon 196. These changes make the duplicate gene a pseudogene, named 

GSTT2B, which encodes for an inactive protein (Coggan et al., 1998). 

 

 

 

 

Figure 1.9  Relative positions of GSTT1, GSTT2, GSTT2B, and DDCT genes. The diagram is not drawn to scale. 
The GST Theta class includes two genes, GSTT1 and GSTT2, which both lie at 22q11.2 and are separated by 
approximately 50 kb. GSTT2 is adjacent to DDCT gene, both of which are duplicated in an inverted repeat 
located in close proximity to DDCT. Although GSTT2 is an active gene, the duplicate copy of GSTT2 (referred to 
as GSTT2B) is a pseudogene because of an abnormal exon 2/intron 2 splice site that causes a premature 
translation stop. GSTT2 and GSTT2B are inverted repeats. (Source: Landi, 2000) 
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GSTT1 is known to metabolize ethylene oxide, monohalomethanes, dihalomethanes, and epoxide 

metabolites of 1,3-butadiene, which are all constituents of tobacco smoke, as well as aflatoxin B1 

epoxide, derived from toxins produced by fungi (Norppa et al., 1995; Sherratt et al., 1998). Two 

GSTT1 variants have been identified: the GSTT1 null allele derived from gene deletion (referred to as 

GSTT1*0), and the 310A>C base substitution resulting in the Thr104Pro amino acid change 

(GSTT1*B), which is associated with decreased GSTT1 activity compared to the wild-type allele 

(Alexandrie et al., 2002). However, little is known about the effect of GSTT1*B on disease 

susceptibility and only the GSTT1 deletion polymorphism has been shown to affect cancer risk. 

GSTT1 is flanked by two highly homologous regions (HA3 and HA5) that share an identical 403-bp 

repeat. A homologous recombination event involving the HA5 and HA3 repeats results in a 54-kb 

deletion containing the entire GSTT1 gene (Sprenger et al., 2000). The deletion of the GSTT1 gene 

does not include the GSTT2 gene (Coggan et al., 1998). The relation between GSTT1 deletion and 

enzyme activity has been investigated by in vitro and in vivo studies (Their et al., 1998; Sprenger et 

al., 2000; Löf et al., 2000). Homozygotes for the null allele (Del/Del) have an impaired ability to 

metabolically eliminate carcinogenic compounds while heterozygotes carrying one active and one 

inactive allele (Wt/Del) have an intermediate activity compared to the fully functional wild-type 

genotype (Wt/Wt). Evidence indicates that GSTT1 activity in heterozygotes is approximately 50% of 

the activity in wild-type homozygotes (Their et al., 1998), demonstrating a gene dosage effect similar 

to the one observed for the GSTM1 deletion polymorphism (Brockmoller et al., 1992). Several 

studies have found that genotoxic effects, such as induction of sister chromatid exchanges (SCE) 

after exposure to methyl bromide and other compounds in vitro, were more pronounced among 

carriers of the GSTT1 double-deletion (null) genotype (Schröder et al., 1995). Conversely, others 

found that the wild-type genotype was associated with higher SCE level when exposed to 

dichloromethane (DCM) (Olvera-Bello et al., 2010). These findings show that the effect of the GSTT1 

deletion polymorphism on genotoxicity depends upon the nature of the metabolized carcinogen. 

The frequency of the GSTT1 null genotype is highly variable among different ethnic groups. 

Homozygotes for the deletion are found in 10−24% of Caucasians (Adams et al., 2003), 20−26% of 

sub-Saharan Africans (Dandara et al., 2002; Masimirembwa et al., 1998), and 47−64% of Asians (Cho 

et al., 2005; Matsuno et al., 2004). Black Xhosa and Mixed Ancestry individuals from South Africa 

have a high frequency of the GSTT1 null genotype (41% and 57%, respectively), which is considerably 

higher than those reported for other sub-Saharan Africans populations (Adams et al., 2003).  

The specific function of the GSTT2 enzyme in humans is not completely clear; however, GSTT2 

exhibits high GSH peroxidase activity towards organic hydroperoxides, which are toxic products of 

oxygen and lipid peroxidation (Hurs et al., 1998). Thus, this enzyme may have an important role in 
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protecting cells against oxidative stress generated during peroxidation of lipids, which represents a 

major cause of DNA damage in humans that contributes significantly to carcinogenesis (Marnett, 

2012). Other suggested substrates for GSTT2 are polycyclic aromatic hydrocarbons (PAHs), 5-

hydroxy-methylchrysene, and food-derived heterocyclic amines (Hiratsuka et al., 1994; Coles et al., 

2001). Different polymorphisms have been described in the human GSTT2 gene or in the 

neighbouring region. A polymorphism involving a single base substitution in the GSTT2 gene leading 

to the Met139Ile amino acid change has been observed in Caucasians but at very low frequency 

(~1%) (Zienolddiny et al., 2008). The phenotype relating to this substitution has not yet been 

identified, although there is no clear evidence to date that this substitution affects disease 

susceptibility (Coggan et al., 1998). Studies in vitro reported that polymorphisms in the GSTT2 

promoter are significantly associated with decreased gene expression, and that the -537G>A, -

277T>C, and -158G>A variants in this region may be associated with development of certain diseases 

such as colorectal cancer (Jang et al., 2007). The GSTT2B deletion polymorphism has only recently 

been identified and arises from a 37-kb deletion that spans the entire GSTT2B gene located adjacent 

to the GSTT2 gene (Zhao et al., 2009). The deletion of GSTT2B does not include the GSTT2 gene; 

however, the same study reported that the GSTT2B deletion results in greatly reduced expression of 

the nearby GSTT2 gene in more than 80% of cell lines homozygotes for the deletion, an effect that 

may be due to the presence of an enhancer element within the deleted region (Zhao et al., 2009). 

The GSTT2B homozygous deletion occurs in approximately 42% of Whites, 29% of the 

Japanese/Chinese, and 18% of the Yoruba ancestry of West Africa (Zhao et al., 2009). There are no 

previous data on the prevalence of the GSTT2B deletion genotype in South Africans. 

In view of the close proximity between the GSTT1 and GSTT2/2B loci in the human genome, it is 

highly likely that polymorphisms in these genes are in linkage disequilibrium. The GSTT2B deletion 

polymorphism has been previously reported to be in linkage disequilibrium with the GSTT1 deletion 

in Caucasians; alleles harbouring a single deletion were significantly overrepresented (P = 2.22 x 10-

16), suggesting a selection against subjects carrying both deletions. The extent of linkage 

disequilibrium is highly variable among different ethnic groups: very strong in Northern/Western 

European populations (D’ = 0.841), weaker in the Japanese and Chinese (D’ = 0.60), and absent in the 

Nigerian Yoruba ancestry (D’ = 0.10) (Zhao et al., 2009). 

 

1.3.1.3  GST Pi class 

 

The GSTP1 gene is the only gene representing the Pi class of cytosolic GSTs, which is located at 

11q13.1 and contains seven exons (Morrow et al., 1989). GSTP1 is predominantly expressed in 
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extrahepatic tissues and is the major GST found in the oesophageal epithelium (Beckett et al., 1990; 

Nakajima et al., 1996; Rasmi et al., 2006); therefore, GSTP1 may play an important role in 

metabolism and detoxification of many oesophageal carcinogens (Lin et al., 1998; Hu X et al., 1997a). 

GSTP1 has also been shown to be overexpressed in several malignant tissues of urinary, digestive, 

and respiratory tracts compared to their matched normal tissues (Moscow et al., 1989). GSTP1 is 

known to metabolize tobacco-related carcinogens such as benzopyrene diol-epoxides (Hu X et al., 

1997b), and to eliminate base propenals that arise from DNA oxidation (Berhane et al., 1994).  

Genetic polymorphisms in the GSTP1 locus result in enzymes that differ structurally and functionally 

from the wild-type isoform. Two polymorphisms have been widely studied to date: Ile105Val, 

originated from a 313A>G transition in exon 5 (referred to as GSTP1*B), and Ala113Val, from a 

341C>T transition in exon 6 (GSTP1*D), as represented in Figure 1.10. An allelic variant containing 

both SNPs (Ile105Val and Ala113Val) has also been described and designated as GSTP1*C. GSTP1*A 

is the wild-type and generally, but not always, the most active allele of this class (Ali-Osman et al., 

1997).  

 

 

 

Figure 1.10  Overview of GSTP1 gene, mRNA, and protein. The GSTP1 gene at chromosome 11q13.1 is 2.8 kb 
long and contains seven exons. The open reading frame starts at the 3’ end of the first exon and is 630 bp long, 
encoding a protein of 209 amino acids. The arrows indicate polymorphic sites. The two single nucleotide 
polymorphisms, A>G and C>T, result in amino acid substitutions at codons 104 (Ile/Val) and 113 (Ala/Val) in 
exons 5 and 6, respectively. (Source: Parl, 2005) 

 

 

Both SNPs are in the electrophile-binding site of the GSTP1 enzyme and such changes are believed to 

be implicated in reduced activity and impaired detoxification activity of the enzyme. However, the 

influence of polymorphism is more complex for GSTP1 as the effect of the two SNPs on the 

conjugating activity of the enzyme is substrate specific, which means that these alleles increase or 
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decrease GSTP1 activity depending upon the conjugated substrate (Ji et al., 1999; Watson et al., 

1998). For example, the GSTP1*B allele is less active than the wild-type allele in detoxification of 1-

chloro-2,4-dinitrobenzene (CNDB) whereas the wild-type GSTP1*A has only about a third of the 

activity of GSTP1*B in conjugation of PAH-diol epoxides (Eaton and Bammler, 1999; Sundberg et al., 

1998). A study reported a statistically significant 30% decline in conjugating activity for GSTP1 105Val 

homozygotes compared to wild-type homozygotes, using CNDB as substrate, whereas the 

heterozygotes had intermediate activity between the two homozygous genotypes, demonstrating a 

gene dosage effect of the Ile105Val polymorphism (Watson et al., 1998). Since both Ile105Val and 

Ala113Val variants are associated with altered GSTP1 activity, they could result in impaired 

detoxification of tobacco-related carcinogens leading to increased risk of smoking-induced diseases, 

including oesophageal cancer. Indeed, the Ile105Val variant was reported to have lower capacity to 

detoxify CNDB and was associated with higher level of DNA adducts (Mishra et al., 2004; Ryberg et 

al., 1997). The Ile105Val polymorphism is common in most ethnic groups and the 105Val allele 

occurs at frequencies of 53% among South African Xhosa and 51% among Mixed Ancestry individuals 

(Adams et al., 2003; Gebhardt et al., 2004), which are significantly higher than the frequencies 

reported in other sub-Saharan African populations (14−24%), in Caucasians (28−32%), Asians 

(14−18%), and Indians (27%) (Dandara et al., 2002; Adams et al., 2003; Dufour et al., 2005; Komiya et 

al., 2005; Mishra et al., 2004). A recent independent study reported the frequency of the 

GSTP1 105Val allele at 37% and 41% in Black and Mixed Ancestry South Africans, respectively, which 

are lower than those previously reported for the same ethnic groups but still high compared to other 

populations. Conversely, the GSTP1 Ala113Val polymorphism is relatively uncommon and the 113Val 

allele occurs at frequencies of 7% and 3% among Black and Mixed Ancestry South Africans, 

respectively (Li D et al., 2010). The 113Val allele frequency is also low among Caucasians (10%) and 

other sub-Saharan populations (1−2%) whereas no polymorphism has been observed in Asian 

populations and in the Yoruba ancestry (data from HapMap). 

 

1.3.1.4  Post-transcriptional and post-translational regulation of GSTs 

 

Several glutathione S-transferases are inactivated by cellular oxidants, suggesting that GST activity 

may be impaired in tissues in which reactive oxygen species (ROS) or reactive nitrogen species (RNS) 

are generated, with potential effects on xenobiotic metabolism in these tissues (Dupret and 

Rodrigues-Lima, 2005). In human colon cancer cells and animal models, polyphenol metabolites 

produced by colonic microbiota have been shown to contribute to detoxification of dietary 

carcinogens by inducing GSTT2 expression and thus protecting against oxidant-induced DNA damage 
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and lipid peroxidation (Miene et al., 2011). Therefore, GSTT2 may have a significant role in 

carcinogenesis, contributing to the cancer preventive effect of polyphenols present in fruit and 

vegetables. Downregulation and overexpression of GSTs have been reported as indicators of 

premalignant and malignant changes in gastric, colorectal, lung, and breast cancers (Deakin et al., 

1996; Jhaveri and Morrow, 1998). Some studies reported a reduced GSTP1 expression in OSCC 

tissues, which was associated with CpG island hypermethylation in the GSTP1 promoter (Wang Z et 

al., 2010), whereas others found that GSTP1 was overexpressed in OSCC tissues when compared to 

normal tissues (Mohammadzadeh et al., 2003). These findings indicate that hypermethylation of the 

GSTP1 promoter may be an important mechanism in regulating the GSTP1 expression, and may also 

have a key role in oesophageal carcinogenesis. 

 

1.3.1.5  GST deletion polymorphisms and cancer risk 

 

Homozygous deletions of GSTM1, GSTT1, and GSTT2B are expected to result in impaired ability to 

metabolically eliminate electrophilic compounds and may therefore place individuals carrying these 

genotypes at increased cancer risk. However, in some instances, the GST deletion genotypes may 

have a protective effect on cancer risk due to the impaired ability to generate more reactive 

compounds that can easily bind to DNA and cause mutations (Landi, 2000). 

The GSTM1 null genotype has been implicated as risk factor for several human malignancies, 

including acute leukemia, gastric, lung, larynx, oral, bladder, prostate, cervical, breast, and liver 

cancers, although null or inverse associations have also been reported (Taniyama et al., 2010; Parl, 

2005). A large number of studies have analyzed the association of the GSTM1 deletion 

polymorphism with OSCC in Asian and Caucasian populations but only a few of them have reported a 

significant risk associated with the null allele (Lu et al., 2005; Roth et al., 2000; Zendehdel et al., 

2009). Among 12 studies on oesophageal cancer (mostly OSCC) included in a meta-analysis, the 

relative risk (OR, Odds Ratio) for subjects with the GSTM1 null genotype varied between 0.4 and 

13.2, with a summary estimated risk of 1.07 (95% CI 0.76−1.51) (Yang et al., 2005a). In the South 

African population, the homozygous deletion of GSTM1 was associated with a significantly 

protective effect against OSCC among Mixed Ancestry individuals but no association was observed in 

the Black Xhosa population (Li D et al., 2010). 

The GSTT1 null genotype was found to be associated with several types of carcinoma including lung, 

larynx, head and neck, oral, colorectal, gastric, and bladder cancers, but controversial results have 

also been reported (Taniyama et al. 2010; Josephy, 2010). Studies investigating the role of GSTT1 

deletion polymorphism on susceptibility to OSCC, conducted in various ethnic groups, have not 
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reached any definitive conclusion (Abbas et al., 2004; Jain et al., 2006; Yang et al., 2005a). While 

most of these studies reported a lack of significant association, others found contradictory results, 

with the GSTT1 null genotype being a risk factor in the Chinese (Wang et al., 2006) but a protective 

factor among Brazilians (Rossini et al., 2007). The summary relative risk (OR) among six of these 

studies was reported as 0.99 (95% CI 0.80−1.22) (Yang et al., 2005a). A recent meta-analysis 

including three studies in Caucasians confirmed the lack of significant association between the 

GSTT1 null genotype and OSCC, with an overall OR of 0.7 (95% CI 0.4−1.3) (Zendehdel et al., 2009). A 

previous study in South Africa reported an association between the homozygous GSTT1 deletion 

genotype and higher OSCC risk in the combined Black and Mixed Ancestry populations (Li D et al., 

2010). 

Very little is known about the relation between GSTT2 polymorphism and susceptibility to human 

malignancies whereas no studies have been conducted to investigate the role of GSTT2B deletion 

polymorphism in cancer development. The -537A and -158A alleles in the GSTT2 promoter region 

have been associated with significant increased and reduced risk, respectively, of colorectal cancer 

in the Korean population (Jang et al., 2007). The grade of malignancy of breast cancer has been 

inversely associated with GSTT2 activity (Geylan-Su et al., 2006) whereas a significant association 

between the missense Met139Ile substitution in the GSTT2 gene and non-small cell lung carcinoma 

(NSCLC) has also been observed in Caucasians (Zienolddiny et al., 2008). 

The effect of GSTP1 polymorphism on cancer risk is unpredictable because the conjugating activity of 

GSTP1 is substrate specific, which means that SNPs located in this locus can increase or decrease the 

enzyme activity depending upon the nature of the substrate (Ali-Osman et al., 1997). The 

GSTP1 Ile105Val variant (GSTP1*B) has been consistently associated with increased risks for bladder, 

testicular, and prostate cancers (Harries et al., 1997). A significant association was also reported for 

larynx and lung cancers, followed by both supporting and contrasting results (Taniyama et al., 2010). 

GSTP1*B has also been shown to affect the risk of Barrett’s oesophagus and oesophageal 

adenocarcinoma (van Lieshout et al., 1999). Because of the low frequency reported in most 

populations, very few studies have investigated the role of the GSTP1 Ala113Val variant (GSTP1*D) 

in human carcinogenesis. Although the GSTP1*C allele was found to be predominant in malignant 

glioma cells and associated with lower incidence of breast cancer, no major functional phenotype 

has been assigned to this polymorphic variant to date (Maugard et al., 2001; Lo and Ali-Osman, 

1998). The association between GSTP1 Ile105Val polymorphism and OSCC risk has been reported by 

several epidemiologic studies conducted in Asian and Caucasian populations but the results are 

highly variable, with odds ratios ranging between 0.1 and 4.6 among heterozygotes or homozygotes 

for the variant allele, relative to the wild-type genotype (Cai et al., 2006; Zhao et al., 2010; 
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Zendehdel et al., 2009). The summary relative risk for oesophageal cancer in a meta-analysis of 

seven studies (mainly OSCC) was 1.01 (95% CI 0.60−1.70) (Yang et al., 2005a). However, a recent 

meta-analyses including three studies on oesophageal squamous cell carcinoma revealed a 

borderline significant association between the GSTP1 Ile105Val allele and OSCC risk among 

Caucasians (OR = 1.4; 95% CI 1.0−2.2) (Zendehdel et al., 2009). A previous study in Black and Mixed 

Ancestry South Africans did not show any association between the GSTP1 Ile105Val polymorphism 

and OSSC risk. Conversely, the GSTP1 Ala113Val polymorphism was associated with significantly 

increased risk of OSCC in the combined Black and Mixed Ancestry populations, with an estimated 

relative risks for the GSTP1 341C/T and 341T/T genotypes of 4.98-fold and 10.9-fold higher, 

respectively, compared to the 341C/C wild-type genotype; the risk was even higher in tobacco 

smokers, alcohol consumers, and among individuals using wood or charcoal as fuel for cooking and 

heating (Li D et al., 2010). 

 

1.3.2  N-acetyltransferases 

 

N-acetyltransferases (NATs) are the main phase-II metabolizing enzymes involved in metabolism of 

arylamine carcinogens present in overcooked meat and tobacco smoke. NATs can catalyze either 

detoxification (N-acetylation) or bioactivation (O-acetylation) of aromatic amines, depending upon 

the nature of the substrate (Hein, 2002). The reaction catalyzed by NATs is represented in Figure 

1.11. 

 

 

 
 
Figure 1.11  Acetylation of arylamines by NATs. NAT enzymes catalyze the transfer of an acetyl group from 
acetyl-CoA (AcCoA) to arylamines and aromatic hydrazines to form amides and hydrazides, respectively. 
(Source: Sim et al., 2008; Jancova et al., 2010) 
 

 

Human N-acetyltransferases are encoded by two genes, NAT1 and NAT2, located on two distinct loci 

at the chromosome region 8p21.3−23.1 and separated by a 170 kb fragment. NAT1 and NAT2 are 

products of 870-bp single open reading frames encoding a 290-amino acid protein and share 87% of 

nucleotide sequence in the coding region, yielding 55 amino acid differences (Boukouvala and Fakis, 

http://www.ncbi.nlm.nih.gov/pubmed?term=Boukouvala%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16257833
http://www.ncbi.nlm.nih.gov/pubmed?term=Fakis%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16257833
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2005; Sim et al., 2008). Although NAT1 and NAT2 share high-sequence similarities in the coding 

region, the two isozymes show considerable catalytic selectivity for different substrates, as shown in 

Table 1.5. However, no substrate is exclusively acetylated by NAT1 or NAT2 and in some instances 

there is considerable overlap in substrate specificity (Grant et al., 1991; Hein et al., 1993). 

 

 

Table 1.5  Preferred substrates for human NAT1 and NAT2 enzymes 
 

NAT1       NAT2   

p-Aminobenzoic acid (PABA) 
 

Isoniazid 
 p-Aminosalicylic acid (PAS) 

 
Sulfamethazine 

Sulfamethoxazole  
  

Dapsone 
 Sulfanilamide  

  
Hydralazine 

2-Aminofluorene  
  

Aminoglutethimide 

Caffeine  
   

Procainamide 

    
2-Aminofluorene 

        Caffeine   

None of these compounds is selectively metabolized by either NAT1 or NAT2 
as the two enzymes have overlapping substrate specificities 

 

 

NAT1 and NAT2 are cytosolic enzymes that also differ in tissue expression (Windmill et al., 2000). 

NAT1 is expressed at significant levels in almost all human tissues, including oesophagus; however, 

there is a considerable heterogeneity in the level of expression between tissues and cell-types within 

tissues (Barker et al., 2006). NAT2 is mainly expressed in the liver, small intestine and colon whereas 

the expression in the oesophagus was detected only at 0.1% of the liver level. NAT2 transcripts have 

also been detected at low levels in a range of other tissues (Husain et al., 2007). These findings 

suggest that extrahepatic tissues are expected to possess greater NAT1 activity relative to NAT2 

while the opposite is expected in the liver. 

NAT1 and NAT2 are highly polymorphic and a large number of single nucleotide polymorphisms 

(SNPs) have been discovered in both the coding and non-coding regions of NAT genes (Hein et al., 

2000). Different combinations of these SNPs give rise to a number of allelic variants, with >25 

different NAT1 alleles and >60 NAT2 alleles discovered so far 

(http://www.louisville.edu/medschool/pharmacology/NAT.html). Several of these NAT1 and NAT2 

alleles yield alteration in substrate affinity, catalytic activity, and protein stability, which result in 

enzymes with either slow or fast acetylation capacity that may influence the metabolism of 

environmental carcinogens and determine susceptibility to cancer (Zang et al., 2007; Fretland et al., 

2002; Ladero, 2008; Agúndez, 2008). In the case of human NAT2, the relation between alleles and 

http://www.louisville.edu/medschool/pharmacology/NAT.html
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phenotype has been well investigated and high correlation with enzyme activity has been reported 

in a number of studies (Leff et al., 1999; Taja-Chayeba et al., 2011; Djordjevic et al., 2011). For 

human NAT1, although there is a good genotype-phenotype correlation for some alleles, there is less 

certainty in relation to alleles where the SNPs lie outside the coding region (Zhu et al., 2011; Wang et 

al., 2011). 

In view of the high variability of NAT1 and NAT2 polymorphisms in human populations and of the 

involvement of these enzymes in detoxification of aromatic and heterocyclic amines present in 

tobacco smoke and overcooked meat, NAT1 and NAT2 may have a significant role in modulating the 

individual susceptibility to cancer under exposure to environmental risk factors (Fretland et al., 

2002; Sim et al., 2008). 

 

1.3.2.1  N-acetyltransferase 2 

 

A number of single nucleotide polymorphisms (SNPs) have been reported within the 870-bp coding 

region of the NAT2 gene: 9 missense polymorphisms (C190T, G191A, T341C, A434C, G499A, G590A, 

A803G, A845C, and G857A), and four silent polymorphisms (T111C, C282T, C481T and C759T) 

(Ebeshi et al., 2011). Among these, seven SNPs (G191A, C282T, T341C, C481T, G590A, A803G, and 

G857A) are the most commonly reported NAT2 variants in the human population and have been 

shown to be highly predictive of the acetylator phenotype as determined by using in vivo probe 

drugs, with a prediction rate close to 100% (Rihs et al., 2007; Sabbagh and Darlu, 2006; Gross et al., 

1999; Jorge-Nebert et al., 2002). Such a high concordance between genotype and phenotype 

suggests that the remaining NAT2 variants should be present at very low frequencies and therefore 

may not substantially influence the phenotype prediction in population studies. Although these 

results are based on populations that have been extensively studied for NAT2 polymorphism, such as 

Caucasians and East Asians, it is yet unknown if they are consistent in populations poorly or 

inadequately studied, such as sub-Saharan African populations. In fact, Africans usually display a 

greater allelic diversity and may contain novel variants not previously reported in populations of 

European or Asian descent. Although new mutations were observed in sequence analysis of NAT2 in 

several African populations, they were all detected at negligible frequencies (<5%) and no new major 

polymorphisms apart from the seven acknowledged ones have been found (Patin et al., 2006; 

Sabbagh et al., 2008). Therefore, only a small proportion of African subjects would be misclassified 

regarding their acetylation status if they were tested for only the seven common SNPs of NAT2. Four 

out of these common seven SNPs (191G>A, 341T>C, 590G>A, and 857G>A) lead to a significant 

decrease in acetylation capacity, and alleles containing these functional SNPs (NAT2*14, NAT2*5, 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

39 
 

NAT2*6, and NAT2*7, respectively) are designed as slow acetylator alleles (Figure 1.12; Fretland et 

al., 2001). Recombinant expression systems in Escherichia coli showed that the NAT2*5 allele 

(341T>C) had the greatest reduction in acetylation activity, followed by NAT2*14 (191G>A), NAT2*6 

(590G>A), and NAT2*7 (857G>A) (Hein et al., 1995). 

 

 

            

 
Figure 1.12  Metabolic activation of heterocyclic amines (N-OH-MeIQx) by yeast expressing recombinant 
human NAT2 allozymes. NAT2*4 is the reference human NAT2 allele (Ref). Each of the other bars represents 
data for a human NAT2 allele possessing the single nucleotide polymorphism shown on the x-axis. The y-axis 
represents metabolic activation of N-OH-MeIQx in nmoles/min/mg for each NAT2 allele. C190T and A434C 
were below the limit of assay detection (2.5 pmol/min/mg). G191A, T341C, G590A, A845C, and G857A were 
each significantly (P <0.01) lower than NAT2*4. (Source: Hein et al., 2006) 

 

 

These findings suggest that the human slow acetylator phenotype is not homogeneous but rather 

depends on specific haplotypes inferred by different combinations of various SNPs.  

Human NAT2*4 is the wild-type (reference) allele and is associated with high NAT2 activity (Table 

1.6). However, NAT2*4 is not the most common allele in many ethnic groups, including Caucasians 

and Africans. Human NAT2*11, NAT2*12, and NAT2*13 alleles catalyze acetylation reactions at 

levels comparable to those of NAT2*4 whereas NAT2*10 and NAT2*17 are considered slow 

acetylator alleles (Hein et al., 2000). The NAT2*14 allele, which is representative of the 191G>A 

substitution, is present in African Americans and native Africans but is virtually absent in Caucasian 

and Asian populations (Delomenie et al., 2006). Different in vitro and in vivo studies investigating the 

NAT2 activity using isoniazid, sulfamethazine, and caffeine as substrates demonstrated the existence 

of rapid, intermediate, and slow acetylators in the human population (Parkin et al., 1997; Smith et 

al., 1997; Okumura et al., 1997). Individuals with two fast acetylator alleles (fast/fast homozygotes) 

are deduced as rapid acetylators; individuals with two slow acetylator alleles (slow/slow  
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Table 1.6  Human NAT2 alleles a 
 

       NAT2 allele  Nucleotide change  Amino acid change Phenotype   

NAT2∗4 
 

None 
  

None 
  

Rapid (Reference) 
 NAT2*5 341T>C 

  
Ile114 → Thr 

 
Slow 

  NAT2*6 590G>A  
  

Arg197 → Gln 
 

Slow 
  NAT2*7 857G>A  

  
Gly286 → Glu 

 
Slow 

NAT2*10  
 

499G>A  
  

Glu167 → Lys 
 

Slow 

NAT2*11 481C>T 
  

Leu161 → Leu b 
 

Rapid 
  NAT2*12 803A>G  

  
Lys268 → Arg 

 
Rapid 

  NAT2*13 282C>T 
  

Tyr94 → Tyr b 
 

Rapid 
  NAT2*14 191G>A  

  
Arg64 → Gln 

 
Slow 

  NAT2*17  
 

434A>C  
  

Gln145 → Pro 
 

Slow 
  NAT2*18  

 
845A>C  

  
Lys282 → Thr 

 
Rapid 

  NAT2*19    190C>T      Arg64 → Trp   Slow     
a From http://www.louisville.edu/medschool/pharmacology/NAT.html 
b Synonymous substitution (= no effect on enzyme activity) 

   

 

homozygotes) are deduced as slow acetylators; individuals with one rapid allele and one slow allele 

(fast/slow heterozygotes) display an acetylation activity intermediate between those of slow/slow 

and fast/fast homozygotes, and are referred to as intermediate acetylators (Hein et al., 2006).  

Differences in the frequency of SNPs in the NAT2 locus are responsible for the variable frequency of 

slow acetylator alleles among ethnic groups. The overall frequency of slow NAT2 acetylator alleles 

has been reported to be of 10−30% in Asians, 50−80% in Caucasians, and 70−90% in North Africans 

(Ginsberg et al., 2009; Sabbagh et al., 2011; Loktionov et al., 2002). 

In South Africans, slow NAT2 acetylator alleles have been observed at frequencies of 44−54% among 

Mixed Ancestry individuals and 39% in Xhosa, 77% in Venda, and 59% in Tswana among Blacks; these 

frequencies are mostly represented by NAT2*5 and NAT2*6 whereas NAT2*7 and NAT2*14 are rare, 

except in Venda where NAT2*14 was reported at frequency of 11% (Dandara et al., 2003; Adams et 

al., 2003; Meyer et al., 2003). The frequency of slow acetylator alleles in Black Xhosa and Tswana is 

significantly lower compared to UK Caucasians (76−79%) due to the higher frequency of rapid NAT2 

alleles (NAT2*12 and NAT2*13) otherwise rare outside Africa (Loktionov et al., 2002). The combined 

frequency of slow NAT2 alleles in three major Nigerian ethnic groups (Yoruba, Hausa, and Ibo) was 

reported to be of 70%. Similarly to South Africans, NAT2*5 and NAT2*6 were the most prevalent 

alleles whereas NAT2*7 and NAT2*14 were relatively low, except in the Ibo population where 

NAT2*14 was recorded at frequency of 11% (Ebeshi et al., 2011). 

 

 

http://www.louisville.edu/medschool/pharmacology/NAT.html
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1.3.2.2  N-acetyltransferase 1 

 

Compared to NAT2, the acetylation activity of NAT1 has not been as extensively investigated in 

either in vitro or in vivo studies (Bruhn et al., 1999; Hughes et al., 1998). Unlike NAT2 polymorphism, 

where most alleles are associated with low enzyme activity, the polymorphism of NAT1 leads to 

either increased or decreased enzyme activity for a wide range of substrates (Grant et al., 1997; Hein 

et al., 2000). Human NAT1 alleles have been shown to possess single nucleotide polymorphisms in 

both the coding region and 3’-untranslated region (3’-UTR) of NAT1 gene, which affect NAT1 activity 

by regulating transcription, mRNA processing, and translation (Table 1.7; Hein, 2002). 

 

 

Table 1.7  Human NAT1 alleles a 
 

      NAT1 allele  Nucleotide change(s)  Amino acid change(s) Phenotype   

NAT1*3  
 

1095C>A  
  

None 
  

20-30% higher activity 

NAT1*4 
 

None 
  

None 
  

None (Reference) 

NAT1*10 1088T>A, 1095C>A None 
  

Fast 
  NAT1*14A 560G>A, 1088T>A, 1095C>A Arg187 → Gln 

 
Slow 

  NAT1*14B  560G>A  
  

Arg187 → Gln 
 

Slow 
  NAT1*15  

 
559C>T  

  
Arg187 → Stop 

 
Slow 

  NAT1*17  
 

190C>T  
  

Arg64 → Trp 
 

Slow 
  NAT1*19A  97C>T  

  
Arg33 → Stop 

 
No activity 

 NAT1*19B 97C>T, 190C>T 
 

Arg33 → Stop, Arg64 → Trp No activity 
 NAT1*20 

 
 402T>C  

  
Pro134 → Pro b 

 
Equivalent to NAT1*4 

NAT1*21  
 

613A>G  
  

Met205 → Val 
 

Equivalent to NAT1*4 

NAT1*22 
 

752A>T  
  

Asp251 → Val 
 

Slow 
  NAT1*23  

 
777T>C 

  
Ser259 → Ser b 

 
Equivalent to NAT1*4 

NAT1*24  
 

781G>A  
  

Glu261 → Lys 
 

Equivalent to NAT1*4 

NAT1*25  
 

787A>G  
  

Ile263 → Val 
 

Equivalent to NAT1*4 

NAT1*27    21T>G, 777T>C   Leu7 → Leu, Ser259 → Ser b Equivalent to NAT1*4 
a From http://www.louisville.edu/medschool/pharmacology/NAT.html 
b Synonymous substitution (= no effect on enzyme activity) 

    
 

There is little variation in the frequency of human NAT1 polymorphic variants among different 

populations, which suggests that NAT1 has a more important role in endogenous metabolism than 

NAT2 (Rodrigues-Lima et al., 2012). Human NAT1*4 is the wild-type (reference) allele and the most 

frequent allele in all populations studied to date. However, unlike NAT2*4, NAT1*4 is not considered 

a high activity allele (Payton and Sim, 1998). NAT1*3, NAT1*4, NAT1*10, and NAT1*11 are the most 

prevalent alleles in Caucasians. NAT1 polymorphism in the South African population is solely 

represented by NAT1*3, NAT1*4, and NAT1*10, with frequencies of 1%, 49%, and 50%, respectively, 

http://www.louisville.edu/medschool/pharmacology/NAT.html
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among Black Tswana whereas NAT1*11 has not been reported in the African population (Loktionov 

et al., 2002). There is less variability in Black South Africans than in Caucasians, with NAT1*4 and 

NAT1*10 representing 99% of the total NAT1 alleles (Loktionov et al., 2002). NAT1*14A, NAT1*14B, 

NAT1*15, NAT1*17, and NAT1*22 are associated with decreased NAT1 activity compared to NAT1*4 

whereas NAT1*15, NAT1*19A, and NAT1*19B result in truncated proteins with total loss of NAT1 

activity (Boukouvala and Fakis, 2005). Conversely, the functional effects of other alleles such as 

NAT1*5 and NAT1*16 remain to be determined. The NAT1*10 allele, which contains two variants 

(1088T>A and 1095C>A) in the 3’-UTR leading to alteration of the consensus polyadenylation signal, 

has been associated with rapid acetylator phenotype in both in vitro and in vivo studies (Vatsis and 

Weber, 1993; Wang et al., 2011). However, the association between NAT1*10 and higher NAT1 

activity has not always been replicated in subsequent studies, and the relation between genotype 

and phenotype with regard to NAT1*10 remains unclear (Payton and Sim, 1998; Zhu et al., 2011). 

The NAT1*11 allele correlates with increased N-acetylation activity whereas NAT1*3 results in only 

20−40% higher activity relative to NAT1*4 (Zhu et al., 2011; Bruhn et al., 1999). 

The putative fast acetylator alleles are commonly found in most ethnic groups studied to date, with 

frequencies ranging from 15−25% in populations of European descent to 50% in Asians (Bell et al., 

1995; Probst-Hensch et al., 1996; Bouchardy et al., 1998). The putative NAT1 rapid alleles among 

Tswana have been recorded at frequency of 50%, which is significantly higher than the one observed 

in British Caucasians (22%), and are entirely represented by NAT1*10 (Loktionov et al., 2002). Slow 

NAT1 acetylator alleles (not including NAT1*4) account for less than 5% of the total NAT1 alleles 

found in European Caucasians but up to 24% in the Lebanese population (Loktionov et al., 2002; 

Dhaini et al., 2000). 

1.3.2.3  Linkage disequilibrium 

 

Analysis of NAT1 and NAT2 polymorphisms revealed a linkage disequilibrium between NAT1*10 and 

NAT2*4, with the NAT1*10/NAT2*4 haplotype being 3.5 times more frequently observed than 

expected in Caucasians (Smelt et al., 1998). This finding was confirmed by another study reporting 

the frequency of NAT1*10 allele two-fold higher among subjects carrying the NAT2*4/*4 genotype 

than among those carrying slow NAT2 coding genotypes (Henning et al. 1999). An independent study 

found a partial linkage between NAT1*10 and NAT2*4, with significant underrepresentation of the 

NAT1*10 allele among carriers of rapid NAT2 alleles (Cascorbi et al., 2001). This linkage may 

confound association studies of NAT1 and NAT2 polymorphisms with cancer susceptibility and may 

lead to spurious associations between NAT1*10 and cancer. It is therefore important to carry out 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

43 
 

linkage disequilibrium analysis when analyzing the role of NAT1 and NAT2 polymorphisms on cancer 

risk. 

 

1.3.2.4  NAT polymorphisms and cancer risk 

 

Epidemiologic studies reported that NAT1 and NAT2 polymorphisms modify the risk of developing 

several types of cancer, such as bladder, colorectal, breast, head and neck, lung, and prostate 

cancers, although there is inconsistency in the results (Agúndez, 2008). This inconsistency may relate 

to differences in environmental exposure, genotype or phenotype detection methods, insufficient 

sample size, and involvement of other susceptibility genes or unknown environmental risk factors. 

Recent reports suggesting that the NAT activity may be altered by substrate-dependent regulation 

may also explain the inconsistent association results (Butcher et al., 2000a). However, when the role 

of functional polymorphisms in cancer susceptibility was investigated in relation to carcinogen 

exposure, more consistent results have been observed. For instance, the rapid acetylator phenotype 

has emerged as strong risk factor for colorectal cancer among individuals exposed to high levels of 

food-derived heterocyclic amines (Chen et al., 1998; Welfare et al., 1997). These observations 

provide strong evidence that N-acetyltransferases have an important role in metabolism of 

heterocyclic amines.  

The association between slow NAT2 acetylators and bladder cancer risk under smoking or workplace 

arylamine exposure, and between rapid NAT2 acetylators and colorectal cancer under exposure to 

dietary arylamines, are the most consistent associations reported to date (Weistenhofer et al., 2008; 

Sanderson et al., 2007; Nöthlings et al., 2009; Lilla et al., 2006). Thus, either low or high NAT2 

acetylation activity may increase cancer risk depending on the carcinogen and organ involved. 

Numerous studies have investigated the association between NAT1*10 and cancer assuming that 

NAT1*10 represents a rapid allele and that therefore may increase cancer risk in individuals exposed 

to procarcinogens metabolically activated by NAT1. The NAT1*10 allele has been associated with 

increased susceptibility to bladder, colorectal, breast, and pancreatic cancers when the risk was 

evaluated in combination with intake of overcooked meat, a known source of heterocyclic amine 

(Chen et al., 1998; Lilla et al., 2006; Krajinovic et al., 2001; Suzuki et al., 2008). However, other 

studies reported that NAT1*10 is associated with decreased cancer risk, providing further 

complexity in understanding the role of this polymorphic variant in cancer susceptibility (Cascorbi et 

al., 2001; Moslehi et al., 2006). This matter is further complicated by the fact that NAT1*10 has been 

reported to be in linkage disequilibrium with NAT2*4 in several ethnic groups, and that the human 

NAT1 catalytic activity may be regulated by substrate concentration (Hein et al., 2000; Butcher et al., 
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2000a). Overall, there is little consistency among various independent studies investigating the 

association between NAT1*10 and cancer risk while epidemiological studies suggest that NAT1 

polymorphisms influence only weakly, if not at all, the risk of cancer (Butcher and Minchin., 2012).  

The combination of NAT1 and NAT2 risk alleles may significantly enhance cancer risk under exposure 

to environmental arylamines. For instance, the increased risk of colorectal cancer associated with 

NAT1*10 was most evident among individuals being also fast NAT2 acetylators and with high red 

meat intake (Chen et al., 1998). Recent studies on bladder and colorectal cancers provide further 

support for the importance of considering the joint effect of NAT1 and NAT2 polymorphisms in 

evaluating predisposition to cancer (Lilla et al., 2006; Sanderson et al., 2007). 

Although the role of NAT polymorphisms has been widely studied with regard to various cancer 

subtypes, little is known about susceptibility to oesophageal cancer, and the few studies conducted 

to date have reported inconsistent results (Taniyama et al., 2010). Some of these studies reported a 

significantly higher risk of OSCC among carriers of NAT2 slow and intermediate alleles (Morita et al., 

1998; Malik et al., 2009) whereas others found no association or weakly increased risk among 

smokers with the NAT2*4 rapid allele (Lee et al., 2000; Shibuta et al., 2001; Jain et al., 2007). 

However, these studies were based on small sample sizes and laborious not-standardized 

genotyping techniques, and they were limited to evaluate the interaction between NAT2 

polymorphism and tobacco smoking, which means that none of these studies have investigated the 

role of NAT1 polymorphism or other environmental risk factors on susceptibility to OSCC. The 

association between NAT1 polymorphism and oesophageal cancer was investigated for the 

adenocarcinoma subtype in 67 patients and 209 control individuals from US Caucasians but with 

negative results (Wideroff et al., 2007). 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

1.3.2.5  Post-transcriptional and post-translational regulation of NATs 

 

In addition to transcriptional regulation by genetic polymorphism at 3’-UTR, the activity of human 

NAT1 can also be modulated by post-transcriptional and post-translational factors, such as 

substrate-dependent downregulation, drug inhibition, or biological oxidants, which seem to have a 

greater effect on NAT1 activity than genetic polymorphism (Butcher et al., 2004; Rodrigues-Lima et 

al., 2008). Several studies on the regulation of NAT1 activity have demonstrated that reactive 

arylamine metabolites, generated through O-acetylation catalyzed by NATs, can act as irreversible 

inhibitors of NAT1 (Liu L et al., 2008; Butcher et al., 2000b). However, NAT1 activity can also be 

inhibited by a range of chemically diverse compounds that are not known substrates of the enzyme, 

including heavy metals, plant extracts, nanoparticles, and therapeutic agents (Lin et al., 2005; Yu CS 
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et al., 2005; Sanfins et al. 2011; Ragunathan et al., 2010). Other studies have shown that NAT1 is 

inhibited by oxidative molecules such as reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) generated during inflammation or as a consequence of adverse drug reactions (Dupret and 

Rodrigues-Lima, 2005). Local inactivation of NAT1 in oesophageal tissues by heavy metals in 

cigarette smoke or oxidants could therefore result in increased toxicity to arylamine carcinogens as a 

result of impaired detoxification.  

Unlike NAT1, NAT2 is believed to be constitutively expressed and not inducible to a significant extent 

in vivo (Rodrigues-Lima et al., 2008). 

 

1.3.3  CYP superfamily 

 

The P450 (CYP) superfamily includes the major phase I enzymes that catalyze the first step in the 

metabolism of endogenous substrates and potential carcinogens, such as polycyclic aromatic 

hydrocarbons (PHAs), N-nitrosamines, and heterocyclic amines (HCAs) present in tobacco smoke and 

food (Gonzalez and Gelboin, 1994; Windmill et al., 1997). CYPs predominantly catalyse oxidative 

reactions by inserting an atom of oxygen into an organic substrate and therefore generating 

potentially reactive products that can easily bind to DNA and cause mutations. However, they can 

also act in reduction reactions and make compounds less toxic (Bozina et al., 2009). CYPs are variably 

distributed in organs and tissues and are also expressed in the human oesophageal mucosa, 

indicating that this tissue has the capacity to activate DNA-binding chemical carcinogens (Murray et 

al., 1994; Lechevrel et al., 1999). Most CYPs involved in biotransformation of xenobiotics are induced 

by either chemical compounds (i.e. dioxin, benzo(α)pyrene, and other aromatic hydrocarbons) or 

dietary compounds (i.e. ethanol and cruciferous vegetables), and may also be inactivated by cellular 

oxidants (Yang et al., 2008; Carriere et al., 1996; Lieber, 1997; Wong et al., 2001). CYP expression is 

controlled at the transcriptional level by three crucial cytosolic receptors − pregnane X receptor 

(PXR), constitutive androstane receptor (CAR), and aryl hydrocarbon receptor (AhR) − which detect 

the concentration of environmental xenobiotics in the cell and stimulate the expression of CYPs, 

enhancing the elimination of xenobiotics (Pascussi et al., 2008). Polymorphisms of CAR, PXR, and 

AhR receptors have also been described in literature. For instance, more than 10 mutations in the 

AhR gene have been reported to modulate CYP activity (Lamba, 2008; Chen et al., 2009). The 

enzymes of the CYP450 superfamily are classified according to their substrate specificities and amino 

acid sequence similarities; the major CYP enzymes involved in metabolism of chemical carcinogens 

are CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2E1 and CYP3A. The majority of the genes coding for 
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these enzymes are functionally polymorphic, with the exception of CYP1A1, CYP2E1, and CYP3A4/5, 

which are relatively well-conserved (Autrup, 2000; Guengerich, 2003b). 

A number of studies in Asian populations found that the high-activity CYP1A1*2C allele, which 

results from a A>G transition in exon 7 of the CYP1A1 gene leading to Ile462Val substitution, is 

associated with increased OSCC risk (Zhuo et al., 2009; Yang et al., 2005a; Hiyama et al., 2007). The 

CYP1A1*2A allele, arisen from a T>C transition in the 3’ non-coding region flanking exon 7 and 

associated with high catalytic activity, has been extensively studied with regard to OSCC but no 

altered risk has been observed in several ethnic groups (Malik et al., 2010). However, a study in 

Caucasians reported that CYP1A1*2A, which was found to be in complete linkage disequilibrium with 

CYP1A1*2C, was significantly associated with increased susceptibility to OSCC whereas an 

independent study showed that the CYP1A1*2A variant is a protective factor for OSCC in the Chinese 

(Yang et al., 2005a; Wang et al., 2003). 

The CYP2E1 gene contains several single nucleotide polymorphisms (SNPs) including -1053C>T, -

1293G>A (both referred to as CYP2E1*5), and -71G>T (CYP2E1*7) in the 5’-untranslated region, and 

7632T>A (CYP2E1*6) in the intronic region (Hayashi et al., 1991). The -1053C>T and -1293G>A SNPs 

have been shown to be in complete linkage disequilibrium in Asians, with the resulting allele being 

referred to as “c2” (CYP2E1*5), but no linkage disequilibrium has been observed in South Africans 

(Watanabe et al., 1990; Li D et al., 2005). Most studies investigating the association between CYP2E1 

polymorphism and OSCC risk in Asian populations found that the c2 allele is associated with 

decreased risk of developing OSCC whereas the wild-type genotype is a risk factor for OSCC (Hiyama 

et al., 2007; Tan et al., 2000; Lu et al., 2005). However, the results of a meta-analysis showed a non-

significantly decreased risk of OSCC associated with the c2 allele (Yang et al., 2005a). Several studies 

suggest that the c2 allele is associated with either decreased activity or non-inducibility of CYP2E1 

(Marchand et al., 1998; Huang et al., 2003). Therefore, the protective effect of the c2 allele against 

oesophageal cancer is probably due to the low capacity of the CYP2E1 enzyme to activate 

oesophageal carcinogens (Marchand et al., 1999). The -1053C>T and -1293G>A variants occur at 

frequencies of 2% and 3%, respectively, among South African healthy individuals (Black and Mixed 

Ancestry ethnicities combined), and neither variant was associated with altered risk of OSCC in 

South Africans. Conversely, the CYP2E1*6 allele, arising from a 7632T>A transition in intron 6 of the 

CYP2E1 gene, was associated with increased OSCC risk in the South African population (Li D et al., 

2005). The CYP2E1 gene contains a number of functional mutations affecting protein expression and 

catalytic activity; therefore, the association of an intronic mutation with oesophageal cancer points 

to the possibility of linkage disequilibrium with one or more non-synonymous SNPs (Hu Y et al., 

1997). 
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CYP3A enzymes represent the most important subfamily of CYPs in xenobiotic metabolism because 

they account for at least 30% of the total CYP proteins in the liver (Shimada et al., 1994). The CYP3A 

activity in adults is largely determined by polymorphic variants in CYP3A4 and CYP3A5 loci 

(Ingelman-Sundberg et al., 2007). CYP3A4 is the most abundant P450 enzyme in the human liver and 

intestine (Shimada et al., 1994). The best characterized allele in the CYP3A4 locus is CYP3A4*1B, 

which is characterized by the -392A>G transition within the 5’-flanking region. The allele frequency 

of CYP3A4*1B was observed to be very high among South African Zulu (84%) and Xhosa (78%) 

whereas the frequency observed in the Mixed Ancestry population varied from 21% to 57% (Chelule 

et al., 2003; Parathyras et al., 2009; Fernandez et al., 2010). To date, no studies have examined the 

association between this polymorphic allele and oesophageal cancer risk in South African 

populations. CYP3A5 has a wide tissue distribution but is expressed at a much lower level than 

CYP3A4 (Shimada et al., 1994); however, CYP3A5 is the major P450 enzyme expressed in the 

oesophagus and polymorphisms in CYP3A5 have been proposed as risk factor for oesophageal 

cancer (Lechevrel et al., 1999). SNPs in the CYP3A5 locus result in more than 10 allelic variants, 

including CYP3A5*3 (6986A>G) and CYP3A5*6 (1490G>A) that both result in severely decreased 

enzyme activity (Kuehl et al., 2001; Hustert et al., 2001). The CYP3A5*3 allele was observed at 

frequencies of 14% and 59% in the Black and Mixed Ancestry South Africans, respectively, whereas 

the CYP3A5*6 allele was reported at frequencies of 21% among Blacks and 12% among Mixed 

Ancestry individuals (Warnich et al., 2011). The role of CYP3A5 polymorphism in susceptibility to 

OSCC has been evaluated in South African populations; the results showed that Mixed Ancestry 

individuals carrying the CYP3A5*3/*3 genotype have significantly reduced risk of developing OSCC 

compared to the wild-type genotype (Dandara et al., 2005). 

 

1.3.4  Sulfotransferases 

 

Sulfotransferases (SULTs) are a family of phase II enzymes that catalyze the transfer of a sulphate 

group from 3’-phosphoadenosine 5’-phosphosulphate (PAPS) to nucleophilic compounds (Glatt et 

al., 2001; Weinshilboum et al., 1997). SULTs play an important role in metabolism of endogenous 

low-molecular compounds such as steroids, catecholamines, serotonin, retinol, and vitamin D, and 

of many dietary and environmental carcinogens, including heterocyclic amines (HCAs) and polycyclic 

aromatic hydrocarbons (PAHs) present in tobacco smoke, overcooked meat, and exhaust smoke 

(Glatt and Meinl, 2004; Yamazoe et al., 1999; Gamage et al., 2006; Surh and Tannenbaum, 1995). 

Sulfonation usually results in formation of inactivated excretable products but it may also lead to 
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increased carcinogenic activity of several compounds that can act as chemical carcinogens and 

mutagens by covalently binding to DNA (Surh, 1998; Glatt and Meinl, 2004).  

Two main classes of sulfotransferases have been identified: membrane-bound SULTs, which are 

localized in the Golgi apparatus and are responsible for the sulfonation of peptides, proteins, lipids, 

and glycosamoniglycans, and cytosolic SULTs, which catalyze sulfonation of xenobiotics and small 

endogenous molecules such as steroids, bile acids, and neurotransmitters (Gamage et al., 2006). 

To date, four human cytosolic SULT families − SULT1, SULT2, SULT4 and SULT6 − have been 

identified, with at least 13 distinct members that differ in substrate specificity and tissue distribution 

(Lindsay et al., 2008). Among these, SULT1A1, 1A2, 1A3, 1B1, 1C2, and 1C4 and SULT2A1 are the 

major enzymes involved in metabolism of carcinogens and have wide tissue distribution in the 

human body (Gamage et al., 2006; Glatt et al., 2001). SULT1A1 exhibits the highest level of 

expression among all the SULT1 enzymes present in the liver, and is also significantly expressed in 

the oesophagus (Glatt, 2000; Raftogianis et al., 1999). A functional polymorphism has been reported 

for the human SULT1A1, where a G>A transition results in the Arg213His amino acid change 

(referred to as SULT1A1*2), with variable frequencies reported in different ethnic groups (Ozawa et 

al., 1998; Carlini et al., 2001). The allele frequency of SULT1A1*2 has been investigated in the South 

African population and occurs at frequencies of 37% and 29% among Black Xhosa and Mixed 

Ancestry individuals, respectively. Furthermore, the homozygous SULT1A1*2/*2 genotype was 

found to be associated with increased risk of OSCC among Mixed Ancestry individuals and Black 

smokers (Dandara et al., 2006). These findings are supported by the results of a previous study 

where the SULT1A1*2/*2 genotype was associated with higher OSCC risk among Taiwanese men 

(Wu et al., 2003). Individuals carrying the SULT1A1*2/*2 genotype have significantly reduced 

sulfotransferase activity and stability in vitro compared to those carrying the wild-type genotype, 

which may explain the observed higher risk of OSCC as a consequence of the reduced inactivation of 

tobacco-related carcinogens. However, the SULT1A1*2 allele has not been consistently associated 

with low enzyme activity in vivo, suggesting either contribution of other SULT isoforms or tissue-

dependent modulation of the SULT1A1 protein expression (Glatt et al., 2001; Raftogianis et al., 

1999). 

 

1.3.5  Alcohol metabolizing enzymes 

 

Ethanol present in alcoholic beverages is converted to acetaldehyde by alcohol dehydrogenase 

(ADH) and then to acetate by aldehyde dehydrogenase (ALDH) (Seitz et al., 1998). Acetaldehyde was 

classified as human carcinogen by the International Agency for Research on Cancer (IARC) (Steevens 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

49 
 

et al., 2010). It follows that genetic polymorphisms in ADH and ALDH genes may result in higher 

acetaldehyde exposure and therefore increase the risk of alcohol-related aerodigestive cancers 

(Yokoyama and Omori, 2005). The oesophagus lacks ALDH activity but expresses high levels of ADH; 

thus, there is local oxidation of ethanol to acetaldehyde which may enhance the chances of 

acetaldehyde-associated carcinogenesis before acetaldehyde is competely removed (Jelski and 

Szmitkowski, 2008). Human ADH and ALDH are genetically encoded as different isozymes, and 

polymorphisms at ALDH2, ADH2 (also referred to as ADH1B), and ADH3 genes have been associated 

with altered risk of several cancer types, including OSCC (Cui et al., 2009).  

Individuals with the ALDH 2*1/*2 heterozygous genotype have an increased risk of OSCC compared 

to ALDH2*1/*1 wild-type homozygotes, which is strongly dependent on the quantity of alcohol 

consumed; however, individuals who are ALDH2*2/*2 homozygotes are protected from OSCC (Lewis 

and Smith, 2005). Whereas subjects carrying the ALDH2*1/*2 genotype have reduced capacity to 

remove acetaldehyde, which explains the association of this polymorphism with increased OSCC risk, 

subjects carrying the ALDH2*2/*2 genotype completely lack this capacity (Mizoi et al., 1994). 

Therefore, the protective effect of the inactive ALDH2*2/*2 genotype may be attributed to the 

complete intolerance to alcohol that occurs among individuals carrying this genotype, which 

prevents them from drinking alcohol (Wall et al., 2003; Yokoyama et al., 2003). In South Africans, the 

low activity ALDH2*2 allele was significantly associated with increased risk of OSCC among Black 

Xhosa individuals, a finding that compares well with several studies carried out in Asian and 

European populations (Yang et al., 2005b; Hashibe et al., 2006). 

Carriers of the ADH2*2 allele, which was associated with higher ADH2 activity, have significantly 

increased risk of OSCC in the Japanese population compared to the low-activity ADH2*1 allele (Mizoi 

et al., 1994; Hiyama et al., 2007; Yokoyama et al., 2003). This is probably due to the increased 

capacity of ADH2 to convert alcohol to the carcinogenic acetaldehyde (Seitz and Stickel, 2007). 

However, other studies conducted in the same ethnic group reported that the ADH2*1/*1 genotype 

is associated with higher risk of OSCC whereas individuals with the more active ADH2*2 allele are 

relatively protected because of the alcohol intolerance consequent to the high production of the 

unpleasant acetaldehyde (Hiraki et al., 2007; Dong et al., 2008). A study carried out in South Africans 

reported very low polymorphic variability at the ADH2 locus, and the homozygous ADH2*2/*2 

genotype was not detected in both Black and Mixed Ancestry individuals.  

The low-activity ADH3*2 allele was significantly associated with increased risk of oesophageal cancer 

among South African Black Xhosa whereas the combination of the ADH2*1/*1 and ADH3*2/*2 

genotypes, both of which were reported to be associated with reduced enzyme activity, increased 

the risk of OSCC in both Black and Mixed Ancestry South Africans. The association of ADH2*1 and 
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ADH3*2 with higher OSCC risk is probably a consequence of the increased tolerance to alcohol 

leading to high alcohol consumption among individuals carrying these alleles (Li D et al., 2008a). 

 

 

1.4  OTHER GENETIC FACTORS 

 

Another group of candidate genes that has been extensively studied with regard to oesophageal 

cancer risk are those coding for molecules involved in cell cycle regulation, apoptosis (i.e. p53 and 

cyclin D1), DNA repair pathway (i.e. mismatch repair enzymes), and post-transcriptional regulation 

(microRNAs) (Vos et al., 2003; Xing et al. 2002; Hao et al., 2004; Ratnasinghe et al., 2004; Lee et al., 

2001). All of these genes have been shown to play a critical role in modulating cellular response to 

carcinogenic exposure or subsequent ability for cellular repair and programmed cell death systems 

following DNA damage. However, only the TP53 Arg72Pro and MTHFR 677C>T polymorphisms have 

been consistently associated with OSCC risk (Cheung and Liu, 2009). Recent studies have reported 

that polymorphisms in genes coding for mismatch repair (MMR) enzymes are significantly associated 

with altered susceptibility to OSCC in South African populations (Vogelsang et al., 2012). 

 

1.4.1  MTHFR and folate metabolism 

 

Folate is a water-soluble B9 vitamin present in many foods such as citrus fruits, green leafy 

vegetables, cruciferous vegetables, legumes, and cereals, and is essential for numerous body 

functions. The human body needs folate to synthesize, repair, and methylate DNA, and as a cofactor 

in certain biological reactions (Weinstein et al., 2003). A lack of dietary folate leads to folate 

deficiency, which results in impaired DNA biosynthesis and repair that could lead to carcinogenesis 

(Eto and Krumdieck, 1986). Furthermore, imbalance of folate concentration in the body may 

increase cancer risk by two prominent mechanisms: (i) inducing misincorporation of uracil into DNA, 

which could lead to chromosomal breaks and mutations, and (ii) causing aberrant DNA methylation, 

which could result in altered expression of critical oncogenes and tumor suppressor genes (Blount et 

al., 1997; Duthie, 1999; Choi and Mason, 2000; Kim, 2004). 

Polymorphism in folate metabolic genes has been associated with variable susceptibility to several 

cancer subtypes, such as colorectal and head and neck cancers (Kennedy et al., 2012; Galbiatti et al., 

2012). Among these, methylenetetrahydrofolate reductase (MTHFR) is responsible for formation of 

the biological active form of folate, 5-methytetrahydrofolate, which converts methionine to S-

adenosylmethionine, the universal methyl donor for various intracellular methylation reactions such 

http://en.wikipedia.org/wiki/Essential_nutrient
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as DNA methylation and de novo deoxynucleotide synthesis (Kim, 2004). Two SNPs have been 

identified in the MTHFR gene, 677C>T and 1298A>C, both of which are associated with significantly 

reduced enzyme activity (Chen et al., 2001a; Frosst et al., 1995). Individuals with the 677 T/T 

homozygous genotype have significantly lower plasma folate levels than those with the wild-type 

genotype (Weisberg et al., 1998; Friedman et al., 1999; Ma et al., 1999). Furthermore, this genotype 

has been associated with DNA hypomethylation as a consequence of folate deficiency (Friso et al., 

2002). The frequency of the MHTFR 677 T allele in Caucasian and Asian populations was reported to 

be relatively similar, ranging from 20% to 45% (Boccia et al., 2008). 

Several studies investigating the association between the MTHFR 677C>T variant and OSCC in the 

Chinese found that both the T/T and T/C genotypes are significantly associated with increased risk 

when compared to the C/C (wild-type) genotype (Fang et al., 2011; Li D et al., 2008b; Wang et al., 

2008). Furthermore, the risk associated with these genotypes resulted to be higher for heavy alcohol 

drinkers and tobacco smokers (Li D et al., 2008b). As a result, the MTHFR 677C>T polymorphism may 

have a role in oesophageal carcinogenesis, and individuals with the 677 T allele in combination with 

environmental risk factors may have even greater risk of OSCC. A meta-analysis of studies 

investigating the association between the MTHFR C677C>T polymorphism and OSCC risk has been 

performed. In most of these studies, the MTHFR 677 T/T genotype was associated with increased 

risk of OSCC; however, the summary relative risk was 0.66 (95% CI, 0.53–0.83) (Larsson et al., 2006). 

The association between the MTHFR 1298A>C variant and OSCC risk has been poorly investigated 

and is still unclear (Fang et al., 2008). To date, no study has evaluated the role of MTHFR 

polymorphism in susceptibility to oesophageal cancer in African populations. 

 

1.4.2  Mismatch repair genes 

 

The DNA mismatch repair system is involved in recognition and repair of erroneous nucleotide 

insertion, deletion, and misincorporation events that can arise during DNA replication and 

recombination, as well as in repair of some forms of DNA damage (Hsieh and Yamane, 2008; Iyer et 

al., 2006).  

Genetic alterations in MMR genes can completely or partially impair MMR efficiency and thus confer 

an accumulation of replication errors in oncogenes and tumor suppressor genes, which eventually 

lead to cancer (Li GM, 2008). Imparement or loss of mismatch repair activity in cancerous cells 

usually results in microsatellite instability (MSI), which is a condition characterized by contraction or 

expansion of short repeat DNA sequences (microsatellite) in the genome. MSI is frequently observed 

in tumors with loss of mismatch repair activity, and aberrant expression of genes involved in the 

http://en.wikipedia.org/wiki/DNA_replication
http://en.wikipedia.org/wiki/Genetic_recombination
http://en.wikipedia.org/wiki/DNA_damage
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mismatch repair pathway such as PMS1, PMS2, MLH1, MSH2, MSH6, and MBD4 have all been 

associated with MSI (Riccio et al., 1999; Modrich and Lahue, 1996). Germline mutations in four 

different MMR genes, MLH1, MSH2, MSH6 and PMS2, have been significantly associated with 

hereditary non-polyposis colorectal cancer (HNPCC)/Lynch syndrome, which is the most common 

form of hereditary colon cancer (Müller and Fishel, 2002; Bellizzi and Frankel, 2009; Wheeler et al., 

2000; Vilar and Gruber, 2010). However, very little is known about the impact of genetic alterations 

in MMR genes on oesophageal cancer susceptibility. Studies investigating widespread microsatellite 

alterations in OSCC patients have detected a low-level of MSI, with frequencies ranging from 2% to 

60% from low- to high-incidence areas, indicating that the MMR pathway might be involved in 

oesophageal carcinogenesis among South Africans (Ikeguchi et al., 1999; Kagawa et al., 2000; 

Muzeau et al., 1997; Naidoo et al., 2005; Nakashima et al., 1995; Ogasawara et al., 1995; Uehara et 

al., 2005; Uchida et al., 2001; Wang et al., 1996). However, a study conducted in high-incidence 

areas of South Africa found a low frequency of genetic aberrations in MMR loci (Naidoo et al., 2005). 

Genetic polymorphism in mismatch repair enzymes may also play a role in susceptibility to 

oesophageal cancer. However, the few studies conduted to date indicate that germline mutations in 

MMR genes do not modify significantly the risk of OSCC (Muzeau et al., 1997; Naidoo and Chetty, 

1999; Mimori et al., 2003; Liu HX et al., 2006). 

A recent study assessed the association between 10 single-nucleotide polymorphisms (SNPs) in five 

MMR genes and oesophageal cancer risk in South Africans. The results showed a significantly 

increased risk associated with variants at MSH3 (rs26279), PMS1 (rs5742938), and MLH3 

(rs28756991) loci in the Mixed Ancestry population. Furthermore, the risk of OSCC associated with 

common polymorphisms in MMR genes was influenced by exposure to tobacco smoke, as 

polymorphisms in MSH3 and MLH3 loci remained associated with the disease in tobacco smokers 

but not in non-smokers (Vogelsang et al., 2012).  

 

 

1.5  GENOME-WIDE ASSOCIATION STUDIES 

 

Studies investigating the role of genetic polymorphism in cancer susceptibility are mainly based on 

the analysis of polymorphic variation in candidate genes, selected on the basis of their known role in 

carcinogen metabolism or cell-cycle regulation. While some robust associations have emerged from 

these studies, such as caspase-8 in breast cancer, N-acetyltransferase 2 in bladder cancer, and 

adenosine kinase in upper aerodigestive cancer (Hashibe et al., 2008), the investigation limited to 
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candidate genes has been unsuccessful in understanding the heritability of these tumors (Cox et al., 

2007; Garcia-Closas et al., 2005; Hosking et al., 2011).  

The development of genome-wide association studies (GWAS) has had a major impact in the 

discovery of susceptibility genes for complex diseases, including oesophageal cancer. By using DNA 

microarray platforms capable of genotyping hundreds of thousands of SNPs simultaneously, it has 

been possible to conduct association studies using sets of SNPs that tag most known common 

variants in the genome, and hence scan for associations without prior knowledge of function or 

position of these variants (Wellcome Trust Case Control Consortium, 2007). Over the past few years, 

a large number of GWAS have been performed for the commonest cancers in Western populations, 

including breast, prostate, colorectal, bladder, lung, basal cell carcinoma, malignant melanoma, 

ovarian, glioma, acute lymphoblastic leukaemia, chronic lymphocytic leukaemia, nasopharyngeal, 

neuroblastoma, pancreatic, testicular, and thyroid cancers, most of which reporting well-validated 

novel associations and new susceptibility loci (Stadler et al., 2010; Hosking et al., 2011). Collectively, 

over 90 cancer risk loci spread across the genome have been discovered to date, with many of them 

within or near genes previously unsuspected to be involved in carcinogenesis. 

Despite the success of genome-wide association studies in discovering new susceptibility loci for 

complex diseases, only a small proportion of the genetic variation contributing to disease heritability 

has been identified using DNA microarrays, even in diseases for which large GWAS have been 

performed. The unmapped heritability is thought to be mostly caused by residual unidentified 

common variants, which have a weak effect on disease susceptibility, and by rare variants, which are 

poorly captured by common tag SNPs (Cortes and Brown, 2011). Current genotyping platforms used 

for GWAS are not well-suited for identifying associations with rare variants, and the sample size 

required to confirm associations with rare variants in most common diseases is very large. 

Furthermore, utilization of commercial platforms and large arrays is expensive, especially when large 

sample sizes are analyzed, and is unaffordable in many developing countries. Genetic studies in 

African populations pose the additional challenge of higher haplotype diversity and lower linkage 

disequilibrium than in Caucasian and Asian ethnicities, requiring high-density custom SNP arrays for 

adequate genome-wide coverage (Campbell and Tishkoff, 2008).  

 

1.5.1  Population-specific genetic associations with oesophageal cancer 

 

All the genome-wide association studies of OSCC conducted to date have investigated genetic 

polymorphisms in Asian populations, which found multiple common variants at several independent 

loci associated with oesophageal cancer risk.  
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The first GWAS of OSCC was published in 2009 and carried out in a Japanese case-control study 

group (Cui et al., 2009). This study found significant associations with ALDH2 Glu504Lys (rs671) at 

12q24 and ADH1B Arg48His (rs1229984) at 4q23, which had previously been reported to be 

associated with OSCC in the Chinese (Zhang et al., 2010). The combination of these polymorphisms 

with tobacco smoking and alcohol consumption was associated with a risk even higher. These 

findings were confirmed in an independent GWAS conducted in the same ethnic group and based on 

approximately the same number of cases and control individuals (Tanaka et al., 2010).  

A genome-wide association study of OSCC performed in the Han Chinese identified two previously 

unknown susceptibility loci: PLCE1 at 10q23 and C20orf54 at 20p13 (Wang LD et al., 2010). An 

independent GWAS conducted in the Northern Chinese, which analyzed 551,152 SNPs in 2,115 OSCC 

patients and 3,302 control individuals, reported genome-wide significant associations with multiple 

variants at 10q23, with a prominent signal for rs2274223, a nonsynonymous SNP located in the 

PLCE1 locus (Abnet et al., 2010). Another GWAS performed on OSCC patients and control individuals 

collected from different areas of China found several susceptibility loci, 5q11, 6p21, 10q23, 12q24, 

and 21q22, among which 5q11, 6p21, and 21q22 were newly associated loci. Furthermore, three 

variants in high linkage disequilibrium with each other at 12q24 conferred a risk even higher among 

tobacco smokers and alcohol users (Wu et al., 2011). A recent GWAS in the Han Chinese has 

reported novel risk variants at 2q33.1 and in the major histocompatibility compex (MHC), and 

implicated caspase-8 (CASP8) as the causal gene at 2q33.1 (Sun et al., unpublished).  

A genome-wide association study of upper aerodigestive cancers (UAC), including OSCC, has been 

conducted in European Caucasians (McKay et al., 2011). The study reported significant associations 

for five common variants, among which two were newly identified: rs1494961 at 4q21, located next 

to genes involved in DNA repair (HEL308 and FAM175A), and rs4767364 at 12q24, located in an 

extended linkage disequilibrium region containing multiple genes, including ALDH2. The three other 

variants are located in the ADH gene cluster (rs1573496−ADH7, rs1229984−ADH1B, and 

rs698−ADH1C) and were previously reported to be associated with UAC in candidate gene studies 

(Hashibe et al., 2008). 

Taken together, the risk variants for OSCC resulted from GWAS conducted to date explain only a 

small fraction of the estimated three- to ten-fold familial relative risk of OSCC in first-degree 

relatives of affected individuals in high-risk areas of China. Furthermore, associations detected in the 

Chinese are barely observed in the Japanese or Caucasians and viceversa, suggesting the existence of 

allelic and/or locus heterogeneity among different ethnic groups (Gao et al., 2009). 
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Although no GWAS have been performed in African populations to date, the risk variants resulted 

from GWAS conducted in Asians and Caucasian populations have been tested for association with 

OSCC in Black and Mixed Ancestry South Africans.  

A study analyzing 13 variants from eight candidate genes in 1,463 South African samples found that 

the ALDH2 Glu504Lys variant is non-polymorphic in both the Black and Mixed Ancestry populations 

whereas the ADH1B Arg48His variant is significantly associated with OSCC risk in the Mixed Ancestry 

group but non-polymorphic in Blacks. The same study also reported a significant association with 

ALDH2 +82 G>A (rs886205) and suggestive associations with ADH1B Arg48His (rs1229984), COX-2 -

1195 G>A (rs689466), CASP8 Asp302His (rs1045485), MGMT Leu84Phe (rs12917), and FAS -670 A>G 

(rs1800682) and -1377 G>A (rs2234767) in the Mixed Ancestry population. None of the variants 

tested in this study were associated with OSCC in Black South Africans, which may be related to 

variability in genetic structure or environmental exposure among different ethnic groups (Bye et al., 

2011). The association of ALDH2 with OSCC in Mixed Ancestry South Africans is consistent with 

results from other studies conducted in the Chinese, the Japanese, and European Caucasians, 

indicating an important role of ALDH2 polymorphism in oesophageal carcinogenesis (Cui et al., 2009; 

McKey et al., 2011; Ding et al., 2010).  

The risk variants for OSCC resulted from three GWAS in the Chinese have been investigated in the 

Black and Mixed Ancestry populations of South Africa, with different and contrasting results. The 

RUNX1 variant (rs2014300), which reduced the risk in the Chinese, was associated with increased 

risk in the Mixed Ancestry population whereas none of the investigated variants were associated 

with OSCC in the Black population. The association of the PLCE1 His1927Arg variant (rs2274223) with 

OSCC, which has been consistently reported in the Chinese, was not observed in both Black and 

Mixed Ancestry individuals. Since the SNPs in the PLCE1 locus found to be associated with OSCC in 

the Chinese − rs2274223 (His1927Arg) and rs3765524 (Thr1777Ile) − are likely not causal variants, 

the coding regions of this gene were further investigated by DNA sequencing of 46 Black South 

Africans. The analysis revealed 48 variants, 10 of which were non-synonymous, and much lower 

linkage disequilibrium across the PLCE1 locus than in the Chinese, which points out the difficulty of 

detecting associations with SNPs in the PLCE1 locus in African populations, unless the causal SNP 

itself is genotyped. Based on the predicted functional effects of these PLCE1 variants, five of them 

were genotyped in a large number of Black cases and control individuals, and an association of 

Arg548Leu (rs17417407) with reduced OSCC risk was found in the Black population (Bye et al., 2012). 

The substantial differences in genetic susceptibility between Africans and Asians suggest that well-

powered genome-wide association scans in African populations are needed to define the genetic 

basis of oesophageal cancer in Africa.               
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1.5.2  1000 Genomes Project 

 

SNPs used as markers in genotyping platforms (referred to as “tag SNPs”) are tightly correlated with 

other SNPs in neighbouring regions and are likely to be in strong LD with causal variants rather than 

being causal themselves. A complete catalogue of all genetic variation in the regions of association is 

therefore required in the search of causal variants (Wang K et al., 2010; Altshuler et al., 2008). The 

1000 Genomes Project is an international collaboration with the aim to produce an extensive public 

catalogue of human genetic variation, including SNPs, structural variants, and their haplotype 

contexts. The project, launched in 2008, aims to unveil most genetic variants that have frequencies 

of at least 1% in the studied populations by sequencing the genomes of about 2500 unidentified 

people from 25 ethnic groups by using next-generation sequencing technologies. The latest update 

published in October 2012 provides data from 1092 genomes of healthy individuals from 14 

populations in Europe, Eastern Asia, sub-Saharan Africa, and the Americas (1000 Genomes Project 

Consortium et al., 2012). The 1000 Genomes dataset captures 95% of the variants with 5% allele 

frequency that occur in the Caucasian population, and although it is underpowered to 

comprehensively detect variants of rarer allele frequency, the dataset still identifies 60% and 30% of 

variants with 2% and 1% allele frequency, respectively (1000 Genomes Project Consortium et al., 

2010). The 1000 Genomes Project provides the most comprehensive catalogue of human genetic 

variation to date and data are available to the worldwide scientific community through freely 

accessible public databases (http://www.1000genomes.org). 

Data from the 1000 Genomes Project can be combined with the genotype data from GWAS of 

complex diseases by using computation based on LD relationships to impute thousands of additional 

variants beyond those directly genotyped. The additional data can be used to design targeted arrays 

which map specific regions of the density much higher than the GWAS arrays. The implementation 

of this strategy would help to address several challenges of association studies such as (i) the 

detection of weaker associations by using affordable sample sizes, (ii) the cost-effective genotyping 

of rare variants, (iii) the fine-mapping of established risk loci, and (iv) the precise localization of 

causal variants. It can also reduce but not necessarily eliminate the need for deep sequencing of 

disease-associated regions. Although catalogues of polymorphic variants in disease-associated 

genomic regions may not be able to identify the causal variants, they will provide a set of suspects to 

follow up by genetic mapping and functional studies (Freedman et al., 2011). Examples of these 

custom genotyping chips are the Immunochip designed for immunogenetic studies, the Metabochip 

designed for studying metabolic diseases, and a cardiovascular disease chip (Cortes and Brown, 

2011; Voight et al., 2012; Keating et al., 2008). This important strategy for investigating the the role 

http://www.1000genomes.org/
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of genetic polymorphism in complex diseases will aid our understanding of the heritability of 

oesophageal cancer.  

 

1.5.3  Immunochip 

 

The Immunochip is an Illumina Infinium genotyping chip containing approximately 200,000 SNPs, 

which was designed for deep replication and fine mapping of immune-related disease risk loci. The 

Immunochip Consortium selected tag SNPs reaching genome-wide significance (P <5x10−8) from 

available GWAS of 12 autoimmune and inflammatory disorders (autoimmune thyroid disease, 

ankylosing spondylitis, Crohn’s disease, celiac disease, IgA deficiency, multiple sclerosis, primary 

biliary cirrhosis, psoriasis, rheumatoid arthritis, systemic lupus erythematosus, type 1 diabetes, and 

ulcerative colitis). In total, approximately 200,000 tag SNPs distributed over 186 distinct 

susceptibility loci were selected and used to construct an Illumina Infinium array for deep replication 

of previously associated loci as well as for investigation of strong candidate genes. In addition to 

covering most of the autoimmune and inflammatory disease risk loci, the Immunochip contains a 

dense set of SNPs across the major histocompatibility complex (MHC) region, which allows for 

investigating the role of the major classical human leukocyte antigen (HLA) alleles in disease 

susceptibility (Cortes and Brown, 2011).  

To date, the Immunochip has successfully discovered new susceptibility loci in various autoimmune 

diseases such as celiac disease, rheumatoid arthritis, primary biliary cirrhosis, inflammatory bowel 

disease (Crohn's disease and ulcerative colitis), and psoriasis (Trynka et al., 2011; Eyre et al., 2012; 

Juran et al., 2012; Jostins et al., 2012; Tsoi et al, 2012). These studies have shown substantial overlap 

in the association with susceptibility loci, which is consistent with the hypothesis that different 

autoimmune diseases share specific aberrations in the immune response (Zhernakova et al., 2009; 

Cotsapas et al., 2011). Although it is well known that the immune system plays a major role in cancer 

initiation and progression, the functional significance of the association between OSCC and immune-

related disease risk loci is still unknown. 

 

 

1.6  IMMUNE SYSTEM 

 

The immune system is the collection of cells, tissues, and molecules that protect the body from 

numerous pathogenic microbes and toxins present in the environment. This defence has been 

divided into two general types of reactions, innate immunity and adaptive immunity, which differ 
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from each other with respect to how quickly and how long they respond to pathogens, the central 

effector cell types, and the specificity for different classes of microbes. However, the innate and 

adaptive immunity are both equally important for the correct functioning of the immune system 

(Janeway et al., 2001a). 

The innate immune system is the body’s first barrier to clear non-specific antigens, which consists of 

cells and proteins that are always present and ready to fight microbes at the site of infection. Innate 

immunity does not require prior antigenic exposure for activation, allowing immune cells to initiate 

an immediate attack without previous pathogen contact (Beutler, 2004). The main components of 

the innate immune system are physical epithelial barriers such as skin and mucous membranes, 

phagocytic leukocytes, dendritic cells, natural killer (NK) cells, mast cells, and circulating plasma 

proteins including acute phase reactants (APR) and cytokines (Table 1.8).  

The adaptive immune system, on the other hand, is normally silent and is called into action when 

pathogens evade or overcome innate immune defences. When activated, these components “adapt” 

to the presence of infectious agents by activating, proliferating, and creating potent mechanisms to 

neutralize and eliminate the microbes. Adaptive immunity is pathogen-specific, requires prior 

antigenic exposure, is enhanced by repeated exposure to pathogens, and has memory (Litman et al., 

2010). There are two types of adaptive immune responses: humoral immunity, mediated by 

antibodies (immunoglobulines) produced by B lymphocytes, and cell-mediated immunity, mediated 

by T lymphocytes (Table 1.8). When a cellular component of the innate immunity (e.g. phagocytic 

cells) ingests an antigen, it presents the antigenic peptide fragment on its membrane, stimulating 

the production and amplification of T and B lymphocyte clones specific for that antigen. The MHC 

class I and class II molecules have a key role in this process as they capture and present exogenous 

or endogenous antigens on the surface of antigen-presenting cells (APC) for recognition by T or B 

lymphocytes, which initiate the adaptive immune response (McDevitt, 2000). T lymphocytes can be 

divided into four major types: helper, cytotoxic, memory, and regulatory/suppressor T cells (Table 

1). Helper T cells (CD4+ cells) release a variety of cytokines that enhance the activity and 

proliferation of other components of the immune system. Cytotoxic T cells (CD8+ cells) are involved 

in inducing apoptosis in tumour and virally infected cells, and are also implicated in transplant 

rejection. Memory T-cells are not directly involved in removing pathogens but rather “remember” 

past infections; upon a second exposure to the antigen, these cells can elicit a stronger and faster 

immune response by reproducing into effective T lymphocyte subsets. Regulatory/suppressor T-

lymphocytes prevent excessive reaction after an immune challenge is resolved and regulate 

responses that may attack host tissues (autoimmunity reactions) (Janeway et al., 2001a). 
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Cells of the innate and adaptive immune system interact with each other by means of direct contact 

or cytokine and chemokine production, and act in autocrine and paracrine manners during the 

inflammatory response (Kabelitz and Medzhitov, 2007). 

 
 
Table 1.8  Cellular and humoral components of the innate and adaptive immunity 
 

Immunity Cellular Components Humoral Components 

 
Innate 

 

• Phagocytic lymphocytes 
 

- monocytes, macrophages, neutrophils 
 

• Natural killer (NK) cells 
 

• Mast cells 
 

• Antigen-Presenting Cells (APC) 

 

• Complement 
 

• Acute phase reactants (APR): 
 

- Immunsuppressive acidic protein (IAP) 
 

- C-reactive protein (CRP) 
 

• Cytokines 

 
Adaptive 

 

• T lymphocytes: 
 

- Helper T (CD4) 
 

- Cytotoxic T (CD8) 
 

- Memory T 
 

- Regulatory/suppressor T 
 

• B lymphocytes 

 

• Immunoglobulins 

 

 

Cancerous cells acquire antigenicity that is recognized as “non-self” and the immune system can 

identify and destroy nascent tumor cells in a process termed “cancer immunosurveillance”, which 

functions as an important defence against cancer. However, some individuals have a better natural 

immune response to cancerous cells than others. The expression of various immune mediators and 

modulators as well as the abundance and activation state of different cell types in the tumour 

microenvironment determine in which direction the balance is tipped and whether tumour-

promoting inflammation or antitumor immunity will ensue (Lin and Karin, 2007; Smyth et al., 2006).  

Furthermore, genetic polymorphism of immune-related genes in combination with the occurrence 

of chronic inflammatory events in the organism may determine individual susceptibility to cancer 

(Kubistova et al., 2009). 

 

1.6.1  Inflammation and cancer 

 

In the last decade, clear evidence of the critical role of inflammation in tumorigenesis has been 

obtained and some of the underlying molecular mechanisms have been elucidated (Box 1; Karin, 

2006). Furthermore, it has become evident that an inflammatory microenvironment is an essential 

component for the development of any tumor types, including those cancers in which a direct causal 

relationship with inflammation has not yet been proven (Mantovani et al., 2008). 
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Box 1  Inflammation and Cancer—Basic Facts 
 
 

• Chronic inflammation increases cancer risk. 
 

• Subclinical, often undetectable inflammation may be as important in increasing cancer risk (for instance, 
obesity-induced inflammation). 

 

• Various types of immune and inflammatory cells are frequently present within tumours. 
 

• Immune cells affect malignant cells through production of cytokines, chemokines, growth factors, 
prostaglandins, and reactive oxygen and nitrogen species. 

 

• Inflammation impacts every single step of tumourigenesis, from initiation through tumour promotion, all 
the way to metastatic progression. 

  

• In developing tumours anti-tumourigenic and pro-tumourigenic immune and inflammatory mechanisms 
coexist, but if the tumour is not rejected, the pro-tumourigenic effect dominates. 

  

• Signalling pathways that mediate the pro-tumourigenic effects of inflammation are often subject to a 
feed-forward loop (for example, activation of NF-kB in immune cells induces production of cytokines that 
activate NF-kB in cancer cells to induce chemokines that attract more inflammatory cells into the tumour). 

 

• Certain immune and inflammatory components may be dispensable during one stage of tumourigenesis 
but absolutely critical in another stage. 

 
 

Inflammatory responses play decisive roles at different stages of tumor development, including initiation, 
promotion, malignant conversion, invasion, and metastasis. (Source: Grivennikov et al., 2010) 

 

 

Several risk factors have been associated with some forms of chronic inflammation that can promote 

cancer development and progression. For instance, persistent Helicobacter pylori infection leads to 

low-grade but chronic inflammation, and has been associated with gastric cancer and mucosa-

associated lymphoid tissue (MALT) lymphoma (Kusters et al., 2006). Another type of chronic 

inflammation that precedes tumour development is caused by immune deregulation and 

autoimmunity; an example is provided by inflammatory bowel disease (IBD), which increases the risk 

of colorectal cancer (Waldner and Neurath, 2009). Chronic inflammation can also be induced by 

environmental exposure. Cigarette smoke stimulates the inflammatory response in the lining of the 

bronchus, leading to persistent bronchitis and chronic obstructive pulmonary disease (COPD), a 

condition associated with higher lung cancer risk (Punturieri et al., 2009). Even obesity, which 

increases cancer risk by 1.6-fold (Calle, 2007), can lead to chronic liver inflammation that promotes 

development of hepatocellular carcinoma (Park et al., 2010). Dietary factors can also affect the level 

of chronic inflammation in the organism. Intake of foods in their natural form such as row 

vegetables, fruits, whole grains, lean meat, or fish supply the body with an anti-inflammatory diet 

which helps to protect it against cancer; conversely, consumption of foods rich in sugar, with low-

quality fat, or processed and refined foods increase the risk of developing inflammatory reactions 

that may lead to cancer (Triggs et al., 2010). Up to 20% of cancers are thought to be caused by 

chronic infections, 30% by tobacco smoking and inhaled pollutants, and 35% by dietary factors (i.e. 
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20% of cancer burden is linked to obesity) (Aggarwal et al., 2009). Taken together, these data point 

out the association between chronic inflammation and environmental risk factors as well as the 

importance of the immune system in carcinogenesis. 

The incidence of oesophageal adenocarcinoma is increasing largely in Western populations and the 

major risk factors are gastro-oesophageal reflux disease (GERD) and Barrett's oesophagus, both of 

which are associated with chronic inflammation of the oesophageal epithelium (Abdel-Latif et al., 

2009). Conversely, the role of inflammation in the development of oesophageal squamous cell 

carcinoma is a field that still needs to be explored. 

 

1.6.2  Genetic polymorphisms in immune-related genes and cancer 

 

Although the immune system has been shown to play an important role in carcinogenesis, little is 

known about the contribution of polymorphisms in immune-related genes to cancer susceptibility. 

However, there is increasing evidence supporting a role of these genetic polymorphisms in 

modulating susceptibility to those cancer types which are believed to be initiated by chronic 

inflammation (Kubistova et al., 2009). A study in Caucasians found that the -1031T/T genotype in 

TNF-α, which is a cytokine with a key role in regulating the activity of immune cells, is associated 

with increased risk of colorectal cancer (Suchy et al., 2008). A study in the Chinese found that several 

SNPs in genes associated with innate immunity (ALOX12B/ALOX15B, KLK2, and KLK15) are associated 

with higher risk of lung cancer; positive interactions between these variants and smoky coal use 

were also observed, suggesting that innate immunity plays a role in coal emission-related lung 

carcinogenesis (Shen et al., 2009). Studies investigating genetic predisposition in Helicobacter pylori-

related gastric cancer have found polymorphisms in the TLR4 gene associated with higher risk of 

gastric cancer in both Caucasians and the Japanese (Hold et al., 2007; Hishida et al., 2009).  

Because of its direct exposure to the environment, the oesophagus has a potentially critical role in 

host defence against microbial pathogens and environmental pollutants. Consistent with this 

function, it requires a diverse and well-conserved set of innate and adaptive immune mechanisms 

able to prevent formation of cancerous cells (Nakano et al., 2012). A recent GWAS of Barrett's 

oesophagus, which strongly predisposes to oesophageal adenocarcinoma (OAC), found a 

significantly increased risk associated with a variant on chromosome 6p21, rs9257809, which lies 

within the major histocompatibility complex (Su et al., 2012). However, no studies have implicated 

the genetic polymorphism of immune-related genes in susceptibility to OSCC to date. 
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1.6.3  Major histocompatibility complex 

 

The major histocompatibility complex (MHC) is a set of cell surface glycoproteins, also referred to as 

human leukocyte antigens (HLA), that control the immune response through recognition of "self" 

and "non-self” antigens. MHC molecules are divided into three subgroups − class I, class II, and class 

III − and the functions of these subgroups are quite distinct (Janeway et al., 2001b). 

MHC class I molecules are found on the surface of all nucleated cells in the human body and they 

present antigens to cytotoxic T cells (CTLs) (CD8+ T cells). Class I molecules present "endogenous" 

antigens that may be fragments of viral or tumour proteins expressed in the cell. Presentation of 

such antigens would indicate internal cellular alterations that, if not contained, could lead to cancer; 

therefore, destruction of these cells by CTLs is beneficial for the body. Class I molecules are made up 

of 2 chains, a heavy α chain (transmembrane polypeptide) coded by HLA-A, HLA-B, or HLA-C genes, 

and a light chain β2-microglobulin (non-transmembrane polypeptide) (Li XC and Raghavan, 2010). 

MHC class II molecules are only found on the surface of B-cells, macrophages, and other "antigen-

presenting cells" (APCs). An APC internalizes an antigen and performs antigen processing while class 

II molecules expose the antigen to helper T cells (TH-cells) (CD4+ T cells), which activate B cells to 

produce antibodies leading to destruction of pathogens in the blood. MHC class II present 

"exogenous" antigens, which might be fragments of bacterial cells or viruses engulfed and processed 

by macrophages and then presented to helper T-cells. Class II molecules consist of two 

transmembrane polypeptides, α and β chains, coded by HLA-DR, HLA-DQ, or HLA-DP genes (Stern et 

al., 2006). 

MHC class III molecules, unlike those of class I and class II, have physiological roles and include 

several secreted proteins with immune functions such as components of the complement system 

(i.e. C2, C4, and B factor), cytokines (i.e. TNF-α, LTA, LTB), and heat shock proteins (Xie et al., 2003). 

The large diversity of antigen presentation, mediated by MHC class I and II molecules, is attained in 

multiple ways: (i) MHC molecules are encoded by multiple genes, (ii) MHC genes are highly 

polymorphic and represented by common alleles, and (iii) different MHC genes are expressed in a 

co-dominant fashion, which means that alleles inherited from both parents are expressed in 

equivalent way (Janeway et al., 2001b). In humans, the MHC region is located on the short arm of 

chromosome 6, from 6p21.3 to 6p22.1, and covers a 3.6 Mbp-region containing more than 200 

genes, of which about half of them have known immune functions (Horton et al., 2004). The most 

extensively studied HLA genes are: HLA-A, HLA-B, HLA-C, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-

DQB1, HLA-DRA, and HLA-DRB1 (Shankarkumar, 2004). One of the main characteristics of the MHC is 

its extreme polymorphism. Among the expressed loci, MHC genes have the greatest degree of 
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http://en.wikipedia.org/wiki/HLA-DPB1
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polymorphism in the human genome and the number of discovered alleles is increasing constantly 

(Robinson et al., 2011; Tait, 2011). Polymorphism in MHC genes occurs in the antigen contact sites of 

MHC molecules, which harbours the “non-self” particle that is displayed to the lymphocyte 

(Williams, 2001). Each individual can express six MHC class I alleles (one HLA-A, -B, and -C allele from 

each parent) and six to eight MHC class II alleles (one HLA-DP and -DQ, and one or two HLA-DR from 

each parent, or combinations of these). The MHC variability in the human population is very high, 

with at least 350 alleles for HLA-A, 620 alleles for HLA-B, 400 alleles for HLA-DR, and 90 alleles for 

HLA-DQ. Genetic polymorphism at MHC loci is so high that in the world population there are no two 

individuals with exactly the same set of MHC genes and molecules, with the exception of identical 

twins (Robinson et al., 2011). 

 

1.6.4  MHC polymorphisms and disease susceptibility 

 

Genetic variability at MHC class I and class II loci has been associated with differences in immune 

response and disease susceptibility in humans (Gras et al., 2010). Several MHC class I and class II 

alleles have been found to influence susceptibility to a large number of diseases including insulin and 

non-insulin dependent diabetes mellitus, Bechet’s disease, systemic lupus erythematosus, asthma, 

cystic fibrosis, rheumatoid arthritis, and tuberculosis. Furthermore, there is increasing evidence that 

polymorphisms in MHC loci play a role in susceptibility to various cancer types such as lung, cervical, 

liver, bladder, and breast cancer (Traherne, 2008).   

Studies conducted in Asian populations support a role of different MHC class I and class II alleles in 

OSCC susceptibility. For MHC class I, a study reported that haplotypes A*02-B*46 and A*11-B*51 are 

associated with increased OSCC risk while A*11-B*58 is associated with decreased risk in the 

Chinese (Hu et al., 2010). In the Iranian population, the HLA-B14 and -A24 molecules are 

overrepresented in oesophageal tumor tissue compared to normal tissue while another study 

reported that HLA-A11, -B41, and -Cw3 are risk factors for OSCC in Northern Iran (Eivazi-Ziaei et al., 

2006; Ajami et al., 2009). Furthermore, HLA-A24, -A26, -B54, -B61, and -DR9 were found to be 

prevalent among Japanese OSCC patients (Watanabe et al., 2002). MHC class II have been less 

extensively studied with regard to OSCC susceptibility, although HLA-DRB1 has an extensive 

polymorphism. A study conducted in the Chinese found that the DRB1*0901 allele frequency is 

significantly higher in OSCC patients than in healthy individuals, which was previously found to be 

increased in Japanese patients with lung and prostate cancers (Lin et al., 2003; Tokumoto, 1998; 

Azuma et al., 1999). Despite the significant associations between polymorphisms at MHC class I and 

class II loci and OSCC risk reported in numerous studies, none of them have found overlapping 

http://en.wikipedia.org/wiki/Twin
http://en.wikipedia.org/wiki/Twin
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associations among different populations or even within the same ethnic group. The variability in 

results obtained by different research groups may originate from: (i) use of different HLA typing 

methodologies, (ii) differences in genetic background among ethnicities, and (iii) variable exposure 

to environmental risk factors. 

 

1.6.5  Human leukocyte antigen (HLA) typing 

 

HLA typing consists in discrimination of MHC molecules by identification of HLA antigens on the 

surface of immune cells, and is carried out mainly by serological methods for MHC class I, and by 

PCR-based techniques for MHC class II. Serology-based typing makes use of antigen-specific 

antibodies that react with specific HLA antigens whereas PCR-based typing uses standardized 

primers and synthetic probes to amplify and identify the DNA of specific HLA antigens 

(Shankarkumar, 2004). The serology-based HLA typing presents various disadvantages for 

association studies: (i) direct typing of classical HLA alleles is costly and currently prohibitive for 

large-scale studies; (ii) when HLA typing is performed, this is often restricted to a limited set of class I 

and class II alleles and does not cover the wide range of polymorphisms distributed along the MHC 

region; finally, (iii) interpretation of genetic association directly by HLA antigens can be problematic 

because of the complex relationship between genetic polymorphisms at MHC loci and structural 

variation of HLA antigens (Middelton, 2008; Mishra et al., 2004; Traherne, 2008). Conversely, 

molecular typing is more accurate than serological typing because of the use of standardized primers 

and probes. However, in most instances, the primer pair can only discriminate between some of the 

possible allelic types and the resulting product is then subjected to restriction enzyme digestion and 

fragment length analysis to determine the allelic assignment, which would require a long and 

laborious work when using a large sample size. This is the main reason why association studies using 

PCR-based techniques are based on low numbers of cases and controls (N <100); however, low 

sample sizes may cause bias in the results (Mishra et al., 2004). 

Recent large-scale surveys of genetic variation within human MHC loci have demonstrated that SNPs 

and other putatively neutral markers within this region are in strong linkage disequilibrium with 

particular HLA alleles. This finding suggests that common HLA alleles can be tagged with a small 

number of genetic markers in MHC loci. Furthermore, because SNPs are relatively cheap to 

genotype, SNP-based tagging offers an attractive alternative to conventional HLA typing when 100% 

accuracy in allele typing is not required (de Bakker and Raychaudhuri, 2012; Leslie et al., 2008). With 

the advent of the Immunochip, it has been possible to analyze single nucleotide polymorphisms 

throughout the MHC region and other immune-related genes using large sample sizes, which could 
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help elucidate the relationship between the immune response and oesophageal cancer susceptibility 

(Cortes and Brown, 2011).  

 

 

1.7  OBJECTIVES OF THE STUDY 

 

This review illustrated the current knowledge about the role of environmental and genetic risk 

factors in oesophageal carcinogenesis. Despite the considerable number of studies conducted to 

date, the contribution of genetic polymorphism in initiation and development of oesophageal cancer 

in South Africa is still poorly understood.  

We therefore investigated functional polymorphisms of two main xenobiotic metabolizing enzyme 

families − glutathione S-transferases (GSTs) and N-acetyltranferases (NATs) − to determine their role 

in OSCC susceptibility in Black and Mixed Ancestry South Africans. Since these enzymes are involved 

in metabolism of environmental and dietary carcinogens, we also assessed the effect of their genetic 

polymorphisms on cancer risk in relation to environmental exposure to find out possible gene-

environment interactions. 

In recent years, genome-wide association studies (GWAS) conducted in Asian populations have 

discovered multiple susceptibility loci for oesophageal squamous cell carcinoma. In view of these 

findings, we evaluated the association of OSCC with risk variants at 2q33.1 and at the major 

histocompatibility complex (MHC) in South African Black and Mixed Ancestry individuals. 

Furthermore, we assessed the role of immune-related genes in susceptibility to OSCC by genotyping 

a set of Black and Mixed Ancestry samples on the Immunochip. Using the Immunochip genotype 

data, we also investigated the genetic structure of Black and Mixed Ancestry South Africans and its 

possible effect on genetic association studies in South Africa. 
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CHAPTER 2  GLUTATHIONE S-TRANSFERASES AND OSCC RISK 

 

 

2.1  INTRODUCTION 

 

Among cytosolic GSTs, GSTP1 and GSTT1 are the most extensively studied enzymes with regard to 

cancer susceptibility due to their high genetic polymorphism in humans. GSTT1 polymorphism is 

mainly represented by a deletion of the entire GSTT1 gene which leads to complete loss of enzyme 

activity (Figure 2.1; Ginsberg et al., 2009a). Recently, a 61-kb inverted repeat sequence including 

GSTT2B, an inactive copy of GSTT2, was found to be the site of a prevalent deletion polymorphism 

that spans the entire GSTT2B gene (Figure 2.1; Zhao et al., 2009). GSTP1 functional polymorphism is 

represented by two single nucleotide polymorphisms (SNPs) in the coding region of the gene that do 

not ablate activity but rather result in lower activity against some substrates and higher activity 

against others (Ginsberg et al., 2009a). These polymorphisms are common in the human population, 

with variable frequencies observed among different populations, and have been associated with 

variable risk of several types of cancer (Parl, 2005; Bolt et al., 2006). 

In view of these findings, we investigated the association of GSTT1 and GSTT2B deletion 

polymorphisms as well as of GSTP1 Ile105Val SNP with susceptibility to OSCC in the Black Xhosa and 

Mixed Ancestry South African populations. A total of 1,469 blood samples (907 controls and 562 

OSCC patients) were collected; the control group included 479 Black and 428 Mixed Ancestry 

individuals while the patient group included 330 Black and 232 Mixed Ancestry subjects (see section 

3.2.1 for age distribution for the patient and control groups). The risk of OSCC has been associated 

with smoking and alcohol consumption in multiple studies, and we therefore tested for gene-

environment interactions by both case-control and case-only stratification analysis (see Table 3.1 for 

association of environmental risk factors with OSCC in our study group). The involvement of GSTs in 

similar metabolic pathways also prompted us to investigate gene-gene interactions by evaluating the 

effect of combined GST genotypes on OSCC risk. Successful genotyping was achieved for all three 

genetic variants in 99% of samples, with only 12 out of 1,469 samples classified as undetermined and 

not included in the analysis. 
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2.2  RESULTS 

 

2.2.1  GSTT1 deletion polymorphism and OSCC risk 

 

To evaluate the effect of the GSTT1 null allele on OSCC risk in our sample group we determined the 

genotype and allele frequencies for the GSTT1 deletion polymorphism by a multiplex PCR assay 

(Figure 2.1), which detects the presence of the null and wild-type alleles in the same reaction and 

allows for resolution of Wt/Wt, Wt/Del, and Del/Del genotypes. The PCR reaction was optimized and 

gave rise to PCR products of 459 bp and 1460 bp for the wt and Del genotypes respectively (Figure 

2.2). 

The frequency of the GSTT1 null allele in healthy controls was 55% and 49% among Black and Mixed 

Ancestry subjects, respectively, and there was no significant difference between the two population 

groups (Table 2.1). The frequency in the Blacks was similar to that reported for a small Yoruba 

HapMap sample (57%), with 30% of individuals being homozygotes for the deletion. In the Mixed 

Ancestry population, the allele frequency was higher than that reported for the Western European 

HapMap sample (33%) and lower than that for the Chinese/Japanese (65%), which is consistent with 

the origins of this population, with 22% of individuals being homozygous for the deletion (Zhao et al, 

2009). 

The results of the association study between the GSTT1 deletion polymorphism and OSCC risk in our 

population groups are shown in Table 2.1. No significant deviation from Hardy-Weinberg Equilibrium 

was observed in Black controls; a marginal deviation was observed in Mixed Ancestry controls, which 

is not significant after correcting for multiple testing across the population groups and 

polymorphisms (PBlack = 0.361; PMxA = 0.039). In order to investigate whether this deviation was due 

to genotyping error, 20% of samples were re-genotyped. There was no discrepancy between the two 

genotyping results, suggesting that the deviation from HWE was not due to genotyping error. The 

Mixed Ancestry population in South Africa is a heterogeneous ethnic group originating from the 

union of Europeans and Asians with several African populations, including Xhosa people (de Wit et 

al., 2010). 

Differences in the frequency of the deletion allele in these various ethnic groups in combination with 

non-random mating may explain the modest deviation from HWE observed in this study. The 

distribution of the GSTT1 null allele was very similar in cases vs. controls among either Black (57.4% 

vs. 55.4%) or Mixed Ancestry subjects (49.3% vs. 49.5%); therefore, the GSTT1 deletion was not 

associated with OSCC in either population group. Even comparing the genotype frequencies 
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between cases and controls, no association was found in multiplicative, dominant, or recessive 

models in both population groups. 

 

 
 

Figure 2.1  PCR assay for GSTT1 deletion genotyping. A four primer set was used in a single reaction to 
determine the presence or absence of the GSTT1 allele. Primers AF and AR amplify a 459 bp sequence present 
in the GSTT1 gene while primers BF and BR amplify a joint sequence of 1460 bp when GSTT1 is deleted. When 
GSTT1 is not deleted, the DNA fragment (GSTT1) between the forward (BF) and reverse primers (BR) is too long 
for amplification whereas the 459 bp sequence within the GSTT1 gene is amplified. Conversely, when GSTT1 is 
deleted the 459 bp sequence is absent and cannot be amplified while the BF and BR primers are now close 
enough to amplify the 1460 bp fragment. Solid lines represent genomic sequences; the black arrow represents 
the GSTT1 gene; green and red arrows represent forward (F) and reverse (R) primers; short gray and black 
rectangles indicate the 403-bp repeats flanking the GSTT1 gene. Expected PCR products are drawn as small 
gray bars. 
 

 

 
 
Figure 2.2  Deletion polymorphism of the GSTT1 gene. PCR amplification using the primers described in 
Materials and Methods resulted in the presence of only a 459 bp band (lanes 1–3) or of a 1460 bp band (lanes 
7, 8) defined Wt/Wt and Del/Del genotypes respectively; the presence of both fragments defined the 
heterozygous genotype (lanes 4–6). Lane 9 is the water blank while lane 10 contained the GeneRuler DNA 
Ladder Mix marker (Fermentas). 
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To evaluate whether environmental exposures could unveil any possible association between the 

GSTT1 deletion polymorphism and OSCC risk, we stratified cases and controls according to tobacco 

smoking and alcohol consumption status and carried out case-control and case-only analysis for 

association with OSCC. Case-control analysis showed no modulating effect of these environmental 

risk factors on the association between GSTT1 and OSCC in both the Black and Mixed Ancestry 

populations (Table 2.2). Similarly, case-only analysis did not detect any interaction between smoking 

or alcohol intake and the GSTT1 deletion polymorphism in both ethnic groups (Table 2.3). In the 

Mixed Ancestry, the small number of never smokers (N = 13) was below the threshold for a 

meaningful case-only analysis.  

 

2.2.2  GSTT2B deletion polymorphism and OSCC risk 

 

To investigate whether the GSTT2B null allele was associated with altered risk of OSCC in the South 

African population, we examined the GSTT2B deletion polymorphism using a multiplex PCR assay 

amplifying the null allele (505 bp) and the wild-type allele (847 bp) in a single reaction and allowing 

for discrimination among homozygous Wt/Wt, heterozygous Wt/Del, and homozygous Del/Del 

genotypes (Figures 2.3 and 2.4).  

The frequency of the GSTT2B null allele in healthy controls was 37% in the Black population and 50% 

in the Mixed Ancestry population. The frequency observed in Blacks was lower than that reported 

for the Yoruba (47%); the frequency in the Mixed Ancestry group was lower than that reported for 

Caucasians (63%) but identical to that for Asians (50%) (Data from HapMap).  

Genotype and allele frequencies for the GSTT2B deletion polymorphism in our population study are 

shown in Table 2.1. The observed genotype frequencies are comparable with the expected ones and 

no deviation from HWE was observed in either control group (PBlacks = 0.361; PMxA = 0.961). The 

GSTT2B deletion was not associated with OSCC in the Black group, although the frequency of the 

deletion allele was lower in cases (33.6%) than in controls (37.1%). In the Mixed Ancestry group, the 

GSTT2B deletion allele was significantly less frequent in cases (41.8%) than in controls (50.1%) and 

thus associated with reduced risk of OSCC (OR = 0.71; 95% CI 0.57–0.90, P = 0.004), with a P-value 

below the Bonferroni-corrected threshold of P = 0.05/(2*3) = 0.0083. The Bonferroni correction was 

used for assessing significance of association after multiple testing of the two population groups and 

three polymorphisms tested. The association was stronger among both homozygotes Del/Del (OR = 

0.55; 95% CI 0.35-0.86; P = 0.009) and heterozygotes Wt/Del (OR = 0.58; 95% CI 0.40-0.85; P = 0.004) 

compared to the wild-type genotype, and the Wt/Wt genotype was significantly more prevalent 

among cases (37%) compared to controls (25%). Further analysis of the GSTT2B deletion 
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polymorphism in the Mixed Ancestry showed a stronger evidence for association under a dominant 

model of inheritance for the deletion (P = 0.002 for association), with carriers of the deletion allele 

having an OR of 0.57 (95% CI 0.40-0.81). In the Black population, no significant difference in the 

genotype distribution between cases and controls was observed in multiplicative, recessive, and 

dominant models. 

We then investigated the interaction between the GSTT2B deletion polymorphism and tobacco 

smoking or alcohol consumption habits on susceptibility to OSCC by case-control and case-only 

analysis. Case-control analysis showed a protective effect of the GSTT2B deletion allele only among 

smokers (OR = 0.70; 95% CI 0.54-0.91; P = 0.007) and alcohol drinkers (OR = 0.75; 95% CI 0.56-0.99; P 

= 0.049) in the Mixed Ancestry (Table 2.2). Case-only analysis did not identify any interaction 

between the GSTT2B deletion polymorphism and smoking or alcohol intake in either ethnic group 

(Table 2.3). The interaction with smoking could not be tested in the Mixed Ancestry because of the 

low number of never smokers (N = 11). 

 

 

 
 
Figure 2.3  PCR assay for GSTT2B deletion genotyping. A three primer set was used to determine the deletion 
polymorphism of GSTT2B in a single reaction. Primers CF and DR amplify a 847 bp fragment detecting the 
presence of the GSTT2B gene while primers CF and CR amplify a 505 bp sequence generated by the deletion of 
GSTT2B. The CF primer is used for amplification of both fragments. When GSTT2B is not deleted, the DNA 
fragment between the CF and CR primers is too long for amplification whereas the fragment between the CF 
and DR primers (847 bp) is amplified. Conversely, when GSTT2B is deleted the DR primer binding site is also 
deleted and the 847 bp fragment cannot be amplified; however, the CF and CR primers are now close enough 
to amplify the 505 bp fragment. Solid lines represent genomic sequences; the black arrow represents the 
GSTT2B gene while the white arrow represents the GSTT2 gene; DDCT genes between GSTT2B and GSTT2 are 
now shown for simplification. Red and green arrows indicate forward (F) and reverse (R) primers. Expected 
PCR products are drawn as small gray bars. 
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Figure 2.4  Deletion polymorphism of the GSTT2B gene. PCR amplification using the primers described in 
Materials and Methods resulted in three possible polymorphisms: one single 847 bp (lanes 1–3) or one single 
505 bp band (lanes 6–8) represented the Wt/Wt and the Del/Del genotypes respectively; the presence of both 
bands represented the Wt/Del genotype (lines 4, 5). Lane 9 is the water blank while lane 10 contained the 
GeneRuler DNA Ladder Mix marker (Fermentas). 

 

 

2.2.3  GSTP1 Ile105Val polymorphism and OSCC risk 

 

To investigate whether the GSTP1 105Val variant has a role in carcinogenesis of OSCC in the South 

African populations, the Ile105Val polymorphism (rs1695) was determined by allele discrimination 

assay using fluorescent allele-specific TaqMan probes. By detecting the prevalence of fluorescence 

following the PCR reaction, we could distinguish among individuals carrying the Ile/Ile, Ile/Val, or 

Val/Val genotype. 

The distribution of the genotype and allele frequencies for the Ile105Val polymorphism among cases 

and controls in the two ethnic groups is shown in Table 2.1. The 105Val allele was common in the 

Black and Mixed Ancestry populations and genotype frequencies were in Hardy-Weinberg 

equilibrium in both control group (PBlack = 0.575; PMxA = 0.053). This SNP was not associated with 

OSCC in both ethnic groups as the 105Val allele occurred at case/control frequencies of 51.8%/53.4% 

in the Black group and 45.4%/43.8% in the Mixed Ancestry group. Similarly, there was no significant 

difference in the genotype distribution between patients and controls in both population groups. 

The 105Val allele was more prevalent in Black controls (53%) than in Mixed Ancestry controls (44%). 

The frequency observed in Black South Africans was significantly higher than those reported in other 

sub-Saharan populations (14-24%) and marginally higher than those for African HapMap populations 

(36-51%); however, the frequency was identical to that previously reported for South African Xhosa 

(53%) (Adams et al., 2003). The frequency observed in the Mixed Ancestry population was slightly 
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higher compared to Caucasians (41% in HapMap CEU) but lower than that reported for the same 

ethnic group in a previous study (51%) (Gebhardt et al., 2004). 

We also investigated the effect of environmental exposures on the association between the 

GSTP1 Ile105Val polymorphism and OSCC by both case-control and case-only analysis. In case-

control analysis, neither tobacco smoking nor alcohol consumption were able to influence the risk of 

OSCC associated with Ile105Val in both ethnic groups, as shown in Tables 2.2. Similarly, case-only 

analysis did not detect any interaction between smoking or alcohol intake and this polymorphism in 

either population group (Table 2.3). The small sample size of never smokers in the Mixed Ancestry 

group (N = 13) did not allow us to perform a meaningful case-only analysis for smoking status. 

 

2.2.4  Linkage disequilibrium and haplotype analysis 

 

Since human GSTT1 and GSTT2B genes are located at chromosome 22q11.2 and separated by 50 kb, 

there is a high probability that deletion polymorphisms in these two loci are in linkage disequilibrium 

(LD). A previous study in Caucasians reported a lower frequency than expected of individuals 

carrying deletions at both the GSTT1 and GSTT2B loci (Zhao et al., 2009). In view of this finding and 

of the significant association between the GSTT2B deletion polymorphism and OSCC observed in our 

study, we carried out linkage disequilibrium and haplotype analysis to investigate whether these two 

high-frequency deletion polymorphisms are inherited independently to each other in our population 

study. 

Linkage disequilibrium between the GSTT2B and GSTT1 deletion alleles was low in both population 

groups, as shown in Table 2.4. In the Black population, LD measures were r2 = 0.04 and D’ = 0.27; in 

the Mixed Ancestry population, the GSTT1 and GSTT2B deletions both had similar frequencies (0.495 

and 0.501 respectively) but all four possible haplotypes exist, giving r2 = 0.07 and D’ = 0.33, with the 

deletion-deletion (Del-Del) and wildtype-wildtype (Wt-Wt) haplotypes having lower frequencies than 

expected under linkage equilibrium. Haplotype analysis in the Black population showed no overall 

evidence of association (P = 0.5), and none of the individual haplotypes was associated with OSCC 

(Table 2.4). In the Mixed Ancestry population, strong evidence for association was observed overall 

in the haplotype analysis (P = 0.009) but this was due solely to the effect of GSTT2B, and conditional 

analysis showed that including GSTT1 had no additional effect (P = 0.35). Examining the haplotype-

specific results, we noticed that the two haplotypes with a significant effect compared to the 

baseline Wt-Wt haplotype both carry the deletion at GSTT2B (Wt-Del, Del-Del) and have similar OR 

of 0.58, indicating that carrying an additional deletion at GSTT1 did not reduce OSCC risk further. In
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Table 2.1  Genotype and allele frequencies of GSTT1, GSTT2B, and GSTP1 polymorphisms and association with OSCC in Black and Mixed Ancestry South Africans 

 
  
 

 
Black     

 
Mixed Ancestry   

gene 
 

cases (%) controls (%) OR a (95% CI) P-value 
 

cases (%) controls (%) OR a (95% CI) P-value 

GSTT1 Genotype 
        

 
Wt/Wt 59 (19) 87 (19) Ref 

  
51 (23) 95 (23) Ref 

 

 
Wt/Del 147 (47) 238 (51) 0.91 (0.62-1.34) 0.639 

 
118 (54) 228 (55) 0.96 (0.64-1.44) 0.862 

 
Del/Del 105 (34) 137 (30) 1.13 (0.74-1.71) 0.566 

 
48 (22) 91 (22) 0.98 (0.60-1.60) 0.920 

 
Test for deviation from Hardy-Weinberg Equilibrium 

      

 
P-value 0.361 

   
0.039 

  

 
Allele frequency 

      

 
Wt 0.426 0..446 Ref 

  
0.507 0.505 Ref 

 

 
Del 0.574 0.554 1.08 (0.88-1.33) 0.441 

 
0.493 0.495 0.99 (0.79-1.25) 1 

GSTT2B Genotype  
         

 
Wt/Wt 140 (44) 187 (40) Ref 

  
83 (37) 106 (25) Ref 

 

 
Wt/Del 145 (45) 206 (45) 0.94 (0.69-1.27) 0.689 

 
97 (43) 212 (50) 0.58 (0.40-0.85) 0.004 

 
Del/Del 35 (11) 68 (15) 0.69 (0.43-1.09) 0.112 

 
46 (20) 107 (25) 0.55 (0.35-0.86) 0.009 

 
Test for deviation from Hardy-Weinberg Equilibrium 

      

 
P-value 0.362 

   
0.961 

  

 
Allele frequency 

      

 
Wt 0.664 0.629 Ref 

  
0.582 0.499 Ref 

 

 
Del 0.336 0.371 0.86 (0.69-1.06) 0.156 

 
0.418 0.501 0.71 (0.57-0.90) 0.004 

GSTP1 Genotype 
         

 
Ile/Ile 79 (24) 100 (21) Ref 

  
69 (30) 145 (34) Ref 

 

 
Ile/Val 155 (48) 242 (51) 0.81 (0.56-1.15) 0.249 

 
112 (49) 191 (45) 1.23 (0.85-1.78) 0.267 

 
Val/Val 91 (28) 132 (28) 0.87 (0.58-1.29) 0.502 

 
48 (21) 92 (21) 1.09 (0.69-1.72) 0.689 

 
Test for deviation from Hardy-Weinberg Equilibrium 

      

 
P-value 0.575 

   
0.053 

  

 
Allele frequency 

      

 
Ile 

  
Ref 

    
Ref 

 

 
Val 0.518 0.534 0.94 (0.77-1.15) 0.547 

 
0.454 0.438 1.07 (0.85-1.34) 0.576 

a Crude odds ratio was calculated 
Wt/Wt = homozygote wild-type; Wt/Del = heterozygote; Del/Del = homozygote deletion; Wt = wild-type allele; Del = deletion allele 
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Table 2.2  Association of GSTT1, GSTT2B, and GSTP1 polymorphisms with OSCC by tobacco smoking and alcohol consumption status in Black and Mixed Ancestry South 
Africans (case-control analysis) 

 

   
Black       

 
Mixed Ancestry     

gene subgroup genotype cases controls OR a (95% CI) P-value 
 

cases controls OR a (95% CI) P-value 

GSTT1 never smokers Wt/Wt 27 61 Ref 
  

3 34 Ref 
 

  
Wt/Del 48 143 0.75 (0.44-1.32) 0.332 

 
7 88 − 

 
  

Del/Del 38 97 0.88 (0.49-1.59) 0.680 
 

3 32 − 
 

  
Wt 102 265 Ref 

  
13 156 Ref 

 
  

Del 124 337 0.96 (0.70-1.30) 0.777 
 

13 152 1.03 (0.46-2.28) 1 

 
smokers Wt/Wt 32 25 Ref 

  
48 60 Ref 

 
  

Wt/Del 99 93 0.83 (0.46-1.51) 0.543 
 

111 139 0.99 (0.63-1.57) 1 

  
Del/Del 67 40 1.31 (0.68-2.51) 0.420 

 
45 59 0.95 (0.55-1.64) 0.862 

  
Wt 163 143 Ref 

  
207 259 Ref 

 
 

  Del 233 173 1.18 (0.88-1.59) 0.273 
 

201 257 0.98 (0.75-1.27) 0.862 

GSTT1 non-drinkers Wt/Wt 28 43 Ref 
  

11 54 Ref 
 

  
Wt/Del 51 112 0.69 (0.39-1.25) 0.225 

 
22 133 0.81 (0.37-1.79) 0.603 

  
Del/Del 40 60 1.02 (0.55-1.91) 0.920 

 
7 49 0.70 (0.25-1.95) 0.498 

  
Wt 107 198 Ref 

  
44 241 Ref 

 
  

Del 131 232 1.04 (0.76-1.44) 0.791 
 

36 231 0.85 (0.53-1.37) 0.512 

 
drinkers Wt/Wt 31 44 Ref 

  
40 40 Ref 

 
  

Wt/Del 96 126 1.08 (0.64-1.84) 0.777 
 

96 93 1.03 (0.62-1.74) 0.920 

  
Del/Del 65 76 1.21 (0.69-2.14) 0.502 

 
41 42 0.98 (0.53-1.80) 0.920 

  
Wt 158 214 Ref 

  
176 173 Ref 

     Del 226 278 1.10 (0.84-1.44) 0.484 
 

178 177 0.99 (0.74-1.33) 0.920 

            GSTT2B never smokers Wt/Wt 53 119 Ref 
  

2 42 Ref 
 

  
Wt/Del 52 136 0.86 (0.54-1.35) 0.512 

 
6 73 − 

 
  

Del/Del 10 43 0.52 (0.24-1.12) 0.090 
 

3 42 − 
 

  
Wt 158 374 Ref 

  
10 157 Ref 

 
  

Del 72 222 0.77 (0.55-1.06) 0.110 
 

12 157 1.2 (0.51-2.86) 0.680 

 
smokers Wt/Wt 87 66 Ref 

  
80 64 Ref 

 
  

Wt/Del 93 69 1.02 (0.65-1.59) 0.920 
 

92 137 0.54 (0.35-0.82) 0.004 

  
Del/Del 25 25 0.76 (0.4-1.43) 0.396 

 
43 65 0.53 (0.32-0.88) 0.013 

  
Wt 267 201 Ref 

  
252 265 Ref 

    Del 143 119 0.90 (0.67-1.22) 0.517  178 267 0.70 (0.54-0.91) 0.007 
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Table 2.2  Continued 

a Crude odds ratio was calculated; where OR is not indicated the sample size was too low for evaluating the association 
Smokers = current and former smoker; Drinking/non-drinking status refers to alcohol consumption; Drinkers = light to heavy alcohol drinkers

   
Black       

 
Mixed Ancestry     

gene subgroup genotype cases controls OR a (95% CI) P-value 
 

cases controls OR a (95% CI) P-value 

GSTT2B non-drinkers Wt/Wt 57 87 Ref 
  

13 58 Ref 
 

  
Wt/Del 54 95 0.87 (0.54-1.39) 0.554 

 
17 117 0.65 (0.29-1.42) 0.279 

  
Del/Del 9 33 0.42 (0.18-0.93) 0.031 

 
10 65 0.69 (0.28-1.68) 0.410 

  
Wt 168 269 Ref 

  
43 233 Ref 

 
  

Del 72 161 0.72 (0.51-1.0) 0.052 
 

37 247 0.82 (0.50-1.30) 0.390 

 
drinkers Wt/Wt 83 100 Ref 

  
69 48 Ref 

 
  

Wt/Del 91 110 0.99 (0.67-1.49) 1.000 
 

81 92 0.61 (0.38-0.98) 0.042 

  
Del/Del 26 35 0.89 (0.49-1.61) 0.708 

 
36 42 0.59 (0.33-1.06) 0.078 

  
Wt 257 310 Ref 

  
219 188 Ref 

     Del 143 180 0.96 (0.73-1.26) 0.764 
 

153 176 0.75 (0.56-0.99) 0.049 

GSTP1 never smokers Ile/Ile 32 63 Ref 
  

3 51 Ref 
 

  
Ile/Val 46 159 0.57 (0.33-0.97) 0.039 

 
9 74 − 

 
  

Val/Val 37 82 0.89 (0.49-1.58) 0.689 
 

1 33 − 
 

  
Ile 110 285 Ref 

  
15 176 Ref 

 
  

Val 120 323 0.96 (0.71-1.30) 0.806 
 

11 140 0.92 (0.41-2.07) 0.841 

 
smokers Ile/Ile 47 36 Ref 

  
65 94 Ref 

 
  

Ile/Val 109 81 1.03 (0.61-1.73) 0.920 
 

103 115 1.29 (0.86-1.96) 0.219 

  
Val/Val 54 50 0.83 (0.46-1.48) 0.522 

 
47 59 1.15 (0.70-1.89) 0.578 

  
Ile 203 153 Ref 

  
233 303 Ref 

 
 

  Val 217 181 0.90 (0.68-1.20) 0.488 
 

197 233 1.09 (0.85-1.42) 0.467 

GSTP1 non-drinkers Ile/Ile 32 46 Ref 
  

9 83 Ref 
 

  
Ile/Val 53 112 0.68 (0.39-1.19) 0.174 

 
27 110 2.26 (1.01-5.07) 0.043 

  
Val/Val 36 60 0.86 (0.47-1.59) 0.639 

 
4 49 

  
  

Ile 117 204 Ref 
  

45 276 Ref 
 

  
Val 125 232 0.94 (0.69-1.29) 0.699 

 
35 208 1.03 (0.64-1.66) 0.888 

 
drinkers Ile/Ile 47 54 Ref 

  
59 62 Ref 

 
  

Ile/Val 102 129 0.91 (0.57-1.45) 0.689 
 

85 78 1.14 (0.71-1.83) 0.572 

  
Val/Val 55 72 0.88 (0.52-1.48) 0.624 

 
44 43 1.07 (0.62-1.86) 0.791 

  
Ile 196 237 Ref 

  
203 202 Ref 

     Val 212 273 0.94 (0.72-1.22) 0.639 
 

173 164 1.05 (0.79-1.40) 0.740 
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Table 2.3  Association of GSTT1, GSTT2B, and GSTP1 polymorphisms with OSCC by tobacco smoking and alcohol consumption status in Black and Mixed Ancestry South 
Africans (case-only analysis) 

 
 

Gene 

 

Race 

 

Number of Patients 

 

Oesophageal squamous cell carcinoma risk 
 

 
 

Smokers 

 

Never smokers 

 

OR a (95% CI) 

 

P-value 

GSTT1 Black 198 113 1.18 (0.84-1.63) 0.335 

Mixed Ancestry 204 13 - - 

GSTT2B Black 205 115 1.17 (0.83-1.66) 0.358 

Mixed Ancestry 215 11 - - 

GSTP1 Black 210 115 0.98 (0.71-1.35) 1 

Mixed Ancestry 216 13 - - 
33 dd 

   

Drinkers 

 

Non-drinkers 

 

OR a (95% CI) 

 

P-value 

GSTT1 Black 192 119 1.17 (0.84-1.62) 0.350 

Mixed Ancestry 177 40 1.24 (0.76-2.01) 0.393 

GSTT2B Black 200 120 1.30 (0.92-1.83) 0.136 

Mixed Ancestry 186 40 0.80 (0.49-1.30) 0.375 

GSTP1 Black 204 121 1.01 (0.74-1.39) 1 

Mixed Ancestry 189 40 1.08 (0.67-1.76) 0.742 
a OR = odds ratio was calculated for each copy of tested allele carried; where OR is not indicated the sample size was too low for evaluating the association 
Smokers = current and former smokers; Drinking/non-drinking status refers to alcohol consumption; Drinkers = light to heavy alcohol drinkers  
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Mixed Ancestry individuals, who were successfully genotyped for both the GSTT1 and GSTT2B 

deletions, 13 of 414 controls (0.031) and 16 of 217 cases (0.074) were homozygous for both 

deletions (genotype Del-Del/Del-Del), which was marginally significant (P = 0.027). In Black 

individuals this genotype was present in 22 of 462 controls (0.048) and 17 of 311 cases (0.055), 

which was not significant (P = 0.786). 

 

2.2.5  Gene-gene interactions and OSCC risk 

  

Since GSTs have overlapping substrate specificities, the lack of association observed for GSTT1 and 

GSTP1 may be due to compensation of their activity by other GSTs involved in the same metabolic 

pathways. Therefore, we evaluated the effect of certain GST genotype combinations on 

susceptibility to OSCC to unveil possible gene-gene interactions in metabolism of xenobiotics. The 

GSTT1, GSTT2B, and GSTP1 genotypes were combined and the OR for association was estimated for 

each combination. The sample size of our population study was not large enough to allow for 

evaluation of the risk by combination of the three polymorphic variants simultaneously.  

Table 2.5 shows the different combinations of the GSTT1, GSTT2B, and GSTP1 genotypes in both 

ethnic groups. Among Mixed Ancestry individuals carrying the GSTT1 Wt allele, those having at least 

one GSTT2B Del allele (Del/Del + Wt/Del) were at lower risk compared to those with the GSTT2B 

Wt/Wt genotype (OR = 0.54; 95% CI 0.35-0.82; P = 0.004). Lower risk was also observed among 

carriers of the GSTT1 Del allele having at least one GSTT2B Del allele, although at borderline 

significance (OR = 0.67; 95% CI 0.44-0.99; P = 0.048). The risk of OSCC was also significantly 

decreased in both carriers of the GSTP1 105Val allele (OR = 0.58; 95% CI 0.38-0.89; P = 0.012) and 

carriers of the GSTP1 105Ile allele (OR = 0.57; 95% CI 0.38-0.85; P = 0.005) having at least one 

GSTT2B Del allele, compared to those with the GSTT2B Wt/Wt genotype. Conversely, no association 

was observed among carriers of the GSTT2B Del or Wt allele with either GSTT1 or GSTP1 risk 

genotypes in both population groups. These results show that the GSTT2B deletion polymorphism 

can influence susceptibility to OSCC regardless of polymorphisms at GSTT1 and GSTP1, and that the 

association with GSTT2B is not influenced by the GSTT1 and GSTP1 polymorphisms. In the Black 

population, a significantly higher risk was observed among carriers of the GSTT1 Del allele having at 

least one GSTT2B Del allele (OR = 1.55; 95% CI 1.14-2.11; P = 0.005) compared to those carrying the 

GSTT2B Wt/Wt genotype. However, no association was observed among carriers of the GSTT2B Del 

allele having at least one GSTT1 Del allele compared to those having the GSTT1 Wt/Wt genotype (P = 

0.920). 
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Table 2.4  Haplotype frequencies for the GSTT1 and GSTT2B deletion polymorphisms in Black and Mixed Ancestry populations 

 
 

fff 

Population 
dd 

Haplotype 
d 

Control Frequency 
e 

Linkage Disequilibrium 

 
 

GSTT1 – GSTT2B 
 

Obs 
 

Exp 
q 

r2 
1 

D’ 
2 

OR (95% CI) 
2 

P-value 
e 

Black     
1 

0.04 
2 

0.27 
2 

  

 
dd 

Wt – Wt 
e 

0.23  
2 

0.21   
e 

1 (reference) 
2 

- 

 
d 

Del – Wt 
r 

0.40 
d 

0.35   
f 

1.00 (0.74-1.36) 
e 

1.000 

 
E 

Wt – Del 
e 

0.22 
e 

0.16   
D 

0.81 (0.56 - 1.18) 
1 

0.279 

 
D 

Del – Del 
e 

0.15 
3 

0.28   
e 

0.91 (0.65-1.29) 
e 

0.601 
 

   
  

  
e 

Mixed Ancestry    
3 

0.07 
e 

0.33   

 
dd 

Wt – Wt 
e 

0.17 
1 

0.25   
1 

1 (reference) 
1 

- 

 
d 

Del – Wt 
1 

0.33 
1 

0.25   
1 

0.766 (0.52-1.12) 
1 

0.170 

 
E 

Wt – Del 
1 

0.33 
1 

0.25   
1 

0.584 (0.39-0.87) 
1 

0.008 

 
D 

Del – Del 
1 

0.16 
1 

0.25   
1 

0.583 (0.39-0.88) 
1 

0.008 
Odds ratio (OR) and P-value are determined by comparing each haplotype to the reference Wt-Wt haplotype 
Wt = wild-type allele; Del = deletion allele; Obs = observed frequency; Exp = expected frequency 
 
D’ and r2 refer to different statistical methods to measure linkage disequilibrium between alleles; r2 is preferred to predict one allele given the other whereas D' is mainly 
used to assess recombination patterns such as haplotype blocks
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Table 2.5  Interaction among GSTT1, GSTT2B, and GSTP1 polymorphisms and susceptibility to OSCC in Black and Mixed Ancestry South Africans 

 
 

  
Black 

   
Mixed Ancestry 

  gene genotype cases controls OR a (95% CI) P-value 
 

cases controls OR a (95% CI) P-value 

  
GSTT1 Del  

  
GSTT1 Del  

 

 
Total 252 375 

   
167 318 

  GSTT2B Wt/Wt 115 160 Ref 
  

62 92 Ref 
   Del/Del + Wt/Del 230 206 1.55 (1.14-2.11) 0.005 

 
102 226 0.67 (0.44-0.99) 0.048 

GSTP1 GSTP1 Ile/Ile 63 71 Ref 
  

52 109 Ref 
 

 
GSTP1 Val/Val + Ile/Val 189 301 0.71 (0.48-1.04) 0.077 

 
114 209 1.14 (0.76-1.71) 0.512 

 
  GSTT1 Wt  

  
GSTT1 Wt  

 

 
Total 206 325 

   
169 321 

  GSTT2B GSTT2B Wt/Wt 75 109 Ref 
  

54 65 Ref 
   GSTT2B Del/Del + Wt/Del 130 211 0.89 (0.62-1.29) 0.554 

 
114 256 0.54 (0.35-0.82) 0.004 

GSTP1 GSTP1 Ile/Ile 48 71 Ref 
  

46 111 Ref 
 

 
GSTP1 Val/Val + Ile/Val 157 253 0.92 (0.60-1.39) 0.689 

 
123 210 1.41 (0.94-2.13) 0.097 

  
GSTT2B Del 

   
GSTT2B Del 

  

 
Total 180 274 

   
144 317 

  GSTT1 GSTT1 Wt/Wt 42 64 Ref 
  

34 81 Ref 
 

 
GSTT1 Del/Del + Wt/Del 132 206 0.98 (0.62-1.52) 0.920 

 
102 226 1.07 (0.68-1.71) 0.764 

GSTP1 GSTP1 Ile/Ile 43 60 Ref 
  

46 111 Ref 
 

 
GSTP1 Val/Val + Ile/Val 133 212 0.87 (0.56-1.37) 0.560 

 
96 206 1.12 (0.74-1.71) 0.584 

a Crude odds ratio was calculated 
Wt/Wt = homozygote wild-type; Wt/Del = heterozygote; Del/Del = homozygote deletion; Wt = wild-type allele; Del = deletion allele
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Table 2.5  Continued 
 
 
 Black 

 
Mixed Ancestry 

  gene genotype cases controls OR a (95% CI) P-value   cases controls OR a (95% CI) P-value 

  
GSTT2B Wt  

  
GSTT2B Wt  

 

 
Total 285 393 

   
180 316 

  GSTT1 GSTT1 Wt/Wt 49 65 Ref 
  

31 50 Ref 
 

 
GSTT1 Del/Del + Wt/Del 225 320 0.93 (0.62-1.40) 0.740 

 
143 259 0.89 (0.54-1.46) 0.647 

GSTP1 GSTP1 Ile/Ile 73 81 Ref 
 

  54 105 Ref 
 

 
GSTP1 Val/Val + Ile/Val 207 310 0.74 (0.51-1.06) 0.104 

 
125 211 1.15 (0.77-1.71) 0.484 

  
GSTP1 Val  

  
GSTP1 Val  

 

 
Total  246 374 

   
160 281 

  GSTT1 GSTT1 Wt/Wt 46 62 Ref 
  

37 63 Ref 
 

 
GSTT1 Del/Del + Wt/Del 189 301 0.85 (0.55-1.29) 0.439 

 
114 209 0.93 (0.58-1.48) 0.752 

GSTT2B GSTT2B Wt/Wt 103 150 Ref 
 

  59 74 Ref 
 

 
GSTT2B Del/Del + Wt/Del 133 212 0.91 (0.65-1.27) 0.590 

 
96 206 0.58 (0.38-0.89) 0.012 

  
GSTP1 Ile 

   
GSTP1 Ile 

  

 
Total  234 342 

   
180 334 

  GSTT1 GSTT1 Wt/Wt 42 62 Ref 
  

38 82 Ref 
 

 
GSTT1 Del/Del + Wt/Del 182 270 0.99 (0.64-1.54) 1.000 

 
135 241 1.21 (0.78-1.87) 0.396 

GSTT2B GSTT2B Wt/Wt 98 137 Ref 
 

  64 81 Ref 
 

 
GSTT2B Del/Del + Wt/Del 131 195 0.94 (0.67-1.32) 0.718 

 
113 250 0.57 (0.38-0.85) 0.005 

a Crude odds ratio was calculated 
Wt/Wt = homozygote wild-type; Wt/Del = heterozygote; Del/Del = homozygote deletion; Wt = wild-type allele; Del = deletion allele 
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2.3  DISCUSSION 

 

The aim of this study was to investigate the role of the GSTT1 deletion polymorphism, the GSTP1 

Ile105Val polymorphism, and the recently discovered GSTT2B deletion polymorphism, which greatly 

reduces expression of GSTT2, in susceptibility to OSCC in the South African Black and Mixed Ancestry 

populations. Features of the study design include a large sample size to provide great statistical 

power, separate analysis for the Black and Mixed Ancestry data to avoid confounding in the analysis 

due to differences in genetic structure, and the use of multiplex PCR assays capable of differentiating 

heterozygous from homozygous for the GSTT1 and GSTT2B deletions, thus allowing full resolution of 

all three possible genotypes. GSTT1, GSTT2B, and GSTP1 were the focus of the study because of their 

widespread tissue distribution, broad conjugating activity toward a variety of electrophilic 

compounds, and because polymorphisms of these enzymes exert major effects on the total GST 

activity (Hayes et al., 2005). Genetic polymorphisms of these three GSTs were evaluated either 

separately or jointly. 

 

2.3.1  GSTT1 deletion polymorphism 

 

The GSTT1 deletion was genotyped using a multiplex PCR assay which discriminates between 

subjects carrying zero (homozygous common), one (heterozygous), or two (homozygous variant) 

functional alleles of the GSTT1 gene (Sprenger et al., 2000). Such individuals show a trimodal pattern 

of enzyme activity (Bruhn et al., 1998), thus discrimination among the three genotypes is important 

in the assessment of a possible increased cancer risk in deletion heterozygotes. Meta-analysis 

showed that the GSTT1 deletion genotype was not associated with increased risk of OSCC in both 

Caucasians and Asians whereas an association with reduced risk has been observed in White 

Brazilians (Yang et al., 2005; Rossini et al., 2007). A previous study had already investigated the 

association between the GSTT1 deletion polymorphism and OSCC in the South African population; 

the homozygous deletion was associated with increased risk of OSCC among combined Black and 

Mixed Ancestry individuals (Li D et al., 2010). However, this study used a PCR-based assay not 

capable of discriminating between homozygous wild-type and heterozygous individuals, which were 

categorized as a single group and compared to homozygous variant individuals. Conversely, our 

study has shown no evidence of association of the GSTT1 deletion allele with OSCC risk in either 

ethnic group, which is consistent with meta-analysis results in Caucasians and Asians (Yang et al., 

2005). The frequencies of the GSTT1 Del/Del genotype in healthy Black and Mixed Ancestry South 
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Africans observed in this study (30% and 22%, respectively) are slightly lower than those reported by 

the previous study (41% and 27%, respectively) (Li D et al., 2010). 

 

2.3.2  GSTP1 Ile105Val polymorphism 

 

A recent meta-analysis reported an association of the GSTP1 105Val allele with increased risk of 

OSCC in Caucasians whereas a previous study conducted in South Africa found an association 

between GSTP1 Ala114Val, but not with Ile105Val, with increased risk of OSCC in both the Black and 

Mixed Ancestry populations (Zendehdel et al., 2009; Li D et al., 2010). Similarly, we did not observe 

any significant association between GSTP1 Ile105Val and OSCC in both ethnic groups. The 

frequencies of the 105Val allele in Black and Mixed Ancestry healthy individuals observed in the 

present study are 53% and 44%, respectively, which are slightly higher than those previously 

reported for the same ethnic groups (37% and 41%, respectively) (Li D et al., 2010). 

 

2.3.3  GSTT2B deletion polymorphism 

 

To our knowledge, no previous studies in the literature have investigated the association of the 

GSTT2B deletion polymorphism with any cancer subtype. A recent study reported that the GSTT2B 

homozygous deletion appears to be associated with reduced expression of the nearby GSTT2 gene 

and suggests that individuals carrying the GSTT2B null allele may be at increased risk of cancer due 

to impaired conjugation by GSTT2 (Zhao et al., 2009). Conversely, we found that the GSTT2B deletion 

allele was associated with reduced OSCC risk in the Mixed Ancestry population; this association was 

also significant among homozygotes and heterozygotes for the deletion compared to the 

homozygous wild-type genotype. No association was observed in the Black population; however, the 

odds ratio (0.86) did overlap with the 95% confidence interval for the Mixed Ancestry population, so 

it is possible that a smaller effect might be revealed in the Black population using a larger sample 

size. The frequencies of the homozygous GSTT2B deletion genotype in Black and Mixed Ancestry 

healthy individuals in our study were 15% and 25%, respectively. Thus, there was no significant 

ethnic difference between the two South African populations, and both frequencies did not differ 

significantly from that reported for the Yoruba HapMap sample (18%) (Zhao et al., 2009). 

There are several possible explanations for the protective role of the GSTT2B deletion against OSCC. 

GSTs catalyze the conjugation of glutathione (GSH) to a wide variety of electrophilic compounds to 

produce water-soluble metabolites which are easily excreted from the organism. The availability of 

glutathione in cells depends on the combined action of glutamate-cysteine ligase and glutathione 
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synthase to supply GSH, and the action of transporters able to remove glutathione conjugates from 

the cell (Hayes and McLellan, 1999). GSH depletion to about 20–30% of the total GSH level may 

impair the conjugation defence against electrophilic compounds, which in turn could damage DNA 

and cause carcinogenesis (Hu et al., 1998). Thus, the combined conjugation activities of GSTs may 

lead to GSH depletion and thereby increase cancer risk. Conversely, a decrease in GST activity as a 

result of deletion of some of the corresponding genes may produce an optimal GSH level to protect 

the organism against carcinogens. An alternative explanation may relate to the fact that GSTs, in 

addition to detoxification of carcinogens, can cause toxic effects in the cell. GSTs can convert several 

classes of compounds, via conjugation with GSH, into cytotoxic, genotoxic, and mutagenic 

metabolites that can readily attack DNA and cause cancer (Dreij et al., 2002). In this context, the 

GSTT2B wild-type genotype may be disadvantageous under certain circumstances, explaining the 

high frequency of the GSTT2B null allele observed in the general population. As shown by Zhao et al. 

(2009), extremely low GSTT2 activity was associated with the GSTT2B deletion, suggesting an 

influence of the deletion on the flanking region and loss of GSTT2 expression. Therefore, it is 

possible that the reduced GSTT2 activity caused by GSTT2B deletion may protect individuals against 

cancer.  

 

2.3.4  Gene-environment interaction analysis 

 

OSCC is a high-incidence cancer in South Africa, with tobacco smoking and alcohol consumption 

being important risk factors (Pacella-Norman et al., 2002; Dlamini and Bhoola, 2005. We analyzed 

the interaction between tobacco smoking or alcohol consumption and the GSTT1, GSTP1, and 

GSTT2B polymorphisms on risk of OSCC by testing for differences in genotype and allele frequencies 

between cases and controls stratified according to smoking and alcohol intake status (case-control 

analysis). The lack of association between the GSTT1 and GSTP1 polymorphisms and OSCC found in 

the general population was also observed in the stratified subgroups. However, the protective effect 

of the GSTT2B deletion in the Mixed Ancestry population was observed only among smokers and 

alcohol drinkers. These findings suggests that GSTT2B is involved in metabolic activation of tobacco- 

or alcohol-related carcinogens and that the GSTT2B deletion reduces the risk of OSCC only among 

individuals exposed to environmental risk factors. However, the number of never smokers was too 

small to perform a meaningful statistical analysis.  

Because the association between the GSTT2B deletion polymorphism and OSCC among smokers and 

alcohol drinkers was observed in the Mixed Ancestry population but not in the Black population, we 

may speculate that there are differences in environmental exposures between these two ethnic 
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groups. In South Africa, the proportion of smokers and alcohol drinkers in the Mixed Ancestry 

population is significantly higher than that in the Black population (Table 3.1). As GSTT2B is likely to 

be involved in metabolism of environmental carcinogens, the effect of a gene-environment 

interaction would be more evident among Mixed Ancestry individuals and would lead to a significant 

association with OSCC in this population. Conversely, because the interaction between the GSTT2B 

deletion polymorphism and tobacco smoking or alcohol consumption might be weaker or absent in 

the Black population, any genetic association would be more difficult to unveil. 

We also investigated gene-environment interactions by case-only analysis, testing for a difference in 

allele frequency between smokers and never smokers, and between alcohol drinkers and non-

drinkers among patients. We found no evidence for a differential effect of the GST polymorphisms in 

smokers and never smokers in both Black and Mixed Ancestry patients. Similarly, no interaction was 

detected with alcohol intake. The lack of an interaction between the GSTT2B deletion polymorphism 

and smoking or alcohol consumption status among Mixed Ancestry patients − where we would 

expect to see an interaction because of the association observed in the general population and in 

case-control stratification analysis − may reflect the small number of cases in the never smoking and 

non-alcohol drinking subgroups. 

 

2.3.5  Linkage disequilibrium and haplotype analysis 

 

The low level of linkage disequilibrium between GSTT1 and GSTT2B which has been observed in both 

the Black and Mixed Ancestry populations (r2 <0.1) shows that the two deletions are independent 

and require separate assessment for disease risk in these populations. These results are broadly 

consistent with those by Zhao et al. (2009), which reported strong LD between these deletions in 

Caucasians (r2= 0.699) but weaker LD in the Japanese/Chinese (r2 =0.173) and very low LD in Yoruba 

people from West Africa (r2 = 0.005). Furthermore, haplotypes with both GSTT1 and GSTT2B 

deletions were less frequent than expected in both South African populations (observed 5% and 16% 

vs. 28% and 25% expected in the Black and Mixed Ancestry populations, respectively), which is 

consistent with the underrepresentation of the double-deletion haplotype in Caucasians (Zhao et al., 

2009). The haplotype association test did not detect any association with OSCC in the Black 

population. The GSTT1/GSTT2B Del-Del haplotype was associated with reduced risk of OSCC in the 

Mixed Ancestry population but the GSTT1 deletion had no effect either alone or in combination with 

GSTT2B. It is interesting that a small proportion of both cases and controls are homozygously 

deleted for both GSTT1 and GSTT2B, and are therefore likely to have little or no activity for the theta 

class of GST enzymes. 
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Power calculations showed that our study is well-powered to identify associations with variants that 

confer a direct association, and moderate power to detect gene-environment interactions. The 

Mixed Ancestry sample group had 82% of power to detect a genetic variant with frequency of 0.5 

(similar to the genotyped variants), which confers an increased odds ratio of 1.4 under an additive 

model. For the larger sample size in the Black population, there was a similar level of power (83%) to 

detect a lower odds ratio of 1.35. For a gene-environment interaction, an odds ratio of 1.75 would 

be detectable with power of 83% for the Mixed Ancestry population, and 94% for the Black 

population (assuming 30% exposure prevalence). 

 

2.3.6  Gene-gene interaction analysis 

 

The lack of association of GSTT1 and GSTP1 polymorphisms with OSCC observed in this study may 

reflect compensation of their enzyme activity by other carcinogen-metabolizing enzymes. Indeed, 

pathways of carcinogen metabolism are complex, mediated by the activities of multiple enzymes. 

Since GSTs have overlapping substrate specificities, deficiency of an individual GST enzyme may not 

result in decreased detoxification of carcinogens because its activity is compensated by other 

isoforms with similar substrate specificities. Thus, multiple polymorphisms occurring in a single 

individual may affect cancer risk in a way that could not be predicted by evaluating a single 

polymorphism in isolation (Ginsberg et al., 2009a). Simultaneous determination of all GST 

polymorphisms appears to be an important prerequisite for reliable interpretation of the role of the 

GST family in susceptibility to OSCC. Therefore, we carried out gene-gene interaction analysis to 

evaluate the effect of combined GST genotypes on OSCC risk. The GSTT2B deletion was able to 

reduce the risk of OSCC in the Mixed Ancestry population regardless of the GSTT1 and GSTP1 

polymorphisms, suggesting that the risk of OSCC is solely due to the effect of GSTT2 and is not 

modified by other GSTs. However, we did not observe any interaction between different GST 

genotypes leading to altered risk of OSCC in the Mixed Ancestry group. In the Black population, we 

observed that the GSTT1 Del−GSTT2B Del combination was associated with increased OSCC risk 

compared to the GSTT1 Del−GSTT2B Wt/Wt combination (OR = 1.55; 95% CI 1.14-2.11; P = 0.005) 

but no association was observed when compared to the GSTT1 Wt/Wt−GSTT2B Del combination (P = 

0.439). We may therefore speculate that deletions in these two genes act jointly to increase the risk 

of OSCC in Black South Africans although the effect seems to be mostly due to the GSTT2B deletion. 
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2.3.7  Past, present, and future of GST genotyping studies 

 

A better understanding of the interaction among different GSTs could be addressed by the 

development of a microarray that allows for genotyping of all known relevant polymorphisms in the 

GST loci and other gene families involved in detoxification of carcinogens. Despite these efforts, the 

complete understanding of the effect of GST polymorphisms on cancer susceptibility may still be a 

challenge because genetic polymorphism probably account for only a small proportion of the large 

inter-individual variation in GST expression and activity (Coles and Kadlubar, 2002). Factors such as 

diet (Turesky et al., 2003; Pool-Zobel et al., 2005), environmental exposures (Kondraganti et al., 

2005), age (Leakey et al., 1989), gender (Mitchell et al., 2007), and transcriptional and post-

transcriptional regulation (Dupret and Rodrigues-Lima, 2005), which are still poorly understood, may 

be more important determinants in affecting expression and catalytic activity of GST enzymes. In 

addition, it remains unclear if there are other genetic polymorphisms that have not yet been 

identified and that could influence metabolism of carcinogens and ultimately cancer susceptibility.  

Studies investigating the role of GST polymorphisms on cancer risk in various populations observed 

associations that were not confirmed in other ethnic groups (Parl, 2005). These controversial results 

may be due to differences in ethnic background, different environmental and dietary exposures, 

interactions with other genetic factors, or lack of study power. This is even more plausible in the 

case of GSTP1, in which the allelic variants have been shown to result in higher or reduced enzyme 

activity depending upon the nature of the substrate (Hu et al., 1997a). 

Determination of the GSTT1 enzyme activity by in vivo and in vitro studies showed a trimodal 

phenotypic distribution corresponding to homozygous wild-type, heterozygous, and homozygous 

null genotypes. Heterozygotes have approximately 50% lower conjugation activity than wild-type 

homozygotes and higher activity than null homozygotes (Table 2.6; Thier et al., 1998; Sprenger et al., 

2000; Löf et al., 2000). 

However, the great majority of previous epidemiological studies did not truly genotype the GSTT1 

deletion polymorphism; they used PCR assays that only identified Del/Del homozygotes but were 

not able to distinguish between heterozygotes and homozygotes for the functional allele. These 

previous studies oversimplified the phenotype as “present” or “null” allele, which implies a recessive 

model (one or two copies versus absence of the risk allele) (Parl, 2005; Josephy et al., 2010), and the 

phenotypic effect of the heterozygous genotype was underestimated as it was grouped together 

with the homozygous wild-type genotype. The earlier study by Li D et al. (2010) evaluating the 

association of the GSTT1 deletion polymorphism with OSCC risk in the South African population used  
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Table 2.6  Differences in GSTT1 activity across genotypes  
   

System Substrate 
GSTT1 (wt/wt)  
(wild-type) 

GSTT1 (wt/del) 
(heterozygote) 

GSTT1 (del/del)  
(null homozygote) Study   

Liver cytosol a 

 
Methyl chloride 
 

0.104 ± 0.009  
n = 12 

0.053 ± 0.01  
n = 11 

not detected  
n = 2 

Thier et al., 1998 
 

 

Dichloromethane 
 

1.6 ± 0.48  
n = 12 

0.62 ± 0.30  
n = 11 

not detected  
n = 2 

 RBC lysates b 

 
Dichloromethane 
 

32.1 ± 10.2  
n = 44 

15 ± 7.4  
n = 60 

3.3 ± 0.9  
n = 26 

Sprenger et al., 2000 
 

In vivo c Methyl chloride 
  

Löf et al., 2000 

 
AUC 51 (n = 8) 60 (n = 8)  81 (n = 8)  

    Metabolic clearance 4.6 2.4 not detected   
 

a Liver cytosols incubated with methyl chloride or dichloromethane and the disappearance of substrate (methyl chloride) 
or formation of formaldehyde (from dichloromethane) was followed over time. Units: rate/mg cytosolic protein 
b Erythrocyte lysates were incubated with dichloromethane and formaldehyde formation measured in units of pmol/min/μl 
hemolysate 
c Eight volunteers of each genotype dosed with 10 ppm methyl chloride for 2 h. Area under blood conc. x time curve (AUC) 
measured in umol/L × min; metabolic clearance estimated from two-compartment model in L/min 

 

 

a PCR-based assay not able to positively identify the null allele and therefore could not distinguish 

between homozygous wild-type and heterozygous individuals. The study participants were 

categorized as either wild-type or null genotypes. Recently, a PCR assay that can identify the 

heterozygous deletion at the GSTT1 locus has been developed by Sprenger et al. (2000). This assay 

allows for definition of the Wt/Wt, Wt/Del, and Del/Del genotypes by simultaneous amplification 

and separate identification of the wild-type and null GSTT1 alleles, and therefore unambiguous 

assignment of high, intermediate, and low conjugator phenotypes. In the present study, we analyzed 

the GSTT1 deletion polymorphism by using this newly developed multiplex PCR assay whereas other 

studies using trimodal genotyping assays have recently reported the complete genotype distribution 

for the GSTT1 deletion polymorphism in different ethnic groups (Table 2.7). The percentage of 

individuals who are homozygotes for either wild-type or null alleles varies widely across different 

populations whereas the percentage of heterozygotes varies to a much smaller degree.  

As reported for the HapMap samples, the frequency of the GSTT1 deletion allele is approximately 

39% in Caucasians, 65% in the Chinese/Japanese, and 57% in Yoruba Africans, respectively (Table 

2.8; McCarrol et al. 2006). The frequency of the GSTT1 null allele in Black South Africans (55%) was 

very close to that reported for the Yoruba; the allele frequency in the Mixed Ancestry population 

(49%) was intermediate between that reported for Asians and Caucasians, which is consistent with 

the origins of this population. Similarly, the GSTT2B deletion polymorphism was genotyped by using 

a PCR assay recently developed by Zhao et al. (2009), which allows for simultaneous amplification of 

the non-deletion and deletion alleles and discrimination of the Wt/Wt, Wt/Del, and Del/Del 

genotypes.  
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Table 2.7  Percent distribution of GSTT genotypes across different populations 
 

Population group    wt/wt (%) wt/del (%) del/del (%) 

Caucasians a 
 

34 46 20 

African Americans a 
 

28 50 22 

Chinese a 
  

6 37 57 

Japanese a 
  

11 45 44 

Korean a 
  

7 40 53 

Mexican American a   45 44 11 

Black South Africans b 
 

19 51 30 

Mixed Ancestry South Africans b 
 

23 55 22 
a Data collected from independent studies carried out in different ethnic groups (Ginsberg et al., 2009b) 
b Data from the present study 
wt/wt = homozygote wild-type; wt/del = heterozygote; del/del = homozygote deletion 
 

 

Although the GSTT2B deletion polymorphism has been associated with reduced GSTT2 activity, no 

previous studies have investigated the effect of the three GSTT2B genotypic classes on GSTT2 

expression. The GSTT2B deletion allele was reported to be very common in all three HapMap 

populations, with frequencies of 63%, 50%, and 47% in the Caucasian, Chinese/Japanese, and Yoruba 

populations, respectively (Table 2.8; Zhao et al., 2009). The frequency of the GSTT2B null allele 

observed in Black South Africans (37%) was lower than those reported for HapMap populations; 

conversely, the allele frequency in the Mixed Ancestry population (50%) was very high and identical 

to that reported for Asians. 

 

 

 

 

 

 

Table 2.8  Percent frequency of GSTT1 deletion allele for HapMap sample populations and for Black 
and Mixed Ancestry South Africans 
 

Population group GSTT1 deletion (%) GSTT2B deletion (%) 

CEU a 39 63 

Chinese/Japanese a 65 50 

Yoruba a 57 47 

Black South Africans b 55 37 

Mixed Ancestry South Africans b 49 50 
a Data from HapMap 
b Data from the present study 

   CEU = European Caucasians; Yoruba = Nigerian subpopulation 
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2.3.8  Conclusions 

 

We found in the samples used in this study no association between the GSTP1 Ile105Val 

polymorphism and the GSTT1 deletion polymorphism with susceptibility to OSCC in South Africa. 

However, we have shown that the presence of the recently described GSTT2B deletion and the 

consequent reduction of GSTT2 expression may have a protective effect on initiation and 

development of OSCC in the Mixed Ancestry South African population. It will be interesting to 

determine whether this effect can be replicated in other populations with high incidence of OSCC 

and whether it contributes to susceptibility to other types of cancer. 
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CHAPTER 3  N-ACETYLTRANSFERASES AND OSCC RISK 

 

 

3.1  INTRODUCTION 

 

N-acetyltransferases (NATs) are enzymes involved in both activation and detoxification of aromatic 

and heterocyclic amine carcinogens present in tobacco smoke and food (Hein, 2002). Human N-

acetyltransferases are coded by two genes, NAT1 and NAT2, which contain several polymorphic 

variants associated with either reduced or increased NAT activity. Single nucleotide polymorphisms 

in these genes are responsible for the N-acetylation polymorphism in which human populations 

segregate into rapid, intermediate, and slow acetylator phenotypes. Four SNPs in the NAT2 locus 

(191G>A, 341T>C, 590G>A, and 857G>A) lead to a significant decrease in acetylation activity, and 

alleles containing these functional SNPs (NAT2*14, NAT2*5, NAT2*6, and NAT2*7, respectivey) are 

designed as slow NAT2 acetylator alleles. The NAT1*10 allele, which contains two variants (1088T>A 

and 1095C>A) in the 3’-UTR, is generally associated with rapid acetylator phenotype and is the most 

frequent NAT1 allele observed in the Black South African population (Wang et al., 2011; Loktionov et 

al., 2002).  

In this study we evaluated the effect of NAT1 and NAT2 functional SNPs and acetylator phenotypes 

as independent risk factors for OSCC in the Black and Mixed Ancestry South African populations. The 

study was based on 1,500 individuals subdivided in 463 OSCC patients and 480 control individuals 

from the Black Xhosa population and 269 OSCC patients and 288 control individuals from the Mixed 

Ancestry population. In view of the role of NATs in detoxification of tobacco- and diet-related 

carcinogens, as well as of the increasing evidence of tobacco smoking and red meat consumption as 

risk factors for OSCC (Freedman et al., 2007b; Cross et al., 2011), genetic polymorphism of NAT1 and 

NAT2 may have a major effect on oesophageal cancer risk among individuals exposed to tobacco- or 

diet-related carcinogens. We therefore investigated gene-environment interactions on susceptibility 

to OSCC by case-control and case-only stratification analysis. Genotyping was repeated for 20% of 

samples from both patient and control groups and results were reproducible, with concordance 

rates >95%. However, 2.3% and 3.8% of samples had undeterminable acetylator status for NAT1 and 

NAT2, respectively, and were therefore excluded from the analysis. 
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3.2  RESULTS 

 

3.2.1  Demographic details and environmental exposure 

 

The distribution of demographic characteristics between patients and controls enrolled in the study 

are shown in Table 3.1. The mean age of the Black group was 59.6 (± 10.7) among cases and 56.7 (± 

15.0) among controls; in the Mixed Ancestry group the mean age was 60.7 (±10.3) among cases and 

57.7 (±14.3) among controls. There was no significant difference in the average age between 

patients and controls although cases were approximately three years older than controls in both 

population groups. The distribution of gender did not differ significantly among Black cases and 

controls whereas the majority of Mixed Ancestry cases and controls were males (66% and 62%, 

respectively). 

To better elucidate the contribution of environmental exposure on oesophageal carcinogenesis in 

South Africa, we investigated the role of well-established risk factors in the development of OSCC in 

the Black and Mixed Ancestry populations. Table 3.1 shows the distribution of tobacco smoking and 

alcohol consumption habits, as well as of red meat intake, between patients and controls in the two 

ethnic groups. There was a significantly higher number of smokers among cases than among controls 

in both the Black (OR = 1.79; 95% CI 1.39-2.33; P <0.0001) and Mixed Ancestry (OR = 4.57; 95% CI 

2.53-8.27; P <0.0001) groups, which means that tobacco smoking is strongly associated with OSCC 

risk in South Africans. A higher proportion of alcohol drinkers was also observed among cases than 

among controls in both ethnic groups but the association with alcohol was significant only in the 

Mixed Ancestry group (OR = 2.82; 95% CI 1.92-4.15; P <0.0001). The risk associated with smoking 

increased with the number of cigarettes smoked per day in the Mixed Ancestry population, with a 3-

fold increase (95% CI = 1.59-5.59; P = 0.001) among those smoking <10 cigarettes/day and a 7.3-fold 

increase (95% CI = 3.95-13.66; P <0.0001) among those smoking ≥10 cigarettes/day, compared to 

never smokers. Such trend was not observed in the Black group, as the same OR of 1.86 was 

observed among smokers regardless of the number of cigarettes smoked per day. When we 

investigated the joint effect of tobacco smoking and alcohol consumption on OSCC risk, a 

significantly higher risk was observed among smokers drinking alcohol compared to never smokers 

(alcohol drinkers + non-drinkers) in both the Black (OR = 1.95; 95% CI 1.49-2.55; P <0.0001) and 

Mixed Ancestry (OR = 5.87; 95% CI 3.22-10.71; P <0.0001) population groups. For smokers non-

alcohol drinkers, no association was observed in the Black group (p = 0.583) and only a borderline 

association was detected in the Mixed Ancestry group (OR = 2.04; 95% CI 1.02-4.06; P = 0.042).  
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Table 3.1  Characteristics of the population study and effect of tobacco smoking, alcohol consumption, and red meat intake on OSCC risk 

 

                         Black     Mixed Ancestry    

    Controls (%) Cases (%) OR (95% CI) a P-value  Controls (%) Cases (%) OR (95% CI) a P-value 

Gender Males 235 (49) 229 (49)    178 (62) 177 (66)   

Females 245 (51) 234 (51)    110 (38) 92 (34)   

Age Mean (SD) 56.7 (15.0) 59.6 (10.7)    57.7 (14.3) 60.7 (10.3)   

Tobacco smoking Never smokers 258 (54) 181 (39) Ref   62 (22) 15 (6) Ref  

Smokers 222 (46) 280 (61) 1.79 (1.39-2.33) <0.0001  226 (78) 250 (94) 4.57 (2.53-8.27) <0.0001 

Total cigs/day 0 258 (55) 181 (40) Ref   62 (23) 15 (6) Ref  

≤9 137 (29) 179 (40) 1.86 (1.39-2.49) <0.0001  118 (44) 85 (33) 2.98 (1.59-5.59) 0.001 

≥10 73 (16) 95 (20) 1.85 (1.29-2.66) 0.001  90 (33) 160 (61) 7.35 (3.95-13.66) <0.0001 

Alcohol drinking No 201 (42) 175 (38) Ref   115 (40) 51 (19) Ref  

Yes 278 (58) 286 (62) 1.18 (0.91-1.53) 0.211  172 (60) 215 (81) 2.82 (1.92-4.15) <0.0001 

Smoking + drinking Never smokers (drink/non-drink) 257 (54) 180 (39) Ref   62 (22) 15 (6) Ref  

Smokers  +  non-drinkers 41 (8) 33 (7) 1.150 (0.70-1.89) 0.583  75 (26) 37 (14) 2.04 (1.02-4.06) 0.042 

Smokers + drinkers 181 (38) 247 (54) 1.95 (1.49-2.55) <0.0001  150 (52) 213 (80) 5.87 (3.22-10.71) <0.0001 

Red meat 2-3 times/week or less − 261 (88)    − 108 (68)   

Daily or most days − 37 (12)    − 50 (32)   

a Crude odds ratio was calculated 
Smokers = current and former smokers 
Drinking/non-drinking status refers to alcohol consumption; Drinkers = light to heavy alcohol drinkers 
SD = standard deviation of mean age 
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The percentages of smokers in the Mixed Ancestry group (78% in controls and 94% in cases) were 

significantly higher than those in the Black group (46% in controls and 61% in cases). Similarly, 

alcohol consumption was more frequent among Mixed Ancestry individuals (60% in controls and 

81% in cases) than among Black individuals (58% in controls and 62% in cases). Although we could 

not evaluate the distribution of red meat intake between cases and controls (because of the lack of 

data from the control group), we noticed that daily consumption of red meat was higher in Mixed 

Ancestry patients (32%) than in Black patients (12%).  

 

3.2.2  NAT2 polymorphisms and OSCC risk 

 

In order to investigate the association between the NAT2 functional polymorphism and OSCC in our 

population study, we genotyped four SNPs – G191A, T341C, G590A, and G857A − by allele 

discrimination assay using specific primers and TaqMan probes. By detecting the prevalence of the 

fluorescence following PCR reaction, we were able to infer the genotype for the four SNPs in each 

sample. Genotyping of the four NAT2 SNPs was successfully performed in 97.7% of samples and the 

frequencies in the control groups passed HWE (P >0.05), as shown in Table 3.9. 

Table 3.2 shows the distribution of genotype and allele frequencies of the SNPs among patients and 

controls in both population groups. In the Mixed Ancestry group, the frequency of the 341C allele 

(NAT2*5, rs1801280) was significantly higher in controls (33.2%) than in cases (25.2%), which 

indicates that this allele is associated with reduced risk of OSCC (OR = 0.68; 95% CI = 0.52-0.88; P = 

0.0037). This association was below the Bonferroni corrected P-value of 0.05/(2*6) =0.0042, which 

was used to assess the significance of association for multiple testing of the two population groups 

and the six investigated SNPs. A decreased risk was also observed among carriers of the 341C/C 

homozygous genotype (NAT2*5/*5) compared to carriers of the 341T/T wild-type genotype (OR = 

0.31; 95% CI 0.11-0.87; P = 0.026). A borderline association with the 341C/C genotype was also 

observed in the Black population (OR = 0.55; 95% CI 0.30-0.99; P = 0.05). No association was 

observed in any of the other SNPs in either of the Black and Mixed Ancestry population. The 341C 

variant (NAT2*5 allele) was the most frequent SNP in both population groups, with frequencies of 

29.1% and 33.2% among Black and Mixed Ancestry controls, respectively, followed by 590A 

(NAT2*6, 21.2% in Blacks and 22.0% in Mixed Ancestry individuals) whereas 857A (NAT2*7) and 

191A (NAT2*14) were detected at frequencies of ≤ 6%. The observed frequencies of NAT2 alleles in 

Black and Mixed Ancestry South Africans were comparable to those reported in previous studies for 

the same ethnic groups (Warnich et al., 2011).  
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Table 3.2  Genotype and allele frequencies of NAT2 and NAT1 polymorphic variants in Black and Mixed Ancestry South Africans 

 
     Black 

 
Mixed Ancestry 

 
Gene SNP Polymorphism Controls (%) Cases (%) OR (95% CI) a P-value 

 
Controls (%) Cases (%) OR (95% CI) a P-value 

 
NAT2 

590G>A G / G 296 (62.3) 257 (57.2) Ref - 
 

172 (59.7) 159 (60.0) Ref - 

(NAT2*6) G / A 155 (32.6) 163 (36.3) 1.20 (0.85 - 1.69) 0.299 
 

105 (36.4) 93 (35.1) 0.69 (0.39 - 1.21) 0.192 

rs1799930 A / A 24 (5.0) 29 (6.4) 1.46 (0.72 - 2.94) 0.291 
 

11 (3.8) 13 (4.9) 1.30 (0.34 - 4.91) 0.697 

 
G 747 (78.6) 676 (75,3) Ref - 

 
449 (77.9) 411 (77.5) Ref - 

 
A 203 (21.4) 222 (24.7) 1.21 (0.97 - 1.50) 0.087 

 
127 (22.0) 119 (22.4) 1.02 (0.77 - 1.36) 0.872 

341T>C T / T 247 (52.1) 237 (53.0) Ref - 
 

130 (45.1) 147 (55.7) Ref - 

(NAT2*5) T / C 179 (37.8) 178 (39.8) 0.97 (0.69 - 1.36) 0.856 
 

125 (43.4) 101 (38.2) 0.59 (0.34 - 1.04) 0.069 

rs1801280 C / C 48 (10.1) 32 (7.1) 0.55 (0.30 - 0.99) 0.05 
 

33 (11.5) 16 (6.1) 0.31 (0.11 - 0.87) 0.026 

 
T 673 (70.9) 652 (72.9) Ref - 

 
385 (66.8) 395 (74.8) Ref - 

 
C 275 (29.0) 242 (27.1) 0.91 (0.74 - 1.11) 0.355 

 
191 (33.2) 133 (25.2) 0.68 (0.52 - 0.88) 0.0037 

857G>A G / G 471 (98.9) 440 (98.2) Ref - 
 

265 (92.0) 237 (90.5) Ref - 

(NAT2*7) G / A 5 (1.0) 7 (1.6) 0.95 (0.19 - 4.77) 0.948 
 

23 (8.0) 24 (9.2) 1.32 (0.54 - 3.23) 0.548 

rs1799931 A / A 0 (0) 1 (0.2) − 
  

0 (0) 1 (0.4) − 
 

 
G 947 (99.5) 887 (98.9) Ref - 

 
553 (96.0) 498 (95.0) Ref - 

 
A 5 (0.5) 9 (1.0) 1.92 (0.64 - 5.76) 0.235 

 
23 (4.0) 26 (5.0) 1.25 (0.71 - 2.23) 0.435 

191G>A G / G 417 (87.6) 402 (90.1) Ref - 
 

275 (95.5) 244 (92.8) Ref - 

(NAT2*14) G / A 58 (12.2) 41 (9.2) 0.78 (0.46 - 1.33) 0.364 
 

13 (4.5) 18 (6.8) 1.46 (0.48 - 4.49) 0.508 

rs1801279 A / A 1 (0.2) 3 (0.7) − 
  

0 (0) 1 (0.4) − 
 

 
G 892 (93.7) 845 (94.7) Ref - 

 
563 (97.7) 506 (96.2) Ref - 

 
A 60 (6.3) 47 (5.3) 0.83 (0.56 - 1.22) 0.343 

 
13 (2.3) 20 (3.8) 1.71 (0.84 - 3.48) 1.133 

 
NAT1 

1088T>A T / T 89 (19.2) 100 (22.8) Ref - 
 

106 (37.3) 81 (31.4) Ref - 

rs1057126 T / A 219 (47.3) 196 (44.7) 0.77 (0.50 - 1.18) 0.226 
 

128 (45.1) 130 (50.4) 1.64 (0.90 - 2.98) 0.103 

 
A / A 155 (33.5) 142 (32.4) 1.07 (0.67 - 1.70) 0.781 

 
50 (17.6) 47 (18.2) 1.57 (0.73 - 3.40) 0.249 

 
T 397 (42.9) 396 (45.2) Ref - 

 
340 (59.8) 292 (56.6) Ref - 

 
A 529 (57.1) 480 (54.8) 0.91 (0.75 - 1.10) 0.32 

 
228 (40.1) 224 (43.4) 1.14 (0.90 - 1.46) 0.275 

1095C>A C / C 86 (18.6) 95 (21.7) Ref - 
 

97 (34.1) 69 (26.7) Ref - 

rs15561 C / A 220 (47.5) 198 (45.2) 0.79 (0.51 - 1.23) 0.299 
 

130 (45.8) 138 (53.5) 1.83 (0.99 - 3.39) 0.054 

 
A / A 157 (33.9) 145 (33.1) 1.10 (0.69 - 1.75) 0.681 

 
57 (20.1) 51 (19.8) 1.78 (0.82 - 3.84) 0.143 

 
C 392 (42.3) 388 (44.3) Ref - 

 
324 (57.0) 276 (53.5) Ref - 

 
A 534 (57.7) 488 (55.7) 0.92 (0.77 - 1.11) 0.403 

 
244 (43.0) 240 (46.5) 1.15 (0.91 -1 .47) 0.240 

a Adjusted odds ratio was calculated for genotype distribution; crude odds ratio was calculated for allele distribution; OR not calculated for subgroups with low sample size
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The association tests had good power to detect any significant association for four out of the six 

SNPs tested in both population groups. Using the allele frequencies determined in control groups, 

the power in Blacks was 98%, 83%, 94% and 96% to detect the effects seen in rs1799930 (590G>A, 

NAT2*6), rs1801280 (341T>C, NAT2*5), rs1057126 (1088T>A, NAT1), and rs15561 (1095C>A, NAT1), 

respectively. For the Mixed Ancestry group, the power was slightly lower but still adequate, at 77%, 

82%, 91%, and 87% respectively for the above mentioned SNPs. Conversely, the low frequency of 

rs1799931 (857G>A, NAT2*7) and rs1801279 (191G>A, NAT2*14) in both ethnic groups (<6%) did 

not provide sufficient power to detect significant associations.  

We then used the genotype data of the four polymorphic variants to infer the NAT2 acetylator 

phenotype and to classify the study samples as NAT2 slow, intermediate, and rapid acetylators. The 

distribution of the NAT2 acetylator phenotype among cases and controls in both Black and Mixed 

Ancestry South Africans is summarized in Table 3.3. The frequencies of NAT2 rapid, intermediate, 

and slow acetylators were not statistically different between patients and controls in either ethnic 

group − even when intermediate and slow acetylators were merged into one group and compared to 

rapid acetylators (bimodal distribution) − which means that the NAT2 acetylation polymorphism is 

not an independent risk factor for OSCC in South Africans. The odds ratio for slow/intermediate 

acetylators versus rapid acetylators was 0.88 (95% CI 0.64-1.23; P = 0.462) in the Black population 

and 0.73 (95% CI 0.48-1.12; P = 0.153) in the Mixed Ancestry population. The overall frequency of 

the slow acetylator alleles was prevalent among cases and controls in both the Black (57.9% and 

57.2%, respectively) and Mixed Ancestry (56.4% and 61.5%, respectively) populations (Table 3.4), 

which were lower than those reported for the three major Nigerian ethnic groups (70%) but 

comparable to those previously reported for the same South African populations (59% in Blacks and 

54% in Mixed Ancestry individuals) (Loktionov et al., 2002; Meyer et al., 2003). 

Interactions between environmental risk factors and NAT2 acetylator status with regard to OSCC risk 

were evaluated by case-control analysis (Table 3.5). The increased risk associated with tobacco 

smoking was confined to NAT2 slow/intermediate acetylators, with an OR of 2.76 (95% CI 1.69-4.52; 

P <0.0001) among smokers compared to never smokers in the Black population, and of 10.1 (95% CI 

3.54-29.11; P <0.0001) in the Mixed Ancestry population. No association of smoking with NAT2 rapid 

acetylators was detected in either ethnic group (P = 0.111 in Blacks and 0.193 in Mixed Ancestry 

individuals). A statistically significant trend was also observed for number of cigarettes smoked per 

day among Mixed Ancestry individuals carrying NAT2 slow/intermediate phenotypes. Smoking <10 

cigarettes/day was associated with a 7.31-fold increased risk compared to never smokers (95% CI 

2.42-22.01) and a higher risk was observed among subjects smoking ≥10 cigarettes/day (OR = 12.68; 

95% CI 4.15-38.72). No increasing risk with number of cigarettes per day was detected in the Blacks.  
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Table 3.3  Distribution of NAT2 acetylator phenotype and NAT1*10 allele in Black and Mixed Ancestry South Africans and association with OSCC 

 
 

  Black Mixed Ancestry 

  
Polymorphism 

 
Controls 

 
Cases 

 
OR (95% CI) a 

 
P-value 

  
Controls 

 
Cases 

 
OR (95% CI) a 

 
P-value 

 
NAT2 phenotype 

 
Rapid  

 
87 (18) 

 
90 (20) 

 
Ref 

   
49 (17) 

 
57 (22) 

 
Ref 

 

Intermediate  231 (49) 192 (43) 0.80 (0.56-1.14) 0.222  124 (43) 113 (43) 0.78 (0.49-1.24) 0.297 

Slow  155 (33) 161 (36) 1.00 (0.69-1.45) 0.983  115 (40) 91 (35) 0.68 (0.425-1.09) 0.109 

Slow + intermediate 386 (82) 353 (79) 0.88 (0.64-1.23) 0.462  239 (83) 204 (78) 0.73 (0.48-1.12) 0.153 

 
NAT1*10 allele 

 
Zero NAT1*10 allele 

 
89 (19) 

 
100 (23) 

 
Ref 

   
106 (37) 

 
81 (31) 

 
Ref 

 

One NAT*10 allele 219 (47) 196 (45) 0.80 (0.56-1.12) 0.196  128 (45) 130 (50) 1.33 (0.91-1.914) 0.141 

Two NAT*10 alleles 155 (33) 142 (32) 0.81 (0.56-1.17) 0.273  50 (18) 47 (18) 1.23 (0.75-2.01) 0.409 

One + two NAT1*10 374 (80) 338 (77) 0.80 (0.58-1.11) 0.183  178 (63) 177 (68) 1.30 (0.91-1.86) 0.147 

a Crude odds ratio was calculated 
NAT2 phenotype =rapid/intermediate/slow acetylators; NAT1*10 allele = carriers of zero/one/two NAT1*10 allele(s) 

 

 

Table 3.4  Frequency of the investigated NAT1 and NAT2 alleles in Black and Mixed Ancestry South Africans 

 
 

  
frequency of slow NAT2 acetylator alleles 

 
frequency of NAT1 alleles 

population samples (n) a  590G>A 341T>C 857G>A 191G>A combined 
 

NAT1*10 NAT1*3 

           Black 480 
 

0.214 0.29 0.005 0.063 0.572 
 

0.571 0.006 

Mixed Ancestry 288 
 

0.22 0.332 0.04 0.023 0.615 
 

0.401 0.029 
a Allele frequencies were calculated for healthy control individuals  
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Table 3.5  Effect of tobacco smoking, alcohol consumption, and red meat intake on OSCC risk by NAT2 acetylator status 

 
 

  
NAT2 rapid acetylator (NAT2*4/*4)   

 
NAT2 slow + intermediate acetylator   

Ethnic group risk factor subgroup controls cases OR (95% CI) P-value 
 

controls cases OR (95% CI) P-value 

Black 
           

 
smoking never smokers 49 39 Ref 

  
206 132 Ref 

 

  
ever smokers 38 51 2.58 (0.80-8.25) 0.111 

 
180 220 2.76 (1.69-4.52) <0.0001 

 
tot cigs/d 0 49 39 Ref 

  
206 132 Ref 

 

  
≤9 23 31 2.23 (0.67-7.36) 0.189 

 
112 143 3.27 (1.93-5.54) <0.0001 

  
≥10 13 19 3.79 (0.92-15.71) 0.066 

 
58 72 2.49 (1.34-4.62) 0.004 

 
drinking non-drinkers 34 39 Ref 

  
164 127 Ref 

 

  
drinkers 53 51 0.94 (0.34-2.62) 0.903 

 
221 224 0.91 (0.59-1.41) 0.675 

 
red meat b ≤2-3 times/week − 55 

   
− 198 Ref 

     Daily or almost − 5 
   

− 31 1.67 (0.61-4.58) 0.316 

Mixed Ancestry 
          

 
smoking never smokers 8 2 Ref 

  
54 12 Ref 

 

  
ever smokers 41 53 5.32 (0.43-65.75) 0.193 

 
185 191 10.15 (3.54-29.11) <0.0001 

 
tot cigs/d 0 8 2 Ref 

  
54 12 Ref 

 

  
≤9 22 25 6.27 (0.46-85.35) 0.168 

 
96 58 7.31 (2.42-22.01) <0.0001 

  
≥10 16 27 6.67 (0.42-105.66) 0.178 

 
74 129 12.68 (4.15-38.72) <0.0001 

 
drinking non-drinkers 15 9 Ref 

  
100 41 Ref 

 

  
drinkers 34 47 2.43 (0.65-9.15) 0.188 

 
138 162 2.77 (1.38-5.58) 0.004 

 
red meat b ≤2-3 times/week − 31 

   
− 75 Ref 

     Daily or almost − 5 
   

− 43 3.62 (1.24-10.59) 0.019 
a Adjusted odds ratio was calculated 
b Case-only analysis have been performed for red meat intake due to the lack of data from the control groups 
Smokers = current and former smokers; Drinking/non-drinking status refers to alcohol consumption; Drinkers = light to heavy alcohol drinkers 
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The increased risk associated with alcohol intake was significant only among Mixed Ancestry 

individuals carrying NAT2 slow/intermediate phenotypes, with an OR of 2.77 (95% CI 1.38-5.58; P = 

0.004) for alcohol drinkers compared to non-drinkers; no association was observed among Mixed 

Ancestry subjects with the rapid phenotype (P = 0.188). Case-only analysis was carried out to assess 

the interaction between red meat consumption and NAT2 acetylator status with regard to OSCC risk, 

as shown in Table 3.5. For Mixed Ancestry patients, red meat consumption was associated with 

higher risk of OSCC among NAT2 slow/intermediate acetylators, with an OR of 3.62 (95% CI 1.24-

10.59; P = 0.019) for daily intake compared to moderate intake (≤1-2 times/week), whereas no 

association was detected in Black patients (P = 0.316). 

 

3.2.3  NAT1 polymorphisms and OSCC risk 

 

In order to assess the role of the NAT1 functional polymorphism on OSCC risk in the South African 

population, we genotyped two SNPs – T1088A and C1095A – by TaqMan assay using hybridization 

probes able to detect the two variants in a single PCR reaction. The simultaneous genotyping of 

these SNPs allowed us to discriminate among NAT1*4, NAT1*10, and NAT1*3 alleles and to avoid 

biases in the results due to misclassification of NAT1*3 as NAT1*10. Genotyping of the two NAT1 

SNPs was successfully performed in 96.2% of samples and the frequencies in the control groups 

passed HWE (P >0.05) (Table 3.9).  

As shown in Table 3.2, allele and genotype frequencies for the two NAT1 SNPs were comparable 

between cases and controls in both Black and Mixed Ancestry groups, which means that either 

1088A (rs1057126) or 1095A (rs15561) were not independently associated with OSCC risk in the 

South African populations. 

The allele frequency of NAT1*10 (1088A and 1095A) observed in Black controls (57.1%) was 

comparable to that previously reported in the Black Tswana population of South Africa (50.5%); the 

frequency in Mixed Ancestry controls (40.1%) was closer to that in Black South Africans than in UK 

Caucasians (18.7%) (Loktionov et al., 2002). The allele frequency of NAT1*3 (1095A) was <0.05 in 

both Black and Mixed Ancestry individuals (Table 3.4). We also classified the study participants as 

carriers of zero, one, and two NAT1*10 allele(s) and determined the distribution of the NAT1*10 

polymorphism between cases and controls in both population groups. No significant difference in 

the NAT1*10 allele distribution was observed between patients and controls in both ethnic groups, 

considering either of the trimodal or bimodal (zero vs. one/two NAT1*10) distribution, which means 

that the NAT1*10 polymorphism did not influence OSCC risk in South Africans (Table 3.3). The ORs 

for OSCC risk among carriers of one/two allele(s) compared to carriers of no alleles was 0.80 (95% CI 
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0.58-1.11; P = 0.183) in the Black population and 1.30 (95% CI 0.91-1.86; P = 0.147) in the Mixed 

Ancestry population. However, since the NAT1*10 allele has been generally associated with rapid 

acetylator activity (putative protective effect against cancer due to more efficient elimination of 

intermediate reactive metabolites), we considered the “two NAT1*10 alleles” as reference genotype 

in the following association analysis and measured the risk of having zero/one NAT1*10 allele (Bell 

et al., 1995a). 

Case-control analysis of the interaction between NAT1*10 polymorphism and environmental 

exposure on susceptibility to OSCC showed that the tobacco smoking-associated risk was limited to 

individuals carrying zero/one NAT1*10 allele in the Black population, with an OR of 3.41 (95% CI 

1.95-5.96; P <0.0001) in smokers compared to never smokers, whereas no significant association 

was observed among individuals with two NAT1*10 alleles (P = 0.218). In the Mixed Ancestry 

population, tobacco smoking was a risk factor in both carriers of zero/one allele (OR = 7.95; 95% CI 

2.74-23.12; P <0.0001) and carriers of two alleles (OR = 44.31; 95% CI 3.43-571.92; P <0.004). 

However, the low sample size in the NAT1*10/*10 subgroup may have led to bias in the results 

(Table 3.6). No interaction between NAT1*10 polymorphism and alcohol consumption was observed 

in the Black population; in the Mixed Ancestry group, significantly higher risk was observed among 

individuals with zero/one NAT1*10 allele, with an OR of 3.41 (95% CI 1.70-6.81; P = 0.001) for 

alcohol drinkers compared to non-drinkers, whereas no risk was observed among two NAT1*10 

allele carriers (p = 0.764). Case-only analysis showed no interaction between NAT1*10 allele status 

and red meat consumption in both Black and Mixed Ancestry patients (Table 3.6). 

 

3.2.4  Joint effect of NAT1 and NAT2 acetylator phenotypes on OSCC risk 

 

In view of the overlapping substrate specificity between NAT1 and NAT2 and of their role in 

modulating the effect of environmental risk factors on oesophageal carcinogenesis, we investigated 

the combination of NAT polymorphisms on susceptibility to OSCC in South Africans.  

We first evaluated the combined effect of NAT1 and NAT2 acetylator phenotypes by a four-way 

interaction analysis using NAT2*4/*4 + NAT1*10/*10 (rapid genotypes) as reference combination 

(Ref). As shown in Table 3.7, no significant association with OSCC risk was observed for any of the 

three risk combinations in both ethnic groups, either in the general population or among tobacco 

smokers. In the Black population, combination C (NAT2 slow−NAT1 slow) conferred the higher risk 

among smokers and the lower risk in the total group, compared to NAT2 rapid−NAT1 rapid. In the  
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Table 3.6  Effect of tobacco smoking, alcohol consumption, and red meat intake on OSCC risk by NAT1*10 allele status 

 
 

   
two NAT1*10 alleles (NAT1*10/*10)   

 
zero or one NAT1*10 allele (NAT1*4/any)   

Ethnic group risk factor subgroup controls cases OR (95% CI) a P-value 
 

controls cases OR (95% CI) a P-value 

Black 
           

 
smoking never smokers 84 61 Ref 

  
166 109 Ref 

 

  
ever smokers 71 81 1.71 (0.73-4.04) 0.218 

 
142 186 3.41 (1.95-5.96) <0.0001 

 
tot cigs/d 0 84 61 Ref 

  
166 109 Ref 

 

  
≤9 45 50 1.80 (0.72-4.53) 0.208 

 
87 123 3.96 (2.19-7.13) <0.0001 

  
≥10 24 31 2.06 (0.73-5.84) 0.174 

 
45 57 2.97 (1.47-5.99) 0.002 

 
drinking non-drinkers 66 53 Ref 

  
130 112 Ref 

 

  
drinkers 89 89 1.17 (0.52-2.59) 0.707 

 
177 182 0.87 (0.54-1.40) 0.57 

red meat b ≤ 2-3 times/week − 81 
   

− 168 Ref 
      Daily or almost − 12 

   
− 23 0.93 (0.43-2.0) 0.851 

Mixed Ancestry 
          

 
smoking never smokers 17 1 Ref 

  
43 14 Ref 

 

  
ever smokers 33 46 44.31 (3.43-571.92) 0.004 

 
191 194 7.95 (2.74-23.12) <0.0001 

 
tot cigs/d 0 17 1 Ref 

  
43 14 Ref 

 

  
≤9 17 24 71.41 (4.46-1143.26) 0.003 

 
101 58 5.56 (1.82-16.99) 0.003 

  
≥10 11 20 14.59 (0.78-273.95) 0.073 

 
77 133 10.61 (3.46-32.53) <0.0001 

 
drinking non-drinkers 21 12 Ref 

  
93 39 Ref 

 

  
drinkers 29 35 0.80 (0.19-3.44) 0.764 

 
140 170 3.41 (1.70-6.81) 0.001 

 
red meat b ≤ 2-3 times/week − 22 

   
− 81 Ref 

      Daily or almost − 7 
   

− 42 1.32 (0.49-3.55) 0.586 
a Adjusted odds ratio was calculated 
b Case-only analysis have been performed for red meat intake due to the lack of data from the control groups 
Smokers = current and former smokers; Drinking/non-drinking status refers to alcohol consumption; Drinkers = light to heavy alcohol drinkers 
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Mixed Ancestry population, the higher risk was observed for combination A (NAT2 slow−NAT1 rapid) 

either in the total group or among smokers. However, none of these combinations conferred a 

significantly altered risk of OSCC in both ethnic groups. 

The joint effect of NAT1 and NAT2 slow acetylator phenotypes as modifiers of the tobacco smoking- 

or alcohol intake-associated risk of OSCC was assessed by measuring the risk in subjects having the 

NAT1 slow−NAT2 slow combination (zero/one NAT1*10 allele + NAT2 slow/intermediate status) 

compared to carriers with at least one NAT fast enzyme (two NAT1*10 alleles or NAT2 rapid status) 

(Table 3.8). In the Black population, the NAT1 slow−NAT2 slow combination was a risk factor among 

smokers compared to never smokers (OR = 3.74; 95% CI 2.04-6.85; P <0.0001) whereas no 

association was observed for carriers of at least one NAT fast enzyme (P = 0.12). Interestingly, the 

OR relative to the joint effect was slightly higher than those relative to the individual effects of NAT1 

and NAT2, suggesting an additive effect of the two enzymes in increasing OSCC risk among smokers. 

In the Mixed Ancestry population, the joint effect of NAT1 and NAT2 acetylator phenotypes did not 

modify the smoking-associated risk of OSCC. Conversely, a modulating effect was evident for the 

alcohol-associated risk, with a significantly higher risk observed among alcohol drinkers with the 

NAT1 slow−NAT2 slow combination compared to non-drinkers with the same genotype combination 

(OR = 3.11; 95% CI 1.45-6.63; P = 0.003). No increased risk was observed among alcohol drinkers 

with at least one NAT fast enzyme (P = 0.188). Case-only analysis was performed to evaluate the 

joint effect of NAT1 and NAT2 slow acetylator status on the risk of OSCC associated with red meat 

intake (Table 3.8). We observed an increased risk associated with daily intake of red meat, compared 

to moderate intake, among Mixed Ancestry patients carrying the NAT1 slow−NAT2 slow combination 

(OR = 2.38; 95% CI 1.04-5.46; P = 0.041). However, the ORs relative to the joint effect of NATs was 

comparable to those observed in the individual NAT1 and NAT2 case-only analysis. 

 

3.2.5  Linkage disequilibrium analysis 

 

NAT1 and NAT2 loci are located on chromosome 8p22 and separated by 170 kb. Due to the close 

proximity between these two genes, we carried out linkage disequilibrium analysis among the six 

SNPs investigated in this study.  

Figure 3.1 shows LD plots for the Black and Mixed Ancestry control groups while Table 3.9 shows the 

NAT1 and NAT2 SNPs and linkage disequilbrium variables (DI and r2) between alleles. For NAT1, the 

1088A (rs1057126) and 1095A (rs15561) SNPs were in complete linkage disequilibrium in both ethnic 

groups (DI = 1.0). Among the four NAT2 SNPs, only 590A (rs1799930, NAT2*6) and 341C (rs1801280,
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Table 3.7  Four-way interaction of NAT1 and NAT2 acetylator phenotypes and risk of OSCC in Black and Mixed Ancestry South Africans 
 

 

 
 
 
 
 
 

   
Black       Mixed Ancestry   

study group NAT2 NAT1 combination controls cases OR (95% CI) a P-value 
 

controls cases OR (95% CI) a P-value 

Smokers b rapid rapid Ref 12 16 Ref 
  

8 14 Ref 
 

 
rapid slow A 25 33 0.34 (0.10-1.15) 0.083 

 
32 39 0.96 (0.25-3.65) 0.958 

 
slow rapid B 58 65 0.45 (0.15-1.35) 0.157 

 
25 32 0.44 (0.10-1.88) 0.269 

  slow slow C 116 149 0.51 (0.18-1.43) 0.203 
 

159 154 0.41 (0.13-1.34) 0.142 

Total c rapid rapid Ref 33 27 Ref 
  

11 14 Ref 
 

 
rapid slow A 52 61 0.86 (0.39-1.89) 0.711 

 
36 43 0.99 (0.27-3.63) 0.997 

 
slow rapid B 121 115 0.92 (0.45-1.87) 0.813 

 
39 33 0.43 (0.11-1.65) 0.22 

  slow slow C 254 227 0.69 (0.35-1.35) 0.274 
 

198 166 0.42 (0.13-1.30) 0.133 

a  OR was adjusted for age, gender, smoking and alcohol consumption status  
b Smokers = current and former smokers 
c Total = including smokers and never smokers 
 
Ref = NAT2 rapid + NAT1 rapid = subjects with rapid NAT2 status and two NAT1*10 alleles 
A = NAT2 rapid + NAT1 slow = subjects with rapid NAT2 status and zero/one NAT1*10 allele 
B = NAT2 slow + NAT1 rapid = subjects with slow/intermediate NAT2 status and two NAT1*10 alleles 
C = NAT2 slow + NAT1 slow = subjects with slow/intermediate NAT2 status and zero/one NAT1*10 allele 
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Table 3.8  Role of tobacco smoking, alcohol consumption, and red meat intake on OSCC risk by the join effect of NAT1 and NAT2 acetylator phenotypes 

 
 
 

  
At least one NAT fast (two NAT1*10 or NAT2 rapid) 

 
NAT1 slow−NAT2 slow (zero/one NAT1*10 + NAT2 slow/inter) 

Ethnic group risk factor subgroup controls cases OR (95% CI) a P-value 
 

controls cases OR (95% CI) a P-value 

Black 
           

 
smoking never smokers 112 89 Ref 

  
138 77 Ref 

 

  
smokers 97 116 1.79 (0.86-3.74) 0.12 

 
116 149 3.74 (2.04-6.85) <0.0001 

 
tot cigs/d 0 112 89 ref 

  
138 77 ref 

 

  
≤9 62 73 1.83 (0.84-3.98) 0.126 

 
70 98 4.52 (2.37-8.63) <0.0001 

  
≥10 31 42 2.20 (0.89-5.47) 0.089 

 
38 46 3.16 (1.48-6.74) 0.003 

 
drinking non-drinkers 83 80 ref 

  
113 80 ref 

 

  
drinkers 126 125 1.08 (0.55-2.09) 0.827 

 
140 145 0.94 (0.56-1.59) 0.826 

red meat b ≤ 2-3 times/week − 118 
   

− 129 ref 
 

 
  Daily or almost − 17 

   
− 18 0.95 (0.46-1.98) 0.901 

Mixed Ancestry   
         

 
smoking never smokers 22 3 ref 

  
39 11 ref 

 

  
smokers 66 85 13.38 (2.31-77.42) 0.004 

 
159 154 8.92 (2.78-28.59) <0.0001 

 
tot cigs/d 0 22 3 ref 

  
39 11 ref 

 

  
≤9 34 38 16.57 (2.70-101.68) 0.002 

 
84 43 5.70 (1.67-19.46) 0.005 

  
≥10 24 44 13.88 (1.98-97.34) 0.008 

 
65 109 12.02 (3.52-41.09) <0.0001 

 
drinking non-drinkers 33 17 ref 

  
82 33 ref 

 

  
drinkers 55 72 2.07 (0.70-6.11) 0.188 

 
115 132 3.11 (1.45-6.63) 0.003 

 
red meat b ≤ 2-3 times/week − 43 

   
− 59 ref 

      Daily or almost − 11 
   

− 37 2.38 (1.04-5.46) 0.041 
a Adjusted odds ratio was calculated 
b Case-only analysis have been performed for red meat intake due to the lack of data from the control groups 
Smokers = current and former smokers; Drinking/non-drinking status refers to alcohol consumption; Drinkers = light to heavy alcohol drinkers
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NAT2*5) had frequencies >20% in both populations and complete linkage disequilibrium exists 

between these two SNPs in both ethnic groups (DI = 1.0). Linkage disequilibrium between either 

857A (rs1799931) or 191A (rs1801279) and other variants was not considered because of the low 

frequency of these two SNPs in South Africans (<0.06%). No significant linkage disequilibrium was 

observed between the two NAT1 SNPs and the two most common NAT2 SNPs in both ethnic groups. 

 

                                     Black                                                                        Mixed Ancestry  

         
 
Figure 3.1  Linkage disequilibrium among the 2 NAT1 and 4 NAT2 SNPs in Black and Mixed Ancestry South 
Africans. Plots show r2 and D’ values for pairwise LD between NAT1 and NAT2 variants in the South African 
Black and Mixed Ancestry populations. The left triangle in each plot represents NAT1 SNPs while the right 
triangle represents NAT2 SNPs. Colour intensity of squares (black to white) indicates the strength of LD (high to 
low) by D’ while numbers within squares refer to r2 values for pairwise SNPs. D’ and r2 refer to different 
statistical methods to measure linkage disequilibrium between alleles; r2 is preferred to predict one allele 
given the other whereas D’ is mainly used to assess recombination patterns such as haplotype blocks. Linkage 
disequilibrium analysis was carried out in control groups by using Haploview (Barrett et al., 2005). 

 

 

3.2.6  Haplotype analysis 

 

To investigate the association of NATs with OSCC at a haplotype level, we determined the haplotype 

structure of NAT1 and NAT2 loci separately and jointly and compared the frequency of each 

haplotype between cases and controls in both the South African populations.  

Table 3.10 shows the haplotypes that were inferred for NAT1 and NAT2 loci and for the NAT1−NAT2 

combination in both ethnic groups. For NAT1, haplotype 1088T−1095C (TC, corresponding to 

NAT1*4 allele [wild-type]) was the most frequent haplotype in the Mixed Ancestry population (57%) 

whereas haplotype 1088A−1095A (AA, corresponding to NAT1*10 allele) accounted for 57% of the 

total NAT1 haplotypes in the Black population. For NAT2, haplotype 191G−341T−590G−857G (GTGG,
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Table 3.9  Linkage disequilibrium analysis for NAT1 and NAT2 SNPs in Black and Mixed Ancestry South Africans 

 
 

Black 
 

     
pairwise linkage equilibrium coefficient (D', r2) b   

gene SNP rs number variant frequency a P-value (HWE) c % genotyped NAT1 
 

NAT2 
   

 
 

     
1088T>A 1095C>A 191G>A 341T>C 590G>A 857G>A 

NAT1 1088T>A rs1057126 A 0.57 0.53 96.5 ‒ 1 0.56 0.07 0.16 0.96 

 
1095C>A rs15561 A 0.58 0.64 96.5 0.98 ‒ 0.57 0.05 0.17 0.96 

NAT2 191G>A rs1801279 A 0.06 0.86 99.2 0.02 0.02 ‒ 1 1 1 

 
341T>C rs1801280 C 0.29 0.09 98.9 0 0 0.03 ‒ 1 1 

 
590G>A rs1799930 A 0.21 0.6 98.9 0.01 0.01 0.02 0.11 ‒ 1 

  857G>A rs1799931 A 0.01 1 99.4 0.01 0.01 0 0 0 ‒ 

 

 

           
Mixed Ancestry 

    
pairwise linkage equilibrium coefficient (D', r2) b   

gene SNP rs number variant frequency a P-value (HWE) c % genotyped NAT1 
 

NAT2 
   

 
 

     
1088T>A 1095C>A 191G>A 341T>C 590G>A 857G>A 

NAT1 1088T>A rs1057126 A 0.40 0.34 98.6 ‒ 1 0.35 0.04 0.09 0.02 

 
1095C>A rs15561 A 0.43 0.31 98.6 0.89 ‒ 0.26 0.06 0.06 0.07 

NAT2 191G>A rs1801279 A 0.02 1 100 0 0 ‒ 1 0.8 0.08 

 
341T>C rs1801280 C 0.33 0.8 100 0 0 0.01 ‒ 1 1 

 
590G>A rs1799930 A 0.22 0.41 100 0 0 0 0.14 ‒ 0.97 

  857G>A rs1799931 A 0.04 1 100 0 0 0 0.02 0.01 ‒ 

 
 

 a  Frequency of the SNP in control individuals 
b D' above diagonal; r2 below diagonal 
c P-value for Hardy Weinberg Equilibrium 
 
D’ and r2 refer to different statistical methods to measure linkage disequilibrium between alleles; r2 is preferred to predict one allele given the other whereas D’ is mainly 
used to assess recombination patterns such as haplotype blocks.
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corresponding to NAT2*4 allele [wild-type]) was the most common haplotype in the Black (43%) and 

Mixed Ancestry (39%) populations, followed by GCGG (NAT2*5, 29% and 33% respectively) and 

GTAG (NAT2*6, 21% and 22% respectively), whereas all other haplotypes were observed at 

frequencies ≤6%. Among NAT1−NAT2 haplotypes, seven and six were present at frequencies >3% in 

the Black and Mixed Ancestry populations, respectively. When we tested the association between 

haplotypes and OSCC risk, we found that haplotype 191G−341C−590G−857G (GCGG, corresponding 

to NAT2*5 allele) was significantly higher among controls than among patients in the Mixed Ancestry 

group, suggesting a protective effect of this haplotype (OR = 0.67; 95% CI 0.50-0.89; P = 0.006). All 

other NAT1 and NAT2 haplotypes had comparable frequencies between patients and controls in 

both ethnic groups. However, we observed a higher frequency of 

1088A−1095A−191G−341C−590G−857G (AAGCGG, corresponding to the NAT1*10-NAT2*5 

combination) in Mixed Ancestry controls than in patients, although at borderline significance (OR = 

0.65; 95% CI 0.41-1.02; P = 0.06). 

 
 
 
3.3  DISCUSSION 

 

3.3.1  OSCC and environmental risk factors 

 

The aim of this study was to investigate the role of NAT1 and NAT2 functional polymorphisms and 

their interaction with environmental risk factors in susceptibility to OSCC in two South African 

populations. We found that tobacco smoking was an independent risk factor in both the Black and 

Mixed Ancestry populations of South Africa and the risk increased with number of cigarettes smoked 

per day among Mixed Ancestry individuals. Conversely, alcohol consumption was an independent 

risk factor only in the Mixed Ancestry group and no significant association was observed in the Black 

population. These findings suggest that cigarette smoking and alcohol consumption play an 

important role in initiation and development of OSCC in South Africans, particularly among Mixed 

Ancestry individuals. We also noticed that tobacco smoking and alcohol consumption are more 

widespread in the Mixed Ancestry population than in the Black population, suggesting an inter-

ethnic difference in environmental exposure among populations living in the same geographical 

area. Since data about red meat intake was available only for patients, we could not assess the effect 

of red meat consumption on susceptibility to OSCC. However, we observed a prevalent consumption 

of red meat among Mixed Ancestry patients than among Black patients. 
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Table 3.10  Haplotype analysis for NAT1, NAT2, and NAT1−NAT2 in Black and MixedAncestry South Africans 

 
 

 
Black         

  
Mixed Ancestry       

gene haplotype control (%) case (%) OR (95% CI) P-value   gene haplotype control (%) case (%) OR (95% CI) P-value 

NAT1 
      

NAT1 
     1 TC 392 (42) 384 (44) Ref 

  
1 TC 324 (57) 276 Ref 

 2 AA 527 (57) 478 (55) 0.92 (0.77-1.12) 0.42 
 

2 AA 228 (40) 224 1.15 (0.90-1.47) 0.252 

3 TA 5 (0.5) 8 (1) 1.63 (0.53-5.04) 0.389 
 

3 TA 16 (3) 16 1.17 (0.57-2.39) 0.655 

NAT2 
      

NAT2 
     1 GTGG 408 (43) 379 (42) Ref 

  
1 GTGG 223 (39) 231 (44) Ref 

 2 GCGG 276 (29) 243 (27) 0.95 (0.76-1.18) 0.631 
 

2 GCGG 191 (33) 133 (25) 0.67 (0.50-0.89) 0.006 

3 GTAG 204 (21) 218 (24) 1.51 (0.91-1.46) 0.243 
 

3 GTAG 127 (22) 117 (22) 0.89 (0.65-1.22) 0.47 

4 ATGG 60 (6) 47 (5) 0.85 (0.56-1.27 0.42 
 

4 GTGA 23 (4) 26 (5) 1.1 (0.61-1.98) 0.752 

5 GTGA 5 (0.5) 9 (1) 1.94 (0.64-5.83) 0.231 
 

5 ATGG 13 (2) 18 (4) 1.42 (0.67-2.97) 0.357 

      
  6 ATAG 1 (0.1) 2 (0.3) 3.27 (0.14-76.98) 1 

NAT1−NAT2 (only >3%) a 
     

NAT1 + NAT2 (only >3%) a 
    1 TCGTGG 178 (19) 174 (19) Ref 

  
1 TCGTGG 116 (20) 109 (21) Ref 

 2 AAGTGG 225 (24) 198 (22) 0.90 (0.68-1.19) 0.466 
 

2 TCGCGG 120 (21) 90 (17) 0.80 (0.55-1.17) 0.252 

3 AAGCGG 162 (17) 132 (15) 0.83 (0.61-1.14) 0.251 
 

3 AAGTGG 96 (17) 113 (21) 1.26 (0.86-1.74) 0.231 

4 TCGCGG 114 (12) 111 (12) 0.99 (0.71-1.39) 1 
 

4 TCGTAG 73 (13) 59 (11) 0.87 (0.56-1.34) 0.532 

5 AAGTAG 105 (11) 123 (14) 1.20 (0.86-1.67) 0.288 
 

5 AAGCGG 71 (12) 43 (8) 0.65 (0.41-1.02) 0.06 

6 TCGTAG 99 (10) 96 (11) 0.99 (0.69-1.41) 1 
 

6 AAGTAG 48 (8) 52 (10) 1.15 (0.72-1.85) 0.554 

7 AAATGG 48 (5) 34 (4) 0.73 (0.45-1.18) 0.19 
       Odds ratio (OR) and P-value are determined by comparing each haplotype to the reference wild-type haplotype 

a Only haplotypes with frequency above 3% are shown 
 
SNP ID for NAT1 haplotypes: 1088T>A – 1095C>A 
SNP ID for NAT2 haplotypes: 191G>A − 341T>C − 590G>A − 857G>A 
SNP ID for NAT1−NAT2 haplotypes: 1088T>A – 1095C>A − 191G>A − 341T>C − 590G>A − 857G>A 
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African populations have been understudied with regard to NAT1 and NAT2 polymorphisms, despite 

the African continent represents one of the most ethnically and genetically diverse regions of the 

world, with extensive genetic variation even among geographically close populations (Tishkoff and 

Williams, 2002).  

 

3.3.2  NAT1 and NAT2 genotyping in South Africans 

 

The genotype-phenotype correlation for NAT2 polymorphism has been well studied and NAT2 

genotypes, alleles, and deduced phenotypes have been determined as previously described 

(Svensson and Hein, 2004). The NAT2 locus contains seven common alleles in the coding region but 

only four of these – NAT2*14 (G191A), NAT2*5 (T341C), NAT2*6 (G590A), and NAT2*7 (G857A) – 

have been reported to reduce the enzyme activity of NAT2 compared to the wild-type allele 

(NAT2*4), causing the individual to be a slow acetylator. 

Most association studies conducted in Africans and focusing on NAT2 are based on genotyping 

nucleotide variants originally identified in other ethnic groups (i.e. European descent) and can 

therefore ignore potential population-specific functional variants in the African context. Therefore, 

discordance between genotype and deduced phenotype correlation may arise from failure to detect 

infrequently occurring variants of NAT2. Recently, the entire NAT2 coding region was sequenced in a 

multi-ethnic African population to investigate the NAT2 genetic polymorphism in Africa. Apart from 

the well-known SNPs described in other ethnic groups, several novel nonsynonymous SNPs were 

observed but none of them reached a frequency ≥3%, suggesting an irrelevant role of the effect of 

these SNPs on NAT2 acetylator phenotype. Thus, to date no major polymorphisms apart from the 

seven acknowledged ones have been found in African populations (Patin et al., 2006). The analysis of 

these seven major SNPs at the NAT2 locus in one single subject requires several PCR reactions and 

seven RFLP assays, and further analyses are required to resolve the gametic phase of mutations and 

reconstruct haplotypes (Agúndez et al, 1996). Nevertheless, the NAT2 gene displays a strong 

haplotype structure with extensive linkage disequilibrium (LD) among SNPs and a limited haplotype 

diversity (Xu et al., 2002; Sabbagh and Darlu, 2006). This feature makes unnecessary the genotyping 

of closely spaced SNPs which would result in a large amount of redundant information. Indeed, in 

this case, only a small fraction of SNP markers can be used to identify specific haplotypes across the 

genome (Zhang et al., 2002). However, some concerns arise when we consider the African 

population, which has the highest haplotype diversity and lowest level of LD among SNPs than any 

other ethnic group. A previous study by Sabbagh and Darlu (2006) defined the most informative set 

of SNPs that best enables accurate prediction of the NAT2 acetylator phenotype in different ethnic 
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groups. Results showed that a subset of three SNPs (G191A, T341C, G590A) are required to assess 

the acetylator phenotype in Black South Africans, with a prediction rate ≥95% compared to the 

seven-SNPs genotyping assay. A recent in vitro study by Hein and Doll (2012) reported that 

genotyping of four NAT2 slow acetylator alleles (G191A, T341C, G590A, G857A) can predict the 

acetylator phenotype with an accuracy of 98.4% in populations of non-European ancestry, such as 

African populations. 

Compared to NAT2, NAT1 polymorphisms have been very poorly investigated in African populations. 

A previous study by Loktionov et al. (2002) reported that the NAT1*10 allele, which arises from two 

variations (1088T>A and 1095C>A) in the 3’-UTR, is the only polymorphism, apart from the wild-type 

(NAT1*4), with a significant frequency (50%) in Black South Africans. Furthermore, this allele has 

been associated with rapid acetylation activity in both in vitro and in vivo studies (Zhangwei et al., 

2006; Yang M et al., 2000), although this association has not been consistently replicated in 

following studies (Wang et al., 2011; Zhu et al., 2011). The NAT1*3 allele, which was detected at a 

frequency of <5% in Black South Africans (Loktionov et al., 2002), arises from a single nucleotide 

substitution (1095C>A) and results in non-significantly higher activity relative to NAT1*4 (Bruhn et 

al., 1999; Zhu et al., 2011). Therefore, genotyping of both NAT1*10 and NAT1*3 alleles in South 

Africans is necessary to avoid biases in the analysis due to misclassification of NAT1*3 as NAT1*10. 

In view of these findings, we selected four SNPs in the NAT2 locus and two SNPs in the NAT1 locus 

for genotyping in our population study and for investigating the association between NAT 

acetylation polymorphism and OSCC. 

 

3.3.3  NAT1 and NAT2 polymorphisms and environmental exposure 

 

When we investigated the individual effect of NAT1 and NAT2 SNPs on OSCC risk, only the 341C 

variant (rs1801280) representing the NAT2*5 allele was associated with reduced risk in the Mixed 

Ancestry population, and this association was also significant after Bonferroni correction. When we 

assessed the effect of the NAT1 and NAT2 acetylator phenotypes (inferred by combinations of SNPs 

as explained in Materials and Methods) as independent risk factors for OSCC, no association was 

found in both ethnic groups.  

We also investigated gene-environment interactions by case-control stratification analysis and found 

that NAT1 and NAT2 acetylator phenotypes were able to modify the previously observed association 

between environmental risk factors and OSCC. The NAT2 slow and intermediate acetylator status 

appeared to be a risk factor for OSCC among smokers in both Black and Mixed Ancestry individuals; 

the NAT1 rapid acetylator status (NAT1*10/*10 genotype) was a protective factor among smokers in 
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the Black population but no protective effect was observed in the Mixed Ancestry group. The lack of 

interaction between NAT1*10 and tobacco smoking in the Mixed Ancestry population may suggest 

either that NAT1 polymorphism has little or no effect in metabolism of tobacco-related carcinogens 

in this population or that NAT1 activity is compensated by other carcinogen metabolizing enzymes. 

However, the sample size in the NAT1 rapid acetylator subgroup is very low and may therefore have 

led to bias in the results. The association between NAT1 and NAT2 acetylator phenotypes and 

alcohol consumption was restricted to the Mixed Ancestry group; the NAT2 slow and intermediate 

status was a risk factor for OSCC among alcohol drinkers whereas NAT1 rapid acetylators were 

protected against the effect of alcohol. Taken together, these results suggest that NAT1 and NAT2 

are both involved in metabolism of tobacco- or alcohol-derived carcinogens and that genetic 

polymorphisms of these enzymes influence susceptibility to OSCC under exposure to environmental 

risk factors. Due to the lack of information for red meat consumption in control individuals, we could 

only carry out case-only analysis to evaluate interactions between NAT polymorphisms and red meat 

intake on OSCC risk. The association between NAT2 acetylator status and red meat consumption 

observed in this study is likely related to the role of NATs in metabolism of heterocyclic amines, 

which are the most relevant carcinogens present in overcooked meat. Furthermore, cooked red 

meat contains a variety of other classes of carcinogens, including PAHs, N-nitroso compounds, lipid 

oxidative agents, and fungal products, that may also contribute to oesophageal carcinogenesis 

(Turesky, 2004). However, our finding about a significant interaction between red meat consumption 

and NAT2 polymorphism with regard to OSCC risk is based on relatively small subgroups of the study 

population and should therefore be interpreted with caution. 

Humans are continuously exposed to heterocyclic amines (HCAs) present in tobacco smoke and 

overcooked meat (Felton et al., 2000). HCAs are metabolically activated to reactive electrophilic 

compounds in the liver through N-hydroxilation by phase I metabolizing enzymes, such as CYP1A2 

(Gooderham et al., 2001). These N-hydroxy-HCAs can then enter the circulation and be reabsorbed 

into the oesophagus. If these reactive metabolites are not detoxified quickly by N-acetyltransferases 

in the liver (predominantly NAT2) or in the oesophagus (predominantly NAT1) they can react with 

DNA causing mutations and eventually cancer (Murata et al., 1999). Therefore, N-acetylation may 

exert a protective effect against the carcinogenic effect of these compounds. Individuals carrying 

slow acetylators may be unable to detoxify carcinogenic compounds efficiently and therefore they 

may be more susceptible to develop cancer if they are exposed to environmental carcinogens. In the 

present study, an impaired detoxification of N-hydroxy-HCAs in the liver may explain the finding of a 

greater risk among carriers of NAT2 slow and intermediate acetylators exposed to tobacco smoking. 

This hypothesis has also been supported by studies on bladder cancer either in the general 
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population or among smokers, in which an association between NAT2 slow acetylation activity and 

cancer was reported (Hein, 2006). Similarly, the protective effect from tobacco smoking associated 

with NAT1 fast acetylators (NAT1*10/*10 carriers) may be due to higher detoxification of 

carcinogens in the oesophagus, where NAT1 exerts its activity. However, other studies reported a 

higher risk of several types of cancers associated with the fast acetylation activity of NAT1*10 

(Butcher and Minchin, 2012). These contradictory results may be due to organ-specific differences in 

carcinogen metabolism as well as to differences in environmental exposure or genetic polymorphism 

among different ethnic groups. Furthermore, NATs can metabolize carcinogens via either N-

acetylation, which results in detoxification of electrophilic compounds, or via O-acetylation, resulting 

in bioactivation of N-hydroxy-HCAs and formation of DNA-adducts that lead to cancer (Hein et al., 

2006; Fretland et al., 2002). Therefore, depending on different factors such as the type of 

carcinogen, the polymorphism of other metabolizing enzymes (i.e. GSTT1, CYP1A2), and the organ 

involved, bioactivation of carcinogens may prevail on detoxification or vice versa.  

 

3.3.4  NAT1-NAT2 interaction analysis 

 

Because of the overlap in substrate specificity between NAT enzymes, NAT1 may compensate for a 

deficient activity of NAT2 or vice versa (Grant et al., 1991; Hein et al., 1993). Furthermore, NAT1 and 

NAT2 can interact in a possible metabolic pathway. If an individual has a NAT2 fast allele, arylamines 

may be rapidly detoxified in the liver so that little hydroxylated arylamines can reach the 

oesophageal mucosa, where they would be further metabolized by NAT1. Consequently, if an 

individual has a NAT2 fast allele, his/her NAT1 genotype may have an irrelevant effect on the risk of 

oesophageal cancer. Conversely, if an individual has a NAT2 slow allele, detoxification in the liver 

may be incomplete and the excess of hydroxylated arylamines reaches the oesophageal mucosa, 

making the NAT1 genotype an important determinant of oesophageal cancer risk (Yang X et al., 

2000). In view of these hypothesis, we assessed the effect of various combinations of the NAT1 and 

NAT2 acetylator phenotypes on OSCC risk by a four-way interaction analysis but none of the risk 

combinations was associated with altered susceptibility in both ethnic groups, either in the general 

population or among smokers. However, NAT1 and NAT2 slow acetylator phenotypes had an 

additive effect in increasing the OSCC risk among smokers in the Black population but the joint effect 

of the two enzymes did not modify the smoking-associated risk among Mixed Ancestry individuals, 

which may be due to compensation of the acetylation activity by other xenobiotic metabolizing 

enzymes or to the relative low sample size of the study subgroups leading to bias in the results. Since 

NATs are involved in either activation or detoxification of N-hydroxy-HCAs, it is difficult to predict 
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the consequences of the activity of these enzymes in cancer susceptibility following exposure to a 

complex mixture of carcinogenic compounds. We also observed that the NAT1 and NAT2 slow 

acetylator phenotypes can modify the alcohol-related risk of OSCC in the Mixed Ancestry population. 

However, the association was not statistically strong probably because we were not able to stratify 

the study participants according to the amount of alcohol intake and this may have caused bias in 

the strength of the interaction between NAT polymorphisms and alcohol consumption.  

 

3.3.5  Synergistic effect of alcohol and tobacco smoke 

 

In view of various studies showing synergistic effects of alcohol and cigarette smoke on 

carcinogenesis (Salaspuro V and Salaspuro M, 2004; Lee et al., 2005), we evaluated the combined 

effect of tobacco smoking and alcohol consumption on OSCC susceptibility in our population study. 

In both the Black and Mixed Ancestry populations, a significantly higher risk was observed among 

smokers who drink alcohol compared to never smokers whereas no association was observed 

among smokers non-alcohol drinkers, which suggests that alcohol and tobacco smoking act 

synergistically to determine susceptibility to OSCC in South Africa. The role of alcohol in oesophageal 

carcinogenesis can be explained by different mechanisms. The oesophagus is one of the organs 

mostly exposed to direct contact with environmental carcinogens. Ethanol from alcoholic beverages 

can cause local irritation of the upper gastrointestinal tract whereas alcohol itself can act as strong 

solvent for tobacco-related carcinogens, facilitating their uptake in the oesophageal mucosa (Pöschl 

et al., 2004; Seitz et al., 2004). Several studies support the role of alcohol in pathogenesis of 

oesophageal cancer (Crabb et al. 2004; Lewis and Smith, 2005) whereas studies in vitro and in vivo 

have shown that acetaldehyde, a metabolite of ethanol oxidation, has direct mutagenic and 

carcinogenic effects (Salaspuro, 2009; Seitz et al., 2004). Acetaldehyde interferes with DNA forming 

stable adducts that can cause replication errors in oncogenes or tumor suppressor genes and 

consequently carcinogenesis (Homann, 2001). After formation in the liver, acetaldehyde can 

circulate in the blood and reach the oesophagus, or can also be formed locally by oral bacteria 

(Homann et al., 1997). A previous study did not find any effect of NATs as modifiers of the 

interaction between alcohol consumption and oesophageal cancer risk (Jain et al., 2007) whereas 

others reported a direct role of NATs in metabolism of alcohol-derived carcinogens (Chen et al., 

2001b). The results from the present study suggest that N-acetyltransferases play a role in 

metabolism of alcohol-derived carcinogens in Mixed Ancestry South Africans because carriers of 

slow acetylators resulted to be more susceptible to the alcohol-related OSCC risk, probably due to 

their low ability to remove acetaldehyde. In addition to the action of acetaldehyde and the effects of 
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alcohol previously mentioned, other mechanisms linked to ethanol metabolism may be involved in 

oesophageal carcinogenesis, such as induction of cytochrome CYP2E1, leading to generation of 

reactive oxygen species (ROS) and enhanced activation of procarcinogens, and alteration of retinal 

and retinoic acid (RA) metabolism, which leads to reduction of RA, an important factor for cell 

differentiation, maturation and regeneration (Badger et al., 1993; Seitz, 2000). 

 

3.3.6  Linkage disequilibrium and haplotype analysis 

 

The complete linkage disequilibrium (LD) observed between the 341C (rs1801280, NAT2*5) and 

590A (rs1799930, NAT2*6) variants in both the Black and Mixed Ancestry populations has also been 

reported in other ethnic groups (Jain et al., 2007; Malik et al., 2009; Talbot et al., 2010). The lack of 

LD between NAT1 and NAT2 SNPs in both ethnic groups indicates that NAT1 and NAT2 genes are 

inherited independently to each other and therefore the association of both NATs with OSCC risk 

observed in the present study is not a consequence of the linkage disequilibrium between these two 

loci. Haplotype analysis confirmed the weak protective effect of the NAT2*5 allele on OSCC in the 

Mixed Ancestry population. We also found that the rapid acetylator NAT1*10 allele in combination 

with the slow acetylator NAT2*5 allele conferred a borderline reduced risk of developing OSCC in the 

Mixed Ancestry compared to the wild-type allele combination (NAT1*4−NAT2*4). No significant 

differences in haplotype frequencies were observed between Black and Mixed Ancestry healthy 

individuals. 

The genetic structure of NAT2 in Africans is different from that in any other ethnic group as it shows 

the highest level of intra-ethnic diversity among African populations, the largest number of 

haplotypes, and the lowest level of LD among SNPs. These features of genetic diversity at the NAT2 

locus are generally consistent with the “Out-of-Africa” model which hypothesizes that all modern 

populations emerged from a common ancestral population in Africa (Sabbagh et al., 2011). 

 

3.3.7  Strengths and limitations of the study 

 

The present study has several strengths. It has a multiethnic population-based design, which means 

that we analyzed different ethnic groups separately; a larger sample size than in previous studies 

investigating the role of NATs on susceptibility to OSCC to provide greater statistical power for 

detecting main gene-environment effects on cancer risk; an exhaustive information about potential 

environmental risk factors, which rendered possible gene-environment interaction analysis and the 

adjustment for potential confounding variables in statistical analysis. This study has also several 
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limitations. The power of the study was poor for analysis of gene-environment interactions in the 

Mixed Ancestry group. In addition, we only considered the effect of two metabolic enzymes (NAT2 

and NAT1) and since additional enzymes are involved in the bioactivation and detoxification of HCAs 

(i.e. CYP1A2 and GSTs), genetic polymorphisms of these genes may also play a role in modifying the 

effect of tobacco smoking, alcohol consumption, and red meat intake on susceptibility to OSCC. 

Therefore, we may have increased misclassification of the polymorphisms that we investigated as a 

consequence of not assessing other potential genetic polymorphisms. In light of the observed 

weaknesses of the study, caution must be taken when drawing interpretations of the results. 

 

3.3.8  NAT genotype-phenotype correlation challenges 

 

Studies examining the relation between NAT1 and NAT2 acetylator phenotypes and cancer risk rely 

solely on the determination of genotype, with the assumption that phenotype is accurately deduced 

from genotype. Although most studies generally show good concordance between NAT genotype 

and phenotype, particularly for NAT2, full concordance is uncommon and there is still large inter-

individual variation in acetylation activity among individuals with the same genotype. This suggests 

that environmental factors may contribute to the overall acetylator phenotype in vivo through 

transcriptional, translational, and post-translational regulation. Another reason may be the 

occurrence of inter-ethnic and intra-ethnic variability in both the frequencies of SNPs and the linkage 

disequilibrium among SNPs (Butcher et al., 2008; García-Martín, 2008). Like the coding sequence, 

the promoter sequence of NAT2 appears to be highly polymorphic, with at least 17 SNPs detected in 

the Indonesian population. However, the functional significance of these variations has not yet been 

determined (Yuliwulandari et al., 2008). Thus, the presence of other NAT2 non-coding genetic 

variants, as well as epigenetic influences, and post-transcriptional regulation by dietary- and 

tobacco-related compounds might be responsible for the lack of complete concordance between 

deduced and observed acetylator phenotype (Rodrigues-Lima et al., 2008). As NAT1*10 is not 

located in the coding region, it seem to affect NAT1 activity by regulating transcription, mRNA 

processing, or translation. 3’-UTR reporter gene assays indicate that NAT1*10 increases protein 

translation efficiency, resulting in significantly higher protein expression and enzyme activity (Wang 

et al., 2011). Indeed, NAT1*10 allele was reported to be associated with both higher N-acetylation 

activity and DNA adduct formation in human bladder and colon tissues (Badawi et al., 2005; Bell et 

al., 1995b) and cancerous tissues (Lilla et al., 2006; Jiao et al., 2007). Nevertheless, there is still 

uncertainty about the genotype-phenotype correlation with regard to NAT1*10 allele, which may be 

partly due to previous misclassification of the recently described NAT1*14 allele, having a 560G>A 
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base substitution in combination with the two 1088T>A and 1095C>A substitutions present in the 

NAT1*10 allele. This allele produces a defective NAT1 protein, as shown in studies in vitro and in 

vivo, and several published methods to detect NAT1*10 do not distinguish it from NAT1*14 (Grant et 

al., 1997). However, the NAT1*14 allele was not detected in Black South Africans and very low 

frequencies (<1%) were observed in UK Caucasians (Loktionov et al., 2002). Previous studies suggest 

that NAT1*3, which contains the 1095C>A variant in the 3’-UTR, is not functionally equivalent to the 

NAT1*4 reference allele. This finding has major effects in studies investigating the association 

between NAT1 alleles and disease risk because the NAT1*3 allele is commonly grouped with NAT1*4 

and considered as reference allele (Zhu et al., 2011). Therefore, NAT1*3 was genotyped and 

investigated separately in the present study. New polymorphisms in the NAT1 gene are frequently 

reported for Caucasians but information available for African populations is still limited and 

unknown alleles could be present among Black and Mixed Ancestry South Africans (Hein et al., 

2000). It is therefore impossible to exclude that there might be yet unidentified alleles misclassified 

as NAT1*10 or as NAT1*4 in our study sample. Nevertheless, the low frequencies of these possible 

alleles in Africans (<1%) indicate that it would be highly unlikely to have more than one or two 

individuals bearing such alleles in our population study (Loktionov et al., 2002). 

Several studies reported that the acetylation activity among different NAT alleles is not 

homogeneous (Hein et al., 2000; Taja-Chayeb et al., 2011) and that there is considerable overlap 

within rapid, intermediate, and slow acetylators. The heterogeneity in acetylation activity depends 

upon the combination of various SNPs that infer different alleles with higher or lower activity within 

an acetylation category. Therefore, intermediate acetylators should not be preventively merged with 

slow or rapid acetylators in association analysis because we don’t know with certainty whether the 

acetylation activity of an intermediate acetylator is closer to that of rapid acetylators or that of slow 

acetylators. In the present study, the acetylator phenotype did not modify the association between 

environmental risk factors and OSCC risk when rapid NAT2 acetylators were merged with 

intermediate acetylators and compared to slow acetylators, and when individuals with one or two 

NAT1*10 allele(s) were compared to those with no NAT1*10 alleles. The combination of 

intermediate NAT2 acetylators with slow NAT2 acetylators adopted in this study is supported by a 

previous study reporting an association between the slow/intermediate NAT2 acetylator status with 

OSCC compared to rapid NAT2 acetylators (Morita et al., 1998). 
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3.3.9  Conclusions 

 

We provide further evidence of tobacco smoking and alcohol consumption as independent risk 

factors for OSCC in South African populations and we suggest a role of red meat consumption on 

susceptibility to OSCC among Mixed Ancestry samples used in this study. NAT1 and NAT2 

polymorphisms were not independently associated with altered risk of OSCC in South Africans; 

however, significant associations were observed under exposure to environmental risk factors, 

which suggests that N-acetyltransferases play a key role in detoxification of carcinogens involved in 

the etiology of OSCC. 
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CHAPTER 4  POPULATION-SPECIFIC GENETIC ASSOCIATIONS WITH OSCC 

 

 

4.1  INTRODUCTION 

 

Genome-wide association studies conducted in recent years in Asian and Caucasian populations 

have unveiled multiple polymorphic variants in several susceptibility loci associated with increased 

risk of OSCC. A recent GWAS conducted in the Han Chinese has found novel OSCC-associated 

variants at 2q33.1, which span a genomic region containing CASP8, ALS2CR12, and TRAK2 genes, and 

has also suggested associations with SNPs at the major histocompatibility complex (MHC)  (Sun et 

al., unpublished). In the present study, we aimed to determine whether these risk variants are 

associated with OSCC in Black and Mixed Ancestry South Africans. We therefore carried out case-

control association analysis on a total of 1,500 samples collected from 943 Black Xhosa subjects (463 

OSCC patients and 480 controls) and 557 Mixed Ancestry subjects (269 OSCC patients and 288 

controls). We also carried out gene-environment interaction analysis to investigate the effect of 

these polymorphic variants on OSCC susceptibility under exposure to tobacco smoke and alcohol. To 

gain further insight into the genetic structure at 2q33.1, we performed linkage disequilibrium and 

haplotype analysis in both South African populations and compared the results with those from the 

Chinese study. 

 

 

4.2  RESULTS 

 

4.2.1  Case-control association analysis 

 

Nine SNPs − five at 2q33.1 and four at the MHC − were genotyped in our population study by allele 

discrimination assay, using a specific set of primers and TaqMan probes able to discriminate among 

homozygous wild-type, heterozygous, and homozygous variant genotypes for each SNP. The 

multiple polymorphisms had high rate of successful genotyping (≥96%) in both ethnic groups, except 

for rs10931936 that had a 93.6% genotyping rate in the Mixed Ancestry group. Genotype 

frequencies in the control groups were in Hardy-Weinberg equilibrium (P >0.05) for all the 

investigated SNPs (Table 4.5). 

The allele distribution of each SNP was determined and tested for association with OSCC. The results 

are summarized in Table 4.1. Among the five variants at 2q33.1, three were significantly associated 
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with higher OSCC risk in the Mixed Ancestry population: rs10931936 (OR = 1.39; 95% CI 1.02-1.90; P 

= 3.52×10-2), rs7578456 (OR = 1.61; 95% CI 1.25-2.09; P = 2.59×10-4), and rs2244438 (OR = 1.56; 95% 

CI 1.17-2.09, P = 2.30×10-3). The Bonferroni correction was used to test the significance of 

association for multiple testing of the nine SNPs and the two population groups investigated, 

establishing the cut-off for significance at 0.05/(9*2) = P <0.0028. Two out of the three associated 

variants, rs7578456 and rs2244438, were below the Bonferroni-corrected P-value whereas the 

association with rs10931936 did not survive the correction. In the Black population, there was no 

evidence of association for any of the polymorphisms tested whereas none of the SNPs at the MHC 

region conferred a significantly altered risk for OSCC in either population group.  

We then determined the genotype distribution in patients and controls and evaluated the effect of 

risk genotypes on susceptibility to OSCC by measuring ORs adjusted for confounding variables 

(AORs) for the three variants at 2q33.1 associated with altered OSCC risk in the Mixed Ancestry 

population, as shown in Table 4.2. For rs10931936, no increased risk was observed for either of the 

heterozygous (CT) or homozygous risk (TT) genotype compared to the wild-type (CC) genotype. For 

rs7578456 and rs2244438, only the homozygous risk (AA) genotypes were associated with increased 

risk of OSCC compared to the respective wild-type (GG) genotypes (AORrs7578456= 3.89; 95% CI 1.67-

9.05; P = 0.002; AORrs2244438 = 7.31; 95% CI 1.76-30.41; P = 0.006) whereas no risk was observed for 

both heterozygous groups. 

There were no substantial inter-ethnic differences in allele frequency of the investigated SNPs 

between the Black and Mixed Ancestry control groups. The “T” allele was the minor allele for 

rs10931936, rs17533090, rs911178, and rs1536501 whereas the “A” allele was the minor allele for 

rs3769823, rs13016963, rs7578456, rs2244438, and rs3763338 in both population groups. The 

rs10931936 variant (C>T) was found at comparable frequency in Black and Mixed Ancestry healthy 

individuals (20% and 18%, respectively) whereas rs7578456 (G>A) and rs2244438 (G>A) were slightly 

higher in the Mixed Ancestry population (41% and 28%, respectively) than in the Black population 

(32% and 20%, respectively). However, the frequency of homozygous genotypes for either 

rs10931936 or rs2244438 was <5% in the Mixed Ancestry group. Significant frequencies (MAF ≥0.29) 

were also observed for the other two investigated SNPs at 2q33.1 − rs3769823 and rs13016963 − 

whereas lower frequencies (MAF = 0.10−0.26) were detected for SNPs at the MHC region in both 

Black and Mixed Ancestry individuals. 

The association tests had good power to detect the odds ratios reported for all SNPs at 2q33.1 in 

both population groups. Power to detect the associations with rs10931936, rs7578456, and 

rs2244438 was 90%, 74%, 94% in the Black group and 82%, 88%, 85% in the Mixed Ancestry group,  
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Table 4.1  Association evidence of five SNPs at 2q33.1 and four SNPs at the MHC in Black and Mixed Ancestry South Africans 

 
 

     
Black 

 
Mixed Ancestry 

     
463 cases, 480 controls 

 
269 cases, 288 controls 

     
MAF a   

 
MAF a   

rs number SNP chr c locus allele controls cases OR (95% CI) P-value b 
 

controls cases OR (95% CI) P-value b 

 
rs3769823 G>A 2q33.1 CASP8 A 0.35 0.35 0.98 (0.80-1.20) 0.841 

 
0.33 0.38 1.26 (0.97-1.63) 0.076 

              rs10931936 C>T 2q33.1 CASP8 T 0.20 0.18 0.89 (0.70-1.13) 0.354 
 

0.18 0.23 1.39 (1.02-1.90) 0.0352 

              rs13016963 G>A 2q33.1 ALS2CR12 A 0.34 0.33 0.96 (0.79-1.17) 0.680 
 

0.29 0.33 1.18 (0.91-1.54) 0.209 

              rs7578456 G>A 2q33.1 TRAK2 A 0.41 0.42 1.04 (0.85-1.26) 0.718 
 

0.32 0.43 1.58 (1.22-2.05) 2.59E-04 

              rs2244438 G>A 2q33.1 TRAK2 A 0.28 0.27 0.97 (0.78-1.20) 0.777 
 

0.20 0.28 1.55 (1.16-2.07) 2.30E-03 

              rs17533090 G>T 6p21.3 MHC T 0.14 0.14 0.97 (0.73-1.28) 0.841 
 

0.13 0.15 1.14 (0.80-1.64) 0.462 

              rs911178 C>T 6p21.3 MHC T 0.18 0.17 0.99 (0.77-1.27) 0.920 
 

0.10 0.12 1.14 (0.77-1.69) 0.502 

              rs1536501 C>T 6p21.3 MHC T 0.24 0.26 1.14 (0.92-1.42) 0.233 
 

0.15 0.16 1.10 (0.78-1.55) 0.566 

              rs3763338 G>A 6p21.3 MHC A 0.26 0.24 0.87 (0.69-1.08) 0.212 
 

0.20 0.18 0.89 (0.64-1.22) 0.462 

              a minor allele frequency 
b two tailed P-values from Pearson’s chi-squared (2) test 
c chr = chromosome position
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Table 4.2  Genotype distribution of the three SNPs at 2q33.1 associated with OSCC in Mixed Ancestry South Africans 

 
 
Mixed Ancestry 
         

rs number genotype controls (%) cases (%) OR (95% CI) a P-value AOR (95% CI) b P-value 

rs10931936 CC 183 (67) 128 (59) Ref 
 

Ref 
 

 
CT 81 (30) 74 (34) 1.31 (0.89-1.92) 0.177 1.63 (0.88-2.99) 0.117 

 
TT 9 (3) 14 (6) 2.22 (0.93-5.29) 0.071 2.48 (0.69-8.95) 0.164 

rs7578456 GG 131 (47) 73 (32) Ref 
 

Ref 
 

 
GA 114 (41) 109 (48) 1.71 (1.16-2.53) 0.006 0.99 (0.53-1.84) 0.973 

 
AA 32 (12) 43 (19) 2.41 (1.41-4.14) 0.001 3.89 (1.67-9.05) 0.002 

rs2244438 GG 177 (62) 122 (52) Ref 
 

Ref 
 

 
GA 102 (36) 97 (41) 1.38 (0.96-1.98) 0.081 1.43 (0.81-2.54) 0.214 

  AA 5 (2) 17 (7) 4.93 (1.77-13.72) 0.002 7.31 (1.76-30.41) 0.006 
 

a Crude odds ratio 
b Odds ratio adjusted for age, gender, tobacco smoking and alcohol consumption habits
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respectively. Conversely, the low frequency of the four SNPs at the MHC region did not provide 

sufficient power to detect the associations reported in the Chinese study (Sun et al., unpublished).  

 

4.2.2  Gene-environment interaction analysis 

 

Gene-environment interactions between the nine investigated SNPs and tobacco smoking or alcohol 

consumption habits with regard to OSCC risk was tested in case-control analysis, stratifying the allele 

distribution of each variant for tobacco smoking and alcohol intake status (Table 4.3). Because of the 

low number of never smokers in the Mixed Ancestry group, the association analysis related to 

smoking status was carried out only in smokers. Although the number of non-alcohol drinkers was 

also low, the sample size was sufficiently high for association analysis. In case of suggestive 

association, the gene-environment interaction was also evaluated by stratifying the genotype 

distribution and testing for association of the risk genotypes with OSCC by calculating the adjusted 

OR (AOR), as shown in Table 4.4.  

In the Black population, the rs3763338 risk allele (A) was associated with reduced risk among 

smokers (OR = 0.66; 95% CI 0.49-0.90; P = 0.007) whereas no association was observed among never 

smokers (P = 0.303). However, when we evaluated the association with risk genotypes, the AG and 

AA genotypes did not confer a reduced risk compared to the GG genotype (P = 0.08 for AG carriers 

and 0.395 for AA carriers) (Table 4.4). No association with any other SNP was observed in the Black 

population in either smoking- or alcohol intake-stratified analysis. In the Mixed Ancestry population, 

the rs7578456 risk allele (A) was significantly associated with higher risk among smokers (OR = 1.47; 

95% CI 1.11-1.94; P = 0.006); however, only the association with the AA genotype was significant 

after adjusting for confounding variables (AOR = 3.72; 95% CI 1.52-9.10; P = 0.004) (Table 4.4). 

Similarly, the rs2244438 risk allele (A) was associated with increased risk among smokers (OR = 1.52; 

95% CI 1.12-2.07; P = 0.007) but in this case a higher risk was also observed among AA homozygotes 

(AOR = 5.98; 95% CI 1.42-25.25; P = 0.015). The rs10931936 risk variant (T) only showed a borderline 

association among smokers (OR = 1.36; 95% CI 0.98-1.89; P = 0.067) and no association was 

observed for the risk genotypes (P = 0.91 for CT carriers and 0.308 for TT carriers compared to wild-

type homozygotes). Unfortunately, we were not able to determine whether the risk was also 

increased among never smokers due to the low sample size of this subgroup.  

When the SNPs were tested for interaction with alcohol consumption in the Black population, no 

association with OSCC risk was observed in both alcohol drinkers and non-drinkers. In the Mixed  
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Table 4.3  Tobacco smoking and alcohol consumption stratified analysis and association with OSCC in Black and Mixed Ancestry South Africans 

 

 

Black 
              

 

Smokers 
 

Never smokers 
 

Drinkers 
 

Non-drinkers 

 

MAF a 

   

MAF a 

   

MAF a 

   

MAF a 

  
rs number control/case OR (95% CI) P-value 

 
control/case OR (95% CI) P-value 

 
control/case OR (95% CI) P-value 

 
control/case OR (95% CI) P-value 

rs3769823 0.37/0.35 0.93 (0.71-1.23) 0.624 
 

0.34/0.34 1.01 (0.75-1.37) 0.920 
 

0.35/0.34 0.92 (0.71-1.19) 0.532 
 

0.35/0.37 1.11 (0.80-1.52) 0.532 

rs10931936 0.20/0.18 0.89 (0.64-1.25) 0.527 
 

0.21/0.19 0.90 (0.63-1.29) 0.578 
 

0.20/0.18 0.91 (0.67-1.25) 0.566 
 

0.21/0.19 0.85 (0.59-1.25) 0.417 

rs13016963 0.33/0.31 0.94 (0.71-1.24) 0.647 
 

0.36/0.36 1.02 (0.76-1.36) 0.920 
 

0.35/0.32 0.91 (0.70-1.18) 0.484 
 

0.34/0.34 1.02 (0.74-1.39) 0.920 

rs7578456 0.43/0.41 0.94 (0.72-1.23) 0.639 
 

0.41/0.44 1.15 (0.86-1.54) 0.335 
 

0.42/0.40 0.91 (0.70-1.17) 0.462 
 

0.41/0.43 1.07 (0.78-1.45) 0.680 

rs2244438 0.28/0.26 0.87 (0.65-1.17) 0.359 
 

0.27/0.29 1.11 (0.81-1.52) 0.517 
 

0.27/0.25 0.94 (0.71-1.24) 0.663 
 

0.29/0.29 1.01 (0.72-1.39) 1.000 

rs17533090 0.13/0.15 1.15 (0.79-1.69) 0.467 
 

0.15/0.12 0.78 (0.51-1.19) 0.258 
 

0.15/0.15 0.97 (0.68-1.37) 0.841 
 

0.12/0.12 0.98 (0.61-1.58) 1.000 

rs911178 0.19/0.18 0.96 (0.69-1.34) 0.823 
 

0.16/0.16 0.96 (0.65-1.42) 0.862 
 

0.17/0.18 1.05 (0.76-1.44) 0.752 
 

0.18/0.16 0.90 (0.60-1.35) 0.624 

rs1536501 0.25/0.26 1.06 (0.78-1.43) 0.708 
 

0.23/0.27 1.24 (0.89-1.72) 0.192 
 

0.24/0.27 1.12 (0.85-1.49) 0.424 
 

0.22/0.25 1.20 (0.84-1.70) 0.317 

rs3763338 0.30/0.22 0.66 (0.49-0.89) 0.007 
 

0.24/0.27 1.19 (0.86-1.6) 0.303 
 

0.26/0.22 0.81 (0.61-1.08) 0.154 
 

0.27/0.27 0.99 (0.71-1.39) 1.000 

                
  Mixed Ancestry 

             

 

Smokers 
 

Never smokers 
 

Drinkers 
 

Non-drinkers 

 

MAF a 

   

N samples b 

   

MAF a 

   

MAF a 

  
rs number control/case OR (95% CI) P-value 

 
Control/case OR (95% CI) P-value 

 
control/case OR (95% CI) P-value 

 
control/case OR (95% CI) P-value 

rs3769823 0.33/0.38 1.23 (0.93-1.63) 0.142 
 

39/11 − − 
 

0.32/0.38 1.26 (0.92-1.73) 0.142 
 

0.34/0.41 1.38 (0.84-2.27) 0.203 

rs10931936 0.19/0.24 1.36 (0.98-1.89) 0.067 
 

17/1 − − 
 

0.19/0.23 1.28 (0.87-1.87) 0.206 
 

0.17/0.26 1.68 (0.93-3.05) 0.083 

rs13016963 0.30/0.34 1.18 (0.89-1.56) 0.251 
 

31/3 − − 
 

0.31/0.33 1.06 (0.78-1.45) 0.740 
 

0.26/0.34 1.46 (0.86-2.46) 0.159 

rs7578456 0.34/0.44 1.47 (1.11-1.94) 0.006 
 

31/7 − − 
 

0.31/0.42 1.61 (1.18-2.20) 0.003 
 

0.34/0.44 1.55 (0.94-2.55) 0.085 

rs2244438 0.21/0.28 1.52 (1.12-2.07) 0.007 
 

137/25 − − 
 

0.19/0.26 1.45 (1.02-2.07) 0.037 
 

0.20/0.34 2.06 (1.19-3.53) 0.008 

rs17533090 0.14/0.14 0.99 (0.68-1.46) 1 
 

12/7 − − 
 

0.14/0.15 1.09 (0.72-1.68) 0.671 
 

0.12/0.15 1.29 (0.63-2.64) 0.488 

rs911178 0.09/0.12 1.34 (0.87-2.05) 0.181 
 

17/0 − − 
 

0.12/0.11 0.94 (0.59-1.48) 0.791 
 

0.08/0.13 1.73 (0.79-3.77) 0.160 

rs1536501 0.15/0.16 1.08 (0.75-1.57) 0.663 
 

18/4 − − 
 

0.15/0.14 0.92 (0.60-1.40) 0.708 
 

0.15/0.24 1.87 (1.02-3.43) 0.041 

rs3763338 0.18/0.18 1.02 (0.72-1.45) 0.887 
 

32/4 − − 
 

0.22/0.17 0.74 (0.51-1.08) 0.119 
 

0.16/0.20 1.31 (0.70-2.43) 0.393 
a minor allele frequency;  b sample size was too low to carry out association analysis
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Table 4.4  Genotype distribution of SNPs stratified for tobacco smoking and alcohol consumption status and 
association with OSCC−only the significant associations in Table 4.3 have been investigated 
 
 

   
Smokers 

ethnic group rs number genotype controls (%) cases (%) AOR (95% CI) a P-value 

Black rs3763338 GG 116 (55) 146 (60) Ref 
 

  
GA 81 (39) 82 (34) 0.62 (0.37-1.06) 0.08 

  
 

AA 12 (6) 16 (6) 0.64 (0.22-1.08) 0.395 

Mixed Ancestry rs10931936 CC 135 (64) 121 (59) Ref 
 

  
CT 70 (33) 69 (34) 1.75 (0.91-3.37) 0.91 

  
TT 7 (3) 14 (7) 2.05 (0.51-8.10) 0.308 

 
rs7578456 GG 96 (44) 67 (32) Ref 

 

  
GA 94 (43) 102 (49) 1.02 (0.52-1.98) 0.957 

  
AA 26 (12) 40 (19) 3.72 (1.52-9.10) 0.004 

 
rs2244438 GG 135 (61) 116 (52) Ref 

 

  
GA 82 (37) 88 (40) 1.40 (0.76-2.57) 0.282 

  
 

AA 5 (2) 17 (8) 5.98 (1.42-25.2) 0.015 

    

 
 

  

   
Drinkers 

ethnic group rs number genotype controls cases AOR (95% CI) a P-value 

Mixed Ancestry rs7578456 GG 76 (46) 60 (33) Ref 
 

  
GA 71 (43) 84 (47) 0.88 (0.42-1.87) 0.749 

  
AA 18 (11) 35 (19) 6.03 (2.03-17.9) 0.001 

 
rs2244438 GG 110 (64) 101 (54) Ref 

 

  
GA 57 (33) 68 (36) 1.63 (0.80-3.34) 0.177 

  
AA 4 (2) 17 (9) 9.93 (2.05-48.0) 0.004 

 
rs1536501 CC 127 (74) 135 (74) Ref 

 

  
CT 39 (23) 39 (21) 0.71 (0.32-1.58) 0.396 

  
 

TT 5 (3) 7 (4) 0.30 (0.05-1.74) 0.178 

    

 
 

  

   
Non drinkers 

ethnic group rs number genotype controls cases AOR (95% CI) a P-value 

Mixed Ancestry rs7578456 GG 55 (49) 12 (27) Ref 
 

  
GA 42 (38) 25 (56) 1.32 (0.42-4.10) 0.633 

  
AA 14 (13) 8 (18) 1.75 (0.40-7.64) 0.454 

 
rs2244438 GG 67 (60) 20 (41) Ref 

 

  
GA 44 (39) 29 (59) 1.11 (0.41-2.98) 0.841 

  
AA 1 (1) 0 (0) − 

 

 
rs1536501 CC 77 (69) 30 (62) Ref 

 

  
CT 34 (31) 15 (31) 1.13 (0.38-3.37) 1.13 

  
 

TT 0 (0) 3 (6) − 
 a Odds ratio adjusted for age, gender, smoking and alcohol consumption status; AOR was not calculated when 

samples were too low or absent for either controls or cases 
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Ancestry population, the rs7578456 risk variant (A) was associated with increased risk among alcohol 

drinkers (OR = 1.61; 95% CI 1.18-2.20; P = 0.003) but not among non-drinkers (P = 0.085); the 

association was also significant among homozygotes for the risk genotype (AA) compared to the 

wild-type genotype (AOR = 6.03; 95% CI 2.03-17.93; P = 0.001). The risk allele (A) of rs2244438 was 

associated with higher risk of OSCC in both alcohol drinkers (OR = 1.45; 95% CI 1.02-2.07; P = 0.037) 

and non-drinkers (OR = 2.06; 95% CI 1.19-3.53; P = 0.008) (Table 4.3). Interestingly, the association 

was stronger among non-alcohol drinkers (P = 0.008) than among drinkers (P = 0.037), with a 

consequent increase in OSCC risk (ORnon-drinkers = 2.06; ORdrinkers = 1.45). When we tested the 

association with risk genotypes, the association among alcohol drinkers with the AA genotype was 

still significant (AOR = 9.93; 95% CI 2.05-48.04; P = 0.004) whereas the risk among non-alcohol 

drinkers carrying the same genotype could not be evaluated due to the low sample size; however, 

no increased risk was observed for carriers of the heterozygous genotype in both alcohol drinkers 

and non-drinkers (P = 0.177 for drinkers and 0.841 for non-drinkers) (Table 4.4). 

 

4.2.3  Linkage disequilibrium analysis 

 

The five SNPs at 2q33.1 span a genomic region of 100 kb on chromosome 2. We carried out linkage 

disequilibrium analysis to investigate whether the association of three of these SNPs with OSCC 

observed in the present study is due to the fact that these variants are inherited together. Figure 4.1 

shows LD plots for Black and Mixed Ancestry South Africans while Table 4.5 indicates information 

about SNPs and linkage disequilbrium variables (DI and r2) between alleles. In the Black population, 

rs10931936 was in high linkage disequilibrium with both rs3769823 (D’ = 0.98) and rs13016963 (D’ = 

0.98); however, only a low level of LD was observed between rs3769823 and rs13016963 (D’ = 0.63). 

Strong linkage disequilibrium was also observed between rs10931936 and rs2244438 (D’ = 0.98). 

Similarly for the Mixed Ancestry group, rs10931936 was in high LD with both rs3769823 (D’ = 0.96) 

and rs13016963 (D’ = 0.99) whereas the latter two SNPs were in weak LD with each other (D’ = 0.63). 

However, unlike the Black population, only a moderate LD was observed between rs10931936 and 

rs2244438 (D’ = 0.70). Among the three SNPs that resulted to be associated with OSCC in the Mixed 

Ancestry population, significant linkage disequilibrium was observed between rs10931936 and 

rs7578456 (D’ = 0.89) and between rs7578456 and rs2244438 (D’ = 0.85) but only a moderate LD 

was observed between rs10931936 and rs2244438 (D’ = 0.70). 
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                                      Black                                                                  Mixed Ancestry       

           
 
Figure 4.1  Linkage disequilibrium structure for the five SNPs at 2q33.1 in Black and Mixed 
Ancestry South Africans. Each plot shows r2 and D’ values for pairwise LD between variants at 2q33.1. 

Colour intensity of squares (white to red) indicates the strength of LD (low to high) by D’ values while numbers 

within squares refer to r2 values for pairwise SNPs. D’ and r2 refer to different statistical methods to 
measure linkage disequilibrium between alleles; r2 is preferred to predict one allele given the other 
whereas D’ is mainly used to assess recombination patterns such as haplotype blocks. Linkage 

disequilibrium analysis were carried out in control groups by using Haploview (Barrett et al., 2005). 
 

 

4.2.4  Haplotype analysis 

 

We determined the haplotype structure for both 2q33.1 and MHC region in our population study 

and compared the haplotype distribution between cases and controls to test for association with 

OSCC. Only haplotypes with frequency ≥5% were considered in the analysis and the haplotypes 

inferred in both population groups are shown in Table 4.6 for 2q33.1, and Table 4.7 for the MHC. 

For the 2q33.1 locus, seven and five different haplotypes with frequency >5% were found in the 

Black and Mixed Ancestry populations, respectively. Haplotype 1 (GCGGG, wild-type) was the most 

frequent haplotype in both Black (45%) and Mixed Ancestry healthy individuals (50%), followed by 

haplotype 2 (ATAAA, 17% in Blacks and 14% in Mixed Ancestry individuals). All other haplotypes 

shown in the table were found at frequencies <10% in both ethnic groups. No significant differences 

in haplotype distribution were observed between Black and Mixed Ancestry healthy individuals. In 

the Black population, there was no significant difference in the haplotype distribution between cases 

http://analysis2.bio-x.cn/tmpfile/137.158.153.203_2012_10_8_15_34_8_517_D.gif
http://analysis2.bio-x.cn/tmpfile/137.158.153.203_2012_10_8_13_43_49_6418_D.gif
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Table 4.5  Linkage disequilibrium analysis for SNPs at 22q3.1 in Black and Mixed Ancestry South Africans 

 
 

Black 
 

      
pairwise linkage equilibrium coefficient (D', r2) 

 
rs number alleles MAF a P-value (HWE) c % genotyped 

 
1 2 3 4 5 

       

rs3769823 rs10931936 rs13016963 rs7578456 rs2244438 

1 rs3769823 G:A 0.35 0.923 96.3 
 

‒ 0.98 0.63 0.80 0.51 

2 rs10931936 C:T 0.20 0.797 96.7 
 

0.43 ‒ 0.98 0.80 0.96 

3 rs13016963 G:A 0.34 0.819 99.4 
 

0.39 0.45 ‒ 0.47 0.53 

4 rs7578456 G:A 0.41 0.177 96.7 
 

0.47 0.21 0.16 ‒ 0.72 

5 rs2244438 G:A 0.28 0.280 97.7 
 

0.18 0.60 0.20 0.27 ‒ 

          

            

            Mixed Ancestry 
 

     
pairwise linkage equilibrium coefficient (D', r2) 

 
rs number alleles MAF a P-value (HWE) c % genotyped 

 
1 2 3 4 5 

       

rs3769823 rs10931936 rs13016963 rs7578456 rs2244438 

1 rs3769823 G:A 0.33 0.991 97.5 
 

‒ 0.96 0.63 0.66 0.55 

2 rs10931936 C:T 0.18 0.627 93.6 
 

0.44 ‒ 0.99 0.89 0.7 

3 rs13016963 G:A 0.29 0.600 98.8 
 

0.33 0.57 ‒ 0.59 0.57 

4 rs7578456 G:A 0.32 0.287 96.9 
 

0.41 0.35 0.27 ‒ 0.85 

5 rs2244438 G:A 0.20 0.125 98.8 
 

0.17 0.44 0.22 0.37 ‒ 
 

a  Minor allele frequency for each SNP in control individuals 
b D' above diagonal; r2 below diagonal 
c  P-value for Hardy Weinberg Equilibrium 
 
D’ and r2 refer to different statistical methods to measure linkage disequilibrium between alleles; r2 is preferred to predict one allele given the other whereas D’ is mainly 
used to assess recombination patterns such as haplotype blocks.
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and controls. In the Mixed Ancestry population, significant associations were observed for haplotype 

2 (ATAAA) and haplotype 5 (ACGGG), although in opposite directions; individuals carrying the ATAAA 

haplotype were at increased risk of OSCC (OR = 1.54; 95% CI 1.06-2.25; P = 0.026) whereas those 

carrying the ACGGG haplotype were protected from OSCC (OR = 0.44; 95% CI 0.23-0.87; P = 0.003), 

compared to carriers of the wild-type GCGGG haplotype (Ref). Frequencies of all other haplotypes 

were comparable between patients and controls.  

Haplotype analysis for SNPs at the MHC region found six and five different haplotypes in Black and 

Mixed Ancestry individuals, respectively, but no evidence of association was observed for any MHC 

haplotype in either ethnic group. Similarly to 2q33.1, there was no significant difference in the 

haplotype distribution between Black and Mixed Ancestry healthy individuals except for haplotype 

CGGC, which was found at higher frequency in the Mixed Ancestry group (53%), compared to Blacks 

(38%). 

 

 

4.3  DISCUSSION 

 

A genome-wide association study for OSCC with two replication studies and based on a total of 

10,248 cases and 10,932 controls has recently been conducted in the Chinese Han population. The 

combined analysis discovered novel significant associations (P <0.0001) with five SNPs at 2q33.1 and 

suggested moderate associations (P <0.05) with four SNPs at the major histocompatibility complex 

(MHC) at 6p21.3 (Sun et al., unpublished). The frequency of these SNPs was then investigated in 

African HapMap populations and we noticed that they are common polymorphisms in Nigerian 

(Yoruba) and Kenyan (Masai and Kinyawa) ethnic groups, with minor allele frequencies (MAF) 

reported as >10% for each SNP. Although no previous studies have investigated the frequency of 

these SNPs in South African populations, HapMap data from other African populations suggest that 

these genetic variants are very likely to be common in South Africans. We therefore genotyped 

these risk polymorphisms in our Black and Mixed Ancestry study groups and determined whether 

they are associated with altered susceptibility to OSCC in South Africans. 

 

4.3.1  Population-specific genetic associations 

 

None of the investigated SNPs at the MHC region was associated with OSCC susceptibility in South 

Africans but we found that three of the SNPs at 2q33.1 − rs10931936 (C>T), rs7578456 (G>A), and 
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Table 4.6  Haplotype analysis for the five SNPs at 2q33.1 in Black and Mixed Ancestry South Africans 
 

 
Black 

 
Mixed Ancestry 

 
haplotype (≥5%) a cases (%) controls (%) OR (95% CI) P-value 

 
haplotype (≥5%) a cases (%) controls (%) OR (95% CI) P-value 

            1 G C G G G 292 (42) 377 (45) Ref 
 

1 G C G G G 180 (46) 259 (50) Ref 
 2 A T A A A 114 (16) 140 (17) 1.05 (0.79-1.41) 0.740 2 A T A A A 75 (19) 70 (14) 1.54 (1.06-2.25) 0.024 

3 G C A G G 59 (8) 65 (8) 1.17 (0.79-1.72) 0.417 3 A C G A G 25 (6) 24 (5) 1.49 (0.83-2.71) 0.177 

4 A C G A G 50 (7) 67 (8) 0.96 (0.65-1.43) 0.862 4 G C A G G 18 (4) 35 (7) 0.74 (0.41-1.35) 0.325 

5 A C A A G 48 (7) 50 (6) 1.24 (0.81-1.89) 0.322 5 A C G G G 12 (3) 39 (8) 0.44 (0.23-0.87) 0.016 

6 G C G A A 39 (6) 53 (6) 0.95 (0.61-1.48) 0.823 
      7 G C G A G 40 (6) 40 (5) 1.29 (0.81-2.05) 0.279 
       

Odds ratio (OR) and P-value are determined by comparing each haplotype to the reference wild-type haplotype 
a Only haplotypes with frequency above 3% are shown 
SNP ID for each haplotype: rs3769823 (G>A) − rs10931936 (C>T) − rs13016963 (G>A) − rs7578456 (G>A) − rs2244438 (G>A) 
 
 
Table 4.7  Haplotype analysis for the four SNPs at the MHC region in Black and Mixed Ancestry South Africans 
 

 
Black         

 
Mixed Ancestry       

 
haplotype (≥5%) a cases (%) controls (%) OR (95% CI) P-value 

 
haplotype (≥5%) a cases (%) controls (%) OR (95% CI) P-value 

            1 C G G C 283 (38) 321 (38) Ref 
 

1 C G G C 204 (50) 276 (53) Ref 
 2 C A GC 100 (13) 128 (15) 0.89 (0.65-1.20) 0.439 2 C A G C 52 (13%) 69 (13) 1.02 (0.68-1.52) 0.92 

3 C G G T 115 (15) 105 (12) 1.24 (0.91-1.69) 0.168 3 C G T C 45 (11) 48 (9) 1.27 (0.81-1.98) 0.294 

4 T G G C 58 (8) 85 (10) 0.77 (0.53-1.12) 0.174 4 C G G T 46 (11) 42 (8) 1.48 (0.94-2.34) 0.09 

5 C G T C 58 (8) 58 (7) 1.13 (0.76-1.69) 0.532 5 T G G C 29 (7) 35 (7) 1.12 (0.66-1.89) 0.671 

6 C A G T 33 (4) 43 (5) 0.87 (0.54-1.41) 0.572 
       

Odds ratio (OR) and P-value are determined by comparing each haplotype to the reference wild-type haplotype 
a Only haplotypes with frequency above 3% are shown 
SNP ID for each haplotype:  rs911178 (C>T) − rs3763338 (G>A) − rs17533090 (G>T) − rs1536501 (C>T)  
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rs2244438 (G>A) − were significantly associated with increased risk of OSCC in the Mixed Ancestry 

population. For rs10931936, carriers of the risk (T) allele had an OR of 1.39 (95% CI 1.02-1.90) 

compared to carriers of the wild-type allele; for rs7578456 and rs2244438, carriers of the risk (A) 

allele had an OR of 1.58 (95% CI 1.22-2.05) and 1.55 (95% CI 1.16-2.07), respectively, compared to 

carriers of the wild-type allele. These associations were in the same direction as those found in the 

Chinese study, where “T” or “A” alleles for the respective variants also conferred higher risk of OSCC 

(Table 4.8, Sun et al., unpublished). Although the ORs observed in the present study were 

comparable to those found in the Chinese study, the P-values were much weaker and only two out 

of the three associations observed in the Mixed Ancestry population – rs7578456 and rs2244438 – 

survived Bonferroni correction. Indeed, the combined P-value for rs10931936 reported in the 

Chinese study was much stronger (Pcombined = 8.97×10-39) than that observed in the present study (P = 

3.52x10-2). This is probably due to the lower sample size of the Mixed Ancestry study group (N = 557) 

compared to the huge number of samples (N >21,000) used in the Chinese GWAS.  

Comparing the allele frequencies in our population study with those reported in the Chinese 

population, we observed that rs10931936 was more frequent in the Chinese (26%) compared to 

both Black and Mixed Ancestry South Africans (20% and 18%, respectively). Conversely, rs7578456 

was significantly lower in the Chinese population (23%) than in the Black or Mixed Ancestry 

populations (41% and 32%, respectively). No substantial difference was observed between Chinese 

and Mixed Ancestry individuals for the allele frequency of rs2244438 (21% and 20%, respectively) 

but a higher frequency was detected in the Black South African population (28%) (Sun et al., 

unpublished). 

 

4.3.2  Gene-environment interaction analysis 

 

Gene-environment interaction analysis carried out in the Chinese study showed no evidence of 

interaction between variants at 2q33.1 and tobacco smoking or alcohol consumption habits, except 

for rs2244438 that was associated with higher risk of OSCC among alcohol drinkers compared to 

non-drinkers (OR = 1.53; 95% CI 1.36-1.72; P = 0.02) (Sun et al., unpublished). Similar analysis were 

also carried out in the present study and although the sample size of the population subgroups was 

too low to provide a reliable evaluation, results showed that rs7578456 and rs2244438 are risk 

factor for OSCC among both smokers or alcohol drinkers in the Mixed Ancestry population, 

suggesting that these variants may be involved in metabolism of tobacco- and alcohol-derived 

carcinogens. 
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Table 4.8  Associations at 2q33.1 in Black and Mixed Ancestry South Africans compared to the results from the Chinese GWAS 
 
 

   
Black 

  
Mixed Ancestry 

 
Combined Chinese Han 

 

   
463 cases, 480 controls 

 
269 cases, 288 controls 

 
10248 cases, 10932 controls 

  rs number chr a allele OR (95% CI) P-value b 
 

OR (95% CI) P-value b 
 

OR (95% CI) P-value c 
 

gene 

rs3769823 2q33.1 A 0.98 (0.80-1.20) 0.841 
 

1.26 (0.97-1.63) 0.076 
 

1.33 (1.27-1.39) 9.49E-37 
 

CASP8 

rs10931936 2q33.1 T 0.89 (0.70-1.13) 0.354 
 

1.39 (1.02-1.90) 0.0352 
 

1.34 (1.28-1.40) 8.97E-39 
 

CASP8 

rs13016963 2q33.1 A 0.96 (0.79-1.17) 0.68 
 

1.18 (0.91-1.54) 0.209 
 

1.34 (1.28-1.40) 1.84E-40 
 

ALS2CR12 

rs7578456 2q33.1 A 1.04 (0.85-1.26) 0.718 
 

1.58 (1.22-2.05) 2.59E-04 
 

1.31 (1.25-1.36) 6.01E-31 
 

TRAK2 

rs2244438 2q33.1 A 0.97 (0.78-1.20) 0.777 
 

1.55 (1.16-2.07) 2.30E-03 
 

1.3 (1.24-1.36) 2.65E-28 
 

TRAK2 
 

a chr = chromosome position  

b two tailed P-values from Pearson’s chi-squared (2) test 
c Two tailed P-values from the Cochran-Armitage trend test  
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4.3.3  Linkage disequilibrium and haplotype analysis 

 

In the Chinese Han population, high linkage disequilibrium was observed among the five SNPs at 

2q33.1, with two LD blocks (D’ >0.96) identified − rs3769823/rs10931936/rs13016963 and 

rs7578456/rs2244438 − and with high level of linkage disequilibrium between the two blocks (D’ 

>0.85) (Sun et al., unpublished). Considering only the three variants associated with OSCC in the 

present study, strong linkage disequilibrium was observed between rs10931936 and rs7578456 (D’ = 

0.89) and between rs7578456 and rs2244438 (D’ = 0.85) whereas only moderate LD was found 

between rs10931936 and rs2244438 (D’ = 0.70) in the Mixed Ancestry group. In view of the 

significant LD among the associated SNPs, we may speculate that at least one of these variants is a 

disease marker SNP, which is not responsible for the disease phenotype and is associated with OSCC 

as a result of linkage disequilibrium with the causal variant. Comparing the linkage disequilibrium 

structure at 2q33.1 between the South African and Chinese ethnic groups, it should be noted that 

the Chinese population is a much more conserved ethnic group compared to Black and Mixed 

Ancestry South Africans, and that less random mating has occurred over time in the Chinese, unlike 

the Mixed Ancestry population that originated from the admixture of different ethnic groups (de Wit 

et al., 2010). We therefore confirmed the lowest level of linkage disequilibrium among SNPs usually 

observed in African populations compared to any other ethnic group (Tishkoff and Williams, 2002). 

Haplotype analysis in the Mixed Ancestry group confirmed the findings from single SNP analysis, as 

haplotype ATAAA, which contains the three variants independently associated with OSCC, was also 

associated with increased OSCC risk. This result also supports the hypothesis that the three SNPs at 

2q33.1 tend to be inherited together in South Africans. Conversely, the ACGGG haplotype, which 

does not contain any of the three risk variants, is associated with protective effect against OSCC. The 

ACGAG haplotype, which contains only rs7578456 among the three risk variants, was not associated 

with OSCC in the Mixed Ancestry population, suggesting that rs7578456 is likely not a causal variant 

but only a disease marker SNP in linkage disequilibrium with the causal variant. Haplotype analysis 

also showed that the number of private (unique) haplotypes is higher among Black individuals 

compared to Mixed Ancestry individuals, supporting the known greater genetic diversity among 

Black Africans compared to any other ethnic groups (Campbell and Tishkoff, 2008). Unfortunately, 

haplotype analysis for 2q33.1 has not been conducted in the Chinese population and we could not 

compare the haplotype structure between South Africans and the Chinese. 
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4.3.4  Identification of candidate causal genes 

 

This study examined the role of new genetic polymorphisms on OSCC risk in two indigenous 

population groups from South Africa, which had emerged from a genome-wide association study 

conducted in a Chinese ethnic group. Three SNPs at 2q33.1 − rs10931936, rs7578456, and rs2244438 

− showed association in the Mixed Ancestry population, which conferred an increased risk similarly 

to that found in the Chinese population, whereas no association was observed for any of the 

investigated variants in the Black population. The SNPs at 2q33.1 span a genomic region including 

CASP8, ALS2CR12 and TRAK2 genes, in which rs2244438 and rs3769823 are located in exon regions 

with evolutionary conservation whereas rs10931936, rs7578456, and rs13016963 are located in 

intron or intergenic regions. Additional analysis performed in the Chinese study showed that the 

rs10931936 and rs13016963 variants are significantly associated (p <0.0001) with higher expression 

of the functionally inactive isoform E of CASP8 but not with expression of other genes in the same 

locus (Sun et al., unpublished). The isoform E of CASP8 is a truncated protein, generated by 

alternative splicing process, that is proteolytically inactive and can suppress CASP8-dependent 

apoptosis in a dominant-negative manner (Himeji et al., 2002; Fulda, 2009). These findings strongly 

suggest that CASP8 is the causal gene at 2q33.1 underlying the observed association with OSCC in 

the Chinese population, and that the identified SNPs in this locus can cause alternative splicing of 

CASP8 and increase the expression of anti-apoptotic truncated isoforms, which have an impaired 

ability to induce apoptosis in damaged cells and may therefore lead to cancer. Among the SNPs 

shown to be associated with OSCC in the Mixed Ancestry population, rs10931936 is one of the two 

SNPs which was found to alter splicing of CASP8 and increase expression of isoform E in the Chinese 

study. However, only rs7578456, which lies in an intergenic region near TRAK2, and rs2244438, lying 

in an exon region of TRAK2, were significantly associated with OSCC after adjustment for 

confounding factors. Although rs7578456 and rs2244438 in TRAK2 were excluded to have a major 

role in oesophageal carcinogenesis in the Chinese population, our results strongly support the role of 

these variants as risk factor for OSCC in the Mixed Ancestry population. We should also consider that 

rs2244438, unlike rs7578456 and rs10931936, lies within an exon region and therefore is more likely 

to have a functional effect on TRAK2. The G>A substitution at rs2244438 results in the Thr528Ile 

nonsynonymous mutation in the TRAK2 protein and protein structure prediction programs suggest 

probably damaging effect of this mutation. Secondary structure prediction prompts that residue 528 

is located at a disordered region of molecular surface and that the Thr to Ile mutation probably 

disturbs the nearby structure. 
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The trafficking kinesin-binding protein 2 (TRAK2, also called GRIF-1) is a member of a coiled-coil 

family of proteins that has a role in regulating protein and organelle transport in excitable cells, such 

as the mitochondrial transport in neurons (Brickley and Stephenson, 2011). Furthermore, TRAK2 has 

been proposed as a promoter of K+ channel surface expression and activity (Grishin et al., 2006) and 

as regulator of endosomal trafficking of membrane cargo, including epidermal growth factor 

receptors (EGFR) (Kirk et al., 2006). Both overexpression and depletion of TRAK2 have been shown 

to inhibit degradation of internalized EGFR and block the trafficking of the receptors from early 

endosomes to the lysosomal pathway. This process may lead to overexpression of EGFR on cell 

surface that has been associated with a number of cancers (Lynch et al., 2009). Finally, the under-

representation of this kinesin-associated protein gene may result in dysfunction of the trafficking of 

organelles and possibly be involved in carcinogenesis. A recent study on thyroid cancer has found 

that the TRAK2 gene was deleted in almost half of the cases (Fehér et al., 2012), suggesting that this 

gene may play a role in initiation and development of upper aerodigestive cancers. 

 

4.3.5  Interethnic differences in association study results 

 

Only three of the well-established associations at 2q33.1 observed in the Chinese population were 

associated with OSCC in the Mixed Ancestry population whereas none of the tested variants showed 

any evidence of association in the Black population. Similar findings have also been observed in a 

previous study in South Africans investigating the association of OSCC with risk variants reported in 

Chinese and Japanese GWAS. Among 21 variants investigated, only three − ADH1B Arg48His, ALDH2 

+82 G>A, and RUNX1 rs2014300 – were significantly associated with OSCC in the Mixed Ancestry 

group whereas none of the tested variants was associated with OSCC in Blacks (Bye et al., 2011). 

There are several possible explanations for differences in results among ethnic groups and for the 

lack of association observed in the Black population. One is that the GWAS findings are false 

positives. This is very unlikely for variants at 2q33.1 since the associations at this locus were 

significant (P <0.0001) in the Chinese study and were convincingly replicated in two following 

replication studies, with combined P-values ranging from 10-28 to 10-40 (Sun et al., unpublished). 

Conversely, the associations at the MHC region were not consistently replicated in the three Chinese 

GWAS and the lack of association observed in the present study suggests that these SNPs are weakly 

or not involved in OSCC susceptibility. A meta-analysis of all three Chinese GWAS would help to 

resolve the association status of some of these variants. Another reason may the absence or very 

low frequency of the investigated SNPs in African populations. This is unlikely for variants at 2q33.1, 

which were found at allele frequencies comparable to those reported in the Chinese population. 
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However, this may be a possible reason for variants at the MHC, which were observed at low 

frequencies in both the South African populations (10%−26%). An alternative explanation is the lack 

of statistical power to detect modest genetic effects in the study sample. We had significant power 

to detect the effect observed in the Black and Mixed Ancestry groups for all genotyped SNPs at 

2q33.1 but only weak power for the SNPs at the MHC. The sample size was larger in the Black group 

(N = 943) than in the Mixed Ancestry group (N = 557) and, in several instances, there was high power 

to detect the same effect seen in the Mixed Ancestry population. However, the power to detect the 

associations at these loci was much smaller in South Africans than in the Chinese. A further possible 

reason could lie in differences in environmental exposure among populations. Tobacco smoking and 

alcohol consumption are well-established risk factors that may interact with genetic factors to 

initiate oesophageal cancer. As already reported in the thesis, the frequency of smokers and alcohol 

drinkers is significantly higher in Mixed Ancestry OSCC patients (94% of smokers and 81% of 

drinkers) than in Black patients (61% and 62%, respectively) (Table 3.1). Thus, an interaction 

between a risk variant and tobacco smoking or alcohol consumption capable of influencing OSCC risk 

might be weaker or absent in the Black population and the genetic association would not be 

observed. Finally, a potentially important explanation for these contradictory ethnic differences is 

that the SNPs associated with OSCC in the Chinese population may not be causal variants but merely 

marker tagging SNPs which are in linkage disequilibrium with the causal variant. Since LD among 

SNPs is generally lower in African populations compared to Asians and Caucasians, associations 

detected in other ethnic groups may not be replicated in the South African population if the causal 

variant is not genotyped directly (Teo et al., 2010). For instance, the identification of non-MHC genes 

within the major histocompatibility complex and the phenomenon of linkage disequilibrim suggest 

that a neighbouring gene of HLA or non-HLA status in linkage with the observed associated variants 

may be the true susceptibility gene (Jepson et al., 1997).  

African populations are probably the oldest human populations in the world, since Africa is believed 

to be the continent of origin for modern humans. In older populations, the sizes of LD blocks are 

generally smaller than Asians and Caucasians because of more recombination events occurred over 

time (Gabriel et al., 2002; Reich et al., 2001). Hence, we can speculate that the risk variants 

identified in the Chinese population are in LD with the causal variant at 2q33.1. The Mixed Ancestry 

from South Africa is an admixed population arisen from admixture of non-Africans with indigenous 

African populations, receiving ancestral contribution from Asians and Europeans; this is also a 

relatively young population originated in the 17th century (de Wit et al., 2010). Therefore, the 

observed significant association in the Mixed Ancestry population for some of the SNPs associated 

with OSCC in the Chinese population may be explained by the genetic component of Asians present 
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in the genetic structure of Mixed Ancestry individuals. Conversely, in the Black population, which is 

representative of an old population in Africa, the investigated SNPs might not be in LD with causal 

variants, as they likely are in the Chinese population, and this may explain the lack of association 

observed in the Black study group. However, association studies in other ethnic groups are needed 

in support of this notion. 

 

4.3.6  Conclusions 

 

In the samples used in this study, we found that none of the SNPs at the MHC region is associated 

with OSCC in South Africans, and none of the investigated SNPs showed evidence of association in 

the Black population. Conversely, we observed that the SNPs rs2244438, rs10931936, and rs7578456 

at 2q33.1 are associated with increased risk of OSCC in the Mixed Ancestry population. However, 

only the associations with rs2244438 and rs7578456 remained significant after further association 

analysis. These findings indicate TRAK2 as the causal gene at 2q33.1 and provide evidence that 

genetic variants in a gene involved in cellular trafficking may contribute to oesophageal 

carcinogenesis. 
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CHAPTER 5  INVESTIGATION OF THE ASSOCIATION OF IMMUNE RESPONSE GENES WITH OSCC 

 

 

5.1  INTRODUCTION 

 

Tobacco smoke and alcohol have been shown to cause chronic inflammation in human tissues 

(Takahashi et al., 2010; Franke et al., 2000). Both because the oesophagus is directly exposed to 

environmental carcinogens and because tobacco smoking and alcohol consumption are major risk 

factors for OSCC in South Africa, there is a high probability that the immune response plays an 

important role in oesophageal carcinogenesis.  

The present study consisted of the analysis of the Immunochip data set derived from genotyping a 

cohort of OSCC patients and control individuals collected from two South African populations. In 

total, 600 OSCC Black Xhosa samples and 100 Mixed Ancestry samples, equally distributed between 

cases and controls, were genotyped for 196,524 SNPs present on the Immunochip array. Quality 

control analysis was performed to assess the quality of SNP data and the samples used in the study. 

Although genotyping was carried out for all human chromosomes, only SNPs from chromosome 6 

were investigated in the association analysis for this thesis in order to focus on the immune defect 

hypothesis and reduce the degree of multiple testing. Due to the low sample size of the Mixed 

Ancestry group, the association analysis was carried out only for the Black population group. A total 

of 2,600 independent SNPs (r2 >0.2) were analysed, and those resulted to be significantly associated 

with OSCC risk were subjected to analysis stratified by tobacco smoking and alcohol consumption 

status to investigate possible gene-environment interactions. Principal component analysis (PCA) 

was carried out using >27,000 SNPs to assess the population structure of our population groups. 

Finally, the function of genes within susceptibility loci was investigated to evaluate the possible role 

of these genes and the effect of their polymorphisms in oesophageal carcinogenesis. 

 

 

5.2  RESULTS 

 

5.2.1  Quality control analysis 

 

Quality control analysis of the Immunochip data was done to remove samples with poor genotype 

call rates, duplicate samples, SNPs with genotypes out of Hardy Weinberg equilibrium (P <1x10-6), 

and SNPs with call rates <95% or bad genotype clusters which produced spuriously significant results 
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(Figure 5.1). After quality control, a total of 278 cases and 257 controls were assigned to the Black 

population and 46 cases and 60 controls to the Mixed Ancestry population, which were included in 

the association analysis. Analysis of sample gender reduced the number of self-described Black 

individuals and increased the number of Mixed Ancestry controls.  

 

 

 

Figure 5.1A  Association results from the analysis of the Black population group on chromosome 6. 
Genotyped SNPs are illustrated as black dots. The x-axis represents the location of each SNP on chromosome 6 
whereas the y-axis shows the –log10 P-value, which indicates the strength of association for each SNP. SNPs 
with poor genotype clusters, which have been excluded from the analysis, are all the top hits highlighted in red 
boxes. The Illumina GenomeStudio GenTrain2.0 algorithm was used to cluster genotypes within the individual 
populations.  
Figure 5.1B  Genotype cluster plot resulted from genotyping rs970218 in a sample set on the Immunochip. 
The blue, violet, and red clusters represent the homozygous variant, heterozygous, and homozygous common 
genotypes, respectively. Samples highlighted with red squares are in poor genotype clusters and were 
therefore excluded from the analysis. Initial quality control was carried out using GenomeStudio, which 
removed samples with bad call rate. Normalized intensities were then exported for the remaining samples 
from GenomeStudio into Opticall for genotype calling and further quality control.  
 

 

5.2.2  Case-control association analysis 

 

An overview of the Black samples used in the analysis, with demographic characteristics and tobacco 

smoking and alcohol consumption status for both patients and controls, is provided in Table 5.1. 

Black cases were approximately 12 years older than controls on average. The percentage of females 

(64%) is significantly higher than males (36%) among controls whereas the distribution of gender did 

not differ significantly among cases (53% females and 47% males). The proportion of smokers is 

relatively low among Black healthy individuals (37%) whereas a significantly higher value has been 

observed among Black patients (57%). A much higher percentage of alcohol drinkers compared to 
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non-drinkers has also been observed among Black patients (63% vs 36%) whereas no difference was 

found in the control group. These findings show that tobacco smoking and alcohol consumption are 

relatively common habits among OSCC patients in this population.  

 
 
 
Table 5.1  Demographic characteristics and environmental exposure of the Black South African samples 
genotyped on the Immunochip 
 

 Black Immunochip samples Controls (%) Cases (%)   

Total 
 

257 278 
 Gender Male 93 (36.2) 131 (47.1) 
 

 
Female 164 (63.8) 147 (52.9) 

 Age a Mean (SD) 47.9 (17.6) 60.3 (11.5) 
 Tobacco smoking Never smokers 158 (61.5) 119 (42.8) 
 

 
Smokers b 95 (37.0) 159 (57.2) 

 

 
Unknown C 4 (1.5) 0 (0) 

 Alcohol drinking No 128 (49.8) 100 (36.0) 
   Yes 128 (49.8) 176 (63.3)   

 
Unknown C 1 (0.4) 2 (0.7) 

 a Age in years, presented as median (range) 
  b Smokers: current smokers + former smokers 

C Unknown = undetermined status 
  

 

In view of the small sample size in this study, and the aim of generating hypotheses for further 

exploration in an expanded data set, we took an approach to the identification of OSCC risk variants 

from the Immunochip data. A significance level of P ≤0.001 was considered as suggestive of 

association with OSCC. Using this approach, five novel variants on chromosome 6 were identified as 

possibly associated in the Black population: rs2237219 (OR = 0.47; 95% CI 0.30-0.74; P = 0.0008), 

rs3130267 (OR = 1.61; 95% CI 1.23-2.10; P = 0.0004), rs3851229 (OR = 3.49; 95% CI 1.71-7.11; P = 

0.0003), rs9295124 (OR = 1.50; 95% CI 1.17-1.91; P = 0.0012), and rs3777723 (OR = 1.53; 95% CI 

1.19-1.98; P = 0.0009) (Table 5.2). Among these, only rs2237219 had a protective effect whereas the 

other four SNPs were associated with higher risk of OSCC. Since approximately 2,600 independent 

SNPs were analysed, application of a strict Bonferroni correction would require a significance level of 

0.5/2,600 = P <1.92x10-5, which was not achieved by any SNPs on chromosome 6. The Bonferroni-

corrected P-value was based on using SNPs that were independent of each other, with a pairwise LD 

of r2 <0.2, and with a minor allele frequency of greater than 5%.   
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Table 5.2  Allele frequencies of the five associated variants in Black South Africans and association with 
OSCC 
 

Black population           

rs number Chr pos Allele Controls (%) Cases (%) OR (95% CI) P-value 

rs2237219 6p22.3 G 455 (88.5) 524 (94.2) Ref - 

  
C 59 (11.5) 32 (5.7) 0.471 (0.301-0.737) 0.0008 

rs3130267 6p21.3 C 388 (75.5) 365 (65.6) Ref - 

  
 

A 126 (24.5) 191 (34.3) 1.611 (1.234-2.103) 0.0004 

rs3851229 6q21 A 504 (98.1) 520 (93.5) Ref - 

  
 

G 10 (1.9) 36 (6.5) 3.489 (1.713-7.106) 0.0003 

rs9295124 6q25.3 G 316 (61.5) 287 (51.6) Ref - 

  
 

A 198 (38.5) 269 (48.4) 1.496 (1.173-1.908) 0.0012 

rs3777723 6q27 G 361 (70.2) 337 (60.6) Ref - 

  
 

A 153 (29.8) 219 (39.4) 1.533 (1.189-1.977) 0.0009 
 

OR = odds ratio; 95% CI = 95% confidence interval 
Chr pos = chromosome position 
For each SNP, upper allele is the wild-type allele while lower allele is the minor (risk) allele 

 

 

Among Black South African healthy individuals (controls), only rs3851229 has a very low frequency 

(MAF = 0.019) whereas all other associated variants are commonly observed (MAF >0.10). A low 

allele frequency of rs3851229 has also been observed in the Yoruba population from Nigeria (3.5%) 

whereas this SNP is very common in the CEU (European Caucasians, 60%) and in the 

Chinese/Japanese (47%) (Data from HapMap). The allele frequency of rs3130267 in Black South 

Africans (24%) is comparable to that reported in African populations (26% in the Yoruba) but 

significantly lower than those reported in other HapMap sample groups (51% in the CEU, 56% in the 

Chinese, and 64% in the Japanese). The frequency of rs2237219 (11%) is higher than that reported 

for the Yoruba (2%); a similar allele frequency has been observed in the CEU (15%) whereas this 

polymorphism is very common in the Chinese and Japanese populations (42% and 44%, 

respectively). The variant rs9295124 occurs at frequency of 38% in Black South Africans, which is 

identical to that reported in the Yoruba; however, significantly higher frequencies have been 

reported in the CEU (59%), the Chinese (57%), and the Japanese (73%). Finally, the allele frequency 

of rs3777723 (30%) is significantly higher than those reported in both the Yoruba and CEU 

populations (16% and 11%, respectively) but lower than that observed in Asians (51%). 

The regional association plots for the five SNPs with suggestive association with OSCC in the Black 

population are shown in Figure 5.2, excluding samples with poor genotype clusters based on quality 

control analysis. These plots show the genomic localization and the −log10 P-value for each SNP in 

loci harbouring the five top signals, as well as the level of LD (r2) between the top SNPs and the 
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surrounding variants. The regional plots also indicate the localization of genes present in each locus 

relative to the chromosome position. The functional characteristics of genes harbouring putative 

causal variants are summarized in the Discussion. The five top association signals at chromosome 6 

are widely separated from each other, except for rs9295124 and rs3777723 which are localized 

about 7Mb apart at 160,500 kb and 167,100 kb, respectively. Two out of the five top SNPs, 

rs3130267 at 33,300 kb and rs3851229 at 112,000 kb, are  in high LD (r2 >0.5) with multiple SNPs, 

which extend across different genes and give moderately positive association signals. SNP rs3777723 

was strongly correlated with several other SNPs in close proximity, but all these signals (including the 

top SNP) were localized to a single gene. Conversely, rs2237219 and rs9295124 were not in strong 

LD with any of the SNPs in their respective loci. 

 

 

Figure 5.2  Regional association plots for the five suggestively associated SNPs on chromosome 6 in Black 
South Africans. For each locus, the x-axis represents the chromosomal localization of SNPs whereas the y-axis 
represents the –log10 P-value for each SNP, which indicates the strength of association with OSCC. Each plot 
also shows the localization of genes in susceptibility loci. Both white and red squares represent SNPs 
investigated on the Immunochip, and the most strongly associated variant for each locus (top SNPs) are 
indicated by large red diamonds. The top SNP in each locus was used as the index SNP to compute the LD with 
surrounding variants in 535 individuals from the South African Black population. SNPs correlated to top SNPs 
with r2 ≥ 0.5 are shown as red squares of different intensity, varying according to the strength of LD with the 
top SNP. The associations with rs3130267 and rs3851229 have been found in high LD with multiple SNPs 
showing moderately independent association signals and extending along coding and regulatory regions of 
different genes. The associations with rs2237219, rs9295124, and rs3777723, on the other hand, are 
represented as signals localized to single genes, with mostly absent or weak LD with other SNPs. 
 

 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

141 
 

 
 

  
 

 

 
 

 

 
 

 
 
 

• 

, 

, 

" 

• 

• 
" f 
• , , 
• g 

, 

" 

',.. 
'"" T!,,' -

0 

'"<
"<.
•• 

~ ... ' -,-

33100 

rs3130267 ( CEU ) 

rs31302 67 

• P-O.00G4 395 , -• 
0 • 0 • • ~ ., • 

0 0 

0 

ca.~ .... ''''~ ~ '"'''. 0><". ~~T'_ .IUX 
~ ~-.... ,-. ... -. 

'''''' - ~ 
. ..... TAIW 

33400 

~ - . -
Ch'OTrooome 6 pos;tion (hgI 8) (kb) 

rs3851229 (CEU ) 

0 

[s3 8:51229 

• P-O.OOQ291 

• 

0 

~ .. • 0 ... . 
~-. -- , • 0 . 0 

00 "" 

!LC .......... .-

111700 

_. 
~ 

0 .' 0 

• 

,..- -

11 2000 

Chromo oome 6 posHion (hgI 8) (kb) 

• 

.. 

.. 
, 

r ! 
~ 

'" 0 • g 
o. ~ 0 

0 

" 
0' '" ~ 

0 ~ 

" 

33700 

.. 

.. 
, 

r ! 
~ 

'" t 
~ 
" '" ~ 
~ 

0 

" 

112300 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

142 
 

 

 

 

 
 

 
 

 

 
 

    

 

 

• 

• 
" f 
• • , , 
" , 

0 

• 

• 

• 

, 

o 

" 
~ 

•• 
"''"lo_ re.:, 
... ---_ •. 

16020 0 

p 

...... It ........ !l.: ... , .... ~~_ ._ ... \..t •. ~ 

. -

166900 

rs9295124 ( CEU) 

rs9295124 

• P-O_000 8449 

160500 

Chromosome 6 position (tlgI8) ( I<b) 

rs :n7T723 ( CEU ) 

167100 

ct,.Il mosom e 6 posilion (hg (8) (I<b) 

160800 

,.3777723 

• P . 00008055 

_ . _.-

167300 

.. 
.. .. 

o 

.0 

.. 
• 
! 

'" • , 

~ 
~ 

'" I 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

143 
 

5.2.3  Principal component analysis 

 

We performed principal component analysis (PCA) using the Immunochip data to investigate the 

genetic structure of the Black and Mixed Ancestry populations. PCA was useful to identify possible 

stratification effects within the South African populations − which is the presence of a systematic 

difference in allele frequency between cases and controls due to ancestry differences − that could 

lead to spurious associations in disease studies. 

Figure 5.3 shows the graphical representation of principal component analysis for the Black and 

Mixed Ancestry samples used in the study, as well as the population structure of different HapMap 

sample populations. Several distinct clusters of populations well separated from each other clearly 

appeared in the PCA plot, represented by the White European (CEU), Japanese (JPT), and Yoruba 

(YRI) populations, as described in previous HapMap studies. However, the PCA plot also showed 

more dispersed populations such as African Americans (ASW), with the majority of samples 

distributed in close proximity to Yoruba samples and the others spreading towards the CEU cluster. 

The Black South African cases and controls clustered tightly together next to the Yoruba HapMap 

samples, indicating close relatedness between these two African populations. However, a few Black 

individuals were localized out of the cluster and located closer to other African populations, 

including some within the Mixed Ancestry group. Conversely, the Mixed Ancestry South African 

cases and controls produced a highly dispersed PCA plot, spreading from the African population 

clusters towards the CEU cluster.  

 

5.2.4  Gene-environment interaction analysis 

 

Considering that tobacco smoking and alcohol consumption habits are widespread among Black 

OSCC patients, we investigated whether the OSCC-associated variants at chromosome 6 influence 

susceptibility to environmental exposure in the Black South African population. Black cases and 

controls were stratified for tobacco smoking and alcohol consumption status to carry out association 

analysis in selected population subgroups.  

Case-control stratification analysis for the five SNPs with suggestive association to OSCC in the Black 

population is shown in Table 5.3. In the alcohol consumption-stratified analysis, a significantly 

increased risk was observed among alcohol drinkers with either rs9295124 (OR = 1.49; 95% CI 1.08-

2.07; P = 0.0152) or rs3777723 (OR = 1.75; 95% CI 1.23-2.49; P = 0.0016) but not among non-drinkers 

(P = 0.1153 and 0.1285, respectively). Conversely, the protective effect of rs2237219 was limited to  
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Figure 5.3  Principal component analysis (PC1 versus PC2) of 567 Black subjects and 94 Mixed Ancestry 
subjects genotyped using the Immunochip array, in combination with data from European (CEU), Yoruba 
(YRI), Japanese (JPT), and African American (ASW) HapMap samples. Principal component analysis was 
carried out using 27,132 SNPs genotyped on the Immunochip and by using the HapMap 3 sample groups as 
reference. The data highlight the marked inter-ethnic diversity among populations in different geographical 
areas and even among ethnic groups in the same geographical area. The x-axis represents the eigenvalue (EV) 
for principal component 1 (PC1) and the y-axis represents the eigenvalue for principal component 2 (PC2). 
Light blue square represents CEU, orange triangle represents YRI, black circle represents JPT, yellow circle 
represents ASW; Black 1 and Mixed Ancestry 1 refer to controls whereas Black 2 and Mixed Ancestry 2 refer to 
cases. 

 

 

non-alcohol drinkers (OR = 0.31; 95% CI 0.14-0.70; P = 0.0031) and no association was observed 

among alcohol drinkers (P = 0.0516). The variants rs3851229 and rs9295124 were associated with 

increased risk in both alcohol drinkers and non-drinkers, although a higher OR and a more significant 

P-value were observed among non-drinkers with rs3851229 (OR = 5.86; P = 0.0021) compared to 

drinkers (OR = 2.49; P = 0.0327). In the tobacco smoking-stratified analysis, rs2237219 was a 

protective factor among never smokers (OR = 0.43; 95% CI 0.22-0.84; P = 0.0116) but not among 

smokers (P = 0.0564). Conversely, rs3777723 was a risk factor among smokers (OR = 1.97; 95% CI 

1.32-2.92; P = 0.0007) but no association was observed among never smokers (P = 0.1615). The 

increased risk associated with the other three variants was observed in both the smoker and never 

http://genomebiology.com/2012/13/1/R2/figure/F3
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Table 5.3  Tobacco smoking- and alcohol consumption-stratified analysis for variants associated with OSCC in Black South Africans 
 
 
Alcohol consumption-stratified analysis 
 

Black population Case-control: Non-drinkers Case-control: Drinkers Case-only: Non-drinkers vs drinkers 

rs number MA 
MAF: 

cases/controls OR (95% CI) P-value 
MAF: 

cases/controls OR (95% CI) P-value 
MAF: drinkers/ 

non-drinkers OR (95% CI) P-value 

rs2237219 C 0.040/0.117 0.31 (0.14-0.70) 0.0031 0.068/0.113 0.57 (0.32-1.01) 0.0516 0.068/0.040 1.76 (0.77-3.99) 0.1738 

rs3130267 A 0.340/0.238 1.65 (1.09-2.48) 0.0167 0.344/0.250 1.57 (1.09-2.25) 0.013 0.344/0.340 1.02 (0.70-1.47) 0.9203 

rs3851229 G 0.065/0.012 5.86 (1.65-20.87) 0.0021 0.065/0.027 2.49 (1.05-5.89) 0.0327 0.065/0.065 1.01 (0.49-2.03) 1 

rs9295124 A 0.440/0.367 1.35 (0.93-1.97) 0.1153 0.506/0.406 1.49 (1.08-2.07) 0.0152 0.506/0.440 1.30 (0.92-1.84) 0.138 

rs3777723 A 0.405/0.336 1.34 (0.92-1.97) 0.1285 0.383/0.262 1.75 (1.23-2.49) 0.0016 0.383/0.405 0.91 (0.64-1.30) 0.6171 

            
Tobacco smoking-stratified analysis 
                 

Black population Case-control: Never smokers Case-control: Smokers Case-only: Never smokers vs Smokers 

rs number MA 
MAF: 

cases/controls OR (95% CI) P-value 
MAF: 

cases/controls OR (95% CI) P-value 
MAF: smokers/ 
never smokers OR (95% CI) P-value 

rs2237219 C 0.050/0.111 0.43 (0.22-0.84) 0.0116 0.063/0.110 0.54 (0.28-1.02) 0.0564 0.063/0.050 1.26 (0.60-2.64) 0.5323 

rs3130267 A 0.336/0.240 1.59 (1.10-2.32) 0.0132 0.349/0.258 1.54 (1.04-2.29) 0.0323 0.349/0.336 1.06 (0.74-1.51) 0.7518 

rs3851229 G 0.055/0.022 2.55 (1.00-6.49) 0.0426 0.072/0.016 4.86 (1.44-16.41) 0.0051 0.072/0.055 1.35 (0.67-2.72) 0.4028 

rs9295124 A 0.475/0.386 1.44 (1.02-2.02) 0.0366 0.490/0.384 1.54 (1.07-2.22) 0.0198 0.490/0.475 1.06 (0.76-1.49) 0.7083 

rs3777723 A 0.386/0.329 1.28 (0.90-1.82) 0.1615 0.399/0.253 1.97 (1.32-2.92) 0.0007 0.399/0.386 1.05 (0.75-1.49) 0.7642 

 
MA = minor allele; MAF = minor allele frequency 
Smokers = current and former smokers 
Drinking/non-drinking status refers to alcohol consumption; Drinkers =light to heavy alcohol drinkers 
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smoker subgroups, although a higher OR and a more significant P-value were found in smokers with 

rs3851229 (OR = 4.86; P = 0.005) compared to never smokers (OR = 2.55; P = 0.043). 

No associations were observed in case-only stratification analysis, for either tobacco smoking or 

alcohol consumption status. 

 

 

5.3  DISCUSSION 

 

Although it is now well established that the induction of inflammation by bacterial and viral 

infections increases cancer risk (de Martel and Franceschi, 2009), a recent study has shown that in 

addition to being a tumor initiator due to its high carcinogen content, tobacco smoke promotes 

cancer also because of its ability to trigger chronic inflammation (Takahashi et al., 2010). Similarly, 

long-term heavy alcohol consumption has been shown to cause irritation and inflammation in the 

lining of the oesophagus (Franke et al., 2000). The chronic inflammation induced by exposure to 

tobacco smoke or alcohol may create an environment suitable for DNA damage and altered 

expression of genes involved in cellular proliferation and inhibition of apoptosis (Grivennikov et al., 

2010). As tobacco smoking and alcohol consumption are the primary risk factors for OSCC in South 

Africa, we hypothesized that genetic polymorphism in genes involved in innate or adaptive immunity 

may play a significant role in oesophageal carcinogenesis. The aim of the present study was 

therefore to search for novel OSCC risk loci in immune-related genes by genotyping two case-control 

South African population groups − Black and Mixed Ancestry − on the Immunochip, a custom SNP 

array specifically designed for investigating  genetic associations in immune-related diseases. Data 

analysis focused on chromosome 6, which contains the major histocompatibility complex (MHC) and 

many other genes involved in immune defence.  

 

5.3.1  Immunochip scan of chromosome 6 

 

Although both Black and Mixed Ancestry samples were genotyped on the Immunochip, the 

association analysis was not performed for the Mixed Ancestry group due to the low sample size and 

the extensive population structure in this group. Extensive quality control analysis proved to be 

essential in assessing the quality of the genotypes on the array, with most of the top hits in the initial 

analysis resulting from poor clustering of genotypes, thus generating spurious association signals. 

Principal components analysis of cases and controls also proved useful in the identification of 

population outliers in the Black cases and controls (see further discussion below). We identified 
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novel suggestive associations of five variants (top SNPs) at different loci on chromosome 6 with 

OSCC in the Black South African population (P ≤0.001). All these variants lie in coding or regulatory 

regions of genes involved in immune responses or in other important cellular functions. Among 

these, rs2237219 is associated with a protective effect whereas the others (rs3130267, rs3851229, 

rs9295124, and rs3777723) increase the risk of OSCC. However, none of these associations met the 

Bonferroni-corrected significance threshold of P <1.92x10-5. The associations with rs3130267 at 

33,400 kb and rs3851229 at 112,000 kb have the most significant P-values (0.0004 and 0.0003, 

respectively) whereas the regional association plots show that multiple SNPs in these regions are in 

linkage disequilibrium (r2 >0.5) with the two top SNPs and each give a moderately positive 

association signal. These two loci are therefore currently the most convincing findings, but will 

require validation in a replication study.  

 

5.3.2  Candidate genes in susceptibility loci 

 

The rs3130267 variant is the only top SNP found in the extended MHC region (6p21.3) and lies 

within the MYL8P pseudogene (not shown in Figure 5.2), which thus encodes a non-active protein.  

However, this variant is in LD with many other SNPs within neighbouring genes, such as VPS52, 

ZBTB9, ZBTB22, TAPBP, WDR46, PFDN6, RGL2, DAXX, and CUTA, suggesting a role for one of these 

genes in oesophageal carcinogenesis. Among these, TAPBP (TAP binding protein) encodes for 

Tapasin, which is a transmembrane glycoprotein present in the lumen of the endoplasmic reticulum 

and has an important function in the immune response (Momburg and Tan, 2002). Tapasin is a MHC 

class I antigen-processing protein and plays a key role in the maturation of MHC class I molecules in 

the ER lumen by mediating the interaction between newly-assembled MHC class I molecules and the 

TAP protein − which is required for the transport of antigenic peptides across the endoplasmic 

reticulum membrane − facilitating optimal peptide loading on the MHC class I molecule 

(Schneeweiss et al., 2009; Turnquist et al., 2002). VPS52 (vacuolar protein sorting 52 homolog) 

encodes a subunit of a protein complex involved in retrograde vesicle trafficking from both early and 

late endosomes to the trans-Golgi network (Walter and Günther, 1998; Liewen et al., 2005). The 

DAXX gene encodes for a Death-associated protein that resides in either nucleus or cytoplasm and 

has been implicated in many nuclear processes including transcription and cell cycle regulation (Yang 

et al., 1997; Li R et al., 2000). The rs3851229 variant is positioned upstream of TRAF3IP2 and 

downstream of REV3L, suggesting that it may play a role in the regulation of the expression of either 

gene. The LD block including this top SNP extends into the coding region of REV3L as well as of 

TRAF3IP2, FYN, KIAA1919, and SLC16A10. The TRAF3IP2 (TRAF3 interacting protein 2) gene encodes 

http://en.wikipedia.org/wiki/Glycoprotein
http://en.wikipedia.org/wiki/MHC_class_I
http://en.wikipedia.org/wiki/MHC_class_I
http://en.wikipedia.org/wiki/Antigen
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Major_histocompatibility_complex
http://en.wikipedia.org/wiki/MHC_class_I
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Cell_cycle
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a protein involved in regulating responses to cytokines by members of the Rel/NF-kB transcription 

factor family, which play a central role in innate immunity in response to pathogens, inflammatory 

signals, and stress (Matsuda et al., 2003). The reversionless 3-like (REV3L) gene encodes the Rev3 

subunit that interacts with Rev7 to form a B family DNA polymerase ζ (Gibbs et al., 1998). Pol ζ lacks 

3' to 5' exonuclease activity and cannot add nucleotides across from DNA lesions; however, it can 

extend from primers with terminal mismatches where most polymerases have difficulty extending 

mismatches because they cannot bind properly to the mismatched DNA (Gan et al., 2008). This 

makes Pol ζ very important in translesion synthesis (TLS) and it can act in concert with other TLS 

polymerases to add nucleotides across the lesion and complete the bypass of the lesion (Masutani et 

al., 2000; Li Z et al., 2002). Furthermore, REV3L has been shown to have a role in DNA mutagenesis 

in response to carcinogen exposure (Zhu et al., 2003). The FYN gene encodes a proto-oncogene 

tyrosine kinase that has been implicated in the control of cell growth (Resh, 1998). The gene product 

is a membrane-associated protein primarily localized to the cytoplasmic leaflet of the plasma 

membrane, where it phosphorylates tyrosine residues on target proteins involved in a variety of 

different signalling pathways (Zamoyska et al., 2003; Palacios and Weiss, 2004). Finally, the 

SLC16A10 (solute carrier family 16, member 10) gene encodes the monocarboxylate transporter 10 

(MCT 10), which is a member of a family of plasma membrane amino acid transporters that mediate 

the Na(+)-independent transport of aromatic amino acids across the plasma membrane (Kim et al., 

2002; Friesema et al., 2008). 

The regional association plots for the other OSCC-associated variants, rs2237219 at 16500 kb, 

rs9295124 at 160500 kb, and rs3777723 at 167300 kb, show that these top SNPs are not in LD with 

other SNPs in the surrounding regions. However, we cannot exclude the possibility that they are in 

LD with other as yet unidentified variants in the Black South African population, which may generate 

stronger association signals and include the causal variants at these loci.  

The rs2237219 variant lies in the ATXN1 gene, which encodes the Ataxin-1 protein. The function of 

the ataxin protein family in the cell is poorly understood. However, defects in ATXN1 are the cause 

of spinocerebellar ataxia type 1 (SCA1), which belongs to a clinically and genetically heterogeneous 

group of neurodegenerative disorders characterized by progressive degeneration of the cerebellum, 

brain stem, and spinal cord (Volz et al., 1992; Tsuda et al., 2005).  

The rs9295124 variant is found in the SLC22A1 (Solute carrier family 22 member 1) gene encoding 

the organic cation transporter 1 (OCT1), which is one of the three similar cation transporter genes 

located in a cluster on chromosome 6 (Koehler et al., 1998). The encoded protein contains twelve 

putative transmembrane domains and is an integral plasma membrane protein. Two transcript 

variants encoding two different isoforms have been found for this gene but only the longer variant 

http://en.wikipedia.org/wiki/DNA_polymerase#Family_B
http://en.wikipedia.org/wiki/Exonuclease
http://en.wikipedia.org/wiki/Translesion_synthesis
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encodes a functional transporter (Hayer et al., 2001). OCTs in the liver, kidney, intestine, and other 

organs are critical for the uptake and intracellular inactivation of a broad spectrum of endogenous 

substrates and for detoxification of xenobiotics. Down-regulation of SLC22A1 has been reported in 

human hepatocellular carcinoma, which it was associated with tumour progression and poor 

prognosis (Heise et al., 2012). The rs9295124 variant also lies in close proximity to the IGF2R (insulin-

like growth factor 2 receptor) gene, in which a short-tandem-repeat polymorphism − IGF2R-167 − 

has been found to be associated with oral, lung, and breast cancers demonstrating a role of this 

gene in carcinogenesis (Zavras et al., 2004). Although we found no association with SNPs within the 

coding region of IGF2R, the close proximity of rs9295124 to IGF2R suggests that this variant may 

affect regulatory regions of the gene, or could be in LD with unidentified coding variants in IGF2R. 

The protein encoded by IGF2R is a receptor for both insulin-like growth factor 2 (IGF2) and mannose 

6-phosphate (M6P), which functions in the intracellular trafficking of lysosomal enzymes, the 

activation of TGF-β (transforming growth factor-β), and the degradation of IGF2 (Kornfeld, 1992). 

Finally, the rs3777723 variant and several other SNPs in LD with this top SNP lie within the RNASET2 

gene encoding the ribonuclease T2, which is a member of the Rh/T2/S-glycoprotein class of 

extracellular ribonucleases (Campomenosi et al., 2006). RNASET2 is a single copy gene that maps to 

6q27, a region associated with human malignancies and chromosomal rearrangement (Trubia et al., 

1997). The RNASET2 gene product has been reported as a tumour-associated antigen in anaplastic 

large cell lymphoma and other lymphomas (Patel et al., 2012).  

 

5.3.3  Gene-environment interaction analysis 

 

Case-control stratification analysis revealed that the altered risk of OSCC associated with rs9295124, 

rs377723, and rs2237219 is confined to Black subjects exposed to tobacco smoke and alcohol, 

suggesting a role of these environmental risk factors in the initiation of an inflammatory response in 

the oesophagus. However, stratification analyses also revealed ORs and P-values at the associated 

SNPs in the exposed subgroups to be comparable to those observed in the full cohort analyses (ΔOR 

<0.5), suggesting only qualitative but not quantitative effects of tobacco smoking and alcohol 

consumption habits on the association of these variants with OSCC. 

 

5.3.4  Analysis of population structure 

  

Allele frequency differences between cases and controls due to systematic ancestry variability can 

cause spurious associations in genetic studies of human disease. Because the effects of population 
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stratification increase in proportion to the sample size, stratification is a challenge for future large-

scale association studies in South African OSCC, which will analyze thousands of samples in an effort 

to detect common genetic variants of weak effect (Reich and Goldstein, 2001).  

By using the Immunochip data and principal component analysis (PCA) we were able to investigate 

population structure and to identify possible stratification effects in our samples. The Black South 

African samples (cases and controls), who are derived almost entirely from the Xhosa-speaking 

population, cluster tightly together in the PCA plot, which indicates a homogeneous genetic 

structure of this population. This finding show that the Black South African population is a 

genetically conserved population and well powered to find out disease risk variants in association 

studies. Therefore, the differences in allele frequency between Black cases and controls for the five 

SNPs found to be suggestively associated with OSCC in the present study are not likely to result from 

population structure. Conversely, the Mixed Ancestry samples show a large amount of population 

substructure and any differences observed between cases and controls in association studies in this 

ethnic group may be due to differences in population structure and nothing to do with case/control 

status. This finding is consistent with the origins of this population and with previous studies of 

population structure. The Mixed Ancestry originated in the 17th century from the admixture of non-

Africans with indigenous African populations, receiving ancestral contribution from Europeans and 

Asians (de Wit et al., 2010). Therefore, the genetic structure of this ethnic group is substantially 

derived from Africans but in part also from Asians and Caucasians. This is consistent with the spread 

of the Mixed Ancestry samples genotyped in this study from African samples towards CEU samples 

in the PCA plot. Any association analysis in such a heterogeneous population would require very 

careful matching of cases and controls based on extensive SNP genotype data and correction for 

population stratification by PCA. This suggests that at least some of our positive association results in 

this population may not be valid, since these data are uncorrected for population structure. It may 

also explain the lack of association between genetic polymorphisms of glutathione S-transferases 

(GSTs) and N-acetyltransferases (NATs), as well as at the 2q33.1 and Major histocompatibility 

complex (MHC) loci, and the risk of OSCC in the Mixed Ancestry population observed in the other 

association studies discussed in this thesis. The PCA plot also shows that some samples are located 

outside the population clusters to their self-declared ancestry (e.g. some Mixed Ancestry samples 

are in the Black South African cluster and vice versa). However, these samples were re-assigned to 

the matching population based on the results from the PCA. 

Humans today are descended from ancestors who lived in Africa over 150,000 years ago (Armitage 

et al., 2011). As human populations migrated out of Africa, they carried with them part, but not all, 

of the ancestral genetic variation; as a result, the genetic variants seen outside Africa tend to be 
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subsets of those seen in Africa, and therefore genetic diversity or heterogeneity is higher in Africans 

than in Europeans or Asians. The long demographic history and variability within and between 

African populations means that there are more haplotypes, and of shorter length, to analyze than 

within European or Asian populations (Gabriel et al., 2002; Reich et al., 2001). As a result, the 

frequency of a haplotype associated with a disease in Africa may depend on the country and ethnic 

group of an individual. When investigating the genetic basis of disease, the long conserved 

haplotypes seen in European populations mean that it is easier to identify those associated with 

disease risk or protection than in African populations, but it also carries the drawback that it is 

harder to fine-map the gene conferring the risk or protection within a European haplotype as the 

region for analysis is larger. In addition, because many European populations are genetically very 

similar, it has been relatively straightforward to combine data from different studies to gain a large 

enough data set to perform powerful enough meta-analyses. The diversity within and between 

African population groups means that combining data from different studies carried out in Africans 

is more difficult. For these reasons, genetic associations with human diseases are more difficult to 

identify in sub-Saharan African populations (McCarthy et al., 2008; Teo et al., 2010; Rosenberg et al., 

2010). 

 

5.3.5  The Immunochip strategy 

 

The design of the Immunochip and the fine-mapping of immune susceptibility loci is based on prior 

positive associations resulted from GWAS. These data allowed for deep replication of large numbers 

of loci which had suggestive evidence of association in previous studies and for fine-mapping of 

established susceptibility loci. Unlike genome-wide association studies, the Immunochip represents 

an opportunity to comprehensively dissect the structure of both rare and common genetic variation 

at immune-relevant genomic regions in human diseases. Furthermore, because of the presence of 

the majority of the polymorphic genetic variants from immune-risk loci provided by the 1000 

Genomes Project in the final Immunochip dataset, the true causal variants at many risk loci may be 

directly genotyped and analyzed (Cortes and Brown, 2011). The cost of the Immunochip is far lower 

than GWAS arrays because it has been produced in very large numbers. This has enabled the 

genotyping of very large cohorts, and the sample size will thus be sufficient to map rare variants at 

relative affordable costs. The Immunochip contains much denser sets of tag SNPs in target loci than 

GWAS arrays and the genotypes of large numbers of additional SNPs may be imputed from LD 

calculations by using 1000 Genomes data. This allows observation of much finer-scale recombination 

and potentially more precise estimates of the boundaries of disease associated regions. 
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Furthermore, the Immunochip contains a substantial higher proportion of polymorphic variants of 

low minor allele frequency (MAF) than GWAS chips (Trynka et al., 2011). This allowed us to 

investigate many more rare genetic risk variants in target susceptibility loci than in previous GWAS 

for oesophageal cancer (Bye et al., 2011; Bye et al., 2012).  

Nevertheless, the Immunochip has weaknesses from an African genetics perspective. The chip is 

designed on European polymorphic variants for use in mainly White European populations, and is 

therefore unlikely to cover a significant proportion of common genetic variants in African 

populations. However, the chip can still be informative particularly where disease-associated 

variants and haplotypes are shared between White Europeans and the specific ethnic group studied. 

Another weakness is that many rare and low-MAF variants from various populations have yet to be 

identified and are thus not represented on the chip. Additional work is therefore needed to 

genotype these variants by resequencing a larger number of individuals from other populations. 

However, the genotyping of rare variants on high throughput arrays presents some technical 

challenges which are being addressed by various genotype calling algorithms. A final weakness is 

that fine-mapping in the Immunochip is limited to loci selected for immune diseases and does not 

cover the entire genome, and depends on the power of the initial GWAS for its marker selection. The 

chip, particularly for diseases where few or no GWAS have been performed, will therefore miss 

residual associated loci (Cortes and Brown, 2011).  

Both because the Immunochip is entirely based on European variants and because new variants are 

being continuously discovered, the chip will need to be supplemented with more SNPs, especially 

from populations of African ancestry, for future studies (Polychronakos, 2011). Indeed, production of 

the Immunochip itself has been discontinued by Illumina and is likely to be replaced by other custom 

arrays.  In view of this, the African Genome Variation Project has been collecting essential 

information about the structure of African genomes to provide a basic framework for genetic 

disease studies in Africa. As part of the African Genome Variation Project, 2.5 million genetic variants 

are being genotyped in 100 individuals from over 10 ethnic groups across sub-Saharan Africa to 

provide a dense network of new information about genetic structure in African populations. This 

genotyping data generated will be available as a public resource for the scientific community in 

order to facilitate future larger-scale genome-wide association studies in Africa 

(http://www.1000genomes.org). 

 

 

 

 

http://www.1000genomes.org/
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5.3.6  Conclusions 

 

The Immunoscan of chromosome 6 that has been carried out in this study to identify susceptibility 

loci for OSCC has identified several loci of interest in the Black South African population. However, 

the levels of significance achieved for the top SNPs did not meet the levels required by Bonferroni 

correction for the number of independent loci tested. This could be because these are false positive 

association signals arising by chance, or because we have insufficient statistical power in this study 

to provide conclusive evidence for these associations. Analysis of population structure indicated 

homogeneity in the Black population analysed and confirmed substantial heterogeneity in the Mixed 

Ancestry population, which could impact on the design of future genetic association studies in these 

ethnic groups. The next step in the follow-up of these results would be to carry out a replication 

study by genotyping the top SNPs in a larger and independent panel of cases and controls. If these 

loci showed evidence of replication, a meta-analysis of the data from the Immunoscan and the 

replication study could be combined in a joint analysis. Work is in progress to expand the number of 

OSCC cases and controls in the Black South African population, so it should soon be possible to 

provide a definitive answer to these questions. Confirmation of the association with OSCC at any or 

all of these loci could then lead to resequencing and functional studies aimed at the identification of 

the causal genes and causal genetic variants which are driving the associations.  
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CHAPTER 6  FINAL CONCLUSIONS 

 

 

6.1  NOVELTY OF THE STUDIES 

 

To our knowledge, we carried out the largest investigation to date of the association of GST 

functional polymorphisms with cancer in African populations. Although the association between 

GSTT1 deletion and OSCC had already been investigated in Black and Mixed Ancestry South Africans, 

the novelty of our study is that we used a trimodal genotyping assay able to discriminate 

heterozygotes from homozygotes for the deletion, which allowed us to evaluate the association in a 

more accurate way. This is the first study evaluating the association between GSTP1 Ile105Val 

polymorphism and OSCC among Africans and the first to assess the role of the GSTT2B deletion in 

cancer risk. 

Regarding NAT polymorphisms, we performed the largest study to date investigating the association 

between NAT2 acetylation polymorphism and oesophageal cancer worlwide, and the first study to 

assess the role of NAT1 functional polymorphisms on OSCC risk. Furthermore, this is the first study 

evaluating interactions between alcohol or red meat consumption and NAT1/NAT2 polymorphisms 

with regard to OSCC susceptibility. 

GWAS of OSCC have not yet been performed in African populations; however, different studies have 

been conducted in the Chinese and novel susceptibility loci have been discovered. Recent studies 

have already investigated some of these associations in South African populations (Bye et al., 2011; 

Bye et al., 2012). In view of the findings from a recent Chinese GWAS, we investigated genetic 

polymorphisms in novel candidate susceptibility loci (2q33.1 and MHC) in Black and Mixed Ancestry 

South Africans (Sun et al., unpublished). 

The Immunochip has already been used to assess genetic predisposition to immune-related 

diseases. To our knowledge, this is the first study using the Immunochip strategy to perform an 

association study on cancer, and the first large-scale study to test the association between 

polymorphisms in immune-related genes and OSCC susceptibility. 

 

 

6.2  FUTURE PROSPECTIVE OF GENETIC ASSOCIATION STUDIES IN SOUTH AFRICA 

 

Large scale genomic studies in South Africa are needed to investigate the genetic component of 

diseases that are commonly observed in the general population, such as oesophageal squamous cell 
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carcinoma. Findings from these studies could be used to stratify the population into subgroups that 

share a particular genetic risk marker, which could be monitored and receive specific therapeutic 

interventions. Furthremore, it would be useful to perform high standard genomics studies (i.e. 

transcriptomics, proteomics, metabolomics, and epigenomics) whose results could be integrated 

into systems biology approaches and used to elucidate novel metabolic pathways for carcinogen 

metabolism as well as new gene networks associated with disease (Thorn et al., 2007; Ozdemir et al., 

2009). However, as previously discussed, the genetic variants found to be associated with OSCC in 

GWAS typically account for only a small proportion of inherited cancer risk, and therefore their 

application for individual risk prediction is limited (Gao et al., 2009).  

Although commercial microarrays platforms are improving with regard to the amount of genome-

wide variation that is captured, they should still be used with caution in African studies because of 

the lower level of LD among SNPs and higher number of different haplotypes in Africans compared 

to Caucasians and Asians; therefore, the risk of incomplete allele coverage in African studies is high 

and could lead to bias in the results (Manolio et al., 2009). There are a number of available 

commercial microarrays platforms especially designed for SNP detection and to evaluate germline 

mutations in cancer [i.e. AmpliChip (Roche), DMET (Affymetrix), ADME core (Illumina)], although 

these platforms may still not be adequate for genetic association studies in African populations 

(Drögemöller et al., 2010; Wright et al., 2010). Additionally, genotype-phenotype discordance 

appears to occur more frequently in subjects of African descent compared to Caucasians, and may 

be partially explained by rare or African-specific genetic variants (Matimba et al., 2009). However, if 

genetic variation is adequately investigated, African populations would allow for fine mapping of 

GWAS signals and the subsequent identification of causal variants for oesophageal cancer due to the 

low LD among SNPs observed in the African genome (Manolio et al., 2009). 

The aim to obtain a clear range of genetic variation in African populations is being aided by large 

scale population-based resequencing of the human genome such as the 1000 Genomes Project and 

the HapMap3 Project, which will allow for the design of more comprehensive microarrays (1000 

Genomes Project Consortium et al., 2010; International HapMap 3 Consortium et al., 2010). 

Unfortunately, no genomes from the Southern Africa region are currently included in any of these 

projects. Sequencing technologies would be useful to capture the unique genetic variation present in 

South African populations; however, limited targeted sequencing of candidate genes has often been 

performed in South Africans to reveal unique genetic variants while whole genome sequencing 

results are also available for one South African genome (Matimba et al., 2009; Drögemöller et al., 

2010; Wright et al., 2010; Schuster et al., 2010). To date, the majority of genomic research studies 

have been conducted in populations of European descent whereas very few studies have been 

http://www.ncbi.nlm.nih.gov/pubmed?term=1000%20Genomes%20Project%20Consortium%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=1000%20Genomes%20Project%20Consortium%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=International%20HapMap%203%20Consortium%5BCorporate%20Author%5D
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performed in Africans (Rosenberg et al., 2010), despite the fact that African countries carry a large 

burden of communicable diseases such as infectious diseases, as well as an alarming increase of non-

communicable diseases including cancer (http://www.who.int/whosis/whostat/2010/en). However, 

the high prevalence of communicable and non-communicable diseases in Africa offers great 

opportunities for genomic research because of the vast number of patients from diverse African 

populations available for epidemiological and clinical studies. Specifically in South Africa, the 

heterogeneity of populations offers a variety of advantages. While the high allelic diversity and short 

areas of LD in Black South Africans allow for fine mapping of loci, Mixed Ancestry, White Afrikaner, 

and Indian populations permit other mapping strategies. Furthermore, ideal opportunities for 

genotype-phenotype correlation studies exist, as the genetically diverse populations can be used to 

assess the influence of genetic variation on phenotypes in similar environments, as well as in 

different environments (i.e. rural versus urban areas). These studies could also provide opportunities 

for epigenetic studies. 

In view of the success of genome-wide association studies in defining the genetic components of 

complex diseases, this approach is likely to be the most effective means to identify the relevant 

genetic pathways involved in the pathogenesis of oesophageal squamous cell carcinoma in Black and 

Mixed Ancestry South African populations once sufficient sample sizes for genome-wide studies are 

available. The identification of such pathways may further elucidate the role of dietary factors in 

oesophageal carcinogenesis and novel metabolic pathways in xenobiotic metabolism. 
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CHAPTER 7  MATERIALS AND METHODS 

 

 

7.1  SAMPLE COLLECTION 

 

7.1.1  Study group 

 

The studies were limited to Black and Mixed Ancestry South Africans because of the high prevalence 

of OSCC in these two ethnic groups (http://www.nioh.ac.za/assets/files/cancer  2004.pdf). The Black 

group included mainly Xhosa-speakers from the Eastern and Western Cape regions of South Africa 

whereas the Mixed Ancestry subjects were originally from the Western Cape. The Mixed Ancestry is 

an admixed population originated about 300 years ago from the union of different ethnic groups, 

receiving ancestral contribution from the indigenous Khoisan, sub-Saharan Africans, Asians, and 

Europeans (de Wit et al., 2010). In view of the different genetic background and of variation in allele 

frequencies among different ethnic groups, the Black and Mixed Ancestry populations were analyzed 

separately. 

The number of total samples, the distribution of Black and Mixed Ancestry individuals, and the 

distribution of cases and controls for each association study described in the present thesis is 

variable. Such variation depends on the aim and design of the study, the availability of samples at 

the time of genotyping, and the availability of reagents for genotyping reactions. All patients 

selected for the study were histologically diagnosed with squamous cell carcinoma of the 

oesophagus and recruited between 2000 and 2011 from Groote Schuur and Tygerberg Hospitals in 

Cape Town. The control group included healthy volunteers with no history of cancer, recruited from 

the same area of residence, age-group, gender distribution, and ethnic group of patients. 

All study participants completed a standardized questionnaire to collect demographic and lifestyle 

information including ethnicity, language, gender, age, tobacco smoking and alcohol consumption 

habits. Histopathological characteristics of oesophageal cancer such as histological subtype and 

localization were also collected for patients. 

The studies were ethically approved by the joint University of Cape Town/Groote Schuur Hospital 

Research Ethics Committee and the University of Stellenbosch/Tygerberg Hospital Ethics Committee. 

Written informed consent was obtained from all study participants. 

 

 

 

http://www.nioh.ac.za/assets/files/cancer
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7.1.2  Definition of variables 

 

Demographic details and lifestyle factors of study participants were collected using a standardized 

questionnaire especially designed for use in a multiethnic study. 

The variables used in our studies and the reasons why we used them are the following: 

 ICD-O codes and histopathological reports: to confirm the diagnosis of oesophageal squamous 

cell carcinoma in the patients selected for the study, excluding any other oesophageal cancer 

subtype (ICD-O codes for OSCC: from 15.0 to 15.9, depending on the localization of the tumor in 

the oesophagus). 

 Demographic characteristics (age, gender, mother language, ethnicity, etc.): used to match 

patients and control individuals for ethnicity, age-group, gender distribution, and area of 

residence, as well as to adjust odds ratios for age and gender in the analysis. 

 Family history of cancer: to select control subjects with no history of any type of cancer and with 

no familiar history of oesophageal cancer. 

 Tobacco smoking status, number of cigarettes smoked per day, alcohol consumption status, and 

red meat intake: to investigate gene-environment interactions by case-control and case-only 

stratification analysis and to adjust odds ratios for tobacco smoking and alcohol consumption 

status in the analysis. 

The tobacco smoking habit was reported as smoking of cigarettes, hand-rolled cigarettes, and pipes 

(all of them referred to as ‘cigarettes’ in the text). Smoking status of study participants was classified 

as current smokers (if they were currently smoking at recruitment or if they quitted smoking not 

earlier than 1 year), former smokers (if they smoked regularly at some point in their lives for at least 

6 months or if they quitted smoking at least 1 year prior to recruitment), and never smokers (if they 

had never smoked regularly for at least 6 months). In the analysis, current and former smokers were 

merged into one group referred to as ‘smokers’ because subjects who smoked in the past may have 

caused damages at the oesophagus that can develop cancer much further after quitting smoking 

(Bosetti et al., 2006). All current and former smokers were also asked to report the number of 

cigarettes smoked per day and we grouped these subjects into those who smoked <10 cigs/day and 

those who smoked ≥10 cigs/day. 

Alcohol consumption status was defined according to the frequency or the amount of alcohol 

consumed at recruitment, and subjects were subdivided into alcohol drinkers and non-drinkers. 

Alcohol drinkers were defined as subjects who consumed alcohol at least once a week or >1 litre of 

wine/beer per week; non-alcohol drinkers included those who never consumed alcohol or consumed 

<1 litre of wine/beer per week. 
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The participants were also asked to report their average intake of 12 different food items over the 

previous 12 months, choosing from 6 different categories ranging from never to daily. However, for 

the purpose of our studies, we only considered intake of red meat and we grouped samples into two 

main variables: ≤1-2 times/week and daily or almost daily. Red meat consumption was calculated by 

adding up intake of beef, veal, pork, lamb and offal. 

There were several limitations to the collection of data. Information about red meat intake was only 

available for patients and, among these, only 298 Black participants and 158 Mixed Ancestry 

participants (out of a total of 463 and 269 subjects, respectively) provided information about red 

meat intake. In addition, red meat consumption was only assessed by frequency of intake but we 

had no information about methods of cooking and doneness of meat. Finally, alcohol consumption 

was only assessed by the categories of alcohol drinkers and non-drinkers (yes/no) and we could not 

examine a dose-dependent effect of alcohol on susceptibility to OSCC. 

 

 

7.2  DNA EXTRACTION 

 

7.2.1  Isolation and purification of DNA 

 

Blood samples were collected from each individual enrolled in the study and stored at −20°C prior to 

DNA extraction. Genomic DNA was extracted according to the protocol from Gustafson et al. (1987), 

which consists of the following steps: 

 Whole blood samples were defrosted and transferred to a sterile polypropylene 50 ml tube; 

 Blood was diluted with 40-45 ml of phosphate buffered saline (PBS) solution and then 

centrifuged at 7000 rpm for 15 min; 

 The supernatant was poured off and the pellet was suspended in 25 ml of Sucrose Triton X-100 

Lysing Buffer; 

 The homogenized solution was spun for 5 min at 6000 rpm and the supernatant was poured off; 

 The pellet was then resuspended in: 

 3 ml of T20E5 solution, 

 200 µl of 10% Sodium dodecyl sulfate (SDS) to a final concentration of 1%, 

 100 µl of proteinase K, 10 mg/ml to a final concentration of 250 µg/ml; 

 The solution was incubated at 45ºC overnight; 

 After adding 4 ml of saturated NaCl and mixed vigorously for 15 seconds, the sample was spun 

for 40 min at 7000 rpm to allow for precipitation of proteins; 
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 The supernatant containing the DNA was transferred to a 12 ml tube and absolute ethanol was 

added in order to precipitate the DNA; 

 A white isolated lump made of precipitated DNA was then transferred to a 2 ml tube and 

washed in 1 ml of 70% ethanol; 

 The tubes were finally centrifuged at 7000 rpm for 5 min and pellets (DNA) were dissolved in 400 

μl of 1X TE buffer. 

 DNA samples were left at 4°C overnight or longer, until the pellet was completely dissolved in TE 

buffer. 

 

7.2.2  DNA concentration measurement 

 

DNA concentration was determined by Nanodrop spectrophotometer (Thermo Scientific ND-2000). 

For each sample, 3 µl of dissolved DNA was loaded on the spectrophotometer, which provided the 

DNA concentration in ng/µl (values above 100 ng/µl were considered optimal), the 260/230 ratio for 

organic chemicals and solvent contamination (important to have this ratio above 1.6 for qPCR), and 

the 260/280 ratio for protein contamination (ratios above 1.8 were considered pure). To ensure that 

the DNA pellet was completely dissolved, DNA concentration was measured two to three times by 

loading different aliquots from the same sample−if the sample is completely dissolved, the different 

measurements should give approximately the same value; if not, samples were reincubated at 4°C 

overnight prior to new measurements. 

Samples were then diluted to a final concentration of 20 ng/µl in 96-well plates for storage at −20°C 

prior to genotyping. 

 

 

7.3  GENOTYPING OF GSTT1, GSTT2B, AND GSTP1 POLYMORPHISMS 

 

7.3.1  Determination of the GSTT1 deletion genotype 

 

The GSTT1 deletion polymorphism was genotyped by multiplex PCR assay as previously described 

(Sprenger et al., 2000). A four primer set (Appendix A, Table 1) was used to identify both the 

deletion and non-deletion alleles in a single reaction, as shown in Figure 2.1.  

Forward primer 5’-CCAGCTCACCGGATCATGGCCAG-3’ (AF) and reverse primer 5’-

CCTTCCTTACTGGTCCTCACATCTC-3’ (AR) amplify a 459 bp sequence present in the GSTT1 gene while 

forward primer 5’-CAGTTGTGAGCCACCGTACCC-3’ (BF) and reverse primer 5’-
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CGATAGTTGCTGGCCCCCTC-3’ (BR) amplify a joint sequence of 1460 bp when GSTT1 is deleted. When 

GSTT1 is not deleted, the DNA fragment (GSTT1) between the forward (BF) and reverse primers (BR) 

is too long for amplification while the 459 bp sequence within the GSTT1 gene is amplified. 

Conversely, when GSTT1 is deleted the 459 bp sequence is absent and cannot be amplified while the 

BF and BR primers are now close enough to amplify the 1460 bp fragment.  

Briefly, 50 ng of genomic DNA was added to buffer containing 1.5 mM MgCl2, 2 mM dNTPs, 10 pmol 

of each oligonucleotide primer and 0.5 U of HotStart Taq polymerase (Roche). Fragments were 

amplified in a final volume of 10 μl. The PCR reaction was carried out in a Veriti Thermal Cycler 

(Applied Biosystems) and thermal cycling conditions consisted of an initial hot start of 15 min at 95°C 

followed by 30 cycles of denaturation at 95°C for 30 sec, annealing at 65°C for 30 sec, and extension 

at 72°C for 90 sec, with a final extension step at 72°C for 7 min. PCR products were separated by 

electrophoresis on 1% agarose gels in Tris-Borate-EDTA buffer. The gels were stained with ethidium 

bromide and digitally photographed using a UV transilluminator (Syngene Gel Documentation 

System, SN SYDR 4/2525). The resulting bands in the gel were distinguished by comparing their 

position with that of standard bands from the GeneRuler DNA Ladder Mix marker (Fermentas). 

 

7.3.2  Determination of the GSTT2B deletion genotype 

 

Genotyping of the GSTT2B deletion polymorphism was performed by multiplex PCR assay using a 

three-primer set (Appendix A, Table 1) for simultaneous amplification of the non-deletion and 

deletion alleles (Figure 2.3), as previously described (Zhao et al., 2009).  

The forward primer 5’-CACTCAACACAGTAGCCTCATCGTG-3’ (CF) and reverse primer 5’-

CCTTCTGAAATGGAGCCTTTG-3’ (DR) amplify a 847 bp fragment detecting the presence of the GSTT2B 

gene while forward primer CF and reverse primer 5’-TGCCTCCCCTGCCTTATTTC-3’ (CR) amplify a 505 

bp sequence generated by the deletion of GSTT2B. The CF primer is used for amplification of both 

fragments. When GSTT2B is not deleted, the DNA fragment between the CF and CR primers is too 

long for amplification while the fragment between the CF and DR primers (847 bp) is amplified. 

Conversely, when GSTT2B is deleted the DR primer binding site is also deleted and the 847 bp 

fragment cannot be amplified; however, the CF and CR primers are now close enough to amplify the 

505 bp fragment.  

The PCR reaction was carried out in a final volume of 10 μl with 0.5 U Taq polymerase (GoTaq, 

Promega), 1.5 mM MgCl2, 2 mM dNTPs, 10 pmol of each primer, and 50 ng of genomic DNA. The 

reaction was carried out in a Veriti Thermal Cycler (Applied Biosystems) and thermal cycling 

conditions consisted of an initial hot start of 95°C for 5 min, followed by 30 cycles of denaturation at 
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95°C for 30 sec, annealing at 55°C for 30 sec, and extension at 72°C for 60 sec. The final extension 

step was at 72°C for 5 min. Similarly to GSTT1, the reaction products were separated by 

electrophoresis on 1% agarose gels stained with ethidium bromide. GeneRuler DNA Ladder Mix 

(Fermentas) was used as marker. 

 

7.3.3  Determination of the GSTP1 Ile105Val genotype 

 

The GSTP1 Ile105Val single nucleotide polymorphism (rs1695) was determined by TaqMan 

genotyping assay using primers and fluorescent allele-specific TaqMan probes (reagents from 

Applied Biosystems). Forward and reverse primers were used to amplify the DNA sequence 

containing the single nucleotide polymorphism (SNPs) while the TaqMan probes are DNA 

oligonucleotides specifically designed to anneal within the DNA region amplified by the primers. 

TaqMan probes consist of a fluorophore (FAM or VIC) covalently attached to the 5’-end of the 

oligonucleotide probe and a quencher at the 3’-end. The quencher molecule quenches the 

fluorescence emitted by the fluorophore when excited by the cycler’s light source via FRET 

(Fluorescence Resonance Energy Transfer). As long as the fluorophore and the quencher are in 

proximity, quenching inhibits any fluorescence signals (Holland et al., 1991; Bustin, 2000). Two 

TaqMan probes were used for the GSTP1 Ile105Val genotyping assay: one carrying FAM (blue 

emission) and detecting the wild-type 105Ile allele and the other carrying VIC (green emission) for 

detection of the risk 105Val allele. As the Taq polymerase extends the primer and synthesizes the 

nascent strand, the 5' to 3' exonuclease activity of the polymerase degrades the probe that has 

annealed to the template. Degradation of the probe releases the fluorophore from it and breaks the 

close proximity to the quencher, thus relieving the quenching effect and allowing fluorescence of the 

fluorophore. According to the fluorescence ratio emitted by the nucleotide-specific fluorogenic 

probes (blue or green), we were able to distinguish among samples carrying the Ile/Ile, Ile/Val, and 

Val/Val genotypes in our study populations. 

Amplification was performed in a total volume of 5 μl made up of 2.5 μl of TaqMan Master Mix 

(Applied Biosystems), 0.25 μl of SNP probe, and 5 ng of DNA diluted in dH2O. The thermal cycling 

conditions consisted of an initial denaturation step at 95°C for 15 min, followed by 45 cycles of 

denaturation at 92°C for 15 sec and annealing/extension at 60°C for 60 sec. Fluorescence was 

measured using a 7900HT Fast Real-Time PCR system and genotypes were assigned using SDS 2.2.2 

software (Applied Biosystems). 

 

 

http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Oligonucleotide
http://en.wikipedia.org/wiki/Fluorescence
http://en.wikipedia.org/wiki/F%C3%B6rster_resonance_energy_transfer
http://en.wikipedia.org/wiki/F%C3%B6rster_resonance_energy_transfer
http://en.wikipedia.org/wiki/Taq_polymerase
http://en.wikipedia.org/wiki/Primer_(molecular_biology)
http://en.wikipedia.org/wiki/Exonuclease
http://en.wikipedia.org/wiki/Taq_polymerase
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7.3.4  Preparation of agarose gel for electrophoresis 

 

For the separation of the amplified PCR products following the GSTT1 and GSTT2B deletion assays 

we used a 1% agarose gel containing 0.5 μg of Ethidium Bromide (EthBr)/ ml of gel solution from 

stock solution (10 mg/ml). Thus, we added 5 μl of stock solution for every 100 ml of gel solution. The 

preparation of a gel containing 96 wells (samples) consisted in the following steps: 

 A running buffer was made by adding 25 μl (10 mg/ml) of EthBr into 500 ml of 1X TBE (Tris-

Borate-EDTA) solution; 

 4 g of agarose powder was added to 400 ml of 1X TBE and the solution was dissolved by 

warming it up in a microwave for 2 min; 

 When the solution was completely transparent, it was allowed to cool down to 40-50°C; 

 We then added 20 μl of EthBr and after mixing we poured the solution into the gel stamp and 

covered the top with the well shaper, being careful to remove all the bubbles present on the gel 

surface; 

 The solution was left at room temperature for 20-30 min to allow for the solidification of the gel; 

 When the gel was solidified, it was added into the electrophoresis chamber and covered with 

500 ml of running buffer. 

The total volume of each PCR product (10 μl) was then mixed with 4 μl of 6X DNA loading dye and 

then uploaded into the wells of the gel. As marker, we used GeneRuler DNA Ladder Mix from 

Fermentas. The electrophoresis chamber was then connected to the battery by the +/– conductors 

and the running was carried out for 30 min at 300 amp. The gel was then cut in smaller pieces and 

checked for fluorescence signals in the UV transilluminator (Figures 2.2 and 2.4). 

 

 

7.4  GENOTYPING OF NAT1 AND NAT2 POLYMORPHISMS 

 

7.4.1  Determination of the NAT2 genotype and acetylator phenotype 

 

The four NAT2 SNPs – G191A (rs1801279), T341C (rs1801280), G590A (rs1799930), and G857A 

(rs1799931) – were genotyped by TaqMan allele discrimination assay (Doll and Hein, 2001) using 

primers and specific Taqman probes (Applied Biosystems) as described in Paragraph 7.3.3. Specific 

primers and TaqMan probes were used to genotype each of the NAT2 SNPs in our population groups 

(Appendix A, Table 2); however, the protocols for reaction mixture and thermal cycling conditions 

were the same for all the genotyped SNPs (Appendix B). Controls (no DNA template) were run to 
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ensure that there was no amplification of contaminating DNA. Each reaction was carried out in a 2.5 

µl volume containing 1X Universal PCR Master Mix, 1X Drug Metabolism Genotyping Assay Mix, and 

20 ng of DNA. The thermal cycling conditions consisted of an initial step of denaturation at 95°C for 

10 min, followed by 50 cycles of denaturation at 92°C for 15 sec and annealing/extension at 60°C for 

90 sec. Amplification reactions were performed in a Roche LightCycler 480 II instrument and 

genotypes assigned using SP4 1.5.0 software (Roche). As a result, five NAT2 alleles were identified − 

NAT2*4 (wild-type, fast acetylator allele), NAT2*5, NAT2*6, NAT2*7, and NAT2*14 (slow acetylator 

alleles) – and the acetylator phenotype was determined as follow: (i) individuals carrying two 

NAT2*4 alleles were classified as rapid NAT2 acetylators; (ii) individuals with two variant alleles (any 

of NAT2*5, NAT2*6, NAT2*7) were slow acetylators; (iii) and those with one wild-type allele and one 

variant allele were defined as intermediate acetylators. Other alleles with significant frequency 

(>5%) in Black South Africans and not ascertained in our study – NAT2*12 and NAT2*13 – are 

associated with rapid acetylator activity (comparable to NAT2*4) and therefore were classified as 

NAT2*4 (Hein et al., 2000). In the association analysis, individuals carrying genotypes deducing NAT2 

slow and intermediate acetylators were joint together to form one group–NAT2 slow/intermediate 

acetylators–and compared with those carrying the rapid genotype (NAT1*4/*4). 

 

7.4.2  Determination of the NAT1 genotype and acetylator phenotype 

 

The two NAT1 SNPs – C1095A (rs15561) and T1088A (rs1057126) – were determined by TaqMan 

assay as previously described (Doll and Hein, 2002). We were able to genotype the two variants 

simultaneously in a single reaction using a three-probe system that has both nucleotide 

polymorphisms in the same probe. This was necessary because the 1088/1095 SNPs are too close to 

each other to use the conventional two-probe TaqMan assay. The forward primer 5’-

CACCTATAAAAATGTCATCATA-3’ and reverse primer 5’-TCACCAATTTCCAAGATA-3’ amplify a segment 

of the NAT1 gene flanking the probes. According to the 1095/1088 nucleotide combination, the 

TaqMan probes anneal selectively to the DNA region amplified by the primers. The probe FAM-

TAAAAGACATTTATTATTATTATTATTA-Q detects 1095C/1088T (NAT1*4); the probe HEX-

TAAAATACATTTTTTATTATTATTATTA-Q detects 1095A/1088A (NAT1*10); and the probe Cy5-

TAAAATACATTTATTATTATTATTATTA-Q detects 1095A/1088T (NAT1*3). The primers and 

hybridization probes were designed according to the recommendations by Roche Diagnostics Inc. 

(Appendix A, Table 3). TaqMan Universal PCR Master Mix (Applied Biosystems) was used to prepare 

the PCR. The 1X mixture is optimized for TaqMan reactions and contains AmpliTaq Gold DNA 

polymerase, AmpErase, dNTPs with UTP, and a passive reference. Primers, probes, and DNA were 
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added to final concentrations of 300 nM, 100 nM, and 8 ng/ml, respectively. Controls (no DNA 

template) were run to ensure that there was no amplification of contaminating DNA. The 

amplification reactions were carried out in a Roche LightCycler 480 II instrument with an initial hold 

step at 95°C for 10 min and 40 cycles of a two-step PCR (92°C for 15 s, 60°C for 1 min). The 

fluorescence intensity of each sample was measured at each temperature change to monitor 

amplification of the NAT1 gene. The nucleotide present in the NAT1 allele was determined by the 

fluorescence ratio of the nucleotide-specific fluorogenic probes. The fluorescence signal increases 

when the probe with the exact sequence match binds to the single-stranded template DNA and is 

digested by the 5’–3’-exonuclease activity of the DNA polymerase. Digestion of the probe releases 

the fluorescent reporter dye (FAM or HEX or Cy5) from the quencher. As a result, three NAT1 alleles 

were identified: NAT1*4 (wild-type), NAT1*3, and NAT1*10. Individuals with both variations were 

classified as NAT1*10 allele carriers whereas individuals with only the C1095A variation were 

NAT1*3 carriers. Other alleles containing these two SNPs–NAT1*14A, NAT1*18A, and NAT1*29–

were not considered in our study because of their very low frequency in African populations (<5%) 

reported by previous studies (Loktionov et al., 2002; Man et al., 2010). Participants were classified as 

reference (wild-type), intermediate, and rapid acetylators if they had two copies, one copy, and zero 

copies of the NAT1*10 allele, respectively. In the association analysis, individuals carrying zero 

copies and those carrying one copy were merged into one group–zero/one NAT1*10 allele carriers–

and compared to those carrying two alleles (NAT1*10/*10, putative rapid acetylators).  

 

 

7.5  GENOTYPING OF SNPs AT 2q33.1 AND AT THE MHC 

 

Genotyping was performed by using validated TaqMan SNP genotyping assays (Applied Biosystems). 

Each of the nine SNPs was genotyped using a specific set of oligonucleotides including forward and 

reverse primers and two TaqMan probes, one carrying the FAM fluorescent dye for detection of the 

wild-type allele and the other one carrying the VIC fluorescent dye for detection of the risk allele 

(the principle of the genotyping assay and the role of TaqMan probes have already been described in 

Paragraph 7.3.3). Each reaction was carried out in a 2.5 µl total volume containing 20 ng of DNA 

diluted in dH2O, 1X Universal PCR Master Mix (Applied Biosystems), and 1X TaqMan SNP assay mix 

containing primers and TaqMan probes, according to assay instructions. The thermal cycling 

conditions consisted of an initial denaturation step at 95°C for 10 min, followed by 40 cycles of 

denaturation at 92°C for 15 sec and annealing/extension at 60°C for 60 sec. Amplification reactions 

and fluorescence measurements at the PCR end-point were determined by using a Roche LightCycler 
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480 II instrument while genotypes were assigned by using SP4 1.5.0 software (Roche). The 

fluorescence signal (blue or green) depends on the fluorescent reporter dye (FAM or VIC, 

respectively) of the TaqMan probe annealed to the specific polymorphic site. Digestion of the probe 

by the 5’–3’-exonuclease activity of the DNA polymerase releases the fluorescent reporter dye from 

the quencher, thus relieving the quenching effect and allowing fluorescence of the fluorophore. The 

nucleotide change at the specific allele was determined by the fluorescence ratio of the fluorogenic 

probes, which allowed us to distinguish among the homozygous wild-type, heterozygous, and 

homozygous variant genotypes. The cluster plots from TaqMan analyses were all manually checked 

to ensure high quality results. 

 

 

7.6  IMMUNOCHIP DATA ANALYSIS 

 

Samples were genotyped using the Immunochip according to the Illumina standard protocols in the 

Biomedical Research Centre Genomics Core Facility at Guy’s Hospital, London, UK.   

Quality control of Immunochip data for all chromosomes was performed by our collaborators Dr S. 

Spain and Hannah Bye in the Department of Medical & Molecular Genetics, King’s College London.  

We used the Immunochip data to perform case-control association analysis between 2,600 SNPs on 

chromosome 6 and OSCC risk in the Black Xhosa population. We also performed principal 

component analysis (PCA) using >27,000 SNPs to investigate the genetic structure of the Black and 

Mixed Ancestry populations. Finally, we carried out gene-environment interaction analysis for SNPs 

that were found to be significantly associated with altered susceptibility to of OSCC. 

 

7.6.1  Genotyping panel and SNPs selection 

 

The Immunochip is a custom Illumina Infinium high-density array consisting of 196,524 SNPs 

compiled mostly from susceptibility loci identified in previous GWAS of 12 different autoimmune 

and inflammatory diseases. The Immunochip was manufactured at the Finnish DNA Microarray 

Centre, Turku Centre for Biotechnology (http://microarrays.btk.fi/). All variants within 0.1 cM of the 

tagSNP for each disease and region were selected by using the 1000 Genomes dataset. The selected 

variants represent roughly 2,000 genes implicated in lymphocyte activation or differentiation, 

antigen processing and presentation, signalling, apoptosis, and cell cycle regulation. 

 

 

http://microarrays.btk.fi/
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7.6.2  Immunochip data quality control  

 

7.6.2.1  Variant removal 

 

In the quality control analysis of the Immunochip data set we first excluded SNPs with: (i) call rate 

below 95%, (ii) Hardy-Weinberg equilibrium P-value <1×10−6, (iii) MAF below 1% (monomorphic 

variants). The Illumina GenomeStudio GenTrain2.0 algorithm was used to cluster genotypes within 

the individual populations. Subsequently, using additional sample data (case and control data were 

analyzed together), clusters were re-adjusted or excluded for variants with low quality statistics.  

In the Black population, 2,559 SNPs failed to meet the call rate threshold, a further 2,656 SNPs were 

removed from analysis due to failure to meet the HWE threshold, and an additional 47,301 variants 

were monomorphic. Following quality control, a total of 139,793 SNPs were available for the case-

control analysis in the Black population. However, we only investigated the association with 2,600 

independent SNPs (r2 >0.2) from chromosome 6 in order to focus on the immune defect hypothesis 

and reduce the degree of multiple testing. 

In the Mixed Ancestry group, 2,790 SNPs failed to meet the 95% call rate threshold; however, case-

control association analysis was not carried out in this population so no further SNPs were removed.  

 

7.6.2.2  Sample removal 

 

Samples were excluded from the analysis if (i) the SNP call rates was <95% and (ii) they were outside 

of the main genotype clusters. Samples with gender discrepant from expectation were switched 

from male to female or viceversa. Initial quality control was carried out using GenomeStudio, which 

removed samples with bad call rate. Normalized intensities were then exported for the remaining 

samples from GenomeStudio into Opticall for genotype calling and further quality control.  

After quality control, 278 cases and 257 controls from the Black population, and 46 cases and 60 

controls from the Mixed Ancestry population were available for the association study (the number of 

Mixed Ancestry controls is higher than the initial number genotyped because some of the Black 

samples were actually Mixed Ancestry based on the PCA plot so they were included in these 

numbers). The overall genotyping call rate was 0.99877 and 0.99885 for the Black and Mixed 

Ancestry groups, respectively. We visually inspected the signal intensity cluster plots for all SNPs 

reaching significant association (P <0.001) to confirm the high-quality genotype calling. 
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7.6.2.3  Removal of duplicated/related samples 

 

To identify duplicate pairs or highly related individuals in the Immunochip data set, we used a set of 

27,132 independent SNPs that were genotyped in the Immunochip samples and performed pairwise 

comparisons using the genome function in PLINK (Purcell et al., 2007), requiring Pi-HAT of ≥0.5. Pi-

hat is an estimate of the proportion of the genomic variation that is shared, with identical samples 

(e.g. monozygotic twins or duplicated samples) having a Pi-hat score of 1, first-degree relatives a Pi-

hat of 0.5, second-degree relatives 0.25, etc. We identified 22 (21 from the Black group and 1 from 

the Mixed Ancestry group) related sample pairs (mostly duplicates) which showed a high degree of 

relatedness (Pi-Hat >0.5). Among these, four individuals had a high degree of relatedness with more 

than 1 individual. We removed one sample from each pair, with the sample with the lowest level of 

missingness in each pair remaining in the analysis. 

 

7.6.3  Population stratification 

 

Principal component analysis (PCA) was carried out using 27,132 SNPs genotyped on the 

Immunochip. These variants were selected to be independent of each other, to have a pairwise LD of 

r2 <0.2, and a minor allele frequency of greater than 5%. Altogether, 661 samples were included in 

the PCA analysis from both the South African populations (285 controls and 282 cases from the Black 

population, and 47 controls and 47 cases from the Mixed Ancestry population). The remaining 

samples were not included due to a low genotyping call rate of <95%. 

Outlier samples, which may indicate a distinct population or duplicated samples, were removed 

from the analysis. Interestingly, we found 30 samples that clustered with the ‘wrong’ population 

group. From the self-declared Black population, 22 samples clustered with the Mixed Ancestry 

population (7 cases and 15 controls), and 8 samples from the Mixed Ancestry population clustered 

with the Black population (6 cases and 2 controls). These samples were kept in the analysis but 

moved to the ethnicity group according to the PCA results. 

Using the HapMap 3 sample groups as reference, the South African samples were also analyzed with 

several HapMap populations in the PCA to determine how they cluster in relation to other ethnic 

groups. The HapMap populations are: CEU (Utah residents with Northern and Western European 

ancestry from the CEPH collection), ASW (African ancestry in Southwest USA), JPT (Japanese in 

Tokyo, Japan) and YRI (Yoruba in Ibadan, Nigeria).   
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7.7  STATISTICAL ANALYSIS 

 

The data were analyzed in a case-control design and the analysis were performed separating the 

Black and Mixed Ancestry population groups to avoid confounding effects due to ethnicity. 

Genotype counts among controls were tested for deviation from Hardy-Weinberg Equilibrium (HWE) 

using the Chi-Square test with one degree of freedom (Rodriguez et al., 2009). 

The genetic association studies were performed either assuming a multiplicative genetic model for 

any risk allele or evaluating the risk of having one or two risk allele(s) compared to the wild-type 

genotype. We tested for differences in environmental exposure, allele and genotype frequencies 

between cases and controls by using the Pearson’s Chi-Square (2) test of association. Crude odds 

ratio (OR), odds ratio adjusted for age, gender, tobacco smoking and alcohol consumption status 

(AOR), 95% confidence interval (95% CI), and P-value for association were estimated for the tested 

alleles. All reported P-values are two-sided and a P-value <0.05 were considered as significant. In the 

Immmunochip data analysis, association statistics producing a P-value ≤0.001 were reported as 

significant.  

A conservative P-value threshold was used to assess significance of association by applying a 

Bonferroni correction for multiple testing of the two population groups and the genotyped SNPs. 

Significant results were followed up by investigation of dominant and recessive genetic models.  

For SNPs, homozygous wild-type genotypes and wild-type alleles were set as reference groups for 

calculating ORs; for acetylator phenotypes, rapid acetylators (NAT1*10/*10 and NAT2*4/*4) were 

the reference groups; for the joint effect of NAT1 and NAT2 phenotypes, the reference group was 

the one with at least one NAT fast acetylator (NAT1*10/*10 or NAT2*4/*4).  

We performed case-control stratification analysis by alleles (wild-type/risk allele) and genotypes 

(homozygous wild-type/heterozygous/homozygous risk genotype) versus alcohol consumption or 

tobacco smoking status (yes/no). We also carried out case-only analysis of environmental exposure 

by alleles using a 2x2 table of alleles versus alcohol consumption or tobacco smoking status (yes/no). 

Where sample sizes were sufficiently large, we tested for differences in genotype and/or allele 

frequencies using the chi-square test. 

Logistic regression analysis were used to test for gene-environment interactions by NAT1 and NAT2 

phenotypes (rapid/slow/intermediate NAT2 acetylators; zero/one/two NAT1*10 allele(s)) versus 

exposure to environmental risk factors represented as one (i.e. smoking status) or two (i.e. number 

of cigarettes per day) indicator variable(s). 

All statistical analysis were performed using SPSS 19 software package (SPSS, Chicago, IL). 
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Linkage disequilibrium analysis and haplotype analysis in the control groups were carried out by 

using Haploview (Barrett et al., 2005). The pairwise linkage disequilibrium was measured by 

variables DI and r2. Pearson’s 2 was used to test for association of haplotypes with OSCC by using 

UNPHASED (Dudbridge, 2008). Power calculations were carried out using Quanto software (v1.2), 

assuming a significance level of 0.05 (http://hydra.usc.edu/GxE).  
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APPENDIX A 

 
 
Table 1  Primers for GSTT1 and GSTT2B deletion genotyping assay 
 

Gene Direction Code a Sequence 

GSTT1 forward BF 5'-CAGTTGTGAGCCACCGTACCC-3' 

 
reverse BR 5'-CGATAGTTGCTGGCCCCCTC-3' 

 
forward AF 5'-CCAGCTCACCGGATCATGGCCAG-3' 

 
reverse AR 5'-CCTTCCTTACTGGTCCTCACATCTC-3' 

GSTT2B forward CF 5'-CACTCAACACAGTAGCCTCATCGTG-3' 

 
reverse CR 5'-TGCCTCCCCTGCCTTATTTC-3' 

 
reverse DR 5'-CCTTCTGAAATGGAGCCTTTG-3' 

a Code used in the text  
Source: Sprenger et al., 2000; Zhao et al., 2009 
 
 
Table 2  Primers and fluorogenic probes for NAT2 allele determination 
 

Allele Primer or probe code Sequence 
   NAT2*14 191-Forward primer 5’-GTGGGCAAGCCATGGAGTT-3’   

 
191-Reverse primer 5’-GTGGTCAGAGCCCAGTACAGAAG-3’    

 
191A-TaqMan probe FAM-ACACCACCCACCCTGGTTTCTTCTTA-Q  

 
191G-TaqMan probe VIC-ACCACCCACCCCGGTTTCTTCT-Q   

NAT2*5 341-Forward primer 5’-TTTACATCCCTCCAGTTAACAAATACAG-3’ 

 
341-Reverse primer 5’-CCAGACCCAGCATCGACAA-3’    

 
341T-TaqMan probe FAM-TGCCGTCAATGGTCACCTGCA-Q    

 
341C-TaqMan probe VIC-TGCCGTCAGTGGTCACCTGCA-Q   

NAT2*6 590-Forward primer 5’-GGACCAAATCAGGAGAGAGCAGTA-3’ 

 
590-Reverse primer 5’-AGACGTCTGCAGGTATGTATTCATAGAC-3’  

 
590G-TaqMan probe FAM-ACGCTTGAACCTCGAACAATTGAAGATT-Q  

 
590A-TaqMan probe VIC-ACGCTTGAACCTCAAACAATTGAAGATTTT-Q 

NAT2*7 857-Forward primer 5’-AACTCTCACTGAGGAAGAGGTTGAA-3’ 

 
857-Reverse primer 5’-TGGGTGATACATACACAAGGGTTTAT-3’  

 
857G-TaqMan probe FAM-CCAAACCTGGTGATGGATCCCTTACTATT-Q  

  857A-TaqMan probe VIC-CCCAAACCTGGTGATGAATCCCTTACTAT-Q 

Nucleotides in bold are the 191G>A, 341T>C, 590G>A, and 857G>A substitutions 
Source: Doll and Hein, 2001 
 
 
Table 3  Primers and fluorogenic probes for NAT1*10 and NAT1*3 allele determination 
 

Primer or probe code Sequence 

1095/1088-Forward primer 5’-CACCTATAAAAATGTCATCATA-3’ 

1095/1088-Reverse primer 5’-TCACCAATTTCCAAGATA-3’ 

1095C/1088T-LNA-modified probe FAM-TAAAAGACATTTATTATTATTATTATTA-Q 

1095A/1088A-LNA-modified probe HEX-TAAAATACATTTTTTATTATTATTATTA-Q 

1095A/1088T-LNA-modified probe Cy5-TAAAATACATTTATTATTATTATTATTA-Q 

Nucleotides in bold are the 1095C>A and 1088T>A substitutions 
The primers and hybridization probes were designed by Roche Diagnostics Inc.  
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APPENDIX B 
 
 
 
PCR working condition for each genotyping assay 
 

Locus or allele a Genotype Initial denaturation Denaturation Annealing Extension Cycles Final extention 

GSTT1 deletion 95°C 15' 95°C 30'' 65°C 30'' 72°C 90'' 30 72°C 7' 

GSTT2B deletion 95°C 5' 95°C 30'' 55°C 30'' 72°C 60'' 30 72°C 5' 

GSTP1 Ile105Val 95°C 15' 92°C 15' 60°C 60'' 45 − 

NAT2*14 rs1801279 (191G>A) 95°C 10' 92°C 15' 60°C 90'' 50 − 

NAT2*5 rs1801280 (341T>C) 95°C 10' 92°C 15' 60°C 90'' 50 − 

NAT2*6 rs1799930 (590G>A) 95°C 10' 92°C 15' 60°C 90'' 50 − 

NAT2*7 rs1799931 (857G>A) 95°C 10' 92°C 15' 60°C 90'' 50 − 

NAT1*10/*3 rs15561, rs1057126 (1095C>A, 1088T>A) 95°C 10' 92°C 15' 60°C 60'' 40 − 

2q33.1 rs3769823 (G>A) 95°C 10' 92°C 15' 60°C 60'' 40 − 

2q33.1 rs10931936 (C>T) 95°C 10' 92°C 15' 60°C 60'' 40 − 

2q33.1 rs13016963 (G>A) 95°C 10' 92°C 15' 60°C 60'' 40 − 

2q33.1 rs7578456 (G>A) 95°C 10' 92°C 15' 60°C 60'' 40 − 

2q33.1 rs2244438 (G>A) 95°C 10' 92°C 15' 60°C 60'' 40 − 

MHC rs17533090 (G>A) 95°C 10' 92°C 15' 60°C 60'' 40 − 

MHC rs911178 (C>T) 95°C 10' 92°C 15' 60°C 60'' 40 − 

MHC rs1536501 (C>T) 95°C 10' 92°C 15' 60°C 60'' 40 − 

MHC Rs3763338 (G>A) 95°C 10’ 92°C 15’ 60°C 60’’ 40 − 

Source: Sprenger et al., 2000; Doll and Hein, 2001; Doll and Hein, 2002; Zhao et al., 2009 
For genotyping of SNPs at NAT2, NAT1, 2q33.1, and MHC we followed the reccomandation by Applied Biosystems and by Roche Diagnostics Inc.
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APPENDIX C 

 

Solutions 

 

 

1X PBS (pH 7.4) 

154 mM NaCl 

2.7 mM KCl 

5.6 mM Na2HPO4 or Na2HPO42H2O 

1mM KH2PO4 

Adjust pH to 7.4 using concentrated HCl or NaOH if necessary 

Dissolve into 1 liter distilled water and autoclave. 

 

 

6X DNA loading dye 

Weigh 25 mg bromophenol blue, 25 mg xylene cyanol FF, and 4 gm Sucrose 

Dissolve them in 9 ml distilled water to make up 10 ml solution 

Store the solution in small aliquots (1 ml) at -20°C for long time. 

 

 

1X TBE 

0.445M Tris (pH 8.0) 

0.445M boric acid 

0.01M EDTA (pH 8.0)) 

Add to 1 liter distilled water and autoclave. 

 

 

Ethidium Bromide 

Stock solution 10 mg/ml 

Final concentration 0.5 mg/ml 

Add 10 μl of stock solution (10 mg/ml) to 200 ml dH2O to get a final concentration of 0.5 mg/ml 

Store the solution in a light-proof container at 4°C for long time. 
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Proteinase K solution  

Stock powder 250 mg 

Work solution 10 mg/ml 

Add 25 ml H2O to stock powder (250 mg) to get a final concentration of 10 mg/ml 

Store the solution in small aliquots (1 ml) at -20°C for long time. 

 

 

Saturated NaCl 

Add 40 g NaCl in 100 ml of sterile water  

Heat the solution to 70°C and use a stir bar to help dissolve the salt until complete saturation 

Add NaCl in small amounts and let it dissolve completely before adding more 

 

 

Sucrose Triton X-lysing buffer 

1 M Tris-HCl (pH 8) 10 ml 

1M MgCl2  5 ml 

Triton X-100  10 ml 

Dissolve into 1 liter dH2O. Autoclave and keep solution at 4°C. 

 

 

T20E5 (pH 7.5) 

1 M Tris-HCl (pH 7.5) 2ml 

0.5 M EDTA  1 ml 

Add to 1 liter distilled water and autoclave. 

 

 

TE buffer (pH 7.5) 

10 mM Tris-HCl (pH 7.5)  200 μl 

0.5 mM EDTA (pH 8.0)  40 μl 

Make up to 20 ml with dH2O and autoclave. 
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