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Abstract 

Background:  Significant interest in homocysteine exists due to its established role in 

embryogenesis, cardiovascular disease and neurotoxicity. This research investigates total 

plasma homocysteine in the context of carcinogenesis among healthy individuals aged 20 

to 50 years. It is hypothesized that during this timeframe, elevated total plasma 

homocysteine (tHcy) concentration implicates a breakdown of the methionine-

homocyteine biosynthesis pathway, in which folate deficiency, oxidative stress and 

altered DNA methylation capacity are potential consequences relevant to cancer etiology.  

Purpose:  The overall purpose of this research is to identify novel genetic predispositions 

to a biomarker of cancer risk (tHcy). Interactions with dietary and genetic factors that act 

on this pathway are explored.  

Methods:  The study population consisted of 284 healthy male and female volunteers 

recruited in Kingston, Ontario and Halifax, Nova Scotia between 2006 and 2008.  

Specifically, polymorphisms under consideration included: i) the thymidylate synthase 

enhancer region (TSER) tandem repeat polymorphism and ii) the G�C single nucleotide 

polymorphism (G/C SNP) both found on the 5’untranslated region (UTR) of the TS gene, 

and iii) the 6 base pair deletion at base pair 1494 (TS1494del6) found on the 3’UTR. TS 

polymorphisms were categorized based on either 5’ or 3’ location and were dichotomized 

to either high or low TS expression. Gene-gene interactions between polymorphisms in 

TS and methylenetetrahydrofolate reductase (MTHFR C677T) on tHcy concentration 

were also analyzed.  In addition, gene-diet interactions between serum folate and vitamin 

B12 status were examined.    
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Results:  Mean tHcy concentration for this study population was 8.65 µmol/L (standard 

deviation=1.96 µmol/L). After adjustment for confounders, higher mean tHcy levels of 

0.48 µmol/L and 0.46 µmol/L were observed for the main effects of 5’polymorphisms 

(5’High) (p=0.04) and 3’polymorphism (3’High) (p=0.05), respectively.  The largest 

difference in mean tHcy concentration was observed for the joint effects of TS 

polymorphisms (µ=0.74 µmol/L, p=0.11).  Gene-gene interaction was observed between 

TS and MTHFR polymorphisms on tHcy concentrations (p<0.01).   

Conclusions:  The findings of this research provide evidence of an association between 

TS polymorphisms and tHcy concentrations. These results suggest that TS 

polymorphisms, independent of dietary factors, may lead to elevated tHcy levels and 

potentially contribute to cancer development.  

 



iv 

Acknowledgements 

First and foremost I would like to thank my supervisors for their support and 

guidance throughout this project.  To Dr. Will King, thank you for providing me with the 

opportunity to be involved with this project, as well as your patience, and confidence in 

everything I “try” to do.  To Dr. Tom Massey, thank you for the support you showed me 

everyday during my (many) troubleshooting weeks in the lab.  Both your patience and 

encouragement has won me over to the world of transdisciplinary research.    

I would like to acknowledge the faculty and staff in the Department of 

Community Health and Epidemiology and the Department of Pharmacology and 

Toxicology for providing such a friendly and supportive learning environment.  An extra 

‘thank you’ goes out to the Massey Lab for all their help and support.  To my friends, 

thank you for making epidemiology so much fun!  Special thanks to Marianne, Dana, 

Anne, Sarah and Emily for being there during the crunch time.  I would like to 

particularly acknowledge Janet and Gwen for their help throughout this whole project; 

their humor and friendship has made this project all the more rewarding.   

I would like to acknowledge funding from the CIHR Transdisciplinary Training 

Program in Cancer Research for the project and the study participants who generously 

donated their time to be involved in this project. 

Finally, I would like to thank my fiancé for loving my passion for learning as 

much as me; to my parents and sisters for providing well-timed distractions.  All your 

love, encouragement and understanding have supported me throughout this entire project.  

 



v 

Table of Contents 

Abstract.............................................................................................................................. ii 

Acknowledgements .......................................................................................................... iv 

Table of Contents ...............................................................................................................v 

List of Figures.....................................................................................................................x 

List of Tables .................................................................................................................... xi 

List of Abbreviations ...................................................................................................... xii 

Chapter :1 General Introduction .....................................................................................1 

            1.1 Introduction........................................................................................................1 

            1.2 Rationale ............................................................................................................3 

            1.3 Objectives ..........................................................................................................4 

            1.4 Context of research ............................................................................................4 

            1.5 Thesis Outline ....................................................................................................4 

Chapter 2: Literature Review...........................................................................................6 

            2.1 Introduction........................................................................................................6 

            2.2 Biochemistry of homocysteine ..........................................................................6 

            2.3 Epidemiology of elevated homocysteine ...........................................................9 

            2.4 Homocysteine as a biomaker of cancer risk ....................................................11 

            2.5 Risk factors for elevated homocysteine ...........................................................13 

            2.6 Biologic mechanisms of elevated homocysteine and increased cancer risk....14 

            2.7 Biochemistry of folate and vitamin B12 ...........................................................15 

            2.8 Epidemiology of low serum folate and vitamin B12 ........................................16 

            2.9 Risk factors for low serum folate and vitamin B12 .........................................18 



vi 

            2.10 Genetic polymorphisms .................................................................................18 

            2.11 Selection of polymorphisms for this study ....................................................18 

            2.12 Biologic rationale for thymidylate synthase ..................................................19 

            2.13 Thymidylate synthase enhancer region tandem repeat polymorphism            

                     (TSER) ..........................................................................................................20 

 

            2.14 Thymidylate synthase G/C single nucleotide polymorphism (G/C SNP) .....21 

            2.15 Thymidylate synthase TS1494del6 polymorphism .......................................21 

            2.16 TS polymorphisms and total plasma homocysteine in the literature .............22 

            2.17 Biologic rationale for methylenetetrathydrofolate reductase  

                    polymorphism ................................................................................................24 

 

            2.18 Methyltetrahydrofolate reductase C677T polymorphism (MTHFR) ............25 

            2.19 Gene-gene interaction ....................................................................................25 

            2.20 Gene-diet interactions ....................................................................................26 

            2.21 Molecular and genetic epidemiology terminology ........................................26 

Chapter 3: Study Design and Methods ..........................................................................29 

            3.1 Study objectives and hypotheses .....................................................................29 

            3.2 Study design.....................................................................................................29 

            3.3 Source population and subjects........................................................................30 

            3.4 Data collection .................................................................................................30 

                  3.4.1 Blood sample procurement .....................................................................30 

                  3.4.2 Exposure Assessment..............................................................................31 

                  3.4.3 Outcome and covariate information........................................................34 

                  3.4.4 Characterization of potential confounders ..............................................35 

            3.5 Data validity.....................................................................................................38 



vii 

                  3.5.1 Genotype data .........................................................................................38 

                  3.5.2 Outcome and covariate data collection ...................................................39 

            3.6 Data management.............................................................................................40 

            3.7 Data analysis ....................................................................................................40 

                  3.7.1 Genetic associations................................................................................41 

                  3.7.2 Assessment of confounding ....................................................................42 

                  3.7.3 Gene-gene interactions............................................................................44 

                  3.7.4 Gene-diet interactions .............................................................................44 

            3.8 Sample size and power.....................................................................................44 

            3.9 Ethical considerations ......................................................................................46 

Chapter 4:  Results...........................................................................................................47 

            4.1 Introduction......................................................................................................47 

            4.2 Validity of genotyping methods.......................................................................47 

            4.3 Validity of genotyping results..........................................................................47 

            4.4 Descriptive statistics ........................................................................................51 

                  4.4.1 Total plasma homocysteine concentration..............................................51 

                  4.4.2 TS polymorphisms..................................................................................52 

                  4.4.3 Categorical variables...............................................................................56 

                  4.4.4 Continuous variables...............................................................................58 

            4.5 Bivariate analysis .............................................................................................59 

                  4.5.1 Categorical conceptualization for continuous variables .........................59 

                  4.5.2 Covariate associations with total plasma homocysteine.........................59 

                  4.5.3 Covariate associations with TS polymorphisms .....................................62 



viii 

            4.6 Assessment of confounding .............................................................................64 

            4.7 Main analysis ...................................................................................................65 

                  4.7.1 Full model ...............................................................................................65 

                  4.7.2 Gene-gene interaction analysis ...............................................................67 

                  4.7.3 Gene-diet interaction analysis.................................................................68 

                  4.7.4 Regression diagnostics............................................................................69 

            4.8 Sensitivity analysis...........................................................................................70 

                  4.8.1 Dichotomous outcome ............................................................................70 

                  4.8.2 Assessment of design effect....................................................................72 

                  4.8.3. Assessment of folate as an intermediate marker in the causal  

                            pathway..................................................................................................73 

 

                  4.8.4 Confounder selection ..............................................................................74 

Chapter 5: Discussion ......................................................................................................76 

            5.1 Review of study objectives ..............................................................................76 

            5.2 TS polymorphism distribution .........................................................................76 

            5.3 Total plasma homocysteine concentration distribution ...................................77 

            5.4 Relationships....................................................................................................78 

                  5.4.1 Relationships between covariates and total plasma homocysteine.........78 

                  5.4.2 Relationship between covariates and TS polymorphisms ......................79 

                  5.4.3 Relationship between TS polymorphisms and total plasma  

                           homocysteine ..........................................................................................80 

 

                  5.4.4 Gene-gene interaction .............................................................................82 

                  5.4.5 Gene-diet interactions .............................................................................84 

            5.5 Methodology....................................................................................................85 



ix 

                  5.5.1 Outcome assessment ...............................................................................85 

                  5.5.2 Exposure assessment...............................................................................86 

                  5.5.3 Study design............................................................................................87 

                  5.5.4 Assessment of potential confounders......................................................87 

            5.6 Generalizability................................................................................................88 

            5.7 Sample size ......................................................................................................88 

5.8 Epidemiologic evidence on the association between elevated  

      homocysteine and cancer .................................................................................88 

5.9 Validation of homocysteine as an intermediate marker of cancer ...................89 

            5.10 Relevance to cancer etiology .........................................................................91 

            5.11 Consideration of folate on causal pathway ....................................................92 

            5.12 Conclusion .....................................................................................................93 

            5.13 Future directions ............................................................................................93 

            5.14 Implications....................................................................................................94 

References .........................................................................................................................96 

Appendix A: DNA Extraction Protocol .......................................................................105 

Appendix B: 5’Polymorphism (TSER & G/C SNP) PCR-RFLP Protocol...............107 

Appendix C: 3’Polymorphism (TS1494del6) PCR-RFLP Protocol ..........................109 

Appendix D: MTHFR PCR-RFLP Protocol ...............................................................111 

Appendix E: Assessment of Confounding....................................................................113 

 



x 

List of Figures 

Figure 2.1 Chemical structure of homocysteine ..................................................................7 

Figure 2.2 Metabolism of homocysteine and serum folate..................................................8 

Figure 2.3 Diagram of the conceptual model using homocysteine as an intermediate   

                  marker of cancer risk ......................................................................................11 

Figure 3.1 TSER genotyping by PCR................................................................................31 

Figure 3.2 G/C SNP genotyping by PCR-RFLP................................................................32 

Figure 3.3 TS1494del6 genotyping by PCR-RFLP ...........................................................33 

Figure 3.4 MTHFR genotyping by PCR-RFLP.................................................................34 

Figure 4.1 Distribution of total plasma homocysteine concentrations ..............................52 

Figure 5.1 Summary of the determinants of elevated homocysteine concentrations   

                  observed in this study population ....................................................................79 

Figure 5.2 Summary of the relationship between TS polymorphisms and total plasma     

                  homocysteine concentrations ...........................................................................81 

Figure 5.3 Summary biologic mechanism relating TS polymorphisms to total plasma      

                  homocysteine concentrations ...........................................................................81 

Figure 5.4 Summary biologic mechanism relating TS and MTHFR polymorphisms to         

                  total plasma homocysteine concentrations.......................................................84 

Figure 5.5 Summary biologic mechanism relating TS polymorphisms and vitamin B12 to          

                  total plasma homocysteine concentrations.......................................................85 



xi 

List of Tables 

 

Table 2.1 Categorization of TS polymorphisms under investigation ................................20 

Table 4.1 Chi-Square tests of Hardy-Weinberg Equilibrium distribution.........................48 

Table 4.2 Distribution of TS genotypes contrasted with published literature 

                distributions........................................................................................................50 

Table 4.3 Distribution of TSER polymorphism among sample population ......................53 

Table 4.4 Distribution of G/C SNP among sample population .........................................54 

Table 4.5 Distribution of TS1494del6 polymorphism among sample population.............54 

Table 4.6 Distribution of TSER and TS1494del6 polymorphisms among sample           

                population ..........................................................................................................55 

Table 4.7 Distribution of 5’ and 3’ polymorphism among sample population..................56 

Table 4.8 Descriptive statistics for categorical covariates.................................................57 

Table 4.9 Descriptive statistics for interaction variables ...................................................58 

Table 4.10 Descriptive statistics for continuous covariates...............................................58 

Table 4.11 Relationship between total plasma homocysteine and covariates ...................61 

Table 4.12 Relationship between total plasma homocysteine and interaction variables ...62 

Table 4.13 Relationship between TS polymorphisms and covariates ...............................63 

Table 4.14 Relationship between TS polymorphisms and interaction variables ...............64 

Table 4.15 Covariates determined to be predictors of total plasma homocysteine 

                  concentrations ..................................................................................................65 

Table 4.16 TS genotypes in full model..............................................................................67 

Table 4.17 Gene-gene interaction between TS and MTHFR polymorphisms on total  

                   plasma homocysteine concentrations..............................................................68 

Table 4.18 Gene-diet interactions ......................................................................................69 

Table 4.19 Sensitivity analysis – assessment of homocysteine as a dichotomous  

                  outcome............................................................................................................72 

Table 4.20 Sensitivity analysis – assessment of clustering................................................73 

Table 4.21 Sensitivity analysis – assessment of folate as an intermediate marker in the  

                   causal pathway................................................................................................74 

Table 4.22 Sensitivity analysis – confounder selection .....................................................75 

 

 

 

 

 

 

 

 

 

 



xii 

List of Abbreviations 

 

ATP   Adenosine triphosphate 

BMI   Body mass index 

bp   Base pair
 

C   Cytosine 

χ
2   

Chi-square test 

DMSO   Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid  

dNTP   Deoxyribonucleotide triphosphate 

dUMP   Deoxyuridine monophosphate 

dTMP   Deoxythymidine monophosphate 

2R   Double repeat 

5-FU   5-Flurouracil 

5’High   Genotypes: 3RG/3RG, 2R/3RG and 3RG/3RC 

5’Low   Genotypes: 2R/2R, 2R/3RC and 3RC/3RC 

5-methyl-THF  5-methyltetrahydrofolate 

5’Polymorphism Polymorphisms occurring at the 5’end of the thymidylate synthase 

gene (TSER and G/C SNP) 

F Primer Forward Primer 

g Gram 

G Guanine 

G/C SNP  Guanine to cytosine single nucleotide polymorphism 

High Folate  Folate concentration greater than 22.78 nanomole per liter 

High Homocysteine Homocysteine concentration greater than or equal to 10 micromole 

per liter 

High Vitamin B12 Vitamin B12 concentration greater than or equal to 148 picomole 

per liter 

kg   Kilogram 

kg/m
2
   Kilogram per meter squared 

Low Folate  Folate concentration less than or equal to 22.78 nanomole per liter 

Low Homocysteine Homocysteine concentration less than 10 micromole per liter 

Low Vitamin B12 Vitamin B12 concentration less than 148 picomole per liter 

MgCl2 Magnesium Chloride 

Methylene-THF 5,10-methylenetetrahydrofolate 

µl   Microliter 

ml   Mililiter 

-6   6 base pair deletion 

MTHFR  Methylenetetrahydrofolate reductase 

MTHFR C677T Methylenetetrahydrofolate reductase polymorphism cytosine to  

thymine change at base pair 677 

n   Sample number 

95% CI  95% confidence interval 

nmol/L   Nanomole per liter 

OR   odds ratio 



xiii 

p   p-value 

PCR-RFLP  Polymerase chain reaction-restriction fragment length  

Polymorphism 

pmol/L   Picomole per liter  

+6   6 base pair insertion 

R Primer  Reverse Primer 

SNP   Single nucleotide polymorphism 

tHcy   Total plasma homocysteine 

3’High   Genotype: +6/+6 

3’Low   Genotype: +6/-6 and -6/-6 

3’Polymorphism Polymorphisms occurring at the 3’end of the thymdylate synthase  

gene (TS1494del6)  

SAM   S-adenosylmethionine 

SAH   S-adenosylhomocysteine 

THF   Tetrahydrofolate 

3R   Triple repeat 

3RC   Triple repeat with cytosine residue 

3RG   Triple repeat with guanine residue 

T    Thymine 

TS   Thymidylate synthase 

TS1494del6  Thymidylate synthase 6 base pair deletion polymorphism at base  

pair 1494 

TSER   Thymidylate synthase enhancer region 

UTR   Untranslated region 

W   Shapiro-Wilk test statistic



1 

Chapter 1: General Introduction 

1.1 Introduction  

In Canada, cancer is the leading cause of mortality with an estimated rate of 212.1 

per 100,000 in males and 147.0 per 100,000 in females (Statistics Canada, 2004). Cancer 

is a multi-factorial disease attributable to the interplay between genetic and 

environmental factors.  Since cancer is a disease with a long latency period, the 

investigation of biomarkers of intermediate carcinogenic effect offers advantages in the 

examination and clarification of exposure-cancer relationships.  In general, the study of 

intermediate endpoints offers advantages, including: i) a study population of otherwise 

healthy subjects, ii) an outcome (intermediate event) that occurs much more frequent than 

a cancer event iii) a shorter temporal scale between exposure and intermediate endpoint 

compared to exposure and malignancy and iv) a potentially stronger underlying 

relationship.  Finally, the application of biomarkers of intermediate effect provides 

additional understanding of the causations and mechanisms of action relating exposure to 

cancer (Merlo et al., 2006).  

For this research, total plasma homocysteine concentration was proposed to 

represent an intermediate carcinogenic biomarker of effect occurring during the critical 

time window of cancer initiation.  The purpose of this study was to assess the impact of 

relevant novel genetic polymorphisms on total plasma homocysteine while considering 

modifiable dietary factors that may interact with this relationship. 

Homocysteine is a sulfur-containing amino acid produced in the metabolism of 

the essential amino acid methionine.  The occurrence of elevated total homocysteine 
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levels in the plasma is an indication that the methionine-homocysteine cycle has been 

compromised.  The suspected carcinogenic consequences of elevated total plasma 

homocysteine include its frequent association with folate deficiency, the production of 

reactive oxygen species, and an altered methylation capacity, genome-wide.  Altered 

DNA (deoxyribonucleic acid) methylation has been linked to increases in risk of 

leukemia and cancer of the colon, rectum, cervix, breast, ovary and pancreas (Wu 2002; 

Kato 1999; Corona 1997; Weinstein 2001).  Due to the close association of the 

methionine-homocysteine cycle with folate metabolism and coenzyme vitamin B12, 

fluctuations in folate and vitamin B12 status may alter levels of total plasma 

homocysteine.  In general, a deficiency in serum folate and vitamin B12 may increase the 

level of plasma homocysteine.  

In population genetics, a polymorphism describes alternate sequences within a 

gene, in which an allele’s frequency occurs in greater than 1% of the population (Malats 

and Calafell, 2003).  Several polymorphic genes have been identified that relate to folate 

metabolism and the methionine-homocysteine cycle.  

Thymidylate synthase (TS) is a crucial enzyme involved in both folate 

metabolism and the production of thymidine, a nucleotide used in DNA synthesis and 

repair (Ulrich, 2002).  In this thesis research, three functional polymorphisms of TS were 

demonstrated to impact TS activity.  Secondly, methylenetetrahydrofolate reductase 

(MTHFR) is a key enzyme in folate metabolism and an established genetic determinant 

of homocyosteine.  A polymorphism in MTHFR decreases enzyme activity by 20 to 30% 

(Sharp, 2004).  MTHFR competes with TS for a rate-limiting substrate and hence, is 
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postulated to modify the influence of TS polymorphisms on plasma homocysteine levels 

(Ko 2006; Sharp 2004).  

1.2 Rationale 

Polymorphisms in the TS and MTHFR gene have been shown to increase risk in 

several types of cancer, and elevated homocysteine level has been found to be associated 

with increased risk of cancer and other adverse health outcomes (Kato 1999; Wang 2007; 

Schernhammer 2007; Chou 2007; Zhang 2005; Chen 2003; Zhai 2006).  Thus, 

clarification of the underlying biologic mechanism contributing to cancer development, 

using biomarkers of exposure, susceptibility and intermediate effect, is the premise of this 

study. 

This research examined the relationship between levels of total plasma 

homocysteine associated with TS polymorphisms and possible gene-gene interaction with 

MTHFR.  The influence of TS polymorphisms on total plasma homocysteine levels has 

been investigated in few epidemiologic studies and only in specific populations limited 

by ethnicity, age, disease, pregnancy complication and several types of cancer (Trinh 

2002; Brown 2004; Itou 2007; Kim 2006; Chen 2003).  Thus, by studying the 

independent (main effect) and combined (joint effect) effects of TS polymorphisms on 

homocysteine in a healthy population, evidence of novel genetic predispositions towards 

hyperhomocysteinemia will be more fully characterized.  Finally, interactions between 

TS polymorphisms, and serum folate and vitamin B12 statuses on total plasma 

homocysteine have been the focus of limited epidemiologic research and therefore, were 

explored.  By incorporating analysis of dietary status, this research explored possible 
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gene-diet interactions.  Ultimately, this research will contribute to an understanding of the 

main and joint effects of TS polymorphisms on homocysteine levels within a cancer 

perspective.  This will lead to a better understanding of the biological mechanisms in 

place and their relevant interactions to other genetic variants and dietary status.   

1.3 Objectives 

 The objectives of this study were to determine the main and joint effects of TS 

polymorphisms on total plasma homocysteine levels.  Interactions between TS and 

dietary and genetic factors on homocysteine concentrations were also explored. 

1.4 Context of research 

 Recognition of the interplay between diet and genetic susceptibility conferred by 

TS polymorphisms and other genetic factors was conceptualized by Vikki Ho.  The 

student investigator identified the exposures of interest for this thesis and was involved in 

the designing of this study and collecting and analyzing genotypic data.  This research 

was conducted within the framework of a cancer research group and a transdisciplinary 

training program, and was nested within a larger epidemiologic study.  The CIHR 

transdisciplinary training program in cancer research provided student funding and the 

opportunity to engage in transdisciplinary training.  The larger study provided the 

outcome information and covariate data utilized in this study.   

1.4 Thesis Outline 

This thesis is organized in five sections.  A review of the relevant literature for 

this thesis is presented in Chapter 2.  An overview of general methods including study 

design, data sources and statistical analysis strategies are presented in Chapter 3.  Chapter 
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4 presents the results of the data analysis and a summary of the main study findings.  

Finally, a discussion of results, study limitations and future directions are presented in 

Chapter 5.   
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Chapter 2: Literature Review 

2.1 Introduction 

This research investigates the relationship between polymorphisms in TS and total 

plasma homocysteine concentration.  Elevated total plasma homocysteine concentration; 

measured during the critical window of cancer initiation, is a biomarker postulated to be 

indicative of increased cancer risk (Wu and Wu, 2002).  High total plasma homocysteine 

concentration suggests a breakdown of the methionine-homocysteine biosynthesis 

pathway, in which oxidative stress and aberrant DNA methylation capacity are potential 

mechanisms relating homocysteine to cancer etiology (Wu and Wu, 2002).  In addition, the 

frequent association of hyperhomocysteinemia with folate deficiency is another likely 

biochemical change, which supports elevated homocysteine as a risk factor for cancer.  

Identification of novel genetic predispositions towards elevated total plasma 

homocysteine concentration will inform cancer etiology by enhancing our understanding 

of the underlying biological mechanisms predisposing individual susceptibility to cancer.    

Exploring the effect of dietary status on risk conferred by genetic predisposition could 

ultimately contribute to the design of evidence-based disease prevention programs 

targeted towards identifying individuals at higher risk.  Since the polymorphisms under 

investigation are common, the population attributable risk associated with these 

polymorphisms is expected to be substantially significant. 

2.2 Biochemistry of homocysteine  

Homocysteine is a sulfur-containing amino acid produced during the metabolism 

of the essential amino acid methionine (Figure 2.1) (Miller, 2003).  
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Figure 2.1. Chemical structure of homocysteine 

It exists at a critical biochemical juncture between methionine metabolism and the 

biosynthesis of the amino acids cysteine and taurine.  Homocysteine metabolism occurs 

via two pathways: remethylation and transsulfuration (Figure 2.2) (Carmel and Jacobsen, 

2001).  In remethylation, 5-methyltetrahydrofolate (5-methyl-THF), a metabolite of folate 

metabolism, donates a methyl group to homocysteine to form methionine.  This reaction 

occurs in all tissues and is vitamin B12 dependent.  A proportion of methionine produced 

from homocysteine is activated by adenosine triphosphate (ATP) to produce S-

adenosylmethionine (SAM), a universal methyl donor.  After SAM donates a methyl 

group, S-adenosylhomocysteine (SAH) is formed as a byproduct and is subsequently 

hydrolyzed to regenerate homocysteine, initiating a new cycle of methyl-group transfer. 

Alternatively, in the transsulfuration pathway, excess homocysteine is catabolized to 

form the amino acid cysteine and taurine in a series of irreversible reactions that are 

vitamin B6 dependent (Selhub, 1999).  

C COO
- +

H3N 

H 

CH2 CH2 SH 
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Figure 2.2. Metabolism of homocysteine and serum folate.  

*: Denotes the reversible remethylation of homocysteine to methionine  

**: Represents the irreversible transsulfuration of homocysteine into cysteine and taurine) 

 

The intracellular concentration of homocysteine is tightly regulated; at low 

homocysteine concentration, methionine conservation is favored and at high 

concentrations, excess homocysteine is transported to plasma (Medina et al., 2001).  In 

general, increased levels of homocysteine in the plasma are indicative of an imbalance 

between homocysteine production and metabolism (Medina et al., 2001).  In plasma, 

approximately 99% of homocysteine is oxidized to disulfides, of which 70% is bound to 

proteins.  “Free” homocysteine only comprises of 1% of all homocysteine moieties in the 
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plasma and thus, the term ‘total plasma homocysteine’ refers to the sum of reduced and 

oxidized forms of homocysteine existing in plasma (Carmel and Jacobsen, 2001).   

Use of homocysteine as a biological marker to represent the functionality of the 

methionine homocysteine cycle may contribute to better understanding of cancer 

etiology. In the literature, homocysteine concentrations were found to be stable over one 

year, exhibiting little seasonal variation (Clarke et al., 1998).  Also with respect to this 

research, the temporal sequence of exposure (TS polymorphisms) occurring prior to 

outcome (elevated homocysteine level) can be assured.  Thus, utilizing homocysteine as 

an indicator of increased cancer risk allows the investigation into the etiology of cancer to 

be relatively feasible.  In particular, the exploration of TS as a genetic modifier of total 

plasma homocysteine levels may generate hypotheses on TS role in carcinogenesis. 

2.3 Epidemiology of elevated homocysteine 

On the basis of work carried out by many investigators the range of homocysteine 

concentration in plasma from healthy adults is between 5 to 15 µmol/L (Jacobsen, 1998).  

However, substantial health risks have been noted at homocysteine levels greater than 10 

µmol/L (Jacobsen, 1998).  Though discrepancies continue to exist on the exact definition 

of high homocysteine levels and ranges found in the population still remain varied; it is 

generally recommended that homocysteine concentrations be maintained below 10 

µmol/L (Jacobsen, 1998).  From the Framingham Offspring cohort (1995-1998), the 

effect of folic acid fortification on total homocysteine concentration was investigated and 

the mean homocysteine concentration among the study sample after the intervention was 

reported to be 9.4 µmol/L (Jacques, 1999).    
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Elevated homocysteine concentration is a suspected risk factor for cancer, 

cardiovascular disease and several other health effects including adverse pregnancy 

outcomes and cognitive impairment in the elderly (Ulrich 2002; Robinson 2000; Kim 

2006).  Studies have observed an association between elevated plasma homocyteine 

levels and colorectal, cervical, breast, ovarian, and pancreatic cancer and leukemia (Wu 

2002; Kato et al. 1999; Corona 1997; Weinstein 2001).  In a systematic review of the role 

of homocysteine in age-related problems conducted by Kuo et al., (2005), growing 

evidence of an association between hyperhomocysteinemia and geriatric multi-system 

problems including coronary artery disease, stroke and cognitive impairment was 

presented.  Specifically, in the literature, several prospective studies suggested a causal 

role of homocysteine in the development of coronary artery disease and stroke (Kuo et 

al., 2005).  Homocysteine has been postulated to cause cognitive impairment due to its 

role as a direct neurotoxin and its angiotoxic effects on large or small vessel disease in 

the brain which eventually can lead to cognitive impairment (Kuo et al., 2005).  Finally, a 

review of homocysteine and pregnancy reported that elevated homocysteine 

concentrations were associated with increased risk of preeclampsia, pre-term births, very 

low birth weight, stillbirth and placental abruption (Hague 2003; Mignini 2005). Hence, 

the detrimental effects of elevated homocysteine on health are widespread and research to 

determine potential causes of increased levels of this biomarker is well founded. 
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2.4 Homocysteine as a biomarker of cancer risk 

In this research, elevated homocysteine concentration is considered in the context 

of dysfunction in the methionine-homocysteine cycle and is used as an intermediate 

endpoint for cancer (Figure 2.3). 

 

 

 

 

 

 

 

Figure 2.3.  Diagram of the conceptual model using homocysteine as an intermediate 

biomarker of cancer risk 

 

Employing an intermediate endpoint increases the ability to detect an association 

providing that the intermediate endpoint fully mediates the relationship between the 

exposure of interest and cancer (Merlo et al., 2006).  In addition, intermediate endpoints 

are detected earlier in the course of the exposure-outcome time window and therefore 

may provide additional understanding of the biologic mechanisms of action relating the 

exposure of interest to cancer (Merlo et al., 2006).  However, when epidemiologic studies 

incorporate intermediate biomarkers, a crucial assumption is that biomakers are valid 

intermediates between exposure and a disease state.  In particular, to serve as a valid 

surrogate endpoint to cancer, an intermediate marker must predict at the individual level, 
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the individual’s true cancer risk and at the same time capture the effect of the exposure on 

cancer risk (Merlo et al., 2006).  

In general, biomarkers that reflect the mechanism of action of a carcinogenic 

exposure are strong candidate predictors of an individual’s risk of cancer.  To validate the 

use of homocysteine as an intermediate endpoint, it is important to consider the effects of 

the TS polymorphisms on homocysteine levels and to assess whether or not 

homocysteine lies on the pathway from TS polymorphisms to cancer (Merlo et al., 2006).  

From a biological perspective, homocysteine is influenced by many genetic and 

dietary factors.  This study proposes polymorphisms in TS as genetic factors that have the 

ability to impact upon methionine-homocysteine biosynthesis due to the common 

dependency on folate metabolism of both pathways (thymidine production and 

methionine-homocysteine synthesis).  In the literature, few prospective studies have 

investigated the effect of elevated homocysteine in the development of cancer.  However, 

in a case-control study nested in the Women’s Health Study cohort, a mean difference in 

homocysteine concentration (0.67 µmol/L) was reported among colorectal cases 

compared to controls (p=0.04).  After adjustment for confounding, multivariate analysis 

observed a p for trend of 0.09 for quartiles of homocysteine levels (Kato et al., 1999).  

This suggests that the use of elevated homocysteine as a marker of dysfunction in the 

methionine-homocysteine cycle is a valid intermediate marker of cancer and investigation 

into genetic predisposition to elevated homocysteine will contribute to a better 

understanding of biological pathways of exposure (TS) leading to cancer initiation.    
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2.5 Risk factors for elevated homocysteine  

Factors that have been identified as the strongest determinants of homocysteine 

concentrations in the general population include sex, age, vitamin B and folate intake, 

smoking status and coffee and tea consumption (Refsum, 2006). Specifically, increasing 

age and male gender are associated with higher homocysteine concentration.  Dietary and 

supplement intakes of B vitamins and folate can affect homocysteine levels. In particular, 

supplements with folic acid, vitamins B2, B6 and B12 have been reported to effectively 

reduce homocysteine concentration (Carmel and Jacobsen, 2001).  

Generally, an increase in caffeinated tea or coffee consumption is associated with 

an increase in homocysteine levels.  Experimental evidence has shown that caffeine 

inhibits the conversion of homocysteine to cystine by acting as a vitamin B6 antagonist 

(Verhoef et al., 2002).  The exact mechanism behind the effect of smoking on 

homocysteine is unclear.  However, in epidemiologic studies, smoking has been 

associated with elevated homocysteine levels. Overall, genetic factors in combination 

with acquired or environmental factors are postulated to lead to an increase in 

homocysteine levels (Jacobsen, 1998).  Since many of the lifestyle factors and genetic 

determinants are modulated by race; ethnicity is hypothesized to play a role in elevated 

homocysteine.  Briefly, additional factors that have also been found to be associated with 

variations in homocysteine concentrations include alcohol consumption, body mass 

index, and pregnancy (Selhub 1999; Mora 2006; Refsum 2006; Walker,1999).   
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2.6 Biologic mechanisms of elevated homocysteine and increased cancer risk 

 The potential mechanisms to explain how elevated homocysteine levels, as an 

indicator of an imbalance in the methionine-homocysteine cycle, modulate 

carcinogenesis remain speculative.  A leading hypothesis pertains to alterations in DNA 

methylation, whereby an elevated homocysteine concentration is associated with global 

DNA hypomethylation.  In general, DNA methylation is an epigenetic characteristic of 

mammalian DNA that is known to play an important role in the modulation of gene 

expression, in determining the conformational configuration of DNA and in protecting 

the structural integrity of DNA from cleavage by nucleases.  Hypomethylation (under-

methylation) of DNA is a biochemical alteration that precedes any cytologic or histologic 

abnormality and is postulated to play a mechanistic role in carcinogenesis (Graham et al., 

1997).  Another prominent hypothesis relating elevated homocysteine levels to increased 

cancer risk is the effect of elevated homocysteine on the production of reactive oxygen 

species by auto-oxidation, during the export of homocysteine into the plasma (Wu and 

Wu, 2002).  The resulting endogenous attack on DNA by oxygen free radicals may 

generate DNA adducts which have been found to accumulate in human tumor tissues.  

This oxidation of DNA may cause gene mutations and eventually lead to carcinogenesis 

(Wu and Wu, 2002).  Finally, the well-reported association between 

hyperhomocysteinemia and folate deficiency is another biochemical relationship 

suggesting that elevated homocysteine is a potential risk factor for cancer (Wu and Wu, 

2002).  Briefly, folate status modulates DNA repair and affects DNA strand breakage and 
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DNA stability in cells all of which are potential mechanisms leading to cancer initiation 

(Wu and Wu, 2002). 

2.7 Biochemistry of folate and vitamin B12 

Dietary factors that are of interest to this research due to their direct and indirect 

involvement in the methionine-homocysteine cycle include levels of serum folate and 

vitamin B12.  Derivatives of tetrahydrofolate (THF) are grouped under the generic term 

‘folate.’  One-carbon units may be added to the central backbone of THF and through a 

series of oxidation reactions, folate can be used as a methyl donor for many biological 

reactions.  The biological role of folate is to mediate the metabolism of methionine, 

serine, glycine, choline and histidine, the biosynthesis of purines and thymidine; and the 

oxidation of formate.  Specifically, as 5,10-methylene-THF, folate functions as an 

essential one-carbon donor in the synthesis of thymidine.  In addition, as 5-methyl-THF, 

folate functions in the methylation of DNA through methyl group transfers to the 

methionine-homocysteine cycle (Figure 1.2) (Carmel and Jacobsen, 2001).   

In serum, folate exists predominately in the form of 5-methyl-THF and is 

influenced by absorbed dietary folate and recycled folate by the enterohepatic system.  

Serum folate levels may at times reflect transient disruptions to each of these equilibria.   

Rich sources of dietary folate include beans, nuts, meat, dairy products, fruits, grains and 

cereals (Carmel and Jacobsen, 2001).  However, many cooking and preservation 

processes can decrease folate bioavailability in foods.  Absorption of folate occurs 

throughout the small intestine, though the process is still poorly understood.  
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Vitamin B12 or cobalamin functions as a coenzyme in the remethylation of 

homocysteine back to methionine.  In vitamin B12 deficiency, folate may accumulate in 

the serum and homocysteine levels may rise as a result of the slowing of the vitamin B12 

dependent methyl-transferase reaction (Institute of Medicine, 1998).  Meat, poultry, 

seafood, eggs and dairy products are the major food sources of cobalamin.  Absorption of 

cobalamin is tightly regulated by a series of binding proteins and targeted uptake 

receptors.  The liver and kidneys accumulates the largest proportion of cobalamin since 

they are rich in uptake receptors (Carmel and Jacobsen, 2001). 

2.8 Epidemiology of low serum folate and vitamin B12 

The definition of folate deficiency remains subject to interpretation. From 

accumulating homocysteine literature, it has been reported that low-normal and even 

mid-normal folate levels may coexist with hyperhomocysteinemia (Carmel and Jacobsen, 

2001).  Most laboratories use different serum folate levels to define cutoff points between 

subnormal and normal ranges.  In the relevant literature, gene-diet interactions between 

polymorphisms and folate on total plasma homocysteine levels have considered the 

lowest quartile of folate concentration as subnormal (Brown et al., 2004) 

The causes of folate deficiency include dietary inadequacy, malabsorption, 

metabolic disorders, pregnancy, and alcohol and drug use.  Dietary folate insufficiency is 

predominately found in high-risk groups such as alcoholics, premature infants and in 

individuals of lower socioeconomic status.  Alcohol use affects folate absorption and 

metabolism by interferring with the enterohepatic recycling of folate and its breakdown 

and excretion.  Finally, the most common example of increased folate demand is found 
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during pregnancy, where a decline in serum folate levels is reported with the progression 

of pregnancy.  In general, demographic factors found to be associated with folate include 

age and racial background.  The patterns of folate status with age are not clear.  Carmel 

and Jacobsen (2001) observed an association between folate levels and ethnicity, 

reporting that Blacks and Latin Americans had lower folate levels than Caucasians, with 

the difference tending to be more pronounced among women.   

 Oral therapy is usually prescribed to treat folate deficiencies if the deficiency is 

not related to malabsorption.  In 1998, to reduce neural tube birth defects, the fortification 

of cereal and grain foods with folic acid was mandated in Canada and the United States.  

Consequently, in the United States, the median folate levels in older men (aged 32-80 

years) rose from 10.4 to 22.5 nmol/L after fortification was instituted and the prevalence 

of low levels declined from 22 % to 7 % as reported by the Framingham Offspring Study 

(Jacques et al., 1999). 

Like serum folate, the serum concentrations of vitamin B12 (cobalamin) are 

reflective of both dietary intake and stores.  In many surveys that evaluated homocysteine 

abnormalities among patients with clincally diagnosed cobalamin deficiency, the low 

cobalamin cut-off level was set at 148 pmol/L (Stabler 1990; Savage 1994; Stabler 1988 

Pennypacker 1992).  The research presented in this thesis dichotomizes normal versus 

subnormal vitamin B12 based on the 148 pmol/L threshold.  Most commonly, cobalamin 

deficiency is due to malabsorption and thus, is treated with oral supplements or by 

injection (Carmel and Jacobsen, 2001).   
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2.9 Risk factors for low serum folate and vitamin B12 

Factors that affect folate and cobalamin requirements can also be identified as the 

strongest determinants of serum folate and cobalamin concentrations.  For folate, these 

factors include the bioavailability and intake of folic acid and dietary folate, interactions 

with other food components, alcohol consumption, smoking, folate-drug interactions and 

genetic variation (Institute of Medicine, 1998).  The vast majority of cobalamin 

deficiencies are caused by malabsorption, although inadequate intake and metabolic and 

transport disorders can also cause a deficiency of vitamin B12. 

2.10 Genetic polymorphisms 

A polymorphism can be defined as a variation in DNA that is too common to be 

due merely to a new mutation.  Typically, variations with an allele frequency of at least 

1% in the population are considered polymorphisms.  Several polymorphic genes have 

been identified that are related to folate metabolism and homocysteine levels (Griffiths et 

al., 2000).  

2.11 Selection of polymorphisms for this study  

 Conflicting evidence on the effect of TS polymorphisms on total plasma 

homocysteine levels reported in population studies stimulated interest in clarifying the 

relationships along this biologic pathway.  In particular, several gaps in knowledge were 

identified that may have contributed to the conflicting results.  First, consideration of the 

independent effects of the three variants of TS within a single sample remains a novel 

approach to studying TS associations with homocysteine.  Previous studies have only 

focussed on one or two of the TS polymorphisms and the effect of the G/C SNP on 
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homocysteine concentration has been absent in the literature; hence, the potential for 

misclassification of TS activity remains.  Second, the consequences of carrying 

combinations of polymorphisms (TS and MTHFR) on homocysteine concentration also 

require further investigation.  Finally, the effect of vitamin B12 status on the TS-

homocysteine relationship has been absent in the epidemiologic literature and the 

clarification of serum folate interacting along this pathway is also another area of interest. 

The study of effect modification is an asset to this investigation, where dietary status and 

its potential influence on homocysteine levels in highly prevalent polymorphic 

individuals can be elucidated.  

2.12 Biologic rationale for thymidylate synthase 

Thymidylate synthase (TS) is a crucial enzyme involved in folate metabolism and 

production of thymidine, a nucleotide necessary for DNA synthesis and repair (Ulrich et 

al., 2002).  TS utilizes 5,10-methylenetetrahydrofolate (methylene-THF), a folate 

metabolite, as a cofactor for thymidine synthesis by the rate-limiting conversion of 

deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP) 

(Sharp 2004; Ulrich 2002).  The TS gene, located on chromosome 18, is polymorphic in 

both the 5’ and 3’ untranslated regions.  Three functional polymorphisms in TS have 

been shown to alter enzymatic activity and mRNA stability and thus, are hypothesized to 

impact total plasma homocysteine levels.  Table 2.1 presents the categorization of the 

three TS polymorphisms under investigation.  Specifically, increased TS activity is 

hypothesized to lead to elevated homocysteine level, which is associated with cancer risk. 
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Table 2.1.  Categorization of TS polymorphisms under investigation. 

 Polymorphism Genotype Categorization 

3RG/3RG 

3RG/3RC 

2R/3RG 

5’High 

2R/2R 

2R/3RC 

5’Polymorphism TSER & G/C SNP 

3RC/3RC 

5’Low 

+6/+6 3’High 

+6/-6 
3’Polymorphism TS1494del6 

-6/-6 
3’Low 

 

2.13 Thymidylate synthase enhancer region tandem repeat (TSER) polymorphism  

A functional polymorphism of TS occurs in the thymidylate synthase enhancer 

region (TSER) which contains a series of two (homozygote: 2R/2R) or three 

(homozygote: 3R/3R) or a combination of two and three (heterozygote: 2R/3R) tandem 

repeats of a 28-base pair sequence in the 5’-untranslated region (UTR) (Ulrich et al., 

2002).  By definition, a tandem repeat describes a pattern of two or more nucleotides 

repeated and the repetitions are directly adjacent to one another (O’Dushlaine et al., 

2005).  The number of tandem repeats in TSER affects the activity levels of the TS 

enzyme and hence, it is suspected that TSER has the potential to alter levels of total 

plasma homocysteine (Trinh et al., 2002).  Specifically, the homozygous triple repeat 

genotype (3R/3R) is associated with an increased expression of TS, which is postulated to 

increase homocysteine levels (Trinh et al., 2002).  The prevalence of the triple repeat 

varies by ethnicity, with higher prevalence observed in the Chinese population (67%) and 

lower prevalence among Caucasians (38%) and South-west Asians (40%) (Marsh et al., 

1999).   
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2.14 Thymidylate synthase G/C single nucleotide polymorphism (G/C SNP) 

A recently identified single nucleotide polymorphism (SNP) within the second 

repeat of the TSER triple repeat (3R) allele has been found to downregulate TS 

expression (Tan et al., 2005).  Specifically, a single guanine (G) to cytosine (C) base 

change occurring at the 12
th

 nucleotide in the second repeat of the 3R allele alters the 

enhancer function of the 3R repeat relative to the 2R repeat (Mandola et al., 2003).  In 

other words, the addition of a 28-base pair repeat (3R) in TSER alone is not sufficient for 

enhanced transcriptional activity of TS; the presence of guanine (3RG) rather than 

cytosine (3RC) residue within the 3R repeat is necessary for increased activity (Mandola 

et al., 2003).  The classification of TS polymorphisms found in the 5’ UTR of the gene 

into high versus low expression then follows as 2R/3RG, 3RC/3RG and 3RG/3RG 

(5’High) versus 2R/2R, 2R/3RC and 3RC/3RC (5’Low).  Altogether, the prevalence of 

the 5’High and 5’Low expression types occurs in 41% and 59% of Caucasian 

populations, respectively (Mandola et al., 2003). Chinese (69%) and African American 

(56%) populations have a higher prevalence of the 5’High genotypes (Mandola et al., 

2003).   

2.15 Thymidylate synthase TS1494del6 polymorphism  

A 6-bp deletion at nucleotide 1494 in the 3’UTR of the TS gene has been shown 

to have a functional effect on overall gene expression by negatively affecting mRNA 

stability (Mandola et al., 2004).  Individuals homozygous for the deletion (-6bp/-6bp) 

display decreased mRNA levels relative to those heterozygous (+6bp/-6bp) for the 

insertion/deletion and homozygous (+6bp/+6bp) for the insertion (Mandola et al., 2004).  
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It is hypothesized that increases in TS mRNA stability by the insertion genotype leads to 

increased TS enzyme levels which subsequently increases homocysteine concentration.  

The frequency of the 3’High genotype (+6/+6) is reported to be 41% in non-Hispanic 

whites, 26% in Hispanic whites, 52% in African Americans and 76% in Singapore 

Chinese (Mandola et al., 2004).  It is noteworthy that TS1494del6 is reported to be in 

linkage disequilibrium with the TSER polymorphism and G/C SNP (Dotor 2006; 

Fernandez-Contreras 2006).  Linkage disequilibrium describes a situation in which some 

combinations of genotypes occur more or less frequently in a population than would be 

expected by random, such that 5’High is frequently associated with 3’Low (+6/-6 and -6/-

6) (Malats and Calafell, 2003).  

2.16 Thymidylate synthase polymorphisms and homocysteine in the literature 

Six studies were identified that examined the relationships between 

5’polymorphism TSER tandem repeat polymorphisms and total plasma homocysteine 

concentration.  These consisted of three cross-sectional studies (Trinh 2002; Kim 2006; 

Itou 2007), two sub-analyses of population-based controls (Chen 2003; Gellekink 2007) 

and one nested cross-sectional study (Brown et al., 2004). Inconsistencies were observed 

among these studies such that two studies reported that plasma homocysteine increased 

with the 3R/3R genotype (Trinh 2002; Kim 2006), one found that plasma homocysteine 

decreased with the 3R/3R genotype (Itou et al., 2007) and the remaining three reported 

null findings (Chen 2003; Gellekink 2007; Brown 2004).  In addition to these 

inconsistent findings, a thorough literature search did not yield any studies that 

investigated the effect of the 5’polymorphism G/C SNP on plasma homocysteine levels.  
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However, clinical and in vitro studies have identified the G/C SNP as an important 

determinant of TS expression levels (Mandola 2003; Nief 2006; Terrazino 2006; 

Fernandez-Contreras 2006; Dotor 2006).  Finally, three studies that examined the 

relationship between the 3’polymorphism (TS1494del6) and total plasma homocysteine 

concentration were identified.  Two studies conducted a sub-analysis of controls and 

reported no evidence of an association between the 3’polymorphism and total plasma 

homocysteine level (Gellekink 2007; Chen 2003).  Conversely, a cross-sectional study 

investigating the effect of the 3’polymorphism reported a significant association between 

the 3’Low (-6/-6) and lower total plasma homocysteine among non-smokers (p=0.03) and 

those among the highest quartile of red blood cell folate (p=0.02) (Kealy et al., 2005). 

In summary, the seven epidemiologic studies that examined the relationship 

between TS polymorphisms and homocysteine concentrations have produced 

contradictory and inconsistent results.  Altogether, none of these studies involved a large, 

representative population that could be generalizable to both male and female healthy 

adults.  For two of these studies, the study population may be systematically different 

from the general healthy population since these samples consisted of diseased people 

(Itou et al., 2007) and women that experienced more than two abortions (Kim et al., 

2006).  Three of these studies were conducted among older populations (Trinh 2002; 

Chen 2003; Gellekink 2007), while two studies focused on young adults (ages 20 to 26 

years) (Brown 2004; Kealy 2005).  Since age is a determinant of homocysteine, where 

older age is associated with elevated homocysteine concentrations, the TS-homocysteine 

association may be obscured among youths and older populations.  None of the studies 
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typed for the 5’polymorphism G/C SNP, and only three considered the 3’polymorphism.  

Finally, consideration of relevant dietary status in the analysis of the TS-homocysteine 

association remains limited in the literature. 

The conflicting results and limitations in past research highlight the importance of 

examining the effects of three functional polymorphisms in the thymidylate synthase 

gene on total plasma homocysteine level.  In addition, consideration of potential 

confounders and effect modifiers within a population of healthy adults will add to the 

body of evidence and contribute to a better understanding of the nature of the 

relationships between polymorphisms that modify TS activity and total plasma 

homocysteine concentrations.  

2.17 Biologic rationale for methylenetetrathydrofolate reductase polylmorphism 

Methylenetetrahydrofolate reductase (MTHFR) is a key enzyme in folate 

metabolism and also plays a central role in the provision of methyl groups for DNA 

methylation through the methionine-homocysteine cycle.  The two pathways, DNA 

methylation (methionine-homocysteine cycle) and DNA synthesis (thymidine synthesis) 

are affected by the common polymorphism in the MTHFR gene.  MTHFR sits as a 

fulcrum, balancing the two pathways and maintaining normal homeostasis (Choi and 

Frisco, 2006).  Since MTHFR competes with TS for a rate-limiting substrate (5,10-

methylene-THF) necessary in both thymidine synthesis and the methionine-homocysteine 

cycle; it is postulated that the influence of TS polymorphisms on homocysteine 

concentration is modified by MTHFR activity (Ko 2006; Sharp 2004).  The effect of 

MTHFR on plasma homocysteine levels has been documented in many studies and 
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consistent evidence has identified MTHFR as a genetic determinant of homocysteine 

concentrations (Refsum et al., 2006).  Thus, the potential for gene-gene interactions 

affecting total plasma homocysteine levels is in need of consideration since both TS and 

MTHFR polymorphisms are common in the population.   

2.18 Methyltetrahydrofolate reductase C677T polymorphism (MTHFR) 

The MTHFR gene located on chromosome 1 is polymorphic; individuals with a 

single nucleotide polymorphism (SNP) at base position 677, in which cytosine (C) is 

replaced by thymine (T), exhibit decreased enzyme activity by 20 to 30 % (Sharp and 

Little, 2004).  The decrease in MTHFR activity thereby decreases the conversion of 5,10-

methylene-THF to 5-methyl-THF (serum folate) and, hence, reduces the remethylation of 

homocysteine back to methionine, leading to homocysteine accumulation in the plasma 

(Ko, 2006; Kim 2007; Trinh 2002).  Approximately 8 to 20% of the Caucasian 

population is homozygous for this MTHFR polymorphism (Sharp and Little, 2004). 

2.19 Gene-gene interaction 

 Mutation in the MTHFR gene has been shown to be a consistent determinant of 

homocysteine levels (Carmel 2001; Refsum 2006).  Competition with MTHFR for the 

substrate, 5,10-methylene-THF, is postulated to link altered activity in TS to its 

subsequent effect on homocysteine levels.  Thus, analysis of the effect of TS on 

homocysteine levels must include consideration of the activity of MTHFR.  Specifically, 

the independent effect of TS on homocysteine levels needs to be investigated while 

controlling for the MTHFR C677T polymorphism.  The joint effects of TS and MTHFR 
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genotypes on homocysteine concentration also require consideration to elucidate the 

potential for gene-gene interaction.   

2.20 Gene-diet interactions 

Remethylation of homocysteine is a reaction that occurs in all tissues and is serum 

folate and vitamin B12 dependent.  To reiterate, in remethylation, 5-methyl-THF (serum 

folate) donates a methyl group to homocysteine to form methionine with vitamin B12 as a 

cofactor.  Thus, interactions between polymorphisms in TS and serum folate status and 

vitamin B12 need to be considered to elucidate possible gene-diet interactions.  It is of 

interest to investigate these relationships since consequences of polymorphisms in TS 

may be exacerbated or rectified according to serum folate and vitamin B12 statuses. 

2.21 Molecular and genetic epidemiology terminology 

 In this section, relevant molecular and genetic issues are defined and applied to 

this research.  

Polymorphisms:  Alternate forms of a gene found at frequencies greater than 1% of the 

population (Malats and Calafell, 2003).  Considerable differences in individuals’ 

susceptibility to high homocysteine levels exist due to polymorphisms. DNA variants in 

genes encoding enzymes involved in the metabolism of homocysteine and other 

associated pathways may play a role in modifying the effect of TS polymorphisms on 

homocysteine concentrations.  Specifically, polymorphism in the MTHFR gene is 

considered in this study as an effect modifier of the TS-homocysteine relationship.  

However, other genetic factors exist that may modify the relationship of interest but are 

not considered in this research due to time constraints and cost consideration.  
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Haplotype:  A combination of alleles found at neighboring loci in a chromosome, as 

inherited from a parent (Malats and Calafell, 2003).  In this research, the combination of 

TS polymorphisms is a TS haplotype.  The consideration of a haplotype is important 

since polymorphisms may be linked whereby one or more polymorphisms tend to be 

inherited together more often than expected.  Polymorphisms in TS occur in linkage 

disequilibrium, where increase in TS activity associated with 5’polymorphisms is 

coupled by decrease in TS activity associated with 3’polymorphism more often than 

expected.  Thus, consideration of TS haplotypes ensures proper classification of TS 

activity for this research.  

Linkage Equilibrium:  A situation in which haplotype frequencies in a population do 

not change from one generation to the next (Malats and Calafell, 2003).  In other words, a 

combination of alleles is occurring at random and in the absence of selection, mutation, 

migration and genetic drift.  In this research, TS polymorphisms are expected to occur in 

linkage disequilibrium, where increased activity conferred by 5’polymorphisms are more 

likely associated with decreased activity conferred by 3’polymorphism. 

Population Stratification:  In the context of this research, refers to confounding by 

ethnicity when risks of disease within an ethnic group are more similar than risks of 

disease in unrelated individuals.  The homogeneity may be attributable to similarity in 

lifestyle or genetic factors (Wacholder et al., 2002).  In this research, population 

stratification will be considered by assessing ethnicity as a confounder in the analysis of 

the TS-homocysteine relationship.  

Gene-Environment Interaction:  Defined by Ottman (1996) as “a different effect of a 
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genotype on disease risks on persons with different environmental exposures.”  In this 

research, the effect of TS polymorphisms on homocysteine will be assessed for 

interaction with serum folate and vitamin B12 to determine whether the TS-homocysteine 

associations differ according to these dietary factors. 

Biomarker:  A chemical, physical or biological parameter that is used to measure a 

relationship between a biological system and an environmental agent (Merlo et al., 2006). 

Biomarkers can be used to measure exposure, early biological effects, altered structure 

and function as well as host susceptibility (Merlo et al., 2006).  In this research, 

homocysteine is considered as a biomarker of early carcinogenic risk.  The use of 

homocysteine as an intermediate endpoint prior to cancer ehances the ability to evaluate 

genetic and environmental determinants of cancer and may contribute to understanding 

mechanisms of actions relating altered TS activity to cancer risk.   
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Chapter 3: Design and Methods 

3.1 Study objective and hypotheses  

1. To determine the main and joint effects of TS polymorphisms on total plasma 

homocysteine levels.  

It was hypothesized that individuals with polymorphisms conferring increased TS activity 

will be associated with higher mean total plasma homocysteine levels. 

2. To examine the gene-gene interaction between TS and MTHFR polymorphisms 

on total plasma homocysteine levels. 

It was hypothesized that individuals with polymorphisms conferring increased TS activity 

and decreased MTHFR activity will have the highest mean total plasma homocysteine 

levels. 

3. To examine the gene-diet interactions between polymorphisms in TS and serum 

vitamin B12 and folate levels on total plasma homocysteine concentrations.  

It was hypothesized that the effect of TS polymorphisms on homocysteine concentrations 

will be more prominent among those with low serum vitamin B12 and folate levels. 

3.2 Study design 

 A cross-sectional study was nested within a larger study funded by CIHR which 

examines the relationship between environmental and lifestyle factors and biomarkers of 

methionine-homocysteine biosynthesis.  The study investigators are Drs. King (Principle 

Investigator), Massey and Casson from Queen’s University, Dr. Dodds from Dalhousie, 

and Dr. Perkins from the University of Ottawa.  The aim of the larger study is to 

determine the relationship between exposure to disinfection by-products and markers of 
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metabolic processes in methionine-homocysteine biosynthesis and considers MTHFR 

polymorphism, serum folate and vitamin B12 as co-variates.  This thesis research involved 

284 subjects randomly selected from healthy volunteers who were recruited for the larger 

study. As part of the larger study, subjects provided a fasting blood sample for genomic 

and biochemical analysis and completed a questionnaire.  

3.3 Source population and subjects 

 The target population of the larger study included both male and female subjects 

between the ages of 20 to 50.  This study population was chosen to represent a 

meaningful time window in terms of the postulated biologic mechanisms underlying the 

cancer hypothesis in this research.  Subjects who have health conditions that may be 

related to the outcomes of interest (e.g. history of angina or other vascular disease, cancer 

or diabetes), who were pregnant, or who had given birth in the previous year were 

excluded from the study sample.   

 3.4 Data collection  

3.4.1 Blood samples procurement  

 Plasma levels of homocysteine are susceptible to recent food intake.  Thus, a 

twelve-hour overnight fast, which included the avoidance of alcohol and coffee 

consumption, was part of the study protocol.  Blood samples were drawn with suitable 

vacutainers (serum separator tubes and tubes containing ethylenediaminetetraacetic acid) 

from the median antecubital vein.  Samples were immediately put on ice and 

subsequently centrifuged at 3300 rpm for 10 minutes at room temperature.  Serum and 

plasma were then separated into 5 ml aliquot tubes and then stored at –80 degrees Celsius 
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until assayed.  Blood samples were shipped to the Department of Pathology and 

Laboratory Medicine of the Ottawa General Hospital and were analyzed for plasma total 

homocysteine, serum folate and vitamin B12 under the supervision of Dr. Sherry Perkins.   

3.4.2 Exposure assessment  

Genomic DNA was isolated from peripheral blood of the subjects obtained from 

the larger study using the Qiagen Blood Mini Kit and stored at -80 degrees Celsius 

(Appendix A).  TSER and G/C SNP genotyping was accomplished by polymerase chain 

reaction-restriction fragment length polymorphism (PCR-RFLP) analyses as described by 

Mandola et al. (2003) and Tan et al. (2005) (Appendix B).  As shown in Figure 3.1, 

separation of the PCR fragments (TSER) on a 3% agarose gel stained with ethidium 

bromide displayed banding patterns specific to subject genotype.  Specifically, the 

expected PCR fragments were 238 bp for the homozygous 3R/3R and 210bp 

homozygous for the homozygous 2R/2R repeat genotypes. The heterozygote 2R/3R 

genotype displayed both 238 bp and 210 bp bands.   

 

 

 

 

 

 

 

Figure 3.1 TSER genotyping by PCR (3R: 238bp, 2R: 210bp).  50bp ladder, Lane 1: 

2R/2R, Lanes 2-5: 2R/3R and Lane 6-7: 3R/3R.   

 

For the G/C SNP, further digestion of the TSER PCR products containing the 3R allele 

238 

210 

1 2 3 4 5 6 7 
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with HaeIII restriction enzyme was performed.  The 3Rg allele generates 6 fragments of 

66, 47, 46, 44, 28 and 7 bp bands; due to the loss of the HaeIII restriction site and the 3Rc 

allele produces five fragments of 94, 47, 46, 44 and 7bp.  The heterzygote 3Rg/3Rc had 

all 7 fragments of 94, 66, 47, 46, 44, 28 and 7 bp bands (Figure 3.2).   

 

 

 

 

 

 

 

Figure 3.2 G/C SNP genotyping by PCR-RFLP (3RG: 66, 47, 46, 28 and 7bp, 3RC: 94, 

47, 46, 44 and 7bp, 3RG/3RC: 94, 66, 47, 46, 44, 28 and 7bp).  50bp ladder, Lane 1: 

3RG/3RG, Lane 2: 3RC/3RC, Lane 3: 3RG/3RG, Lane 4-5: 2R/3RG, Lane 6: 2R/3RC, 

Lane 7: 2R/3RG.   

 

The TS1494del6 polymorphism was genotyped according to PCR-RFLP methods 

published by Zhang et al. (2004) (Appendix C).  TS1494del6 DraI restriction digests 

were fractionized by electrophoresis on a 3% agarose gel stained with ethidium bromide.  

Figure 3.3 displays the banding pattern of each TS1494del6 genotype and the expected 

fragments were 70 and 88 bp for the allele with 6 bp insertion (+6) and 152 bp for the 

variant with 6 bp deletion (-6).   
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Figure 3.3 TS1494del6 genotyping by PCR-RFLP (+6: 70 and 88bp, -6: 152bp).  50bp 

ladder, Lane 1: +6/-6, Lane 2: +6/+6, Lane 3: +6/-6, Lane 4: -6/-6, Lane 5: +6/+6 and 

Lane 6-7: +6/-6.  An extra 158bp always existed with the heterzygous genotype due to 

incomplete digestion of the -6 allele caused by a secondary structure formed by the 

heterzygous DNA strands.  

 

As part of the larger study, MTHFR genotyping was analyzed using established 

PCR-RFLP protocols (Appendix D) (Mohamed et al., 2004).  MTHFR genotyping was 

performed with the help of Gwyneth Fairfield, a Research Associate of the larger study. 

Figure 3.4 presents the banding pattern of each MTHFR genotype and the expected 

fragments were 198 bp and 176 bp for the allele with C and T, respectively.  To ensure 

reliability of all assays, genotyping was repeated for 10% of the samples and two samples 

of each genotype were subject to direct DNA sequencing. 

152 
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Figure 3.4 MTHFR genotyping by PCR-RFLP (CC: 198bp, CT: 198 and 176bp, TT: 

176bp).  50bp ladder, Lane 1: CC, Lane 2: CC, Lane 3: TT, Lane 4: CT, Lane 5: CC, 

Lane 6: TT, Lane 7: CT,  

 

3.4.3 Outcome and covariate information 

 Total plasma homocysteine concentrations were ascertained from a single fasting 

blood sample taken from study participants.  Potential confounders including age, sex, 

body mass index (BMI), ethnicity, MTHFR polymorphism, smoking status, serum folate 

and vitamin B12, and tea, coffee and alcohol intake has been identified a priori based on 

an established relationship with homocysteine.  Serum folate and vitamin B12 have also 

been identified a priori as potential effect modifiers due to their role in methionine-

homocysteine biosynthesis (Carmel and Jacobsen, 2001).  The determination of serum 

folate status and vitamin B12 was assessed from blood samples using established 

biochemical methods in the laboratory (McDonald 2002; Walker 1999).  Gene-gene 

interaction between TS and MTHFR genotypes was considered since their synergism 

may elucidate the roles of the methionine-homocysteine cycle and folate metabolism in 
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the etiology of cancer. Analyses regarding the effect of potential confounding and effect 

modification will be reviewed in Chapter 4. 

3.4.4 Characterization of potential confounders 

 Information regarding potential confounders was collected from the study 

questionnaire, which was administered just prior to the blood draw, and from the blood 

analysis.  Specific characterization of potential confounders considered in this thesis 

research follows.  

Age and Sex:  Age and sex were self-reported by the participants and were assessed 

through the questionnaire.  Specifically, age was categorized based on the sampling 

fractions used in the larger study; 20 to 29 years, 30 to 39 years and 40 to 49 years. 

BMI:  Weight and height were self-reported by the participants and were calculated as 

the ratio of weight to the square of height (kg/m
2
).  Categories of BMI were based on the 

cut points used by the National Institutes of Health (1994).  Specially, a BMI of less than 

18.5 kg/m
2
 was considered ‘underweight’, between 18.5 and 24.9 kg/m

2 
was considered 

‘normal’, between 25.0 and 29.9 was considered ‘overweight’ and a BMI of greater than 

30 was considered ‘obesity’.  The ‘extreme obesity’ (BMI≥40) category was grouped 

with ‘obesity’ due to small cell size (n=1). 

Ethnicity:  Classification according to ethnicity was performed on data abstracted from 

the questionnaire.  Individuals were asked to check one of White, Chinese, South Asian, 

Black, Native/Aboriginal, Arab/West Asian, Filipino, South East Asian, Latin American, 

Japanese, Korean or Other, as the ethnicity of both their mother and father.  Participants 

who indicated that both their mother and father were White were classified as ‘White,’ 
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participants who indicated that both their mother and father were one of Chinese, South 

Asian, South East Asian, Japanese or Korean were classified as ‘Asian’ and all other 

participants were classified as ‘Other’. 

MTHFR polymorphism:  Genotyping of MTHFR was performed on DNA extracted 

from the blood draw based on published methods (Mohamed et al., 2004). MTHFR 

genotypes were dichotomized to ‘low’ (TT) versus ‘high’ (CC or CT) MTHFR 

expression according to previous studies (Trinh et al., 2002) 

Smoking:  Smoking was assessed through the questionnaire.  Participants were placed in 

one of three categories for smoking status: ‘never smoker’, ‘past smoker’ (at least one 

cigarette a day for six months or more), or ‘current smoker’ (at least one cigarette a day 

for the past month).  This approach of categorizing smoking is similar to a study 

conducted by Saw et al., (2001) investigating genetic, dietary and other lifestyle 

determinants of plasma homocysteine concentrations.  Since there were few current 

smokers in the study sample (n=32) further analysis on the association between number 

of cigarettes smoked per day and homocysteine concentrations were not conducted.  

Caffeinated tea and coffee consumption:  Information on caffeinated tea and coffee 

consumption was abstracted from the questionnaire.  This data was combined to create a 

cups/day variable and was categorized according to previous studies that investigated the 

effects of tea and coffee on homocysteine concentration (El-Khairy 1999; Nygard 1997).  

Categories included ‘abstainers’, those who consumed ‘less than 1 cup per day’, ‘1 to 3 

cups per day’ and ‘greater than or equal to 4 cups per day’.  During regression analysis, 

‘abstainers’ were grouped with those who consumed ‘less than 1 cup per day’ due to 



 

37 

small cell size. 

Alcohol Consumption:  The frequency of consuming alcohol in the past month and the 

number of alcoholic beverages consumed during each of those instances was abstracted 

from self-report of alcohol consumption in the questionnaire.  This information was used 

to calculate the average number of drinks per week for the past month, converted to 

grams of alcohol consumed per day (g/day) and categorized based on cut points used in 

published homocysteine literature (Williams 1994; Jacques 2001).  Specifically, 

categories included ‘abstainers’, those who consumed between 0.1 to 4.9 g/day (low), 

between 5.0 to 14.9 g/day (moderate), between 15.0 to 24.9 g/day (high) and greater than 

25 g/day (heavy).  For regression analysis, ‘abstainers’ were grouped with ‘low’ and 

those in the ‘moderate’ category were grouped with ‘high’ according to previous 

literature.  

Serum folate:  Serum folate was determined from blood samples using established 

biochemical laboratory methods (McDonald 2002; Walker 1999).  Serum folate was 

dichotomized based on the 25
th

 percentile to yield categories of ‘low folate’ (≤22.78 

nmol/L) and ‘high folate’ (>22.78 nmol/L) (Brown et al., 2004). 

Serum vitamin B12:  Serum vitamin B12 was also assessed from blood samples using 

established biochemical laboratory methods (McDonald 2002; Walker 1999).  Serum 

vitamin B12 was dichotomized based on a clinical cut point of vitamin B12 deficiency to 

yield categories of ‘low vitamin B12’ (<148 pmol/L) and ‘high vitamin B12 (≥148 pmol/L).  
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3.5 Data validity  

3.5.1 Genotype data 

For the genotype data collection, several measures were taken to ensure the 

validity and reliability of the data.  First, direct DNA sequencing was employed to 

confirm the validity of the PCR-RFLP assays.  DNA sequencing is considered the gold 

standard for determining the exact nucleotide sequence of DNA and was carried out on 

PCR products for both 5’ and 3’ polymorphisms. Specially, among 5’polymorphisms, 2 

samples of each TSER tandem repeat polymorphism (2R/2R, 3R/3R) and the G/C SNP 

(2R/3RC, 2R/3RG, 3RC/3RC, 3RG/3RC, 3RG/3RG) were sequenced.  Among the 

3’polymorphism (TS1494del6), 2 samples of each genotype (+6/+6, -6/-6) were 

sequenced. Cortec DNA Service Laboratories, Inc., Kingston, carried out this automated 

procedure ON, following PCR product purification.  

Second, repeat assays for each experiment (TSER, G/C SNP and TS1494del6) 

were performed for greater than 10% of the samples to ensure reliability of genotype 

data.  For example, for G/C SNP a total of 284 samples were genotyped and the PCR-

RFLP assay was repeated for 28 (10%) samples.  

Third, as a further evaluation of the obtained genotype distributions, a review of 

published data on TSER, G/C SNP and TS1494del6 genotype distributions were 

undertaken.  Finally, to assess the validity of the genotype data, differences between 

observed and expected genotype frequencies according to the Hardy-Weinberg 

Equilibrium were tested using the Chi-Square test.  To reiterate, Hardy-Weinburg 

equilibrium describes a state in which genotype frequencies do not change from one 
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generation to the next in a population; due to random mating and the absence of selection, 

mutation, migration and genetic drift.  This equilibrium principle states that “for two 

alleles P and Q, at frequencies p and q respectively, homozygotes for P are found at 

frequency p2, homozygotes for Q are found at frequency q2 and heterozygotes are found 

at frequency 2pq (Malats and Calafell, 2003)”.   Deviations from this equilibrium in 

populations can be indicative of genotyping errors.   

3.5.2 Outcome and covariate data collection  

A single blood sample was used to ascertain total plasma homocysteine 

concentration.  The validity of a single measurement in representing average 

concentrations may be challenged due to the possibility of variability based on time of 

day, week, or month.  However, variation was limited as all blood samples were taken at 

the same time of day (in the morning between 8 am and 10 am).  To reiterate, the within- 

person variability of plasma homocysteine concentrations were considered and studies 

have shown that concentrations do not exhibit seasonal variation, remaining relatively 

constant over a period of one year (Kelly 2005; Clarke 1998).  Thus, the results from the 

literature emphasize that a single blood sample will serve as a reliable measure of total 

plasma homocysteine.  

Covariate information with the exception of serum folate and vitamin B12 levels 

was abstracted directly from the questionnaire.  Cell sizes representing less than 5% of 

the study population were collapsed where appropriate for coffee, tea and alcohol 

consumption.  However, categories of BMI were not collapsed due to the clinical 

relevance of the cutpoints (National Institutes of Health, 1994).  Potential sources of error 
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may be attributed to a lack of information pertaining to tea, coffee and alcohol 

consumption.  Specifically, capture of tea and coffee consumption was used in part, as a 

proxy to represent caffeine intake.  However, other sources of caffeine were not 

accounted for in the questionnaire; such as caffeine derived from carbonated soft drinks.  

Secondly, assessment of alcohol consumption did not specify the type of alcoholic 

beverage consumed; the ability of alcohol to modify total plasma homocysteine levels 

varies greatly depending on the type of alcohol consumed.  

3.6 Data management 

A detailed record of all genotyping methods and results, including images of each 

PCR-RFLP assay was maintained in two lab notebook as per lab protocol.  Genotyping 

results were entered into an EXCEL spreadsheet as they became available and data entry 

was verified manually at the end of the genotype data collection. 

The Department of Pathology and Laboratory Medicine of the Ottawa General 

Hospital supplied levels of total plasma homocysteine, serum folate and vitamin B12.  

Covariate information abstracted from the questionnaire was entered into an EXCEL 

spreadsheet.   

3.7 Data analysis  

All data analysis was conducted using SAS 9.1 statistical program.  Descriptive 

statistics were generated for all variables considered in this study.  The mean, standard 

deviation, median and 25
th

 and 75
th

 percentiles of all continuous variables were 

determined and frequencies of categories were analyzed for categorical variables.  

Continuous variables including age, BMI, alcohol consumption and serum vitamin B12 
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and folate levels were categorized based on existing literature and clinical cutpoints. 

When categorical cell sizes contained less than 5% of the study sample the categories 

were collapsed where appropriate.  

Multiple linear regression was utilized as the basic framework for the analysis of 

relationships between TS genotypes and homocysteine while controlling for potential 

confounders.  The normality of the total plasma homocysteine distribution was assessed 

by graphical analysis and the Shapiro-Wilk test of normality. Residual diagnostics were 

also performed to assess the normality of residuals. 

3.7.1 Genetic associations 

The main effects of TSER, G/C SNP and TS1494del6 polymorphisms on total 

plasma homocysteine were conducted using multiple linear regression analysis.  

Specifically, for 5’polymorphisms, consideration of the TSER polymorphism and G/C 

SNP was dichotomized to ‘5’High’ if genotype was 3RG/3RG, 3RG/3RC or 2R/3RG 

versus “5’Low” if genotype was 2R/2R, 2R/3RC or 3RC/3RC.  The 3’polymorphism 

TS1494del6 was categorized to ‘3’High’ if genotype was homozygous insertion (+6/+6) 

versus ‘3’Low’ if genotype was heterozygous insertion/deletion (+6/-6) or homozygous 

deletion (-6/-6) (e.g. Homocysteine= a + b(5’High) + c(3’High).  The combined effects of 

the three polymorphisms on total plasma homocysteine were analyzed by consideration 

of four TS haplotypes (5’High & 3’High, 5’High & 3’Low, 5’Low & 3’High and 5’Low 

& 3’Low) (e.g. Homocysteine = a + b(5’High & 3’High) + c(5’High & 3’Low) + 

d(5’Low & 3’High).  
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3.7.2 Assessment of confounding 

 For this thesis research, the following potential confounding variables were 

considered as they have been shown in the literature to be related to total plasma 

homocysteine concentrations: age, sex, ethnicity, BMI, serum vitamin B12, serum folate, 

smoking, MTHFR polymorphism, alcohol, and caffeinated coffee and tea consumption.  

The conventional regression method (backward elimination) was contrasted with the 

change-in-estimate method to determine the most suitable strategy for confounder 

selection. 

First, a conventional regression method (backward elimination) was used to create 

a parsimonious model of covariates that were predictive of homocysteine using a liberal 

p-value of 0.15.  The premise of this conventional regression method focuses on the 

association between a covariate and the outcome of interest.  Thus, a liberal significance 

level was used to avoid the under-selection of potential covariates (Budtz-Jorgensen et 

al., 2006).  The conventional regression method starts with all covariates included in a 

model to predict total plasma homocysteine.  The partial F-statistic and the corresponding 

p-value were observed and compared for each variable.  The variable with the highest p-

value was removed.  This process was repeated until all variables had a p-value of less 

than or equal to 0.15.   

 To provide confidence in the conventional regression method used to select 

confounders, a separate analysis was conducted using the change-in-estimate method as 

described by Rothman and Greenland (1998).  In general, a change-in-estimate approach 

is commonly recommended over coventional regression methods of confounder selection 
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since covariates are chosen based on their effect on the exposure-outcome relationship, 

which is arguably a better definition of a confounder.  Starting with a full model 

containing all potential confounders and the exposure of interest (TS haplotype); in a 

stepwise fashion, each confounder was deleted and the covariate that caused the smallest 

change in the exposure effect estimate upon deletion was removed.  The process was 

repeated and terminated when deletion of each of the remaining variables caused a 

relative change of more than 10% when compared to the full model estimate containing 

all possible confounders (Rothman and Greenland, 1998).   

 Since confounder selection for the change-in-estimate approach is based on the 

effect of each covariate on the exposure-outcome relationship, this method is challenged 

when there is more than one exposure variable of interest or more than one representation 

of the exposure of interest.  Using this method, each exposure representation would 

require a separate change-in-estimate analysis with the possibility of a different set of 

potential confounders for each particular exposure-outcome association.  This thesis 

research investigates the main effects of TS polymorphisms in addition to joint effects on 

homocysteine concentrations.  Therefore, since there are several exposure 

representations, a conventional regression method was used to identify potential 

confounders.  The set of covariates (potential confounders) that were identified using the 

conventional regression method was included in each multivariate analysis for each 

exposure represention of interest for this thesis.  In addition, a sensitivity analysis 

comparing parameter estimates and corresponding 95% confidence intervals (95% CI) 

derived from each approach was conducted. 
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3.7.3 Gene-gene interactions 

Given the available sample size, interactions were exploratory since this research 

had limited statistical power to elucidate an interaction if one exists.  Specifically, gene-

gene interaction between polymorphisms in MTHFR and TS on total plasma 

homocysteine was explored by inclusion of product terms into the regression model.  The 

interaction between TS haplotypes and MTHFR was regressed on total plasma 

homocysteine while controlling for confounders.  

3.7.4 Gene-diet interactions 

Exploratory analysis on the interaction between TS polymorphisms and serum 

folate and vitamin B12 on total plasma homocysteine was conducted separately.  To 

reiterate, this research had limited statistical power to detect a gene-diet interaction if one 

truly exists.  Serum folate and vitamin B12 concentrations were proposed to represent 

dietary intake; thus, potential gene-diet interaction between genetic susceptibility and 

dietary intake on total plasma homocysteine was assessed by inclusion of product terms 

in the regression model.  Specifically, the interactions between TS haplotypes and serum 

folate and vitamin B12 on total plasma homocysteine were analyzed while controlling for 

confounders. 

3.8 Sample size, power and design effect 

Prior to the initiation of this research, power calculations were carried out based 

on an anticipated sample size of 300 subjects.  Detectable effect estimates were based on 

the prevalence of the genetic polymorphisms obtained from the studies conducted by 

Marsh et al., (1999), Mandola et al., (2003) and Tan et al., (2005).  To estimate detectable 
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main effects of each polymorphism on plasma homocysteine levels, the TSER 

polymorphism was used as an example to represent the exposure distribution among the 

study sample.  Based on the frequency of the 3R/3R genotype occurring in approximately 

40% of the population, the number of subjects with the TSER 3R/3R genotype was 

calculated to be 120 among our fixed study sample of 300.  With 80% power, 

significance of 0.05 and a standard deviation of plasma homocysteine level of 1.70 

µmol/l, the difference in means detectable among this sample was calculated to be 0.56 

µmol/l.  

Detectable joint effects of TS polymorphisms on total plasma homocysteine 

concentrations were also estimated.  Based on the haplotype frequency of the 5’High and 

3’High occurring in 6% of our study population, the number of subjects with 5’High and 

3’High was calculated to be 18 among our study sample.  With 80% power, significance 

of 0.05 and a standard deviation of 1.70 µmol/l; the difference in means detectable among 

this sample was calculated to be 1.11 µmol/l. 

Study recruitment is analogous to cluster randomization; aforementioned, the 

study sample was recruited from selected institutions that service a limited number of 

municipalities.  Thus, observations occurring within these institutions (cluster) may be 

more alike than observations selected completely at random.  Consequences of cluster 

sampling include the need to evaluate independence and exhibit caution during regression 

analysis since variance estimates may be under-estimated (Donner and Klar, 2000).  A 

design effect will be considered in a sensitivity analysis by the inclusion of random 

effects parameter representing each institution in the regression model.  If a meaningful 
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design effect exists, it is recognized that the power of the study may have been slightly 

over-estimated. 

3.9 Ethical considerations 

To ensure that this study complied with ethical standards for research on human 

subjects, the research proposal was approved by the Queen’s University Research Ethics 

Board.  With respect to risks and benefits, informed consent and confidentiality, the 

following should be noted:  

• The risk associated with blood draw was minimal. 

• As stated in the consent form, there were no direct benefits to the subjects but this 

research could benefit future studies in understanding the etiology of 

hyperhomocysteinemia. 

• To participate in this study, subjects were informed of the goals of the research 

and provided their consent by signing a cosent form.  This research is consistent 

with the original objectives described in the consent form. 

• Throughout this study, there were no conditions that could have led to a loss of 

confidentiality or anonymity.  Blood specimens were coded with a non-

identifiable subject number assigned at the start of the larger study. 
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Chapter 4: Results 

4.1 Introduction  

 This chapter presents validity of genotyping methods and results and descriptive 

statistics for all variables considered in this research.  Next, bivariate analyses between 

potential confounders and TS polymorphisms and total plasma homocysteine are 

presented.  Confounder selection and the relationship between TS polymorphisms and 

homocysteine derived from the full model then follows.  Finally, gene-gene and gene-diet 

interactions were explored and sensitivity analyses examining the representation of total 

plasma homocysteine, design effect, folate as an intermediate marker in the causal 

pathway and confounder selection are presented.  

4.2 Validity of genotyping methods 

 DNA sequencing of randomly selected PCR products was consistent with the 

genotypes determined by PCR-RFLP assays, validating the genotyping methods.  As 

well, 100% concordance was found in repeat assays conducted for 10% of the sample 

population for each polymorphism.   

4.3 Validity of genotyping results 

 The genotype distributions among all three polymorphisms are consistent with 

published literature and in accordance with the expected Hardy-Weinberg Equilibrium 

distributions.  The Chi-Square tests of Hardy-Weinberg Equilibrium distributions are 

displayed in Table 4.1. 
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Table 4.1 Chi-Square tests of Hardy Weinberg Equilibrium distribution 

  Polymorphism Genotype Frequency (Expected) χ
2 

p-value 

3R/3R 89 (88) 

2R/3R 140 (142) TSER 

2R/2R 58 (57) 

0.05 0.83 

3RG/3RG 16 (19) 

3RG/3RC 43 (44) 

2R/3RG 72 (66) 

2R/2R 58 (57) 

2R/3RC 68 (76) 

G/C SNP 

3RC/3RC 30 (26) 

2.79 0.59 

+6/+6 116 (115) 

+6/-6 132 (134) TS1494del6 

-6/-6 40 (39) 

0.06 0.80 

  

An overall summary contrasting the frequency of TS genotypes observed in this 

study and in selected literature is displayed in Table 4.2.  Specifically, the distribution of 

the TSER polymorphism was found to be consistent with published literature; for 

example, the frequency of the homozygous triple repeat (3R/3R) genotype was found to 

be 30.99% in this study and in the literature frequencies of 29.0%, 29.10%, 28.80%, 

33.60%, 27.60% and 28.5% in Cauasians were reported (Chen 2003; Brown 2004; Zhang 

2004; Suzen 33.60%; Hubner 2006; Gellekink 2007).  For G/C SNP, the frequency of the 

3RG/3RG genotype (3RG/3RG) was 5.28% in this study and in Caucasians, published 

literature have reported frequencies of 11.0%, 7.35% and 5.77% (Mandola 2003; 

Graziano 2004; Dr. Richard Hubner (personal communication)).  The distributions of the 

G/C SNP genotypes were further categorized to 5’High (3RG/3RG, 3RG/3RC, 2R/3RG) 

versus 5’Low (2R/2R, 2R/3RC, 3RC/3RC) expression genotypes.  This research found a 

frequency of 45.42% for the 5’High expression genotypes and among Caucasians, 

frequencies of 40.40%, 38.0%, 37.68% and 42.32% was reported in the literature 

(Mandola 2003; Graziano 2004; Hubner 2006; Hubner (personal communication)).  The 
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G/C SNP distributions found in this research are fairly consistent to those published in 

the literature, however, since some discrepancies exist between our G/C SNP 3RG/3RG 

frequency and the published literature, greater than 5% of each genotype was randomly 

selected for DNA sequencing and 100% concordance was found.  The distribution of the 

3’ polymorphism (TS1494del6) was also found to be consistent with published literature.  

The frequency of the 3’High genotype (+6/+6) was found to be 40.14% which is 

consistent with frequencies of 40.0%, 44.40%, 44.60%, 47.10%, 44.0% and 49.88% 

published among Caucasians in the literature (Mandola 2004; Kealy 2004; Graziano 

2004, Zhang 2004; Chen 2003; Hubner 2006).  
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Table 4.2.  Distribution of TS genotypes contrasted with published literature distributions 

TS Polymorphism Frequency 

TSER 3R/3R (This thesis research) 30.99% 

Chen et al., (2003) 29.00% 

Brown et al., (2004) 29.10% 

Zhang et al., (2004) 28.80% 

Suzen et al., (2005) 33.60% 

Hubner et al., (2006) 27.60% 

Gellekink et al., (2007) 28.50% 

G/C SNP 3RG/3RG (This thesis research) 5.28% 

Mandola et al., (2003) 11.00% 

Graziano et al., (2004) 7.35% 

Hubner (Personal Communication) 5.77% 

G/C SNP 5’High
a 

(This thesis research)
 45.42% 

Mandola et al., (2003) 40.40% 

Graziano et al., (2004) 38.00% 

Hubner et al., (2006) 37.68% 

Hubner (Personal Communication) 42.32% 

TS1494del6 +6/+6 (This thesis research) 40.14% 

Mandola et al., (2004) 40.00% 

Kealy et al., (2004) 44.40% 

Graziano et al., (2004) 44.60% 

Zhang et al., (2004) 47.10% 

Chen et al., (2003) 44.00% 

Hubner et al., (2006) 49.88% 
a
G/C SNP 5’High: 3RG/3RG, 3RG/3RC & 2R/3RG 

 

Finally, there exists considerable ethnic and geographic variation in the frequency 

of MTHFR TT variant (Sharp and Little, 2004).  Prevalence of the TT variant ranged 

from 8 to 20 percent in White populations of Europe, North America and Australia 

(Sharp and Little, 2004).  In this study, the TT variant was found among 14.79% of the 

sample population. 
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4.4 Descriptive statistics  

4.4.1 Total plasma homocysteine concentration 

 The distribution of total plasma homocysteine concentrations found in this study 

ranged from 3.91 µmol/L to 17.53 µmol/L with a mean and standard deviation of 8.65 

µmol/L and 1.96 µmol/L. Normality of the total plasma homocysteine distribution was 

assessed by graphical analysis and test of normality.  

The normality assumption of linear regression states that for every fixed value of 

the exposure of interest, the outcome has a normal distribution.  This assumption allows 

the evaluation of statistical significance of the relationship between exposure and 

outcome derived from the regression model.  The distribution of homocysteine (Figure 

4.1) appears normal, with a slight positive skew (skewness=0.82), implying that 

relatively more values are above the mean than below it.  The Shapiro-Wilk test is a 

normality test appropriate for smaller sample sizes that gives a W statistic ranging from 0 

to 1, where a value of 1 indicates normality (Armitage and Berry, 1994).  In this research, 

the Shapiro-Wilk test provided a W of 0.96, indicating that homocysteine is normally 

distributed.  Thus, homocysteine concentrations among TS genotypes will be compared 

by means and standard deviations.  
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Figure 4.1.  Distribution of total plasma homocysteine concentrations 

4.4.2 Thymidylate synthase polymorphisms  

The frequency and percentages of the TSER polymorphism among the study 

population are presented in Table 4.3.  Specifically, the 2R/3R genotype was most 

prevalent (48.24%) followed the by 3R/3R (30.99%) and 2R/2R (20.42%).  Among the 

study sample, one rare 3R/5R genotype was observed but since the biological 

significance of this genotype is unknown, the observation could not be categorized 

according to TS activity and thus, was excluded from the regression analysis.   
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Table 4.3.  Distribution of TSER polymorphism among sample population. 

TSER N Percentage 

3R/3R 88 30.99% 

2R/3R 137 48.24% 

2R/2R 58 20.42% 

Other
a 1 0.35% 

Total 284 100% 
a
Other: 3R/5R 

 

For the G/C SNP, the frequencies and percentages of the genotypes are presented 

in Table 4.4.  The 2R/3RG and 2R/3RC had the highest frequency with 71 (25.00%) and 

66 (23.24%) participants, respectively; followed by frequencies of 58 (20.42%) 2R/2R, 

43 (15.14%) 3RG/3RC, 30 (10.56%) 3RC/3RC and 15 (5.28%) 3RG/3RG.  According to 

published literature, the G/C SNP was further dichotomized as ‘5’High’ if the triple 

repeat contained a guanine (G) (3RG/3RG, 3RG/3RC, 2R/3RG) versus ‘5’Low’ if the 

triple repeat contained a cytosine (C) or only double repeats (2R/2R, 2R/3RC, 3RC/3RC) 

(Dotor et al., 2006).  Among the study population, 129 (45.42%) participants were 

considered 5’High and a corresponding 154 (54.42%) participants were considered 

5’Low. 
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Table 4.4.  Distribution of G/C SNP among sample population  

TS Polymorphism Genotype N Percentage 

3RG/3RG 15 5.28% 

3RG/3RC 43 15.14% 

3RC/3RC 30 10.56% 

2R/3RG 71 25.00% 

2R/3RC 66 23.24% 

2R/2R 58 20.42% 

TSER & G/C SNP 

Other
a 1 0.35% 

5’High
b
  129 45.42% 

5’Low
c 154 54.23% 5’Polymorphism 

Other
a 1 0.35% 

 Total 284 100% 
a 
Other: 3R/5R 

b 
5’High (3RG/3RG, 3RG/3RC, 2R/3RG) 

c 
5’Low (2R/2R, 2R/3RC, 3RC/3RC) 

 

The frequencies and percentages of the TS1494del6 polymorphism are presented 

in Table 4.5.  The heterozygous insertion/deletion genotype (+6/-6) had the highest 

frequency (n=130, 45.77%) followed by the homozygous insertion genotype (+6/+6) 

(n=114, 40.14%) and then the homozygous deletion genotype (-6/-6) (n=40, 14.08%).  

Dichotomizing TS1494del6 genotypes according to published literature into 3’High 

(+6/+6) versus 3’Low (-6/-6, +6/-6) expression genotypes yielded percentages of 40.14% 

and 59.86%, respectively (Lurje et al., 2008). 

Table 4.5.  Distribution of TS1494del6 polymorphism among sample population  

TS Polymorphism Genotype N Percentage 

+6/+6 114 40.14% 

+6/-6 130 45.77% TS1494del6 

-6/-6 40 14.08% 

3’High
a
  114 40.14% 

3’Polymorphism 
3’Low

b 170 59.86% 

 Total 284 100% 
a 
3’High (+6/+6) 

b 
3’Low (+6/-6, -6/-6) 
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In the published literature, the TSER and TS1494del polymorphism were reported 

to occur in linkage disequilibrium (Dotor 2006; Lurje 2008).  Table 4.6 presents the 

distribution of TS1494del6 genotypes within the TSER genotypes (e.g. column percents). 

A statistically significant association was observed between the occurrence of 

TS1494del6 and TSER genotypes (χ
2
=44.18; p<0.01).  The homozygous insertion 

genotype (+6/+6) occurs most frequently for those with the TSER 2R/2R (67.42%) and 

least frequently for those with 3R/3R (20.45%).  The homozygous deletion genotype        

(-6/-6) is most common for the TSER 3R/3R (28.41%) and least common for 2R/2R 

(3.45%). 

Table 4.6.  Distribution of TSER and TS1494del6 polymorphism among sample 

population. 

 TSER (Column percents) 

TS1494del6 2R/2R (n=58) 2R/3R(n=137) 3R/3R(n=88) 

+6/+6 67.24% 41.61% 20.45% 

+6/-6 29.31% 48.91% 51.14% 

-6/-6 3.45% 9.49% 28.41% 

  

Linkage disequilibrium between TSER, G/C SNP and TS1494del6 was further 

analyzed to elucidate the relationship between 5’ and 3’polymorphisms.  Table 4.7 

presents linkage disequilibrium between the 5’ and 3’polymorphisms of the TS gene.  

Using column percents, it is observed that 5’High is more likely to associate with 3’Low 

polymorphism (+6/-6 and -6/-6) and vice versa (χ
2
=72.40; p<0.01).  Thus, the haplotype 

consideration of the 3 functional polymorphisms of TS supports the conclusion that the 5’ 

and 3’polymorphisms occur in linkage disequilibrium. 
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Table 4.7.  Distribution of 5’ and 3’polymorphisms among sample population 

 Column Percents 

 5’High
a 

(n=129) 

5’Low
a 

(n=154) 

3’High
b 

(n=114) 
13.18% 62.99% 

3’Low
b 

(n=169) 
86.82% 37.01% 

a 
5’High (3RG/3RG, 3RG/3RC, 2R/3RG) and

 
5’Low (2R/2R, 2R/3RC, 3RC/3RC) 

b 
3’High (+6/+6) and 3’Low (+6/-6, -6/-6) 

 

4.4.3 Categorical covariates 

The frequency distribution and percentages for all categorical covariates and 

interaction variables considered in this research are presented in Table 4.8 and Table 4.9, 

respectively.  The total sample size of this study included 284 participants with 149 

(52.46%) females and 135 (47.54%) males.  Age was divided into tertiles according to 

the categorization of the larger study; with 100 (35.21%) participants within the age 

range of 20 to 29 years, 92 participants (32.39%) between the ages of 30 to 39 years and 

92 (33.39%) participants between the ages of 40 to 49 years.  Overall, the study 

population was primarily composed of White (89.01%) who were never smokers 

(69.31%), with a healthy BMI (18.5-25 kg/m
2
) and low alcohol (0.1-4.9 g/day), coffee 

and tea (less than 1 cup per day) intake.  The study sample consisted of nearly equal 

representation from Halifax (51.41%) and Kingston (48.59%) participants; with the 

MTHFR variant (TT) present in 14.79% of participants.  
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Table 4.8.  Descriptive statistics for categorical covariates 

Variable Categories N Percentage (%) 

Sex Female 149 52.46 

 Male 135 47.54 

    

Age (years) 20-29 100 35.21 

 30-39 92 32.39 

 40-49 92 32.39 

    

Ethnicity White 251 89.01 

 Asian 20 7.09 

 Other 11 3.90 

    

BMI  ‘Underweight’ (<18.5 kg/m
2
) 10 3.60 

 ‘Normal’ (18.5-24.9 kg/m
2
) 144 51.80 

 ‘Overweight’ (25-29.9 kg/m
2
) 89 32.01 

  ‘Obesity’ (≥30 kg/m
2
) 35 12.60 

    

Center Halifax 146 51.41 

 Kingston 138 48.59 

    

Smoking Never 194 68.31 

 Former 58 20.42 

 Current 32 11.27 

    

Abstainers 30 10.56 Alcohol Consumption 

Low (0.1-4.9 g/day) 103 38.03 

 Moderate (5.0-14.9 g/day) 82 28.87 

 High (15.0-24.9 g/day) 38 13.38 

 Heavy (≥25 g/day) 26 9.16 

    

Coffee Consumption Abstainers 3 1.06 

 Less than 1 cup of 

Coffee/week 

152 53.52 

 1-3 cup of Coffee/week 102 35.92 

 >4 cup of Coffee/week 27 9.51 

    

Tea Consumption Abstainers 2 0.70 

 Less than 1 cup of Tea/week 230 80.99 

 1-3 cup of Tea/week 40 14.09 

 >4 cup of Tea/week 12 4.23 
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Table 4.9.  Descriptive statistics for interaction variables 

Variable Categories N Percentage (%) 

Vitamin B12 
a
 High (≥148 pmol/L) 230 80.99 

 Low (<148 pmol/L) 54 19.01 

    

Folate
b
 High (≥22.78 nmol/L) 213 75.00 

 Low (<22.58 nmol/L) 71 25.00 

    

Folate
c
 Very High (≥35.66 nmol/L) 71 25.00 

 High (28.32-35.66 nmol/L) 71 25.00 

 Medium (22.78-28.32 nmol/L) 71 25.00 

 Low (<22.78 nmol/L) 71 25.00 

    

MTHFR CC 117 41.20 

 CT 125 44.01 

 TT 42 14.79 
a
Dichotomized based on clinical cut point of vitamin B12 deficiency 

b
Dichotomized based on 25

th
 percentile 

c
Quartiles of folate distribution in study sample 

 

4.4.4 Continuous covariates  

 The descriptive statistics for all continuous covariates and interaction variables 

are presented in Table 4.10.  Basic summary statistics including mean, median, standard 

deviation and 25
th

 and 75
th

 percentiles are reported for each covariates.  Overall, the mean 

age of the study population was 34 years with a mean BMI of 25.75 kg/m
2
 and a mean 

serum vitamin B12 level of 236.88 pmol/L.  Mean alcohol consumption and serum folate 

concentration was found to be 8.82 g/day and 29.59 nmol/L, respectively. 

Table 4.10.  Descriptive statistic for continuous covariates 

Variable Mean Standard Deviation Median 25
th

 75
th

 

Age (years) 34.23 8.74 35.0 26.0 41.5 

BMI (kg/m
2
) 25.75 13.01 24.39 22.24 27.91 

Vitamin B12 (pmol/L) 236.88 106.14 218.0 162.85 288.90 

Alcohol (g/day) 8.82 10.22 5.20 1.42 11.34 

Folate (nmol/L) 29.59 10.95 28.32 22.78 35.66 
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4.5 Bivariate analysis 

4.5.1 Categorical conceptualization for continuous variables 

Continuous variables including age, BMI, alcohol consumption and serum 

vitamin B12 and folate were categorized based on clinical cutpoints and published 

literature.  To reiterate, age was categorized based on the sampling fractions used in the 

larger study; 20 to 29 years, 30 to 39 years and 40 to 49 years.  BMI and serum vitamin 

B12 were categorized based on clinically predefined cut points and serum folate 

concentration was dichotomized based on the 25
th

 percentile (National Institutes of 

Health 2004; Institute of Medicine 1998; Brown, 2003).  Lastly, alcohol consumption 

was expressed as a continuous variable by conversion to grams of alcohol consumed per 

day (g/day) and categorized based on cut points used in published homocysteine literature 

(Williams 1994; Jacques 2001).   

When cell sizes represented less than 5% of the study sample, categories were 

collapsed.  Specifically, for coffee and tea consumption, abstainers were grouped with 

those who consumed less than 1 cup of coffee or tea per day due to cell size less than 5%.   

However, though the BMI category ‘less than or equal to 18.5kg/m
2
’ contained less than 

5% of the study sample, categories were not collapsed due to the clinical relevance of 

these cut points.   

4.5.2 Covariate associations with total plasma homocysteine 

Each covariate and interaction variable was regressed individually on total plasma 

homocysteine.  The F-statistic obtained from the crude linear regression was used to 

determine the statistical significance of the relationship.  The parameter estimates for 
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each category describe the average difference in mean total plasma homocysteine 

concentration between each category and the referent category.  For coffee, tea and 

alcohol consumptions, abstainers were grouped with those who consume less than 1 cup 

per week due to cell sizes representing less than 5% of the study sample.  In addition, 

categories of moderate and high alcohol consumption were collapsed according to 

categories published in the literature.   

In Table 4.11, the mean total plasma homocysteine concentration of each 

covariate is presented along with parameter estimate (95% CI) and p-values associated 

with each crude analysis.  The parameter estimates and p-values associated with crude 

relationships between interaction variables and total plasma homocysteine concentrations 

are presented in Table 4.12.  Statistically significant relationships between total plasma 

homocysteine and sex, alcohol and coffee consumption were observed at a 0.05 level of 

significance.  For interaction variables, statistically significant relationships were 

observed between total plasma homocysteine and serum vitamin B12 and folate and 

MTHFR genotype. 
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Table 4.11.  Relationship between total plasma homocysteine and covariates 

Variable 

Mean Total Plasma 

Homocysteine 

(µmol/L) 

Mean ∆Total Plasma 

Homocysteine 

(95% CI) 

P-value
a 

Sex                                                Male 9.36 Referent <0.01 

Female 8.01 -1.35 (-1.78, -0.92)  

    

Age (years)                                  20-29 8.68 Referent 0.57 
30-39 8.48 0.20 (-0.75, 0.36)  

40-49 8.78 0.10 (-0.45, 0.66)  

    
Ethnicity                                     White 8.66 Referent 0.46 

Asian 8.24 -0.42 (-1.32, 0.47)  

Other 9.14 0.48 (-0.71, 1.66)  

    

BMI       ‘Underweight’ (<18.5 kg/m
2
) 8.45 Referent 0.82 

‘Normal’ (18.5-24.9 kg/m
2
) 8.57 0.12 (-1.12, 1.36)  

‘Overweight’( 25-29.9 kg/m
2
) 8.67 0.22 (-1.05, 1.48)  

 ‘Obesity’ ( ≥30 kg/m
2
) 8.90 0.45 (-0.91, 1.80)  

    

BMI (kg/m
2
)                      Continuous  - 0.015 (-0.003, 0.03) 0.09 

    

Alcohol Consumption        Abstainers 8.73 Referent <0.01 

Low (0.1-4.9 g/day) 8.24 -0.49 (-1.26, 0.29)  
Moderate (5.0-14.9 g/day) 8.67 -0.06 (-0.86, 0.74)  

High (15.0-24.9 g/day) 8.74 -0.01 (-0.91, 0.92)  

Heavy (≥25 g/day) 10.02 1.29 (0.29, 2.30)  

    

Alcohol Consumption      
Abstainers/Low 8.73 Referent <0.01 

Moderate/High 8.48 -0.25 (-0.98, 0.45)  
Heavy 10.02 1.29 (0.29, 2.30)  

    

Smoking                                      Never 8.62 Referent 0.33 
Former 8.49 -0.13 (-0.70, 0.45)  

Current 9.12 0.50 (-0.24, 1.29)  

Coffee Consumption     
Abstainers/ < 1 cup of Coffee/day 8.51 Referent <0.01 

1-3 cup of Coffee/day 8.56 0.06 (-0.43, 0.54)  

>4 cup of Coffee/day 9.73 1.22 (0.43, 2.02)  

Tea Consumption     

Abstainers/<1 cup of Tea/day 8.56 Referent 0.16 
1-3 cups of Tea/day 8.86 0.31 (-0.35, 0.97)  

>4 cups of Tea/day 9.56 1.00 (-0.13, 2.14)  

    
Centre                                       Halifax 8.61 Referent 0.73 

Kingston 8.69 0.08 (-0.38, 0.54)  
a 
P-value from F-statistic when variable is regressed on total plasma homocysteine. 
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Table 4.12.  Relationship between total plasma homocysteine and interaction variables 

Variable 

Mean Total 

Plasma 

Homocysteine 

(µmol/L) 

Mean ∆Total Plasma 

Homocysteine 

(95% CI) 
P-value

a 

Vitamin B12    <0.01 
High (≥148 pmol/L) 8.44 Referent  

Low (<148 pmol/L) 9.54 1.10 (0.53, 1.66)  

    

Vitamin B12 (pmol/L)   0.024 

Continuous - -0.0025 (-0.005, -0.0003)  

    

Folate    <0.01 
Very High (≥35.70 nmol/L) 7.93 Referent  
High (28.58-35.70 nmol/L) 7.97 0.04 (-0.57, 0.65)  

Medium (22.69-28.58 nmol/L) 9.21 1.28 (0.67, 1.88)  
Low (<22.69 nmol/L) 9.51 1.58 (0.97, 2.18)  

    

Folate   <0.01 
High (>22.69 nmol/L) 8.36 Referent  

Low (≤22.69 nmol/L) 9.50 -1.14 (0.63, 1.65)  

    

Folate (nmol/L)   <0.01 
Continuous - -0.06 (-0.08, -0.04)  

    

MTHFR   0.05 
CC 8.39 Referent  

CT 8.68 0.29 (-0.20, 0.78)  
TT 9.25 0.86 (0.18, 1.55)  

    

MTHFR   0.03 
CC/CT 8.54 Referent  

TT 9.26 0.72 (0.08, 1.35)  

 
a 
P-value from F-statistic when variable is regressed on total plasma homocysteine. 

 

4.5.3 Covariate associations with TS polymorphisms 

The relationships between TS haplotypes and covariates and interaction variables 

were examined and tested by the Chi Square test and the Fisher’s exact tests (when 

expected frequencies were less than 5) to determine whether genotypic distribution 

differed according to covariates and interaction variables.  In Table 4.13 and 4.14, the 

distribution of TS haplotypes according to each covariate and interaction variable and p-
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values associated with each test are presented.  A statistically significant relationship was 

observed between TS haplotypes and ethnicity at the 0.05 level of significance. 

Table 4.13.  Relationship between TS polymorphisms and covariates 

Variable 

5’High & 

3’High 

Column % 

5’High & 

3’Low 

Column %
 

5’Low & 

3’High 

Column % 

5’Low & 

3’Low 

Column % 
χ

2 

Sex     0.82 

Male 41.18 46.43 47.42 52.63  
Female 58.82 53.57 52.58 47.37  

Age (years)     0.67 
20-29 35.29 35.71 40.21 26.32  
30-39 23.53 33.04 30.93 35.09  

40-49 41.18 31.25 28.87 38.60  

Ethnicity     <0.01 

White 100.0 80.18 95.83 9.23  
Asian 0 14.41 2.08 3.51  
Other 0 5.41 2.08 5.26  

BMI      0.83 
‘Underweight’<18.5 kg/m

2
 0 3.67 3.13 5.36  

‘Normal’ 18.5-25 kg/m
2
 62.50 55.96 51.01 42.86  

‘Overweight’ 25-30 kg/m
2
 25.0 26.61 35.42 39.29  

‘Obesity’ ≥30 kg/m
2
 12.50 13.76 10.42 12.50  

Smoking      0.23 
Never 47.06 65.18 74.23 70.18  

Former 29.41 20.54 17353 22.81  
Current 23.53 14.29 8.25 7.02  

Alcohol Consumption     0.76 

Abstainers/Low (0.1-4.9g/day) 41.18 52.68 48.45 42.11  
Moderate/High (5.0-24.9g/day) 47.06 40.18 40.21 49.12  

Heavy (≥25g/day) 11.76 7.14 11.34 8.77  

Coffee Consumption      0.63 

Abstainers/<1 cup of Coffee/day 70.59 49.11 56.70 57.89  
1-3 cup of Coffee/day 23.53 41.96 31.96 33.33  
>4 cup of Coffee/day 5.88 8.93 11.34 8.77  

Tea Consumption      0.18 

Abstainers/< 1 cup of Tea/day 64.71 81.25 85.57 80.70  

1-3 cups of Tea/day 17.65 16.07 10.31 15.79  
>4 cups of Coffee/day 17.65 2.68 4.12 3.51  

Centre     0.07 

Halifax 64.71 43.75 51.55 63.16  
Kingston 35.29 56.25 48.45 36.84  
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Table 4.14.  Relationship between TS polymorphisms and interaction variables 

Variable 

5’High & 

3’High 

Column % 

5’High & 

3’Low 

Column %
 

5’Low & 

3’High 

Column % 

5’Low & 

3’Low  

Column % 
χ

2 

Vitamin B12 (pmol/L)     0.59 

High (≥148) 70.59 79.46 82.47 84.21  
Low (<148) 29.41 20.54 17.53 15.79  

Folate (nmol/L)     0.78 
Very High (≥35.70) 3 32 22 14  
High (28.58-35.70) 2 30 26 12  

Medium (22.69-28.58) 7 24 24 16  
Low (<22.69) 5 26 25 15  

Folate (nmol/L)     0.91 
High (>22.69) 70.59 76.79 74.23 73.68  
Low (≤22.69) 29.41 23.21 25.77 26.32  

MTHFR     0.35 
CC 41.18 42.86 44.33 31.58  

CT 41.18 38.39 44.33 56.14  
TT 17.65 18.75 11.34 12.28  

MTHFR     0.44 

CC/CT 82.35 81.25 88.66 87.72  
TT 17.65 18.75 11.34 12.28  

 

4.6 Assessment of confounding  

 

As described in section 3.7.2, a conventional regression method (backward 

elimination) was used to select potential confounders for this thesis research.  This 

method of confounder selection was chosen since there are several representations of TS 

polymorphims (exposure of interest) and adjustment for the same set of covariates in 

each model was preferred.  Using this procedure, sex, MTHFR polymorphism, serum 

folate and vitamin B12, alcohol, coffee and tea consumption were determined to be 

predictors of homocysteine concentration.  The p-values for each of these variables can 

be found in Table 4.15.  The overall F-statistic for this model was 10.18 with a p-value of 

less than 0.01. 
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Table 4.15.  Covariates determined to be predictors of total plasma homocysteine 

concentrations 

Covariate p-value 

Sex <0.01 

Alcohol Consumption 0.03 

Tea Consumption 0.05 

Coffee Consumption 0.10 

Vitamin B12 <0.01 

Folate <0.01 

MTHFR 0.03 

 

4.7 Main analysis 

The relationships between polymorphisms in the TS gene and total plasma 

homocysteine were examined using multiple linear regression while controlling for sex, 

MTHFR polymorphism, serum folate and vitamin B12, alcohol, coffee and tea 

consumption.   Interactions were examined with the inclusion of product terms.  

4.7.1 Full model 

Independent and joint effects of 5’ and 3’polymorphisms were assessed 

individually in separate models.  The associated parameter estimates and p-values from 

the F-test for each model are presented in Table 4.16.  

The main effect of 5’polymorphisms (TSER and G/C SNP) on total plasma 

homocysteine was analyzed while controlling for the 3’polymorphism, sex, MTHFR 

polymorphism, serum folate and vitamin B12 status, and alcohol, coffee and tea 

consumption.  A 0.48 µmol/L difference in total plasma homocysteine concentrations 

was observed when comparing 5’High (3RG/3RG, 3RG/3RC, 2R/3RG) versus 5’Low 

(3RC/3RC, 2R/3RC, 2R/2R) TS expression genotypes (p=0.04).  Similarly, the main 

effect of the 3’polymorphism on total plasma homocysteine was investigated while 
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controlling for 5’polymorphisms, sex, MTHFR polymorphism, serum folate and vitamin 

B12 status, and alcohol, coffee and tea consumption.  A difference in mean plasma 

homocysteine concentration of 0.46 µmol/L was observed when comparing 3’High 

(+6/+6) versus 3’Low (+6/-6, -6/-6) TS expression genotypes (p=0.05).  When 

investigating the joint effects of TS haplotypes on total plasma homocysteine; differences 

between 5’High and 3’High; 5’High and 3’Low and 5’Low and 3’High versus 5’Low and 

3’Low was observed (p=0.11; p=0.03; p=0.03) while controlling for sex, MTHFR 

polymorphism, serum folate and vitamin B12 status, and alcohol, coffee and tea 

consumption.  

The parameter estimates for each genotypic category indicates the average 

difference between each category and the referent category.  For instance, the parameter 

estimate of 0.46 µmol/L for 3’High TS1494del6 indicates that on average individuals 

with the +6/+6 genotype have a total plasma homocysteine concentration that is 0.46 

µmol/L higher than those in the referent category (+6/-6, -6/-6).  It should be noted the 

95% confidence intervals for this parameter estimate does not include zero indicating that 

this difference is statistically different from zero at a 0.05 level of significance.  
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Table 4.16.  TS genotypes in full model  

Polymorphism TS Genotype 
Mean ∆Total Plasma 

Homocysteine 

(95% CI) 
P-value 

P-value 

(Overall) 

TSER & G/C SNP
a 

5’High vs. 5’ Low 0.48 (0.03, 0.93) 0.04 0.04 

TS1494del6
b 

3’High vs. 3’ Low 0.46 (0.001, 0.92) 0.05 0.05 

5’High & 3’High 0.74 (-0.17, 1.64) 0.11 

5’High & 3’Low 0.60 (0.07, 1.13) 0.03 

5’Low & 3’High 0.59 (0.05, 1.12) 0.03 
Combined Effects

c 

5’Low & 3’Low Referent Referent 

0.10 

a
Adjusted for 3’polymorphism, sex, MTHFR polymorphism, serum folate and vitamin B12 

status, and alcohol, coffee and tea consumption 

b
Adjusted for 5’polymorphism, sex, MTHFR polymorphism, serum folate and vitamin B12 

status, and alcohol, coffee and tea consumption  

c 
Adjusted for sex, MTHFR polymorphism, serum folate and vitamin B12 status, and 

alcohol, coffee and tea consumption 

 

4.7.2 Gene-gene interaction analysis 

 

In order to examine the possibility of effect modification by MTHFR, an 

interaction term was included in the final model.  MTHFR was dichotomized based on 

expression, where MTHFR CC or CT genotypes were grouped as ‘high’ and TT genotype 

was grouped as ‘low’.  A gene-gene interaction term was represented as a dichotomous 

variable, high expression MTHFR genotype (CC and CT) versus low expression MTHFR 

genotype (TT).  The p-values and parameter estimates for each interaction term while 

controlling for confounders is presented in Table 4.17.  Gene-gene interaction was 

observed between TS and MTHFR polymorphisms (p<0.01).  Specifically, among those 

with high expression MTHFR genotype (CC or CT), genotypes conferring increased TS 

expression are associated with increased homocysteine concentrations.  Conversely, 

among the low expression MTHFR genotype (TT), the TS-homocysteine relationship 
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was inversed, such that those with TS genotypes conferring higher expression were 

associated with decreased homocysteine concentrations.   

Table 4.17.  Gene-gene interaction between TS and MTHFR polymorphisms on total 

plasma homocysteine concentrations.  

  
Low Expression MTHFR 

 (TT) 
 

High Expression MTHFR  

(CC or CT) 

TS Haplotype N 

Mean ∆Total 

Plasma 

Homocysteine 

(95% CI)
a
 

p-value N 

Mean ∆Total 

Plasma 

Homocysteine 

(95% CI)
 

p-value 

5’High & 3’High 3 0.53 0.64 14 0.88 0.08 

5’High & 3’Low 21 1.04 0.15 91 0.54 0.06 

5’Low & 3’High 11 2.82 <0.01 86 0.29 0.33 

3’Low & 3’Low 7 Referent Referent 50 Referent Referent 

PInteraction <0.01 
a
Adjusted for sex, MTHFR polymorphism, serum folate and vitamin B12 status, and 

alcohol, coffee and tea consumption 

 

4.6.3 Gene-diet interaction analysis 

 In order to examine the possibility of effect modification, interaction terms and 

confounders were included in the final model (individually) for serum folate and vitamin 

B12.  Serum folate was categorized based on the 25
th

 percentile of all participants (Low 

<22.69 nmol/L and High ≥22.69 nmol/L) and vitamin B12 was dichotomized based on a 

clinical cut-point of deficiency (Low <148 pmol/L and High ≥148 pmol/L).  The p-values 

and parameter estimates for each interaction term is presented in Table 4.18.  In general, 

the effect of TS polymorphisms on total plasma homocysteine does not suggest an 

interaction with serum folate and vitamin B12. 
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Table 4.18.  Gene-diet interactions  

  Low Folate (<22.69 nmol/L)  High Folate (≥22.69 nmol/L) 

TS Haplotype N 

Mean ∆Total 

Plasma 

Homocysteine 

(95% CI) 

p-value N 

Mean ∆Total 

Plasma 

Homocysteine 

(95% CI) 

p-value 

5’High & 3’High 5 0.55 0.53 12 0.80 0.14 

5’High & 3’Low 26 1.26 0.02 86 0.39 0.21 

5’Low & 3’High 25 0.67 0.21 72 0.56 0.08 

3’Low & 3’Low 15 Referent Referent 42 Referent Referent 

PInteraction 0.36 

Adjusted for sex, MTHFR polymorphism, serum folate and vitamin B12 status, and 

alcohol, coffee and tea consumption 

 

  
Low Vitamin B12 

(<148pmol/L) 
 

High Vitamin B12 

(≥148pmol/L) 

TS Haplotype N 

Mean ∆Total 

Plasma 

Homocysteine 

(95% CI) 

p-value N 

Mean ∆Total 

Plasma 

Homocysteine 

(95% CI) 

p-value 

5’High & 

3’High 
5 1.14 0.36 12 0.49 0.36 

5’High & 3’Low 23 -0.11 0.01 89 0.75 0.01 

5’Low & 3’High 17 -0.04 0.02 80 0.71 0.02 

3’Low & 3’Low 9 Referent Referent 48 Referent Referent 

PInteraction 0.33 

Adjusted for sex, MTHFR polymorphism, serum folate and vitamin B12 status, and 

alcohol, coffee and tea consumption 
 

4.7.4 Regression diagnostics 

One of the main assumptions of regression is that residuals (discrepancy between 

observed and predicted value) follow a normal distribution.  This assumption allows 

inferences to be made on the relationship between exposure and outcome derived from 

the regression model.  In the analysis, residuals were assessed for normality by plotting 

jack-knife residuals against predicted values and the presence of a systematic trend was 

not observed. This provides confidence that the normality assumption is appropriate and 
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the relationship between exposure and outcome modelled by regression is robust 

(Kleinbaum et al., 1988). 

4.8 Sensitivity analysis 

4.8.1 Dichotomous outcome 

 In the literature, adverse health outcomes have been observed at total plasma 

homocysteine concentrations of 10 µmol/L (Jacobsen, 1998).  If what is clinically 

considered ‘high’ homocysteine is a better indicator of a breakdown in the methionine-

homocysteine biosynthesis then treating homocysteine as a continuous variable would 

decrease the ability to detect a relationship since it considers every increase in 

homocysteine as equal.  

A sensitivity analysis was performed to investigate the relationship between TS 

polymorphisms and ‘high” total plasma homocysteine levels (≥10 µmol/L).  Results 

obtained from the logistic regression analysis are presented in Table 4.19 with adjustment 

for sex, MTHFR polymorphism, serum folate and vitamin B12 status, and alcohol, coffee 

and tea consumption.  For the 5’polymorphism, an odds ratio (OR) of 1.62 (p=0.20) was 

observed indicating that the odds of having homocysteine concentrations greater than or 

equal to 10 µmol/L was 1.62 times higher among those with 5’High versus 5’Low.  

However, this increase in odds was not found to be statistically significant.  Similarly, for 

the 3’polymorphism, an OR of 2.00 was obtained indicating that the odds of having 

‘High’ homocysteine was 2.00 times greater among 3’High compared to 3’Low (p=0.07).  

However, again this increase in odds was not found to be statistically significant.  

Haplotype consideration of the TS polymorphisms observed OR’s of 2.46, 2.01 and 2.48 
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among those with 5’High & 3’High, 5’High & 3’Low and 5’Low & 3’High compared to 

5’Low and 3’Low, respectively.  Overall, results from the logistic regression analysis 

suggest higher odds of ‘High’ homocysteine among those with genotypes conferring 

increased TS expression compared to those with genotypes conferring lower TS 

expression.  

Results obtained from both logistic regression (dichotomous outcome) and 

multiple linear regression (continuous outcome) observed similar trends, where higher 

homocysteine concentrations were associated with genotypes conferring increased TS 

expression.  In general, dichotomizing a continuous variable leads to a loss of statistical 

power to detect an association; that is, dichotomizing plasma homocysteine based on a 10 

µmol/L cutoff point assumes that those within the two groups (‘High’ versus ‘Low’ 

homocysteine concentration) are the same.  However, it is likely that differences exist 

among those that are considered ‘High’ homocysteine; for instance, a homocysteine 

concentration of 10.5 µmol/L may not elicit the same clinical effects as a concentration of 

17.0 µmol/L.  In addition, since the definition of a clincally relevant threshold for 

homocysteine concentrations is still debatable, the strength of associations obtained from 

the multiple linear regression analysis is more informative.   
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Table 4.19.  Sensitivity analysis – assessment of homocysteine as a dichotomous variable  

 
Categories OR (95% CI) 

Overall  

p-value  

5’Polymorphism 5’High vs. 5’Low 1.62 (0.77, 3.42) 0.20 

3’Polymorphism 3’High vs. 3’Low 2.00 (0.94, 4.23) 0.07 

5’High & 3’High 2.46 (0.55, 11.02) 

5’High & 3’Low 2.01 (0.81, 4.99) 

5’Low & 3’High 2.48 (0.99, 6.18) 
TS Haplotype 

3’Low & 3’Low 1.0 

0.27 

Adjusted for sex, MTHFR polymorphism, serum folate and vitamin B12 status, and 

alcohol, coffee and tea consumption 

 

4.8.2 Assessment of design effect 

 

Since cluster sampling was used in the larger study to recruit participants in select 

institutions, a design effect was considered in the analysis by the inclusion of a random 

effects parameter representing each institution in the regression model.  This analysis 

considers possible clustering among the study centers to determine whether observations 

within a study center are correlated and thus, not independent. 

Table 4.20 contrasts the associated parameter estimates and p-values derived from 

the F-test for each model.  The parameter estimates and confidence intervals were found 

to be very similar in both models with and without the random effects parameter.  The 

similarity in results indicates a lack of a meaningful design effect and that the 

observations are independent and appropriate for regression analysis.  
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Table 4.20.  Sensitivity analysis – assessment of clustering  

Polymorphism TS Genotype 

Mean ∆Total Plasma 

Homocysteine 

(95% CI)  

Without Random 

Effects Parameter 

Mean ∆Total Plasma 

Homocysteine 

(95% CI) 

With Random Effects 

Parameter 

5’Polymorphism
a 

5’High vs. 5’ Low 0.48 (0.03, 0.93) 0.45 (0.0005, 0.90) 

3’Polymorphism
b 

3’High vs. 5’ Low 0.46 (0.001, 0.92) 0.45 (-0.003, 0.91) 

5’High & 3’High 0.73 (-0.17, 1.64) 0.73 (-0.17, 1.64) 

5’High & 3’Low 0.60 (0.07, 1.13) 0.57 (0.03, 1.10) 

5’Low & 3’High 0.59 (0.05, 1.12) 0.57 (0.02, 1.11) 

Combined 

Effects
c 

5’Low & 3’Low Referent Referent 
a
Adjusted for 3’polymorphism, sex, MTHFR polymorphism, serum folate and vitamin B12 

status, and alcohol, coffee and tea consumption 
b
Adjusted for 5’polymorphism, sex, MTHFR polymorphism, serum folate and vitamin B12 

status, and alcohol, coffee and tea consumption 
c 
Adjusted for sex, MTHFR polymorphism, serum folate and vitamin B12 status, and 

alcohol, coffee and tea consumption 

 

4.8.3 Assessment of folate as an intermediate marker in the causal pathway 

  

 In this thesis research, serum folate was used as a proxy to represent dietary 

folate.  However, if serum folate was not an appropriate surrogate measure of dietary 

folate then it lays upon the causal pathway between the effects of TS polymorphisms on 

total plasma homocysteine concentrations.  Controlling for an intermediate marker 

(serum folate) along a causal pathway will bias estimates towards the null since the effect 

of exposure (TS) on outcome (homocysteine) is in part, determined by the intermediate 

marker.  Thus, a sensitivity analysis was conducted to compare a regression model that 

controls for serum folate against one that does not control for serum folate.  In Table 

4.21, the parameter estimates and 95% confidence intervals are contrasted between the 

two models.  Only slight differences in parameter estimates and corresponding 

confidence intervals were observed suggesting that serum folate is an appropriate proxy 
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for dietary folate since controlling for serum folate does not bias the effect towards the 

null.  

Table 4.21.  Sensitivity analysis - assessment of folate as an intermediate marker in the 

causal pathway.  

Polymorphism TS Genotype 

Mean ∆Total Plasma 

Homocysteine 

(95% CI) 

With Folate 

Mean ∆Total Plasma 

Homocysteine 

(95% CI) 

Without Folate 

5’Polymorphism
a 

5’High vs. 5’ Low 0.48 (0.03, 0.93) 0.43 (-0.04, 0.90) 

3’Polymorphism
b 

3’High vs. 5’ Low 0.46 (0.001, 0.92) 0.46 (-0.01, 0.94) 

5’High & 3’High 0.73 (-0.17, 1.64) 0.74 (-0.21, 1.69) 

5’High & 3’Low 0.60 (0.07, 1.13) 0.53 (-0.03, 1.08) 

5’Low & 3’High 0.59 (0.05, 1.12) 0.57 (-0.001, 1.13) 

Combined 

Effects
c 

3’Low & 3’Low Referent Referent 
a
Adjusted for 3’polymorphism, sex, MTHFR polymorphism, serum vitamin B12 status, and 

alcohol, coffee and tea consumption 
b
Adjusted for 5’polymorphism, sex, MTHFR polymorphism, serum vitamin B12 status, and 

alcohol, coffee and tea consumption 
c
Adjusted for sex, MTHFR polymorphism, serum vitamin B12 status, and alcohol, coffee 

and tea consumption 
 

4.8.4 Confounder selection  

 

A conventional regression method (backward elimination) was used to identify 

confounders to include in the final model for all representation of TS polymorphisms.  To 

evaluate the confounder selection method used, the change-in-estimate method was used 

to identify confounders for one representation of TS polymorphism (TS haplotype: 

5’High & 3’High) and corresponding parameter estimates and confidence intervals 

derived from each approach were compared.  The confounder identified from the change-

in-estimate approach was vitamin B12.  In Table 4.22, the parameter estimates and 

confidence intervals derived from the coventional regression method and change-in-

estimate approach are presented.  The change-in-estimate method produced a confidence 
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interval for the 5’High and 3’High haplotype spanning -0.24 and 1.83 whereas the 

backward elimination method had a corresponding confidence interval spanning -0.17 

and 1.64.  The similarity in results found by both confounder selection methods indicates 

that the conventional regression method led to the creation of appropriate models of the 

TS-homocysteine association.  

Table 4.22.  Sensitivity analysis - confounder selection. 

Polymorphism TS Genotype 

Mean ∆Total Plasma 

Homocysteine 

(95% CI) 

Backward 

Elimination 

Mean ∆Total Plasma 

Homocysteine 

(95% CI) 

Change in Parameter 

Estimate 

5’High & 3’High 0.73 (-0.17, 1.64) 0.80 (-0.24, 1.83) 

5’High & 3’Low 0.60 (0.07, 1.13) 0.50 (-0.11, 1.11) 

5’Low & 3’High 0.59 (0.05, 1.12) 0.52 (-0.10, 1.15) 

Combined 

Effects 

3’Low & 3’Low Referent Referent 
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Chapter 5: Discussion 

 

The purpose of this research was to investigate the relationship between 

polymorphisms in the thymidylate synthase gene and total plasma homocysteine 

concentration in order to elucidate a novel genetic predisposition towards elevated 

homocysteine, a biomarker of carcinogenesis.  This research was nested within a larger 

cross-sectional study of healthy volunteers recruited from study centers in Ontario and 

Nova Scotia.   

5.1 Review of study objectives 

 The main objective of this research was to elucidate the main effects of TS 

polymorphisms on total plasma homocysteine levels.  Further consideration of the TS 

haplotypes on total plasma homocysteine concentration was investigated in addition to 

gene-gene interactions between TS and MTHFR polymorphisms.  Finally, gene-diet 

interactions between TS polymorphisms and serum folate and vitamin B12 on total plasma 

homocysteine were explored.   

5.2 TS polymorphism distribution  

 TS genotyping was conducted using established methods for PCR-RFLP analysis 

(Mandola 2003; Tan 2005; Ulrich 2006; Zhang 2004).  The genotype distribution found 

for the TSER polymorphism was consistent with published literature on Caucasians 

(Chen 2003; Brown 2004; Zhang 2004; Suzen 2005; Hubner 2006; Gellekink 2007).  For 

the G/C SNP, published genotypic distributions were limited in the literature but the 

distribution of genotypes grouped according to 5’High versus 5’Low observed in this 

study was consistent with published literature on Caucasians (Mandola 2003; Graziano 
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2004; Hubner 2006; Dr. Richard Hubner, personal communication).  The prevalence of 

the 3RG/3RG genotype was lower than the reported frequencies and thus, further 

sequencing of G/C SNP genotypes was conducted to preclude the possibility of 

misclassification (Mandola 2003; Graziano 2004; Hubner (personal communication)).  

To reiterate, the impact of TS 5’polymorphisms on total plasma homocysteine was 

considered by grouped analyses.  Grouped analysis considered comparison of 5’High and 

5’Low on total plasma homocysteine level.  This dichotomy is based on experimental 

studies and previous literature (Mandola 2003; Lurje 2008).  Finally, genotype 

distribution of the 3’ polymorphism (TS1494del6) was consistent with published 

literature (Mandola 2004; Kealy 2004; Graziano 2004, Zhang 2004; Chen 2003; Hubner 

2006).  Dichotomization of the 3’polymorphism to 3’High versus 3’Low TS activity was 

based on previous literature (Lurje 2008; Campalani 2006).  Overall, joint effects of TS 

polymorphisms were considered by grouping the dichotomized 5’ and 3’ polymorphisms 

to yield a total of four haplotypes (5’High & 3’High, 5’High & 3’Low, 5’Low & 3’High, 

5’Low & 3’Low). 

5.3 Total plasma homocysteine concentration distribution 

 This research investigates homocysteine in the context of carcinogenesis, whereby 

elevated total plasma homocysteine concentration is a biomarker postulated to be 

indicative of increased cancer risk.  High total plasma homcysteine concentration 

implicates a breakdown of the methionine-homocysteine biosynthesis pathway, in which 

oxidative stress and altered DNA methylation capacity are potential mechanisms relating 

elevated homocysteine levels to cancer etiology.  For this research, total plasma 
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homocysteine had a normal distribution ranging from 3.91 to 17.53 µmol/L with a mean 

of 8.64 µmol/L (standard deviation of 1.96).  In the literature, studies investigating the 

relationship between TS polymorphisms and total plasma homocysteine levels found a 

wider distribution of homocysteine concentrations, ranging from 3.6 to 137.0 µmol/L 

(Nygard 1995) and 7.3 to 24.5 µmol/L (Ubbink, 1998). The narrow distribution of 

homocysteine values found in this study could be due to several factors.  The inclusion 

criteria of the study included only healthy adults between the ages of 20 to 50.  Since old 

age and health outcomes known to elevate homocysteine were excluded from the study, 

homocysteine distribution may vary less as compared to previous studies with less 

stringent exclusion criteria.  Also, due to the folate fortification of cereal and grain 

products in 1998 and the inverse relationship existing between folate and homocysteine, 

our Canadian study base may have lower homocysteine concentrations as a population. 

5.4 Relationships 

5.4.1 Relationships between covariates and total plasma homocysteine 

 Many of the established determinants of homocysteine found in large prospective 

studies are observed in this cross-sectional study.  The strongest relationships were 

observed between total plasma homocysteine and sex, MTHFR polymorphism, serum 

folate and vitamin B12, and alcohol and coffee consumption.  Relationships were 

consistent with previous literature such that increases in serum folate and vitamin B12 

were associated with lower total plasma homocysteine concentrations.  Males had higher 

homocysteine concentrations than females.  Increased coffee consumption was associated 

with an increase in total plasma homocysteine levels.  A J-shaped curve was observed 
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between alcohol consumption and homocysteine concentrations and those with MTHFR 

TT genotype had higher homocysteine concentrations than those with MTHFR CC or CT 

genotypes (Figure 5.1).   

 

 

 

 

Figure 5.1.  Summary of the determinants of elevated homocysteine observed in study 

population. 

 

Age is an established determinant of homocysteine; however, due to the relatively 

young age range studied in this research, no relationship was observed within this study 

sample.  In general, homocysteine levels usually rise between the ages of 40 and 60.  

Other covariates that were not found to be determinants of homocysteine in this research 

included smoking, BMI and ethnicity. This may be due to the small percentage of 

smokers and individuals with high BMI and minimal ethnic diversity in this study 

sample, which limited the power to investigate these relationships.  

5.4.2 Relationships between covariates and TS polymorphisms  

Prior to confounding selection, relationships between covariates and TS 

polymorphisms were analyzed and an association between ethnicity and TS 

polymorphisms was observed.  This is consistent with the ethnic diversity associated with 

TS polymorphisms that has been documented in many population studies.  The lack of 

associations between lifestyle covariates and TS polymorphisms is expected, since a 

polymorphism is unlikely to affect lifestyle factors.  However, the lack of an association 

Elevated total 

plasma 

homocysteine 

↓ Serum folate 

↓ Serum vitamin B12 

↑ Coffee consumption 

Sex: Males 

Alcohol consumption (J-shape trend) 

MTHFR TT 

 



 

80 

between serum folate and TS polymorphisms suggests that serum folate is an appropriate 

proxy of dietary folate (rather than an intermediate marker) since polymorphisms of TS 

were not found to be determinants of serum folate.  

5.4.3 Relationship between TS polymorphisms and total plasma homocysteine 

 Main effect models of TS polymorphisms on total plasma homocysteine revealed 

that the 5’polymorphisms conferring higher TS activity (5’High) were significantly 

associated with a higher mean homocysteine concentration in comparison to 

5’polymorphisms conferring lower TS activity (5’Low) while controlling confounders 

(sex, MTHFR polymorphism, serum folate and vitamin B12 status, and alcohol, coffee 

and tea consumption).  A similar significant association between the 3’polymorphism and 

homocysteine was observed while controlling for confounders, whereby 3’High was 

associated with a higher mean homocysteine level compared to 3’Low.  Among the TS 

haplotypes, the largest difference in mean total plasma homocysteine concentration 

occurred when 5’High and 3’High was compared to 5’Low and 3’Low.  However, this 

difference was not statistically significant (p=0.11).  Joint effect analyses may have had 

limited statistical power, as only 17 participants in this dataset were both 5’High and 

3’High.  A summary of the relationships between TS polymorphisms and homocysteine 

concentration is presented in Figure 5.2.  Figure 5.3 summarizes the biologic mechanism 

relating TS polymorphisms to total plasma homocysteine concentration. 
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Figure 5.2. Summary of the relationships between TS polymorphisms and total plasma 

homocysteine concentration. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.3. Summary of the biologic mechanism relating TS polymorphisms to total 

plasma homocysteine concentration. 

 

Of the studies that have examined the relationship between TS polymorphisms 

and homocysteine, none have considered all three functional polymorphisms within a 

single study sample.  Two studies included people with health outcomes that may 

interfere with homocysteine levels (Itou 2007; Ko, 2006), while another two studies 

focused only on youths (Brown 2004; Kealy 2005) and three studies included only the 

elderly (Trinh 2002; Chen 2003; Gellekink 2007).  Inconsistencies were observed among 

those earlier studies in that two studies reported an association of the high expression 

TSER (3R/3R) genotype with increased plasma homocysteine (Trinh 2002; Kim 2006), 
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one found that plasma homocysteine decreased with the 3R/3R genotype (Itou et al., 

2007) and the remaining studies reported null findings (Chen 2003; Gellekink 2007; 

Brown 2004).  The effect of the G/C SNP on total plasma homocysteine levels has not 

been reported previously. In addition, only one cross-sectional study reported a 

significant association between the low expression TS1494del6 genotype (-6/-6) and 

lower total plasma homocysteine among non-smokers and those among the highest 

quartile of red blood cell folate (Kealy et al., 2005).  The inconsistencies found in the 

literature may be due to the lack of consideration for the G/C SNP in the activity of 

thymidylate synthase.  In other words, without considering the G/C SNP, TS activity 

could have been misclassified if all 3R/3R genotypes were considered ‘high’ expression.  

Since the guanine to cytosine base pair change leads to the abolition of the upstream 

stimulatory factor, which confers the increase in TS activity, the consideration of the G/C 

SNP establishes functionally different subgroups in the 3R allele.  Thus, in the past, 

studies may have failed to accurately identify high expression TS activity in the 

5’polymorphisms and this misclassification may have biased results. 

5.4.4 Gene-gene interaction 

Analysis of gene-gene interactions between TS and MTHFR polymorphisms 

revealed a significant interaction.  Among high expression MTHFR genotypes (CC and 

CT), the relationship between TS and homocysteine concentration was consistent with 

the joint effect model; wherein an increase in TS expression or activity conferred by TS 

polymorphisms is associated with higher mean homocysteine concentration. In contrast 

however, among individuals with low expression MTHFR genotype (TT), the 
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relationship between TS and homocysteine level is inversed in that an increase in TS 

activity conferred by TS polymorphisms is associated with lower homocysteine 

concentrations.  

Genetics plays a central role in the control of cellular processes including 

response to environmental signals (Hidde, 2002).  The deviation away from an optimal 

balance can result in changes in the internal and external environments.  Biological 

systems contain many types of regulatory systems that provide feedback to slow down 

(negative) or accelerate (positive) a process (Alberts et al., 2002).  The presence of an 

interaction between TS and MTHFR polymorphisms observed in this thesis research 

suggests the presence of a feedback mechanism that balances the increased expression of 

TS with the decreased expression of MTHFR, maintaining homeostasis between 

thymidine production, folate metabolism and the methionine-homocysteine cycle.  Figure 

5.4 presents a summary of the biologic mechanism relating TS and MTHFR 

polymorphisms to total plasma homocysteine concentrations. 
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Figure 5.4. Summary of the biologic mechanism relating TS and MTHFR polymorphisms 

to total plasma homocysteine concentration. 

 

5.4.5 Gene-diet interactions 

Gene-diet interactions were explored between TS polymorphisms, and serum 

folate and vitamin B12 on homocysteine concentrations; however, no significant 

interactions were observed.  The lack of interactions suggests that the effect of TS 

polymorphisms on plasma homocysteine concentrations is independent of serum folate 

and vitamin B12 concentrations.  A priori, serum folate and vitamin B12 were determined 

to be potential effect modifiers of the TS-homocysteine association where; higher serum 

folate and vitamin B12 concentrations was expected to modify genetic susceptibility 

conferred by TS polymorphisms to elevated homocysteine concentration (Figure 5.5).  A 

possible explanation as to why an interaction was not detected may be due to the 

variability of serum folate and vitamin B12 concentrations, which challenges the validity 

of a single measurement in representing an individual’s average concentrations.  Prior to 
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the initiation of the study it was recognized that this research was limited in power to 

uncover gene-diet interactions if one exists.   

 

 

 

 

 

 

 

 

 

Figure 5.5. Summary of the biologic mechanism relating TS polymorphisms serum folate 

and vitamin B12 to total plasma homocysteine concentration. 

 

5.5 Methodology 

5.5.1 Outcome assessment 

The assessment of total plasma homocysteine concentrations was performed as 

outlined by the American Society of Human Genetics (1998).  Since it is an objective 
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recall or selection bias.  To avoid against any errors due to misclassification, any 
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variation based on time of day was limited by drawing all blood samples at the same time 

of day (between 8am and 10am).  In addition, two previous studies that investigated the 

within-individual variability of homocysteine found that concentrations are stable, and 

concluded that a single blood draw is a reliable measurement of total plasma 

homocysteine (Garg 1997; Clarke 1998).  

In this research, homocysteine was used as a biomarker to represent the 

functionality of the methionine-homocysteine cycle, where disruptions to this cycle were 

hypothesized to relate to the early stages of carcinogenesis.  In other words, 

homocysteine was a proxy measure for the true outcome of interest, the functionality of 

the methionine-homocysteine biosynthesis.  From the complexity of this cycle, elevated 

homocysteine is only one of many indicators of dysfunction, and more sensitive markers 

of this cycle such as SAH or SAH/SAM ratio could be explored.  In future, data on these 

levels will be available upon the completion of the larger study and analysis of the effect 

of TS polymorphisms on these outcomes of interest will be conducted. 

5.5.2 Exposure assessment 

 TS polymorphisms were genotyped using established protocols (Mandola 2003; 

Tan 2005; Zhang 2004).  Repeat assays and direct DNA sequencing ascertained the 

validity of the methods and 100% concordance was found.  In addition, the frequencies of 

genotypes were found to be in Hardy-Weinburg equilibrium. Since exposure was 

ascertained using objective biological measures, misclassification and errors are expected 

to be minimal.  
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5.5.3 Study design 

 A potential limitation of this research is its cross-sectional nature.  This study 

examined total plasma homocysteine levels at a single point in time and thus, variance in 

homocysteine levels could not be captured.  However, this study examined the 

relationships between an invariate exposure (e.g. polymorphisms) and total plasma 

homocysteine; thus, the temporal sequence of exposure preceding the outcome is 

indisputable.  

5.5.4 Assessment of confounders 

 A strength of this study is the accurate assessment of many of the determinants of 

homocysteine identified in previous literature.  Specifically, the use of blood measures of 

serum folate and vitamin B12 provided an unbiased measure of these dietary factors.  The 

questionnaire collected information on many lifestyle factors that have been shown to 

affect plasma homocysteine concentrations.  Confounder selection was conducted using a 

conventional regression method and a sensitivity analysis was conducted to compare 

parameter estimates derived from the conventional regression method to the change-in-

estimate approach.  The results from the sensitivity analysis were comparable and the 

confounders included in the final model were sex, MTHFR polymorphism, serum folate 

and vitamin B12, and alcohol, coffee and tea consumption.  Consideration of these 

covariates clarified that TS-homocysteine relationship. 
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5.6 Generalizability 

 The majority of participants in this research were White, leading to a genetically 

homogeneous study population.  The results of this study should be generalizable to 

populations with a similar ethnic distribution studied in this research.  

5.7 Sample size 

 The intended sample size for this study was 300 people, however due to the 

recruitment process in the larger study the final sample size was limited to 284 

participants.  The size of the study sample limits the ability to detect an association, if one 

exists, between TS haplotypes (joint effects) and total plasma homocysteine 

concentrations.  The largest difference in homocysteine concentration of 0.74 µmol/L was 

observed in the joint effects model (5’High & 3’High versus 5’Low & 3’Low).  

However, due to the low frequency of the 5’High and 3’High haplotype (n=17) present in 

this study sample, the statistical power to detect an association was limited.  In addition, 

during the design of the study, the limited power to detect gene-diet interactions was 

recognized. 

5.8 Epidemiologic evidence on the association between elevated homocysteine 

concentration and cancer 

 

According to Jacobsen (1998), the normal range of plasma total homocysteine 

concentration for healthy adults exists between 5 to 15 µmol/L; mild 

hyperhomocysteinemia exists between 15 to 25 µmol/L; 25 to 50 µmol/L is indicative of 

intermediate hyperhomocysteinemia and concentration above 50 µmol/L is considered 

severe.  Generally, it is recommended that plasma total homocysteine concentration be 

maintained below 10 µmol/L.  In this research, a 0.74 µmol/L difference in homocysteine 
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concentration was observed when comparing TS haplotypes.  The clinical effects of this 

increase may be subtle in normal ranges of homocysteine concentration; however at 

homocysteine concentrations above 15 µmol/L this increase may predispose an individual 

towards carcinogenesis and other adverse health effects.   

In the epidemiologic literature, a case-control study reported a significant increase 

in breast cancer risk (OR=2.89, 95% CI = 1.70 to 4.92) when comparing difference in 

plasma homocysteine concentration of 1.54 µmol/L (Chou et al., 2007).  Other studies 

have reported similar evidence that suggest an increased risk in colorectal, gastric and 

pancreatic cancer associated with elevated plasma homocysteine concentrations (Kato 

1999; Wang 2007; Schernhammer 2007).  To reiterate, the biologic plausibility of the 

association between elevated plasma homocysteine and increase cancer risk include its 

association with folate deficiency, production of reactive oxygen species and most 

importantly, its association with aberrant DNA methylation.  Thus, though the 

investigation into the effect of TS polymorphisms on homocysteine concentrations only 

uncovered a modest difference, one must keep in mind that the main effect of TS on 

homocysteine is in lieu of the diverse variables that may interact with this pathway and 

even modest increases in homocysteine may predispose an individual towards a greater 

risk of cancer.  

5.9 Validation of homocysteine as an intermediate marker of cancer 

To validate the use of homocysteine as an intermediate endpoint for cancer, one 

must 1) consider the mechanism of action between TS activity and cancer and determine 
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whether homocysteine lies on the causal pathway of interest, 2) assess the impact of TS 

activity on homocysteine and 3) evaluate the impact of homocysteine on cancer. 

In general, biomarkers that reflect the mechanism of action of a carcinogenic 

exposure are strong candidate predictors of an individual’s risk of cancer.  This study 

hypothesized that polymorphisms in TS have the ability to impact upon methionine-

homocysteine biosynthesis due to the common dependency on folate metabolism of both 

pathways (thymidine production and methionine-homocysteine synthesis).  

Simplistically, TS polymorphisms were hypothesized to affect TS activity and 

subsequently, the functionality of the methionine-homocysteine cycle (indicated by 

elevated homocysteine concentration), causing genome-wide hypomethylation that could 

predispose an individual towards cancer.  Thus, the consideration of the mechanism of 

action between TS polymorphisms and cancer does support homocysteine to be a valid 

intermediate marker that lies on the causal pathway of interest.  

In this research, TS polymorphisms were found to be novel genetic determinants 

of homocysteine concentration.  Since homocysteine concentrations is indicative of the 

functionality of the methionine-homocysteine biosynthesis cycle, the results of this study 

suggests that TS polymorphisms have the ability to impact on the methylation capacity of 

the body.  The association of elevated homocysteine and the development of cancer have 

been investigated in few prospective studies.  However, in a case-control study nested in 

the Women’s Health Study cohort, a mean difference in homocysteine concentration 

(0.67 µmol/L) was reported among colorectal cases compared to controls (p=0.04).  After 

adjustment for confounding, multivariate analysis observed a p for trend of 0.09 for 
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quartiles of homocysteine levels (Kato et al., 1999).  Furthermore, a review of recent 

evidence by Garcia-Closas and colleagues (2005) reported homocysteine to be a probable 

cause of cervical neoplasia and cancer.  

5.10 Relevance to cancer etiology 

 Total plasma homocysteine is a known risk factor for coronary heart disease; 

however, in this research homocysteine was measured at a biological time period when 

elevated concentrations of homocysteine are indicative of a mechanism that increases 

cancer risk.  Several biochemical changes have been recently identified that suggest a 

role for elevated homocysteine in carcinogenesis.  

DNA methylation plays a role in both DNA repair and genome stability, and since 

homocysteine operates in a cycle that produces the universal methyl donor SAM, 

hypomethylation, due to decreased SAM concentration, has been reported in cases of 

colorectal cancer (Frigola 2005, Jones 2002).  Current hypotheses suggest that aberrant 

DNA methylation causes the inactivation of DNA repair pathways, which lead to 

increased mutation rate, and chromosomal instability, which can initiate and accelerate 

carcinogenesis (Wu and Wu, 2002).  

Second, it is recognized that elevated homocysteine is frequently associated with 

folate deficiency due to the dependency of these pathways.  The depletion of folate is 

known to interfere with thymidine synthesis and this could lead to incorporation of uracil 

into human DNA, causing chromosome breaks.  These findings are supported in both 

epidemiologic and experimental studies.  Overall, folate modulates DNA repair, affects 

DNA strand breaks and decreases DNA stability in cells, and epidemiologic evidence 
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suggests that maintaining adequate folate status reduces the risk of many cancers (Wu 

and Wu, 2002).  Thus, the frequent association between folate deficiency and elevated 

homocysteine concentration is a plausible mechanism by which homocysteine relates to 

cancer etiology. 

Lastly, overproduction of oxygen-free radicals is a major cause of endothelial 

injury and DNA damage.  The oxidation of homocysteine produces such oxygen free 

radicals and it has been shown that a high plasma level of oxidized homocysteine 

enhances oxidative stress.  Subsequent attacks on DNA by these free radicals leads to the 

formation of DNA adduct in human cells and have been reported to accumulate in 

cancerous tissues (Wu and Wu, 2002).  

5.11 Consideration of folate in the causal pathway 

 Serum folate is determined mainly by diet in addition to genetic factors involved 

in its metabolism.  In this research, serum folate was used as a proxy to represent dietary 

folate to elucidate the effect of dietary folate on the TS-homocysteine association.  It was 

considered that serum folate may represent an intermediate marker rather than an 

appropriate proxy of dietary folate, where increase in TS activity conferred by 

polymorphisms decreases serum folate and hence, increases homocysteine.  In other 

words, controlling for confounding by serum folate in the relationship of interest may 

bias the effect of TS polymorphisms on homocysteine towards the null.  

A sensitivity analysis considering folate as an intermediate marker in the casual 

pathway provided evidence supporting serum folate as an appropriate proxy for dietary 

intake in this research.  Specifically, slight differences were observed between models 
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controlling for versus not controlling for serum folate supporting serum folate as an 

appropriate surrogate measure of dietary folate.  In addition, the lack of a bivariate 

association between serum folate and TS polymorphisms adds further support that TS 

polymorphisms are not genetic determinants of serum folate.  Altogether, these findings 

are indicative of serum folate being an appropriate proxy of dietary intake and that 

controlling for this variable clarifies the relationship between TS and homocysteine 

concentrations. 

5.12 Conclusion 

 Since elevated homocysteine levels have been associated with an increased risk of 

cancer at several sites, clarification of genetic susceptibility to hyperhomocysteinemia 

may identify a novel genetic predisposition towards cancer.  This study investigated the 

relationships between TS polymorphisms and total plasma homocysteine concentration 

with a hypothesis that an increase in TS activity conferred by polymorphisms increased 

homocysteine levels.  This increase in homocysteine could associate with folate 

deficiency, alter patterns of DNA methylation and increase the production of reactive 

oxygen species leading to cancer initiation.  This research found a relationship between 

TS polymorphisms in the 5’ and 3’ UTR and total plasma homocysteine, and haplotype 

consideration of TS activity suggests an additive role of TS polymorphisms in elevated 

homocysteine levels.   

5.13 Future directions 

 This study revealed an association between the independent and joint effects of 

TS polymorphisms on total plasma homocysteine concentrations.  This study may have 



 

94 

been underpowered to examine the joint effects of TS haplotype on homocysteine levels 

and thus, future studies may need a larger sample size to elucidate the joint effects of TS 

polymorphisms.  Since gene-gene interaction between TS and MTHFR was observed, the 

consideration of other genetic factors along this biologic pathway may further clarify the 

TS-homocysteine association.  Finally, future studies should re-consider gene-diet 

interactions between TS polymorphisms, and folate and vitamin B12 by considering both 

dietary intake and multiple biological measures to elucidate possible dietary interventions 

to lower homocysteine concentrations.   

5.14 Implications 

 This research reviewed the role of homocysteine in cancer etiology and its use as 

a biomarker to reflect dysfunction within the methionine-homocysteine cycle.  The 

consideration of the effects of three functional polymorphisms in the TS gene on 

homocysteine concentrations is novel.  Findings of an additive joint effect between TS 

polymorphisms have implications for future studies to consider TS haplotypes.  The 

association between TS polymorphisms and higher homocysteine levels suggests a role 

for TS in carcinogenesis if elevated homocysteine is further proven to be a risk factor for 

cancer.  Thus, future studies may be interested in investigating the role of TS in cancer 

either by identifying an endpoint more specific to cancer or to a cancer event itself.  In 

addition, TS is an important target of the chemotherapeutic agent 5-Flurouracil (5-FU) 

and studies have reported conflicting results relating TS polymorphisms on clinical 

outcomes after 5-FU treatment (Fernandez-Contreras et al., 2006).  Future clinical studies 

should consider the haplotypes of TS to avoid misclassification of exposure.  Overall, this 
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research demonstrated the need to consider genetic haplotype, other genetic factors 

involved in the relationship of interest, and effect modification by environmental factors.  
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Appendix A 
      

DNA Extraction Protocol         

Before Starting        

1.  Qiagen Protease Stock Solution (Store @ 2-8C or -20C)    

 

Pipet 1.2ml protease solvent into vial containing lyophillized Qiagen Protease 

(labeled) 

 *Dissolved protease is stable for up to 2 months when stored @ 2-8C  

  storage at -20C prolongs life but thawing + refreezing should be avoided  

2.  Buffer AL (Store at Room Temperature)     

 Mix Buffer AL thoroughly by shaking before use    

 *Stable for 1 year when stored @ Room Temperature    

 **Do not add Qiagen protease or proteinase K directly to Buffer AL  

3.  Buffer AW1 (Store at Room Temperature)     

 Before first time use add 25ml of Ethanol     

 *Stable for 1 year when stored @ Room Temperature    

4.  Buffer AW2 (Store at Room Temperature)     

 Before first time use add 30ml of Ethanol     

 *Stable for 1 year when stored @ Room Temperature    

5.  Label all Tubes & get ice       

Blood Spin Protocol       

1.  Equilibrate samples to room temperature     

2.  Heat water bath to 56C       

3.  Equilibrate Buffer AE or distilled water to room temperature    

4.  Check if precipitate has formed in Buffer AL (dissolve by incubating at 56C)  

         

1.  Pipet 20ul QIAGEN Protease (Proteinase K) into the bottom of a 1.5ml microC tube  

2.  Add 200ul of sample to microC tube then store remaining 50ul on ice   

3.  Add 200ul Buffer AL to the sample      

4.  Mix by pulse-vortexing for 15s      

5.  Incubate at 56C for 10min (Label Columns)     

6.  Briefly centrifuge (10s)       

7.  Add 200ul of ethanol (100%) to the sample     

8.  Mix by pulse-vortexing for 15s      

9.  Centrifuge briefly         

10.  Carefully apply the mixture to the QIAmp Spin Column (in a 2ml collection tube)   

11.  Centrifuge at 6000g (8000rpm) for 1min      

       **If lysate has not completely passed through the column after centrifugation,   

       centrifuge again at higher speed until it is empty     

12.  Place the QIAmp Spin Column in a clean 2ml collection tube    

      and discard the tube containing filtrate      

13.  Add 500ul Buffer AW1       

14.  Centrifuge at 6000g (8000rpm) for 1 min.      

15.  Place the QIAmp Spin Column in a clean 2ml collection tube    
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      and discard the tube containing filtrate      

16.  Add 500ul Buffer AW2       

17.  Centrifuge at 20,000g (14,000rpm) for 3 min     

18.  Place the QIAmp Spin Column in a new 2ml collection tube     

      and discard the tube containing the filtrate     

19  Centrifuge at 20,000g (14,000rpm) for 1 min)     

20.  Place the QIAmp Spin Column in a clean 1.5ml microC tube     

      and discard the collection tube containing the filtrate    

21.  Add 200ul Buffer AE or distilled water      

22.  Incubate at room temperature for 5min       

23.  Centrifuge at 6000g (8000rpm) for 1min      

24.  Check DNA Concentration & Refreeze 50ul samples    

25.  Store @ -20C        
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Appendix B 

 

5’Polymorphism (TSER & G/C SNP) PCR-RFLP Protocol 

PCR (TSER)           

Master Mix (8x)  Check        

H20  68.4    RFLP (G/C SNP)          

DMSO  20            

1x Reaction Buffer 40    Master Mix (8x) Check    

F Primer  8    Hae III 1.6     

R Primer  8    10x Buffer 8     

dNTP  4    H20 6.4     

MgCl2  10    Total 16     

Taq   1.6            

Total  160            

     Master Mix 2       

In each PCR Tube    PCR Product 8       

H20  8.55ul    Total  10      

10% DMSO 2.5ul            

1x Reaction Buffer 5ul    Incubate at 37C for 1 hr     

1.0uM F Primer 1.0ul       

1.0uM R Primer 1.0ul            

0.2mM dNTP 0.5ul    Electrophoresis      

1.25mM MgCl2 1.25ul                

1.0U Taq  0.2ul          

DNA (100ng) 5ul          

Total Volume 25ul         

           

Electrophoresis          

Ladder  Sample   

Agarose Gel (3%)   

=1.8g + 60ml of 1x TBE Buffer  

H20 8ul PCR Product 8ul  Microwave @ 30s intervals    

50bp Ladder 2ul H20  2ul  Cool      

Dye 1ul Dye 1ul  Add 3ul of EtBr(5ul/100ml)    

 

 

 

 

 

 

     

 

     

Add 1ul of 10x dye to stop reaction 

Run at 120V for 20-30mins 
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Additional Protocols  

TS Forward Primer: 5’-GCT GGC TCC TGC GTT TCC C 

TS Reverse Primer: 5’ GAG CCG GCC ACA GGC AT 

 

PCR Conditions:  

95 °C for 5min 

35 cycles of:  30s at 95°C  

  30s at 63°C 

  1min at 72°C 

7min at 72°C 

 

Fragments 

2R: 210bp 

3R: 238bp 

3RC: 94, 47, 46, 44 and 7bp 

3RG: 66, 47, 46, 44, 28 and 7bp 

3RG/3RC: 94, 66, 47, 46, 44, 28 and 7bp 
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Appendix C 

 

3’Polymorphism (TS1494del6) PCR-RFLP Protocol 

PCR (TS1494del6)          

Master Mix (8x)          

H20  78.4    RFLP          

1x Reaction Buffer (5x) 40    Master Mix (8x)      

F Primer  8    Dra I   4      

R Primer  8    10x Buffer 16      

dNTP  4    H20   20      

MgCl2  20       40      

Taq   1.6            

Total Volume 160    Master Mix 5      

     PCR Product 15      

In each PCR Tube       20     

H20  9.8ul            

5x Reaction Buffer 5ul    Digest Overnight      

300nM F Primer 1ul        

300nM R Primer 1ul            

200uMdNTP 0.5ul    Electrophoresis        

2.5mM MgCl2 2.5ul          

1.0U Taq  0.2ul          

DNA (100ng) 5ul          

Total Volume 25ul         

 

Electrophoresis          

Ladder  Sample   

Agarose Gel (3%)  

= 1.8g + 60ml of 1x TBE Buffer  

H20 8ul PCR Product   Microwave @ 30s intervals    

50bp Ladder 2ul H20  2ul  Cool      

Dye 1ul Dye 1ul  Add 3ul of EtBr(5ul/100ml)    

     Run at 120V for 20-30 mins    

 

 

 

 

 

 

 

 

Add 2ul of 10x dye to stop reaction 

8ul 
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Additional Protocols  

TS1494del6 Forward Primer: 5’-CAA ATC TGA GGG AGC TGA GT 

TS1494del6 Reverse Primer: 5’-CAG ATA AGT GGC AGT ACA GA 

 

PCR Conditions:  

94 °C for 5min 

30 cycles of:  30s at 94°C  

  45s at 58°C 

  45s at 72°C 

5min at 72°C 

 

Fragments 

+6: 70 and 88bp 

-6: 152bp 
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Appendix D 

 

MTHFR PCR-RFLP Protocol 

PCR (MTHFR)         

Master Mix (8x)  Check       

H20  564    RFLP         

1x Reaction Buffer 100    Master Mix (8x)     

F Primer  40    HinF1 0.8      

R Primer  40    10x Buffer 8.0      

dNTP  10    BSA 0.8      

MgCl2  30    H20 6.4      

Taq   16    Total       

Total  800           

     Master Mix  2.0      

In each PCR Tube    PCR Product 8.0       

H20  14.1ul    Total Volume  10      

1x Reaction Buffer (10x) 2.5ul           

F Primer (0.5uM) 1ul    Incubate @ 37C for 2hr     

R Primer (0.5uM) 1ul    Add 1ul of dye to stop reaction     

dNTP (100umol/L) 0.25ul           

MgCl2 (1.5mmol/L) 0.75ul    Electrophoresis     

Taq (2U)  0.4ul              

DNA (100ng)   5ul         

Total Volume 25ul        

 

          

Electrophoresis         

Ladder  Sample   

Agarose Gel (3%)  

= 1.8g + 60ml of 1x TBE Buffer 

H20 8ul PCR  8ul  Microwave @ 30s intervals   

50bp Ladder 2ul H20  2ul  Cool     

Dye 1ul Dye 1ul  Add 3ul of EtBr(5ul/100ml)   

     Run @ 120V for 20-30mins 
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Additional Protocols  

MTHFR Forward Primer: 5’-TGA AGG AGA AGG TGT CTG CGG GA 

MTHFR Reverse Primer: 5’-AGG ACG GTG CGG TGA GAG TG 

 

PCR Conditions:  

94 °C for 2min 

35 cycles of:  30s at 94°C  

  30s at 61°C 

  30s at 72°C 

7min at 72°C 

 

Fragments 

CC: 198bp 

CT: 198, 175 and 23bp 

TT: 175 and 23bp 
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Appendix E 

Assessment of potential confounders using the change-in-estimate method (note that only 2 significant digits are presented; percentage 

changes were calculated based on 5 significant digits).  Each column represents the percentage change in mean total plasma 

homocysteine concentration after deleting each variable.  

Covariate %∆ %∆ %∆ %∆ %∆ %∆ %∆ %∆ %∆ %∆ %∆ 

Sex 

 

0.71 

(7.11) 

0.71 

(7.30) 

0.69 

(8.89) 

0.70 

(9.00) 

0.66 

(12.56) 

0.63 

(15.64) 

0.66 

(14.56) 

0.64 

(13.41) 

0.69 

(11.95) 
X X 

Age 

 

0.75 

(2.09) 

0.79 

(3.14) 

0.79 

(3.87) 

0.80 

(4.52) 

0.78 

(3.50) 

0.77 

(3.61) 
X X X X X 

Ethnicity 

 

0.75 

(0.87) 

0.72 

(5.38) 

0.72 

(5.22) 

0.73 

(5.68) 

0.73 

(3.13) 

0.72 

(4.17) 

0.74 

(3.11) 
X X X X 

BMI
 

 
0.76 

(0.59) 

0.76 

(0.34) 
X X X X X X X X X 

Smoking 

 

0.71 

(6.57) 

0.75 

(1.90) 

0.74 

(2.12) 

0.76 

(1.83) 
X X X X X X X 

Alcohol 

 

0.77 

(1.99) 

0.77 

(1.49) 

0.77 

(1.36) 
X X X X X X X X 

Tea 

 

0.86 

(12.99) 

0.87 

(13.58) 

0.87 

(15.05) 

0.89 

(16.00) 

0.89 

(17.22) 

0.86 

(16.30) 

0.89 

(15.73) 

0.87 

(17.10) 

9.21 

(15.71) 

0.80 

(14.46) 
X 

Coffee 

 

0.71 

(5.99) 
0.72 (5.76) 0.71 (6.06) 

0.72 

(6.66) 

0.74 

(2.01 
X X X X X X 

B12 
 

0.82 

(8.29) 

0.84 

(10.59) 

0.83 

(9.95) 

0.86 

(11.17) 

0.90 

(18.93) 

0.89 

(20.08) 

0.90 

(17.69) 

0.88 

(18.47) 

0.92 

(16.48) 

0.80 

(15.60) 
0.94 

Folate 
 

0.76 

(0.40) 
X X X X X X X X X X 

MTHFR 

 

0.82 

(7.61) 

0.82 

(7.45) 
0.82 (7.68) 

0.83 

(7.44) 

0.80 

(5.44) 

0.78 

(5.87) 

0.82 

(6.66) 

0.79 

(6.12) 
X X X 

5’High & 

3’High 
0.76 0.76 0.76 0.77 0.76 0.74 0.77 0.74 0.79 0.70 0.80 

Total % ∆ in  

parameter 

estimate 

Fully Adjusted 

model 
0.40 0.59 1.40 0.44 2.44 1.09 2.06 3.94 8.48 4.75 

 


