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Summary
Nutritional genomics seeks to identify and understand interactions 

between nutrients and the genome and how these can influence individual 

susceptibility or resistance to common disease. Gene-nutrient interactions are 

particularly evident in relation to the B vitamin folate since folate deficiency and 

disruptions to folate metabolism have been extensively associated with a number 

of common complex diseases and congenital anomalies. MTHFDl is a 

cytoplasmic, trifunctional enzyme with an important role in folate metabolism. A 

common polymorphism in the MTHFDl gene, resulting in an arginine to 

glutamate transition in the enzyme (R653Q), is a maternal risk factor for neural 

tube defects (NTDs), abruptio placentae, and mid-trimester miscarriage in the 

Irish population, although its underlying fianctional effect remains elusive (Brody 

et a l,  2002; Parle-McDermott et al., 2005(a); Parle-McDermott et al., 2005(b); 

Parle-McDennott et al., 2006). Therefore, MTHFDl is a key gene for further 

investigation in relation to disease risk and molecular characterisation o f how this 

gene is regulated and factors affecting its expression was the focus of this thesis. 

This involved characterisation of the promoter region, identification o f genetic 

variants in regulatory regions, investigation of their potential functionality and 

association with NTD risk, and examination of the response of MTHFDl and 

other folate-related genes to folate status.

The promoter of a gene is responsible for the precise control of expression 

and, hitherto, the M THFDl promoter had not been characterised and little was 

known regarding the expression of this important gene. A combination of in silico 

and molecular approaches revealed that expression of the human MTHFDl gene 

is controlled by a TATA-less, Initiator-less promoter and transcription is initiated 

at multiple start sites over -126 bp in the region upstream of the gene to produce a 

primary mRNA transcript of ~3 kb in all tissues. High levels of activated 

transcription were measured up to 2 kb upstream and a 1.6 kb CpG island spans 

the promoter region, indicating that MTHFDl is constitutively expressed. The 

Spl, E2F, NRF-1, and c-Myc transcription factors are predicted to play a role in 

the activation and regulation of appropriate MTHFDl gene expression, with up- 

regulation during S phase o f the cell cycle consistent with the role o f MTHFDl in 

nucleotide provision for DNA synthesis.
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A common promoter SNP, r s l076991 C->T, shown to reside within the 

core promoter region, exerts a functional effect on MTHFDl prom.oter activity 

and is associated with NTD risk in the presence of the R653Q polymorphism. 

Although it is not an independent risk factor for NTDs, it was proposed that the 

effect o f this SNP on promoter activity could exacerbate the disruption associated 

with the R653Q polymorphism, resulting in an increased NTD risk. Investigation 

of R653Q at the gene expression level did not elucidate the mechanism by which 

this polymorphism confers risk in relation to normal pregnancy outcome and its 

underlying functional effect remains unknown.

The effect o f a sub-optimal folate status on the expression of MTHFDl 

and other folate-related genes was investigated to elucidate specific gene-nutrient 

interactions and pathways involved in the cellular response to this relatively 

common nutrient status. MTHFDl gene expression was not significantly affected 

but an up-regulation at the protein level was observed in an in vitro cell culture 

model of folate depletion. This suggests that MTHFDl is regulated at the 

translational level by some mechanism in response to folate depletion. Significant 

changes in the expression o f a number of other folate-related genes were observed 

at different degrees o f folate depletion in this model, indicating the existence o f a 

common folate-responsive regulatory mechanism. A hypothetical mechanism was 

proposed, whereby, the observed gene regulation is associated with ensuring 

adequate provision o f one-carbon units for nucleofide production in the initial 

stages o f folate depletion. This is consistent with ensuring DNA synthesis and 

repair are not compromised when folate status is sub-optimal.

Characterisation o f MTHFDl gene expression and regulation in this thesis 

is o f relevance in understanding the underlying molecular pathways and 

disruptions involved in folate-related complex diseases. This is necessary to 

achieve the fundamental goal o f elucidating the aetiology o f these diseases and, 

eventually, optimising individual folate status to prevent or overcome them.
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Chapter 1 

Introduction



1.0 Introduction
A major goal of the 21®‘ century is elucidation of the genetic and 

environmental factors underlying the development o f common complex diseases. 

Associations between nutrition and many common diseases have long been 

recognised, although the underlying mechanisms are not always understood. 

Recent advances in molecular biology techniques, the completion of the Human 

Genome Project and the HapMap Project (International Human Genome 

Sequencing Consortium, 2001; Venter et al., 2001; The International HapMap 

Project, 2003) are now enabling the investigation of the basis of these associations 

at the genome level. This relatively new area o f research is known as nutritional 

genomics and is defined by Kaput and Rodriguez (2004) as ‘''the interface between 

the nutritional environment and cellular/genetic processes"'. Nutritional genomics 

is comprised o f nutrigenomics, which aims to identify and understand diet- 

genome response, especially in relation to health and disease, and the 

complementary study of nutrigenetics, which aims to identify the way in which 

individual genetic variation influences these responses and confers susceptibility 

or resistance to common diseases. Individual genetic variation can affect the 

normal way in which nutrients are absorbed, metabolised, stored and excreted by 

the body (Kaput & Rodriguez, 2002). Nutrigenetics seeks to identify these 

functional variants and, ideally, modify the penetrance of risk alleles by 

optimising diet to prevent the onset of common disease (Stover, 2004).

The interaction between diet and genes is clearly evident in the case o f the B 

vitamin, folate, often referred as its synthetic form, folic acid. Disruptions to 

folate metabolism have been extensively associated with many common diseases 

including cardiovascular disease (CVD), certain cancers, and complications of 

pregnancy such as neural tube defects (NTDs; Stover, 2006). Folate 

supplementation can, in some cases, overcome or protect against these conditions 

making it an ideal candidate for disease prevention studies. However, 

responsiveness to supplementation varies considerably and is believed to be 

subject to underlying genetic variation. Investigation o f the interaction between 

genetic variants, folate status and response to supplementation through 

nutrigenetic studies will help to identify individuals who would benefit most from 

supplementation and subsequent disease protection, and possibly help in the 

development o f alternative treatments for folate-resistant cases.



1.1 Folate

1.1.1 Folate Structure. Function, and Metabolism

Folate, or vitamin Bg, is the generic name for the whole range o f folate co

factors whose structure is based on the pteroyl-L-monoglutamic parent structure 

of folic acid (Figure 1.1; Finglas et al., 2003). It is an essential nutrient that is 

necessary for a wide range of biochemical pathways involving one-carbon 

metabolism. One-carbon metabolism involves the enzymatic transfer o f a carbon 

group between folate co-factors, for subsequent use in many important 

biochemical reactions and pathways in the body, most notably DNA synthesis and 

methylation reactions (Scott & Weir, 1994).

Folate cannot be synthesised by our bodies and, therefore, we depend on a variety 

of dietary sources for the vitamin, including yeast extracts, liver, green leafy 

vegetables and fortified foods (Lucock et al., 2000). Natural folates found in food 

are conjugated to several glutamate molecules and are said to be polyglutamyl 

(Scott & Weir, 1994). In order for them to be absorbed, they must first be broken 

down to the monoglutamyl form during digestion. Following absorption in the 

jejunum, folate is converted to its circulatory form, 5-methyltetrahydrofolate 

monoglutamate, which can be taken up by cells via folate transport systems 

(Lucock et al., 2000). It must then be metabolised to the active tetrahydrofolate 

(THF) form, by the vitamin B 1 2 -dependent enzyme, methionine synthase (MTR) 

and converted back to a polyglutamate by folylpolyglutamyl synthase, in order for 

it to be retained intracellularly and used as a substrate for folate-dependent 

enzymes (Wagner, 1995). However, the synthetic form of folate, present in 

multivitamins and fortified foods and known as folic acid, is already in the 

monoglutamyl state and can be taken up by cells directly from the circulation 

(Finglas et al., 2003; Figure 1.1). It is also more stable than natural folates, which 

are in the reduced form and, therefore, are subject to oxidation and cleavage 

during cooking. Natural folates can also be lost during cooking due to leaching, 

which is a problem with many vitamins. Therefore, folic acid in vitamin tablets 

and fortified foods is much more bio-available than natural folates and is the best 

source of folate in the body. After the cells take it up, folic acid is converted by 

the enzyme dihydrofolate reductase (DHFR) to dihydrofolate and then to THF 

(Appling, 1991). THF is the active form of folate in the body and can be 

converted into the whole range of one-carbon-substituted folate co-factors, which
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are involved in the de novo synthesis of thymidylate and purines, and support 

cellular methylation reactions via the universal methyl donor, S- 

adenosylmethionine (SAM; Piper et al., 2000).

The one-carbon units carried by the folate co-factors are usually derived from the 

carbon 3 o f serine, but glycine, formate and histidine can also act as donor 

molecules (van der Put et a l,  2001). Typically, the carbon 3 from serine is 

transferred to THF in a reaction catalysed by serine hydroxymethyltransferase 

(SHMT) and results in the production of 5,10-methyleneTHF and glycine (Figure 

1.2). The 5,10-methyleneTHF product is an important folate co-factor as its 

irreversible conversion by the 5,10-methylenetetrahydro folate reductase 

(MTHFR) enzyme provides 5-methylTHF, the co-factor necessary for the 

remethylation o f homocysteine to methionine (Bailey & Gregory, 1999). 

Methionine can then be activated with ATP to produce SAM, which acts as the 

methyl donor for over 100 m.ethylation reactions in the body, including 

methylation o f DNA, proteins and phospholipids (Scott & Weir, 1994). As well as 

its importance in the production o f SAM, the remethylation of homocysteine to 

methionine is also important in maintaining the intracellular balance between 

homocysteine and methionine, since elevated homocysteine levels have been 

identified as an independent risk factor for vascular disease, including myocardial 

infarction, venous thrombosis and stroke (Refsum et a i,  1998; Morris et al., 

2000). In addition to its role in the methylation cycle, 5,10-methyleneTHF is also 

an important co-factor for DNA synthesis, as it is necessary for de novo 

thymidylate production by the thymidylate synthase (TS) enzyme (Lucock, 2000). 

It provides the methyl group for the conversion o f deoxyuridine monophosphate 

(dUMP) to thymidine monophosphate (TMP), which is then used as one o f the 

nucleotide bases in the synthesis of DNA. Glycine-derived one-carbon units are 

generated from the carbon 2 of glycine via the glycine-cleavage pathway and also 

result in the formation of 5,10-methyleneTHF, the one-carbon units derived from 

formate result in the production o f 10-formylTHF, and those derived from 

histidine catabolism result in 5,10-methenylTHF production (Appling, 1991; 

Wagner, 1995). The 10-formylTHF co-factor is especially important for purine 

formation, with two moles o f 10-formylTHF being required per mole o f purine 

ring formed, which is essential for DNA synthesis (Appling, 1991).
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Through these, and other, one-carbon reactions folate is involved in a number o f  

essential cellular fianctions, including DNA synthesis, maintenance o f  genome 

stability, regulation o f  hom ocysteine levels, and provision o f  one-carbon units for 

methylation reactions. It is therefore not surprising that folate deficiency, or 

disruption to folate metabolism, is highly correlated with human disease and 

congenital defects, including CVD, certain cancers, and NTDs (Stover, 2006).

1.1.2 Folate D eficiency

Historically, the clinical manifestafion o f  severe folate deficiency has been 

m egaloblasfic anaemia, first idenfified by Lucy W ills in 1931 (W ills, 1978). This 

is characterised by an enlarged nucleus in haematopoietic cells, reflecting nonnal 

RNA and protein synthesis in a cell that is unable to divide as a result o f  impaired 

DNA synthesis and cell cycle arrest. In the developed world, with improved diets 

and fortification o f  many foods, folate deficiency to that extent is now relatively 

uncommon. However, many individuals may have sub-optimal levels (rather than 

severe folate deficiency) or impaired folate metabolism resulting fi'om a number 

o f  factors, including underlying genetic variation that alters cellular folate uptake 

and distribution and, deficiencies in other nutrients, such as vitamin 6 5  and B 1 2 , 

which are important co-factors for folate-dependent enzymes (Stover & Garza, 

2002). Disruption o f  folate metabolism, or inadequate folate supply, can result in 

a number o f  abnormalities including, impaired DNA synthesis due to a decreased 

production o f  thymidylate and purines, elevafion o f  hom ocysteine levels due to 

reduced remethylafion to methionine, and decreased SAM production resulting in 

disruption o f  important methyltransferase reactions in the body (Bailey & 

Gregory, 1999; Koury et al., 2000; Stover & Garza, 2002;). In particular, i f  the 

5,10-methyleneTHF co-factor is limiting, thymidylate synthesis will be impaired 

and this can lead to the accumulation o f  uracil and subsequent uracil 

misincorporafion into DNA (Blount et al., 1997; Crott et al., 2001). Uracil 

misincorporation is mutagenic and, i f  left uncorrected, can produce a point 

mutation by mispairing with guanine (Duthie et al., 2002). It is also associated 

with D N A  double strand breaks following excision o f  closely spaced uracils on 

opposite strands by the DNA repair machinery (Crott et al., 2001). This can result 

in chromosome fi'agmentation and, i f  breaks occur within coding regions, can lead
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to impaired gene expression. These mutagenic effects can have deleterious 

consequences and, not surprisingly, uracil misincorporation is widely associated 

with carcinogenesis (Crott et al., 2004; Novakovic et al., 2005).

Inadequate supply of the 5-methylTHF co-factor, necessary for the remethylation 

o f homocysteine to methionine, can also have an adverse effect as the result o f an 

elevation in homocysteine levels and a decreased production of the universal 

methyl donor, SAM. As mentioned previously, elevated homocysteine levels, or 

hyperhomocysteinemia, is a risk factor for vascular diseases and could possibly 

play a role in other common diseases (Refsum et al., 1998; Selhub & D ’Angelo, 

1998). Depletion of SAM is associated with a decrease in methyltransferase 

reactions, including methylation of DNA. Methylation of DNA in the promoter 

region of a gene is associated with gene silencing by repressing transcription and, 

in this way, plays an important role in regulating gene expression (Bird, 1993). 

Therefore, depletion o f SAM and subsequent DNA hypomethylation can result in 

aberrant gene expression and decreased genome stability. These genetic changes 

have also been implicated as potential disease risks, for example, alteration in the 

expression of important regulatory genes, especially those involved in cell cycle 

and cell death, may result in the uncontrolled cellular growth associated with the 

promotion or acceleration of carcinogenesis (Crott et al., 2004).
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1.2 Folate and Neural Tube Defects
1.2.1 Neural Tube Defects

Neural tube defects (NTDs) include all congenital anomalies that are 

caused by a failure o f the neural tube to close during the fourth week of human 

embryogenesis, with defects occurring at any point along the formation of the 

brain and spinal cord (for reviews see Botto et al., 1999; Northrup et a i, 2000; 

Copp et al., 2003; Mitchell et al., 2004). A small proportion o f NTDs occur as 

part o f malformation syndromes resulting from single gene disorders, such as 

Meckel-Gruber syndrome, or chromosomal abnormalities (Frey & Hauser, 2003). 

However, the vast majority are sporadic, non-syndromic NTDs and are 

multifactorial in origin. Non-syndromic NTDs are among the most common 

congenita! disorders, occurring at an average European rate o f approximately 1 in 

1000 pregnancies per year (Busby et al., 2005). This rate was higher in Ireland 

and the United Kingdom but has dropped in recent years and is now just slightly 

above the European average.

In order to understand how NTDs occur, it is important to first look at the normal 

process of neural tube fonnation and closure. This process is known as 

neurulation, and is conventionally divided into primary and secondary phases. 

Primary neurulation begins with the transformation of the general embryonic 

ectoderm into a thickened neural plate. The neural tube is then fonned by the 

shaping, folding and midline fusion o f the neural plate, and becomes covered by 

surface ectoderm that previously flanked the neural plate (Copp et al., 2003). 

Upon initial closure, the neural tube has openings at either end. These are called 

the anterior and posterior neuropores and they allow for the fluid o f the amniotic 

cavity to communicate with the lumen of the neural tube (Northrup et al., 2000). 

Following closure o f these neuropores, secondary neurulation begins and is 

responsible for the formation o f the caudal portion of the spinal cord. It proceeds 

by a process known as canalisation, which ultimately results in the formation of a 

hollow tube. Although controversial, it is believed that closure o f the neural tube 

follows a multi-site closure pattern with neural fold fusion being initiated at five 

different sites along the future neural tube (van Allen et al., 1993). Failure o f the 

neural tube to close at any of these sites along the neural tube results in an NTD 

and different types o f NTD are associated with failure of closure at different 

locations. The majority of NTDs result in either anencephaly or spina bifida.
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Anencephaly results from failure o f neural tube closure in the cranial region and is 

characterised by the absence of the skull vault and the subsequent exposure of the 

interior o f the brain to the outside (Copp et al., 2003). It is a fatal condition, as the 

forebrain remains in contact with the amniotic fluid and subsequently degenerates. 

Spina bifida accounts for approximately 50% of all NTDs and results from failure 

o f neural tube closure in the spinal region (Mitchell et al., 2004). Unlike some of 

the other NTDs, the post-natal survival rates for babies with spina bifida are quite 

high, depending on the severity o f the lesion and providing adequate medical 

attention is given. However, the vast majority o f survivors are likely to have 

severe, lifelong disabilities, including hydrocephalus and partial or complete 

paralysis o f the legs (Botto et al., 1999).

Spina bifida can be categorised as either spina bifida aperta (open) or spina bifida 

occulta (closed). Spina bifida aperta includes two main types:

• Myelomeningocele -  This is the most severe fonn of spina bifida. It is 

characterised by the protrusion o f a sac containing the spinal cord, 

cerebrospinal fluid (CSF) and meninges (nerve tissues) through a defect, 

or lesion, in the vertebral arch (Northrup et al., 2000).

• Meningocele -  This defect results from the protrusion o f a sac containing 

meninges and CSF, but the spinal cord and spinal root remain in their 

normal position (Northrup et al., 2000). It is the least common form of 

spina bifida.

Spina bifida occulta, also known as spinal dysraphism, is the mildest form of 

spina bifida. It results from defective secondary neurulation, in which the spinal 

cord fails to separate from the adjacent fissues (Copp et al., 2003). It is not always 

visible externally and may often go unnoticed.

Other, less common, NTDs include craniorachischisis and encephalocele. 

Craniorachischisis is a severe defect, involving the failure o f neural tube closure 

over the entire body axis and resulting in the exposure o f most of the brain and the 

entire spinal cord (Copp et al., 2003). As with anencephaly, this is a fatal defect 

and is not compatible with post-natal survival. Encephalocele is a cranial defect, 

which results from failure of surface ectoderm to separate from the neuroectoderm 

and is characterised by the protrusion o f meningeal or skin covered brain through
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a defect in the skull (Northrup et al., 2000). Depending on the extent o f the 

malformation, this defect is usually compatible with post-natal sunaval.

The aetiology o f NTDs is multifactorial, with both genetic and environmental 

factors playing a critical role. The existence of a genetic predisposition for NTDs 

is supported by the fact that NTDs have been shown to cluster in families and 

familial recurrence risks are high (McManus, 1987). Another indication o f a 

genetic predisposition is the fact that NTD incidence varies among ethnic groups. 

For example, in the USA, prevalence rates for white Americans (1.48/1000 

pregnancies) were shown to be significantly higher than those for African- 

Americans (0.87/1000 pregnancies; Stevenson et al., 2000). Among the 

environmental factors believed to have an association with the development of 

NTDs are maternal obesity, diabetes, and anticonvulsant drug use (van der Put et 

al., 2001). However, the most significant and widely recognised associated factor 

is that of maternal folate status, which has been shown to have an inverse 

relationship with NTD development. The existence of a specific link between 

folate and NTDs in humans was first reported by Brian Hibbard in 1964 when he 

noticed a high incidence of aberrant folate metabolism in women who had an 

NTD-affected pregnancy, with this finding subsequently reconfirmed in a separate 

group (Hibbard, 1964; Hibbard & Smithells, 1965). Since then, randomised trials 

have proven that folate supplementafion both before and during early pregnancy 

may prevent up to 70% of all NTDs, as well as, other congenital anomalies 

(MRC, 1991; Czeizel & Dudas, 1992). The results of these, and other, studies 

have led to the recognition of folate as a vital factor for normal embryonal 

development.

1.2.2 Role of Folate in NTDs

The role o f folate in both purine and pyrimidine synthesis is essential in 

proliferating cells and cells with a high rate o f DNA synthesis, such as in the 

developing embryo. Therefore, there is an increased need for folate during 

development and this is reflected by the greatly increased demand for folate 

during pregnancy (McPartlin et al., 1993). Folate supply is believed to be 

especially critical during early development since many studies and intervention 

trials have shown the importance of adequate maternal folate status in the
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prevention o f NTDs. Among the first and most important of these intervention 

trials was the United Kingdom Medical Research Council (MRC) Trial (MRC 

Vitamin Study Research Group, 1991). This randomised, double-blind trial of 

1,817 women with a history of an NTD-affected pregnancy showed that 

periconceptional supplementation with folic acid provided a 72% protective effect 

against NTD recurrence. Later, a Hungarian randomised trial demonstrated the 

protective effect o f folic acid for a first NTD occurrence in women with no history 

o f an NTD-affected pregnancy (Czeizal & Dudas, 1992). In addition to its 

preventative effect on NTDs, it has been suggested that folate and other vitamin 

supplementation may also be involved in the prevention of other congenital 

anomalies, including orofacial clefts and cardiovascular defects (Botto et al., 

2004). The result o f these, and other, studies has led to the recommendation that 

all women o f child-bearing age consume an additional 0.4 mg o f folic acid daily 

to reduce the risk of NTDs, although even a dose of 0.2 mg has been show'n to 

significantly lower risk (CDC, 1992; Daly et al., 1997). In response to these 

recommendations, mandatory fortification of many foods with folic acid has been 

introduced in some countries as a public health measure to lower NTD rates. For 

example, since 1998 in the USA, cereal grain has been fortified with 1.4 mg of 

folic acid/kg grain (Food and Drug Administration, 1996). This is expected to 

increase the folic acid intake of the average population by ~100 |ig/day and recent 

studies have shown that fortification is preventing around 50% of NTDs in the 

USA (Mills & Signore, 2004). Similar reductions in NTD rates have also been 

shown as a result o f mandatory fortification in Canada (Ray et al., 2002). 

However, fortification with folic acid is not a mandatory process in most countries 

and, although some public awareness campaigns advising periconceptional 

supplementation are in place, optimal folate intake is not being achieved in most 

women. A recent international retrospective study revealed that folic acid 

recommendations alone are not effective in decreasing NTD rates in those 

countries studied, and a more widespread implementation of food fortification is 

believed necessary to prevent folate-related NTDs (Botto et al., 2005). As a result 

o f these studies, mandatory fortificafion o f a staple food with folic acid has been 

proposed here in Ireland and is likely to be introduced in the near fijture 

(www.folicacid.ie).
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Although studies have shown that folate supplementation reduces NTD risk, the 

mechanism o f its protective effect is still not completely understood. Levels o f 

plasma and red cell folate have been found to be lower in NTD case mothers than 

in controls but they are still well above the clinically deficient range and, 

therefore, there is no indication o f a nutritional shortage o f  folate (Kirke et a i,  

1993; Daly et a l, 1995). Since it is clear that the action o f folate in lowering NTD 

risk is not by correcting a simple nutritional deficiency, it seems likely that its 

action may be in overcoming some metabolic block along the folate pathway 

(Daly et al., 1995). This theory, along with evidence o f  a genetic risk, has led 

researchers to look for underlying variants in folate-related genes that may disrupt 

folate metabolism or alter folate co-factor distribution in a way that contributes to 

NTD pathogenesis.

1.2.3 Investigation o f  Candidate Genes & Causative Alleles

The genetic element underlying complex diseases such as NTDs is most 

often comprised o f multiple gene variants each contributing a relatively small 

effect to the disease phenotype, unlike classical monogenic diseases where only 

one causative variant is responsible for disease precipitation. Investigation o f 

those variants involved in common complex diseases is complicated by the fact 

that gene-gene and gene-environmental interactions may influence the risk 

associated with a particular variant (Mitchell, 2005) and also the existence o f 

heterogeneity, where different combinations o f  risk alleles can result in a similar 

phenotype (Gray et al., 2000). In developmental disorders such as NTDs this 

complexity is also compounded by the fact that the risk gene may act via either 

the maternal or the embryonic genotype. Therefore, identification o f the variation 

responsible for complex disease development and progression is often 

challenging. The approach taken to identify the underlying genetic component o f 

NTDs has mostly been in the form o f case/control or family-based association 

studies with variants in candidate folate-related genes. Mouse models that exhibit 

NTDs have also been investigated with the hope o f  uncovering the some o f  the 

genes that are necessary for complete neural tube closure. These mouse models 

provide the opportunity for analysis o f  the fiindamental mechanisms underlying
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neural tube closure, the factors that may contribute to an NTD, and the basis of 

the preventative effect of folate in a way that is not possible in humans.

Mouse Models of NTDs

More than 80 mouse mutants and knockouts have been shown to exhibit NTDs, 

but only a small proportion o f these have been tested for folate sensitivity (Greene 

& Copp, 2005). Those mouse mutants that are folate responsive include crooked 

tail {Cd), cartilage homeoprotein 1 (Cartl), CBP/p300-Interacting Transactivators 

with glutamic acid (E)/ aspartic acid (D)-rich C-terminal domain 2 (Cited2), and 

splotch {Sp; Juriloff & Harris, 2000; Greene & Copp, 2005). Little is known about 

folate metabolism in Cartl and Cited2 mutants or how folate can rescue embryos 

from NTD development. Although, it is known that these models are associated 

with excessive apoptosis and, therefore, it is possible that folate supplementation 

may serve to stimulate proliferation to an extent sufficient to overcome the 

underlying defect and allow neural tube closure (Greene & Copp, 2005). The Cd 

mouse mutant results from a mutation in the low-density lipoprotein receptor- 

related protein 6 (Lrp6) gene, which is involved in signal transduction (Carter et 

al., 2005). A recent investigation demonstrated that, despite high levels o f folate 

in the diet, serum and liver, Cd homozygous mutants have a defect in either folate 

utilisation or in accessing intracellular folate (Ernest et al., 2006). It is believed 

that increasing folate supplementation may achieve a threshold that is adequate 

for neural tube closure. Defective folate metabolism has also been identified in Sp 

mutants and is believed to limit the supply of folate available for DNA synthesis. 

Sp mice carry a mutated allele o f PaxS, which is a paired box-containing 

transcription factor (Epstein et al., 1991). The role o f PaxS in folate metabolism, 

and how its mutation results in this disruption, is not clear. This finding led to 

screening o f the human PAXS gene, however, no association with human NTD 

risk was identified (Trembath et al., 1999). Another finding from mouse model 

studies is that folate deficiency per se is insufficient to cause NTDs in mice, 

indicating that a certain genetic background must also be present for disease 

precipitation (Fleming & Copp, 1998).

Mouse models allow for experimental analysis that cannot be undertaken in 

humans but there are still a number of caveats associated with this mode of 

investigation, largely owing to the fact that most mouse models are created by
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whole gene knockouts or by inducing mutations that alter gene fiinction to an 

extent that would not typically be observ'ed in humans. However, they do enable 

the identification of genes that, otherwise, might not have been implicated and 

these can then be prioritised for human testing.

Identification o f risk genes and gene variants in humans is performed using either 

linkage or association studies and these have also been applied to investigate the 

genetics underlying NTDs.

Linkage and Association Studies

In the past, linkage studies were the most popular method for identifying genes or 

gene regions associated with disease risk. These studies are based on pedigree 

analysis, where the transmission of certain markers (usually microsatellites) to 

affected individuals within families is used to localise disease-associated genes 

(Hirschhom, 2005). However, linkage-based approaches are more suitable for the 

identification of genes involved in monogenic disorders and have generally 

proved disappointing for the analysis o f common polygenic disorders (Gray et ah, 

2000). Additionally, the use o f linkage analysis for NTD studies is deterred by 

difficulty in obtaining sufficient family samples for a complete pedigree due to the 

high infant mortality rate and low reproductive capability o f individuals with 

spina bifida. Only one whole genome linkage study for NTDs has been performed 

to date, which identified a number o f chromosomal regions that might be 

associated with NTD risk (Rampersaud et al., 2005). Linked regions were 

identified on chromosomes 7, 10, 11, 15 and 21 and genes within these regions 

have been proposed as candidates for further analysis.

More recently, association studies have replaced linkage studies as a powerful 

approach to identify the DNA variants underlying many complex diseases (Risch 

& Merikangas, 1996). Association studies do not involve analysis o f genetic 

variation in large pedigree samples, as with linkage studies, but rather investigate 

disease association in case-control groups or within family triads groups (case, 

mother, father). These studies can be based either a candidate gene approach, 

where the variants within a disease relevant gene (or ‘candidate’ gene) are tested 

for association, or a whole genome approach, which covers the majority o f the 

variafion within the genome in testing for disease associafion. Single nucleotide 

polymorphisms (SNPs), involving the substitution o f one nucleotide for another,
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are the most common type of DNA variation and are usually the basis o f such 

association studies investigating disease risk. The majority o f these studies are 

based on a case/control comparison, where case and control groups are genotyped 

for a variant(s) o f interest and the genotype/allele frequencies in both groups are 

compared. A statistically significant difference between allele, genotype or 

haplotype frequencies in the two groups signifies an association o f that variant(s) 

with the disease (Balding, 2006). This association indicates the variant either has a 

direct, functional effect in relation to disease risk or is a marker that is in linkage 

disequilibrium (LD) with the fianctional variant. LD refers to the non-random 

association o f alleles that are co-inherited at neighbouring loci (Ardlie et ai, 

2002; Chapter 4.1.2). A large sample size, where case individuals are compared 

with matched controls from the same population, is necessary for a powerful 

association study with a greater chance of detecting a small effect (Gray et al„ 

2000).

Another method is to perform a family-based association study by assessing the 

transmission of alleles from parents to offspring. The transmission of a particular 

SNP allele from a heterozygous parent to the affected offspring is investigated and 

a significant deviation from normal Mendelian transmission implicates that allele 

with disease risk (Lewis, 2002). This type o f association study is robust against 

the complications o f populafion stratification i.e., the existence o f genetic sub

groups within the population, although it is not as powerful as case/control studies 

of similar sample size (Risch, 1990).

Association studies using whole genome scans, to cover the genetic variation 

across the entire genome, are becoming increasingly more feasible and popular 

since the completion o f the Human Genome Project, the establishment o f the 

HapMap Project, and with advancing technology and reducing costs. However, 

most association studies to date have been based on a candidate gene approach, 

where genes are selected based on a priori knowledge of biological pathways 

involved and gene product function, and the variants (usually SNPs) within 

selected genes are studied. This is the approach that has been taken for most 

invesfigations o f NTD risk and development, where the known protective effect of 

folate supplementation suggests that disruptions in folate-related genes are likely 

to have an association with NTD risk and, therefore, genes involved in folate 

metabolism are chosen as candidates and variants within these genes screened for
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association in either case/control or family based studies. However, many o f the 

results have proven weak and difficult to replicate (Boyles et al., 2005), as is the 

case with most association studies of common disease due to the underlying 

genetic complexity (Hirschhom et al., 2002). Some of the folate-related genes 

studied and any identified associations with NTD risk are discussed below.

5,10-Methylenetetrahydrofolate reductase (MTHFR) -  MTHFR is an 

important enzyme that catalyses the conversion of 5,10-methyleneTHF to 5- 

methylTHF, which is utilised by the methionine synthase enzyme to remethylate 

homocysteine to methionine (Figure 1.2). A common polymorphism was 

identified, causing a C to T transition in the MTHFR gene, resulting in an alanine 

to valine substitution in the catalytic domain of the enzyme and a reduction in 

enzyme activity (Frosst et al., 1995). This reduced enzyme activity is believed to 

result fi-om a decreased affinity of the enzyme for its fiavin-adenine dinucleotide 

(FAD) co-factor, particularly under conditions of low folate and low riboflavin 

(Yamada et al., 2001). The original nucleotide position of this variation was first 

designated as 677, although the actual position has since been identified at 

position 665 (van der Put & Blom, 2000(a)). However, it is widely referred to as 

6 7 7 C ^T  in the literature, and therefore this is the accepted, albeit incorrect, 

nomenclature for this polymorphism. Homozygousity for the 677C->T 

polymorphism results in a reduction in both plasma and red cell folate levels and 

an increase in homocysteine levels (Molloy et al., 1997; Chango et al., 2000), and 

has been identified as a risk factor for NTDs in a number o f populations, 

including the Irish population (Whitehead et al., 1995; van der Put et al., 1995; 

Kirke et al., 1996; Ou et al., 1996; Christensen et al., 1999; Shields et al., 1999; 

Relton et al., 2004). However, this association with NTD risk has not been 

confirmed by all studies (Momet et al., 1997; Speer et al., 1997; Koch et al., 

1998; Boduroglu et al., 1999; Stegmann et al., 1999; Nurk et al., 2004). A meta

analysis of a number o f these, both positive and negative, association studies 

identified the homozygous TT genotype as both a case and maternal risk factor for 

NTD development (Botto & Yang, 2000).

This polymorphism has also been associated other common diseases. In particular, 

provided folate status is adequate, the 677TT genotype is believed to have an
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inverse relationship with colorectal cancer development, possibly by directing 

folate towards thymidylate synthesis, thereby preventing uracil misincorporation 

into DNA and associated carcinogenesis (Chen et a i,  1996 & 1998; Ma et al.,

1997). This illustrates the complex nature o f genetic variation in relation to 

common disease, where the same genetic variant can act as both a risk and a 

protective factor under different folate conditions.

The estimated attributable fraction o f NTDs due to the MTHFR TT and CT 

genotypes in Ireland was calculated at 26% (Kirke et al., 2004), although this is 

likely to be an overestimate since the effects were considered independently o f 

other factors that are likely to be involved (Parle-McDermott et al.. In Press). 

Folate supplementation has been shown to prevent up to 70% of NTDs, therefore, 

the investigation for other associated polymorphisms in folate-related genes 

continued.

Further screening o f MTHFR led to the identification o f a second polymorphism 

known as 1298A ^C , which is in linkage disequilibrium with the 6 77C ^T  SNP. 

This polymorphism results in a glutamate to alanine transition in the MTHFR 

enzyme and was initially associated with slightly reduced enzyme activity in 

crude cell extracts (van der Put et al., 1998; Weisberg et al., 1998) and proposed 

as a risk factor for NTDs (van der Put et al., 1998). However, investigation o f the 

human recombinant enzyme has since shown that this polymorphism does not 

affect enzyme activity (Shan et al., 1999; Yamada et al., 2001) and it has not been 

identified as a risk factor for NTDs in most o f the populations studied, including 

the Irish population (Stegmann et al., 1999; Pari e-McDermott et al., 2003; Nurk et 

al., 2004; Relton et al., 2004). However, one o f these studies identified the 

maternal 1298CC genotype as a protecfive factor against very low birth weight 

infants (Nurk et al., 2004) and, recently, the homozygous 1298CC genotype has 

been associated with an increased level o f red cell folate in a study of Irish women 

(Parle-McDermott et al., 2006). A similar finding of increased folate levels was 

also identified in an earlier study by Lucock et al. (2001), although folate levels in 

this study were measured by radiometric assay, which is less reliable than the 

microbiological folate assay in relation to this polymorphism (Molloy et al.,

1998). This suggests that this polymorphism has a beneficial or protective role 

given that folate status is known to have an inverse relationship with many 

common diseases. Although the polymorphism is not associated with NTDs in
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this population, the higher red cell folates levels associated with the CC genotype 

may be important especially in relation to cancer prevention. Other studies have 

identified a cancer protective association with this genotype, particularly when 

folate intake is low (Skibola et al., 1999; Robien & Ulrich, 2003; Sharp& Little, 

2004). In contrast, a recent study reported that the 1298 C allele is associated with 

reduced plasma folate levels (Ulvik et al., 2007). However, circulating folate may 

not reflect intracellular folate status and, in relation to the 1298A->C 

polymorphism, it is possible that the 1298CC genotype results in a folate co

enzyme distribution that favours cellular retention o f  folate, which is not reflected 

in plasma measurements.

Methionine Synthase (MTR) -  Another likely candidate for association with 

NTDs is the vitamin Bn-dependent MTR enzyme. This enzyme is involved in the 

methylation cycle by transferring the methyl group from 5-methylTHF, via the 

vitamin Bi,2 cofactor, to homocysteine for the formation o f methionine. Therefore, 

it is an important enzyme for maintaining the intracellular balance between 

homocysteine and methionine levels and for providing adequate methionine levels 

for SAM production and subsequent methylation reactions. Screening o f  the MTR 

gene for causal mutations revealed a common polymorphism that results in an 

A ->G  transition at nucleotide 2756 (A2756G) but this was not found to be 

associated with NTD risk in most o f the studies performed (van der Put et al., 

1997; Morrison et al., 1997; Shaw et al., 1998; Brody et al., 1999). However, one 

study identified a reduced case risk with the homozygous GG genotype 

(Christensen et al., 1999), while another study identified the same genotype as a 

possible maternal risk factor (Doolin et al., 2002).

M ethionine Synthase Reductase (MTRR) -  The MTRR enzyme is involved in 

activating the MTR enzyme and, therefore, is also essential for the methylation 

cycle. Association studies in relation to the MTRR gene and NTD risk have led to 

results that are both contradictory and inconclusive. No association o f  common 

variants in the MTRR gene with NTD risk was identified in the Irish population 

(O ’Leary et al., 2005). Investigation o f  the common A66G polym orphism in other



studies found embryo and/or maternal associations with the homozygous mutant 

GG genotype and NTD risk, especially when vitamin B 12 levels were low (W ilson 

et a i ,  1999; Zhu et a i ,  2003; van Linden et al., 2006). However, other studies 

identified the homozygous AA genotype as a maternal risk factor (Doolin et al., 

2002), as well as, being associated with elevated homocysteine levels (Gaughan et 

al., 2001). To add to the complexity, another study proposed the GG genotype to 

confer embryo protection against NTD development (Relton et al., 2004). These 

conflicting results again highlight the complex nature o f NTD development and 

the difficulty in identifying the exact factors that contribute to risk.

Reduced Folate Carrier (RFC) and Folate Receptor P (FRP) -  Genes encoding 

enzymes involved in folate transport have also been chosen for investigation since 

a disruption to folate transport could alter intracellular folate levels, disrupting 

folate-dependent processes and possibly increase the risk o f  NTD development. 

Some studies have implicated variants in the RFC gene with NTD risk (De Marco 

et al., 2001; Shaw et al., 2002; Pei et al., 2005). However, neither embryo nor 

maternal associations were identified with either the RFC or the FRp genes in the 

Irish population (O ’Leary et al., 2003; O ’Leary et al., 2006).

M ethylmalonyl-coA mutase (MutA) and Transcobalamin II (TCII) -  Low

vitamin B 12 levels have also been implicated in NTD risk (Kirke et al., 1993). 

Therefore, some genes that are not directly involved in folate metabolism, but 

related to vitamin B 12 reactions have also been investigated in relation to NTD 

risk. However, variants in both the MutA  and TCII vitamin B i2 -related genes were 

not found to be associated with NTD risk in the Irish population (Parle- 

M cDermott et al., 2003; Swanson et al., 2005).

Cystathionine p Synthase (CpS) -  The vitamin B6-dependent CpS enzyme 

catalyses the conversion o f homocysteine to cystathionine in the transsulphuration 

pathway and is therefore important in regulating intracellular homocysteine levels. 

Disruption o f  this pathway would lead to elevated homocysteine levels, similar to
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those observed in women with an NTD-affected pregnancy (Mills et ah, 1995; 

van der Put et al., 1995). No association between C/^S gene variants and NTD risk 

was identified in the Irish, or most other populations (Ramsbottom et al., 1997; 

Morrison et al., 1998; Zhao et al., 2000). Upon investigation of gene-gene 

interactions, some studies found that a common insertion polymorphism, CpS 

844ins68, could inflate the risk associated with the MTHFR 677TT genotype 

(Rampersaud et al., 2003; Relton et al., 2004).

Dihydrofolate Reductase (DHFR) -  DHFR is an important enzyme for the 

provision o f the THE co-factor for subsequent one-carbon reactions. No genetic 

variations have been detected in the coding region of the DHFR gene, making 

analysis restricted to non-coding regions. Recently, a novel intronic 19bp deletion 

polymorphism has been shown to exert a protective maternal effect when present 

in one or two copies, possibly by increasing DHFR gene expression (Parle- 

McDermott et al., 2007). However, a previous study reported an opposite finding 

(Johnson et al., 2004).

A polymorphism within the 5,10-methylenetetrahydrofolate 

dehydrogenase/ 5 ,10-methenyltetrahydro folate cyclohydrolase/ 10-

formyltetrahydrofolate synthetase (MTHFDl) trifunctional enzyme has also 

recently been identified as a maternal risk factor for NTDs, as well as, abruptio 

placentae and mid-trimester miscarriage (Brody et al., 2002; Parle-McDermott et 

al., 2005(a); Parle-McDermott et al., 2005(b); Parle-McDermott et al., 2006). 

This polymorphism will be discussed in more detail in the following section on 

MTHFDl.
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1.3 MTHFDl
1.3.1 Structure and Function

M THFDl, often referred to as “Cl-THF synthase”, is a 100 kDa 

nicotinamide adenine dinucleotide phosphate (NADP^)-dependent cytoplasmic 

enzyme with three distinct activities:

1) 5,10-methylenetetrahydrofolate dehydrogenase

2) 5,10-methenyltetrahydrofolate cyclohydrolase

3) 10-formyltetrahydrofolate synthetase

The eukaryotic trifunctional enzyme consists of two functional domains, an 

amino-terminal portion (33 kDa) containing the dehydrogenase and 

cyclohydrolase activities, and a larger synthetase domain (67 kDa) in the carboxy- 

terminal region (Hum et al., 1988; Figure 1.3). A linker region joins the two 

domains and, although the sequence of this region is not believed to have a 

functional effect, it may be important for maintaining structural integrity. The 

triftinctional enzyme functions in vivo as a homodimer and plays an important role 

in folate metabolism (Figures 1.2 & 1.4), catalysing three sequential reactions in 

the interconversion of one-carbon derivatives of THF (the biologically activate 

form of folate). The 5,10-methyleneTHF dehydrogenase activity is responsible for 

the reversible conversion o f 5,10-methyleneTHF to 5,10-methenylTHF, which 

can then be converted to 10-formylTHF by the 5,10-methenylcyclohydrolase 

activity. The 10-formylTHF synthetase activity is also responsible for 10- 

formylTHF production from THF and formate.

The main role o f MTHFDl is in providing 10-formylTHF and 5,10- 

methyleneTHF for de novo purine and thymidylate synthesis, respectively, and 

thus in the biosynthesis of DNA (Hum et al., 1988). This is an especially critical 

process in rapidly growing cells, as in the developing embryo, where purines and 

pyrimidines are in constant demand for new DNA synthesis. The 10-fomiylTHF 

synthetase enzyme provides 10-formylTHF to the cell, which is essential for de 

novo purine synthesis, as it supplies one-carbon units to glycinamide ribotide 

(GAR) and aminoimidazole-carboxomide ribotide (AICAR) during the 

biosynthesis o f the purine ring (Wagner, 1995). The 5,10-methyleneTHF co-factor 

is necessary for thymidylate synthesis and also for the conversion of 

homocysteine to methionine and the supply o f methyl groups via the production
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o f SAM (Chapter 1.1.1). Biochemical evidence has shown that, as well as 

providing 10-formylTHF for purine synthesis, the MTHFDl enzyme may have £ 

non-catalytic role as a structural component in a multi-enzyme purine synthesising 

complex (Smith et a i,  1980; Barlowe & Appling, 1990; West et a i,  1996) 

Therefore, MTHFDl plays a critical role in the provision of folate co-factors for 

many important reactions, particularly de novo DNA synthesis.

Comparison o f MTHFDl across a wide range o f species reveals a remarkably 

conserved domain structure and intron/exon organisation, with significant 

homology identified between species as diverse as human and yeast (Staben & 

Rabinowitz, 1986). A higher level o f homology is seen between more closely 

related species, such as human, rat and mouse (Howard et a i ,  2003). The cross

species conservation of MTHFDl indicates its importance in nonnal cell function 

and development.

1.3.2 MTHFDl Homologues

Folate metabolism is highly compartmentalised between the cytoplasm 

and the mitochondria in eukaryotic cells and some of the folate-dependent enzyme 

activities are present in both compartments (Appling, 1991). Trifunctional 

MTHFDl is found in both compartments in yeast (Staben & Rabinowitz, 1986; 

Shannon & Rabinowitz, 1988) and all three MTHFDl activities have also been 

identified in both compartments in mammalian cells (Barlowe & Appling, 1988; 

Figure 1.5). However, a trifunctional mitochondrial enzyme has not yet been 

identified, and instead, two separate enzymes constituting the three MTHFDl 

activities, have been identified in mammalian mitochondria. The first is a NAD~- 

dependent 5,10-methyleneTHF dehydrogenase/5,10-methenylTHF cyclohydrolase 

bifianctional enzyme, known as MTHFD2, which is expressed in mammalian 

mitochondria during embryonic development and in transformed cells, but not in 

adult differentiated tissue (Mejia & MacKenzie, 1985). This enzyme lacks the 

large C-terminal synthetase domain, present in the cytoplasmic enzj^ne. However, 

significant homology with synthetase sequences has been identified in the 3' 

untranslated region of the MTHFD2 gene, which suggests that it is derived from a 

trifunctional precursor (Patel et a i, 2002). The cofactor change from NADP^ to 

NAD"  ̂ is believed to shift the equilibrium to favour the production of 10- 

formylTHF in the mitochondria, and ultimately result in increased purine



synthesis in the cytoplasm, which would be favourable during embryonic 

development (Pelletier & MacKenzie, 1995). This enzyme was shown to be 

critical for development, since its loss results in embryonic lethality in mice (Di 

Pietro et al., 2002). A second MTHFDl-like mitochondrial enzyme has also been 

characterised and is known as MTHFDIL (Prasannan et al., 2003). The full- 

length cDNA encodes a protein of 978 amino acids, with 61% homology to the 

cytoplasmic enzyme. However, homology is mostly between the 10-formylTHF 

synthetase domains and this is the only enzyme activity that has been detected in 

MTHFDIL. Although the dehydrogenase/cyclohydrolase domain is present, these 

enzyme activities have not been detected, and the identification of mutations in 

residues essential for these activities indicate that this domain is not likely to be 

functional in vivo (Christensen et al., 2005). It has been proposed that the non

functional dehydrogenase/cyclohydrolase domain may be involved in stabilising 

the synthetase domain by allowing enzyme dimerisation (Christensen et al., 

2005). The source o f these two enzyme activities in adult mitochondria remains to 

be established, as MTHFD2 is only expressed in embryonic cells, either in a 

separate bifunctional enzyme or an as yet unidentified trifianctional enzyme. It is 

possible that the separation o f the two MTHFDl enzyme activities in the 

mitochondria may be an example o f divergent evolution to optimise the enzyme 

activities in the cell by allowing a more precise control o f expression (Christensen 

et al., 2005).

1.3.3 The MTHFDl Gene

MTHFDl is an essential cytoplasmic enzyme for the biosynthesis o f DNA 

in cells, therefore, the MTHFDl gene is expressed in all cell types and at all 

stages o f development, although, the level o f expression varies between cell and 

tissue types and with developmental stage. It has been shown that M THFDl 

transcript levels are correlated with MTHFDl enzyme levels, indicating that 

MTHFDl does not normally undergo any post-translational regulation (Thigpen et 

al., 1990).

The human M THFDl gene was mapped to position 14q24 of chromosome 14 

using somatic cell hybridisation and in situ hybridisation (Rozen et al., 1989) and 

more recently, since the completion o f the Human Genome Project, the exact 

location is now given as between positions 63924846 and 63996474 on the direct
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strand of chromosome 14 (subject to change upon new assemblies of the genome; 

Figure 1.6). The gene spans a region > 71 kb and is transcribed into a 28 exon 

primary mRNA transcript of ~3 kb (GenBank entry: NM_005956). An MTHFDl 

pseudogene, that is not expressed, is also present on the human X chromosome 

(Italiano e? a/., 1991).

Approximately 2 kb 3' of the MTHFDl gene, transcribed in the same orientation, 

lies the gene for AKAP5 (A Kinase (PRKA) Anchor Protein 5; GenBank entry: 

NM_004857). This is an intronless gene, whose encoded protein binds to the 

regulatory subunit of protein kinase A, and also to protein kinase C and 

calcineurin. On the other side of MTHFDl, approximately 1 kb 5' of exon 1 lies a 

predicted gene, LOC441687, which is similar to the mouse Tex21 gene 

(previously known as testis expressed gene 21; testis expressed gene 11) and this 

gene is transcribed in the opposite direction to MTHFDl (GenBank entry 

XM_497412.1; Figure 1.6). The proximity of the 5' ends of the two genes 

suggests the possibility of a bifunctional promoter serving to initiate transcription 

in both directions. This is a relatively common feature throughout the genome and 

is seen with many of the other folate-related gene promoters (Chapter 1.3.5).

1.3.4 The R6530 Polvmorphism

A common polymorphism, 1958G^A (but usually referred to as R653Q), 

is characterised as a G to A transition at nucleotide 1958 in the MTHFDl gene, 

which results in an arginine to glutamate substitution in the synthetase domain of 

the MTHFDl enzyme (Hoi et a i, 1998). SNFs that result in an amino acid 

change, known as non-synonymous SNPs, represent those most likely to exert a 

functional effect and are frequently included in association studies. Following one 

such study, this polymorphism was identified as a maternal risk factor for NTDs 

in the Irish population, with an excess of the QQ homozygotes found in the 

mothers of children with NTD (Brody et al., 2002). It was proposed that the 

presence of this polymorphism in the synthetase domain of the enzyme could 

affect the role of MTHFDl in the proposed multienzyme purine synthesising 

complex, leading to a reduction in efficiency of purine provision from the mother 

to the developing embryo, which could result in impaired DNA synthesis and 

increase the risk of NTD development. In the same study, it was also found that 

QQ homozygousity was underrepresented in children with NTD. It was suggested
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that the QQ genotype in the embryo may lead to decreased viability or, 

alternatively, may be protective against NTDs, both resulting in the observation of 

fewer QQ homozygote NTD cases than expected. The results o f this initial study 

have since been reconfirmed, with the same effect being identified in an 

additional NTD cohort (Parle-McDermott et ah, 2006). The R653Q 

polymorphism has also been identified as maternal genetic risk factor for severe 

abrupfio placentae, with QQ homozygote mothers having an almost threefold 

higher risk o f developing severe abrupfio placentae during their pregnancy (Parle- 

McDermott et a i,  2005(a)). Abruptio placentae, or placental abrupfion, is thought 

to be caused by a defect in the placental vascular bed and results in the premature 

separation of the placenta fi’om the site o f uterine implantation (Eskes, 2001). It 

complicates approximately 1-2% o f all pregnancies and is a significant cause of 

both maternal and foetal mortality (Hladky et al., 2002).

Association of the R653Q polymorphism with mid-trimester miscarriage was also 

investigated (Parle-McDermott et al., 2005(b)). Again, those women with a QQ 

homozygous genotype were shown to be at risk and more likely to have a mid

trimester pregnancy loss.

The fact that a variant form of this enzyme is related to several severe phenotypes 

indicates that the enzyme is critical for nornial cellular function and embryonal 

development.

1.3.5 TheM TH FD l Promoter

MTHFDl is believed to play an important role in normal development 

and, therefore, its expression and regulation will be critical in the developing 

embryo. The promoter o f a gene is responsible for the expression and regulation 

of that gene, since it controls the initiation of transcription. Characterisation o f the 

human MTHFDl promoter is, therefore, necessary to provide a better 

understanding of the mechanisms responsible for regulafion at the transcriptional 

level and to provide an insight into the factors that impact gene expression. Once 

these factors and the mechanisms o f regulation have been identified, it may be 

possible to determine if a defect in the expression or regulafion o f the gene could 

be related to the pathogenesis o f a developmental defect, such as an NTD.
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1.4 Promoters
1.4.1 Background

The promoter of a gene is the switch that controls whether that gene is 

turned on or off. It consists of several short motifs (usually 5-10 bases) that serve 

as recognition sites for proteins involved in both the initiation and the regulation 

of transcription. RNA polymerase II is the enzyme responsible for the 

transcription o f a gene sequence into messenger RNA (mRNA), which is then 

translated into protein. Promoter sequences provide a recognition signal for the 

RNA polymerase II machinery and, therefore, transcriptional initiation. This 

minimal promoter sequence, necessary for RNA polymerase II recognition, is 

known as the core promoter and is capable o f directing basal transcription. In 

addition to the core promoter, each promoter has a unique selection and 

arrangement of additional motifs, usually upstream but occasionally downstream, 

that serve as binding sites for trans-acXmg factors. These trans-acimg factors serve 

to regulate gene expression when bound to their consensus sequences. Depending 

on the nature o f the factor that binds, transcription of the gene can be either up- 

regulated or down-regulated. Each promoter contains a unique selection and 

arrangement o f these binding sites and, therefore, each promoter follows a unique 

and specialised pattern of expression.

1.4.2 The Core Promoter

The core promoter is the minimal stretch of DNA sequence that is 

sufficient to direct accurate initiation of transcription by the RNA polymerase II 

machinery (Butler & Kadonaga, 2002). The RNA polymerase II machinery 

consists o f both the RNA polymerase II enzyme and additional accessory proteins 

known as the general transcription factors (GTFs; Roeder, 1996; Weis & 

Reinberg, 1997). These are TFIID, TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH, and 

they are necessary for positioning the binding o f RNA polymerase II and allowing 

transcription to begin. O f the GTFs, TFIID is the only one with components that 

exhibit specific DNA-binding properties (Roeder, 1996). TFIID is a multi-subunit 

complex that consists o f TATA Binding Protein (TBP) and a number of TBP 

Associated Factors (TAFs). The GTFs are recruited to the promoter region, where 

they recognise and bind to specific DNA sequences and/or to other protein factors 

to form a Pre-Initiation Complex (PIC). PIC formation in a wide variety o f
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promoters requires TBP, TFIIB, and RNA polymerase II, with TFIID and TFIIF 

needed for increased and more stabilised complex formation (Weis & Reinberg,

1997).

The nucleation o f such an initiation complex occurs by the initial recognition o f a 

specific core promoter sequence element. There are many core promoter elements 

but none that are universal to all promoters. The TATA box was the first 

eukaryotic core promoter element to be identified (Goldberg, 1979; Breathnach & 

Chambon, 1981). About 30-50% of all known promoters contain a TATA box at a 

position about 30 bp upstream of the transcription start site (TSS), making it the 

most conserved known functional signal in eukaryotic promoters. It has a 

consensus sequence o f TATAA, which serves as a recognition site for TBP to 

bind, along with a number of TAFs. Upon binding to the TATA box, TBP induces 

conformational changes in the DNA and allows the RNA polymerase II 

machinery to proceed with transcription. Another core promoter element is known 

as the Initiator (Inr) and is positioned so that it surrounds the TSS. Although 

weaker than the TATA box, the Inr is sufficient for directing accurate 

transcriptional initiation by RNA polymerase II (Smale, 1997). It has a loose 

consensus sequence o f Py Py A N T/A Py Py (Py = Pyrimidine), with the first ‘A ’ 

usually being the transcription start site (Javahery et al., 1994). As with the TATA 

box, initiation fi-om consensus Inr elements appears to depend on the presence of 

the TFIID complex, although not all require the same stable interaction with TBP 

(Smale, 1997).

Some promoters also contain additional core promoter elements downstream of 

their TSS, which appear to be important for promoter function. One o f these is the 

downstream promoter element (DPE), which is present in some TATA-less, Inr- 

containing promoters about 30 bp downstream of the TSS (Burke & Kadonaga,

1998). It is believed to act as a downstream analogue of the TATA box and assists 

in controlling precise transcriptional initiation through the binding of TFIID and 

TAFs (Butler & Kadonaga, 2002). Another downstream element, believed to be 

important in some core promoters, is the Multiple Start Site Element Downstream 

(MED-1). It was identified as the only common element in fourteen TATA-less 

promoters with mulfiple start sites (Ince & Scotto, 1995). It is located at a position 

20-45 bp downstream of the initiation window and is believed to be involved in 

the utilisation of multiple start sites in these promoters.
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However, some promoters do not contain any of these recognisable core promoter 

elements. A typical feature of these promoters is the existence o f multiple, widely 

dispersed TSSs, instead of a single or localised cluster of start sites. It is not fiilly 

understood how PIC formation and positioning o f transcription initiation is 

controlled in these promoters. Although the TATA box is absent, it is believed 

that a functional TBP-containing initiation complex can still assemble on the 

promoter region and initiate transcription through some other mechanism, 

possibly relating to interactions with the Spl transcription factor (Pugh & Tjian, 

1990; Chapter 1.4.5).

The core promoter is essential for initiating and directing basal 

transcription, but other promoter regions, known as the proximal and distal 

promoters, are also necessary for in vivo gene expression.

1.4.3 The Proximal and Distal Promoters

In order to sustain transcription in vivo, the core promoter needs additional 

short regulatory elements located at varying distances from the TSS. These 

elements contain binding sites for sequence-specific transcription factors (TFs) 

that regulate the level o f transcription from the core promoter. Most of these 

elements are associated with TFs that increase the level of transcription and lead 

to what is known as activated transcription. Other elements, known as silencers, 

function as binding sites for factors that repress the level o f transcription and lead 

to down-regulation o f gene expression. It is the unique selection and arrangement 

o f these elements in each promoter that provides its individual pattern of gene 

expression and regulation, ensuring that the gene is transcribed at the proper time 

and in the proper cell type(s).

The region immediately upstream, and sometimes downstream, o f the core 

promoter is known as the proximal promoter and will normally contain most of 

the regulatory elements necessary for functional transcription in vivo. Further 

upstream is located the distal promoter, which may contain additional 

transcription factor binding sites, as well as enhancer elements. Enhancer 

elements are short DNA sequences that increase the level o f transcription o f an 

adjacent gene, relatively independent o f their position or orientation (Khoury & 

Gruss, 1983). Therefore, they can occur several hundreds o f base pairs both 

upstream and/or downstream of the core promoter.
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Transcription o f a gene is the result of the binding of a specific set of TFs to their 

respective binding motifs within these promoter regions.

1.4.4 DNA Methvlafion and CpG Islands

The Cs o f most CpG dinucleotides in the human genome are methylated 

(the p in CpG denotes the phosphodiester linkage). DNA becomes methylated 

when a CH3 group, from the universal methyl donor S-adenosylmethionine 

(SAM), is transferred to the carbon-5 of cytosine through the action of 

methyltransferases (Caiafa & Zampieri, 2005). Generally, methylated DNA is 

transcriptionally repressed and is believed to be involved in gene silencing when it 

is associated with the 5' region of a gene. Therefore, proper distribution and 

maintenance o f DNA methylation is essential for normal development, since it 

can control gene expression (Ng & Bird, 1999). The involvement o f methylation 

in gene silencing has been suggested to have evolved as a means of reducing 

background transcription (Bird, 1993).

It has been discovered that, in bulk human DNA CpG dinucleotides occur about 

five times less frequently than expected (Bird, 1986). This is due to the fact that, 

over time methylated cytosines tend to mutate to thymine, and so CpG 

dinucleotides tend to decay to TpG/CpA. This mutation will not be recognised by 

the DNA repair machinery, since thymine is a naturally occurring base, and will 

be carried on in daughter cells. However, there are regions, termed CpG islands, 

where the frequency o f CpG dinucleotides is nearer to the expected one, since the 

cytosines within these islands are largely unmethylated and have not decayed over 

time to thymines (Antequera & Bird, 1993). These CpG islands are described as 

short, dispersed regions o f unmethylated DNA with a high frequency of CpG 

dinucleotides relative to the rest o f the genome. They generally range in size from 

0.5 -  2 kb and overlap the 5' end of a wide variety of genes, including almost all 

‘housekeeping’ genes (Antequera & Bird, 1993). The initial defmifion o f a CpG 

island stated that it be greater than 200 bp in length, with a high G + C content (> 

50%) and observed CpG/expected CpG ratio (Obscpo/Expcpc) of greater or equal 

to 0.6 (Gardiner-Garden & Frommer, 1987). A more stringent defmifion is now 

usually used to ensure the exclusion of other CpG rich repefitive elements such as 

Alu repeats (Takai & Jones, 2002). For this, a CpG island must be > 500 bp in 

length, with a G + C content > 55% and an Obscpo/Expcpc > 0.65.
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CpG islands are generally associated with promoter regions that lack TATA or 

DPE core promoter elements, and initiate transcription from a wide range o f  start 

sites (Butler & Kadanoga, 2002). The presence o f  a CpG island in the promoter 

region o f  a gene is usually also associated with the existence o f  multiple GC 

boxes that can be bound by Spl and related transcription factors (Brandeis et a l ,  

1994). These Spl sites are believed to contribute to the maintenance o f  the 

hypomethylated state o f  the CpG island, and may also function in the initiation o f  

transcription from these promoters (Pugh & Tjian, 1990).

The presence o f  a CpG island in the upstream region o f  a gene usually indicates 

that the gene will be constitutively expressed, since the unmethylated status 

allows transcription to be constantly active, and that Spl will be important in its 

regulation.

1.4.5 Transcription Factors

Although specific D N A motifs within the promoter region contain the 

actual sequence information directing the regulation o f  gene expression, it is the 

proteins that bind to these motifs that are really responsible for controlling 

transcriptional activity. These are known as transcription factors (TFs) and, when 

bound to their D N A sequence motifs, they interact with the transcriptional 

machinery and can result in activating and increasing or, alternatively, 

suppressing transcription.

The most important TFs are the set o f  general TFs (Chapter 1.4.2), as these are 

needed for RNA polymerase II binding and the initiation o f  transcription, but the 

binding o f  additional factors is essential for functional transcription in vivo.  Som e 

TFs, which may be important in constitutively expressed genes, such as 

M TH FD l ,  include the Sp and E2F families o f  TFs.

The Sp family o f  TFs are characterised by a highly conserved DNA-binding  

domain consisting o f  three C 2 H2 -zinc fingers (Hapgood et al., 2001). They bind to 

GC-boxes, with a consensus binding sequence o f  GGGGCGGG, although binding 

to a variety o f  non-consensus GC-boxes is also possible and is frequently 

observed (Letovsky & Dynan, 1989). Spl is probably the most important and 

well-known o f  the Sp fam ily o f  TFs and is ubiquitously expressed as a TF specific 

for GC-rich mofifs (Kadanoga et al., 1987). Binding o f  Spl is a comm on feature 

among TA TA -less promoters, which are frequently GC-rich and contain multiple
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GC-boxes. Spl is believed to play a central role in recruiting the general 

transcription machinery to a TATA-less promoter and is, therefore, important for 

initiating and regulating transcription in these promoters (Pugh & Tjian, 1990). 

Spl is also believed to play a role in maintaining the methylation-free state of 

CpG islands in promoter region, thereby allowing transcriptional activity 

(Brandeis et al., 1994). Other members o f the Sp family include Sp3 and Sp4, 

which can repress Spl-mediated transcriptional activation by competing with Spl 

for binding to GC boxes (Nielsen et al., 1998).

The other family o f TFs with a possible function in a promoter such as MTHFDl 

is the E2F family. These TFs play a crucial role in the control o f cell proliferation 

by regulating the expression of genes required for the G l/S phase transition in the 

cell cycle (Polager et al., 2002). There are seven members in the E2F family, with 

E2F1, 2 and 3 fianctioning as transcriptional activators, while E2F4, 5, 6, and 

possibly 7, function as repressors, and they play a pivotal role in regulating the 

onset of S phase and DNA replication (Cam et al., 2004). They bind to a DNA 

motif with a consensus sequence o f TTT(C/G)(C/G)CGC (Weinmann et al., 

2001). A recent study involved coupling chromatin immunoprecipitation to CpG 

island microarray analysis for the identification o f promoter regions bound by 

E2F (Weinmann et al., 2001). They identified 68 unique E2F target loci, including 

MTHFDl. A similar study of ~1200 genes expressed during cell cycle entry, 

found 127 promoter regions were bound by E2F4 (Ren et al., 2002). Binding o f 

E2F4 to promoters in quiescent and early Gi cells is associated with recruitment 

of its associated pocket protein p i 30, diminished histone acetylation and gene 

repression (Takahashi et al., 2000). MTHFDl was one o f the genes identified in 

this study and was also included in a subset that were also bound by E2F1 during 

the Gi-S phase transition, which suggests that E2F-responsive genes may be 

regulated by different family members at different stages of the cell cycle. 

Another study again showed the binding of both E2F4 and pi 30, to the proximal 

promoter region o f a core set o f genes, including MTHFDl (Cam et al., 2004). 

The binding of Nuclear Respiratory Factor 1 (NRFl), which plays a role in 

regulating the transcription o f E2F-responsive genes, was also associated with the 

MTHFDl promoter in this study. This factor was previously believed to function 

solely as an activator o f nuclear-encoded mitochondrial genes involved in energy 

generation and other mitochondrial processes. However, it is now known to play a
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role in DNA replication, mitosis and cytokinesis, following its association with 

E2F-responsive genes.

Interestingly, Spl and E2F have been shown to bind to each other and may 

cooperate in the activation of those genes containing binding sites for both 

(Karlseder ef a/., 1996; Huang e? a/., 2001).

Another potential TF involved in MTHFDl regulation is c-Myc and its associated 

family members. This is a helix-loop-helix TF that binds to a motif known as an 

E-box, with the consensus sequence CACGTG, and is involved in mechanisms 

underlying cell proliferation, differentiation and apoptosis (Kuramoto et al., 

1999). C-Myc forms a heterodimer with Myc Associated Protein X (Max) and can 

both activate and repress transcription. C-Myc has been associated with histone 

acetylation and gene activation (Frank et al., 2001) and has also been shown to 

interact with TBP (McEwan et al., 1996). A large-scale promoter study, similar to 

that o f Weinmann et al. (2001) identified c-Myc binding to, and subsequent 

transcriptional activation of, MTHFDl.

Identification of the set of TFs that are involved in the transcription o f a gene is 

important for determining how expression of that gene is regulated and controlled.

1.4.6 Promoters o f Other Folate-related Genes

Methionine synthase (MTR), methionine synthase reductase (MTRR), 

dihydrofolate reductase (DHFR), thymidylate synthase (TS), cytoplasmic and 

mitochondrial serine hydroxymethyltransferase (cSHMT & mSHMT), and 

methylenetetrahydrofolate reductase (MTHFR) are all enzymes involved in the 

folate metabolic pathway and the promoters o f their genes have previously been 

partially, if  not fully, characterised (Chen et al., 1984; 1997; Leclerc et al., 1999; 

Kaneda et al., 1990; Girgis et al., 1998; Stover et al., 1997; Gaughan et al., 2000). 

Since these enzymes are involved in the same pathway as MTHFDl and share a 

similar physiological role, it may be possible that they also share a common or 

similar mechanism for the expression and regulation o f their respective genes. 

Common features identified among the promoters o f these genes include the lack 

o f a TATA box in all and the presence of multiple initiation sites in many. For 

example, in TS, a complex pattern of start sites has been identified extending from 

-173 to -10 (relative to the ATG start codon) with most o f the sites being localised

30



between -160 and -120 (Takeishi et ah, 1989; Dong et al., 2000). Also, 

characterisation of the rat M thfdl promoter revealed a multiple start site pattern 

over an extended region with three of these start sites being used most frequently 

(Howard et al., 2003).

Most o f the folate-related gene promoters are also GC-rich and contain a CpG 

island (Chapter 1.4.4). For example, MTRR has a 1.3 kb CpG island 

encompassing the 5'-flanking region, Exon 1 and some of Intron 1. The extension 

of the CpG island into Intron 1 in many of these promoters has been associated 

with the identification o f an important regulatory role in this part of the intron, 

necessary for optimal gene expression. Associated with these CpG islands, is the 

presence of GC boxes for Spl binding, which may be important for initiation of 

transcription in the absence o f a TATA box or an Inr element (Pugh & Tjian, 

1990). Other TFs common to these promoters include. Upstream Regulatory 

Factor (USF), E2F, and Activator Protein 1 (API).

Another common feature of these promoters is the existence o f a bidirectional 

promoter, as seen in DHFR and TS. This is where the promoter can also initiate 

transcription in the opposite direction and transcribe a gene on the opposite strand. 

A bidirectional promoter suggests that the transcript levels of the gene pair may 

be co-ordinately expressed; however, in some cases it is possible that the genes 

may be anti-regulated, where transcription initiation o f one inhibits the 

transcription of the other gene (Trinklein et al., 2003).

The human M THFDl promoter has not been characterised previously and 

little is known relating to the regulation o f expression of this important gene. The 

functional similarities between MTHFDl and some of those folate-related 

enzymes mentioned above is likely to be shared by similarities in the 

transcriptional control o f their respective genes and it is expected that at least 

some of the features described will also be present in the MTHFDl promoter. This 

will assist in initial characterisation and identification o f important genes features. 

Investigation of M THFDl gene expression and, subsequently, factors that could 

disrupt this expression are hoped to provide an insight to the underlying 

mechanism relating to the association o f a polymorphic form of MTHFDl with 

NTDs, abruptio placentae and mid-trimester miscarriage.
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1.5 Aims & Objectives

1.5.1 Summary

Gene-nutrient interactions are expected to be o f significant relevance in 

elucidating the aetiology of common complex diseases and nutritional genomic 

research seeks to uncover these interactions, with the ultimate aim of providing 

novel dietary therapies to prevent common disease and improve health. Such 

interactions between nutrition and the genome are especially evident in relation to 

folate and disruptions to folate metabolism have been associated with many 

common diseases and congenital anomalies, particularly NTDs. MTHFDl has an 

important role in folate metabolism and the common R653Q polymorphism has 

been identified as a maternal risk factor for NTDs and other complications of 

pregnancy, although its functional effect is unknown. Therefore, MTHFDl is a 

key gene for further investigation in relation to disease risk and molecular 

characterisation of how this gene is regulated and factors affecting its expression 

is the focus o f this thesis. Investigations were proposed to examine MTHFDl 

regulation at the transcriptional level, to screen for genetic variants in regulatory 

regions and identify their potential functional effects and role in NTD risk, and to 

investigate the effect of folate status on gene expression. These investigations are 

relevant to provide an understanding of the underlying molecular pathways and 

disruptions involved in disease risk and to eventually achieve the fundamental 

goal o f optimising individual folate status to prevent or overcome these 

conditions.

1.5.2 Aims

• To localise the M THFDl promoter region and determine the minimal 

promoter region necessary for basal transcription.

• To establish the pattern o f regulatory elements likely to be involved in 

regulating MTHFDl gene expression.

• To identify features that may alter the level o f transcription of the 

MTHFDl gene e.g. sequence variation or nutrient status.

• To screen functional DNA sequence variants for NTD risk within the Irish 

population.
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• To examine the response o f key folate-related genes, including MTHFDl, 

to sub-optimal folate status in an in vitro cell culture model.

1.5.3 Objectives

• Identification o f the exact transcription start site(s) in the human MTHFDl 

gene, using the 5' RLM-RACE method.

• Determination o f the promoter activity o f different promoter regions, using 

luciferase reporter gene assays.

• Prediction o f functional regulatory elements within the promoter and 

transcription factors responsible for MTHFDl expression and regulation.

• Screening of the promoter region for polymorphisms, which may affect 

transcription o f the gene.

• Evaluation of any functional polymorphisms in relation to NTD risk.

• Examination o f MTHFDl expression at the transcriptional and 

translational level under varying folate conditions.

• Investigation o f a putative shared regulatory mechanism controlling the 

expression of folate related genes in response to sub-optimal folate levels.
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Figure 1.1 Structure of Folic Acid

All forms o f folate are based on the pteroyl-L-monoglutamic structure o f  folic 

acid. Natural folates are in the reduced state and conjugated with additional 

glutamic acid residues i.e., polyglutamated. One-carbon units can be carried by 

the active form o f folate, tetrahydrofolate (THF), in the form o f methyl, 

methylene, methenyl, formyl, or fonnim ino, bonded to the and N '^ nitrogen 

atoms.
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Figure 1.2 Overview of Folate Metabolism 
(adapted from Thurnham et al., (2000) Water-soluble Vitamins; Chapter 14, In Human 

Nutrition & Dietetics, lO'** Edition, by Garrow, James & Ralph).

The circulatory form o f folate, 5-methyltetrahydrofolate monoglutamate, and the 

synthetic form, folic acid, are absorbed by the cell and converted into the range o f  

folate co-factors involved in important biochemical reactions, such as DNA  

synthesis and the methylation cycle.
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67 kDa33 kDa IC-Terminal

Dehydrogenase/Cyclohydrolase Synthetase

Figure L3 Schematic representation of the 100 kDa MTHFDl enzyme

The 100 kDa M THFDl enzyme is comprised o f an N-terminal 

dehydrogenase/cyclohydrolase domain (33 kDa) and a larger 10-formylTHF 

synthetase domain (67 kDa) at the C-terminal. A linker region joins the two 

domains and is believed to be important in maintaining structural integrity. The 

enzyme functions in vivo as a homodimer.
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Figure 1.4 The role of the tri-functional MTHFDl 
enzyme in folate-related metabolism (from Brody et al., 2002).

5 ,10-Methylenetetrahydrofolate dehydrogenase; 5 ,10-Methenyltetrahydro folate

cyclohydrolase; 10-Formyltetrahydrofolate synthetase (MTHFDl) is a eukaryotic

trifunctional cytoplasmic enzyme involved in folate metabolism (highlighted in

shaded box). It is important for the de novo synthesis of purines and pyrimidines

for DNA production and its activities also contribute to the remethylation of

homocysteine to methionine.
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Figure 1.5 Compartmentalisation of MTHFD Enzymes between 
the Cytoplasm and Mitochondria of the cell.
(ad ap ted  from  C h risten sen  e t a l .  J . B iol. C h em . 2005)

Folate metabolism is highly compartmentalised between the cytoplasm and the 

mitochondria in eukaryotic cells. The human MTHFD family is comprised of tri

functional cytoplasmic MTHFD 1 with 5,10-methylenetetrahydrofolate 

dehydrogenase (D), 5,10-methenyltetrahydrofolate cyclohydrolase (C), and 10- 

formyltetrahydrofolate synthetase (S) activities; bi-functional mitochondrial 

MTHFD2 with D and C activities; and mono-functional mitochondrial 

MTHFD IL with S activity. The mitochondrial enzymes are to function in 

supplying formate to the cytoplasmic enzyme for conveprsion to the 10- 

formyltetrahydrofolate co-factor and subsequent de novo purine production.
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Figure 1.6 Chromosomal location and coding region 
of the human MTHFDl gene 

(downloaded from NCBI Entrez Gene: www.ncbi.nlm.nih.gov/entrez)

The human MTHFDl  gene is located on direct strand of Chromosome 14 at 

position 14q24. It encompasses a region of > 71  kb, consisting of 28 exons and 

27 introns, and is transcribed into a primary mRNA transcript of ~3 kb (GenBank 

entry: NM_005956). Approximately 2 kb 3' of the MTHFDl  gene, transcribed in 

the same orientation, lies the gene for AKAP5 (A Kinase (PRKA) Anchor Protein 

5; GenBank entry: NM_004857). On the other side of MTHFDl,  approximately 1 

kb 5' of exon 1 lies a predicted gene, LOC441687, which is similar to the mouse 

Tex21 gene (previously known as testis expressed gene 21; testis expressed gene 

11) and this gene is transcribed in the opposite direction to MTHFDl  (GenBank 

entry XM_497412.1).
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Chapter 2 

Materials & Methods



2.1 Materials

2.1.1 Cell culture reagents

Sigma Aldrich, Germany; Roswell Park Memorial Institute Media-1640 

(RPMI)

RPMI 1640 without Folic Acid (lOX)

Dulbecco’s Modified Eagle Media (DMEM)

Foetal Calf Serum (FCS)

Sodium Bicarbonate (Na2(C02)3) 7.5% solution 

Penicillin:Streptomycin (10,000U:10 mg/ml) 

L-Glutamine (200 mM)

Trypan blue solution (0.4%)

Dimethyl Sulphoxide (DMSO)

Trypsin solution from porcine pancreas (5X)

Folinic Acid (5-formyltetrahydrofolic acid)

Gibco BRL [Invitrogen] UK: Dulbecco’s Phosphate Buffered Saline (D-PBS;

lOX)

2.1.2 DNA isolation reagents

Qiagen AS, Norway; QIAamp® DNA blood mini kit

QlAamp® DNA mini kit 

Centra Systems Inc., USA; PUREGENE® DNA Isolation kit

2.1.3 RNA Isolation reagents

Qiagen AS, Norway; RNeasy® Plus Mini Extraction kit

Sigma Aldrich, Germany; TRI Reagent'’’’'̂

P-mercaptoethanol 

Chloroform 

Absolute Ethanol 

Deionised formamide

3-[N-Morpholino]-propane-sulphonic acid (MOPS) 

Sodium Acetate

Ethylenediaminetetraacetic acid (EDTA)

35% Formaldehyde 

Diethyl Pyrocarbonate (DEPC)
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Riedel-de Haen, Germany; Isopropanol

Biotecx Lab. Inc., USA: Ultrapsec™ II RNA Isolation kit

2.1.4 Polymerase Chain Reaction reagents 

Sigma Aldrich, Germany: PCR buffer (1 OX)

Magnesium chloride (25 mM)

Taq Polymerase (5 U/|il)

Molecular biology grade H2O 

Roche Ltd., Switzerland: DeoxyTrinucleotidephosphates (dNTPs) 100 mM

MWG Biotech AG, Germany: Oligonucleotide primers (0.2 |aM)

2.1.5 Gels 

Agarose Gels

Invitrogen, UK: Agarose, electrophoresis grade

Tris Borate EDTA (TBE) lOX buffer 

Sigma Aldrich, Germany: Ethidium bromide 10 mg/ml

Sequencing gels

Fluka [Sigma], Germany: Urea

Sigma Aldrich, Germany: Tetramethylethylenediamine (TEMED)

AMRESCO Inc., USA: Ammonium persulphate (APS)

Applied Biosystems, USA: Long Ranger gel solution (38% acrylamide: 2%

bisacrylamide solution)

Invitrogen, UK; TBE 1 OX buffer

Size Markers and Loading dyes

Gibco BRL, UK: 1 kb DNA ladder

XDNA (0.45 |ig/|il)

Sigma Aldrich, Gennany: PCR 100 bp DNA low ladder

Orange G 

Glycerol 

Blue dextran 

Deioinised formamide
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Roche Ltd., Switzerland: //m dlll Restriction Enzyme (10 U/jil) and buffer

2.1.6 Gel Extraction

Qiagen AS, Norway: MinElute Gel Extraction kit

Riedel-de Haen, Germany; Isopropanol

2.1.7 Standard Cloning 

Plasmid Vectors & Cloning Kits

Stratagene, USA: pBluescript® II SK (+) DNA vector

Invitrogen, UK: pCR2.1 TA Cloning® Kit

Promega, UK: pGL3 Basic DNA vector

Luria Bertani Media and Agar & Antibiotics

Roche Ltd., Switzerland: Tryptone

BDH Chemicals Ltd., UK: 

Sigma Aldrich, Germany: 

Becton Dickinson, USA:

Ampicillin 

Sodium Chloride 

Yeast extract 

Grade A BBL Agar

Stratagene, USA: 

Invitrogen, UK:

Restriction Enzyme Digestion, DNA Ligation, Transformation

Roche Ltd., Switzerland: BamWX (10 U/|il), BgH\ (10 U/|al), ^coR l (10

U/^il), Nhel (10 U/|j1), S a d  (10 U/|il), Xhol (10 

U/|al) restriction enzymes & respective buffers 

T4 DNA ligase(l U/^1)

Pfu DNA polymerase (10 U/|il)

Escherichia coli (E. coli) DH5a Max Efficiency 

competent cells (Genotype: F‘4’80/acZAM15 A 

(/acZYA-flrgF)U169recAl endA\ /25(iR17(rk’, mk^) 

phoA  supEAA thi-\gyrA96relA\tonA)

One-shot E. coli InVa F' competent cells 

(Genotype:

F ' mk") supEAA thi-\ gyrA96

relA l ^ m a cZ A M lS  MacZYA-argV)U 169)
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Blue/White Screening

Web Scientific, UK: Blue Tech solution (5-Bromo-4-Chloro-3-Indolyl-P- 

D-galactosidase (X-Gal) solution)

Plasmid purification

Qiagen AS, Norway: QIAprep® Spin Miniprep kit 

QIAGEN Maxi Prep kit

2.1.8 Gateway™ Cloning 

Invitrogen, UK:

Sigma Aldrich, Germany: 

Glenn Maston,

University of Massachusetts 

Medical School, USA:

PCR Cloning kit with Gateway™ Technology 

LR Clonase® II Enzyme Mix 

Kanamycin sulphate solution (lOOX) 

ccdB SurvivaF'^ competent cells (Genotype: F' 

mcvA Afm/T-/z5dRMS-mcrBC)80/acZAM 15A

/acX74recAlaraA139 T>{ara-leu)1691ga\\] galK 

r/jsL (Str*^) e«dAl nu^G  tonA::?trc -ccdA). 

Chloramphenicol

Gateway Destination vector 

luciferase coding region

pGL3 Basic with

2.1.9 DNA Extraction and Precipitation

Sigma Aldrich, Germany: Phenol: Chloroform (5:1)

Chloroform

Ammonium Acetate (7.5 mM) 

Absolute Ethanol 

Roche Ltd., Switzerland: Glycogen (20 |Jg/|il)

2.1.10 5' RLM-RACE 

Ambion Inc., UK: First Choice® 5' RLM-RACE Kit 

S u p e r P l u s  Polymerase (5 U/|il)
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2.1.11 D N A  Sequencing

Applied Biosystem s, UK: Big D ye Tenninator® Sequencing Kit, Version 2.2

USB Corp., USA: ExoSAP-lT®

2.1.12 Luciferase Reporter Gene Assays

Promega, UK: Passive Lysis Buffer (5X)

TK-Renilla plasmid 

Sigma Aldrich, Germany: Acetyl CoA

Luciferin

Adenosine Triphospahte (ATP; 10 mM) 

Dithiothreitol (DTT)

Tricine (20 mM)

Novagen, USA: GeneJuice® Transfection reagent (1.33 mg/ml)

BDH Chemicals Ltd., UK: Magnesium Sulphate (500 mM)

EDTA (500 mM)

Magnesium Carbonate Hydroxide - 

((M gC0 3 )4M g(0 H)2.5 H2 0 ; 50 mM)

Merck, Germany: Sodium Hydroxide (NaOH; 2 M)

Biotium Inc., USA: Coelentrazine (1 mg/ml)

2.1.13 Intracellular Folate Assay

Sigma Aldrich, Germany: Folic Acid (98%)

Chloramphenicol 

Glycerol (99%)

L-Sodium Ascorbate 

L-Acorbic Acid 

Difco folic acid casei media 

Merck, Germany: Tween 80

Torrey Research, UK: Lactobacillus rhamnosus
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2.1.14 Real-Time RT-PCR 

DNase I Treatment

Invitrogen, UK: DNase I enzyme (1 U/|al) and buffer

Reverse Transcriptions

Invitrogen, UK:

Roche Ltd., Switzerland: 

Promega, UK:

superscript II enzyme (200 U/|al)

First Strand buffer (5X)

DTT (0.1 M)

Oligo dT primer (50 mM)

Random Hexamers (50 ng/|al) 

DeoxyTrinucleotidephosphates (dNTPs) 100 mM 

RNasin (40 U/ul)

TaqMan® Gene Expression Assays

Applied Biosystems, UK: TaqMan® Universal Master Mix, No AmpErase®

UNG

Inventoried TaqMan® Gene Expression Assays for:

■ MTHFDl (Hs01068268_gl)

■ p-Actin (Hs99999903_ml)

■ MTHFD2 (Hs00759197_s 1)

■ DHFR(Hs00758822_sl)

■ MTHFDl L(Hs00383616_ml)

■ FR a (Hs00249794_ml)

■ cSHMT (Hs00244618_m 1)

■ MTHFR(Hs00293639_sl)

■ Thymidylate Synthetase (Hs00426591_ml)

■ CDKN-lp (Hs00153277_ml)

■ GUS Control (FAM/MGB Probe)

■ TaqMan® Human Endogenous Control 

Plate (Catalogue Number 4309199)
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2.1.15 Homogeneous MassEXTEND™ Assay 

PCR Amplification

Qiagen, USA:

Gibco BRL, USA:

1 OX HotStart Taq buffer (with 15 mM MgCl2 )

25 mM MgCls

HotStart Taq Polymerase

dNTPs (10 mM)

Oligonucleotide primers (10 |aM)

Post-PCR Processing

Roche, USA: Thermosequenase'’’'  ̂Reaction buffer 

Shrimp Alkaline Phosphatase (SAP)

Probe Extension Reaction

Roche, USA: dNTPs/ddNTPs (2.25 mM) 

Thermosequenase'^'^ Enzyme (32 U/)il)

Cation Clean Up & Chip Spotting

Sequenom®, CA, USA: Spectroclean® Resin

SpectroCHIP® 

SpectroCHIP® Calibrant 

Ethanol 

Isopropanol

MWG Biotech, Germany: 

Sigma Aldrich, Germany:

2.1.16 Genotyping Quality Control Assay

New England Biolabs, UK: Msp\ restriction enzyme (20 U/|il) & Buffer 2

Oligonucleotide primers (0.2 |aM)

PCR buffer (1 OX)

Magnesium chloride (25 mM)

Taq Polymerase (5 U/^1)

Molecular biology grade H2 O 

Roche Ltd., Switzerland: DeoxyTrinucleotidephosphates (dNTPs) 100 mM
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2.1.17 Protein Expression Analysis 

Protein Isolation and Determination

Sigma Aldrich, Germany: Tris-Hydrochloride

Sodium Chloride (NaCl)

Sodium Pyrophosphate (Na4P207 .10H2 0 ) 

Sodium Flouride (NaF)

Igepal® Ca-630

Sodium Orthovanidate (Na3V 0 4 ) 

Phenylmethylsulfonyl fluoride (PMSF) 

Protease Inhibitor Cocktail 

Bradford Reagent 

Bovine Serum Albumen (BSA)

Sample Preparation

Sigma Aldrich, Germany: Sodium dodecyl sulphate (SDS)

Tris-Hydrochloride

Glycerol

P-mercaptoethanol 

Bromophenol blue

Polyacrylamide Gels and Western Blotting

Sigma Aldrich, Germany: Polyacrylamide/ Bis-acrlyamide

Tris-base

Glycine

Sodium dodecylsulphate (SDS)

Bromophenol blue

Nitrocellulose blotting paper (0.45 |am pore size) 

Methanol

Horse Radish Peroxidase linked secondary antibody 

Molecular weight standards 

Filter paper (Standard grade No. 3)

SuperSignal Ultra Chemiluminescent 

Detection Solution 

Hyperfilm®

Bio-Rad, UK: 

Whatman, UK: 

Pierce, Netherlands:

Amersham, UK:
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Calbiochem, UK: 

Abeam, UK:

Reblot™ Plus Strong Solution (lOX)

Polyclonal Anti Human B-Actin Primary Antibody 

(Catalogue No. AB8227)

2.1.18 Composition o f  Stock Solutions

Dulbecco’s Phosphate Buffered Saline (lOX): KCl 2g/L; KH2PO4 (anhydrous) 2 

g/L; NaCl 80 g/L; Na2H P0 4  (anhydrous) 11.5 g/L. M ade up to IX  with sterile 

H2O.

EDTA: 0.5 M Ethylenediaminetetraacetic acid, pH 8.0 (with NaOH).

Orange G  Loading Dye: 0.25% (v/v) Orange G dye, 30% (v/v) Glycerol, H2O.

MOPS (lOX): 0.4 M 3-[N-M orpholino]-propane-sulphonic acid, pH 7.0; 1 M 

sodium acetate; 0.01 M EDTA

RNA Loading Dye: 0.25% Xylene Cyanol (solution); 0.25% Bromophenol blue, 
0.30% Glycerol

Sequencing Dye: 0.16% (v/v) Deionised formamide; 0.84% (v/v) Blue dextran 

solution (50 mg/ml)

TB E (lOX): 1.0 M Tris; 0.9 M Boric Acid; 0.01 M EDTA. Made up to IX  with 

dH20.
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2.2 Methods
2.2.1 Genomic DNA Extraction

Members o f  the laboratory had previously extracted genom ic D N A from fresh 

blood according to the PUREGENE® DNA Isolation kit protocol, which is 

expected to yield 5-15 (ig o f  D N A  from 300 1̂ whole blood, and from blood that 

had been frozen according to the QIAGEN QIAamp DNA blood mini kit 

protocol, which is expected to yield 6 D N A from 200 }al blood. DNA was also 

extracted from lymphocyte cells (Chapter 2.2.15) according to the QIAGEN  

QIAamp DNA mini kit protocol, which is expected to yield 30-40 |ig  DN A from 

I X 10  ̂cells.

2.2.2 Total RNA Extraction

RNA was extracted from lymphocyte cell lines (Chapter 2.2.15) or Human 

Embryonic Kidney (HEK)-293 cells according to the Ultraspec-II RNA Isolation 

system, the QIAGEN RNeasy® RNA Mini extraction kit or using TRI Reagent^"^.

Ultraspec-II RNA Isolation:

Cells were grown to confluency in RPMI 1640 (Chapter 2.2.15) and Ultraspec 

RNA solution (1 m l) was used to lyse 5-10 x 10  ̂ cells. RNA was then extracted 

by addition o f  0.2 ml chloroform followed by centrifugation at 13,000 rpm for 15 

minutes at 4°C. After transfer o f  the upper aqueous phase to a fresh tube, the RNA  

was purified by addition o f  0.5 volume isopropanol and 0.05 volume RNATack™  

Resin and centrifuged for 1 minute at room temperature. The pellet was washed (x 

2) with 1 ml 75% ethanol by vortexing for 30 seconds, and then centrifuged for 30 

seconds. The pellet was resuspended in 1 volume o f  diethyl pyrocarbonate 

(DEPC)-treated H2O, vortexed and centrifuged for 1 minute. The supernatant 

containing the purified RNA was transferred to a clean, sterilised, labelled tube 

and stored at -80°C. A 10 )al aliquot was reserved for testing RNA quality and 

integrity.

RNeasy® Plus Mini Kit:

Cells were counted and then isolated by centriftigation and washed with IX  PBS. 

RNA was extracted from approximately 5 x 10  ̂ cells by addition o f  the
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appropriate buffers, centrifugation and wash steps, according to the 

manufacturer’s protocol. Pellets were resuspended in 40-50 |̂ 1 RNase-free H2O.

TRI Reagent^'^:

Cells were isolated by centrifugation and approximately 5 x 1 0 ^  cells were lysed 

with 1 ml TRI Reagent^"^. Samples were allowed to stand for 5 minutes at room 

temperature, then 0.2 ml chloroform was added and the sample was shaken 

vigorously and allowed to stand for a further 2-15 minutes before centrifiagation at

12.000 X g  for 15 minutes at 4°C. This separates the sample into a pink/red 

organic phase containing protein, an interphase containing DNA and an upper 

aqueous phase containing RNA. For RNA isolation, the upper aqueous layer was 

transferred to a fresh tube, 0.5 ml isopropanol was added and the sample was 

allowed to stand for 5-10 minutes at room temperature before centrifugation at

12.000 X g  for 10 minutes at 4°C. The RNA pellet was then washed with 1ml 75% 

ethanol by vortexing, and centrifiiged at 7,500 x g  for 5 minutes at 4°C. The pellet 

was allowed to air dry and was then resuspended in 40-50 |al RNase-free H2O.

65°C for 5 minutes

Check for RNA integrity and quality:

RNA integrity was detemiined by 

Denaturation:

1 |j1 RNA/ 2 )il RNA marker
2 |al deionised formamide/ 4 )al 
0.4 |al lO X M O P S/0 .8  |il ^  I
0.7 |il 37% Formaldehyde/ 1.4 j i l ^

ICE
+ 1 |il RNA Loading D ye (0.25% X ylene Cyanol; 0.25% Bromophenol 
blue; 0.30% Glycerol)

Samples were then loaded on a 1% agarose mini gel (Chapter 2.2.3) and 

electrophoresed until the xylene cyanol was at least 2/3 down the gel. RNA  

integrity was indicated by the presence o f  both an upper 28s band and a lower IBs 

band, with the 28s band being almost twice as intense, when visualised on a UV  

transilluminator. RNA quality and yield were determined by measuring its 

absorbance at 260nm and at 280nm on a spectrophotometer. The RNA sample 

was diluted in distilled H2O, typically 5:1000 }il. An A 260/A 280 o f  1-8 to 2.0 was
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indicative o f high quahty RNA. RNA yield could be calculated by measuring its 

absorbance at 260 nm, since an optical density (OD) of 1 = -40  ug RNA.

2.2.3 Gels

1-2 % Mini and Midi Agarose Gels

Agarose (1-2 g) was dissolved in 100 ml IX TBE by heating for 1-2 minutes in a 

microwave oven. The gel was then cooled to ~55°C and 1 )j1 of ethidium bromide 

(10 mg/ml) was added per 100 ml gel. The gel was poured into the appropriate gel 

mould and allowed to set for ~20 minutes. The electrophoresis buffer used was

IX TBE. Routinely, 1/10 of the total PCR product volume was loaded on the gel 

with at least 0.2 volume of Orange G loading dye. The first lane was loaded with a 

suitable marker; either 1 |ig PCR 100 bp DNA low ladder, 1 jag 1 kb DNA ladder, 

or 1.5 |ag ?iDNA HindlW ladder. Gels were electrophoresed at 90-100V for at least 

40 minutes. The DNA/RNA was then visualised on a UV transilluminator. 

Centipede gels were made up as above but to a volume of 200 ml in 1X TBE.

6% Denaturing Polyacrylamide Sequencing Gels

In 16 ml deionised water, 3 ml lOX TBE, and 3 ml Long Ranger solution, 11 g 

urea was dissolved, with stirring, for 15-20 minutes. The solution was then 

vacuum filtered with a Nalgene® Membrane Disposable Filter. Upon addition of 

150 |il 10% ammonium persulphate and 21 )il TEMED, the gel was immediately 

poured into clean, dry plates and allowed to set for 2 hours. Plates were then 

washed thoroughly to remove all traces of excess gel from the outside, and 

allowed to dry.

2.2.4 Polymerase Chain Reaction

All PCRs were carried out in an ABI GeneAMP® PCR System 9700 thermal 

cycler in 50 )il volumes, according to the following typical reaction:

5 |il lOX Buffer

4/5 1̂ 2.5 mM dNTPs 

3/4 |al 25 mM MgCh  

X )j1 Forward primer 

X )j1 Reverse primer

X = optimised amount, 

usually ~ 5 pmol
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0.2-0.4 |il Taq polymerase (5 U/|il) 

up to 50 1̂1 with sterile H2 O

All PCR reactions were optimised for melting temperature (Tm), dNTP, MgCl2 , 

Taq polymerase and primer concentration.

Typical cycling conditions were;

94°C for 3:00 min

Denaturation:

Annealing:

Extension:

X 30 -  35 cycles

94°C for 0:30 min ~

Tm°C for 0:30 min 

72°C for 0:30 min 

72°C for 5:00 min 

15°C end.

The denaturation temperature was increased to 95°C when the template had a high 

GC content.

2.2.5 Sequencing Reaction

Cycle sequencing reactions were performed using the Big Dye Terminator® 

sequencing kit version 2.2. Completed reactions (as described below) were 

electrophoresed on a 6% denaturing acrylamide gel (Chapter 2.2.3) and analysed 

on an ABI PRISM™ 377 DNA Sequencer using the Sequence Analysis Version 

2.1 program. The Big Dye Terminator® system is a dideoxy sequencing system 

and utilises four different fluorescent dideoxy temiinators (ddNTPs), which are 

incorporated into the sequence o f  interest and allow for the detection o f each o f  

the four nucleotides in the DNA sequence.

PCR products:

Free dNTPs and primers were removed from PCR products by incubating with 

ExoSAP-IT® (a mixture o f  exonuclease and shrimp alkali phosphatase) for 15 

minutes @  37“C and 15 minutes @ 80°C in a thermal cycler. DNA for cycle 

sequencing was then prepared according to the following protocol, which differs 

slightly from that specified by the Big Dye Terminator® kit protocol.
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3 |j 1 ExoSAP-IT product In thermal cycler;

X î l Forw'ard primer or X |j 1 Reverse prim er 96°C for 0:10

4|al Big Dye Terminator® Mix I 50°C for 0:05 x 25

up to 20 |al with sterile H2O 60°C for 4:00

4°C for ever

X = optimised amount from initial PCR.

Plasmids:

Plasmid DNA was purified by plasmid prep from an overnight culture (Chapter 

2.2.7) and used directly in the sequencing reaction. A concentration o f 200-500 

ng/)al o f  plasmid DNA is recommended for the reaction. A volume o f 1 )il (5 

pm ol/|il) o f the appropriate universal primer (see Table 2.1) was used in the 

extension reaction, with 8 |al Big Dye Terminator® mix. The reaction was again 

made up to 20 |al with H7O and cycled as for PCR products.

Sample Preparation:

Extension products (either from PCR product or plasmid sequencing reactions) 

were then purified to remove any unincorporated dideoxy dye terminators, which 

could obscure sequence reads. Samples were precipitated with the addition o f 64 

)al non-denatured 95% ethanol and 16 |il deionised water to the 20 |al extension 

reaction. The samples were then vortexed and allowed to precipitate by incubation 

at room temperature for at least 15 minutes. Tubes were then placed in a 

microcentrifuge and spun at maximum speed for 20 minutes at room temperature. 

The supernatants were discarded, 250 |al 70% ethanol was added and the tubes 

were spun for a further 10 minutes, in the same orientation as before. The 

supernatants were again removed and the pellets were allowed to air-dry. Samples 

were then resuspended in 6 jal sequencing dye (blue dextran (50 mg/ml): 

deionised fomiamide; 1:5). Samples were denatured at 95°C for 2 minutes in a 

thermal cycler and placed on ice before loading. Into a designated well on a 6% 

sequencing gel, 1.5 |il o f  each sample was then loaded and electrophoresed for 6 

hours on the ABI PRISM™ 377 DNA Sequencer. Results were analysed using 

Sequence Analysis Version 2.1 software.
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MWG Biotech Sequencing

Sequencing o f some plasmid products was out-sourced to MWG Biotech, 

Germany. Approximately 1 -2 |ag purified plasmid DNA was precipitated and air- 

dried in a 1.5 ml sample tube and sent to MWG Biotech using a barcode system 

for identification and specifying the universal vector primer for use. Sequence 

files and results were returned via e-mail and verified.

2.2.6 Bacterial Medium and Culturing 

Luria Bertani (LB) Media

Per 500 ml deionised H2 O; 5 g Bactotryptone

5 g NaCl

2.5 g Yeast Extract pH = 7.4

Sterilised by autoclaving for 20 minutes @ 120°C

LB Agar

To LB medium, 15 g/litre (1.5% w/v) Grade A agar was added.

Sterilised by autoclaving for 20 minutes @ 120°C

Anipicillin

A stock solution o f 50 mg/ml was prepared by dissolving 0.5 g Ampicillin in 10 

ml sterile H2 O. This was then filter sterilised through a 0.2 (^M filter and sub- 

aliquoted into 0.5 ml quantities, giving a working dilution o f  50 |Jg/ml, when 

added to 500 ml o f  liquid media or agar. Aliquots were stored at -20°C.

Kanamycin

Kanamycin sulphate solution (lOOX; stored at -20“C) was diluted in the 

appropriate media to give a working concentration o f  50 |ag/ml.

Chloramphenicol

Chloramphenicol powder was diluted with absolute ethanol to give a stock 

solution o f  30 mg/ml. This was sub-aliquoted to 0.5 ml quantities, for storage at - 

20‘’C, to give a working concentration o f 30 )ig/ml when added to 500 ml liquid 

media or agar.
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Bacterial Glycerol Stock Preparation & Recovery

Glycerol stocks o f  plasmids and bacterial cultures were prepared by adding 0.15 

ml sterile glycerol to 0.85 ml o f  bacterial overnight culture, in a suitable airtight 

labelled cryovial and stored at -80°C.

2.2.7 Plasmid preps 

Mini-preps:

The QIAprep® Miniprep kit from Qiagen was used for the purification o f  up to 20 

|ig  o f high-copy plasmid DNA from overnight cultures o f Escherichia coli (E. 

coli) in LB medium (3-5 ml). Overnight cultures o f  E.coli in LB medium (3-5 ml) 

were spun down at 2,500 rpm for 5 minutes, the supernatant was discarded and 

plasmid DNA was purified according to the m anufacturer’s protocol.

After resuspension o f  the plasmid DNA in 50 |̂ 1 H2 O, 1 )al o f each prep was 

electrophoresed on an agarose gel and visualised to determine DNA quality and 

yield.

Maxi-preps:

The QIAGEN® Plasmid Maxi Prep Kit was used for purification o f  higher 

concentrations o f plasmid DNA. The kit is designed for purification o f  up to 500 

|ag o f  plasmid DNA from 100 ml overnight cultures in LB medium, as per the 

m anufacturer’s protocol. After resuspension o f the plasmid DNA in 500 |il H 2 O, 

DNA concentrafion was determined both by quantitative analysis on a 1% agarose 

gel and by UV spectrophotometry.

2.2.8 Restriction Enzvme Digestion o f DNA

All digests were made up to a volume o f  100 )al with sterile H2 O.

X ^1 DNA

10 fjl Restriction Enzyme Buffer (1 OX) 

3 |ul Restriction Enzyme (10 U /|il)

3 |j.l 2"*̂  Restricfion Enzyme (10 U/|il)

> ^  single digest 

double digest

X = ~3 i^g PCR product/ plasmid DNA
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Digests were incubated in a 37°C water bath for 3-4 hours. After incubation, 

digests were purified by extraction with phenol:chlorofomi (Chapter 2.2.9).

2.2.9 Phenol:Chloroform Extraction o f  DNA

The volum e o f  D N A  to be extracted was adjusted to 200 fil with sterile H2 O in a 

microcentrifuge tube. To this, 200 )il phenol:chloroform was added, the tube was 

vortexed for 1 minute, then spun at maximum speed in a micro centrifuge for 5 

minutes. The aqueous layer was transferred to a new tube, 200 )il chloroform was 

added and vortexed and spun, as before. D N A was then recovered by precipitation 

with ethanol.

2.2.10 Ethanol Precipitation o f  DNA

After phenol:chloroform extraction, the volume was adjusted to 200 |al with 

sterile H2 O, and

o  130 ).il 7.5 M Ammonium Acetate,

o  670 )j1 Absolute Ethanol,

o  3 |il G lycogen (20 |ig /|il),

were added to the tube and vortexed well. The reaction was stored at -20°C for at 

least 1 hour to allow precipitation o f  the DNA. The reaction(s) was then 

centriftiged at maximum speed for 15 minutes @  4“C. The pellet was washed with 

500 |il 70% ethanol, by spinning at maximum speed for 5 minutes @ room 

temperature. The supernatant was then discarded and the pellet allowed to air-dry. 

DNA was then resuspended in sterile H2 O -  20 )il for plasmid DNA; 10 fil for 

PCR products.

2.2.11 D N A  ligation

Typically, a D N A  ratio o f  1:1 or 1:3 (vector:insert) and 3-5 Units o f  T4 D N A  

Ligase were used in ligation reactions. For pBluescript and pGL3, ligations were 

carried out in 30 jil volum es and incubated at 16°C overnight (Chapter 3, Figures

3.3 & 3.5 for vector maps). For TA cloning, the pCR®2.1 vector was used

according to the manufacturer’s protocol. Ligations were carried out in 10 )j1 

volumes and incubated at 14°C overnight. After ligation, the samples were stored 

at -20°C, before proceeding to transfonnation.
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2.2.12 Transformation

Plasmids were transformed into either E. coli DH5a™ -M ax Efficiency or InV aF ' 

competent cells, according to the manufacturer’s protocol. Volumes ranging from 

70 -  200 |il o f  transformed cells were spread on LB plates with the appropriate 

antibiotic and incubated at 37°C overnight. For blue/white screening o f  inserts 100 

|al o f  BlueTech™  solution was spread on the plate and allowed to dry before the 

spreading o f  transformed cells. This method was used with the pBluescript and 

pCR®2.1 vectors, but not for pGL3 as it does not support blue/white selection.

2.2.13 Screening Plasmids for DNA Inserts

All recombinant plasmids were screened by PCR with 1 |il o f 1/20 dilution o f 

universal prim.ers (100 pmol/)jl) to determine the presence o f the DNA insert o f 

interest (Table 2.1). The pBluescript and pCR®2.1 vectors were screened using 

M l3 (-20) Forward and M l3 Reverse universal primers, Tm = 54“C. The pGL3 

vector was screened using RV3 as the forward primer and GL2 as the reverse 

primer, Tm = 57”C. The primers flank the MCS o f the vector and the presence o f 

an insert can be determined by the size o f  the PCR product obtained.

2.2.14 Gel Extraction

Purification o f  DNA from agarose gel was carried out according to the Qiagen 

MinElute™  Gel Extraction Kit protocol, which is designed to extract and purify 

DNA o f 70 bp to 4 kb from standard or low-melt agarose gels in TAE or TBE 

buffer resulting in high end-concentrations o f DNA. Samples were resuspended in 

10 1̂ 1 sterile H2O and visualised, after electrophoresis on a 1% agarose gel.

2.2.15 Cell Culture 

DNA/RNA extractions:

Lymphocyte cell lines were obtained from the Coriell Cell Repositoiy (CCR) 

within the Coriell Institute for Medical Research, Camden, New Jersey, USA. The 

CCR houses the w orld’s largest collection o f  human cell cultures for research, 

with almost 1 million cell lines in storage. Lymphocyte cell lines were obtained 

from both the DNA Polymorphism Discovery Resource Collection and the 

Human Variation Panel. These panels consist o f both self-declared African-
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American and Caucasian individuals, who are unrelated and apparently healthy. 

Cells were grown in suspension in RPMI 1640 media supplemented with 10% 

Foetal C alf Serum (FCS), and 1% Penicillin:Streptomycin, and incubated @ 37°C, 

in the presence o f  5% CO2 .

DNA transfections:

Human Embryonic Kidney (HEK)-293 cells were cultured in D ulbecco’s 

M odified Eagle’s Medium (DM EM ) supplemented with 10% FCS, 1% 

Penicillin:Streptomycin, and 1% L-Glutamine. For passaging o f  cells, it was 

necessary to first trypsinise the cells by removing the media and washing with 10 

ml sterile IX  D ulbecco’s Phosphate Buffered Saline (D-PBS; diluted from lOX 

with sterile H2 O) and then adding 1-2 m is o f  IX  Trypsin EDTA (diluted from 5X  

with sterile IX  PBS) to detach the cells. This reaction was then stopped by the 

addition o f  ~10 ml complete media, due to inhibition o f  trypsin by FCS.

Folate Deficiency Studies

HEK-293 cells were cultured in either complete RPM I-1640 supplemented with 

10% FCS and 1% Penicillin:Streptomycin or in Folate-free RPMI-1640 

supplemented with 10% dialysed FCS, 1% Penicillin:Streptomycin, 1% L- 

Glutamine and sodium bicarbonate (2 g/L). For folate sufficient growth conditions 

this media was supplemented with folinic acid (5-formyltetrahydrofolate) to a 

final concentration o f  50 nM.

Cell Counts & Growth Curves

Cells were spun down at 1,200 rpm for 3 minutes and resuspended in 1 ml media. 

After the resuspension o f  cells in 1 ml media, 2 x 5 |al aliquots were taken and 45 

|il trypan blue added for staining. Cells were then counted on a haemocytometer 

and the average cell count and the coefficient o f  variafion calculated. For growth 

curves, suitable time intervals e.g. 0, 24, 48, 72, and 96 hours were chosen. Cells 

were then seeded in triplicate at 0.5 - 2 x 10  ̂ cells/ml for each time point and 

counted at the specified times.
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Preparation of frozen stocks

Cells were frozen down at 5 x 10^ cells/ml in 8-10% DMSO and dispensed into 1 

ml aliquots in labelled cryovials. The aliquots were gradually frozen by leaving at 

-80“C overnight before transferring to liquid nitrogen for long-term storage.

2.2.16 Luciferase Reporter Gene Assavs 

Luciferase Assay Substrates

a) 2X Firefly luciferase substrate was made up to a final volume o f  114 ml, as 

follows:

•  20 mM Tricine -  0.4085 g

•  2.67 mM M gS0 4 .7H2 0  -  0.605 ml 500 mM solution

•  0.1 mM EDTA, pH 8.0 (with NaOH) -  22.8 |il 500 mM solution

•  33.3 mM  DL-Dithiothreitol -  0.585 g

•  530 |j M ATP solution -  6 ml fresh 10 mM solution

•  270 |aM Acetyl CoEnzyme A -  0.945 ml 25 mg/ml solution

•  15 mg Lucifer in

N.B. KEPT IN THE DARK FROM THIS POINT BY COVERING ALL 
BEAKERS, ETC. WITH ALUMINIUM FOIL
• H2O to a volume o f 111.3 ml

•  285 |al 2 M NaOH (solution should turn yellow)

• 0.605 ml 50 mM Magnesium Carbonate Hydroxide 

((MgC03)4Mg(0H)2.5H20)

The 2X solution was then dispensed into foil-wrapped aliquots and stored at - 

20°C, or at -80°C for long-term storage. Solution was thawed before use and the 

appropriate amount diluted to IX  with sterile H2O.

b) Renilla luciferase substrate was prepared by dissolving coelenterazine to 1 

mg/ml in ethanol and storing foil-wrapped at -20°C. This was then diluted 1:500 

with sterile H2O just before use.

Transfecting Cells and Measuring Luciferase Activity

HEK-293 cells were seeded at 1 x 10^ cells/ml and 0.5 x 10^ cells/ml in 96-well 

sterile plates for DNA transfection at 24 hours and 48 hours, respectively, and
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cultured at 37°C for 24 hours. GeneJuice® was the transfection reagent chosen 

and 0.8 )al o f this, in 9.2 )̂ 1 o f serum free media, was used per reaction. After a 5- 

minute incubation at room temperature, the transfection solution was added to the 

appropriate concentration(s) of DNA and allowed to incubate for a further 15 

minutes. The transfection reaction was then added to the corresponding well of 

cells and again incubated for 24 hours to allow for transfection o f the DNA. This 

was performed twice in triplicate for each assay and each reaction included 40 ng 

o f pRL-TK control vector. Following transfection, excess media was removed 

from the cells and 50 |il/well o f IX Passive Lysis Buffer was added to lyse the 

cells, with shaking for 15 minutes. An aliquot of 20 |il o f the lysate was added to 

each of two opaque luminometer plates; one for firefly luciferase measurement 

and one for Renilla luciferase measurement. To each well of Plate 1, 40 jil o f IX 

Luciferase Assay reagent was added and to Plate 2, 40 |al of coelenterazine (1:500 

dilution) was added. Plates were then immediately analysed for both firefly and 

Renilla luciferase on either a Mediators PhL or a Glomax^'^ Luminometer.

2.2.17 Real-Time RT-PCR Analysis 

DNase I Treatment

Any contaminating genomic DNA was removed from extracted RNA samples by 

treatment with the DNase I enzyme, as follows:

10 Jig RNA

10 |al DNase 1 reaction buffer (lOX)

10 |al DNase I enzyme (lU /|il) 

up to 100 |il with RNase-free H2O.

Then, 10 |̂ 1 25 mM EDTA was added to inactivate the enzyme by incubation at

65°C for 10 minutes. The concentration of the RNA sample was then 0.1 |ag/)^l.

Room temperature 

for 15 minutes.

Reverse Transcriptions

For a 20 |il reaction volume, cDNA was prepared as follows:

[1 |il Oligo dT Primer (50 fiM) or 

1 )il Random Hexamers (250 ng)] 65°C for 5 mins.

1 )il dNTPs (10 mM)  ̂ Ice for 2 mins.

10 |nl DNase-treated RNA (10 i^g)
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Then added:

4 |il First Strand Buffer (5X)

2 |j1 DTT (0.1 M)

1 |il RNasin (40 U/^1)

Tubes were mixed gently and incubated at 42°C for 2 minutes, i f  using Oligo dT 

primer, or at 25 °C for 2 minutes, i f  using random hexamers. To each sample, 1 |il 

superscript™  II enzym e (200 U /|il) was then added to perform the reverse 

transcription reaction at 42 °C for 50 minutes and then 70°C for 15 minutes. If 

using random hexamers, a 10-minute incubation at 25°C was performed prior to 

incubation at 42 °C for 50 minutes.

Quality Control Assay for cDNA

A PCR assay, using exonic primers that flank a 98 bp intron in the 

M TH FD l gene, was used to verify the presence o f  cD N A  and ensure 

contaminating genom ic DNA was not present in the sample. The cDN A amplicon 

is 232 bp in length, but i f  genomic DNA is present in sufficient amounts a product 

o f  330 bp will be amplified, due to the presence o f  the intron. The assay is a 

standard PCR reaction, with the forward primer [5'- 

CCCACTTTGAAGCAGGATTG-3'] and the reverse primer [5'- 

C ATCCCAATTCCCCTGATG-3'].

In a 50 |al volume, each reaction contained:

5 |.il lOX Buffer 

4 )il 2.5 mM dNTPs 

4 1̂ 25 mM M gCb

2.5 )il Forward primer (4 pm ol/ jil)

2.5 |il Reverse primer (4.35 pm ol/ |il)

0.2 )il Tag polymerase (5U / |il)

up to 50 |al with sterile H2O, Tm = 57 °C.

Following PCR amplification, products were analysed by gel electrophoresis on a 

1% agarose gel and visualised by U V  spectrophotometry. Reverse transcribed, 

fi'ee o f  genomic DN A, could then be used as the template for real-time PCR.
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TaqMan® Gene Expression Assays

Real-time PCR analyses were performed using TaqMan® Gene Expression 

Assays in a 25 |il reaction volume, according to the manufacturer’s protocol. 

Briefly, an assay mixture was prepared for each sample, in triplicate, and 

dispensed into the appropriate well in a 96-well M icroAmp® Optical Reaction 

Plate.

The assay mixture consisted of:

12.5 |j1 TaqMan® Universal PCR Master M ix, N o AmpErase® UNG

10.25 }il Sterile H2O

1.25 |il TaqMan® Gene Expression Assay mix 

1 )il cD N A  (50 ng)

PCR reactions were then cycled according to the follow ing conditions:

95°C  for 10 minutes; (95°C for 15 seconds & 60°C for 1 minute) x 40, 

performicd on, either Applied Biosystem s 7500 Real-Time PCR System, or 7300 

Real-Time PCR System, using SDS 1.3.1 software or SDS 1.2.1 software, 

respectively.
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Table 2.1 Universal Primer Sequences

Primer Sequence

M13 (-20) Forward primer GTAAAACGACGGCCAGT

M13 Reverse primer CAGGAAACAGCTATGACC

RV3 Forward primer CTAGCAAAATAGGCTGTCCCC

GL2 Reverse primer TGTATCTTATGGTACTGTAACTG
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Chapter 3

Investigation of the 
Promoter Region of the 

MTHFDl Gene



3.1 Introduction
3.1.1 General Introduction

The promoter o f a gene controls its expression by initiating and regulating 

transcription o f the gene sequence into mRNA. Promoters consist o f consensus 

sequences that are recognised by the RNA polymerase II enzyme and other 

associated factors required for transcription (Chapter 1.4.2). The core promoter is 

the minimal region necessary for the initiation o f transcription and contains 

specific elements that are recognised by the transcriptional machinery. The TATA 

box is a typical core promoter element responsible for directing the initiation of 

transcription at a single site following recognition and binding o f its associated 

factors. However, a large proportion of genes do not contain a TATA box {i.e. 

TATA-less) and different core promoter elements, such as the Initiator element 

(Inr) and the Downstream Promoter Element (DPE), control the initiation of 

transcription. There are also some promoters that do not contain any recognisable 

core promoter element and a multiple start site transcription pattern is usually 

observed. The presence o f a CpG island is a common feature in this type o f 

promoter. CpG islands are regions of unmethylated DNA with a high frequency of 

CG nucleotides and are believed to be involved in directing the initiation of 

transcription in TATA-less, Inr-less promoters (Chapter 1.4.4).

The core promoter is responsible for the initiation of transcription but the 

proximal promoter is necessary to sustain activated transcription in vivo. The 

proximal promoter is usually located adjacent to the core promoter and contains 

binding sites for the specific set o f transcription factors (TFs) necessary to 

regulate expression of that particular gene. TFs bind to consensus sequences and 

control gene expression by up-regulating or down-regulating transcription.

Characterisation of a promoter region involves identification of the core 

and proximal promoter regions and those factors involved in controlling gene 

expression. This involves a number of steps including, localisation o f the 

transcription start site (TSS), prediction o f initiation and regulatory elements, and 

identification of the minimal region necessary for promoter activity. These can be 

achieved through a combination of bioinformatic and experimental means and 

applied to characterise the human MTHFDl promoter.
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3.1.2 In Silico Promoter Region Analysis

Bioinformatic analysis is a powerful tool that can provide a wealth of 

information regarding a gene o f interest through use o f the many bioinformatic 

databases and programs now available. Before any experimental work is 

performed, the sequence of interest can be retrieved and analysed, and many 

important features may be identified. This is due to the fact that important gene 

features will typically be subject to some degree o f sequence conservation and, 

therefore, new sequences can be annotated for typical features using predictive 

algorithms. Some features that are necessary for promoter characterisation include 

identification of the transcription start site (TSS), the core and proximal promoter 

regions, CpG islands, and transcription factor binding sites.

Among the largest, and probably most important, of the bioinformatic resources 

are the National Centre for Biotechnology Information (NCBI; 

www.ncbi.nih.gov) and the European Bioinformatics Institute (EBI; 

www.ebi.ac.uk). These were both set up as a resource for molecular biology 

information to ensure that the continuously growing body of molecular biology 

and genome research would be available in the public domain. They provide a 

rich source o f both molecular databases and analysis tools, which help in the 

initial annotation and characterisation of a sequence of interest. Information stored 

in these databases is freely available and can be used in conjunction with 

numerous other sequence analysis tools and programs. The University of 

California Santa Cruz (UCSC) Genome Browser Database 

(http://genome.ucsc.edu) is another resource o f note. It provides access to genome 

sequence data accompanied by a large collection o f related annotations and allows 

rapid visualisation and querying o f the data at many levels (Karolchik et al., 

2003). The MTHFDl sequence and some basic gene information, including 

chromosomal position, gene size, and number of exons, were easily retrieved from 

these databases (Chapter 1.3.3). The upstream sequence, where the promoter 

region is likely to reside, was also retrieved for further analysis with the various 

bioinformatic programs discussed below. The use of these programs to annotate 

the sequence of interest will provide some preliminary information about the 

sequence and will help to establish some general guidelines for experimental 

design and fiarther characterisation.
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Prediction of the Transcription Start Site

Identification of the exact TSS o f a gene is one of the first steps necessary 

for promoter characterisation, since this will facilitate in the localisation of the 

core promoter region. A number of approaches can be undertaken to achieve this 

through searching sequence databases. First o f all, the 5' end o f the official gene 

entries stored in both the NCBI Genbank and the EBI Ensembl databases can 

easily be retrieved. However, it is well known that, due to the difficulties in 

obtaining full-length cDNAs, many mRNA sequences stored in public databases 

lack complete 5' sequence information. To overcome this problem, a new 

database was constructed containing start site information fi-om full-length 

enriched cDNAs. This is known as the Database o f Transcriptional Start Sites 

(DBTSS) and contains the TSS information of 11,234 genes (Suzuki et al., 2004). 

The clones for this database were generated using an oligo-capping technique, 

similar to the 5' RLM-RACE technique described in detail later (Chapter 3.1.3). 

Another method of identifying potential TSS(s), as well as screening for 

alternative exons/promoters, can be performed by searching the sequence 

databases for previously sequenced MTHFDl clones with a seemingly intact 5' 

end i.e., those with the longest 5' end or those with an alternative 5' end in the 

case of an alternate upstream exon. The NCBI Expressed Sequence Tag database 

(dbEST) contains sequence information from the 5' and 3' ends of a large number 

o f expressed genes. ESTs are generated by sequencing small fragments (usually 

200 -  500 bp) from either end of clones in cDNA libraries, thereby providing a 

‘tag’, which represents the expressed gene. These ‘tags’ are then stored in the 

database and can be used to help identify unknown genes and also to provide 

information on a gene’s expression in different tissues and at different stages of 

development. For promoter characterisation, it is possible to align the sequence of 

interest with sequences from dbEST and identify a likely TSS from the clone with 

the most 5' end, as well as, identifying if an alternate upstream exon is present. 

Such alignments can be performed using the Blast Local Alignment Sequence 

Tool (BLAST). The BLAST programs are a set o f sequence comparison 

algorithms introduced in 1990 that are used to search sequence databases for 

optimal local alignments to a query sequence (Altschul et al., 1990). Although the 

identification of the most 5' clones in the database is useful for characterisation, it
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should be noted that many cDNAs in such databases do not contain the correct 5' 

end of the gene transcript since reverse transcriptase often does not reach the 

extreme 5' end of the transcript. However, information fi'om all these database 

sources can be compiled to allow prediction of the region in which transcription is 

likely to begin and facilitate further characterisation.

Promoter Region Prediction

Following TSS prediction, the regions in which the core and proximal 

promoters are likely to reside can be predicted. Most promoters consist o f 

consensus sequences and therefore, it may be possible to predict the functional 

promoter region by analysing the sequence surrounding the TSS (or the start 

codon if the TSS is unknown), using promoter analysis software. The Promoter 

Inspector program, part of the Genomatix suite (www.genomatix.de), scans the 

sequence of interest for typical core promoter elements such as the presence o f a 

TATA box, an Inr, and/or a DPE, and then predicts the location of the promoter 

region (Scherf et al., 2000). The use of such programs provides a starting point for 

future experimental detection and measurement o f promoter activity.

The presence o f a CpG island is another feature common to promoter 

regions, especially those that are TATA-less (Chapter 1.4.4), and has been 

identified by some as the most reliable measure for promoter prediction 

(Hannenhalli & Levy, 2001). CpG islands can be identified using a prediction plot 

program, such as CpG Island Searcher (www.cpgislands.com). The parameters 

that define a CpG island, to ensure exclusion of other CpG rich repetitive 

elements such as Alu repeats, are according to the more stringent definition o f 

Takai & Jones (2002) and state that it must be >500 bp in length, with a G+C 

content > 55% and an Obscpo/Expcpc > 0.65. A sequence o f interest can be 

analysed by a CpG Island searcher and any region matching these criteria will be 

identified as a CpG island.

Prediction of Transcription Factor Binding Sites

Although identification of the promoter region is essential for 

characterisation, it is the binding of transcription factors (TFs) to sequences in this
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region that actually controls and regulates gene expression. TFs bind to consensus 

sequence motifs in promoter regions and result in either up- or down-regulation of 

gene expression. Those TFs possibly associated with a particular promoter region 

can be identified through the use o f specifically designed TF binding site 

prediction programs, such as the Matlnspector program (Quandt et al., 1995), also 

part o f the Genomatix suite, and the AliBaba2 and MATCH programs, which are 

part o f the Gene Regulation suite (gene-regulation.com). Sequence information on 

TFs and their consensus binding sites is contained in databases such as the 

TRANSFAC® database (Heinmeyer et a i,  1998). The TRANSFAC® database, 

alone, contains sequence information for over 7,000 transcriptional elements. 

However, due to the short length and degenerate nature o f these motifs, it is 

practically very difficult to use most o f these to annotate new sequences. 

Numerous factors can bind to any one motif and in long sequences, hundreds of 

similar sites can be found, with most o f them proving to be biologically irrelevant. 

Nonetheless, with additional information such as biological fianction and 

importance, it may be possible to predict some of those that will be of functional 

relevance. For example, it was possible to determine those binding sites most 

likely to play a role in the MTHFDl promoter by focusing on those found to be 

functionally important in other TATA-less genes, especially those that are folate- 

related (Chapter 1.4.5-6). Some factors found to be common in such promoters 

include the Spl and E2F families o f transcription factors. Spl, especially, is 

known to play an important role in transcriptional initiation from TATA-less, Inr- 

less genes (Pugh & Tjian, 1990). Also, results fi’om recent large scale promoter 

studies (Chapter 1.4.5) provided evidence for some TFs associated with binding to 

M THFDl and this information can be used to facilitate identification and 

localisation o f consensus sites likely to be functional. Binding to the M THFDl 

promoter region has been detected in studies investigating the E2F1, E2F4 and 

pl30, NRF-1, and c-Myc-Max transcripfion factors (Chapter 1.4.5; Weinmann et 

al., 2001; Ren et al., 2002; Mao et al., 2003; Cam et al., 2004;). Most o f these 

studies have employed a ‘ChlP-on-chip’ approach by combining chromatin 

immunoprecipitation o f transcripfion factors, and their associated DNA, with 

microarray analysis o f the bound DNA sequences. However, the exact MTHFDl 

sequence to which these transcription factors bind was not elucidated in most of
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these studies but can be predicted by identification of their consensus binding 

motifs in the upstream region using TF binding site prediction programs.

Comparative Sequence Analysis

Comparative sequence analysis is another method that has enabled 

identification o f important regulatory regions using purely computational methods 

(Dubchak et al., 2000; Loots et al., 2000; Miziara et al., 2004). Nucleotide 

sequences that are actively conserved over evolution are likely to be o f biological 

importance and the identification o f these in upstream regions is useful for 

promoter characterisation. Comparison of sequences fi’om genes with similar 

functions in different species can be performed by sequence alignment, which 

uses an algorithm to arrange sequences in a way that highlights regions of 

similarity and may indicate a functional relationship between them. As well as the 

human MTHFDI sequence, those from rat and mouse M thfdl are also contained 

in public sequence databases and so can be retrieved for comparative sequence 

analysis. The MAVID tool can be used to perform such multiple alignment 

analysis and actively conserved sequences can be viewed in VISTA format, which 

uses a continuous curve to represent the level o f identity, with conserved regions 

highlighted under the curve (http://baboon.math.berkelev.edu/mavid; Bray & 

Pachter, 2003). These plots have been designed to show conservation and not just 

similarity between sequences based on their evolutionary distance. Phylogenefic 

footprinting is a similar method that uses alignment-based comparisons o f the 

noncoding sequences o f homologous genes from different species to identify 

conserved fijnctional regulatory elements (Tagle et al., 1988; Weitzman, 2003). 

For example, the CONSITE algorithm aligns non-coding sequences cf 

homologous genes fi-om two genomes and then screens conserved regions against 

the JASPAR database, which is a collection of experimentally defined TF binding 

sites, to identify conserved binding sites (Lenhard et al., 2003). In this way, 

binding motifs that have been conserved, and therefore likely to be functional, can 

be identified. As well as comparing sequences from different species, genes with 

similar function in the same genome are likely to share a common ancestor and 

possess evolutionary conservation also. In the human genome, MTHFDI encodes 

a trifiinctional enzyme in the cytoplasm and the MTHFDIL  and MTFIFD2 genes
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encode enzymes that perform similar ftinctions in the mitochondria (Chapter 

1.3.2). These genes belong to the same family and are believed to have a common 

ancestor and share sequence similarity. Similar alignment o f these sequences may 

reveal conserved binding motifs that could signify a coordinated mechanism of 

regulation, leading to co-expression o f these genes.

Collectively, database searching and in silico analysis can provide a large amount 

of useftil information about the sequence of interest prior to any experimental 

work being performed.

3.1.3 Experimental Identification o f MTHFDl 5' end

The identification of the true MTHFDl 5' end, or TSS(s), cannot be 

reliably achieved by database or cDNA library screening (i.e. dbEST) alone, since 

the methods used to create these libraries often result in the isolation o f mRNAs 

with truncated 5' ends. Therefore, it was necessary to isolate MTHFDl mRNA 

known to contain an intact 5' end and, subsequently, identify the correct TSS(s), 

as well as, determine if  any alternative upstream exons exist. Popular methods for 

identifying the 5' end of a gene include primer extension assays, ribonuclease 

protection assays (RPA), and 5' RNA Ligase Mediated Rapid Amplification of 

cDNA Ends (RLM-RACE). Primer extension assays involve hybridisation of a 5'- 

labelled synthetic oligonucleotide to a specific location towards the 5' end of the 

mRNA target, followed by reverse transcription to produce an extension product 

that corresponds to the distance from the priming site to the start site o f the 

mRNA. Therefore, the position of the TSS can be elucidated by determination of 

the length of the primer extension product. RPAs are based on hybridisation of a 

5'-labelled single-strand probe spanning the region of the mRNA target likely to 

contain the TSS. Digestion with an endonuclease then degrades all unprotected 

nucleic acid, leaving a fragment that accurately represents the distance from the 

beginning of the mRNA (or TSS) to the start of the labelled probe, which can be 

detected by gel electrophoresis and autoradiography. The 5' RLM-RACE method 

is a PCR-based technique that facilitates the cloning of sequences from the 5' end 

o f genes, allowing subsequent identification of the TSS. It is a reliable and
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efficient technique that does not require the use o f radiolabelled primers or probes 

and, therefore, was the method of choice for identification of the MTHFDl TSS.

5' RLM-RACE Procedure Background

RLM-RACE is designed to amplify cDNA only fi-om full-length capped 

mRNA (Maruyama & Sugano, 1994). It represents a major improvement to the 

classic RACE protocol, which does not involve the specific selection o f 5' ends o f 

mRNA and, therefore, all cDNAs are acceptable templates (Frohman et al., 1988). 

The method described is based on the FirstChoice® RLM-RACE kit and involves 

selecting only those mRNAs with an intact 5' cap structure and replacing this with 

an RNA adapter sequence prior to first strand cDNA synthesis (Figure 3.1). The 

cap structure, present on intact mRNA, consists o f a methylguanosine that is 

added to the 5' end of all RNA polymerase II transcripts via a tri-phosphate 

bridge, and aids in the stability and exportation o f the transcript from the nucleus. 

Molecules lacking a cap structure that may be present in the reaction, include 

ribosomal RNA, fragmented mRNA, tRNA and contaminating genomic DNA i.e., 

those species not fijlly transcribed by RNA polymerase II. The first step o f the 

procedure ensures that these molecules are excluded from the rest o f the 

procedure by treatment with Calf Intestinal Phosphatase (CIP), which removes 

their free 5'-phosphates necessary for ligation o f the RNA adapter. Full-length 

mRNA is protected from the CIP reaction by the presence o f its 5' cap. The next 

step involves treatment with Tobacco Acid Pyrophosphatase (TAP), which 

removes the cap from full-length mRNAs, leaving a free 5'-monophosphate. 

Therefore, intact mRNA is now the only molecule with a free 5'-phosphate, since 

the others were removed by the initial CIP reaction. A 45 bp RNA adapter 

oligonucleotide is then ligated to the RNA population using T4 RNA ligase. The 

adapter cannot ligate to dephosphorylated RNA because a free 5'-phosphate is 

necessary for ligation. During the ligafion reacfion, the majority of the full-length, 

decapped mRNA acquires the adapter sequence at its 5' end. The RNA is then 

reverse transcribed into cDNA using random decamers as primers. This reverse 

transcription reaction results in the production of a cDNA product with the 

adapter sequence incorporated into the first strand, which allows for easy 

amplification o f the full-length product using both adapter- and gene-specific
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primers. Two primers corresponding to the adapter sequence are included in the 

kit and two antisense primers must be designed to be specific for the gene of 

interest (Figure 3.2). These antisense primers should be at least 150 bp 

downstream from the 5' end o f the known sequence, to ensure the product is large 

enough to evaluate by gel electrophoresis. Also, an extended range, thermostable 

DNA polymerase {e.g. SuperTaq-Plus™) is recommended for use in the PCR, 

since the size o f the expected template is usually unknown and, this enzyme 

provides greater fidelity and processivity for long templates than ordinary Tag 

polymerase. After amplification of the 5' end o f the transcript, it is then necessary 

to clone it into a suitable plasmid vector, to enable sequence analysis. The plasmid 

vector used in this case was pBluescript® II SK+ (Figure 3.3). This is a useful 

vector for cloning as it contains several important sites:

❖ MCS (653-760) -  Multiple Cloning Site, flanked by T3 and T7 promoters, 

contains many restriction enzyme sites, including BamU] and EcoKX.

*1* Ampicillin (1976-2833) -  Ampicillin resistance gene for antibiotic selection 

of the cloning vector. Ampicillin is added to agar and liquid media, so only 

cells with the vector can grow.

❖ LacZ gene a-fragment; lac promoter (817-938) -  This portion o f the lacZ gene 

allows for blue/white colour selection of the recombinant plasmid if 

propagated in suitable E. coli strains containing the carboxy-terminal part of 

the LacZ gene.

To facilitate cloning, a BamRX site is included in the 5' RACE kit Inner primer 

and a second site can then be included in the gene specific primer. This allows for 

insertion o f the DNA sequence into the MCS of the plasmid by restriction enzyme 

digestion o f both the DNA sequence and the plasmid with BamY{\ and the gene- 

specific restriction enzyme, followed by ligation of the two with T4 DNA ligase. 

The recombinant plasmid must then be transformed into E. coli competent cells. 

Transformation allows for the expression, propagation and purification of the 

recombinant DNA. It acts as a purification step since it separates the complex 

mixture of ligation reaction products into individual bacterial colonies, or 

eliminates some of them entirely. Cells are made competent by treatment with
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calcium chloride or by electroporation. Once treated, these cells are capable of 

taking up foreign DNA. Following transformation of the ligated vector into a 

suitable E. coli strain, colonies can be selected using blue/white screening. This is 

a type o f positive selection system based on the P-galactosidase enzyme and its 

ability to hydrolyse 5-Bromo-4-Chloro-3-Indolyl-P-D-galactosidase (X-Gal), 

which is a chromogenic substrate, and results in the formation of a blue-coloured 

colony. The plasmid vector contains the amino-terminal fragment of the p- 

galactosidase gene and certain E. coli strains provide the carboxy-terminal 

fragment o f the gene, so the gene is only fiinctional if  the competent cells take up 

the plasmid, thereby combining the two gene fragments. Successfiil ligation o f a 

DNA fragment into the MCS of the vector disrupts p-galactosidase expression; 

without insertion, expression is uninterrupted. Thus, when the E. coli host, 

expressing the carboxyl-terminal portion of p-galactosidase, is transformed with a 

plasmid vector without a DNA insert, a ‘blue’ colony will result. Transformation 

o f a vector with DNA fragment insertion results in a ‘white’ colony as p- 

galactosidase expression will have been disrupted. These colonies can then be 

isolated and prepared for further analysis by direct sequencing.

However, some genes have alternate promoters and have been shown to 

use different TSSs in different tissues, resulting in tissue-specific or temporal- 

specific gene expression (Gallagher & Forget, 1998). Although M THFDl is 

ubiquitously expressed, its levels may vary among different tissue types with 

different folate metabolism requirements and this may be controlled at the 

transcriptional level. Differences in transcripfional profiles can be determined 

through applicafion of the 5' RLM-RACE procedure with RNA from more than 

one source. Given the maternal risk for NTDs associated with the R653Q 

polymorphism, MTHFDl is believed to be important in pregnancy and embryonic 

development (Chapter 1.3.4). Therefore, it is plausible that the gene may be 

regulated in a different manner in tissues important during pregnancy and 

development, such as placenta. Additionally, gene expression may differ between 

individuals as a result o f genefic differences, such as common polymorphisms. 

Therefore, separate experiments with RNA from different tissue sources and/or 

from different individuals should be performed to determine if any differences in 

transcription patterns are present.
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3.1.4 Identification o f  Functional and Minimal Promoter Regions

A combination o f  TSS identification, in silico  promoter and TF binding 

site prediction and comparative sequence analysis provide information on the 

location o f  the functional promoter region. However, experimental investigation is 

then necessary to confirm this, and to identify regions associated with activated 

transcription, as well as, the minimal promoter region capable o f  driving 

transcription.

Promoter fiinction is principally assessed by a method in which, the promoter 

sequence is linked to an easily detectable “reporter” gene in a suitable expression 

vector. The vector is then transfected into target cells or tissues and the resulting 

activity is measured. Chloramphenicol acetyltransferase (CAT), firefly luciferase, 

green fluorescent protein and P-galactosidase are some o f  the genes used as 

reporters. The E.coli CAT enzyme was the first o f  these reporter genes to be 

described for use in promoter analysis (Gorman et a l ,  1982). The CAT enzyme 

transfers acetyl groups to chloramphenicol and the resulting product formation 

can be measured as an indication o f  linked promoter funcdon. The CAT enzyme 

provides a useful and reliable assay but, more recently, the trend has been towards 

the use o f  bioluminescent reporters, due to the ease o f  detection o f  product and the 

sensitivity o f  these assays. Firefly luciferase is the most powerful bioluminescent 

known and is the most com m only used o f  the bioluminescent reporters (de Wet et 

al., 1987). It is a 61 kDa monomeric enzyme that catalyses a reacfion using D- 

luciferin and ATP in the presence o f  oxygen and Mĝ "̂  resulting in light em ission  

(see reaction below).

Luciferin + ATP + O2 Oxyluciferin + AMP + PPi + CO2 + Light

(also see Figure 3.4)

Yellow-green light with peak em ission occurring at 560 nm is emitted fi'om the 

reaction (Seliger & McElroy, 1960). Light emitted is measured using a 

luminometer and the total amount o f  light measured during a given dm e interval 

is proportional to the amount o f  luciferase reporter activity in the sample and is 

representative o f  the transcripfional strength o f  the linked promoter. Firefly 

luciferase is a popular reporter gene for many reasons, including the sensitivity  

and convenience o f  the enzym e assay, the tight coupling between protein
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synthesis and enzyme activity, and its applicability to virtually any host system. In 

order to link the promoter sequence to the reporter gene o f choice, it is necessary 

to use a suitable plasmid vector. For example, the pGL family o f reporter vectors 

from Promega contain the luciferase coding region downstream of the MCS in the 

vector, where the target DNA can be introduced (Figure 3.5). A promoter 

sequence can be cloned into the MCS of the vector using the appropriate 

restriction enzyme sites and its strength as a promoter can be measured by its 

ability to drive luciferase expression upon transfection. The amount of luciferase 

expressed can be assessed by the addition of the enzyme’s substrates (luciferin, 

ATP and Mĝ "̂ ) to the cell lysate and measuring the resulting light emission on a 

luminometer. Co-transfection with a second reporter is usually performed as an 

internal control in these assays, to normalise for experimental variables such as 

transfection efficiency and variation in cell numbers. In the case of luciferase 

reporter gene assays, a Renilla luciferase vector is often used for this purpose, and 

is co-transfected with the pGL vector. Renilla luciferase, found in the sea pansy, is 

a 31 kDa monomeric enzyme that catalyses the oxidation o f coelenterazine to 

yield coelenteramide and blue light o f 480nm (Lorenz et a l, 1991). Like the 

firefly luciferase enzyme, it does not require any post-translational modifications 

for activity and, therefore, can function as a reporter immediately following 

translation. Since firefly and Renilla luciferases have dissimilar enzyme structures 

and substrate requirements, it is possible to selecfively discriminate between their 

respective bioluminescent reactions and they can be measured independently in 

the same sample (Wood, 1998). The pRL-TK vector from Promega contains 

Renilla luciferase cDNA, downstream of the thymidine kinase promoter fi'om the 

herpes simplex virus, which provides moderate levels o f Renilla luciferase 

expression in both embryonal and mature mammalian cells.

The first step in measuring promoter function is the amplificafion o f the sequence 

of interest and cloning into a suitable expression vector, in this case the pGL3 

Basic vector. Selection o f a suitable upstream region, large enough to include 

essential promoter elements, is necessary for these studies. Therefore, some prior 

knowledge regarding the locafion o f the promoter region and important regulatory 

elements therein is required when deciding on a suitable promoter construct. This 

knowledge can be obtained through preliminary bioinformatic analyses and the 

experimental identification o f the TSS by 5' RLM-RACE, or another suitable
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method. Creation and analysis o f a series o f suitable constructs can then identify 

promoter regions that support varying levels o f activated transcription, as well as, 

define the minimal promoter region necessary to drive transcription. Relative 

promoter activity can be quantitated by comparing the normalised luciferase 

activity values of promoter constructs to that o f empty pGL3 Basic vector.

3.1.5 Chapter Aims

The aim of this chapter was to characterise the human MTHFDl promoter region 

through a series o f bioinformatic and experimental analyses including:

>  Prediction of the TSS by searching sequence databases such as NCBI, EBI 

and DBTSS and dbEST for the most 5' end o f the MTHFDl gene.

> Experimental verification o f the TSS(s) by the 5' RLM-RACE procedure.

> Prediction o f the promoter region and CpG island identification.

>  Identification o f putative TF binding sites in the promoter region using 

suitable prediction programs.

> Comparative sequence analysis to locate conserved regions that are likely 

to be functional.

>  Measurement o f promoter activity and identification of the minimal 

promoter region necessary to drive transcription using a luciferase reporter 

gene assay system.
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3.2 Methods
3.2.1 Bioinformatic Resources

Databases and programs used to retrieve information relating to the 

MTHFDl gene and for prediction of the promoter region and associated features 

were:

NCBI -  http://www.ncbi.nih.gov

EBI -  http://www.ebi.ac.uk

UCSC -  http://genome.ucsc.edu

DBTSS -  http://dbtss.hgc.jp

dbEST -  http://www.ncbi.nih.gov/EST

BLAST -  http://www.ncbi.nih.gov/blast

Genomatix Suite -  http://www.genomatix.de

CpG Island Searcher -  http://www.cpgislands.com

Gene Regulation Suite -  http://gene-regulation.com

MAVID -  http://baboon.math.berkeley.edu/mavid

CONSITE -  www.phvlofoot.orQ/consite

3.2.2 The 5' RLM-RACE Procedure

The 5' RLM-RACE protocol was performed according to the 

manufacturer’s instructions initially using 10 ^g total RNA, which was isolated 

from lymphoblast cell lines obtained from the Human Genetic Cell Repository in 

the Coriell Institute for Medical Research, Camden, New Jersey (Chapter 2.2.1). 

The procedure was also performed using 250 ng human placental Poly (A) RNA 

purchased from Ambion®. After the conversion o f the mRNA of interest to the 

cDNA template by reverse transcription, a nested PCR was performed to amplify 

the MTHFDl product. Following Inner RACE PCR, the products were visualised 

on a 2% agarose gel (Figure 3.6). A list o f primers used for these PCRs can be 

found in Table 3.1 and the conditions used are listed below.

PCR products were cloned into the BamRX and EcoK\ sites of the pBluescript® II 

SK(+) vector (Figure 3.3). The first step in the cloning process was the digestion 

of both the Inner RACE PCR product and the pBluescript® II SK (+) vector DNA 

with 30 Units of both BarnHX and EcoRl enzymes for 4 hours at 37”C, followed 

by extraction of the DNA with phenol:chloroform and precipitation with ethanol
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(Chapter 2.2.8-2.2.10). The digested products were then ligated using T4 DNA 

Ligase (1 U/|il), according to the ligation reaction below.

PCR Conditions:

A) Outer RACE PCR:

Master Mix Cvcle Conditions

5 fil 1 OX Long Buffer 94°C for 3:00
4 |il dNTPs (2.5 mM) 94“C for 0:30 '
2 )al Kit Outer Primer (10 |iM) eO^C for 0:30 x3 5
2 [i\ Gene specific Outer primer (10 |aM) 72°C for 0:30

>*

35.75 )al Sterile H2 O 72°C for 5:00 ^
0.25 )il SuperTag'-Plus™ (5 U/|il)
1 |al cDNA from Reverse Transcription reaction

15°C end.

B) Inner RACE PCR: 

Master Mix Cycle Conditions

5 |j1 1 OX Long Buffer 
4 nl dNTPs (2.5 mM)
1 )nl Kit Inner Primer (10 |j M)
1 |il Gene specific Inner primer (10 |iM)
35.75 1̂1 Sterile H2 O
0.25 |il Super Tag-Plus™ (5 U/|il)
1 |il Outer RACE PCR product

94°C for 3:00 
94"C for 0:30 
62°C for 0:30 
72“C for 0:30 
72°C for 5:00 
15°C end.

X 35

Ligation Reaction:

• -400 ng precipitated PCR product
• ~150 ng digested plasmid DNA
• 3 )al 1 OX Ligase Buffer ^  @ 16°C overnight
• 3-5 ^1 T4 DNA Ligase (1 U/^il)

-  up to 30 )j1 with sterile H2 O

The ligated product (10 jal) was transformed into 100 |j1 of DH5a™  Max 

Efficiency E. coli (Genotype: F' <!580/flcZAM15 MlacZYh-argV) U169 recAX 

endAl hsdR\7{vy, m^^)phoA supE44 thi-\ gyrA96 relKX tonA) competent cells 

and recombinant clones were selected using blue/white screening (Chapter 

2.2.12). The presence o f an insert was confirmed by a PCR screen using the
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universal primers M l3 Forward and Reverse (Table 2.1), since these primers 

flank the MCS of the vector and the presence of an insert can be determined by 

the size o f the resulting product when visualised on a 1% agarose gel (Chapter 

2.2.13). DNA was then prepared by plasmid mini-prep o f overnight cultures from 

positive colonies (Chapter 2.2.7). Clones were then directly sequenced using Big 

Dye Terminator® chemistry to confirm the presence o f the correct insert and to 

identify the transcription start site by locating the adapter sequence and, 

subsequently, the first nucleotide of the cDNA sequence (Chapter 2.2.5).

Control Measures

• The presence of the target RNA in the total RNA extraction was verified 

by PCR with an upstream gene-specific forward primer, in conjunction 

with the gene-specific outer RACE primer (Figure 3.6), to produce a 

product that could be visualised on an agarose gel.

• Minus-template PCR: A minus-template, or negative control reaction, was 

included in both the Outer and Inner PCR reactions to ensure the reactions 

were contaminant-free (Figure 3.6).

3.2.3 Luciferase Reporter Gene Assavs 

Generation of Promoter Constructs

A series of promoter constructs were amplified using genomic DNA from 

cell line 17102 o f the Human Genetic Cell Repository in the Coriell Institute for 

Medical Research, Camden, New Jersey (Chapter 2.2.15; Figure 3.7). With the 

exception o f the 1.94 kb construct, all constructs were amplified by PCR with 

primers that created a product with either a Sac\ or Nhe\ site at the 5' end and a 

BglW site at the 3' end. The 1 kb promoter construct was initially amplified with 

the lkb_Forward and Pr Reverse primers and this product was used as the 

template for a nested PCR with the Ikb Nhel and Bglll Reverse primers, to add 

an Nhe\ and a BglW site to the 5' and 3' ends, respectively (see Table 3.2 for 

primer sequences). The 0.59 kb promoter construct was initially amplified with 

the 0.59kb_Forward and Pr_Reverse primers and then a nested PCR, using the



0.59kb_SacI and Bglll Reverse primers, was performed to add a S a d  and a BglW 

site to the 5' and 3' ends, respectively. The smaller constructs of 0.47 kb, 0.39 kb, 

0.26 kb and 0.11 kb were amplified using the larger 0.59 kb cloned product as 

template. The same reverse primer with a BglW site (Bglll Reverse) was used in 

conjunction with forward primers 0.47kb_NheI for the 0.47 kb product, 

0.39kb_SacI for the 0.39 kb product, 0.26kb_SacI for the 0.26 kb product and 

0.11kb_SacI for the 0.11 kb product. Once amplified, constructs were digested 

with SacVNhel and BglW and subsequently ligated into digested pGL3 Basic 

vector (Chapter 2.2.8 -  11). The 1 kb, 0.59 kb, 0.47 kb and 0.11 kb constructs 

were initially T/A cloned into the pCR2.1® vector, and then sub-cloned into 

pGL3 Basic vector (Figure 3.5). TA cloning exploits the fact that amplification 

with Taq polymerase results in PCR products with 3' A-overhangs and allows for 

the direct insertion o f a PCR product into a linearised vector containing 

complimentary 3' T-overhangs by ligation with T4 DNA Ligase. The cloned 

product can then be easily sub-cloned into the pGL3 Basic vector. Following 

cloning, plasmids were transformed into E. coli DH5a™-Max Efficiency or InVa 

F' competent cells and selected on LB Ampicillin plates by incubation at 37°C 

overnight (Chapter 2.2.12). Colonies were isolated and screened for inserts by 

PCR assay (Chapter 2.2.13). DNA was then prepared fi'om successfial clones by 

plasmid mini-prep and inserts were verified by direct dideoxy cycle sequencing 

(Chapter 2.2.5). However, considerable difficulty was encountered when 

attempting to clone the 1.94 kb fi’agment, with both direct pGL3 cloning and TA 

cloning. Therefore, the cloning strategy was switched to that o f Gateway™ 

Cloning Technology, which facilitates rapid efficient cloning into a suitable 

vector. It is based on the site-specific recombination system used by phage X to 

integrate its DNA in the E. coli chromosome using specific recombination sites 

called attP in phage X site and attB in E. coli. The integration process is known as 

lysogeny and is catalysed by the phage X enzyme Integrase and the E. coli enzyme 

Integration Host Factor. Recombination occurs between the attP (243 nucleotides) 

and attB (25 nt) sites to generate attL (100 nt) and attR (168 nt) that flank the 

integrated phage X DNA. This process is reversible and excision is also possible. 

The Gateway™ Cloning system is an in vitro version of these events (Figure 3.8). 

The DNA sequence o f interest, flanked by attB sites, is recombined with a donor
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vector containing attP sites to create an entry clone with attL sites. The entry 

clone can then recombine with an appropriate destination vector containing attR 

sites and an expression clone with attB sites is generated. Both entry and 

destination vectors contain a ccdQ cassette (or death domain) between their 

respective recombination sites. The ccdB gene interferes with DNA gyrase and 

inhibits growth of E. coli. This acts as a positive selection method and only allows 

E. coli transformation o f those clones that have successfiilly recombined and 

thereby, replaced the ccdB cassette.

The 1.94 kb region was initially amplified using the 1,94kb_Forward and 

Pr_Reverse primers and this product was then used as the template for a nested 

PCR with the 1.94kb_Gateway Forward and Reverse primers, which contained 

the attBl and attB2 sites at either end, to create a product suitable for Gateway 

CloningT'^ (Table 3.2). The donor vector used was pDONR’̂ '^201 as part o f the 

PCR Cloning system with Gateway Technology from Invitrogen. The destination 

vector was pGL3 Basic into which the Gateway Reading Frame Cassette had been 

cloned (kind gift from Glenn Maston, University o f Massachusetts Medical 

School, USA). The BP and LR recombination reactions were then performed 

according to the manufacturer’s instructions. Colonies were selected by overnight 

incubation on LB Kanamycin agar plates after the BP reaction and LB Ampicillin 

after the LR reaction and were screened for inserts, which were subsequendy 

sequenced to confirm correct insert.

Cell Transfection & Luclferase Assay

Each assay was performed in triplicate in 96-well plates on two consecutive days 

(Chapter 2.2.16). Human Embryonic Kidney (HEK)-293 cells were seeded at a 

density o f 1 x 10  ̂ cells/ml for 24 hours before transfection. Plasmid DNA was 

transiently transfected using GeneJuice® Transfection Reagent, which provides 

highly efficient DNA transfer in both stable and transient transfection of 

eukaryotic cells. In general, a ratio o f 3 |al GeneJuice® reagent per 1 )ag DNA was 

sufficient for reliable DNA transfection.

Preliminary experiments, using serial dilutions o f plasmid DNA over a 

concentration range of 10 ng!\i\ -  300 ng/|al, determined that 100 ng/^1 was 

optimal for transfection and subsequent luciferase assays (Figure 3.9). All cells 

were co-transfected with the Renilla luciferase plasmid (pRL-TK; 40 ng/|al) and
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incubated for 24 hours. Cells were then lysed with IX Passive Lysis Buffer and 

the lysate was halved for addition of either firefly or Renilla luciferase substrates 

(Chapter 2.2.16). Plates were then analysed for luciferase activity on either a 

Mediators PhL Luminometer or a Glomax'^'^ Luminometer. All values were 

normalised by dividing the Firefly luciferase results by the Renilla luciferase 

control vector values. Relative promoter activity was then calculated by dividing 

these results by the mean luciferase value obtained for empty pGL3 Basic vector 

at the same concentration.

The mean, standard deviation (SD) and coefficient o f variation (CV) of triplicate 

values were calculated using Microsoft Excel®. Relative promoter activity results 

were calculated as the mean and SD of at least three, and up to six, different 

experiments performed in duplicate. Mean intra- and inter-assay CVs were also 

calculated.
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3.3 Results

A combination of in silico prediction and experimental determination was 

employed to identify the TSS pattern, the core and proximal promoter regions and 

putative TF binding sites for the characterisation o f the human MTHFDl 

promoter region.

3.3.1 Bioinformatic Results 

Transcription Start Site Prediction

The TSS o f MTHFDl is given as 54 bp upstream of the ATG start codon 

in the NCBI Genbank database and as 86 bp upstream in the EBI Ensembl 

database. These discrepancies are likely due to the fact that the TSS has not 

previously been experimentally confirmed and these ‘start sites’ represent the 

beginning of the most full-length cDNA clone in the respective databases.

The DBTSS was set up to overcome the problem of truncated cDNAs by 

using an oligo-capping technique for isolation of full-length mRNA. MTHFDl 

clones isolated using this method were found to have varying start sites, all of 

which are recorded in the database. However, a majority o f clones appeared to use 

a TSS 96 bp upstream of the start codon, and this has been designated as the likely 

TSS in DBTSS.

Alignment of 660 bp o f the MTHFDl upstream region with clones from 

dbEST revealed a total o f 100 o f the best matching clones with varying 5' ends 

(Figure 3.10). This redundancy of MTHFDl clones is due to the fact that 

MTHFDl is highly represented in the database, as it is a constitutively expressed 

gene, and so will have been sequenced many times from different tissues and at 

different developmental stages. The longest clones were analysed further and their 

5' ends were noted as possible transcription start sites. Most started approximately 

120 bp upstream of the start codon, with one somewhat longer clone starting 

almost 200 bp upstream. However, further analysis o f MTHFDl clones in dbEST 

revealed the existence o f clones with a 5' end at almost every nucleotide from the 

ATG start codon to 120 bp upstream. This could represent the existence o f 

multiple start sites in the MTHFDl promoter or, alternatively, could be the result 

of truncated 5' cDNAs, where the true 5' end is missing. The collective database
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information at this stage points toward the existence of a muhi-start site pattern in 

the MTHFDl gene, similar to that of other folate-related, TATA-less genes.

Promoter Region Prediction

Analysis of the MTHFDl upstream region was carried out using Promoter 

Inspector and Gene2Promoter programs in the Genomatix suite 

(www.genomatix.de). A region spanning approximately 1 kb of the MTHFDl 

upstream sequence was chosen as likely to contain the majority of regulatory 

elements associated with the MTHFDl proximal promoter and was analysed using 

these programs. A 335 bp promoter region, spanning nucleotides 68 to 403 

upstream from the start codon, was predicted and a putative TSS was identified at 

a position 100 bp upstream from the start codon (Figure 3.11).

The region from 1.1 kb upstream down to the first 900 bp of Intron 1 was 

analysed using the CpG Island Searcher program. The parameters were set to a 

minimum of 55% GC content, an ObsCpG/ExpCpG of 0.65, and a minimum 

length of 500 bp for valid CpG island identification. A ~1.65 kb CpG island, 

encompassing the region from Exon 1 of the upstream predicted gene to the 

beginning of Intron 1 in the MTHFDl gene, was subsequently identified (Figure 

3.12). The G + C content of the island was calculated to be 58%, and the 

ObsCpG/ExpCpG was 0.72.

Transcription Factor Binding Site Prediction

Identification of putative TF binding sites in approximately 1 kb of the 

MTHFDl upstream region was performed using the Matlnspector, AIiBaba2 and 

MATCH prediction programs (Quandt et al., 1995; Grabe, 2002; Kel et al., 2003). 

Numerous possible binding elements were identified; far too many to all have 

biological relevance. Notably, the region approximately 500 bp upstream of the 

ATG start codon contains many putative Spl and E2F sites, with a putafive HIPl 

(Housekeeping Initiation Protein 1) binding site at a position approximately 300 

bp upstream of the start codon (Figure 3.11). A HlPl binding site has been 

identified in the DHFR promoter and acts as an Inr element that is involved in the 

posifioning of transcripfional initiafion when bound by the HIPl protein (Means 

& Famham, 1990). This element is believed to be responsible for initiation of 

transcription from a single start site in DHFR, and, therefore, would be likely to
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do the same thing if it was found to be functional in MTHFDl. There is also a 

consensus E-box approximately 100 bp upstream and a consensus CCAAT box 

approximately 390 bp upstream. The position of these sites is within the region 

predicted to contain the core promoter when analysed using promoter prediction 

programs and it appears likely that they could play a functional role in 

transcription. Consensus binding sites for TFs associated with MTHFDl in recent 

large scale promoter studies were also identified. These include consensus E2F 

and pl30 sites, an NRF-1 site and an E box for c-Myc-Max binding.

Comparative Sequence Analysis

Approximately 1 kb of upstream sequences from human, rat and mouse 

MTHFDl were aligned using the MAVID alignment tool and results were 

displayed in VISTA format (Figure 3.13). An evolutionary conserved region, 

extending from the ATG start codon to ~130 bp upstream, was identified in the 

three species. Identification of conserved TF binding sites was performed using 

the CONSITE algorithm. A conserved E-box, approximately 100 bp upstream was 

identified in a human/mouse alignment (Figure 3.14). This site is also present in 

rat MTHFDl upstream sequence. No evolutionarily conserved regions were 

identified in an alignment of the human MTHFDl, MTHFDIL, and MTHFDl 

upstream regions.

Overall Bioinformatic Predictions

Transcription of the human MTHFDl promoter is likely to be initiated at 

multiple TSSs in the upstream gene region and elements necessary for this are 

predicted to occur within the first 400 bp of the upstream region. Identification of 

a 1.6 kb CpG island represents a region of regulatory importance from ~ 1 kb 

upstream extending into Intron 1. Putative Spl, E2F, HIPl and NRF-1 

transcription factor binding sites, as well as, a consensus E-box that is conserved 

across species, were identified in this region and some, or all, of these are likely to 

be important for regulation of MTHFDl gene expression.
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3.3.2 5' RLM-RACE Results

The 5' RLM-RACE procedure was performed to identify the TSS of the 

MTHFDl gene. RNA was used as the template to create the MTHFDl 5' RLM- 

RACE product (Figure 3.6) which was subsequently cloned into pBluescript® II 

SK (+) and analysed to determine the 5' end or TSS. A total of five experiments 

were performed to provide a detailed transcription pattern profile. Inifially, RNA 

fi'om three different lymphocyte cell lines, representing three different individuals, 

was used in the procedure and then RNA fi-om placental tissue was chosen for 

comparison of transcriptional profiles.

Experiment 1: RNA fi-om Coriell lymphocyte cell line 15048 was subjected to 5' 

RLM-RACE. The product was then cloned into pBluescript® II SK (+) and 

sequenced. Two major transcription start sites were idenfified. Five clones had a 

TSS at a position 75 bp upstream of the ATG start codon (-75 x 5) and four had a 

TSS 100 bp upstream of the ATG (-100 x 4). One sequenced plasmid contained a 

mixed clone with both start sites and one did not contain the MTHFDl DNA 

fragment at all.

Experiment 2: RNA from Coriell cell line 17219 was subjected to the same 

procedure and cloned into pBluescript® II SK (+), as for Experiment 1. Fourteen 

white colonies were isolated and the plasmid DNA sequenced. Two major TSS 

were identified (-40 x 3) and (-108 x 2) and six minor start points were found at 

positions -126, -109, -101, -97, -89, and -68. One plasmid contained a mixed 

clone and two did not contain the MTHFDl DNA fragment.

Experiment 3: RNA from Coriell cell line 17265 was then used for the 5' RLM- 

RACE experiment. The resulting product appeared slightly smeary when 

visualised on an agarose gel, so the procedure was repeated. Both the new and the 

old products were cloned separately into pBluescript® II SK (+) and screened for 

inserts. A total of 35 white colonies were isolated and the plasmid DNA was 

sequenced. Two major TSS were identified (-72 x 12) and (-100 x 3) and minor 

start points were also identified at: -150, -122, -114, -112, -108, -106, -101, -75, - 

70, -65, -46, -40 and -30. One plasmid contained a mixed clone and two did not 

contain the MTHFDl DNA fragment.
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Experiment 4: The protocol was repeated for a fourth time in order to determine 

the nature o f the upper band(s) visualised on an agarose gel after the Inner PCR 

amplification (see Figure 3.6). RNA from cell line 15048 was again subjected to 

the 5' RLM-RACE protocol. The upper band was gel-extracted and cloned 

separately into pBluescript® II SK (+). Six of the upper band clones and seven o f 

the standard 5' RLM-RACE clones were isolated and sequenced. Transcription 

start sites were identified at positions -156, -126, -120, -117, -116, -114, -106, -84, 

-75, -72 (x 2), -43 and -40.

Experiment 5: Placental Poly A RNA was used as the template for the 5' RLM- 

RACE procedure. The product was cloned into pBluescript® II SK (+) and 

plasmid DNA from a total o f 32 white colonies was isolated and examined by 

direct sequencing. Frequently used start sites were identified at -116 (x 3), -112 (x 

3), -76 (x 4), -72 (x3), -68 (x 13), and -40 (x 3). Start sites used only once were 

idendfied at posifions -134, -100, and -83.

Overall Result: Transcripfion start sites have been identified in at least twenty- 

eight different positions over 126 bp of the MTHFDl upstream region (Figure 

3.15). No significant difference in initiation patterns was observed, either between 

individuals (different cell lines) or between different tissues (lymphocyte vs. 

placenta). There appear to be three start sites (-100, -72, -68) that were used more 

frequently overall as the sites of transcriptional initiation and these have been 

designated as the major TSSs of MTHFDl. None of the identified clones 

represented a start site in agreement with the size o f the upper band(s) seen in the 

Inner RACE PCR product (~500 bp; Figure 3.6). It was first thought that this band 

represented an alternative upstream exon or, alternatively, was merely a non

specific PCR band. However, gel-extracfion of the band and subsequent cloning 

and sequencing in Experiment 4, revealed it was composed of M THFDl products 

with start sites similar to those found from the lower band. This suggests that the 

upper band is an aggregated form of the cDNAs seen in the lower band and could 

have occurred as a result o f the large amount o f PCR product that is likely to 

reflect high MTHFDl expression. No start site was identified that was likely to 

represent an alternate exon upstream.
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3.3.3 Luciferase Assay Results

A series of promoter constructs were chosen for amplification and 

luciferase reporter gene assays to measure promoter activity and identify the 

minimal promoter region (Figure 3.7). A region o f 0.59 kb was chosen for initial 

studies as being likely to support sufficient promoter activity since it contained the 

in silico predicted core promoter region and many putative TF binding sites 

(Figure 3.11). A second construct o f 0.47 kb was then selected for amplification, 

to investigate the effect of the loss o f two putative Spl sites and an E2F site. A 

third promoter construct o f 0.39 kb would result in the loss o f more putative Spl 

and E2F sites and also a CCAAT box. A fourth construct of 0.26 kb was similarly 

chosen and according to bioinformatic analysis, this construct would result in the 

loss of a putative HIPl binding site. Important regulatory and enhancer elements 

can also be present much further upstream o f the TSS and, in order to ensure none 

o f these had been missed, constructs of 1 kb and 1.94 kb were then chosen for 

cloning. In particular, the activity o f the LPR construct was of interest, since it is 

within the predicted CpG island region and, therefore, is likely to serve as a 

functional promoter. Both the 1 kb and the 1.94 kb constructs extend into the 

region where a predicted gene, similar to the mouse Tex2I gene, lies on the 

opposite strand. It was o f interest to measure the promoter activity of these 

regions, to determine if this is a factor in promoter activity levels. Finally, a 0.11 

kb was selected to assay for promoter activity, to determine if this region included 

the minimal amount of sequence necessary to drive transcription or if  the deletion 

o f the sequence between this and the 0.26 kb construct would abolish promoter 

activity, and thus, identify essential regulatory regions.

All results are following transfection of promoter constructs in triplicate at 

a concentration of 100 ng/|il into HEK-293 cells and subsequent assay of their 

ability to drive transcription by luciferase measurement. Firefly luciferase values 

were normalised to those for Renilla luciferase and expressed relative to pGL3 

Basic empty vector values. The mean, SD and CV for each set o f triplicate values 

were calculated. The mean intra-assay CV was determined to be 10.2%. Relative 

promoter activity results were calculated as the mean and SD of at least three, and 

up to six, different experiments performed in duplicate, using different DNA 

preps of the promoter plasmids on each occasion (Table 3.3; Figure 3.16). The 

mean inter-assay CV was calculated as 9.6%. The 0.59 kb region exhibited the
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highest level o f promoter activity o f all the transfected constructs. The activity o f 

the larger 1 kb and 1.94 kb constructs is 75% and 38% that of the SPR construct, 

respectively. Transfection with the smaller 0.47 kb, 0.39 kb and 0.26 kb promoter 

constructs also resulted in a decrease in luciferase expression, with relative 

promoter activities 70%, 36%, and 45% that o f the 0.59 kb construct. Promoter 

activity was almost completely absent in the 0.11 kb construct, displaying only 

0.02% the activity o f the 0.59 kb region.

3.3.4 Summarv of Results

A multiple-site pattern o f transcriptional initiation in the human MTHFDl 

gene was predicted in silico and then experimentally confirmed using 5' RLM- 

RACE, with numerous TSSs identified within a ~126 bp window of initiation. An 

alternate upstream exon was not identified and significantly different patterns of 

transcriptional initiation were not present between individuals or between 

lymphocytes and placental cells. Regions o f regulatory importance in this gene 

were indicated by the presence of a 1.6 kb CpG island fi'om the upstream region 

extending to part of Intron 1. Investigation of promoter activity revealed 

significant levels o f transcriptional activity in constructs ranging from 0.26 to 2 kb 

upstream. A construct o f 0.59 kb displayed the highest level of activity and 

binding of transcription factors to putative Spl and E2F sites and a conserved E- 

box motif are believed to contribute to this observation. Larger promoter 

constructs o f 1 kb and 1.94 kb did not induce as high a level of transcription, 

indicating that binding of repressor elements to DNA sequence motifs in these 

regions is likely. Promoter acfivity was almost completely absent in a 0.11 kb 

construct, indicating that the region most important for transcription o f the 

M THFDl gene occurs between 0.11 kb and 0.59 kb upstream.
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3.4 Discussion
The human trifunctional MTHFDl enzyme is known to be important for 

normal development since a polymorphic form, resulting in an arginine to 

glutamate transition at position 653 (R653Q), is a maternal risk factor for NTDs, 

abruptio placentae and mid-trimester miscarriage (Brody et al., 2002; Parle- 

McDermott et al., 2005(a); Parle-McDermott et al., 2005(b); Parle-McDermott et 

al., 2006). However, the fianctional effect o f this polymorphism has not yet been 

elucidated but an alteration to MTHFDl gene expression, MTHFDl enzyme 

activity or other processes, such as post-translational modification, may be 

involved. An understanding of how MTHFDl is regulated will provide important 

data in a bid to ftirther characterise a gene that appears to be key to normal 

pregnancy outcome and, therefore, characterisation o f the human MTHFDl 

promoter was undertaken in this chapter.

A great deal o f information for the preliminary characterisation o f the 

human MTHFDl promoter was provided through the use o f various bioinformatic 

programs and tools. Important MTHFDl gene features, such as chromosomal 

location, gene size, exon number and gene sequence were easily retrieved from 

the NCBI database initially. The MTHFDl upstream sequence was then further 

analysed to identify any promoter features present. A significant finding was that 

this promoter does not contain either a TATA box or an Inr core promoter element 

that would direct the initiation of transcription to a particular start site. 

Alternatively, a range o f possible MTHFDl S' ends were identified fi'om different 

database sources, which indicated the likelihood o f a multiple transcription start 

site pattern in the MTHFDl gene, similar to that of other TATA-less, Inr-less 

genes. This was later experimentally confirmed using the 5' RLM-RACE method. 

In a total o f five separate experiments, three major (position -100, -72, -68, 

relative to the start codon) and over twenty-five minor transcription start sites 

were idenfified in the upstream region of the MTHFDl gene. The window of 

initiation spans a 126-nucleotide region, from 30 to 156 bp upstream of the start 

codon (Figure 3.15). No significant difference in start site usage was observed in a 

comparison o f lymphocyte RNA samples from three different individuals, or in a 

comparison of RNA fi-om lymphocyte and placental samples. The observed
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pattern of multiple initiation sites is common among other ubiquitously expressed 

folate-related TATA-less human genes including the reduced folate carrier (RFC) 

and thymidylate synthase (TS) genes (Gong et al., 1999; Dong et al., 2000). In the 

mouse TS promoter, it was proposed that the diversity of initiation sites seen 

appears to be directly attributable to the absence o f an initiator element within the 

transcription window (Geng et al., 1993). Without a specific element controlling 

initiation, it is possible that start site selection may reflect thermodynamic 

preferences o f the transcription complex for specific nucleotide sequences. A 

similar pattern o f initiation was also found in rat M thfdl, where the presence of 

multiple start sites spanning a 250-nucleotide region was demonstrated by both 

primer extensions and ribonuclease protection experiments (Howard et al., 2003). 

Three major start sites were identified in rat M thfdl at -55, -87, and -110 (relative 

to the ATG start codon), as well as, a range o f minor start sites. Therefore, the 

results found for the human MTHFDl promoter appear to correlate with the 

initiation patterns seen in an equivalent promoter in another species. The main 

conclusion fi'om these experiments is that transcription from human MTHFDl is 

not initiated at a single start site but at multiple start sites over a wide range of 

upstream sequence, and also, that an alternate exon is not present further upstream 

of Exon 1. Therefore, it was deemed unnecessary to perform further procedures 

for TSS identification e.g. ribonuclease protection assays or primer extension 

analysis, since the same result of multiple, and likely different, start sites would 

almost certainly occur and would not be o f benefit for further promoter 

characterisation.

Predicfion o f a funcfional promoter region was perfonned in silico and a 

335bp region spanning nucleotides 68 to 403 upstream was identified as a likely 

core promoter by the Promoterlnspector program (Figure 3.11). The TSS was 

predicted at 100 bp upstream of the start codon, and this was also identified as one 

o f the major TSSs by the 5' RLM-RACE procedure. CpG islands are a common 

promoter feature and, following a prediction plot, a 1.66 kb CpG island was 

idenfified within the first 1 kb of the MTHFDl upstream region and extending 

through Exon 1 into Intron 1 (Figure 3.12). CpG islands are generally associated 

with promoter regions that lack TATA or DPE core promoter elements and 

initiate transcription fi'om a wide range of start sites (Butler & Kadonaga, 2002).
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They are usually associated with the presence of multiple GC boxes and 

associated Spl transcription factor binding is believed to be important for gene 

transcription (Brandeis et al„ 1994). It has been proposed that these Spl sites may 

also serve to maintain the hypomethylated state o f these promoters, indicating that 

the gene will be constitutively expressed (Pugh & Tjian, 1990). Also, the 

extension o f the CpG island into Intron 1 may be an indication o f the existence of 

regulatory elements within the intron, as seen in some of the other folate-related 

genes (Chapter 1.4.6).

Putative transcription factor binding sites were also identified in the 

upstream region and comparison with similar promoters was used to elucidate 

those with a likely biologically functional role (Figure 3.11). In particular, the 

locations of putative Spl and E2F binding sites, an E-box motif and a HIPl 

binding site were noted, as these sites were predicted to be o f biological relevance 

by comparison to other folate-related, TATA-less promoters (Chapter 1.4.6). A 

HlPl binding site has previously been shown to function as an initiator element in 

the DHFR promoter, directing the initiation o f transcription to one particular site 

(Means & Famham, 1990). However, the existence of multiple TSSs in MTHFDl 

indicates that the putative HIPl element identified in the MTHFDl upstream 

region does not function as an initiator in this promoter.

Functionality o f at least some of the putative E2F binding sites identified is 

supported by recent promoter studies in which binding of the MTHFDl promoter 

region by E2F1, E2F4 and associated pocket protein, p i 30, was identified 

(Weinmann et al., 2001; Ren et ah, 2002; Cam et a l, 2004). The E2F family of 

transcription factors play an essential role in cell proliferation by regulafing genes 

involved in cell cycle progression (Polager et al., 2002). There are seven members 

in the E2F family, with E2F1, 2 and 3 functioning as transcripfional acfivators, 

while E2F4, 5, 6, and 7, function as repressors and these factors exist as 

heterodimers with their associated DP protein (Dimova & Dyson, 2005). E2F 

transcription factors are regulated by the binding o f retinoblastoma (Rb) family of 

repressor proteins, which include pRb, p i 07, and p i 30, at different stages o f the 

cell cycle (Takahashi et ah, 2000). Inhibition o f E2F transactivation activity by 

these pocket proteins is released following their phosphorylation by cyclin- 

dependent kinases.
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The E2F1, 2 and 3 transcription factors can interact with Spl (Karlseder et al., 

1996; Huang et al., 2001) and binding sites for both these factors are frequently 

found in the promoters o f  genes important for cell proliferation (Rotheneder et al., 

1999). Spl has been shown to bind to histone deacetylase 1 (H D A Cl), which 

results in transcriptional repression, but this interaction can be displaced by 

binding o f E 2F1, 2 or 3 to the same domain in S p l, resulting in transcriptional 

activation (Doetzlhofer et al., 1999). A proposed mechanism o f interaction and 

activation by Spl and E2F, is the binding o f  a promoter predominantly by 

E2F4/pl30 repressor complex during the Go and Gi phases o f  the cell cycle, 

which dissociates upon phosphorylation o f p i 30 and allows binding o f E2F1, 2, or 

3 for progression to S phase o f the cell cycle. This, in turn, can bind Sp l, releasing 

HDACl repression and allow ftirther activation o f  transcription (Rotheneder et 

al., 1999; Takahashi et al., 2000).

As well as E2F, binding o f  Nuclear Respiratory Factor-1 (NRF-1) to the 

M TH FD l upstream region was also identified in one o f the recent promoter 

studies (Cam et al., 2004), indicating that the consensus NRF-1 site predicted in 

silico is functional. This TF was initially associated with activation o f  genes 

whose products ftinction in mitochondrial processes but it is now known to also 

play a role in activation o f  genes involved in protein and nucleotide biosynthesis 

and E2F-responsive genes, involved in DNA replication, mitosis and cytokinesis 

(Chen et al., 1997; Cam et al., 2004).

A significant finding was the presence o f  a consensus E-box m otif (CACGTG) 

that is conserved in the upstream region o f  human, rat and mouse M TH F D l 

(Figure 3.14). Conservation o f  sequences across species is indicative o f likely 

functional importance and evidence o f  fianctionality is also supported by 

identification o f  c-M yc-M ax binding to the M TH FD l upstream region in another 

large-scale promoter analysis (Mao et al., 2003). Cellular-Myc (c-Myc) 

heterodimerises with Myc-associated Protein X (Max) and binds to E-box motifs 

to regulate genes involved in cell cycle progression (Pelengaris et al., 2000; 

Hermann et al., 2001). c-Myc has been shown to interact with TATA Binding 

Protein (TBP) and the general transcription factor, TFIIF (McEwan et al., 1996; 

Hermann et al., 2001). Thus, it has been proposed that its mechanism o f 

transcriptional activation possibly involves recruitment o f TBP to the promoter
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and/or stabilisation o f the Preinitiation Complex (PIC) necessary for 

transcriptional initiation (Hermann et a l,  2001).

These observations and predictions highlight the complex interactions likely 

involved in regulating transcription of the MTHFDl gene, with potential binding 

o f both transcriptional activators and repressors to the same sites at different 

stages o f the cell cycle. Further work is necessary to determine the exact set of 

transcription factors involved in the regulation o f MTHFDl gene expression.

Following preliminary characterisation and prediction o f a ftinctional 

promoter region, luciferase reporter gene assays were employed to study the 

ability o f different upstream regions to drive transcription. A total o f seven 

different promoter regions, ranging from 0.11 kb to 1.94 kb in size, were 

amplified and cloned into the pGL3 Basic vector (Figure 3.7). The relative 

transcriptional activity o f each of these constructs was then determined using a 

luciferase reporter gene assay system (Figure 3.16). The highest level of 

MTHFDl promoter activity was observed with the 0.59 kb construct, indicating 

that it contains the regulatory elements necessary for activated transcription o f the 

MTHFDl gene. Lower levels of activity associated with constructs that extended 

further upstream i.e. the 1 kb and 1.94 kb constructs, are likely due to the presence 

o f some repressor elements located somewhere upstream of the 0.59 kb construct. 

Putative GC boxes were identified in these regions and could be associated with 

the binding of Sp3 or Yin Yang 1 (YYl) factors, both o f which can act as 

transcriptional repressors (de Luca et al., 1996; Ai et al., 2006).

The decrease in promoter activity between the 0.59 kb construct and the 0.47 kb 

construct, indicates that elements necessary for the highest levels o f activated 

transcription are located in this region. Interestingly, two putative Spl sites and an 

E2F binding site, are located here and may be responsible for the increased level 

o f transcription associated with the larger promoter construct. A further decrease 

in activity was observed with the 0.39 kb construct, possibly due to the loss of 

more putative Spl sites and an E2F site, and also a CCAAT box m otif The 

CCAAT box is a common promoter element, binding of which has been shown to 

contribute significantly to promoter strength (Mantovani, 1998). Surprisingly, the 

0.26 kb construct supports a slightly higher level o f transcription compared to the 

0.39 kb construct. This could be due to loss o f a repressor element, for example, 

E2F4 in associafion with p i 30 is known to act as a transcriptional repressor at
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certain stages of the cell cycle and may explain why promoter activity is slightly 

increased with the loss o f a putative E2F binding site in this construct. Very little, 

or no, transcriptional activity was observed with the 0.11 kb construct, illustrating 

that regulatory elements upstream of this region are essential for activated 

transcription. This also suggests that proposed binding of c-Myc-Max to the 

conserved E-box present in the 0.11 kb construct, and its associated recruitment of 

TBP and TFIIF, is not sufficient for activated transcription. However, this may 

still be an important, functional step in the initiation of transcription but additional 

signals fi'om other factors with binding sites upstream are required for activated 

transcription.

The minimal promoter region necessary for activated transcription is known to be 

between 0.11 kb and 0.26 kb, since a promoter construct of this size can induce a 

moderate level o f gene expression. A predicted functional NRF-1 binding motif is 

located in this region and could be the element responsible for the activity 

observed. NRF-1 is believed to collaborate with E2F family members to regulate 

the expression of genes that are involved in cellular proliferation and was 

previously reported to bind to the MTHFDl upstream region (Cam et al., 2004).

Thus, this investigation has determined that the human MTHFDl gene is 

regulated by a TATA-less, Inr-less promoter that directs transcriptional initiation 

at multiple start sites within a -126 bp initiation window in the upstream region. 

An alternate upstream exon is not present and transcription start site usage is 

similar between different individuals and tissue types investigated. A 1.65 kb CpG 

island spans the promoter region, suggesting that this gene will be constitutively 

expressed and that Spl is an important factor for its regulation. In silico prediction 

and previously reported empirical evidence suggest E2F transcription factors will 

also play an important role in regulating MTHFDl gene expression. Therefore, it 

is likely that MTHFDl will be cell cycle-regulated and, although it is 

constitutively expressed, an up-regulation o f its expression during S phase would 

be expected given its role in DNA synthesis, followed by a down-regulation in the 

Go and Gi phases. Similarly, in silico prediction and empirical evidence suggest c- 

Myc-Max binding to a conserved E-box motif is important and will be involved in 

cell cycle regulation o f MTHFDl expression. Co-ordinated binding o f these 

transcription factors, as well as others such as NRF-1, are likely to be responsible
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for the high levels of activated transcription measured from the human MTHFDl 

promoter, especially within a 0.59 kb region of the upstream sequence. Further 

investigations would be required to determine the exact set of transcription factors 

involved in the regulation of this gene but, overall, combined experimental and in 

silico analysis has provided a sufficiently informative account for the primary 

characterisation of the human MTHFDl promoter. Factors affecting normal 

MTHFDl gene expression, such as DNA sequence variation and/or folate status, 

were of interest for further characterisation in subsequent chapters.
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Figure 3.1 Overview of the 5' RLM-RACE Procedure 

(from FirstChoice® RLM-RACE manual)

Treatment of total RNA with Calf Intestinal Phosphatase (CIP) is initially 

performed to remove any free 5'-phosphates from the ends o f molecules present. 

Removal of the 5' cap from full-length mRNA is then performed using Tobacco 

Acid Pyrophosphatase (TAP), followed by ligation of the 5' RLM-RACE adapter. 

This species is then reverse transcribed and the cDNA of interest is amplified 

using the appropriate primers. The mRNA start site can easily be identified due to 

its location adjacent to the 5' RLM-RACE adapter sequence.
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S' RACE
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I [
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Figure 3.2 Primer positions for amplification of the 
5' RLM-RACE product (from FirstChoice® RLM-RACE kit).

Two 5' RACE adapter-specific primers are provided with the RLM-RACE kit 

(white arrows) and gene-specific primers must also be designed by the user, for 

both verification of the presence o f the correct template and amplification of the 5' 

RLM-RACE product (dark arrows).

98



f 1 ( +  ) o r ig i n  135-441
P - g a l a c t o s l d a s e  a - f r a g m e n t  4 6 0 - 8 1 6
m u l t ip l e  c lo n in g  site  6 5 3 - / 6 0
lac  p r o m o t e r  81 7 -9 3 8
p U C  o r ig i n  1 I 5 8  1825
□ m plc i l l in  r e s i s t a n c e  (b la )  ORF 1 9 7 6 -2 8 3 3 h '*  S a c  I3.0 kb

pUC

pBluescripl II SK ( + / - )  Multiple C lon ing  Site Region 
( se q u e n c e  sh o w n  5 9 8 - 8 2 6 )

T7 P rom ote r K pn I

A p o  I
f - c o O I 0 9  I 
D m  II
I

H in c  II 
A cc  I

X ho I S a l I
I I

TTG TA A A A CG A CG G CCA G TG A G C G C G C G TA A T A CG A C TCA CTA TA G G G CG A A TTG G G TA C CG G G C CC C C CC TC G A G G TCG A C . . .
k )  p n m e r  b in d in g  s ite ...- 2 0  prMDcr b in d in g  u ie  

Bsp1D &  I

T 7  p n m e r  b in d in g  site

N o t I 15̂ 1C lo  I H n d  III t c o H V  tc o K  I f’st I S m o l  E o m H  I S p e  I Xfco I
I I I I I I 1 I I

. G G T A TC G A TA A G CTT G A TA TC G A A TTC CTG CA G G C CG G G G G A TCG A C TA G TTC TA G A G C G G C CG CC A C C G C G G TG G A G C TC .

BstX I S o c l l  
I I

S o c  I 
I

..K S pfUTiei b tn d in y  sde p n m e i  b in d v iy  site  

^ t>-gol o -fro g n w n tT3 Prt>mo»*r^  1̂ -  ‘ 1
. . .C A G C T T T T G T T C C C T T T A G T G A G G G T T A A T T G C G C G C T T G G C G T A A T C A TG G TCA TA G C TG TTTC C

R e v e rse  prm ner b « d m g  siteI J  ^ n m e r  b in d in g  site

Figure 3.3 pBluescript® II SK (+) Vector Map

The pBluescript® II SK (+) vector was used for the cloning o f 5' RLM-RACE 

products into the BamHl and FcoRl sites o f its Multiple Cloning Site (MCS). The 

presence o f the P-galactosidase a-fragment allows for blue/white selection of 

recombinant clones in suitable K coli strains that contain the carboxy-terminal 

part of the gene.
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Figure 3.4 Firefly luciferase (top) and Renilla 
luciferase (bottom) catalysed reactions.

Firefly luciferase converts luciferin to oxyluciferin in the presence o f ATP, O2 , 

and and results in a light emission at 560 nm. Renilla luciferase produces 

coelenteramide and light from coelenterazine in the presence o f O2 .

100



Sy--*hsric (K)Iv(A)
s  nn=ii y :r3rip,r.nprim al 

site
Oof
re^jci ::'ii

2E

2D 10 
2D:4

SViO i.ite 
p<-ilv(A>

(for k i c *  rp-prv'tfi')

Figure 3.5 pGL3-Basic Vector Map

The pGL3-Basic vector contains the luciferase open reading frame downstream of 

its muhiple cloning site (MCS). Promoter sequences can be cloned into the MCS 

of the vector and their activity can be measured as a ftinction of the amount of 

luciferase production.
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Figure 3.6 MTHFDl 5' RLM-RACE product.

Lane 1 -  100 bp DNA ladder
Lanes 2 & 4 -  Minus-template control PCR products.
Lane 3 -  Outer 5' RLM-RACE PCR product (not visible).
Lane 5 -  Inner 5' RLM-RACE PCR product (-260 bp and upper 

bands o f aggregated product 500-600 bp)
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Figure 3.7 Representative MTHFDl  Promoter Constructs

MTHFDl  promoter constructs of 1.94 kb, 1 kb, 0.59 kb, 0.47 kb, 0.39 kb, 0.26 kb, 

and 0.11 kb in size were created for investigation of transcriptional activity. All 

constructs were cloned into pGL3 Basic vector, upstream of its luciferase open 

reading frame, to enable investigation of promoter activity by luciferase reporter 

gene assays.
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Figure 3.8 Gateway Cloning Overview

The Gateway™  Cloning system is an in vitro version of the site-specific 

recombination system used by phage X to integrate its DNA in the E. coli 

chromosome using specific recombination sites called attP  in phage A, site and 

attB  in E. coli. Recombination occurs in a reversible manner between the attP  

(243 nucleotides) and attB  (25 nt) sites to generate attL  (100 nt) and attR  (168 nt) 

that flank the integrated phage X DNA.

Excision
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Figure 3.9 Optimisation of DNA Concentration for Transfections.

C ells were first transfected with plasm id D N A  at concentrations o f  10 ng/jj.1 to 

100 ng/|0,l and their relative luciferase activities were calculated by com parison to 

em pty vector (EV ). Inconsistent results were obtained (Graph 1) and transfections 

were repeated w ith plasm id D N A  concentrations o f  50 ng/)il to 300  ng/)j.l, which  

provided a more reliable concentration curve (Graph 2). A concentration o f  100 

ng/|xl -  200  ng/)j,l was chosen  as optim al for transfections.
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Figure 3.10 BLAST alignment of the MTHFDl upstream region 
with the NCBI human EST database (dbEST).

660 bp o f the MTHFDl  genomic sequence upstream from the ATG start codon 

was aligned with clones from dbEST to identify the clone with the most 5 ' end 

that would be a likely transcription start site (TSS) or represent an alternate 

upstream exon. Most clones appear to start approximately 120 bp upstream (-120) 

of the ATG start codon. Further analysis revealed clones with a start site at almost 

every nucleotide from -120 to the start codon, indicating either a multiple TSS 

pattern or the existence of many clones without intact 5 ' ends. ESTs aligned on 

the extreme left are on the opposite strand and are likely to represent the predicted 

upstream gene, similar to the mouse Tex21 gene, rather than an alternate 

MTHFDl  exon.
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1017 tcttactcct tctccagcgt ggacgcttaa ggggagggag catccctcct cgagggtcaa

-957 ctggcatgta gcttacgaag accgcgtgag ttctccaacc ccagacttgc tgcggggcgg

-897 ggacgtgggg gtgacaaaat ccagactacg accctccatg agccctggca accccggggt 
Predicted Gene Sp l

-837 gaccccaaca ccgatgaggc cacgcgcgct ccagctctga cactccttcc agatjcggcgg

-111 ggcctgaaac agcgggctaa gcttcaccta cggctgagcg tcagattcag ctgaggagat

-717 tctaaaagcg ctatgctggg cccagaccca ggccctccag agcagaacgc ggaggggccc

-657 gaccccagtc tggtggcgta ggtgtgtgac aaagtatgag ggcgcgccaa gctctccagt
<- E2F

-597 tccacatctg ctgtcgagtc cagcgcctgc cacgctcccg tgcggggacc [cgcccaaajac
^ S p l  Spl

-537 tccctggaag ccaggcgatt cagac|cccgc caccgcgtcc ccagagactg ggcggaaacc
<r E2F <-Spl

-477 ggagactcgc ctcccgaac|c cgcgaaa|cta tctcccgcga gactgcpccg ccccaacccc 
Spl <- CCAAT box

-417 |gccc|cgcaac tctactccct g|attgg|ctgg aattacggcc ggattccgga gtcctttcca
E2F ->

-357 gctccctctt cggccgggtjt tcccgqcgaa tacaaaggcg cactgtgaac tggctctttc
H IPl ^

297 tttccgccaa tqatttccgc cagcca)ttca tcaccgattt tcttcatctt cccctccctc

-237 ttccgtcccg cagtccccga cctgttagct ctcggttagt taagggactc gggtccttcc 
NRF-l ->

-177 gaacltgcgca tgcgcca|ccg cgtctgcagg gggagaagcg ggcaggggcg caggcgcagt
E-box-^

-117 agtgtgatcc cctggcc|gt ccetaagjcac g t ^ gttggg ttgtcctgct tggctgcgga

-57 gggagtggaa cctcgatatt ggtggtgtcc atcgtgggca gcggactaat aaaggcc 

+1 ATGGCGCCAGCAGAAATCCTGAACGGGAAGGAGATCTCCG

MTHFDl niRNA

Figure 3.11 Predicted MTHFDl  Promoter Region

The MTHFDl promoter region predicted by Promoterlnspector is shown 

highlighted in yellow and the predicted TSS (100 bp upstream of ATG start 

codon) is shown in red. The collective database TSSs are highlighted in blue; 54, 

86, 95 and 120 bp upstream of start codon representing NCBI, EBI, DBTSS and 

dbEST, respectively. Putative TF binding sites were identified by the 

Matlnspector, Alibaba2 and MATCH programs and are shown surrounded by 

boxes with their direction indicated by arrows. A pink arrow shows the locations 

and direction of the first exons of MTHFDl and the predicted upstream gene.
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Figure 3.12 CpG Island Prediction plot

The MTHFDl  upstream sequence (1077 bp), Exon 1, and some of Intron 1 (900 

bp) were screened for the presence of a CpG island, which is a common promoter 

feature and may be useful in determining the promoter region. The parameters 

were set to a minimum of 55% GC content, an ObsCpG/ExpCpG of 0.65, and a 

minimum length of 500 bp. A CpG island of -1.65 kb was found, which 

encompassed almost the entire area screened. The island has a G+C content of 

58% and an ObsCpG/ExpCpG of 0.72.
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Figure 3.13 Alignment of MTHFDl upstream sequences 
from different species.

MTHFDl  upstream sequences from human, rat and mouse genomes were aligned

using the MAVID alignment program, which identifies sequences that are 

evolutionarily conserved. Results are shown as VISTA plots, which use a 

continuous curve to illustrate levels of identity, and regions that are conserved are 

highlighted underneath the curve. A region of conservation (> 66% identity) is 

present in all three species from the ATG start codon extending to -130 bp 

upstream.
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Figure 3.14 MTHFDl Sequence Alignment using CONSITE

MTHFDl  upstream sequences from Human and Mouse genomes were aligned to 

identify any conserved TF binding sites using the CONSITE prediction program. 

A conserved region is shaded in grey and a conserved E-box was identified -1 0 0  

bp upstream and is shown highlighted in yellow. Transcription factors associated 

with E-box binding are also listed. The start codons of both genes are highlighted 

in red.
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Transcription Start Sites
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Figure 3.15 MTHFDl  transcription start site positions relative 
to the ATG start codon (+1)

Transcription start sites (TSSs) have been identified in at least 26 different 

positions over a 126 bp region in the MTHFDl  upstream region from a total of 

five experiments using both lymphocyte and placental mRNA. Major start sites 

are seen at positions 68 bp, 72 bp, and 100 bp upstream of the ATG start codon. 

Different patterns of initiation are not evident between the different tissues 

investigated, nor were they evident between three different lymphocyte RNA 

samples representing three different individuals (not shown).
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Figure 3.16 Overview of Promoter Characterisation 
by Luciferase Reporter Gene Assays.

A promoter construct of 0.59 kb was found to induce the highest levels of 

luciferase activity. A decrease in activity is associated with the smaller 0.47 kb, 

0.39 kb and 0.26 kb promoter constructs, possibly due to the loss of putative Spl 

and E2F sites. A lower level of promoter activity is also associated with the larger

1 kb and 1.94 kb constructs and could be related to the presence of putative 

repressor elements in these regions. Promoter activity was almost abolished with 

deletion of sequences between the 0.26 kb and 0.11 kb constructs, indicating that 

essential regulatory elements have been lost.

Results are expressed as the % mean activity of at least three and, up to six, 

separate experiments performed in duplicate.
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Tabic 3.1 5' RLM-RACE adapter and primer sequences

Sequences o f RACE adapter and primers used in the RLM-RACE protocol, with 
incorporated restriction enzyme sites underlined.

5' RACE Adapter -

5'-GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA-3'

5' RACE Outer primer 10 (Forward) -

5'-GCTGATGGCGATGAATGAACACTG-3'

5' RACE Inner primer 10 |o,M (Forward) -

5'-CGCGGATCCGAACACTGCGTTTGCTG GCTTTGATG-3'

MTHFDl gene specific outer primer 10 |iM (Reverse) -
5'-GGCTTTGATCCCAATCTCTTCAGC-3'

MTHFDl gene specific inner primer 10 p.M (Reverse) -

5'-CGCGAATTCATATTGCCAGGCGTGGTGTGAAAC-3'

Gene specific test primer 10 )jM (Forward) -

5'-TGGAACCTCGATATTGGTGGTGTC-3'
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Table 3.2 Primer Sequences for Amplification of Promoter Constructs

(with restriction enzyme sites underlined and attB  sites in bold).

Primer Name Primer Sequence

1.94kb Forward CTCATGCCCATTATCCCAGCAT
1.94kb GatewayF GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAGGCCAAGGGAGACTA
Ikb Forward CCCAGGCAATTGTCCATCTAAC
Ikb Nhel ATCGCTAGCCAACTGGCATGTA
0.59kb Forward TTCCACATCTGCTGTCGAGTC
0.59kb Sa d CATGAGCTCTTCCACATCTGCTGTC
0.4 7kb Nhel ATCGCTAGCAAACCGGAGACTC
0.3 9kb Sad TCGGAGCTCTGATTGGCTGGAATTAC
0.26kb Sad ACGGAGCTCCATCACCGATTTTCTTC
0.llkb Sad ATAGAGCTCATCCCCTGGCCAGTC
Pr Reverse TTATTAGTCCGCTGCCCACGA
Bglll Reverse CGCAGATCTTTAGTCCGCTGCC
1.94kb GatewayR GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATTATTAGTCCGCTGC
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Table 3.3 Complete MTHFDl Promoter Activity Results

Promoter Construct Mean Relative 

Promoter Activity
Standard Deviation

1.94 kb 59.15 20.3

1 kb 118.81 33.3

0.59 kb 157.55 50.0

0.47 kb 110.54 40.3

0.39 kb 56.43 34.3

0.26 kb 71.26 43.3

0.11 kb 2.8 1.9
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Chapter 4

A Screen oi MTHFDl 
Regulatory Regions for 

Polymorphisms & 
Investigation of Putative 

Functional Effects on
Gene Expression



4.1 Introduction
4.1.1 Background Information

Characterisation o f the human M THFDl  promoter, as discussed in Chapter 

3, has so far identified the promoter region, regulatory elements therein and 

patterns of transcriptional activity associated with normal expression of the gene. 

However, other features may exist that could serve to alter normal gene 

expression with possible downstream physiological effects. A potential source of 

disruption would be any alteration in the DNA sequence in the proximal promoter 

region. It is estimated that any two copies of the human genome will differ in 

sequence at approximately 1 nucleotide per Ikb and these differences are referred 

to as DNA polymorphisms (Kwok et al., 1996). Although this is only a 0.1% 

difference between individuals, it translates to approximately three million 

nucleotide differences across our genome and is responsible for the uniqueness of 

each person. The most common type of variant in the human genome is a single 

nucleotide polymorphism (SNP), representing the substitution of a single 

nucleotide at a particular site in the DNA sequence that occurs in at least 1% of 

the population (Kruglyak & Nickerson, 2001). SNPs account for about 90% of the 

variation in the population. The remaining 10% are the result of insertions or 

deletions of DNA sequence, and include tandem repeats and gross genetic loss or 

rearrangement. DNA sequence variation is key to understanding the many 

differences between individuals, including susceptibility or resistance to disease. 

In particular, it is desirable to identify those gene variants that exert a functional 

effect and may be related to susceptibility or resistance to common human 

diseases and disorders, such as NTDs.

The aim of this chapter was to identify sequence variation in the M THFDl  

promoter region and to test the functionality of those SNPs likely to have an effect 

on normal M THFDl  gene expression.

4.1.2 Functional Polymorphisms

Although there is considerable genetic variation between the genomes of 

any two individuals, it is not known how much of that variation will have a 

significant biological impact. Traditionally, polymorphisms within both the 

coding and promoter region o f genes have been proposed as the most likely
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candidates to exert an effect, as opposed to those that occur in other genomic 

regions such as repetitive sequences and introns. SNPs that occur within the 

coding region of a gene may result in a base change that alters the amino acid 

sequence in the protein. This is known as a non-synonymous SNP, as opposed to a 

synonymous SNP where the base change does not result in an amino acid change. 

An amino acid change could alter protein structure and/or biological function if it 

affects protein folding or alters the active site in the case of an enzyme. For 

example, the 677 C->T polymorphism in the MTHFR gene causes an alanine to 

valine substitution in the MTHFR enzyme, resulting in a thermolabile form of the 

enzyme with significantly less activity, especially in the presence o f low folate 

and/or riboflavin (Frosst et al., 1995; Kang et al., 1988; Yamada et al., 2001). 

This SNP is a well-known risk factor for NTD development, and other birth 

defects, in the presence o f low folate (Shields et al., 1999; Mills et al., 1999) and 

potentially in the presence o f low riboflavin. Interestingly, the homozygous TT 

genotype has also been identified as a protective factor against some cancers, 

particularly colorectal cancer, provided folate status is adequate (Ma et al., 1997; 

Ueland et al., 2001). In the MTHFDl coding region, a common SNP causes a G 

to A transition and results in an arginine to glutamate change in the MTHFDl 

protein (known as the R653Q polymorphism; Hoi et al., 1998). This has also been 

identified as a gene variant that contributes to the risk of having an NTD-affected 

pregnancy, as well as abruptio placentae and mid-trimester miscarriage (Chapter 

1.4.5; Brody et al., 2002; Parle-McDennott et al., 2005(a); Parle-McDermott et 

al., 2005(b); Parle-McDermott et al., 2006). Although the association has been 

well established, the mechanism through which the R653Q polymorphism confers 

this risk has not yet been elucidated.

Likewise, polymorphisms that occur within the promoter region of a gene may 

also be associated with a biological effect if  they affect the regulation and 

expression o f that gene to a significant extent. A recent study investigating 

promoter polymorphisms, found that a surprisingly high proportion of the 

promoter variants studied modified gene expression by 50% or more, when 

compared to the wildtype (Hoogendoom et al., 2003). A polymorphism occurring 

in the promoter region could potentially alter an important transcription factor 

binding site and, subsequently, affect transcriptional activity and gene expression. 

If the SNP alters an important residue in a consensus binding motif, loss o f
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binding of its associated regulatory factor may occur, with subsequent effects on 

the rate of transcription depending on whether it was an activating or repressing 

factor. Alternatively, a gain-of-function SNP in the promoter region could create a 

binding motif and result in binding o f a new regulatory factor, with its subsequent 

effects on gene expression. Both of these situations have been identified in the 

upstream region of the human thymidylate synthase (TS) gene (Mandola et a i, 

2003). Gain of function is associated with an extra copy o f a 28-bp tandem repeat 

polymorphism, which creates an Upstream Regulatory Factor-1 (USF-1) binding 

motif and results in enhanced transcriptional activation. USFl and USF2 are 

ubiquitously expressed transcription factors that bind to a consensus E-box motif 

(CANNTG) and have been shown to play an important role in controlling cellular 

proliferation and are essential during mammalian embryonic development (Sirito 

et al., 1998). The opposite situation o f loss of function occurs when a common 

G ^ C  SNP, present within this polymorphic repeat region of the TS gene, 

abolishes the USF-1 binding site and results in reduced transcriptional activity. 

Another example o f a gain-of-function SNP is one that occurs in the upstream of 

the alpha-globin gene cluster that creates a new functional initiator element, which 

interferes with the expression of all downstream alpha-like globin genes, thereby, 

causing the blood disorder alpha thalassemia (De Gobbi et al., 2006). In most 

cases, it would not be expected that the binding sequence alteration caused by a 

SNP would result in the total interruption, or establishment, o f gene expression 

but instead would alter the normal level o f gene expression. It is likely that this 

may account for inter-individual variations in gene expression (Hoogendoom et 

al., 2003). It has been proposed that promoter SNPs have been retained 

throughout evolution if they serve to actively influence the level o f gene 

expression in a way that may be advantageous under certain environmental 

conditions (Guo & Jamison, 2005). This was following an investigation on the 

distribution o f SNPs in human gene regulatory regions, which revealed that a high 

proportion of these SNPs occur in the region close to the transcription start site. 

This was surprising since this region is essential for the initiation o f transcription 

o f the gene and SNPs generally occur at a lower frequency in functional gene 

regions, being more abundant in regions with low evolutionary pressure, such as 

repetitive sequences and introns. Therefore, it seems that they have been retained
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through selective pressure and are likely to offer some evolutionary advantage 

under certain conditions.

It is becoming increasingly more evident that, in addition to the 5' upstream 

region, other non-coding regions can also be involved in gene regulation. For 

example, the introns o f some genes have been shown to have a regulatory role and 

can affect gene expression at many different levels (Nott et al., 2003). In 

particular, promoter proximal introns i.e. Intron 1 or 2, may enhance 

transcriptional initiation and RNA polymerase II processivity (Nott et al., 2003). 

Thus, polymorphisms within these regions may also exert an effect on regulation 

and should also be taken into account

4.1.3 Polvmorphism Identification

Identification of all the polymorphisms present in a region of interest is 

necessary to characterise the effect of sequence variation on gene expression and 

regulation. To begin with, screening of appropriate databases can be performed to 

identify those polymorphisms that have been previously discovered within the 

specific region. This should then be followed up with experimental detection 

methods to both confirm those polymorphisms in the database and identify any 

novel ones that may be present.

Bioinformatic Screening

Searching sequence databases can retrieve polymorphisms that have been 

previously identified in a region o f interest. NCBl, in collaboration with the 

Nafional Human Genome Research Institute, has established a database of simple 

nucleofide polymorphisms known as dbSNP, so information on all SNPs found 

throughout the genome would be available in the public domain 

('http://www.ncbi.nlm.nih.gov/SNP: Sherry et al., 1999). Each SNP entry is given 

a reference SNP accession ID (rs number) as a unique identifier. Researchers are 

encouraged to submit their SNP data to dbSNP to help create a central database o f 

polymorphism information that can be easily accessed by other researchers. SNP 

information has also been contributed fi’om the large SNP genotyping efforts as 

part of the HapMap project (see below), which has led to the validation o f a large 

number of dbSNP entries. Querying dbSNP will retrieve known polymorphisms
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within a gene o f interest and often additional information such as genotype and 

allele frequencies will also be provided. However, database polymorphism 

information is not always complete and direct screening for polymorphisms in the 

region of interest should also be undertaken to ensure identification of all 

sequence variants in a population of interest.

Direct Polymorphism Screening

Bioinformatic analysis provides a useful starting point for polymorphism 

identification but, to fully annotate a sequence o f interest, experimental screening 

should also be performed. PCR amplification, direct sequencing and subsequent 

sequence comparison o f specific DNA regions from a number o f different 

individuals can be performed to identify polymorphisms, both known and novel. 

For promoter studies, the sequence chosen for screening should include all 

possible regulatory regions from the gene of interest. Studies of the MTHFDl 

promoter have focused on approximately 2kb of the 5' upstream region, which has 

been shown to contain the regulatory elements necessary to drive activated 

transcription (Chapter 3.3.3). Therefore, sequence variation within this region was 

o f interest for identification and subsequent functional studies. In addition, a 

400bp region o f Intron 1 was previously identified as part o f the CpG island that 

encompasses the MTHFDl promoter region (Chapter 3.3.1). This region is, 

therefore, a likely location for any regulatory elements that might be present in 

Intron 1 and was also o f interest for polymorphism screening.

Regions o f interest are first PCR amplified from a number o f different DNA 

samples in a particular population and then analysed by direct dideoxy cycle 

sequencing of the PCR products. Following sequencing o f DNA samples, a 

sequence trace is produced for each sample and sequences from all samples can 

then be aligned and compared for any sequence differences that are likely to 

represent polymorphisms. This task is easily performed using software such as the 

SeqMan program, as part of the DNASTAR, Lasergene® suite, which highlights 

any discrepancies between the inputted sequences that may represent common 

polymorphisms. The position o f any identified polymorphisms can then be noted 

and compared to dbSNP to determine if  they have been previously identified or if  

they are novel polymorphisms.
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Haplotype Analysis

Even though the majority of SNPs in the genome do not affect gene function, they 

may be useful as markers for nearby SNPs that do have a functional effect and, 

therefore, their identification is still beneficial. This is due to the fact that SNPs 

are not independent but rather certain alleles are associated with those at 

neighbouring loci in a combination known as a haplotype. Therefore, variation is 

transmitted through generations as haplotypes rather than individuals SNPs, and it 

may be that the specific combination of alleles inherited together is more 

important in relation to common complex diseases than the effect o f each SNP 

considered independently (Clark, 2004). The measure o f this association between 

alleles is known as linkage disequilibrium (LD; Ardlie et al, 2002). The extent of 

LD between SNP alleles generally declines with distance, as the likelihood of 

recombination between them increases. Recently, it has been discovered that the 

human genome can be divided into a series of high LD regions, known as 

haplotype blocks, ranging in size from 3 kb to more than 150 kb and usually 

separated by regions o f low LD, known as ‘recombination hotspots’, where 

recombination events are likely (The International HapMap Project, 2003). 

Studies have shown that within each o f these blocks only a few common 

haplotypes occur in each population. This fact means that genotype information 

from a small number o f SNPs (known as tag SNPs or haplotype SNPs) in a block 

can be used to infer the genotype of the other SNPs in the block. This is 

particularly useful when looking at genes, such as MTHFDl, that are associated 

with common diseases since tag SNPs within the haplotype block can serve as 

genetic markers to represent associated SNPs within that block, making disease 

association studies more efficient. The International HapMap Project was set up to 

determine common haplotype patterns in the human genome and identify 

haplotype tag SNPs that can be used as genetic markers to detect associations 

between a particular genomic region and a disease (The International HapMap 

Project, 2003). Data from previously validated SNPs can be retrieved from the 

International HapMap Project (www.hapmap.org) and can then be loaded into the 

corresponding Haploview program to display haplotype block patterns 

(www.broad.mit.edu/personal/jcbarret/haploview: Bairett et al., 2005). Haploview 

generates blocks of LD according to three different algorithms, the parameters of 

which can be changed and customised if  desired. The default algorithm is that of a
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95% confidence interval from Gabriel et al. (2002). This generates 95% 

confidence bounds on D' and gives an output o f “strong LD”, “inconclusive”, or 

“strong recombination”. D' is a statistical measure o f allelic association, with a D' 

value o f 1 representing complete LD between two alleles (Ardlie et al., 2002). A 

haplotype block will be created if 95% of informative comparisons are in “strong 

LD” i.e., if  <5% show strong evidence of recombination. The allocation of SNPs 

to specific haplotype blocks provides information on those SNP alleles that are in 

LD and are co-inherited, and will aid in investigations o f disease-causing genes 

and loci. For example, the MTHFDl R653Q polymorphism (dbSNP ID; 

rs2236225) is a known risk factor for certain pregnancy complications but it has 

not yet been determined how this SNP affects MTHFDl in a way that contributes 

to disease pathogenesis. It is possible that an, as yet unidentified, SNP in LD with 

R653Q is responsible for the disease risk association. However, screening of both 

the MTHFDl coding region and part o f the 3' UTR has not revealed any obvious 

candidates for this scenario (Parle-McDermott et al., 2006). Further analysis of 

LD patterns between R653Q and other SNPs may reveal more in relation to the 

underlying disease association. One possibility is that disruption occurs at the 

MTHFDl gene level and a SNP(s) affecting normal regulation and expression o f 

the gene is responsible for the associated effects.

4.1.4 Effect o f Polvmorphisms on Promoter Activitv

Sequence variation within a regulatory region could potentially alter 

promoter activity and affect gene expression. Therefore, any identified SNP 

within a promoter region should be evaluated with respect to the effect of the 

different SNP genotypes/alleles on promoter function and gene expression. The 

most popular way of assessing promoter ftinction is through luciferase reporter 

gene assays, as discussed in Chapter 3, where the promoter sequence is linked to a 

luciferase open reading frame in a suitable vector and the amount of luciferase 

produced following transfection is measured. Similarly, real-time reverse 

transcription polymerase chain reaction (RT-PCR), also known as quantitative 

PCR (Q-PCR), analysis is the standard method for detecting and quantifying gene 

expression levels in different samples and will be discussed in more detail below.
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Employment of both these methods will provide an insight to the effects o f any 

polymorphisms on normal promoter function.

Luciferase Reporter Gene Assays

Luciferase reporter gene assays provide a convenient way to determine if  a SNP 

in the promoter region exerts a functional effect on transcriptional activity o f the 

gene. The transcriptional activity associated with the different SNP genotypes can 

be compared in the same way as the activity associated with different promoter 

regions was compared previously (Chapter 3.1.3). Promoter regions with alternate 

homozygous genotypes for a particular SNP are cloned separately into upstream 

of the luciferase open reading frame in a suitable vector, transfected into suitable 

cells and subsequently assayed for luciferase activity and compared. Hoogendoom 

and colleagues (2003) successfully used this approach to study functional 

sequence variation in a range of proximal promoter regions and their findings 

suggest that approximately one third of promoter variants may significantly alter 

gene expression. SNPs that are shown to exert a functional effect can then be 

investigated further using bioinformatics to predict binding sites possibly altered 

by their presence.

The highest level o f MTHFDl promoter activity was previously found with a 0.59 

kb promoter construct (Chapter 3.3.3). Therefore, SNPs within this region are o f 

particular interest in relation to their potential effect on transcriptional activity 

and, if  present, would require further investigation.

Real-Time RT-PCR Analysis

Real-time RT-PCR is a sensitive technique for detecting and measuring transcript 

abundance and quantifying gene expression levels (Higuchi et al., 1993). It 

provides accurate quantification of a target gene, is sensitive over a large dynamic 

range and is suitable for high-throughput application making it a popular method 

for measuring gene expression in recent times (Vandesompele et al., 2002). An 

initial reverse transcription step converts RNA samples of interest into cDNA, the 

levels of which are then detected in real time by PCR analysis. The technology is 

based on the use of fluorescent reporter molecules to monitor the progress o f the 

PCR as it occurs, unlike traditional PCR where only the amount o f target 

accumulated at the end is measured. A typical PCR follows an amplification curve
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with four different phases over the course o f the reaction (Schefe et al., 2006). At 

the beginning there is a lag phase where the reaction is just starting and product 

accumulation is below the level of detection. This is followed by the log phase, in 

which there is exponential amplification and a doubling of product accumulated at 

every cycle. Next is the linear phase, where reagents are being consumed, the 

reaction is slowing and products are starting to degrade. Finally, in the plateau 

phase, the reaction stops as all the reagents have been used up and the amount of 

product accumulated reaches a steady-state level. This is the point at which 

traditional PCR data analysis takes place, typically by electrophoresis and gel 

detection methods. However, real-time PCR data analysis takes place during the 

log phase, at the point during cycling when amplification of the product is first 

detected, which provides a more accurate representation of the amount o f mRNA 

present in the sample and is more useful for comparison to other samples. The 

point o f measurement is known as the threshold cycle (Cj) and it records the cycle 

number when sample fluorescence exceeds a chosen threshold above background 

fluorescence (Bustin et al., 2005).

Different fluorescent chemistries are available for measurement o f product in real

time RT-PCR analysis. Popular choices include SYBR Green 1 dye chemistry and 

Applied Biosystems’ TaqMan® reagent-based chemistry. SYBR Green I dye 

chemistry is based on the non-specific binding o f SYBR Green I dye to double

stranded DNA, which produces a fluorescent signal proportional to the total 

amount o f double-stranded DNA present. However, non-specific products and 

primer-dimers formed during PCR will negatively affect quantification of the 

target gene, representing a major drawback o f this detection method.

TaqMan® chemistry uses a fluorogenic probe to detect a specific product as it 

accumulates during PCR and is based on 5' exo-nuclease activity o f a polymerase 

enzyme and fluorescent resonance energy transfer (FRET). Each TaqMan probe 

has a 6-FAM reporter dye at the 5' end and a nonfluorescent quencher (NFQ) at 

the 3' end. The probe is designed to anneal to a specific sequence between target- 

specific forward and reverse primers. The close proximity o f the high-energy 

reporter dye to the low-energy quencher dye results in the suppression of the 

reporter dye’s emission by FRET. The 5' exo-nuclease activity o f the polymerase 

enzyme cleaves the probe when it reaches it during amplification, resulting in the

124



separation o f the reporter from the quencher dye and a subsequent increase in 

fluorescence. This fluorescent signal is captured by a sequence detection system 

(SDS) instrument e.g. ABI PRISM™ 7300 Real Time PCR System, and displayed 

by the appropriate software e.g. SDS software 1.3.1.

A popular option for real-time PCR analyses are pre-designed TaqMan® Gene 

Expression Assays from Applied Biosystems, which provide optimised primer 

and TaqMan® probe sets for specific target genes. Probes are designed to cross 

exon-exon boundaries where possible, to amplify cDNA without amplification of 

contaminating genomic DNA. Each assay consists o f two unlabelled PCR primers 

and a 6-FAM™ dye-labelled TaqMan® probe. Assays are optimised to work with 

TaqMan® Universal Master Mix, which provides a mix o f AmpliTaq Gold® 

Polymerase and other components necessary for PCR. PCR efficiency of 100% is 

guaranteed with the use o f these reagents.

An important consideration for analysis by real-time RT-PCR is the application of 

appropriate normalisation strategies to control for the inherent variation o f the

technique (Huggett et al., 2002; Schefe et al., 2006). This will be discussed in

more detail in Chapter 6 but in general, the following guidelines should be 

followed:

■ Similar sample size.

■ Assessment o f RNA quantity and quality prior to reverse transcription.

■ Exclusion of genomic DNA from PCR.

■ Use of a suitable endogenous control gene that is unregulated by 

experimental conditions and expressed at a consistent level in all samples.

These steps are necessary to control for variations such as RNA integrity, RT 

efficiency and cDNA sample loading variations, to provide accurate quantification 

o f the target gene.

Real-time PCR products can be measured using absolute or relative 

quantification. Absolute quantification (AQ) determines the input copy number of 

the transcript of interest by relating the PCR signal to a standard curve. Relative 

quantification (RQ) measures the fold change in expression of a target gene 

relative to a designated calibrator sample, such as an untreated control or a sample
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at time zero in a time-course study (Livak & Schmittgen, 2001). AQ should be 

performed when it is necessary to determine the absolute transcript copy number. 

RQ is more straightforward as the need for a standard curve is eliminated and is 

more appropriate for explaining trends in gene expression (PfaffI et a i ,  2002). 

However, accurate RQ results are strongly dependent on the use of an appropriate 

endogenous control gene and on the PCR efficiencies o f target and control genes 

being equal.

Each real-time PCR analysis should include the appropriate no template and no 

amplicon controls and should be followed up by paying attention to technical 

analysis, ensuring fluorescence baseline and threshold settings are correct to 

ensure accurate C j values are obtained. The C j is determined from a log-linear 

plot o f the PCR signal versus the cycle number. Therefore, the C j is an 

exponential term and the raw values should not be used for any statistical 

presentation o f results (Livak & Schmittgen, 2001).

Results for RQ can be calculated using the Comparative C j method (2' '̂^*'*). This 

equation calculates the fold change in gene expression of the target gene 

normalised to an endogenous control gene and relative to a designated reference 

sample, known as the calibrator (Livak & Schmittgen, 2001). This calculation can 

be performed using the SDS software 1.3.1 following real-time PCR data 

collection from an Applied Biosystems Real-Time PCR System or it can be 

performed manually by importing the Ct values into a spreadsheet program, such 

as Microsoft Excel®.

The mean and SD of replicate C j values for each sample is first calculated. Then 

the target gene C j is normalised to the endogenous control gene C j for each 

sample to give the ACj.

C t (s i  target) C t {S1 control) ^ C t (S I)

The AACt is then calculated as the difference between the sample and the 

calibrator.

A C t ( s  1) -  A C t ( c  1) =  A A C t ( s  I )

This value is then converted to linear format by the formula based on PCR 

efficiencies being optimal and having a value o f 2. Gene expression levels are 

thus presented as the fold change in expression of the sample relative to the 

calibrator, which will always have a value o f 1.
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Another method for calculating RQ results is using the Relative Expression 

Software Tool (REST©; Pfaffl et al., 2002). This software provides a convenient 

mathematical model to calculate the relative expression ratio o f the target gene in 

a sample group compared to a control group. Again, the target gene expression is 

first normalised to that of the endogenous control gene. The relative expression 

ratio is then calculated based on PCR efficiencies and the mean C j o f the sample 

group versus the control group. The PCR efficiency calculation is not obligatory 

and the software will assume an optimal efficiency value o f 2 if it is not 

performed. TaqMan^M Gene Expression Assays are guaranteed to have 100% 

efficiency and, therefore, a value of 2 will always be applied. A randomisation test 

is performed to test for statistically significant differences between sample and 

control groups. The randomisation test repeatedly and randomly reallocates the 

observed values between the two groups to test the null hypothesis that there is no 

difference between the groups and the value could belong in either. The number 

o f randomisations can be chosen but it is recommended that at least 2000 be 

performed. The result is given as the factor of up- or down-regulation involved 

and the associated p  value.

Comparison of gene expression levels from samples of different genotype can be 

performed using the wildtype group, or one of the wildtype samples, as the 

calibrator in these calculations to identify any fijnctional effect associated with the 

SNP.

4.1.5 Summary & Aims

Sequence variation in important gene regions could potentially interfere 

with nonnal gene and/or protein function and may have significant downstream 

biological effects. These effects are o f particular interest in relation to 

susceptibility or resistance to common disease. The R653Q polymorphism in the 

synthetase domain of the MTHFDl enzyme is a known risk factor for NTDs and 

other pregnancy complications, although the underlying funcfional effect o f this 

SNP has not yet been determined. The effect o f this polymorphism on MTHFDl 

gene expression, either directly or due to LD with polymorphisms in the 

regulatory region, was o f interest in relation to elucidation of the possible 

mechanism underlying its disease association.

127



The aim of this chapter was to identify polymorphisms within the 

MTHFDl regulatory region and to detennine if any identified are in LD with the 

R653Q polymorphism and possibly the underlying variants responsible for its 

known disease association. Subsequently, to investigate candidate promoter SNPs 

for any fianctional effects exerted on normal promoter function and gene 

expression levels and, also, investigate the effect of different R653Q genotypes on 

gene expression by comparing MTHFDl mRNA levels from samples representing 

the two homozygous genotypes.

128



4.2 Methods
4.2.1 Bioinformatic Tools

Databases and programs used to retrieve previously identified 

polymorphisms, perform haplotype analysis, design PCR primers and investigate 

effects of a SNP on putative transcription factor binding sites, were:

■ dbSNP -  www.ncbi.nlm.nih.gov/SNP

■ International HapMap Project -  www.hapmap.org

■ Haploview program - www.broad.mit.edu/personal/icban-et/haploview

■ Primer design - http://biotools.umassmed.edu/bioapps/primer3 www.cgi

www.cvbergene.se/primer.html

■ SNPInspector -  http://genomatix.de

4.2.2 Haplotvpe Analysis

Haplotype block analysis of the MTHFDl gene was performed using the 

Haploview program, version 3.2. Genotype information was downloaded from the 

HapMap Project Data Release #16c.l using the ‘Load HapMap Data’ frinction. 

Investigation of LD between M THFDl promoter SNPs and R653Q was also 

perfonned using Haploview and genotype information for each individual was 

downloaded using the function named ‘Load Phased Haplotypes’. The default 

algorithm of a 95% confidence interval on D' was used and results were displayed 

as haplotype blocks with D' and r" values.

4.2.3 Amplification and Direct Sequencing o f Promoter Regions

The 2 kb MTHFDl upstream region chosen for polymorphism screening 

was sub-divided into six separate sections of 320-400 bp with overlapping ends, 

for ease of amplification and to ensure complete sequencing (Figure 4.1). The first 

400 bp of Intron 1 was also chosen for screening. Primers were designed, in most 

cases, using the web-based program Primer3 and were then checked using a 

second program, such as the oligo checker of the CyberGene AB company 

(Chapter 4.2.1). In general, primers were designed to be 19-25 bp long, with a 

%GC content o f 45-55%, a Tm of 55-65°C, and without the presence o f hairpin 

loops or other forms of complementation, resulfing in secondary structure. PCR 

optimisation was performed for each section to be sequenced through a series of 

steps beginning with melting temperature (Tm) optimisation, followed by primer,
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magnesium chloride and Taq polymerase concentration curves. This involved 

performing PCRs at a range of different temperatures or substrate concentrations 

and determining which one was optimal for amplification. Once the reaction 

conditions were optimised, 22 different DNA samples of known R653Q genotype 

were PCR amplified for sequencing according to the optimised conditions for 

each region (Chapter 2.2.3 & Table 4.1).' The DNA samples used were a subset 

of a collection obtained fi’om staff o f the Coombe Hospital, Dublin. Informed 

consent and ethical approval were obtained for all samples collected. Following 

visualisation on a 1% agarose gel, amplified DNA was prepared for direct 

sequencing (Chapter 2.2.4). Samples were cycle sequenced bi-direcfionally using 

Big Dye Terminator® chemistry, electrophoresed on a 6% sequencing gel, and 

analysed on an ABI PRISM™ 377 DNA Sequencer with Sequence Analysis 

Version 2.1 software (Chapter 2.2.5). This program outputs a sequence trace and 

data for each sample (Figure 4.2), which can then be used for further analysis with 

the appropriate programs. Identification o f sequence variation was performed 

using the SeqMan program, as part o f the DNASTAR, Lasergene® suite, to align 

the sequence traces and highlight any differences between individuals. It is 

necessary to ensure any sequence variation detected is a true polymorphism and 

not merely a sequencing artefact, by checking the sequence traces are accurate and 

free from any fonn of background fluorescent interference.

4.2.4 Luciferase Reporter Gene Assavs

Promoter constructs were cloned into the pGL3 Basic vector using the 

same primers and protocol as that described for the 0.59 kb construct in Chapter 

3.2.3. However, different template DNA was used to generate promoter constructs 

of each allele. The homozygous CC construct was cloned using DNA from Coriell 

cell line 17102 and the homozygous TT construct was created using Coriell cell 

line 15048 as the template. The two promoter constructs differed solely at the 

SNP site, otherwise their sequences were identical. Following successfiil cloning 

and isolation o f plasmid DNA, HEK-293 cells were set up for luciferase reporter 

gene assays, DNA was transfected and luciferase activity was measured, as 

described previously (Chapter 2.2.16). Mean activity, standard deviation (SD) and 

coefficients o f variation (CV) for each construct were calculated using Microsoft

' Part o f the dideoxy DNA sequencing was performed by Louise Molloy B.A. (Mod.).
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Excel®  and differences in activity between the two groups were analysed by a 2- 

tailed unpaired Student’s T-test.

4.2.5 Real-Time RT-PCR protocol

RNA was extracted from Coriell cell lines 17102, 17133, 17136, 17180, 

17203, 17288, 17237, and 17259 using TRI Reagent™  or the Qiagen RNeasy®  

Plus Mini Extraction kit according to the manufacturer’s instructions (Chapter 

2.2.2). Pellets were resuspended in 50 [i\ sterile H2O and the concentration and 

integrity o f  each sample was determined by visualisation on a 1% agarose gel and 

spectrophotometric methods (Chapter 2.2.2). Samples were then treated with 

DNase 1 enzjmie (10 U/|ag RNA) to remove any contaminating genom ic DN A  

(Chapter 2.2.17). DNase-treated RNA was reverse transcribed into cD N A  using 

superscript II enzyme (200 U/|ag RNA; Chapter 2.2.17). A  negative control 

reaction, with no template cDNA added, was always included. An additional 

control reaction, without the addition o f  SuperScript 11, was also performed in 

parallel for each sample. The M THFDl R653Q PCR assay, which spans two 

exons, was performed to check for any genom ic D N A contamination in both 

cDNA and control samples (Chapter 2.2.17).

Contaminant-free cD N A  was used as the template for TaqMan® Gene Expression 

Assay-based real-time PCR according to the manufacturer’s protocol in a reaction 

volume o f  25 )al (Chapter 2.2.17). The specific TaqMan® Gene Expression 

Assays used were: H s01068268_gl for M TH FDl and for H s99999903_m l p -  

Actin. Relative quantification real-time PCRs were performed on an ABI 

PRISM’’'’'̂  7300 Real Time PCR System and data collected using SDS software 

1.3.1. Results were calculated by exporting the data to M icrosoft Excel®  and 

applying the comparative C j method (2'^^^‘) to measure the fold change in gene 

expression relative to a calibrator sample and differences in relative expression  

ratios between the two genotype groups were compared using a 2-tailed unpaired 

Student’s T test, with results considered significant i f  a two-tailed p  value was < 

0.05. The REST© software was also used to calculate relative expression ratios 

between the two genotype groups. This uses a pairwise fixed reallocation random 

test to calculate the factor o f  up- or down-regulation between groups and gives the 

associated p  value (Pfaffi et al., 2002).
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4.3 Results
The MTHFDl promoter region was screened for SNPs that may affect 

normal gene expression and/or are in LD with the R653Q polymorphism, which 

has a known association with NTD risk but an unknown fianctional effect. The 

functional effect of a SNP located in the proximal promoter region was then 

examined using luciferase reporter genes assays, to compare promoter activity, 

and real-time RT-PCR, to compare gene expression levels, between genotypes. 

The effect of different R653Q genotypes on MTHFDl mRNA levels was also 

investigated by real-time RT-PCR analysis to investigate any effect of this 

polymorphism at the transcriptional level.

4.3.1 Polvmorphism Screen

Polymorphisms in the MTHFDl upstream region were identified using 

both an indirect database search approach (A), to identify known polymorphisms, 

and a direct sequencing approach (B), to confirm the presence of these, as well as, 

identify any novel polymorphisms in the Irish population.

A) Database Search

Previously identified polymorphisms within the MTHFDl promoter region were 

retrieved from the NCBI dbSNP bioinformatic resource. Within the first 2 kb of 

the MTHFDl upstream region, there are three validated SNPs listed and one non

validated SNP (Table 4.2). The non-validated status of the fourth SNP is likely to 

be reflective of the unreliability of the method used for its identification and may 

not actually represent a true polymorphism but simply an artefact of the 

sequencing method used.

B) Direct Sequencing

Direct dideoxy cycle sequencing of approximately 2 kb of the MTHFDl upstream 

region and 400 bp of Intron 1 was performed on 22 different DNA samples in 

both directions to screen for any sequence variation present (Figure 4.1). The 2 kb 

region was sub-divided into six separate overlapping sections, for ease of PCR 

amplification, giving a total of seven sections screened^.

■ See Appendix for representative sequence traces for each section.
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■ Section 1 -  One previously identified polymorphism was confirmed in this 

region (Figure 4.2) resulting in a C->T transition, dbSNP ID: rsl076991.

Five individuals were found to be homozygous wildtype (CC), nine had a 

heterozygous genotype (CT) and eight had a homozygous TT genotype. The allele 

frequencies were calculated as: T = 0.57; C = 0.43. This SNP was not found to be 

in LD with the R653Q polymorphism (D' = 0.2; r  ̂= 0.01).

• Section 2 -  No polymorphisms were identified in this region.

However, search o f dbSNP had revealed one polymorphism (rs746488) in this 

region. It is possible that this is a rare SNP (low minor allele frequency) and was 

not detected in this small study population, or is not polymorphic in the Irish 

population. Also, this SNP has not been validated in the database, so it is possibly 

not a true SNP but an artefact o f the sequencing method used for inifial 

identificafion.

■ Section 3 & 4 -  No polymorphisms were found in either region and no 

polymorphisms were listed in dbSNP.

■ Section 5 -  Two known polymorphisms were identified in this region.

1) G ^ A  transition, dbSNP ID: rs8010584

Six homozygous GG, ten heterozygotes (GA) and six AA homozygote genotypes 

were identified, giving allele frequencies of: G = 0.5; A = 0.5. This SNP was not

in LD with the R653Q polymorphism (D' = 0.2; r  ̂= 0.01).

2) G ^ T  tranversion, dbSNP ID: rs4243628

Six individuals had a homozygous GG genotype, eleven were heterozygotes (GT) 

and the remaining five had a homozygous TT genotype. The allele frequencies 

were calculated as: G= 0.52; T = 0.48. LD analysis for this SNP with R653Q was 

inconclusive due to insufficient genotype data, although the r value indicates the 

two are not correlated (D' = inconclusive; r  ̂= 0.17).

■ Section 6 -  No polymorphisms were found and there were no entries for 

this region in dbSNP.

■ Intron 1 -  No polymorphisms were identified in this region and none 

were present in dbSNP.
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4.3.2 Haplotvpe Analysis

Initial haplotype analysis of the MTHFDl gene, using the Haploview 

program version 3.2 and genotype information from the HapMap project, revealed 

that the -71.6 kb region spanned by the MTHFDl gene is divided into two 

haplotype blocks o f approximately 16 kb and 30 kb when the default algorithm of 

a 95% confidence interval from Gabriel et al. (2002) was applied. This algorithm 

generates 95% confidence bounds on D' and gives an output of “strong LD”, 

“inconclusive”, or “strong recombination”, represented by red, blue or white 

blocks, respectively (Figure 4.3). The two haplotype blocks are located at either 

end o f the gene, leaving a region in the middle where recombination events are 

likely to occur. However, it is doubtful that this entire region represents a 

recombination ‘hotspot’ and is more likely to represent insufficient informative 

SNP data available to create fully accurate haplotype blocks. According to this 

result, the SNPs within each o f the two identified blocks are in LD within each 

other and should not be in LD with those in the alternative block. It is proposed 

that each block can be represented by a few common haplotypes o f SNP alleles 

that occur together along that region to correspond to the patterns of variation 

present in a particular population. However, it should be noted that some of the 

SNPs in Block 1 are in complete LD with SNPs in Block 2 (Figure 4.3), 

indicating that the block structure presented may not be entirely definitive and 

should only be used as a guideline for further studies. Also, SNPs in the MTHFDl 

promoter region are not included in the HapMap and, therefore, LD patterns 

relating to these SNPs were not obvious. However, the location of the R653Q 

polymorphism in the second haplotype block suggested that it was not likely to be 

in LD with the SNPs in the promoter region much further upstream.

Analysis using the Haploview program was also performed following the 

direct sequencing of DNA samples to detemiine the LD patterns of the 

investigated SNPs, both in relation to each other and to the R653Q polymorphism. 

Phased haplotype data for each individual, relating to the three upstream SNPs 

and the R653Q SNP, were loaded into the program and the resulting LD block 

pattern and common haplotypes were displayed (Figure 4.4). The three upstream 

region SNPs were found to be in LD and are grouped in the one haplotype block. 

SNP r s l076991 C-^T and SNP rs8010584 G ^ A  are in complete LD, with D' = 

1.0, and SNP rs4243628 G->T is in strong LD with both these SNPs, with D' =
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0.87 and 0.79, respectively. The two most common haplotypes in the block are 

GGC or TAT, for SNP rs4243628, SNP rs8010584, and SNP r s l076991, 

respectively.

However, the R653Q SNP is not included in this block and is not believed to be in 

LD with the other SNPs (D' = 0.2). This indicates that recombination events are 

likely in the region between the upstream SNPs and the R653Q polymorphism, 

which occurs approximately 53 kb downstream. This is in agreement with the 

earlier M THFDl gene haplotype block result from the HapMap project, where the 

R653Q polymorphism is contained within the second MTHFDl haplotype block 

at the 3' end of the gene. Therefore, none of the upstream SNPs are likely to be 

the cause o f any o f the effects associated with the R653Q polymorphism i.e., a 

maternal risk factor for NTDs, abruptio placentae and mid-trimester miscarriage. 

However, these variants could be independent risk factors.

4.3.3 Investigation of SNPs with Putative Functional Effects

Two polymorphisms were chosen for investigation o f any associated 

functional effect on nonnal MTHFDl gene expression in a bid to identify other 

variants that are NTD risk factors independent of R653Q and to further investigate 

the putative functional effect o f the R653Q polymorphism. The first of these was 

SNP r s l076991 C ^ T  (A), which is located in the MTHFDl proximal promoter 

region, a location that could potentially interfere with transcriptional initiation, 

and the second was the R653Q polymorphism (B). This polymorphism has a 

known association with NTD risk but its functional effect has not yet been 

identified and it was proposed that disruption could be occurring at the gene level.

A) SNP r s l076991 C ^ T  

Effect on Promoter Activity

Earlier promoter studies had defined a 0.59 kb promoter construct as the region 

with the highest levels o f MTHFDl promoter activity (Chapter 3.3.3). Following a 

combinafion o f bioinformatic and experimental polymorphism screening, SNP 

r s l076991 was identified in this region causing a C ^ T  transition at a nucleotide 

105bp upstream from the ATG start codon. In the previous promoter studies, all 

constructs were amplified using DNA from Coriell cell line 17102, which has a 

homozygous CC genotype for this SNP. Therefore, it was of interest to investigate
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any functional effect o f having a TT genotype by comparing its ability to drive 

transcription in the luciferase reporter gene system. A second 0.59 kb promoter 

construct was created using DNA from Coriell cell line 15048 as the template, 

which has a homozygous TT genotype. No other sequence differences between 

the two constructs were present, as demonstrated by alignment o f the two 

sequences (not shown). Both 0.59 kb promoter constructs were then assayed for 

their transcriptional activity in the luciferase reporter gene system.

All firefly luciferase values were first normalised with Renilla luciferase values 

and then divided by the mean o f the promoter-less pG13 Basic vector value to 

determine the fold increase in activity. Triplicate values were then expressed as 

the mean activity, with the SD and CV also calculated (Figure 4.5). A total o f four 

separate experiments, each in triplicate on two successive days, were performed 

using fresh promoter clone preparations each time. The mean intra-assay CV was 

12.7%.

For ease of comparison between the two promoter constructs, the mean activity of 

the wildtype construct from each experiment was set to 100 and the activity o f the 

mutant construct expressed as a percentage of this. The overall result is expressed 

as the pooled mean and SD of the % activity of the mutant construct relative to the 

wildtype construct (Figure 4.6). The homozygous TT construct was found to have 

a mean activity 45.5 ± 20% that o f the homozygous CC construct. This difference 

was shown to be statistically significant, with p  = 0.002.

Bioinformatic analysis was then performed using the SNPInspector 

program, as part o f the Genomatix suite (http://genomatix.de), to identify putative 

transcription factor binding sites that may be lost or gained in the presence o f this 

SNP that would account for the observed differences in transcription. A putative 

insulinoma-associated-1 (IA-1) binding site was shown to be present with the C 

allele but not with the T allele. The IA-1 factor is exclusively expressed in 

embryonic tissue and in neuroendocrine tumours, and is associated with 

transcriptional repression (Breslin et al., 2002). Since the CC promoter construct 

was approximately twice as active as the TT construct, this seems like an unlikely 

candidate responsible for the transcriptional differences. It is possible that loss or 

gain of binding to a non-consensus site, not recognised by the SNPInspector 

program, is responsible for the differences observed i.e. loss of binding o f a

136



transcriptional activator to a non-consensus site in the presence of the T allele or, 

alternatively, the establishment of binding of a transcriptional repressor.

Effect of SNP rsl076991C ^T  on M THFDl Gene Expression

The effect of different SNP rs 1076991 C->T genotj^es on levels of MTHFDl 

gene expression was investigated by quantifying mRNA levels using real-time 

RT-PCR analysis with TaqMan’̂ '̂  Gene Expression Assays (MTHFDl and p - 

Actin) on an ABI PRISM™ 7300 Real Time PCR System, with SDS 1.2.1 

software.

RNA fi'om three Coriell cell lines with the CC genotype (17102, 17180, 17203) 

and three with the TT genotype (17228, 17237, 17259) were used for reverse 

transcription and real-time PCR analysis. All reactions were performed in 

triplicate and a mean Cj value was calculated for each sample. Mean Cj values 

for MTHFDl were then normalised to mean Cj values for the P-Actin 

endogenous control gene. A total of three experiments were performed, with a 

mean intra-assay CV of 0.75% (Note: One experiment was performed using RNA 

from four cell lines instead of six, representing two of each genotype). Analysis of 

results was performed using both the comparative Ct method (2' '̂̂ *'' ) and the 

REST© software.^

Comparative C t results: The mean and SD of triplicate values for both target and 

control genes in each sample were calculated. The ACt was calculated by 

subtracting the mean control gene Cj fi'om the mean target gene Cj for each 

sample. The wild-type sample with the lowest ACj was chosen as the calibrator 

and subtracted fi'om each ACt to give the AACj. The final calculation was 

then performed to determine the fold gene expression compared to the wildtype 

calibrator sample. A trend towards lower gene expression in TT samples was 

observed but was not statistically significant, with p  = 0.32; 0.31; and 0.89 in 

Experiments 1, 2 and 3, respectively.

REST© software results: Ct values for both MTHFDl and p-Actin in each 

sample were analysed by REST©, which calculates a normalisation factor and

 ̂Raw data from each real time RT-PCR experiment can be found in the Appendix.
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compares relative expression ratios between control and sample groups. A 

pairwise fixed reallocation random test is applied to calculate the factor of up- or 

down-regulation between groups and the associated p  value (Pfaffl et al., 2002).

■ Experiment 1: TT slightly down-regulated compared to CC by a factor 

of 1.514. Not significantly different,/? = 0.67.

■ Experiment 2: TT down-regulated by a factor o f 1.576 compared to the 

CC genotype (Figure 4.7). Not significantly different,/) = 0.76.

■ Experiment 3: Very little difference between the two genotypes, with 

TT only down-regulated by a factor of 1.062 and p  = 0.94.

Therefore, although a similar trend was observed, the genotype effects identified 

by luciferase assays were not significant following gene expression analysis in 

different individuals using real-time RT-PCR. A number of factors could be 

responsible for this lack of significance in the real-time PCR results. First of all, 

only three individuals o f each genotype were compared and it is possible that 

identification o f a significant effect would be identified with a larger sample 

number. Also, real-time PCR analysis of RNA samples fi'om different individuals 

could be subject to variation resulting from individual genetic background 

differences. Whereas, luciferase reporter gene assays are a more isolated system 

and investigate the acfivity associated exclusively within the cloned region of 

interest and are, therefore, not affected by genetic differences other than those 

under study. Additionally, both analyses were performed on different cell types -  

human embryonic kidney-293 cell line for luciferase assays, and lymphocyte cell 

lines for real-time RT-PCR analysis. It is possible that cell- or stage-specific 

effects result in differences in gene expression, due to the presence or absence of 

certain transcription factors affecting activity.

B) MTHFDl R6530 Polymorphism 

Effect on MTHFDl Gene Expression

The mechanism through which the R653Q polymorphism increases the risk of 

certain pregnancy complications has not yet been elucidated. It was proposed that 

the fiinctional effect could be at the gene level. Therefore, comparison of mRNA 

levels associated with the two homozygous SNP genotypes was performed to

138



investigate any possible effect relating to an alteration in MTHFDl gene 

expression.

RNA from three Coriell cell lines with the RR genotype (17133, 17180, 17237) 

and three with the QQ genotype (17136, 17203, 17288) were used for reverse 

transcription and real-time PCR analysis. Again, all reactions were performed in 

triplicate and a mean C j value was then calculated for each sample. Mean C j 

values for MTHFDl were then normalised to mean C j values for the P-Actin 

endogenous control gene. A total of three experiments were performed, with a 

mean intra-assay CV of 0.77%. Analysis o f results was performed using both the 

comparative C j method ) and the REST© software.

Comparative Ct results: The calculation was performed to determine the 

fold gene expression compared to one wildtype calibrator sample.

No significant difference between genotype groups, with p  = 0.86, 0.92, and 0.3 

for experiments 1, 2 and 3, respectively.

REST© software results:

■ Experiment 1: QQ slightly up-regulated compared to RR by a factor of 

1.146. This difference is not significant,/? = 0.8.

■ Experiment 2: QQ slightly up-regulated by a factor o f 1.171 when 

compared to the RR genotype (Figure 4.8). Not significantly different,/? = 

0.85.

■ Experiment 3: The QQ genotype was this time down-regulated compared 

to the RR genotype by a factor of 1.419. Not significantly different, p  = 

0.83.

Again, it should be noted that real-time RT-PCR analysis of RNA samples fi'om 

different individuals could be subject to differences in genetic background 

between samples and may affect identification o f true gene expression variation 

relating to this polymorphism. Also, sample numbers were small and comparison 

between a large number o f individuals with alternate genotypes would be more 

robust to detect an effect on mRNA levels.
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4.3.4 Summary of Results

Three common polymorphisms are located within 2 kb of the MTHFDl 5' 

upstream region and are all in LD with each other in the same haplotype block. 

One of these, SNP rsl076991 C ^ T , is located within the window of 

transcriptional initiation, and has been shown to have a significant effect on 

MTHFDl promoter activity in vitro, with the homozygous TT genotype promoter 

construct less than half as transcriptionally active as the homozygous CC 

genotype promoter construct. Further comparison of these genotypes by real-time 

RT-PCR analysis revealed a trend towards lower MTHFDl gene expression with 

the TT genotype, but this effect was not statistically significant.

The R653Q polymorphism is not in LD with those SNPs in the MTHFDl 

upstream region and, therefore, none of these are candidates as the underlying 

causative polymorphism responsible for its NTD risk association. Analysis of the 

effect of this polymorphism on MTHFDl gene expression by real-time RT-PCR 

did not reveal any significant differences between genotypes and MTHFDl 

mRNA levels.
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4.4 Discussion
A TATA-less promoter controls expression of the MTHFDl gene and all 

the elements necessary for a high level of activated transcription are located 

within 2kb of the 5' upstream region. DNA sequence variation in this region is of 

interest as it could potentially interfere with the regulatory elements controlling 

normal gene transcription, affecting promoter function and gene expression levels, 

which may have a downstream biological impact. The R653Q polymorphism in 

the 10-formylTHF synthetase domain of the MTHFDl enzyme is a known risk 

factor for NTDs and other pregnancy complications (Brody et a i, 2002; Parle- 

McDermott et al., 2005(a); Parle-McDermott et al., 2005(b); Parle-McDermott et 

al., 2006). However, this SNP does not affect folate or homocysteine levels and 

its underlying functional effect has not yet been elucidated. It is possible that this 

SNP is merely a marker in LD with the actual causative polymorphism. Previous 

investigations did not uncover any obvious functional candidates in either the 

MTHFDl coding or 3' UTR regions (Parle-McDermott et al., 2006). The aim of 

this chapter was to identify sequence variation in the MTHFDl promoter region, 

to determine if  those identified are in LD with the R653Q polymorphism, and to 

investigate the effects of putative functional SNPs on MTHFDl gene expression.

Polymorphisms in the region from 2 kb upstream of MTHFDl start codon 

to the first 400 bp of Intron 1 were identified by initial screening o f the NCBl 

polymorphism database, dbSNP, for any known polymorphisms, followed by 

direct dideoxy sequencing o f these regions from a number o f individuals, to 

confirm the database SNPs, as well as, identify any novel ones that may be 

present in the Irish population. The 400 bp region of Intron 1 was included in the 

screen as it was previously identified as part o f a CpG island in the MTHFDl 

promoter region (Chapter 3.3.1). CpG islands are a common feature associated 

with transcription in TATA-less promoters (Chapter 1.4.6). The extension of this 

feature into Intron 1 may be an indication o f its involvement in transcriptional 

regulation and so could also be subject to disruption by sequence variation.

Four SNPs were retrieved following database screening, all occurring within the 

MTHFDl 5' upstream region, and three of these four were then confirmed by 

direct sequencing of a number o f individuals from the Irish population. It is

141



possible that the SNP that was not confirmed, SNP rs746488, is either not a 

common variant in the Irish population or is not actually a valid SNP but the 

result o f a sequencing artefact prior to dbSNP submission, which is suggested by 

its non-validated status in the database. All three upstream SNPs were found to be 

in LD with each other, which is not surprising given their proximity to each other. 

Two o f the three confirmed SNPs lie adjacent to each other approximately 1.5 kb 

upstream of the ATG start codon. The first of these, SNP rs4243628, occurs at 

position -1474 (relative to the start codon) and results in a G to T transversion, 

while the second one, SNP rs8010584, is located just 4 bp downstream and results 

in a G to A transition. Genotype analysis following direct sequencing of DNA 

from 22 different individuals revealed allele frequencies for SNP rs4243628 are G 

= 0.5; T = 0.5, and those for SNP rs8010584 are G = 0.52; A = 0.48, in the Irish 

population. The third SNP, r s l076991, occurs just 105 bp upstream of the start 

codon and results in a C to T nucleotide transition. Allele irequencies for this SNP 

in the Irish population are T = 0.57; C = 0.43. This SNP was of particular interest 

due to its location in the previously identified window of initiation (Chapter 

3.3.2), a region in which sequence variation could easily affect expression of the 

gene. No novel polymorphisms were identified in the direct screening of either the 

upstream promoter or Intron 1 regions.

Empirical evidence has shown that SNPs in proximal promoter regions are 

likely candidates to affect normal transcriptional activity and alter gene expression 

levels (Hoogendoom et al., 2003). Binding sites for important transcription 

factors may be altered in the presence o f certain SNP alleles. In this event, 

alteration of promoter activity is likely and could result in disruption of normal 

gene expression. Promoter activity experiments perfonned previously had been 

with constructs that had a wildtype genotype for each of the three SNPs identified 

in the 2 kb upstream region i.e. the GGC haplotype (Chapter 3.3.3). It was 

impossible to say if  any o f these SNPs would exert a fianctional regulatory effect 

by analysis o f sequence content alone and, therefore, experimental investigation 

was necessary. SNP r s l076991 C ^ T  is located within the experimentally defined 

window of initiation in the M THFDl promoter region. Therefore, it was proposed 

as a likely candidate to exert a functional effect on gene transcription and 

warranted further investigation.
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Initially, the levels of transcriptional activity associated with different SNP 

rs 1076991 C->T genotypes were investigated using luciferase reporter gene 

assays. The previously described 0.59 kb construct was chosen as the promoter 

region to investigate this comparison (Figure 3.7). This construct had been shown 

to support the highest levels of MTHFDl promoter activity and, therefore, was 

selected as the most suitable for observing any effect of the SNP on promoter 

function. Two 0.59 kb promoter constructs were created from different DNA 

sources that differed exclusively at the SNP site to represent the two homozygous 

genotypes. The activity o f each construct was measured by its ability to drive 

transcription of the luciferase reporter gene. Transcriptional activity in the 

presence of the homozygous TT genotype was shown to be less than half that of 

the wildtype promoter construct with a CC genotype, with a mean activity 

46±20% that o f the homozygous CC construct and this difference was statistically 

significant {p = 0.002). These results adhere to most of the criteria laid down by 

Hoogendoom et al. (2003) in their study on functional promoter variants, which 

state that the activity of one promoter haplotype should be at least 1.5 times that 

of its comparator, with the difference being statistically significant at p  < 0.05, 

and this should be the result o f replicate experiments each performed with fresh 

preparations o f the promoter clones. These criteria were used to maximise the 

chance that an observed variation is truly functional and not just due to the 

variability of the assay. Therefore, the observed effect of the TT genotype on 

MTHFDl promoter activity is believed to be a valid functional phenotype. 

However, it should be noted that results obtained from in vitro reporter gene 

studies should be interpreted with caution, since gene regulation and expression in 

the natural genomic environment in vivo is likely to be more sophisticated than 

seen in the cell line model. If this effect is translated in vivo, however, individuals 

homozygous TT for this SNP would be expected to have lower levels of 

MTHFDl gene expression than those with the homozygous CC genotype. Lower 

levels of mRNA available for translation into the MTHFDl enzyme could be 

potentially deleterious, especially during times o f increased demand on folate co

factors for DNA synthesis e.g. during embryonal development, since the 

MTHFDl enzyme is important for the de novo production o f purines and 

pyrimidines. In particular, this enzyme is the sole provider of the 10-formylTHF 

folate co-factor, which provides two one-carbon units for the formation of every
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purine ring (Appling, 1991). Also, it has been proposed that the MTHFDl enzyme 

plays an important non-catalytic role in a multienzyme purine synthesising 

complex (Smith, 1980; Appling & Barlowe, 1991; West et a l,  1996) and lower 

levels of this enzyme could potentially affect this function.

A likely reason for the difference in activity between the two SNP 

genotypes is an alteration in binding of a specific transcription factor in the 

presence o f one o f the alleles. For example, it is possible that binding of a 

transcriptional activator to its binding site in the presence of the C allele is lost 

when the T allele is present and results in the observed reduction of activity. 

Alternatively, a binding site that is recognised by a transcriptional repressor might 

be associated with the T allele and loss of binding in the presence of the C allele 

could explain the higher level o f activity associated with the CC genotype 

promoter construct. However, bioinformatic analysis did not reveal alteration of 

any obvious transcription factor binding site that would explain the observed 

difference in activity between the two genotypes. It is possible that loss or gain of 

binding to a non-consensus binding site, not predicted by sequence analysis, is 

involved. Identification of the underlying cause for the variation in transcriptional 

activity would require further experimental work, such as, investigation of 

differences in transcription factor binding between the two promoter constructs 

and the subsequent identification o f any factor involved.

The TT genotype effect was subsequently investigated using real-time RT- 

PCR analysis, which is the most sensitive method available for measuring gene 

expression levels (Bustin et al., 2005). Levels of MTHFDl mRNA were measured 

in six different l>rnphoblast cell lines, three homozygous CC samples versus three 

homozygous TT samples, by relative quantification. A slight reducfion in 

MTHFDl mRNA levels was observed in the TT samples, when nonnalised to the 

P-Actin endogenous control and compared to the CC samples. However, this 

difference was not statistically significant.

Failure to identify a significant difference between genotypes, similar to that 

found using luciferase reporter gene assays, could be due to a number of factors. 

For example, RNA samples for real-time PCR analysis were taken from different 

individuals, who will each have a different genetic background. Therefore, it is
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possible that this inter-individual genetic variation could affect identification of 

the variation specific to the polymorphism under investigation. This situation is 

not an issue with luciferase reporter gene assays since only the effect o f the 

variation within the cloned sequence o f interest is measured. However, this 

isolated system is further removed from the in vivo situation, as it does not 

represent the gene in its natural genetic environment. Another factor that could 

underlie the difference in gene expression results is the different cell models used 

for investigation, which may differ in MTHFDl regulation. A human embryonic 

kidney cell line was used for the luciferase assays, while human adult lymphocyte 

cell lines were used for the real-time RT-PCR analysis. Different transcription 

factors involved in MTHFDl regulation could be present in different cell types or 

at different developmental stages and could be responsible for the different results 

observed. For example, the transcription factor responsible for the increased 

activity associated with the homozygous CC genotype and the decreased activity 

associated with the TT genotype might not be present in lymphocyte cells, or 

possibly in adult tissue. It is also possible that the sample number was too small to 

detect true effects and analysis o f a greater number o f individuals would be o f 

interest for future investigations.

Investigation of the effect o f the MTHFDl R653Q polymorphism on 

MTHFDl gene expression was of interest in relation to elucidation of the 

unknown mechanism, by which this SNP increases risk for NTD development, 

abruptio placentae, and mid-trimester miscarriage. One possibility is that the 

R653Q SNP in some way alters the level of MTHFDl gene expressed, resulting in 

reduced levels of mRNA available for translation into the functional enzyme and 

subsequent disruption of its normal function, especially its role in the provision of 

one-carbon units for purine production and subsequent de novo DNA synthesis. 

Another possibility was that this SNP exists in LD with the underlying causative 

SNP in the regulatory region and the observed disease association is the result o f 

this linkage. Therefore, investigations were undertaken to examine these 

possibilities.

Initially, the haplotype block pattern across the entire MTHFDl gene was 

determined by analysing SNP genotype information from the International
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HapMap Project using the Haploview program. Two haplotype blocks, one o f 16 

kb at the 5' end of the gene and one of 30 kb at the 3' end, were identified over the 

71.6 kb region, within which SNP alleles are understood to be in LD with each 

other and less likely to be in LD with those outside their respective blocks (Figure 

4.3). The two blocks are located at either end of the MTHFDl gene leaving a 

sizable region in between where high levels of LD were not identified. This might 

indicate a high level o f recombination events in this region, often known as 

recombination ‘hotspots’, but it is also possible that insufficient SNP genotype 

data were available for the creation o f accurate haplotype blocks in this region. 

The R653Q SNP resides in the second larger haplotype block at the 3' end of the 

gene. SNPs in the region upstream of the gene are not included in the HapMap, 

although from the haplotype block structure predicted for the gene, it seems 

unlikely that any would be in LD with the R653Q SNP. This was confirmed 

following haplotype analysis of the genotype data from the direct screen for 

polyinorphisms in the MTHFDl promoter region. The R653Q genotype o f each of 

the samples sequenced in this screen had previously been determined and this 

enabled calculation of LD between this SNP and those identified in the promoter 

region. The result of this analysis revealed that none o f the identified promoter 

SNPs are in LD with the R653Q polymorphism. From this, it seems unlikely that 

promoter SNPs are responsible for effects associated with the R653Q 

polymorphism. It is known that the 3' UTR is often a region of regulatory 

importance and, therefore, polymorphisms present within could also affect 

MTHFDl mRNA levels and would be more likely to be in LD with R653Q, given 

its location at the 3' end of the MTHFDl gene. However, previous investigations 

did not reveal any such candidates in this region that would be exert a functional 

effect and account for the observed disease associations (Parle-McDermott et al., 

2006). Therefore, it does not seem likely that the disease risks associated with the 

R653Q polymorphism are due to LD with functional regulatory SNPs.

Any potential effect on the R653Q polymorphism on MTHFDl gene 

expression was then invesfigated using real-time RT-PCR analysis to compare 

MTHFDl mRNA levels in individuals with different homozygous genotypes. The 

MTHFDl mRNA levels from three lymphocyte cell lines with the RR genotype 

were compared to those in three cell lines with the QQ genotype, again by relative
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quantification. No difference in mRNA levels between genotypes was observed 

following analysis. Therefore, the underlying effect of the R653Q SNP does not 

appear to be a major disruption of MTHFDl gene expression. However, sample 

number may not have been sufficient for the detection of subtle variations in gene 

expression levels and analysis of a greater number of individuals with alternate 

genotypes would be of interest to fully investigate this possibility.

The functional effect of the R653Q polymorphism has not been elucidated 

by these studies relating to MTHFDl gene expression and further work is required 

to determine the mechanism of its effect, particularly relating to disruption of a 

predicted non-catalytic role in a multi-enzyme purine synthesising complex or, 

alternatively, effects directly relating to MTHFDl enzyme activity.

On the other hand, SNP rs l076991 C ^ T  has been shown to affect MTHFDl to 

some extent at the gene level, and may play a role in relation to health and 

disease. Given the known association between other polymorphisms in folate- 

related genes and NTD risk, the possibility that this SNP is an additional risk 

factor for NTD development was an area that was of interest for further 

investigation.
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Figure 4.1 MTHFDl Upstream Sequencing Region

Approximately 2 kb of the MTHFDl  upstream region, divided into six over

lapping regions of 300 -  400 bp, and the first 400 bp of Intron 1 were amplified 

by PCR of DNA samples from 22 different individuals and bi-directionally 

sequenced to screen for polymorphisms in the promoter region. Representative 

PCR products are shown as red lines above.
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Figure 4.2 PCR products and Sequence Traces for MTHFDl Section 1 
(a) wildtype genotype [CC], and (b) heterozygous genotype [CT].

DNA samples from 22 different individuals were amplified by PCR for Section I

and visualised using UV spectrophotometry following electrophoresis on an

agarose gel.

The sequence traces show the region of an identified polymorphism in Section 1 

from two different DNA samples, one with the wildtype genotype (a) and the 

other showing a heterozygous genotype (b), with peaks visible for both the C and 

T alleles.
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Figure 4.3 Haplotype Block Pattern of the MTHFDl  Gene

The haplotype block pattern of the MTHFDl  gene was generated using SNP data 

from the International HapMap Project inputted to the Haploview version 3.2 

program. The default 95% confidence bounds algorithm was used to construct the 

blocks. This generates 95% confidence bounds on the statistical measure of 

association, D', and gives an output o f “strong LD”, “inconclusive”, or “strong 

recombination”, represented by red, blue or white blocks, respectively. Haplotype 

blocks of 16 kb and 30 kb were predicted with the SNP information available. 

SNPs within each of the blocks are associated with each other and are said to be in 

linkage disequilibrium (LD).
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Figure 4.4 Haplotype block pattern of MTHFDl upstream region SNPs 
and the R653Q polymorphism and resulting common haplotypes.

SNP genotype information from the 22 DNA samples sequenced was loaded into 

the Haploview program to identify any linkage disequilibrium (LD) between 

them. The three upstream SNPs appear to be in LD with each other and have been 

grouped into a haplotype block but the R653Q polymorphism is not in this block. 

This is not very surprising since this polymorphism resides -53  kb away from the 

others. The two most common haplotypes are TAT or CGG for SNPs 3, 2, and 1, 

respectively.
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oo u nrsj oo C'XO)oo o COr-- mCVJ a o C'-Aoo C-'A(/) CO
s—

B lo ck  1 (1 kb)

7 8

87

151



140

Day 1 Day 2

■  CC 71.77 114.27
BTT 38.77 27

Figure 4,5 Typical Luciferase Assay Result for Comparison between SNP 
rsl076991 CC and TT Promoter Activities

Luciferase reporter gene assays were used to investigate the effect of SNP 

rs 1076991 C ^ T  on promoter function. This SNP occurs 105 bp upstream of the 

start codon in the MTHFDl  core promoter region and is shown to affect promoter 

activity.
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Genotype

Figure 4.6 Relative Activity of Different SNP rsl076991 C ^ T  Genotype
Promoter Constructs

A total of four luciferase reporter gene assays, as illustrated in Figure 4.5, were 

performed to investigate the effect of SNP rs 1076991 C ^ T  on promoter function. 

The overall result is expressed as the pooled mean and SD of the % activity of the 

homozygous CC construct relative to the homozygous TT construct. The TT 

construct was found to have a mean activity 45.5 ± 20% that of the CC wildtype 

construct. This difference was shown to be statistically significant, with p  = 0.002 

using 2-tailed Student’s unpaired T test.
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Figure 4,7 Comparison of MTHFDl gene expression between 
SNP rsl076991 CC versus TT genotypes

SNP rs 1076991 C->T was investigated by comparing M THFDl mRNA levels in 

three lymphocyte cell lines with the CC genotype and three with the TT genotype 

using real-time RT-PCR analysis. Results were analysed using REST© software 

and displayed as the relative expression of CC compared to TT. Although a trend 

towards down-regulation of M THFDl expression was observed with the TT 

homozygous genotype, this difference was not statistically significant, p  = 0.76.
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MTHFD1 Gene Expression

Genotype

Figure 4.8 Comparison of MTHFDl  gene expression between R653Q 
wildtype (RR) and mutant (QQ) genotypes,

RNA from three lymphocyte cell lines with the RR genotype and three with the 

QQ genotype were compared by real-time RT-PCR for differences in M THFDl 

mRNA levels. Results were analysed using REST© software and displayed as the 

relative expression of RR compared to QQ. No significant difference between the 

two genotype groups was identified, p  = 0.85.
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Table 4.1 List of Primer Sequences and Melting Temperatures (Tm) for 
Amplification and Sequencing of the MTHFDl upstream region and Intron

1 .

Primer Name Primer Sequence Melting
Temp.(“C)

Section 1 Forward TTCCCGCCGAATACAAAGGC 57°C

Section 1 Reverse TTATTAGTCCGCTGCCCACGA

Section 2 Forward TGGCGTAGGTGTGTGACAAA 58°C

Section 2 Reverse CGGAAATGATTGGCGGAA

Section 3 Forward GGTCAACTGGCATGTAGCTTAC 54°C

Section 3 Reverse ACTCGACAGCAGATGTGGAAC

Section 4 Forward CAGAATGAGACTCCGTCTCAAA 56“C

Section 4 Reverse AACTCACGCGGTCTTCGTA

Section 5 Forward ATCAGTTTTAGGCCAGGTGC 56°C

Section 5 Reverse CCGTTTACTACTGGCAGAGC

Section 6 Forward AGGCCAAGGGAGACTAATC 59°C

Section 6 Reverse CCAGAGTGCTGGGATTACA

Intron 1 Forward CGCGTAAGCACCTGACATTGT 58°C

Intron 1 Reverse GTCAAGCCTTGTCACCTCACTA
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Table 4.2 SNPs in the M THFDl promoter region listed in dbSNP

Known polymorphisms in approximately 2 kb of the MTHFDl upstream region 
and 400 bp of Intron 1 were retrieved from the NCBI polymorphism database, 
dbSNP.

dbSNP ID Substitution Position

codon)

(relative to ATG start

rs 1076991 C ^ T -105

rs746488 (NV) T ^ A -473

rs8010584 G->A -1470

rs4243628 G ^ T -1474

NV = Not Validated
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Chapter 5

Promoter SNP 
rsl076991C^T and 
NTD risk in the Irish 

Population



5.1 Introduction
5.1.1 Background Information

MTHFDl is known to be important for normal embryonic development 

since a variant, R653Q, in the synthetase domain o f the enzyme has been 

identified as a maternal risk factor for NTDs and other pregnancy complications 

(Brody et a l,  2002; Parle-McDermott et al., 2005(a); Parle-McDermott et al., 

2005(b); Parle-McDermott et al., 2006). The underlying fiinctional effect o f this 

polymorphism has not yet been elucidated and it is possible that it is merely a 

marker for the truly functional polymorphism, although no such fiinctional 

candidates have been identified in either the coding or 3' UTR regions of 

MTHFDl (Parle-McDennott et al., 2006). Therefore, investigation of variants in 

the promoter region of the gene was proposed, both in relation to the R653Q 

functional effect and/or as additional NTD risk candidates. Screening and analysis 

o f polymorphisms in the regulatory regions o f the MTHFDl gene have revealed a 

C->T SNP (dbSNP ID: rsl076991) in the promoter region that displayed a 

functional effect on gene expression in initial in vitro studies (Chapter 4.3.3). 

Preliminary analysis did not support the existence of LD between this SNP and 

the R653Q polymorphism and any effect o f this SNP is likely to be independent 

o f that associated with R653Q. SNPs that exert a fianctional effect are likely 

candidates for associafion with disease risk and, therefore, the aim of this chapter 

was to determine if SNP rsl 076991 C->T is associated with NTD risk in the Irish 

population.

5.1.2 Variants Associated with Neural Tube Defects

Neural tube defects (NTDs) are the second most common severe birth 

defect, occurring at an approximate European rate of 1 in 1000 births (Busby et 

al., 2005). Evidence o f a genefic component in NTD aetiology is supported by the 

existence o f a high recurrence rate and an increased familial risk, variation of 

incidence across ethnic groups and geographical location, and association with 

genetic syndromes such as Meckel-Gruber syndrome (McManus, 1987; Stevenson 

et al., 2000; Frey & Hauser, 2003). The genetic element underlying common 

diseases such as NTDs is most often comprised o f a complex combination of 

multiple polymorphisms within multiple genes that may vary in the magnitude of 

their contribution to the disease phenotype and may also be subject to gene-gene
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and gene-environmental interactions (Lewis et a l, 2002; Hanchard, 2005). 

Theoretical and empirical information supports the common disease/common 

variant hypothesis, that some of the genetic variation involved in common 

diseases will also be common, as opposed to single-gene disorders that are 

generally caused by a rare allele (Chakravarti, 1999; Hirschhom, 2005). 

Therefore, single nucleotide polymorphisms (SNPs) are strong candidates for 

variants that confer susceptibility or resistance to common disease, as they 

represent 90% of the genetic variation present in the genome and occur at a 

population frequency o f at least 1 % (Lewis, 2002). In a genetic study of common 

disease, it is believed that affected individuals are those that lie above some 

biological threshold o f risk (Chakravarti, 1999). This could refer to the deleterious 

accumulation, or specific combinations, o f certain SNPs in important genes, as 

well as, the effect of environmental factors against particular genetic backgrounds. 

Gene-nutrient interaction is especially evident in the aetiology of NTDs. The 

protective effect o f folate is the single most significant finding in relation to the 

normalisation of neural tube closure and prevention of NTD development (MRC, 

1991; Czeizel & Dudas, 1992). Women with an NTD-affected pregnancy have 

been shown to have lower red cell folate (Kirke et al., 1993; Daly et al., 1995) and 

higher levels of homocysteine (Mills et al., 1995) than controls. However, folate 

levels in these women are still above the clinically deficient range and this 

suggests the presence o f an underlying folate lesion due to some defect(s) in the 

folate pathway. Therefore, it was proposed that genetic variation is present in 

some important genes and is responsible for the disruption to nonnal folate 

metabolism seen in these women. For example, a polymorphism that occurs in the 

coding region of a folate-related gene might alter the structure or function o f the 

associated protein/enzyme resulfing in decreased efficiency and disruption to 

folate flux or metabolism. Likewise, a polymorphism located in the promoter 

region o f a gene might affect the regulafion and expression of the gene, which 

could result in deviation from normal protein/enzyme levels and cause a similar 

block along the folate pathway. Thus, common variants in genes involved in the 

folate pathway have been chosen as the basis for most NTD association studies in 

recent times.

The main focus of the vast majority o f these studies has been on the 

common 677C-^T (dbSNP ID: rs2066462) variant in the 5,10-
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methylenetetrahydrofolate reductase (MTHFR) gene (Chapter 1.2.3). The 677 T 

allele results in decreased MTHFR enzyme activity due to a loss in affinity for its 

FAD co-factor (Frosst et a i, 1995; Yamada et al., 2001). This reduced enzyme 

activity alters folate co-enzyme distribution and is associated with lower red cell 

folate levels, which is often accompanied by an increase in homocysteine levels 

(Jacques et al., 1996; Molloy et al., 1997). The reduced enzyme activity 

associated with this polymorphism results in a decrease o f 5,10-methyleneTHF to 

5-methylTHF conversion and in this way directs the flux of folate away from the 

remethylation o f homocysteine to methionine and towards the thymidylate 

synthesis pathway. This altered distribution of folate co-factors and the resulting 

build up of homocysteine is potentially pathogenic, especially when folate and/or 

riboflavin levels are low (Bailey & Gregory, 1999; Yamada et al., 2001). 

Therefore TT homozygotes have an increased requirement for folate to overcome 

this mildly dysfunctional phenotype to normalise their folate metabolism (Shields 

et al., 1999). This variant was the first to be associated with NTD risk and this 

finding has been replicated several times in many different populations (van der 

Put et al., 1995; Whitehead et al., 1995; Ou et al., 1996; Kirke et al., 1996; Shaw 

et al., 1998; Christensen et al., 1999; Shields et al., 1999; Relton et al., 2004), 

although some studies have reported no association with NTD risk (Momet et al., 

1997; Speer et al., 1997; Koch et al., 1998; Boduroglu et al., 1999; Stegmann et 

al., 1999; Nurk et al., 2004). A meta-analysis o f a number o f large association 

studies calculated the pooled odds ratio (OR) for NTD risk associated with the 

homozygous TT genotype as 1.8 (95% Confidence Interval [1.4-2.2]) and 2.0 

(95% Cl [1.5-2.8]) for cases and mothers, respecfively (Botto & Yang, 2000). In 

the Irish population, it is estimated that 26% of NTDs can be attributed to the 

effects of the homozygous TT and the heterozygous CT genotypes (Kirke et al., 

2004), although this may be an over-esfimation since it does not account for other 

factors involved. This variant has also received a lot of attention in relafion to 

other common diseases including cardiovascular disease (CVD; due to the 

associated mild hyperhomocysteinemia) and many different types o f cancer. Most 

studies have not supported a direct association with CVD (Verhoef et al., 1997; 

Brattstrom et al., 1998); however, an inverse relationship with colorectal cancer 

has been reported in numerous studies, providing folate status is adequate (Chen 

et al., 1996 & 1998; Ma et al., 1997). Therefore, the T allele can act both to
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increase risk and to confer protection against common diseases under different 

folate conditions.

Another common variant in the MTHFR gene, 1298 A->C (dbSNP ID: 

rsl801131), was initially proposed as an additional risk factor for NTDs, 

especially when combined with the 677 T allele (van der Put et ah, 1998). 

However, investigation o f the human recombinant enzyme has since shown that 

this variant does not affect enzyme activity (Shan et al., 1999; Yamada et al., 

2001) and it has not been identified as a risk factor for NTDs in most populations 

studied (Stegmann et al., 1999; Parle-McDermott et al., 2003; Nurk et al., 2004; 

Relton et al., 2004). On the contrary, the 1298CC genotype has recently been 

associated with an increased level o f red cell folate and, therefore, is believed to 

confer a protective effect, especially in relation to cancer development by 

preventing uracil misincorporation and maintaining normal DNA methylation 

status (Parle-McDermott et al., 2006). An opposite finding was reported irom a 

recent Norwegian study, where the 1298 C allele was associated with reduced 

plasma folate levels (Ulvik et al., 2007). However, circulating folate levels do not 

reflect intracellular folate stores and it is possible that the 1298 CC genotype 

alters folate co-enzyme distribution in a manner that enhances cellular folate 

retention and, therefore, would not be obvious irom plasma folate measurements. 

Recently, some of the focus has shifted away fi'om MTHFR and towards variants 

in other folate-related genes. Although many o f those investigated have shown no 

association with NTD risk in the Irish population, including variants in 

Cystathionine P Synthase, Methionine Synthase, Reduced Folate Carrier, 

Methionine Synthase Reductase, Folate Receptor p, Methylmalonyl-coA Mutase, 

and Transcobalamin II (Ramsbottom et al., 1997; Brody et al., 1999; O ’Leary et 

al., 2003, 2005 & 2006; Parle-McDermott et al., 2003; Swanson et al., 2005), 

significant findings have been identified with two variants in two separate folate- 

related genes, in the Irish population. The most recent o f these is a novel intronic 

19 bp deletion polymorphism in the dihydro folate reductase (DHFR) gene that has 

been shown to confer a protective effect to mothers when present in one (OR 0.59, 

95% Cl [0.39-0.89], p = 0.01) or two (OR 0.52, 95% Cl [0.32-0.86], p  = 0.01) 

copies (Parle-McDermott et al., In Press). DHFR is important enzyme for the 

production of tetrahydrofolate, the activated fonn of folate, which can be 

converted into the range of one-carbon folate co-factors for folate-dependent
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reactions in the body. The polymorphism is associated with an increase in DHFR 

mRNA levels, which may be advantageous under certain conditions, such as the 

rapid cell division associated with embryo genesis.

More importantly in relation to this work is the R653Q/1958G->A polymorphism 

(dbSNP ID: rs2236225) in the MTHFDl gene, which was identified as the second 

genetic variant to confer NTD risk in the Irish population (Brody et al., 2002; 

Parle-McDermott et al., 2006). A significant excess o f QQ homozygotes was 

observed among women who had an NTD-affected pregnancy (OR 1.52, 95% Cl 

[1.16-1.99], p  = 0.03 (Brody et al., 2002); OR 1.49, 95% Cl [ 1.07-2.09], = 0.019 

(Parle-McDermott et al., 2006)), implicating this polymorphism as a maternal risk 

factor for NTD development. Unlike the MTHFR 677 C ^T  polymorphism, no 

effects on folate or homocysteine levels were observed with this polymorphism 

and, instead, its proposed effect is through disruption o f normal purine synthesis 

(Brody et al., 2002). As discussed in Chapterl, MTHFDl is believed to be a 

component o f a multienzyme purine synthesising complex (Smith et al., 1980; 

Barlowe & Appling, 1990; West et al., 1996). The presence o f this polymorphism 

in the synthetase domain o f the enzyme may alter its association with the complex 

and lead to a reduced efficiency in purine provision from the mother to the 

developing embryo, which could be involved in failure of the neural tube to close. 

The proportion of NTDs in the Irish population that can be attributed to 

homozygousity for this polymoiphism was calculated to be 8.9% (Brody et al., 

2002), although this too is likely to be an over-estimation since other factors 

involved were not taken into account. In addition, the 653QQ genotype has since 

been identified as a maternal risk factor for both abruptio placentae and second 

trimester miscarriage, thereby highlighting the importance of MTHFDl for 

normal cellular functions (Parle-McDermott et al., 2005(a); Parle-McDermott et 

al., 2005(b)).

Folate supplementation has been shown to prevent up to 70% of NTD- 

affected pregnancies (MRC, 1991; Czeizel & Dudas, 1992) and, at the most, just 

over half o f this protection has been accounted for with the MTHFR 677C->T and 

the MTHFDl R653Q polymorphisms in the Irish population. Therefore, it is 

believed that there are additional variants in folate-related genes that contribute to 

NTD risk and efforts for their identification are ongoing. Based on all the
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evidence, MTHFDl is known to be vital for normal embryonic development, 

most likely through its role in purine production and subsequent DNA synthesis 

and cell proliferation. Any disruption to MTHFDl gene expression could lead to a 

decrease in the amount o f MTHFDl available for these important fiinctions and in 

this way result in a similar phenotype. Therefore, SNP rsl076991 C ^ T , which 

has been shown to cause possible disruption of gene expression, was proposed as 

a candidate for an association with NTD risk.

5.1.3 Association Studies

Genetic association studies are perfomied to determine whether a 

variant(s) o f interest is associated with disease risk. Traditionally, the testing of 

such association begins with individual SNPs, however, it is becoming 

increasingly more evident that SNPs are not independent of each other since the 

genome is structured into haplotype blocks that are transmitted as a unit and, 

ideally, associations should be made in the context of LD (Clark, 2004).

The majority o f association studies are SNP-based case/control analyses, where 

genotype or allele frequencies are compared in case versus control populations 

and a statistically significant difference between groups indicates an association 

with either disease risk or protection. Association studies involving congenital 

disorders, such as NTDs, are complicated by the fact that it is not known whether 

risk will be associated with embryonic or maternal variants, or indeed, the 

interaction of both. The inclusion of family samples in an NTD study allows 

analysis of each group (mothers, fathers, and children) as the ‘case’ group for the 

detection of both parental, as well as, offspring association with the variant(s) of 

interest.

The most important requirement for case/control association studies is ensuring a 

good match between the genetic background of cases and controls to avoid the 

problem of population stratificafion (Lewis, 2002). This problem arises when 

subgroups in a population are more related to each other than to other members of 

the population o f interest. It can lead to bias in a study and a significant result may 

arise due to differences in genetic backgrounds rather than association with the 

disease under study. This can be a significant problem as it is often difficult to 

account for at the study design stage and difficult to detect at the analysis stage. 

However, until recently, Ireland had one o f the most ethnically homogeneous
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populations and, therefore, has been particularly suitable for performing 

association studies as the problem of population stratification is largely avoided. 

Association studies can also take a family-based approach, where the transmission 

o f alleles from parents to offspring is assessed. This is different to linkage studies, 

where family pedigree analyses are performed to localise disease-associated genes 

by examining the transmission of certain markers (usually microsatellites) to 

affected individuals within families (Hirschhom, 2005). Family-based association 

studies are usually confined to the immediate family of parents and children. 

These studies avoid the problem o f population stratification associated with 

case/control studies since unaffected members or non-transmitted alleles are used 

as controls and therefore biased sampling is not an issue. The transmission 

disequilibrium test (TDT) has become the most popular method of analysis for 

this type of association study (Spielman et al., 1993). It tests for any deviation in 

normal transmission of alleles from a heterozygous parent to an affected offspring 

to identify disease association. It is expected, under normal Mendelian conditions, 

that both alleles in a heterozygous parent have an equal chance of being 

transmitted or, in other words, each allele should have transmission rate of 0.50. 

Therefore, the observation of preferential transmission of one of the alleles to an 

affected offspring is indicative of an association with disease risk. However, the 

TDT is valid only for identifying risk associated with the child’s genotype and 

cannot detect parental effects or interactive case/parent effects. Log-linear 

analysis using a likelihood-based approach can be applied for family samples and 

has the ability to detect indirect genetic influences such as the effect o f the 

maternal genotype and interactive genotype effects (Weinberg et al., 1998; 

Wilcox et al., 1998). A likelihood ratio test (LRT) is applied to account for the 

paired transmission of alleles from both parents to the affected offspring and in 

this way characterises association by the number of high risk alleles in the 

combined genotypes of the father, mother and child.

The approach proposed for analysis o f SNP rs 1076991 C->T with NTD risk 

combines both NTD family triad analysis and case/control analysis to enhance the 

probability of detecting any underlying disease associations. This dual-approach 

would provide a robust NTD association study. Another requirement was a 

reliable method o f SNP genot3q3ing to give a powerful association study with a 

greater chance of detecting a small effect (Gray et al., 2000). Also, tight standards
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for statistical significance are needed to ensure true effects, rather than chance 

findings, are identified (Balding, 2006).

5.1.4 SNP Genotyping

Robust genetic association studies have an absolute requirement for a 

stringent method of genotyping DNA samples. Genotype error can reduce the 

power of the study and lead to spurious results; either false identification of an 

association (Type I statistical error) or failure in detecting a true effect (Type II 

statistical error; Gordon et a i ,  2002). Various methods have been employed in 

attempts to achieve accurate, reliable and cost effective SNP genotyping for use in 

association studies. Generally, methods involve initial PCR amplification of the 

area of interest, followed by a ftirther enzymatic, primer extension or 

hybridisation step resulting in distinct allelic products that can then be detected by 

a suitable method.

One straightforward, enzymatic method o f genotyping that has been used in the 

past is PCR-restriction fragment length polymorphism (PCR-RFLP) analysis. This 

is based on the polymorphic presence or absence o f a particular restriction enzyme 

recognition site. The region surrounding the SNP is amplified by PCR and then 

cut with the appropriate restriction endonuclease. The resulting different length 

products are visualised on an agarose or acrylamide gel and genotypes can be 

scored.

Primer extension is another method for allelic discrimination and is the basis o f a 

number o f SNP genotyping methods. A primer is laid down adjacent to the SNP 

of interest and the extension product formed will depend on which allele is 

present. The use o f dideoxynucleotidetriphosphates (ddNTPs), which cannot fonn 

the phosphodiester bonds necessary for chain elongation, results in extension of 

the primer solely over the polymorphic region. Therefore, different products are 

formed depending on which allele is present. One method for distinction between 

products and subsequent genotype calling is the use of mass spectrometry to 

separate and detect products based on their respective mass differences dependent 

on which nucleotide base(s) has been added (Dearlove, 2002). Matrix-assisted 

laser desorption/ionisation time o f flight (MALDI-TOF) mass spectrometry is 

particularly suitable as it is one of the most automated, efficient and reliable SNP 

detection methods (Tost & Gut, 2002). MALDI mass spectrometry was developed
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by Karas and Hillenkamp in 1988 and involves the analyte molecule o f interest 

being ejected into the gas phase and ionised using a matrix and a laser (Karas & 

Hillenkamp, 1988). Analyte molecules are embedded into a matrix, usually a low 

molecular weight organic acid, and deposited on the metal surface of a target plate 

(Sauer & Gut, 2002). The aromatic acids of the matrix usually have a strong 

absorption at the emission wavelength of the laser and a short laser pulse is used 

for instantaneous vaporisation with particles being ejected into the gas phase. 

Analyte molecules are co-ejected into the gas phase and are ionised by collisions 

with matrix molecules (Gut & Beck, 1995). These charged ions enter a field free 

region and drift towards the detector. Each ion’s momentum is proportional to the 

square root of its mass-to-charge ratio and can be measured by a time-of-flight 

(TOF) detector. Low molecular weight matrix molecules are observed at the 

beginning of the analysis, then analyte ions arrive at the detector; with those that 

are smallest and more highly charged detected first. Therefore, primer extension 

products representing different SNP alleles can be differentiated based on their 

subtle difference in mass and the time they arrive at the TOF detector, and 

genotypes can be easily scored. The speed o f signal acquisition (about 100 |is for 

one complete trace) is one o f the main advantages o f MALDI and had led to its 

widespread application for high throughput screening o f SNPs. The main 

disadvantage o f this method is its sensitivity to the presence of metal 

contaminants, leading to the requirement for stringent purification procedures 

prior to analysis (Sauer & Gut, 2002).

Sequenom'T'^ have developed a reliable genotyping method based on the 

application of MALDI-TOF mass spectrometry to the analysis o f primer extension 

products, which is known as Mass ARRAY™ Homogeneous MassEXTEND™ 

(hME) SNP genotyping (Sequenom, San Diego, CA; Figure 5.1). It is a simple 

reproducible method that allows for high throughput accurate genotyping. All 

steps are performed in 384-well format, assays can be multiplexed, require small 

reaction volumes and few wash steps, leading to greater speed and cost-efficiency. 

Primer extension products are formed that differ in length by at least one, and up 

to four, nucleotides. The resultant mass o f the extension products can then be 

analysed by MALDI-TOF mass spectrometry and results are shown as peaks that 

correspond to the mass o f the analyte (Figure 5.2). The SpectroTYPER^'^ 

software can then interpret the result peaks according to expected mass of the
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different primer extension products and automatically scores genotypes based on 

the nucleotides present.

5.1.5 Summary & Aims

The role o f folic acid supplementation in normalising neural tube closure 

has led to the investigation o f variants in folate-related genes for their 

involvement in the genetics underlying NTDs. To date, only two such variants, 

MTHFR 677C“>T and MTHFDl R653Q, have been confirmed as risk factors for 

NTDs in the Irish population. The functional effect of MTHFR 677C ^T  has been 

well characterised but that o f MTHFDl R653Q remains to be elucidated and, so 

far, no potentially functional variants in LD with R653Q have been identified. The 

rsl 076991 C->T SNP in the promoter region of MTHFDl was shown to exert a 

functional effect on gene transcription and, therefore, warranted ftirther 

investigation for association with NTD risk.

The aim o f this chapter was, therefore, to identify any association between 

the MTHFDl SNP rsl076991 C->T and NTD risk in the Irish population by 

performing a large association study with both NTD family triads and a separate 

control group, using robust genotyping methods and appropriate statistical 

standards to ensure detection o f true effects. Gene-nutrient interactions with both 

folate and homocysteine levels were also o f interest, since both a low folate status 

and high homocysteine levels have been associated with common disease, 

including NTDs. In addition, the interaction of SNP rsl076991 C-^T with the 

previously identified NTD risk factor SNPs, MTHFDl R653Q and MTHFR 

677C ^T , could also be investigated since these SNPs had previously been 

genotyped in most of the samples in this study cohort.
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5.2 Subjects & Methods
5.2.1 Study Population

• NTD Study Sample Set

Families affected by an NTD pregnancy were recruited throughout the Republic 

o f Ireland with the assistance o f the Irish Association for Spina Bifida and 

Hydrocephalus (lASBAH) and the Irish Public Health Nurses from 1993 to 2005. 

These families (n=594) formed the NTD cohort consisting o f both complete triads 

(NTD case and both parents) and incomplete triads (where DNA was not available 

from all members of the triad). A total of 1562 DNA samples was analysed for the 

association study. Genotype information for the MTHFDl R653Q and the 

MTHFR 677C->T polymorphisms were also available for the majority of these 

samples, thus enabling gene-gene interaction analyses. Approval was obtained 

from the Research Ethics Committee o f the Health Research Board, Ireland and 

all those involved in the study provided informed consent.

• Control Sample Set

Blood samples were obtained from a population o f 56,049 pregnant women 

attending the three main maternity hospitals in the Dublin area between 1986 and 

1990 (Kirke et a i,  1993). The control group (n = 999) was randomly selected 

from those women who did not have an NTD-affected pregnancy and had no 

previous NTD history. Again, informed consent and ethical approval were 

obtained for all samples collected.

An additional control group from the same collection (Kirke et a l, 1993) had also 

been analysed for certain biochemical metabolite levels, including red cell folate 

(RCF) and homocysteine. Red cell folate was measured in a standard microtitre 

microbiological assay with Lactobacillus rhamnosus (Chapter 6.2.4.2; Molloy & 

Scott, 1997). Plasma homocysteine levels were measured with fluorescence 

polarisation immunoassay (Leino, 1999). These samples were also included for 

genotyping analysis (n = 216) to determine if SNP rsl076991 C ^ T  exerts any 

effect on folate and/or homocysteine levels.
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• Ethnic Comparison Sample Set 

A panel o f DNA from 100 healthy unrelated self-identified African-American and 

a panel from 195 unrelated, self-identified American-Caucasian individuals were 

obtained from the Coriell Cell Repositories and genotyped for comparison of 

allele frequencies within populations of different ethnic origin (Coriell Institute 

for Medical Research, Camden, New Jersey, USA).

5.2.2 DNA Isolation

DNA from blood samples were previously extracted by members o f the laboratory 

using either QIAmp DNA Blood Mini-Kit (QIAGEN) for frozen blood samples or 

Puregene® DNA Isolation kit for fresh blood samples (Chapter 2.2.1).

5.2.3 MassARRAYT~'^  ̂Homogeneous MassEXTEND™ SNP Genotyping 

Sequenom’s MassARRAY™ hME''''^ SNP genotyping was employed for the 

genotyping o f all the DNA study samples. All steps were performed in 384-well 

format. The steps involved in the procedure are outlined below and in Figure 5.1.

Step 1 -  Forward [5' ACGTTGGATGGGCGCAGGCGCAGTAGTGT 3'] and 

reverse [5' ACGTTGGATGAGCCAAGCAGGACAACCCAA 3'] primers were 

designed to amplify an 89 bp product containing the SNP site, using the Primer3 

primer design program

(http://biotools.umassmed.edu/bioapps/primer3 www.cgi). DNA samples had 

previously been aliquoted into 384-well plates and dried-down for use as template 

(~2.5 ng/well) in PCR reactions. The reaction mixture was prepared according to 

that outlined below and 5 )j.l of this was then robotically distributed to each well 

of a 384-well DNA plate using a Biomek® 2000 Laboratory Automation 

Workstation (Beckman Coulter Inc.). Plates were then centrifuged at 1,100 rpm 

for 1 minute and sealed with a Microseal cover before running the PCR cycle on 

an MJ Research DNA Engine thermal cycler. Negative control reactions were 

included on every plate.
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Reagent Final Concentration Amount per Plate

Water (HPLC Grade) 
lOX H otStarTaq PCR 
Buffer, containing 
15mM M gCb 
25 mM MgClz 
dNTP mix, 10 mM 
each
Forw'ard and reverse 
PCR primer mix (10 
)j M each)
HotStar Taq 
Polymerase (5U/|aL)

N/A
IX, 1.5 mM M gCb 

1 mM
200 |aM each 

200 nM

0.1 U/reaction

Total Volume

1968.8 |iL 
249.6 }iL

99.8 [iL
49.9 nL

49.9 |iL  o f each 
primer

10.0

2496 |iL

Thermal Cycling Conditions:

95”C for 15 minutes 
95°C for 20 seconds 
56°C for 30 seconds 
72°C for 1 minute 
72°C for 3 minutes 
4°C forever

X 45 cycles

Step 2 -  Following PCR amplification, it was necessary to deactivate any 

unincorporated deoxynucleotidetripohosphates (dNTPs) to prevent their 

interference in the extension reaction. This was performed using Shrimp Alkaline 

Phosphatase (SAP) to dephosphorylate and thereby inactivate any excess dNTPs. 

The reaction mixture (see below) was distributed to each well o f PCR product (2 

jil/well) using a Multimek'^'^ 96/384-Channel Automated Pipettor (Beckman 

Coulter Inc.). Plates were then placed on the thermal cycler for 20 minutes @ 

37°C; 5 minutes @ 85°C.

Reagent Volume per Reaction Volume for 1 Plate

■ Nanopure H2O

■ Thermo-Sequenase 
Reaction Buffer

■ Shrimp Alkaline 
Phosphatase

Total Volume

1.53 979.2 i^L

0.17 [xL 108.8 nL

0.30 |j L 192.0 |iL

2.0 laL 1280.0
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Step 3 -  An extension primer [5' GCAGTAGTGTGATCCCC 3'] was designed to 

anneal directly adjacent to the SNP site. The SNP site contained either a C or a T 

allele. The extension reaction contained a mix o f  three ddNTPs and only one 

dNTP. In this case the mix consisted o f ddATP, ddCTP, ddGTP and dTTP, 

allowing the extension o f the T allele product by one extra base, giving extension 

products of: GCAGTAGTGTGATCCCCC, when the C allele was present and 

GCAGTAGTGTGATCCCCTG, when the T allele was present.

The extension reaction mix was distributed to each well o f the post-SAP addition 

plate (2|al/well) using the M ultimek™  pipettor and again plates were sealed with a 

Microseal cover and centrifuged briefly. The cycling conditions for extension o f 

this product were then performed on a thermal cycler.

Reagent Stock
Cone.

Final Cone, (in
9^L)

Volume 
per Rxn

Vol. for 1 
plate

■ NanoPure N/A N/A 1.728 laL 1107.2 |j L
H2 O

■ Extension lOX buffer With PCR buffer, 0.20 laL 128 laL
Rxn Mix with 2.25 the reaction
(containing mM happens in 1X
buffer & d/ddNTPs buffer 50 |aM
d/ddNTPs) d/ddNTP each

■ Extension 100 |iM -6 0 0  nM 0.054 i^L 32.0 |j L
primer(s) each

■ Thermo 32 U/).iL 0.064 U/rxn 0.02 |iL 12.8 |iL
Sequenase or
Enzyme 0.071 U/^1

Total Volume 2.0 |iL

Thermal Cycling Conditions:

94“C for 2 minutes 
94°C for 5 seconds
52°C for 5 seconds y x 40 cycles 
72“C for 5 seconds 
4°C forever

Step 4 -  Following product extension it was necessary to remove any cations such 

as Na^ and to prevent the formation o f  adducts that would interfere with the 

MALDI-TOF mass spectrometry analysis. This was performed by the addition o f 

SpectroCLEAN® resin diluted in UV-treated deionised H2 O to each well o f  the 

384-well plate using the M ultimek™  pipettor and plates were then sealed with an
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aluminium foil cover and rotated for 5 min. at room temperature. The extension 

products were then suitable for spotting onto chips and analysis by MALDI-TOF 

mass spectrometry.

Step 5 -  Following conditioning of the SpectroPOINT pin spotter with 

isopropanol, extension products (-15 nl) were spotted onto the matrix of a 

SpectroCHIP®. A calibrant was also spotted onto each chip as a reference for the 

expected mass o f each nucleotide.

Step 6 -  The chip(s) were then inserted into the mass spectrometer for scanning 

and analysis. Data collection was performed by SpectroTyper software, which 

automatically scores genotypes based on which allele-specific products are 

detected.

5.2.4 Quality Control

Internal -  Internal quality control (QC) was performed by repeat genotyping 

approximately 11.5% (284/2,464) of the samples using the initial genotyping 

method, as described above.

External -  Re-genotyping o f >10% samples, using an alternative genotyping 

method, is also necessary as a QC measure. PCR-RFLP analysis was chosen due 

to the availability o f a suitable polymorphic restriction enzyme site and the ease 

and simplicity of the assay. Analysis of the sequence surrounding the SNP site 

revealed the existence of an Mspl restriction enzyme site in the presence o f the C 

allele but this site is lost when the T allele is present (Figure 5.3). A region o f 334 

bp was amplified using previously designed primers for the sequencing of Section 

1 o f the MTHFDl upstream region (Chapter 4.2.3). PCR products (45 |al) were 

then digested with Mspl (20 U) in a volume o f 100 )il for 4 hours at 37°C. 

Digested products were then resolved on a 2% agarose gel and visualised by UV 

spectrometry. Genotypes could then be scored according to product size: CC 

homozygotes -  233 bp + 99 bp; CT heterozygotes -  334 bp, 233 bp + 99 bp; TT 

homozygotes -  334 bp (Figure 5.3). Positive control samples for each 

rsl 076991 C ^ T  genotype were included on each assay plate.
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5.2.5 Statistical Analyses

Significance was set aXp < 0.05 for all statistical testing.

■ Pearson’s Goodness-of-fit testing with a Chi-squared (x ) distribution was 

performed to identify any deviations from Hardy W einberg Equilibrium 

(HWE) in each group.

■ A y ^  test with 1 degree o f freedom was used to compare allele frequencies 

in NTD triad groups to those o f the control group. This statistic tests for 

departure from expected values across cells in a 2 x 2 contingency table.

■ Dominant and recessive genotype models were investigated by calculation 

o f  an odds ratio (OR) with 95% confidence intervals. OR is computed as 

the ratio o f  carriers to non-carriers in cases compared to controls and, 

thereby, estimates the risk conferred by the particular genotype.

■ The TDT was performed by analysis o f NTD family triad genotype results 

using the TDT/S-TDT program Version 1.1 (Speilman et a i ,  1993). This 

test detects any deviation from normal allele transmission using the 

McNemar test statistic, which has a x distribution with 1 degree o f  

freedom.

■ Log-linear analysis was performed by James Troendle (National Institute 

o f  Child Health and Human Development (NICHD), NIH) using SAS 

PROC GENOMD according to the method o f W einberg et al. (1998).

■ SNP-SNP interactions were analysed using a with 8 degrees o f

freedom to compare combined genotype frequencies in NTD triad groups 

versus the control group.

■ Ethnic comparisons were performed using a test with 1 degree o f  

freedom to compare allele frequencies between the three different ethnic 

groups.

■ One-way Analysis o f Variance (ANOVA) was used to compare red cell 

folate and homocysteine levels across different SNP r s l076991 C ^ T  

genotypes using Graphpad PRISM® Version 4.02 statistical software. 

Values were logarithmically transformed before analysis and results were 

then converted to the geometric mean with 95% confidence intervals.
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5.3 Results
The MTHFDl promoter SNP, r s l076991 C->T, was investigated as a 

candidate polymorphism for association with NTD risk, both in isolation and in 

combination with the MTHFR 677C->T and MTHFDl R653Q variants, in the 

Irish population. A large ethnically homogeneous study population, including 

both NTD family triads and a separate control group, was analysed to maximise 

the chance o f detecting an effect with either the case or maternal genotype using 

the appropriate statistical tests and standards. Variations in the polymorphic 

fi-equency of SNP r s l07699I C ^ T  between African-American, American- 

Caucasian and Irish control populations were also investigated since NTD rates 

are known to vary between different ethnic groups. Finally, gene-nutrient 

interactions were investigated by determining genotype influence on red cell 

folate and homocysteine levels in a control group.

5.3.1 SNP r s l076991 C~>T and NTD Association 

Genotyping Results

The overall genotyping success rate for SNP rsl076991 C->T was 96% 

(2,464/2,561) and was >95% within all subgroups i.e. fathers, mothers, cases and 

controls. Samples with discrepant genotypes and any displaying non-Mendelian 

inheritance were excluded from the final analysis. This amounted to a total o f 65 

out of the 2,464 samples (2.6%).

Genotype quality was confirmed with both internal and external quality control 

assays. Approximately 11.5% (284/2464) o f samples were replated and analysed 

by the original hME'^'^ genotyping method. The rate of agreement between these 

genotypes and the original samples was 94% (267/284). This is just below the 

standard 95% agreement level but was accepted due to the high polymorphic rate 

o f this SNP and the subsequent increased chance of genotyping error. 

Approximately 11% (280/2,464) of samples were re-genotyped for the external 

quality control assay using a PCR-RFLP genotyping method (Figure 5.4). The 

genotyping success rate was 99% (277/280) and the rate o f agreement between the 

two methods was >96%. All genotypes were independently double blind scored.
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Genotype and allele frequencies were then calculated for each group and 

are displayed in Table 5.1. The T allele is the more common in the Irish 

population and has a frequency of 0.55 in the control group. Each group was 

tested for Hardy-Weinberg Equilibrium (HWE) using a x test to compare 

observed versus expected genotype frequencies. All were in HWE with the 

exception o f the father group, which was o f borderline statistical significance {p = 

0.04) and is likely related to the slightly raised heterozygous genotype frequency 

(0.53). This could be the result o f sequencing error or simply a chance 

observafion.

NTD Association Analysis

Association analysis was performed using both case/control and family- 

based association methods. Case/control analysis was performed using allele 

frequencies for each group since these offer more power than genotype 

frequencies. A test with 1 degree of freedom, based on observed versus 

expected allele frequencies, was performed between the control group and each of 

the triad groups i.e. Mothers vs. Controls, Fathers vs. Controls, Children vs. 

Controls. Statistically significant differences were not identified in any of the 

groups (Table 5.2).

Dominant and recessive genotype models were also analysed for relative disease 

risk by calculation o f an odds ratio (OR) with 95% confidence intervals (Table 

5.3). A dominant, or homozygous TT, effect was invesfigated by comparing TT 

genotype counts to combined CC and CT genotype counts in NTD triad groups 

versus controls. Likewise, a recessive, or homozygous CC, effect was investigated 

by comparing CC genotype counts to combined TT and CT genotype counts in a 

case/control analysis. The OR measures carriers versus non-carriers of a particular 

genotype and in this way calculates the relative disease risk associated. No 

associafions were identified with the excepfion of a CC homozygous effect in the 

fathers group {p = 0.02), which is mostly likely due to the absence o f HWE in this 

group.

Family-based association methods were applied using both the TDT and 

log-linear analysis. NTD family genotype distributions are displayed in Table 5.4. 

A TDT analysis was performed on informative triads i.e., those with at least one 

heterozygous parent, to investigate any deviation in normal allele segregation
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from parents to affected child. Complete triads (n = 353) were analysed using the 

TDT/S-TDT program Version 1.1, which has a x distribution with 1 degree of 

freedom. A total of 359 informative genotypes i.e. heterozygous parents, were 

identified and transmission analysed. No preferential transmission of either allele 

was observed [C = 185 (52%), T = 174 (48%), = 0.34,/? = 0.53]. A log-linear

likelihood-based method of analysis was also used to detect the effect o f the 

maternal, as well as, the child’s genotype and to detect interactive mother/child 

genotype effects (Weinberg et al., 1998; Wilcox et al., 1998). This uses a 

likelihood ratio test to examine the joint transmission of alleles fi"om parents to the 

affected offspring, which adds more power and enables detection of indirect 

genetic influence i.e. the maternal genotype and interactive genotype effects. A 

total o f 389 triads (allows for missing parent) were included in the analysis, which 

uses a Wald test statistic to detect case, maternal, and interactive effects (Table 

5.5). No association was identified with the case genotype (p = 0.89), the maternal 

genotype (p = 0.1) or combined case-maternal genotypes (p = 0.86).

5.3.2 Gene-Gene Interactions

The effect o f SNP rsl076991 C ^ T  in combination with the MTHFR 

677C->T genotype (Table 5.6) and the MTHFDl R653Q genotype (Table 5.7) 

was also examined. A x test was used to compare observed versus expected 

fi'equencies of each genotype group in triads versus controls. SNP-SNP 

interaction with MTHFR C677T was not identified in any of the triad groups 

when compared to the control group, p  = 0.57, 0.49, 0.29, for cases, mothers, and 

fathers, respectively. However, significant interacfion between MTHFDl R653Q 

and SNP r s l076991 C->T was idenfified in all of the triad groups. NTD case 

versus control analysis revealed SNP interaction to be significant at p  = 0.002. 

Likewise, SNP-SNP interaction was significantly different in NTD mothers versus 

controls {p = 0.04), and NTD fathers versus controls {p = 0.003). The analysis 

perfonned is not the most robust method for identification of such interactions and 

does not statistically determine the high-risk genotype groups. However, by 

comparing genotype counts in each of the groups, it is apparent that the greatest 

difference between NTD triads and the control group occurs in the TT/QQ 

combined genotype, with NTD children and mothers having a combined genotype
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frequency over twice that of controls (0.11 in children and mothers, versus 0.05 in 

controls), implicating this as a NTD risk factor.

5.3.3 Ethnic Comparison Genotvpe Results

Genotyping for SNP rs 1076991 C~>T was also performed on a panel of 

100 African-American individuals and a panel of 195 American-Caucasian 

individuals. Approximately 10% (30/295) of samples were re-genotyped as a 

quality control measure and were in 100% agreement with the genotypes of the 

original samples. Genotype and allele frequencies were calculated and allele 

frequencies were compared to each other and to those in the Irish control group 

using a test with 1 degree of freedom (Table 5.8).

Significant differences in allele frequencies were observed between all groups, 

with the greatest difference between both the African-American and American- 

Caucasian groups {p < 0.001) and the African-American and Irish controls {p < 

0.001). A significant difference was also present between the American- 

Caucasian group and Irish controls {p = 0.036).

5.3.4 Gene-Nutrient Interactions

A second set of controls, for which red cell folate and homocysteine levels 

had previously been determined, were also included for genotype analysis. 

Genotyping quality was confirmed following 100% agreement when -13% 

(29/216) of samples were re-genotyped using hME™ SNP genotyping.

The biochemical data were not normally distributed and were logarithmically 

transformed prior to analysis and then reconverted following analysis using the 

antilog to give the geometric mean with 95% confidence intervals (Table 5.9). 

Differences in both red cell folate and homocysteine levels across genotypes were 

evaluated using one-way ANOVA. Although a trend towards lower red cell folate 

in the TT homozygote group was observed, statistically significant variations 

were not detected in either metabolite across genotype groups. Genotype 

infoiTnation for the MTHFR 677C ^T  and MTHFDl R653Q variants were also 

available for these samples and gene-gene-nutrient interaction analyses were 

attempted. The SNP rsl 076991C->T genotypes groups were subdivided by
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MTHFR 677C->T genotype and then, separately, by MTHFDl R653Q genotype. 

However, in both cases, division into genotype subgroups led to small sample 

numbers in some groups and no statistical significant differences were identified 

(results not shown).

5.3.5 Summary o f Results

Investigation of child and maternal effects, using both case/control and 

family triad-based association methods, revealed that SNP r s l076991 C ^ T  does 

not independently confer either NTD risk or protection in the Irish population. 

However, SNP-SNP interaction analysis with MTHFDl R653Q revealed a 

significant difference in combined genotype frequencies between all NTD triad 

groups and controls. This suggests that the interaction of these two SNPs, in 

particular the TT/QQ genotype, confers NTD risk in this population.

The frequency of SNP rsl076991 C ^ T  was investigated in three different 

populations that are known to differ in NTD incidence, namely African- 

Americans, American-Caucasians and Irish. The polymorphic frequency was 

shown to vary significantly between all three ethnic groups but this is more likely 

reflective o f a widespread variation in SNP frequencies observed between 

populations due to population history.

Red cell folate and homocysteine levels were analysed by genotype in a control 

group but no significant differences were identified, either with the r s l076991 

C-^T SNP alone or in combination with the MTHFR 677C->T or MTHFDl 

R653Q polymorphisms (although very small numbers in some genotype sub

groups were present in the latter two analyses).
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5.4 Discussion
A common C ^ T  polymorphism in the promoter region of the MTHFDl 

gene was shown to be associated with decreased transcriptional activity and a 

possible reduction o f M THFDl gene expression in initial in vitro studies (Chapter 

4.3.3). It was proposed that a decrease in MTHFDl gene expression could result 

in lower levels o f the MTHFDl enzyme available for purine synthesis, a situation 

that could be detrimental under certain conditions, especially during times of 

increased demand on DNA synthesis, such as embryogenesis. The MTHFDl 

653QQ genotype is a known maternal risk factor for NTD development and, 

although the functional effect of this polymorphism has not been experimentally 

determined, one possibility is disruption o f the non-catalytic role o f MTHFDl in a 

multienzyme purine synthesising complex (Brody et a i,  2002). Therefore, it is 

possible that by altering the expression of MTHFDl, the promoter SNP could act 

in a similar way and also impact on NTD risk. Previous analysis revealed that the 

R653Q polymorphism and SNP r s l076991 C->T are not in LD (Chapter 4.3.2) 

and a large association study was proposed with r s l076991 C->T as a candidate 

polymorphism for NTD risk in the Irish population.

The study population consisted of Irish NTD triads (father, mother and 

child) and a control group o f unaffected pregnant women with no history of 

NTDs. It may seem that the chosen control group was not suitably matched to all 

case groups since it is exclusively female. However, there is no reason to believe 

that genotype or allele frequencies are subject to gender differences and therefore, 

this control population was deemed appropriate for this association study (Parle- 

McDermott et a i.  In Press).

The inclusion of both NTD family triad groups and a separate control group 

allowed for association analysis by standard case/control methods, as well as, 

family-based association methods. This dual approach provided a robust 

association study with the greatest chance o f detecting any associations present. 

Most association studies are based on case/control analysis, which offers more 

power than family-based studies o f similar size and overcomes the problem of a 

lack o f availability o f family samples in some situations. Although population 

stratification is a problem with many case/control studies, it was not believed to 

be an issue with this study since the Irish population is considered to be relatively
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ethnically homogeneous and, at the time of sample collection, had one o f the 

lowest rates of immigration and, therefore, is not subject to underlying genetic 

differences due to ethnic gi'oups. The use o f family samples is, however, 

particularly important for NTD association studies as it is known that the maternal 

genotype is often an important contributor to NTD pathogenesis (Brody et al., 

2002; Doolin et al., 2002) and should be taken into account when investigating 

genetic influences. Thus, the combination o f a large ethnically homogeneous 

case/family/control study population in this analysis offered the greatest chance o f 

observing any association between SNP rs 1076991 C ^ T  and NTD risk.

One important consideration for a robust association study is to ensure 

power is not lost due to genotyping error. Discrepant genotyping is a cause o f bias 

and can lead to false results, either incorrect rejection or acceptance o f the Null 

hypothesis (Gordon et al., 2002). It has been shown that even a 1% rate o f 

genotyping error can result in a loss o f power and would require a 2 -  8% increase 

in study sample number to avoid Type I or Type II errors (Gordon et al., 2002; 

Abecasis et al., 2001). However, moderate error rates can be tolerated when 

accounted for in the study design (Abecasis et al., 2001). Genotyping quality in 

this study was ensured by the inclusion of both internal and external quality 

control assays and was considered to be o f sufficient quality for accurate 

statistical analysis and detection of true effects.

Genotype and allele frequencies were detennined for each group (fathers, 

mothers, children and controls) and all groups were shown to be in Hardy 

Weinberg Equilibrium (HWE), with the exception o f fathers. The T allele had a 

frequency of 0.55 in the control group, making it the more common in the Irish 

population. However, the C allele is believed to be the ancestral allele since this is 

by far the more common in a panel of African-American individuals genotyped, 

with a frequency of 0.81. Also, previous cross-species alignment revealed 

conservation of the C allele in rat and mouse genomes and supports the finding 

that this is the ancestral allele (Chapter 3.3.1; Figures 3.13 -  14). The 

amplification of the T allele in non-African populations is likely an observation of 

genefic drift resulting from founder effects in these populations. A founder effect 

occurs when new populations are established from a small number of individuals, 

who carry particular genetic variations that may not be representative o f that in 

the original population.
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SNP allele frequencies were used for case/control analysis, since these 

provide increased power for detecting any association. However, allele 

frequencies did not significantly differ between any o f the NTD triad groups and 

the control group and an association with NTD risk was not supported. The 

existence of either a dominant or recessive genotype effects was also investigated 

by combining the counts of one homozygous genotype with those of the 

heterozygote and comparing to controls i.e. (CC + CT/TT) and (TT + CT/CC). No 

dominant or recessive effects were identified with either genotype.

Family-based association methods using triad samples (case, mother, 

father) were then used to investigate any deviation in normal allele transmission 

from parents to affected offspring. Both the popular TDT method and likelihood- 

based log-linear analysis were applied for the analysis o f transmission in complete 

NTD triads. The TDT measures the transmission versus non-transmission of a 

particular allele from heterozygous parents to their respective offspring 

(Spielmann et a i,  1993). Under normal Mendelian transmission, the expected 

proportion of transmission o f either allele is 0.50 and a significant deviation from 

this would indicate its association with the disease under study. Transmission of 

the C and T alleles o f SNP r s l076991 C-^T were calculated at 0.52 and 0.48, 

respectively. Therefore, preferential transmission of either allele does not occur 

and an association with NTD risk is not supported. Although the TDT is the most 

popular method for family-based association, it does not enable investigation o f 

indirect pathways of genetic influence, such as that o f the maternal genotype on 

disease risk in the offspring, or the interactive effect of case and maternal 

genotypes. The maternal genotype is known to be particularly important in the 

study of NTD risk since the defect occurs in the embryo at a time when the 

maternal environment is vital for normal development. Therefore, a more 

powerful approach using likelihood-based log-linear analysis, which can detect 

both direct and indirect genetic influences, was employed (Weinberg et al., 1998; 

Wilcox et al., 1998). This uses a likelihood ratio test that accounts for the paired 

transmission o f alleles from the parents to offspring and accounts for the number 

of risk alleles in each trio. This allows the identification o f maternal and case 

genotype effects, as well as, the combined case-matemal genotype effect. Again, a 

significant result was not obtained using this analysis and confirmed that SNP
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r s l076991 C ^ T  is not an independent risk factor for NTDs in the Irish 

population.

The majority o f NTD family samples used in this study had previously 

been genotyped for both the MTHFR 611 C ^ T  and the MTHFDl R653Q 

polymorphisms, which are known to play a role in case and maternal NTD risk in 

this population, respectively. This allowed for analysis o f possible SNP-SNP 

interactions, a situation that may be particularly relevant in the aetiology of 

common diseases, where it is believed that the mechanism of action o f one variant 

may be influenced by the presence or absence o f another. In other words, even 

though a particular polymorphism, such as SNP rsl076991 C ^ T , does not show 

disease association when considered in isolation, it is possible that it could act in 

concert with another polymorphism(s), particularly from the same pathway, to 

inflate, or even deflate, its associated disease risk.

SNP-SNP interaction was not identified between SNP r s l076991 C ^ T  and 

MTHFR C677T and combined genotype frequencies were similar in NTD triads 

and controls. However, significant interaction with the MTHFDl R653Q 

polymorphism was evident in all NTD triad groups, with overall combined 

genotype frequencies significantly different to those in the control group. This 

suggests that the interaction between these two SNPs might influence NTD risk in 

this population. These two SNPs are not in LD (Chapter 4.3.2) and, therefore, the 

identified interaction cannot be attributed to this property. Most notably, the 

greatest difference in frequency was with the combined TT/QQ genotype, which 

had a fi'equency of 0.11 in both children and mothers and only 0.05 in controls. 

The 653 QQ genotype is a known maternal risk factor for NTDs, although the 

fijnctional effect is unknown (Brody et a l, 2002; Parle-McDermott et a i, 2006) 

and the rsl 076991 TT genotype was associated with significantly lower MTHFDl 

promoter activity in initial in vitro studies (Chapter 4.3.3). It is possible that 

homozygosity for these two SNPs confers a greater risk than either one in 

isolation. However, it is difficult to rationalise the observation of a significant 

effect in all three triad groups. This could be the due to a ‘case’ effect, where the 

fi'equencies in parents are similar to that of the child since SNPs are essentially 

inheritance markers and, therefore, parental frequencies will be similar to their 

offspring. This indicates that the combined genotype association idenfified is of 

low penetrance (since mothers and fathers are not affected) and additional risks
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factors are involved in NTD development. It is also difficult to rule out the 

existence of a ‘maternal’ effect, since the NTD mothers group are known to have 

a higher 653QQ genotype frequency and, therefore, any SNP-SNP combination 

including this genotype is likely to be significantly different to the control group. 

Further investigation of the observed interactions, with more robust statistical 

modelling, is required to establish the exact nature of this interaction and its 

relative risk in relation to NTDs.

NTD rates have been shown to vary significantly across different ethnic 

groups and, in particular, rates are significantly lower in Afiican-Americans when 

compared to white Americans (Stevenson et al., 2000). Therefore, identification 

of alleles that vary in a similar pattern across populations may prove beneficial in 

identifying the underlying genetic variants associated with NTD risk. To 

investigate this, a separate panel of African-American individuals and a panel of 

American-Caucasian individuals were also included for genotyping in this study. 

Genotype and allele frequencies were determined for each group and allele 

trequencies were compared, both to each other, and to those of the Irish control 

population. Significant differences were observed between all populations, but 

most significantly between the Afiican-American group and both the American- 

Caucasian and Irish control groups. Genotype and allele frequencies were less 

divergent between American-Caucasians and Irish controls, although still 

significantly different. Even though the observed difference in allele fi'equencies 

correlates to the difference in NTD rates in these populations, it cannot be taken 

as direct evidence for NTD association, since allele trequencies of a large 

proportion o f SNPs are known to vary between populations as a result o f genetic 

drift and possibly relate to founder effects in more recent populations (Goddard et 

a l, 2000). The significant difference between the Afiican-American population 

and the other two populations is consistent with early population migration and 

evolufion patterns (Zietkiewicz et al., 1997). The main theory o f human evolufion 

is that modem humans originated in Africa and migrated from there to the rest of 

the world (‘Out-of-Atrica’ theory) and genetic drift may have caused variance at 

individual loci to become amplified, possibly relating to a founder effect (Reich & 

Goldstein, 1998). Nonetheless, in some cases, variafion in allele fi-equencies 

between populations that correlate with differences in disease rates can provide 

useful information to those SNPs likely to play a functional role in disease risk.
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It has been shown that variants in folate-related genes can exert an effect 

by influencing the levels o f folate and/or homocysteine and this has been most 

widely reported in relation to the MTHFR 6 7 7 C ^ T  polymorphism (Molloy et al., 

1997). Therefore, genotype analysis o f a control group with known red cell folate 

and homocysteine levels was performed to identify any variation in these 

metabolite levels with the promoter SNP. A gene-nutrient interaction was not 

identified with this SNP, either in isolation, or in combination with the previously 

identified NTD risk variants MTHFR 6 7 7 C ^T  and MTHFDl R653Q. The lack 

o f association between the promoter SNP and folate/homocysteine levels is not a 

surprising result since the main function o f MTHFDl is in the provision o f 10- 

formylTHF and 5,10-methyleneTHF for de novo purine and thymidylate 

synthesis, respectively (Brody et al., 2002; Chapter 1.3.1). Therefore, any 

deleterious effects o f this SNP would most likely effect DNA synthesis and would 

presumably be less obvious on the intracellular balance between folate and 

homocysteine.

In conclusion, SNP r s l076991 C ^ T  in the MTHFDl promoter is not 

associated with NTD risk in the Irish population when considered in isolation, but 

may act in combination with the MTHFDl R653Q polymorphism and combined 

homozygosity for the two polymorphisms could act to as a more significant risk 

factor for NTD development. However, this assumption requires further analysis 

and the application o f a more robust statistical model i.e. logistic regression 

modelling, to fully characterise genotype interactions.

Gene-nutrient interactions were investigated, but SNP r s l076991 C ^ T  was not 

found to influence red cell folate or homocysteine levels to a significant extent. 

This is not surprising given the primary role o f MTHFDl in DNA synthesis and, 

therefore, it is likely that effects would not necessarily disrupt cellular folate- 

homocysteine balance.

It would be of particular interest to investigate the effect of this SNP in 

combination with the MTHFDl R653Q polymorphism in relation to abruptio 

placentae and mid-trimester miscarriage, since the 653 QQ genotype is a known 

maternal risk factor for both these conditions and the identified SNP-SNP 

interaction could confer an increased risk.
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Step 1: Design of PCR primers and amplification of an 80 -  150 bp region 
containing the SNP of interest.

Forward primer

1 = ^  X
___________________________  ^ __________________  Reverse primer

^ ___________________  8 0 - 1 5 0 b p   N

Step 2: Addition of Shrimp Alkaline Phosphatase (SAP) to hydrolyse any 
unincorporated dNTPs resulting in deactivation and preventing future 
interference with the assay.

Step 3: Design of an extension primer to anneal just adjacent to the SNP site. 
The extension reaction is performed with DNA polymerase, a dNTP and a 
specific mix of dideoxyNTP terminators that allow a one- or two-base pair 
extension of the primer depending on which allele is present.

Extension  Prim er

ddC T P resu lting  in 
cliain tenn ination

dT T P

Extension primer anneals 
adjacent to SN P site

Presence o f  dTTP allow s extension o f  
T allele by one base more than C allele  
resulting in size difference o f  alleles.

Step 4: Addition of SpectroCLEAN resin to remove cations such as Na^ and 
K^, which would interfere with mass spectrometry analysis.

Step 5: Extension products (~15nl) are then robotically spotted from a 384- 
well plate to a matrix on a SpectroCHIP®.

Step 6: The SpectroCHIP® is placed into the mass spectrometer and 
extension products are detected by MALDI-TOF analysis. Genotypes are 
automatically scored in real time with the SpectroTYPER® software based 
on which allele-specific products are detected.

Figure 5.1 Overview o f homogenous MassEXTEND^M SNP 

Genotyping Technology

Sequenom’s homogeneous MassEXTEND^'’̂  assay is an accurate, 

reproducible method of SNP genotyping based on the application of matrix 

assisted laser desorption/ionisation time of flight (MALDI-TOF) mass 

spectrometry to the analysis of allele-specific primer extension products.
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Figure 5.2 Spectral Analysis of different homogeneous MassEXTEND^^^
primer extension products.

Primer extension products are formed that differ in at least one nucleotide 

depending on the SNP allele present and, therefore, have subtle differences in 

mass. The mass difference between different allelic products is then easily 

resolved by MALDI-TOF mass spectrometry and genotypes can be automatically 

scored by peak detection with the appropriate software.



C Allele T Allele
tccc[ccgg]ccag tcccci^gccag

Loss of Mspl siteMspl site [ccgg]

ttcccgccgaa ta c a a a ^ c g  cactgtgaac tggctctttc tttccgccaa tcatttccgc cagccattca
tcaccgattt tc ttca tctt cccctccctc ttccgtcccg cagtccccga cctgttagct ctcggttagt
taagggactc gggtccttcc gaactgcgca tgcgccaccg cgtctgcagg gggagaagcg ggcaggggcg 

SNPrsl076‘W lC ^T
caggcgcagt agtgtgatcc cccggccagt ccctaagcac gtgggttggg ttgtcctgct tggctgcgga
gggagtggaa cctcgatatt ^ tgg tg tcc  atcgtgggca gcggactaat aa

R esulting  G enotype Specific P roducts:
TT homozygote -> 334 bp; CC homozygote 233 bp + 99 bp;
CT heterozygote ^  334 bp + 233 bp + 99 bp

Figure 5.3 External Quality Control Genotyping Assay Design

The external quality control genotyping assay was based on PCR-restriction 

fragment length polymorphism (PCR-RFLP) analysis that exploits the existence 

o f an M spl  site [CCGG] in the presence o f the C allele but not when the T allele is 

present. Amplification o f a 334 bp surrounding region and subsequent digestion 

with Mspl resulted in genotype-specific products with different banding patterns 

that could be easily genotyped following gel electrophoresis and UV visualisation.
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Figure 5.4 Genotyping Results for M sp\ PCR-RFLP analysis

Following digestion with Mspl, samples were electrophoresed on a 2% agarose 

gel and visualised by UV spectrophotometry. Genotypes were scored according to 

their respective product sizes: TT homozygotes -  334 bp; CC homozygotes -  233 

bp + 99 bp; CT heterozygotes -  334 bp + 233 bp + 99 bp. Lane 1 shows 100 bp 

DNA ladder, lanes 2-7 show individual DNA genotyping samples and lanes 8-10 

show positive control samples, representing TT, CC and CT genotypes, 

respectively.
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Table 5.1 SNP rsl076991 C-^T Genotype and Allele Frequencies in NTD
Triad and Control Groups.

NTD Triad Group Control Group

Genotype

Children 

(n = 509)

Mothers 

(n = 485)

Fathers 

(n = 439)

Controls 

(n = 966)

CC 97 (0.19 f 98 (0.20) 66 (0.15) 198 (0.20)

CT 250 (0.49) 225 (0.46) 234 (0.53) 468 (0.48)

TT 162 (0.32) 162 (0.33) 139 (0.32) 300 (0.31)

Allele

C 444 (0.44) 421 (0.43) 366 (0.42) 864 (0.45)

T 574 (0.56) 549 (0.57) 512(0.58) 1068 (0.55)

j “ Population frequencies are shown in parentheses. Values might not add to 1 due to
! rounding.
i
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Table 5.2 Test for differences in Allele frequencies between NTD Triad
and Control groups.

Observed Expected

C T C T Chi^'’ P  value

Children 444 574 451 567 0.33 0.57

vs.

R-Controls 864 1068 857 1075

Mothers vs. 421 549 430 540 0.45 0.50

R-Controls 864 1068 855 1077

Fathers vs. 366 512 384 494 2.26 0.13

R-Controls 864 1068 846 1086

 ̂ Expected allele counts were calculated according to the following exam ple for Expected C allele 

count:

(obs C group 1 + obs C group 2) * (obs T group 1 + obs C group2)/ (obs C group 1 

+ obs C group2 + obs T group 1 + obs T group 2)

*’ The Chi^ statistic was calculated as follows:

^((observed  -  expected)^ /expected)

The p value was calculated as the Chi^ distribution with one degree o f  freedom. Significance was 

set at p  < 0.05.

190



Table 5.3 Investigating a Homozygous Genotype Effect

CC Homozygotes 

(CC versus CT + TT)

TT Homozygotes 

(TT versus CT + CC)

OR" (LL-UL) P
value

OR (LL-UL) P  
value

Children/Controls 0.91 (0 .7 -  1.2) 0.51 1 .0 4 (0 .8 2 - 1.31) 0.37

Mothers/Controls 0.98 (0 .7 5 - 1.29) 0.90 1 .11(0 .88-1 .41) 0.76

Fathers/Controls 0.69 (0.51 -0 .9 3 ) 0.02 1 .03(0 .81-1 .31) 0.82

 ̂OR (Odds Ratio); LL (Lower Limit); UL (Upper Limit).

OR calculated as (Case Genotype A Frequency/ Control Genotype A Frequency)/ 

(Case Genotype B Frequency/ Control Genotype B Frequency).
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Table 5.4 Distribution of SNP rs 1076991 C->T Genotypes in 
Complete NTD triads.

Father Mother Case n

TT TT TT 30

TT CT TT 27

CT TT TT 30

CT CT TT 22

TT CT CT 25

TT CC CT 23

CT CT CT 50

CT CC CT 16

CT TT CT 32

CC CT CT 6

CC TT CT 23

CC CC CC 12

CC CT CC 14

CT CT CC 28

CT CC CC 15

Total 353
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Table 5.5 Log-Linear Analysis of SNP rsl076991 C->T Genotypes 
with direct case and maternal effects and case-maternal interaction.

Wald Statistics For Type 3 Analysis

Source Genotype Degrees of freedom Chi-Square P  value

Case 2 0.23 0.89

Maternal 2 4.53 0.1

Case-Maternal 2 0.86 0.86
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Table 5.6 Interactive Effect of MTHFDl  SNP rsl076991 C ^ T  with the
MTHFR C677T polymorphism in NTD triad groups versus controls.

NTD Triad Group Control

Group

Children Mothers Fathers Controls

Genotype
(SNPrsl076991 C^T/ 

MTHFR C677T)

c c / c c 41 (0.08)^ 39 (0.08) 29 (0.07) 46 (0.1)

CCICT 44 (0.09) 40 (0.08) 25 (0.06) 37 (0.08)

CCITT 11 (0.02) 17(0.04) 8 (0.02) 10(0.02)

CT/CC 97 (0.19) 96 (0.2) 91 (0.21) 102 (0.23)

CT/CT 118(0.23) 93 (0.19) 114(0.27) 90 (0.2)

CT/7T 36 (0.07) 33 (0.07) 23 (0.05) 21 (0.05)

TT/CC 60 (0.12) 65 (0.14) 59 (0.14) 58(0.13)

TT/CT 72 (0.14) 79 (0.17) 58 (0.14) 61 (0.14)

TT/TT 24 (0.05) 15 (0.03) 20 (0.05) 19(0.04)

Children vs. Mothers vs. Fathers vs.

Controls Controls Controls

Chi Square (3 x 3) 6.7 7.4 9.7

P  value 0.57 0.49 0.29

® Genotype frequencies are shown in parentheses. Values might not add to 1 due to 

rounding.
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Table 5.7 Interactive Effect of M TH F D l  SNP rsl076991 C ^ T  with the 
M TH FDl R653Q polym orphism  in NTD triad groups versus controls.

Genotype
(SN Prsl076991 C ^ T /  

R653Q)

NTD Triad Group Control

Group

Children Mothers Fathers Controls

CC/RR 41 (0.08)" 37 (0.08) 24 (0.06) 25 (0.06)

CC/RQ 43 (0.09) 46 (0.1) 23 (0.05) 60 (0.13)

CC/QQ 11 (0.02) 12(0.02) 11 (0.02) 11 (0.02)

CT/RR 71 (0.14) 55 (0.12) 83 (0.2) 59(0.13)

CT/RQ 142 (0.28) 107 (0.23) 104 (0.25) 109 (0.24)

CT/QQ 36 (0.07) 58 (0.12) 38 (0.09) 45 (0.1)

TT/RR 32 (0.06) 36 (0.08) 30 (0.07) 39 (0.09)

TT/RQ 69 (0.14) 70 (0.15) 72 (0.17) 75 (0.17)

TT/QQ 55 (0.11) 51 (0.11) 34 (0.08) 23 (0.05)

Children vs. Mothers vs. Fathers vs.

Controls Controls Controls

Chi Square (3 x 3) 24.2 16.2 23.8

P  value 0.002 0.04 0.003

 ̂ Genotype frequencies are shown in parentheses. Values might not add to 1 due to 

rounding.
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Table 5.8 Comparison of SNP rsl076991 Genotype Frequencies
between different Ethnic Groups.

Genotype

African-American 

( A A ; N = 100)

American-Caucasian 

( A C ; N =  195)

Irish Controls 

(Ir; N = 966)

CC 0.66 (66)" 0.27 (52) 0.20(198)

CT 0.29 (29) 0.48 (93) 0.48 (468)

TT 0.05 (5) 0.26 (50) 0.31 (300)

Allele

C 0.81 (161) 0.51 (197) 0.45 (864)

T 0.20 (39) 0.49(193) 0.55 (1068)

P  value AA vs A C p <  10-̂ AC vs. lr,p = 0.036 Ir vs. AA, p <  10'“*

 ̂Genotype/Allele frequency with actual counts in parentheses.
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Table 5.9 Association of SNP rsl076991 C ^ T  with Red Cell Folate and 
Homocysteine Levels using One-way ANOVA

Genotype

CC (N = 44) CT (N= 99) TT (N = 73) ANOVA

Red Cell P  = 0.54

Folate 349 [302-389]" 324 [295-347] 316 [288-347] F = 0.63

(ng/ml) R  ̂= 

0.006

P = 0 3 A

Homocysteine 7.57 [7.0-8.2] 8.07 [7.6-B.6] 7.69 [7.2-8.2] F =  1.09 

R  ̂= 

0.011

Geometric mean with 95% confidence intervals.
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Chapter 6

Effects of Folate Levels on 
the Expression of 

MTHFDl and other 
Folate-related Genes



6.1 Introduction

6.1.1 Background Information

Factors affecting the expression of the human MTHFDl gene have been 

investigated through:

■ Localisation o f important regulatory regions and identification of 

putative transcription factor binding sites (Chapter 3).

■ Identification o f DNA sequence variation therein, and evaluation o f the 

functional effect o f a common polymorphism in the core promoter 

region on gene expression (Chapter 4).

■ Association o f this polymorphism with NTD risk in the Irish 

population, as well as, effect on folate and homocysteine levels 

(Chapter 5).

Another factor that could potentially play a role in the expression o f M THFDl, as 

well as that o f other folate-related genes, is low intracellular folate status. The 

study of such nutrient-gene interactions, especially in relation to health and 

disease, is an area o f research known as nutritional genomics. Nutritional 

genomics seeks to understand how nutrients and genes interact, and how this can 

influence individual susceptibility or resistance to common disease. Investigation 

o f gene expression changes under low folate conditions would help to elucidate 

specific gene-nutrient interactions and pathways involved in the cellular response 

to this nutrient status. An alteration in the expression o f folate-related genes in 

response to low folate could influence the distribution of available folate co

factors, which may have a significant effect on folate-dependent reactions and 

processes and could play a role in relation to disease risk. Some studies have 

investigated the effects of folate deficiency on gene expression but, in general, 

this is an area that has received very little attention. In particular, the effect o f sub- 

optimal folate levels on the expression of folate-related genes is o f interest as it 

represents a situation that may be relatively common in the population, and this 

has not been investigated previously.

Therefore, the aim of this chapter was to investigate the effect o f a sub-optimal 

folate status on the expression of MTHFDl at both the transcriptional and 

translational level, to provide a further insight into those factors that affect the 

expression and regulation of this important enzyme. In addition, it was o f interest 

to examine the effect o f low folate status on the expression of other folate-related
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genes, to investigate the possibility o f co-ordinated expression by a shared 

regulatory mechanism in response to folate status.

6.1.2 Folate Deficiency & Gene Expression 

Folate and Effects of Deficiency

Folate is an essential nutrient that supplies one-carbon units to two major 

biochemical pathways in the cell -  the de novo synthesis o f thymidylate and 

purines necessary for DNA production, and the remethylation o f homocysteine to 

methionine for the subsequent production of S-adenoslymethionine (SAM), the 

universal methyl donor for all methylation reactions in the cell (Scott & Weir, 

1994; Figure 6.1). Therefore, adequate folate intake is necessary for both DNA 

synthesis and cellular proliferation, and to maintain the methylation status of the 

cell. Dietary sources o f folate include yeast extracts, liver, green leafy vegetables 

and fortified foods and the recommended daily intake (RDI) is 400 )ag in Ireland, 

with this requirement increasing significantly during pregnancy (McPartlin et al., 

1993). It has been shown that individuals with a good diet, sufficient in folate, 

have a red cell folate concentration o f approximately 30 nM, but those receiving 

vitamin supplementation can achieve a concentration close to 50 nM and, 

therefore, this is believed to be optimal (Bronstrup et a i, 1998). In comparison, 

individuals on a non-supplemented diet, low in natural sources o f folate, have red 

cell folate concentration in the range of 12 nM, and those with a concentration 

below this would be considered folate deficient (Bronstrup et al., 1998). 

Therefore, there is a concentration range in which individuals are not clinically 

folate deficient but have a less than optimal (sub-optimal) folate status. The 

effects of a sub-optimal folate status are relatively unknown since most studies 

have focused on the effects of a more severe degree o f folate deficiency. In these 

studies, folate deficiency has been correlated with numerous health conditions 

including certain cancers, cardiovascular disease, and congenital anomalies such 

as NTDs and orofacial clefts (Kim et al., 1999; Refsum et al., 1998; Czeizel & 

Dudas, 1992; Kirke et al., 1993; Botto et al., 2004). However, an understanding of 

the exact molecular mechanisms underlying these disease associations remains 

incomplete. Deficiency o f folate co-factors results in reduced production of 

nucleotide precursors, an increase in homocysteine levels and a decrease in
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universal methyl donor, S-adenosylmethionine (SAM), levels. These effects have 

been widely reported to result in a number o f  cellular abnormalities including, 

impaired DNA synthesis and reduced proliferation, uracil misincorporation, DNA 

instability, chromosome damage, altered protein and DNA methylation, and 

eventually apoptosis under increasing degrees o f  deficiency, all o f  which may 

play a role in disease pathogenesis and progression (Blount et al., 1997; Jacob et 

al., 1998; Huang et al., 1999; Melnyk et al., 1999; Crott et al., 2001; Duthie et al., 

2002; Li et al., 2003). Additionally, an elevated level o f homocysteine resulting 

fi-om folate deficiency is associated with cellular toxicity and is an independent 

risk factor for a number o f  disease conditions such as cardiovascular disease, 

venous thrombosis and stroke (Refsum et al., 1998; Selhub & D ’Angelo, 1998). 

Other, as yet unidentified, mechanisms may also be involved in the progression o f 

disease associated with folate deficiency. The clinical manifestation o f chronic 

folate deficiency is megaloblastic anaemia, which is characterised by abnormal 

haematopoietic cells with an enlarged nucleus due to impaired DNA synthesis and 

inability o f  the cell to divide, which eventually leads to a recognisable anaemia. 

However, folate deficiency o f  this degree is now relatively rare in the developed 

world. On the contrary, a sub-optimal folate status (not clinically deficient but less 

than optimal) is likely to be more prevalent on a population-wide scale. For 

example, studies from the US have estimated that before mandatory fortificafion 

was introduced approximately 50% o f women and 25% o f men had very low 

folate intakes i.e. less than 50% o f the recommended daily amount o f 400 |ig 

(Jacques et al., 1999). Since mandatory food fortification is not currently in place 

in Ireland, it is likely that some groups in the population will have a below 

optimal folate intake. These sub-optimal levels o f folate, although adequate to 

prevent overt deficiency, may not be sufficient in maintaining all one-carbon 

metabolism-related fiinctions and could still have an impact in relation to disease 

risk, especially in the presence o f  some secondary stress such as a disruption in 

folate-related metabolism or the existence o f  a metabolic block along the folate 

pathway i.e. gene-nutrient interactions. For example, low folate levels are 

commonly observed in women with NTD-affected pregnancies but they are still 

well above the clinically deficient range and, therefore, it seems likely that there is 

some underlying molecular mechanism(s) disrupting normal folate metabolism 

that is detrimental when folate levels are sub-optimal (Daly et al., 1995). Such
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disruption may be the resuh o f common DNA polymorphisms in folate-related 

genes that affect folate metabolism and alter intracellular folate co-factor 

distribution, with subsequent effects on folate-related pathways. Numerous studies 

have been involved in the search for such functional polymorphisms in relation to 

NTD risk, as discussed in Chapter 5. Another gene-nutrient interaction could be 

the regulation of folate-related gene expression in response to low folate status. 

This would result in an altered expression o f folate-related enzymes, which could 

influence the distribution and shuttling of available folate co-factors through 

folate-related pathways. The idea o f nutrients acting as signalling molecules to 

modify both gene and protein expression is well established and several examples 

of this are known (Clarke & Abraham, 1992; Muller & Kersten, 2003). It is 

believed that specific regulatory mechanisms may have been developed to cope 

with fluctuating nutrient levels (Vaulont et al., 2000). Such regulation can occur 

at different steps between the initial gene transcription and the synthesis of the 

active protein product, through modifying interactions between transcription 

factors and DNA binding elements in the nucleus, altering RNA processing events 

such as splicing, and influencing the binding of cytosolic proteins associated with 

mRNA stability and translation (Clarke & Abraham, 1992). One of the most 

characterised nutrient regulatory systems is that relating to iron homeostasis, 

whereby genes involved in iron uptake, storage and utilisation are co-regulated 

post-transcriptionally following binding of an iron response element (IRE) in their 

5'UTR by a iron regulatory protein (IRP), which is controlled by cellular iron 

status (Kuhn & Hentze, 1992). Glucose has also been shown to have an effect on 

gene expression, since glucose metabolites can mediate binding of 

carbohydrate/glucose responsive DNA elements present in the upstream region of 

a range o f genes and, in this way, control their rate o f transcription (Foufelle et 

al., 1998; Vaulont et al., 2000). Another nutrient modulator of gene expression is 

vitamin A. The retinoic acid form of the vitamin binds to nuclear receptors that 

recognise DNA elements and regulate the transcription of specific genes (Balmer 

& Blomhoff, 2002; Zaiger et al., 2004). Regulation of folate-related genes in 

response to folate status could occur by a more indirect mechanism, whereby a 

transcription factor common to specific folate-related genes controls co-ordinated 

expression and may be an important factor contributing to the complex 

maintenance o f equilibrium within the folate co-factor pool.
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Very few studies have investigated the effect of low folate levels on the 

expression of folate-related genes, and the collective results of those that have 

been performed are inconsistent. However, one relatively consistent and widely 

accepted observation is that expression of folate receptor a  (FRa) is significantly 

up-regulated at both the mRNA and protein level during folate depletion. FRa, 

also known as folate binding protein 1 (FBPl), has a high affinity for binding and 

transporting the circulafing 5-methyltetrahydrofolate form into cells. Its up- 

regulation when folate levels are low is likely to be a response mechanism in an 

effort to increase cellular uptake of folate from serum and maintain one-carbon 

reactions. A number of studies have shown FR a mRNA and protein levels to be 

inversely proportional to folate concentrations in growth medium (Hsueh & 

Dolnick, 1993; Jansen et al., 1999; Jhaveri et al., 2001; Zhu et al., 2001; Hayashi 

et al., 2007) although, not all cell types show this response (Hayashi et al., 2007). 

The mechanisms involved in this up-regulation are likely to be complex and have 

not yet been fully elucidated. A number of studies have associated up-regulation 

of FR a with a moderately increased rate o f gene transcription, along with a 

significant stabilisation o f mRNA half-life (Jhaveri et al., 2001; Zhu et al., 2001). 

It has also been proposed that the increased levels of homocysteine, characteristic 

of folate depletion, could mediate up-regulation o f FRa by enhancing specific 

binding interactions at the translational level, resulting in increased biosynthesis 

of folate receptors (Antony et al., 2004). Over-expression of FR a has also been 

observed in certain cancers, but it is unknown whether this is a consequence o f 

folate deficiency, which has a known association with cancer pathogenesis, or 

whether there is an independent up-regulation o f FR a by some other mechanism 

to meet the increased demand for folate in rapidly dividing cancer cells and 

promote carcinogenesis (Toffoli et al., 1997; Kelemen, 2006). Therefore, although 

FRa up-regulation is well documented, the complex underlying mechanisms 

involved are unclear and it is unknown whether transcriptional, post- 

transcriptional, or translafional control, or a complex combinafion o f different 

mechanisms, is responsible.
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Effect of Deficiency on Expression of Folate-Related Genes

Nutritional genomics is a relatively new area o f research and very few 

studies have investigated the interaction between folate levels and gene 

expression. Only five published studies have investigated the effect o f folate 

depletion on gene expression including those that are folate-related (Table 6.1). 

The degree o f folate deficiency investigated in these studies would be likely to 

induce changes in the expression of genes relating to apoptosis and other 

pathways associated with severe folate deficiency. Expression changes in these 

pathways are not likely to be relevant in relation to population effects, since they 

represent pathways that are activated in response to a greater degree o f folate 

deficiency than is commonly observed in the population. Therefore, only the 

results relating to the proposed investigation of effects of folate status on folate 

pathways genes will be discussed.

The first of these studies investigated the effect o f folate deficiency on gene 

expression in human nasophamyngeal epidermal carcinoma KB cells (Jhaveri et 

al., 2001). They initially examined FR a expression by Northern and Western 

blotting techniques as a marker o f folate deficiency and demonstrated that both 

mRNA and protein levels were significantly up-regulated following folate 

depletion. However, both gene and protein expression were nomialised to an 

endogenous control (P-actin) that was not stated to have undergone validation to 

ensure it was not affected by the experimental conditions. Therefore, it is possible 

that the variation identified is not entirely a gene-specific effect and possibly 

relates to an inappropriate nonnalisation strategy (discussed in more detail 

Chapter 6.1.2). Microarray analysis, using a Human Oncochip with -2000 

transcripts that included the folate-related genes MTHFDl, thymidylate synthase 

{TS), dihydro folate reductase (DHFR), cytoplasmic- and mitochondrial- 

serinehydroxymethyltransferase {c-SHMT and m-SHMT), was then performed to 

compare gene expression between cells cultured in 2 |iM folate and cells in 2-10 

nM folate (Jhaveri et al., 2001). Analysis revealed that expression of those folate- 

related genes investigated was not affected by folate depletion. It is possible that 

this cell type could be relatively insensifive to folate deficiency and the level of 

deficiency (2-10 nM folate) may not have been sufficient to induce detectable 

expression changes in these genes. Overall, of the 2,000 genes investigated, only
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three were up-regulated and five down-regulated following folate depletion in 

these cells.

Likewise, expression o f folate-related genes was not affected by folate 

depletion in an in vivo study investigating the effects of both folate status and age 

on gene expression in rat colonic mucosal cells (Crott et a i,  2004). Young and 

middle-aged rats were fed either a normal (8 mg folate/kg) or folate-free (0 

mg/kg) diet for 20 weeks before examination o f gene expression in over 9,000 

targets by microarray analysis. Although a number o f non-folate related genes 

were shown to be affected by both age and folate status, it was proposed that the 

degree o f deficiency may not have been sufficient to induce detectable changes in 

folate-related genes or that post-transcriptional mechanisms could be involved in 

their regulation.

However, Courtemanche et al. (2004) identified significant expression 

changes in a total o f eight folate-related genes, including an up-regulation o f c- 

SHMT and down-regulation of MTHFD2 and reduced folate carrier {RFC) in 

response to folate deficiency. The in vitro model used in this study was human T 

lymphocyte cells cultured in either normal conditions (3 )aM folate), complete 

folate deficiency (0 nM), or physiological deficiency (12 nM folic acid) for seven 

days, followed by microarray analysis to investigate differenfial expression of 

approximately 700 genes. It should be noted that, the physiological folate 

conditions were obtained by supplementation of folate fi'ee media with folic acid 

(L-pteroylglutamic acid) to a concentration of 12 nM. Folic acid is not readily 

taken up by cells in culture, due to low expression of FRa, and it is therefore 

likely that effects observed are related to a greater degree o f deficiency. 

Identificafion o f gene expression changes not previously observed in other studies 

indicates that lymphocyte cells are more sensitive to folate deficiency than other 

cell types invesfigated and suggests that folate deficiency may induce cell-specific 

effects on gene expression.

In a recent study, human fibroblasts were cultured in both normal (2.6 

|jM) and folate deficient (0 |iM) media for one week and then differences in the 

expression of approximately 17,000 genes were investigated by microarray 

analysis (Katula et al., 2007). A total o f 61 genes were confirmed as subject to 

regulation by folate deficiency. However, TS was the only folate-related gene
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included in this number and was only slighdy up-regulated, by a factor of 1.5, in 

folate deficiency compared to normal folate conditions.

Another recent study investigated the effect o f folate deficiency in two 

human colon adenocarcinoma cell lines following culture in either complete 

RPMI-1640 media (2.6 |jM folate) or folate-free RPMI-1640 (0 |aM) for 20 days 

(Hayashi et al., 2007). Differences in the expression of 14 folate- and 

methylation-related genes between the two folate conditions were analysed by 

quantitative real-time RT-PCR analysis. The majority of those genes investigated 

were regulated in response to this prolonged folate depletion. O f particular 

interest, the change in the expression pattern of folate-related genes was different 

between the two cell lines, again indicating that the response to folate deficiency 

is likely to be cell-specific. The only folate-gene expression changes consistent 

between the two cell types were, the down-regulation of methionine synthase, 

methionine synthase reductase and DHFR genes, and the up-regulation of 

folylpolyglutamyl synthase in folate deficiency. Thereafter, different expression 

patterns were identified between the two cell types, which suggests adaptive 

regulation o f folate genes according to the individual needs of the cell. For 

example, in the one cell model, F R a  and methylenetetrahydrofolate reductase 

(MTHFR) expression were up-regulated and c-SHMT was down-regulated. The 

MTHFR enzyme is responsible for the conversion of 5,10-methyleneTHF to 5- 

methylTHF, which is the methyl donor for the remethylation o f homocysteine to 

methionine, while the SHMT enzyme is believed to preferentially shuttle 5,10- 

methyleneTHF to the TS enzyme for the production of thymidylate. Therefore, 

this gene expression pattern suggests the transfer of available folate co-factors 

towards the remethylation of homocysteine to methionine pathway, in an effort to 

ensure adequate production o f SAM for maintaining methylation status. While the 

opposite pattern of expression was observed in the other cell model and suggests 

that available folate co-factors are shuttled towards the biosynthesis of 

thymidylate for DNA production. These results and proposed mechanisms 

illustrate the complexity underlying cellular folate metabolism and the 

maintenance o f equilibrium within the folate co-factor pool. However, as with 

Jhaveri et al. (2001), appropriate validation of the endogenous control gene used 

for normalisation was not indicated and, also, results were calculated as an 

expression ratio using raw PCR threshold cycle (Cj) values. The C j is an
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exponential term and, therefore, the raw values should not be used for any 

statistical presentation of results (Livak & Schmittgen, 2001). It is possible that 

these shortcomings influenced some o f the observations reported.

6.1.3 Regulation of MTHFDl Expression bv Folate Status

Regulation o f MTHFDl gene expression has not previously been reported 

under the experimental conditions of the limited number o f studies that 

investigated the effects o f folate deficiency on gene expression. However, this 

does not rule out the existence o f an effect, as it is possible that different effects 

will be observed in different cell types and different degrees o f folate depletion. 

Furthermore, it is known that nutrient regulation o f gene expression can occur at 

the post-transcriptional level and, through effects on mRNA stability and 

translation rate, can affect protein expression (Clarke & Abraham, 1992). 

Therefore, regulation o f MTHFDl expression at the translational level could be 

important as a response to folate depletion.

Nutritional control of gene expression is generally through a shared mechanism 

that results in the co-ordinated expression of a specific set o f genes in response to 

fluctuating levels o f the nutrient or related metabolites. It is possible that folate 

could act as a signal for the co-expression of folate-related genes controlled by a 

shared folate responsive pre- or post-transcriptional mechanism. At the 

transcriptional level this could relate to a consensus DNA sequence motif in the 

regulatory regions o f these genes, with binding o f an associated transcription 

factor controlled by folate or its metabolites; similar to the control o f glucose 

metabolites on transcription factor binding to a conserved glucose responsive 

element present in a number o f genes (Foufelle et al., 1998). Coordinated 

regulation of folate-related genes in response to folate depletion could be involved 

in directing the limited supply o f one-carbon units to those reactions most 

important in the cell at that time. Investigation of changes in expression o f a range 

of folate-related genes under different folate conditions would determine if  their 

expression is co-ordinately regulated by a shared mechanism and would help to 

elucidate those pathways that respond to folate depletion. In relation to the 

expression o f M THFDl, investigation of the expression of its mitochondrial 

homologues, M THFDlL  and MTHFD2, is o f interest since these genes have inter-
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related functions and, therefore, could be co-ordinately expressed by similar 

regulatory mechanisms (Figure 6.2). In other words, if  MTHFDl gene expression 

is regulated in response to folate, it is likely that MTHFDlL  and MTHFD2 would 

be regulated in a similar manner. Other genes most likely to share a putative 

folate-responsive regulatory mechanism with MTHFDl would be those with a 

similar role in the provision of one-carbon units for nucleotide biosynthesis, such 

as the DHFR, MTHFR, c-SHMT, and TS genes (Figure 6.1). FR a  is another gene 

whose expression would be o f interest since its up-regulation has been widely 

reported during folate depletion and, therefore, the mechanism controlling this 

effect could be common in other folate-related genes.

A severe degree of folate deficiency is known to have effects on gene expression 

due to a number o f molecular disruptions resulting from both uracil 

misincorporation and impaired methylation. However, folate deficiency to this 

extent is now relatively rare and investigation of effects when levels are sub- 

optimal, which is more widespread, would be of more relevance to the general 

population. The effect o f sub-optimal folate conditions on folate-related gene 

expression has not been investigated previously. An investigation was proposed to 

monitor gene expression changes over a time-course of folate depletion, starting 

with optimal or sufficient folate conditions and gradually declining to sub-optimal 

and, eventually, deficient. This in vitro model o f folate depletion would allow 

changes in folate-related gene expression at different degrees o f folate depletion 

to be examined and, thereby, provide a greater opportunity to identify co-ordinate 

regulation of these genes.

The most sensitive technique for quantification o f mRNA levels and this type of 

comparison of gene expression levels is quantitative real-time RT-PCR analysis 

(Bustin et a i, 2005). The principles and the chemistry involved are outlined in 

Chapter 4.1.4. Relative quantification (RQ) is more suitable for investigating 

trends in gene expression between different samples rather than absolute 

quantification, which determines the exact copy number by comparison to a 

standard curve. RQ measures target gene expression compared to a calibrator 

sample such as an untreated control or a sample at time zero in a time course, 

when the relative change in gene expression between samples is o f interest (Livak 

& Schmittgen, 2002). However, it has been widely reported that the results o f RQ 

analysis are strongly dependent on the normalisation procedure used to account
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for the inherent variation associated with the real-time RT-PCR technique 

(Tricarico et al., 2002; Vandesompele et al., 2003; Bas et al., 2004; Huggett et al., 

2005; de Kok et al., 2005). A number o f strategies can be applied to control for 

variation between samples, including matching input RNA quantity, ensuring 

good quality RNA free o f contaminating genomic DNA, and, most notably, 

inclusion of a reference, or endogenous control, gene. An appropriate endogenous 

control gene for normalisation is one that is constitutively expressed at a relatively 

high level in the cell type o f interest such as those involved in cellular 

maintenance, known as ‘house-keeping genes’, and it should not be affected by 

the experimental conditions. Such a control gene is necessary to account for 

sampling differences, such as variations in RNA quantity and quality, variations 

in reverse transcription efficiency, and cDNA sample loading variations, so only 

true gene-specific variation is identified under experimental conditions 

(Vandesompele et al., 2002; Bustin et al., 2005; de Kok et al., 2005). There is no 

ideal or universal endogenous control gene that will be suitable under all 

experimental conditions and appropriate stably expressed genes must be validated 

for each experimental system. However, many studies base their choice o f control 

gene on the ‘classic’ housekeeping genes historically associated with non- or 

semi-quantitative techniques, such as Northern blot analysis, without performing 

validation for their specific experimental system (Huggett et al., 2005). These 

include glyceraldehydes-3-phosphate dehydrogenase (GAPDH), beta-actin (PA), 

and 18s rRNA, but these, and other ‘classic’ housekeeping genes, have been 

shown to be considerably regulated by certain experimental conditions (Thellin et 

al., 1999; Bustin, 2002; Bas et al., 2004). Normalisation of gene expression levels 

with an unsuitable control gene can lead to findings that do not reflect the true 

experimental variation. Therefore, it is necessary to perform appropriate 

validafion to justify endogenous control gene choice for normalisation under the 

experimental conditions and in the samples o f interest.

The TaqMan® Human Endogenous Control Plate from Applied Biosystems 

provides a convenient method for identifying those control genes that are not 

regulated by the specific experimental conditions and, therefore, most suitable for 

normalisation purposes. It enables the simultaneous evaluation o f eleven different 

endogenous control genes in the cDNA samples o f interest. These genes are -  18S 

rRNA, Acidic Ribosomal Protein (PO), Beta-actin (BA), Cyclophilin (CYC),
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Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Phosphoglycerokinase 

(PGK), Ba-MicroglobuHn (B2-m), B-Glucuronidase (GUS), Hypoxanthine ribosyl 

transferase (HPRT), TATA Binding Protein (TBP), and Transferrin receptor 

(TfR). An Internal Positive Control (IPC) is also included to enable detection of 

any PCR inhibitors present in the cDNA samples that would interfere with 

efficient amplification. The plate includes pre-loaded, gene-specific primers and 

TaqMan® probes at optimised concentrations in 96-well format, with twelve 

columns containing eight replicates for each control assay. This allows for 

analysis of a cDNA calibrator sample and three experimental samples in duplicate 

to determine the control gene least affected by the experimental conditions and 

most suitable for normalisation o f samples of interest to determine only true gene- 

specific variation.

6.1.4 Summary & Aims

A sub-optimal folate status is likely to be a relatively prevalent feature in a 

non-fortified population, such as the Irish population. Only a limited knowledge 

surrounding the effect o f folate deficiency on the expression of folate-related 

genes has been reported in the literature to date and no studies have previously 

investigated the effects o f sub-optimal folate status on gene expression. The effect 

o f such a condition on MTHFDl expression was o f particular interest in relation 

to the identification o f factors that could provide an understanding o f the 

mechanism by which a polymorphic fonn of this gene has an association with 

NTDs and other pregnancy complications. Nutrient regulation of gene expression 

is not a new concept and can occur at both the transcriptional and translational 

levels. Therefore, the effect of sub-optimal folate levels on MTHFDl expression 

at both the gene and protein level was proposed for investigation. If such a folate 

responsive regulatory mechanism exists, it would be likely to control co-ordinated 

expression of a number o f folate-related genes in response to fluctuating folate 

levels, in an effort to maintain one-carbon metabolism and related reactions 

necessary in the cell.

The aim of this chapter was to further investigate factors affecting 

MTHFDl expression by examining the effect o f progressive folate deplefion at 

both the gene and protein level, using luciferase reporter gene assays, real-time
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RT-PCR analysis, and Western blotting techniques. Also, it was o f interest to 

investigate changes in the expression o f other folate-related genes under the same 

conditions, to determine if  such genes are co-regulated by a shared gene-nutrient 

response to folate status.
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6.2 Methods
6.2.1 Bioinformatic Resources

• Multiple sequence alignments: www.ebi.ac.uk/clustalw

6.2.2 In Vitro Model o f  Folate Depletion

Preliminary experiments were performed to establish an in vitro cell model 

to represent normal, folate sufficient and folate deficient conditions as the basis 

for fiirther investigations. Human Embryonic Kidney 293 (HEK-293) cells were 

cultured under the different conditions to investigate cell proliferation kinetics and 

viability.

Normal versus Folate Deficient Conditions

HEK-293 cells were cultured in either complete DMEM media (10 |iM 

folate; Table 6.2) or in folate-free DMEM for one passage before setting up 

growth curves in triplicate at 24 hour intervals over a five day period, to compare 

proliferation kinetics between cells under complete versus deficient folate 

conditions (Chapter 2.2.15). Cell doubling rates (Td) were calculated from the 

linear part o f the curve, as a measure o f  proliferation, according to the formula:

Td = LN(2)*t / LN(Nt/No), 

where t is time difference in hours, Nt is the mean cell number at Time t, and No is 

the mean cell number at initial time.

Normal versus Folate Sufficient Conditions

Standard cell culture media generally contains a vast molar excess of 

folate representing a condifion that would not be observed in vivo and is not 

physiologically relevant. Therefore, conditions where folate is only present in 

quantities sufficient to support the needs o f the cell, similar to the in vivo 

situation, were investigated. HEK-293 cells were cultured in folate-fi'ee RPMI- 

1640 (Table 6.3) supplemented with 5-formyltetrahydrofolic acid to a final 

concentration o f  50 nM (Chapter 2.2.15). The 5-formyltetrahydrofolate form 

(folinic acid) was used, as it is the most comparable to the 5- 

methyltetrahydrofolate form taken up by cells in vivo, but it is much more stable 

(Lathrop-Stem et a i ,  2003). Folinic acid enters the cell via the reduced folate
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carrier (RFC), which is highly expressed in cultured cells and more bioavailable 

to cells in culture than folic acid, which is taken up by the much lower expressed 

FRa. Growth curves were set-up, as before, to compare HEK-293 cells grown 

under these folate sufficient conditions (50 nM folate) to those in complete media 

(2.6 )jM folate), to ensure folate levels under ‘sufficient’ conditions were adequate 

for normal cell division and proliferation. Again, cell doubling rates were 

calculated from the linear part of the curve to determine proliferation kinetics.

6.2.3 Promoter Activity

The 0.59 kb MTHFDl promoter construct was transiently transfected into 

HEK-293 cells cultured for at least one passage in either complete DMEM (10 

)aM folate) or folate-deficient DMEM (0 jiM folate), as described previously 

(Chapter 2.2.16 & 3.2.3). Cell lysates were then analysed on the appropriate day 

for both firefly and Renilla luciferase activity on a Glomax’̂ '  ̂Luminometer.

The mean, standard deviation (SD) and coefficient of variation (CV) o f triplicate 

values were calculated using Microsoft Excel®. Firefly luciferase values were 

normalised to Renilla values and MTHFDl promoter activity was expressed 

reladve to the empty pGL3 Basic vector value.

6.2.4 Time Course of Folate Depletion 

6.2.4.1 Cell Culture

HEK-293 cells were cultured for one week (or two passages) in folate-free 

RPMI-1640 (with 10% dialysed foetal calf serum, 1% Penicillin:Streptomycin, 

1% L-Glutamine, 0.2% Sodium Bicarbonate) supplemented with 5- 

formyltetrahydrofolic acid to a final concentration of 50 nM (Chapter 2.2.15). A 

two-week time course to monitor folate deplefion was then set up by seeding 

those cells at a density o f either 1 x 10  ̂or 0.5 x 10  ̂ cells/ml in folate-free RPMI- 

1640 in six 75cm flasks. Cells were counted and samples were taken for 

intracellular folate assay (x 3), and RNA (x 3) and protein (x 3) extractions on 

Day 0, Day 3, Day 6, Day 8, Day 10, Day 12, and Day 14 of the time course.
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6.2.4.2 Intracellular Folate Assay

Three independent cell lysates for each time point in a standard microtitre 

plate assay using the Lactobacillus rhamnosus microbiological assay, as follows: 

Cells were counted and three aliquots of 1 x 10  ̂ cells were taken for intracellular 

folate assay. Cells were then pelleted by centrifuging at 1,200 rpm for 3 minutes 

and washed with 1 ml sterile IX PBS (x 3). The pellet was then resuspended in 

1ml 1% (w/v) Sodium Ascorbate solution and stored at -20°C until required for 

assay. Before assay, the cell suspension was sonicated on ice for 3 x 5 second 

bursts for cell lysis. Any cellular debris was precipitated by centrifijgation and the 

supernatant was transferred to a fresh tube. To convert polyglutamated folates to 

the monoglutamate form, 100 )al of rat serum (conjugase) was added per 500 |al 

cell solution and incubated at 37 °C for 1 hour.

The assay was set up in microtitre plate format and two dilutions from two 

separate aliquots o f each sample were prepared with 0.5% Sodium Ascorbate 

buffer to a volume of lOOjal e.g. 1/10, 1/10, 1/20, 1/20 from Aliquot 1 and 1/10, 

1/10, 1/20, 1/20 from Aliquot 2. Then, 100|il of the prepared assay media (see 

below) was added to each well using a Hamilton Microlabat 2 Robotic System. 

Plates were then sealed with a plastic film and incubated at 37 °C for 42 hrs. After 

42hrs, the seal was removed and plate absorbance was measured at 560nm using a 

Labsystems Multiskan Plus with Micro-titre Plate Recorder and Genesis Software. 

Folate concentration in each sample was then calculated from a standard curve.

Folate Assay Media
The assay media was prepared as follows:

Per 100 ml dH20 -  7 g Difco folic acid casei media 

3 mg Chloramphenicol 

30 1̂1 Tween 80 

75 mg Ascobic Acid 

200 |al Lactobacillus rhamnosus 

Briefly, the difco folic acid casei media and chloramphenicol were added to 100 

ml dH20 and placed on a hot plate. When hot, Tween 80 was added and the 

solution was brought to the boil and boiled for approximately 30 seconds -  1 

minute. The solution was then allowed to cool and, once cool, the ascorbic acid
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was added. Lactobacillus rhamnosus was added just before plating, and the 

solution was m ixed on a magnetic stirrer for about 10 minutes.

6.2.4.3 Gene Expression Analysis

RNA Extraction and Reverse Transcription

RNA was extracted from triplicate cell aliquots at each time point using 

TRI Reagent™  (Chapter 2.2.2). Quantity and quality o f  RNA samples were 

analysed by U V  spectrophotometric measurement and gel electrophoresis 

methods (Chapter 2.2.2). RNA samples were then DNase I treated and reverse 

transcribed to cD N A  using SuperScript II reverse transcriptase and random 

hexamers (Chapter 2.2.17). A control reaction, without the addition o f  SuperScript 

II, was performed in parallel for each sample to act as a control to ensure genom ic 

DNA was adequately removed. A PCR assay was then used to ensure all samples 

had been converted to cD N A  and were not contaminated with genom ic DNA  

(Chapter 2.2.17).

Human Endogenous Control Gene

The TaqMan® Human Endogenous Control Plate from Applied 

Biosystem s was used to determine the appropriate control gene for use in real

time RT-PCR analysis that would not be affected by experimental conditions i.e. 

folate depletion. The 96-w ell plate consists o f  eight replicates o f  primer and 

TaqMan® probe sets for 11 endogenous control genes, as well as, an Internal 

Positive Control (IPC). Duplicate cD N A  samples from Day 0, Day 3, Day 8 and 

Day 14, representing different degrees o f  folate depletion, were used for 

determination o f  the most stable endogenous control gene in this system. 

Appropriate amounts o f  TaqMan® Universal Master M ix, cDNA and sterile H2O 

for a 50 |̂ 1 reaction volum e were added to lyophilised primer and TaqMan® probe 

m ixes in each well o f  the 96-w ell plate, according to the manufacturer’s protocol. 

Real-time PCR was performed on an Applied Biosystem s 7500 Real-Time PCR 

System using SDS 1.3.1 software. Data were collected and mean C j values for 

each control gene in all four samples were calculated.
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Relative Quantification by Real-Time PCR

The cDNA samples from each time point were used as the template for 

real-time PCR analysis with inventoried TaqMan® Gene Expression assays for 

MTHFDl, MTHFDIL, MTHFDl, MTHFR, DHFR, Fra, TS, and c-SHMT, with 

the appropriate internal control gene in a 25 )il reaction volume according to the 

standard protocol (Chapter 2.2.17). All reactions were performed in triplicate, 

with both negative controls and minus-Superscript II control reactions for each 

sample always included. PCR reactions were performed on an Applied 

Biosystems 7500 Real-Time PCR System with SDS 1.3.1 software.

6.2.4.4 M THFDl Protein Expression

Protein was extracted from samples at each time point and prepared for 

Western Blotting, with the exception of those from Day 0, which were degraded 

by proteases.

Protein Extraction and Determination

Protein was extracted from approximately 3-5 x 10  ̂ washed and pelleted 

HEK-293 cells by adding 0.5ml of the following lysis buffer and incubating for 15 

minutes on ice:

Part A) 1. l OmM Tris-HCl (0.016 g)

2. 50 mM NaCl (0.292 g)

3. 10 mM Sodium pyrophosphate (0.446 g)

4. 50 mM Sodium flouride (0.21 g)

5. pH to 7.4

6. Add 1% Igepal® (1 ml)

up to 100 ml H2O, store at ^ ° C  

Part B) Add fresh on day of use:

1. 1 mM Sodium Orthovanidate (1:100 dilution)

2. 1 mM Phenylmethylsulfonyl flouride (1:100 dilution)

3. Protease Inhibitor Cocktail (1:100 dilution)

Parts were mixed at room temperature and then chilled on ice.
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Protein concentration was then determined by Bradford assay, in a microtitre plate 

assay. Standards were prepared using Bovine Serum Albumen (BSA ) diluted in 

the appropriate buffer to concentrations o f  0.8 mg/ml, 0.7 m g/ml, 0.6 mg/ml, 0.5 

m g/m l, and 0.4 mg/ml. Unknown samples were diluted 1/4 with H2O, and 20 |il o f  

each o f  the standards and each o f  the unknowns was added to 180 |al o f  Bradford 

reagent (equilibrated to room temperature) in triplicate on a suitable 96-w ell plate. 

Samples were then measured at 595nm on a VersaMax'^'^ Microplate reader using 

SoftM ax Pro Software. Unknown sample concentrations are back-calculated from 

the standard curve and concentrations were then equalised across samples.

Sample Preparation, Electrophoresis and Electroblotting

Samples were diluted with 0.5 volum e 4X  SDS sample buffer (150 mM  

Tris-HCl pH 7.4, 10% glycerol, 4% SDS, 5% p-mercaptoethanol, 0.002%  

bromophenol blue) and boiled for 5 minutes on a heating block. Samples could 

then be stored at -20°C until required.

Polyacrylamide separating gels (1 mm thick) with a monomer 

concentration o f  12% overlaid with a 4% stacking gel were cast by setting them 

between two 10 cm wide glass plates, which were mounted on an electrophoresis 

unit using spring clamps. The upper and lower reservoirs were flooded with 

electrode running buffer (25 mM Tris-base, 200 mM glycine, 0.1 %> SDS). 

Samples (20 ^g) were loaded into the w ells and proteins were separated by the 

application o f  a 32 m A current to the gel apparatus. Pre-stained molecular weight 

standards ( 5 - 1 0  |il) were used to confirm the molecular weight o f  protein bands. 

The migration o f  bromophenol blue was monitored and the current switched o ff  

when the dye band reached the bottom o f  the gel (approximately 20-30 minutes). 

The gel was then removed from the apparatus and placed on top o f  a sheet o f  

nitrocellulose blotting paper (0.45 fim pore size), which had been cut to the 

approximate size o f  the gel and soaked in ice cold transfer buffer (25 mM Tris- 

base pH8.3, 192 mM glycine, 20% methanol, 0.05% SDS). A sandwich was made 

by placing one piece o f  filter paper (Standard grade No. 3) on top o f  the gel and 

one piece beneath the nitrocellulose paper. This was then soaked in transfer buffer 

and placed on the platinum-coated titanium electrode (anode) o f  a semi-dry 

blotter. The lid o f  the blotter (stainless steal cathode) was moistened with transfer 

buffer, placed on top o f  the sandwich and sealed. The uncovered portion o f  the
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cathode was shielded with a mylar cut-out, ensuring that all applied current passed 

through. A current o f 225 mA was applied for 75 minutes.

Western Blotting for MTHFDl

The nitrocellulose blotting paper was blocked for non-specific antibody 

binding by incubating in tris buffered saline (TBS; 20 mM Tris-HCl (pH 7.8), 150 

mM NaCl) containing 5% non fat dried milk overnight at 4°C or for 24 hours at 

room temperature, with gentle agitation. The membrane was washed for 15 

minutes (x 2) in TBS containing 0.05% Tween (TBS-T) and probed with the 

primary antibody. The primary antibody was a rabbit polyclonal antibody raised 

against the rat MTHFDl protein (produced by Prof Dean Appling, University of 

Texas at Austin, USA and gifted from Prof Barry Shane, University of California, 

Berkeley, USA) and was used at a 1:10,000 dilution in TBS-T containing 0.1% 

BSA. This was incubated overnight at 4°C with gentle agitation. The membrane 

was then washed for 20 minutes (x 3) in TBS-T. The membrane was then 

incubated with an anti-rabbit secondary antibody conjugated to horseradish 

peroxidase (HRP; anti-rabbit IgG-HRP, 1:1000 dilution in TBS-T containing 

0.1% BSA) for I hour at room temperature and washed for 15 minutes (x 4) with 

TBS-T. Approximately 1ml o f a chemiluminescent detection solution, Supersignal 

Ultra, was added to membrane and incubated for 3 minutes. The membrane was 

then exposed to photographic film for 1 second in the dark prior to being 

developed using a Agfa film processor.

Western Blotting for P-Actin

Following western blotting for MTHFDl, the membrane was stripped 

using Reblot™ plus Strong solution diluted to IX with dH20. It was then probed 

using a rabbit polyclonal primary antibody raised against human (3-Actin at a 

1:1,000 dilution in TBS-T containing 0.1% BSA. The membrane was incubated 

and washed as before and then probed with the HRP-linked secondary antibody. 

Again, approximately 1ml o f Supersignal Ultra was added to membrane and 

incubated for 3 minutes. The membrane was then exposed to photographic film 

for 1 second in the dark prior to development.
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Band Densitometry and Protein Quantification

Densitometry was performed on a GelDoc-It imaging system using Lab 

Works image acquisition and analysis software. MTHFDl protein expression was 

quantified relative to (3-Actin expression in each sample.

6.2.5 Statistical Analysis

Mean cell counts and cell doubling rates were calculated using Microsoft 

Excel®. Correlations between proliferation rates were examined by Pearson’s 

correlation test, with a significance level of p  <0.05, using Graphpad Prism® 

Version 4.02 statistical software. Real-time PCR results were calculated by 

exporting the data to Microsoft Excel® and applying the comparative C j method

to measure the fold change in gene expression relative to a calibrator 

sample and differences in relative expression ratios between time points were 

compared using one-way ANOVA, with results considered significant if  a two- 

tailed p  value was < 0.05. If a significant difference was identified, a Dunnett’s 

post-hoc test was applied to identify which groups were contributing to the 

difference, using Analyse-it™ for Microsoft Excel®. Intra-assay coefficients of 

variation (CVs) were also calculated for each gene assayed using Microsoft 

Excel®. Differences in MTHFDl protein levels during folate depletion analysis 

were measured by one-way ANOVA with a significance level o fp  < 0.05.
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6.3 Results
Folate status was investigated as a factor that could potentially influence 

the expression of MTHFDl at both the gene and protein level. The effects o f sub- 

optimal folate levels on MTHFDl gene and protein expression were investigated 

by monitoring changes throughout a time course ranging from folate sufficient to 

deficient conditions. Changes in transcriptional activity, mRNA levels and protein 

expression were investigated through a combination o f luciferase reporter gene 

assays, real-time RT-PCR analysis and Western blotting. Changes in the 

expression o f a number o f other folate-related genes throughout the time course 

were also investigated by real-time RT-PCR analysis to determine if  a shared 

regulatory mechanism is responsible for co-ordinated expression o f specific genes 

in response to folate status.

6.3.1 Establishment o f an In Vitro Model for Folate

Cell culture under different folate conditions was examined to establish a 

suitable in vitro model for investigation of the effects o f low folate status on gene 

expression. Comparison o f HEK-293 cell proliferation rates in normal media 

(2.6/10 )LiM folate), folate deficient media (0 |iM), and folate sufficient media (50 

nM folinic acid) was initially performed to establish the model.

Complete versus Folate Free Conditions

Following four days o f culture in either complete (10 |.iM) or folate-fi'ee (0 

|aM) media, a growth curve was set up to compare cell proliferation rates over a 

96-hour period (Figure 6.3). The doubling rate o f cells cultured in folate fi'ee 

media was calculated as every 44.5 hours, while those in complete media doubled 

every 13.5 hours. Therefore, cells in folate deficient condifions had a doubling 

rate 30% that of cells in complete media and rates are not correlated (R = 0.47, p  

= 0.2). Cell proliferation inhibition by folate deficiency is evident after one week 

of folate-fi'ee culture conditions, i.e. after the 48-hour point on the growth curve, 

and cells become cytostafic thereafter and fail to proliferate. This is likely to 

reflect the effect o f folate deplefion on inhibition of DNA synthesis and inducfion 

o f cell cycle arrest in S phase.
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Complete versus Folate Sufficient Conditions

Following four days o f culture in either complete (2.6 |iM) or folate 

sufficient (50 nM) media, a growth curve was set up to examine cell proliferation 

rates and confirm that proposed folate sufficient conditions were satisfactory for 

normal cell growth and division (Figure 6.4). The cell doubling rate was 

calculated as every 21.4 hours for cell in folate sufficient media and every 23 

hours for cells in complete media. Therefore, cell proliferation rates are similar 

under both folate conditions (R = 0.99, p  = 0.02), indicating that a concentration 

of 50nM folate is sufficient for HEK-293 cells to support normal cell division.

6.3.2 MTHFDl Promoter Activitv under Different Folate Conditions

The transcriptional activity o f the 0.59 kb MTHFDl pGL3 Basic promoter 

construct under normal folate versus folate deficient conditions was investigated 

by transient transfection into HEK-293 cells cultured in either complete (10 |iM) 

or folate deficient (0 faM) media for 4 -  5 days and subsequently assayed for 

luciferase activity. However, inconsistent results were observed between 

experiments, with promoter activity sometimes higher, and sometimes lower, 

under folate deficient conditions compared to normal folate conditions (Figure 

6.5). This is possibly due to the transient nature o f the experimental system, which 

only accounts for the transcriptional activity over the 24-hour time span of the 

assay and could be subject to differences in normal expression cycling due to cell 

cycle stage differences. Therefore, this system was not considered suitable for 

investigation these effects and quantification of mRNA levels under different 

folate conditions by real-time RT-PCR analysis was considered more appropriate.

6.3.3 Putative Folate Responsive Element

Comparison of sequences in the regulatory regions of folate-related, 

DHFR, FRcc, MTHFDl, MTHFDl-L, MTHFDl, MTHFR, c-SHMT, and TS genes 

by multiple sequence alignments did not identify an obvious conserved sequence 

motif that would represent a putative folate responsive element. However, 

prediction o f such an element is difficult due to its likely short sequence length
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and possible binding o f an associated factor to non-consensus sequences in some 

genes. Prediction o f such an element is likely to require the design and application 

of a more sophisticated algorithm than those applied for this analysis.

6.3.4 Effects of Folate Depletion

HEK-293 cells were cultured under previously determined folate 

‘sufficient’ conditions i.e. 50 nM 5-formyltetrahydrofolate, for one week before 

changing to culture in folate-free media to monitor the effects o f folate depletion 

at a series o f time points over a two-week period. Samples of 1 - 4 x 10  ̂ cells 

were collected for intracellular folate assay, RNA and protein extraction in 

triplicate on Day 0, Day 3, Day 6, Day 8, Day 10, Day 12, and Day 14 and 

processed and analysed accordingly.

6.3.4.1 Intracellular Folate Levels

The intracellular folate concentration o f samples throughout the time- 

course was assayed as a quality control measure to demonstrate the decline of 

folate levels with time. Three independent cell lysates from each time point were 

assayed in a standard microtitre microbiological assay using Lactobacillus 

rhamnosus. Results were calculated as ng folate per 10  ̂ cells at each time point 

(Table 6.4 & Figure 6.6). Any sample with a CV greater than 15% was excluded 

from concentration calculations. O f note, samples from Day 3 had to be excluded 

due to possible antibiotic contamination and subsequent inhibition of bacterial 

growth and aberrant assay results. Surplus cell pellets from this time point that 

had been stored at -20°C were later lysed and assayed for intracellular folate 

content. However, it is possible that storage conditions may have affected folate 

stability in these samples and, therefore, results cannot be reliably included with 

those from the original assay. The intracellular folate level was shown to decrease 

to approximately 47% that o f the Day 0 sample by the Day 6 time-point, with a 

frirther decrease to approximately 15% by Day 8. The remaining samples only 

showed a slight further decrease and were all in a range approximately 11-12% 

that o f Day 0. It is likely that this level represents the amount o f intracellular 

folate that is retained by the cells at this degree of depletion.
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63.4.2 Effect on Expression o f  Folate-Related Genes 

Endogenous Control Gene

The Day 0 sample was chosen as the cahbrator to which gene expression 

in each of the other samples was compared. This involved calculating the ACj 

between the Day 0 value and each of the other samples mean C j values, so the 

calibrator (Day 0) will always have a value o f zero, and comparing deviation from 

this value in the other samples. A number o f the endogenous control genes were 

shown to be suitable candidates for normalisation, with a less than 1-fold variation 

between samples (Figure 6.7). The two most unsuitable control genes were 

phosphoglycerokinase (PGK) and cyclophilin (CYC), which were regulated by 

the experimental conditions, with more than 1 -fold difference in gene expression 

in some samples compared to the calibrator. B-glucuronidase (GUS) control gene 

was shown to be the endogenous control gene that displayed the least amount of 

variation across different samples o f interest and was chosen as the most 

appropriate for normalisation in HEK-293 cells under these experimental 

conditions.

Examination of Gene Expression Changes during Folate Depletion

Changes in expression levels o f folate-related genes, DHFR, FRcc, 

MTHFDl, MTHFDl-L, MTHFD2, MTHFR, c-SHMT, and TS during the time 

course o f folate depletion were investigated by quantitative real-time RT-PCR 

analysis. RNA samples from each time point were reverse transcribed to cDNA 

and this was used as the template for real-time PCR analysis. Expression changes 

of the eight target genes from seven different time-point samples in triplicate were 

analysed by relative quantification. Sample results were normalised to GUS 

endogenous control gene results and compared to Day 0 as the calibrator sample 

by the method"^. Significant changes in gene expression between samples

over the course of folate depletion were determined by one-way ANOVA, with 

Dunnett’s post hoc test following a finding o f significance ip < 0.05).

See Appendix for complete experimental result data
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• MTHFDl -  Gene expression was not significantly regulated in response to 

folate depletion in HEK-293 cells (p = 0.24; Figure 6.8). A trend towards 

up-regulation in the second week of the time course was observed, but this 

is not statistically significant. The intra-assay CV was 0.54%.

• MTHFDIL -  Folate depletion resulted in significant differences in 

MTHFDIL  mRNA levels at the time points investigated {p = 0.001; Figure 

6.9). An up-regulation o f expression at Day 6 (1.8 fold) and Day 8 (1.7 

fold) in particular are those contributing most to the observed difference. 

After Day 8 the level o f expression declined slightly but remained at a 

higher level than the level at the beginning o f the depletion curve. The 

intra-assay CV was 0.22%.

• MTHFD2 -  The expression o f this gene was altered significantly at 

different degrees o f folate deficiency {p = 0.011; Figure 6.10). Opposite 

effects on MTHFDl expression were observed at different time points, 

with an initial slight non-significant down-regulation at Day 3 in the time 

course, followed by a significant up-regulation at Day 6 (1.3 fold), and 

then back to down-regulation of expression most notably at Day 14 (0.7 

fold). The intra-assay CV was 0.14%.

• FRa - No significant change in FR a  gene expression was detected under 

these experimental condifions (p = 0.63; Figure 6.11). Similar to the non

significant effect on MTHFDl expression, a trend towards up-regulation is 

evident by Day 14 of the time course but does not reach statistical 

significance. The intra-assay CV was 0.88%.

• DHFR -  Folate deplefion resulted in a significant down-regulation o f 

DHFR gene expression {p = 0.07; Figure 6.12). Particularly during the 

second week of the time course the levels decrease progressively, with the 

most significant decreases at Day 12 (0.74 fold) and Day 14 (0.7 fold), 

when compared to Day 0. The intra-assay CV was 0.23%.
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• MTHFR -  Folate depletion did not significantly alter the expression o f the 

MTHFR gene over the two-week time course analysis (p = 0.25; Figure 

6.13). A trend towards down-regulation was observed fi'om Day 8 onwards 

but this was not statistically significant. The intra-assay CV was 0.44%.

• c-SHMT -  Expression of the c-SHMT gene was significantly down- 

regulated in response to folate depletion (p = 0.012; Figure 6.14). Similar 

to DHFR, a progressive decrease in expression was observed in the second 

week o f the time course and most significantly at Day 12 (0.75 fold) and 

Day 14 (0.67 fold). The intra-assay CV was 0.1%.

• TS -  TS gene expression was also significantly affected by folate depletion 

ip = 0.007; Figure 6.15). However, unlike c-SHMT and DHFR, this gene 

was progressively up-regulated from Day 6, with highest levels observed 

at Day 8 (1.55 fold) and Day 10 (1.53 fold). The intra-assay CV was 

0.27%.

Effect of Non-Validated Normalisation on Expression Results

Real-time PCR analysis was also performed using an alternative 

endogenous control gene that had not been validated, to highlight the importance 

o f choosing the appropriate control gene for nonnalisation to ensure accurate 

results. Cyclin-dependent kinase inhibitor-ip (CDKN-ip) is a ‘housekeeping’ 

gene and, therefore, might be considered appropriate for normalisafion in real

time PCR analyses. When samples were normalised to this control gene, fold 

changes in gene expression differed significantly to those that were normalised to 

GUS control gene. In particular, MTHFDl gene expression was significantly 

regulated in response to folate status when CDKN-ip was used for normalisation 

o f result data ip = 0.02; Figure 6.16), with a 1.64 fold up-regulation o f expression 

by Day 14. This gene was not significantly regulated when normalised to the 

experimentally validated GUS control gene ip  = 0.24; Figure 6.8) and this 

highlights the importance o f using the correct endogenous control gene to prevent 

reports o f false positive results. It was also of interest that the expression of FRa
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was significantly up-regulated (4.5 fold) by the end of the two week time course 

when samples were normalised to CDKN-ip {p = 0.005; Figure 6.17). This is a 

finding that has been widely reported in the literature but the question of the 

application of an appropriate normalisation procedure could be an issue with some 

of these reports. An increase in FR a expression during folate depletion was not 

statistically significant when GUS endogenous control gene was used for 

normalisation (p = 0.63; Figure 6.11).

6.3.4.3 MTHFDl Protein Expression

Protein samples from Days 3, 6, 8, 10, 12, and 14 were analysed by 

Western blotting for variations in MTHFDl protein expression (Figure 6.18). 

Samples fi'om Day 0 could not be used in the analysis due to degradation by 

proteases. The fold change in protein levels was expressed relative to those of the 

P-actin control (Figure 6.19). At Day 12, the level of MTHFDl protein began to 

rise and increased considerably by Day 14. However, replication o f this 

observation is necessary to determine its statistical significance. It should also be 

noted that the p-actin control had not been validated as an appropriate control for 

normalisation of protein expression under these experimental conditions. 

However, protein sample concentrations were normalised prior to loading and, 

therefore, differences in the starting amount o f protein in each sample should not 

be a source o f major variation. Therefore, protein expression results were 

reanalysed without nonnalisafion to P-actin expression (Figure 6.20). An almost 

identical expression pattern to the previous analysis was observed and, again, 

MTHFDl protein expression was noticeably up-regulated by Day 14 of the time- 

course. This indicates that nonnalisation with the non-validated P-actin control 

did not significantly affect expression results at the protein level and is not a 

major shortcoming in this study.

M THFDl gene expression was not significantly affected by folate depletion, 

although there was a trend towards up-regulation in the second week of the time 

course (Figure 6.8). This slight up-regulation could be associated with a more 

significant increase in translation o f the MTHFDl enzyme, leading to increased 

protein expression levels by Day 12 and further increases by Day 14. Another
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possibility is that up-regulation o f protein expression by Day 14, in the absence of 

a similar effect at the gene level, is the result o f regulation of MTHFDl 

expression in response to folate status at the translational level, which is known to 

occur in regulation by other nutrients.

6.3.5 Overall Results

MTHFDl gene expression was not significantly regulated in response to 

folate depletion, although a non-significant trend towards up-regulation was 

observed. An up-regulation o f MTHFDl protein expression was observed at Day 

14 o f the time course analysis, when compared to expression at Day 3. This could 

be the result o f translational regulation of expression by folate or folate 

metabolites, although further investigation o f this would be required.

Sequence comparison of a number of folate-related genes did not reveal an 

obvious shared DNA element likely to result in the co-regulation of these genes 

upon binding of an associated factor. However, the expression o f MTHFDIL, 

MTHFD2, DHFR, c-SHMT, and TS genes were all significantly regulated over the 

course o f folate depletion investigated, although the fold change in gene 

expression was not dramatic and always less than two-fold. The expression of 

both F R a  and MTHFR were not significantly regulated in response to folate 

depletion. The lack of a significant up-regulation o f F R a  gene expression is 

particularly surprising since this observation has been widely reported in the 

literature and is often used as a molecular marker of folate deficiency. It is 

possible that this is a cell- or developmental stage-specific effect. This highlights 

the difficulty in understanding gene-nutrient interacfions, and the complex nature 

of gene expression.
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6.4 Discussion
Nutritional genomics involves the study of the interaction between 

nutrients and genes, and how this can influence individual susceptibility or 

resistance to common disease. Investigation of gene expression in response to 

different nutritional conditions can provide a greater understanding of the 

pathways involved in the cellular response to these gene-nutrient interactions. 

Factors affecting MTHFDl gene expression may be important in providing an 

insight to the unknown molecular mechanisms underlying the association o f a 

polymorphic form with NTDs and other pregnancy complications (Brody et al., 

2002; Parle-McDermott et al., 2005(a); Parle-McDermott et al., 2005(b); Parle- 

McDermott et al., 2006). Since MTHFDl functions in folate metabolism, it was 

proposed that its expression could be regulated by gene-nutrient interaction in 

response to folate status. In particular, the effect of sub-optimal or low folate 

status on MTHFDl gene expression was of interest for ftirther investigation. An 

intake o f 400 |ig folate/day is recommended as necessary for the provision of one- 

carbon units to the range of important folate-related biological reactions, such as 

nucleotide biosynthesis and the methylation of protein and DNA. Severe 

deficiency of folate results in disruption to normal folate metabolism and related 

functions, and has been associated with a number of disease conditions, including 

certain cancers, cardiovascular disease and NTDs. An understanding o f the 

molecular mechanisms linking folate deficiency to these disease conditions is still 

incomplete. A small number o f studies have previously investigated the effect of 

sever folate deficiency on gene expression to provide an understanding o f the 

pathways underlying pathogenesis and progression of these conditions (Table 6.1; 

Jhaveri et al., 1999; Courtemanche et al., 2004; Crott et al., 2004; Hayashi et al., 

2007; Katula et al., 2007). However, a severe degree of folate deficiency is known 

to induce changes in gene expression, through gene breaks, deletions and 

amplifications, resulting from uracil misincorporafion and, also through 

hypomethylation of DNA leading to the expression o f previously silenced genes 

(Poupon et al., 1996; Blount et al., 1997; Melynk et al., 1997; Crott et al., 2004). 

Therefore, gene expression changes idenfified in these studies may not be 

physiologically relevant since folate deficiency of this extent is relafively rare in 

the population. However, a greater proportion of the population are likely to have 

a sub-optimal folate status (rather than severe deficiency) and this could have
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adverse effects under certain conditions. For example, women with NTD-affected 

pregnancies have been shown to have a low, but not clinically deficient, folate 

levels (Daly et al., 1995; Molloy et a l,  1998) and folate supplementation has been 

shown to prevent up to 70% of NTD-affected pregnancies (MRC, 1991; Czeizel 

& Dudas, 1992). This suggests the existence o f underlying gene-nutrient 

interactions associated with disruption of folate metabolism and related functions 

in certain individuals. Such disruption could be the precipitation of DNA 

sequence variation effects in folate-related genes when folate levels are low. For 

example, the MTHFR 677C-^T polymorphism has been identified as a risk factor 

for NTD development when folate levels are low (Shields et al., 1999). Similarly, 

an alteration in the expression of certain genes in response to sub-optimal folate 

levels could have significant effects on one-carbon metabolism and may be 

related to disease susceptibility or resistance. Therefore, the effects of a low folate 

status on MTHFDl expression at both the transcriptional and translational level 

was investigated to determine if such a regulation could have an impact on normal 

MTHFDl function, with possible deleterious effects. The main role of MTHFDl 

is in providing 10-formylTHF and 5,10-methyleneTHF for de novo purine and 

thymidylate synthesis, respectively, and thus in the biosynthesis o f DNA (Hum et 

al., 1988). Therefore, any disruption to its expression could be particularly 

significant in times of increased demand on DNA synthesis, such as during 

embryonal development.

An in vitro cell model for investigation o f the effects of folate status was 

initially established. Cell culture conditions relating to both folate deficiency and 

sufficiency were investigated by proliferation rate analysis. HEK-293 cells were 

cultured either in the absence o f folate (deficiency) or supplemented with 50 nM 

5-formyltetrahyrdofolate (sufficiency) for four days prior to proliferafion analysis 

compared to cells in complete media (2.6 |.iM or 10 |aM folate) for an additional 

four days. Cells cultured under folate deficient conditions displayed signs of 

proliferation inhibifion after six days in culture and had an overall proliferafion 

rate that was 30% that of cells in complete media (Figure 6.3). Continuous culture 

in the absence of folate resulted in growth arrest and decreased cell viability, 

which hampered further experimental investigations. On the other hand, cells 

cultured in the presence o f 50 nM folate proliferated at a rate similar to those in
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complete media (Figure 6.4) and, therefore, this concentration o f folate was 

sufficient to sustain normal HEK-293 cellular growth and functions in a more 

physiologically relevant concentration than that of normal culture media.

The activity o f the MTHFDl promoter was compared in normal (10 |iM) 

versus folate deficient (0 jiM) conditions by transient transfection of a 0.59 kb 

M THFDl promoter construct into HEK-293 cells and subsequent luciferase assay 

to measure transcriptional ability. Comparison o f activity between two extremes 

o f folate concentration was chosen to maximise the chance o f observing an effect 

before further analysis to investigate more physiologically relevant folate 

conditions. However, results were inconsistent across repeat experiments with 

promoter activity sometimes greater in folate deficient conditions compared to 

normal, and other times lower (Figure 6.5). This inconsistency is likely due to the 

transient nature of the assay, which only represents the effects on transcription 

over the 24-hour span o f the assay and, therefore, is not informative with regard to 

overall effects of folate deficiency on gene expression. It is possible that 

differences observ'ed in this time-span could be related to the normal alteration of 

MTHFDl expression at different stages of the cell cycle. Therefore, analysis of 

mRNA levels by quantitative real-time RT-PCR analysis was proposed as a more 

reliable measure o f gene expression changes. A validation experiment was 

performed to identify a suitable endogenous control gene for normalisation of 

real-time result data, to ensure only true gene-specific variation in response to 

folate levels was reported. Additionally, a more physiologically relevant 

investigation o f folate status was proposed rather than comparison between two 

extreme folate conditions i.e. gene expression in the supra-physiological levels of 

folate in normal cell culture media, compared to that in the complete absence, or 

very low concentration, o f folate, which has been the approach taken in most 

previous studies.

HEK-293 cells were shown to proliferate normally in media supplemented 

with 50 nM folinic acid (Figure 6.4) and this concentration was considered as 

sufficient and suitable as the comparator for analysis o f gene expression changes. 

For the analysis, cells were cultured in media with 50 nM folinic acid for one 

week to correspond to folate sufficient conditions that are physiologically 

relevant. Cells were then cultured in the absence of folate for a period o f two
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weeks, with samples collected at Day 0, 3, 6, 8, 10, 12, and 14 for analysis o f the 

effects o f different degrees o f folate depletion. Such an analysis o f samples at 

different time points over the course of folate depletion allowed the monitoring o f 

changes in expression across varying degrees o f folate depletion, ranging from 

sufficient at the beginning, to sub-optimal, to deficient by the end o f the analysis. 

This provided a suitable system for the detection of a potential regulatory 

response mechanism to folate status.

Decline in cellular folate levels was confirmed by intracellular folate assay. Folate 

levels decreased by more than half to 48% that at Day 0 in the first week of folate 

depletion, and decreased further to approximately 15% that o f Day 0 in the second 

week (Table 6.4). Very little difference in folate levels was observed between 

days 10 and 14, indicating that cells at this degree o f depletion retain a certain 

amount o f intracellular folate. This also suggests that any differences in gene 

expression between these samples are not likely the direct effect of folate. 

However, they could be related to the build-up o f a folate metabolite, such as 

homocysteine, during folate depletion that is involved in the regulation o f gene 

expression.

MTHFDl gene expression was not significantly regulated in response to 

cellular folate status in this study. Although a non-significant trend towards up- 

regulation o f gene expression at the end stages of the analysis was observed 

(Figure 6.8). Similarly, MTHFDl was not one of those genes reported as 

regulated in the small number o f previous studies investigating the effects of 

folate deficiency on gene expression (Table 6.1; Jhaveri et al., 1999; 

Courtemanche et al., 2004; Crott et al., 2004; Katula et al., 2007). However, a 

noficeable increase in MTHFDl protein expression was observed by day 14 of the 

folate depletion time course. This could be the result of the slight increase in 

M THFDl gene expression levels, coupled with regulation at the translafional level 

in response to folate depletion. A large number of mRNAs are regulated following 

binding of elements in their 5' and 3' UTRs, which influence the rate of 

translation and certain nutrients have been shown to be involved in the binding of 

protein factors to such elements to control expression (Clarke & Abraham, 1992; 

Kuhn & Hentze, 1992). Therefore, a similar mechanism could be involved in the 

regulation of expression by folate or a folate metabolite at the translational level.
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The main function of MTHFDl is the provision o f 2 moles o f the 10-formylTHF 

folate co-factor for every mole o f purine ring synthesised (Appling, 1991). An up- 

regulation of MTHFDl in response to folate depletion could be a response 

mechanism to direct the limited one-carbon units available towards purine 

synthesis and DNA production. As with all in vitro cell model investigations, it 

should be noted that metabolic observations and molecular effects in culture 

might not reflect the in vivo situation, which is undoubtedly more sophisticated 

and complex. Also, the effect could be specific to the cell type investigated, which 

was a transformed human embryonic kidney cell line. It is likely that different 

effects will be observed in different cell types and at different developmental 

stages. Other studies have identified both cel! type and age specific effects o f 

folate deficiency on gene expression (Crott et al., 2004; Hayashi et al., 2007). 

Therefore, further investigation is required to fully determine the effect o f folate 

status on MTHFDl expression, especially in relation to the observed up- 

regulation o f translation and the mechanism by which this could occur. Also, it is 

necessary to detemiine whether folate is the factor responsible for regulation or a 

related metabolite or end product of folate deficiency, such as homocysteine.

Nutritional control o f gene expression could be responsible for co

ordinated regulation of a number o f genes within the same pathway. Therefore, 

the expression o f a number o f folate-related genes was investigated along with, 

that o f M THFDl. The genes investigated were MTHFDlL, MTHFDl, DHFR, 

FRa, MTHFR, c-SHMT, and TS. An initial in silico comparison between the 

regulatory regions of these genes did not reveal any obvious conserved sequence 

motif that would represent a putative folate response element. However, it is 

likely that the identificafion of such an element would require a more 

sophisticated algorithm for prediction, especially if such an element is short in 

sequence and binding to non-consensus versions can occur in some genes.

The expression o f these genes was investigated by real-time RT-PCR analysis in 

conjunction with that o f M THFDl in RNA samples from the previously described 

in vitro model o f folate depletion. Although, MTHFDl was not significantly 

regulated in response to folate deplefion, the expression of a number o f the other 

folate-related genes was affected by folate status.
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Significant expression changes were not identified before Day 6 of the time 

course. From this degree of folate depletion onwards, a number o f observations 

indicate certain folate-related genes are co-ordinately regulated to adapt to the 

changing folate status o f the cell. Both MTHFDIL  and MTHFD2, the 

mitochondrial homologues o f cytoplasmic M THFDl, were significantly up- 

regulated at Day 6. MTHFDIL encodes a mono-functional mitochondrial enzyme 

with 10-formylTHF synthetase activity (Prasannan et al., 2003). This enzyme 

interconverts 10-formylTHF to formate and THF and, is believed to funcfion in 

the supply o f formate to the cytoplasm for conversion to 10-formylTHF by 

MTHFDl and subsequent purine production (Christensen et al., 2005; Figure 6.2). 

Thus, this up-regulafion of expression is consistent with directing available one- 

carbon units towards DNA synthesis. The MTHFD2 gene encodes a bi-ftinctional 

mitochondrial enzyme with 5,10-methyleneTHF dehydrogenase and 5,10- 

methenylTHF cyclohydrolase activities and is only expressed in embryonic 

tissues or transformed cell lines, indicating that it is essential during periods of 

increased proliferation (Mejia & MacKenzie, 1985). Cofactor change fi'om 

NADP" (for MTHFDl) to NAD^ (for MTHFD2) is believed to shift the 

equilibrium to favour the production of 10-formylTHF in the mitochondria 

(Pelletier & MacKenzie, 1995). An up-regulation o f this enzyme could be related 

to an increased provision of 10-fonnlyTHF to MTHFDIL, which would 

ultimately result in increased purine synthesis in the cytoplasm.

At Day 8, MTHFDIL and TS are both up-regulated, which is again consistent with 

directing available one-carbon units towards DNA synthesis, since TS encodes the 

enzyme responsible for de novo thymidylate synthesis and significant up- 

regulation o f this gene continues at Day 10.

Significant down-regulation o f both DHFR and c-SHMT expression is evident at 

Day 12 and Day 14. c-SHMT encodes the enzyme responsible for the conversion 

of serine and THF to the 5,10-methyleneTHF co-factor necessary for both the 

remethylation and DNA cycles (Figure 6.1). The DHFR enzyme is responsible for 

the conversion o f dihydrofolate (either from folic acid or as a by-product fi'om 

thymidylate synthesis; Figure 6.1) back to the active THF co-factor for further 

one-carbon reactions. A significant down-regulation of M THFDl is also observed 

at Day 14 and these are likely to reflect the initial effects of the more extreme 

degree o f folate depletion at these time-points.
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The MTHFR gene was not regulated along with the other folate-related 

genes during the folate depletion time course. The MTHFR enzyme occupies a 

pivotal position in the folate cycle, controlling the supply o f one-carbon units, in 

the form of 5,10-methylenetetrahydrofolate, to both the remethylation cycle and to 

the production o f thymidylate. Therefore, control of its expression would be likely 

to influence the direction o f one-carbon units towards those folate-related 

reactions o f most importance at the time. It is possible that its expression is not 

affected, since altered expression of the other folate-related genes ensures that it 

receives adequate supply of its 5,10-methyleneTHF co-factor. Likewise, alteration 

o f MTHFDl expression might not be observed since up-regulation of its 

mitochondrial homologues (MHTFD2 and MTHFDlL) maintains adequate supply 

o f formate to the MTHFDl enzyme for both 10-formylTHF and 5,10- 

methyleneTHF production for purine and thymidylate synthesis, respectively.

FRa  was also not significantly regulated during the folate depletion time course, 

although a trend towards up-regulation was observed with increasing depletion. 

This was a surprising result since the up-regulation o f F R a  during folate 

deficiency is a widely reported finding and is often the marker of folate 

deficiency. However, it has not been consistently reported in all cell types 

(Hayashi et al., 2007) and it is possible that this does not occur in the cell type or 

developmental stage (embryonic) investigated.

Replication of these findings and further analysis o f the effects o f sub- 

optimal folate levels on gene expression in different cell types and at different 

stages o f development are required to fully characterise these associations and 

their relevance in vivo. Also, investigations o f the effect o f folate depletion at the 

translational level o f these, and other, folate-related genes would be of interest to 

determine if the observed up-regulation in MTHFDl translafion is related to a 

folate responsive control mechanism.
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Figure 6.1 Overview of Folate Metabolism and Functions 
(adapted from Thurnham et al., (2000) Water-soluble Vitamins; Chapter 14, In Human 

Nutrition & Dietetics, 10**" Edition, by Garrow, James & Ralph).

The range of folate co-factors are involved in the provision of one-carbon units 

towards two major biochemical pathways in the cell. Both the methylation cycle, 

for the remethylation of homocysteine to methionine and subsequent production 

of the universal methyl donor, S-adenosylmethionine (SAM), and the DNA cycle, 

for de novo thymidylate and purine synthesis and subsequent DNA production 

and cell replication.
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Figure 6.2 Cell Compartmentalisation of MTHFD Enzymes between 
the Cytoplasm and the Mitochondria.

(adapted from Christensen et al. J. Biol. Chem. 2005)

The MTHFD family consist of a tri-functional cytoplasmic enzyme (M THFD 1) 

with three enzyme activities -  5,10-methylenetetrahydrofolate dehydrogenase (D), 

5 ,10-methenyltetrahydrofolate cyclohydrolase (C), and 10-formyltetrahydrofolate 

synthetase (S); a bi-functional mitochondrial enzyme (MTHFD2) with D and C 

activities, only expressed in embryonic or transformed cells; and, a m ono

functional mitochondrial enzyme (MTHFD IL) with only S activity. The 

mitochondrial enzymes are believed to function in the provision o f 10- 

formyltetrahydrofolate and/or formate to the cytoplasmic enzyme for purine 

synthesis.
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Figure 6.3 Proliferation Rate of Cells under Complete versus Folate
Deficient Conditions

HEK -293 cells were cultured in com plete D M EM  m edia (10 |xM folate) or folate 

deficient DM EM  m edia (0 |a.M folate) for four days and proliferation rates were 

com pared by growth curve analysis. The doubling rate was calculated as every 

13.5 hours for cells in com plete m edia and every 44.5 hours for cells in folate 

deficient m edia and, therefore, these rates are not correlated, R ' = 0.47; p  = 0.2.
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Figure 6.4 Proliferation Rate of Cells under Complete versus Folate
Sul^cient Conditions

HEK-293 cells were cultured in complete RPMI-1640 media (2.6 |XM folate) or 

folate sufficient RPMI-1640 media (50 nM foiinic acid) for four days before 

growth curve analysis over a 96-hour period. Cells in complete media had a 

doubling rate o f 23 hours and cells in folate sufficient media had a doubling rate 

of 21.4 hours, and these rates were significantly correlated R“ = 0.99; p  = 0.002. 

Therefore, a concentration of 50 nM folate is optimal for normal cell growth.
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Figure 6.5 MTHFDl Promoter Activity under Different Folate Conditions

Differences in MTHFDl  promoter activity were investigated by transient 

transfection of a 0.59 kb MTHFDl  promoter construct into HEK-293 cells under 

complete (10 p.M folate) versus folate free (0 |J,M) culture conditions and 

transcriptional activity was then measured by luciferase assay. Inconsistent results 

were observed across replicate experiments, possibly due to the transient nature of 

the analysis.
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Intracellular Folate Assay
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Figure 6,6 Intracellular Folate Concentration of Samples during a 
Folate Depletion Time-Course Analysis

HEK-293 cells were cultured in folate sufficient conditions (50 nM) for one week 

prior to folate depletion over the following 14 days. The change in the 

intracellular folate concentration of samples from Days 0, 6, 8, 10, 12, and 14 of 

the time-course experiment, measured by the Lactobacillus rhamnosus 

microbiological assay, are shown. The amount of folate decreased greater than 

50% in the first week, from 1.65 ng/10'^ cells at Day 0 to 0.78 ng/10‘̂ cells at Day 

6. A further decrease to 0.25 ng/lO'*’ cells was observed by Day 8 and thereafter 

the concentration remained within the range of 0.18 -  0.2 ng/10'*’ cells.
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Endogenous Control Gene Analysis
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Figure 6.7 Endogenous Control Gene Analysis

Eleven different endogenous control genes were investigated using the TaqM an®  

Hum an Endogenous Control G ene Plate from  Applied B iosystem s, to identify the 

control gene least affected by experim ental conditions and m ost suitable for real

tim e PCR norm alisation in cD N A  sam ples o f interest. The genes included were 

18S rRNA , A cidic R ibosom al Protein (PO), Beta-actin (PA), C yclophilin (CYC), 

G lyceraldehyde-3-phosphate dehydrogenase (GA PD H ), Phosphoglycerokinase 

(PGK ), P2-M icroglobulin  (Pi-m ), P-G lucuronidase (GUS), H ypoxanthine ribosyl 

transferase (H PR T), TA TA  Binding Protein (TBP), and Transferrin receptor 

(TfR). Changes in the expression o f  these genes were evaluated across four 

different cD N A  sam ples o f interest, w ith Day 0 as the calibrator sam ple to which 

expression in Day 3, D ay 8 and D ay 14 sam ples were com pared. GUS 

endogenous control gene (m arked w ith star) displayed the least am ount o f 

variation and was chosen as the m ost suitable for norm alisation o f sam ples in the 

analysis o f the effects o f folate depletion on gene expression.
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MTHFDl Gene Expression
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Figure 6.8 Relative MTHFDl  Gene Expression during Folate Depletion

MTHFDl  mRNA levels from samples at seven different time-points in an 

investigation of the effects of folate depletion were quantified by real-time RT- 

PCR analysis. Samples were assayed in triplicate and MTHFDl  gene expression 

was expressed relative to that of the Day 0 calibrator sample. No significant 

difference in MTHFDl  mRNA levels were observed over the course o f folate 

depletion, p = 0.24.
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MTHFDIL Gene Expression
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Figure 6.9 Relative MTHFDIL  Gene Expression during Folate Depletion

MTHFDIL  gene expression was compared between samples from seven different 

time-points in a folate depletion time course analysis. The Day 0 sample was 

chosen as the calibrator for the relative quantification o f gene expression. All 

samples were assayed in triplicate. A significant difference in MT HF DI L  mRNA 

levels between different samples was identified by one-way ANOVA, p  = 0.0012. 

A post-hoc test determined samples at Day 6 and Day 8 (red data points) were 

those contributing to this difference when compared to the Day 0 sample.
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MTHFD2 Gene Expression
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Figure 6.10 Relative MTHFD2 Gene Expression during Folate Depletion

The expression of the MTHFD2  gene in cells subjected to folate depletion over a 

two-week time course was analysed by quantitative real-time RT-PCR. Gene 

expression in samples from different time points was expressed relative to that of 

the Day 0 sample. A significant difference in MTHFD2  gene expression was 

identified between samples, using one-way ANOVA, p  = 0.011. Post-hoc testing 

revealed that, when compared to the Day 0 calibrator, samples from Day 6 and 

Day 14 (red data points) are the source of this difference. A significant up- 

regulation of expression is observed by Day 6, followed by down-regulation in the 

remaining samples, reaching statistical significance at Day 14.
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Figure 6.11 Relative F R a  Gene Expression during Folate Depletion

A significant regulation of Folate Receptora {FRa) gene expression was not 

observed between samples analysed at different time-points throughout a two- 

week analysis of changes in gene expression from folate sufficient to deficient 

conditions, p = 0.63.
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DHFR Gene Expression
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Figure 6.12 Relative DHFR Gene Expression during Folate Expression

Dihydrofolate reductase {DHFR)  mRNA levels were quantified at different time- 

points throughout a two-week folate depletion time course and expressed relative 

to the Day 0 sample. Differences between sample groups were compared by one

way ANOVA, with Dunnett’s post-hoc test. A significant difference was 

identified across sample groups, p  = 0.07, with those at Day 12 and Day 14 (red 

data points) contributing most to this result when compared to samples at Day 0.
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MTHFR Gene Expression
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Figure 6.13 Relative MTHFR Gene Expression during Folate Depletion

The expression of the Methylenetetrahydrofoiate reductase {MTHFR)  gene was 

not significantly regulated in response to folate depletion over a two-week period, 

p  = 0.25.
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c-SHMT Gene Expression
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Figure 6.14 Relative c-SHMT Gene Expression during Folate Depletion

Comparison of cytoplasmic-serinehydroxylmethyltransferase {c-SHMT) gene 

expression in HEK-293 cells cultured in folate deficient conditions for two weeks 

was performed by relative quantification of mRNA levels Day 0 as the calibrator 

sample. This gene was significantly regulated in response to folate depletion, p  = 

0.012, and samples from Day 12 and Day 14 are the source of this significant 

difference.
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TS Gene Expression
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Figure 6.15 Relative TS Gene Expression during Folate Depletion

Thymidylate synthase (TS) gene expression was significantly up-regulated during 

folate depletion, p  = 0.007. Expression changes in samples at Day 8 and Day 10 of 

a folate depletion time course are those contributing most to this observation, 

when compared to the Day 0 calibrator sample.
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MTHFDl (CDKN-lBeta)
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Figure 6.16 Relative MTHFDl Gene Expression with a Non-Validated
Endogenous Control Gene

The importance of normalisation of real-time PCR results data with the 

appropriate endogenous control gene was illustrated following the use of a non

validated control gene for normalisation, which resulted in a false positive 

finding. Analysis o f MTHFDl mRNA levels normalised to cyclin-dependent 

kinase inhibitor-ip (CDKN-lp) control gene indicated that levels are significantly 

regulated in response to folate deficiency {p -  0.02). However, when normalised 

to the validated control gene, GUS, a statistically significant association was not 

idenfified {p = 0.24; Figure 6.8).
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Figure 6.17 Relative FRa Gene Expression with a Non-Validated 
Endogenous Control Gene

The use o f  a non-validated endogenous control gene for normalisation o f  real-time 

PCR data produced a result that was not observed when an appropriate validated 

control gene was used for nonnalisation. Folate Receptor a  mRNA levels at 

different time points in a folate depletion time course were significantly regulated 

when normalised to cyclin-dependent kinase inhibitor-ip (CDKN-1|3) control 

gene expression (p = 0.005) but not when a suitably validated control gene (GUS) 

was used (p = 0.63; Figure 6.11).
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Figure 6.18 Western Blot for MTHFDl expression

HEK-293 cells were cultured for one week in folate sufficient (50 nM) media and 

then cultured in the absence o f folate for two weeks, to monitor the effects o f 

folate depletion on MTHFDl expression. Protein samples fi'om Days 3, 6, 8, 10, 

12, and 14 were analysed by Western blotting and probed with antibodies against 

both MTHFDl and P-Actin. The presence o f 101 kDa MTHFDl protein was 

confirmed in all samples.
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Figure 6.19 Relative Expression of the MTHFDl enzyme 
during Folate Depletion

MTHFDl enzyme expression levels at six different time points during a folate 

depletion time course experiment were analysed by Western blotting. Results 

were normalised to P-Actin expression and the relative change in MTHFDl 

expression is shown for samples at each time point. A noticeable up-regulation of 

protein expression is observed at Day 14 o f the time course.
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Figure 6.20 Relative Expression of the M TH FDl enzyme during Folate 
Depletion without normalisation to P-Actin.

The M THFDl enzyme expression levels during a folate depletion time course 

were reanalysed without normalisation to P-Actin expression, since this was a 

non-validated control, and the relative change in M THFDl expression is shown 

for samples at each time point. An up-regulation o f  protein expression is still 

observed at Day 14 o f the time course.
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Table 6.1 Previous Studies Investigating the Effect of Folate Deficiency on Gene Expression

Study In vitro/ 
in vivo

Cell Type Folate C onditions No. o f G enes «& 
Type o f A nalysis

Effect on F o late-R elated  G ene 
Expression

C aveats

Jhaveri et al.. In vitro Human 2 (.iM versus 2 - 1 0 ~ 2,000 Expression o f  F R a “ up-regulated at mRNA N orm alised F R a
2001 nasopharnyngeal 

epidermal 
carcinom a KB cell

nM folate. Time in 
culture not stated.

Human Oncochip 
cDNA Array

and protein level during folate deficiency. 
Other folate genes not affected.

expression to non
validated P-actin  
endogenous control gene.

Courtemanche In vitro Human T 3 |.iM versus 0 nM - 7 0 0 M THFD2 expression was up-regulated; c- Supplem ented cells with
et al., 2004 lymphocyte cell 

line
& 12 nM folic acid 
for 10 days

Stress & Aging 
cDNA array

SH M T  and TS expression were down- 
regulated during folate deficiency.

folic acid (12 nM), which 
has low bioavailability to 
cells in culture.

Crott et al., 
2004

In vivo Rat colonic 
mucosal cells

Normal (8 mg/kg 
folate) or folate 
free (0 m g'kg) diet 
for 20 weeks

> 9,000
Human oligo array

Expression o f  folate genes not affected by 
folate deficiency.

Katula et al., 
2007

In vitro Human dermal 
fibroblast cell line

2.6 |iM versus 
O^M folate for 1 
week

-17 ,000  
Human oligo 
microan'ay

Only Expression o f  TS up-regulated 1.5 fold 
during folate deficiency.

Hayashi et al.. In vitro Human colon 2.6 [iM versus 14 genes MTR, M TRR  & DHFR  dow n-regulated and Used non-validated
2007 adenocarcinom a 

cell lines (H C Tl 16 
and Caco2)

Of.iM folate for 20 
days

Quantitative real
time RT-PCR 
analysis

FPGS  up-regulated in both cell lines during 
folate deficiency. In Caco2, c-SH M T  up- 
and M THFR  expression down-regulated 
during deficiency. In H CTl 16, F R aSc  
M THFR  expression up- and c-SHM T, TS & 
RFC  down-regulated during folate 
deficiency.

control gene for 
quantitative real-tim e RT- 
PCR normalisation. 
Analysed results fi'om raw 
exponential Ct values.

 ̂ Abbreviations: Folate receptor a  (FRa)', 5,10-m ethylenetetrahydrofolate dehydrogenase; 5,10-inethenyltetrahydrofolate cyclohydrolase; 10-form yltetrahydrofolate synthetase 
{MTHFD2),  cytoplasm ic serinehydroxym ethyl transferase (c-SHM T), thymidylate synthetase (TIS); M ethionine synthase {MTRy,  M ethionine synthase reductase {MTRRy,  
Dihydrofolate reductase {DHFRy  Folylpolyglutamyl syntase (FPGS)', M ethylenetetrahydrofolate reductase (MTHFRy,  Reduced folate carrier (RFC).
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Table 6.2 Comparison between Normal and Folate Deficient 
DMEM Cell Culture Media.

N orm al D M E M  g/L__________ F olate D eficient DM EM  g/L  .

COMPONENT
IN O R G A N IC  SALTS
CaCl2.2H:0 0.265 0.265
F e ( N 0 3 ) 3 . 9 H 2 0 0.0001 0.0001
M g S 0 4 0.098 0.098
KCl 0.4 0.4
NaH CO , 3.7 -

NaCI 6.4 6.4
N a H 2 P 0 4 0.109 0.109

A M IN O  ACIDS
L-Arginine.HCl 0.084 0.084
L-Cystine.2HCL 0.063 0.063
L-Glutamine - -

Glycine 0.03 0.03
L-Histidine.HCl.H 2O 0.042 0.042
L-Isoleucine 0.105 0.105
L-Leucine 0.105 0.105
L-Lysine.HCl 0.146 0.146
L-M ethionine 0.03 0.03
L-Phenylalanine 0.066 0.066
L-Serine 0.042 0.042
L-Threonine 0.095 0.095
L-Tryptophan 0.016 0.016
L-Tyrosine.2 N a.2 H2O 0.104 0.104
L-Valine 0.094 0.94

V ITA M IN S
Choline Bitartrate 0.004 0.004
Choline Chloride 0.004 0.004
Folic Acid 0.004 -

m yo-lnositol 0.007 0.007
Niacinamide 0.004 0.004
D-Pantothenic A cid .l/2C a 0.004 0.004
Pyridoxine.HCI 0.004 0.004
Riboflavin 0.0004 0.0004
Thiamine.HCI 0.004 0.004

O T H E R
D-Glucose 1.0 1.0
Phenol Red (Na) 0.016 0.016
Pyruvic acid (Na) 0.11 0.11

ADD
N aH CO j - 3.7
L-Glutamine 0.584 0.584
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Table 6.3 Comparison between Normal and Folate Deficient 
RPMI-1640 Cell Culture Media.

Normal RPMI-1640 g/L Folate Deficient RPlVlI-1640 g/L

COMPONENT
INORGANIC SALTS
C a (N 0 3 )2 .4 H 2 0 0.1 0.1
M gS 0 4  (anhydrous) 0 .049 0.049
KCl 0.4 0.4
N aH C O j 2 .0 -

N aCI 6.0 6.0
N a 2H P 0 4  (anhydrous) 0.8 0.8

AM INO ACIDS
L -A rgin ine 0.2 0.2
L -A sparag ine (anhydrous) 0.05 0.05
L -A spartic  A cid 0.02 0.02
L -C ystine.2H C L 0.065 0.065
L -G lu tam ic A cid 0.02 0.02
L -G lutam ine 0.3 -

G lycine 0.01 0.01
L -H istid ine 0.015 0.015
H droxy-L -P ro line 0.02 0.02
L -lso leucine 0.05 0.05
L -L eucine 0.05 0.05
L -L ysine.H C l 0.04 0.04
L -M eth ion ine 0.015 0.015
L -P henylalan ine 0.015 0.015
L -Proline 0.02 0.02
L-Serine 0.03 0.03
L -T hreonine 0.02 0.02
L -T ryptophan 0.005 0.005
L -T yrosine.2 N a.2 H2O 0.029 0.029
L -V aline 0.02 0.02

VITAMINS
D -B iotin 0.0002 0.0002
C holine C hloride 0.003 0.003
Folic  A cid 0.001 -

m yo-lnosito l 0.035 0.035
N iacinam ide 0.001 0.001
p-A m ino  B enzoic A cid 0.001 0.001
D -Panto then ic  A c id .l/2 C a 0.00025 0.00025
Pyridoxine.H C l 0.001 0.001
R iboflavin 0.0002 0.0002
T hiam ine.H C l 0.001 0.001
V itam in B-12 0 .000005 0.000005

OTHER
D -G lucose 2.0 2.0
G lu ta th ione  (reduced) 0.001 0.001
Phenol Red (sod ium ) 0.0053 0.0053

ADD
N aH C O j - 2.0
L -G lutam ine — 0.3
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Table 6.4 Intracellular Folate Concentration of Samples from Different 
Days in a Folate Depletion Time-Course Analysis

Sample Intracellular Folate Concentration 

(ng per 10̂  cells ± SD)

Percentage Folate 

compared to Day 0

Day 0 1.65 ±0.03 100%

Day 3 0.25‘̂ ±0.002 15.2%

Day 6 0.78 ± 0.04 Al.3%

Day 8 0.25 ± 0.006 15.2%

Day 10 0.18 ±0.025 10.9%

Day 12 0.2 ± 0.02 12.1%

Day 14 0.2 ± 0.03 12.1%

“ Result from a repeat assay on a different day and with possible degradation of 
folate present due to storage conditions. Therefore, this cannot be included as a 
reliable sample result.
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Chapter 7 

Discussion



7.1 Overall Discussion
Nutritional genomics is the study o f diet-gene interactions and how these can 

affect the balance between health and disease. Research in this area seeks to 

determine how nutrients can directly, or indirectly, influence the expression of genes, 

the effects of genetic variation on nutrient utilisation, metabolism, and storage, and 

how these effects are involved in the susceptibility or resistance to com mon complex 

diseases. Completion of the Human Genome Project, ongoing cataloguing of DNA 

sequence variation therein, and advancing genomic technologies are the key factors 

enabling these investigations and research in this area is expected to continue to 

progress rapidly in the coming years. The ultimate aim o f these investigations is to 

optimise individual nutrition according to nutritional requirement, nutritional status 

and genotype, and provide dietary intervention to promote health and prevent the 

development and/or progression of common disease (Kaput & Rodriquez, 2004; 

Stover, 2006).

Genome-nutrient interaction is especially evident in relation to the B vitamin 

folate. Folate has a reciprocal relationship with the genome, since folate metabolism 

is essential for DNA synthesis and the maintenance of genome stability, and folate 

status can be affected by genetic variation in certain genes (Stover & Garza, 2002). 

Folate deficiency and disruptions to folate metabolism have been correlated with 

many common diseases and congenital anomalies and, in some cases, 

supplementation with folic acid can prevent or overcome these conditions, making it 

an ideal candidate for disease prevention studies. Severe folate deficiency is now 

relatively rare in the developed world but it is believed that many individuals may 

have a sub-optimal folate status due to insufficient folate in the diet and/or the 

presence of genetic variants in folate-related genes. A sub-optimal folate status is 

also a risk factor for a range of common diseases but little is currently known of the 

underlying molecular mechanisms involved, although investigation in this area is 

more relevant on a population-wide scale than the effects o f severe folate deficiency. 

Genetic variations can disrupt normal folate metabolism and related functions and 

contribute to the pathogenesis of a number of common conditions, such as NTDs. 

For example, the MTHFR 6 7 7 C ^ T  polymorphism is a well-established risk factor 

for NTD development and may also play a role in other common diseases, such as 

cardiovascular disease and colon cancer (Ueland et al., 2001). The reduced MTHFR
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enzyme activity associated with the T allele disrupts folate co-factor distribution and 

increase disease risk when folate intake is low. The R653Q polymorphism in the 

trifunctional cytoplasmic MTHFDl enzyme is another common variant associated 

with disease risk and has been identified as a maternal risk factor for NTDs, abruptio 

placentae and mid-trimester miscarriage (Brody et al., 2002; Parle-McDermott et al., 

2005(a); Parle-McDermott et al., 2005(b); Parle-McDermott et al., 2006). However, 

this polymorphism does not alter circulating adult folate or homocysteine levels and 

its underlying functional effect has not been elucidated to date. The production of 

both the 5,10-methyleneTHF and 10-formylTHF co-factors by the MTHFDl enzyme 

is essential for thymidylate and purine synthesis, respectively, and the disease risks 

associated with the R653Q polymorphism highlight the importance o f MTHFDl for 

normal pregnancy outcome. Therefore, further investigations were necessary to 

provide an understanding of factors affecting the normal function and expression of 

this important enzyme. Examination of MTHFDl at the gene expression level was 

the focus of this thesis, and investigations sought to characterise normal gene 

expression and regulation, determine the effects of folate status on the expression of 

both MTHFDl and other folate genes, identify independent genetic risk factors for 

NTD and establish whether the disease associated R653Q polymorphism impacts on 

gene expression. The promoter of a gene is responsible for the precise control of 

expression and, hitherto, the MTHFDl promoter had not been characterised and little 

was known regarding the expression of this important gene.

Summary of Results

In Chapter 3, a combination of in silico prediction and experimental 

investigation were applied for the novel characterisation of general promoter features 

associated with the human MTHFDl gene. Investigation of the M THFDl core 

promoter region revealed it does not contain a TATA box or an Initiator core 

promoter element and transcription is initiated at multiple start sites within a 126 bp 

window in the upstream gene region. Three major transcription start sites (TSSs) 

occur at positions -100, -72, and -68, relative to the translation start codon. Similar 

patterns of initiation were identified between different individuals and different 

tissue types (lymphocyte and placenta) and an alternate exon is not present further 

upstream, which indicates that a single mRNA primary transcript o f ~3 kb is 

transcribed in all cells. This type of TATA-less promoter with multiple start sites is
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similar to that found in other folate-related genes, including thymidylate synthase 

and reduced folate carrier (Dong et al., 2000; Gong et al., 1999), and is also similar 

to the promoter controlling rat M thfdl expression (Howard et al., 2003).

The core promoter is the region surrounding the TSSs, responsible for directing the 

initiation o f transcription, whereas the region containing the additional regulatory 

elements necessary for activated and sustained transcription in vivo can extend 

several kilobases upstream, or even downstream. Promoter activity studies revealed 

that a region >0.11 kb upstream is necessary for activated transcription o f the 

M TH FD l gene and high levels o f transcription can be induced up to 2 kb upstream. 

In particular, the region between 100 and 600 bp upstream supports the highest levels 

o f  M TH F D l transcription. A CpG island spans the promoter region from 1 kb 

upstream into the first 400 bp o f Intron 1 and correlates to a region o f  regulatory 

importance. CpG islands are short dispersed regions, usually at the 5' end o f genes, 

with a relatively high frequency o f the CG dinucleotide that are uncharacteristically 

unmethylated (Antequera & Bird, 1993). They are associated with almost all 

‘housekeeping’ genes and give rise to open and active chromatin to allow 

transcriptional activation and constitutive expression (Kundu & Rao, 1999). They 

generally contain a number o f GC boxes for Spl transcription factor binding and 

associated transcriptional activation (Brandeis et al.. 1994), and these Spl sites have 

also been proposed to play a role in maintaining the hypomethylated state o f the 

region (Pugh & Tjian, 1990). The presence o f a CpG island in the M TH FD l 

promoter indicates that it is constitutively expressed and that Spl TF binding is 

involved in regulating gene expression.

The promoter region contains all the information relating to expression o f the 

gene but it is the binding o f the specific set o f  transcription factors to their associated 

sequence motifs that is responsible for initiating and regulating transcription. Those 

TFs predicted to play a role in M TH FD l regulation include S p l, E2F, NRF-1 and c- 

Myc. These TFs are likely to act in a synergistic manner, and through specific 

interactions, control appropriate M TH FD l gene expression. The c-Myc TF is 

predicted to play a particularly significant role in M TH FD l transcription since cross

species alignment with rat and mouse M thfdl upstream regions revealed a conserved 

E-box motif; the binding site that is associated with activation o f transcription by c- 

Myc and its associated factor. Max. Cross-species conservation signifies the
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importance o f this promoter feature, since nucleotide sequences that are actively 

conserved throughout evolution are more likely to be functional, and therefore, 

binding of the associated c-Myc-Max pair is predicted to play an important role in 

MTHFDl transcription. Functionality is also supported by the identification o f c- 

Myc-Max binding to the MTHFDl upstream region in a recent large-scale promoter 

binding analysis (Mao et al., 2003). c-Myc can play a role in recruiting the general 

transcription factors, TBP and TFIIF, to the core promoter for the initiation of 

transcription (McEwan et al., 1996; Hermann et al., 2001) and could be responsible 

for this process in the absence of a TATA box or an Initiator element in the 

MTHFDl promoter. The Spl TF has also been associated with the recruitment of 

TBP in the absence of a specific core promoter element (Pugh & Tjian, 1990) and 

can also synergistically interact with c-Myc-Max to initiate transcriptional activation 

(Kyo et al., 2000). It is possible that these TFs interact in recruiting the general 

transcription factors to the MTHFDl core promoter and, thereby, assist in initiating 

transcription.

The E2F family o f TFs are also believed to play a role in regulating MTHFDl 

expression. In Chapter 3, multiple E2F consensus sites were identified in the 

upstream gene region and empirical evidence from other recent large-scale promoter 

studies (Weinmann et al., 2001; Ren et al., 2002; Cam et al., 2004) indicates that 

E2F1, E2F4, and the associated p i30 pocket protein, bind to the MTHFDl upstream 

region. E2F binding to the MTHFDl promoter suggests cell cycle-regulation of 

MTHFDl expression. Although it is a constitutively expressed gene, alternate 

binding of E2F1 and E2F4 would induce different levels of expression at the 

appropriate cell cycle stage, with up-regulation in S phase (E2F1), which is 

consistent with the role of MTHFDl in the provision of nucleotides for DNA 

synthesis, followed by down-regulation in Go and Gi phases (E2F4). NRF-1 is 

associated with activation of E2F-regulated genes, including M THFDl, (Cam et al., 

2004) and is expected to bind to its predicted consensus binding site in the MTHFDl 

promoter region and activate transcription further. E2F1 can also associate with Spl 

(Karlsleder et al., 1996; Huang et al., 2001) and interaction between these factors 

could be involved in MTHFDl regulation. Binding of this specific set of 

transcription factors, and possibly others, to the MTHFDl promoter region is likely 

to synergistically activate and control appropriate expression of the MTHFDl gene.
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All these regulatory factors combine to provide the observed high level of 

MTHFDl transcription, allowing sufficient translation of the MTHFDl enzyme. 

Accurate MTHFDl expression is necessary for normal DNA synthesis and cellular 

proliferation, and this is even more critical during periods of rapid cell proliferation 

and increased demand for DNA synthesis, such as embryonal development. 

Disruption of normal gene expression could have a significant effect on normal 

function, with associated consequences. DNA polymorphisms can cause such 

disruption and many studies have shown how polymorphisms in important regulatory 

regions can interfere with transcriptional mechanisms and affect normal gene 

expression (Hoogendoorn el al., 2003; Mandola et al., 2003; De Gobbi et al., 2006). 

Three common SNPs within the MTHFDl upstream regulatory region were 

identified in Chapter 4 o f this thesis. Haplotype analysis revealed these three SNPs 

are in strong LD with each other, but are not in LD with the R653Q polymorphism. 

Therefore, the proposal that the R653Q polymorphism disease association was due to 

LD with the underlying functional variant in the promoter region was rejected. One 

of the upstream SNPs, rsl076991C ^T , is located in the core promoter region, within 

the window of transcriptional initiation, and was shown to exert a functional effect 

on MTHFDl promoter activity (Chapter 4). Luciferase reporter gene assays revealed 

that a promoter construct with the homozygous TT genotype resulted in over 50% 

loss of MTHFDl promoter activity compared to the activity o f a construct with the 

homozygous CC genotype. A trend towards lower gene expression was observed 

when differences in MTHFDl gene expression were measured by quantitative real

time RT-PCR analysis, but this did not reach statistical significance. This was 

possibly due to insufficient sample numbers and/or the existence of inter-individual 

differences in genetic background and the associated difficulty in determining subtle 

variations between different SNP genotypes. The substantial effect of this SNP on 

MTHFDl promoter activity was of interest for further investigation, since SNPs that 

exert a functional effect are those most likely to be involved in common disease. The 

link between disruptions to folate metabolism and NI'D risk is well established and, 

more specifically, variation in the MTHFDl folate enzyme, has previously been 

associated with NTD risk in the Irish population. Therefore, SNP r s l076991 C ^ T  

was investigated as a candidate polymorphism in a large NTD association study in 

Chapter 5. The large, ethnically homogenous study population consisted o f a NTD 

family triad (case, mother, father) group and a separate control group from the Irish
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population. SNP rsl 076991C->T was not associated with NTD risk/protection, nor 

did it have an effect on red cell folate or homocysteine levels, analysed in a separate 

control group. However, when this SNP was analysed in combination with the 

R653Q polymorphism, highly significant association with NTD risk was detected. 

The two-locus genotype with the highest risk in both cases and mothers was the 

rsl076991 TT/653 QQ combination. Therefore, it seems that the rsl076991 TT 

genotype, while not an independent risk factor, could contribute to the disease risk 

associated with the 653 QQ genotype. Interestingly, a significant association is 

present in both the case and maternal groups, whereas 653 QQ in isolation was 

identified solely as a maternal risk factor previously. However, further work is 

necessary to determine the exact nature o f this interaction and its relevance to disease 

risk.

Differences in SNP r s l076991 C ^ T  allele frequencies between three ethnic groups 

revealed that the T allele has the highest frequency in the Irish population and the 

lowest in the African-American population. The American-Caucasian population has 

a T allele frequency closer to that o f the Irish population but is still significantly 

lower. This pattern correlates to NTD rates, but in the absence o f a direct association 

between this SNP and NTDs it should be interpreted with caution, since the 

frequency o f many SNPs varies across different populations most often as a result o f 

population history and, therefore, cannot be taken as direct evidence o f association.

The effect o f genetic variation on folate status and metabolism in relation to 

disease risk has been an area o f significant research in recent times, but an alternative 

situation o f the effect o f folate status on gene expression has received very little 

attention. It is well known that nutrients can act as signalling molecules to modify 

both gene and protein expression to regulate fluctuating nutrient levels and maintain 

homeostasis, through direct and indirect mechanisms (Clarke & Abraham, 1992; 

Muller & Kersten, 2003). It was thus proposed that the expression o f folate-related 

genes could be regulated by a putative shared regulatory mechanism that is 

responsive to folate status. If such a mechanism was in place, identification o f gene 

expression changes in response to low levels o f folate would provide an 

understanding o f how the body responds to this nutrient status and would assist in 

determining the underlying mechanisms that contribute to disease development and 

progression. Only a small number o f studies had previously examined the effect o f
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folate status on folate-related gene expression and each focused on those effects 

relating to severe folate deficiency (Table 6.1; Jhaveri et al., 1999; Courtemanche et 

al., 2004; Crott et al., 2004; Hayashi et al., 2007; Katula et al., 2007). However, the 

collective results of these studies are inconsistent and suggestive of cell-specific 

regulation in response to folate status. The model used in these studies was the 

comparison between gene expression levels under supra-physiological folate 

conditions ( 2 - 3  )j.M folate) and complete folate deficiency (0 |j.M folate); two 

conditions that are not observed in vivo. On the contrary, the effect of a sub-optimal 

folate status on gene expression would be of more interest since, unlike severe folate 

deficiency, this is more common throughout the population and, therefore, more 

relevant in relation to health and common disease risks. A recent study also 

suggested that investigation of the effects of a sub-optimal folate status is more 

physiologically relevant than investigation of acute severe folate deficiency and 

developed a novel in vitro cell culture model to investigate the effects o f chronic 

mild folate deficiency (Brown et al., 2006).

In Chapter 6, the effect of both sub-optimal folate status and a more severe 

degree of folate deficiency were investigated by examining changes in the expression 

profiles of a number of folate-related genes. An in vitro model of folate depletion 

was initially established, where HEK-293 cells were maintained in folate sufficient 

media (50 nM S-formyltetrahydrofolate) and then depleted of folate over the course 

of two weeks to allow monitoring of changes in gene expression at different degrees 

o f folate depletion. A folate sufficient status (50 nM) was chosen as the comparator 

for gene expression changes since this represents a more physiologically relevant 

level of folate compared to the vast molar excess of folic acid (> 2 |j.M) typically 

present in cell culture media. Changes in the expression of the DHFR, FRa, 

MTHFDl, MTHFDIL, MTHFD2, MTHFR, c-SHMT, and TS genes were analysed at 

different time-points over two weeks o f folate depletion (Day 3, 6, 8, 10, 12, and 14). 

The effects of folate status on MTHFDl expression were of particular interest in 

relation to the characterisation of its promoter and factors affecting expression, and 

this was investigated at both the transcriptional and translational level. Folate status 

did not significantly affect MTHFDl mRNA levels in this study but protein levels 

were considerably up-regulated at the end of the folate depletion time-course i.e. the 

most severe degree of folate deficiency, although replication of this observation is 

necessary to determine its statistical significance. If this is a true effect, it suggests

264



that folate deficiency, either directly or indirectly, modulates the rate of MTHFDl 

translation by some regulatory response mechanism; possibly one that also regulates 

the translation of other folate-related enzymes. An up-regulation of the MTHFDl 

enzyme would be associated with ensuring adequate supply o f the 5,10- 

methyleneTHF and 10-formylTHF cofactors during times of limited folate supply, 

and could possibly be related to facilitating the repair of DNA and RNA damage that 

might occur as a result of this degree of folate deficiency. Further work is required to 

confirm the observed up-regulation, in particular, in different cell types and at 

different developmental stages. It is also of interest for future investigations to 

determine the exact nature of the regulatory mechanism and whether it is directly 

responsive to folate status or is influenced in an indirect manner, possibly through a 

folate metabolite or by-product, such as homocysteine.

Although MTHFDl gene expression was not influenced by folate status in this study, 

a number of the other folate-related genes studied were significantly regulated at 

different points throughout the time course and a hypothetical cellular response 

mechanism was proposed in Chapter 6 to account for these changes. In the model 

investigated, expression changes were identified in two phases; an initial phase 

associated with ensuring adequate provision of one-carbon units for nucleotide 

production and DNA synthesis and repair, and a second phase associated with a more 

severe degree of folate deficiency and one-carbon unit depletion. The first phase 

occurs from Day 6 -  10 of the time course, in which up-regulation of the MTHFDlL, 

MTHFDl, and TS genes is observed on at least one of the time points. Up-regulation 

of the protein products o f MTHFDlL  and MTHFD2 (the mitochondrial homologues 

of MTHFDl) would correspond to increased production of one-carbon units in the 

form of formate in the mitochondria. Formate can then be exported to the cytoplasm 

where the tri-functional MTHFDl enzyme converts it to both lO-formylTHF and 

5,10-methyleneTHF for purine and thymidylate synthesis, respectively. It is possible 

that MTHFDl gene expression remains at steady state levels since up-regulation of 

its mitochondrial homologues ensures adequate one-carbon unit provision for 

maintaining normal function. The TS gene is also up-regulated during this phase, 

which also suggests that available one-carbon units are shuttled towards DNA 

synthesis at this degree of folate depletion, since this would increase thymidylate 

production. In the second phase, down-regulation of DHFR, c-SHMT, and MTHFD2
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is observed and is likely to represent the initial changes in response to a more severe 

degree of folate deficiency. Down-regulation of these genes could result from a 

dramatic reduction in available one-carbon units, which would eventually lead to the 

well-established cellular effects of severe folate deficiency, such as uracil 

misincorporation, DNA strand and chromosome breaks, DNA hypomethylation and, 

eventually, apoptosis.

In conclusion, expression of the human MTHFDl gene is controlled by a 

TATA-less, Inr-less promoter and regulation is likely to be controlled by Spl, E2F, 

NRF-1 and c-Myc-Max transcription factor binding. Although the gene is 

constitutively expressed, it could be subject to inter-individual variation due to the 

effect of a common promoter SNP on promoter activity. This common promoter SNP 

displayed association with NTD risk in the Irish population when analysed in 

combination with the R653Q polymorphism, but additional studies and more robust 

statistical modelling are required to further characterise this interaction. Different 

degrees of folate deficiency did not affect MTHFDl gene expression but an up- 

regulation at the protein level was observed. Regulation of other folate-related genes 

in response to folate depletion indicates the presence of a common folate responsive 

regulatory mechanism, although further work is required in this area to determine its 

exact nature.

Characterisation of the human MTHFDl promoter and identification of 

factors affecting MTHFDl gene expression investigated in this thesis is of relevance 

to provide an understanding of the underlying molecular pathways and disruptions 

involved in disease development and progression. This is necessary to achieve the 

fundamental goal of elucidating the aetiology of folate-related complex diseases and, 

eventually, optimising individual folate status to prevent or overcome these 

conditions.
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7.2 Suggested Future Work
An area o f particular interest for future work is elucidation o f the, as yet 

unknown, functional effect o f the M THFDl R653Q polymorphism on normal 

pregnancy outcome. Investigation in this thesis, and in a previous study (Parle- 

McDermott et al., 2006), have not revealed any obvious functional candidate in LD 

with this polymorphism and, therefore, it seems probable that R653Q itself exerts the 

functional effect. Investigations o f the effect o f  this polymorphism on M THFDl 

enzyme activity and/or its non-catalytic role as part o f a multi-enzyme purine 

synthesising complex would be o f interest to determine if  this is the source o f 

molecular disruption, acting as a risk factor during times o f increased demand on 

DNA synthesis. Another avenue o f future investigation might look at the possibility 

o f a disruption to post-translational regulation. Post-translational modifications, such 

as sumoylation or phosphorylation, are likely to be a key mechanism for providing 

dynamic regulation o f  protein expression in certain cell types or at particular 

developmental stages. For example, phosphorylation o f glycine N-methyltransferase 

has been shown to increase enzyme activity by approximately two-fold (W agner et 

al., 1989; Luka et al., 2006) and this is a reversible process so it provides dynamic, 

efficient regulation. Similarly, a number o f folate-related enzymes are predicted to be 

modified by SUMO (small ubiquitin-like modifier), indicating nuclear localisation o f 

folate metabolism, which is believed to increase the efficiency o f thymidylate 

synthesis for DNA production (W oeller et al., 2007). In particular, sumoylation o f 

the c-SHMT enzyme has been demonstrated and this process can be inhibited by the 

presence o f  a common L474F polymorphism in the enzyme (Woeller et al., 2007). 

Disruption o f such post-translational modifications in the presence o f the R653Q 

polymorphism could affect enzyme activity and cellular functions, which could be 

detrimental in relation to the increased demand on DNA synthesis during pregnancy.

Future investigations are also required to further characterise the SNP-SNP 

interaction between SNP rs l0 7 6 9 9 1 C ^ T  and R653Q identified in Chapter 5 o f this 

thesis. O f particular interest would be the effect o f the combined TT/QQ ‘risk’ 

genotype on M THFD l gene expression. Analysis o f samples from individuals with 

the combined TT/QQ genotype versus those with the CC/RR genotype using 

quantitative real-time RT-PCR would determine if  the two-locus genotype affects 

M TH FDl expression to a greater extent than the rs 1076991 genotype in isolation.
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investigated in Chapter 4, and if this represents the underlying molecular disruption 

responsible for disease risk. It is also possible that the two variants exert two quite 

different effects on MTHFDl i.e., the enzyme is primarily affected by the unknown 

functional effect of R653Q, possibly relating to disruption of enzyme activity or 

post-translational modifications, and this disruption is exacerbated in the presence of 

the promoter SNP and its associated effect on the expression of MTHFDl.

Further investigations also o f interest would be to determine if this two-locus 

genotype combination increases risk for abruptio placentae and mid-trimester 

miscarriage, or indeed, other common diseases, by association studies in which both 

SNPs are candidates.

In relation to the regulation of MTHFDl gene expression, future work of 

interest might involve identifying additional regulatory mechanisms, apart from TF 

binding, which have become increasingly more evident in recent times. Traditionally, 

it was considered that the majority of the genome was non-functional, junk DNA and 

that only the small proportion of the genome containing protein-coding sequences (1- 

2%) was functionally transcribed. It is now known that the majority of the 

transcribed genome consists o f small non-coding RNAs that function in regulating 

gene expression (Mattick, 2001). In particular, micro RNAs (miRNAs) are a recently 

discovered class of short (-22 nucleotides) RNA molecules involved in negatively 

regulating genes at the post-transcriptional level. These molecules bind to specific 

sequences in target mRNAs, usually in the 3' UTR, and repress expression through 

both mRNA degradation and translational repression, although these mechanisms are 

still not fully understood (Massier & Pasquinelli, 2006). A large proportion of these 

molecules are derived from the intronic sequences of protein-coding genes that are 

transcribed in parallel by RNA polymerase II and this is likely to have evolved as a 

form of co-ordinated control of different pathways; since co-transcription of 

miRNAs during gene expression can function to repress the expression o f other 

genes and, thereby, provides another level of control for dynamic regulation of 

specific pathways. It is estimated that approximately one-third of protein-coding 

genes are regulated by miRNAs (Du & Zamore, 2006) and this is expected to be an 

area of significant research in the near future, likely to provide considerable insight 

to those pathways and gene expression changes underlying the development and 

progression o f many common diseases.
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Potential regulation by this mechanism was not addressed in the scope o f  this thesis, 

but would be o f interest for future investigations, not only in relation to M THFDl,  

but all the folate-related genes, to provide a greater understanding o f factors involved 

in their regulation and control o f expression, and potential mechanisms underlying 

disease associations. A recent study reported that folate deficiency results in 

significant alteration o f miRNA expression patterns, possibly as a result o f impaired 

methylation reactions and epigenetic effects (Marsit et al., 2006). miRNA-mediated 

regulation is believed to be particularly important for developmental processes, such 

as appropriate cell proliferation, differentiation, and developmental timing and 

patterning (Mattick & Makunin, 2006). Therefore, alteration to miRNA expression 

patterns during development as a result o f folate insufficiency could have a 

significant effect on developmental processes and investigations in this area might be 

particularly relevant in elucidating the molecular disruptions underlying NTD 

development.

269



Abecasis GR, Cherny SS, Cardon LR (2001) The impact o f  genotyping error on fam ily-based analysis 

o f  quantitative traits. Eur J Hum Genet 9:130-134

Ai W, Liu Y, W ang TC (2006) Yin yang 1 (Y Y l) represses histidine decarboxylase gene expression 

with S R E B P -la in part through an upstream Spl site. Am J Physiol G astrointest Liver 

Physiol 290:G 1096-1104

Altschul SF, Gish W, M iller W, Myers EW, Lipman DJ (1990) Basic local alignm ent search tool. 

Journal o f  M olecular Biology 215:403-410

A ntequera F, Bird A (1993) Num ber o f  CpG islands and genes in human and mouse. Proceedings o f  

the National Academ y o f Sciences o f  the United States o f  Am erica 90:11995-11999

A ntony A, Tang YS, Khan RA, Biju MP, X iao X, Li QJ, Sun XL, Jayaram HN, Stabler SP (2004) 

Translational upregulation o f  folate receptors is m ediated by hom ocysteine via RNA- 

heterogeneous nuclear ribonucleoprotein E l interactions. J Clin Invest 1 13:285-301

Appling DR (1991) Com partm entation o f  folate-m ediated one-carbon metabolism in eukaryotes. 

FASEB Journal 5:2645-2651

Ardlie KG, Kruglyak L, Seielstad M (2002) Patterns o f  linkage disequilibrium  in the human genome. 

Nature Reviews Genetics 3:299-309

Bailey LB, Gregory JF, 3rd (1999) Folate metabolism and requirem ents. J Nutr 129:779-782

Balding DJ (2006) A tutorial on statistical m ethods for population association studies. N at Rev Genet 

7:781-791

Balmer JE, B lom hoff R (2002) Gene expression regulation by retinoic acid. J Lipid Res 43:1773-1808

Barlowe CK, Appling DR (1988) In vitro evidence for the involvem ent o f  m itochondrial folate 

m etabolism  in the supply o f  cytoplasm ic one-carbon units. Biofactors 1:171-176

Barlowe CK, A ppling DR (1990) M olecular genetic analysis o f  Saccharom yces cerevisiae C l-  

tetrahydrofolate synthase mutants reveals a noncatalytic function o f  the ADE3 gene product 

and an additional folate-dependent enzyme. Mol Cell Biol 10:5679-5687

Barrett JC, Fry B, M ailer J, Daly MJ (2005) Haploview: analysis and visualization o f  LD and 

haplotype maps. B ioinfonnatics 2 1 :263-265

270



Bas A, Forsberg G, Hamm arstrom S, Hamm arstrom M L (2004) Utility o f  the housekeeping genes 18S 

rRNA, beta-actin and glyceraldehyde-3-phosphate-dehydrogenase for norm alization in rea l

tim e quantitative reverse transcriptase-polym erase chain reaction analysis o f  gene expression 

in human T lymphocytes. Scand J Immunol 59:566-573

Bird AP (1986) CpG-rich islands and the function o f  DNA m ethylation. N ature 321:209-213

Bird AP (1993) Functions for DNA methylation in vertebrates. Cold Spring Harb Symp Quant Biol 

58:281-285

Blanche H, Vexiau P, Clauin S, Le Gall 1, Fiet J, M om et E, Dausset J, Bellanne-Chantelot C (1997) 

Exhaustive screening o f  the 21 -hydroxylase gene in a population o f  hyperandrogenic women. 

Hum Genet 101:56-60

Blount BC, M ack MM, W ehr CM, M acGregor JT, Hiatt RA, Wang G, W ickramasinghe SN, Everson 

RB, Ames BN (1997) Folate deficiency causes uracil m isincorporation into human DNA and 

chromosom e breakage: implications for cancer and neuronal damage. Proc Natl Acad Sci U 

S A 94:3290-3295

Boduroglu K, Alikasifoglu M, Anar B, Tuncbilek E (1999) Association o f  the 677C—>T m utation on 

the m ethylenetetrahydrofolate reductase gene in Turkish patients with neural tube defects. J 

Child Neurol 14:159-161

Botto LD, M oore CA, Khoury MJ, Erickson JD (1999) Neural-tube defects. New England Journal o f  

M edicine 341:1509-1519

Botto LD, Yang Q (2000) 5,10-M ethylenetetrahydrofolate reductase gene variants and congenital 

anomalies: a HuGE review. Am J Epidemiol 151:862-877

Botto LD, Olney RS, Erickson JD (2004) Vitamin supplem ents and the risk for congenital anom alies 

other than neural tube defects. American Journal o f  M edical Genetics Part C, Sem inars in 

M edical Genetics 125:12-21

Botto LD, Lisi A, Robert-Gnansia E, Erickson JD, V ollset SE, M astroiacovo P, Betting B, Cocchi G, 

de Vigan C, de W alle H, Feijoo M, Irgens LM, M cDonnell B, Merlob P, Ritvanen A, 

Scarano G, Siffel C, M etneki J, Stoll C, Sm ithells R, Goujard J (2005) International 

retrospective cohort study o f  neural tube defects in relation to folic acid recom m endations: 

are the recom m endations working? BMJ 330:571

Boyles AL, Hammock P, Speer MC (2005) Candidate gene analysis in human neural tube defects. Am 

J Med Genet C Semin Med Genet 135:9-23

271



Brandeis M, Frank D, Keshet 1, Siegfried Z, M endelsohn M, Nemes A, Tem per V, Razin A, Cedar H 

(1994) Spl elem ents protect a CpG island from de novo methylation. Nature 371:435-438

Brattstrom L, W ilcken DE, Ohrvik J, Brudin L (1998) Common m ethylenetetrahydrofolate reductase 

gene m utation leads to hyperhom ocysteinem ia but not to vascular disease: the result o f  a 

m eta-analysis. C irculation 98:2520-2526

Bray N, Pachter L (2003) M AVID multiple alignm ent server. Nucleic Acids Res 31 :3525-3526

Breathnach R, Chambon P (1981) Organization and expression o f  eucaryotic split genes coding for 

proteins. Annual Review o f  Biochem istry 50:349-383

Breslin MB, Zhu M, N otkins AL, Lan MS (2002) N euroendocrine differentiation factor, lA -l, is a 

franscriptional repressor and contains a specific DNA-binding domain: identification o f 

consensus IA-1 binding sequence. Nucleic Acids Res 30:1038-1045

Brody LC, Baker PJ, Chines PS, M usick A, M olloy AM, Swanson DA, Kirke PN, G hosh S, Scott JM, 

Mills JL (1999) M ethionine synthase: high-resolution m apping o f  the hum an gene and 

evaluation as a candidate locus for neural tube defects. M olecular Genetics & M etabolism 

67:324-333

Brody LC, Conley M, Cox C, Kirke PN, M cKeever MP, Mills JL, M olloy AM, O 'Leary VB, Parle- 

M cDerm ott A, Scott JM, Swanson DA (2002) A polym orphism , R653Q, in the trifunctional 

enzym e m ethylenetetrahydrofolate dehydrogenase/m ethenyltetrahydrofolate

cyclohydrolase/form yltetrahydrofolate synthetase is a maternal genetic risk factor for neural 

tube defects: report o f  the Birth Defects Research Group. American Journal o f  Human 

Genetics 71:1207-1215

Bronstrup A, Hages M, Prinz-Langenohl R, Pietrzik K (1998) Effects o f  folic acid and com binations 

o f  folic acid and vitamin B-12 on plasm a hom ocysteine concentrations in healthy, young 

women. Am J Clin N utr 68:1104-1110

Brown KS, Huang Y, Lu ZY, Jian W, Blair lA, W hitehead AS (2006) Mild folate deficiency induces 

a proatherosclerotic phenotype in endothelial cells. A therosclerosis 189:133-141

Burke TW , Kadonaga JT  (1996) Drosophila TFIID  binds to a conserved downstream  basal prom oter 

elem ent that is present in many TATA-box-deficient promoters. Genes & D evelopm ent 

10:711-724

Busby A, Abram sky L, Dolk H, Arm sfrong B, Eurocat Folic Acid W orking G (2005) Preventing 

neural tube defects in Europe: population based study. BMJ 330:574-575

272



Bustin SA (2002) Quantification o f  mRNA using real-tim e reverse transcription PCR (RT-PCR); 

trends and problem s. J Mol Endocrinol 29:23-39

Bustin SA, Benes V, Nolan T, Pfaffl MW (2005) Q uantitative real-tim e RT-PCR—a perspective. J 

Mol Endocrinol 34:597-601

Butler JE, Kadonaga JT  (2002) The RNA polym erase II core promoter: a key com ponent in the 

regulation o f  gene expression. Genes & Developm ent 16:2583-2592

Caiafa P, Zam pieri M (2005) DNA methylation and chrom atin structure: the puzzling CpG islands. 

Journal o f  Cellular Biochem istry 94:257-265

Cam H, Balciunaite E, Blais A, Spektor A, Scarpulla RC, Young R, Kluger Y, Dynlacht BD (2004) A 

common set o f  gene regulatory networks links metabolism and growth inhibition. M olecular 

Cell 16:399-411

Carter M, Chen X. Slowinska B, Minnerath S, Glickstein S, Shi L, Cam pagne F, W einstein H, Ross 

ME (2005) Crooked tail (Cd) model o f  human folate-responsive neural tube defects is 

m utated in W nt coreceptor lipoprotein receptor-related protein 6. Proc Natl Acad Sci U S A  

102:12843-12848

Centre for Disease Control (1992) Recom mendations for the use o f  folic acid to reduce the num ber o f  

cases o f  spina bifida and other neural tube defects. Morbid Mortal W eekly Rep 41:1-7

Chakravarti A (1999) Population genetics—making sense out o f  sequence. Nat Genet 21:56-60

Chango A, Boisson F, Barbe F, Quilliot D, Droesch S, Pfister M, Fillon-Emery N, Lam bert D, 

Fremont S, Rosenblatt DS, N icolas JP (2000) The effect o f  677C—>T and 1298A—>C 

mutations on plasm a hom ocysteine and 5,10-m ethylenetetrahydrofolate reductase activity in 

healthy subjects. Br J N utr 83:593-596

Chen J, G iovannucci E, Kelsey K, Rimm EB, Stampfer MJ, Colditz GA, Spiegelman D, W illett WC, 

Hunter DJ (1996) A m ethylenetetrahydrofolate reductase polymorphism and the risk o f 

colorectal cancer. Cancer Res 56:4862-4864

Chen J, G iovannucci E, H ankinson SE, M a J, W illett WC, Spiegelman D, Kelsey KT, Hunter DJ 

(1998) A prospective study o f  methylenetetrahydrofolate reductase and m ethionine synthase 

gene polym orphism s, and risk o f  colorectal adenoma. Carcinogenesis 19:2129-2132

Chen MJ, Shim ada T, M oulton AD, Cline A, Hum phries RK, Maizel J, Nienhuis AW  (1984) The 

functional human dihydrofolate reductase gene. Journal o f  Biol Chem 259:3933-43

273



Chen S, Nagy PL, Zalkin H (1997) Role ofN R F-1 in bidirectional transcription o f  the human GPAT- 

AIRC purine biosynthesis locus. Nucleic Acids Res 25:1809-1816

Christensen B, A rbour L, Tran P, Leclerc D, Sabbaghian N, Platt R, Gilfix BM, Rosenblatt DS, 

Gravel RA, Forbes P, Rozen R (1999) Genetic polym orphism s in m ethylenetetrahydrofolate 

reductase and m ethionine synthase, folate levels in red blood cells, and risk o f neural tube 

defects. Am J Med Genet 84:151-157

Christensen KE, Patel H, K uzm anov U, M ejia NR, M acKenzie RE (2005) Disruption o f  the m thfdl 

gene reveals a m onofunctional 10-form yltetrahydrofolate synthetase in m am m alian 

mitochondria. Journal o f  Biological Chem istry 280:7597-7602

Clark AG (2004) The role o f  haplotypes in candidate gene studies. Genet Epidemiol 27:321-333

Clarke SD, Abraham  S (1992) Gene expression: nutrient control o f  pre- and posttranscriptional 

events. Faseb J 6:3146-3152

Copp AJ, Greene NDE, M urdoch JN (2003) The Genetic Basis o f  M ammalian Neurulation. Nature 

Reviews - G enetics 4:784-793

Courtemanche C, Huang AC, Elson-Schwab 1, Kerry N, N g BY, Ames BN (2004) Folate deficiency 

and ionizing radiation cause DNA breaks in prim ary human lymphocytes: a com parison. 

Faseb J 18:209-211

Crott JW, M ashiyam a ST, A m es BN, Fenech MF (2001) M ethylenetetrahydrofolate reductase C677T 

polymorphism does not alter folic acid deficiency-induced uracil incorporation into prim ary 

human lymphocyte DNA in vitro. Carcinogenesis 22:1019-1025

Crott JW, Choi SW, Ordovas JM , Ditelberg JS, M ason JB (2004) Effects o f  dietary folate and aging 

on gene expression in the colonic m ucosa o f  rats: implications for carcinogenesis. 

Carcinogenesis 25:69-76

Czeizel AE, Dudas 1 (1992) Prevention o f  the first occurrence o f  neural-tube defects by 

periconceptional vitam in supplem entation. N ew  England Journal o f  M edicine 327:1832-1835

Daly LE, Kirke PN, M olloy A, W eir DG, Scott JM (1995) Folate levels and neural tube defects. 

Implications for prevention. JAM A 274:1698-1702

Daly S, Mills JL, M olloy AM , Conley M, Lee YJ, Kirke PN, W eir DG, Scott JM (1997) M inimum 

effective dose o f  folic acid for food fortification to prevent neural-tube defects. Lancet 

350:1666-1669

274



De Gobbi M, Viprakasit V, Hughes JR, Fisher C, Buckie VJ, Ayyub H, G ibbons RJ, V em im m en D, 

Y oshinaga Y, de Jong P, Cheng JF, Rubin EM, W ood WG, Bowden D, Higgs DR (2006) A 

regulatory SNP causes a human genetic disease by creating a new transcriptional promoter. 

Science 312:1215-1217

De Luca P, M ajello B, Lania L (1996) Sp3 represses transcription when tethered to prom oter DNA or 

targeted to prom oter proximal RNA. J Biol Chem 271 :8533-8536

De M arco P, Calevo MG, Moroni A, Arata L, M erello E, Cam a A, Finnell RH, Andreussi L, Capra V 

(2 0 0 1) Polymorphisms in genes involved in folate m etabolism  as risk factors for N TDs. Eur J 

Pediatr Surg 11 Suppl l:S14-17

de W et JR, W ood KV, DeLuca M, Helinski DR, Subramani S (1987) Firefly luciferase gene: structure 

and expression in mammalian cells. M olecular & Cellular Biology 7:725-737

Dearlove AM (2002) High throughput genotyping technologies. B rief Func Genomic Proteomic 

1:139-150

Di Pietro E, Sirois J, Tremblay ML, M acKenzie RE (2002) M itochondrial NAD-dependent 

methylenetetrahydrofolate dehydrogenase-m ethenyltetrahydrofolate cyclohydrolase is 

essential for em bryonic development. M olecular & Cellular Biology 22:4158-4166

Dimova DK, Dyson NJ (2005) The E2F transcriptional network: old acquaintances with new  faces. 

Oncogene 24:2810-2826

Doetzlhofer A, Rotheneder H, Lagger G, Koranda M, Kurtev V, Brosch G, W intersberger E, Seiser C 

(1999) Histone deacetylase 1 can repress transcription by binding to S p l. Mol Cell Biol 

19:5504-5511

Dong S, Lester L, Johnson LF (2000) Transcriptional control elements and com plex initiation pattern 

o f  the TATA-less bidirectional human thym idylate synthase promoter. Journal o f  Cellular 

Biochemistry 77:50-64

Doolin MT, Barbaux S, M cDonnell M, Hoess K, W hitehead AS, M itchell LE (2002) Maternal genetic 

effects, exerted by genes involved in hom ocysteine rem ethylation, influence the risk o f  spina 

bifida. Am J Hum Genet 71:1222-1226

Du T, Zam ore PD (2005) microPrimer: the biogenesis and function o f  microRNA. Development 

132:4645-4652

275



Dubchak I, Brudno M, Loots GG, Pachter L, M ayor C, Rubin EM, Frazer KA (2000) Active 

conservation o f  noncoding sequences revealed by three-way species com parisons. Genome 

Res 10:1304-1306

Duthie SJ, N arayanan S, Brand GM, Pirie L, Grant G (2002) Impact o f  folate deficiency on DMA 

stability. J Nutr 132:2444S-2449S

Epstein DJ, Vekem ans M, Gros P (1991) Splotch (Sp2H), a mutation affecting developm ent o f  the 

m ouse neural tube, shows a deletion within the paired hom eodom ain o f  Pax-3. Cell 67:767- 

774

Em est S, Carter M, Shao H, Hosack A, Lerner N, Colm enares C, Rosenblatt DS, Pao YH, Ross ME, 

N adeau JH (2006) Parallel changes in m etabolite and expression profiles in crooked-tail 

m utant and folate-reduced wild-type mice. Hum Mol Genet 15:3387-3393

Eskes TK (2001) Clotting disorders and placental abruption: hom ocysteine—a new risk factor. 

European Journal o f  Obstetrics, Gynecology, & Reproductive Biology 95:206-212

Finglas PM, W right AJ, W olfe CA, Hart DJ, W right DM, Dainty JR (2003) Is there more to folates 

than neural-tube defects? Proceedings o f  the Nutrition Society 62:591-598

Fleming A, Copp AJ (1998) Embryonic folate metabolism and mouse neural tube defects. Science 

280:2107-2109

Food and Drug Adm inistration (1996) Food standards: am endment o f  standards o f  integrity for 

enriched grain products to require addition o f  folic acid. Fed Regist 61 :8781 -8797

Foufelle F, G irard J, Ferre P (1998) Glucose regulation o f  gene expression. Curr Opin Clin Nutr 

Metab Care 1:323-328

Frank SR, Schroeder M, Fernandez P, Taubert S, Amati B (2001) Binding o f  c-M yc to chromatin 

mediates mitogen-induced acetylation o f  histone H4 and gene activation. G enes Dev 

15:2069-2082

Frey L, Hauser WA (2003) Epidem iology o f  neural tube defects. Epilepsia 44 Suppl 3:4-13

Frohman MA, Dush MK, Martin GR (1988) Rapid production o f  full-length cDNAs from rare 

transcripts: amplification using a single gene-specific oligonucleotide primer. Proceedings o f  

the National Academy o f  Sciences o f  the United States o f  Am erica 85:8998-9002

276



Frosst P, Blom HJ, Milos R, Goyette P, Sheppard CA, M atthews RG, Boers GJ, den H eijer M, 

Kluijtmans LA, van den Heuvel LP (1995) A candidate genetic risk factor for vascular 

disease: a common m utation in m ethylenetetrahydrofolate reductase. Nature G enetics 

10:111-113

Gabriel SB, Schaffher SF, N guyen H, M oore JM , Roy J, Blumenstiel B, Higgins J, DeFelice M, 

Lochner A, Faggart M, Liu-Cordero SN, Rotimi C, Adeyemo A, Cooper R, W ard R, Lander 

ES, Daly MJ, A ltshuler D (2002) The structure o f  haplotype blocks in the human genom e. 

Science 296:2225-2229

Gallagher PG, Forget BG (1998) An alternate prom oter directs expression o f  a truncated, muscle- 

specific isoform o f the human ankyrin 1 gene. J Biol Chem 273:1339-1348

Gardiner-Garden M, From m er M (1987) CpG islands in vertebrate genom es. Journal o f  M olecular 

Biology 196:261-282

Gaughan DJ, Barbaux S, K luijtmans LA, W hitehead AS (2000) The human and mouse 

m ethylenetetrahydrofolate reductase (M THFR) genes: genom ic organization, mRNA 

structure and linkage to the CLCN6 gene. Gene 257:279-289

Gaughan DJ, K luijtmans LA, Barbaux S, M cM aster D, Young IS, Yamell JW , Evans A, W hitehead 

AS (2001) The m ethionine synthase reductase (M TRR) A66G polym orphism  is a novel 

genetic determinant o f  plasm a hom ocysteine concentrations. A therosclerosis 157:451-456

Geng Y, Johnson LF (1993) Lack o f  an initiator element is responsible for multiple transcriptional 

initiation sites o f  the TATA-less mouse thym idylate synthase promoter. M olecular & 

Cellular Biology 13:4894-4903

Girgis S, Nasrallah IM, Suh JR, Oppenheim E, Zanetti KA, Mastri MG, Stover PJ (1998) M olecular 

cloning, characterization and alternative splicing o f  the human cytoplasm ic serine 

hydroxym ethyltransferase gene. Gene 210:315-324

Goddard KA, Hopkins PJ, Hall JM, W itte JS (2000) Linkage disequilibrium  and allele-fi-equency 

distributions for 114 single-nucleotide polym orphism s in five populations. Am J Hum Genet 

66:216-234

Goldberg G, Caldwell P, W eissbach H, Brot N (1979) In vitro regulation o f  DNA-dependent synthesis 

o f  Escherichia coli ribosomal protein LI 2. Proceedings o f  the National Academ y o f  Sciences 

o f  the United States o f  Am erica 76:1716-1720

277



Gong M, Cowan KH, Gudas J, M oscow JA (1999) Isolation and characterization o f  genomic 

sequences involved in the regulation o f  the human reduced folate carrier gene (R F C l). Gene 

233:21-31

Gordon D, Finch SJ, Nothnagel M, Ott J (2002) Power and sample size calculations for case-control 

genetic association tests when errors are present: application to single nucleotide 

polym orphism s. Hum Hered 54:22-33

Gorm an CM, M offat LF, Howard BH (1982) Recom binant genom es which express chloram phenicol 

acetyltransferase in m ammalian cells. M olecular & Cellular Biology 2:1044-1051

Grabe N (2002) AliBaba2: context specific identification o f  transcription factor binding sites. In Silico 

B io l2 :S l-1 5

Gray IC, Campbell DA, Spurr NK (2000) Single nucleotide polymorphism s as tools in human 

genetics. Hum Mol Genet 9:2403-2408

Greene ND, Copp AJ (2005) M ouse models o f  neural tube defects: investigating preventive 

mechanisms. Am J Med Genet C Semin Med Genet 135:31-41

Guo Y, Jam ison DC (2005) The distribution o f  SNPs in human gene regulatory regions. BMC 

Genom ics 6:140

Gut IG, Beck S (1995) A procedure for selective DNA alkylation and detection by m ass spectrometry. 

Nucleic Acids Res 23:1367-1373

Hannenhalli S, Levy S (2001) Prom oter prediction in the human genome. Bioinform atics 17 Suppl 

l:S90-96

Hapgood JP, Riedemann J, Scherer SD (2001) Regulation o f  gene expression by GC-rich DNA cis- 

elements. Cell Biology International 25:17-31

Hayashi 1, Sohn KJ, Stempak JM, Croxford R, Kim Yl (2007) Folate deficiency induces cell-specific 

changes in the steady-state transcript levels o f  genes involved in folate m etabolism  and 1- 

carbon transfer reactions in human colonic epithelial cells. J Nutr 137:607-613

Heinm eyer T, W ingender, E., Reuter, I., Hermjakob, H., Kel, A.E., Kel, O.V., Ignatieva, E.V., 

Ananko, E.A., Podkolodnaya, O.A., Kolpakov, F.A., Podkolodny, N.L., Kolchanov, N.A. 

(1998) Databases on transcriptional regulation: TRANSFAC, TRRD and COM PEL. Nucleic 

Acids Research 26:362-367

278



Hermann S, Bem dt KD, W right AP (2001) How transcriptional activators bind target proteins. J Biol 

Chem 276 :40127-40132

Hibbard BM (1964) The Role o f  Folic Acid in Pregnancy; with particular reference to anaemia, 

abruption and abortion. J Obstet Gynaecol Br Com monw 71:529-542

Hibbard ED, Smithells RW (1965) Folic acid metabolism and human em bryopathy. Lancet 1:1254

Higuchi R, Fockler C, Dollinger G, W atson R (1993) Kinetic PGR analysis: real-tim e m onitoring o f  

DNA am plification reactions. Biotechnology (N Y) 11:1026-1030

Hirschhom  JN, Lohmueller K, Byrne E, H irschhom  K (2002) A com prehensive review  o f  genetic 

association studies. Genet Med 4:45-61

Hirschhorn JN (2005) Genetic approaches to studying com mon diseases and complex traits, Pediatr 

Res 57:74R-77R

Hladky K, Yankowitz J, Hansen WF (2002) Placental abruption. Obstetrical & Gynecological Survey 

57:299-305

Hoi FA, van der Put NM, Geurds MP, Heil SG, Trijbels FJ, Hamel BC, Mariman EC, Blom HJ (1998) 

M olecular genetic analysis o f  the gene encoding the trifunctional enzym e M THFD 

(m ethylenetetrahydrofolate-dehydrogenase, m ethenyltetrahydrofolate-cyclohydrolase,

formyltetrahydrofolate synthetase) in patients with neural tube defects. Clinical Genetics 

53:119-125

Hoogendoom B, Coleman SL, Guy CA, Smith K, Bowen T, Buckland PR, O 'Donovan MC (2003) 

Functional analysis o f  human prom oter polym orphism s. Human M olecular Genetics 

12:2249-2254

Howard KM, Muga SJ, Zhang L, Thigpen AE, Appling DR (2003) Characterization o f  the rat 

cytoplasmic C l-tetrahydrofolate synthase gene and analysis o f  its expression in liver 

regeneration and fetal development. Gene 319:85-97

Hsueh CT, Dolnick BJ (1993) A ltered folate-binding protein mRNA stability in KB cells grown in 

folate-deficient medium. Biochem Pharmacol 45:2537-2545

Huang D, Jokela M, Tuusa J, Skog S, Poikonen K, Syvaoja JE (2001) E2F mediates induction o f  the 

S pl-controlled prom oter o f  the human DNA polym erase epsilon B-subunit gene P0L E 2. 

Nucleic Acids Res 29:2810-2821

279



Huang RF, Ho YH, Lin HL, Wei JS, Liu TZ (1999) Folate deficiency induces a cell cycle-specific 

apoptosis in HepG2 cells. J N utr 129:25-31

Huggett J, Dheda K, Bustin S, Zum la A (2005) Real-time RT-PCR normalisation; strategies and 

considerations. Genes Immun 6:279-284

Hum DW , Bell AW , Rozen R, M acKenzie RE (1988) Prim ary structure o f  a human trifunctional 

enzyme. Isolation o f  a cDNA encoding m ethylenetetrahydrofolate dehydrogenase- 

m ethenyltetrahydrofolate cyclohydrolase-form yltetrahydrofolate synthetase. Journal o f 

Biological Chemistry 263:15946-15950

Ince TA, Scotto KW (1995) A conserved downstream elem ent defines a new class o f  RNA 

polym erase 11 promoters. Journal o f  Biological Chem istry 270:30249-30252

Italiano C, John SW, Hum DW, M acKenzie RE, Rozen R (1991) A pseudogene on the X 

chrom osom e for the human trifunctional enzym e M THFD (m ethylenetetrahydrofolate 

dehydrogenase-m ethenyltetrahydrofolate cyclohydrolase-form yltetrahydrofolate synthetase). 

Genom ics 10:1073-1074

Jacob RA, Gretz DM, Taylor PC, James SJ, Pogribny IP, M iller BJ, Henning SM, Swendseid ME 

(1998) M oderate folate depletion increases plasm a hom ocysteine and decreases lymphocyte 

DNA methylation in postm enopausal women. J N utr 128:1204-1212

Jacques PF, Bostom AG, W illiams RR, Ellison RC, Eckfeldt JH, Rosenberg IH, Selhub J, Rozen R 

(1996) Relation between folate status, a com m on m utation in methylenetetrahydrofolate 

reductase, and plasm a hom ocysteine concentrations. Circulation 93:7-9

Jacques PF, Selhub J, Bostom AG, W ilson PW, Rosenberg IH (1999) The effect o f  folic acid 

fortification on plasm a folate and total hom ocysteine concentrations. N Engl J Med 

340:1449-1454

Jansen G, Barr H, Kathmann 1, Bunni MA, Priest DG, N oordhuis P, Peters GJ, A ssaraf YG (1999) 

M ultiple mechanism s o f  resistance to polyglutam atable and lipophilic antifolates in 

m am m alian cells: role o f  increased folylpolyglutam ylation, expanded folate pools, and 

intralysosomal drug sequestration. Mol Pharmacol 55:761-769

Javahery R, Khachi A, Lo K, Zenzie-G regory B, Smale ST (1994) DNA sequence requirem ents for 

transcriptional initiator activity in m am m alian cells. M olecular & Cellular Biology 14:116- 

127

280



Jhaveri MS, Wagner C, Trepel JB (2001) Impact o f  extracellular folate levels on global gene 

expression. M ol Pharmacol 60:1288-1295

Johnson WG, Stenroos ES, Spychala JR, Chatkupt S, M ing SX, Buyske S (2004) New 19 bp deletion 

polymorphism in intron-1 o f dihydro folate reductase (DHFR): a risk factor for spina bifida 

acting in mothers during pregnancy? Am J Med Genet A  124:339-345

Jurilo ff DM, Harris MJ (2000) Mouse models for neural tube closure defects. Hum M ol Genet 9:993- 

1000

Kadonaga JT, Camer KR, Masiarz FR, Tjian R (1987) Isolation o f cDNA encoding transcription 

factor Spl and functional analysis o f the DNA binding domain. Cell 51:1079-1090

Kaneda S, Nalbantoglu J, Takeishi K, Shimizu K, Gotoh O, Seno T, Ayusawa D (1990) Structural and 

functional analysis o f the human thymidylate synthase gene. Journal o f Biological Chemistry 

265:20277-20284

Kang SS, Wong PW, Zhou JM, Sora J, Lessick M, Ruggie N, Grcevich G (1988) Thermolabile 

methylenetetrahydrofolate reductase in patients with coronary artery disease. Metabolism 

37:611-613

Kaput J, Rodriguez RL (2004) Nutritional genomics: the next fi'ontier in the postgenomic era. Physiol 

Genomics 16:166-177

Karas M, Hillenkamp F (1988) Laser desorption ionization o f proteins with molecular masses 

exceeding 10,000 daltons. Anal Chem 60:2299-2301

Karlseder J, Rotheneder H, Wintersberger E (1996) Interaction o f Spl with the growth- and cell cycle- 

regulated transcription factor E2F. Mol Cell B io l 16:1659-1667

Karolchik D, Baertsch R, Diekhans M, Furey TS, Hinrichs A, Lu YT, Roskin KM , Schwartz M, 

Sugnet CW, Thomas DJ, Weber RJ, Haussler D, Kent WJ (2003) The UCSC Genome 

Browser Database. Nucleic Acids Res 31:51 -54

Katula KS, Heinloth AN, Paules RS (2007) Folate deficiency in normal human fibroblasts leads to 

altered expression o f genes primarily linked to cell signaling, the cytoskeleton and 

extracellular matrix. J Nutr Biochem

Kel AE, Gossling E, Reuter 1, Cheremushkin E, Kel-Margoulis OV, Wingender E (2003) MATCH: A 

tool for searching transcription factor binding sites in DNA sequences. Nucleic Acids Res 

31:3576-3579

281



Kelemen LE (2006) The role o f  folate receptor alpha in cancer development, progression and 

treatment: cause, consequence or innocent bystander? Int J Cancer 119:243-250

Khoury G, Gruss P (1983) Enhancer elem ents. Cell 33:313-314

Kim YI (1999) Folate and carcinogenesis: evidence, m echanisms, and implications. J N utr Biochem 

10:66-88

Kirke PN, M olloy AM, Daly LE, Burke H, W eir DG, Scott JM (1993) Maternal plasm a folate and 

vitamin B 12 are independent risk factors for neural tube defects. Q J Med 86:703-708

Kirke PN, Mills JL, W hitehead AS, M olloy A, Scott JM (1996) M ethylenetetrahydrofolate reductase 

mutation and neural tube defects. Lancet 348:1037-1038

Kirke PN, Mills JL, Molloy AM, Brody LC, O 'Leary VB, Daly L, M urray S, Conley M, M ayne PD, 

Smith O, Scott JM (2004) Impact o f  the M THFR C677T polymorphism on risk o f  neural 

tube defects: case-control study. Bmj 328:1535-1536

Koch MC, Stegmann K, Ziegler A, Schroter B, Ermert A (1998) Evaluation o f  the M THFR C677T 

allele and the M THFR gene locus in a German spina bifida population. Eur J Pediatr 

157:487-492

Koury MJ, Price JO, Hicks GG (2000) Apoptosis in m egaloblastic anemia occurs during DNA 

synthesis by a p53-independent, nucleoside-reversible m echanism. Blood 96:3249-3255

Kruglyak L, Nickerson DA (2001) V ariation is the spice o f  life. N ature Genetics 27:234-236

Kuhn LC, Hentze MW (1992) Coordination o f  cellular iron metabolism by post-transcriptional gene 

regulation. J Inorg Biochem 47:183-195

Kundu TK, Rao M R (1999) CpG islands in chrom atin organization and gene expression. J Biochem 

(Tokyo) 125:217-222

Kuramoto N, Ogita K, Yoneda Y (1999) Gene transcription through Myc fam ily m em bers in 

eukaryotic cells. Jpn J Pharmacol 80:103-109

Kwok PY, Deng Q, Zakeri H, Taylor SL, N ickerson DA (1996) Increasing the inform ation content o f 

STS-based genom e maps: identifying polym orphism s in m apped STSs. G enom ics 31:123- 

126

282



Kyo S, Takakura M, Taira T, Kanaya T, Itoh H, Yutsudo M, Ariga H, Inoue M (2000) Spl cooperates 

with c-M yc to activate transcription o f  the human telom erase reverse transcriptase gene 

(hTERT). N ucleic Acids Res 28:669-677

Lathrop Stem L, Shane B, Bagley PJ, Nadeau M, Shih V, Selhub J (2003) Com bined marginal folate 

and riboflavin status affect hom ocysteine methylation in cultured im m ortalized lym phocytes 

from persons hom ozygous for the M THFR C677T mutation. J N utr 133:2716-2720

Leclerc D, Odievre M, W u Q, W ilson A, Huizenga JJ, Rozen R, Scherer SW, Gravel RA (1999) 

M olecular cloning, expression and physical mapping o f  the human m ethionine synthase 

reductase gene. Gene 240:75-88

Leino A (1999) Fully autom ated m easurem ent o f  total homocysteine in plasm a and serum on the 

Abbott IMx analyzer. Clin Chem 45:569-571

Lenhard B, Sandelin A, M endoza L, Engstrom P, Jareborg N, W asserm an W W  (2003) Identification 

o f  conserved regulatory elements by com parative genome analysis. J Biol 2:13

Letovsky J, Dynan WS (1989) M easurem ent o f  the binding o f  transcription factor Spl to a single GC

box recognition sequence. Nucleic Acids Research 17:2639-2653

Lewis CM (2002) Genetic association studies: design, analysis and interpretation. B rief B ioinfonn 

3:146-153

Li GM, Presnell SR, Gu L (2003) Folate deficiency, mismatch repair-dependent apoptosis, and human 

disease. J N utr Biochem 14:568-575

Livak KJ, Schmittgen TD (2001) Analysis o f  relative gene expression data using real-tim e 

quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:402-408

Loots GG, Ovcharenko I (2004) rVISTA 2.0: evolutionary analysis o f  transcription factor binding

sites. Nucleic Acids Res 32:W 217-221

Lorenz WW, McCann RO, Longiaru M, Corm ier MJ (1991) Isolation and expression o f  a cDNA 

encoding Renilla reniform is luciferase. Proceedings o f  the National Academ y o f Sciences o f  

the United States o f  Am erica 88:4438-4442

Lucock M (2000) Folic acid: nutritional biochem istry, m olecular biology, and role in disease 

processes. Mol Genet Metab 71:121-138

283



Lucock M, Daskalakis 1, Hinkins M, Yates Z (2001) An examination o f  polymorphic genes and folate 

m etabolism in m others affected by a spina bifida pregnancy. Mol Genet M etab 73:322-332

Luka Z, Ham AJ, Norris JL, Yeo EJ, Yermalitsky V, Glenn B, Caprioli RM, Liebler DC, W agner C 

(2006) Identification o f  phosphorylation sites in glycine N-m ethyltransferase from rat liver. 

Protein Sci 15:785-794

M a J, Stampfer MJ, Giovannucci E, Artigas C, Hunter DJ, Fuchs C, Willett WC, Selhub J, Hennekens 

CH, Rozen R (1997) M ethylenetetrahydrofolate reductase polym orphism , dietary 

interactions, and risk o f  colorectal cancer. Cancer Res 57:1098-1102

M andola MV, Stoehlm acher J, M uller-W eeks S, Cesarone G, Yu MC, Lenz HJ, Ladner RD (2003) A 

novel single nucleotide polymorphism within the 5' tandem repeat polym orphism  o f  the 

thym idylate synthase gene abolishes USF-1 binding and alters transcriptional activity. 

Cancer Research 63:2898-2904

Mantovani R (1998) A survey o f  178 NF-Y binding CCA AT boxes. Nucleic Acids Res 26:1135-1143

Mao DY, Watson JD, Yan PS, Barsyte-Lovejoy D, Khosravi F, W ong WW, Famham PJ, Huang TH, 

Penn LZ (2003) Analysis o f  Myc bound loci identified by CpG island arrays shows that Max 

is essential for M yc-dependent repression. Curr Biol 13:882-886

Marsit CJ, Eddy K, Kelsey KT (2006) M icroRNA responses to cellular stress. Cancer Res 66:10843- 
10848

M aruyama K, Sugano S (1994) Oligo-capping: a simple method to replace the cap structure o f 

eukaryotic mRNAs with oligoribonucleotides. Gene 138:171-174

M assirer KB, Pasquinelli AE (2006) The evolving role o f  m icroRNAs in animal gene expression. 

Bioessays 28:449-452

M attick JS (2001) N on-coding RNAs: the architects o f  eukaryotic complexity. EM BO Rep 2:986-991

Mattick JS, M akunin IV (2006) N on-coding RNA. Hum Mol Genet 15 Spec No 1 :R17-29

M cEwan IJ, Dahlm an-W right K, Ford J, W right AP (1996) Functional interaction o f  the c-M yc 

fransactivation dom ain with the TATA binding protein: evidence for an induced fit model o f  

fransactivation domain folding. Biochemistry 35:9584-9593

M cM anus S (1987) Neural tube defects: identification o f  'high risk' women. Irish Medical Journal 

80:166-168

284



M cPartlin J, Halligan A, Scott JM, Darling M, W eir DG (1993) Accelerated folate breakdown in 

pregnancy. Lancet 341:148-149

Means AL, Farnham PJ (1990) Transcription initiation from the dihydrofolate reductase prom oter is 

positioned by H IPl binding at the initiation site. M olecular & Cellular Biology 10:653-661

M ejia NR, M acKenzie RE (1985) N A D-dependent m ethylenetetrahydrofolate dehydrogenase is 

expressed by immortal cells. Journal o f  Biological Chemistry 260:14616-14620

M elnyk S, Pogribna M, M iller BJ, Basnakian AG, Pogribny IP, Jam es SJ (1999) Uracil 

m isincorporation, DNA strand breaks, and gene am plification are associated with 

tum origenic cell transform ation in folate deficient/repleted Chinese ham ster ovary cells. 

Cancer Lett 146:35-44

Mills JL, M cPartlin JM, Kirke PN, Lee YJ, Conley MR, W eir DG, Scott JM (1995) Hom ocysteine 

metabolism in pregnancies com plicated by neural-tube defects. Lancet 345:149-151

M ills JL, Kirke PN, M olloy AM, Burke H, Conley MR, Lee YJ, M ayne PD, W eir DG, Scott JM 

(1999) M ethylenetetrahydrofolate reductase therm olabile variant and oral clefts. Am J Med 

Genet 86:71-74

Mills JM , Signore C (2004) Neural Tube Defect Rates before and after Food Fortification with Folic 

Acid. Birth Defects Research (Part A): Clinical and M olecular Teratology 70:844-845

M itchell LE, Adzick NS, M elchionne J, Pasquariello PS, Sutton LN, W hitehead AS (2004) Spina 

bifida. Lancet 364:1885-1895

Mitchell LE (2005) Epidemiology o f  neural tube defects. Am J Med Genet C Semin Med Genet 

135:88-94

M iziara MN, Riggs PK, Amaral ME (2004) Com parative analysis o f  noncoding sequences o f  

orthologous bovine and human gene pairs. Genet Mol Res 3:465-473

M olloy AM, Daly S, Mills JL, Kirke PN, W hitehead AS, Ramsbottom D, Conley MR, W eir DG,

Scott JM (1997) Therm olabile variant o f  5,10-m ethylenetetrahydrofolate reductase 

associated with low red-cell folates: im plications for folate intake recommendations. Lancet 

349:1591-1593

Molloy AM, Scott JM (1997) M icrobiological assay for serum, plasma, and red cell folate using

cryopreserved, m icrotiter plate method. M ethods Enzymol 281 :43-53

285



M olloy AM, Mills JL, Kirke PN, W hitehead AS, W eir DG, Scott JM (1998) W hole-blood folate 

values in subjects with different m ethylenetetrahydrofolate reductase genotypes: differences 

between the radioassay and microbiological assays. Clin Chem 44:186-188

M olloy AM, Mills JL, Kirke PN, Ramsbottom D, M cPartlin JM, Burke H, Conley M, W hitehead AS, 

W eir DG, Scott JM (1998) Low blood folates in NTD pregnancies are only partly explained 

by therm olabile 5,10-m ethylenetetrahydrofolate reductase: low folate status alone may be the 

critical factor. Am J Med Genet 78:155-159

M om et E, M uller F, Lenvoise-Furet A, Delezoide AL, Col JY, Simon-Bouy B, Serre JL (1997) 

Screening o f the C677T mutation on the m ethylenetetrahydrofolate reductase gene in French 

patients with neural tube defects. Hum Genet 100:512-514

M orris MS, Jacques PF, Rosenberg IH, Selhub J, Bowman BA, G unter EW, W right JD, Johnson CL 

(2000) Serum total hom ocysteine concentration is related to self-reported heart attack or 

stroke history am ong men and women in the NHANES III. J Nutr 130:3073-3076

M orrison K, Edwards YH, Lynch SA, Bum J, Hoi F, Mariman E (1997) M ethionine synthase and 

neural tube defects. J Med Genet 34:958

M orrison K, Papapetrou C, Hoi FA, M ariman EC, Lynch SA, Bum J, Edwards YH (1998) 

Susceptibility to spina bifida; an association study o f  five candidate genes. Ann Hum Genet 

62:379-396

MRC Vitamin Study Research Group. (1991) Prevention o f  neural tube defects: Results o f  the 

Medical Research Council V itamin Study. Lancet 338:131-137

M uller M, Kersten S (2003) Nutrigenom ics: goals and strategies. N at Rev Genet 4:315-322

Ng HH, Bird A (1999) DNA m ethylation and chromatin modification. Current Opinion in Genetics & 

Development 9 :158-163

Nielsen SJ, Praestegaard M, Jorgensen HF, Clark BF (1998) Different Spl family m em bers 

differentially affect transcription from the human elongation factor I A-1 gene prom oter. 

Biochemical Journal 333:51 1-517

N orthrup H, Volcik KA (2000) Spina bifida and other neural tube defects. Current Problems in 

Pediatrics 30:313-332

N ott A, M eislin SH, Moore MJ (2003) A quantitative analysis o f  intron effects on mammalian gene 

expression. Rna-A Publication o f  the Rna Society 9:607-617

286



Novakovic P, Stempak JM, Sohn KJ, Kim YI (2006) Effects o f  folate deficiency on gene expression 

in the apoptosis and cancer pathways in colon cancer cells. Carcinogenesis 27:916-924

N urk E, Tell GS, Refsum H, Ueland PM, Vollset SE (2004) A ssociations between maternal 

m ethylenetetrahydrofolate reductase polym orphism s and adverse outcom es o f  pregnancy: the 

Hordaiand Homocysteine Study. Am J Med 117:26-31

O'Leary VB, Mills JL, Kirke PN, Parle-M cDerm ott A, Swanson DA, W eiler A, Pangilinan F, Conley 

M, M olloy AM, Lynch M, Cox C, Scott JM , Brody LC (2003) A nalysis o f  the human folate 

receptor beta gene for an association with neural tube defects. Mol Genetics & M etabolism 

79:129-133

O ’Leary VB, Mills JL, Pangilinan F, Kirke PN, Cox C, Conley M, W eiler A, Peng K, Shane B, Scott 

JM , Parle-M cDerm ott A, M olloy AM, Brody LC (2005) A nalysis o f  methionine synthase 

reductase polym orphism s for neural tube defects risk association. Mol Genet Metab 85:220- 

227

O 'Leary VB, Mills JL, Parle-M cDerm ott A, Pangilinan F, M olloy AM, Cox C, W eiler A, Conley M, 

Kirke PN, Scott JM , Brody LC (2005) Screening for new M THFR polym orphism s and NTD 

risk. Am J Med Genet A 138:99-106

O'Leary V B, Pangilinan F, Cox C, Parle-M cDerm ott A, Conley M, M olloy AM , Kirke PN, Mills JL, 

Brody LC, Scott JM (2006) Reduced folate carrier polym orphism s and neural tube defect 

risk. Mol Genet M etab 87:364-369

Ou CY, Stevenson RE, Brown VK, Schwartz CE, Allen WP, Khoury MJ, Rozen R, Oakley GP, Jr., 

Adams MJ, Jr. (1996) 5,10 M ethylenetetrahydrofolate reductase genetic polym orphism  as a 

risk factor for neural tube defects. Am J Med Genet 63:610-614

Parle-M cDerm ott A, Mills JL, Kirke PN, O 'Leary VB, Swanson DA, Pangilinan F, Conley M, M olloy 

AM, Cox C, Scott JM , Brody LC (2003) Analysis o f  the M THFR 1298A -> C  and 6 7 7 C -> T  

polym orphism s as risk factors for neural tube defects. Journal o f  Human Genetics 48:190- 

193

Parle-M cDerm ott A, Mills JL, Kirke PN, Cox C, Signore CC, Kirke S, M olloy AM, O'Leary VB, 

Pangilinan FJ, O 'Herlihy C, Brody LC, Scott JM (2005) M TH FD l R653Q polym orphism  is a 

m aternal genetic risk factor for severe abruptio placentae. Am erican Journal o f  M edical 

Genetics Part A 132:365-368

287



Parle-M cDerm ott A, Pangilinan F, Mills JL, Signore CC, Molloy AM, Cotter A, Conley M, Cox C, 

Kirke PN, Scott JM , Brody LC (2005) A polym orphism  in the M THFDl gene increases a 

m other's risk o f  having an unexplained second trim ester pregnancy loss. Mol Hum Reprod 

11:477-480

Parle-M cDerm ott A, Kirke PN, Mills JL, M olloy AM, Cox C, O 'Leary VB, Pangilinan F, Conley M, 

Cleary L, Brody LC, Scott JM (2006) Confirmation o f  the R653Q polym orphism  o f the 

trifunctional C l-syn thase enzyme as a maternal risk for neural tube defects in the Irish 

population. Eur J Hum G enet 14:768-772

Parle-M cDerm ott A, Mills JL, M olloy AM, Carroll N, Kirke PN, Cox C, Conley MR, Pangilinan FJ, 

Brody LC, Scott JM (2006) The M THFR 1298CC and 677TT genotypes have opposite 

associations with red cell folate levels. Mol Genet Metab 88:290-294

Patel H, Christensen KE, M ejia N, M acKenzie RE (2002) M ammalian m itochondrial 

m ethylenetetrahydrofolate dehydrogenase-cyclohydrolase derived from a trifunctional 

m ethylenetetrahydrofolate dehydrogenase-cyclohydrolase-synthetase. Archives o f 

Biochem istry & Biophysics 403:145-148

Pei L, Zhu H, Ren A, Li Z, Hao L, Finneli RH, Li Z (2005) Reduced folate carrier gene is a risk factor 

for neural tube defects in a Chinese population. Birth Defects Res A Clin Mol Teratol 

73:430-433

Pelengaris S, Rudolph B, Littlewood T (2000) Action o f  Myc in vivo - proliferation and apoptosis. 

C urrO p in  Genet Dev 10:100-105

Pelletier JN, M acKenzie RE (1995) Binding and interconversion o f  tetrahydrofolates at a  single site in 

the bifunctional m ethylenetetrahydrofolate dehydrogenase/cyclohydrolase. Biochemistry 

34:12673-12680

Peters GJ, Sm itskam p-W ilm s E, Smid K, Pinedo HM, Jansen G (1999) Determinants o f  activity o f  the 

antifolate thym idylate synthase inhibitors Tomudex (ZD1694) and G W 1843U89 against 

mono- and multilayered colon cancer cell lines under folate-restricted conditions. Cancer Res 

59:5529-5535

Pfaffl MW , Horgan GW , Dempfle L (2002) Relative expression software tool (REST) for group-wise 

com parison and statistical analysis o f  relative expression results in real-time PCR. N ucleic 

Acids Res 30:e36

Piper MD, Hong SP, Ball GE, Dawes IW (2000) Regulation o f  the balance o f  one-carbon metabolism 

in Saccharom yces cerevisiae. Journal o f  Biological Chemistry 275:30987-30995

288



Polager S, Kalma Y, Berkovich E, G insberg D (2002) E2Fs up-regulate expression o f  genes involved 

in DNA replication, DNA repair and mitosis. Oncogene 21:437-446

Poupon MF, Smith KA, Chernova OB, Gilbert C, Stark GR (1996) Inefficient growth arrest in 

response to dNTP starvation stimulates gene am plification through bridge-breakage-fusion 

cycles. Mol Biol Cell 7:345-354

Prasannan P, Pike S, Peng K, Shane B, Appling DR (2003) Human m itochondrial C 1-tetrahydrofolate 

synthase: gene structure, tissue distribution o f  the mRNA, and im m unolocalization in 

Chinese ham ster ovary calls. Journal o f  Biological Chemistry 278:43178-43187

Pugh BF, Tjian R (1990) M echanism o f  transcriptional activation by S p l: evidence for coactivators. 

C ell61:1187-1197

Quandt K, Freeh K, Karas H, W ingender E, W erner T (1995) M atlnd and M atlnspector: new fast and 

versatile tools for detection o f  consensus m atches in nucleotide sequence data. Nucleic Acids 

Research 23:4878-4884

Rampersaud E, Melvin EC, Siegel D, M ehltretter L, D ickerson ME, George TM , Enterline D, Nye JS, 

Speer MC (2003) Updated investigations o f  the role o f  m ethylenetetrahydrofolate reductase 

in human neural tube defects. Clin Genet 63:210-214

Rampersaud E, Bassuk AG, Enterline DS, George TM , Siegel DG, Melvin EC, Aben J, et al. (2005) 

W hole genom ewide linkage screen for neural tube defects reveals regions o f  interest on 

chrom osom es 7 and 10. J Med Genet 42:940-946

Ramsbottom D, Scott JM, M olloy A, W eir DG, Kirke PN, Mills JL, G allagher PM, W hitehead AS 

(1997) Are com m on mutations o f  cystathionine beta-synthase involved in the aetiology o f  

neural tube defects? Clinical Genetics 51:39-42

Ray JG, Vermeulen MJ, Boss SC, Cole DE (2002) Increased red cell folate concentrations in women 

o f  reproductive age after Canadian folic acid food fortification. Epidemiology 13:238-240

Refsum H, Ueland PM, N ygard O, Vollset SE (1998) Homocysteine and cardiovascular disease. Annu 

Rev Med 49:31-62

Reich DE, Goldstein DB (1998) Genetic evidence for a Paleolithic human population expansion in 

Africa. Proc Natl Acad Sci U S A 95:8119-8123

289



Relton CL, W ilding CS, Pearce MS, Laffling AJ, Jonas PA, Lynch SA, Tawn EJ, Bum J (2004) Gene- 

gene interaction in folate-related genes and risk o f  neural tube defects in a UK population. J 

Med Genet 4 1 :256-260

Ren B, Cam H, Takahashi Y, Volkert T, Terragni J, Young RA, Dynlacht BD (2002) E2F integrates 

cell cycle progression with DNA repair, replication, and G(2)/M  checkpoints. G enes Dev 

16:245-256

Risch N (1990) Linkage strategies for genetically com plex traits. II. The power o f  affected relative 

pairs. Am J Hum Genet 46:229-241

Risch N, M erikangas K (1996) The future o f  genetic studies o f  com plex human diseases. Science 

273:1516-1517

Robien K, Ulrich CM (2003) 5,10-M ethylenetetrahydrofolate reductase polym orphism s and leukemia 

risk: a HuGE m inireview. Am J Epidemiol 157:571-582

Roeder RG (1996) The role o f  general initiation factors in transcription by RNA polym erase II. 

Trends in Biochemical Sciences 21 :327-335

Rotheneder H, G eym ayer S, Haidweger E (1999) Transcription factors o f  the Spl family: interaction 

with E2F and regulation o f  the m urine thym idine kinase promoter. J Mol Biol 293:1005-1015

Rozen R, Barton D, Du J, Hum DW, M acKenzie RE, Francke U (1989) Chromosomal localization o f 

the gene for the human trifunctional enzyme, m ethylenetetrahydrofolate dehydrogenase- 

m ethenyltetrahydrofolate cyclohydrolase-form yltetrahydrofolate synthetase. American 

Journal o f  Human Genetics 44:781-786

Sauer S, Gut IG (2002) Genotyping single-nucleotide polym orphism s by m atrix-assisted laser- 

desorption/ionization tim e-of-flight mass spectrometry. J Chrom atogr B A nalyt Technol 

Biomed Life Sci 782:73-87

Schefe JH, Lehmann KE, Buschmann IR, Unger T, Funke-Kaiser H (2006) Quantitative real-tim e RT- 

PCR data analysis: current concepts and the novel "gene expression's CT difference" 

formula. J Mol Med 84:901-910

S cherf M, K lingenhoff A, W erner T (2000) Highly specific localization o f  prom oter regions in large 

genom ic sequences by Prom oterlnspector: a novel context analysis approach. Journal o f 

M olecular Biology 297:599-606

290



Scott J, W eir D (1994) Folate/vitamin B12 inter-relationships. Essays in Biochem istry 28:63-72

Selhub J, D 'Angelo A (1998) Relationship between hom ocysteine and throm botic disease. Am J Med 

Sci 316:129-141

Seliger HHM, W.D. (1960) Spectral emission and quantum yield o f  firefly biolum inescence. Archives 

o f  Biochemistry & Biophysics 88:136-141

Shannon KW, Rabinowitz JC (1988) Isolation and characterization o f  the Saccharom yces cerevisiae 

M lS l gene encoding m itochondrial C 1-tetrahydrofolate synthase. Journal o f  Biological 

Chemistry 263:7717-7725

Sharp L, Little J (2004) Polym orphism s in genes involved in folate m etabolism  and colorectal 

neoplasia: a HuGE review. Am J Epidemiol 159:423-443

Shaw GM, Rozen R, Finnell RH, W asserman CR, Lam m er EJ (1998) Maternal vitam in use, genetic 

variation o f  infant m ethylenetetrahydrofolate reductase, and risk for spina bifida. Am J 

Epidemiol 148:30-37

Shaw GM, Lam m er EJ, Zhu H, Baker MW, Neri E, Finnell RH (2002) M aternal periconceptional 

vitamin use, genetic variation o f  infant reduced folate carrier (A80G), and risk o f  spina 

bifida. Am J Med Genet 108:1-6

Sherry ST, Ward M, Sirotkin K (1999) dbSNP-database for single nucleotide polym orphism s and 

other classes o f  m inor genetic variation. Genome Res 9:677-679

Shields DC, Kirke PN, Mills JL, Ramsbottom D, M olloy AM, Burke H, W eir DG, Scott JM, 

W hitehead AS (1999) The "thermolabile" variant o f  m ethylenetetrahydrofolate reductase and 

neural tube defects: An evaluation o f  genetic risk and the relative im portance o f  the 

genotypes o f  the em bryo and the mother. Am Journal o f  Human Genetics 64:1045-1055

Sirito M, Lin Q, Deng JM , Behringer RR, Sawadogo M (1998) Overlapping roles and asym m etrical 

cross-regulation o f  the USF proteins in mice. Proc Natl Acad Sci U S A 95:3758-3763

Skibola CF, Smith MT, Kane E, Roman E, Rollinson S, Cartwright RA, M organ G (1999) 

Polymorphisms in the m ethylenetetrahydrofolate reductase gene are associated with 

susceptibility to acute leukem ia in adults. Proc Natl Acad Sci U S A 96:12810-12815

Smale ST (1997) Transcription initiation fi'om TATA-less prom oters within eukaryotic protein-coding 

genes. Biochim ica et Biophysica Acta 1351:73-88

291



Smith GK, M ueller WT, W asserman GF, Taylor WD, Benkovic SJ (1980) Characterization o f  the 

enzyme com plex involving the folate-requiring enzym es o f  de novo purine biosynthesis. 

Biochemistry 19:4313-4321

Speer MC, Worley G, M ackey JF, M elvin E, Oakes WJ, George TM (1997) The therm olabile variant 

o f  m ethylenetetrahydrofolate reductase (M THFR) is not a m ajor risk factor for neural tube 

defect in American Caucasians. The NTD Collaborative Group. Neurogenetics 1:149-150

Spielm an RS, M cGinnis RE, Ewens WJ (1993) Transmission test for linkage disequilibrium: the 

insulin gene region and insulin-dependent diabetes mellitus (IDDM ). Am J Hum Genet 

52:506-516

Staben C, Rabinowitz JC (1986) N ucleotide sequence o f the Saccharomyces cerevisiae ADE3 gene 

encoding C l-tetrahydro folate synthase. Journal o f Biological Chemistry 261:4629-4637

Stegmann K, Ziegler A, Ngo ET, K ohlschm idt N, Schroter B, Ermert A, Koch MC (1999) Linkage 

disequilibrium o f  M THFR genotypes 677C /T-1298A/C in the German population and 

association studies in probands with neural tube defects(NTD). Am J Med Genet 87:23-29

Stevenson RE, Allen WP, Pai GS, Best R, Seaver LH, Dean J, Thompson S (2000) Decline in 

prevalence o f neural tube defects in a high-risk region o f  the United States. Pediatrics 

106:677-683

Stover PJ, Chen LH, Suh JR, S tover DM, Keyomarsi K, Shane B (1997) M olecular cloning, 

characterization, and regulation o f  the human mitochondrial serine hydroxym ethyltransferase 

gene. Journal o f  Biological Chem istry 272:1842-1848

Stover PJ, Garza C (2002) Bringing individuality to public health recommendations. J Nutr 

I32:2476S-2480S

Stover PJ (2004) Nutritional genom ics. Physiol Genom ics 16:161-165

Suzuki Y, Yamashita R, Sugano S, N akai K (2004) DBTSS, DataBase o f  Transcriptional Start Sites: 

progress report 2004. N ucleic A cids Research 32:D78-81

Swanson DA, Pangilinan F, Mills JL, K irke PN, Conley M, W eiler A, Frey T, Parle-M cDerm ott A, 

O 'Leary VB, Seltzer RR, M oynihan KA, M olloy AM, Burke H, Scott JM , Brody LC (2005) 

Evaluation o f  transcobalam in II polym orphism s as neural tube defect risk factors in an Irish 

population. Birth Defects Res A  Clin Mol Teratol 73:239-244

292



Tagle DA, Koop BF, Goodman M, Slightom JL, Hess DL, Jones RT (1988) Embryonic epsilon and 

gam ma globin genes o f  a prosim ian primate (Galago crassicaudatus). Nucleotide and amino 

acid sequences, developm ental regulation and phylogenetic footprints. J Mol Biol 203:439- 

455

Takahashi Y, Rayman JB, Dynlacht BD (2000) Analysis o f  prom oter binding by the E2F and pRB 

families in vivo: distinct E2F proteins mediate activation and repression. Genes Dev 14:804- 

816

Takai D, Jones PA (2002) Com prehensive analysis o f  CpG islands in human chrom osom es 21 and 22. 

Proceedings o f  the National Academ y o f  Sciences o f  the United States o f  A m erica 99:3740- 

3745

Takeishi K, Kaneda S, A yusaw a D, Shimizu K, Gotoh O, Seno T (1989) Human thym idylate synthase 

gene: isolation o f  phage clones which cover a functionally active gene and structural analysis 

o f  the region upstream from the translation initiation codon. Journal o f  Biochem istry 

106:575-583

The International HapM ap Consortium  (2003) The International HapM ap Project. Natue 426:789-796

The International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis o f 

the human genome. Nature 409:860-921

Thellin O, Zorzi W, Lakaye B, De B onnan B, Coumans B, Hennen G, G risar T, Igout A, Heinen E 

(1999) Housekeeping genes as internal standards: use and limits. J Biotechnol 75:291-295

Thigpen AE, W est MG, A ppling DR (1990) Rat C l-tetrahydrofolate synthase. cDNA isolation, tissue- 

specific levels o f  the mRNA, and expression o f  the protein in yeast. Journal o f  Biological 

Chemistry 265:7907-7913

Toffoli G, Cernigoi C, Russo A, Gallo A, Bagnoli M, Boiocchi M (1997) Overexpression o f  folate 

binding protein in ovarian cancers. Int J Cancer 74:193-198

Tost J, Gut IG (2002) Genotyping single nucleotide polym orphism s by m ass spectrometry. Mass 

Spectrom Rev 21:388-418

Trembath D, Sherbondy AL, Vandyke DC, Shaw GM, T odoroff K, Lam m er EJ, Finnell RH, M arker 

S, Lerner G, M urray JC (1999) Analysis o f  select folate pathway genes, PAX3, and human T 

in a M idwestern neural tube defect population. Teratology 59:331-341

293



Tricarico C, Pinzani P, Bianchi S, Paglierani M, Distante V, Pazzagli M, Bustin SA, Orlando C (2002) 

Quantitative real-tim e reverse transcription polymerase chain reaction: norm alization to 

rRNA or single housekeeping genes is inappropriate for human tissue biopsies. Anal 

Biochem 309:293-300

Trinklein ND, Aldred SJ, Saldanha AJ, Myers RM (2003) Identification and functional analysis o f 

human transcriptional promoters. Genome Research 13:308-312

Ueland PM, Hustad S, Schneede J, Refsum H, Vollset SE (2001) Biological and clinical implications 

o f  the M THFR C677T polymorphism . Trends Pharmacol Sci 22:195-201

Ulvik A, Ueland PM, Fredriksen A, M eyer K, Vollset SE, H off G, Schneede J (2007) Functional 

inference o f  the m ethylenetetrahydrofolate reductase 677 C > T and 1298A > C 

polym orphism s from a large-scale epidemiological study. Hum Genet 121:57-64

van Allen M!, Kalousek DK, C hernoff GF, Jurilo ff D, Harris M, M cGillivray BC, Yong SL, Langlois 

S, M acLeod PM, Chitayat D (1993) Evidence for m ulti-site closure o f  the neural tube in 

humans. American Journal o f M edical Genetics 47:723-743

van der Linden IJ, den H eijer M, Afman LA, G ellekink H, V enneulen SH, Kluijtmans LA, Blom HJ 

(2006) The methionine synthase reductase 66A>G polymorphism is a maternal risk factor for 

spina bifida. J Mol Med 84:1047-1054

van der Put NM , Steegers-Theunissen RP, Frosst P, Trijbels FJ, Eskes TK, van den Heuvel LP, 

Mariman EC, den Heyer M, Rozen R, Blom HJ (1995) M utated methylenetetrahydrofolate 

reductase as a risk factor for spina bifida. Lancet 346:1070-1071

van der Put NM , van der M olen EF, K luijtmans LA, Heil SG, Trijbels JM, Eskes TK, Van 

Oppenraaij-Em m erzaal D, Banerjee R, Blom HJ (1997) Sequence analysis o f  the coding 

region o f  human m ethionine synthase: relevance to hyperhom ocysteinaem ia in neural-tube 

defects and vascular disease. Qjm 90 :5 1 1 -517

van der Put NM , G abreels F, Stevens EM, Sm eitink JA, Trijbels FJ, Eskes TK, van den Heuvel LP, 

Blom HJ (1998) A second common mutation in the m ethylenetetrahydrofolate reductase 

gene: an additional risk factor for neural-tube defects?. Am erican Journal o f  Human Genetics 

62:1044-1051

van der Put NM, Blom HJ (2000) Reply to Donnelly. American Journal o f  Human Genetics 66:744- 

745

van der Put NM J, van Straaten HW M , Trijbels FJM, Blom HJ (2001) Folate, Homocysteine and 

Neural Tube Defects: An Overview. Exp Biol Med 226:243-270

294



Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Spelem an F (2002) 

Accurate normalization o f  real-time quantitative RT-PCR data by geom etric averaging o f  

multiple internal control genes. Genome Biol 3:RESEARCH0034

Vaulont S, Vasseur-Cognet M, Kahn A (2000) Glucose regulation o f  gene transcription. J Biol Chem 

275:31555-31558

Venter JC, Adams MD, Myers EW, Li PW, M ural RJ, Sutton GG, Smith HO, et al. (2001) The 

sequence o f  the human genom e. Science 2 9 1:1304-1351

V erhoef P, Kok FJ, K luijtmans LA, Blom HJ, Refsum H, Ueland PM, Kruyssen DA (1997) The 

6 7 7 C -> T  mutation in the m ethylenetetrahydrofolate reductase gene: associations with 

plasm a total hom ocysteine levels and risk o f  coronary atherosclerotic disease. 

Atherosclerosis 132:105-113

W agner C, Decha-Umphai W, Corbin J (1989) Phosphorylation modulates the activity o f  glycine N- 

m ethyltransferase, a folate binding protein. In vitro phosphorylation is inhibited by the 

natural folate ligand. J Biol Chem 264:9638-9642

W agner C (1995) Biochemical role o f  folate in cellular metabolism. In Folate in Health and Disease. 

Marcel Dekker, New York

W einberg CR, W ilcox AJ, Lie RT (1998) A log-linear approach to case-parent-triad data: assessing 

effects o f  disease genes that act either directly or through maternal effects and that may be 

subject to parental imprinting. Am J Hum Genet 62:969-978

W einmann AS, Bartley SM, Zhang T, Zhang MQ, Fam ham  PJ (2001) Use o f  chromatin 

immunoprecipitation to clone novel E2F target prom oters. Mol Cell Biol 2 1 :6820-6832

Weis L, Reinberg D (1997) Accurate positioning o f  RNA polym erase II on a natural TATA-less 

prom oter is independent o f  TATA-binding-protein-associated factors and initiator-binding 

proteins. M olecular & Cellular Biology 17:2973-2984

W eisberg I, Tran P, Christensen B, Sibani S, Rozen R (1998) A second genetic polymorphism in 

m ethylenetetrahydrofolate reductase (M THFR) associated with decreased enzym e activity. 

M olecular Genetics & M etabolism 64:169-172

Weitzman JB (2003) Tracking evolution's footprints in the genom e. J Biol 2:9

West MG, Hom e DW, Appling DR (1996) M etabolic role o f  cytoplasm ic isozymes o f  5,10- 

m ethylenetetrahydrofolate dehydrogenase in Saccharom yces cerevisiae. Biochemistry 

35:3122-3132

295



W hitehead AS, G allagher P, M ills JL, Kirke PN, Burke H, Molloy AM, W eir DG, Shields DC, Scott 

JM (1995) A genetic defect in 5,10 m ethylenetetrahydrofolate reductase in neural tube 

defects. Qjm 88:763-766

W ilcox AJ, W einberg CR, Lie RT (1998) Distinguishing the effects o f  maternal and offspring genes 

through studies o f  "case-parent triads". Am J Epidemiol 148:893-901

W ills L (1978) Nutrition Classics. British M edical Journal 1:1059-64, 1931. Treatm ent o f  "pernicious 

anaem ia o f  pregnancy" and "tropical anaemia" with special reference to yeast extract as a 

curative agent. By Lucy Wills. Nutr Rev 36:149-151

W ilson A, Platt R, W u Q, Leclerc D, Christensen B, Yang H, Gravel RA, Rozen R (1999) A com mon 

variant in m ethionine synthase reductase com bined with low cobalam in (vitam in B12) 

increases risk for spina bifida. Mol Genet M etab 67:317-323

W oeller CF, Anderson DD, Szebenyi DM, Stover PJ (2007) Evidence for SU M O -dependent nuclear 

import o f  the thym idylate biosynthesis pathway. J Biol Chem

W ood KV (1998) The Chem istry o f  Bioluminescent Reporter Assays. Promega Notes 65:14-20

Yamada K, Chen Z, Rozen R, M atthews RG (2001) Effects o f  common polym orphism s on the 

properties o f  recom binant human m ethylenetetrahydrofolate reductase. PNAS 98:14853-58

Zaiger G, N ur T, Barshack 1, Berkovich Z, Goldberg I, Reifen R (2004) Vitamin A exerts its activity 

at the transcriptional level in the small intestine. Eur J Nutr 43:259-266

Zhao R, Zhu H, Dao J, Li Z (2000) [Study on genotypes o f  cystathionine beta-synthase in neural tube 

defects]. Wei Sheng Yan Jiu 29:50-51

Zhu H, W icker NJ, Shaw GM , Lam m er EJ, Hendricks K, Suarez L, Canfield M, Finnell RH (2003) 

Hom ocysteine rem ethylation enzyme polym orphism s and increased risks for neural tube 

defects. Mol Genet M etab 78:216-221

Zhu WY, A lliegro MA, M elera PW (2001) The rate o f  folate receptor alpha (PR alpha) synthesis in 

folate depleted CHL cells is regulated by a translational mechanism  sensitive to m edia folate 

levels, while stable overexpression o f  its mRNA is mediated by gene am plification and an 

increase in transcript half-life. J Cell Biochem 81:205-219

Zietkiewicz E, Yotova V, Jam ik  M, Korab-Laskowska M, Kidd KK, M odiano D, Scozzari R, 

Stoneking M, T ishkoff S, Batzer M, Labuda D (1997) Nuclear DNA diversity in w orldwide 

distributed human populations. Gene 205:161 -171

296



Appendix



1) Representative Sequence Traces from MTHFDl Regions Screened

Section 1 -  See Figure 4.2

Section 2
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Section 3
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Section 4
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Section 5
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Section 6
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2) Real-Time PCR Raw Data from Investigation of SNP rsl076991C~>T

Experiment 1
Name CT1 CT2 CT3 Mean CT SD %cv

MTHFD1 17180 23.899 23.324 23.413 23.545 0.310 1.314
17203 26.317 26.322 26.117 26.252 0.117 0.445
17228 25.315 25.007 24.766 25.029 0.275 1.099
17237 26.432 26.174 26.472 26.359 0.162 0.614

B-ACTIN 17180 23.166 23.728 23.592 23.495 0.293 1.248
17203 25.468 25.572 25.369 25.470 0.102 0.399
17228 24.182 24.393 24.129 24.235 0.140 0.576
17237 25.056 25.136 25.18 25.124 0.063 0.250

Experiment 2
Name CT1 CT2 CT3 Mean CT SD %cv

MTHFD1 17102 26 25.8604 25.843 25.901 0.086 0.332
17180 24.6194 24.4896 24.6084 24.572 0.072 0.293
17203 27.0911 26.8929 26.9741 26.986 0.099 0.369
17228 26.4284 26.7469 26.4931 26.556 0.168 0.634
17237 28.8878 29.0219 29.1297 29.013 0.121 0.418
17259 24.9219 24.7161 24.7784 24.805 0.106 0.425

B-ACTIN 17102 26.306 26.3862 26.3909 26.361 0.048 0.181
17180 25.5204 25.3535 24.9591 25.278 0.288 1.140
17203 27.241 27.3825 27.1328 27.252 0.125 0.459
17228 26.6435 26.4721 26.2464 26.454 0.199 0.753
17237 28 27.7691 27.9419 27.904 0.120 0.430
17259 25.7106 25.5581 25.1734 25.481 0.277 1.086

Experim ent 3
Name CT1 CT2 CT3 Mean CT SD %cv

MTHFD1 17102 24.8858 24.5668 25.0746 24.842 0.257 1.033
17180 25.2874 25.3297 25.436 25.351 0.077 0.302
17203 28.479 28.4295 28.454 0.035 0.123
17228 26.8871 27.0123 27.2488 27.049 0.184 0.679
17237 28.2972 28.2478 28.5071 28.351 0.138 0.486
17259 24.4699 24.6843 24.8473 24.667 0.189 0.767

B-ACTIN 17102 25.2829 25.362 24.7349 25.127 0.342 1.359
17180 26 25.2429 24.0686 25.104 0.973 3.877
17203 27.4655 27.7958 27.3021 27.521 0.252 0.914
17228 26.615 26.3807 26.0781 26.358 0.269 1.021
17237 27.103 27.1555 26.9661 27.075 0.098 0.361
17259 25.6036 25.5089 25.327 25.480 0.141 0.552
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Overall Relative Quantification Results method) for
SNP r s l076991 CC versus TT

1 CC
17180 1,66
17203 1

P  value

2 CC
17102 1.14
17180 1.36
17203 1

P  value

3 CC
17102 2.33
17180 1.61
17203 1

P  value

vs. TT
17228
17237

0.32

vs. TT
17228
17237
17259

0.31

vs. TT
17228
17237
17259

0.89

0.99
0.73

0.77
0.39
1.33

1.18
0.79
3.35
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3) Real-Time PCR Raw Data from Investigation of MTHFDl R653Q

Experiment

MTHFD1

B-ACTIN

Experiment

MTHFD1

B-ACTIN

Experiment

MTHFD1

B-ACTIN

I
Name
17133
17136
17180
17203
17228
17237

17133
17136
17180
17203
17228
17237

CT1
26.418
27.202
23.899
26.317
25.315
26.432

25.204
27.235
23.166
25.468
24.182
25.056

CT2
26.248
27.357
23.324
26.322
25.007
26.174

24.971
26.889
23.728
25.572
24.393
25.136

CT3
26.323
26.874
23.413
26.117
24.766
26.472

24.932
26.074
23.592
25.369
24.129
25.18

Mean CT
26.330
27.144
23.545
26.252
25.029
26.359

25.036
26.733
23.495
25.470
24.235
25.124

SD
0.085
0.247
0.310
0.117
0.275
0.162

0.147
0.596
0.293
0.102
0.140
0.063

% cv
0.324
0.909
1.314
0.445
1.099
0.614

0.587
2.230
1.248
0.399
0.576
0.250

Name CT1 CT2 CT3 Mean CT SD % cv
17133 28.0035 27.5742 27.747 27.775 0.216 0.778
17136 28.5909 28.8409 29.0839 28.839 0.247 0.855
17180 24,6194 24.4896 24.6084 24.572 0.072 0.293
17203 27.0911 26.8929 26.9741 26.986 0.099 0.369
17228 26.4284 26.7469 26.4931 26.556 0.168 0.634
17237 28.8878 29.0219 29.1297 29.013 0.121 0.418

17133 27.6458 27.6474 27.5039 27.599 0.082 0.299
17136 29.0103 28.869 28.451 28.777 0.291 1.011
17180 25.5204 25.3535 24.9591 25.278 0.288 1.140
17203 27.241 27.3825 27.1328 27.252 0.125 0.459
17228 26.6435 26.4721 26,2464 26.454 0.199 0.753
17237 28 27.7691 27.9419 27.904 0.120 0.430

Name CT1 CT2 CT3 Mean CT SD % cv
17133 24.8174 25.1211 25 24.980 0.153 0.612
17136 29.2986 29.4931 29.4571 29.416 0.103 0.352
17180 25.2874 25.3297 25.436 25.351 0.077 0.302
17203 28.479 28.4295 28.454 0.035 0.123
17228 26.8871 27.0123 27.2488 27.049 0.184 0.679
17237 28.2972 28.2478 28.5071 28.351 0.138 0.486

17133 25.2866 25.4578 25.3514 25.365 0.086 0.341
17136 28.6158 28.5345 28.0211 28.390 0.322 1.136
17180 26 25.2429 24.0686 25.104 0.973 3.877
17203 27.4655 27.7958 27.3021 27.521 0.252 0.914
17228 26.615 26.3807 26.0781 26.358 0.269 1.021
17237 27.103 27.1555 26.9661 27.075 0.0978 0.361
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Overall Relative Quantification Results method) for
MTHFDl 653 RR versus QQ

1 R R  vs.
17133 1
17180 2.37
17237 1.04

P value 0.86

QQ
17136 1.84
17203 1.43
17228 1.41

2 RR
17133 1.91
17180 3.52
17237 1

P value

vs. QQ
17136 2.07
17203 2.59
17228 2.01

0.92

3 RR
17133 3.16
17180 2.04
17237 1

P value

vs. QQ
17136 1.19
17203 1.27
17228 1.5

0.30
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4) Effect of Folate Status on Folate-Related Gene Expression Analysis:
Quantitative Real-Time RT-PCR Raw Data

Sample Detector C t C t SE Avg C t Avg dCT dCT SE d d C r RQ
Day 0 mthfdl 20.352 0.083 20.185 -4.502 0,092 0 1
Day 0 mthfdl 20.092 0.083 20.185 -4.502 0.092 0 1
Day 0 mthfdl 20.113 0.083 20.185 -4.502 0,092 0 1
Day 3 mthfdl 20.234 0.068 20.104 -4.718 0.082 -0.216 1.161
Day 3 mthfdl 20.003 0.068 20.104 -4.718 0.082 -0.216 1.161
Day 3 mthfdl 20.076 0.068 20.104 -4.718 0.082 -0.216 1.161
Day 6 mthfdl 20.215 0.054 20.207 -4.313 0.078 0.189 0.877
Day 6 mthfdl 20.11 0.054 20.207 -4.313 0.078 0.189 0.877
Day 6 mthfdl 20.297 0.054 20.207 -4.313 0.078 0.189 0.877
Day 8 mthfdl 20.144 0.054 20.079 -4.86 0.064 -0.358 1.282
Day 8 mthfdl 19.971 0.054 20.079 -4.86 0.064 -0.358 1.282
Day 8 mthfdl 20.121 0.054 20.079 -4.86 0.064 -0.358 1.282

Day 10 mthfdl 19.973 0.18 19.616 -4.883 0.195 -0.381 1.302
Day 10 mthfdl 19.401 0.18 19.616 -4.883 0.195 -0.381 1.302
Day 10 mthfdl 19.472 0.18 19.616 -4.883 0.195 -0.381 1.302
Day 12 mthfdl 20.017 0.036 19.985 -4.594 0.141 -0.092 1.066
Day 12 mthfdl 20.026 0.036 19.985 -4.594 0.141 -0.092 1.066
Day 12 mthfdl 19.913 0.036 19.985 -4.594 0.141 -0.092 1.066
Day 14 mthfdl 19.785 0.271 19.688 -4.875 0.276 -0.373 1.295
Day 14 mthfdl 19.178 0.271 19.688 -4.875 0.276 -0.373 1.295
Day 14 mthfdl 20.102 0.271 19.688 -4.875 0.276 -0.373 1.295

Day 0 MTHFD1L 32 0.093 31.925 7.238 0.1 0 1
Day 0 MTHFD1L 32.034 0.093 31.925 7.238 0.1 0 1
Day 0 MTHFD1L 31.741 0.093 31.925 7.238 0.1 0 1
Day 3 MTHFD1L 31.924 0.026 31.977 7.155 0.053 -0.083 1.059
Day 3 MTHFD1L 32.005 0.026 31.977 7.155 0.053 -0.083 1.059
Day 3 MTHFD1L 32.001 0.026 31.977 7.155 0.053 -0.083 1.059
Day 6 MTHFD1L 31.115 0.094 30.93 6.409 0.11 -0.828 1.775
Day 6 MTHFD1L 30.814 0.094 30.93 6.409 0.11 -0.828 1.775
Day 6 MTHFD1L 30.86 0.094 30.93 6.409 0.11 -0.828 1.775
Day 8 MTHFD1L 31.652 0.102 31.45 6.511 0.108 -0.727 1.655
Day 8 MTHFD1L 31.327 0.102 31.45 6.511 0.108 -0.727 1.655
Day 8 MTHFD1L 31.371 0.102 31.45 6.511 0.108 -0.727 1.655

Day 10 MTHFD1L 31.628 0.097 31.435 6.936 0.122 -0.301 1.232
Day 10 MTHFD1L 31.319 0.097 31.435 6.936 0.122 -0.301 1.232
Day 10 MTHFD1L 31.359 0.097 31.435 6.936 0.122 -0.301 1.232
Day 12 MTHFD1L 31.408 0.026 31.42 6.841 0.139 -0.396 1.316
Day 12 MTHFD1L 31.382 0.026 31.42 6.841 0.139 -0.396 1.316
Day 12 MTHFD1L 31.469 0.026 31.42 6.841 0,139 -0.396 1.316
Day 14 MTHFD1L 31.56 0.055 31.45 6.887 0.076 -0.351 1.275
Day 14 MTHFD1L 31.396 0.055 31,45 6.887 0,076 -0.351 1.275
Day 14 MTHFD1L 31.393 0.055 31,45 6.887 0.076 -0.351 1.275
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Sample Detector C t Ct SE Avg Ct Avg (ICt dCT SE ddCT RQ
Day 0 MTHFD2 23.583 0.086 23.607 -1.08 0.094 0 1
Day 0 MTHFD2 23.472 0.086 23.607 -1,08 0.094 0 1
Day 3 MTHFD2 24.03 0.009 24.024 -0.798 0.047 0.282 0.823
Day 3 MTHFD2 24.034 0.009 24.024 -0.798 0.047 0.282 0.823
Day 3 MTHFD2 24.006 0.009 24.024 -0.798 0.047 0.282 0.823
Day 6 MTHFD2 23.134 0.041 23.064 -1.457 0.07 -0.377 1.298
Day 6 MTHFD2 23.065 0.041 23.064 -1.457 0.07 -0.377 1.298
Day 6 MTHFD2 22.992 0.041 23.064 -1,457 0.07 -0.377 1.298
Day 8 MTHFD2 23.828 0.011 23.846 -1,094 0.036 -0.014 1.01
Day 8 MTHFD2 23.844 0.011 23.846 -1,094 0.036 -0.014 1.01
Day 8 MTHFD2 23.866 0.011 23.846 -1,094 0.036 -0.014 1.01

Day 10 MTHFD2 23.489 0.036 23.499 -1 0.082 0.08 0.946
Day 10 MTHFD2 23.565 0.036 23.499 -1 0.082 0.08 0.946
Day 10 MTHFD2 23.442 0.036 23.499 -1 0.082 0.08 0.946
Day 12 MTHFD2 23.648 0.03 23.662 -0,917 0.14 0.163 0.893
Day 12 MTHFD2 23.619 0.03 23.662 -0,917 0.14 0.163 0.893
Day 12 MTHFD2 23.72 0.03 23.662 -0.917 0.14 0.163 0.893
Day 14 MTHFD2 24 0.026 23.999 -0.564 0.059 0.516 0.699
Day 14 MTHFD2 23.953 0.026 23.999 -0.564 0.059 0.516 0.699
Day 14 MTHFD2 24.044 0.026 23.999 -0.564 0.059 0.516 0.699

Day 0 DHFR 22.282 0.083 22.157 -2,53 0,091 0 1

Day 0 DHFR 22.19 0.083 22,157 -2,53 0,091 0 1
Day 0 DHFR 22 0.083 22,157 -2,53 0,091 0 1
Day 3 DHFR 22.164 0.024 22,118 -2,704 0.052 -0.174 1.128
Day 3 DHFR 22.107 0.024 22,118 -2,704 0.052 -0.174 1.128
Day 3 DHFR 22.082 0.024 22,118 -2,704 0.052 -0.174 1.128
Day 6 DHFR 22.169 0.062 22,165 -2,355 0.084 0.175 0.886
Day 6 DHFR 22.271 0.062 22,165 -2,355 0.084 0.175 0.886
Day 6 DHFR 22.056 0.062 22,165 -2.355 0.084 0.175 0.886
Day 8 DHFR 22.546 0.072 22,405 -2,534 0.079 -0.005 1.003
Day 8 DHFR 22.313 0.072 22,405 -2.534 0.079 -0.005 1.003
Day 8 DHFR 22.355 0.072 22,405 -2,534 0.079 -0.005 1.003

Day 10 DHFR 22.202 0.031 22,154 -2,345 0.08 0.185 0.88
Day 10 DHFR 22.163 0.031 22,154 -2,345 0.08 0.185 0,88
Day 10 DHFR 22.096 0.031 22,154 -2,345 0.08 0.185 0,88
Day 12 DHFR 22.48 0.013 22,488 -2,091 0.137 0.439 0,738
Day 12 DHFR 22.471 0.013 22,488 -2,091 0.137 0.439 0,738
Day 12 DHFR 22.513 0.013 22,488 -2,091 0.137 0.439 0,738
Day 14 DHFR 22.689 0.075 22.542 -2,021 0.092 0.509 0,703
Day 14 DHFR 22.496 0.075 22,542 -2,021 0.092 0.509 0.703
Day 14 DHFR 22.442 0.075 22,542 -2,021 0.092 0.509 0.703
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Sample Detector Ct Ct SE Avg Ct Avg dCT UCt SE ddCT RQ
Day 0 TS 24.94 0.067 24.906 0.219 0.077 0 1
Day 0 TS 24.777 0.067 24.906 0.219 0.077 0 1
Day 3 TS 25.116 0.052 25.015 0.193 0.069 -0.026 1.018
Day 3 TS 24.984 0.052 25.015 0.193 0.069 -0.026 1.018
Day 3 TS 24.944 0.052 25.015 0.193 0.069 -0.026 1.018
Day 6 TS 24.73 0.065 24.602 0.082 0.086 -0.137 1.099
Day 6 TS 24.523 0.065 24.602 0.082 0.086 -0.137 1.099
Day 6 TS 24.552 0.065 24.602 0.082 0.086 -0.137 1.099
Day 8 TS 24.651 0.075 24.523 -0.416 0.082 -0.635 1.553
Day 8 TS 24.527 0.075 24.523 -0.416 0.082 -0.635 1.553
Day 8 TS 24.392 0.075 24.523 -0.416 0.082 -0.635 1.553

Day 10 TS 24.271 0.13 24.105 -0.394 0.15 -0.613 1.529
Day 10 TS 24.194 0.13 24.105 -0.394 0.15 -0.613 1.529
Day 10 TS 23.849 0.13 24.105 -0.394 0.15 -0.613 1.529
Day 12 TS 24.444 0.023 24.464 -0.115 0.138 -0.333 1.26
Day 12 TS 24.438 0.023 24.464 -0.115 0.138 -0.333 1.26
Day 12 TS 24.51 0.023 24.464 -0.115 0.138 -0.333 1.26
Day 14 TS 24.561 0.046 24.598 0.035 0.07 -0.183 1.135
Day 14 TS 24.689 0.046 24.598 0.035 0.07 -0.183 1.135
Day 14 TS 24.545 0.046 24.598 0.035 0.07 -0.183 1.135

Day 0 MTHFR 27.435 0.048 27.525 2.838 0.061 0 1
Day 0 MTHFR 27.542 0.048 27.525 2.838 0.061 0 1
Day 0 MTHFR 27.597 0.048 27.525 2.838 0.061 0 1
Day 3 MTHFR 27.768 0.137 28.013 3.191 0.145 0.354 0.783
Day 3 MTHFR 28.03 0.137 28.013 3.191 0.145 0.354 0.783
Day 3 MTHFR 28.241 0.137 28.013 3.191 0.145 0.354 0.783
Day 6 MTHFR 28.019 0.094 27.851 3.33 0.11 0.493 0.711
Day 6 MTHFR 27.838 0.094 27.851 3.33 0.11 0.493 0.711
Day 6 MTHFR 27.695 0.094 27.851 3.33 0.11 0.493 0.711
Day 8 MTHFR 28 0.151 27.713 2.774 0.155 -0.064 1.045
Day 8 MTHFR 27.654 0.151 27.713 2.774 0.155 -0.064 1.045
Day 8 MTHFR 27.486 0.151 27.713 2.774 0.155 -0.064 1.045

Day 10 MTHFR 27.476 0.158 27.781 3.283 0.175 0.445 0.735
Day 10 MTHFR 27.864 0.158 27.781 3.283 0.175 0.445 0.735
Day 10 MTHFR 28.005 0.158 27.781 3.283 0.175 0.445 0.735
Day 12 MTHFR 28.671 0.179 28.323 3.744 0.225 0.906 0.534
Day 12 MTHFR 28.218 0.179 28.323 3.744 0.225 0.906 0.534
Day 12 MTHFR 28.079 0.179 28.323 3.744 0.225 0.906 0.534
Day 14 MTHFR 27.934 0.085 28.104 3.541 0.1 0.704 0.614
Day 14 MTHFR 28.178 0.085 28.104 3.541 0.1 0.704 0.614
Day 14 MTHFR 28.2 0.085 28.104 3.541 0.1 0.704 0.614
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Sample Detector Ct Ct SE Avg Ct Avg dCT dCT SE ddCT RQ
Day 0 SHMT 25.579 0.05 25,505 0.818 0.063 0 1
Day 0 SHMT 25.411 0.05 25.505 0.818 0.063 0 1
Day 3 SHMT 25.446 0.028 25.458 0.636 0.054 -0.182 1.134
Day 3 SHMT 25.511 0.028 25.458 0.636 0.054 -0.182 1.134
Day 3 SHMT 25.416 0.028 25.458 0.636 0.054 -0.182 1.134
Day 6 SHMT 25.433 0.004 25.427 0.907 0.057 0.09 0.94
Day 6 SHMT 25.43 0.004 25.427 0.907 0.057 0,09 0.94
Day 6 SHMT 25.419 0.004 25.427 0.907 0.057 0.09 0.94
Day 8 SHMT 25.807 0.039 25.729 0.79 0.052 -0.028 1.019
Day 8 SHMT 25.69 0.039 25.729 0.79 0.052 -0.028 1.019
Day 8 SHMT 25.691 0.039 25.729 0.79 0.052 -0.028 1.019

Day 10 SHMT 25.508 0.01 25.502 1.003 0.075 0.185 0.879
Day 10 SHMT 25.516 0.01 25.502 1.003 0.075 0.185 0.879
Day 10 SHMT 25.482 0.01 25.502 1.003 0.075 0.185 0.879
Day 12 SHMT 25.831 0.031 25.807 1.228 0.14 0.411 0.752
Day 12 SHMT 25.844 0.031 25.807 1.228 0.14 0.411 0.752
Day 12 SHMT 25.746 0.031 25.807 1.228 0.14 0.411 0.752
Day 14 SHMT 26 0.026 25.951 1.388 0.059 0.57 0.673
Day 14 SHMT 25.913 0.026 25.951 1.388 0.059 0.57 0.673
Day 14 SHMT 25.94 0.026 25.951 1.388 0.059 0.57 0.673

Day 0 FRalpha 33.887 0.156 33.627 8.939 0.161 0 1
Day 0 FRalpha 33.346 0.156 33.627 8.939 0.161 0 1
Day 0 FRalpha 33.646 0.156 33.627 8.939 0.161 0 1
Day 3 FRalpha 36 0.022 34.354 9.532 0.051 0.592 0.663
Day 3 FRalpha 34.331 0.022 34.354 9.532 0.051 0.592 0.663
Day 3 FRalpha 34.376 0.022 34.354 9.532 0.051 0.592 0.663
Day 6 FRalpha 33.07 0.435 33.924 9.404 0.439 0.465 0.725
Day 6 FRalpha 34.496 0.435 33.924 9.404 0.439 0.465 0.725
Day 6 FRalpha 34.207 0.435 33.924 9.404 0.439 0.465 0.725
Day 8 FRalpha 35.486 0.143 35.206 10.267 0.147 1.327 0.398
Day 8 FRalpha 35.011 0.143 35.206 10.267 0.147 1.327 0.398
Day 8 FRalpha 35.121 0,143 35.206 10.267 0.147 1.327 0.398

Day 10 FRalpha 34.951 0.404 34.24 9.741 0.411 0.801 0.574
Day 10 FRalpha 34.216 0.404 34.24 9.741 0.411 0.801 0.574
Day 10 FRalpha 33.553 0.404 34.24 9.741 0.411 0.801 0.574
Day 12 FRalpha 33.362 0.321 33.59 9.011 0.348 0.072 0.952
Day 12 FRalpha 33.184 0.321 33.59 9.011 0.348 0.072 0.952
Day 12 FRalpha 34.223 0.321 33.59 9.011 0.348 0.072 0.952
Day 14 FRalpha 32.546 0,602 33.148 8.585 0.604 -0.354 1.278
Day 14 FRalpha 33.75 0.602 33.148 8.585 0.604 -0.354 1.278


