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Abstract
Anna Böttiger (2008): Genetic Variation in the Folate Receptor-α and Methylenetetrahydrofolate Reductase Genes as Determinants of Plasma Homocysteine Concentrations,
Örebro Studies in Medicine 25, 74 pp.
Elevated total plasma homocysteine (tHcy) is a risk factor for cardiovascular disease and
neurocognitive disease such as dementia. The B vitamins folate and B12 are the main determinants of tHcy. tHcy concentration can also be affected by mutations in genes coding
for receptors, enzymes and transporters important in the metabolism of Hcy. This thesis
focuses on mutations in the genes for folate receptor-α and methylenetetrahydrofolate
reductase (MTHFR) and the effect they have on tHcy concentrations.
Six novel mutations in the gene for folate receptor-α were described in Paper I.
Taken together they exist in a population with a prevalence of approximately 1% and
thus are not unusual There may be an association of –69dupA and –18C>T to tHcy but
for the 25-bp deletion, –856C>T, –921T>C and –1043G>A there is probably no association to tHcy. Mutation screening was continued and four additional mutations,
1314G>A, 1816delC, 1841G>A and 1928C>T, were described in Paper II. The prevalences for the heterozygotes were between 0.5% and 13% in an elderly population.
There was no significant difference in prevalence between the elderly subjects and patients with dementia. The 1816(–)-allele and the 1841A-allele were in complete linkage
and the haplotype 1816(–)-1841A may possibly have a tHcy raising effect. The 1314G>A
and 1928C>T mutations had no association to tHcy.
The genotype prevalences and haplotype frequencies of the MTHFR 677C>T,
1298A>C and 1793G>A polymorphisms were determined in a population sample of
Swedish children and adolescents (Paper III). The MTHFR 677T-allele was associated
with increased tHcy concentrations in both children and adolescents. A small elevating
effect of the 1298C-allele and a small lowering effect of the 1793A-allele could be
shown. In an epidemiological sample of adults from the Canary Islands, Spain, data for
serum folate and vitamin B12 were used for a broader study of the nutrigenetic impact on
tHcy (Paper IV). The 677T-allele had a significant tHcy increasing effect in men but not
in women. The 1298C-allele had a minor elevating effect on tHcy in men with the
677CT genotype. It was not possible to document any effect of the 1793A-allele on tHcy
due to its low prevalence. A slightly superior explanatory power for the genetic impact
was obtained using the MTHFR haplotypes in the analysis compared to the MTHFR
677C>T genotype-based approach in both the Swedish children and adolescents and in
the Spanish adults. Therefore MTHFR haplotypes should be considered when analysing
the impact of the MTHFR 677C>T, 1298A>C and 1793G>A polymorphisms on tHcy.
Notwithstanding the large geographical distance between our study populations the
haplotype composition is quite similar. The MTHFR 677T-allele is slightly more prevalent in Spain compared to Sweden but it has only an effect on tHcy in the Spanish men.
Age, gender and factors linked to the ethnicity of the studied subjects, seem to be able to
override the nutrigenetic impact of tHcy-raising genotypes or haplotypes in particular
settings, such as in the Spanish women in our study. Gene-nutrient interactions on
plasma tHcy levels thus may or may not exist in a certain population. The transferability
of nutrigenetic findings may therefore be limited, and must be re-evaluated for each particular setting of age-gender-ethnicity.
Keywords: Folate receptor-α, folate, FOLR1, Haplotypes, Homocysteine, Methylenetetrahydrofolate Reductase, MTHFR, Polymorphisms, Pyrosequencing®, SSCP.
Anna Böttiger, Department of Clinical Chemistry, Örebro University Hospital, SE-701
85 Örebro, Sweden. E-mail: anna.bottiger@orebroll.se

Sammanfattning
Aminosyran homocystein (Hcy) uppkommer i kroppen genom metabolism av den
livsnödvändiga aminosyran metionin. Förhöjda nivåer av total Hcy i plasma (tHcy)
har visat sig i flera studier att vara en riskfaktor för hjärtkärlsjukdomar och neurokognitiva sjukdomar såsom demens. Det är i första hand B-vitaminerna folat och B12
som styr Hcy-nivåerna i blodet. Den individuella Hcy-koncentrationen kan också
påverkas av mutationer i gener som kodar för receptorer, enzymer och transportörer
som är viktiga i metabolismen av Hcy. Mutationer som påverkar individens tHcykoncentration i relation till deras näringsintag är ett exempel på en forskningslinje
som idag benämns Nutrigenetics, alltså samspelet nutrition-genetik-fenotyp. I den här
avhandlingen har sambandet mellan mutationer i generna för folatreceptor-α och
enzymet metylentetrahydrofolatreduktas och tHcy-koncentrationer studerats.
I artikel I beskrivs sex nya mutationer i genen för folatreceptor-α. Dessa mutationer är inte helt ovanliga, sammantaget finns de i befolkningen i en prevalens av
nästan 1 %. Ett samband med Hcy-koncentrationer kan vara möjligt för mutationerna –69dupA och –18C>T men är mindre troligt för 25 bp-deletionen, –856C>T, –
921T>C och –1043G>A.
Fortsatt mutationsscreening (artikel II) från exon 1 i riktning nedströms ca 1 kb
i genen visade fyra mutationer, varierande prevalenser för heterozygoterna mellan 0,5
% och 13 % i en äldre frisk befolkning. Det fanns ingen signifikant prevalensskillnad
mellan dementa och en äldre frisk befolkning, men allelfrekvenserna för två av dem,
g.1816delC och g.1841G>A, var tre gånger högre bland de dementa. De muterade
allelerna 1816(–) och 1841A förekom alltid tillsammans hos de genotypade personerna. Detta tyder på att de alltid ärvs tillsammans i en s.k. haplotyp. Den här ovanliga haplotypen kan ha en liten Hcy-höjande effekt. De två vanligt förekommande
mutationerna g.1314G>A och g.1928C>T verkade inte ha någon Hcy höjande effekt.
I genen för metylentetrahydrofolatreduktas (MTHFR) finns flera mutationer
beskrivna. I artikel III studerades sambandet mellan tre av dem (MTHFR 677C>T,
1298A>C och 1793G>A) och tHcy-nivåerna i 692 Mellansvenska barn och ungdomar. MTHFR 677C>T mutationen hade en tHcy-höjande effekt hos både barnen och
ungdomarna. MTHFR 677C>T påverkar enzymets katalytiska egenskaper. MTHFR
1298A>C hade en viss tHcy-höjande effekt och en viss tHcy-sänkande effekt av
1793G>A mutationerna kunde beläggas. Genom utvidgning till haplotypbaserad analys kunde en högre förklaringsgrad uppnås av variansen i tHcy-nivåer. Därför ska
haplotyperna användas vid analys av MTHFR 677C>T, 1298A>C och 1793G>A
mutationernas inflytande på tHcy.
I artikel IV bestämdes genotypprevalenserna och haplotypprevalenserna av
MTHFR mutationerna i 723 vuxna spanjorer bosatta på Kanarieöarna. I detta material fanns tillgång till personernas serum-folat och vitamin B12 nivåer och detta användes för att göra en fördjupad analys av sambandet mellan genotyp-haplotypvitaminnivåer. I detta material kunde inte samma förklaringsgrad av tHcy-nivåer av
MTHFR mutationerna uppnås som i artikel III. MTHFR 677C>T hade bara effekt
på tHcy-koncentrationer hos män men inte hos kvinnor. MTHFR 1298A>C hade en
viss tHcy-höjande effekt hos män med MTHFR 677CT-genotypen. Ingen effekt av
MTHFR 1793G>A på Hcy-nivåer kunde påvisas vare sig hos kvinnor eller hos män.
Detta visar att överförbarheten till andra länders förhållanden av slutsatser man dragit av fynd rörandet sambandet mellan genotyp-fenotyp i ett visst land inte kan tas
för given utan måste fastställas i varje aktuell befolkning med hänsynstagande till
dess genetiska struktur och nutritionsmönster.
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Betaine homocysteine methyltransferase
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The gene for folate receptor-α
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Folate receptor-α
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MAT

Methionine adenosine transferase

Met

Methionine

MTHFR

5,10-Methylenetetrahydrofolate reductase

MTR

Methionine synthase

MTRR

Methionine Synthase Reductase

NMDA

N-methyl-D-aspartate

NTDs

Neural tube defects

PCFT

Proton-coupled folate transporter

PCR

Polymerase Chain Reaction

PON1

Paraoxonase

PPi

Pyrophosphate

RFC

Reduced folate carrier

SAM

S-adenosylmethionine

SNP

Single Nucleotide Polymorphism

SSCP

Single Strand Conformation Polymorphism

tHcy

Total plasma homocysteine

THF

Tetrahydrofolate

TCII

Transcobalamin II

TF

Transcription factor

UTR

Untranslated region
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Background
An increased plasma concentration of homocysteine (Hcy) is an independent risk
factor for cardiovascular disease, for neural tube defects and other birth defects.5
Many studies have described a link between impaired Hcy metabolism and neuropsychiatric disorders such as depression6 and cognitive impairment in the elderly.5, 93 A severe mutation in the enzyme Cystathionine β-synthase (CBS) results
in the disease homocystinuria which has very high levels of plasma Hcy. The
clinical symptoms involve the eyes and the central nervous, skeletal and vascular
systems. Patients with this mutation are often mentally retarded, with only one
third having normal intelligence.2 Homocystinuria is associated with several other
mutations in enzymes involved in homocysteine metabolism. Common to all these
mutations is that they give rise to vascular pathology and mental disturbances. All
this suggests that high plasma concentrations of Hcy are probably detrimental to
the nervous system.
Folate receptor-α (FR- α) is a cell receptor that is one of the routes for the Bvitamin folate to enter cells. Folate is one of the major determinants of plasma
Hcy concentrations, low folate intake leading to elevated plasma Hcy concentration.
Methylenetetrahydrofolate reductase (MTHFR) is an important enzyme in
Hcy metabolism, being a key enzyme in the process of transferring a methyl
group from folate to Hcy. To maintain normal concentrations of Hcy in plasma it
is important that both FR- α and MTHFR are functioning correctly. Mutations in
the genes for FR- α and MTHFR, depending on the location, can give rise to receptors or enzymes that are defective or are produced to a lesser extent and as a
consequence plasma Hcy concentrations will increase.
Homocysteine
Hcy is a sulphur-containing amino acid for which there is no genetic triplet. Hcy
is formed from methionine and was first described in 1932 by Butz and du Vigneaud.12 They treated methionine with concentrated sulphuric acid and the
product they obtained was Hcy. Hcy was later (1962) identified in the urine of
some mentally retarded children and it was subsequently discovered that these
children had deficiency of the enzyme cystathionine β -synthase.5, 112
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Figure 1. The homocysteine molecule.

Determinants of plasma homocysteine concentrations
There are several factors which determine plasma levels of Hcy and vitamin deficiency is one of the strongest. Folate, B12, B6, B2 and betaine are all important factors in Hcy metabolism. Furthermore, there are some common mutations in enzymes, transporters and receptors involved in Hcy metabolism that affect tHcy
levels. The liver and kidney are the most important organs for uptake and metabolism of Hcy. Patients with renal diseases often have higher levels of tHcy
probably because of reduced renal clearance and reduced metabolism.

9, 34

Plasma tHcy concentration increases with age. The explanations are as follows: decreased kidney functions, general slowdown of metabolism, increased
intestinal malabsorption or insufficient nutritional supply. Men often have higher
tHcy than women. Before puberty girls and boys have similar tHcy levels (mean
values of about 6 μmol/L). Around the age of 40-42 years there is a difference of
about 2 μmol/L between men and women. One explanation is that men have relatively more muscle mass and therefore produce more creatinine and when
creatinine is formed Hcy is also formed.5 Hormonal status is another explanation.26
Life style factors are also important for tHcy levels. Smoking, high consumption of alcohol and inadequate nutrition are factors that increase the tHcy levels.
High coffee consumption is also correlated with increased tHcy.74 In most cases a
combination of factors rather than a single factor lead to high levels of tHcy.5, 113
A decision limit for diagnosis of hyperhomocysteinaemia is set as 15 μmol/L in
our laboratory. Hyperhomocysteinaemia is classified in three levels: tHcy between
15 to 30 μmol/L is defined as moderate hyperhomocysteinaemia, tHcy between
31 and 100 μmol/L as intermediate hyperhomocysteinaemia and severe hyperhomocysteinaemia is defined as tHcy above 100 μmol/L.57
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Introduction
Homocysteine metabolism
Hcy is formed by demethylation of methionine. Methionine is an essential amino
acid and is used both for protein synthesis and as a methyl group donor. Methionine is activated to form S-adenosylmethionine (SAM), which is the universal
methyl group donor in several reactions e.g. methylation of DNA. When the
methyl group is removed from SAM through the enzyme methionine adenosine
transferase (MAT), S-adenosylhomocysteine (AdoHcy) is formed. AdoHcy is hydrolysed to generate Hcy and adenosine. Hcy metabolism has two pathways: remethylation back to methionine or transsulphuration to cystathionine (Figure 2).

Figure 2. The metabolism of homocysteine. Enzymes, receptors and transporters in the
metabolism of Hcy with some of the known polymorphisms are shown.71 Reproduced by
permission from the authors.
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Re-methylation: Hcy can be re-methylated back to methionine by the enzyme methionine synthase (MTR) which requires folate, in the form of 5methyltetrahydrofolate (5-methyl-THF), as methyl donor and vitamin B12 in the
form of methylcobalamin as cofactor. The enzyme MTHFR catalyses the reduction of 5,10-methylenetetrahydrofolate to 5-methyl-THF. In the liver where methionine metabolism is very active, the enzyme betaine homocysteine methyltransferase (BHMT) participates in the re-methylation of Hcy. The methyl group
comes, in this reaction, from betaine or trimethylglycine.5, 10, 91, 101
Transsulphuration: In this pathway Hcy condenses with the amino acid serine to form cystathionine, catalysed by the enzyme cystathionine β -synthase,
which requires pyridoxyl 5’phosphate (the active form of vitamin B6) for its activity. Cystathionine is further metabolized to cysteine and α-ketobutyrate. Excess
cysteine can be excreted in the urine.5, 10, 91, 101 The transsulphuration pathway is
activated only if there is an excess of dietary methionine
limited to the liver, kidney, pancreas and small intestine.

101

and the pathway is

10

Folate
Folates are one-carbon donors required in Hcy metabolism, for methylation reactions and also for purine and thymidylate biosynthesis. Following absorption in
the intestines by the proton-coupled folate transporter (PCFT) folates are delivered via the hepatic portal system to the liver where they are stored as polyglutamate derivatives. Folate, mostly in the form of 5-methyl-THF, is released from the
liver into the blood stream and transported into most body cells by either folate
receptors (FR) or by the reduced folate carrier (RFC).121 Folate is of great importance in foetal development and optimal folate status has been shown to protect
against neural tube defects (NTDs).1, 31, 80 Studies have also shown that folate is of
importance for cognitive functions in adults. Durga et al reported that deficient
levels of erythrocyte folate were linked to poor performance in tests probing agerelated cognitive decline

29

and in a more recent study the same group showed

that 3-year folic acid supplementation improved performance in tests that measure information-processing speed and memory in older adults with raised tHcy
concentrations.30 In the Nun study it was demonstrated that low folate concentrations were related to atrophy of the neocortex in persons with a significant number of Alzheimer disease lesions.96
Folate receptorreceptor -α
Folate is a water-soluble B vitamin and it needs to be actively transported into the
cells. Folate receptor-α (FR-α), a membrane receptor, has 100-200 times greater
16

affinity for plasma folate than the ubiquitous reduced folate carrier (RFC).56 FR-α
is attached to the cell surface by a glycosyl phosphatidylinositol (GPI) anchor
which recycles between the extracellular and endocytic compartments.31 FR-α has
a limited tissue distribution, being present in placenta, kidney and choroid plexus
(a network of small blood vessels in the ventricles of the brain which produce
cerebrospinal fluid) and it is possible that the primary role of the receptor is to
concentrate and/or conserve folate in selected compartments, such as in the foetus
and the central nervous system.68 Tissues that lack FR-α have their need for folate
uptake met by RFC.31 The gene for FR-α, named FOLR1, consists of seven exons
which spans over 6.70 kbp32 and is located on chromosome 11q13.7 The gene has
two TATA-less promoters (P1 and P4) located upstream of exon 1 and 4. P1 generates several transcripts whereas P4 only give rise to a single transcript. The
transcription of the FR-α gene in the kidney, testis and brain appear to originate
from P1. In the lung, placenta, salivary gland, uterus, breast and stomach the
transcription appears to be primarily driven by P4.31 Exon 4 to 7 encodes the FRα protein.32 Two studies attempted to identify mutations in exons 3 to 7 without
success.4, 45 Heil et al suggested that FR-α plays such an important part in the development of the embryo that abnormalities in the genes coding for this receptor
are lethal.45 However, other studies have reported that there are some mutations
in the highly conserved exons. De Marco et al reported insertions of pseudogenespecific mutations in exon 7 and 3’-UTR of the FOLR1. They also reported the
finding of a subject with a gene conversion event in the coding region.22 A recently published Chinese study has screened the exons in a gastric cancer cell line
and in gastric tumours for mutations. They report the finding of two polymorphisms A1314G and C1816delC in exons 2 and 3.120

Figure 3. Gene structure of the folate receptor-α gene. The figures and letters indicate
exons and introns, respectively. The two promoters P1 and P4 are marked. The figures
indicate the number of base pairs in the corresponding exon or intron.31 Reproduced by
permission from the authors.
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Folate receptorreceptor -α during development
Folate is essential for normal foetal development and deficiency during pregnancy
of this vitamin has been shown to result in NTDs.1, 31, 80 More support for the important role of folate during pregnancy was obtained from transgenic mouse
models. Mouse embryos which were homozygous for a deletion in Folbp1 (the
murine homolog to FR-α) that knocked out the gene, died in the uterus, exhibiting failure of neural closure.79 Mice heterozygous for the Folb1 deletion showed
normal development despite having approximately 30% lower circulating folate
compared to wild type mice.79
Methylenetetrahydrofolate reductase
Methylenetetrahydrofolate reductase (MTHFR) is a flavoprotein that is involved
in the methylation of Hcy. In an NADPH linked process it catalyses the reduction
of 5’10-methylenetetrahydrofolate to 5-methyl-THF which is the main component of plasma folate. 5-methyl-THF acts as the major methyl donor in the conversion of Hcy to methionine.41, 103, 116 Human MTHFR is a dimer consisting of
two monomers of approximately 70 kDa each and each subunit contains noncovalently bound FAD. Each monomer contains a catalytical domain that binds the
FAD cofactor and folate, and a regulatory domain that binds SAM.103, 116 Studies
on porcine MTHFR have shown that the activity of MTHFR is allosterically inhibited by SAM in response to the level of methionine in the cell.98, 116 Studies on
human recombinant MTHFR have shown that the human enzyme has properties
that are generally similar to the porcine MTHFR.116 Goyette et al mapped the
gene for MTHFR to chromosomal region 1p36.3 (Figure 4).41 The gene contains
11 exons ranging in size from 102 bp to 432 bp.40

Figure 4. The gene for MTHFR is located at the end of the short arm of chromosome 1.
Reproduced with permission from NCBI (http://ghr.nlm.nih.gov/gene=mthfr).
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There is no TATA-box in the promoter region but it does contain CpG-islands.37
There are multiple transcriptional and translational start sites in the gene for
MTHFR and there are several alternative splicing sites in exon 1. Homberger et al
described three different transcripts of the gene which differed in the first exons49,
which leads to several isoforms of MTHFR.102 The alternative splicing sites in
exon 1 generate several 5’UTRs. The length of the 5’UTR has been shown to influence translational efficiency, typically the shorter and less GC-rich 5’UTR the
more efficient translation.102,

106

In humans a MTHFR polypeptide of about 77

kDa has been found and a polypeptide of about 70 kDa has been found solely in
the human liver.36 MTHFR is a key enzyme in Hcy-metabolism and to retain Hcy
levels within the normal range the enzyme must be functional. Mutations in the
gene, which are not uncommon, can affect the activity of the enzyme and thus the
tHcy concentrations.
MTHFR polymorphisms

MTHFR 677C>T (rs1801133)
In 1988 Kang et al detected a variant of MTHFR that was associated with decreased enzyme activity and thermolability.59 Some years later the same group
found that this variant was associated with increased tHcy concentrations and
they also demonstrated that it was associated with cardiovascular disease.58 In
1995 Frosst et al identified the mutation in the MTHFR gene that caused the decreased enzyme activity and the thermolability. The mutation was a C to T substitution at nucleotide 677 (exon 4) and it converted an alanine residue to a valine
residue at codon 222.36, 101 Frosst et al found that the three genotypes (CC (wild
type), CT and TT) were all significantly different with respect to enzyme thermolability. They also demonstrated that individuals with the TT-genotype had significantly elevated tHcy concentrations.36 The 677C>T polymorphism leads to
altered binding of FAD and thus reduced activity.42, 116
The 677C>T polymorphism exists in most populations but the distribution
of the allele shows marked ethnic and geographical variation. The TT genotype is
most common in northern China (20%), southern Italy (26%) and Mexico
(32%). There are also geographical gradients in Europe (north to south increase)
and in China (north to south decrease). The frequency of TT is low among newborns of African ancestry, intermediate among newborns of European ancestry
and high among newborns of American Hispanic origin.111
The reported frequencies in the SNP database (rs1801133) for the MTHFR
677T-allele range from 0.237 to 0.250 in Europeans, 0.333 and 0.511 in Asian
populations and 0.108 to 0.110 in African populations.21 Numerous studies have
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shown that the TT genotype is associated with increased plasma Hcy concentrations and in particular when folate status is low43, 44, 54 but the polymorphism has
no effect on tHcy when folate status is high.39, 54
The negative effect of the 677C>T polymorphism has been well investigated.
However, the survival of the 677C>T polymorphism probably reflects benefits of
the T-allele in some circumstances. Studies have shown that it may have a protective effect against colon cancer when folate status is adequate66 and also against
leukemias.95, 110 A proposed mechanism for the protection could be that, due to
lower activity of the enzyme, there is an increased availability of 5,10methylenetetrahydrofolate for thymidine synthesis. This provides nucleotide pools
for DNA synthesis and repair and may reduce uracil mis-incorporation into
DNA. Uracil incorporation can result in chromosomal strand breaks during excision repair.102
Durga et al reported that subjects with the MTHFR 677TT genotype performed better on cognitive tests and this association was strongest among those
with high folate intake. In addition the MTHFR 677TT genotype offered protection against hearing loss when folate status was above the population median.28, 29

MTHFR 1298A>C (rs1801131)
The MTHFR 1298 A>C polymorphism was described in 1998 in two studies.105,
107

This SNP, an A>C transversion at nucleotide 1298 (exon 7), leads to a gluta-

mate to alanine substitution at codon 429101. The 1298A>C polymorphism has an
impact on the activity of the enzyme but less than that of the 677C>T SNP105, 108
and in contrast to the 677C>T SNP it does not give a thermolabile enzyme.108 The
SNP is found in the C-terminal regulatory domain.108 The effect of the MTHFR
1298A>C polymorphism on tHcy is not clear. Some studies report no effect on
tHcy
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while others report that the 1298C-allele is associated with increased

tHcy.103 However, several studies do report an association to increased tHcy
when present together with the 677C>T SNP.105, 108
The reported frequencies of the MTHFR 1298C-allele, in dbSNP, range
from 0.292 to 0.358 in Europeans, from 0.146 to 0.202 in Asian populations and
from 0.102 to 0.108 African populations south of the Sahara.19 The MTHFR
1298C-allele is uncommon in black populations. 89

MTHFR 1793G>A (rs2274976)
Rady et al described, in 2001, a novel polymorphism in the MTHFR gene, the
1793G>A mutation.81 The mutation is a G to A change in exon 11, resulting in an
amino acid substitution of arginine to glutamine at codon 594.81 The MTHFR
1793G>A has a lower prevalence compared to the 677C>T and 1298A>C poly20

morphisms and it is much less studied. The association of the 1793G>A polymorphism to tHcy is not clear.
The reported frequencies of the MTHFR 1793A-allele are between 0.043
and 0.058 in Europeans, between 0.089 and 0.100 for Asians and 0.033 in African populations south of the Sahara. The polymorphism is most common in
Asian populations and the MTHFR 1793AA prevalence can be as high as 4.5%.20

Other mutations in the MTHFR gene
Several other mutations have been found in the MTHFR gene. Some rare mutations, most of them being located in the 5’region encoding the catalytical domain,
have been reported in homocystinuric patients. Most of these mutations are missense mutations but some are nonsense and splice site mutations and one deletion
has been described. These mutations are rare but lead to severe deficiency of the
enzyme with residual enzyme activity between 0 – 20% activity of the wildtype
enzyme. The mutations are associated with homocystinuria as well as severe neurological and vascular abnormalities.90, 102

MTHFR haplotypes
The effect of the simultaneous occurrence of the MTHFR 677C>T and 1298A>C
polymorphisms upon tHcy is equivocal.15,

24, 63, 99, 103

The haplotype structure is

debatable: some subjects with two mutations on the same DNA strand (haplotype
677T-1298C) have even been reported.13, 53, 64, 103 The physical distance between
the MTHFR 677C>T and the 1298A>C polymorphisms is only 2.1 kb and it is
likely that this is too short for recombination to occur.97 The 677T variant may
have arisen later than the 1298C variant on a chromosome harbouring 1298A.86,
103

The haplotype might exist but can only be demonstrated in very large popula-

tion studies such as the study by Ulvik et al where they have genotyped more than
10 000 persons for the MTHFR 677C>T and 1298A>C polymorphisms.103
Wakutani et al presented a haplotype analysis of the three MTHFR mutations 677 C>T, 1298 A>C and 1793 G>A. They found that the MTHFR gene had
four major haplotypes (Figure 5) and that one of them was protective against the
development of late-onset Alzheimer’s disease.104
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Figure 5. A schematic presentation of the estimated regional haplotypes of the MTHFR
gene.104 Wakutani et al found four haplotypes (A, B, C, and D) for the three-locus system, MTHFR 677C>T, 1298A>C, and 1793G>A.

Composition of the MTHFR enzyme
The MTHFR enzyme is a dimer consisting of two monomers that associate “head
to tail”. Each polypeptide has a catalytical and a regulatory domain. In Figure 6
the translation of the common haplotypes CA, CC and TA into polypeptides and
the six dimers is illustrated. Depending on the genotype, 1 or 3 of these configurations is present for any given individual.103 The different configurations have
different stability. In vitro studies of the enzyme by Yamada et al showed that the
enzyme dimer dissociates into monomers upon dilution or heating but that folate
stabilises the enzyme.116 The dimer configuration E (see Figure 6) is the less stable
configuration because it arise from two copies of the 677T-allele. Configuration F
represents an enzyme that has the genotype 677 CT and 1298 AC, the compound
heterozygote. This enzyme is also unstable. However, these figures are based on
the assumption that all dimers are equally stable. Instability of configuration E
could shift for example the equilibrium for the CTAA genotype towards more
enzymes in the stable D configuration at the expense of A and E.103
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Figure 6. A schematic figure over the composition of the MTHFR enzyme dimer variants
that occur due to the 677C>T and 1298A>C polymorphisms.103 On top, the three common alleles based on the 677 and 1298 positions and in the middle the associated polypeptides. Bottom, the polypeptides combine “head to tail” in six different configurations.
Reproduced with permission from the authors.

Other genetic variation in the homocysteine metabolism
Besides the MTHFR polymorphisms there are several other mutations in transporters and enzymes involved in Hcy metabolism (Table I). For most of the mutations it is uncertain if they have effects on tHcy. In the enzyme cystathionine βsynthase there are some mutations that give total deficiency of the enzyme. Total
deficiency of the cystathionine β -synthase is one cause of homocystinuria.
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In

addition to cystathionine β -synthase deficiency there can be deficiency of other
enzymes e.g. transcobalamin II (TCII) that cause homocystinuria. TC II is responsible for the influx of vitamin B12 into the cells. B12 is needed for the conversion of
5-methyl-THF and Hcy to tetrahydrofolate and methionine.91 In the gene for
transcobalamin II there is a common mutation, 776C>G, which results in a substitution of proline for arginine at codon 259. Studies have shown that the mutated genotype have lower levels of holo-TC (transcobalamin bound to transcobalamin II)70 and that it influences the risk of spontaneous abortions in humans.119 Some enzymes and transporters in the metabolism of Hcy that contain
polymorphisms55 are listed in Table I (courtesy of Dr. Johan Hultdin, Umeå).
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Table I. Common polymorphisms in enzymes and transporters involved in Hcy metabolism.

Gene, polymorphism

Function

Frequency

Allele frequency

Methylenetetrahydrofolate Reductase (MTHFR 677C>T and
1298A>C)

Formation of 5methyl tetrahydrofolate.

App 10 % homozygotes for both 677C-T
and 1298A-C.

677C: 0.71
677T: 0.29
1298A: 0.68
1298C: 0.32

Methionine synthase
(MTR 2756A>G)

Methionine synthase reductase
(MTRR 66A>G)
Betaine-homocysteine methyltransferase (BHMT 742G>A)

Mediates the remethylation of Hcy
to methionine

AA: 61 %
AG: 29 %
GG: 10 %

A: 0.76

Reactivation of
methionine synthase

AA: 28 %
AG: 49 %
GG: 23 %

A: 0.52

GG: 49 %
GA: 39 %
AA: 12 %

G: 0.68

No insertion:
0.95

Remethylation of
Hcy to methionine

Cystathion beta-synthase (CBS
844ins68)

Converts Hcy to
methionine and has
effects on methylation capacity

No insertion: 90 %
Heterozygotes: 10 %

Paraoxonase (PON1LEU55MET/108C-T and
GLN192ARG)

Functions as a thiolactonase of Hcy and
may lead to the
formation of homocysteine thiolactone
which may induce
protein alteration.

LEU55MET
LEU/LEU: 34 %
LEU/MET: 53 %
MET/MET: 13 %

G: 0.24

G: 0.48

A:0.32

Insertion: 0.05

GLN192ARG
GLN/GLN: 48 %
GLN/ARG: 30 %
ARG/ARG 22 %

LEU:0.60
MET:0.40

GLN:0.63
ARG:0.37

Transcobalamin II (TCII P259R,
776C>G)

Glutamate carboxypeptidase II
(GCP II 1571C-T)
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Mediates the uptake
of B12 in the cells.

Zinc dependent
enzyme, which degrades polyglutamates to monoglutamates in the intestine.

775 GG: 30 %
775 GC: 50 %
775CC: 20 %

G: 0.55

CC: 89.6 %

C: 0.95

CT: 10.1 %

T: 0.05

TT: 0.3 %

C: 0.45

Homocysteine as a risk factor for disease
Hcy is a risk factor for several diseases. Neural tube defects (NTDs) arise early in
embryogenesis following a failure of the neural tube to close. Several studies have
reported that pregnant women who are folate deficient have a greatly increased
risk of having babies with NTDs.82, 83, 118 Elevated tHcy as been observed in NTD
mothers.82, 83, 122 Vitamin B12 deficiency during pregnancy results in elevated Hcy
values in the foetus and increases the risk of NTDs. Studies have also shown that
there is an increased risk of early spontaneous abortion among women with low
plasma folate levels.118 Folate supplementation decreases the occurrence and reoccurrence of NTDs82, 118, 122 by up to 70-100%.45, 83
Elevated tHcy is a well-known risk factor for cardiovascular disease
(CVD).60, 109 Specifically, the participation of Hcy in thrombosis has been documented in many studies.8, 77 Many studies have also shown that elevated plasma
Hcy is a risk factor for neuropsychiatric disorders such as depression6 and cognitive impairment such as dementia and Alzheimer’s disease in the elderly.5, 93

How can homocysteine be pathogenic?
There are several hypotheses to explain the pathogenicity of Hcy. The most
commonly suggested toxic mechanisms are oxidative injury by different mechanisms: impaired methylation, impaired DNA synthesis/repair and excitotoxic effects (damage to nerve cells) mediated by N-methyl-D-aspartate (NMDA) glutamate subreceptors. Other suggested mechanisms are interaction with inflammatory mechanisms, and protein homocysteinylation.14, 27, 48, 62, 67, 78
As regards cardiovascular disease elevated Hcy levels are associated amongst
other thing with reduced vasodilatation. Hcy can for instance induce direct damage to endothelial cells and also increase platelet activity. Hyperhomocysteinaemia inhibits nitric oxide synthase which leads to a decreased bioavailability of
nitric oxide. At normal levels of tHcy nitric oxide detoxifies Hcy by forming Snitroso-homocysteine which is a vasodilator.101 When Hcy is in excess it is not
totally detoxified by nitric oxide, the remainder being auto-oxidized with another
Hcy molecule and free radicals are generated that are toxic to endothelial cells.101,
117

Normally free radicals are neutralized by glutathione but excess Hcy decreases

glutathione perioxidase activity.101 Another mechanism of endothelial injury by
Hcy is by the reduced catabolism of asymmetric dimethylarginine which is a
strong inhibitor of nitric oxide synthase.101 When Hcy is in excess it may be converted to the thioester homocysteine-thiolactone. In association with low-density
lipoprotein it produces atherogenic oxidative damage to the endothelium.101 Hcy
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may activate platelets, increase platelet aggregation and adhesion. In homocysteinaemia platelet thromboxane A2 biosynthesis is increased and this may be a
contributor to the risk of thrombosis.101
Hcy has been found to be a risk factor for neurocognitive disease and the
link may be due to cerebrovascular as well as to direct toxic effects.75 Elevated
Hcy increases oxidative stress and neurons are very sensitive to attacks by free
radicals.5, 112 In neuron cell culture, folate deficiency and Hcy have been shown to
damage and kill the cells.69 The neuron damaging effect may also be caused by
Hcy acting as an agonist at the neurotransmitter glutamate binding site of the
NMDA receptor.65 Another hypothesis worthy of mention is that Hcy accelerates
dementia by stimulating amyloid beta deposition in the brain.75
Another overall explanation as to why Hcy is associated with disease is to
view it as a marker of disturbed intracellular metabolism of methyl groups. Hcy
induces DNA breakage possibly through impaired DNA transmethylation since
SAM levels are reduced as a consequence of folate and vitamin B12 deficiencies.
Damage to DNA means that the cells ATP reserves are depleted in attempting to
repair the DNA. Cellular depletion of ATP is thought to be an important factor in
neurodegeneration, for instance, in Alzheimer’s disease.69

The principle of P
Pyrosequencing®
yrosequencing®
Pyrosequencing® technology is a sequencing by synthesis technique for quantitative analysis of DNA sequences. The sequencing by synthesis technique offers the
advantage of real-time detection84 and the Pyrosequencing® technology was described in the late 1990’s by a Swedish research group.84, 85 The method is based
on indirect luminometric quantification of pyrophosphate (PPi) that is released as
a result of nucleotide incorporation onto an amplified template.
PCR is performed using one of the primers in the PCR reaction modified
with biotin at the 5’-end leading to amplicons with a biotin molecule at the 5’end. The biotin binds to Sepharose beads and can therefore be transferred in the
different washing steps needed before sequencing, see Paper II. After the washing
steps, a sequencing primer is added and the DNA template is made single
stranded by heating to 80°C. The sequencing primer, which is complementary to
the DNA sequence just before the SNP or site of interest, is hybridized to the single stranded DNA at some stage when the mixture is cooled down to room temperature. The DNA fragment (with the hybridized sequencing primer) is incubated with the enzymes: DNA polymerase, ATP sulphurylase, firefly luciferase,
and apyrase (a nucleotide-degrading enzyme), and the substrates: adenosine
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5’phosphosulfate (APS) and luciferin. Repeated cycles of nucleotide addition are
performed. A nucleotide will only be incorporated into the growing DNA strand
if it is complementary to the base in the DNA template. Each incorporation event
is accompanied by release of PPi. The amount released PPi is proportional to the
number of incorporated nucleotides. ATP sulphurylase converts PPi to ATP in the
presence of APS. This ATP drives the conversion of luciferin to oxyluciferin that
generates light. The light is detected and seen as a peak in the pyrogram. The
height of each peak is proportional to the number of nucleotides incorporated.
Unincorporated nucleotides and the produced ATP are degraded between each
cycle by the apyrase.85 The complementary DNA strand is built up and the nucleotide sequence is determined from the signal peaks in the pyrogram. Pyrosequencing® can be used in a broad range of applications such as SNP genotyping,
de novo mutation detection, gene identification and microbial genotyping
also for detecting DNA Methylation pattern in genes.

3

and

94

Figure 7. The principle of pyrosequencing. When the nucleotide is complementary to the
DNA template, light is produced by the firefly enzyme, luciferase, and the light is detected as a peak in the pyrogram (www.biotage.se). Reproduced by permission from Biotage.
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Aims of this Thesis
The aims of these studies were to investigate mutations in the genes for folate receptor-α and methylenetetrahydrofolate reductase and how they affect tHcy concentrations.

I. To search for novel mutations in the promoter region and the 5’-UTR in
the folate receptor-α gene.
II. To investigate a possible association between the discovered mutations
and tHcy.
III. To analyse possible associations between FOLR1-mutations and dementia.
IV. To determine the prevalence of the MTHFR polymorphisms 677C>T,
1298A>C and 1793G>A in a population of Swedish children and adolescents and also in healthy Spanish adults. To construct haplotypes from
the MTHFR polymorphisms and to compare the prevalences of the genotypes and haplotypes between the two populations.
V. To investigate the association between MTHFR genotypes and haplotypes and tHcy.

29

Materials and methods
Patient samples investigated for tHcy or macrocytosis
Four hundred and forty five (445) patient samples which were sent to our laboratory for analysis of tHcy were studied. In addition patient samples sent to our
laboratory for analysis of complete blood count (performed on a Celldyn 4000
instrument, Abbott Laboratories, IL, USA) were reviewed to identify cases of
non-anaemic or mildly anaemic macrocytosis with the following characteristics: a
mean corpuscular volume of >100 fl and a Hb of >105 g/l. Samples with these
characteristics, n = 333, represent a patient group with an increased prevalence of
high levels of tHcy.
The Dementia, Genetics and Milieu study (DGM)
The Dementia, Genetics and Milieu study (DGM) is a case control study at the
University Hospital, Örebro, Sweden, with a study population of 202 consecutive
patients (106 women and 96 men) who were referred, mainly by general practitioners, to the memory care unit at the Department of Geriatrics for diagnostic
assessment and treatment. Every patient in the study group underwent a thorough
clinical investigation, including medical history, treatment and drug history,
physical as well as neurological and psychiatric examinations. All were screened
with Mini Mental State Examination (MMSE) and Clock Drawing Test (CDT).
Computed tomography (CT) or magnetic resonance imaging (MRI) of the brain
was performed on all but nine subjects (96%). Routine analyses of the CSF biomarkers: total tau protein, phosphorylated tau protein and β-amyloid protein,
were performed at the Department of Psychiatry and Neurochemistry, Institute of
Clinical Neuroscience, Sahlgrenska University Hospital, Mölndal, Sweden. The
ICD-10 criteria were used to divide patients into different diagnostic categories.114
Active Seniors (AS)
Active Seniors (AS) is a sample of 389 senior citizens, 262 women and 127 men.
Which were used as a control group to the DGM subjects. The subjects, from
central Sweden, were all retired and lived independently in their own homes. All
were Caucasians and most of them were born in the 1920s and 1930s, mean age
at sampling being 74 years.
The European Youth Heart Study (EYHS)
The European Youth Heart Study (EYHS) is a cross-sectional school based population study on risk factors for future cardiovascular disease in children. In this
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study 692 children and adolescents (336 girls and 356 boys) in school grade 3 or
9 (aged 9-10 to 15-16 years) from schools in the central Sweden, participated.51, 52
The Canary Islands Nutrition Study (ENCA)
The Canary Islands Nutrition Study (ENCA) is a cross-sectional study that was
carried out to survey the nutritional status and selected metabolic and genetic
variables in a population from the Canary Islands, Spain. Sampling procedure
and participation rates have been described previously.47,

92

Blood samples for

DNA analysis were obtained from 723 subjects (395 women and 328 men) and
serum samples were obtained from 523 subjects (297 women and 226 men).
Ethics
The studies were approved by the local Research committees. Studies from Örebro University Hospital were approved by the committee of Örebro County
Council until 2003. From 2004 and onwards the committee in Uppsala approved
the studies from Örebro. All participants received written information about the
studies, and gave a specific and written informed consent to the studies.
Molecular biology techniques

DNA extraction from blood samples
Human genomic DNA was extracted and purified from 200 μL whole blood anticoagulated with EDTA using the QIAamp DNA Blood Mini Kit by the spin procedure, according to the manufacturer’s instructions (QIAGEN Inc., Valencia,
CA, USA). DNA was eluted in 200 μL elution buffer (Buffer AE). The concentrations of the DNA measured by absorbance at 260 nm were usually between 2050 ng/μL. The purity was determined by calculating the ratio of the absorbance at
260 nm to the absorbance at 280 nm. Pure DNA has a ratio of 1.7-1.9 and the
typical ratio of our DNA was 1.5-1.9. The purified DNA was stored at -20°C.

Polymerase Chain Reaction (PCR)
All amplicons were amplified by PCR. The Primers were ordered from SGS
(Köping, Sweden) or from biomers.net (Ulm, Germany). The PCR was performed
with the HotStarTaqDNA Polymerase Kit (Qiagen Inc.). The reaction mixture
(50 μL total volume) contained 0.4 μmol/L of each of the primers, 1.25 units of
Taq polymerase, 1.5 mmol/L MgCl2, and 0.2 mmol/L each of dGTP, dATP, dTTP
and dCTP; 15 –30 ng of DNA was added as template. Optimization of the PCR
was performed using an Eppendorf Mastercycler Gradient (Eppendorf Nordic
Aps, Horsholm, Denmark). A PCR amplification consists of an activation step of
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the polymerase, needed when using the HotStar Taq DNA Polymerase, at 95°C
for 15 min, followed by 35-45 cycles of denaturation of the genomic DNA at
94°C for 1 min, annealing of the primers at a temperature between 55-65°C for 1
min, and extension at 72°C for 1 min. After the repeated cycles there is a final
extension at 72°C for 7 min.

Mutation screening by Single Strand Conformation Polymorphism (SSCP)
SSCP is a technique for detecting mutations. The principle of SSCP is based on
the fact that electrophoretic mobility of DNA in a gel is sensitive to both size and
shape and that single stranded DNA form secondary structures which depends on
the base composition. A mutation or even a SNP will cause a different secondary
structure and therefore also a different mobility pattern in the gel.
The amplicon to be screened for mutations was amplified with PCR. 4 to 10
μL PCR product (depending on the DNA concentration) and 10-16 μL SSCP
loading solution containing 95% (v/v) de-ionized formamide and 5% bromophenol blue (bromophenol blue 25 g/L and glycerol 630 g/L) were mixed to a total
volume of 20 μL. Polyacrylamide gels (Amersham Pharmacia Biotech AB, Uppsala, Sweden) were hydrated with buffer. To denature the DNA, the mixture was
heated at 95°C for 7 min. Immediately after heating the mixture, it was put on ice
before being loaded into the gel. Electrophoresis was carried out using Genephor
(Amersham Pharmacia Biotech AB). Optimization was performed using the
GeneGel SSCP Starter Kit, and gels were stained using the PlusOne DNA Silver
Staining Kit, both from Amersham Pharmacia Biotech AB.

DNA Sequencing
DNA sequence analysis was performed on the amplicons using the ABI Prism Big
Dye Terminator Cycle Sequencing Ready Reaction Kit v2.0 (PE Biosystems, Foster City, CA, USA). This special PCR-step incorporates stop nucleotides which
are each labelled with a different coloured fluorescent dye at every base in the
amplicon. At the end of the PCR there are PCR fragments with different lengths
but all are terminated with a stop nucleotide. A detector reads the colour of the
fluorescent label and a computer puts together the nucleotide sequence. Sequencing was performed by capillary electrophoresis on an ABI Prism 310 Genetic Analyzer.
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Analysis of polymorphisms by Pyrosequencing®
The MTHFR polymorphisms were analysed with pyrosequencing. MTHFR
677C>T was amplified according to the Pyrosequencing® Assay Protocol “Genotyping of the C677T variant in the human methylene tetrahydrofolate reductase
(MTHFR) gene”, version 1 (Biotage AB, Uppsala, Sweden). For the MTHFR
1298A>C and 1793G>A polymorphisms we developed our own genotyping protocols, as specified in Paper II. For good results a relatively large amount of DNA
template (PCR product) is required for the pyrosequencing. In our own protocols
for the MTHFR 1298A>C and the 1793G>A analyses, sufficient DNA was obtained from 38 PCR cycles. Both of the assays for the polymorphism at nt 1298
and the polymorphism at nt 1793 are reversed assays. In reversed assays the sequencing primer is complementary to the forward DNA strand and as a result the
complementary DNA strand is built as the reverse strand. Therefore, the change
is detected as a genotype of opposite nucleotides. The reason why some assays are
made in this reverse way is to avoid artefacts because the biotinylated primer may
develop primer-dimer (if the primer is complementary to itself or if two primers
can bind to each other) or hairpins (the primer structure can be complementary
within itself and can stick together).
Measurement of tHcy, folate and vitamin B 12
Total Hcy levels were measured in our laboratory upon an IMx® instrument
(Abbott Laboratories, IL, USA). All coefficients of variation were <7.5%. In paper IV tHcy was analysed at the University of Barcelona’s Clinical Hospital upon
an AXSYM instrument (Abbot). All coefficients of variation were <6.3%. Serum
folate and vitamin B12 were measured at the Haematology Unit of the University
Hospital of Gran Canaria using an AXSYM. We used serum folate (S-folate) instead of erythrocyte folate (Ery-folate) because it better reflects the actual intracellular folate status. Ery-folate reflects the folate status when the erythrocyte was
formed and does not reflect the actual folate intake. It takes 4-5 months before a
decrease in folate intake affects the levels of Ery-folate.50
Statistics
Data was analysed with SPSS 11.5 for Windows (SPSS Inc., Chicago, IL, USA)
and Statistix8 (Analytical Software, Tallahassee, FL, USA).
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Results
Novel mutations in the promoter region and 5’5’ -UTR
of the Folate recep
rece ptortor-α gene
In an initial study (not included in this thesis) we searched for mutations in the
promoter region and 5’-UTR of the folate receptor-α gene. The studied region
was between nt –188 and nt +272 and the transcription start site was according
to Elwood et al.32 Seven hundred and seventy eight (778) patient samples (445
samples sent to our laboratory for analysis of Hcy and 333 samples sent to our
laboratory for complete blood count) were analysed with single strand conformation polymorphism (SSCP) and DNA sequencing. Two different novel mutations
were discovered. Three patients had a 25-bp deletion and three patients had a
duplication of an A (–69dupA).73
In Paper I we extended our search by screening the 692 EYHS subjects between the same nucleotides as the previously screened patients (nt –188 and nt
+272). None of the children or adolescents in the EYHS group had the –69dupA
mutation but we discovered a novel –18C>T mutation which we did not find
among the patients (see Figure 8). After this initial study we continued with further mutation screening upstream of transcription start site, this time between nt
–1110 to nt –425. In this study we selected the 92 patients with the highest levels
of tHcy from the 445 patients, which were used in our previous study. We discovered 3 novel mutations, one subject had two mutations very close to each
other; –856C>T and –921T>C, and two subjects had the same mutation, –
1043G>A. Among the 92 patients with hyperhomocysteinaemia 6 patients had a
mutation in the studied regions (nt –188 to nt +272 and nt –1110 to nt –425)
which is 5.4 %. Eight of 692 (1.2 %) of the children had a mutation between nt –
188 and nt +272.
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Figure 8. DNA Sequencing chromatogram which shows the –18C>T mutation found in
three children. Upper chromatogram shows the forward sequence and lower chromatogram the reverse sequence. The arrows point at the mutation which shows as two
peaks instead of one.

To find out whether or not these mutations had an impact on the tHcy levels we
genotyped both the EYHS subjects and the patients for the MTHFR 677C>T
polymorphism, because subjects with the MTHFR 677TT genotype have significantly higher tHcy levels than others (see Paper III). None of the patients or the
the EYHS subjects had the MTHFR 677 TT genotype (Table II), implying that
the high values of tHcy in some of these subjects can be due to the FOLR1 mutations.
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Table II. Patients and EYHS subjects with mutations in the
FOLR1 gene, MTHFR 677-genotype and total plasma homocysteine (tHcy).
Subject

MTHFR 677 genotype

FOLR1 mutation

tHcy (μmol/L)

Patient 1
Patient 2
Patient 3
Patient 4

CT
CT
CC
CT

13
12
26.7
45.8

Patient 5
Patient 6
Patient 7
Patient 8
Adolescent Boy
Adolescent Girl
Child Girl
Adolescent Girl
Adolescent Girl
Adolescent Boy
Adolescent Girl
Adolescent Girl

CC
CT
CT
CC
CT
CC
CC
CT
CT
CT
CC
CC

25-bp deletion
25-bp deletion
–69dupA
–856C>T and
–921T>C
–1043G>A
–69dupA
–1043G>A
–69dupA
–18C>T
–18C>T
–18C>T
25-bp deletion
25-bp deletion
25-bp deletion
25-bp deletion
25-bp deletion

35.4
32.2
17.6
N.A.
5.74
8.13
11.1
8.76
7.01
8.14
9.66
7.93

N.A = Not available

In Paper II we continued our search for mutations in FOLR1 by screening a region spanning from the exon 1 through the first 900 bases of intron 1 (nt 1141 to
2054; GenBank nucleotide sequence U20391 and gene structure from
ENSG00000110195, www.ensembl.org) by SSCP of 203 DGM subjects. The two
mutations 1314G>A and 1816delC described by Zhang et al120 were also found in
our population (Figure 9 and 11). The mutations were confirmed by DNA sequencing. Pyrosequencing® assays were developed and applied to our Active Seniors biobank (the AS-biobank). We also genotyped the DGM subjects with Pyrosequencing® for control of our SSCP-screening results. The prevalence was
much lower than in China. q for the 1314G>A polymorphism were only 0.068
(AS subgroup) and 0.067 (DGM subgroup) vs. 0.186 (cancer cases) and 0.143
(controls) in the Chinese. q for the 1816delC polymorphism were only 0.0026
(AS subgroup) and 0.0078 (DGM subgroup) vs. 0.095 (cancer cases) and 0.099
(controls) in Chinese.
Beside these two mutations we discovered one more mutation during the
SSCP screening. This mutation designated by us as FOLR1 g.1928C>T was already documented in the NCBI SNP Database and in the SNP500Cancer Database. A Pyrosequencing® assay was developed and applied to the AS and DGM
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biobanks. We found 4.9% heterozygotes in the AS subgroup (q=0.024) and 4.7%
heterozygotes in the DGM subgroup (q=0.023) for this SNP. The reported prevalence of heterozygotes in the NCBI SNP Database is 10.7% in Caucasians.
We discovered an additional mutation, a G>A substitution, on sequencing
the subjects with an indeterminant appearance on the SSCP gels. We designated
this mutation FOLR1 g. 1841G>A and it had already been reported to the NCBI
SNP and the SNP500Cancer Databases.76 A Pyrosequencing® assay was developed for this mutation and applied to the AS and DGM biobanks. A main finding
was that all subjects carrying the g.1816delC (3 DGM subjects and 2 AS subjects)
were also heterozygotes for the g.1841G>A polymorphism. This explains why we
could not identify the mutation on the SSCP gels. For the amplicon, where the
g.1816delC, g.1841G>A and g.1928C>T mutations were found, only three different patterns appeared on the SSCP gel: wildtype pattern, 1816delC–1841G>A
pattern and finally a pattern for the 1928C>T mutation (Figure 10 and 11). We
were not able to identify the separate occurrence of the g.1816delC and
g.1841G>A mutations and conclude that they are in linkage.

Figure 9. SSCP gel showing screening of nt 1141 to 1493 in the FOLR1 gene. The arrows point to patients heterozygote for the FOLR1 g.1314G>A mutation.
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Figure 10. SSCP gel showing screening of nt 1723 to 2054 in the FOLR1 gene. The arrow points to a patient heterozygote for the FOLR1 g.1928C>T mutation.

Figure 11. SSCP gel from the mutation screening of nt 1723 to 2054 in the FOLR1 gene.
The arrow points to a patient heterozygote for the FOLR1 g.1816delC and also heterozygote for the FOLR1 g.1841G>A mutation.
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Nomenclature of the mutations
The naming of the discovered mutations in the FOLR1 gene has been confusing
and has changed over time. Recommendations for the description of changes in
DNA sequences has been published by den Dunnen et al
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and the Human Ge-

nome Variation Society have a homepage where they update nomenclature recommendations (http://www.hgvs.org/mutnomen/recs-DNA.html).
In Paper I we named the discovered mutations after the transcription start
site. Transcription start site is defined as nucleotide 1 and the first nucleotide upstream of the transcription start site is –1. However, on the Human Genome
Variation Society homepage (in their updated version, autumn 2008) they discourage the use of the transcription start site as nucleotide 1 because there may
exist several transcripts of the same gene. Therefore, in Paper II, we named the
mutations after a sequence, U20391, which we designated as the reference sequence. The first nucleotide in that sequence is nucleotide 1 and no + or – signs
are used.
Another way of naming changes in DNA sequences is by using a cDNA sequence. Nucleotide 1 is the first nucleotide of the translated exons which means
that the nucleotide 5’ of the ATG-translation initiation codon is –1. Mutations in
introns are designated on the basis of the exons, for example if there is a change
in the intron, 3 nucleotides 5’ of exon 3, then that mutation would be named Ex3
–3X>Y.
The additional four mutations that we discovered in Paper II were already
present in the NCBI SNP Database and in the SNP500Cancer Database.
In Table III some different variants of names for the FOLR1 mutations are
listed.

40

Table III. Mutations in the FOLR1 gene designated in three different ways. Column one
shows the name after the chosen reference sequence, column two the name after the transcription start site, column three the name according to SNP500Cancer Database and
column four the refSNP ID.
After reference sequence (U20391)
No name
g.32T>C
g.97C>T
g.883dupA
g.934C>T
g.1060_1084del
g.1314G>A
g.1816delC
g.1841G>A
g.1928C>T

After transcription start
site
-1043G>A
-921T>C
-856C>T
-69dupA
-18C>T
25bpdeletion
363G>A
865delC
890G>A
977C>T

SNP500Cancer Database
N.R
N.R
N.R
N.R
N.R
N.R
N.R
Ex3+205C>Ex3-195G>A
Ex3-108C>T

RefSNP ID
N.R
N.R
N.R
N.R
N.R
N.R
rs2071010
rs3833748
rs1540087
rs9282688

Mutation named –1043G>A is outside the U20391 DNA sequence and therefore not
named after that sequence. N.R. = Not Reported.

Transcription factors
Mutations in the promoter region and 5’-UTR of a gene can have a major impact
on the transcription if they are located at a site where transcription factors (TFs)
bind. TFSEARCH is software that searches for binding sites for TFs in DNA sequences through correlation with “TFMATRIX transcription factor binding site
profile database” (http://www.cbrc.jp/research/db/TFSEARCH.html).46 We used
TFSEARCH to search for possible bindings sites for transcription factors in the
promoter and 5’-UTR regions of FOLR1. We found that the –69dupA is adjacent
to a binding site for a transcription factor named C/EBP alpha. Three patients
had this mutation, two from the patient series analysed for tHcy and one from
the macrocytosis series. The patients from the tHcy series had plasma concentrations of Hcy of 27 and 32 μmol/L, respectively. The 25-bp deletion region contains putative binding sites for two transcription factors, AML-1a and E-47, according to TFSEARCH. The two patients with this mutation from the tHcy series
had plasma concentrations of Hcy of 13 and 12 μmol/L, respectively. For the
other discovered mutations no adjacent TF binding site could be found in the
TFSEARCH software.
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Pyrosequencing® assays for MTHFR polymorphisms
We used Pyrosequencing® to genotype the MTHFR 677C>T, 1298A>C and
1793G>A polymorphisms. We consider that pyrosequencing is a more reliable
method than Restriction Fragment Length Polymorphism (RFLP) which is still a
common method of genotype analysis. The MTHFR 677C>T polymorphism was
analysed according to the Pyrosequencing Assay Protocol for the MTHFR
677C>T polymorphism. Pyrograms for the three genotypes are shown in Figure
12.
C/C

C/T
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Figure 12. Three different subjects with different genotypes for the MTHFR 677C>T.
Upper panel left, a subject with the CC genotype (wild type), upper panel right, a heterozygote subject with the CT genotype and lower panel, a homozygote subject (TT
genotype).

For the other polymorphisms (MTHFR 1298A>C and 1793G>A) we developed
our own assays. The Genbank sequence NT_021937 was used for development
of the assay for the MTHFR 1298A>C polymorphism. Primers for the PCR were
constructed with the primer3 software.88 The amplicon should be as short as possible. Pyrosequencing® recommends amplicons shorter than 300 bp and optimally about 100 bp. Two different primers are shown in Figures 13 and 14, one
that gives a forward assay and one that gives a reverse assay. The biotinylated
primer is the most important primer in the analysis because it is used as the template for the sequencing. For a forward assay a reverse biotinylated primer should
be used and for a reverse assay the forward primer should be biotinylated. In Figure 13 the best primer for the forward assay is shown. This primer pair can build
primer-dimers and also a hairpin structure. In Figure 14 the best biotinylated
primer for the reverse assay is shown. This primer can also form primer-dimer
and hairpin structures, but the difference between the primers is that the last
primer has a free 3’-end. In the first primer the DNA polymerase can start to in-
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corporate nucleotides in this position. Usually, a forward assay is chosen if possible, but in this case, because of the problems with the biotinylated primer for the
forward assay, we chose a reverse assay for the analysis of MTHFR 1298A>C.

Figure 13. Suggested biotin primer for the forward assay for the MTHFR 1298A>C. The
primer can form a primer-dimer and also a hairpin structure. In the hairpin structure, the
3’-end is complementary and therefore the DNA polymerase can start to incorporate
nucleotides at that position.

Figure 14. Selected biotin primer for the MTHFR 1298A>C assay. This primer gives a
reverse assay.

The sequence primer was designed using the SNP Primer Design 1.01 software
(Biotage). The sequence primer should be complementary to the DNA template
and as close to the polymorphism as possible. Selected primers and sequence are
shown in Figure 15.
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cctcttctacctgaagagcaagtcccccaaggaggagctgctgaagatgtggggggaggagctgaccagtgaagc/aaag
tgtctttgaagtctttgttctttacctctcgggagaacca
Figure 15. MTHFR 1298A>C polymorphism and surrounding sequence with forward,
reverse and sequence primers. Forward and reverse primers are shaded with grey and the
sequence primer is underlined. The polymorphism (c/a) is also shaded with grey.

For the MTHFR 1793G>A, the same GenBank sequence as for the 1298A>C was
used and a reverse assay was chosen. Primers for the MTHFR polymorphisms are
shown in Paper I’s Table 2.
Plasma homocysteine levels and MTHFR polymorphisms
The aim of Papers III and IV was to study the three common and well-known
polymorphisms in the gene for MTHFR (677C>T, 1298A>C and 1793G>A) in
relation to tHcy concentrations in two different populations. In Paper III Swedish
children and adolescents (the EYHS study) were investigated and in Paper IV the
subjects were Spanish adults (the ENCA study). In Paper IV we extended the
genotype and haplotype analysis of the MTHFR 677, 1298, and 1793 polymorphisms and their relationship to tHcy to include the nutritional biomarkers serum
folate and vitamin B12.

MTHFR polymorphisms
We genotyped 692 Swedish children and adolescents and 723 Spanish subjects for
the three MTHFR polymorphisms, 677C>T, 1298A>C and 1793G>A. The prevalences for the polymorphisms are shown in Figure 16.
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The EYHS subjects

The ENCA subjects

MTHFR 677C>T

MTHFR 677C>T

TT
8,7%

TT
11,9%

CC
47,7%

CT
43,6%

CC
40,2%

CT
47,9%

MTHFR 1298A>C

MTHFR 1298A>C

CC
9,8%

AA
43,6%

AC
46,5%

MTHFR 1793G>A

GA
9,1%

AA
0,1%

GG
90,8%

CC
7,2%
AA
53,1%

AC
39,7%

MTHFR 1793G>A

GA AA
5,0% 0,0%

GG
95,0%

Figure 16. The prevalences of the MTHFR 677C>T, 1298A>C, 1793G>A polymorphisms in the Swedish children and adolescents (left panel) and in the Spanish adults
(right panel).
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tHcy measurements
Median and mean tHcy concentrations for the EYHS subjects are shown in Table
IV.
Table IV. The tHcy levels, median, mean and standard deviation (SD) from the EYHS
subjects are shown; in the total population, and subdivided by age (children vs. adolescents) and by gender.
tHcy concentration
N

Median

Mean

SD

All EYHS subjects

683

7.28

8.18

4.50

Girls

331

7.32

8.06

3.71

Boys

352

7.25

8.30

5.14

All children

301

6.40

6.52

1.33

Girls, children

136

6.43

6.61

1.40

Boys, children

165

6.37

6.44

1.28

All adolescents

382

8.39

9.50

5.56

Girls, adolescents

195

8.20

9.07

4.42

Boys, adolescents

187

8.81

9.94

6.53

As shown in Table IV there is a clear difference between the tHcy values for the
children and the adolescents. The difference was confirmed statistically by oneway ANOVA (P-value<0.001) and is in agreement with previous observations
that tHcy levels increase with age.
There was no statistically significant difference in the tHcy levels between
boys and girls amongst the children. This is not surprising since the 9-year-old
children are prepubertal. In the adolescents, the boys had higher tHcy concentration than the girls which agrees with previously established differences between
men and women. To investigate if the tHcy values followed a normal distribution
in the two groups, histograms for tHcy were made and are shown in Figure 17
and 18. In children the tHcy follows the normal distribution much more closely
than in the adolescents.
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Figure 17. Histogram of total plasma homocysteine for the children, with fitted normal
distribution.

Figure 18. Histogram of total plasma homocysteine for the adolescents, with fitted normal distribution. Nine adolescents had tHcy concentrations above 26 and these are not
included in the histogram.
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In the Spanish subjects men had, as expected, higher tHcy levels than women.

Association between MTHFR polymorphisms and tHcy concentrations
The correlation between the MTHFR polymorphism and tHcy levels were investigated with the statistical models ANOVA and ANCOVA.
For the Swedish EYHS subjects the correlation was analysed by a three-way
ANOVA with the factors: age (children and adolescents), gender (boys and girls)
and MTHFR genotype in three levels (CC,CT and TT for 677C>T; AA, AC and
CC for 1298A>C; and GG, GA and AA for 1793G>A).
For the Spanish ENCA subjects the correlation was analysed with ANCOVA
where all values were adjusted for age, serum folate and vitamin B12.
The MTHFR 677 TT genotype has such a major impact on tHcy concentrations that smaller effects from the other polymorphisms can be hidden behind this
large effect. It was therefore necessary to analyse the effects of 1298A>C and
1793G>A isolated from the MTHFR 677 T-allele. Likewise, to obtain the effect
of the 677T-allele upon tHcy the effects of the 1298C-allele and 1793A-allele
were excluded by only including subjects that had the wild type genotype for
1298A>C and 1793G>A.

MTHFR 677C>T
A three-way ANOVA showed that the MTHFR 677C>T was associated with
tHcy in both children and adolescents (Table II, Paper III). The effect of the
MTHFR 677C>T polymorphism on tHcy was also analysed in subjects that were
non-mutated for the 1298A>C and 1793G>A polymorphism and the result
showed that the 677T allele was associated with significantly increased tHcy in
both children and adolescents (Table III, Paper III).
In the ENCA study the MTHFR 677C>T polymorphism had a significant effect
on tHcy in men but not in women (Table III, Paper IV).

MTHFR 1298A>C
The effect of the 1298 C-allele on tHcy concentrations was analysed in subjects
with the 677 CC-genotype and also in subjects with the 677 CT-genotype. To
rule out the effect of the MTHFR 1793G>A polymorphism, subjects with the
1793GA or AA genotype were excluded from the analysis.
In the EYHS study the 1298A>C polymorphism was significantly associated
with increased tHcy levels in children with the MTHFR 677CC genotype and in
adolescents with the MTHFR 677CT genotype (Table IV, Paper III). The com-
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pound heterozygotes had 1.1 μmol/L higher mean tHcy levels compared to subjects with the 677CT-1298AA genotype.
In the ENCA study there was a significant effect of the MTHFR 1298Callele in men with the MTHFR 677CT genotype (Table IV, Paper IV). The compound heterozygotes (677CT-1298AC) had 1.7 μmol/L higher mean tHcy concentration compared with the subjects that had the 677CT-1298AA genotype.

Haplotype analysis
Haplotype analysis for the three MTHFR polymorphisms was also performed.
MTHFR haplotype prevalences were calculated based on the genotype prevalences of the individual polymorphisms, using the Arlequin software for the
EYHS study and manually for the ENCA study. From the MTHFR 677C>T and
MTHFR 1298A>C loci three haplotypes were obtained; CA, CC and TA. This is
consistent with our finding that no subject was homozygote for a mutation at one
locus and heterozygote at the other locus. When we did haplotype analysis with
the three locus system, 677C>T, 1298A>C, and 1793G>A only one more haplotype appeared and this is because of the strong linkage between the 1298 locus
and the 1793 locus. The prevalent haplotypes were CAG, CCG, CCA and TAG.
To analyse the gene dose effect of the haplotypes on tHcy levels, the EYHS
subjects were divided into gender and age groups, and one-way ANOVA analysis
was performed. The subjects could have the values zero, one or two for each haplotype. The CA haplotype is the haplotype that is non-mutated on both loci, the
TA haplotype is mutated on nt 677 and the CC haplotype is mutated on nt 1298.
As can be seen in Table V, the TA haplotype has a positive impact on Hcy levels
in all groups, the CA haplotype is negatively associated with tHcy in all groups
except for girls in the childrens group where it is not significant. The CC haplotype is negatively associated with tHcy in adolescents but not in children.
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Table V. Total plasma homocysteine levels in the 692 children grouped according to
MTHFR haplotypes, gender and age (children and adolescents).
Median, mean, and SD are shown. The two-locus system 677-1298 is used and subjects
are grouped according to their gene dose of the respective haplotype.
CA
N

0
Median Mean ± SD

N

1
Median Mean ± SD N

2
Median Mean ± SD P1

Children
Girls
Boys
All

57
70
127

6.69 6.82 ± 1.64
6.51 6.76 ± 1.19
6.56 6.79 ± 1.41

62
71
133

6.53 6.60 ± 1.22
6.24 6.28 ± 1.34
6.32 6.43 ± 1.29

17
24
41

5.66 5.93 ± 0.83
6.28 6.01 ± 1.17
5.78 5.98 ± 1.03

0.0664
0.0163
0.0017

Adolescents
Girls
Boys
All

77
71
148

8.21 10.30 ± 6.33
9.48 12.12 ± 9.97
8.75 11.17 ± 8.30

92
93
185

8.26 8.43 ± 2.34
8.21 8.56 ± 1.80
8.26 8.50 ± 2.08

26
23
49

7.40 7.73 ± 1.53
8.38 8.74 ± 2.26
7.56 8.21 ± 1.96

0.0056
0.0014
< 0.0001

N

0
Median Mean ± SD

N

1
Median Mean ± SD N

2
Median Mean ± SD P1

Children
Girls
Boys
All

55
83
138

6.28 6.44 ± 1.26
6.28 6.17 ± 1.05
6.28 6.28 ± 1.14

70
67
137

6.53 6.50 ± 1.23
6.43 6.70 ± 1.56
6.50 6.60 ± 1.40

11
15
26

7.75 8.10 ± 2.15
6.56 6.83 ± 0.60
6.83 7.36 ± 1.57

Adolescents
Girls
Boys
All

94
93
187

7.90 8.06 ± 1.41
8.38 8.49 ± 1.96
8.09 8.28 ± 1.72

83
78
161

8.25 8.54 ± 2.82
9.00 9.45 ± 2.82
8.50 8.98 ± 2.85

18
16
34

13.54 16.81 ± 10.19 < 0.0001
13.83 20.69 ± 18.07 < 0.0001
13.54 18.63 ± 14.34 < 0.0001

N

0
Median Mean ± SD

N

1
Median Mean ± SD N

2
Median Mean ± SD P1

Children
Girls
Boys
All

61
72
133

6.36 6.66 ± 1.46
6.50 6.46 ± 1.35
6.43 6.55 ± 1.40

66
72
138

6.56 6.52 ± 1.34
6.23 6.36 ± 1.31
6.30 6.44 ± 1.32

9
21
30

6.84 6.82 ± 1.45
6.75 6.67 ± 0.91
6.76 6.72 ± 1.07

0.7620
0.6127
0.5361

Adolescents
Girls
Boys
All

90
77
167

8.29 9.91 ± 6.10
9.09 11.22 ± 9.55
8.56 10.52 ± 7.88

83
95
178

8.37 8.53 ± 2.02
8.81 9.15 ± 2.72
8.51 8.86 ± 2.43

22
15
37

7.72 7.70 ± 1.10
8.44 8.32 ± 2.12
8.07 7.95 ± 1.60

0.0364
0.07
0.0043

TA

CC

1

Calculated by one-way ANOVA.

In the Swedish children and adolescents linear regression analysis was performed
to investigate the correlation between the haplotypes that were obtained from the
two-locus system; TA and CC, and tHcy (Table VI). The haplotype CA is the
non-mutated haplotype and was not included in the analysis. The population was
split into age (children vs. adolescents) and gender. As a measure of explanatory
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0.0008
0.0184
0.0004

power we used the R2 value. The TA-haplotype is correlated to tHcy in all subgroups whereas the CC-haplotype is not correlated to tHcy in any subgroup.
Table VI. Results from multiple linear regression analysis for Haplotypes as independent
variables and tHcy as dependent variable.
Subgroup

P-value for Haplotype TA

P-value for Haplotype CC

R2

Girls children

<0.0001

0.317

0.128

Boys children

0.004

0.108

0.077

Girls adolescents

<0.0001

0.666

0.318

Boys adolescents

<0.0001

0.828

0.265

Through analyses of the MTHFR three-locus haplotypes a slightly better explanation of the genetic interaction on tHcy levels in children and adolescents was obtained compared to a simple genotype based approach (R2 Adj 0.44 vs. 0.40).
In the adult Spanish ENCA subjects the effects of the haplotypes 677T1298A and 677C-1298C on tHcy were analysed by ANCOVA and adjusted for
age and logarithmically transformed serum folate and B12 concentrations. A
slightly better explanation for the genetic impact was obtained, R2 Adj 0.352 vs.
0.342 (for the MTHFR 677C>T genotype) in men. When analysing the three locus haplotypes no additional explanatory power was obtained. For the women no
impact of the haplotypes on tHcy could be demonstrated.

MTHFR 1793G>A
Only one subject had the MTHFR 1793AA genotype in the sample of Swedish
children and adolescents and no subject in the ENCA study. Therefore, the effect
on tHcy of the MTHFR 1793A-allele was investigated using the diplotypes of the
subjects. A diplotype is the combination of haplotypes for each person. Subjects
with the CCG/CCG diplotype were compared to subjects with the CCG/CCA
diplotype. These subjects were wildtype for the 677C>T and 1298A>C polymorphisms. In the EYHS study the 1793G>A polymorphism was significantly associated with tHcy concentration in adolescents (Table VI, Paper III). The 1793Aallele appeared to have a lowering effect on tHcy concentrations.
In the ENCA subjects the effect of the MTHFR 1793G>A was difficult to
investigate because of the low prevalence and the results from our investigations
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of the correlation between the polymorphism and tHcy levels did not show any
significant association (Table V, Paper IV).

Diplotypes
Diplotypes were constructed from the haplotypes for the EYHS and ENCA subjects and six diplotypes were obtained from the two-locus system, 677C>T1298A>C, and ten were obtained from the three locus system, 677C>T1298A>C-1793G>A. The diplotype of each subject was decided for both the two
locus and the three locus systems. The prevalences for the diplotypes are shown in
Tables VII and VIII. The prevalence of the non-mutated diplotype CA/CA is almost the same in Sweden and Spain (13.2% vs. 13.4%). The 677T-allele is more
common in Spain than in Sweden but the compound heterozygotes TA/CC are
more common in Sweden than in Spain. The prevalences in the Swedish subjects
and the Spanish subjects are fairly similar despite the large geographical distance.

Table VII. Diplotypes from the two-locus
system MTHFR 677C>T and 1298A>C in
the EYHS and ENCA subjects.
Prevalence (%)
Diplotype 677-1298

EYHS

ENCA

CA/CA

13.2

13.4

CA/TA

21.8

27.8

TA/TA

8.7

11.7

CA/CC

24.7

19.7

CC/CC

9.8

7.6

TA/CC

21.8

19.8
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Table VIII. Diplotypes from the three-locus system
MTHFR 677C>T, 1298A>C and1793G>A in the
EYHS and ENCA subjects.
Prevalence (%)
Diplotype 677-1298-1793

EYHS

ENCA

CAG/CAG

13.2

13.4

CAG/TAG

21.8

27.8

TAG/TAG

8.7

11.7

CAG/CCG

22.0

17.6

CAG/CCA

2.7

2.0

CCG/CCG

6.8

6.0

CCG/CCA

2.9

1.6

CCA/CCA

0.1

0

TAG/CCA

3.3

1.4

TAG/CCG

18.5

18.5

In our studies the MTHFR 1793A-allele always occurred together with the
MTHFR 1298C-allele as can be seen in Table VII and VIII. This suggests that the
MTHFR 1793A-allele is in linkage disequilibrium with the MTHFR 1298Callele. Subjects carrying the MTHFR 1793A-allele never have the MTHFR 677Tallele on the same chromosome. The mutation at the 1793 locus probably originated later than the 1298A>C polymorphism on a chromosome harbouring the
1298C allele.
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Discussion
Discussion and Conclusions
Novel mutations in the promoter region and 5’5’ -UTR
of the Folate receptorreceptor-α gene
Mutations in the promoter region and 5’-UTR of a gene can have great impact on
the transcription of the gene if they are situated in a binding site for transcription
factors. Folate receptor-α is a cell membrane receptor with a high affinity for
folate and is one of the main routes for folate to enter the cells. There have been
few published reports describing mutations in the exons of the FOLR1 gene. We
felt motivated to search for mutations in the 5’region upstream transcription start
and the 5’-UTR of FOLR1 because FR-α is so important for folate utilisation.
Although mutations may not give rise to dysfunctional receptors they may affect
the relative amount of receptors present on the cell surface. Our results showed
that this region of the FR-α gene does have mutations. In Paper I we described six
novel mutations in the FOLR1 gene: the 25-bp deletion, −69dupA, −18C>T,
−856C>T, −921T>C and −1043G>A.
The region of the FOLR1 gene which we screened for mutations was analysed with TFSEARCH software, which searches for putative TF binding sites in
DNA sequences. We found that in the 25-bp region, which was deleted in three of
the patients and in five of the EYHS group, there were putative binding sites for
two TFs. For two of the three patients tHcy concentrations were available, which
were only mildly elevated (13 and 12 μmol/L). Three of the five EYHS subjects
with the 25-bp deletion had slightly elevated tHcy concentrations and this could
only be explained by low folate intake in one of them. The 25-bp deletion had a
similar prevalence in both the EYHS subjects and elevated tHcy patients which
suggests that transcription factors that bind to the 25-bp region in FOLR1 are
not involved in the transcription of the gene.
Three patients (one from the macrocytosis series and two from the tHcy series) had the −69dupA mutation. Analysis with TFSEARCH revealed that there is
a binding site for the TF C/EBP- alpha adjacent to the duplication. The two subjects from the tHcy patient series had plasma concentrations of Hcy of 27 and 32
μmol/L, which are clearly elevated. Not one of the three subjects had the MTHFR
677TT genotype, which means that the high tHcy levels may be due to the
−69dupA mutation. We did not find the −69dupA mutation in the EYHS group
that was screened at the same region as the patients. Possibly the −69dupA has an
impact on tHcy levels which explains why it was only present in the patient samples.
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The −18C>T mutation was not present in patients with elevated levels of
tHcy which is an argument against a role in explaining elevated tHcy concentrations. However, in two of the EYHS subjects their elevated tHcy concentration
could not be explained by folate intake or the MTHFR 677C>T polymorphism.
This raises the possibility that the –18C>T mutation influences tHcy levels.
The −856C>T, −921T>C and −1043G>A mutations were discovered in the
tHcy patient series. We know that the MTHFR 677TT genotype is not the cause
of their high tHcy concentrations but we lack additional information that could
explain the elevated tHcy levels. More studies of these mutations are needed to
clarify their impact on tHcy.
Zhang et al reported finding two mutations in the exons 2 and 3 in the
FOLR1 gene in Chinese patients.120 In Paper II we screened the DGM biobank for
mutations in the same part of the FOLR1 gene as the described Chinese mutations. We found the previously described Chinese mutations; 1314G>A and
1816delC and also two other mutations; 1841G>A and 1928C>T. We developed
Pyrosequencing assays for these mutations and genotyped our biobanks of elderly
Swedes (AS and DGM).
One of the hypotheses in Paper II was that there might be an increased
prevalence of the FOLR1 mutations in the patients diagnosed for dementia compared to the healthy elderly subjects. The 1816delC and the 1841G>A mutations
were more prevalent in the DGM patients but the difference was not statistically
significant. In our subjects the 1816delC allele always occurred concurrently with
the 1841A-allele and we propose that these mutations are in complete linkage
with one other. The distance between the mutations is only 25 bp and therefore it
is unlikely that recombination could occur between them. It would be interesting
to investigate the prevalence of this haplotype in other populations.
The 1314G>A and 1928C>T mutations had no statistically significant association to tHcy but the double mutated haplotype may possibly have a small effect upon raising tHcy. More studies upon the effect of this haplotype on tHcy
are needed, especially in populations with a higher prevalence.
Some of the mutations that we discovered were already present in the NCBI
SNP Database and also in the SNP500Cancer Database. However the allele frequencies reported for European populations in the databases were not in accordance with our frequencies. This shows that there are regional differences and
that allele frequencies need to be determined in each geographical area.
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MTHFR polymorphisms and plasma homocysteine levels
In Paper III and IV we studied the association between the MTHFR 677C>T,
1298A>C and 1793G>A polymorphisms to tHcy. In the EYHS study there was
no difference in tHcy concentrations between boys and girls in the younger age
group (children) but in the adolescent group, boys had higher tHcy concentrations than girls. In the ENCA study men had higher tHcy concentration than
women. In the EYHS study we found a significant association between the
MTHFR 677C>T and tHcy concentrations in both children and adolescents
whereas in the ENCA study we found an association between MTHFR 677C>T
and tHcy in men but not in women. This gender difference in the effect of the
MTHFR 677 T-allele on tHcy has been reported previously.11, 16, 61 This suggests
that in females with the MTHFR 677TT genotype the reduced level of 5’-methylTHF does not affect tHcy levels. Estrogen has been suggested as a possible explanation to the gender difference in the effect of the MTHFR 677T-allele on tHcy
since estrogen has been shown to lower tHcy concentration.26 In our EYHS study,
the effect of the 677T-allele on tHcy was significant in girls although it was of a
smaller magnitude than that in boys of the same age. Possibly the girls in our
study were too young; estrogen levels were not sufficient to lower the tHcy.
The effect of the MTHFR 1298A>C polymorphism on tHcy has been debated. In the EYHS study we found that the 1298C-allele was associated with
elevated tHcy in children with the MTHFR 677CC genotype. In both Swedish
adolescents and in Spanish men the compound heterozygotes (677CT-1298AC)
had approximately 13% higher tHcy concentrations compared to subjects with
the 677CT-1298AA genotype. In the Spanish women no effect of the MTHFR
1298C-allele on tHcy was found.
The MTHFR 1793G>A polymorphism is much less studied than the
MTHFR 677C>T and 1298A>C. The 1793G>A polymorphism has a much lower
prevalence (only one adolescent had the AA genotype in the EYHS study and no
subject in the ENCA study) compared to the other two MTHFR polymorphisms
and therefore its effect on tHcy is difficult to investigate. In the EYHS study, the
A-allele had a minor tHcy-lowering effect in the adolescents. The prevalence of
the MTHFR 1793A-allele was very low in the Spanish subjects and no effect of
the 1793A-allele on tHcy could be discerned.
We constructed haplotypes from the MTHFR 677C>T, 1298A>C and
1793G>A polymorphisms. The effect of the MTHFR haplotypes on tHcy was
analysed. A slightly superior explanatory power for the genetic impact was obtained using the MTHFR haplotypes in the analysis compared to the MTHFR
677C>T genotype-based approach in both the Swedish children and adolescents
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and in the Spanish adults. Therefore MTHFR haplotypes should be considered
when analysing the impact of the MTHFR 677C>T, 1298A>C and 1793G>A
polymorphisms on tHcy.
In our studies we did not find any subject with three or four mutations at
the MTHFR 677C>T and 1298A>C loci. We used Pyrosequencing® for the genotyping, which is a real-time sequencing method. It is possible that the MTHFR
677T-1298C haplotype exists but in such a low prevalence that it is only found in
very large population studies such as the study by Ulvik et al.103 However, the
finding of the haplotype may be due to genotyping errors. In close proximity to
the MTHFR 1298A>C polymorphism, there is another mutation, 1317T>C,
which creates a cleavage site for the MboII restriction enzyme. When using this
enzyme in RFLP genotyping, errors may occur because the enzyme will not discriminate between the two polymorphisms.87, 107
Regardless of the large geographical distance between our study populations
the haplotype composition is quite similar. The MTHFR 677T-allele is slightly
more prevalent in Spain compared to Sweden but it has only an effect on tHcy in
the Spanish men. Age, gender and factors linked to the ethnicity of the studied
subjects, seem to be able to override the nutrigenetic impact of tHcy-raising genotypes or haplotypes in particular settings, such as in the Spanish women in our
study. Gene-nutrient interactions on tHcy levels may thus differ between populations. The transferability of nutrigenetic findings may therefore be limited, and
must probably be re-evaluated for each particular setting of age-gender-ethnicity.
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Future perspectives
The search for mutations in the regulatory region of the FOLR1 gene is in its
early stages. Mutations that affect the expression of a gene can be situated thousands of bp upstream of the transcription start. For instance, the SNP that gives
rise to lactose tolerance is at position –13910 bp from the transcription start.33 So
far we have surveyed up to approximately 1000 bp upstream from the transcription start in the FOLR1 gene, and we have already found six novel mutations.
The finding of these mutations motivates continuing screening for additional mutations in this region.
A Pyrosequencing® method was not a good choice for genotyping the
–69dupA mutation because of the adjacent sequence (wildtype 6A and mutant
7A), since the method cannot distinguish between 6 As or 7 As in sequence. Another genotyping method, Denaturating High Performance Liquid Chromatography (DHPLC), is therefore to be set up for this mutation. DHPLC has been successfully applied to genotyping and mutation screening.38,
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Using the DHPLC

method more subjects from different populations will be genotyped for the –
69dupA mutation and hopefully more persons with this unusual mutation will be
found, making it possible to ascertain the association to tHcy.
Proton-Coupled Folate Transporter (PCFT) has been recently described.
PCFT is a low-pH transporter and it represents the mechanism by which folates
are absorbed in the small intestine.100, 121 The gene for PCFT is less studied but
mutations in this gene have already been described, for instance in a woman with
hereditary folate malabsorption.72 In our research group, mutation screening of
the promoter part of the PCFT gene has commenced.
Epigenetics describe changes of the phenotype, which do not involve changes
in the DNA sequence. DNA methylation is an important and common form of
the epigenetic control of genes.18 Enzymes, transporters and receptors in Hcy metabolism are of interest in studies upon DNA methylation because the methyl
groups are derived from S-adenosylmethionine (SAM), which is derived from methionine. Our hypothesis is that subjects with elevated tHcy levels may have a
different methylation pattern in the FOLR1 gene. Investigation of the methylation pattern of the promoter part and exon 1 in the FOLR1 gene have started and
future studies are planned to determine the methylation pattern in RFC and PCFT
genes.
Depending on nutrient intake (gene-nutrient interaction) and possibly on
other genes (gene-gene interactions), the MTHFR 677C>T, 1298A>C and
1793G>A polymorphisms affect tHcy concentrations differently in different
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populations. Therefore, studies from one country cannot necessarily be applied to
another country. Several countries are now fortifying food with folate. The rate
of neural tube defects (NTDs) has decreased in Canada after the start of such
folate fortification.23 It will be interesting to follow the impact of fortification will
upon other diseases linked to raised tHcy concentrations. However, as noted
above the result from one nutrigenetic study from one geographical region is difficult to apply to another population from a different geographical region.
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