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Abstract Common single nucleotide polymorphisms
(SNPs; 677C>T and 1298A>C) in the methylenetetrahy-
drofolate reductase gene (MTHFR) decrease the activity of
the enzyme, leading to hyperhomocysteinemia, particularly
in folate-deficient states. We calculate herein the haplotype
frequencies of the MTHFR 677 and 1298 polymorphisms in
pooled general populations derived from published data.
We selected 16 articles that provided reliable data on com-
bined MTHFR genotypes in general populations (n =
5389). The combined data comprised the following totals
for each genotype at nucleotide positions 677 and 1298: 838
CC/AA (i.e., 677CC/1298AA), 1225 CC/AC, 489 CC/CC,
1120 CT/AA, 1093 CT/AC, 8 CT/CC, 606 TT/AA, 10 TT/
AC, and 0 TT/CC. The estimated haplotype frequencies,
and the fractional contribution of each, were 677C/1298A,
0.37; 677C/1298C, 0.31; 677T/1298A, 0.32; and 677T/1298C,
0.0023 to 0.0034. Thus, a vast majority of 677T alleles and
1298C alleles are associated with 1298A alleles and 677C
alleles, respectively. There may be an increased frequency
of the very rare cis 677T/1298C haplotype in some parts of
the United Kingdom and Canada, possibly due to a founder
effect. Further studies on both SNPs are needed to deter-
mine their exact role in various clinical settings.
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Introduction

A common single nucleotide polymorphism (SNP), a C-to-
T change at position 677 (677C>T, commonly referred to as
C677T), which corresponds to nucleotide 665 of the open
reading frame, in the 5,10-methylenetetrahydrofolate re-
ductase gene (MTHFR; OMIM, 236250; GDB, 370882;
GenBank, XM_030156 and NM_005957) causes an amino
acid substitution (A222V), rendering the enzyme thermo-
labile (Frosst et al. 1995; Kang et al. 1991). This thermo-
labile enzyme may exhibit decreased enzymatic activity,
leading to mild hyperhomocysteinemia in homozygous
677C>T individuals (Frosst et al. 1995; Kang et al. 1991).
Another common SNP of MTHFR is an A-to-C change
at position 1298 (1298A>C, commonly referred to as
A1298C), corresponding to nucleotide 1286 of the open
reading frame, which results in a Glu-to-Ala substitution
(E429A) (van der Put et al. 1998). Although the 1298A>C
polymorphism by itself does not appear to cause
hyperhomocysteinemia in either the heterozygous or ho-
mozygous state, combined heterozygosity for both 677C>T
and 1298A>C mutations can result in hyperhomocy-
steinemia (van der Put et al. 1998).

Although these two polymorphisms are usually not
present in the same allele (i.e., in “cis”), studies have shown
that very rare MTHFR alleles have both polymorphisms
(Isotalo et al. 2000; Weisberg et al. 1998). Such cis MTHFR
677T/1298C alleles (haplotypes) were seen more frequently
in spontaneous abortions than in healthy neonates in a
Canadian study (Isotalo et al. 2000). For the most accurate
determination of the cis 677T/1298C haplotype frequency,
all available published data should be combined. We meta-
analyze herein MTHFR genotype and haplotype frequen-
cies from published population data.
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Materials and methods

Selection of populations for meta-analysis of MTHFR
genotype

For calculation of MTHFR 677 and 1298 genotype and
haplotype frequencies, we collected data from the literature
that showed MTHFR 677 and 1298 genotype distributions.
For those manuscripts in which the genotype distribution
was not clearly stated, we requested the genotype distribu-
tion from the corresponding authors. We included data ob-
tained by these personal communications (indicated by PC,
for “personal communication,” in Table 1). As a result, the
MTHFR 677 and 1298 genotype distribution was available
in a total of 22 manuscripts (Akar et al. 2001; Barber et al.
2000; Chango et al. 2000; Dekou et al. 2001; Fodinger et al.
2000; Friedman et al. 1999; Hanson et al. 2001; Isotalo and
Donnelly 2000; Isotalo et al. 2000; Kaiser et al. 2000;
Lachmeijer et al. 2001; Meisel et al. 2001; Rady et al. 1999;
Richter et al. 2001; Shen et al. 2001; Skibola et al. 1999; Song
et al. 2001; Szczeklik et al. 2001; van der Put et al. 1998;
Weisberg et al. 1998; Wiemels et al. 2001; Zusterzeel et al.
2000) (Table 1). To obtain the MTHFR genotype distribu-
tion in the general population, we used 19 different control
populations, which included healthy adults, infants, and
neonates, from 16 manuscripts (population “W1”) (Akar et
al. 2001; Barber et al. 2000; Chango et al. 2000; Fodinger et
al. 2000; Friedman et al. 1999; Kaiser et al. 2000; Lachmeijer
et al. 2001; Meisel et al. 2001; Rady et al. 1999; Richter et al.
2001; Shen et al. 2001; Skibola et al. 1999; Szczeklik et al.
2001; van der Put et al. 1998; Wiemels et al. 2001; Zusterzeel
et al. 2000). We excluded data derived from Chinese popu-
lations (Song et al. 2001) because only 17% (123/724) of
MTHEFR alleles in the control northern Chinese population
had the 1298C allele (Table 1). The data of Weisberg et al.
(1998) did not include controls from the general population
and we excluded these data. We also excluded the data of
Hanson et al. (2001) from control population W1 because
they did not discriminate between their vascular disease
populations and controls.

The silent 1317T>C polymorphism is known to affect
genotyping of 1298 A>C by Mboll digestion because it cre-
ates an almost identical Mboll restriction pattern as that
of the 1298A allele, even in the presence of a 1298C allele
(Donnelly 1999; Weisberg et al. 1998). However, the re-
ported frequency of the 1317C allele is low in the Caucasian
population (Meisel et al. 2001; Weisberg et al. 1998).
Weisberg et al. (1998) found that 4 of 76 Canadian Cauca-
sian alleles had the 1317C allele, and 7 of 18 alleles in
African-American females had the 1317C allele. Meisel
et al. (2001) found that the 1317C allele was present only
in 1 of 1962 alleles among patients with coronary artery
diseases, and in none of 1962 control alleles, in Germany.
Because the 1317T>C polymorphism is rare in Caucasian
populations, it was not taken into account for further
analysis.

o B A o
HﬁH HﬂH HHH Hﬂl HII HHI H<l>I
T ik KIK I T#K K[¥T KK
HHA) HHOK HHKK HUI oo-  HIKK
n 0 ! <— Number of individuals

I ul Il I I||I <— First polymorphic locus (H or I)
Jrx] J¥|K  K[||K <— Second polymorphic locus (J or K)
/iy 1/JK II/KK <— Genotype

Fig. 1. Two linked polymorphic loci (X and Y) and their geotype (e.g.
HI/JK) distribution in a population

Haplotype distributions of two linked polymorphisms

We designate two alternative polymorphic bases in the first
locus (“X”) as “H” and “I,” and those in the second locus
(“Y”) as “J” and “K.” We designate the number of indi-
viduals with each possible X/Y genotype in a population as
follows: HH/JJ, o; HH/JK, 3; HH/KK, v; HI/JJ, §; HI/JK, &;
HI/KK, €; 11/JJ, n; IIJK, 6; and II/KK, v (Fig. 1). If we
designate % as the number of individuals who have one
chromosome with the HJ haplotype and the other chromo-
some with the IK haplotype, then the number of individuals
who have one chromosome with the HK haplotype and the
other chromosome with the 1J haplotype is € — ¥, because
both groups of individuals have the HI/JK genotype (Fig.
1). We can calculate the number of chromosomes with each
possible haplotype in the population as follows: HJ, 2a +
+0+HK B+2y+(e—x) +51, 0+ (e—y) +2n+
0;IK,x + T+ 6+ 2.

Results

MTHFR 677 and 1298 genotype and haplotype
frequencies

We designated the two alternative polymorphic bases 677C
and 677T as H and I, and 1298 A and 1298C as J and K, as
described in Materials and Methods. We refer to the
MTHFR 677 and 1298 genotype (or haplotype) as two bases
(or one base) in the 677 position followed by “/” and two
bases (or one base, respectively) in the 1298 position; e.g.,
CC/AC represents homozygous 677C and heterozygous
1298A and 1298C, and T/A represents the MTHFR haplo-
type 677T/1298A.

At present, there is no convincing evidence that any of
the MTHFR 677/1298 genotypes decrease fitness and thus
skew the genotype distribution. Isotalo et al. (2000) re-
ported increased CT/CC, TT/AC, and TT/CC genotype fre-
quencies in spontaneous and therapeutic abortions (H1 in
Table 1). However, the same group also reported unusually
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Population [assigned

Preeclampsia, whites, The
Netherlands [V1]

General population, The
Netherlands [V2]

W1

identification no.]

Total
167
403

5389

12 647

No.

/Total
0
0.00032

TT/CC

No.
0
4

/Total
0.0019
0.0046

TT/AC
0

10

58

No.

/Total
0.13
0.089
0.11
0.11

TT/AA
21
36
606
1437

No.

/Total
0.0015
0.0025

CT/CC
8
31

No.

/Total
0.20
0.20
0.20
0.20

CT/AC
33
81
1093
2584

No.

/Total
0.24
0.20
0.21
0.22

CT/AA
40
81

1120

2789

No.

/Total
0.10
0.094
0.091
0.085

cc/cc
17
38
489
1072

No.

/Total
0.20
0.26
0.23
0.22

CC/IAC
No.
33
105
1225
2826

/Total
0.14
0.15
0.16
0.15

CC/AA
23
62
838
1846

PC No.

et al. 2000
populations®

Total

of individuals and one on the right (indicated by “/Total”) for the fraction of individuals in each population. Populations D1, H1, H2, I1, and 12 have exceptionally high percentages of individuals with CT/CC, TT/AC, and/

or TT/CC genotypes, indicating that there may be founder effects in these populations
PC, Personal communication; CC/AA, MTHFR 677CC/1298AA, etc.; NTD, neural tube defect; CAD, coronary artery disease; DVT, deep venous thrombosis; ALL, acute lymphoblastic leukemia; AML, acute myelogenous

An identification number is assigned to each population (far right column). A blank in the “PC” column indicates data were derived solely from the manuscript. For each genotype, a column on the left is used for the number
leukemia

*Including A2, B2, C2, E2, F1, J2, K2, L2, M1, M2, N2, O2, P3, P4, R2, R3, S4, U4, and V2, but excluding D1, G1, H2, 12, Q2, T1, and T2

Table 1. Continued

Authors
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high frequencies of the TT/AC genotype in their population
with venous thrombosis and in their control population (11,
12 in Table 1) (Isotalo and Donnelly 2000), indicating that
there might be founder chromosomes with the cis T/C allele
in the Canadian populations they studied.

A few investigators determined that individuals of the
CT/AC genotype had 677T and 1298C in trans, i.e., that
677T and 1298C are located on different alleles (chromo-
somes). These individuals comprise 38 in a control popula-
tion in Germany (Richter et al. 2001), 32 from coronary
artery disease patients and healthy individuals in Germany
(Meisel et al. 2001), and 5 randomly selected individuals
from Ashkenazi-Jewish and Texas populations (Rady et al.
1999). However, the total number of individuals (n = 75)
shown to have 677T and 1298C in trans among our meta-
analysis populations is very small compared with the total
number of individuals in the general population who had
the CT/AC genotype (1093, see following). Therefore, we
performed calculations as if precise haplotypes of all indi-
viduals with the CT/AC were unknown.

We excluded the data of Dekou et al. (2001; D1 in Table
1), Isotalo et al. (2000, H2 in Table 1), and Isotalo and
Donnelly (2000; 12 in Table 1) from pooled control popula-
tion W1. This is because these data showed obviously much
higher frequencies of the 677CT/1298CC, 677TT/1298AC,
and/or 677TT/1298CC genotypes compared with other
populations, indicating higher frequencies of the cis 677T/
1298C haplotype, possibly due to founder effects. Statistical
analyses ( tests) showed that the fractions of individuals
with CT/CC, TT/AC, or TT/CC were significantly higher in
populations D1 (P < 0.0001), I1 (P < 0.0001), or I2 (P <
0.0001), respectively, compared with population W1.

Statistical analyses ( tests) with comparison to W1 also
showed that there was a significant increase in the CT/AA
(P < 0.001) and TT/AA (P < 0.025) genotype frequencies,
and a decrease in the CC/AC (P < 0.001) and CC/CC (P <
0.005) genotype frequencies, indicating an increase in the T/
A haplotype frequency and a decrease in the C/C haplotype
frequency, in a Texas Hispanic population (Barber et al.
2000). There was a significant increase in the TT/AA (P <
0.0001) genotype frequency, and a decrease in the CC/AA
(P < 0.025) and CC/AC (P < 0.05) genotype frequencies,
indicating an increase in the T/A haplotype frequency and a
decrease in the C/A haplotype frequency, in an Ashkenazi
Jewish population (Rady et al. 1999). There was a
significant increase in the CC/AA (P < 0.0001) genotype
frequency, and a decrease in the CC/CC (P < 0.005), CT/
AC (P <0.001),and TT/AA (P < 0.001) genotype frequen-
cies, indicating an increase in the C/A haplotype frequency
and a decrease in the T/A and C/C haplotype frequencies, in
Poland (R2 and R3 in Table 1 combined) (Szczeklik et al.
2001). There was also a significant increase in the CC/AC
genotype frequency in Turkey (Akar et al. 2001) (P <
0.005). We excluded only the data of Dekou et al. (2001),
Isotalo et al. (2000), and Isotalo and Donnelly (2000) from
W1 because these data disproportionally affect the T/C hap-
lotype allele frequency because of the very small numbers
of the T/C haplotype. Individually, other data have little
effect on the genotype and haplotype frequencies in W1.



The MTHFR genotype distribution in the control
populations of 5389 individuals (W1 in Table 1) is as follows:
CC/AA, 838 (= a); CC/IAC, 1225 (= B); CC/CC,
489 (=v); CT/AA, 1120 (= 8); CT/AC, 1093 (= ¢); CT/CC, 8
(= ©); TT/AA, 606 (= n); TT/AC, 10 (= 0); and TT/
CC,0(=1). If yindividuals in the CT/AC genotype have a C/
A allele plus a T/C (cis) allele, 1093 — y individuals in the CT/
AC genotype have a C/C allele plus a T/A allele. Thus, the
total number of each allele is as follows: C/A, 4021 + y; C/C,
3304 — ;' T/A, 3435 — y;and T/C, 18 + . Because there is no
individual with the TT/CC genotype in these populations,
and because relatively few individuals with the CT/CC and
TT/AC genotypes have been described, the T/C allele must
be rare. Therefore, y must be very small compared with the
total number of alleles in the populations we analyzed.
Although we calculated these results manually as described
below, one could also use the expectation-maximization
algorithm (Long et al. 1995; Stephens et al. 2001).

Assuming Hardy-Weinberg equilibrium, the ratio of the
number of individuals with the CC/AC genotype to that of
the CT/CC genotype equals the ratio of the frequency of the
haplotype C/A to that of the T/C haplotype. Thus, 1225/8 =
(4021 + x)/(18 + x). .. = 8.3.

Similarly, the ratio of CT/A A to TT/AC equals that of C/
A to T/C. Thus, 1120/10 = (4021 + %)/(18 + y). ..y = 18.1.

The ratio of CC/AC to CT/AC with haplotypes C/A and
T/C equals that of C/C to T/C. Thus, 1225/y = (3304 — )/
(18 + x). ..x = 10.7.

The ratio of CT/AA to CT/AC with haplotypes C/A and
T/C equals that of T/A to T/C. Thus, 1120/y, = (3435 — )/
(18 + x). ..y = 8.7.

The ratio of CT/CC to CT/AC with haplotypes C/A and
T/C equals that of C/C to C/A. Thus, 8/y = (3304 — x)/(4021
+ ). - = 9.8.

The ratio of CT/CC to CT/AC with haplotypes C/C and
T/A equals that of T/C to T/A. Thus, 8/(1093 — %) = (18 +
1)/(3435 — x). -y = 7.3.

The ratio of TT/AC to CT/AC with haplotypes C/A and
T/C equals that of T/A to C/A. Thus, 10/ = (3435 — )/
(4021 + ). ..x = 11.8.

The ratio of TT/AC to CT/AC with haplotypes C/C and
T/A equals that of T/C to C/C. Thus, 10/(1093 — x) = (18 +
¥)/(3304 — ). ..x = 12.5.

Estimated y in the population W1 ranges from 7.3 to
18.1. Since % is an integer number, we took 7 as a lower
estimate and 19 as a higher estimate. Deduced haplotype
frequencies are C/A, 37%; C/C, 30%; T/A, 32%; and T/C,
0.23% to 0.34%. Therefore, the frequencies of the 677T
allele and of the 1298C allele in the populations we included
were 32% and 31%, respectively. Reported 677T allele fre-
quencies (mostly ranging from 25% to 40%; reviewed by
Botto and Yang 2000) match our data.

Validation of the method by deduction of MTHFR
genotype frequencies

Using our 677/1298 haplotype frequency estimates, we cal-
culated theoretical genotype frequencies as follows: For the
cis T/A haplotype frequency of 0.0023 (y = 7 in W1): CC/

AA, 0.14; CC/AC, 0.23; CC/CC, 0.094; CT/AA, 0.24; CT/
AC, 0.20; CT/CC, 0.0014; TT/AA, 0.10; TT/AC, 0.0015; and
TT/CC, 0.0000054. For the cis T/A haplotype frequency of
0.0034 (3, = 19 in W1): CC/AA, 0.14; CC/AC, 0.23; CC/CC,
0.093; CT/AA, 0.24; CT/AC, 0.20; CT/CC, 0.0021; TT/AA,
0.10; TT/AC, 0.0022; and TT/CC, 0.000012. These figures
match well with actual MTHFR 677/1298 genotype frequen-
cies observed in W1 (Table 1), validating our method.

Discussion

Our MTHFR 677/1298 haplotype frequency estimates are
based on a large number of Caucasian populations and can
be used as standards, to which MTHFR 677/1298 haplotype
frequencies in various study populations, such as those with
particular diseases or responses to medication, can be com-
pared. A significant difference between our estimates and
the observed frequencies in populations under study would
merit further investigation to test the hypothesis that a
cause-and-effect relationship exists, versus, for example, a
founder effect or other cause of linkage disequilibrium. One
should keep in mind that the number of individuals with the
CT/CC, TT/AC, or TT/CC genotype in a given study was
always small, and therefore, a small error in genotyping,
either false positive or false negative, can affect an MTHFR
T/C haplotype frequency estimate significantly.

Considerably higher frequencies of CT/CC, TT/AC, and/
or TT/CC MTHFR genotypes in the control populations of
studies in the United Kingdom and Canada (Dekou et al.
2001; Isotalo and Donnelly 2000; Isotalo et al. 2000), as well
as slightly higher frequencies of the CT/CC and TT/AC
genotypes in other control populations in the United King-
dom (Skibola et al. 1999; Wiemels et al. 2001), may be due
to an increased frequency of the cis T/C haplotype in those
areas, possibly due to a founder effect.

Isotalo et al. (2000) found that the T/C allele was more
common in spontaneous and therapeutic abortions com-
pared with their neonatal control population. However, the
number of individuals with the CT/CC, TT/AC, or TT/CC
genotype was small and there might be a founder effect in
their population, as stated earlier. Further study is neces-
sary to determine the role of MTHFR genotypes in the
pathogenesis of spontaneous abortions.

There is increasing interest in the effects of polymor-
phisms in MTHFR, and other gene encoding proteins in-
volved in folate metabolism, on susceptibility or resistance
to cancer development. In a study of British adults (Skibola
et al. 1999), 677TT, 1298AC, and 1298CC MTHFR geno-
types were less frequent in acute lymphoblastic leukemia.
In a Chinese study (Song et al. 2001), the 677T allele and
1298CC genotype were more common in patients with
esophageal squamous cell carcinoma. Further study is
necessary to determine the precise role of the MTHFR
677C>T and 1298A>C SNPs in the pathogenesis of
cancers.

In conclusion, we estimated MTHFR 677/1298 haplotype
frequencies in the general population. A vast majority of



677T alleles and 1298C alleles are associated with 1298A
alleles and 677C alleles, respectively. There may be an in-
creased frequency of the very rare cis 677T/1298C haplo-
type in some parts of the United Kingdom and Canada,
possibly due to a founder effect. Further studies on both
SNPs are needed to determine their exact role in various
clinical settings.
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