
NEOPLASIA
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Genetic alteration is considered a prob-
able cause of malignant lymphoma. Fo-
late and methionine metabolism play es-
sential roles in DNA synthesis and DNA
methylation, and their metabolic path-
ways might thus affect disease suscepti-
bility. In the present study, 2 polymor-
phisms were evaluated for a folate
metabolic enzyme, methylenetetrahydro-
folate reductase (MTHFR), and one was
evaluated for methionine synthase (MS).
The 2 polymorphisms, MTHFR677 C 3T
and MTHFR1298 A3C, are reported to
reduce the enzyme activity, which causes
intracellular accumulation of 5,10-methyl-
enetetrahydrofolate and results in a re-
duced incidence of DNA double-strand

breakage. The MS2756 A 3G polymor-
phism also reduces the enzyme activity
and results in the hypomethylation of
DNA. To evaluate the association be-
tween malignant lymphoma susceptibil-
ity and these polymorphisms, hospital-
based case-control study was conducted
in Aichi Cancer Center. Ninety-eight pa-
tients with histologically confirmed lym-
phoma and 243 control subjects without
cancer were evaluated. Unconditional lo-
gistic regression analyses revealed a
higher susceptibility with the MTHFR677
CC and the MTHFR1298 AA genotypes
(odds ratio, 2.26; 95% confidence inter-
val, 1.26-4.02) when those harboring at
least one variant allele in either polymor-

phism of MTHFR were defined as the
reference. For the MS polymorphism, the
MS2756 GG genotype also showed a
higher susceptibility (odds ratio, 3.83;
95% CI, 1.21-12.1) than those with MS2756
AA or AG types. The significance was not
altered when these 3 polymorphisms were
evaluated in combination, and the results
suggest that folate and methionine metab-
olism play important roles in the occur-
rence of malignant lymphomas. Further
studies to confirm the association and
detailed biologic mechanisms are now
required. (Blood. 2001;97:3205-3209)

© 2001 by The American Society of Hematology

Introduction

Biologic mechanisms underlying the genesis of lymphoid malig-
nancies remain to be clarified in detail. However, accumulated
evidence suggests that certain genetic events during cell differentia-
tion, such as chromosomal translocation,1,2 play an important role.
Methylation status of various oncogenes or tumor suppressor genes
may induce the selective growth transformation of cells or its
inhibition.3 Regardless, a single genetic event is insufficient to
explain carcinogenesis of lymphoid tissue, as supported by the
transgenic mouse experiment.4

Folic acid is an important nutrient required for DNA synthesis,
and the related methionine metabolic pathway is necessary for
DNA methylation (Figure 1). An antifolic acid agent, methotrexate,
has proven to be an effective chemotherapeutic drug for lymphoid
malignancies, giving insight into the association between folate
metabolism and the carcinogenesis of these malignancies.

Methylenetetrahydrofolate reductase (MTHFR) catalyzes the
reduction of 5,10-methylenetetrahydrofolate (methylene THF)
to 5-methyltetrahydrofolate (5-methyl THF),5 the predominant
circulatory form of folate and carbon donor for the remethyla-
tion of homocysteine to methionine (Figure 1). TheMTHFR
gene, which is located on chromosome 1p36,6 is reported to
have 2 polymorphisms involving nucleotides 677 (C3T;
alanine3valine) and 1298 (A3C; glutamate3alanine). Both

polymorphisms lead to reduced MTHFR activity7,8 and result
in the accumulation of 5,10-methylene THF. This in turn re-
duces the chance for the misincorporation of uracil into DNA, a
cause of double-strand breaks during uracil excision repair.9,10

Neural tube defect,8,11 coronary artery disease,7,12,13 cerebro-
vascular disease,14,15 venous thrombotic disease,16,17 colo-
rectal cancer,18,19 and endometrial cancer20 are reported to be
associated with these polymorphisms. Skibola et al21 reported a
link between acute lymphoblastic leukemia and 2 polymor-
phisms ofMTHFR and concluded there is lower susceptibility
with either mutant.

Methionine synthase (MS) catalyzes the transfer of methyl base
from 5-methyl THF to homocysteine (Figure 1). Its gene is located
on 1q43,22 producing methionine and tetrahydrofolate. It is re-
ported to have a polymorphism in 2756 A to G (glycine3aspartic
acid), resulting in a lower enzyme activity,22 and it is thought to
result in homocysteine elevation and DNA hypomethylation.
Moderate associations of the polymorphism with methionine
level23 and colorectal cancer24 have been reported. In the present
case-control study, we examined the association of the folate
metabolic polymorphisms (MTHFR677, MTHFR1298) and the
methylation-related polymorphism (MS2756) with the develop-
ment of malignant lymphoma.
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Patients, materials, and methods

Study population and sample collection

Recruitment was made from among patients at Aichi Cancer Center who
received histologic confirmation of malignant lymphoma between October
1986 and February 2000. Those with a history of other types of malignancy
were excluded. Control subjects were outpatients without any history of
cancer who underwent physical examination and gastroscopy at Aichi
Cancer Center from March to December 1999. All were disease free except
several patients with digestive ulcers. Chronic diseases, such as cardiovas-
cular and cerebrovascular diseases, and diabetes are not treated at our
hospital. All patients and control subjects were Japanese. Subjects who
provided written informed consent for participation in this study were asked
to complete a self-administered questionnaire and to provide blood from a
peripheral vein. This study was approved by the Institutional Review Board
of Aichi Cancer Center.

Genotype analyses of the MTHFR677, MTHFR1298, and MS2756

DNA of each subject was extracted from the buffy coat fraction with a
QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA).

Before genotyping of patients and controls, cancer cell lines (HL60,
NOMO-1, CMK, K562, Jurkat, SUDHL1, Hut102, NALL-1, SUDHL6,
and Daudi) were examined to confirm patterns of polymorphism for
possible use as controls. Three cell lines were selected—K562 for
homozygous wild type (CC) of MTHFR677 and heterozygous type (AG) of
MS2756, HL60 for homozygous mutant type (TT) of MTHFR677 and
homozygous wild type (AA) of MTHFR1298, and Jurkat for homozygous
mutant type (CC) of MTHFR1298 and homozygous wild type (AA) of MS
2756. No homozygous mutant was observed for MS2756.

Genotyping was performed according to previously described methods
for MTHFR6777 and MTHFR129821 of theMTHFRgene and MS275623,25

of theMSgene polymorphisms in detail. For the 677 C3T polymorphism,
extracted DNA was amplified with the forward primer 59-TGA AGG AGA
AGG TGT CTG CGG GA-39 and the reverse primer 59-AGG ACG GTG
CGG TGA GAG TG-39. Polymerase chain reaction (PCR) thermal cycling
conditions were 2-minute denaturation at 94°C, then 40 cycles of 94°C for
30 seconds, 62°C for 30 seconds, and 72°C for 30 seconds. This was
followed by 7-minute extension at 72°C. Amplified 198-bp PCR products
were digested withHinfI (Boehringer Mannheim, Mannheim, Germany)
and were visualized under electrophoresis on 4% agarose gel with ethidium
bromide. The C allele produced a 198-bp band, and the T allele produced
175- and 23-bp fragments. For the MTHFR1298 A3C polymorphism,
DNA was amplified with the forward primer 59-CTT TGG GGA GCT GAA

GGA CTA CTA C-39 and the reverse primer 59-CAC TTT GTG ACC ATT
CCG GTT TG-39. PCR conditions were 2-minute denaturation at 92°C
followed by 35 cycles of 92°C for 1 minute, 60°C for 1 minute, and 72°C
for 30 seconds, with 7-minute extension at 72°C. With 4% agarose gel
visualization,MboII (New England Biolab, Beverly, MA) digestion pro-
duced 56-, 31-, 30-, 28-, and 18-bp bands for the A allele and 84-, 31-, 30-,
and 18-bp bands for the C allele. For the MS 2756 A3G polymorphism,
DNA was amplified with the forward primer 59-TGT TCC AGA CAG TTA
GAT GAA AAT C-39 and the reverse primer 59-GAT CCA AAG CCT TTT
ACA CTC CTC-39. PCR thermal cycling conditions were 2-minute
denaturation at 95°C followed by 35 cycles at 95°C for 1 minute, 60°C for
1.5 minutes, and 72°C for 1 minute, with a 7-minute extension at 72°C.
PCR products were digested withHaeIII (Boehringer Mannheim), resulting
in a 211-bp band for the A allele and 131- and 80-bp fragments for the G
allele, after 4% agarose gel electrophoresis. Heterozygotes produced bands
for each allele.

Statistical analysis

All statistical analyses in this study were performed using STATA (College
Station, TX) statistical software. Accordance with the Hardy-Weinberg
equilibrium, which indicates an absence of discrepancy between genotype
and allele frequency, was checked for control subjects usingx2 test. Odds
ratios (OR) and 95% confidence intervals (95% CI) were adjusted for sex
and age as 3 binary variables for 4 age categories (younger than 45, 45 to
54, 55 to 64, and 65 or older) using an unconditional logistic regression
model. Adjustment for multiple comparison was not performed because the
analyses were conducted in an exploratory context, which requires careful
interpretation of anyP values.

Results

Study population

Ninety-eight patients (age range, 20-83 years; mean age, 54.5
years; male, 56.7%) and 243 control subjects (age range, 39-69
years; mean age, 56.8 years; male, 49.0%) were recruited. Histo-
logic types were diffuse large B-cell lymphoma (n5 33),
follicular lymphoma (n5 25), MALT lymphoma (n5 12), periph-
eral T-cell lymphoma (n5 6), Hodgkin disease (n5 5), cutaneous
T-cell lymphoma (n5 4), mantle cell lymphoma (n5 3), nodal
marginal zone lymphoma (n5 2), lymphoblastic lymphoma
(n 5 2), angioimmunoblastic T-cell lymphoma (n5 1), anaplastic
large cell lymphoma (n5 1), low-grade lymphoma, and not
otherwise specified (n5 4).

Genotyping for MTHFR677, MTHFR1298, and MS2756

Representative results are shown in Figure 2. Among the 98 adult
patients analyzed, the frequency of the MTHFR677 mutated-allele
was 34.2% for patients and 40.7% for controls. Frequencies of the
MTHFR677CC, MTHFR677CT, and MTHFR677TT genotypes
were 45.9%, 39.8%, and 14.3%, respectively, for patients and
33.3%, 51.9%, and 14.8% for controls (x2 test, P 5 .078). For
MTHFR1298, the mutated-allele frequency was 18.6% for patients
and 19.1% for controls. Frequencies of MTHFR1298AA,
MTHFR1298AC, and MTHFR1298CC genotypes were 63.3%,
34.7%, and 1.0%, respectively, for patients and 65.4%, 30.8%, and
3.7% for controls (x2 test,P 5 .352). For MS2756, the mutated-
allele frequency was 20.1% for patients and 19.1% for controls.
Frequencies of the MS2756AA, MS2756AG, and MS2756GG
genotypes were 64.3%, 26.5%, and 7.2%, respectively, for patients
and 64.2%, 33.3%, and 2.5% for controls (x2 test,P 5 .080). The
x2 test for the Hardy-Weinberg equilibrium with each polymor-
phism was not statistically significant (MTHFR677,P 5 .29;
MTHFR1298,P 5 1.00; and MS2756,P 5 .30).

Figure 1. Overview of folate- and methionine-metabolizing pathways. MTHFR
catalyzes the reduction of 5,10-methylene THF to 5-methyl THF. Reduced activity of
MTHFR results in the accumulation of 5,10-methylene THF, which accelerates
methylation of dUMP to dTMP. MS catalyzes the transfer of the methyl base from
5-methyl THF to homocysteine. Reduced activity of MS leads to hypomethylation
of DNA.
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Risk estimation for genotypes by the unconditional
logistic model

Table 1 shows the frequency of genotypes for patients and controls
and the sex- and age-adjusted OR for each polymorphism. When
the MTHFR677 CC genotype was defined as the reference, the
MTHFR677 CT/TT genotype showed a reduced OR (0.64; 95% CI,
0.39-1.05). When the MTHFR1298 AA genotype was defined as
the reference, the adjusted OR for the MTHFR AC/CC genotype
was 1.14 (0.69-1.89). When the MS 2756 AA/AG genotype was
defined as the reference, the MS2756 GG genotype showed a
higher adjusted OR (3.83; 95% CI, 1.12-12.1;P 5 .023).

Table 2 shows combined results for the MTHFR677 and
MTHFR1298 polymorphisms. Risk estimation showed lower than

unity for each combination of alleles, but statistical significance
could not be assessed because of the small number of patients.
When the MTHFR677CC/1298AA genotype was defined as the
reference, the adjusted OR for the other genotypes combined
showed markedly reduced risk (OR, 0.45; 95% CI, 0.25-0.80;
P 5 .007). This means that those with full MTHFR enzyme
activity had approximately 2 times higher susceptibility than others
with at least one mutant allele.

Table 3 shows the results of analysis of the 2 genes,MTHFR
and MS, in combination. In this analysis, the patients having
MTHFR677 CT/TT with MTHFR1298 AC/CC and MS2756
AA/AG were redefined as the reference group (group A) because
they were expected to have the lowest susceptibility. Adjusted OR
for the group at risk was 2.51 (95% CI, 1.45-4.37;P 5 .001), and
the ORs for MTHFR677CT/TT with MTHFR1298AC/CC and
MS2756 GG (group B) and MTHFR677CC/1298AA with MS2756
AA/AG (group C) were 3.86 (95% CI, 1.16-12.8;P 5 .028) and
2.32 (95% CI, 1.28-4.18;P 5 .005, respectively). An OR for
MTHFR677CC/1298AA with the MS2756 GG genotype, which
might have had the highest susceptibility, could not be estimated
because none of the 243 controls had this genotype.

We performed subgroup analyses for diffuse large B-cell
lymphoma and follicular lymphoma, which comprise 33.7% and
25.5% of patients, respectively. For diffuse large B-cell lymphoma,
the MTHFR677 CT/TT and MTHFR1298 AC/CC type showed a
reduced risk (OR, 0.29; 95% CI, 0.14-0.64;P 5 .002) compared
with the MTHFR677 CC and MTHFR1298 AA types, whereas the
MS2756 GG genotype showed a higher risk (OR, 3.59; 95% CI,
0.81-15.9;P 5 .093). On the other hand, MTHFR mutant allele
carriers showed risk reduction, though it was not statistically

Figure 2. Polymorphisms of MTHFR and MS genes. (A) Genomic DNA from each
control subject was amplified with MTHFR677 primers digested with HinfI and was
run on a 4% agarose gel. (B) Results for MTHFR1298 with MboII digestion. (C)
Results for MS2756 with HaeIII digestion. DNA fragments stained with ethidium
bromide are shown. Lane 1, positive control for wild type; lane 2, positive control for
mutant type, except for heterozygote in panel C; lane 3, wild type; lane 4,
heterozygote; lane 5, mutant.

Table 1. Number of patients and controls, sex- and age-adjusted odds ratios
and 95% confidence intervals, for methylenetetrahydrofolate reductase 677
(MTHFR677), MTHFR1298, and methionine synthase 2956

Genotype
Patients
n 5 98

Controls
n 5 243 OR 95% CI P value

MTHFR 677

CC 45 (45.9%) 81 (33.3%) 1.00 Reference

CT 39 (39.8%) 126 (51.9%) 0.62 0.37-1.05 .366

TT 14 (14.3%) 36 (14.8%) 0.71 0.34-1.49 .076

CT/TT 53 (54.1%) 162 (66.7%) 0.64 0.39-1.05 .078

MTHFR 1298*

AA 62 (63.3%) 159 (65.4%) 1.00 Reference

AC 34 (34.7%) 75 (30.8%) 1.25 0.75-2.10 .391

CC 1 (1.0%) 9 (3.7%) 0.30 0.38-2.45 .233

AC/CC 35 (35.7%) 84 (33.8%) 1.14 0.69-1.89 .611

MS2756†

AA 63 (64.3%) 156 (64.2%) 1.00 Reference

AG 26 (26.5%) 81 (33.3%) 0.81 0.47-1.41 .461

GG 7 (7.2%) 6 (2.5%) 3.59 1.11-11.5 .032

OR indicates odds ratio; CI, confidence interval; MS, methionine synthase; PCR,
polymerase chain reaction.

*One patient (1.0%) was excluded from analysis because DNA was not amplified
by PCR.

†Two patients (2.0%) were excluded from analysis because DNA was not
amplified by PCR.

Table 2. Number of patients and controls, sex- and age-adjusted odd ratios
and 95% confidence intervals for methylenetetrahydrofolate reductase 677
(MTHFR677) and MTHFR1298

MTHFR677 MTHFR1298
Patients
n 5 97*

Controls
n 5 243 OR 95% CI

P
value

CC AA 29 (29.9%) 37 (15.2%) 1.00 Reference

CT/TT AC/CC 68 (70.1%) 206 (84.8%) 0.45 0.25-0.80 .007

CC AC 14 (14.4%) 35 (14.4%) 0.49 0.22-1.12

CC CC 1 (1.0%) 9 (3.7%) 0.14 0.02-1.17

CT AA 20 (20.6%) 86 (35.4%) 0.30 0.15-0.61

CT AC 19 (19.6%) 40 (16.5%) 0.72 0.34-1.52

CT CC 0 0

TT AA 13 (13.4%) 36 (14.8%) 0.46 0.20-1.05

TT AC 1 (1.0%) 0 NE

TT CC 0 0

NE, not estimated; for other abbreviations, see Table 1.
*One patient was excluded because DNA was not amplified by PCR.

Table 3. Number of patients and controls, sex- and age-adjusted odd ratios
and 95% confidence intervals for combination status of
methylenetetrahydrofolate reductase and methionine synthase

MTHFR 677 and
1298 MS2756

Patients
n 5 95*

Controls
n 5 243 OR 95% CI

P
value

CT/TT and AC/CC

(Group A) AA/AG 61 (63.5%) 200 (82.3%) 1.00 Reference

(Groups B, C) 34 (34.%) 43 (17.7%) 2.51 1.45-4.37 .001

CT/TT and AC/CC

(Group B) GG 6 (6.3%) 6 (2.5%) 3.86 1.16-12.8

CC and AA

(Group C) AA/AG 28 (28.6%) 37 (15.2%) 2.32 1.28-4.18

MTHFR indicates methylenetetrahydrofolate reductase; for other abbreviations,
see Table 1.

*Patients were genotyped for all three polymorphisms. Three patients were
excluded.
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significant (OR, 0.52; 95% CI, 0.19-1.43;P 5 .207), and the
MS2756 GG type showed significant risk elevation (OR, 6.43; 95%
CI, 1.45-28.5;P 5 .014) for follicular lymphoma.

Discussion

In the present study, 98 patients and 243 controls were enrolled.
The statistical power for this sample was more than 60% for an OR
of 2 or 0.5 under a 2-sided significance level of 0.05, when a
genotype frequency among the controls was between 30% and
70%. It was more than 95% for an OR of 3 or 0.33 under the same
conditions. Subjects with both MTHFR677 and MTHFR1298 wild
types (MTHFR677CC with MTHFR1298AA) had approximately 2
times higher susceptibility than those with other types (OR, 2.26;
95% CI, 1.26-4.02). On the other hand, mutant-type subjects for
MS2756 (MS2756 GG) had more than 3 times higher susceptibility
than those with other types (OR, 3.83; 95% CI, 1.12-12.1).
Analyses in combination with MTHFR677, MTHFR1298, and
MS2756 also showed a positive association, revealing the lowest
susceptibility for MTHFR677CT/TT and MTHFR1298AC/CC
with the MS2756AA/AG genotype. Subgroup analyses showed a
similar trend in overall analyses in diffuse large B-cell lymphoma
and follicular lymphoma, though the associations with specific
histologic subtype remain to be clarified.

Sampling of control subjects is very important in case-control
studies. In this study, outpatients without any malignancies (most
were free from any kind of disease) were adopted as controls, and
the genotype frequencies of the 3 polymorphisms were in accor-
dance with the Hardy-Weinberg laws of equilibrium, indicating
that no selective mechanisms for a specific genotype of these
polymorphisms existed among the controls. For MTHFR677, the
frequency of the T-containing allele was slightly lower in this study
than in a previous study in Japan12 but was similar to that for other
populations.24,26 For MTHFR1298, there has been no report on fre-
quency in the Japanese population, but results observed were relatively
low compared to results of other investigations.8,21,27 It is likely that
discrepancies in allele frequency result from ethnic or regional differ-
ences. For the MS2756 polymorphism, the allele frequency observed in
this study was similar to that in previous studies.22-25,28,29

Because these enzymes were active in related metabolic path-
ways, their polymorphisms were evaluated in a combined setting.
Results of combined analysis of MTHFR677 and MTHFR1298
illustrated a clear association between folate metabolism and
susceptibility to lymphoid malignancies. Folate is an essential
nutrient for DNA synthesis, and mutations of MTHFR677 and
MTHFR1298 reduce enzyme activity. The resultant inhibition of
the methyl THF pathway leads to increased levels of methylene
THF, and this elevation accelerates the methylation of uridylate to
thymidylate. Uracil is normally only an RNA base, but it is
incorrectly incorporated into DNA if the methylation of uridylate to
thymidylate is insufficient during DNA synthesis.9 Misincorpo-
rated uracil is excised by uracil DNA glycosylase, and this can
generate transient single-strand breaks.10 Higher rates of occur-
rence of misincorporation raise the incidence of 2 closely spaced
uracils on opposite strands, and excision repair of these close sites
may induce double-strand breakage of DNA. Approximately 1,000
times higher rates of misincorporation of uracil were observed in an
experimental model of folate deficiency, and this led to 50 times
higher rates of double-strand breakage,9 a possible explanation for
genetic instability and occurrence of malignant disease.30

Our results for the MS2756 polymorphism provided the first
indication, to our knowledge, that the hypomethylation of DNA is

associated with a higher susceptibility to malignant lymphoma.
Basically, hypermethylation of specific genes causes lower expres-
sion of the coding region. Resultant inactivation of 1 or 2 alleles of
a tumor-suppressor gene—introduced during development or aging
or by carcinogens or chemotherapeutic drugs—could lead to the
formation of cells with increased carcinogenic potential.3 Growth-
inducing genes such as oncogenes, in contrast, may be overex-
pressed when they are hypomethylated.3 Studies point to associa-
tions between lymphoid malignancy and methylation status of
specific genes such asp53,31 p15,31,32 andp16.31-33 Most of them
have shown a higher frequency of hypermethylation in tumor-
suppressor genes in patients with lymphoma, but our results raise
the possibility that the hypomethylation of growth-inducing genes
may also play an important role in lymphomagenesis. The relation
between methylation status and polymorphism of MS requires
further investigation before a conclusion can be drawn.

Our results for MTHFR polymorphisms are similar to those
published for other types of malignacy.18,20,21 Genetic instability
caused by altered folate metabolism is in line with epidemiologic
evidence of higher cancer susceptibility in populations with higher
chromosomal aberrations.34,35

This is the first report of higher susceptibility to malignant
lymphoma with the mutant form of MS polymorphism. However,
the opposite result—lower susceptibility to colorectal cancer with
the mutant allele—has been reported.24 The reason for this
discrepancy remains unclear, but the pattern of methylation in
cancer-related genes and the resultant cell transformation might be
different in each cancer type.3

A gene-dose effect was not observed in this study. Most of the
reported associations with diseases or biomarkers for these polymor-
phisms did not show this effect,11,12,14,16,17,19,20,23,24,26suggesting
that disease susceptibility is not determined in a gene-dose manner.
The threshold of susceptibility may differ among gene polymor-
phisms, depending on the biologic mechanism. In line with the
grouping adopted by studies, we classified the genotypes used in
this study into CC versus CT/TT for MTHFR677, AA versus
AC/CC for MTHFR1298, and AA/AG versus GG for MS2756.

For cancer prevention, higher amounts of folic acid could
reduce the risk for lymphoid malignancy by averting uracil
misincorporation and hypomethylation. Neural tube defects are
reported to be associated with MTHFR polymorphisms, and folic
acid supplementation reduces the risk for them.36 In a report
concerning colorectal cancer, an insufficient plasma folate level is
found to negate the protective effect of MTHFR677.18 Greater
protection from folate supplementation might be obtained in
populations having variant alleles for MTHFR677 or MTHFR1298,
but this speculation warrants further investigation. The relation
between DNA methylation status and folate supplementation has
yet to be evaluated in detail.

In conclusion, the present study provided evidence that MTHFR
mutant alleles are associated with lower susceptibility to malignant
lymphoma and that the MS mutant allele is associated with higher
susceptibility to it. This suggests that folate and methionine
metabolism play important roles in their genesis. Further studies to
confirm the association of the polymorphisms with malignant
lymphoma risk and to investigate the detailed biologic mechanisms
are required.

Acknowledgments

We thank Ms Yohko Kurobe, Ms Keiko Asai, and Ms Hiroko
Fujikura for their technical assistance.

3208 MATSUO et al BLOOD, 15 MAY 2001 z VOLUME 97, NUMBER 10

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/97/10/3205/1674136/h8100103205.pdf by guest on 19 M

ay 2023



References

1. Kuppers R, Klein U, Hansmann ML, Rajewsky K.
Cellular origin of human B-cell lymphomas.
N Engl J Med. 1999;341:1520-1529.

2. Vanesse GJ, Concannon P, Willerford DM. Regu-
lated genomic instability and neoplasia in the lym-
phoid lineage. Blood. 1999;94:3997-4010.

3. Zingg JM, Jones PA. Genetic and epigenetic as-
pects of DNA methylation on genome expression,
evolution, mutation and carcinogenesis. Carcino-
genesis. 1997;18:869-882.

4. Dreyling MH, Bullinger L, Ott G, et al. Alterations
of the cyclin D1/p16-pRB pathway in mantle cell
lymphoma. Cancer Res. 1997;57:4608-4614.

5. Shane B. Folate metabolism. In: Picciano MF,
Sokstad ELR, Gregory JF, eds. Folic Acid Metab-
olism in Health and Disease. New York, NY:
Wiley-Liss; 1990:65-78.

6. Goyette P, Summers JS, Milos R, et al. Human
methylenetetrahydrofolate reductase: isolation of
cDNA mapping and mutation identification. Nat
Genet. 1994;7:195-200.

7. Frosst P, Blom HJ, Milos R, et al. A candidate ge-
netic risk factor for vascular disease: a common
mutation in methylenetetrahydrofolate reductase.
Nat Genet. 1995;10:111-113.

8. van der Put NMJ, Gabreels F, Stevens EMB, et
al. A second common mutation in the methyl-
enetetrahydrofolate reductase gene: an addi-
tional risk factor for neural-tube defects? Am J
Hum Genet. 1998;26:1044-1051.

9. Blount BC, Mack MM, Wehr CM, et al. Folate de-
ficiency causes uracil misincorporation into hu-
man DNA and chromosome breakage: implica-
tion for cancer and neuronal damage. Proc Natl
Acad Sci U S A. 1997;94:3290-3295.

10. Dianov GL, Timchenko TV, Sinitsina OI, Kuzmi-
nov AV, Medvedev OA, Salganik RI. Repair of
uracil residues closely space on the opposite
strands of plasmid DNA results in double-strand
break and deletion formation. Mol Gen Genet.
1991;225:448-452.

11. van der Put NMJ, Steegers-Theunissen RPM,
Frosst P, et al. Mutated methylenetetrahydrofo-
late reductase as a risk factor for spina bifida.
Lancet. 1995;346:1071-1072.

12. Morita H, Taguchi J, Kurihara H, et al. Genetic
polymorphism of 5, 10 methylenetetrahydrofolate
reductase (MTHFR) as a risk factor for coronary
artery disease. Circulation. 1997;95:2032-2036.

13. Kang SS, Wong PW, Susmano A, Sora J, Norusis
M, Ruggie N. Thermolabile methylenetetrahydro-
folate reductase: an inherited risk factor for coro-
nary artery disease. Am J Hum Genet. 1991;48:
536-545.

14. Markus HS, Ali N, Swaminathan R, Sankaral-

ingam A, Molloy J, Powell J. A common polymor-
phism in the methylenetetrahydrofolate reductase
gene, homocysteine, and ischemic cerebrovascu-
lar disease. Stroke. 1997;28:1739-1743.

15. Morita H, Kurihara H, Tusbaki S, et al. Methyl-
enetetrahydrofolate reductase gene polymor-
phism and ischemic stroke in Japanese. Arterio-
scler Thromb Vasc Biol. 1998;18:1465-1469.

16. Fujimura H, Kawasaki T, Sakata T, et al. Common
C677T polymorphism in the methylenetetrahydro-
folate reductase gene increases the risk for deep
vein thrombosis in patients with predisposition of
thrombophilia. Thromb Res. 2000;98:1-8.

17. Cattaneo M, Tsai MY, Bucciarelli P, et al. A com-
mon mutation in the methylenetetrahydrofolate
reductase gene (C677T) increases the risk for
deep-vein thrombosis in patients with mutant fac-
tor V (factor V:Q506). Arterioscler Thromb Vasc
Biol. 1997;17:1662-1666.

18. Ma J, Stampfer MJ, Giovannucci E, et al. Methyl-
enetetrahydrofolate reductase polymorphism,
dietary interactions, and risk of colorectal cancer.
Cancer Res. 1997;57:1098-1102.

19. Slattery ML, Potter JD, Samowittz W, Schaffer D,
Leppert M. Methylenetetrahydrofolate reductase,
diet, and risk of colon cancer. Cancer Epidemiol
Biomarkers Prev. 1999;8:513-518.

20. Estellar M, Garcia A, Martinez-Palones JM, Xer-
cavins J, Reventos J. Germ line polymorphisms
in cytochrome-P450 1A1 (C4887 CYP1A1) and
methylenetetrahydrofolate reductase (MTHFR)
genes and endometrial cancer susceptibility. Car-
cinogenesis. 1997;18:2307-2311.

21. Skibola CF, Smith MT, Kane L, et al. Polymor-
phisms in the methylenetetrahydrofolate reduc-
tase gene are associated with susceptibility to
acute leukemia in adults. Proc Natl Acad Sci
U S A. 1999;96:12810-12815.

22. Leclerc D, Campeau E, Goyette P, et al. Human
methionine synthase: cDNA cloning and identifi-
cation of mutations in patients of the cbIG
complementation group of folate/cobalamin disor-
ders. Hum Mol Genet. 1996;5:1867-1874.

23. Harmon DL, Shields DC, Woodside JV, et al. Me-
thionine synthase D919G polymorphism is a sig-
nificant but modest determinant of circulating ho-
mocysteine concentrations. Genet Epidemiol.
1999;17:298-309.

24. Ma J, Stampfer MJ, Christensen B, et al. A poly-
morphism of the methionine synthase gene: as-
sociation with plasma folate, vitamin B12, homo-
cysteine, and colorectal cancer risk. Cancer
Epidemiol Biomarkers Prev. 1999;8:825-829.

25. Morita H, Kurihara H, Sugiyama T, et al. Polymor-
phism of the methionine synthase gene associa-
tion with homocysteine metabolism and late-on-

set vascular diseases in the Japanese
population. Arterioscler Thromb Vasc Biol. 1999;
19:298-302.

26. Chen J, Giovannucci E, Kelsey K, et al. A methyl-
enetetrahydrofolate reductase polymorphism and
the risk of colorectal cancer. Cancer Res. 1996;
56:4862-4864.

27. Franco RF, Morelli V, Lourenco D, et al. A second
mutation in the methylenetetrahydrofolate reduc-
tase gene and the risk of venous thrombotic dis-
ease. Br J Haematol. 1999;105:556-559.

28. van der Put NMJ, van der Molen EF, Kluitmans
LAJ, et al. Sequence analysis of the coding re-
gion of human methionine synthase: relevance to
hyperhomocysteinaemia in neural-tube defects
and vascular disease. Q J Med.
1997;90:511-517.

29. Chen LH, Liu ML, Hwang HY, Chen LS, Koren-
berg J, Shane B. Human methionine synthase:
cDNA cloning, gene localization, and expression.
J Biol Chem. 1997;272:3628-3634.

30. Hagmar L, Brøgger A, Hansteen IL, et al. Cancer
risk in humans predicted by increased levels of
chromosomal aberrations in lymphocytes: Nordic
study group on the health risk of chromosome
damage. Cancer Res. 1994;54:2919-2922.

31. Møller MB, Ino Y, Gerdes AM, SkJødt K, Louis
DN, Pedersen NT. Aberration of the p53 pathway
components p53, MDM2 and CDKN2A appear
independent in diffuse large B cell lymphoma.
Leukemia. 1999;13:453-459.

32. Baur AS, Shaw P, Burri N, Delacretaz F, Bosman
FT, Chaubert P. Frequent methylation silencing of
p15INK4b (MTS2) and p16INK4a (MTS1) in B-
cell and T-cell lymphomas. Blood. 1999;94:1773-
1781.

33. Gonzalez M, Mateos MV, Garcia-Sanz R, et al.
De novo methylation of tumor suppressor gene
p16/INK4a is a frequent finding in multiple my-
eloma patients at diagnosis. Leukemia. 2000;14:
183-187.

34. Hagmar L, Brøgger A, Hansteeen IL, et al. Can-
cer risk in humans predicted by increased levels
of chromosomal aberrations in lymphocytes: Nor-
dic study group on the health risk of chromosomal
damage. Cancer Res. 1994;54:2919-2922.

35. Bonassi S, Abbondandolo A, Camurri L, et al. Are
chomosome aberrations in circulating lympho-
cytes predictive of future cancer onset in hu-
mans? Cancer Genet Cytogenet. 1995;79:133-
135.

36. Berry RJ, Li Z, Erickson JD, et al. Prevention of
neural-tube defects with folic acid in China.
N Engl J Med. 1999;341:1485-1490.

MTHFR AND MS POLYMORPHISMS AND MALIGNANT LYMPHOMA 3209BLOOD, 15 MAY 2001 z VOLUME 97, NUMBER 10

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/97/10/3205/1674136/h8100103205.pdf by guest on 19 M

ay 2023


