CANCER GENOMICS & PROTEOMICS 6: 325-330 (2009)

Interaction of Methylenetetrahydrofolate Reductase Genotype
and Smoking Habit in Taiwanese Lung Cancer Patients
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Abstract. The aim of this study was to evaluate the
association and interaction of genotypic polymorphisms in
methylenetetrahydrofolate (MTHFR) and
environmental factors with lung cancer in Taiwan. Two well-
known polymorphic variants of MTHFR, C677T (rs1801133)
and A1298C (rs1801131), were analyzed in association with
lung cancer susceptibility, and discussed their joint effects
with individual habits on lung cancer risk. Patients and
Methods: In total, 358 patients with lung cancer and 716
healthy controls recruited from the China Medical Hospital
in central Taiwan were genotyped. Results: The MTHFR
C677T genotype, but not the AI298C, was differently
distributed between the lung cancer and control groups. The
T allele of MTHFR C677T was significantly more frequently
found in controls than in cancer patients. As for AI1298C
polymorphism, there was no difference in distribution

reductase

between the lung cancer and control groups. Gene
interactions with smoking were significant for MTHFR
C677T polymorphism. The MTHFR C677T CT and TT
genotypes in association with smoking conferred a decreased
risk of 0.706 (95% confidence interval=0.531-0.939) for lung
cancer. Conclusion: Our results provide the first evidence
that the C allele of MTHFR C677T may be associated with
the development of lung cancer and may be a novel useful
marker for primary prevention and anticancer intervention.
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All over the world, lung cancer has become one of the most
common malignancies (1, 2). In Taiwan, lung cancer is
important for its high incidence, high mortality, and low 5-
year survival rate, especially in female adenocarcinoma cases
(3). Among the well-known lifestyle-related causes of lung
cancer, smoking is considered to be the most important (4-6).

In recent years, environmental and genomic susceptibilities
and interactions among them were used in evaluation of cancer
risk. Primary candidates for gene-environment interaction
studies are those encoding enzymes related to the metabolism
of established carcinogens. Methylenetetrahydrofolate
reductase (MTHFR) is a key enzyme in folate metabolism and
catalyzes 5, 10-methylene-tetrahydrofolate to 5-methyltetra-
hydrofolate. The importance of MTHFR in cancer
susceptibility arises from its involvement in two pathways of
folate metabolism: one leads to numerous methylation
processes that are dependent on S-adenosyl-methionine (SAM),
while the other, via thymidylate synthesis, contributes to DNA
replication and cell division. Reduced activity of MTHFR may
decrease the methylation of homocysteine to methionine and
in turn the level of SAM, resulting in DNA hypomethylation.
On the other hand, a reduced level of MTHFR substrate,
required for thymidylate synthesis could lead to uracil
misincorporation into DNA, diminished DNA repair and
increased frequency of chromosomal breaks and damage.
Malignancies that are derived from rapidly proliferating tissues,
which have a higher requirement for DNA synthesis, should be
more susceptible to folate deficiency and resultant DNA
damage. The DNA variants causing reduced MTHFR activity
were found to be associated with a reduced risk of leukemia,
lymphoma and colorectal carcinoma. The mechanism proposed
to explain these associations was the shunt of folate
metabolism versus thymidine and purine synthesis, which
would slow the incorporation of uracil into DNA and protect
the cells against carcinogenesis (7).

Previous investigations of MTHFR genetic variations
focused on the catalytic domain and the two polymorphisms
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Table 1. The primer sequences, polymerase chain reaction and restriction fragment length polymorphism (PCR-RFLP) conditions for MTHFR gene

polymorphisms.

Polymorphism (location) Primers sequences (5°->3")

Restriction enzyme  SNP sequence  DNA fragment size (bp)

Co677T F: TGA AGG AGA AGG TGT CTG CGG GA Hinf I C 198
(rs1801133) R: AGG ACG GTG CGG TGA GAG TG T 175 +23
A1298C F: GGGAGGAGCTGACCAGTGCAG Fnud4H 1 C 138
(rs1801131) R: GGGGTCAGGCCAGGGGCAG A 119 + 19

*F and R indicate forward and reverse primers, respectively.

C677T and A1298C, which slightly change enzymatic
activity. In the case of C677T polymorphism, the cytosine
base at position number 677 changes to a thymidine base,
which in turn affects the amino acid sequence at position
number 222 (alanine—valine). The MTHFR C677T variants
are MTHFR 677CC, which is the wild type (most common),
MTHFR 677CT and MTHFR 677TT. The MTHFR enzyme
resulting from the polymorphism becomes thermo-labile,
causing a loss of its activity with increased temperature. The
modified protein loses its cofactor flavin adenine
dinucleotide (FAD) more quickly and has a lower stability.
The mutation effect can be suppressed by addition of folate,
which causes a higher FAD affinity and an increase in
MTHEFR stability. The MTHFR A1298C polymorphism is
localized in the coding regulatory region domain (8). Studies
investigating the MTHFR A1298C variant have found
positive associations with colorectal cancer (9), breast cancer
(10), acute lymphocytic leukemia (11) and childhood
leukemia (12), but none with lung cancer suscepitibility.

In 2003, the association between single nucleotide
polymorphism (SNPs) of MTHFR and lung cancer
susceptibility was firstly examined in a Taiwanese
population, indicating the C677T is not associated with lung
cancer risk (13). However, the sample size was rather small
(control/case=232/59), and only one SNP was investigated in
the study. In the present work, we analyzed the genetic
polymorphisms of both MTHFR C677T and A1298C in a
more representative population (control/case=716/358), and
investigated the interaction of MTHFR genotypes and
smoking habits in a Taiwanese population.

Patients and Methods

Study population and sample collection. Three hundred and fifty-
eight cancer patients diagnosed with lung cancer were recruited at
the outpatient clinics of general surgery between 2005-2008 at the
China Medical University Hospital, Taichung, Taiwan, Republic of
China. The clinical characteristics of patients including histological
details were all graded and defined by expert surgeons. All patients
voluntarily participated, completed a self-administered questionnaire
and provided peripheral blood samples. Twice as many non-lung
cancer healthy volunteers as controls were selected by matching for
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age, gender and habits after initial random sampling from the Health
Examination Cohort of the hospital. The exclusion criteria of the
control group included previous malignancy, metastasized cancer
from other or unknown origin, and any familial or genetic diseases.
Both groups completed a short questionnaire which included habits.
Our study was approved by the Institutional Review Board of the
China Medical University Hospital and written-informed consent
was obtained from all participants.

Genotyping assays. Genomic DNA was prepared from peripheral
blood leukocytes using a QlAamp Blood Mini Kit (Blossom, Taipei,
Taiwan) and further processed according to previous studies (14-22).
The polymerase chain reaction (PCR) cycling conditions were: one
cycle at 94°C for 5 min; 35 cycles of 94°C for 30 s, 55°C for 30 s,
and 72°C for 30 s, and a final extension at 72°C for 10 min. Pairs of
PCR primer sequences and restriction enzyme for each DNA product
are all listed in Table I.

Statistical analyses. Only those with both genotypic and clinical
data (control/case=716/358) were selected for final analysis. To
ensure that the controls used were representative of the general
population and to exclude the possibility of genotyping error, the
deviation of the genotype frequencies of MTHFR SNPs in the
controls from those expected under the Hardy-Weinberg equilibrium
was assessed using the goodness-of-fit test. Pearson’s %2 test or
Fisher’s exact test (when the expected number in any cell was less
than five) was used to compare the distribution of the genotypes
between cases and controls. Data were recognized as significant
when the statistical p-value was less than 0.05.

Results

The frequency distributions of selected characteristics of 358
lung cancer patients and 716 controls are shown in Table II.
These characteristics of patients and controls are all well
matched. None of the differences between both groups were
statistically significant (p>0.05) (Table II).

The frequencies of the genotypes for the MTHFR C677T
and A1298C in controls and lung cancer patients are shown in
Table III. The genotype distribution of the genetic
polymorphisms of MTHFR C677T was significantly different
between lung cancer and control groups (p=0.0002), while
that for A1298C polymorphisms were not significant (p>0.05)
(Table III). The frequencies of the alleles for MTHFR C677T
and A1298C in controls and lung cancer patients are shown in
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Table II. Characteristics of lung cancer patients and controls.

Characteristic Controls (n=716) Patients (n=358) P-value?
n % Mean (SD) n % Mean (SD)
Age (years) 64.8 (6.8) 64.0 (6.9) 0.58
Gender
Male 488 68.1% 254 70.9% 0.36
Female 228 31.9% 104 29.1%
Habit
Cigarette smokers 563 78.6% 293 81.8% 0.23
Non-smokers 153 21.4% 65 18.2%

aBased on 2 test.

Table III. Distribution of MTHFR genotypes among lung cancer patient
and control groups.

Table IV. MTHFR allelic frequencies among the lung cancer patient and
control groups.

Genotype Controls %  Patients % P-value? Allele Controls %  Patients % P-value?
C677T rs1801133 0.0002 C677T 181801133 0.0742

CcC 362 50.6% 205 63.7% Allele C 1015 709% 534 74.6%

CT 291 40.6% 124 30.2% Allele T 417 291% 182 25.4%

TT 63 8.8% 29 6.1% A1298C rs1801131 0.4875
A1298C rs1801131 0.6855 Allele A 1160 81.0% 571 79.8%

AA 467 652% 228 63.7% Allele C 272 19.0% 145 20.2%

AC 226 31.6% 115 32.1%

CC 23 3.2% 15 4.2% aBased on %2 test.

aBased on 2 test.

Table IV. The C allele of the MTHFR C677T polymorphism
seems to be associated with lung cancer while not significant
(p=0.0742). The conclusion deduced from the data in Tables
IIl and IV is that MTHFR C677T T allele seems to be
associated with lower risk for lung cancer in Taiwan.

Since smoking is the predominant risk factor for lung
cancer, the interaction between MTHFR genotype and
individual smoking habits was also analyzed by stratified
individual smoking status (Table V). We noticed that subjects
with the heterozygous CT for MTHFR C677T had lower risks
of lung cancer in smoking group, but not in the case of non-
smoking group. There was an interaction between smoking
status and MTHFR genotypes in the lung cancer susceptibility.

Discussion

In order to elucidate the role of MTHFR and to find potential
biomarkers of lung cancer, in this study, we selected two SNPs
of the MTHFR gene and investigated their associations with the
susceptibility for lung cancer in a population of central Taiwan.
We found that the T variant genotypes of MTHFR C677T were
significantly associated with a lower susceptibility for lung

cancer (Tables III and IV). These data are inconsistent with
those finding the T allele to be of a higher risk (23-25), or of it
having no association with lung cancer (13, 26-31). This may
be caused by differences in ethnicity; moreover, our sample
size was larger than that of Jeng et al. and more representative
of Taiwan (13). Thus, the effects of the MTHFR C677T
polymorphism on carcinogenesis are complex, exerting either
an adverse effect on DNA methylation or an advantageous
influence on nucleotide synthesis in determining cancer risk.
We have further analyzed the association between C677T
genotype and lung cancer risk in patients and controls who
have a cigarette smoking habit. Interestingly, the interaction
between MTHFR C677T and cigarette smoking habit is
clear: smokers with the CT genotype have a 0.69-fold lower
risk of lung cancer than those smokers with CC genotype,
which is not the case in the non-smoking people (Table V).
We propose that the C allele of C677T may affect MTHFR
activity, slightly influencing its normal function. As
individuals with the C allele(s) get older, the alteration
towards carcinogenesis may accumulate via the decreasing
function of MTHFR. Cigarette smoking, a well-known
cause of DNA damage, will release many DNA damage
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Table V. Distribution of MTHFR C677T genotype and lung cancer after stratification by smoking habit.

Overall Never smokers Ever smokers
SNP/Genotype Controls Cases Adjusted? Controls Cases Adjusted® Controls Cases Adjusted®
N (%) N (%)  OR (95% CI)c N (%) N (%) OR (95% CI)¢ N (%) N (%) OR (95% CI)¢
Co667T (rs1801133)
cC 362 (50.6) 205 (63.7) 1.00 (Ref.d) 80 (35.74) 33 (29.27) 1.00 (Ref.d) 282 (33.33) 172 (35.07) 1.00 (Ref.d)
CT 291 (40.6) 124 (30.2) 0.73 (0.54-0.96) 59 (47.30) 26 (48.98) 1.07 (0.58-1.97) 232 (49.84) 98 (49.50) 0.69 (0.51-0.92)
TT 63 (8.8) 29(6.1) 0.80(0.52-1.32) 14 (10.97) 6 (21.75) 1.04 (0.37-2.94) 49 (16.83) 23 (15.44) 0.77 (0.45-1.41)

aAdjusted for age, gender and smoking (pack-years); PAdjusted for age and gender; COR, odds ratio; CI, confidence interval; 4Ref., reference.

inducers into the respiratory system and cause DNA
damage to cells. Therefore, in people who have a risky
carriers of the genetic variant, such as C allele of C677T,
and who also have a smoking habit, the joint effect of these
factors may synergistically increase their lung cancer
susceptibility.

To sum up, this is the first study which focuses on the SNPs
of MTHFR and their joint effects with smoking habit on lung
cancer risk in Taiwan, and the presence of the C allele of
C677T was associated with a higher risk of lung cancer. The
C allele of MTHFR C677T may be a useful marker in lung
oncology for anticancer application, and early cancer detection.
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