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Abstract

Methylenetetrahydrofolate reductase (MTHFR) and thymidylate synthase (TYMS) are known to
play a role in DNA methylation, synthesis, and repair. The genetic mutations in MTHFR and
TYMS genes may have influences on their respective enzyme activities. Data on the association
studies of the MTHFR and TYMS genetic polymorphisms and risk of hepatocellular carcinoma (HCC)
are sparse. MTHFR and TYMS genotypes were determined on 365 HCC cases and 457 healthy control
subjects among Hispanic and non-Hispanic whites and African-Americans in Los Angeles County,
California, and among Chinese in the city of Nanning, Guangxi, China. Relative to the high-activity
genotype, each low-activity genotype of MTHFR was associated with a statistically nonsignificant
30% to 50% reduction in risk of HCC. Relative to the TYMS3'UTR +6/+6 genotype, individuals with
1 or 2 copies of the deletion allele had a statistically significant 50% reduction in risk of HCC. When
we examined HCC risk by the total number of mutant alleles in the 3 polymorphic loci of MTHFR/
TYMS (range, 0-4), there was a monotonic decrease in risk with increasing number of mutant alleles
(P for trend = 0.003). Individuals possessing the maximum number of mutant alleles (i.e., 4) had an
odds ratio of 0.46 (95% confidence interval = 0.23-0.93) for HCC compared with those with no or
only 1 mutant allele.

Conclusion—This study supports the hypothesis that reduced MTHFR activity and enhanced
TYMS activity, both of which are essential elements in minimizing uracil misincorporation into
DNA, may protect against the development of HCC.

Hepatocellular carcinoma (HCC) is the sixth most common cancer in the world and the third
leading cause of cancer deaths.L The overall 5-year survival for patients with HCC is less than
10%. Only 30% of patients with HCC are considered candidates for surgical resection;
however, the recurrence rate after surgery is approximately 40% to 50%.2 The major risk
factors for HCC vary somewhat with its geographical distribution. Chronic infection with
hepatitis B virus (HBV) is by far the most important risk factor for HCC in humans and is the
primary cause of this cancer in high-risk areas, including China and Africa.34 Chronic
infection with hepatitis C virus (HCV) is another risk factor for HCC and has an increasingly
prominent role in the development of HCC in countries such as the United States where rates
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of infection with HBV are relatively low.5 Other environmental risk factors for HCC include
dietary aflatoxin, which plays a prominent role in high-risk areas such as China and Africa;
excessive alcohol intake; cigarette smoking; diabetes; and obesity.G'8 Given that only a
minority of people exposed to these risk factors eventually develop HCC, other cofactors
(environmental and/or genetic) are likely to be involved in the development of HCC in humans.

Experimental studies have shown that diets deficient in methyl groups (folate, methionine, and
choline) can induce HCC in rodents9:10 along with an increased level of uracil in DNA and
accumulated DNA strand breaks in the P53 gene of the hepa\tocytes.ll'13 Thymidylate is a
rate-limiting nucleotide required for DNA synthesis and repair. Thus, a sufficient pool of
thymidylate is essential in minimizing the misincorporation of uracil into DNA, chromosomal
breakage, and fragile site induction, 1415 leading to reduced susceptibility to HCC.
Thymidylate synthase (TYMS) catalyzes the synthesis of thymidylate or deoxythimidine
monophosphate (dTMP) from deoxyuridine monophosphate (dUMP), with 5,10-
methylenetetrahydrofolate as the methyl donor (Fig. 1). In humans, a polymorphic 28-base
pair (bp) tandem repeat element in the 5’-untranslated promoter enhancer region of the
TYMS gene (TYMSER) has been described.16 Triple repeat (3R) and double repeat (2R) alleles
are the most common polymaorphic alleles.17 In vitro, compared with the 2R, the 3R has been
associated with greater TYMS expression and enzyme activity.18 More recently, a second
TYMS polymorphism, a 6-bp insertion/deletion at nucleotide 1494 in the 3'-untranslated region
of the TYMS gene (TYMS3'UTR) was identified.19 The functional consequences of this
polymorphism are not known, although it was thought to affect TYMS mRNA expression and
stability.19'20 The 2 polymorphisms appear to be in linkage disequilibrium,19 with the 6-bp
deletion allele linked with the TYMSER*3R.20:21

Methylenetetrahydrofolate reductase (MTHFR), a key enzyme in 1-carbon metabolism,
catalyzes the irreversible conversion of 5,10- methylenetetrahydrofolate to 5-
methyltetrahydrofolate, the predominant circulatory form of folate. The 5-
methyltetrahydrofolate serves as the methyl donor for the remethylation of homocysteine to
methionine, the precursor of S-adenosylmethionine (SAMe). SAMe is the principal biological
methyl donor for methylation of DNA and other large molecules (Fig. 1). SAMe deficiency
can predispose to HCC.22 Two common genetic polymorphisms in the MTHFR gene have
been identified.23:24 One polymorphism, a C-to-T transition at nucleotide 677 (C677T), results
in an alanine-to-valine conversion in the protein.23 In vitro studies have shown the enzymatic
activity levels of CT and TT genotypes to be 65% and 30%, respectively, of the CC genotype.
25 Another polymorphism, an A-to-C transition located at nucleotide 1298 (A1298C) of the
gene, results in a glutamate-to-alanine change in the protein residue that is associated with a
diminished level of enzyme activity.24’26 A lower MTHFR activity will result in an increased
pool of 5,10- methylenetetrahydrofolate for TYMS, which may favor optimal DNA synthesis
and repair by reducing uracil misincorporation and double-strand breaks of DNA.27

Although abundant literature exists on the associations between the MTHFR and TYMS
polymorphisms and risk of colorectal cancer,28 much less is known about these genetic
polymorphisms in relation to HCC. Given their competition for the common substrate, 5,10-
methylenetetrahydrofolate, and their critical role in 1-carbon metabolism, we studied the
genetic polymorphisms of MTHFR and TYMS genes and risk of HCC among low-risk non-
Asians in Los Angeles, California, and high-risk Chinese in southern Guangxi, China.

Patients and Methods

The study included participants of 2 case-control studies of HCC, 1 in low-risk non-Asians in
Los Angeles, California, and the other in high-risk Chinese in the southern part of the Guangxi
Autonomous Region, China. The designs of the 2 studies have been described previously.®:
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29 permission to conduct this study had been obtained from the Institutional Review Boards
at the University of Southern California and the Guangxi Cancer Institute. Separate informed
consent forms for interview and biospecimen collection were obtained from each study
participant.

HCC Patients

In Los Angeles, we studied incident HCC in black, Hispanic, and non-Hispanic white residents
of Los Angeles County who were between 18 and 74 years of age at diagnosis from January
1984 through December 2001. Cases were identified through the Los Angeles County Cancer
Surveillance Program, a population-based cancer registry that records all incident cancers
diagnosed in residents of Los Angeles County. Because of the rapidly fatal nature of HCC (the
median time interval between diagnosis and death is approximately 3 months), 84% of eligible
patients died before our attempted contact. Among the 478 patients we contacted, 34 (7%)
were too ill to be interviewed, and 325 (73%) of the remaining 444 were interviewed. An
experienced hepatopathologist reviewed the histology slides of all interviewed HCC patients;
25 cases judged to be non-HCC were excluded.

In Guangxi, China, we identified newly diagnosed HCC from 4 major hospitals in the city of
Nanning. Participating hospitals were comparable in their quality of patient care and diagnosis.
Only patients diagnosed during September 1995 through September 1998, between the ages

of 20 and 64 years, and residing in Nanning City or its neighboring townships were asked to

participate in the study. We began the study in October 1995 and closed enrollment in October
1998 when 250 patients had been recruited into the study.

Control Subjects

In Los Angeles, we sought to recruit up to 2 control subjects per case from the neighborhoods
where HCC patients resided at the time of diagnosis, who were matched to the index case by
sex, age (within 5 years), and race (Hispanic white, non-Hispanic white, black). A total of 474
neighborhood control subjects were recruited into the study; most were the first (74%) or
second (12%) eligible neighbors.

In Guangxi, China, we identified 1 consenting control subject per case among all patients
admitted to the same hospital within 1 month of the index case's hospital admission, who had
no history of cancer or clinical liver cirrhosis. The matching criteria were age (within 3 years),
sex, ethnicity (Han, Zhuang, Yao, other), and district (if resident of Nanning City) or township
(if resident of neighboring townships) of residence.

Data Collection

All consenting cases and control subjects in Los Angeles, California and Guangxi, China were
interviewed in person by trained interviewers using structured questionnaires. Both the Los
Angeles and Guangxi questionnaires solicited demographic information, lifetime use of
tobacco and alcohol, medical history, and other lifestyle factors. Analcohol drinker was defined
as someone who had drunk alcoholic beverages at least once a week for 6 months or longer.
One drink was defined as 360 g beer (12.6 g ethanol), 103 g wine (12.3 g ethanol), or 30 g
spirit (12.9 g ethanol). A smoker was defined as someone who had ever smoked on a daily
basis. Smokers were asked at what age (years) they began smoking on a daily basis, the average
number of cigarettes smoked per day, and total number of years of smoking. Former smokers
were asked about the number of years since smoking cessation.

Serum and buffy coat samples were collected from all subjects of the Guangxi study (250 cases
and 250 controls). For the Los Angeles study, we collected from study subjects serum samples
beginning in January 1992 and buffy coat samples beginning in October 1995. The buffy coat
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samples were available on 120 (73%) of 164 eligible HCC cases (i.e., those interviewed after
October 1995). For the 277 control subjects from whom DNA donation was sought, 230 (83%)
consented and donated blood samples. We examined and found no differences in the
distributions by age, sex, level of education, cigarette smoking, alcohol consumption, history
of diabetes, and serological markers for HBV and HCV infections between subjects with DNA
(i.e., those included in the current study) and those without DNA, both for the HCC case and
control subjects groups.

Laboratory Tests

Blood samples from cases and controls were processed and stored (—20°C) in an identical
manner. The assays used for testing serologic markers of HBV and HCV infections have been
described previously.&29 Briefly, we tested all study samples for the presence of hepatitis B
surface antigen in serum using commercialized kits (AUSRIA, Abbott Laboratories, North
Chicago, IL), and negative samples (for the Los Angeles study only) were further tested for
the presence of antibodies to the hepatitis B core antigen using standard testing kits (Corab,
Abbott Laboratories, North Chicago, IL). All samples were tested for the presence of antibodies
to the hepatitis C virus (anti-HCV) in serum using the enzyme linked immunosorbent assay
version 2.0 kit manufactured by Ortho Diagnostic Systems, with confirmation of positive
samples using RIBA version 2.0 (Chiron, Emeryville, CA). Serum samples were tested blindly,
identified only by codes without regard to case/control status.

DNA was purified from buffy coats of peripheral blood using a QlAamp 96 Blood Kit (Qiagen,
Valencia, CA). Genotyping assays were developed for the MTHFR gene polymorphisms
(677C—T and 1298A—C) and the TYMS 3’UTR6)onmorphism (1494 6-bp ins/del) using the
fluorogenic 5’-nuclease assay (TagMan Assay).3 The sizes of the MTHFR and TYMS genes
are 7,105 and 1,536 bp, respectively. The TagMan assays were performed using a TagMan
PCR Core Reagent kit (Applied Biosystems, Foster City, CA) according to manufacturer's
instructions. The oligonucleotide primers (Integrated DNA Technology, Coralville, 1A) for
amplification of the polymorphic regions of MTHFR and TYMS and the fluorogenic
oligonucleotide probes (Applied Biosystems) used to detect each of the alleles are listed in
Appendix A. Polymerase chain reaction amplification using approximately 10 ng genomic
DNA was performed in a thermal cycler (MWG Biotech, High Point, NC) with an initial step
of 95°C for 10 minutes, followed by 50 cycles of 95°C for 25 seconds and 1 minute at the
annealing temperature (Appendix A). The fluorescence profile of each well was measured in
an ABI 7900HT Sequence Detection System and the results analyzed with Sequence Detection
Software (Applied Biosystems). Experimental samples were compared with 12 standard
controls to identify the 3 genotypes at each locus. Any samples that were outside the parameters
defined by the controls were identified as noninformative and were retested.

Five HCC cases and 13 controls were noninformative in 1 or more of the 3 tested
polymorphisms in MTHFR and TYMS genes. These subjects were excluded. Thus, the current
analysis involved 365 HCC cases and 457 control subjects.

Statistical Analysis

Chi-square test was used to examine differences in the distributions of selected demographic
variables between cases and controls, and in genotggic frequencies by race/ethnicity among
controls. Unconditional logistic regression models>+ were used to examine the associations
between the MTHFR and TYMS gene polymorphisms and risk of HCC. The strength of a given
gene/exposure-HCC association was measured by its odds ratio and the corresponding 95%
confidence interval and 2-sided P value. Subjects' age, sex, and race/ethnicity were included
as covariates in all models. The study location (Los Angeles vs Guangxi) also was included as
a covariate in models involving data from both the Los Angeles and Guangxi studies. When
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we examined the main effects of genotypes on HCC risk, the following risk factors for HCC
were included as covariates in the logistic regression models: number of cigarettes smoked per
day, number of alcoholic drinks per day, and seropositivity to markers of HBV and HCV
infections.

We examined linkage disequilibrium between the two MTHFR gene polymorphisms in control
subjects using the Expectation-Maximization algorithm.32 The measure of the statistical
association for linkage disequilibrium, R?, a better measure for linkage disequilibrium than the
commonly used Lewontin's D, was used to assess the correlation of alleles at 2 sites.33

Statistical analysis was conducted using the SAS software Version 9.1 (SAS Institute, Cary,
NC). All P values quoted are 2-sided. Two-sided P values that are 0.01 or less were considered
statistical!e/ significant after taking into account for multiple comparisons using the Bonferroni
method.3

The mean ages (+standard deviation) of HCC patients and control subjects in Los Angeles,
California, were 60.4 (+10.3) years and 59.1 (£10.8) years, respectively. The corresponding
figures in Guangxi, China were 49.3 (9.6) and 49.5 (£10.3). In Los Angeles, cases had higher
proportions of Hispanic or African-Americans and were less educated than controls (Table 1).

Cigarette smoking, heavy alcohol consumption, and presence of hepatitis B and/or C serology
were risk factors for HCC in both the low-risk (Los Angeles, CA) and the high-risk (Guangxi,
China) populations (Table 2). Subjects who smoked 20 or more cigarettes per day had a
statistically significant 70% increase in risk of HCC compared with nonsmokers, and
individuals consuming 4 or more alcoholic drinks per day experienced approximately 4 to 6
times the risk relative to nondrinkers. Chronic infection with HBV was the main viral risk
factor for HCC in Guangxi, whereas HCV infection was the more important viral risk factor
for HCC in Los Angeles.

Table 3 shows the genotypic and allelic frequencies of the MTHFR and TYMS3'UTR
polymorphisms by study location and race/ethnicity among controls. There were no statistically
significant differences in either genotypic or allelic frequencies between non-Hispanic whites
and Hispanics/blacks in Los Angeles, California, or between Han and non-Han Chinese in
Guangxi, China. Compared with Chinese, non-Hispanic whites or Hispanics/blacks (32
Hispanics and 10 black subjects) had higher frequencies of the MTHFR-C677T but lower
frequencies of the TYMS 3'UTR1494del6 polymorphisms (both P values for difference in
genotype frequencies among the 4 racial/ethnic groups <0.0001). Genotypic and allelic
frequencies of the MTHFR-A1298C polymorphism were comparable among the 4 racial/ethnic
groups. The distributions of all genetic polymorphisms within a race/ethnic population did not
statistically significantly deviate from the Hardy-Weinberg equilibrium after taking into
account for multiple comparisons (all P < 0.01) (Table 3).

Given the differences in allelic frequencies between the racial/ethnic groups under study, we
first examined all genotype-risk associations within each racial/ethnic group. No differences
in genotype-risk associations across the 4 groups were observed (all P values for genotype x
race/ethnicity interaction > 0.65) (data not shown). Again, we did not detect any statistically
significant difference in genotype—HCC risk associations between the 2 study populations (all
P values for genotype x study location interaction >0.19). Therefore, we presented the results
by study location separately and in combination with adjustment for race/ethnicity and study
location.
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Individuals possessing homozygous mutant alleles at either the 677 or 1298 loci of the
MTHFR gene had a 30% to 50% reduction in risk of HCC compared with those with
homozygous wild-type alleles (Table 4). The alleles at the 2 loci were in linkage disequilibrium
(Table 5). Individuals with the 677TT genotype all had the 1298AA genotype, whereas those
with the 1298CC genotype all possessed the 677CC genotype (R? for linkage disequilibrium
=0.16, P < 0.001). When the 2 genotypes were examined jointly in all study subjects, those
possessing the maximum number of mutant alleles, which is 2 (677CC/1298CC or 677TT/
1298AA), had the lowest risks for HCC (Table 5). When the total number of mutant alleles
(range, 0-2) in the 2 polymorphic loci (C677T and A1298C) was considered, a statistically
non-significant decrease in HCC with increasing number of mutant alleles was observed (Table
4).

Table 4 also shows the association between the TYMS3'UTR1494del6 and HCC risk. The
association was slightly stronger in Los Angeles than in Guangxi subjects, although the
difference was not statistically significant (P = 0.63). When both study populations were
combined, individuals with 1 or 2 copies of the 6-bp deletion allele had a statistically
significant, 50% reduction in risk of HCC relative to those with the +6/+6 genotype.

When we summed the number of mutant alleles in both the MTHFR and TYMS genes, we noted
a monotonic, statistically significant decrease in HCC risk with increasing number of mutant
alleles (P for trend = 0.003, Table 4). Compared with those with no or only 1 mutant allele,
individuals with 3 or 4 mutant alleles exhibited a more than 50% reduction in risk of HCC.

We examined the associations between HCC risk and MTHFR/TYMS genotypes stratified by
age (younger than 50 years, 50+ years), sex, race (non-Hispanic whites, Hispanics/African-
Americans, Chinese), smoking (never vs ever smokers), alcohol use (nondrinkers vs weekly
drinkers), hepatitis B/C serology (negative vs positive). No discernible modifying effects by
these risk factors for HCC were noted (data not shown).

Discussion

Few epidemiologic studies have examined the role of methylation genotypes in HCC
development. The current study is the first to investigate the joint effects of MTHFR and
TYMS genotypes on HCC risk. Our results show that individuals possessing variant alleles of
the MTHFR and TYMS genes had statistically significant decreased risk of HCC.

MTHFR is a key folate-metabolizing enzyme, which catalyzes the conversion of 5,10-
methylenetetrahydrofolate to 5-methyltetrahydrofolate. Both variant alleles of the MTHFR
gene loci under study have been found to be associated with reduced enzyme activity. The
1298A—C mutation has been shown to influence specific enzyme activity and homocysteine
and folate concentrations, but to a lesser extent than the 677C—T mutation. Functional studies
have demonstrated that individuals possessing both mutations (i.e., homozygous mutant at
either the 677 or 1298 site or heterozygous mutant at both loci) showed the lowest enzyme
activities.26:35 Epidemiologic studies have noted that the 677T and/or 1298C genetic variants
are in linkage dise uiIibrium,35'36 and both genotypes are associated with a reduced risk of
colorectal cancer.28 A recent study reported that individuals with the MTHFR677CT or TT
genotypes had a reduced risk of Hce.37 our findings are consistent with all of these prior
observations.

Several studies have reported that the MTHFRC677T polymorphism can modify the effect of
alcohol on risk of colorectal cancer,38 breast cancer,39 and esophageal cancer.40 In the
aforementioned study,37 patients with alcoholic liver cirrhosis possessing at least one T allele
of the MTHFR677 polymorphism were less likely to develop HCC compared with their
counterparts with the CC genotype, indicating a stronger protective effect of MTHFR mutation
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on alcohol-induced hepatocarcinogenesis. Alcohol (ethanol) can interfere with folate
metabolism either directly or through its metabolite acetaldehyde. 41 Alcohol intake along with
the MTHFR genetic mutation had S|gn|f|cant influence on the inverse association between
folate intake and plasma homocysteine. 42,43 These findings support the hypothesis that
reduced MTHFR enzyme activity resultlng from the genetic mutation may protect against the
development of HCC, through the increase in the supply of 5,10-methyltetrahydrofolate, a
substrate of the TYMS enzyme.

Thymidylate synthase catalyzes the conversion of dUMP to dTMP at the expense of 5,10-
methylenetetrahydrofolate, thus reducing uracil misincorporation into DNA and the occurrence
of DNA double-strand breaks. Any genetic mutations that lead to a reduced function of the
TYMS enzyme may adversely affect DNA synthesis and repair. The current study
demonstrates a statistically significant association between TYMS3'UTR1494del6
polymorphism and reduced risk of HCC. Although in vitro study showed reduced luciferase
activity and mRNA levels related to TYMS3'UTR1494del6,20 the in vivo function of this
genetic polymorphism is unknown. Individuals possessing the TYMS3'UTR1494 homozygous
6-bp deletion polymorphism showed higher circulatory folate and lower homocysteine levels
than those with the homozygous 6-bp insertion polymorphism. 21 Epidemiological studies
found inconsistent associations between the TYMS3'UTR1494del6 polymorphism and risk of
various diseases. Several studies reported that individuals possessing the —6/—6 genotype are
at reduced risk of spina bifida (a folate-deficiency related birth defect) Iung cancer,#° and
gastric cancer.46 Other studies reported that the homozygous deletion ponmorphlsm was
associated with increased risk of colorectal adenoma, 4’ non- Hodgkin Iymphoma 8 and breast
cancer.49 Our results suggest that the 6-bp deletion polymorphism may have a protective effect
on the development of HCC. The protective effect concurs with its conversion of dUMP to
dTMP, especially under the condition of elevated 5,10-methylenetetrahydrofolate resulting
from the MTHFR genetic mutation. The TYMS3'UTR144del allele has been found to be in
linkage disequilibrium with the TYMSER*3R polymorphism; the latter is associated with high
transcription and enzyme act|V|ty O Therefore, the protective effect of the 6-bp deletion allele
also may be reflective of other functional polymorphisms in the TYMS gene.

The current study had several limitations. The lack of dietary folate assessment did not allow
us to examine the potential interaction effect between the MTHFR/TYMS genotypes and folate
on risk of HCC. Another limitation is the lack of measurement on the TYMSER*2R/3R
genotype. However, several studies that examined both the TYMSER*2R/3R and TYMS3’
UTR genetic polymorphisms found only the latter to be inversely associated with disease risk.

-46 Because of the rapidly fatal nature of HCC, a large proportion (approximately 80% in
Los Angeles) of HCC patients were not included in the study. Thus, the observed MTHFR/
TYMS genotype-HCC risk association would be biased if these genotypes had an impact on
the patients' survival after HCC diagnosis.

Initially, we had hypothesized that MTHFR genetic variants with reduced activity might be
linked to increased risk of HCC (as opposed to decreased risk that is being observed in the
current study). This is based on the recent report that the MTHFR C677T polymorphism is
associated with steatosis and fibrosis in chronic hepatitis C patients. 51 Reduced MTHFR
activity can reduce the SAMe pool (especially if folate is deficient), and we have accumulating
eV|dence especially in animal models that chronic hepatic SAMe deficiency can predispose to
HCC.22 Reduced SAMe availability can lead to global DNA hypomethylation, which occurs
in HCC.52 Although global DNA methylation is reduced, hypermethylation of growth
suppressive genes such as p16 and p14 in promoter regions commonly occur.93 Interestingly,
1 animal study showed progressive exon-specific hypomethylation of p53 in rats fed a
lipotrope-deficient diet (deficient in folate, B12, methionine, and choline 2 followed by rebound
hypermethylation at a later time when neoplastic foci became evident. 2 This suggests that
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global hypomethylation may trigger hypermethylation of specific genes. DNA
hypomethylation results from reduced MTHFR activity also can lead to increased expression
of oncogenes such as c-myc and c-N-ras, increased DNA strand breakage, and impairment in
DNA repair.12 However, reduced MTHFR activity would channel folate cofactors to DNA
synthesis and repair. This would prevent incorporation of uracil into DNA, which can lead to
DNA strand breakage.54 A balance between the 2 critical pathways (methylation and DNA
synthesis and repair) must be reached so that 1 does not compromise the other. The tipping
point of this balance may be different at different stages of the oncogenesis process. Supporting
this is the observation that folate deficiency predisposes to colon cancer, but once preneoplastic
colon lesions are present, folate supplementation actually accelerates colon cancer
transformation.®® Folate supplementation may further enhance DNA synthesis in the already
transformed cell. What is critical for the different stages of HCC development remains to be
defined, including the role of dietary folate. The results of this study point to the importance
of these pathways in determining the susceptibility to HCC and encourages additional studies
to further define their influence in the different stages of hepatocarcinogenesis.

In summary, the current study shows protective effects of the MTHFR677 TT, MTHFR1298
CC, and the TYMS3'UTR1494 -6/-6 genotypes on risk of HCC. One possible mechanistic
pathway that can explain the protective effects of the 2 genes on HCC is the 1-carbon
metabolism pathway favoring the conversion of dUMP to dTMP.
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Appendix A
Primers and probes used for genotyping the MTHFR and TYMS gene polymorphisms
rs number’ Primers (5’ - > 3’ orientation)* MGB Probe (5’ - > 3’ orientation) Ta
MTHFR677C—T rs1801133 GACCTGAAGCACTTGAAGGAGAAG (f) ATGAAATCGACTCCCGC (6-FAM 64°
probe) C
CACAAAGCGGAAGAATGTGTCA(r) TGAAATCGGCTCCCGC (VIC probe)
MTHFR1298A—C rs1801131 GAGCAAGTCCCCCAAGGA (f) AAGACACTTICTTCACTG (6-FAM 60°
probe) C
TTTGTGACCATTCCGGTTTG (r) AGACACTTGCTTCACTG (VIC probe)
TYMS3’ rs16430 GGAGCTGAGTAACACCATCGATC (f) AAACAACTATAAAGTTCATAAC (6- 63°
UTR1949del6 FAM probe) C
CGTGGACGAATGCAGAACA () CAACTATAACTTTAAAGTTCATAA
(VIC probe)

rs denotes for reference single nucleotide polymorphism; (f) forward primer, (r) reverse primer.
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double repeat
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triple repeat
bp
base pair
dTMP
deoxythimidine monophosphate
duTP

deoxyuridine monophosphate
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hepatocellular carcinoma
HCV

hepatits C virus
MTHFR

methylenetetrahydrofolate reductase
SAMe

S-adenosylmethionine
TYMS

thymidylate synthase
TYMSER

enhancer region of the TYMS gene
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Fig. 1.
Schematic representation of 1-carbon metabolism. BHMT, betaine homocysteine

methyltransferase; CBS, cystathionine S-synthase; DHF, dihydrofolate, dUMP, deoxyuridine
monophosphate; dTMP, deoxythymidine monophosphate; Hcy, homocysteine; MAT,
methinione adenosyltransferase; Met, methinione; MS, methionine synthase; MT, methyl
transferase; MTA, methylthioadenosine; MTHFR, methylenetetrahydrofolate reductase; SAH,
S-adenosylhomocysteine; SAMe, S-adenosylmethionine; THF, tetrahydrofolate; TYMS,

thymidylate synthase.
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