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Summary
The suboptimal DNA repair capacity is a risk factor for cancer that may be modulated by dietary
nutrient intake, and the serine hydroxymethyltransferase (SHMT) participates in folate metabolism
and synthesis of purine and pyrimidine needed for DNA repair. Therefore, we tested our hypothesis
that genetic variants of the cytosolic SHMT (SHMT1) gene are associated with lung cancer risk. In
a hospital-based case-control study of 1032 non-Hispanic white lung cancer patients and 1145
matched cancer-free controls, we genotyped five common SHMT1 polymorphisms either in the
promoter, exons, or 3′-untranslated regions. Although the genotype and allele frequency distribution
of each SNP did not differ between cases and controls statistically significantly in the single-locus
analysis, the rs638416 polymorphism in the promoter alone and the combined putative risk variant
genotypes containing rs643333C, rs638416G, rs1979277T, rs3738G, and rs1979276C were
associated with altered risk. Those carrying the combined 3+ risk variant genotypes had an increased
risk of lung cancer (adjusted OR = 1.65, 95% CI = 1.05–2.57, compared with those having 0–1 risk
genotypes; and OR = 1.21, 95% CI = 1.01–1.45, compared with those having 0–2 risk genotypes).
The risk was more pronounced among older individuals (>61 years) or those having a low total folate
intake or a high methionine intake. No evidence of interactions between the putative SHMT risk
variant genotypes and the selected variables was found. These results suggest that SHMT1 variants
may play a role in the etiology of lung cancer, and our findings need to be verified in larger prospective
studies.
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1. Introduction
Lung cancer is the leading cause of cancer-related death for men and women in the world, and
there were estimated 1.35 million new cases worldwide in 2002 [1]. Tobacco consumption has
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been well documented as the primary risk factor for lung cancer [2], and smoking cessation
has been proven to be the most important and cost-effective management to date. However,
fewer than 20% of lifetime smokers develop lung cancer, suggesting that other factors may
modulate individual risk associated with exposure to tobacco carcinogens. Therefore, both
inter-individual genetic variation and one’s dietary habits may contribute to susceptibility to
lung cancer [3,4].

DNA repair is a critical mechanism to protect human genomic integrity against DNA damage
generated by environmental factors, including tobacco carcinogens [5]. Studies have shown
that suboptimal DNA repair capacity was a risk factor for cancer [6] and that low dietary folate
intake was associated with suboptimal DNA repair capacity [7]. The methionine is an essential
amino acid and its derivative S-adenosyl methionine (SAM) serves as a methyl donor,
involving in the tetrahydrofolate synthesis by the methionine synthase and vitamin B12 in
humans. Meanwhile, the serine hydroxymethyltransferase (SHMT) and its coenzyme, vitamin
B6, catalyze the reversible conversion of serine and tetrahydrofolate to glycine and 5,10-
methylene tetrahydrofolate that serves as a provider of one-carbon units during the synthesis
of pyrimidine and purine[8]. Deficiencies in such nutrients could lead to DNA damage
including single- and double-strand breaks, or oxidative lesions, or both [9]. Therefore, it
appears that there is a possible link among dietary nutrient intake, tetrahydrofolate metabolism,
DNA repair, and one’s susceptibility to lung cancer.

Human SHMT1 gene is located at chromosome 17p11.2, encoding SHMT1, a cytosolic isoform
of SHMT[10,11]. A recent case-control analysis reported that genetic variants of SHMT1 were
associated with risk of squamous cell carcinoma of the head and neck in non-Hispanic whites
[12]. To date, no report has investigated the role of SHMT1 variants in the development of lung
cancer, even though both reduced DNA repair capacity and low intake of dietary folate were
associated with lung cancer risk [13]. We hypothesized that SHMT1 variants are associated
with lung cancer risk that may be also modified by dietary nutrient intake. Therefore, we
genotyped five common, potentially functional single nucleotide polymorphisms (SNPs) in
SHMT1 and tested this hypothesis in an ongoing hospital-based case–control study of lung
cancer.

2. Materials and methods
2.1. Study population

The recruitment of lung cancer patients and frequency-matched cancer-free controls has been
previously described [3,14]. Briefly, the patients were recruited consecutively between
September 1995 and December 2003, without any restrictions on age, sex, cancer stage or
histology, from an ongoing molecular epidemiologic study of lung cancer conducted in the
Department of Epidemiology, The University of Texas M. D. Anderson Cancer Center in
Houston, Texas. The control subjects were selected from a pool of cancer-free subjects
recruited through the largest multi-specialty physician practice, the Kelsey Seybold
Foundation, with multiple clinics throughout the Houston metropolitan area. The controls were
frequency matched to the cases on age (±5 years), sex, ethnicity, and smoking status. The
exclusion criteria included previous treatments (by radiotherapy or chemotherapy or both),
previous cancer, and recent (in last 6 months) blood transfusions. After the informed consent
was obtained, each subject was scheduled for an interview, and the information about
demographic and the selected variables was collected by a structured questionnaire
administered and maintained by interviewers. The study protocol was approved by the
institutional review boards of M. D. Anderson Cancer Center and the Kelsey Seybold
Foundation.
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2.2. Dietary Analysis
We used a modified version of the National Cancer Institute’s Health Habits and History
Questionnaire to collect the dietary data [15,16], including a food-frequency list, an open-ended
food section, and other dietary behavior questions pertaining to use of supplements, restaurant
dining, and food preparation methods. The food frequency instrument assessed diet in cases
the year prior to diagnosis and in the controls the year prior to enrollment in the study. Data
entry was performed using DietSys (version 4.01) and DietSYS+Plus (DietSYS+Plus Analysis
Software, Version 5.9 Block Dietary Data Systems, Berkeley CA, 1999) programs. Dietary
analysis was conducted using DietSYS+Plus (Version 5.9). The source of total folate values
was Standard Release 14 [17]. Recipe adjustments for moisture changes and nutrient losses
due to cooking were also made. Dietary total folate intake was adjusted by daily calorie intake
and expressed as dietary total folate in μg/1,000 kcal/day. There were 932 lung cancer patients
and 1073 controls whose dietary information was complete and used in the final analysis.

2.3. Genotyping
The SNP rs1979277 (34761C>T) is located in exon 12 (codon 435 in isoforms 1) or exon 13
(codon 474 in isoforms 2) of SHMT1 mRNA transcripts, whereas the SNPs rs3783 (34840C>G)
and rs1979276 (34859C>T) are located in the 3′-untranslated region. We used the previously
published methods to genotype these three SNPs [12]. We also identified additional 20 SNPs
by using bioinformatics analysis in the dbSNP database of National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Snp), of which two
SNPs were found to be located in the SHMT1 promoter region as predicted by the online
software TSSW
(http://www.softberry.com/berry.phtml?
topic=tssw&group=programs&subgroup=promoter). The locations of these two promoter
SNPs are -183 nt (rs643333) and -119 nt (rs638416) from the putative transcription starting
site of SHMT1mRNA transcripts, as shown in Figure 1. The allele frequencies in Caucasian
populations were reported as ~0.65 for the rs643333C allele and ~0.69 for the rs638416 G
allele in the dbSNP database. We determined their genotypes by using the polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) method. Briefly, genomic
DNA fragments harboring the rs643333C>A (168 bp), the rs638416C>G (215 bp), the
rs1979277C>T (108 bp), and both rs3783C>G and rs1979276C>T (203 bp) were amplified
with the primer sets and conditions shown in Table 1. The Hha I, Ava I, Ear I, EcoN I and
Dde I restriction enzymes (New England Biolabs, Beverly, Massachusetts, USA) were used
to distinguish the nucleotides at the polymorphic site by generating RFLP patterns in the
presence of rs643333C, or rs638416G, or rs1979277C, or rs3783C, or rs1979276C. More than
10% of the DNA samples were randomly selected for genotype confirmation and the results
were 100% in concordance.

2.4. Statistical analysis
We used χ2 test to evaluate differences in the frequency distributions of selected categorical
variables, including demographic variables, smoking status, alcohol use, and frequencies of
the SHMT1 genotypes or alleles, between the cases and controls. Participants who had smoked
less than 100 cigarettes in their lifetime were categorized as never smokers, and all others were
categorized as ever smokers. For ever smokers, those who had quit smoking more than 1 year
previously were considered former smokers, and the others (recent quitters) were included with
current smokers. All subjects were also regrouped as never, light, and heavy smokers based
on the pack-years they smoked (0, ≤35.4, and >35.4 years, respectively). Participants who had
drunk alcoholic beverages at least once a week for one year or more were categorized as ever
drinkers, and the rest were defined as never drinkers. The Student’s t tests were performed to
distinguish differences in mean values of age, pack-years smoked, and dietary intake of total
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folate, vitamin B6, vitamin B12, and methionine between the cases and controls. The mean
values for all continuous variables in controls were used as the cut-off to dichotomize the
subjects into two groups for further statistical analysis. Those smokers with the number of
pack-years smoked more than the median number in controls were defined as heavy smokers.
Univariate and multivariate unconditional logistic regression analyses were used to calculate
odds ratios (ORs) and their 95% confidence intervals (CIs) for assessing risk of lung cancer.
The putative risk genotypes and alleles were determined, if their frequencies were higher in
the lung cancer patients than in the controls [18]. Because there was no prior information about
the effects of these SNPs on lung cancer risk, we used Akaike’s information criterion (AIC)
to select the best genetic-effect model for each SNP. In this process, AIC combines a measure
of the lack of fit of a particular model with a penalty for the number of parameters in the model,
and a model with smaller AIC values was preferably selected [19]. In the dominant model, the
common homozygous genotype in the controls was defined as the reference group; the rare
homozygous and heterozygous genotypes were variant genotypes, and their effects were
individually estimated by comparison with the reference. Alternatively, the rare homozygotes
and the heterozygotes were combined to form the reference group and compared with that of
the common homozygote. In the recessive model, only the rare homozygotes were defined as
the variant genotype; the other two genotypes were combined as the reference. Considering
possible effects of other covariates, we calculated the AIC in unconditional logistic regression
model with adjustment for age, sex, smoking and alcohol usage. To take into account the overall
effect of these five SNPs, we generated a categorical variable from a combination of five variant
genotypes based on the dichotomized genotypes of each SNP. We also used the SAS/Genetics
software to detect the linkage disequilibrium (LD) between any pair of SNPs and generated
the haplotype based on the observed genotypes [20]. The haplotype data were further analyzed
with these variables and stratified by age, sex, smoking status, number of pack-years smoked,
alcohol drinking status, and dietary intake of total folate, vitamin B6, vitamin B12, and
methionine. Potential multiplicative and additive interactions were also evaluated by
performing the logistic regression analysis [21]. All tests were two-sided and P value of <0.05
was defined as the significance level. The statistical analyses were performed by using the
Statistical Analysis System software (Version 9.1; SAS Institute, Cary, NC).

3. Results
3.1. Characteristics of the study population

We included 1032 lung cancer patients and 1145 controls in this analysis whose demographic
variables were similar to those described in previous reports [22–24]; because of the frequency
matching design, these covariates were only used for the adjustment in this analysis. However,
both smoking status and the number of pack-years smoked still showed differences between
the case and controls (P = 0.015 and P < 0.001, respectively), further suggesting that additional
adjustment is needed. The dietary intake for total folate was lower in the lung cancer patients
(mean value of 208.0 ± 69.0) compared with the cancer-free controls (220.7 ± 86.2), and this
difference was also statistically significant (P < 0.001; Student t-tests). We also detected
statistically significant difference in dietary intake of vitamin B6 (P < 0.004; Student t-tests)
but not in vitamin B12 and methionine (P = 0.528 and P = 0.791; Student t-tests) between the
case and controls. In addition, there were more alcohol users among the case than among the
controls (P < 0.001). Therefore, to remove the residual impact of these variables on the main
effects of SNPs, we included all these variables in the adjustment in the unconditional
multivariate logistic regression analysis.
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3.2. Frequency distributions of SHMT1 genotypes and alleles and their associations with
lung cancer risk

The genotype and allele frequency distributions and the associations between each of the five
SHMT1 functional SNPs and lung cancer risk are presented in Table 2. Although frequency
distributions of all genotypes in the controls did not deviate statistically significantly from
those expected under the Hardy-Weinberg equilibrium (P > 0.05 for all SNPs), there were no
statistically significant differences in the frequency distributions of these SHMT1 genotypes
and alleles between cases and controls, except for the promoter rs638416G>C, the only SNP
that was associated with statistically significantly increased risk of lung cancer in the
multivariate logistic regression analysis with adjustment for all covariates (adjusted OR = 1.30
and 95% CI = 1.00–1.70 for G allele carriers). The allele frequencies of the promoter SNPs
(rs643333C and rs638416G), the exon 12 codon 435 SNP (rs1979277T), and the 3′UTR SNPs
(rs3783G and rs1979276C) were slightly increased in the cases than in the controls and thus
considered as the risk variant alleles in further analyses. We found that the effects of the
promoter SNPs (rs643333C and rs638416G) best fit the dominant genetic model, as indicated
by the AIC values (2711.37 and 2707.58, respectively) being the smallest among all possible
assumed models. Similarly, we also found that the effects of the exon 12 codon 435 SNP
(rs1979277T), and the SNPs (rs3783G and rs1979276C) in the 3′UTR best fit the recessive
genetic models, with the smallest AIC value (2710.56, 2710.90 and 2710.69, respectively)
among all possible models.

As shown in Table 3, there was incomplete LD between the promoter SNPs (rs643333 and
rs638416) and the other three SNPs; but the LD between the exon 12 codon 435 SNP
(rs1979277) and either the 3′UTR rs3783 or rs1979276 SNPs was relatively higher (data not
shown). In further haplotype analysis, we identified 29 haplotypes from the five SHMT1 SNPs
but only 3 haplotype alleles (i.e., AGTGT, CGCCC, and CCCCC) were common (allele
frequency ≥ 5%), representing 85% of the chromosomes in the 1145 controls. However, the
frequency distribution of haplotype alleles between the cases and controls did not differ
statistically significantly. When we used the most frequent haplotype CCCCC in controls as
the reference, we found that other haplotypes were not associated with any altered lung cancer
risk (data not shown). Therefore, we then focused on the combined effect of all five loci by
generating a categorical variable, the putative SHMT1 risk variant genotypes, from among all
individual dichotomized genotypes.

3.3. Associations of the putative SHMT risk variant genotypes with lung cancer risk
The frequency distributions and the associations of the number of variant genotypes with lung
cancer risk are presented in Table 4. Although the overall frequency distribution of the
combined putative risk variant genotypes was not statistically significant between cases and
controls, individuals who carried the combined genotypes having 3+ risk variant genotypes
had an increased risk of lung cancer (adjusted OR = 1.65 and 95% CI = 1.05–2.57, compared
with those having 0–1 risk genotypes and OR = 1.21 and 95% CI = 1.01–1.45, compared with
those having 0–2 risk genotypes). In addition, the trend of the ORs for 0–1, 2, and 3+ risk
genotypes was statistically significant (P = 0.013). The stratified associations between the
dichotomized number of risk genotypes (0–2 vs 3+) and lung cancer risk are presented in Table
5. The risk was statistically significantly increased for older individuals with age older than 61
(P = 0.045) but borderline significant for women, heavy smokers, and never drinkers.
Furthermore, a statistically significantly increased risk was observed for those who had total
folate dietary intake less than 220.7 μg/day/1000kcal (adjusted OR = 1.39, 95% CI = 1.09–
1.78, P = 0.009) and those who had higher methionine intake (adjusted OR = 1.32, 95% CI =
1.01–1.71, P = 0.040), whereas this risk was only borderline significant for those who had high
intake of vitamin B6 (P = 0.057) or lower vitamin B12 intake (P = 0.075). However, we did
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not find any evidence of interactions between the putative SHMT risk variant genotypes and
the selected variables in either multiplicative or additive models (data not shown).

4. Discussion
To the best of our knowledge, this is the first large case-control study to date to show that the
rs638416G>C polymorphism in the promoter alone and the combination of SHMT1 genetic
variants was associated with risk of lung cancer in non-Hispanic whites. Furthermore, the
finding that an increased risk was more pronounced among older subjects and those who had
low total folate intake or high methionine intake may be a chance finding because of smaller
observations in the stratified analyses. Nevertheless, our results appear to support our
hypothesis that the SHMT1 genetic variants are associated with risk of lung cancer and that
this risk may be modulated by dietary nutrient intake.

Although it is likely that stratification analysis may lead to some spurious findings, our results
appear to have some biological plausibility. SHMT1 involves in the metabolism of one-carbon
units critical for the synthesis of pyrimidine and purine. Therefore, it may have a role in the
maintenance of genomic DNA integrity through effective DNA repair. One study showed that
a deletion of chromosome 17p11.2 harboring SHMT1 was associated with the Smith-Magenis
syndrome whose phenotype included midface hypoplasia and growth retardation [25]. Further,
the mothers, to whom a child of the SHMT1 codon 435 CC homozygote with neural tube defects
was born, had elevated homocysteine levels and reduced folate levels [26]. There were several
reports on the association between the SHMT1 codon 435 SNP and risk of cancer [27–29], but
the results were not conclusive, although this SHMT1 SNP causes an amino acid change from
leucine (L) to phenylalanine (F). Therefore, it was still not clear what role the SHMT1 genetic
variants may play in the etiology of cancer, because only one SNP was included in these
published studies.

The SNPs altering the conserved amino acids, i.e., non-synonymous SNPs, are more likely to
be associated with cancer susceptibility and thus often recommended for their inclusion in
association studies [30–33]. However, other types of SNPs may also have an impact on gene
functions at the transcription level through modulating its mRNA amount, such as those SNPs
that are located in the promoter and 3′-untranslated region, i.e., the regulatory SNPs. However,
such regulatory SNPs are not often included in the current molecular epidemiological studies,
because there is no information or a consensus standard for their selection for association
studies.

The relatively large sample size is a strength of this study, which made the combined and
subsequent stratification analyses possible and meaningful. Another strength of our study is
the approach used to select SNPs. We identified two new promoter SNPs of SHMT1 and their
frequency information in the NCBI dbSNP database and confirmed their locations in the
SHMT1 gene, i.e., the putative promoter region, by using bioinformatics analysis. We believe
that the set of these two SNPs together with three previously reported SNPs [12] may
collectively have some impact on the functions of SHMT1 at the transcription level. Indeed,
we found a statistically significant association between the genotypes having 3+ SHMT1
variants and risk of lung cancer in this study population. This finding is also consistent with
previous findings of SHMT1 variants in squamous cell carcinoma of the head and neck and
adult acute lymphocytic leukemia, although fewer SHMT1 SNPs were included in these studies
[12,27]. Our data presented here support the notion that a single polymorphism may only
contribute to a modest effect, if any, but the use of combined variant genotypes are more likely
to identify an association. Therefore, it appears that it is more efficient and effective to include
as many functional SNPs in one gene as possible in such association studies [34]. Such an
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approach should be of special value for evaluating the roles of those genes with low penetration
in one’s genetic susceptibility to cancer.

5. Conclusion
We observed an increased lung cancer risk associated with the rs638416G>C polymorphism
in the promoter and the combined genotypes of three or more SHMT1 putative risk variant
genotypes containing the alleles of the promoter SNPs rs643333C and rs638416G, the exon
12 codon 435 SNP rs1979277T, or the SNPs rs3783G and rs1979276C in the 3′-untranslated
region, in a large, non-Hispanic white population. The increased risk was also more pronounced
among older individuals or those with a low intake of total folate or a high intake of methionine,
but these results need to be verified in larger studies. Overall, our data support the hypothesis
that the SHMT1 genetic variants are associated with susceptibility to lung cancer. Further
prospective studies are needed to validate this finding.
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Figure 1.
Genomic structure and locations of five functional SNPs in the SHMT1 gene
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