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A B S T R A C T

Low folate intake has been associated with an increased risk of both oesophageal and gas-

tric cancers. Reduced folate carrier (RFC1, also named SLC19A1) is an essential folate trans-

porter and functions as a bidirectional anion exchanger, taking up folate cofactors and

exporting various organic anions. A G80A polymorphism in RFC1 gene has been shown

to be associated with alterations in folate and homocysteine metabolism in healthy indi-

viduals. In this study, we hypothesised that genetic variants in RFC1 may modulate risk

of oesophageal cancer (EC) and gastric cancer (GC). To test this hypothesis, we evaluated

the associations of the G80A polymorphism of RFC1 with EC and GC risk in a case-control

study of 216 EC and 633 GC cases and 673 cancer-free controls in a Chinese population. We

found that compared with the 80GG/GA genotypes in the recessive model, the variant

homozygote RFC1 80AA was associated with a significantly increased risk of EC (adjusted

odds ratio (OR) = 1.80, 95% confidence interval (CI) = 1.29–2.51), GC (adjusted OR = 1.59,

95% CI = 1.25–2.02) and EC and GC combined (adjusted OR = 1.63, 95% CI = 1.30–2.04). In

the dominant model, the risk associated with RFC1 80AA was also elevated in EC

(OR = 1.35, 95% CI = 0.91–1.99), GC (OR = 1.43, 95% CI = 1.07–1.91) and EC and GC combined

(adjusted OR = 1.40, 95% CI = 1.07–1.83), compared with the 80GG genotype. The stratifica-

tion analyses showed that effects of the RFC1 80AA genotype were more evident in sub-

groups of relatively older (P60 years), female, non-smokers, and non-drinkers both in EC

and GC. Although the exact biological mechanism of this association remains to be

explored, our findings suggest possible involvement of RFC1 variant in the susceptibility

of EC and GC. Further large and functional studies are needed to confirm our findings.

� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Gastric cancer (GC) and oesophageal cancer (EC) are the major

causes of cancer-related deaths worldwide, ranking the sec-
er Ltd. All rights reserved

6; fax: +86 25 868 62756.
Shen).
ond for GC and eighth for EC, although the incidence and

mortality of both EC and GC have been declining in recent

years.1–3 In China, both GC and EC are the leading causes of

cancer-related mortality among men and women,4 and
.
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accounted for about 38% GC cases and 48% EC cases of the

world in 1990.5 In Yangzhong county, the high-incidence area

of China, the incidence rates of GC (the world standardised

rate) were 145.26 per 105 person-years in males and 74.59

per 105 person-years in females in 2003, and that of the EC

were 93.84 per 105 person-years in males and 73.73 per 105

person-years in females.6 Epidemiological studies have dem-

onstrated that dietary factors and/or helicobacter pylori (HP)

infection play an important role in the development of gastro-

esophageal cancers.7 Studies have suggested that high con-

sumption of vegetables and fruits is associated with a

reduced risk of cancer, including EC and GC.8,9

Folate is one of the constituents in fruits and vegetables

and may provide protection against gastroesophageal can-

cers.10 Folate status is influenced by many exogenous and

endogenous factors. The common exogenous factors include

diet, smoking, alcohol consumption and some kind of drugs,

while the endogenous factors include ethnicity, functional

status of bowel and liver, and the presence of genetic vari-

ants.11,12 Folic acid is essential for both the synthesis of nucle-

otide precursors of DNA and cellular methylation reactions.

Low folate intake has been associated with an increased risk

of both oesophageal13 and gastric cancers.14,15 Genes involved

in the folate metabolism pathway are widely studied for their

role in human diseases.16–18 We previously reported that ge-

netic variants of methylene-tetrahydrofolate reductase

(MTHFR) and thymidylate synthase (TS) were associated with

the increased risk of gastric cancer.19,20 In addition to MTHFR

and TS genes in the folate metabolism pathway, the reduced

folate carrier gene (RFC1), also named solute carrier family

19 member 1 (SLC19A1), coding a typical facilitative trans-

membrane protein with 12 predicted transmembrane do-

mains in the major route of folate delivery into cells,21 has

been shown to be associated with alterations in folate and

homocysteine (Hcy) metabolism in healthy individuals.22

Odin and colleagues reported that mean expression levels of

RFC1 gene were significantly higher in tumour tissues com-

pared with mucosa of colorectal cancer,23 indicating the

importance of this gene in cancer development.

Recently, a G80A polymorphism in exon 2 (rs1051266),

which replaces Arg by His at position 27 of the RFC1 protein,

was identified,22 and the G variant was correlated with lower

plasma folate and higher homocysteine levels in healthy per-

sons.22 This G80A polymorphism in RFC1 was extensively

studied in birth defects (e.g. neural tube defects) but few in

the association with risk of cancers. Some of the studies on

birth defects reported that the allele G frequency was signifi-

cantly higher in children with neural tube defects than in the

controls,24–26 while other studies on childhood acute lympho-

blastic leukaemia reported that children with the 80 AA vari-

ant genotype had worse prognoses than patients with the GG

genotype (P = 0.04).18 However, there were no additional stud-

ies on RFC1 polymorphism and risk of other cancers.

Based on the fact that low folate intake was associated

with an increased risk of gastroesophageal cancers and that

RFC1 G80A variant was correlated with lower plasma folate,

we hypothesised that genetic variants of RFC1 (G80A, R27H)

are associated with increased susceptibility for oesophageal

and gastric cancers. To test this hypothesis, we performed

genotyping analyses on this single nucleotide polymorphism
(SNP) in a population-based case-control study of 633 GC, 216

EC patients and 673 frequency-matched cancer-free controls

in a high-risk area of gastroesophageal cancers in Jiangsu

Province, China.

2. Patients and methods

2.1. Study population

This population-based case-control study consisted of 633 pa-

tients with GC, 216 patients with EC and 673 cancer-free pop-

ulation controls. The GC and EC cases were consecutively

recruited from Yang-Zhong and Yi-Xing counties, the areas

of high gastroesophageal cancer mortality, in Jiangsu Prov-

ince, People’s Republic of China, between January 2003 and

July 2005. All the cases were incident patients and were hist-

opathologically diagnosed as gastric adenocarcinoma (GC)

and oesophageal squamous cell carcinoma (EC). The popula-

tion controls were selected from cancer-free individuals living

in the same residential areas as the cases and were fre-

quency-matched to the cases on age and sex. All the subjects

consented to participate in the study and donated a blood

sample. Trained interviewers used a pre-tested questionnaire

to determine demographic and lifestyle characteristics such

as sex, age and related factors including smoking tobacco

and drinking alcohol. After interviews, approximately 5 ml

venous blood sample was collected from each subject. Indi-

viduals that smoked once a day for over 1 year were defined

as smokers, and those who consumed three or more alcoholic

drinks a week for over 6 months were considered drinkers.

The study was approved by the institutional review board of

Nanjing Medical University.

2.2. Genotype analyses

Genomic DNA was isolated from leucocytes of venous blood

by proteinase K digestion followed by phenol-chloroform

extraction and ethanol precipitation. The PCR-restriction

fragment length polymorphism (RFLP) assay was used to

detect RFC1 G80A polymorphism. The primers were 5 0-GCA-

CAGCGTCACCTTCGTC-3 0 (forward) and 5 0-CTCCCGCGTGA

AGTTCTTGT-30 (reverse), which generated a 235-bp fragment.

The 20 ll PCR mixture contained approximately 50 ng of

genomic DNA, 12.5 pmol of each primer, 0.1 mM each dNTP,

1 · PCR buffer (50 mM KCl, 10 mM Tris HCl, and 0.1% Triton

X-100), 1.5 mM MgCl2, and 1.0 unit of Taq polymerase. The

PCR profile consisted of an initial melting step of 95 �C for 5

min; 35 cycles of 95 �C for 30 s, 60 �C for 40 s and 72 �C for

40 s; and a final extension step of 72 �C for 10 min. The frag-

ment was then digested by HhaI (New England BioLabs, Bev-

erly, MA). The wide-type (80G) allele produces three

fragments of 129, 69 and 37-bp and the polymorphic (80A) al-

lele produces two fragments of 166 and 69-bp. The digestion

products were separated on a 3% agarose gel at 80 V for 40

min and stained with ethidium bromide (Fig. 1).

Genotyping was performed without knowing the sub-

jects’ case and control status and an approximately equal

number of the cases and the controls were assayed in each

96-well PCR plate with a positive control of a DNA sample

with known heterozygous genotype. If a consensus on the
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Fig. 1 – PCR-RFLP assay was performed to genotype the RFC1

G80A. Electrophoresis in 3% agarose gel showed genotype

patterns of 80AA (166-bp + 69-bp) (Lane1), 80AG

(166-bp + 129-bp + 69-bp + 37-bp) (Lane2) and 80GG

(129-bp + 69-bp + 37-bp) (Lane3). Lane 4: water control.

Lane5: DNA marker.
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tested genotype was not reached, two research assistants

independently performed the repeated assays to achieve

100% concordance.

2.3. Statistical analyses

Differences in demographic characteristics, selected variables

and frequencies of the genotypes of RFC1 polymorphism be-

tween the cases and controls were evaluated using the v2 test.

The associations between RFC1 G80A genotypes and the risk

of GC and EC were estimated by computing the odds ratios

(ORs) and their 95% confidence intervals (CIs) from logistic

regression analyses with adjustment for age, sex, tobacco

smoking and alcohol drinking. Hardy–Weinberg equilibrium

was tested by a goodness-of-fit v2 test to compare the ob-

served genotype frequencies with the expected ones among

the control subjects. All of the statistical analyses were per-

formed with Statistical Analysis System software (v.9.1.3e;

SAS Institute, Cary, NC).
Table 1 – Distributions of select variables in oesophageal and

Variable Control (n = 673) Esophage

n % n

Age (years)

<60 315 46.8 96

P60 358 53.2 120

Sex

Male 448 66.6 142

Female 225 33.4 74

Smoking status

Non-smokers 410 60.9 102

Smokers 263 39.1 114

Drink consumption

Never 408 60.6 112

Ever 265 39.4 104

a Two-sided v2 test.
3. Results

3.1. Characteristics of the study population

Selected characteristics of the 633 GC and 216 EC cases and

673 cancer-free controls included in the study are summa-

rised in Table 1. The frequency-matching on age and sex be-

tween both GC and EC cases and controls were adequate as

suggested by the v2 tests (P = 0.243 for GC versus controls

and P = 0.583 for EC versus controls on age, and P = 0.408 for

GC versus controls and P = 0.869 for EC versus controls on

sex, respectively). The mean age was 60.5 years (±9.4 years)

for the GC patients, 61.3 years (±8.1 years) for the EC cases,

and 59.6 years (±10.3 years) for the controls. In addition, there

were no significant differences between GC patients and con-

trols in terms of tobacco smoking (P = 0.734) and alcohol

drinking (P = 0.067). However, there were significantly more

smokers and alcohol drinkers among EC patients than among

controls (P < 0.001 for smoking and P = 0.026 for alcohol drink-

ing) (Table 1).

3.2. Genotype distribution of RFC1 polymorphism among
the EC and GC cases and controls

The RFC1 G80A genotype distribution in the cases and con-

trols is shown in Table 2. The observed genotype frequen-

cies for the polymorphism were in Hardy–Weinberg

equilibrium in the controls (v2 = 3.153, P = 0.076). The RFC1

G80A genotype frequencies were 28.0% (GG), 38.2% (GA)

and 33.8% (AA) in the GC cases, 30.6% (GG), 31.0% (AG)

and 38.4% (AA) in the EC cases, and 28.7% (GG), 46.5%

(GA) and 24.8%(AA) in the controls (P = 0.001 for GC versus

controls and P < 0.001 for EC versus controls), suggesting

that the AA genotype may be a risk genotype against both

GC and EC. When the RFC1 80GG homozygote genotype was

used as the reference group, the 80AA genotype was associ-

ated with an increased risk of both GC (adjusted OR = 1.43,

95% CI = 1.07–1.91) and EC (adjusted OR = 1.35, 95%

CI = 0.91–1.99), although the association with EC was not
gastric cancer cases and cancer-free controls

al cancer (n = 216) Gastric cancer (n = 633)

% P valuea n % P valuea

0.583 0.243

44.4 275 43.4

55.6 358 56.6

0.869 0.408

65.7 435 68.7

34.3 198 31.3

<0.001 0.734

47.2 379 59.9

52.8 254 40.1

0.026 0.067

51.9 415 65.6

48.1 218 34.4



Table 3 – Stratified analyses between RFC1 polymorphism and oesophageal and gastric cancer risk by sex, age, smoking
status, drink consumption

Variable Control (n, %) Esophageal cancer
(n, %)

OR (95% CI)a Gastric cancer
(n, %)

OR (95% CI)a

GG + GA AA GG + GA AA GG + GA AA GG + GA AA GG + GA AA

Sex

Male 325(72.5) 123(27.5) 90(63.4) 52(36.6) 1.00 1.38(0.92–2.08) 294(67.6) 141(32.4) 1.00 1.30(0.97–1.74)

Female 181(80.4) 44(19.6) 43(58.1) 31(41.9) 1.00 2.87(1.61–5.12) 125(63.1) 73(36.9) 1.00 2.46(1.58–3.82)

Age (years)

<60 232(73.7) 83(26.3) 65(67.7) 31(32.3) 1.00 1.26(0.76–2.11) 183(66.5) 92(33.5) 1.00 1.43(1.00–2.05)

P60 274(76.5) 84(23.5) 68(56.7) 52(43.3) 1.00 2.28(1.46–3.55) 236(65.9) 122(34.1) 1.00 1.73(1.24–2.40)

Smoking

Never 322(78.5) 88(21.5) 62(60.8) 40(39.2) 1.00 2.44(1.52–3.90) 257(67.8) 122(32.2) 1.00 1.92(1.39–2.67)

Ever 184(70.0) 79(30.0) 71(62.3) 43(37.7) 1.00 1.35(0.85–2.16) 162(63.8) 92(36.2) 1.00 1.31(0.90–1.89)

Alcohol

drinking

Never 323(79.2) 85(20.8) 66(58.9) 46(41.1) 1.00 2.69(1.72–4.22) 282(68.0) 133(32.0) 1.00 1.87(1.36–2.57)

Ever 183(69.1) 82(30.9) 67(64.4) 37(35.6) 1.00 1.09(0.66–1.79) 137(62.8) 81(37.2) 1.00 1.30(0.89–1.92)

a Adjusted for age, sex, smoking and alcohol drinking.

Table 2 – Logistic regression analysis of associations between RFC1 polymorphism and risk of GC, EC and gastroesoph-
ageal cancer

Genotypes Controls (n = 673) Oesophageal cancer cases (n = 216) Gastric cancer cases (n = 633) GC + EC cases (n = 849)

n %a n % ORb (95% CI) n % ORb (95% CI) n % ORb (95% CI)

RFC1 G80A

GG 193 28.7 66 30.6 1.00 177 28.0 1.00 243 28.6 1.00

GA 313 46.5 67 31.0 0.60(0.41–0.88) 242 38.2 0.84(0.64–1.10) 309 36.4 0.78(0.61–0.99)

AA 167 24.8 83 38.4 1.35(0.91–1.99) 214 33.8 1.43(1.07–1.91) 297 35.0 1.40(1.07–1.83)

GG + GA 506 75.2 133 61.6 1.00 419 66.2 1.00 552 65.0 1.00

AA 167 24.8 83 38.4 1.80(1.29–2.51) 214 33.8 1.59(1.25–2.02) 297 35.0 1.63(1.30–2.04)

A allele 48.1 53.9 52.9 53.2

a The observed genotype frequency among the control subjects was in agreement with the Hardy–Weinberg equilibrium (v2 = 3.153, P = 0.076).

b Adjusted for age, sex, smoking status, drink consumption.
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statistically significant. Interestingly, the 80GA heterozygote

genotype was shown to have a protective effect on EC (ad-

justed OR = 0.60, 95% CI = 0.41–0.88) and GC (adjusted

OR = 0.84, 95% CI = 0.64–1.10) with adjustment for age, sex,

smoking and alcohol drinking in the logistic regression

analyses. In the recessive model, when the 80GG/GA geno-

types were used as the reference group, the 80AA homozy-

gote genotype was associated with a significantly 80%

increased risk of EC and 59% elevated risk of GC, respec-

tively (adjusted OR = 1.80, 95% CI = 1.29–2.51 for EC, adjusted

OR = 1.59, 95% CI = 1.25–2.02 for GC). Because the GC and EC

may share the similar exposures and genetic factors, we

combined the GC and EC cases as one case group. When

the 80GG genotype was used as the reference group, the

80AA was associated with a 40% increased risk of gastro-

esophageal cancers (adjusted OR = 1.40, 95% CI = 1.07–1.83),

and in the recession model, the 80AA was associated with

a significantly 63% increased risk of gastroesophageal can-

cers compared with the 80GG/GA genotypes (adjusted

OR = 1.63, 95% CI = 1.30–2.04).
3.3. Stratification analyses of RFC1 polymorphism

To evaluate the effects of RFC1 G80A polymorphism on EC and

GC risk according to sex, age, smoking, and alcohol drinking,

we performed stratification analyses. As shown in Table 3, the

risk of both EC and GC associated with the RFC1 80AA geno-

type were more evident among women (adjust OR = 2.87,

95% CI = 1.61–5.12 for EC, adjust OR = 2.46, 95% CI = 1.58–3.82

for GC), older subjects (P60 years) (adjusted OR = 2.28, 95%

CI = 1.46–3.55 for EC, adjusted OR = 1.73, 95% CI = 1.24–2.40

for GC), non-smokers (adjusted OR = 2.44, 95% CI = 1.52–3.90

for EC, adjusted OR = 1.92, 95% CI = 1.39–2.67 for GC) and

non-drinkers (adjusted OR = 2.69, 95% CI = 1.72–4.22 for EC,

adjusted OR = 1.87, 95% CI = 1.36–2.57 for GC, respectively)

compared with the 80GG/GA genotypes.

4. Discussion

In this population-based case-control study in a high-risk

Chinese population, we investigated the association between
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RFC1 G80A polymorphism and risk of EC and GC. We found a

significantly increased risk of both EC and GC associated with

the RFC1 80AA homozygote, and these significant associa-

tions were more evident among women, older subjects,

non-smokers and non-drinkers. These consistent results both

from EC and GC support our hypothesis that the RFC1 G80A

variant may play a role in the folate metabolism and therefore

might be involved in the gastroesophageal carcinogenesis. To

the best of our knowledge, this is the first molecular epidemi-

ological study of this RFC1 polymorphism in gastric and

oesophageal cancers.

Folate intake has been associated with a reduced risk for a

number of cancers,27–29 including gastroesophageal can-

cers,13,14 particularly in China.30,31 Mayne and colleagues re-

ported that dietary intake of folate was inversely associated

with the risk of both oesophageal and gastric cancers

(OR = 0.58, 95% CI = 0.39–0.85 for oesophageal squamous cell

carcinoma and OR = 0.73, 95% CI = 0.55–0.97 for gastric cardia

adenocarcinoma) (the 75th percentile versus the 25th percen-

tile of folate intake),14 indicating the similar mechanisms of

GC and EC. There are two principal mechanisms through

which low folate status may increase the risk of cancers.32

Firstly, folate deficiency, by reducing intracellular S-adenosyl-

methionine, can alter cytosine methylation in DNA, leading to

inappropriate activation of proto-oncogenes and induction of

malignant transformation. Secondly, folate is essential for

normal DNA synthesis and repair. Chronic folate deficiency

in vivo and in vitro has been associated with DNA strand

breaks and chromosomal damage.32,33 It is likely that not only

folate deficiency but also functional polymorphisms in genes

associated with impaired folate metabolism may contribute

to the risk of gastroesophageal cancers.

Many important genes are involved in folate metabolism,

including MTHFR, TS and RFC1 etc.19,20 The RFC1 gene is lo-

cated at the end of the long arm of chromosome 21q22.3,34

and functions as a bidirectional anion exchanger, taking up

folate cofactors and exporting various organic anions,

including thiamine pyrophosphate.22,35 Because RFC1 is

one of the key enzymes in folate metabolism pathway, it

is biologically plausible that the increased cancer risk asso-

ciated RFC1 80AA be explained by the genetic polymor-

phism modulating folate deficiency. A non-synonymous

polymorphism, G80A, in the RFC1 gene has been succes-

sively identified at codon 27 (Arg27His), causing an Arg to

His change.22 Although the exact functional relevance of

this variant is unknown, it has been demonstrated that

individuals carrying two copies of the rare RFC1 80A alleles

had significantly lower plasma folate levels and homocy-

steinemia than individuals with wild-type alleles 80G.22

Therefore, it is likely that this variant genotype may be in-

volved in gastroesophageal carcinogenesis by affecting plas-

ma folate and Hcy levels, which is associated with

suboptimal DNA methylation, DNA repair capacity and can-

cer susceptibility.

In our present association study, we confirmed that the

RFC1 80AA genotype was associated with a 43% increased risk

of GC and a 35% elevated risk of EC, compared with 80GG, and

the risk was more pronounced in the recessive model by

using the 80GA/GG as the reference group. In addition, the

RFC1 G80A polymorphism associated with an increased risk
of both EC and GC was consistently more evident among wo-

men, relatively older subjects, non-smokers and non-alco-

holic drinkers, indicating that it might play an important

role in carcinogenesis of both EC and GC. Although smoking

and alcohol drinking are established risk factors for gastro-

esophageal cancers, particularly EC, we did not find any evi-

dence for interactions between RFC1 polymorphism and

these risk factors. This observed association in subgroups

might suggest that the cancer patients without the estab-

lished risk factors may have other unknown exposures.

Although this RFC1 variant did not adequately explain the risk

for those non-smokers and non-drinkers, the observed effect

may be attributed to other folate metabolism enzymes en-

coded by genes in this same pathway such as MTHFR and

TS, as a result of cosegregation with a polymorphism in one

of these genes. This hypothesis needs to be tested in future

studies. Another possibility is that the results are due to

chance because the sample size in the subgroups was rela-

tively small.

Although this is a population-based case-control study

which has the advantage compared with hospital-based

ones in terms of selection bias in estimating exposure ef-

fects, there may still be information bias, as seen in other

case-control studies. The major shortcoming of this study

is the lack of data on detailed dietary intake of folate, plas-

ma folate or homocysteine levels, because the effect of ge-

netic variants in folate metabolic genes on cancer risk will

depend on folate intake status.36,37 Therefore, our study

could underestimate the risk in the presence of low dietary

folate intake and could not evaluate possible gene-nutrient

interaction. Another limitation of the study is that there

may be other polymorphisms in the RFC1 gene that are in

linkage disequilibrium with RFC1 G80A, because the function

of this polymorphism has not been known. Larger studies

with multiple polymorphisms are needed to verify these

findings, in which the potential gene-gene and gene-envi-

ronmental interactions on gastroesophageal carcinogenesis

could be further examined.

In conclusion, our results suggest that the RFC1 G80A poly-

morphism may be functionally relevant as evidenced by their

associations with risk of developing gastroesophageal cancers

in the Chinese population. This finding is an important addi-

tion to previously published works on the folate metabolism

pathway and needs to be further validated in larger studies

in different populations and other types of tumours. There-

fore, future studies incorporating information of dietary fo-

late intake and other potential exposure variables are

needed to evaluate gene-environment or gene-nutrient

interactions.
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