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Abstract Single-nucleotide polymorphisms (SNPs)

within genes of the one-carbon metabolism pathway have

been shown to interact with dietary folate intake to modify

breast cancer (BC) risk. Our group has previously dem-

onstrated that the Mediterranean dietary pattern, rich in

beneficial one-carbon metabolism micronutrients, protects

against BC in Greek-Cypriot women. We aimed to inves-

tigate whether SNPs in the MTHFR (rs1801133 and

rs1801131) and MTR (rs1805087) genes modify the effect

of the Mediterranean dietary pattern on BC risk. Dietary

intake data were obtained using a 32-item food-frequency

questionnaire. A dietary pattern specific to the Greek-

Cypriot population, which closely resembles the Mediter-

ranean diet, was derived using principal component ana-

lysis (PCA) and used as our dietary variable. Genotyping

was performed on subjects from the MASTOS study, a

case–control study of BC in Cyprus, using TaqMan assays.

Adjusted odds ratios (ORs) were estimated using logistic

regression analyses. High adherence to the PCA-derived

Mediterranean dietary pattern further reduced BC risk with

increasing number of variant MTHFR 677T alleles

(ORQ4vs.Q1 for 677TT = 0.37, 95 % CI 0.20–0.69, for 677

CT = 0.60, 95 % CI 0.42–0.86). Additionally, high

adherence to the Mediterranean dietary pattern decreased

BC risk in subjects with at least one MTR 2756A allele

(ORQ4vs.Q1 for 2756AA = 0.59, 95 % CI 0.43–0.81, for

2756AG = 0.59, 95 % CI 0.39–0.91) and in subjects with

the MTHFR 1298CC genotype (ORQ4vs.Q1 0.44, 95 % CI

0.30–0.65). Overall P-interaction values, however, were

not statistically significant. Our study suggests that these

MTHFR and MTR SNPs may act as effect modifiers,

highlighting their biological significance in the association

between Mediterranean diet, the one-carbon metabolism

pathway and BC.
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Introduction

Breast cancer (BC) is the most prevalent form of cancer

among the female population worldwide and the second

most common cause of cancer related mortality in women,

after lung cancer, in developed regions (GLOBOCAN

2012). It is also the most frequent form of cancer in the

female population of Cyprus, with approximately 500

female BC cases diagnosed annually according to the

National Cancer Registry. BC is a complex and multifac-

torial disease, which arises as a result of interactions
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between several genes and multiple environmental factors

(Ponder 2001). Diet is one of the environmental factors

implicated in BC risk (Vera-Ramirez et al. 2013) and epi-

demiological evidence suggests that a well-balanced diet,

such as the Mediterranean diet, could reduce the risk of BC

(Albuquerque et al. 2014; Brennan et al. 2010). The key

characteristics of a Mediterranean diet are the frequent

consumption of olive oil, the high intake of fruit, vegetables,

legumes, cereals, bread and nuts, the moderate or low

amounts of dairy products, fish, eggs and poultry, the low to

moderate consumption of wine and the low amounts of red

meat (Trichopoulou et al. 1995). Recently, an association

study in Greek-Cypriot women showed that a dietary pattern

rich in vegetables, fruit, legumes and fish, reduces the risk of

post-menopausal BC (Demetriou et al. 2012). In part, this

might explain the lower incidence rates of BC recorded in

Mediterranean countries like Cyprus, compared with the rest

of Europe and North America (GLOBOCAN 2012). How-

ever, the underlying molecular pathways that are involved in

the interplay between Mediterranean diet and BC risk

require further investigation (Vera-Ramirez et al. 2013).

One of these pathways is the one-carbon metabolism,

where the biological processes of DNA methylation and

DNA synthesis are interconnected (Xu and Chen 2009).

Both of these processes are thought to play critical roles in

carcinogenesis (Lewis et al. 2006; Maruti et al. 2009). One-

carbon metabolism requires the appropriate functioning of

specific enzymes, and ample quantities of dietary micronu-

trients, such as folate and specific amino acids (e.g. methi-

onine), which act as the substrates as well as other vitamins

(B2, B6 and B12), which act as co-enzymes (Lucock 2000;

Stevens et al. 2007). Methylenetetrahydrofolate reductase

(MTHFR) is a critical enzyme in the one-carbon metabo-

lism; it catalyses irreversibly the 5,10-methylenetetrahy-

drofolate (5,10-methyleneTHF) to 5-methyltetrahydrofolate

(5-methylTHF) (Xu et al. 2007). In turn, the 5,10-methyle-

neTHF facilitates the de novo synthesis of deoxy-thymidine

monophosphate (dTMP) (Suzuki et al. 2008). The 5-meth-

ylTHF form can transmit one-carbon units for DNA meth-

ylation through homocysteine, methionine and S-adenosy-L-

methionine (SAM), the universal methyl donor (Choi and

Mason 2002). The MTHFR gene has two functional single-

nucleotide polymorphisms (SNPs), the MTHFR 677C[T

(p.Ala222Val, rs1801133) and the MTHFR 1298A[C

(p.Glu429Ala, rs1801131), both of which have been shown

to decrease the activity of the enzyme (Frosst et al. 1995;

Weisberg et al. 2001). Another key enzyme of the one-car-

bon metabolism, is methionine synthase (MTR), which is

responsible for catalysing the transfer of a methyl group

from the 5-methylTHF to homocysteine to form a methio-

nine (Lissowska et al. 2007). At the same time, it catalyses

the de-methylation of 5-methylTHF to tetrahydrofolate

(THF), which is used for the synthesis of thymidylate

(Shrubsole et al. 2006). The MTR 2756A[G SNP

(p.Asp919Gly, rs1805087) is the most common SNP in this

gene (Ma et al. 2009a). Although the effect of this MTR SNP

on the activity of the enzyme is not yet fully defined, i.e.

whether it increases or decreases its activity (Lu et al. 2010;

Weiner et al. 2012; Yu et al. 2010), the enzyme regulates the

intracellular folate pools and maintains adequate concen-

trations of methionine and homocysteine, ensuring the

proper functioning of the one-carbon metabolism pathway

(Yu et al. 2007; Zhong et al. 2013).

Recent meta-analyses on the association between the

MTHFR 677C[T SNP and BC risk have shown conflicting

results. Some of the studies have shown a positive associa-

tion (Liang et al. 2013; Macis et al. 2007; Qi et al. 2010; Yu

and Chen 2012; Zhang et al. 2010), whereas a number of

other studies have shown no association (Lewis et al. 2006;

Lissowska et al. 2007; Zintzaras 2006). Furthermore, meta-

analyses on the association between MTHFR 1298A[C and

MTR 2756A[G SNPs and BC risk have shown no associa-

tion (Liang et al. 2013; Lissowska et al. 2007; Lu et al. 2010;

Qi et al. 2010; Qiu et al. 2011; Weiner et al. 2012; Zhong et al.

2013; Zintzaras 2006). Nevertheless, it has been suggested

that interactions between MTHFR, MTR SNPs and nutrients

participating in the one-carbon metabolism could influence

significantly the risk of BC, highlighting the biological

importance of these associations (Xu and Chen 2009).

However, results are still inconclusive (Lewis et al. 2006; Ma

et al. 2009a). In addition, in the majority of the previous

studies, only the effect of the intake of individual nutrients

and not the effect of a combination of food groups as a dietary

pattern was examined (Ericson et al. 2009; Lissowska et al.

2007; Maruti et al. 2009). In this context, the Mediterranean

dietary pattern, rich in plant-based foods (vegetables, fruit

and legumes) and fish, is characterised by sufficient levels of

folate, choline, other B vitamins and methionine, which play

an important role in the one-carbon metabolism (Mas et al.

2007; Park et al. 2012; Woodside et al. 2005).

The present study assessed the association between the

MTHFR 677C[T and 1298A[C and the MTR 2756A[G

SNPs and BC risk, using subjects from the MASTOS

study. In this study, we also assessed the interactions

between the MTHFR and MTR SNPs and a dietary pattern

that resembles the Mediterranean dietary pattern, which

was reported previously (Demetriou et al. 2012) and

examined the effects of their interactions on BC risk.

Materials and methods

Subjects

MASTOS was a population-based case–control study of

BC in Cyprus, which recruited 1,109 female BC cases aged
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40–70 years old and 1,177 controls of the same age range.

All participants were recruited between the years 2004 and

2006. Cases were women with a histologically confirmed

diagnosis of BC (diagnosed between January 1999 and

December 2006). Control women were females with no

prior history of BC, who participated in the national

mammography population screening programme and had a

negative result. Blood samples were collected from both

cases and controls. More information on the purpose,

design of the study, data collection and study population is

described elsewhere (Hadjisavvas et al. 2010; Loizidou

et al. 2010).

Dietary intake assessment

Standardised interviews were performed with each partic-

ipant using a questionnaire, especially designed to collect

extensive demographic and risk factor data (Demetriou

et al. 2012; Hadjisavvas et al. 2010). Dietary intake was

assessed using a food-frequency questionnaire (FFQ)

comprising of 32 food and beverage items, through a

standardised diet interview. This FFQ aimed to record the

routine consumption of foods of the participants over the

preceding year (for cases, this was the past 12 months prior

to diagnosis). More details about the design and structure

of the FFQ can be found in Demetriou et al. (2012).

Principal component analysis (PCA) was previously used

to investigate the dietary consumption of food items (in

g/month) included in the FFQ and also to derive the dietary

pattern that best applies to the Greek-Cypriot female pop-

ulation. This analysis was performed on the control sub-

jects. Diagonal (oblimin) rotation was used to extract

principal components, as orthogonal rotations failed to

generate interpretable results. The adherence of subjects to

each dietary pattern was estimated using a component

score for each subject based on all factor loadings and the

respective monthly consumption of each food. Eleven

components were originally found based on an eigenvalue

criterion of [1.0 and scree plot analysis. After interpret-

ability of the factors of the various components, the

retention of only four components was justified, as com-

ponents five to eleven revealed high factor loadings on

single variables. Only these four factors were thus retained

to repeat the PCA. Each of the four retained components

corresponded to a different dietary pattern: Pattern 1-Meat/

Potatoes, Pattern 2-Cereals/Milk/Dairy, Pattern 3-Cakes/

Sweets/Nuts/Crackers/Pasta/Rice and Pattern 4-Vege-

tables/Fruit/Legumes/Fish. Among the 32 food and bever-

age items, 23.6 % of the total variance was explained by

the four factors (8.05, 5.92, 5.10, 4.55 % for the four pat-

terns, respectively). It was concluded that the fourth dietary

pattern, which included high loadings of vegetables, fruit,

legumes and fish, was the one closely resembling the

Mediterranean dietary pattern. Consequently, Pattern 4 was

selected as being the most appropriate to be used in the

subsequent association analysis with BC and in the analysis

with the SNPs in this study. Quartile values for adherence

to this dietary pattern were determined according to the

score values of the controls (Demetriou et al. 2012). Sub-

jects in quartile one had the lowest consumption of vege-

tables, fruit, legumes and fish and thus lowest adherence to

the PCA-derived dietary pattern and subjects in quartile

four had the highest consumption of the same four food

groups and therefore the highest adherence to this dietary

pattern.

Genotyping

Genotyping of the MTHFR and MTR SNPs was carried

out in all study participants using TaqMan SNP geno-

typing assays (Applied Biosystems Inc.). TaqMan Uni-

versal PCR Master Mix and 30 ng of genomic DNA were

used in a final reaction volume of 5 ll for each assay.

Genotyping was performed using 384-well plates. The

order of DNA samples from cases and controls on the

384-well plate was randomized in order to ensure that

samples from cases and controls were subjected to the

same study conditions. To ensure good quality control

practices, 20 % of the samples were genotyped in dupli-

cate. These samples had exactly the same genotyping

results. Genotyping call rates for the three SNPs ranged

between 96 and 98 %.

Statistical analysis

A Chi-square test was carried out to examine Hardy–

Weinberg equilibrium (HWE) in the controls. Linkage

disequilibrium between the two MTHFR SNPs was cal-

culated as D’. P values, which were smaller than 0.05

(\0.05), were considered to be statistically significant.

Associations between each SNP and BC were investigated

with the use of logistic regression. These associations were

adjusted for menopausal status (pre- or post-menopausal)

and age. Logistic regression was also used to assess:

(a) the interactions between each SNP genotype and each

quartile (1–4) of the PCA-derived Mediterranean dietary

pattern on BC risk within a multiplicative model and

(b) the associations between PCA-derived Mediterranean

dietary pattern quartiles and BC stratified by each SNP

genotype. Additionally, associations between SNP geno-

types and BC risk stratified by the quartiles of the PCA-

derived Mediterranean dietary pattern were investigated.

However, there were no additional significant associations,

and thus, they are not further discussed (Supplementary

Table 1). Regarding interaction analysis, multiplicative

interaction terms included products of scores for SNP
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genotypes (0, for homozygous wild-type genotype; 1 for

homozygous variant genotype and 2, for heterozygous

genotype) and dietary pattern quartiles (1, for quartile 1; 2,

for quartile 2; 3, for quartile 3; 4, for quartile 4). The odds

ratios (ORs) and 95 % confidence intervals (CI) of BC risk

for all associations were adjusted for menopausal status

and age as well as for the other three dietary patterns of

the PCA (Patterns 1, 2 and 3) that were derived previously

(Demetriou et al. 2012). Age was treated as a continuous

variable, and PCA-derived dietary pattern data and SNP

data were treated as categorical variables in the statistical

model of logistic regression. A likelihood ratio test was

used to compare regression models with and without

SNPs–PCA-derived Mediterranean dietary pattern inter-

action terms, in order to derive overall P-interaction val-

ues for assessing the significance of interactions between

SNPs and dietary pattern in relation to BC risk. These

regression models were also adjusted for menopausal

status, age and for the other three dietary patterns of the

PCA (Patterns 1, 2 and 3). PCA-derived Mediterranean

dietary pattern was also treated as a continuous variable to

assess association between this PCA-derived dietary pat-

tern and BC, stratified by genotypes of the SNPs. These

associations were adjusted further for the categorical

variable of the menopausal status and for the continuous

variables of age and PCA-derived dietary patterns 1, 2 and

3. Outliers were removed from this analysis. For all

analyses above, additional adjustment for SNP genotypes

in linkage disequilibrium with the investigated SNP did

not change associations (data not shown). Statistical ana-

lysis was performed using SPSS version 21 software

(SPSS, PASW Inc., Chicago, IL, USA), STATA version

11 software (StatCorp. 2007. College Station, TX, USA)

and SNPStats, which is a web-based software, designed

for the analysis of genetic association studies (Sole et al.

2006).

Results

Characteristics and frequencies of MTHFR and MTR

SNPs

The genotype frequencies of the MTHFR 677C[T,

MTHFR 1298A[C and MTR 2756A[G SNPs among the

control group did not deviate from HWE (Table 1).

Genotype and allele frequencies of the three SNPs in cases

and controls are shown in Table 1. A considerable degree

of linkage disequilibrium was observed between the

MTHFR 677C[T and MTHFR 1298A[C SNPs

(D’ = 0.9809, P value \0.0001), a finding consistent with

other studies (Chen et al. 2005; Le Marchand et al. 2004).

MTHFR and MTR SNPs and risk of breast cancer

The associations between MTHFR and MTR SNPs and BC

risk are shown in Table 2. Women homozygous for the

variant MTR 2756GG alleles demonstrated a statistically

significant decreased BC risk, when compared to the wild-

type MTR 2756AA carriers, in the unadjusted model.

However, when adjustments were carried out for meno-

pausal status and age, this association lost statistical sig-

nificance (OR = 0.69, 95 % CI 0.46–1.02, P value =

0.06). Adjusted associations between the other two SNPs

studied (MTHFR 677C[T and MTHFR 1298A[C) and BC

were not statistically significant (Table 2).

Interaction analyses between principal component

analysis-derived Mediterranean dietary pattern,

MTHFR and MTR SNPs and breast cancer risk

In the interaction analyses, between each of the MTHFR

and MTR SNPs and the PCA-derived Mediterranean die-

tary pattern, the wild-type genotype for each of the three

SNPs at the lowest level of adherence to the dietary pattern

(quartile 1) was used as the reference group (Table 3).

None of the three SNPs studied (MTHFR 677C[T,

MTHFR 1298A[C and MTR 2756A[G) interacted signif-

icantly with the Mediterranean PCA-derived dietary

Table 1 Genotype and minor allele frequencies for the MTHFR and

MTR single-nucleotide polymorphisms (SNPs) in the MASTOS study

Gene/SNP Cases Controls

MTHFR 677C[T (rs1801133)

C/C 361 437

C/T 516 526

T/T 188 194

MAFa 0.42 0.39

Hardy–Weinberg (P value)b 0.10

MTHFR 1298A[C (rs1801131)

A/A 138 150

A/C 465 501

C/C 468 486

MAFa 0.65 0.65

Hardy–Weinberg (P value)b 0.24

MTR 2756A[G (rs1805087)

A/A 679 684

A/G 350 404

G/G 45 68

MAFa 0.2 0.23

Hardy–Weinberg (P value)b 0.41

a MAF minor allele frequency
b P value from Chi-square test performed for Hardy–Weinberg

equilibrium (HWE) evaluation
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pattern, since overall P-interaction values were not statis-

tically significant (P-interaction 0.15, 0.14 and 0.87,

respectively).

Associations between principal component analysis-

derived Mediterranean dietary pattern and breast cancer

risk, stratified by the MTHFR and MTR SNPs genotypes

In the associations between PCA-derived nutrient pattern

and BC, when stratified by each genotype of the three

SNPs, the lowest quartile (quartile 1) of adherence to PCA-

derived dietary pattern within each SNP genotype was used

as the reference group as it is shown in Table 4. High

adherence to the PCA-derived dietary pattern (quartiles 3

and 4) lowered significantly BC risk for the MTHFR

677TT women (ORQ3 vs. Q1 0.33, 95 % CI 0.18–0.60 and

ORQ4 vs. Q1 0.37, 95 % CI 0.20–0.69, P-trend\0.0001). In

addition, statistically significant decreased BC risk was

evidenced in MTHFR 677CT women who had the highest

adherence to the PCA-derived dietary pattern (ORQ4 vs. Q1

0.60, 95 % CI 0.42–0.86, P-trend = 0.01). Thus, it is likely

that the protective effect of the Mediterranean dietary

pattern becomes stronger as the number of variant MTHFR

677T alleles increases. In women who carried the variant

MTHFR 1298CC genotype, high adherence to the dietary

pattern (quartiles 3 and 4) reduced the risk of BC

(ORQ3 vs. Q1 0.48, 95 % CI 0.33–0.70 and ORQ4 vs. Q1 0.44,

95 % CI 0.30–0.65, P-trend \0.0001). No statistically

significant associations were observed between the PCA-

derived pattern and BC risk for the carriers of wild-type

alleles of both MTHFR SNPs (MTHFR 677CC or MTHFR

1298AA) (Table 4).

Additionally, high adherence to the Mediterranean die-

tary pattern resulted in a significantly lower risk for BC in

women with the wild-type MTR 2756AA genotype

(ORQ3 vs. Q1 0.68, 95 % CI 0.50–0.92 and ORQ4 vs. Q1 0.59,

95 % CI 0.43–0.81, P-trend \0.0001) and in women with

the MTR 2756AG genotype (ORQ4 vs. Q1 0.59, 95 % CI

0.39–0.91, P-trend = 0.01). Associations between variant

MTR 2756GG alleles, dietary pattern and BC were not

statistically significant (Table 4).

The results for the associations between SNPs, PCA-

derived Mediterranean dietary pattern and BC risk did not

differ whether the dietary pattern was treated as a categor-

ical or as a continuous variable (Supplementary Table 2).

Discussion

This is the first study carried out in Cyprus, investigating

the interactions between MTHFR and MTR SNPs and a

Mediterranean dietary pattern on BC risk, as well as

their effect modification on the association between this

dietary pattern and BC risk. When examining the

adjusted associations between BC risk and the three

SNPs under study, it was shown that neither of these

SNPs (MTHFR 677C[T, MTHFR 1298A[C and MTR

2756A[G) was statistically significantly associated with

BC risk, findings which are consistent with previous

meta-analyses (Lewis et al. 2006; Liang et al. 2013;

Lissowska et al. 2007; Qi et al. 2010; Qiu et al. 2011;

Weiner et al. 2012; Zhong et al. 2013; Zintzaras 2006).

Regarding the overall interaction analyses between each

of the three SNPs studied and Mediterranean PCA-

derived dietary pattern, non-statistically significant over-

all P-interaction values were obtained.

However, when the associations between the Mediterra-

nean dietary pattern and BC risk stratified by SNP genotypes

were examined, high adherence to the PCA-derived dietary

pattern significantly reduced BC risk in subjects with at least

one MTHFR 677T allele. The effect was stronger in the

homozygous variant MTHFR 677TT genotype. High adher-

ence to the Mediterranean PCA-derived dietary pattern also

lowered BC risk in subjects with at least one wild-type MTR

2756A allele with even lower Mediterranean diet adherence

(quartile 3) being protective in the homozygous wild-type

MTR 2756AA genotype. Furthermore, high adherence to the

Mediterranean dietary pattern by the MTHFR 1298CC carri-

ers also reduced BC risk. These statistically significant

Table 2 Odds Ratios (ORs) for the associations between breast

cancer risk, MTHFR and MTR single-nucleotide polymorphisms

(SNPs) in the MASTOS study

Gene/

SNP

Cases/

Controlsa
Adjustedb OR (95 % CI)c P value

MTHFR 677C[T (rs1801133)

C/C 361/436 1.00 –

C/T 516/525 1.16 (0.96–1.40) 0.12

T/T 188/193 1.19 (0.92–1.52) 0.18

Ptrend 0.13

MTHFR 1298A[C (rs1801131)

A/A 138/150 1.00 –

A/C 465/500 1.03 (0.79–1.35) 0.83

C/C 468/484 1.06 (0.81–1.39) 0.67

Ptrend 0.97

MTR 2756A[G (rs1805087)

A/A 679/681 1.00 –

A/G 350/404 0.87 (0.73–1.05) 0.14

G/G 45/68 0.69 (0.46–1.02) 0.06

Ptrend 0.12

a The number of cases and controls may differ from those of Table 1

due to confounder missing values
b Adjusted for menopausal status and age
c 95 % CI: 95 % confidence interval
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Table 4 Associations between breast cancer risk and principal component analysis (PCA)-derived Mediterranean dietary patterna, stratified by

genotypes of MTHFR and MTR single-nucleotide polymorphisms (SNPs) in the MASTOS study

Gene/SNP Dietary pattern

quartilesb: vegetables,

fruit, legumes, fish

Cases/Controls Adjustedc

OR (95 % CI)

P-trendd

MTHFR 677C[T (rs1801133)

C/C Quartile 1 98/96 1.00 0.04

Quartile 2 90/103 0.86 (0.57–1.30)

Quartile 3 85/106 0.78 (0.52–1.19)

Quartile 4 88/129 0.67 (0.45–1.01)

C/T Quartile 1 141/121 1.00 0.01

Quartile 2 135/131 0.84 (0.59–1.19)

Quartile 3 133/130 0.84 (0.59–1.19)

Quartile 4 106/142 0.60 (0.42–0.86)

T/T Quartile 1 58/35 1.00 <0.0001

Quartile 2 55/42 0.73 (0.40–1.33)

Quartile 3 39/61 0.33 (0.18–0.60)

Quartile 4 35/54 0.37 (0.20–0.69)

MTHFR 1298A[C (rs1801131)

A/A Quartile 1 34/34 1.00 0.13

Quartile 2 35/32 1.07 (0.54–2.15)

Quartile 3 38/30 1.29 (0.64–2.58)

Quartile 4 31/54 0.55 (0.28–1.07)

A/C Quartile 1 131/125 1.00 0.08

Quartile 2 121/118 0.91 (0.63–1.31)

Quartile 3 110/121 0.86 (0.59–1.24)

Quartile 4 103/134 0.73 (0.50–1.05)

C/C Quartile 1 137/92 1.00 <0.0001

Quartile 2 121/117 0.68 (0.47–1.00)

Quartile 3 112/140 0.48 (0.33–0.70)

Quartile 4 96/133 0.44 (0.30–0.65)

MTR 2756A[G (rs1805087)

A/A Quartile 1 193/148 1.00 <0.0001

Quartile 2 171/155 0.86 (0.63–1.17)

Quartile 3 161/181 0.68 (0.50–0.92)

Quartile 4 154/194 0.59 (0.43–0.81)

A/G Quartile 1 99/95 1.00 0.01

Quartile 2 95/96 0.86 (0.57–1.29)

Quartile 3 88/104 0.76 (0.51–1.15)

Quartile 4 67/108 0.59 (0.39–0.91)

G/G Quartile 1 11/11 1.00 0.25

Quartile 2 11/22 0.39 (0.12–1.23)

Quartile 3 11/12 0.63 (0.19–2.12)

Quartile 4 11/23 0.37 (0.12–1.18)

The P values (\0.05), which are statistically significant, are presented in bold. The odds ratios (ORs) (95 % confidence interval (CI)) which

correspond to the statistically significant P values are also presented in bold
a PCA-derived Mediterranean dietary pattern with high loadings of vegetables, fruit, legumes and fish, thus closely resembling the Mediter-

ranean diet
b Quartiles of adherence to PCA-derived Mediterranean dietary pattern, with subjects in quartile 1, showing the lowest consumption of

vegetables, fruit, legumes and fish, and thus, lowest adherence to this dietary pattern and with subjects in quartile 4, showing the highest

consumption of the same four food groups and therefore highest adherence to this dietary pattern
c Adjusted for menopausal status, age and for the other PCA-derived dietary components (Pattern 1, 2 and 3)
d P for trend within a specific SNP genotype across quartiles of adherence to the PCA-derived Mediterranean dietary pattern
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associations suggest that the MTHFR 677C[T, MTHFR

1298A[C and MTR 2756A[G SNPs could act as effect

modifiers on the association between the Mediterranean die-

tary pattern and BC risk. Particularly, the variant MTHFR

677T and the wild-type MTR 2756A alleles, as well as the

homozygous variant MTHFR 1298CC genotype could

enhance the protective effect of the high adherence to the

Mediterranean dietary pattern, against BC risk in the Greek-

Cypriot female population.

In contrast to other studies, which examined the influ-

ence of single micronutrients in isolation and one-carbon

metabolism SNPs, our study investigated the effect of diet

in terms of a dietary pattern that included a combination of

various nutrients and foods. Thus, the findings of our study

cannot be fully comparable with the results of previous

studies. Nonetheless, an increased BC risk, in subjects with

a combination of a low dietary intake of one-carbon

metabolism vitamins and the MTHFR 677TT alleles, was

shown in a number of earlier studies in different popula-

tions, which is in agreement with our findings (Alshatwi

2010; Chen et al. 2005; Gao et al. 2009; Lee et al. 2004;

Maruti et al. 2009; Shrubsole et al. 2004). Interestingly,

other studies evidenced a high BC risk in individuals with

the variant MTHFR 677TT genotype and increased intake

of folate (Ericson et al. 2009; Ma et al. 2009a; Stevens

et al. 2007). With respect to the MTHFR 1298A[C SNP, a

study found that females with the MTHFR 1298AC and

MTHFR 1298CC genotype and low dietary folate con-

sumption, had an increased BC risk, results which are

similar to our results (Ma et al. 2009a). In other studies,

however, no statistically significant association between

dietary intake and MTHFR polymorphisms in BC was

found (Le Marchand et al. 2004; Lissowska et al. 2007; Liu

et al. 2013; Ma et al. 2009b; Naushad et al. 2011; Shrub-

sole et al. 2006; Xu et al. 2007). This discrepancy may be

due to differences in several factors including ethnic

background, small sample sizes, low allele frequencies or

different dietary exposures (Chou et al. 2006; Ma et al.

2009a; Stevens et al. 2007).

For the association between MTR 2756A[G SNP and

BC risk, a meta-analysis which included eleven case–

control studies showed a reduced risk of BC, in European

women who had the MTR 2756GG or MTR 2756AG

genotype when compared to the MTR 2756AA genotype

(Lu et al. 2010). Nevertheless, stratification by menopausal

status revealed no statistically significant results (Lu et al.

2010), which is in agreement with our findings. Similarly

no statistically significant associations between the MTR

2756A[G SNP, diet and BC risk, were revealed in the

majority of the studies (Ma et al. 2009a, b; Shrubsole et al.

2006; Suzuki et al. 2008; Xu et al. 2007).

MTHFR is an important enzyme of the one-carbon

metabolism, critically regulating the availability of

sufficient methyl groups and the redirection of the folate

pool from DNA synthesis to methylation (Maruti et al.

2009). Both the MTHFR 677TT and MTHFR 1298CC

genotypes were reported to exhibit a lower enzyme activ-

ity, resulting in high total plasma homocysteine levels and

low serum folate levels, mainly in the form of the

5-methylTHF when compared to homozygous wild-type

genotypes (MTHFR 677CC and MTHFR 1298AA) (Ulvik

et al. 2007). This is because decreased activity of the

MTHFR enzyme causes an accumulation of the major form

of intracellular folate, the 5,10-methyleneTHF form, that

would be normally available for nucleotide synthesis,

ensuring DNA stability (Chou et al. 2006; Macis et al.

2007). Although, the increased availability of 5,10-meth-

yleneTHF in individuals with the variant MTHFR 677TT

and MTHFR 1298CC SNPs would enhance DNA repair,

their levels of methylated folate would be low in the event

that they consume low levels of dietary folate and vitamin

B2. Thus, the amount of the 5-methylTHF (major form of

circulating folate in plasma) that would be available for

DNA methylation would be decreased (Chou et al. 2006).

In turn, this may lead to DNA hypo-methylation and

activation of the expression of proto-oncogenes which may

result in an increased risk of BC (Chen et al. 2005; Ma

et al. 2009a; Stevens et al. 2007). On the other hand, when

these individuals with the variant MTHFR (MTHFR 677TT

and MTHFR 1298CC) genotypes have a high adherence to

a dietary pattern rich in plant-based food groups and ade-

quate folate levels, the 5,10-methyleneTHF would be

available in adequate amounts for nucleic acid synthesis

(Alshatwi 2010; Choi and Mason 2002; Shrubsole et al.

2004) and there would be also enough 5-methylTHF for

DNA methylation (Choi and Mason 2002). Therefore,

increased dietary intake of folate and B vitamins might

compensate for the deficiency in the activity of the

MTHFR enzyme caused by the MTHFR 677C[T and

MTHFR 1298A[C SNPs (Chen et al. 2005; Chou et al.

2006; Xu et al. 2007). Hence, the effect of the decreased

activity of the MTHFR enzyme on the biological reactions

of the one-carbon metabolism could be determined by the

dietary status of each individual (Alshatwi 2010).

In contrast to the biological significance assigned above

to the MTHFR polymorphisms, the effect of the MTR

2756A[G SNP on enzyme activity is not very clear (Lu

et al. 2010; Weiner et al. 2012). However, in the wild-type

MTR 2756AA genotype where the enzyme retains its

normal activity, high intake of methionine and folate,

through a diet rich in vegetables and fish (NutritionData

2014), might increase levels of methyl groups and of

intracellular folate. These high levels would favour DNA

methylation events as well as nucleotide synthesis, pro-

tecting thus against cancer (Cheng et al. 2008; Lissowska

et al. 2007; Yu et al. 2007). The protective effect of the

5 Page 8 of 11 Genes Nutr (2015) 10:5

123



high adherence to the PCA-derived dietary pattern in the

MTR 2756AA carriers against BC risk may be explained by

these anti-carcinogenic events. Nevertheless, the effect of

the MTR 2756A[G SNP on enzyme activity warrants

further investigation.

To our knowledge, this is the first study that focuses on

SNPs in genes of the one-carbon metabolism, linking BC

with a dietary pattern, as opposed to a single nutrient

intake. The combined intake of the food groups (vegeta-

bles, fruit, legumes and fish) included in the PCA-derived

dietary pattern contains adequate levels of micronutrients,

such as Vitamins B2, B6, B12, folate and choline, which

are all involved in DNA methylation and synthesis (Mas

et al. 2007). Indicative values for the quantities of the one-

carbon metabolism nutrients in the four food groups

(vegetables, fruit, legumes and fish) loaded in the PCA-

derived Mediterranean dietary pattern are presented in

Supplementary Table 3. It is becoming increasingly

recognised that in studies of healthy diets, it is more

informative to evaluate the impact of a dietary pattern that

represents a combination of food groups and nutrients,

rather than investigating the effect of isolated micronutri-

ents. Studying isolated nutrients could lead to misinter-

pretation of the results, since it does not represent the

in vivo situation (Brennan et al. 2010; Caballero 2003;

Gerber 2003; Velie et al. 2005; Woodside et al. 2005).

Therefore, the PCA-derived dietary pattern used in this

study has the advantages of closely resembling the Medi-

terranean diet and of being a more comprehensive

approach, since it includes consumption of several micro-

nutrients, as opposed to studies focusing on the effects of

consuming single nutrients. Other strengths of the study

include the large sample size, which provides sufficient

statistical power to study the impact of diet on BC risk. In

addition, population stratification bias is less likely in our

study, since all of the participants were Greek-Cypriots,

presenting a homogeneous sample in terms of ethnic

background.

One probable limitation of our study is selection bias,

which is a common phenomenon in case–control studies.

Nevertheless, the response rate of eligible cases was 98 %,

and the population of the study, including both cases and

controls, was selected from all over the country, suggesting

that selection bias in our study was minimal (Loizidou

et al. 2009). Another possible limitation of the study is

survival bias, since cases of the study were diagnosed with

BC between 1999 and 2006 and collected between 2004

and 2006, having over a 7-year time span between the time

of diagnosis, until the time of recruitment and collection of

samples. Some women with the most aggressive types of

BC diagnosed between 1999 and 2003 might not have been

included in the study, with the possibility of introducing

survival bias. However, any survival bias might be very

small, since the main cancer referral centre in Cyprus, has

reported a 10-year survival rate of 95 % (Bank of Cyprus

2010). In addition, the FFQ used in our study examined

only 32 food and beverage items, which is a limited

number for a typical FFQ, without taking into account any

information about dietary supplements, how each item was

consumed or how it was prepared. Hence, there is a pos-

sibility that some of the missing food items might make

important contributions to the dietary habits of the Greek-

Cypriot population. Another likely limitation of the FFQ is

the under-reporting in the assessment of dietary intake.

Nonetheless, if a recall bias of the specific groups of foods

in the PCA-derived dietary pattern is observed between

cases and controls, it would be non-differential and would

bias the association towards the null, since diet is not a

recognised risk factor for BC (Demetriou et al. 2012). PCA

has a number of limitations as well, and some of its aspects,

including the variables that were derived to be included in

the analysis, the number of the extracted factors, the type of

the rotation used and the labelling of the retained factors,

are subjective. A low amount of variance, in particular

4.55 % of the total variance in the 32 items included in the

FFQ, was explained by the PCA-derived component used

in the present study (Demetriou et al. 2012). However, this

small amount of variation is typical in dietary studies

analysed by PCA, as it is shown by the limitations of

reducing complex and highly connected dietary variables

(Wu et al. 2009).

Conclusion

In conclusion, even though the overall P-interaction values

were not statistically significant, our results support that the

MTHFR 677C[T, MTHFR 1298A[C and MTR 2756A[G

SNPs modify the effect of a high adherence to a Mediter-

ranean dietary pattern rich in vegetables, fruit, legumes and

fish, against BC risk in the Greek-Cypriot female popula-

tion. In particular, an increasing number of the variant

MTHFR 677T alleles conferred a slightly stronger decrease

in BC risk of women with a high adherence to the Medi-

terranean dietary pattern. In addition, high adherence to the

Mediterranean dietary pattern lowered BC risk in subjects

with at least one wild-type MTR 2756A allele and in sub-

jects with the MTHFR 1298CC genotype. This suggests

that the high intake of the anti-carcinogenic components of

the Mediterranean diet and the genetic variants of these key

enzymes appear to play a synergistic role in the prevention

of BC development, through the one-carbon metabolism

pathway. Future work should include functional and

quantitative studies targeting other enzymes [e.g. methio-

nine synthase reductase (MTRR) and thymidylate synthase

(TS)] and metabolites, which are involved in the one-
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carbon metabolism, in order to further clarify their inter-

action with the MTHFR and MTR enzymes as well as their

role in breast carcinogenesis.
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