
genes
G C A T

T A C G

G C A T

Review

MTHFR C677T and A1298C Polymorphisms in Breast Cancer,
Gliomas and Gastric Cancer: A Review

Igor Petrone 1,2,*, Paula Sabbo Bernardo 2,3, Everton Cruz dos Santos 1,2 and Eliana Abdelhay 1,2

����������
�������

Citation: Petrone, I.; Bernardo, P.S.;

dos Santos, E.C.; Abdelhay, E.

MTHFR C677T and A1298C

Polymorphisms in Breast Cancer,

Gliomas and Gastric Cancer: A

Review. Genes 2021, 12, 587.

https://doi.org/10.3390/

genes12040587

Academic Editors: Mariarosa Anna

Beatrice Melone and Sujoy Ghosh

Received: 21 March 2021

Accepted: 15 April 2021

Published: 17 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Stem Cell Laboratory, Center for Bone Marrow Transplants, Brazilian National Cancer Institute—INCA,
Rio de Janeiro 20230-240, Brazil; evertoncruzsantos@gmail.com (E.C.d.S.); eabdelhay@inca.gov.br (E.A.)

2 Stricto Sensu Graduate Program in Oncology, INCA, Rio de Janeiro 20230-240, Brazil; paulasabbo@gmail.com
3 Laboratory of Cellular and Molecular Hemato-Oncology, Molecular Hemato-Oncology Program,

Brazilian National Cancer Institute—INCA, Rio de Janeiro 20230-240, Brazil
* Correspondence: igordio@gmail.com; Tel.: +55-21-32071874; Fax: +55-21-32071190

Abstract: Folate (vitamin B9) is found in some water-soluble foods or as a synthetic form of folic
acid and is involved in many essential biochemical processes. Dietary folate is converted into
tetrahydrofolate, a vital methyl donor for most methylation reactions, including DNA methylation.
5,10-methylene tetrahydrofolate reductase (MTHFR) is a critical enzyme in the folate metabolism
pathway that converts 5,10-methylenetetrahydrofolate into 5-methyltetrahydrofolate, which produces
a methyl donor for the remethylation of homocysteine to methionine. MTHFR polymorphisms
result in reduced enzyme activity and altered levels of DNA methylation and synthesis. MTHFR
polymorphisms have been linked to increased risks of several pathologies, including cancer. Breast
cancer, gliomas and gastric cancer are highly heterogeneous and aggressive diseases associated with
high mortality rates. The impact of MTHFR polymorphisms on these tumors remains controversial
in the literature. This review discusses the relationship between the MTHFR C677T and A1298C
polymorphisms and the increased risk of breast cancer, gliomas, and gastric cancer. Additionally, we
highlight the relevance of ethnic and dietary aspects of population-based studies and histological
stratification of highly heterogeneous tumors. Finally, this review discusses these aspects as potential
factors responsible for the controversial literature concerning MTHFR polymorphisms.

Keywords: polymorphism; MTHFR; breast cancer; glioma; gastric cancer

1. Introduction

Folate is a water-soluble vitamin (vitamin B9) found in some foods (e.g., okra, broccoli,
asparagus, lentils, and spinach) or in a synthetic form (folic acid) used in fortification
and dietary supplementation programs [1,2]. This vitamin is a limiting factor in the
methylation reactions of DNA, RNA and proteins. Plants and bacteria can synthesize folic
acid, but not humans and other animals; the latter must synthesize folic acid through the
diet. The hydrophilic and anionic characteristics of folate at physiological pH prevent
its passive diffusion through the plasma membrane. At least three types of intracellular
folate carrier proteins have been identified: a specific anion transporter to the reduced form
with ubiquitous tissue distribution; a glycosyl-phosphatidylinositol (GPI) carrier bound to
high-affinity proton in an acidic pH environment and a transporter of high-affinity GPI
anchored proteins [3].

Folates in nature are present in a reduced form. The in vivo biological activation of
folic acid requires a reduction in the intermediate forms of dihydrofolate and tetrahydrofo-
late by adding hydrogen atoms in the pyrazine ring and pteridine at positions 7, 8 and 5,
6, 7 and 8, respectively. Folate can also bind to the carbon units of methyl groups (CH3),
methylene (CH2), formyl (–CHO–) or formimino (–CHNH–) at positions N5, N10, or both
positions of the structure. This process imparts function to folate coenzyme in various enzy-
matic systems as a carbon carrier unit at different degrees of oxidation. Carbon donor unit
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function is essential for methylation reactions, nucleotide synthesis, DNA synthesis and
repair [4–6] and can influence carcinogenesis by adverse effects on global DNA methylation
and/or promoter regions of specific CpG sites [7]. In addition to the effects of methylation
in DNA and possible subsequent damage to molecules, disturbances in the metabolism of
carbon-1 cause DNA damage via effects on nucleotide synthesis. In folate deficiency, uracil
is incorporated into DNA molecules; during repair, breaks may occur in DNA molecules
by uracil glycosylase (UDG), causing damage and chromosomal translocations, a hallmark
of genomic instability that may contribute to tumor progression [7–9].

MTHFR (5,10-methylene tetrahydrofolate reductase), MTR (methionine synthase)
and MTRR (methionine synthase reductase) are key enzymes in the metabolism of folate.
MTHFR occupies a central position while maintaining homeostasis between DNA syn-
thesis and methylation (Figure 1), promoting irreversible conversion of 5,10 methylene
tetrahydrofolate to 5-methyltetrahydrofolate [10]. The substrate 5,10 methylene tetrahydro-
folate is used by thymidylate synthase to methylate dUMP to dTMP. The latter is the only
required source of thymidine for DNA synthesis and repair, and the product functions as a
methyl donor required for the remethylation of homocysteine to methionine. This reaction
is catalyzed by the MTR enzyme and dependent on vitamin B12, which acts as a carrier
of intermediate methyl groups. The oxidation of vitamin B12 acts as a cofactor that may
inactivate MTR, which can again be functionally active when the reductive remethylation
of vitamin B12 by MTRR occurs. The reduced activity of the MTHFR pathway inhibits
the production of 5-methyltetrahydrofolate and can lead to accumulation of the substrate.
Decreased levels of the MTHFR product cause increased levels of homocysteine, decreased
levels of blood folate and displacement means for folate synthesis and DNA repair. Cir-
culating folate is a cosubstrate for the remethylation of homocysteine to methionine, and
methionine is a precursor to S-adenosylmethionine (SAM), which is the main methyl
donor. Low levels of folate and/or reduced enzyme activity of the main proteins involved
in folate metabolism may result in limiting the substrate for methionine synthase, thus
affecting the remethylation pathway and resulting in a high concentration of homocysteine
in the plasma; high plasma levels of homocysteine have been linked to several types of
human cancers [11–17].

DNA methylation causes the covalent modification of genomic DNA that alters gene
expression and the transmission of epigenetic information that is perpetuated through
DNA replication and cell division. Changes in the patterns of DNA methylation are critical
features in the process of carcinogenesis, and global DNA hypomethylation and hyperme-
thylation of specific promoters may occur. Global DNA hypomethylation is associated with
low folate intake in animals and experimental studies with human models [18,19]. Aberrant
changes in DNA methylation are involved in the generation and progression of a neoplastic
phenotype. Three processes characterize the contribution of changes in the patterns of
DNA methylation in the initiation and progression of cancer: (i) global hypomethylation
promotes chromosomal instability by the reactivation of transposable elements and loss of
imprinting; (ii) local hypomethylation induces the activation of oncogenes; and (iii) most
of the time, hypermethylation promotes the silencing of tumor suppressor genes [19–21].

Breast tumors are characterized by a high incidence among women and are one of
the main causes of mortality. Gliomas are heterogeneous tumors and have high rates of
recurrence and mortality. Gastric cancer is the fifth most common type of tumor with
the third highest mortality rate. Literature reports have demonstrated the impact of
folate metabolism on DNA synthesis and methylation, resulting in an increased risk of
several cancer types when this pathway is dysregulated. In this context, this review
discusses the relationship of changes in the folate pathway resulting from the C677T
and A1298C polymorphisms of the MTHFR gene with the process of breast, glioma and
gastric carcinogenesis.
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Figure 1. Schematic of folate metabolism. Effects of reduced MTHFR activity on DNA synthesis and methylation. DHF, di-
hydrofolate; MTs, methyltransferases; THF, tetrahydrofolate; SAM, S-adenosyl methionine; SAH, S-adenosyl homocysteine;
TS, thymidylate synthase. MTR, methionine synthase; MTRR, methionine synthase reductase.

2. MTHFR

MTHFR is a key enzyme in the folate metabolism pathway that converts 5,10-
methylenetetrahydrofolate to 5-methyltetrahydrofolate, the primary circulatory form of
folate, producing a methyl donor for the remethylation of homocysteine to methionine in
a conversion catalyzed by MTR using vitamin B12 (Figure 1) as a cofactor. Defects in the
processing of folate due to decreased enzyme activity have been associated with reduced
levels of circulating folate and may culminate in changes in the levels of DNA methylation
and gene regulation. The occurrence of polymorphisms in enzymes encoding genes of the
folate pathway provides a functional impact on metabolism [16,17,22–24].

The MTHFR gene is located at the end of the short arm of chromosome 1 (1p36.3),
and the DNA sequence for this gene is approximately 2.2 kilobases (kb) and includes 11
exons [24,25]. MTHFR polymorphisms have been extensively investigated to assess their
association in various medical conditions, primarily cardiovascular disease, thrombosis,
pregnancy complications, neural tube defects, cancer risk, and psychiatric disease [16,26].
There are two polymorphisms of the MTHFR gene already well described as associated
with numerous pathologies: C677T and A1298C [15,27,28].

3. MTHFR C677T and A1298C Polymorphisms and Cancer

The C677T polymorphism is an exchange at position 677 of the MTHFR gene whose
exchange of nucleotide cysteine for thymine culminates in the replacement of alanine by
valine in the MTHFR enzyme. This mutation is associated with reduced enzyme activity
and increased thermolability of the enzyme already reported in vitro, leading to a decrease
in 5-methyltetrahydrofolate and an increase in the accumulation of the substrate 5,10-
methylenetetrahydrofolate. The reduction in enzyme activity leads to an increase in plasma
homocysteine levels in mutant homozygous subjects and high plasma homocysteine levels;
in heterozygotes, homocysteine levels are high compared with normal individuals but
lower than homozygotes [28–31].
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The MTHFR A1298C polymorphism occurs in exon 7 and results in glutamate transfor-
mation into alanine at codon 429. This polymorphism is located in the regulatory domain
S-adenosyl methionine (SAM) of the enzyme and causes conformational changes in the
MTHFR enzyme that also reflect a reduction in enzyme activity but do not result in a
thermolabile protein [15,27]. Unlike the C677T polymorphism, the effect of the A1298C
polymorphism on plasma homocysteine levels is inconsistent. However, under conditions
of extreme folate depletion, this polymorphism becomes clinically relevant [32–34]. Many
studies have investigated the association of the MTHFR polymorphism and pathologies.
As already reported in the literature, it has been associated with vascular diseases, diabetes,
neurological diseases, recurrent pregnancy loss and infertility, and psoriasis [35–44].

Studies have shown that folate deficiencies and the presence of polymorphisms in
genes related to the folate pathway increase the incidence of cancer. MTHFR is directly
involved in folate metabolism. Therefore, MTHFR polymorphisms may directly affect
the incidence of cancer, likely by causing an imbalance in maintaining the epigenome.
However, data regarding the association between the MTHFR polymorphism status and
cancer risk have also been conflicting [26,45]. Several types of tumors have been associated
with the presence of polymorphisms in MTHFR. The MTHFR gene polymorphisms show a
relationship with leukemias and lymphomas with a more marked presence of the C677T
polymorphism than A1298G in studies with significant results obtained [46–50].

In a meta-analysis of 134 case-control studies, the MTHFR C677T polymorphism was
significantly associated with an increased risk of tumors, and stratified analyses showed an
increased risk of stomach and esophageal cancer in addition to an increased risk in Asian
ethnicities [51]. Other meta-analyses have shown an association of esophageal cancer in
individuals with the MTHFR C677T CT and TT genotypes with low folate intake, and these
effects could be largely modified using tobacco. Individuals with the MTHFR 1298 CC
polymorphism have no significantly increased risk of esophageal cancer [52,53]. The status
of the C677T homozygous polymorphism has also been linked to an increase in gastric
cancer [54], and this risk is increased in individuals with low folate intake. Additional
factors, such as diet, smoking and family history, may contribute to the risk.

In adenomatous polyposis, a precursor stage of colorectal adenocarcinoma, the 677TT
MTHFR variant is associated with a reduced risk of developing carcinoma in the presence
of high doses of folic acid and vitamins B6, B12 and/or B2 in subjects with a low intake
of alcohol. However, the risk increases in deficient vitamin nutrition [55]. This reduces
677TT variant MTHFR enzyme activity and can deflect methyl groups available via DNA
methylation in DNA synthesis, irreversibly committing 1-carbon units for the methylation
cycle and away from the synthesis of thymidylate and purine [10,20]. The MTHFR 677TT
genotype is associated with global DNA hypomethylation, which can be enhanced in
situations of folate depletion. The overall hypomethylation is associated with hyperme-
thylation of tumor suppressor genes, particularly in subjects with MTHFR 677TT [56,57].
The modulation of risk-associated with MTHFR 677TT cancer can be due to the separation
of carbon from methylation cycle group-1 and synthesis of thymidine [58]. Therefore,
functional polymorphisms in MTHFR seem to be somewhat related to several cancer types.
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4. MTHFR C677T and A1298C Polymorphisms and Breast Cancer

Breast cancer (BC) is the most common cancer type among women worldwide and
has a high mortality rate. It is characterized by the expression of aberrant genes that
confer heterogeneous morphology and aggressiveness to the tumor in addition to varied
clinical manifestations [59,60]. Genomic studies have increased the knowledge about the
heterogeneity of BC, allowing its classification into four intrinsic subtypes of invasive
tumors (IBCs) based on receptor expression: luminal A, characterized by the expression
of estrogen and/or progesterone receptors (ER/PR); luminal HER, characterized by the
expression of ER and/or PR and human epidermal growth factor receptor 2 (HER-2);
HER-2, characterized by HER-2 overexpression and the absence of ER and PR; and the
triple-negative (TN) subtype, which does not express any of these three receptors [61,62].
Ductal carcinoma in situ (DCIS) is a noninvasive BC type that can evolve to invasive types,
has been molecular characterized similarly and has been described as a possible invasive
precursor of breast tumorigenesis, although this classification and the potential to become
invasive remain controversial in the literature [63].

Several environmental and genetic elements are involved in different BC types, and
various mutations in tumor suppressor genes and oncogenes are involved in the process
of carcinogenesis [64]. Thus, polymorphisms may be responsible for the susceptibility to
BC among different populations, and studying them is critical to better understand the
biology of the tumor, to develop new strategies for the diagnosis or seek more effective
therapies for treatment. Importantly, variations in the MTHFR genotype reduce the catalytic
activity of MTHFR, and this activity is essential for DNA synthesis, methylation and
repair [65]. Functional polymorphisms in MTHFR have been shown to influence the risk of
BC, although this finding remains controversial, and the data from the evaluated studies
are shown in Table 1.

In a case-control study conducted in China with 560 patients diagnosed with BC and
560 healthy individuals, a significant association was observed between the homozygous
TT genotype for the C677T polymorphism of the MTHFR gene and the risk of BC compared
with the wild homozygous genotype CC (p = 0.007). Additionally, the CC genotype reduced
the risk of the breast carcinogenesis process (p = 0.004) in addition to reducing the risk
of death compared with the TT genotype [66]. Another group showed a 1.7 times higher
incidence of breast cancer in individuals with the polymorphic T allele and 2.5 times higher
for homozygous TT individuals than for individuals with the wild genotype. However,
they were not observed in the distribution of the A1298C MTHFR polymorphism between
cases and controls in the risk of BC [67].

Analyses of the C677T polymorphism from peripheral blood samples obtained from
100 Iranian women with BC and 142 healthy women showed that the T allele and TT
genotype had a higher prevalence in patients (p < 0.0001). Furthermore, the polymorphic
genotype correlated strongly with the risk of BC (p < 0.0001) and correlated with women
in the menopausal period (p = 0.036), although with no relationship to age, weight, body
mass or height. These results corroborate previous data from Gao et al., who showed
an association between polymorphic homozygotes and the risk of BC [68,69]. Sohn et al.
previously verified the role of the single-nucleotide polymorphism (SNP) T of the C677T
polymorphism in vitro in folate metabolism as a risk factor for BC and suggested the use
of SNPs as possible pharmacogenetics for chemotherapy treatment [70]. Controversially, a
study of 1459 women aged between 25 and 64 years revealed no statistically significant
correlation between the risk of BC and the C677T polymorphism, although breast cancer
was more prevalent in women with the T allele and low folate intake, suggesting that the
polymorphic allele can be considered an important risk factor for breast cancer [71].

A meta-analysis publication performed by He and colleagues observed a strong ten-
dency toward the risk of BC in women with polymorphic homozygous (TT) and het-
erozygous (CT) genotypes for the MTHFR C677T polymorphism. This risk was increased
in women of Asian and Caucasian ethnicities, suggesting that polymorphism may be a
risk factor for tumorigenesis [72]. However, another publication that evaluated a pooled
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control and meta-analysis case study observed no association between the replacement
of cytosine by thymine at position 677 of the MTHFR gene, although the risk of BC in the
presence of the polymorphism was higher among Caucasian and Asian populations of the
evaluated groups [73]. Analyses of another meta-analysis study that evaluated 57 other
studies suggested a positive association between the C677T polymorphism and the risk of
BC, particularly in Asian populations (odds ratio = 0.942). However, this meta-analysis
provided evidence that the A1298C polymorphism would not be significantly associated
with BC risk [74].

Considering the possible relationship between the polymorphism and Caucasian
and Asian ethnicities, another group evaluated the influence of the C677T and A1298C
polymorphisms in Latin American populations and found a high risk for the development
of BC in homozygous, recessive and allelic genetic models for the C677T polymorphism
(p = 0.02, p = 0.04, and p = 0.01, respectively). However, no association was observed
between the A1298C polymorphism and the risk of developing BC in Latino American
populations [75]. In a study performed using DNA extracted from the peripheral blood of
100 Brazilian women with BC and 144 healthy women, an association between the recessive
model of the C677T polymorphism (TT) and an increased risk of BC was observed (p = 0.03).
These data corroborated previous case-control studies of Chinese women who also showed
a risk of developing BC in women with the 677TT genotype [76–78]. Analyses of the
CT + TT genotypes together versus TT in Moroccan and Kazakhstan women suggest a
relationship of only one polymorphic allele with the increased risk of BC, and this influence
of the allele was not observed in Brazilian women [76,79,80]. Interestingly, the AC and
CC genotypes of the A1298C polymorphism have been linked to a decreased risk of BC
in Kazakhstan women [79]. However, the association of the 677TT polymorphism with
alcohol consumption and BC incidence was observed in Brazilian women aged older than
50 years. By contrast, the relationship between the increased risk for BC was not observed
in women with the homozygous polymorphic genotype TT and body mass index and
tobacco consumption [76].



Genes 2021, 12, 587 7 of 27

Table 1. Effect of the polymorphisms on breast cancer risk.

Study Type Number of Participants Ethnicity SNP Risk Association References

Case-control 560 BC cases and 560 controls Chinese C677T Significant association of the TT
genotype with the risk of BC. [66]

Case-control 150 BC cases and 150 controls Jordanian C677T
A1298C

Influence of the T allele and TT genotype
on the risk of BC.
No significant differences for A1298C in
BC risk.

[67]

Case-control 100 BC cases and 142 controls Iranian C677T
Correlation of the T allele and TT
genotype with the risk of BC and
menopause status.

[68]

Case-control 669 BC cases and 682 controls Chinese C677T
A1298C

TT genotype associated with BC risk.
Low folate intake associated with the
susceptibility to BC at 1289A/A, 677C/C
and 677C/T.

[69]

Case-control 1459 BC cases and
1556 controls Chinese C677T

Highest prevalence of BC was observed
in women with the T allele and low
folate intake.

[71]

Meta-analysis 19,260 BC cases and
23,364 controls Asian and Caucasian C677T

Strong trend toward the risk for BC in
the TT and CT genotypes. Increased risk
in Asian and Caucasian populations.

[72]

Case-control and
Meta-analysis pooled

28,619 BC cases and
32,388 controls Indian C677T No association between the exchange of

T for C at position 677 of MTHFR. [73]

Meta-analysis 25,877 BC cases and
29,781 controls

Asian, Caucasian and Mixed
population

C677T
A1298C

Positive association between C677T and
the risk of BC, particularly in
Asian populations.
Non-significant association of A1298C
with BC. The A allele affects BC risk in
Caucasian populations and a reverse
effect in Asian and mixed populations.

[74]

Meta-analysis 3362 BC cases and
4175 controls Latin American C677T

A1298C

High risk of BC for C677T. No evidence
of a relationship between the A1298C
polymorphism and BC.

[75]

Case-control 100 BC cases and 144 controls Brazilian C677T

Significant association of TT with an
increased risk of BC. Relationship
between alcohol consumption and the
incidence of BC.

[76]
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Table 1. Cont.

Study Type Number of Participants Ethnicity SNP Risk Association References

Case-control 315 BC cases and 604 controls Kazakhstan C677T
A1298C

CT and TT genotypes associated with an
increased risk of BC. AC and CC
genotypes associated with a decreased
risk of BC.

[79]

Case-control 96 BC cases and 117 controls Moroccan C677T

T allele and TT genotype associated with
increased risk for BC. Correlation
between polymorphism and
PR expression.

[80]

Case-control 253 BC cases and 257 controls Brazilian C677T
A1298C

C677T associated with metastasis and
ER expression.
AA genotype associated with higher
degrees of BC and ER expression.

[81]

Meta-analysis 19,527 BC cases and
23,123 controls

Asian, Caucasian and
Mixed population A1298C Association between the C allele and CC

genotype and increased risk for BC. [82]

Case-control 61 BC cases and 63 controls Brazilian
C677T

A1298C
TYMS

No association between C677T and
A1298C polymorphisms and BC.
Association between TYMS
polymorphism with risk of more
aggressive BC subtypes

[83]

Case-control 58 BC cases and 58 controls Italian C677T
A1298C

Polymorphisms related to
BC progression. [84]

Case-control 610 BC cases and
1207 controls North American C677T

A1298C

No association between polymorphisms
and BC. Relationship between folate
levels and BC.

[85]

Case-control 100 BC cases and 60 controls Egyptian C677T
A1298C

Association between TC mutant
haplotype and BC aggressiveness. [86]

Case-control 124 BC cases and 63 controls Asian C677T
A1298C

TT genotype associated with BC risk in
advanced age patients [87]
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Another group that evaluated 253 Brazilian women with BC and 257 healthy women
aged older than 50 years found an association of the C677T polymorphism with distant
metastases (CC versus CT + TT, p = 0.028; CT versus CC + TT, p = 0.031) and with the
expression of ER (p = 0.02). Interestingly, analyses of the A1298C polymorphism performed
by the same group showed an association of the wild-type homozygous (AA) genotype
with higher degrees of severity of sporadic breast cancer given the lower prevalence of
patients with this genotype in stage 0 of the disease. The authors suggested that the C677T
and A1298C polymorphisms were not associated with the risk of BC, but might modulate
the severity of the disease [81]. Conversely, the results of another meta-analysis showed an
increased risk of BC associated with the C allele of the A1298C polymorphism, particularly
in Caucasians and Asians when stratifying ethnic analyses. Additionally, the polymorphic
homozygote (CC) showed a higher risk of developing BC than the wild homozygote (AA),
suggesting a significant association of the MTHFR A1298C polymorphism with the risk
of developing BC [82]. In a recent case-control study carried out with women from the
North of Brazil, no significant associations were observed between the C677T and A1298G
polymorphisms with the risk of BC. However, the group found a strong association between
polymorphism in a gene encoding thymidylate synthase (TYMS) and the risk of developing
more aggressive BC subtypes. Importantly, TYMS displaces the accumulated MTHFR
substrate (5,10-methylenetetrahydrofolate) in response to decreased enzyme activity for
DNA synthesis and contributes to methylation imbalance and the results of this group
suggest that the decrease in MTHFR activity and the levels of global methylation can occur
in response to the displacement of the substrate for DNA synthesis in response to TYMS
polymorphisms [83].

In a case-control study with 58 women with IBC and 58 healthy women, a trend
was observed for the association between the most aggressive BC biotypes (HER-2 and
TN) and the mutant allele variants of the C677T and A1298C polymorphisms. The as-
sociation of the biophenotype and polymorphisms highlighted the risk of presenting a
more aggressive biophenotype two or three times higher in patients with the C677T and
A1298C polymorphisms, respectively, suggesting an association of the polymorphisms
with tumor progression. Additionally, the group also showed an association of the A1298C
polymorphism with the risk of lymph node metastasis and an increased risk of developing
BC in patients with polymorphic homozygous (CC) genotypes and overweight individ-
uals [84]. However, Houghton et al. did not observe a significant association between
polymorphisms and BC, although relating the presence of the polymorphism to plasma
folate levels has shown a strong relationship with BC. Additionally, the folate levels were
significantly associated with invasive BC and positivity for hormone receptors (ER and
PR) [85]. Another case-control study carried out in Egyptian women showed a strong asso-
ciation between CT/TT genotypes as well as AC/CC with BC susceptibility. In addition the
strong presence of the TC mutant haplotype associated with overexpression of the HER-2
receptor, the presence of tumor cells in the lymph nodes and the size of the tumor suggests
a relationship between the C677T and A1298G polymorphisms with BC aggressiveness
and the use of the evaluation of these polymorphisms as possible markers predictive and
prognostic factors for the development of BC [86]. Recently, a case-control study in a
South Asian population showed for the first time an association between the homozygous
polymorphic T genotype of the C677T polymorphism and the risk of breast cancer in older
patients (>35 years) suggesting that the reduction of enzyme activity of MTHFR for breast
cancer risk may be related, among other epigenetic factors, to age. Interestingly, in the same
study, the lack of the CC genotype in patients suggests a protective effect of the A1298C
polymorphism against breast cancer [87]. More robust studies that include pre-invasive
breast cancer phenotypes (DCIS) are needed to better standardize the relationship of these
polymorphisms with the risk of BC.
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5. MTHFR C677T and A1298C Polymorphisms and Glioma

Central nervous system (CNS) tumors represent approximately 1.4% of the global
tumor burden, with an increasing incidence worldwide [88,89]. The global incidence of
malignant brain tumors is estimated to be 4.25–5.57 cases per 100,000 habitants, accounting
for 960,000 cases per year [90,91]. Despite the low incidence, malignant brain tumors are
associated with high morbidity and mortality rates [92]. Brain and other CNS tumors are
highly heterogeneous; according to the World Health Organization (WHO) histological
classification, they are divided into four malignancy grades [93]. In 2016, WHO published
an integrated classification based on histological and molecular parameters, representing a
breakthrough for CNS tumor diagnoses, mainly for gliomas [94]. Gliomas can be divided
into oligodendroglioma, astrocytoma, ependymoma and mixed tumors depending on the
affected glial cell type [93]. Among them, glioblastoma (GBM) is the most aggressive and
malignant subtype of astrocytoma (WHO grade IV) [94]. Meningiomas and gliomas are the
most common CNS tumors, representing 37.6% and 25.5% of these tumors, respectively [92].
Meningioma is the most frequent nonmalignant tumor (53.3%), while GBM is the most
frequent malignant one (48.3%).

WHO classification influences treatment choices and is a predictor of tumor biologi-
cal behavior. Molecular classification provides insights to understand disease initiation,
progression, and the development of targeted therapies. In this context, understanding
the controversial impact of genetic polymorphisms involving folate metabolism in brain
tumors is relevant. As previously detailed, MTHFR C677T and MTHFR A1298C polymor-
phisms confer lower functioning MTHFR enzymes and are associated with increased cancer
risk [95]. The production of the universal methyl donor SAM is dependent on MTHFR,
which is a rate-limiting enzyme in this process. Additionally, intracellular SAM production
is reduced by methyl-deficient diets and an inadequate supply of folate and vitamins
B6 and B12, leading to genomic hypomethylation [96]. Several studies have associated
genomic hypomethylation with tumorigenesis by promoting genomic instability, the loss
of imprinting and oncogene activation [97,98]. Thus, we intend to summarize and critically
explore available literature reports on MTHFR polymorphisms in CNS tumors. The studies
evaluated in this review and their results are shown in Table 2.

In pediatric tumors, a case-control study of 73 Thai children with different types of
brain tumors demonstrated that the CC allele of the MTHFR A1298C polymorphism was
associated with a 3.9-fold increased risk of embryonic tumors such as medulloblastoma,
pineoblastoma and primitive neuroectodermal tumor (PNET). This polymorphism was
not associated with an increased risk of glial and germ cell tumors [99]. They also ob-
served a 5.2-fold increased risk of glial tumors for the homozygous TT allele of MTHFR
C677T; however, this increase was not statistically significant. Conversely, Salnikova and
colleagues (2013) found no association of the MTHFR polymorphism and pediatric brain
tumor risk [100]. Several studies have demonstrated an association between maternal
folate intake (food or supplementation) during pregnancy and a reduced risk of brain
tumors in children [101,102]. Bunnin and colleagues (1993) observed a reduced risk of
PNET, but not astrocytoma associated with folate intake in young children [103]. Some
Asian and African countries have struggled to provide the proper coverage of iron-folic
acid supplementation during pregnancy, as recommended by WHO guidelines [104,105].
Therefore, the divergence observed between the studies could be associated with the ma-
ternal diet because folate and vitamins B6 and B12 are cofactors for SAM production and
required for proper enzymatic activity. An appropriate diet might compensate for the
reduced enzymatic activity conferred by MTHFR polymorphisms, reducing tumor risk.

The geographical distribution of folate-rich nutrients may be associated with the
MTHFR C677T polymorphism frequency. Populations with a folate-rich diet have a higher
frequency of the MTHFR 677TT genotype. This genotype has been associated with fetal
survival, although it has also been associated with increased cancer risk. The MTHFR
677TT genotype has been associated with a protective role in adequate folate concentrations;
nonetheless, it can enhance cancer risk when the folate supply is inadequate [106]. There-
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fore, folate and vitamin B6 and B12 levels should be included in MTHFR polymorphism
studies in cancer risk assessment. One literature report observed no significant difference in
the serum folic acid and vitamin B12 levels concerning MTHFR polymorphisms [107]. Ad-
ditionally, they found no association between meningioma or glioma risk and the MTHFR
C677T polymorphism in the Indian population. This literature report supports that the
MTHFR C677T polymorphism does not increase the risk of cancer development when there
is adequate folate intake.

Folate supplementation in animal models has a chemopreventive effect on the initial
development of lesions in the colon. However, after establishing preneoplastic lesions,
folate favors increased tumor growth, likely due to folate-dependent DNA synthesis in
tumor cells [10,108,109]. Using rodent models of gliomagenesis, treatment with folate limits
the development of glioma, inhibits tumor growth, and reduces overall methylation gain.
Furthermore, folate supplementation reduces the methylation levels in tumor suppressor
genes such as PTEN, P53 and Bax while increases the methylation levels of the MGMT
promoter and oncogenes such as PDGF-B [108]. However, folic acid favors glioblastoma
cell line stemness via tumor sphere formation, demonstrating MTHFR upregulation and
hypomethylation compared with monolayers [110]. Folate may play a dual role in gliomas
by preventing tumor initiation or promoting tumor progression.

Several studies have found no association between polymorphisms and glioma de-
velopment [100,107,111] and overall survival [112]. Notably, the influence of ethnicity in
MTHFR polymorphisms is associated with glioma risk. The genotypic frequency of MTHFR
polymorphisms differs among ethnicities and can be a bias source in risk assessment [113].
Therefore, studies were addressed by population. An Indian study found no association of
the MTHFR 677TT genotype with glioma, even when stratified by histological type or WHO
grade [112]. Additionally, a Brazilian population-based study did not find the MTHFR 677TT
polymorphism in astrocytic tumors, suggesting a protective role for this genotype [114].
The authors also stratified samples by histological grade (I–IV), but no significant difference
was observed between the MTHFR 677CC and 677CT genotypes. The lack of significance
could be associated with the small sample size in each stratification group. Conversely, a
case-control study in Turkey with 74 patients and 94 controls demonstrated a higher fre-
quency of the MTHFR 677TT genotype in high-grade gliomas than in the meningioma and
control groups [115]. Brazilian and Turkish general populations have similar MTHFR 677TT
polymorphism frequencies (7.7% and 7.1%, respectively), while the Indian population has a
lower frequency (3.8–5%) [107,112,114,115]. These differences highlight the importance of
studying diverse ethnic groups and stratifying glioma subtypes to perform more accurate
analyses. Gliomas have different histological and molecular characteristics that should be
grouped separately. The Turkish study evaluated high-grade gliomas, while the Brazilian
study included only astrocytomas. The lack of studies with appropriate stratification is a
limitation and might be partially responsible for the controversial literature. However, it
is difficult to evaluate polymorphisms in stratified histological types because of the low
incidence, as a result of the small number of patients per histological group.

Systematic reviews and meta-analyses can be useful tools to address the impact of
publications with small sample sizes in the field. Two meta-analyses demonstrated no
enhanced risk of glioma development based on the MTHFR C667T polymorphism [116,117].
One of them considered only case-control studies with gliomas (1786 cases and 2076
controls), and the other considered gliomas and meningiomas (3059 cases and 3324 controls).
Carriers of MTHFR TC present an increased risk of meningioma [117]. According to
ethnicity, the Asian group with MTHFR C677T presented a statistically non-significant
higher risk of brain tumors, likely due to the small sample size. However, Caucasians
showed no difference [116,117].

A meta-analysis was conducted to evaluate the impact of the MTHFR A1298C poly-
morphism on meningioma and glioma risk [118]. The analyses included 5 case-control
studies with 2997 cases and 3403 controls. They found that heterozygous (AC versus AA)
and dominant (CC + AC versus AA) variants were associated with an increased risk of
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meningiomas and gliomas, although only gliomas presented an increased risk associated
with any MTHFR A1298C genotype. Furthermore, an increased risk was observed in the
Caucasian population but not in the Asian population. However, an Indian population-
based study demonstrated that the CC genotype had a 38% reduced chance of meningioma
compared with the AA genotype of the MTHFR A1298C polymorphism [107]. Additionally,
no enhanced risk was found when other SNPs were combined, such as MTHFR C677T and
polymorphisms in MTRR and MTR.

In the Chinese population, two studies presented opposing results on meningioma risk.
One study observed that meningiomas have a lower frequency of MTHFR 677TT and the
T allele [119], while the other observed a significantly higher frequency [120]. Both reports
demonstrated no difference in the MTHFR A1298C polymorphism. Additionally, no significant
differences were found after WHO grade stratification [119,120]. A meta-analysis including
1615 meningioma cases and 1909 controls from nine case-control studies observed that the
MTHFR 677CT genotype was associated with an increased risk of meningioma [121]. Stratifi-
cation by population demonstrated no difference in Asian population, but an increased risk
was associated with the Caucasian population. Similarly, the MTHFR A1298C polymorphism
was associated with an increased meningioma risk only in the Caucasian population [122].

Meningiomas and gliomas are the most studied CNS tumors regarding MTHFR
polymorphisms. A large case-control study with 1005 glioma cases, 631 meningioma
cases and 1098 controls demonstrated that the heterozygosity for MTHFR A1298C and
MTHFR C677T was associated with an increased risk of meningioma [10]. Glioma risk
was increased only by MTHFR A1298C heterozygosity. Additionally, the authors stratified
samples into GBM, oligodendrocytes, other astrocytomas and other glioma subtypes.
They demonstrated that the MTHFR A1298C polymorphism was mostly associated with
GBM and oligodendrocytes increased the risk. Regarding GBM, another study found no
association between the MTHFR C677T polymorphism and disease risk [111]. Linnebank
and colleagues demonstrated that the T-allele of the MTHFR C677T polymorphism is
associated with poorer overall survival in GBM, likely mediated by reduced enzymatic
activity [123]. The MTHFR c.677TT genotype is an independent poor prognostic factor in
the younger patient group (<60 years). Reduced enzymatic activity has also been associated
with the MGMT promoter and DNA hypomethylation [124]. Additionally, a retrospective
cohort of patients with recurrent GBM presented genomic DNA hypomethylation [125].
The authors demonstrated that the MTHFR 677TT genotype was associated with reduced
DNA methylation and suggested that patients harboring the MTHFR 677TT could benefit
from treatment with a new approach based on perillyl alcohol inhalation.

Cadieux and colleagues (2006) evaluated the association of the MTHFR C677T poly-
morphism with DNA hypomethylation in GBM cell lines and patient samples [124]. All the
cell lines evaluated and 8 of 10 primary GBM samples presented genome-wide hypomethy-
lation. MTHFR is located at Chr1p, a region commonly deleted in GBM. Hence, four
GBM samples presented allelic loss of MTHFR. The loss of the MTHFR allelic region and
presence of low-functioning-allelic (CT and TT) genotypes were associated with a lower
DNA methylation profile. Thus, only tumors with a CC genotype (Ala/Ala) presented no
genomic hypomethylation. Collectively, these studies point to a central role of the MTHFR
genotype in DNA hypomethylation in GBM. However, the impact of this phenomenon on
glioma risk requires further confirmation.

In the present review, we detailed studies with controversial results regarding the
impact of MTHFR polymorphisms on glioma risk. Herein, we discussed the following
factors that might contribute to the controversial literature: a) ethnicity; b) histological sub-
types; and c) dietary intake of vitamins B6 and B12 and folate. Despite the effort of several
studies to address the ethnic impact in the risk assessment of MTHFR polymorphisms,
small patient samples have limited the results. Additionally, histological stratification has
limited statistical power due to the small sample size. A comprehensive evaluation in
a larger cohort is essential to elucidate the influence of these factors on the relationship
between MTHFR polymorphisms and glioma risk.
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Table 2. Effect of the polymorphisms on brain tumor risk.

Study Type Number of Participants Ethnicity SNP Histological
Stratification Risk Association Reference

Case-control
Pediatric tumors

284 cases and
464 controls

Caucasian, East Slav and
Russian (grouped together) C677T Glial tumors and

embryonic brain tumors
No risk associated with brain
tumor development [100]

Case-control
Pediatric tumors

73 cases and
205 controls Thai C677T Brain tumors

No stratification

Statistically non-significant 5.2 times
increased risk of glial tumors for the
homozygous TT allele

[99]

A1298C
Increased risk of embryonic tumors
No risk associated with glial and germ
cell tumors

Case-control
Hospital based

108 gliomas,
76 meningiomas and

104 controls
Indian C677T No WHO malignancy

grade stratification
No risk associated with gliomas or
meningioma development [107]

A1298C
Increased risk of glioma
38% reduced risk of meningioma for CC
and ‘C’ allele containing genotypes

Case-control 112 glioma cases and
141 controls Indian C677T

Astrocytoma,
glioblastoma,

oligodendroglioma and
other types of glioma

No risk associated with any glioma type
or overall survival [112]

Case-control
Hospital based

39 HGGs,
35 meningiomas and

98 controls
Turkish C677T

High-grade gliomas
(HGG) and

meningiomas

No risk associated with meningioma
Non-significant 2.15 times increased risk
of HGG for the homozygous TT allele

[115]

Case-control 93 cases and 93 controls mixed Brazilian C677T

Astrocytic tumors
subdivided in WHO

grade I (17), grade II (19),
grade III (14), and grade

IV (43)

Potential protective effect for the
homozygous TT genotype
No risk associated with
histological subtypes

[114]

Case-control 6oo cases and
600 controls Chinese Han population C677T

Meningiomas
subdivided in WHO
grade I (391), grade II

(167) and grade III (42)

Reduced risk associated with TT and ‘T’
allele-containing genotypes
No risk associated with subtypes

[119]

A1298C No association with meningioma general
risk or subtypes

Case-control 317 cases and
320 controls

Northern Chinese Han
population C677T Meningioma without

WHO grade stratification
Increased risk of meningioma for the
TT genotype [120]

A1298C No risk association
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Table 2. Cont.

Study Type Number of Participants Ethnicity SNP Histological
Stratification Risk Association Reference

Case-control
631 meningioma,
1005 glioma and

1098 controls
Caucasian C677T

GBM, oligodendrocytes,
other astrocytomas and
other gliomas’ subtypes

Increased risk of meningioma, but
not glioma [10]

A1298C
Increased risk of meningioma,
glioblastoma and oligodendroglioma for
the heterozygous genotype

Meta-analysis
1323 cases and

1883 controls from
10 studies

Caucasian, Chinese, Asian C677T Meningioma No risk association [122]

1855 cases and
3331 controls A1298C

Increased risk for Caucasian populations
in heterozygous (AC) and dominant (CC
+ AC) models

Meta-analysis 1615 cases and
1909 controls Asian and Caucasian C677T Meningioma without

WHO grade stratification

Increased meningioma risk for CT
genotype carriers in the total population.
No risk associated with Asian
populations and increased risk for
Caucasian populations with CT and
TT genotypes

[121]

Meta-analysis 1786 cases and
2076 controls

Asian, Brazilian and
Caucasian C677T Glioma without WHO

grade stratification
No association was observed for total
population or Caucasian populations [116]

Meta-analysis 3059 cases and
3324 controls

Asian, Brazilian and
Caucasian C677T Glioma and meningioma

Increased risk for T allele carriers (TC +
TT) and 1.38 times increased risk of
meningioma for TC carriers Asian
populations had an increased brain tumor
risk, but no association was observed for
Caucasian populations

[117]

Meta-analysis
2236 cases and

2248 controls from
five studies

Asian and Caucasian A1298C Glioma and meningioma

Increased glioma risk in the total
population. In Caucasian populations,
increased risk of meningioma and glioma
in the heterozygous model (AC) and
dominant model (CC + AC)

[118]

Case-control 328 cases and
400 controls Caucasian C677T Glioblastoma No risk associated with

the polymorphism [111]

Retrospective
cohort study 214 patients Caucasian C677T Glioblastoma Poor overall survival in patients younger

than 60 years [123]

A1298C No association with overall survival

PNET = primitive neuroectodermal tumor; AT/RT = atypical teratoid rhabdoid tumor; WHO = World Health Organization; HGG = high-grade glioma.
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6. MTHFR C677T and A1298C Polymorphisms and Gastric Cancer

Gastric cancer (GC) is the fifth most common cancer and third leading cause of cancer-
related death, responsible for almost 800,000 deaths each year [126]. Generally, the average
age of its occurrence is 60–80 years, and cases younger than 30 years are rare. Thus, GC is
considered a senile disease [127,128]. East Asian countries, followed by Eastern Europe and
South American countries, have the highest incidence rates. The lowest rates are observed
in North America and Africa [129]. Although the incidence of GC has decreased in most
countries and despite advances in diagnoses, the disease is usually detected in advanced
stages, mainly because of the nonspecificity of symptoms in early stages. The average
survival in five years is only 20%; additionally, surgery and chemotherapy have limited
value in treating advanced cases. Furthermore, few targeted therapies are available that
use molecular markers [127].

GC is a multifactorial disease comprising lifestyle, aging, socioeconomic factors, infec-
tious agents such as Helicobacter pylori (classified as group 1 carcinogenic and associated
with 80% of cases), Epstein–Barr virus (associated with 10% of tumors) and multiple ge-
netic and epigenetic alterations [128,130]. According to Lauren’s classification, gastric
adenocarcinomas are basically divided into two types: intestinal (well differentiated with
cohesive neoplastic cells, forming structures similar to tubular glands) and diffuse (poorly
differentiated with infiltration and thickening of the stomach wall without a formation
discrete mass). These two types differ not only under histological analysis but are also
associated with sex, age, and other epidemiological characteristics [127,131,132].

Recently, new molecular classifications of GC have become available. The Cancer
Genome Atlas (TCGA), using high-throughput technologies, has molecularly characterized
gastric adenocarcinoma into four subtypes: Epstein–Barr virus (EBV)-infected tumors,
microsatellite instability tumors (MSI), genomically stable tumors (GS), and chromoso-
mally unstable tumors (CIN) [133]. Similarly, the Asian Cancer Research Group (ACRG)
has characterized gastric adenocarcinoma into four subtypes: tumors with microsatellite
stable/epithelial-to-mesenchymal transition (MSS/EMT), tumors with microsatellite insta-
bility (MSI), microsatellite stable/TP53 activity (MSS/TP53+) tumors, and microsatellite
stable/TP53 inactivity (MSS/TP53-) tumors [133,134]. These initiatives have valuable
potential in clinical implications, mainly in therapeutic development, new clinical trials
and targeting.

The relationship between the MTHFR polymorphism and clinical outcomes of GC pa-
tients has been determined in many populations; however, the results remain controversial
to some degree, demonstrating that the association between the methylenetetrahydrofolate
reductase polymorphism and risk of GC is a complex issue. The relationship between the
presence of C677T and A1298C polymorphisms and risk of GC among different populations
is shown in Table 3.

A prospective study performed with an eastern Turkish population assessed the
relationship between the MTHFR A1298C and C677T polymorphisms in gastrointestinal
tumor development and included 70 GC patients. Individuals carrying genotype AC of
the A1298C polymorphism compared with those with AA had a 4.13 times higher risk
(p = 0.001) of developing GC, and individuals with the CC genotype compared with the
AA genotype had a 2.91 times higher risk (p = 0.027). However, the risk of developing GC
in individuals carrying the TT genotype of the C677T polymorphism compared with those
with CC was not higher; regarding the genotypes, no difference was found in the life spans
of the patients [135]. Recently, in a case (n = 307) control (n = 560) study in a Chinese Han
population, patients carrying the TT genotype of C677T polymorphism were associated
with a decreased risk of GC in older individuals and patients who never drank alcohol [136]
Moreover, the relationship of the MTHFR C677T polymorphism and the combined use
of alcohol and smoking have a coordinate effect influencing GC risk [137]. However, a
meta-analysis of 5757 cases and 8501 controls of Asian and Caucasian patients found
different results: a significant association was found between the GC and MTHFR C677T
polymorphisms (homozygous model [TT vs. CC]: OR, 1.39; 95% CI, 1.20–1.62; heterozygous
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model [CT vs. CC]: OR, 1.18; 95% CI, 1.05–1.32; dominant model [TT + CT vs. CC]: OR,
1.23; 95% CI, 1.10–1.38; recessive model [TT vs. CC + CT]: OR, 1.26; 95% CI, 1.12–1.42) [138].
Further investigations also indicated an elevated risk of GC in Asian individuals carrying
the MTHFR C677T polymorphism but not in Caucasian populations [138]. Similar results
were found by Zintzaras and colleagues [139]. Additionally, in an Italian study evaluating
790 CG patients and 202 healthy controls, the TT genotype was associated with an increased
risk of GC with ORs of 1.52 (log-additive model of inheritance) and 2.35 (codominant model
of inheritance) [140]. Similar results were found in a study of genetic susceptibility to cancer
involving GC samples (n = 2727), where MTHFR C677T was associated with GC (TT vs.
CT + CC; OR: 1.52, 95% CI: 1.31–1.77, p-value = 4.9 × 10−8) [141].

In a meta-analysis involving 6572 cases and 9584 controls comprising Caucasian, Asian
and mixed ethnicity samples, the MTHFR C677T polymorphism significantly increased the
susceptibility to GC, but no significant correlation was found with the A1298C polymor-
phism. Furthermore, the authors found that MTHFR C677T but not MTHFR A1298C was
associated with an increased risk of GC in Asian and Caucasian populations [142]. Another
divergent result was found in a meta-analysis performed by Dong and colleagues [143],
who evaluated 4070/6462 cases/controls for C677T and 1923/3561 cases/controls for
the A1298C polymorphism. No significant association was found in the CC genotype
of A1298C; however, the C677T allele T compared with allele C was associated with a
17.3% increased risk. Additionally, subgroup analyses revealed an increased risk to Asian
populations but not to Caucasian populations [143]. Furthermore, a study of MTHFR
C677T and GC susceptibility in a population (n = 167) from the Ardabil Province in Iran
found that CT heterozygous individuals had a lower susceptibility to GC. Additionally, CT
was correlated with a reduced risk in female and older participants [144]. Similar results
were found in Korean [145] and Mexican studies [146].

MTHFR polymorphisms also play important roles in the response of GC patients to
treatments. In a meta-analysis involving seven case-control studies and six cohort stud-
ies (n = 1718), Tang and colleagues evaluated the impact of the C677T polymorphism
in GC patients treated with 5-fluorouracil (5-FU)-based chemotherapy [147]. 5-FU or
its enhanced version, S-1, is a standard therapy for GC patients, alone or in combina-
tion with other agents [148]. No association was found between the C677T polymor-
phism and response rate [TT/(CC + CT) OR = 1.31, 95% CI: 0.62–2.76] or overall survival
[(CT + TT)/CC HR = 1.05, 95% CI: 0.86–1.26; TT/(CT + CC) HR = 1.48, 95% CI: 0.53–4.15].
However, individuals who carry the TT genotype tended to present more hematologic toxi-
city than those with the CC or CT genotype [(CC + CT)/TT OR = 0.66, 95% CI: 0.48–0.91].
MTHFR is associated with 5-FU metabolism [149], and this result may be explained by the
reduction in MTHFR activity caused by the TT genotype, leading to efficient inhibition of
thymidylate synthase (TS) and increased 5-FU efficiency, which may induce more toxicity to
patients because 5-FU is a cytotoxic agent [147]. Other GC treatments seem to be influenced
by MTHFR polymorphisms. In the Netherlands, a multicenter phase 2 study investigated
the use of bevacizumab combined with docetaxel, oxaliplatin, and capecitabine as a first-
line treatment for advanced HER2-negative GC patients and found that the MTHFR C677T
polymorphism was related to outcomes in which patients carrying the TT genotype had
inferior progression-free survival (vs CC/CT: HR, 4.7; 95% CI, 1.75–12.8 [p = 0.0007]) and
OS (vs CC/CT: HR, 5.9; 95% CI, 2.12–16.5 [p = 0.0001] [150]. Additionally, in a study of a
German population, the MTHFR A1298C polymorphism was an independent prognostic
factor associated with a poor prognosis in neoadjuvantly treated GC patients [151].

MTHFR polymorphisms also impact the severity of atrophic gastritis, which is a GC
precursor lesion. Helicobacter pylori-negative patients carrying the TT genotype showed an
increased risk of moderate-to-severe lesions; thus, MTHFR C677T may act as a predictive
factor for GC precancerous lesions [152]. Saberi and colleagues found an increased risk
of GC in a case (n = 450) control (n = 780) study of an Iranian population in patients
carrying the MTHFR C677T polymorphism who were also positive for Helicobacter pylori
infection [153]. The TT genotype of MTHFR was more likely to be associated with H. pylori
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infection than CC and CT genotypes, in a Chinese population of GC patients, and may be
considered as a susceptible factor of a risk to H. pylori infection [154].

As discussed above, the effect of the MTHFR polymorphisms in GC is not homoge-
neous among the populations. This complex variation may be caused by the interaction
of genetic and environmental factors, such as variant alleles, dietary habits, smoking,
folate intake, alcohol consumption, Helicobacter pylori infection, and the molecular back-
ground specific to each population. Thus, it is difficult to draw conclusions about MTHFR
polymorphisms and the risk of GC.
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Table 3. Effect of the polymorphisms on gastric cancer risk.

Study Type Number of Participants Ethnicity SNP Risk Association References

Case-control 70 GC and 61 controls Turkish C677T
A1298C

The AC genotype of the A1298C
polymorphism is a risk factor for GC.
The TT genotype of C677T was not at a
higher risk than the CC genotype.

[135]

Case-control 307 GC and 560 controls Chinese C677T TT genotype associated with a decreased
risk for GC [136]

Case-control 107 GC and 220 controls Chinese C677T
MTHFR variant genotypes + smoking
and drink habits are associated with a
higher risk for GC

[137]

Meta-analysis 5757 GC and 8501 controls Asian and Caucasian C677T

Significant association was found
between GC and the MTHFR C677T
polymorphism. Elevated risk of GC in
Asian individuals carrying the MTHFR
C677T polymorphism, but not in
Caucasian populations

[138]

Meta-analysis 1584 GC and 2785 controls Asian and Caucasian C677T
A1298C

MTHFR C677T and A1298C
polymorphisms, respectively, contribute
to the susceptibility of GC.
In East Asian populations with C677T,
the association was significant but not in
Caucasian populations. The A1298C
polymorphism was associated with GCA
in East Asian populations.

[139]

Case-control 790 GC and 202 controls Italian C677T
A1298C

Increased risk of GC for the C677T
variant (homozygous TT), but no effect
of the A1298C polymorphism.

[140]

Meta-analysis 2727 Asian, Caucasian and Mixed C677T MTHFR C677T was associated with GC [141]

Meta-analysis 6572 GC and 9584 controls Asian, Caucasian and Mixed C677T
A1298C

C677T was related to a significantly
increased risk for GC. No correlation
was found with A1298C. C677T, but not
A1298C, was associated with an
increased risk of GC in Asian and
Caucasian populations

[142]
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Table 3. Cont.

Study Type Number of Participants Ethnicity SNP Risk Association References

Meta-analysis

4070/6462 cases/controls for
C677T and 1923/3561

cases/controls for A1298C
polymorphism

Eastern and Western C677T
A1298C

No significant association was found in
the CC genotype of A1298C. The C677T
allele T was associated with an increased
risk of GC. Subgroup analyses revealed
an increased risk for Asian populations
but not for Caucasian populations

[143]

Case-control 76 GC and 91 controls Turkish C677T CT heterozygotes had a lower
susceptibility to GC [144]

Meta-analysis 1718 Asian, European and Mixed C677T TT was related more to hematologic
toxicity than the CC or CT genotype [147]

Multicenter, single-arm,
phase 2 study 60 Dutch C677T The TT genotype was related to inferior

progression-free survival and OS [150]

Retrospective comparative
exploratory study 218 German C677T

A1298C

A1298C was an independent prognostic
factor associated with a poor prognosis
in neoadjuvantly treated GC patients

[151]

Single-center, cross sectional
observational trial 128 Chinese C677T

The TT genotype showed an increased
risk of moderate-to-severe precancerous
gastric lesions

[152]

Case-control study 450 GC and 780 controls Iranian C677T
MTHFR C677T carriers who were also
positive for H. pylori, showed an
increased risk for GC

[153]

Case-control
58 GC patients with H. pylori

infection and
94 non-infected patients

Chinese C677T
TT genotype was considered a
susceptibility factor of
H. pylori infection.

[154]
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7. Conclusions

In the present review, we detailed studies with controversial results regarding the
impact of MTHFR polymorphisms on breast cancer, glioma and gastric cancer risk. In addi-
tion to the controversial literature, we observed a more relevant influence of the MTHFR
C677T polymorphism, particularly in the Caucasian and Asian populations, on the risk of
developing BC. However, the MTHFR A1298C polymorphism also showed relevance in
some cases concerning the risk of breast cancer and relation to more aggressive phenotypes
or lymphonodal metastases. MTHFR C677T polymorphisms are more associated with
an increased meningioma risk, primarily in Caucasian populations. Regarding MTHFR
A1298C polymorphisms, it appears to be more associated with glioma risk, mainly the
heterozygous genotype. The effect of the MTHFR polymorphisms in GC is heterogeneous
and may be associated with epigenetic and environmental factors.

In a metabolomic study performed using serum samples from Greek women who
were BC controls, a significant interaction was observed between the MTHFR C677T poly-
morphism and a Mediterranean diet rich in fruits and vegetables and the modulation of the
serum levels of the 5-MTHFR enzyme [155]. Another group evaluated gene-environment
interactions and predictors of colorectal cancer and suggested that interactions of the
environment would be related to MTHFR polymorphism and the prevention and/or in-
duction of colorectal cancer [156]. Further studies relate to MTHFR polymorphisms and
the mechanisms of DNA repair and metabolomic studies can better clarify the relationship
of the influence of these polymorphisms on the risk of BC, glioma and CG. Additionally,
comprehensive evaluation in a larger cohort stratified by ethnicity, histological subtype
and considering vitamins B6 and B12 and folate levels is crucial to further understand the
association of MTHFR polymorphisms and BC and glioma and CG risk.
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