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Genetic association and
computational analysis of MTHFR
gene polymorphisms rs1801131
and rs1801133 with breast cancer
in the Bangladeshi population
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Methylenetetrahydrofolate reductase (MTHFR) plays a crucial role in regulating one-carbon
metabolism. Polymorphisms within the MTHFR gene have been found to increase the risk of breast
cancer in different populations. In this study, we evaluated the association of polymorphisms of the
MTHFR gene (rs1801133 and rs1801131) with the risk of breast cancer in the Bangladeshi population.
This case-control study included 202 breast cancer patients and 104 healthy controls. After the organic
extraction of DNA, genotyping was performed via the PCR-RFLP method. Sanger sequencing was
performed to validate the RFLP data. Statistical analyses were performed to evaluate the associations
of the polymorphisms. Different computational tools were used to predict the structural and functional
consequences of the SNPs. Our study revealed that the MTHFR gene polymorphism rs1801131 is
associated with an increased risk of developing breast cancer (p <0.001, OR=3.85, 95% Cl =2.06-7.25
for the AC genotype and p < 0.001, OR=7.82, 95% Cl =2.69-22.05 for the CC genotype). An association
was also observed in the dominant model (AC+CC) (p <0.001, OR=4.19, 95% Cl =2.28-7.78). For
rs1801131, premenopausal status was significantly associated with breast cancer risk (p < 0.001).

For rs1801133, no significant association was found with breast cancer risk (p > 0.05, OR=1.57, 95%
Cl=0.90-2.74 for the CT genotype; p > 0.05, OR=1.35, 95% Cl=0.36-4.92 for the TT genotype).
Computational analyses predicted rs1801131 to be tolerated and rs1801133 to be deleterious.
Structural analyses demonstrated no significant changes in protein structure but revealed alterations
in neighboring interactions according to both bond distances and angles. In conclusion, rs1801131

but not rs1801133 is significantly associated with breast cancer risk in the Bangladeshi population.
Moreover, in silico analyses demonstrated changes in the interaction pattern of polymorphic residues
with adjacent amino acids.

Keywords Methylenetetrahydrofolate reductase, Genetic polymorphisms, rs1801133, rs1801131, PCR-RFLP,
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Cancer is the uncontrolled, persistent multiplication of cells, which initiates at one location within the body, and
in later stages, metastasizes to other body parts'. Breast cancer is the most common type of cancer diagnosed
in women. It is regarded as a fundamental health issue worldwide and is the leading cause of cancer-related
mortality in women?. Most breast tumors start in duct-lining cells and are referred to as ductal cancers. Most
others are lobular cancers, as they develop in the cells that cover the lobules, and a tiny minority arise in other
tissues®. By 2020, breast cancer surpassed lung cancer as the most common type of cancer in women. Breast
cancer accounts for 25% of newly diagnosed cancer cases in females worldwide. Men account for less than
1% of all diagnosed breast cancers?. In Bangladesh, 12,989 new cases of breast cancer were diagnosed in 2022
(https://gco.iarc.who.int/media/globocan/factsheets/populations/50-bangladesh-fact-sheet.pdf). In developed
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countries, there are a greater number of cases of breast cancer due to various factors, such as early menarche,
older age at first birth, having no children, being overweight, drinking alcohol, lack of physical activity, and
breastfeeding®.

Breast cancer has been a global matter of concern for a considerable amount of time. The identification of
breast cancer risk factors is critical to the process of screening women for this disease at an early stage, which
in turn improves their chances of responding favorably to curative therapy. The polymorphic distribution of
enzymes, which are responsible for the activation and/or inactivation of enzymes in humans, is one of the most
important aspects to consider when determining a person’s susceptibility to the development of cancer®. The
polymorphic pattern is associated with genetic markers within the genome. Therefore, it is crucial to guide
therapeutic strategies by locating genetic markers associated with breast cancer development. With the help
of genetic risk profiles, personalized medication can be prescribed to patients with different needs via genetic
counseling’. The most recent findings from epidemiological research conducted at the molecular level have
demonstrated that polymorphisms in the gene encoding the 5-10-methylenetetrahydrofolate reductase
(MTHFR) enzyme play a role in the development of breast cancer?.

The MTHFR enzymeisessential for cellularhomeostasisbecauseitplayscritical rolesin one-carbon metabolism,
including methionine and folate metabolism, as well as DNA, RNA, and protein synthesis®. The MTHFR gene
is located on chromosome 1 at position p36.3. In humans, MTHFR is a protein consisting of 656 amino acids.
The N-terminal catalytic domain of human MTHEFR (residues 1-356) binds 5,10-methylenetetrahydrofolate
(5,10-methylene THF), and the C-terminal regulatory domain of MTHFR (residues 363-656) contains an
allosteric site that binds S-adenosylmethionine (SAM) to exert allosteric inhibition®. MTHFR catalyzes the
irreversible conversion of 5,10-methylene THF to 5-methyl THE, which acts as a methyl donor necessary for the
conversion of homocysteine to methionine. SAM, the most potent methyl donor with biological activity, is then
produced from methionine!’. In addition to being a crucial part of the synthesis of the amino acid methionine,
which influences protein synthesis, MTHEFR is also crucial for the de novo synthesis of purine and pyrimidine
nucleosides and thus for DNA repair and maintenance!!. Since MTHFR is involved in both methylation and
DNA synthesis, the route that involves this enzyme is crucial to the growth and spread of cancer. Therefore, it is
important to learn how single nucleotide polymorphisms (SNPs) influence cancer risk to determine the role of
MTHER as a potential marker for cancer.

Numerous SNPs have been identified in the MTHER gene. It has been established that some of these factors
have a direct impact on the decreased activity of the enzyme encoded by this gene, leading to SAM shortages and
DNA hypomethylation. Two frequent polymorphisms, rs1801133 (C677T) and rs1801131 (A1298C), have been
linked to decreased enzymatic activity and elevated plasma homocysteine levels'2. The C677T allelic variant
results from the conversion of an alanine to a valine at codon 222 (A222V) in the N-terminal catalytic domain.
It is associated with increased thermolability and decreased enzyme activity, which results in increased plasma
homocysteine levels'3. It has been demonstrated that homozygous TT carriers of C677T have only 30% MTHFR
enzyme activity compared to the wild genotype, whereas heterozygous CT genotype carriers have 60% enzyme
activity!%. On the other hand, the A1298C allelic variant changes a glutamic acid residue to an alanine residue at
codon 429 (E429A) on the C-terminal regulatory domain of the protein. However, it is still debatable whether
this results in decreased enzymatic activity. This polymorphism becomes clinically significant under conditions
of severe folate deficiency!.

The objective of this study was to compare healthy individuals with breast cancer patients to assess the
significance of the rs1801133 and rs1801131 polymorphisms as risk factors. The results from different studies on
these polymorphisms are inconsistent in the literature because they are heavily influenced by differences among
distinct ethnic groups!®. This study also aimed to determine the structural and functional alterations in the
MTHER protein due to these polymorphisms by using different in silico tools.

Materials and methods

Study participants

This was a population-based case-control study in which breast cancer patients were considered cases and
healthy individuals without a history of breast cancer or any other chronic disease were considered controls. A
total of 306 individuals were enrolled in this study. Among them, 202 were breast cancer patients (cases), and
104 were age-matched healthy controls.

The Ethical Review Committee of the Department of Biochemistry and Molecular Biology approved the
study at the University of Dhaka (Ref. No. BMBDU-ERC/EC/23/014). In addition, we confirm that all methods
used in this study were performed in accordance with the relevant guidelines and regulations.

Patients were enrolled from the National Institute of Cancer Research & Hospital (NICRH), Dhaka,
Bangladesh, and were diagnosed with breast carcinoma by mammography, breast ultrasound, biopsy, or breast
magnetic resonance imaging (MRI). Among the patients, 200 were female, and 2 were male. Control individuals
were recruited from the National Institute of Ear, Nose and Throat (NIENT), Dhaka, Bangladesh. Among the
controls, 100 were female and 4 were male and had no history or evidence of cancer.

Participants were informed about the nature of the study and the experimental procedures. Informed consent
was taken from all the study subjects before collecting samples. Information on sociodemographic characteristics,
i.e., age, height, weight, family income, residential area, education, medical history, menstrual and reproductive
history, and family history of cancer, was obtained through a structured questionnaire. The detailed history of
breast cancer of each patient, including pathological tumor grade, tumor size, age at diagnosis, total white blood
cell (WBC) count, erythrocyte sedimentation rate (ESR), and biomarker status for progesterone receptor (PR),
estrogen receptor (ER), and human epidermal growth factor receptor type 2 (HER2) were recorded from their
medical files in presence of expert physicians.
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Sample collection

Five (5.0) ml of venous blood was collected from all individuals using a disposable syringe by expert phlebotomists
following all aseptic precautions. Then, the blood was transferred to EDTA-containing vacutainer tubes. The
plasma was separated by centrifugation at 3,000 rpm for 15 min. The cellular fractions and the plasma were then
stored at -20 °C until further use.

Genotyping for rs1801131 and rs1801133

DNA was extracted from the cellular fractions using an organic method described previously!’~'°. Polymerase
chain reaction-restriction fragment length polymorphism (PCR-RFLP) was performed to determine the
genotypes of rs1801133 and rs1801131. Later, 5% of the PCR products (of both SNPs from both the case and
control groups) were subjected to Sanger sequencing to validate the results obtained from RFLP. The detailed
procedure is described below:

rs1801133 (C677T) PCR was carried out in a 15 uL reaction volume in a PCR tube containing 7.5 uL of GoTaq
G2 Green Master Mix (Promega Corporation), 5.05 pL of nuclease-free water, 0.45 uL of DMSO, 0.5 pL of for-
ward and reverse primers and 1 pL of extracted DNA. The primer sequences are given in Supplementary Tables
1, and the PCR conditions are shown in Supplementary Table 2. The 198 bp PCR product was digested using
the Hinfl restriction enzyme. Digestion was carried out in a 15 pL reaction volume for 3 h at 37 °C, and two
fragments of 175 bp and 23 bp were obtained in the presence of the mutant T allele. The wild-type homozygous
C/C genotype produced no cleavage, and the resulting PCR products consisted of 198 bp fragments. The hete-
rozygous C/T genotype produced 3 bands of 198 bp, 175 bp, and 23 bp. The mutant homozygous T/T genotype
produced only 2 bands of 175 bp and 23 bp (Fig. 1A, Supplementary Fig. 4A). The bands were separated and
visualized on 15% polyacrylamide gels under ultraviolet light after staining with ethidium bromide.

rs1801131 (A1298C) A similar approach was taken to amplify the DNA region containing rs1801131 using the
same reaction mixture as described earlier. The specific primer sequences for this region are listed in Supple-
mentary Tables 1, and the PCR conditions are shown in Supplementary Table 22. The PCR product was 163 bp
in length, and the MbolI restriction enzyme was used for digestion. The wild-type homozygous A/A genotype
yielded 5 bands of 56 bp, 31 bp, 30 bp, 28 bp, and 18 bp. The Heterozygous A/C genotype produced 6 bands of
84 bp, 56 bp, 31 bp, 30 bp, 28 bp, and 18 bp. The mutant homozygous C/C genotype yielded 4 bands of 84 bp,
31 bp, 30 bp, and 18 bp (Fig. 1B, Supplementary Fig. 4B). The bands were separated and visualized via the same
method described in the previous section.

Sequencing of PCR products

5% of the PCR products, including both the case and control products, were randomly chosen and sequenced
by the Sanger sequencing (Barcode-tagged Sequencing, BTSeq) method? to confirm the genotyping results
obtained from the PCR-RFLP method. The results (chromatograms) were analyzed using Geneious Prime
2022.2 software as described previously*.
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Fig. 1. Gel images of restriction digestion products of different genotypes of rs1801133 (C677T) and
rs1801131 (A1298C). (A) Genotypes of rs1801133 (C677T). The 198 bp fragment in lanes 2, 4, and 7 indicates
the wild-type C/C genotype. The presence of 198 bp, 175 bp, and 23 bp in lanes 1, 3, 6, and 8 indicates

a heterozygous C/T genotype, while the presence of 175 bp and 23 bp in lanes 5 and 9 indicates the T/T
genotype. Lane 10 contains a 25 bp DNA ladder. (B) The rs1801131 (A1298C) genotype. The 56 bp, 31 bp,

30 bp, 28 bp, and 18 bp fragments in lanes 3, 6, and 9 indicate the homozygous wild-type A/A genotype. The
presence of 84 bp, 56 bp, 31 bp, 30 bp, 28 bp, and 18 bp in lanes 4, 7, and 10 indicates a heterozygous mutant
A/C genotype, while the presence of 84 bp, 31 bp, 30 bp, and 18 bp in lanes 2, 5, and 8 indicates a homozygous
mutant C/C genotype. Lane 1 contains a 25 bp DNA ladder.
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Statistical analyses

Statistical analyses were performed using GraphPad Prism (version 8.4.2) and the R programming language
(version 4.1.2). Quantitative data (age and BMI) are expressed as the mean+standard deviation (SD).
Categorical data are summarized as percentages (%). For analysis of parameters related to female participants
only (menstrual status, age at menarche, number of pregnancies), male participants (both case and controls) were
not included. Therefore, for those parameters, total 200 cases and 100 controls were taken into consideration.
The difference in means between continuous variables was assessed by unpaired t test. The associations between
different categorical variables were calculated using the chi-square test and Fisher’s exact test. The odds ratio
(OR) at the 95% confidence interval (CI) was calculated to estimate risk. A p value less than 0.05 was considered
to indicate statistical significance in all analyses. Hardy-Weinberg equilibrium, linkage disequilibrium (LD), and
haplotype analysis were performed using the “SHEsisPlus” (http://shesisplus.bio-x.cn/SHEsis.html) web tool.

In silico analysis of rs1801131 and rs1801133 polymorphisms in the MTHFR protein

Multiple in silico analysis tools were employed according to the methods described in our previously published
studies’?2. For example, Sorting Intolerant From Tolerant (SIFT) (https://sift.bii.a-star.edu.sg/)*> and
Polymorphism Phenotyping v2 (PolyPhen-2) (http://genetics.bwh.harvard.edu/pph2/)** were used to predict
the effects of the target SNPs on the resulting proteins. Predictors of human deleterious single nucleotide
polymorphisms (PhD-SNPs) (https://snps.biofold.org/phd-snp/phd-snp.html)?®, SNPs&GO (https://snps.
biofold.org/snps-and-go/snps-and-go.html)*®* and meta-SNPs (https://snps.biofold.org/meta-snp/)*’ were
utilized to study disease associations with the SNPs. MutationAssessor (http://mutationassessor.org/r3/)* was
used to predict the functional impact of the variants. MUpro (https://mupro.proteomics.ics.uci.edu/)* and
the impact of nonsynonymous mutations on protein stability — multi dimension (INPS-MD) (https://inpsmd.
biocomp.unibo.it/inpsSuite/)*® were used to predict the impact of the SNPs on protein stability. The ConSurf
server (https://consurf.tau.ac.il/consurf_index.php)*! was used to identify the conserved functional and
structural residues on the protein surface and core.

The three-dimensional structure of the MTHEFR protein (PDB ID: 6FCX) was obtained from the Protein
Data Bank (https://www.rcsb.org/structure/6FCX). Chain A was used to create homology models using SWISS-
MODEL (https://swissmodel.expasy.org/). The SWISS-MODEL structure assessment tool (https://swissmodel.
expasy.org/assess), ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php)®?, and ERRAT (https://saves.
mbi.ucla.edu/)** were used to evaluate the quality of the predicted three-dimensional (3D) models. The structures
were analyzed for their template modeling score (TM-score) and root mean square deviation (RMSD) values
in TM-align (https://seq2fun.dcmb.med.umich.edu//TM-align/)** and PyMol 2.5.4, respectively. The structures
were visualized, superimposed, and analyzed using PyMol and BIOVIA Discovery Studio Visualizer 2021 Client.

Results

Demographic characteristics of the study participants

The demographic characteristics of the study participants, including age, BMI, family history of cancer,
occupation, residence area, educational status, monthly income, menstrual status, age at menarche, and number
of pregnancies are presented in Table 1.

In our study population, more than 75% of participants (both case and control) are within the 30 to 50 years
age group. In both groups, the majority (around 90%) of the participants are housewives. Only a handful (10.89%
patients and 13.46% controls) of the participants in each group received higher secondary or above levels of
education. Participants from both groups (91.09% patients and 89.42% control individuals) predominantly
belong to the lower income group (< 20,000 BDT) and reside in the rural area of Bangladesh (74.25% patients
and 68.27% control individuals). Breast cancer patients have more than twice (12.87%) the incidence of cancer
in family history, compared to control individuals (5.77%). But no significant differences were found between
breast cancer patients and healthy controls regarding age, BMI, family history of cancer, occupation, residence
area, educational status, monthly income, number of pregnancies, or age at menarche (p>0.05). However, a
statistically significant difference in menopausal status was observed between the patients and control subjects.

Clinicopathological data of breast Cancer patients

The clinical and pathological data of the breast cancer patients enrolled in this study are shown in Table 2.
Almost all (99.5%) patients included in this study had invasive ductal carcinoma (IDC), and only 1 patient

had invasive lobular carcinoma (ILC). In terms of hormone receptor status, 74.14% of patients were ER+, 65.49%

were PR+, and 69.9% were HER2+. A total of 63.86% of patients had a tumor within 2 to 5 cm, and 74.75% of

patients had grade 2 (G2) tumors.

MTHFR polymorphisms and the risk of developing breast cancer
Gel images of restriction digestion products of different genotypes of rs1801133 (C677T) and rs1801131
(A1298C) are shown in Fig. 1.
The frequencies and associations of different genotypes according to different genetic models with the risk
of breast cancer, as measured by odds ratios (ORs) at the 95% confidence intervals (CIs), are shown in Table 3.
In the control group, the genotype frequencies of rs1801131 (A1298C) were 32.69%, 61.54%, and 5.77% for
the homozygous wild type (AA), heterozygous variant (AC), and homozygous variant (CC) strains, respectively.
In the patient group, the frequencies were 10.39% homozygous wild type (AA), 75.25% heterozygous variant
(AC), and 14.36% homozygous variant (CC). The allele frequency of alternate allele C was 36.60% in the control
population and 51.98% in breast cancer patients. On the other hand, for rs1801133 (C677T), the control group
had 76.92% homozygous wild type (CC), 20.19% heterozygous variant (CT), and 2.89% homozygous variant
(TT) genotypes. In addition, in breast cancer patients, the frequencies were 68.32%, 28.22%, and 3.46% for
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Case (n=202) | Control (n=104)

Variables Mean + SD Mean + SD p value

Age (year) 43.25+10.10 42.07+8.43 0.304

BMI (kg/m?) | 24.25+4.02 23.55+3.69 0.139

Variables n (%) n (%) p value
<30 11(545) | 7(6.73)

Age group 30-50 151 (74.75) | 81(77.89) | 0.602
>50 40 (19.80) 16 (15.38)
<25 129 (63.86) | 69 (66.35)

BMI group 0.667
>25 73 (36.14) | 35(33.65)
Yes 26 (12.87) |6 (5.77)

Family history of cancer 0.084
No 176 (87.13) | 98 (94.23)
Housewife 189 (93.56) | 93 (89.42)

Occupation Working Woman 11 (5.45) 7(6.73) 0.236*
Working Man 2(0.99) 4(3.85)
Urbal 52(25.75) |33(31.73)

Residence 0.331
Rural 150 (74.25) | 71 (68.27)
No Formal Education | 53 (26.24) |25 (24.04)
Primary 61 (30.20) | 27 (25.96)

Educational status Secondary 66 (32.67) | 38(36.54) | 0.858
Higher Secondary 12 (5.94) 7 (6.73)
Graduation or above | 10 (4.95) 7 (6.73)
<20,000 BDT 184 (91.09) | 93 (89.42)

Monthly family income 20,000-30,000 BDT 15(7.43) 7 (6.73) 0.416*
>30,000 BDT 3(1.49) 4 (3.85)
Premenopausal 104 (52) 67 (67)

Menstrual status** 0.013
Postmenopausal 96 (48) 33 (33)
10-13 144 (72) 76 (76)

Age at menarche** 0.460
14-17 56 (28) 24 (24)
<3 110 (55) 51 (51)

Number of pregnancies** 0.512
>3 90 (45) 49 (49)

Table 1. Demographic characteristics of the study subjects. BDT = Bangladeshi Taka. *Fisher’s exact test;
**Two (2) case and four (4) control individuals were male, data for these sections are not available for them.

Variables (n=202) Number (1) | Percentage (%)
Age at diagnosis =40 17 o257
> 40 95 47.03
o IDC 201 99.51
Histologic type c h om
ER + 150 74.25
ER- 52 25.75
Receptor status PR+ 12 653>
PR- 70 34.65
HER2+ 141 69.80
HER2- 61 30.20
T1 (<2 cm) 53 26.24
Tumor size T2 (>2and <5cm) | 129 63.86
T3 (>5cm) 20 9.9
Gl 12 5.94
Grading of tumor | G2 151 74.75
G3 39 19.31

Table 2. Clinicopathological data of the patients included in this study.
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Control Case
(n=104) | (n=202)
SNP Genetic model Genotypic status | n (%) n (%) pvalue | OR (95% CI)
AA 34(32.69) | 21(10.39) 1
Codominant model AC 64 (61.54) | 152 (75.25) | <0.001 | 3.85(2.06-7.25)
CC 6(5.77) | 29 (14.36) 7.82 (2.69-22.05)
AA 34 (32.69) | 21(10.40) 1
Dominant model <0.001
AC+CC 70 (67.31) | 181 (89.60) 4.19 (2.28-7.78)
MTHER (rs1801131) AA+AC 98 (94.23) | 173 (85.64) 1
Recessive model 0.025
CC 6 (5.77) 29 (14.36) 2.74 (1.15-6.45)
AA+CC 40 (38.46) | 50 (24.75) 1
Over Dominant model 0.013
AC 64 (61.54) | 152 (75.25) 1.90 (1.14-3.15)
A 132 (63.40) | 194 (48.02) 1
Allele frequency <0.001
C 76 (36.60) | 210 (51.98) 1.89 (1.33-2.66)
CC 80 (76.92) | 138 (68.32) 1
Codominant model CT 21(20.19) | 57(28.22) 0.283 | 1.57 (0.90-2.74)
TT 3(2.89) 7 (3.46) 1.35 (0.36-4.92)
CC 80 (76.92) | 138 (68.32) 1
Dominant model 0.115
CT+TT 24 (23.08) | 64 (31.68) 1.55 (0.90-2.65)
MTHER (rs1801133) CC+CT 101 (97.12) | 195 (96.53) 1
Recessive model > 0.999%
TT 3(2.88) 7 (3.47) 1.21 (0.33-4.37)
CC+TT 83(79.81) | 145(71.78) 1
Over dominant model 0.127
CT 21(20.19) | 57(28.22) 1.55 (0.89-2.69)
C 181 (87.02) | 333 (82.43) 1
Allele frequency 0.142
T 27(12.98) | 71(17.57) 1.43 (0.89-2.34)

Table 3. Distribution of MTHFR rs1801131 (A1298C) and rs1801133 (C677T) genotypes in study participants
and assessment of the risk of breast cancer. *Fisher’s exact test.

homozygous wild type (CC), heterozygous variant (CT), and homozygous variant (T'T), respectively. The minor
allele frequency is 12.98% in the control population and 17.57% in the patient population.

According to all the genetic models analyzed (codominant, dominant, recessive, and overdominant),
rs1801131 was significantly associated with the risk of breast cancer (p < 0.05). According to the OR analysis, AC
and CC genotype carriers had 3.85- and 7.82-fold greater risks of developing breast cancer, respectively, in the
codominant model. According to the dominant model, AC + CC genotype carriers had a 4.19-fold greater risk
of developing breast cancer, and according to the recessive model, carriers of the CC genotype had a 2.74-fold
greater risk of developing breast cancer. Overall, compared with carriers of the reference A allele, carriers of
the mutant C allele had an increased (OR=1.89, p < 0.05, 95% CI=1.33-2.66) risk of developing breast cancer.

For rs1801133, no significant association was detected in any of the genetic models. Although the OR analysis
revealed a greater risk of developing cancer for both heterozygous (CT) and homozygous mutant (TT) T allele
carriers, the difference was not statistically significant (p > 0.05).

The genotype distributions of both SNPs in the study participants are shown in Fig. 2.

Distribution of MTHFR rs1801131 (A1298C) and rs1801133 (C677T) genotypes in the study
subjects according to menopausal status

The female subjects were stratified according to their menstrual status (premenopause and postmenopause),
and the risk of developing breast cancer in these groups was analyzed. In premenopausal women, rs1801131 was
significantly associated with breast cancer risk. AC and CC genotype carriers had 5.06 and 16.25 times greater
risks of developing breast cancer, respectively, than did the reference AA genotype carriers. In postmenopausal
women, no significant association was found between genotype rs1801131 and breast cancer risk. For rs1801133,
no significant association was found with the risk of developing the disease in either group. The results are
presented in Table 4.

Association of the target SNPs with tumor grade and size in breast cancer patients
In the patient group, associations of the polymorphisms with tumor size and grade were analyzed. The results
are presented in Tables 5 and 6.

The presence of the genotype CT in rs1801133 was significantly associated with an increased risk of larger
tumor size (OR: 4.46, 95% CI: 2.22-9.45), but no significant association was found with tumor grade. Conversely,
rs1801131 was not associated with either tumor size or grade.

Confirmation of RFLP genotyping results by sequencing
PCR products of different genotypes were sequenced by the Sanger sequencing method (BTSeq), and all samples
matched the results obtained by PCR-RFLP. A representative chromatogram is shown in Fig. 3.
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Fig. 2. Genotypic distribution of the two SNPs in the study participants. (A) Distribution of rs1801131 and (B)
distribution of rs1801133.

Control | Case
SNP Menopausal status | Genotype | n (%) n (%) pvalue | OR (95% CI)
AA 25(37.31) 10 (9.62) 1
Premenopausal AC 40 (59.70) | 81 (77.89) | <0.001 | 5.06 (2.24-11.39)
cC 2(2.99) | 13 (12.49) 16.25 (3.33-77.57)
MTHER (rs1801131)
AA 9(27.27) | 11 (11.46) 1
Postmenopausal AC 20 (60.61) | 70 (72.92) 0.095 | 2.86 (1.06-7.27)
CC 4(12.12) | 15(15.62) 2.72 (0.61-9.55)
cc 49 (73.13) | 73 (70.19) 1
Premenopausal CT 16 (23.88) | 28 (26.92) | 0.895* | 1.18 (0.58-2.38)
TT 2(2.99) 3(2.89) 1.01 (0.19-5.84)
MTHER (rs1801133)
cc 27 (81.82) | 63 (65.63) 1
Postmenopausal CT 5(15.15) | 29 (30.21) | 0.645* | 2.48 (0.85-6.39)
TT 1(3.03) 4 (4.16) 1.71 (0.26-21.67)

Table 4. Distribution of rs1801131 (A1298C) and rs1801133 (C677T) genotypes in the participants stratified
against menopausal status. *Fisher’s exact test.

Tumor grade
G1 G2+G3
SNP Genotype | n (%) n (%) p value* | OR (95% CI)
CC 7 (58.34) | 131 (68.94) 1
rs1801133 | CT 4(33.33) | 53(27.90) | 0.395 0.70 (0.20-2.87)
TT 1(8.33) |6(3.16) 0.30 (0.04-8.44)
AA 1(8.33) |20(10.53) 1
rs1801131 | AC 8(66.67) | 144 (75.79) | 0.460 1.01 (0.04-6.07)
CC 3(25) 26 (16.68) 0.48 (0.02-4.44)

Table 5. Distribution of rs1801131 (A1298C) and rs1801133 (C677T) genotypes in patients with different
tumor grades. *Fisher’s exact test.
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Tumor size
T1(<2cm) | T2+ T3 (>2cm)
SNP Genotype | n (%) n (%) p value OR (95% CI)
CC 37 (69.81) 56 (37.58) 1
1s1801133 | CT 13 (24.53) | 89 (59.74) <0.001* 4.46 (2.22-9.45)
TT 3(5.66) 4(2.68) 0.87 (0.17-4.97)
AA 3(5.66) 18 (12.08) 1
rs1801131 | AC 41 (77.36) 111 (74.50) 0.388 0.47 (0.10-1.50)
CC 9(16.98) 20 (13.42) 0.39 (0.07-1.57)

Table 6. Distribution of rs1801131 (A1298C) and rs1801133 (C677T) genotypes in patients with different
tumor sizes. *Fisher’s exact test.

Wild Type
Homozygous (CC)

Heterozygous (CT)

> S

Fig. 3. Chromatogram showing the sequencing results of different genotypes of rs1801133.

SNP Study subjects | Chi> | Pearson’s p value | Fisher’s p value

Case 51.988 | <0.001 <0.001
rs1801131 | Control 11.117 0.003 0.064

Both 53.419 | <0.001 NA

Case 0.136 0.933 0.999
rs1801133 | Control 1.172 0.556 0.670

Both 0.837 0.657 NA

Table 7. Hardy-Weinberg equilibrium test of 2 SNPs (rs1801131 and rs1801133) in the study subjects.

Constancy of genotype frequencies, linkage disequilibrium (LD) and haplotype analysis
The Hardy-Weinberg equilibrium was used to analyze the constancy of the genotype frequencies observed in
this study. For rs1801131, deviation from the Hardy-Weinberg equilibrium was observed in both the control
and patient groups, and both combined. However, for rs1801133, the study population was in equilibrium. The
results are presented in Table 7.

LD analysis and R? results for the two SNPs are shown in Fig. 4. Although D’ is 0.71, R? is very low (0.08),
which represents weak LD between the SNPs.

Four (4) possible haplotype combinations are possible for two (2) SNPs studied. The results of the haplotype
analysis are presented in Table 8.

The AC haplotype (reference alleles at both loci) is protective against breast cancer development (OR =0.468,
95% CI=0.332-0.659, p<0.05), and the CC haplotype is associated with an increased risk of breast cancer
development (OR=1.757, 95% CI=1.245-2.48, p < 0.05).

Total WBC count and ESR
Breast cancer patients had significantly greater (p < 0.05) total WBC counts (9,271 + 2,608 cells/mm?) than did
control subjects (8,139 + 1,140 cells/mm?). The results are shown in Fig. 5.
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Fig. 4. Linkage disequilibrium (LD) plot for 2 SNPs of the MTHEFR gene.

AC 134 (0.331) | 107 (0.514) 19.207 | <0.001 <0.001 0.468 (0.332-0.659)
AT 60 (0.148) | 25(0.12) 0.92 0.388 0.337 1.276 (0.774-2.104)
CT 11(0.027) | 2(0.009) 2048 | 0.236 0.152 2.882 (0.633-13.129)
cc 199 (0.492) | 74(0.355) 10.4 0.001 0.001 1.757 (1.245-2.48)

Table 8. Haplotype analysis of 2 SNPs (rs1801131 and rs1801133) in the participants. (The first locus
represents rs1801131).

The ESR was also significantly higher in breast cancer patients (36.69 & 178.06 mm/1st hour) than in healthy
controls (23.8 +8.26 mm/1st hour). Comparison between patient and control ESR is shown in Fig. 6.

In silico analysis of the effects of SNPs on the MTHFR protein

Analysis of functional consequences of rs1801131 (E429A) and rs1801133 (A222V)

Different web-based tools have been used to predict the effect of polymorphisms on the MTHEFR protein. All the
tools, except SIFT, predicted the A222V (rs1801133) polymorphism as damaging or disease-causing. However,
the E429A (rs1801131) polymorphism was predicted to be tolerated or neutral by all the tools. Both MUpro and
INPS-MD predicted that both mutations decrease the stability of the protein. The results are summarized in
Table 9. The scores from the different tools are shown in Supplementary Table 3.

The results from the ConSurf server revealed the functional and/or structural conservation of amino acid
residues at the SNP sites. Functional residues are defined as being highly conserved and being in an exposed
position on the protein surface, whereas structural residues are defined as being highly conserved and in a
buried position. Alterations of amino acid residues in highly conserved regions are more detrimental than those
in less stable regions. In MTHFR, A222 was found to be a conserved and buried residue, whereas E429 was an
exposed but variable residue. Therefore, the A422V polymorphism might be damaging to the protein.

Homology modeling

The 3D structure of the human MTHFR protein (6FCX) obtained from the RCSB PDB had 2 mutations in
its sequence. Therefore, the reference sequence from UniProtKB was obtained in FASTA format and used
to construct the reference 3D model. Two (2) other models were generated by substituting A222 and E429
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Fig. 5. Violin plot demonstrating Total WBC count in breast cancer patients and healthy controls.

with valine and alanine, respectively. Evaluation of the predicted structure by the SWISS-MODEL structure
assessment tool, ProSA-Web, and ERRAT yielded satisfactory results, and the models were of good quality. The
evaluation scores from the different tools are presented in Supplementary Table 4. The changes in amino acid
residues in 3D structures were also visualized and are presented in Supplementary Figs. 1 and 2.

Analysis of the impact of mutated residues on protein structures

Mutated structures were superimposed onto the predicted wild-type structure using PyMol, and RMSD values
were calculated. A higher RMSD indicates a greater deviation between the structures. Both structures had the
same RMSD (0.062 A) as the wild-type structure. Additionally, both structures had the same TM score of 0.99995.
TM scores are calculated within a range of 0 to 1, where a score of 0-0.3 indicates random structural similarity
and 0.5-0.99999 indicates a good fit between the models. A score of 1 represents a perfect match between the C
alpha atoms of the protein backbone. TM-align also provided an RMSD between the protein structures, which
was similar to that of PyMol (0.06 A vs. 0.062 A). Combining the RMSD value and TM score, it can be deduced
that the protein structure, on a broad scale, was not substantially altered by these substitutions. However,
interactions with neighboring residues or the cellular environment might be affected by these polymorphisms.

The superimposed structures were further analyzed for the impact of the mutated residues on neighboring
interactions and bonding patterns. The mutated residues on superimposed structures and bonding patterns of
wild-type and mutated residues are shown in Fig. 7.

As shown in Fig. 7(A), the introduction of valine, which substitutes for the alanine residue at position
222, caused an increase in residue size, but because both residues are hydrophobic, neither the charge nor the
hydrophobicity changed. Fig. 7(C) shows that the H-bond distance between Ala222 and Val218 was 2.978 A,
whereas the hydrophobic interactions between Ala222 and Ile192 and between Ala222 and Val194 were 5.247
A and 3.937 A, respectively. On the other hand, for the mutated valine residue at 222, the H-bond distance with
Val218 decreased to 2.961 A, but another new hydrophobic interaction was introduced with Val179, which had a
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Fig. 6. Jitter plot showing ESR in breast cancer patients and healthy controls.

Study Subjects

Tool rs1801131 (E429A) | rs1801133 (A222V)

SIFT Tolerated Tolerated

Polyphen2 Benign Most likely, damaging
PhD-SNP Neutral Disease

SNPs&GO Neutral Disease

Meta-SNP Neutral Disease

MutationAssessor | Low functional Impact | Medium functional Impact
MuPro Decrease stability Decrease stability
INPS-MD Decrease stability Decrease stability

Table 9. Functional effects of the two SNPs.

distance of 4.722 A (Fig. 7(E)). The previous interactions with Ile192 and Val194 were retained but were reduced

t05.192 A and 3.46 A, respectively.

For the E429A polymorphism, glutamic acid was replaced by alanine (Fig. 7(B)). This caused differences in
size, charge, and hydrophobicity, as glutamic acid is a polar, acidic residue, but alanine is a nonpolar, hydrophobic
amino acid. However, no bonds were diminished with neighboring residues. In both cases, 3 H-bonds were
observed with Ser427, Ser432, and Glu433. For Glu429, the distances were 3.276 A, 3.089 A, and 3.135 A
(Fig. 7(D)). When alanine was introduced at position 429, the distances were 3.270 A, 3.154 A, and 3.236 A,

respectively (Fig.

7(F)).
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Fig. 7. Impact of the mutated residues on neighboring interactions. (A), (C), and (E) correspond to the A222V
polymorphism (rs1801133), and (B), (D), and (F) correspond to the E429A polymorphism (rs1801131). (A)
The superimposed structure of wild-type alanine and mutated valine at position 222 (the wild-type structure

is shown in teal ribbons, and the mutated structures are shown in orange). (B) The structures of wild-type
glutamate and mutated alanine at position 429 (wild-type in teal and mutated in yellow.) (C) and (E) show the
differences in neighboring interactions due to the A222V polymorphism. (D) and (F) demonstrate the effects
of the E429A polymorphism on neighboring interactions. Hydrogen bonds (H-bonds) are denoted in green,
and hydrophobic interactions are shown in purple.

The polymorphisms affected the bond angles and bond distances between the C alpha of adjacent amino
acids. For the A222V polymorphism, in the wild-type structure, the bond angle between Gly221-Ala222-Asp223
was 121.74°, and in the mutated structure, the angle between Gly221-Val222-Asp223 was 125.32°. The C alpha
distance for Gly221-Ala222 was 3.818 A for the wild-type structure and 3.824 A for Gly221-Val222 for the
mutated structure. Between the C alphas of Ala222-Asp223, a distance of 3.813 A was observed in the wild-type
structure. In the mutated structure, the distance was 3.818 A. In the structure predicted for E429A, the bond
angle between Glu428-Ala429-Ser430 was 87.85°, but it was 88.49° in the wild-type structure, between Glu428-
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Glu429-Ser430. The bond distance between Glu428 and Glu429 was 3.854 A, and that between Glu429 and
Ser430 was 3.853 A in the wild-type structure. For the structure with alanine at position 429, the bond distances
were 3.836 A and 3.845 A for Glu428-Ala429 and Ala429-Ser430, respectively.

During the superimposition of the mutated structures with the wild-type structure, as shown in Fig. 7(A) and
(B), little to no fluctuations were observed for either amino acid. For A222V, the C alpha was displaced by 0.1 A
compared to that of the wild-type structure. The C beta moved by 0.3 A, the N by 0.4 A, and the O atom moved
0.2 A away from their positions in the wild-type structure. For the E429A polymorphism, the values were 0.1 A
for all four atoms mentioned.

The substrate binding site of MTHFR differs from that of the polymorphisms analyzed. The residues
important for binding 5-methyl THF and NAD(P)H are Q228, Q267, K270, L271, and L323. The residues were
visualized in the superimposed position, and the residues in the mutated structures did not change in position
and superimposed perfectly to the reference structure. The residues in the superimposed position are shown in
Supplementary Fig. 3.

Discussion

This study aimed to evaluate the association of rs1801133 and rs1801131 in the MTHFR gene with the risk of
breast cancer in a Bangladeshi population. Additionally, the impacts of these polymorphisms on the MTHFR
protein were assessed using different in silico tools.

These two polymorphisms are well studied for their association with different types of cancers, e.g., colorectal
cancer, gastric cancer, bladder cancer, lung cancer, ovarian cancer, and liver cancer, in different populati0n535‘42.
However, the association with breast cancer has been most commonly reported in different populations,
including China, Thailand, Iran, Morocco, Ecuador, Egypt, Turkey, and Jordan?,43-49, Apart from cancer,
significant associations of these polymorphisms with other diseases, such as Parkinson’s disease, ischemic stroke,
coronary artery disease, gestational diabetes mellitus, rheumatoid arthritis, spontaneous abortion, etc., have
been reported by different groups!*>0-%,

In the South Asian region, the associations of rs1801133 and rs1801131 with breast cancer have been studied
in India and Pakistan®®>". However, no reports analyzing their association with the Bangladeshi population were
found. In Bangladesh, however, several other studies have indicated the relationships of different polymorphisms
and genes, such as rs13181 of ERCC2, rs2276466 of ERCC4, rs80357713, and rs80357906 of BRCA1, rs11571653
of BRCA2, rs1136201 of HER?2, rs1042522 of TP53, rs16260 of CDH1, rs25487 of XRCC1, rs861539 of XRCC3,
151219648, rs2420946, and rs2981582 of the FGFR2 gene, with breast cancer®®-2. This study is therefore the
first to evaluate the associations of rs1801133 and rs1801131 of the MTHEFR gene with breast cancer in the
Bangladeshi population.

Studies that sought to determine the association of these polymorphisms with breast cancer have reported
different results. Some studies found significant associations, and others did not. Most studies have shown
significant associations between rs1801133 and breast cancer risk, but some reports have suggested otherwise.
Reports have suggested that the presence of rs1801133 increases breast cancer risk in Egyptian, Ecuadorian,
Moroccan, Chinese, Iranian, and Jordanian populations>*3-%°. However, in the Thai population, Sangrajrang et
al. reported no association®>. On the other hand, research from Kaya et al. reported no significant association
in the Turkish population, but their meta-analysis showed a significant association in a larger Turkish cohort*.
We did not find any associations in our population either. Although the ORs in all the genetic models indicated
a greater risk of developing breast cancer, the differences were not statistically significant. We did not find a
substantial difference in altered allele frequency between the case (18%) and control (13%) groups. Therefore,
our results align with those observed in the Turkish and Thai populations, which report no association for this
SNP.

On the other hand, the association of rs1801131 with breast cancer has been less well documented. However,
the results are ambiguous due to differences in the findings of different groups. Research conducted on
Ecuadorian, Thai, Chinese, and Jordanian populations did not find any association between increased breast
cancer risk and rs1801131 genotype. However, Omran et al. reported a strong association of both AC and CC
genotypes with increased risk in the Egyptian population®. Our results are in concordance with their report. We
observed a significantly increased risk of breast cancer due to rs1801131 in all the genetic models. An OR greater
than 1 indicated an increased risk, with p < 0.05 indicating a statistically significant difference.

When stratified against menopausal status, the role of these polymorphisms in increasing breast cancer risk
is inconclusive in the previous literature. In postmenopausal women, some reports suggest no association of
either SNPs® or only rs1801 133% whereas other research shows increased risk due to rs1801133%. However, in
premenopausal women, previous studies have suggested that these polymorphisms are associated with increased
risk®466, We also observed a greater risk in premenopausal women due to rs1801131. In postmenopausal women,
the AC and CC genotypes increased breast cancer risk 3-fold, but none of them were a significant risk factor.
However, for rs1801133, we did not find any significant association in either pre- or postmenopausal women.

We observed an association between the CT genotype of rs1801133 and larger tumor size (T2 or higher).
Our results are in concordance with those of Omran et al., who reported similar ﬁndingsz. However, they also
reported an association with rs1801131, which we did not find. We did not observe an association between
tumor grade and either SNP.

LD analysis revealed a weak linkage between the two SNPs. This finding is consistent with a previous report
from Hardi et al., who also reported weak LD between these two SNPs*4.

Our study population followed the Hardy-Weinberg equilibrium for rs1801133 but deviated from the
equilibrium for rs1801131. Notably, for rs1801131, we found a significant association with an increased risk of
breast cancer. There was a greater occurrence of heterozygous AC (61.54% vs. 75.25%) and homozygous mutant
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CC (5.77% vs. 14.36%) in patients than in controls, possibly because, as in the diseased population, the genotype
frequencies are not in equilibrium. A similar deviation was also reported in a previous study*°.

In the in silico analyses conducted in this study, different tools were used to predict the effects of the
polymorphisms on the MTHFR protein structure and function. For rs1801133, which results in the A222V
substitution, the tools predicted the substitution to be deleterious. This residue is buried in the protein core, and
alterations might impact the folding of the protein. However, as the substitution introduced Val222 instead of
Ala222, which has similar physicochemical properties, we did not observe a large change in protein structure.
However, the introduction of Val222 created new hydrophobic interactions with neighboring residues. As this
position is part of the catalytic domain and is buried, this substitution might hamper protein structure and
catalytic function in a dynamic situation such as the cellular environment.

However, E429A, which is associated with rs1801131, was predicted to be tolerated or to have a neutral
effect on the protein structure. We also found similar results after superimposing the structures. Even after the
substitution, the altered residue maintained the H-bonds that were observed for the wild-type residue. This
indicates that the neighboring interactions were not hampered by this change. However, as this residue is located
at the surface of the protein, the substitution of the polar Glu429 residue by the hydrophobic Ala429 residue
might affect the interaction of the protein with the cellular environment, which may alter the stability of the
protein. Analysis by different tools also predicted decreased stability due to this polymorphism. As Glu429 is
part of the regulatory domain of the protein, substitution at this position might not affect the catalytic region
directly but may interfere with the regulation of protein activity. The bond angles and C alpha bond distances,
which in turn affect the dihedral angles, were also altered by both polymorphisms. These findings may also have
further implications for protein function.

This study has some limitations. We analyzed a limited number of samples, which may influence the results of
such case-control studies. The patients were enrolled from only one hospital and mostly belonged to the lower-
income group, which may not properly represent the whole population. Furthermore, we have not assessed the
effects of different factors like diet, physical activity, lifestyle, and other environmental factors on our results.
We also didn't measure serum homocysteine levels, which could be an important biochemical parameter in
assessing the effects of the polymorphisms. Apart from these, in the in silico investigation, performing molecular
dynamics simulations could better reflect the effect of the polymorphisms on protein structure and possibly
stability and enzymatic activity.

In conclusion, this study revealed the association of the MTHFR polymorphism rs1801131 with an increased
risk of breast cancer in the Bangladeshi population. In addition, this study investigated the effects of rs1801131
(E429A) and rs1801133 (A222V) on the MTHEFR protein via computational approaches. The effects predicted
by in silico approaches may assist in further elucidation of the role of these polymorphisms in altering protein
stability and enzymatic activity by more advanced techniques. By understanding the structure and function
of specific proteins involved in breast cancer, we can design targeted therapies that are more effective and
have fewer side effects compared to traditional treatments. This can lead to the development of personalized
medicine approaches, tailored to the unique molecular profile of each patient’s cancer. The findings of the in vitro
experiments also need to be further validated in a larger cohort.

Data availability
All data generated or analyzed during this study are included in this manuscript and its supplementary material
files.
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