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ABSTRACT

AIM: To elucidate the association of the MTHFR, MTRR, and RAD54L gene variations with meningioma in Turkish cohort.  
MATERIAL and METHODS: DNAs were isolated from 87 retrospective meningioma samples. The MTHFR, MTRR, and RAD54L 
gene hotspot regions were amplified with specific primers via polymerase chain reaction (PCR), and next-generation sequencing 
(NGS) was performed. All the detected variations and single-nucleotide polymorphisms (SNPs) were listed and compared with 
healthy control frequencies in different genomic databases. The histopathological characteristics of meningiomas and genomic 
variations were compared. Pearson’s chi-squared test was used to detect the statistical differences of SNPs, and correlation 
analysis was conducted. 
RESULTS: rs1801131, rs1801133, and rs4846051 on MTHFR, rs1801394 on MTRR, and rs1048771 on RAD54L gene frequencies 
were found to be significantly altered in the overall cohort of 87 patients with meningioma. The frequency of rs18011031 is 0.09 
in the meningioma cohort, which is significantly correlated with WHO tumor grades (p = 0.038). The frequency of rs18011033 is 
0.29 in the meningioma cohort, which is significantly correlated with WHO tumor grades (p = 0.045). Furthermore, the frequency of 
rs4846051 is 0.18 in the meningioma cohort, which is significantly correlated with WHO tumor grades (p = 0.023) and also with low 
Ki67 proliferation index (p = 0.00455). The frequency of rs1801394 is 0.15 and significantly associated with high Ki67 proliferation 
index in the meningioma cohort (p = 0.0144). The frequency of rs1048771 is 0.09 in the meningioma cohort and is significantly 
associated with the non-necrotic histopathological form of the tumor (p = 0.05).
CONCLUSION: We reported a significant association between the genetic alterations of folate metabolism (MTHFR, MTRR) and 
DNA repair mechanism (RAD54L) genes with the histopathological characteristics of meningioma. Five significant SNPs on these 
genes and four significant correlations of SNPs with histopathological characteristics were identified. This is a preliminary promising 
study conducted to establish the genetic marker analysis for meningioma diagnosis and prognosis for folate metabolism and DNA 
repair genes in Turkish cohort. 
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█   INTRODUCTION

Meningiomas are the most common non-glial primary 
tumors of the central nervous system. Furthermore, 
it is the most common extra-axial neoplasm that 

accounts for approximately 37.1% of all intracranial tumors 
(12). Meningiomas arise from the arachnoid cap cells and are 
mostly benign; however, slow growth has been observed. The 
discovery of meningiomas is difficult, and if left untreated, they 
can cause severe disability and chronic illness to the patient, 
depending on their exact location (4). 

Meningiomas classified as WHO grade I are benign; WHO 
grade II, intermediate or atypical; and WHO grade III, 
anaplastic. Anaplastic meningiomas exhibit a more aggressive 
biological behavior and tend to invade the brain as well as 
infiltrate and affect the bones, muscles, dura, or venous 
sinuses (3). 

The treatment protocol for meningioma is designed very 
carefully by the surgeon, taking into consideration numerous 
factors. The most important factors that contribute to the 
prediction of the respective treatment for meningioma include 
the appropriate location of the tumor; awareness of the nature 
of the tumor, whether it is benign or malignant; and the feasibility 
of potential treatment options and health preferences by the 
clinicians (1). About 70%–80% of meningiomas are suitable 
for a surgical resection. While the recurrence rate of grade 
I meningioma is as low as 5%–10%, those of grade II and 
III meningiomas are 50% and 80%, respectively, upon total 
resection in a 5-year period (12). 

To detect potentially pathogenic meningiomas at early onset 
and accurately define their histopathological grades, genetic 
markers must be considered. Many studies that emphasize 
the role of genetics in meningioma have been conducted. 
Gene variations, which are known to be driver mutations that 
contribute to the development of meningiomas, have been 
reported, such as focal mutations and intrinsic aberrations 
of the NF2 gene (6); alterations of MADH2, MADH4, APM-1, 
and DCC genes (5); and mutations of SMO, TRAF7, KLF4, and 
AKT1 genes (9). 

Further advancements in meningioma research, which are 
significantly promising, will certainly affect the molecular 
taxonomy of meningioma. However, a significant number of 
meningiomas still remain to be unidentifiable on the basis of 
oncogenic driver variations. Therefore, new potential biological 
markers related to certain pathways need to be determined. 
For instance, in an attempt to define markers such as folate 
metabolism genes, which have certain polymorphisms and are 
believed to be involved with various human cancers, studies 
have been conducted on different cohorts of meningioma 
patients (2,7,8). Similarly, DNA repair genes and their mutations 
are found to be associated with tumor development (22). 

Here, we investigated the association of the MTHFR, MTRR, 
and RAD54L gene variations with meningioma in Turkish 
patients because we believe that particular variations of these 
genes are correlated with the pathological characteristics 
of meningioma. In a cohort consisting of 87 patients, 5 
particular single-nucleotide polymorphism (SNPs) were 

found to be significantly associated with meningioma and its 
histopathological characteristics. 

█   MATERIAL and METHODS
Samples and Patient’s Information Collection

A total of 87 meningioma samples were retrospectively 
obtained from Bahcesehir University, School of Medicine, 
Brain Tumor Tissue Biobank. All the patients previously 
underwent operation at the neurosurgery department, and 
pathological specimens were processed at the neuropa-
thology department. The pathology reports of patients with 
meningioma were reviewed after obtaining approval from 
our Institutional Research Ethics Committee (2018-16/03). 
Sample selection was performed based only on the pathology 
results. The pathological data and clinical notes collected for 
each of the patient included the following information: age, 
gender, pathology, histopathological subtype, recurrence, 
WHO grade, and Ki67 score, with level of necrosis. 

DNA Isolation and Library Preparation for Sequencing

For DNA isolation, tumor tissue samples were obtained from 
tumor biobank and washed with cold phosphate-buffered 
saline. About 10–20 mg of the tissue was used for crude DNA 
extraction. The alkaline lysis protocol was followed. Briefly, 
the tumor sample was first incubated in an alkaline solution 
(1 mM Na2EDTA, 25 mM NaOH, pH 12) for 7–8 min at 95 °C. 
Then, an equal volume of a neutralization buffer (40 mM Tris–
HCl buffer) was added. Subsequently, a supernatant for quick 
centrifugation was used or stored at −20°C until use. 

PCR amplification was performed for library preparation prior 
to sequencing. The mutation hotspot regions of the MTHFR, 
MTRR, and RAD54L genes were amplified by using specific 
primers as provided in Supplementary Table I. Genomic DNA 
(50 ng) was used for PCR. All PCR products were subjected to 
agarose gel electrophoresis and were cleaned up and all PCR 
product amplicons were mixed prior to library preparation for 
next-generation sequencing (NGS).

Next-Generation Sequencing (NGS)

A total of 96 samples were prepared for NGS using the DNA 
Flex Library Prep Kit (Illumina Inc., San Diego, USA) according 
to the manufacturer’s protocol. Briefly, PCR amplicons larger 
than 150 bp were pooled and tagmented. Amplicons were 
diluted to 500 ng DNA amplicon concentration and assessed 
via Qubit high sensitivity assay (Thermo Fisher Scientific). 
Amplicon enriched samples were sequenced with paired end 
reaction MiSeq sequencing platform (Illumina Inc., San Diego, 
USA).

Fastq files were obtained and processed using freely available 
online tools. NGS QC Toolkit v2.3.3 was used to determine the 
base quality. Low-quality bases (Q < 30) were trimmed using 
FASTX-Toolkit 0.0.13. The BWA-MEM algorithm was adopted 
to align the reads on the hg19 human reference genome. 
Following GATK recalibration, indel alignment, and duplication 
removals, BAM files were obtained, which were screened for 
mutations using the Genome Browser software (Golden Helix, 
MT, USA).
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comparisons of the continuous variables were performed 
using the Tukey–Kramer method. A p-value less than 0.05 
was considered statistically significant, and the statistical 
results for each of the SNP against each parameter of the 
histopathological data that we collected (including meningioma 
types, meningioma subtypes, meningioma’s WHO grade, Ki67 
proliferation index scores, necrosis level, and recurrence of 
each patient) were analyzed. 

█   RESULTS
Total of 87 patients’ meningioma tissues have been evaluated. 
The cohort data is presented in Table I. The median age of the 
cohort was 55.3 years old, with a standard deviation of 14.7 
years and male to female ratio of 1:1.56. Among the tumors, 
61 were grade I (benign), 23 were grade II, and 4 were grade III. 
The findings of the pathological assessment were as follows: 
60 typical, 23 atypical, and 4 anaplastic meningiomas; 57 of 
them were meningothelial, and 30 were non-meningothelial. 
Average of 87 patients’ Ki67 proliferation index was 4.2% 
± 3.6. All the samples were classified into two groups: high 
Ki67-expressing tumor group (>10) (n=77), and negative/low 
Ki67-expressing tumor group (<10) (n=10). Of the 87 tumors, 
8 demonstrated necrotic activities. A total of 80 patients 
demonstrated no recurrence in the 5-year follow-up, and 7 
patients experienced tumor recurrence.

Five different SNPs have been evaluated in the meningioma 
cohort. rs1801131, rs1801133, and rs4846051 on MTHFR, 
rs1801394 on MTRR, and rs1048771 on RAD54L gene fre-
quencies were found to be significantly altered in the overall 
cohort or significantly correlated with the histopathological 
characteristics of the tumors in our meningioma cohort when 
compared with the healthy subject frequencies obtained from 
different databases (Table II).

The identified SNPs were analyzed according to their 
correlation with six histopathological criteria: type of 
meningioma, respective histopathological subtypes, WHO 
grade, proliferation index, level of necrosis, and disease 
recurrence. Chi-squared test, Fisher’s exact test, and ANOVA 
test were used for correlation analysis. 

rs18011031 is a missense variation causing to p.Glu470Ala 
(g.16685A>C) amino acid conversion on the MTHFR gene. The 
frequency of rs18011031 is 0.09 in the meningioma cohort. It 
is significantly less than the frequencies in the ExAC (0.29), 
gnomAD (0.28), and 1000 Genomes Project (0.25) databases 
(p<0.01). Moreover, it is significantly correlated with the WHO 
tumor grades (p=0.038) (Figure 1A). rs1801133 is missense 
variation that causing to p.Ala263Val (g.14783C>T) amino acid 
conversion on the MTHFR gene. The frequency of rs18011033 
is 0.29 in the meningioma cohort. Although it is not significantly 
different from those of the ExAC (0.30), gnomAD (0.31), and 
1000 Genomes Project (0.25) databases, the rs18011033 
variation significantly correlated with the WHO tumor grades 
(p=0.045). Grade I tumors have more variations compared 
with grades II and III (Figure 1B). rs4846051 is a synonymous 
variation on the MTHFR gene. The frequency of rs4846051 is 
0.18 in the meningioma cohort. It is significantly higher than 

Table I: Demographic and Pathologic Characteristics of Meningi-
oma Patients (n=87)

Characteristic Value

Age (Mean ± SD) (years) 55.3 ± 14.7

Gender

Male 34

Female 53

Pathology

Typical 60

Atypical 23

Anaplastic 4

Histopathological Subtype

Meningothelial 57

Non-meningothelial 30

Grade

I 60

II 23

III 4

Ki-67 index (% Mean ± SD) 4.2 ± 3.6

Negative or Ki-67<10 77

Ki-67>10 10

Necrosis

Negative 78

Positive 9

Recurrence

Negative 80

Positive 7

Statistical Analysis

SNP data converted into tabular form for further assessment 
for each mutant SNP with its respective demographic and 
pathological parameters. GraphPad Prism8 (GraphPad 
Software, San Diego, USA) was utilized to assess the findings 
on statistical basis. The results for the meningioma cohort 
were compared with different exome databases containing 
healthy people frequencies of selected variations. Exome 
Aggregation Consortium (ExAC), the Genome Aggregation 
Database (gnomAD), and 1000 Genomes Project database 
were used to obtain major allele frequency of each genomic 
variations for the investigated variations.

Pearson’s chi-squared test was employed to determine 
statistical differences in categorical variables. Multiple 
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Table II: Genomic Variations on MTHFR, MTRR and RAD54L Genes. Variation Frequencies were Compared within Various Databases. 
Bold Lines Indicates Statistical Significance

Gene Variation on 
DNA

rs
number Variation on 

protein

Meningioma 
Cohort 

Frequency

ExAC 
Frequency

gnomAD 
Frequency

1000 Genomes 
Frequency

MTHFR g.16685A>C rs1801131 p.Glu470Ala 0.09 0.29 0.28 0.25

MTHFR g.14783C>T rs1801133 p.Ala263Val 0.26 0.30 0.31 0.25

MTHFR g.16704C>T rs4846051 p.Phe476= 0.18 0.03 0.02 0.10

MTRR g.6757A>G rs1801394 p.Ile22Met 0.15 0.47 0.46 0.36

RAD54L g.35534C>T rs1048771 p.Ala730= 0.09 N/A 0.10 0.19

Figure 1: SNPs associated with tumor histopathological characteristics. A) MTHFR gene rs1801131 variation, C variant significantly 
increased in WHO grade I, B) MTHFR gene rs1801133 variation, T variant significantly increased in WHO grade I and II, C) MTHFR 
gene rs4846051 variation, T variant significantly increased in WHO grade I, D) MTHFR gene rs4846051 variation, T variant significantly 
increased in Ki67<10 group, E) MTRR gene rs1801394 variation, G variant significantly increased in Ki67>10 group, F) RAD54L gene 
rs41048771 variation, T variant significantly increased in non-necrotic meningioma group.

A B C

D E F
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reported in large databases. Moreover, they are significantly 
associated with the WHO tumor grades as mentioned above. 
Kumawat et al. conducted a study on Indian cohort, and the 
A1298C (rs1801131) SNP was found to be a significant risk 
factor of meningioma (11). They reported reduced C allele 
frequency in their 76 meningioma samples and concluded that 
rs1801131 C allele increases homocysteine level and plays a 
protective role (17). Zhang et al. conducted a case–control 
study by analyzing 600 meningioma and 600 control samples 
from Chinese Han population. They employed the genotyping 
method for selected variations. In addition, they revealed no 
association of rs1801131 but a significant association with 
C677T (rs1801133) T allele with meningioma occurrence as 
well as an increased risk of meningioma development. Further, 
they revealed no association between the WHO tumor grades 
and SNPs (24). Contrary to the study by Zhang et al., in our 
study, a significant association of rs1801131, rs1801133, and 
rs4846051 SNPs of the MTHFR gene and WHO tumor grades 
was observed. This indicates a minor allele occurrence in 
WHO grade I tumors (Figure 1A-C). Bethke et al. screened 
British meningioma cohort for rs1801131 and rs1801133 
SNPs and revealed a significant association of both SNPs with 
increased risk of minor allele occurrence (2). To the best of our 
knowledge, there is only one study that analyzed the C677T 
SNP of the MTHFR gene in Turkish meningioma cohort, namely, 
the study by Kafadar et al. They reported no association in 74 
meningioma patients (10). As far as we know, the rs4846051 
(Phe476=) variation of MTHFR was not previously reported 
for meningioma, and Kafadar et al. reported for the first time 
a significant association with the occurrence of meningioma 
and MTHFR gene variation. rs4846051 was also found to 
be significantly associated with the Ki67 score, which is a 
proliferation marker for tumors cells. The G variant is more 
frequent in the group with a Ki67 score below 10 (Figure 1D). In 
spite of the established effect of the MTHFR gene variations, 
there are conflicting results in different cohorts. However, our 
study reported a significant risk of the three SNPs listed above 
and association with histopathological characteristics. 

The MTRR gene codes for enzyme called methionine 
synthase reductase which plays a role in amino acid 
methionine biosynthesis. It is another key enzyme in amino 
acid metabolism; therefore, variations on the MTRR gene are 
extensively analyzed in several tumors, including meningioma 
(2,18,23). Kumawat et al. analyzed the MTRR gene exon 2 
A66G (rs1801394) variation on their Indian cohort and reported 
a reduced risk association of G allele with meningioma along 
with the MTHFR gene rs1801131 variation (11). Zhang et al. 
(2013) and Bethke et al. (2008) have yielded contrary results 
and reported no association of WHO tumor grades or other 
histopathological characteristics with the G allele SNP of 
MTRR, as a risk factor for adult meningioma in Chinese Han 
ethnicity and British populations, respectively (2,24). In the 
meta-analysis of the A66G polymorphism in 2,236 cases 
and 2,248 controls conducted by Chen D et al., a significant 
association between MTRR A66G (rs1801394) and MTHFR 
A1298C (rs1801131) was observed, which contribute to the 
genetic susceptibility to meningioma (7). There is no other 
SNP reported on the MTRR gene for meningioma. There 

those of the ExAC (0.03), gnomAD (0.02), and 1000 Genomes 
Project (0.10) databases (p<0.01). Moreover, it is significantly 
correlated with the WHO tumor grades and accumulated more 
on grade I tumors (p=0.023) (Figure 1C). rs4846051 variation 
was also found to be significantly associated with low Ki67 
proliferation index (p=0.00455) (Figure 1D). rs1801394 is a 
missense variation on the MTRR gene, causing to p.Ile22Met 
(g.6757A>G) amino acid conversion. The frequency of 
rs1801394 is 0.15 in the meningioma cohort. It is significantly 
less than those of the ExAC (0.47), gnomAD (0.46), and 1000 
Genomes Project (0.36) databases (p<0.01). Moreover, it is 
significantly associated with high Ki67 proliferation index on 
the meningioma cohort (Figure 1E) (p=0.0144). Lastly, the 
rs1048771 variation on the RAD54L gene is synonymous 
variation causing no amino acid change. The frequency of 
rs1048771 is 0.09 in the meningioma cohort. Although it is 
not significantly different from those of the gnomAD (0.10) 
and 1000 Genomes Project (0.19) databases, the rs1048771 
variation is significantly associated with the non-necrotic 
histopathological form of tumor (p=0.05) (Figure 1F). 

█   DISCUSSION
In this study, we investigated the association of the folate 
mechanism- and DNA repair mechanism-associated genes 
in Turkish meningioma cohort. To the best of our knowledge, 
this is the first study to investigate the Turkish meningioma 
population using an extended approach, including not 
only single-point variations on a gene but also all hotspot 
variation regions of the aforementioned genes as well as their 
association with histopathological characteristics. The recent 
advancements in meningioma research revealed some of the 
very important connections between the genetic profiles and 
histopathological features. The proper diagnosis requires 
objective approach and parameters rather than subjective 
guidelines. The objective markers have always been proven 
to be useful for patient assessment, which enables the design 
of a good treatment model. The results of this study are 
quite promising and can be considered for a larger cohort of 
studies of a variety of genes involved in meningiomas. The 
risk of meningioma and its association with the genes MTHFR, 
MTRR, and RAD54L have been investigated by numerous 
studies. 

MTHFR is a gene coding for methylene tetrahydrofolate 
reductase enzyme that is plays a significant role in folate 
vitamin metabolism. Moreover, it is important for the multistep 
process that converts the amino acid homocysteine to another 
amino acid, namely, methionine. It is a central enzyme in cellular 
metabolism. Numerous studies suggest the association of 
MTHFR polymorphisms with the risk of meningioma. In our 
study, among several single-nucleotide variations within the 
MTHFR gene, three SNPs were significantly altered in our 
cohort. rs1801131 (g.16685A>C, p.Glu470Ala), frequency of C 
allele (minor allele) in our cohort is 0.09. rs1801133 (g.14783C>T, 
p.Ala263Val), frequency of T allele (minor allele) in our cohort 
is 0.26 and rs4846051 (g.16704C>T, p.Phe476=) frequency of 
T allele (minor allele) in our cohort is 0.18. All of them were 
significantly altered compared with those of healthy controls 
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are limited studies reporting on the MTRR gene variations 
and meningioma association, and none of them reported a 
correlation between histopathological characteristics and 
SNPs. In our study, we revealed that the rs1801394 SNP G 
minor allele significantly increased in the meningioma cohort 
compared with the controls in different databases (Table 
II). Furthermore, we reported that Ki67 score above 10 is 
significantly associated with rs1801394 variation (Figure 1E).

RAD54L gene codes for DNA repair and recombination protein 
RAD54-like. Moreover, it plays a significant role in homolog 
recombination for the repair of double-stranded DNA breaks, 
single-stranded DNA breaks, and collapsed replication forks 
(14,20,21). The RAD54L gene has been previously proposed 
as a potential onco-suppressor, and its mutations/variations 
can be linked to the development of breast cancer (19) and 
colon carcinoma and lymphoma (15). RAD54L variations were 
also proposed as risk factors for meningioma; thus, Leone 
et al. investigated the rs1048771 2290C/T variation in 70 
meningioma and 287 control samples in Spain and Ecuador 
cohorts. They suggested a significant association between 
minor T allele and meningioma development (13). A study 
by Mendiola et al. analyzed 29 meningioma patients and 
revealed that most of the sporadic tumors exhibited allelic 
loss in 1p32, which bears the RAD54L gene (16). In our study, 
we found that the rs1048771 variation significantly increased 
in the meningioma cohort compared with healthy controls in 
the databases (Table II). Further, it is found to be significantly 
associated with the non-necrotic form of tumor. The T allele is 
only found in non-necrotic meningioma (Figure 1F). 

█   CONCLUSION
In this retrospective study, we aimed to determine whether 
there is an association between the genetic alterations of 
folate metabolism (MTHFR and MTRR genes) as well as DNA 
repair mechanism genes (RAD54L) and the histopathological 
characteristics of meningioma. We found five significant 
single-nucleotide polymorphisms (SNPs) on three genes and 
four significant correlations of SNPs with the tumor grades, 
Ki67 scores, and necrotic characteristics of tumor in Turkish 
meningioma cohort. To validate our results, other large-scale 
studies should to be conducted in order to add new genetic 
parameters to the diagnosis and prognosis of meningioma. 
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Supplementary Table I: Primer Sequences of MTHFR, MTRR and RAD54 Genes

Gene Primer name Sequence (5’ to 3’)

MTHFR
MTHFR gen-seq-1_Forward CCTGATTTGCTTGGCTGCTC

MTHFR gen-seq-1_Reverse ACTCAGCGAACTCAGCACTC

MTHFR
MTHFR gen-seq-2_Forward CTTGTGGTTGACCTGGGAGG

MTHFR gen-seq-2_Reverse TTTGCCTCCCTAAGCCCTTC

MTRR
MTRR gen-seq_Forward AGGCTCATTTGAGATTAGTGCTGA

MTRR gen-seq_Reverse CTGTCATTTACAGTTAAGGAGTTGTTAC

RAD54L
RAD54 gen-seq_Forward CACTTCTCTCTGGGCGAGTT

RAD54 gen-seq_Reverse TTCTTCCCTGCTGGGCTTAC


