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Objective: This study aimed to reveal the potential function of methylenetetrahydrofolate
dehydrogenase 2 (MTHFD2) and emphasized its importance in brain low-grade glioma (LGG).
Methods: We firstly explored the differential expression of MTHFD2 mRNA in LGG and
normal tissues, followed by correlation analysis of MTHFD2 mRNA expression with
patient’s clinical characteristics. MTHFD2 protein expression in LGG and subcellular loca-
tion were also evaluated. Then, survival analysis was performed to reveal the influence of
MTHFD?2 expression on the overall survival of patients, and Cox regression analysis was
applied to predict the prognostic factor for overall survival of LGG. Finally, we performed
functional analysis to reveal potential MTHFD2-associated pathways involved in LGG.
Results: We found that MTHFD2 was highly expressed in LGG patients (P<0.05), and
MTHFD2 expression was related to patient’s age and IDH mutation status (all P<0.05).
MTHFD?2 protein was mainly localized to the mitochondria. Survival analysis showed that
high expression of MTHFD2 desirably improved the prognosis of LGG patients (P<0.001),
especially for those patients with age >45 years (P<0.05). But independent prognostic role of
MTHFD?2 in LGG was not observed. Pathway enrichment analysis indicated that MTHFD2
high expression significantly and positively participated in the pathway of one carbon pool
by folate (all P<0.05).

Conclusion: High expression of MTHFD2 was observed in LGG, which was favorable for
the overall survival of LGG patients. Our results assumed that MTHFD2 high expression
might play a pivotal role in LGG through positively regulating pathway of one carbon pool
by folate.
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Introduction

Glioma is the most common malignant tumor in the central nervous system, account-
ing for 70% of brain cancers. According to the latest statistic reports in China,’
101,600 new cases and 61,000 related deaths have appeared. The World Health
Organization classified gliomas into grade 1 to grade 4 based on histology and clinical
criteria.> Brain low-grade gliomas (LGG), belonging to grade 2 tumor, accounted for
15-25% of all gliomas and included astrocytomas, oligoastrocytomas and
oligodendrogliomas.* LGG was relatively benign as well as slow-growing, and overall
survival (OS) of children and adolescents with LGG exceeded 90% at 5 to 10 years.
Despite growing slowly initially, essentially all LGG lesions eventually progress to
high-grade glioma (HGG) (Grade 3/4).%” Approximately 50% of patients with LGGs
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will experience malignant transformation within 5 years.®
Previous study has identified several diagnostic and prog-
nostic signatures, such as PWP2, FGR and BMP2, which
may be utilized as biomarkers for diagnosis and prognosis,
and for development of a treatment strategy for LGG.’ It
was of great significance that identification of potential
therapeutic biomarker for LGG patients to improve their
clinical outcome.

Methylenetetrahydrofolate dehydrogenase 2
(MTHFD?2) is a mitochondrial enzyme involved in folate
metabolism,'® as well as a bifunctional enzyme with
methylene dehydrogenase and cyclohydrolase activities.''
Growing evidence demonstrated the up-regulation of
MTHFD?2 in various cancers and its over-expression was
associated with tumor cell proliferation.'® Inhibition of
MTHED2 expression affected the proliferation of lung,'
breast'* and acute myeloid leukemia'> cancer cells. These
studies also highlighted MTHFD2 as being a promising
therapeutic target for cancer treatment. MTHFD2 was
identified as the drug target to block breast cancer cell
migration and invasion.'® Additionally, MTHFD2 has
been suggested to play an important role and potentially
be valuable in the prognosis and treatment of glioma.'’
Furthermore, immunohistochemical validation revealed
that MTHFD2 was positively expressed in diffuse
LGG."® Currently, it has been regarded as one of the
candidate marker genes for tumor invasion, metastasis
and poor prognosis.'® Despite the growing interest about
MTHFD?2 as a potential target in cancers, the potential
function of this enzyme in LGG has not been defined.

The present study was aimed at revealing the potential
role of MTHFD2 in LGG. We explored the MTHFD2
expression in LGG patients, assessed its influence on
patient prognosis and revealed its prognostic value on
overall survival. Finallyy, MTHFD2-associated pathway
was explored to understand the potential mechanism
involved in LGG.

Methods

MTHFD2 mRNA Expression Analysis

We firstly explored the mRNA expression profile of
MTHFD2 across all tumor and normal tissues through
Gepia database (http://gepia.cancer-pku.cn/). The differ-

ential expression of MTHFD2 mRNA in normal and
LGG samples was also analyzed. Correlation analysis
between MTHFD2 mRNA expression and patient’s age,
BRAF genetic status, tumor locations, primary or

recurrent tumor, and primary tumor that further pro-
gressed was performed using GSE60898 dataset, which
was obtained from GEO database (https://www.ncbi.nlm.

nih.gov/geo/). In addition, the effects of age, gender,
tumor subtypes, IDH mutation status, pharmaceutical
therapy, and radiation therapy on MTHFD2 expression
was also explored using TCGA Lower Grade Glioma
(LGG) cohort, which was obtained from UCSC Xena
database (https://xenabrowser.net/). Due to the signifi-

cance of MTHFD2 in brain cancer, we also explored
the MTHFD2 mRNA expression in human brain by
HPA database (https://www.proteinatlas.org/).

MTHFD2 Protein Expression

Furthermore, the protein expression of MTHFD2 in normal
and LGG tissues was also evaluated in HPA. The subcellular
location of MTHFD?2 protein in cancer cells is determined
by indirect immunofluorescence microscopy in human U2-
OS cell line and mouse cell line NIH 3T3. Representative
multi-color images showing the protein of interest in green
are displayed. The images also include markers for the
nucleus (blue), microtubules (red) and ER (yellow). As
stated in database, all proteins are stained in U-2 OS for
localizing the whole human proteome on a subcellular level
in one specific cell line. In addition to the human cell lines,
many proteins have been stained in the mouse cell line NIH
3T3, given that the human and mouse genes are orthologous.

MTHFD2 Prognosis Analysis

We then evaluated the influence of MTHFD2 expression on
the overall survival of LGG patients by Gepia and TISIDB
databases. For deeper understanding the influence of
MTHFD2 expression on the patient’s survival, we used
the clinical data of LGG patients from TCGA Lower
Grade Glioma (LGG) cohort for conducting survival ana-
lysis. The LGG patients were divided into high- and low-
expression groups according to the median of MTHFD2
expression. Subsequently, the influence of MTHFD2
expression on overall survival was analyzed based on age,
gender, tumor subtypes, IDH mutation status, pharmaceu-
tical therapy, and radiation therapy using Kaplan-Meier
analysis and Log rank test. Moreover, Cox regression ana-
lysis was performed to predict the independent prognostic
role of MTHFD?2 for overall survival in LGG.

Functional Enrichment Analysis
In order to explore the potential function of MTHFD2, we
firstly detected its co-expressed genes in LGG through
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cBioportal database. The genes with absolute correla-
tion>0.5, P<0.001 and g<0.001 were selected for further
functional analysis. We used BiNGO plug-in of Cytoscape
to explore the enriched biological processes of these iden-
tified genes, and ClueGO plug-in to predict the associated
KEGG pathways. Further, we performed the GSEA ana-
lysis to explore the potential mechanism of MTHFD2 in
LGG. The analysis criteria for GSEA were set as follows:
number of permutations (1000), permutations type (gene -
set), enrichment statistic (weighted), metric for ranking
genes (person), genes list ordering mode (descending).
The terms with FDR<25% and P<0.05 were considered
as significant pathways.

Interactions Analysis on MTHFD2 with

Tumor-Immune System

We used the TISIDB to explore the association of
MTHFD?2 expression with immune subtypes and molecu-
lar subtypes in LGG. The immune subtypes include C1
(wound healing), C2 (IFN-gamma dominant), C3 (inflam-
matory), C4 (lymphocyte depleted), C5 (immunologically
quiet) and C6 (TGF-b dominant). Molecular subtypes con-
tain Classic-like, Codel, G-CIMP-high, G-CIMP-low,
Mesenchymal-like and PA-like.

Statistical Analysis

All the statistical analyses were performed using SPSS
19.0. Independent #-test or Mann—Whitney U-test were
performed for comparisons between the two groups.
ANOVA or Kruskal-Wallis test was performed for multi-
ple comparisons followed by Bonferroni’s post-hoc test.
Survival analysis was performed by Kaplan-Meier method
and Log rank test. P value less than 0.05 was regarded as
statistical significance.

Results

Expression Analysis in LGG

The MTHFD2 expression profile in human cancers
(Figure 1A) presented that MTHFD2 was highly expressed
in most cancer types including LGG, while down-
regulation was observed in LAML (Acute Myeloid
Leukemia) and THCA (Thyroid carcinoma) (all P<0.05).
Differential expression analysis (Figure 1B) further con-
firmed high expression of MTHFD2 in LGG compared
with normal group (P<0.05). Further, comparison analysis
using GSE60898 dataset showed that age of LGG patient
was associated with MTHFD2 expression, and higher

MTHFD2 expression was observed in adult patient
(Figure 1C, all P<0.001). However, no correlation was
observed between MTHFD2 expression and BRAF genetic
status, locations, primary or recurrent tumor, and primary
tumor that further progressed (Figure 1D-G, all P>0.05).

Apart from above parameters, we also analyzed the cor-
relation of MTHFD?2 expression with other characteristics of
patients using TCGA Lower Grade Glioma (LGG) cohort
data. These samples just contained G2 and G3 patients, and
this study has removed all G3 patients in the further investi-
gations. The clinical characteristics of LGG patients in
TCGA Lower Grade Glioma (LGG) cohort is presented in
Table 1. Correlation in Figure 2A indicated that IDH muta-
tion status of patient was related to MTHFD2 expression, and
higher expression was observed in patients with IDH muta-
tion (P=0.0260). Expression difference was not observed
under different age, gender, tumor subtypes, pharmaceutical
therapy, and radiation therapy (Figure 2B-F).

We then evaluated the MTHFD2 mRNA expression in
the human brain. The results indicated that MTHFD2 was
detected in all with a low region specificity (Figure 3A).
Immunohistochemistry images (Figure 3B) showed that
MTHFD2 protein was not detected in normal endothelial
cells, but showed a weak intensity in normal glial cell. The
MTHFD?2 protein staining was not detected in cancer cell,
but a weak intensity was observed. Subcellular location
showed that MTHFD2 was mainly localized to the mitochon-
dria both in human and mouse cancer cells (Figure 3C).

Prognosis Analysis in LGG

The effect of MTHFD?2 expression on the clinical outcome
of LGG patients was subsequently predicted (Figure 4).
Survival analysis in Gepia suggested that MTHFD2
expression statistically correlated with the overall survival
of patients, and MTHFD2 high expression prolonged the
survival time of patients compared with low expression
(P<0.001). The results from TISIDB also demonstrated the
favorable impacts of MTHFD2 high expression on the
overall survival of patients (P<0.001).

We then performed restrict survival analysis using
TCGA Lower Grade Glioma (LGG) cohort data. The
results indicated that expression of MTHFD2 was statisti-
cally related with overall survival time of patients with age
> 45 years (Table 2), and higher risk was observed in
MTHFD2 low expression group (HR=4.530, P=0.040).
However, survival difference between MTHFD2 high
and low expression groups was not observed under other
parameters (all P>0.05).
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Figure | The mRNA expression analysis of MTHFD2. (A) MTHFD2 expression profile across all tumor samples and normal tissues with dot plot. Red: MTHFD2 high
expression in cancer tissues. Green: MTHFD2 low expression in cancer tissues. Black: No difference between tumor and normal tissues. Red box indicates LGG. (B)
MTHFD?2 differential expression in normal and LGG samples. Detailed MTHFD2 expression among LGG patients was assessed using GSE60898 dataset based on (C) Age,
(D) BRAF genetic status, (E) Locations, (F) Primary or recurrent tumor, and (G) Primary tumor that further progressed.

We also performed Cox regression analysis to predict
the independent prognostic factor for overall survival of
LGG patients. Although MTHFD2 was associated with
survival of patients, its independent prognostic role in

LGG was not detected in this study (Table 3).

Functional Enrichment Analysis

To further determine the potential function of MTHFD?2 in
LGG, we subsequently performed co-expression analysis
on MTHFD2 through cBioportal database. A total of

20,161 co-expressed genes of MTHFD2 in LGG were
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Table |1 The Clinical Characteristics of LGG Patients in TCGA Lower Grade Glioma (LGG) Cohort

Characteristics Sample Size MeantSE P

Age <45 177 4.298+0.085 0.321
245 80 4.14910.118

Subtypes Astrocytoma 65 4.117+0.139 0.478
Oligodendroglioma 114 4.328+0.104
Mixed glioma 78 4.254+0.124

Radiation therapy No 132 4.40310.094 0.238
Yes 93 4.232+0.108

Gender Male 137 4.215+0.091 0.566
Female 120 4.295+0.106

IDHI mutation tested No 150 4.172+0.087 0.017
Yes 59 4.572+0.144

Pharmaceutical therapy No 41 4.255+0.176 0.367
Yes 45 4.455+0.134

found, and 175 genes with absolute value of correlation

coefficient > 0.5 and P<0.001 were selected for further

enrichment analysis.
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We then explored the potential biological process

associated with the 175 co-expressed genes by BiNGO

of Cytoscape. The results (Figure 5) indicated that
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Figure 2 The association analysis of MTHFD2 mRNA expression with clinical phenotypes of patients using TCGA-LGG data. (A) Age. (B) Gender. (C) Tumor subtypes. (D)
IDH mutation status. (E) Pharmaceutical therapy. (F) Radiation therapy.
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Figure 4 The association of MTHFD2 expression with overall survival of LGG patients.

these co-expressed genes significantly participated in The potential KEGG pathways associated with 175

cellular process, cellular component organization, cell genes were explored through ClueGO of Cytoscape.
cycle, cell division, nuclear division, DNA replication = Pathway analysis in Figure 6A showed that most of

and DNA metabolic process (all P<0.001). these genes participated in Oocyte meiosis (20.0%) and
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Table 2 Restrict Survival Analysis on LGG Patients in TCGA Lower Grade Glioma (LGG) Cohort

Low/High HR (95% CI) P
Pharmaceutical therapy No 20/21 2.026 (0.464, 8.842) 0.182
Yes 23/23 1.052 (0.471, 2.351) 0.898
IDHI mutation tested No 76176 1.492 (0.692, 3.218) 0.275
Yes 30/30 2.086 (0.540, 8.051) 0.324
Radiation therapy No 67167 1.687 (0.541, 5.252) 0.384
Yes 47/47 1.705 (0.778, 3.732) 0.1422
Gender Male 70/69 2.023 (0.844, 4.849) 0.096
Female 60/61 1.220 (0.534, 2.786) 0.624
Subtypes Astrocytoma 33/33 2.077 (0.539, 8.005) 0.243
Oligodendroglioma 58/58 1.175 (0.496, 2.784) 0.706
Mixed glioma 39/39 1.047 (0.331, 3.301) 0.934
Age <45 years old 89/90 1.260 (0.642, 2.470) 0.493
245 years old 40/41 4.530 (1.066, 19.25) 0.040

Table 3 Multivariate Cox Regression Analysis on LGG Patients

Parameters Wald HR (95% CI) P

Pharmaceutical therapy 1.409 1.787 (0.685, 4.660) 0.235
IDHI mutation tested 0.123 1.276 (0.327, 4.974) 0.725
Radiation therapy 2.814 2.628 (0.850, 8.128) 0.093
Gender 0.933 0.646 (0.266, 1.569) 0.334
Subtypes 1.381 1.626 (0.723, 3.656) 0.240
Age 0.781 1.755 (0.504, 6.111) 0.377
MTHFD2 2.609 2.033 (0.806, 4.806) 0.106

Fanconi anemia pathway (20.0%). Another important
pathway detected included Cellular senescence
(10.0%), pS3 signaling pathway (10.0%), Cell cycle
(10.0%), DNA replication (10.0%), One carbon pool
by folate (10.0%) and Pyrimidine metabolism (10.0%).
Among these pathways, MTHFD?2 statistically referred
to the pathway of One carbon pool by folate
(Figure 6B).

We further explored the potential mechanism asso-
ciated with MTHFD2 in LGG through GSEA analysis.
The GSEA analysis totally detected 10 positive and 19
negative MTHFD2-associated pathways involved in
LGG. According to GSEA analysis, we found that
MTHFD2 high expression was statistically and posi-
tively related to One carbon pool by folate pathway
(Figure 7A, P=0.0181). The detailed information about
One carbon pool by folate pathway is presented in
Figure 7B.

Tumor-Immune System Interaction

Analysis on MTHFD2

We finally explored the interaction of MTHFD2 with
tumor-immune system in TISIDB. The results indicated
that MTHFD2 was statistically associated with immune
subtypes in LGG (Figure 8A, P<0.001), and higher expres-
sion was observed in C5 (immunologically quiet) subtype.
In addition, molecular subtypes in LGG also affected the
MTHFD2 expression (Figure 8B, P<0.001), and Codel
subtype showed a higher expression.

Discussion

Previous study has showed that MTHFD2 expression is
low or absent in a large panel of normal tissues, and
expressed in the developing embryo but absent in most
healthy adult tissues, even those that are proliferating.'’
MTHFD2 has been proved to be highly expressed in
human cancers and associated with the tumor progres-
sion. Previous research indicated that MTHFD2 may
serve as a tumor promoter by promoting cell prolifera-
tion. For example, MTHFD2 was found highly expressed
in colorectal cancer (CRC) cells, and silence of
MTHFD2 expression inhibited the proliferation, wea-
kened the migration ability and promoted the apoptosis
of CRC cells.”” MTHFD2 was also significantly over-
expressed in non-small cell lung cancer (NSCLC) tis-
sues, and knockdown of MTHFD?2 resulted in reduction

of tumor cell growth and tumorigenicity.®' In addition,
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Figure 5 The enriched biological process of 175 co-expressed genes with MTHFD2.

MTHFD2 over-expression was associated with cell pro-
liferation and vimentin-modulated migration and inva-
sion in renal cell carcinoma (RCC).*> Moreover,
MTHFD2 expression was significantly associated with
the clinical outcome of patients, and high expression of
MTHFD2 resulted in poor prognosis in hepatocellular
carcinoma,” esophageal squamous cell carcinoma®*
and breast cancer.”> Taken together, MTHFD2 was onco-
genic in nature and may serve as a prognostic indicator.

In this study, we found that MTHFD2 mRNA was
over-regulated in LGG patients compared with normal
group. Among LGG patients, higher expression was
observed in adult patients. However, survival analysis
indicated that MTHFD2 high expression was conducive
to prognosis of LGG patients, especially facilitated the
clinical outcome of patients with age >45 years. It seemed
that MTHFD2 high expression exerted a positive role in
LGG. The impact of MTHFD2 on LGG was different from
that in other cancer types. We speculated that function of
MTHFD?2 exerted cancer type specificity.

< 1.00E-9

P-value

It should be noted that previous findings about
MTHFD?2 in brain glioma seemed to be controversial.
A Dbioinformatics analysis'’ by Liu et al found that
MTHFD2 was identified as a down-regulated gene in
glioma, and the down-regulation of MTHFD2 was closely
associated with a decreased overall survival among
patients with glioma. However, Xu et al analyzed the
expression of MTHFD?2 in glioma tissues through TCGA
analysis and qRT-PCR, finding
MTHFD2 was significantly greater in glioma tissues than

that expression of

in normal tissues, and MTHFD2 was a protected factor for
glioma patients as high expression with a long survival
time.”® Gao et al demonstrated that MTHFD?2 significantly
correlated with overall survival, and it was a protected
factor of glioblastoma multiforme patients.>” Our analysis
also indicated the up-regulation of MTHFD2 in LGG, and
MTHFD?2 high expression was favorable to the overall
survival of LGG patients. According to our investigation,
the subjects in Liu et al and Xu et al studies were all
patients with high-grade glioma, but the result of
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Figure 7 The GSEA analysis on MTHFD2 in LGG. (A) One carbon pool by folate pathway positively associated with MTHFD2. (B) Pathway plot of one carbon pool by
folate pathway. The numbers mean the enzyme code (EC). For example, EC: 1.5.1.3 represents dihydrofolate reductase.

MTHFD2 expression analysis were opposite. Current
study contained patient with low-grade glioma in G2,
expression analysis indicated its up-regulation which
agreed with Xu et al study. Although differences were
observed about MTHFD2 expression among existing
research in brain glioma, the assessment on prognostic
value of MTHFD2 seemed to be consistent. All study

suggested that MTHFD2 high expression was conducive
to the prognosis of patients with glioma compared with
low expression. The causes and mechanisms behind the
discrepant expression profiles remained elusive and
deserved further investigations.

We also performed pathway enrichment analysis to
explore the potential MTHFD2-associated mechanism

International Journal of General Medicine 2021:14

https:

4525

Dove:


https://www.dovepress.com
https://www.dovepress.com

Shi et al

Dove

A MTHFD2: LGG

[N
O
o

S
o

Expression (log2CPM)
N} o
o o

I P=9.72e-07
C3 C4 C5 C6

o
o

C1 (wound healing);

C2 (IFN-gamma dominant);
C3 (inflammatory);

{ C4 (lymphocyte depleted);
f C5 (immunologically quiet);
C6 (TGF-b dominant)

B 3= MTHFD2: LGG
o
& 100 :
S 75{ | M
s " Ll \
c 5.0 0 Y °> e
S ! '
9 25 i
3 ' P=5.6e-26
[=%
>
B @St
¢ PN QK
& XN €
¥ [OISONES)
o © é\b
&
&

Figure 8 Tumor-immune system interaction analysis on MTHFD2. (A) Associations between MTHFD?2 expression and immune subtypes in LGG. (B) Associations between

MTHFD?2 expression and molecular subtypes in LGG.

involved in LGG. Both KEGG and GSEA analysis indi-
cated that MTHFD2 mainly participated in pathway of one
carbon pool by folate. Metabolic pathway was the com-
mon mechanism related to MTHFD2. Folate-mediated
one-carbon metabolism plays a central role in a broad
array of metabolic processes required for the survival
and growth of tumor cells.?® The patients with aminopterin
treatment, an intermediate of folate metabolism, showed
clinical, hematologic and pathological evidence of
improvement.”’ Metabolism reprogramming was one of
the most active fields in cancer research, and the effects
and consequences of elevated MTHFD2 in brain low-
grade glioma were largely unknown. Thus, experiment
and clinical studies were needed to understand its potential
functional role in brain glioma.

In addition, recent studies have highlighted the critical
value of MTHFD2 as a therapeutic target for treatment of
cancers. Xu et al suggested that microRNA-940 could inhibit
glioma progression by blocking mitochondrial folate meta-
bolism through targeting of MTHFD2.?® Yam et al indicated
that microRNA-33a-5p suppressed the growth and migration
of colorectal cancer cell by inhibiting MTHFD2.* Li et al
reported that upregulation of miR-504-3p was associated
with favorable prognosis of acute myeloid leukemia and
may serve as a tumor suppressor by targeting MTHFD2.*!
Moreover, folate analog as MTHFD2 inhibitor displayed
therapeutic activity against colorectal cancer.*” These studies
implied the significance of MTHFD2 as an effective target
for more cancer treatment in the future.

Conclusions

This current study demonstrated that mRNA expression of
MTHFD2 was significantly increased in LGG, and asso-
ciated with age, and TPS53-mutation status of patients.
High expression of MTHFD2 favorably prolonged the
patient’s survival time, and MTHFD2 was determined as

an independent prognostic biomarker for overall survival
of LGG patients. We further demonstrated that MTHFD2
was positively implicated in the pathway of one carbon
pool by folate. Our research initially emphasized the
importance of MTHFD2 in LGG, and the experimental
intervention must be icing on the cake for this research.
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