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Abstract: The aggressiveness and recurrence of glioma are major obstacles for the treatment of this type of tumor.
Further understanding of the molecular mechanisms of glioma is necessary to improve the efficacy of therapy.
MicroRNAs have been widely studied in many human cancers. Here, we found that miR-940 was one of the pri-
mary downregulated miRNAs in clinical samples and glioma cell lines through bioinformatics analysis and qRT-PCR.
Upregulating miR-940 expression significantly inhibited the proliferation and invasion and promoted apoptosis of
U87 and U118 cells. In addition, experiments in vivo showed that upregulation of miR-940 expression inhibited
xenograft growth. Methylenetetrahydrofolate dehydrogenase (MTHFD2), a dual-functional metabolic enzyme, is in-
volved in the one-carbon metabolism of folate in mitochondria. We found MTHFD2 to be overexpressed in glioma
tissues and our clinical samples by gRT-PCR and Western blot assays. Through TargetScan prediction and luciferase
assays, we found that miR-940 directly targets MTHFD2. Upregulation of miR-940 expression inhibited the expres-
sion of MTHFD2 and led to intracellular one-carbon metabolism dysfunction. Furthermore, the antitumor effects of
miR-940 could be attenuated by overexpression of MTHFD2. Together, the results of our study suggest that miR-940

may be a new therapeutic target for the treatment of glioma through targeting of MTHFD2.
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Introduction

Glioma is the most common type of malignant
tumor in the nervous system, and the subtype
glioblastoma (GBM) is especially highly invasive
and prone to recurrence; approximately twenty-
four thousand new glioma cases were reported
in America in 2016, and the 5-year survival rate
is only 33% [1]. While many new therapeutic
approaches such as endocrine therapy, target-
ed therapy, immunotherapy and oncolytic viro-
therapy [2] have emerged, surgical resection of
the glioma combined with postoperative chem-
otherapy with temozolomide is still the main
clinical treatment strategy. Thus, thorough
research on potential therapeutic targets and
the molecular mechanisms of glioma is essen-
tial to improve therapeutic strategies for malig-
nant gliomas.

MicroRNAs (miRNAs) are small endogenous
non-coding RNAs 20~24 nucleotides in length
that can regulate various biological processes
by downregulating target gene expression [3]. A
number of miRNAs have been shown to partici-
pate in cell metabolism, apoptosis, autophagy,
differentiation, cell cycle progression and other
cellular activities by binding to the 3’-untrans-
lated regions (UTRs) of target mRNA sequences
to inhibit their translation [4-7]. Recent studies
have also demonstrated that abnormal expres-
sion of miRNAs is associated with glioma pro-
gression. For example, miR-215 can enhance
the adaptation of glioma cells to hypoxic envi-
ronments by targeting KDM1B [8], and overex-
pression of miR-143 inhibits glycolysis by tar-
geting hexokinase 2 and promotes the differen-
tiation of GBM stem-like cells [9]. miR-940 has
been identified as a multifunctional miRNA. In
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Figure 1. A brief one - carbon metabolic cycle. Exogenous folate was reduced twice to form THF to provide a car-
rier for a carbon unit, SHMT1/2 converted serine to glycine and provided one-carbon units. In the mitochondria,
MTHFD2 catalyses the conversion of 5,10-meTHF to 10-formyl-THF, which were the substrates for the synthesis of

purines and pyrimidines in cells.

the bone metastatic microenvironment, miR-
940 promotes the osteogenic differentiation of
human mesenchymal stem cells via targeting
ARHGAP1 and FAM134A [10]. miR-940 induces
DNA damage and inhibits tumorigenesis by
decreasing the expression of nestin, a human
nasopharyngeal carcinoma intermediate fila-
ment protein [11]. It also inhibits the invasion
and migratory potential of cells in prostate can-
cer and triple-negative breast cancer by target-
ing MIEN1 [12, 13].

Bifunctional methylenetetrahydrofolate dehy-
drogenase/cyclohydrolase (MTHFD2), also na-
med NMDMC, is a NAD-dependent bifunctional
enzyme located in mitochondria that has dehy-
drogenase and cyclohydrolase activity [14].
During the process of one-carbon metabolism
in mammals, one-carbon units are derived
mainly from serine and glycine, but the conver-
sion of serine to glycine also releases one-car-
bon units. A recent study has shown that tumor
cells rely more on serine than on glycine to sup-
port growth and metabolism [15]. Folate is
reduced twice to form tetrahydrofolate (THF),
and then one-carbon units bind to THF with the
aid of the enzyme hydroxymethyl transferase 2
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(SHMT2) to form 5,10-methylene-THF (5,10-
meTHF), which enters the mitochondria and
participates in the metabolic cycle. In the mito-
chondria, MTHFD2 catalyses the conversion of
5,10-meTHF to 10-formyl-THF, which is convert-
ed to formate by the enzyme MTHFD1 and is
released into the cytoplasm (Figure 1). After
that, thymine synthase (TYMS) converts deoxy-
uridine monophosphate (dUMP) into deoxythy-
mine monophosphate (dTMP) with 5,10-meTHF,
and 10-formyl-THF is used for purine synthesis;
the newly synthesized pyrimidines and purines
are used to maintain cell proliferation [16-19].
Recent studies have demonstrated that knock-
down of MTHFD2 in acute myeloid leukaemia
(AML) cells can decrease cell growth and cause
apoptosis and is thus a new drug target for AML
treatment [20]. Previous studies have demon-
strated that MTHFD2 is upregulated in cancer
cells and is expressed in embryonic cells but is
not expressed in adult and normal proliferative
cells [14, 21-23]. Gene expression and bioin-
formatics analysis have demonstrated that
MTHFD2 is highly expressed in glioma [24, 25].
However, no research has been performed on
the relationship between high expression of
MTHFD2 and glioma.
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In this study, we found that miR-940 was down-
regulated in 39 clinical glioma cases and in gli-
oma cell lines. In addition, upregulation of miR-
940 induced G1 arrest, promoted apoptosis,
and significantly reduced proliferation in glioma
cells, Bioinformatics assays revealed that
MTHFD2 is a direct target of miR-940. Restoring
the expression of MTHFD2 can partly reverse
the effects of miR-940 on cell proliferation,
invasion and apoptosis. These results demon-
strate that miR-940 regulates glioma progres-
sion by targeting MTHFD2 and may be a novel
biomarker.

Materials and methods
Human tissues and clinical samples

A total of 34 human glioma cases (18 grade |l,
7 grade lll and 9 grade IV) and 5 normal brain
tissue (NBT) samples (from patients with brain
trauma) were obtained from the Department of
Neurosurgery at the First Affiliated Hospital of
Nanjing Medical University. All samples were
acquired with the consent of the patients and
their family members. The studies using human
glioma tissues and NBTs were approved by the
ethics committee of Nanjing Medical University.
After surgical resection, the glioma samples
were stored frozen in liquid nitrogen. Microarray
miRNA expression (525 glioma, 5 normal) and
MRNA expression (161 glioma, 5 normal) data-
bases were download from the Cancer Genome
Atlas (TCGA) data portal (https;//cancerge-
nome.nih.gov/). miRNA and mRNA database
for 158 gliomas were downloaded from the
Chinese Glioma Genome Atlas (CGGA) (http://
www.cgga.org.cn/portal.php).

Cell culture and reagents

The human glioma cell lines U87, U251, U118,
LN229, T98G, N3 and normal human astro-
cytes (NHAs) were purchased from the Chinese
Academy of Sciences Cell Bank (Shanghai,
China). The glioma cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, USA) with 10% foetal bovine serum (FBS)
and 1% penicillin/streptomycin. NHAs were cul-
tured in high-glucose DMEM (H-DMEM) with
recombinant human EGF (rhEGF), insulin,
ascorbic acid, gentamicin sulphate/ampho-
tericin (GA-1000), L-glutamine and 5% FBS. All
the cells were incubated at 37°C in a humidi-
fied atmosphere with 5% CO,,.
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For the folate sensitivity experiment, cells were
cultured in RPMI 1640 medium (no folate;
Gibco) with 10% FBS (Gibco) and 1% penicillin/
streptomycin. U87 and U118 cells were seeded
in 24-well plates at a density of 2.5x10° cells.

For the formate rescue experiment, cells were
cultured in RPMI 1640 medium (no folate;
Gibco) with 10% dialysed FBS (dFBS) and 1%
penicillin/streptomycin. The medium was
replaced with 10 mM formate-supplemented
medium (Sigma-Aldrich) every 2 days from day
6 to day 12.

For the glycine dependence experiment, cells
were cultured in RPMI 1640 medium with 10%
dFBS (Gibco) with or without glycine (140 puM).
U87 and U118 cells were seeded in 96-well
plates at a density of 1x10* cells.

Viability assays

For assessment of growth, cells were seeded in
24-well plates, and viable cells were counted
based on Trypan blue exclusion. The cells were
stained at room temperature for 3-5 minutes.
Then, a drop of cell suspension was added to a
slide, and the number of living cells and dead
cells among 1000 cells was determined under
a microscope. Cell viability was calculated
according to the following formula: Cell viability
(%) = number of unstained cells/total number
of cells observed * 100.

miRNAs, plasmid construction and transfec-
tion

miR-940 mimic, miR-940 negative control
(miR-NC), miR-940 inhibitor and miR-940 inhib-
itor negative control (miR-NC-IN) were pur-
chased from GenePharma (Shanghai, China).
The MTHFD2 overexpression plasmid pcDNA-
3.1-MTHFD2 (MTHFD2) and empty pcDNA3.1
plasmid (vector) were also purchased from
GenePharma (Shanghai, China). All transfec-
tions were conducted using Lipofectamine
3000 Transfection Reagent (Invitrogen, Thermo
Fisher, USA) according to the manufacturer’s
instructions.

Lentivirus packaging and establishment of sta-
ble cell lines

The lentiviral vectors were constructed by

GeneChem (Shanghai, China). Lentiviruses car-
rying miR-940 and miR-NC were packaged in
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293T cells and collected according to the man-
ufacturer’s instructions. U87 and U118 cells
were transfected with lentivirus (MOI=50) for
12 h. The transfection efficiency was deter-
mined by quantitative real-time PCR (qRT-PCR)
(after 48 h), Western blot (after 72 h) and fluo-
rescence microscopy of green fluorescent pro-
tein (after 24-48 h), Stable U87 and U118 cell
lines were screened with puromycin for 7 days.

RNA isolation and quantitative real-time PCR
(QRT-PCR)

Total RNA was extracted from cells and human
tissues by using TRIzol (Invitrogen). cDNA was
obtained by using a reverse transcription kit
(Takara). qRT-PCR was performed using SYBR
Premix Ex Taq (Takara, Japan) on a 7900HT
system (Applied Biosystems, ABI, USA). GAPDH
was used as an endogenous control. All fold
changes were calculated with the relative quan-
tification method (222¢). The following primers
were used: MTHFD2, forward: 5-CAGCTGC-
AGTTGTGGGAAT-3’, reverse: 5’ GGAGGCCATCT-
ACATTATCATCA-3’; GAPDH, forward: 5AGGT-
CGGTGTGAACGGATTC-3’, reverse: 5-TGTAGA-
CCATGTAGTTGAGGTCA-3'.

Gas chromatography-mass spectrometry (GC-
MS)

The cells were collected after centrifugation,
and 1 pg of p-aminobenzoic acid was added as
an internal standard. The cells were placed in 1
ml of solution (1:2:0.8 chloroform: methanol:
water) for 1 minute, and then the mixture was
oscillated with ultrasound for 5 minutes. The
supernatant was extracted after centrifugation
at 3000 rpm for 5 minutes; then, 4.5 ml of
water and 4.5 ml of chloroform were added to
the supernatant and mixed. The mixture was
held at 4°C for 1 h, and the upper layer was
freeze-dried and dissolved in 1 ml of hydrochlo-
ric acid (6 mol/L) at 30°C for 2 h. Yellow amino
acid crystals were obtained after drying under
nitrogen flow. The crystals were placed into a
vacuum oven and dried at 50°C for 30 minutes
to ensure that the amino acid crystals did not
contain any water. Then, 0.5 ml of pyridine was
added to the crystals, and the mixture was
shaken for 10 minutes. Finally, the crystals
were silylated in 0.5 ml of N-tert-butyldime-
thylsilyl-N-methyltrifluoroacetamide (MTBSTFA)
with 1% tert-butyldimethylchlorosilane (t-BDM-
CS) (Sigma) at 60°C for 30 minutes.

253

The derivatives were analyzed by GC-MS
(7890A gas chromatograph and 5975C mass
spectrometer, Agilent) with a 30 m DB-5 MS
capillary column and a 10 m DuraGuard col-
umn. The specific protocol followed the Agilent
Fiehn Library method [26]. Sample separation
was carried out with continuous high-purity
(99.99%) helium flow (1 ml/min), a 70 eV elec-
tron impact (El) source, an ion source tempera-
ture of 230°C, an interface temperature of
290°C, and a scan range of 50-600 amy.

Metabolites were assigned using the Agilent
Fiehn Library with the Automated Mass Spe-
ctral Deconvolution and Identification System
(AMDIS) deconvolution program. The Fiehn
library was used for total ion chromatography
(TIC). Metabolites with probabilities greater
than 80% were selected, and the quantitation
ion for each metabolite was taken from the
Fiehn library [26].

Protein extraction, immunoblotting and anti-
bodies

Tissues were first ground with liquid nitrogen,
and cells and tissue fragments were lysed on
ice for 30 minutes in lysate buffer (RIPA;
Beyotime, Nanjing, China) with 1% phenyl-
methylsulfonyl fluoride (1 mM). The lysates
were centrifuged at 12000 rpm at 4°C for 15
minutes, the supernatants were collected, and
protein concentrations were determined using
a bicinchoninic acid assay (KeyGen Biotech,
Jiangsu, China). The supernatants were mixed
with 5xSDS at a 4:1 ratio and were incubated
at 100°C for 10 minutes. Then, the proteins (20
ug) were separated with SDS-polyacrylamide
gels (12% separation gels) and transferred to
polyvinylidene fluoride (PVDF) membranes
(Millipore, USA). The PVDF membranes were
blocked with 10% skim milk (skim milk dis-
solved in TBST) for 2 h at room temperature.
The MTHFD2 (ab151447, 1:2000), MTHFD1L
(@ab229708, 1:1000), SHMT2 (ab180786,
1:500) and B-tubulin (ab6046, 1:500) antibod-
ies were purchased from Abcam.

Dual luciferase reporter assay

The 3’-UTR of MTHFD2 was inserted into the
Spel and Hind Il (Takara) sites of miRNA lucif-
erase reporter vector (GeneChem, Shanghai,
China). U87 and U118 cells were seeded in
24-well plates and co-transfected with wild-
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type (WT) or mutant (Mut) reporter plasmids. A
Dual Luciferase Reporter Assay Kit (Promega)
was used to conduct luciferase assays 24 h
after transfection according to the manufac-
turer’'s instructions. Each of samples was
assayed in triplicate.

Cell proliferation assay

For the Cell Counting Kit-8 (CCK-8) assay, U887
and U118 cells were seeded in 96-well plates,
and then the cells were cultured for 24, 48, 72
and 96 h. CCK-8 solution (Beyotime, China)
was added to the 96-well plates, and the plates
were incubated for 1 h. Then, the absorbance
(optical density, OD) at 450 nm was determined
to calculate cell viability.

For the colony formation assay, U87 and U118
cells were seeded in six-well plates (200 cells/
well) and cultured for 10 days until colony for-
mation was observed. The colonies were fixed
with methanol for 30 minutes and dyed with 1%
crystal violet for 2 h (Beyotime, China). The col-
ony formation rate was used to determine cell
proliferation.

For the 5-ethynyl-2-deoxyuridine (EdU) prolifer-
ation assay, U87 and U118 were seeded in
24-well plates 48 h after transfection. An EdU
imaging kit (Life Technologies) was used to vis-
ualize newly synthesized DNA and thus to ana-
lyze cell proliferation. The number of positive
cells was determined under a fluorescence
microscope.

Transwell invasion assay

The invasion ability of U887 and U118 cells was
determined by using transwell chambers with 8
pm-pore polycarbonate membrane inserts on
the bottoms of 24-well plates (Corning, USA).
For the invasion assay, chambers were coated
with 45 ul of Matrigel (1:8 dilution; BD
Biosciences, USA) for 24 h and dried at room
temperature for 24 h. U87 and U118 cells were
plated in the chamber at a density of 1x10*
cells and cultured with 200 pl of FBS-free medi-
um in the upper chamber; 500 ul of culture
medium containing 10% FBS was placed in the
lower chamber. Then, the chambers were incu-
bated for 48 h at 37°C in a 5% CO, incubator.
The cells were fixed with formaldehyde for 30
minutes, and the cells in the upper chamber
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were removed with a swab. The cells in the
lower chamber were stained with 1% crystal
violet for 1 h. The number of invaded cells was
counted in a randomly selected field of view
under a microscope to determine the invasion
ability of the cells.

Flow cytometric analysis of cell cycle distribu-
tion and apoptosis

U87 and U118 cells transfected with miR-940
mimic, miR-NC or empty plasmids for 48 h were
seeded in 6-well plates, for cell cycle distribu-
tion analysis. The cells were collected by cen-
trifugation for five minutes at 1500 rpm and
washed in 70% alcohol overnight. The superna-
tant was removed after centrifugation at 1500
rom for 5 minutes, and the cells were stained
using a Cell Cycle Staining Kit (Beyotime, China)
for 30 minutes in the dark before being ana-
lyzed by flow cytometry. For apoptosis analysis,
U87 and U118 cells in six-well plates were
digested by trypsin without EDTA. The cells
were collected, washed twice with PBS (2000
rpm for 5 minutes), and suspended with 500 pl
of binding buffer. The suspension was mixed
with 5 pl of Annexin V-EGFP and 5 ul of propidi-
um iodide (PI). The mixture was incubated at
room temperature in the dark for 15 minutes.
Finally, flow cytometry was used to detect the
ratio of apoptotic cells.

Immunohistochemistry (IHC)

To detect MTHFD2 expression, clinical tissue
samples and mouse subcutaneous tumors
were embedded with paraffin. After dewaxing
and xylene rehydration, the antigens were
recovered. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide (H,0,). The
main antibodies were MTHFD2 (ab151447,
1:100) and Ki-67 (ab156956, 1:150).

Fluorescence in situ hybridization (FISH)

miR-940 probes (green-labelled; Servicebio,
Wuhan, China) were used to identify the expres-
sion of MmiR-940 in clinical glioma and normal
samples. First, the slides were cleaned with 1%
HCI in 70% ethanol, dried and coated with poly-
L-lysine. The tissues were fixed with 4% para-
formaldehyde for 3 h or more and washed with
a 1:1 solution of PBS and ethanol. Second, the
tissue samples were mounted on the slides
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F. gRT-PCR analysis of miR-940 expression in different cell lines (NHAs
and six glioma cell lines). The data are expressed as the mean + s.e.m.

and dried in an oven at 46°C for 10 minutes. Subcutaneous heterotopic xenograft assay
The slides were then immersed in 50%, 80%
and 96% ethanol solutions for 3 minutes each Male BALB/c nude mice (5 weeks old) were pur-
and incubated with 10 pl of hybridization buffer chased from the Beijing Vital River Laboratory
and 1 pl of probe at 46°C for 1.5 h. Finally, the Animal Technology Co. Mice were subcutane-
tissues were washed with wash buffer at 46°C ously implanted with 1x10° U87 cells (pretreat-
and observed under a fluorescence micro- ed with lentivirus containing miR-940 or miR-
scope, the fluorescence intensity of FISH was NC) bilaterally in the axillary lymph nodes. After
analyzed by Image J. 7 days of subcutaneous implantation, the
tumor volume was measured every 5 days until
TUNEL apoptosis assay day 37 (formula: volume = width? * length/2;
units: mm?3). The mice were sacrificed on day
U87 and U118 cells were seeded in 24-well 37. All procedures involving experimental ani-
plates. The cells were fixed with 4% paraformal- mals were performed under the guidelines of
dehyde for 30 minutes, incubated with 0.1% the animal ethics committee of Nanjing Medical
Triton-X PBS for 2 minutes at 4°C, and then cov- University.
ered with 50 yl of TUNEL (Beyotime, China)
assay solution (2 pl of TdT enzyme with 48 pl of Statistical analysis
fluorescence-labelling solution) per well. The
nuclei of early apoptotic cells were labelled red. Data from three independent experiments are
The positive cells were detected by fluores- expressed as the mean £ s.e.m. Student’s t-test
cence microscopy to determine the number of or one-way analysis of variance (ANOVA) was
apoptotic cells. used to compare means. Correlations between
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Figure 3. In vitro, overexpression of miR-940 inhibits glioma proliferation. A. miR-940 expression was analyzed by qRT-PCR after U87 and U118 cells were trans-
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replicate wells per group per experiment). C, D. Cell proliferation was analyzed by colony formation assay. The data were analyzed with GraphPad (three repeated
experiments with six samples per experiment). E, F. Cell cycle distribution assays were performed in U87 and U118 cells by flow cytometry 48 h after transfection. G,
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per experiment). All data are expressed as the mean + s.e.m.
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miR-940 expression and MTHFD2 levels in glio-
ma tissues were analyzed using Spearman’s
correlation analysis. The relevant data were
analyzed with GraphPad 6.0 or SPSS 17.0.
Differences between samples were considered
significant at P<0.05.

Results

miR-940 expression negatively correlates with
glioma grade

First, we analyzed the expression of miR-940 in
glioma tissues through the TCGA (5 normal and
530 glioma tissues) and CGGA (61 grade I, 33
grade lll, and 64 grade IV samples) databases.
miR-940 expression was significantly lower in
glioma tissues than in normal tissues (Figure
2A, P<0.0001). Moreover, miR-940 expression
was negatively correlated with glioma grade
(Figure 2B, grade Il vs grade Ill, grade Il vs
grade IV, and grade lll vs grade IV, P<0.0001).
We next quantified the expression of miR-940
in 39 cases (5 NBT samples from traumatic
brain injury and 34 glioma tissue samples
including 18 grade Il, 7 grade Ill and 9 grade
IV samples). miR-940 was downregulated in
the glioma tissue samples compared with the
NBT samples (Figure 2C, NBT vs grade I,
P<0.001; grade Il vs grade lll, P=0.1675;
grade lll vs grade IV, P<0.01). Then, FISH anal-
ysis also confirmed that miR-940 was down-
regulated in glioma tissues (Figure 2D and
2E). Finally, we found that miR-940 expres-
sion was downregulated in glioma cells com-
pared to NHAs by qRT-PCR (Figure 2F). Our
results suggest that miR-940 might play an
important role in the occurrence and progres-
sion of glioma.

Upregulation of miR-940 expression inhibits
proliferation in glioma cells

Decreased miR-940 expression in glioma cells
was observed through analysis of TCGA, CGGA
and clinical databases. To investigate the
effects of miR-940 on glioma cell proliferation,
U87 and U118 cells were transfected with miR-
NC, miR-940 mimic, miR-NC-IN or miR-940
inhibitor. The transfection efficiency was deter-
mined by gRT-PCR, the results of which con-
firmed that miR-940 expression was signifi-
cantly increased or decreased relative to that in
the miR-NC groups after 48 h of transfection
with mimic or inhibitor respectively (Figure 3A).
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CCK-8 experiments showed that miR-940 over-
expression significantly inhibited cell prolifera-
tion in U7 and U118 cells. However, downreg-
ulation of miR-940 did not significantly promote
tumor cell proliferation in U87 and U118 cells
(Figure 3B). The results of the colony formation
assay were similar to the results of the CCK-8
assay; the number of colonies in the miR-940
mimic groups were much lower than those in
the miR-NC groups, but such an obvious differ-
ence was not observed between the miR-NC-IN
and miR-940 inhibitor groups (Figure 3C and
3D). Downregulating the expression of miR-940
failed to significantly improve the proliferation
of U7 and U118 cells, possibly due to the low
original expression of miR-940 in glioma cells.
Considering the clear inhibition of cell prolifera-
tion upon miR-940 overexpression, we investi-
gated whether cells were arrested in a certain
cell cycle phase after transfection. Flow cytom-
etry analysis showed that the proportion of
cells in G1 phase increased in the miR-940
mimic groups of U87 and U118 cells after 72 h
of transfection, while the proportion of cells in
S phase and G2/M phase decreased (Figure
3E and 3F). The decreased number of cells in S
phase indicated that most of the glioma cells
experienced cell cycle arrest in the G1 phase
and could not enter the S phase. To further ver-
ify these results, we examined the role of miR-
940 in cell proliferation by EdU assay. A lot of
cells in the miR-940 mimic groups could not
enter the S phase, so they failed to complete
DNA replication. The percentage of positive
cells in the miR-940 mimic groups was signifi-
cantly lower than that in the miR-NC groups for
both U87 and U118 cells (Figure 3G and 3H). In
conclusion, miR-940 strongly inhibits prolifera-
tion by promoting G1 phase arrest in glioma
cells.

Upregulation of miR-940 expression promotes
apoptosis and suppresses invasion in glioma
cells

Twenty-four hours after transfection, a few cells
were found floating in the medium, and there
were more floating cells in the miR-940 mimic
groups than in the miR-NC groups. This finding
prompted us to further study the effect of miR-
940 on apoptosis in glioma cells. TUNEL stain-
ing was performed on U87 and U118 cells, and
the results showed that there were many more
positive cells in the miR-940 groups than in the
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Figure 4. Upregulation of miR-940 expression promoted apoptosis and suppressed invasion in glioma cells. A, B.
Apoptosis of U7 and U118 cells was examined by TUNEL assay (three repeated experiments with three samples
were experiment). The nuclei labelled with red fluorescence represent early apoptotic cells. C, D. Flow cytometry
was used to detect the proportion of apoptotic cells (three repeated experiments with three samples per experi-
ment). E, F. Transwell assays showed the cell invasion ability of U87 and U118 cells. Magnification: 200x. All data

are expressed as the mean + s.e.m.

miR-NC groups (Figure 4A and 4B). Overex-
pression of miR-940 promoted glioma cell apo-
ptosis (Figure 4C and 4D). Transwell assays
showed that upregulation of miR-940 expres-
sion also inhibited the invasion of U87 and
U118 cells (Figure 4E and 4F). Collectively,
these results suggest that upregulation of miR-
940 expression promotes glioma cell apoptosis
and inhibits invasion. Based on these findings,
miR-940 may act as an anti-oncogene in glio-
ma cells.

MTHFD2 is a direct target of miR-940 in glio-
ma cells

MTHFD2 was predicted to be a direct target of
miR-940 in TargetScan, miRWalk and miRDB.
We analyzed the expression of MTHFD2 in glio-
ma tissues from TCGA and found that expres-
sion of MTHFD2 was significantly greater in gli-
oma tissues than in normal tissues (Figure 5A).
In addition, MTHFD2 expression in clinical sam-
ples as determined by qRT-PCR was similar that
reported in TCGA (Figure 5B). MicroRNAs sup-
press transcription or cause mRNA degrada-
tion by binding to the 3-UTRs of their target
mRNA molecules. Luciferase reporter assays
were performed to confirm whether MTHFD2
was the direct target of miR-940 in glioma cells
(Figure 5C and 5D). Luciferase activity was
decreased after transfection of cells with WT
vectors and miR-940 mimics. Furthermore, flu-
orescence intensity was also decreased in
cells transfected with plasmids containing the
MTHFD2 3’-UTR mutated in binding site 2, site
3 and site 23 but not in cells transfected with
site 1 or site 13 mutants (Figure 5E and 5F).
These results suggest that miR-940 binds
mainly to site 1 (1611-1617) of the MTHFD2
3-UTR. Next, we measured the expression of
MTHFD2 in different glioma cell lines by
Western blotting and gRT-PCR. The results
showed that MTHFD2 expression was higher in
glioma cells than in normal cells (NHAs) (Figure
5G and 5H). Furthermore, an inverse correla-
tion between MTHFD2 and miR-940 expres-
sion was found in our 34 clinical glioma sam-
ples (Spearman r=-0. 5248, P=0.0014; Figure
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51). Finally, the IHC results for the 34 clinical
glioma cases showed that MTHFD2 expression
levels were positively correlated with glioma
grade (Figure 5J).

Overexpression of MTHFD2 reduces the inhibi-
tory effects of miR-940 on U87 glioma cells

To further verify that MTHFD2 was the direct
target of miR-940, we transfected U87 cells
with  MTHFD2 overexpression plasmids (pc-
DNA3.1-MTHFD2) or empty pcDNA3.1 plasmids
(vector). The transfection efficiency was detect-
ed by Western blotting and qRT-PCR. MTHFD2
expression was higher inthe miR-940+MTHFD2
groups than in the negative control groups
(miR-940+vector). MTHFD2 suppression ca-
used by miR-940 was reversed by introduction
of MTHFD2 overexpression plasmids (Figure
6A and 6B). To further confirm the rescuing
effects of MTHFD2, more experiments on cell
proliferation, cell cycle progression, apoptosis
and invasion were conducted (Figure 6C-K).
Notably, a previous study has shown that
MTHFD2 upregulates the expression of vimen-
tin and promotes the migration and invasion of
breast cancer [27]. In the current study, prolif-
eration and invasion potential were increased
and apoptosis was decreased in miR-940+
MTHFD2 U87 cells. Cell G1 phase arrest was
also relieved in the miR-940+MTHFD2 groups.
Again, these results suggest that MTHFD2 is a
functional target of miR-940 in U87 cells.

Overexpression of miR-940 affects the one-
carbon metabolic pathway in glioma cells

Suppression of MTHFD2 has been reported to
inhibit one-carbon metabolism in breast cancer
and AML [20, 28]. Similarly, depletion of
MTHFD2 disrupted the one-carbon metabolic
pathway in the two glioma cell lines in this
study. After transfection of the cells with miR-
940 for 48 h, the expression of MTHFD2 and
its related metabolic enzymes SHMT2 and
MTHFD1L was decreased (Figure 7A). SHMT2
is responsible for converting serine into glycine
in mitochondria. Therefore, intracellular serine
accumulated in large quantities and glycine
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Figure 7. Cells are more dependent on exogenous glycine and are more sensitive to folate deficiency after suppres-
sion of MTHFD2. A. U87 and U118 cells were transfected with miR-NC or miR-940 mimic, and the expression of
MTHFD2, SHMT2 and MTHFD1L was measured by Western blotting. B. After 96 hours of transfection, intracellular
serine and glycine levels were determined by GC-MS (three replicates). C. After 48 hours of transfection, U87 and
U118 cells were seeded into 96-well plates with medium containing glycine (glycine+) or not containing glycine
(glycine-). Cell proliferation was detected by CCK-8 assay. D. After 2 days of transfection, cells were cultured in folate-
free 1640 medium until day 6. The culture medium was replaced every 2 days with medium containing formate (10
mM). Cell viability was not rescued by the addition of formate in the miR-940 mimic group from day 6 to day 12.
Cell viability was assayed by trypan blue exclusion according to the equation cell viability (%) = number of unstained
cells/total number of cells observed * 100. E. In folate-free culture medium (day 2 to day 6), cell viability decreased
faster in the miR-940 mimic groups than in the negative control groups. All data are shown as the mean + SD of
three replicates. *P<0.05, **P<0.01, and ***P<0.001.

decreased due to the loss of SHMT2 (Figure
7B). Impaired conversion of serine to glycine
leads to greater reliance on exogenous glycine
for cell proliferation; correspondingly, cell prolif-
eration was significantly inhibited in the culture
medium without glycine (miR-940 glycine-)
(Figure 7C). The other related enzyme, MTH-
FD1L, is responsible for converting 10-formyl-
THF to formate [29]. Endogenous formate lev-
els were reduced after suppression of MTH-
FD1L, and cells showed poor tolerance to
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folate-free culture medium. Cell viability de-
creased more rapidly in the folate-free groups
than in the control groups and could not be res-
cued by adding exogenous folate (Figure 7D
and 7E).

miR-940 inhibits glioma xenograft growth in
vivo

Although we confirmed the effect of miR-940
overexpression on tumors in vitro, it was neces-
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sary to further confirm that the function of miR-
940 is the same in vivo. Therefore, we subcuta-
neously injected U87 cells into the bilateral axil-
lary lymph nodes of nude mice to establish a
xenograft model (n=5). U87 cells transfected
with miR-NC were injected on the left side, and
cells transfected with miR-940 mimic were
injected on the right (Figure 8A). Tumor-bearing
mice were sacrificed on day 37, and the subcu-
taneous tumors were removed (Figure 8B). The
tumor volumes were measured from day 7 to
day 37. By day 17 after implantation, tumor
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growth was inhibited in the miR-940 mimic
group, and the difference in tumor size
increased with time (Figure 8C). Finally, subcu-
taneous tumors were collected for qRT-PCR
and IHC analysis. MTHFD2 expression in the
xenografts was decreased due to the inhibitory
effect of miR-940 mimic (Figure 8D). The in
vitro experiments had shown that cell prolifera-
tion decreased when MTHFD2 expression was
inhibited; similarly, in vivo, the IHC experiments
showed that the expression of nuclear protein
Ki-67, an indicator of tumor proliferation, was
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also decreased in the miR-940 mimic group
(Figure 8E). All these results indicate that miR-
940 suppresses glioma proliferation in vivo.

Discussion

It is well known that miRNAs cause mRNA deg-
radation by binding to the 3-UTR region of
MRNA transcripts. Previous studies have shown
that abnormal expression of miRNAs in cancers
is associated with tumor proliferation, invasion,
apoptosis and angiogenesis. We upregulated
and downregulated the expression of miR-940
in glioma cells by transfecting them with miRNA-
940 mimic or miRNA-940 inhibitor. The prolif-
eration and invasion ability of U887 and U118
cells decreased upon upregulation of miR-940.
In this study, miR-940 induced G1/S phase
arrest, leading to decreased cell proliferation,
as determined by flow cytometry, and increased
numbers of apoptotic cells. The decreased
expression of miR-940 in glioma samples in the
TCGA, CGGA and clinical databases revealed
the clinical relevance of this miRNA. miR-940
expression was found to be low in glioma tis-
sues and high in normal tissues, leading us to
believe that miR-940 is a potential biomarker
and therapeutic target.
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MTHFDZ2, a novel gene on human chromosome
2q12, is significantly differentially expressed
between cancers and normal tissues [30].
Previous studies have shown that MTHFD2
plays a key role in AML, hepatocellular carcino-
ma and renal cell carcinoma [20, 31, 32].
Abnormal expression of MTHFD2 has also been
found in glioma [24, 25]. In this study, we dem-
onstrated that MTHFD2 was more highly
expressed in glioma samples (n=34) and glio-
ma cell lines than in normal samples (n=5) and
NHAs by gRT-PCR and Western blotting. We fur-
ther found that MTHFD2 expression was low in
normally proliferating cells but was high in
abnormally proliferating cells such as cancer
cells. When we regulated the expression of
miR-940, the expression of MTHFD2 also
changed in the opposite direction. Furthermore,
using luciferase assays, we confirmed that miR-
940 can bind to the 3-UTR of MTHFD2 and
reduce the expression of MTHFD2.

In mammalian cells, MTHFD2 is a metabolic
enzyme involved in the one-carbon metabolism
of folate in mitochondria and is responsible for
the conversion of 5,10-meTHF to 10-formyl-THF
[33]. Importantly, 5,10-meTHF will accumulate
in the mitochondria if the expression of
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MTHFD2 is reduced because it cannot pass
through the mitochondrial membrane [34]. In
the current study, 48 h after MTHFD2 expres-
sion was inhibited, the expression of enzymes
related to upstream and downstream metabol-
ic pathways also began to decline. The de-
creased expression of SHMT2 resulted in the
inability of mitochondria to convert serine into
glycine; therefore, serine accumulated in cells,
and the cells became more reliant on exoge-
nous glycine to maintain cellular viability. The
decreased expression of MTHFD1L reduced
formate formation and depleted the available
THF pool; this depletion decreased cell toler-
ance to folate-free environments (Figure 9).
Recent studies have shown that glioma cell pro-
liferation and metabolism are more dependent
on exogenous serine than on glycine [15].
Therefore, dysfunction of one-carbon metabo-
lism in glioma cells leads to the inhibition of cell
proliferation, but the reasons for the decreased
invasion and increased apoptosis need further
elucidation. These data further indicate that
miR-940 plays an inhibitory role in glioma
through MTHFD2. Moreover, the MTHFD2 has
been found to be the most consistently overex-
pressed among 1454 metabolic enzymes ana-
lyzed in 1981 human tumor samples [27].

Collectively, all the results demonstrate that
mMiR-940 acts as a tumor suppressor by nega-
tively regulating MTHFD2 expression. Suppre-
ssion of MTHFD2 expression disrupts mito-
chondrial one-carbon metabolism and acti-
vates the mitochondrial apoptosis pathway.
Further study of the relationship between miR-
940 and MTHFD2, as well as the expression of
these molecules in cancers and normal tis-
sues, may enable the development of valuable
tools for early detection of tumors in clinical
practice. Moreover, the expression of miRNAs
in serum is stable, and peripheral blood is easy
to collect from patients. miR-940 may there-
fore be a potential tumor marker, and MTHFD2
may be a potential new drug target for glioma
treatment via manipulation of cell metabolism.
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