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MicroRNA-140-5p suppresses invasion and proliferation of glioma cells by
targeting glutamate-ammonia ligase (GLUL)
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Glutamine addiction is a major feature of glioma cells and plays an important role in its growth and proliferation. GLUL
(glutamate-ammonia ligase), which catalyzes glutamate and ammonia to synthesize glutamine, plays a crucial role in tumor
growth and proliferation. We attempt to determine a pathway that limits the growth of glioma by targeting GLUL and
explore effective strategies blocking glutamine metabolism. We note that miRNAs mediate regulation of genes participating
directly or indirectly in cancer cell metabolism. The regulatory roles of miRNAs on metabolic enzymes are widely discussed,
however miRNAs regulation of glutamine metabolism by targeting GLUL in glioma has not yet been reported. Here, we
examined both the expression and functions of GLUL in glioma cells. Findings indicated that the expression of GLUL was
upregulated in high-grade compared to low-grade glioma cells. Knockdown of GLUL effectively inhibited proliferation,
migration and invasion of glioma cells in vitro. Bioinformatics analyses, as well as dual-luciferase reporter assays, revealed
that miR-140-5p bound to GLUL mRNA at the 3’-UTR location. Furthermore, the proliferation, migration and invasion of
glioma cells were also repressed by miR-140-5p. Overall, these results showed that miR-140-5p exerted its inhibitory effects
on proliferation, migration and invasion in glioma cells through downregulating GLUL. Thus, the miR-140-5p/GLUL axis

may function as a potential target for glioma treatment.
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Glioma, a common brain malignant tumor, is associ-
ated with high morbidity, recurrence and mortality rates
[1]. Gliomas have traditionally been diagnosed and treated
based on the histopathological grades (I to IV) classified
by the World Health Organization (WHO) [2]. Grade I-II
gliomas are considered low-grade glioma (LGG), whereas
grades IIT and IV, such as glioblastomas, are characterized
as high-grade glioma (HGG). The degree of malignancy
increases with grades [3]. The median overall survivals for
LGG and HGG are 6-10 years or 12-15 months, respectively
[4]. In HGG cases, less than 3-5% of patients survive longer
than 5 years after diagnosis [4, 5]. Furthermore, over 50%
of LGG cases transform into HGG within 5-10 years [6].
Despite advances in treatment, glioblastoma is essentially
incurable. Further research is needed to fully explore the
molecular mechanisms underlying the malignant transfor-
mation of gliomas.

Metabolic reprogramming is a major hallmark differen-
tiating tumor cells from normal cells since it plays a crucial
role in tumor initiation and progression [7]. In glioma,
cell metabolism patterns change, due to an increased rate
of glutamine consumption [8]. Glutamine is a rich and
multifunctional nutrient in cancer cells that participates in
redox homeostasis, energy formation, biomacromolecule
synthesis and signal transduction [9]. Glutamate-ammonia
ligase (GLUL) is a key enzyme in glutamine synthesis and
has multiple functions in cell proliferation, signaling, gluta-
mate and ammonia detoxification [10]. GLUL is highly
expressed in multiple tumor types, including glioblastomas,
breast cancer, hepatocellular carcinoma and prostate cancer
[10-13]. In breast cancer, GLUL upregulation is associated
with a poor prognosis. In addition, knockdown of GLUL
significantly inhibits the proliferation of breast cancer cells
[10]. Previous studies found that GLUL was highly expressed
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in glioblastoma and could promote the growth capacity of
glioma cells [11, 14]. Although these studies have elucidated
the effects of GLUL on the biological functions of glioma, the
mechanism regulating glutamine metabolism reprogram-
ming in glioma remains to be further studied.

Increasing studies have shown that dysregulated miRNAs
can regulate specific metabolic enzymes to accelerate
cell metabolism in cancer [15]. A single miRNA has the
ability to regulate several different genes, which can also
be regulated by a variety of different miRNAs [16]. Thus,
miRNAs are involved in complex regulatory networks that
may influence all biological processes, such as cell growth,
maturation, differentiation, energy generation, metabolism,
invasion and migration [17, 18]. In glucose metabolism,
miR-143 decreases aerobic glycolysis via targeting Hexoki-
nase 2 in some tumors, including esophageal squamous cell
carcinoma, lung cancer and colorectal cancer [19]. Lactate
dehydrogenase B is a target gene of miR-375, which affects
tumor aggressiveness by regulating lactate metabolism in
maxillary sinus and esophageal squamous cell carcinoma
[20]. For glutamine metabolism, the research identified
that miR-23a/b could enhance glutamine metabolism by
regulating c-Myc [21]. However, the link between miRNAs
and enzymes involved in glutamine metabolism requires
turther exploration.

Here, we revealed the relationship between GLUL expres-
sion and malignant grade in gliomas. GLUL was overex-
pressed in HGG cells, which was inversely related to the
expression of miR-140-5p. Subsequently, the biological
functions of GLUL were also explored in glioma cells.
miR-140-5p was found to regulate the malignant progression
of gliomas by directly targeting the GLUL mRNA.

Materials and methods

Cell culture. CHG5 and SHG44 cell lines were a gift from
Professor Xiuwu Bian (The Third Military Medical Univer-
sity, China). The LN18 cell line was purchased from CCTCC
(Chinese Typical Culture Preservation Center). U251 cells
were obtained from ATCC (American Type Culture Collec-
tion). DMEM medium (Hyclone) was used to culture all cells
used in this study.

Transfections. miR-140-5p mimics, miRNA negative
controls (NC), GLUL siRNAs, GLUL negative control siRNAs
(siRNA-NC), the pcDNA3.1-GLUL and control vector
pcDNA3.1 were purchased from Gene Pharma (Shanghai,
China). Lipofectamine 2000 reagent (ThermoFisher, USA)
was used to transfect oligonucleotides or vectors into target
cells. The transfection mixture media was replaced with 2
ml of fresh DMEM medium 6 hours after transfection. Cells
were harvested for experiments 48 h after transfection.

RNA isolation and qRT-PCR. Tripure Isolation reagent
(Roche, USA) was used to isolate total RNA from glioma cells.
The Nanodrop 2000 spectrophotometer was used to deter-
mine the quality of RNA used in studies. For miR-140-5p and

GLUL analyses, the ReverTran Ace qPCR RT kit (Toyobo,
Japan) was used to synthesize ¢cDNA. Primers used in
this study are listed in supplementary Table S1. The SYBR
Green I Master mix (Roche, USA) and cobas z480 Fluores-
cent Quantitative PCR System (Roche, USA) were used to
perform qPCR reactions.

Western blotting. RIPA lysis buffer was used to lyse cells.
The BCA protein assay was performed to determine protein
concentrations. Total protein (20ug) was separated using
10% SDS-PAGE and transferred to a PVDF membrane that
was then blocked at room temperature with 5% BSA for 1 h.
Blocked membranes were incubated with indicated primary
antibodies overnight at 4°C or for 2 h at room tempera-
ture and then incubated with HRP-conjugated secondary
antibodies for 1 h. Protein bands were detected using Pierce™
ECL Western Blotting Substrate.

Cell proliferation. U251 and LN18 cells were plated in
96-well plates (1x10* cells/well) and incubated for 0, 24, 48
and 72 h at 37°C At the indicated times, 10ul of CCK-8
reagent (Sigma) was added and cells were subsequently
incubated at 37°C for 2 h. The results were obtained using
a Bio-Rad microplate spectrophotometer (Bio-Rad xMark,
USA) at 450 nm.

Transwell migration and invasion assays. Transwell
chambers (8 um pores; Millipore, USA) were used to measure
cell migration and invasion. In the Transwell migration assay,
300 pl of serum free medium was used to suspend cells, which
were then seeded into the upper chamber whereas 500 pl of
FBS contained DMEM was added into the lower chamber.
After 24 h, non-migrated cells were removed and remaining
cells that migrated from the upper to the lower chamber
were stained for 30 min using Giemsa. Stained cells were
observed and counted using a microscope. Similar to what
was described above, Matrigel (EMD Millipore, USA) coated
transwell chambers were used to determine the invasion of
cells in vitro.

Bioinformatics analyses. Potential miRNAs targeting the
3’-UTR of GLUL mRNA were predicted using TargetScan,
miRanda and PITA miRNA databases.

Luciferase reporter assays. Human wild-type and mutant
GLUL 3’-UTR sequences were designed and synthesized by
GenePharma. The pmirGLO Dual-Luciferase miRNA Target
Expression Vector (Promega, USA) was used to construct
the wild-type GLUL 3’-UTR and mutant GLUL 3’-UTR
luciferase reporter plasmids. Then, the constructed luciferase
vectors were added together with miR-140-5p mimics or
NCs into HEK293T cells in 96-well plates. After incubating
for 48 h, the activity of luciferase was measured. The firefly
luciferase activities were normalized with the luciferase
activity of Renilla.

Statistical analyses. GraphpadPrism7 was used to calcu-
late and analyze experimental data. The Student’s t-test was
used to perform comparisons between two different groups.
The ANOVA method was used to analyze data between
multiple groups. All results were expressed as a mean * S.D.
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Results

Expression of GLUL in human glioma cell lines. Western
blotting was performed to examine GLUL protein levels
in different malignant glioma cell lines, including SHG44,
CHGS5, LN18 and U251 (Figure 1A). The SHG44 and CHG5
cell lines were obtained from LGG tissues, whereas the
LN18 and U251 cell lines were derived from HGG tissues.
The expression of GLUL in HGG cells was increased when
compared to LGG cells (Figure 1A). qPCR was performed
to investigate the mRNA expression of GLUL in glioma cell
lines. Compared to LGG cells, GLUL mRNA expression levels
were significantly increased in HGG cells (Figure 1B). These

results suggested that higher expression of GLUL in gliomas
might play a role in the biological functions of gliomas.
Knockdown of GLUL suppressed proliferation, migra-
tion and invasion of gliomas in vitro. Since GLUL is highly
expressed in HGG cells, experiments repressing GLUL
expression in LN18 and U251 cells were used to explore the
biological functions of GLUL. The LN18 and U251 cells were
transfected with GLUL-siRNA and knockdown efficiency
was confirmed using qPCR and western blotting. Compared
to the NC-siRNA group, protein and mRNA levels of GLUL
in the LN18 and U251 GLUL-siRNA groups were decreased
(Figures 2A and B). These results indicated that GLUL-siRNA
significantly reduced the expression of GLUL in the analyzed
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Figure 1. Expression of GLUL in human glioma cells. (A) The protein levels of GLUL in human glioma cells (SHG44, CHG5, U251 and LN18; *p<0.05;
**p<0.01; **p<0.001). (B) The mRNA levels of GLUL in glioma cells as shown by qPCR analyses (*p<0.05). f-actin was used as an internal control.
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Figure 2. Knockdown of GLUL suppressed proliferation, migration and invasion of gliomas in vitro. (A and B) The expression of GLUL was determined
by qPCR and western blotting in U251 and LN18 cells following transfection with GLUL siRNA/NC (*p<0.05, **p<0.01). (C) CCK-8 assays on LN18
and U251 cells transfected with GLUL siRNA/NC (*p<0.05). (D and E) Knockdown of GLUL inhibits the invasion (D) and migration (E) in LN18 and

U251 cells (**p<0.01).
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Figure 3. GLUL-3’UTR was targeted by miR-140-5p. Prediction of the binding sites of miRNA-140-5p in the GLUL 3’-UTR. (B) miR-140-5p mimics or
NC together with pmirGLO-NC, pmirGLO-GLUL-3’UTR Wt or pmirGLO-GLUL-3’UTR Mut were transfected into HEK293T cells, then the luciferase
activity was measured after 48 hours culture (***p<0.001). (C) miR-140-5p expression was detected in four glioma cell lines (SHG44, CHG5, U251 and
LN8) using qPCR (***p<0.001). U6 was used as an internal control. (D) Spearman’s correlation analysis of GLUL and miR-140-5p in glioma cell lines

(SHG44, CHG5, U251 and LN18) (*p<0.05).
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Figure 4. miR-140-5p suppressed GLUL expression. The efficiency of
transfection was determined using QPCR method (**p<0.001). The ex-
pression of GLUL in differentially treated cells was determined using
qPCR (B) and western blot (C) (*p<0.05, **p<0.01).

cell lines. To investigate the effects of GLUL on proliferation,
a CCK-8 assay was used to show that knockdown of GLUL
significantly suppressed LN18 and U251 cell proliferation
activities (Figure 2C). Additionally, knockdown of GLUL
significantly decreased the number of U251 and LN18 cells

passing through the membrane compared to NC-siRNA-
transfected group (Figures 2D and E). These observations
indicated that GLUL participated in the malignant progres-
sion of glioma cells.

GLUL was one of miR-140-5p targets. According
to the results obtained from several target analysis tools
(TargetScan, miRanda and PicTar), a putative binding region
between the GLUL gene sequence and miR-140-5p sequence
was revealed, suggesting that GLUL 3’-UTR might be a target
of miR-140-5p (Figure 3A). To further confirm this predic-
tion, a dual-luciferase reporter gene assay was performed.
miR-140-5p mimics or NC was transfected into HEK293T
cells along with pmirGLO-NC, pmirGLO-GLUL-3’UTR
or pmirGLO-GLUL-3’'UTR Wt, respectively. As shown in
Figure 3B, miR-140-5p mimics significantly reduced lucif-
erase activity of the pmirGLO-GLUL-3’UTR Wt, while
no obvious effect was observed on cells transfected with
pmirGLO-GLUL-3’'UTR Mut (Figure 3B), indicating that
miR-140-5p directly interacted with the GLUL 3’-UTR. Next,
using qPCR assays, we found miR-140-5p expression was
dramatically lower in HGG cells compared to those in LGG
cells (Figure 3C). Moreover, a negative correlation between
the expression of GLUL and miR-140-5p was observed in
glioma cells (Figure 3D). Our results indicated miR-140-5p
might negatively regulate the expression of GLUL in gliomas.

miR-140-5p downregulated GLUL expression. To
confirm whether the endogenous expression of GLUL was
controlled by miR-140-5p, we overexpressed the miR-140-5p
in LN18 and U251 cells by gene transfection method and then
analyzed the expression of GLUL at the mRNA and protein
levels. To confirm the efficiency of transfections, the expres-
sion levels of miR-140-5p were examined using qPCR. As
shown in Figure 4A, the transfection of miR-140-5p mimics
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Figure 5. Proliferation, migration, and invasion were suppressed by miR-140-5p glioma cells. miR-140-5p mimics or NC was transfected in LN18 and
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successfully increased miR-140-5p expression in U251 and
LNS8 cells compared to controls (Figure 4A). A suppressive
effect of miR-140-5p on the expression of GLUL in LN18 and
U251 cells was also observed (Figures 4B and 4C).

Suppressive effects of miR-140-5p on proliferation,
migration and invasion in glioma cells. miR-140-5p was
found to bind to GLUL and downregulate GLUL expres-
sion in gliomas. Additional studies elucidating the mecha-
nisms behind miR-140-5p in the proliferation, invasion and
metastasis of glioma cells were needed. We observed that
the proliferation, migration and invasion of LN18 and U251
were obviously impaired by the upregulation of miR-140-5p
(Figure 5), which was similar to knocking down GLUL.
These observations suggested miR-140-5p acted as a negative
regulator of glioma phenotypes.

GLUL overexpression rescued the suppressive effects
of miR-140-5p on proliferation and invasion in glioma
cells. To further elucidate that miR-140-5p exerted tumor
suppressive effect by downregulating GLUL, we performed
a series of rescue experiments by overexpressing GLUL.
After transfecting cells with a pcDNA3.1-GLUL expression
vector, the expression of GLUL in miR-140-5p mimics-trans-
fected cells was significantly restored (Figures 6A and 6B).
Moreover, the suppressive effects of miR-140-5p on prolifera-
tion and invasion were also reversed by GLUL overexpres-
sion (Figures 6C-E). These results indicated that miR-140-5p

suppressed invasion and proliferation of glioma cells by
downregulating GLUL.

Discussion

Studies investigating cancer metabolism have shown
that oncogenes and tumor suppressors could regulate cell
metabolism. These studies also revealed that mutations in
key metabolic enzymes are involved in the progression of
cancers [22, 23]. Metabolic reprogramming is a major feature
of tumors contributing to rapid cell survival and growth
[7]. Glutamate/glutamine (Glu/Gln) homeostasis, a key
mechanism for maintaining the normal cerebral function, is
disrupted in glioma. The growth of glioma cells is strongly
dependent on glutamine to provide increased biosynthesis
and energy needs [8]. In early stages, research in our labora-
tory using 1H nuclear magnetic resonance (NMR)-based
metabolic analysis found that glutamine metabolism patterns
of glioma cells changed. Compared with low-grade glioma
(LGG) cells, glutamine was significantly elevated in HGG cell
metabolites [24]. GLUL is a key enzyme in the synthesis of
glutamine and is crucial for the study of glutamine metabo-
lism in the malignant transformation of gliomas.

In our present study, the expression of GLUL in HGG
cells (LN18 and U251) was increased compared to GLUL
expression in LGG cells (SHG44 and CHG5). Knockdown
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Figure 6. GLUL overexpression rescued the effect of miR-140-5p on glioma cells. (A and B) qPCR and western blotting analyses of GLUL expression in
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of GLUL expression using siRNAs in LN18 and U251 cell
lines indicated that GLUL repression significantly inhibited
the proliferation, invasion and migration of glioma cells. This
finding was supported by a previous study demonstrating that
GLUL improves the growth capacity of glioblastomas [14].
Interestingly, a recent study found that the effect of GLUL on
angiogenesis was greater than the synthesis of glutamine in
pathological conditions [25]. These findings suggested that
GLUL might play an essential role in the malignant trans-
formation of gliomas. However, the specific mechanism of
regulating GLUL expression in glioma is still unclear.

Based on TargetScan, miRanda and PITA miRNA
databases, we predicted that GLUL might be a potential target
of miR-140-5p. Numerous studies revealed miR-140-5p
is involved in the occurrence and development of tumors
[26-29]. For example, in hepatocellular carcinoma (HCC),
miR-140-5p level correlated with patient prognosis and
was significantly decreased compared to healthy controls.
In addition, miR-140-5p also exerts its negative functions
on cell metastasis and proliferation in HCC by targeting
TGFBRI and FGF9 [26]. A negative function of miR-140-5p
on metastasis and proliferation was observed in gastric
cancer through direct regulation of YESI [27]. So far, several
miR-140-5p target genes were identified, including VEGF-A,
FGF9, TGFBRI, YES1, CEMIP and CADM3 [26-30].
However, the regulation mechanism between miR-140-5p
and GLUL has not been elucidated in tumors.

Based on results obtained from luciferase assays, we
concluded that miR-140-5p directly bound to GLUL mRNA
at the 3’-UTR region. Additionally, compared to LGG cells
(SHG44 and CHGS5), HGG cells (LN18 and U251) expressed
lower miR-140-5p levels. Moreover, between miR-140-5p and
GLUL, a negative correlation was observed, indicating GLUL
expression in glioma cells might be negatively regulated by
miR-140-5p. This observation was also supported by the
results that the expression of GLUL was markedly suppressed
by miR-140-5p overexpression. Furthermore, the prolifera-
tion, invasion and migration capabilities of glioma cells were
suppressed when miR-140-5p was overexpressed. These
findings suggested that miR-140-5p could exert its tumor
suppressive effects by downregulating the expression of
GLUL.

In summary, we found that miR-140-5p overexpres-
sion and GLUL knockdown effectively inhibited glioma cell
proliferation, invasion and migration. Meanwhile, we also
observed that GLUL expression was commonly upregu-
lated in HGG cells. Furthermore, we also identified GLUL
as a novel target of miR-140-5p in glioma. All these findings
indicated that miR-140-5p significantly inhibited the prolif-
eration, invasion and migration of glioma cells by downreg-
ulating GLUL expression. These results contribute to the
understanding of the molecular mechanisms of malignant
progression of glioma at the metabolic level and provide an
important theoretical basis to further explore the mecha-
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nism of glutamine metabolic reprogramming in glioma. The
miR-140-5p/GLUL axis could possibly serve as a therapeutic
target for glioma treatment.

Supplementary information is available in the online version
of the paper.
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MicroRNA-140-5p suppresses invasion and proliferation of glioma cells by
targeting glutamate-ammonia ligase (GLUL)
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Supplementary Information

Suppl. Table S1. qPCR primers used in this study.

Target Primer Sequence
miR-140-5p  F Primer =~ CGCCTACAGTGGTTTTACCCT
RPrimer  TATGGTTTTGACGACTGTGTGAT

U6 F Primer CAGCACATATACTAAAATTGGAACG
RPrimer ACGAATTTGCGTGTCATCC

GLUL F Primer TCATCTTGCATCGTGTGTGTG
RPrimer CTTCAGACCATTCTCCTCCCG

B-actin F Primer TCCATCATGAAGTGTGACGT

RPrimer TACTCCTGCTTGCTGATCCAC




