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ABSTRACT

Background: Glioma is the most common cancer in the central nervous system. Previous studies have revealed
that the miR-376 family is crucial in tumour development; however, its detailed mechanism in glioma is not
clear.

Methods: Cellular mRNA or protein levels of miR-376a, SIRT1, VEGF and YAP1 were detected via qRT-PCR or
Western blotting. We analysed the proliferation, angiogenesis and migration abilities of glioma cell lines using
colony formation, tube formation and Transwell assays. A luciferase assay was performed to determine whether
miR-376a could recognize SIRT1 mRNA. Xenograft experiments were performed to analyse the tumorigenesis
capacity of glioma cell lines in nude mice. The angiogenesis marker CD31 in xenograft tumours was detected via
immunohistochemistry (IHC).

Results: miR-376a expression was lower in glioma cells than in normal astrocytes. miR-376a mimic inhibited
SIRT1, YAP1, and VEGF expression and suppressed the proliferation, migration and angiogenesis abilities of the
glioma cell lines LN229 and A172, whereas miR-376a inhibitor exerted the opposite functions. In a luciferase
assay, miR-376a inhibited the luciferase activity of WT-SIRT1. SIRT1 overexpression upregulated YAP1 and
VEGF in glioma cells and promoted proliferation, migration and angiogenesis. Xenografts with ectopic miR-376a
expression exhibited lower volumes and weights and a slower growth curve. Overexpression of miR-376a
inhibited YAP1/VEGF signalling and angiogenesis by inhibiting SIRT1 in xenograft tissues.

Conclusion: miR-376a directly targets and inhibits SIRT1 in glioma cells. Downregulation of SIRT1 resulted in
decreased YAP1 and VEGF signalling, which led to suppression of glioma cell proliferation, migration and
angiogenesis.

Introduction

in length that are involved in the regulation of many crucial biological
processes in tumours. For example, cell proliferation, apoptosis, and

Glioma is the most common primary malignant tumour in the central
nervous system (representing 80% of brain tumours) and is character-
ized by invasive growth and early metastasis [1]. Its age-adjusted inci-
dence is 0.59~3.69 per 100,000 persons [2]. At present, glioma
treatment primarily involves surgical resection, supplemented by
radiotherapy and chemotherapy [3]. However, due to chemotherapy
resistance, the mortality and recurrence rate of glioma is still very high,
and the 5-year survival rate of glioma patients is only 5%. [4]. Devel-
opment of a deep understanding of the molecular mechanisms driving
glioma to identify effective methods for glioma diagnosis and treatment
is of great significance.

MicroRNAs (miRNAs) are single-stranded RNAs approximately 22 nt
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differentiation are all regulated by miRNAs [5]. MicroRNAs inhibit the
translation of target genes by binding to the 3'-untranslated region
(3’-UTR) of target mRNAs. The miR-376 family is crucial in multiple
cancer types. For instance, the invasion and proliferation ability of lung
cancer is inhibited by miR-376a via inhibition of c-Myc expression [6].
In hepatocellular cancer, miR-376a inhibits FOXK and Snail signalling,
which leads to decreased metastasis and inhibition of tumour growth
[7]. A previous study revealed that expression of the miR-376 family is
significantly lower in glioma patients and is crucial in cancer formation
and progression [8]. In addition, it has been reported that a reduction in
mature miR-376a is associated with the proliferation and invasion of
glioblastoma cells [9]. However, the miR-376a-associated signalling
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network, especially in glioma, is not yet fully understood.

SIRT1 is a type of HDAC (histone deacetylase) that depends on NAD
and regulates gene expression by altering the acetylation status of his-
tones. In addition, SIRT1 can also deacetylate nonhistone targets, giving
it a much wider spectrum of targets [10]. SIRT1 is also widely involved
in the regulation of apoptosis, autophagy, senescence, proliferation, and
tumour occurrence [11,12]. Several studies have shown the significance
of SIRT1 in the regulation of tumours, such as melanoma, prostate
cancer and colon cancer [13-15], presumably by modulating prolifer-
ation, metastasis, epithelial mesenchymal transformation (EMT) or
apoptosis [12,16]. For instance, SIRT1 has been found to promote
degradation of E-cadherin and subsequent EMT in melanoma; SIRT1 has
also been shown to be upregulated in prostate cancer in both human
patient tissues and mouse models and to promote tumorigenesis. SIRT1
can also regulate angiogenesis. Jiang and colleagues demonstrated that
SIRT1 can inhibit angiogenesis in ovarian cancer [17]. Sue reported that
FOXO1 signalling inhibited angiogenesis in gastric cancer by inhibiting
HIF-1a-VEGF signalling and SIRT1 [18]. Another study revealed that
SIRT1 is upregulated in glioma cells and associated with invasion,
metastasis and cell viability [19]. However, the signals upstream and
downstream of SIRT1 have not yet been described clearly in glioma. We
revealed a binding sequence between miR-376a and the 3'-UTR of SIRT1
using the online database TargetScan (http://www.targetscan.org
/vert 71/). Hence, a signalling axis between miR-376a/SIRT1 might
exist in glioma.

YAP1 is involved in the regulation of inflammation, tumorigenesis,
immunosuppression and many crucial biological processes in various
cancer types [20-22]. SIRT1 was reported as an upstream signal of
YAP1. For instance, activation of the c-Myc/NAMPT/SIRT1 signal was
found to be crucial for YAP signal activation, and knockdown of SIRT1
resulted in decreased YAP1 expression [23]. In addition, SIRT1 is
upregulated in liver cancer and promotes tumour growth by increasing
YAP1 expression [24]. SIRT1 was found to deacetylate the YAP2 protein
and increased the YAP2/TEAD4 association, leading to YAP2/TEAD4
transcriptional activation and cell growth promotion in hepatocellular
carcinoma cells [25]. Based on these reports, SIRT1 expression can
promote YAP1 expression and is positively correlated with YAP1
expression. Notably, YAP1 expression is positively correlated with
VEGFA expression and secretion, which promotes angiogenesis in
human renal carcinoma [26]. In glioma, miR-27v-3p can inhibit YAP1
and retard proliferation and migration while promoting apoptosis [27].
LINC00475 can promote glioma progression by regulating YAP1
expression [28]. This evidence indicates a crucial role of YAP1 in glioma
development. However, whether SIRT1 exerts such functions by
modulating YAP1/VEGFA signalling remains to be explored.

We designed this study with aim of revealing the regulatory mech-
anism of miR-376a and SIRT1 in glioma development and to explore
new potential therapeutic targets. Our data indicated that miR-376a
expression is decreased in glioma cells and that overexpression of
miR-376a inhibits glioma cell proliferation, migration and angiogenesis.
miR-376a directly bound SIRT1 mRNA to decrease SIRT1 expression,
thereby inhibiting YAP1/VEGF signalling. These findings illustrate a
new regulatory mechanism in glioma development and could provide
theoretical support for future studies.

Materials and methods
Cell culture

The human umbilical vein endothelial cells (HUVECs); A172, LN229,
U251, and U373 cell lines; and human astrocyte cell lines SVGP12 and
NHA used in this study were obtained from Chinese Academy Sciences.
A humidified incubator was used for cell culture. The incubator was
supplied with 5% CO,, Cells were maintained in DMEM + 10% FBS
(foetal bovine serum) + 100 U/ml P/S (penicillin +streptomycin) at
37 °C. DMEM and FBS were obtained from Gibco, USA.

Translational Oncology 15 (2022) 101270
Cell transfection

The miR-376a mimic and inhibitor and sh-SIRT1 were purchased
from GenePharma (Shanghai, China). The SIRT1 overexpression
plasmid was constructed by cloning the cDNA of SIRT1 into pcDNA3.1.
We performed transfection using Lipofectamine 2000 (Invitrogen, Mis-
souri, USA). Briefly, cells were cultured to 70% confluence. Plasmids/
RNA were first incubated in Opti-MEM for 5 min, mixed with Lipofect-
amine 2000, incubated for 5 min with an equal amount of Opti-MEM for
another 20 min, and then added to cells in serum-free medium. The
serum-free medium was replaced with normal medium 6 h later, and the
cells were then cultured normally. We collected cells 48 h post-
transfection.

Cell counting kit-8 (CCK-8) assay

Cell proliferation was detected using a CCK-8 kit (Abcam, ab228554)
according to the manufacturer’s instructions. Briefly, NHC and SVGP12
cells were collected and seeded at 5 x 10° cells/well in 96-well plates.
Cells were cultured for 48 h and treated with CCK-8 solution (10 pl per
well) for 4 h under normal culture conditions. absorbence was measured
at 450 nm using a plate reader (Tecan, Mannedorf, Switzerland).

Annexin-V assay

Annexin V assays were performed using an Annexin V/FITC kit from
Abcam (ab14085) following the manufacturer’s instructions. Briefly,
cells were collected and counted. Then, 1 x 10° cells were mixed with
500 pl Annexin V binding buffer, 5 pl Annexin V-FITC and 5 pl propi-
dium iodide. The mixture was incubated for 5 mins at room temperature
in the dark. The Annexin V-FITC signal was then analysed via flow
cytometry (Ex=488 nm, Em=530 nm) using a FITC signal detector and a
phycoerythrin emission signal detector to detect PI staining.

Clone formation assay

Cells were treated with trypsin for 5 min at 37 °C and then collected
by centrifugation. After centrifugation for 3 min at 1000 g, the cells were
resuspended. The cell concentration was determined and then adjusted
to 2000 cells per mL. Cells were seeded and cultured in a 6-well plate.
After 14 days, the cells were collected, washed with PBS, and stained
with crystal violet (0.5%). The cells were then observed under a mi-
croscope (Olympus).

Transwell assay

First, a system with two compartments was established by placing a
Transwell chamber into a 24-well plate. Cells were treated with trypsin
for 5 min at 37 °C and collected via centrifugation (1000 g, 5 min). The
pellet was resuspended in serum-free medium. The resuspended cells
were seeded in the upper chamber, and full medium was added to the
lower chamber. The system was then cultured for 24 h, and the porous
membrane was collected. The membranes were then treated with
methyl alcohol followed by crystal violet staining. The cell number was
then analysed using a microscope (Olympus).

Tube formation assay

To perform the tube formation assay, we first pretreated plates with
Matrigel Basement Membrane Matrix (Sigma-Aldrich, USA) according
to the manufacturer’s instructions. HUVECs were then cocultured with
glioma cells with the indicated treatments or transfections for 6 h.
HUVECs and glioma cells were seeded at a 1:1 ratio. After incubation for
6 h, the cells were rinsed twice with PBS and treated with 4% PFA at
room temperature for 15 min. Cells were rinsed once again with PBS and
observed under a microscope (Olympus).
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Dual-luciferase reporter assay

We first synthesized wild-type and mutant sequences of the SIRT1
3'UTR (untranslated region) containing the miR-376a binding site.
These sequences were cloned into the dual-luciferase vector system
pmirGLO (Promega, USA). For the dual-luciferase reporter assay, glioma
cells were transfected with the WT- or MUT-SIRT1 luciferase reporter
plasmid system together with the indicated components. Cells were
cultured for another 48 h and collected. A luciferase assay was then
carried out using a Dual-Luciferase Reporter Assay System (Promega,
USA). Experiments were performed according to the manufacturers’
instructions.

Xenograft model analysis

Ethical approval was obtained from the Animal Care and Use Com-
mittee of Hunan Provincial People’s Hospital (The First Affiliated Hos-
pital of Hunan Normal University). A total of 10 BALB/c nude mice (6
weeks old) were obtained from SJA Laboratory Animal Co., Ltd. (Hunan,
China) and used in this study. The mice were randomly divided into two
groups, with 5 mice in each group. The animals were bred under specific
pathogen-free conditions. Glioma A172 cells stably expressing miR-376a
mimic or NC mimic were collected, and 5 x 10° cells were subcutane-
ously inoculated into the back of the mice next to the right front limb.
Every 7 days, the mice were observed, and the tumour volume was
measured using a standard calliper. Tumour volume (V) was calculated
as follows: V=0.5 x L x Wz, where L and W are defined as the tumour
length (L) and width (W), respectively. Animals were all euthanized by
the end of the experiments (5 weeks later). The tumours were isolated
and weighed.

Immunohistochemistry (IHC)

Formalin (10%)-fixed and paraffin-embedded (FFPE) tumour tissue
samples were prepared. The FFPE sample were cut into 5 pm sections.
For IHC staining, sections were first treated with BSA (5%) at room
temperature for 1 hour. Blocked sections were then treated with CD31
primary antibody (#77,699, Cell signalling Technology, USA) at 4 °C on
a shaker overnight. Then, after washing with PBS twice, the sections
were incubated at room temperature for 2 h with secondary antibodies.
Sections were washed again and incubated with HRP (Dako REAL Ebi-
sion kit; DAKO, Denmark) according to the manufacturer’s instructions.

qRT-PCR

Total RNA was extracted from glioma cells or xenografts using TRIzol
reagent. cDNA was reverse transcribed using a PrimeScript RT reagent
kit (Takara). The qRT-PCR system was prepared using SYBR Premix Ex
Taq I (RR820A, Takara). Reactions were carried out in a 384-well plate
under the following settings: (94 °C for 5 s, 60 °C for 34 s, and 72 °C for
30 s) for 40 cycles. The reaction was performed on an ABI 7900 system
(ABI, USA). In this experiment, the internal references were U6 and
GAPDH. The relative expression level was calculated using the 2724
method. The primers used in this study were as follows: miR-376a-5p,
(forward) 5-GCCGCGTAGATTCTCCTTCTA-3' and (reverse) 5'-
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA-
TACGACTACTCA-3; SIRT1, (forward) 5'-CAGTGGCTGGAA-
CAGTGAGA-3' and (reverse) 5'-TCTGGCATGTCCCACTATCA-3'; YAP1,
(forward) 5-TGACCCTCGTTTTGCCATGA-3' and (reverse) 5'-
TGACCCTCGTTTTGCCATGA-3';  VEGF, (forward) 5-GGGCA-
GAATCATCACGAAGT-3' and (reverse) 5'-TGGTGATGTTGGACTCCTCA-
3’; GAPDH, (forward) 5'-CCAGGTGGTCTCCTCTGA-3' and (reverse) 5'-
GCTGTAGCCAAATCGTTGT-3'; and ueé, (forward) 5/-
CTCGCTTCGGCAGCACA-3' and (reverse) 5-AACGCTTCAC-
GAATTTGCGT-3'.
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Protein extraction and western blotting

Cells or tissues were collected and lysed in RIPA buffer (Beyotime,
China). Briefly, cells or homogenized tissue were mixed with RIPA
buffer at a ratio of 1 mL RIPA per 107 cells. Lysis was carried out on ice.
After 20 min of lysing, we centrifuged the samples at 12,000 g for 15 min
at 4 °C and collected them. For western blotting, we loaded 30 pg protein
into SDS-PAGE gels. The proteins were separated and transferred onto
PVDF membranes. The membranes were then blocked by incubation
with 5% BSA. The incubation lasted 1 hour at room temperature (RT).
After washing on a shaker 3 times (5 min each time) with TBST, the
membranes were incubated with primary antibody at 4 °C overnight.
Membranes were washed again and incubated with secondary anti-
bodies for 1 hour at RT in the dark. An enhanced chemiluminescence
(ECL) system was used to detect the signal. Primary antibodies against
VEGF (#65,373, CST), SIRT1 (#8469, CST), YAP1 (#8418, CST) and
GAPDH (#5174, CST) were used.

Statistical analysis

We used Student’s t-test to compare two groups and one-way ANOVA
to compare multiple groups. Analysis was carried out using GraphPad
Prism 7 software. All data represent the mean with the SD. P<0.05 was
considered statistically significant.

Results

miR-376a suppressed the proliferation, angiogenesis and migration of
glioma cells

We first tried to evaluate whether the expression of miR-376a varies
amongst normal human astrocytes and glioma cell lines. The immor-
talized normal human astrocyte cell lines SVGP12 and NHC and glioma
cell lines U373, U251, LN229 and A172 were used in the experiment.
qRT-PCR results indicated that the RNA level of miR-376a was signifi-
cantly lower in glioma cell lines than in the SVGP12 and NHC cell lines
(Fig. 1A). We thus designed a mimic and inhibitor of miR-376a to
evaluate the functions of miR-376a in glioma cell lines. After trans-
fection with miR-376a mimic, miR-376a was dramatically upregulated
in both A172 and LN229 cell lines. As expected, the miR-376a inhibitor
suppressed the mRNA level of miR-376a in these cell lines (Fig. 1B).
Then, we analysed whether the processes associated with tumour
development, such as proliferation, angiogenesis and migration, were
altered by miR-376a mimic or inhibitor in A172 and LN229 cells. The
results indicated that overexpression of miR-376a suppressed the pro-
liferation, migration and angiogenesis of A172 and LN229 cells, while
the miR-376a inhibitor promoted these effects (Fig. 1C-E). Taken
together, these results demonstrate that miR-376a can inhibit the pro-
liferation, migration and angiogenesis of glioma cell lines.

miR-376a directly recognized SIRT1 mRNA and inhibited SIRT1
expression

To identify the downstream factor of miR-376a in glioma, we per-
formed bioinformatics analysis using TargetScan (http://www.targ
etscan.org/vert 71/), a widely used database to predict target genes of
miRNAs [29], and found a spectrum of potential targets of miR-376a.
amongst the spectrum of potential targets, we selected 8 potential
genes that were reported to be upregulated in glioma (since miR-376a
was downregulated in glioma cell lines). We detected the expression
of these genes in glioma cell lines transfected with miR-376a mimic
(Fig. S2). Only SIRT1 was significantly suppressed by the miR-376a
mimic. Hence, SIRT1 was selected as our subject for the following
study. A conserved sequence in the 3' UTR of SIRT1 was predicted as the
binding sequence of miR-376a (Fig. 2A). We designed a luciferase re-
porter vector system containing wild-type (WT) and mutant (MUT)
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Fig. 1. miR-376a regulated the proliferation, migration and angiogenesis of glioma cells. (A) The expression level of miR-376a was detected in NHA, SVGP12, U373,
U251, LN229 and A172 cells. (B) The expression level of miR-376a was detected via qRT-PCR in LN229 and A172 cells transfected with a miR-376a mimic or
inhibitor. (C, D and E) The glioma cell lines A172 and LN229 were transfected with miR-376a mimic or inhibitor as indicated and subjected to a clone formation
assay (C), Transwell assay to assess cell migration (D) and angiogenesis assay (E). The statistical analysis is displayed in the columns. *P< 0.05, **P< 0.01, and
***p< 0.001.
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Fig. 2. miR-376a directly regulated the expression of SIRT1 in glioma cells. (A) Schematic showing the binding sequence between miR-376a and the 3'-UTR of
SIRT1. (B) The glioma cell lines A172 and LN229 were transfected with a SIRT1-WT or SIRT1-MUT dual-luciferase reporter system and subjected to a dual-luciferase
reporter assay. (C) The mRNA level of SIRT1 was detected via QqRT-PCR in the glioma cell lines A172 and LN229 after transfection with miR-376a mimic or inhibitor.
(D) The protein level of SIRT1 was detected via WB in the glioma cell lines A172 and LN229 transfected with miR-376a mimic or inhibitor. *P< 0.05, **P< 0.01, and

***P< 0.001.

binding sequences for the following experiments to evaluate whether
miR-376a can recognize the 3’ UTR of SIRT1. The relative luciferase
activity was significantly inhibited by the miR-376a mimic. Moreover,
the miR-376a inhibitor enhanced the relative luciferase activity
(Fig. 2B). The luciferase results demonstrated that miR-376a can
recognize and suppress SIRT1 mRNA. To validate this finding, we also
detected the mRNA and protein levels of SIRT1. As expected, both the
mRNA and protein levels of SIRT1 were inhibited by the miR-376a
mimic but enhanced by the miR-376a inhibitor (Fig. 2C and D). Taken
together, miR-376a inhibited SIRT1 expression in the glioma cell lines
LN229 and A172.

Overexpression of SIRT1 antagonized the effects of miR-376a in glioma
cells

To evaluate the function of SIRT1 in glioma cells, we overexpressed
SIRT1 in the glioma cell lines A172 and LN229 (Fig. 3A and B). Then, the
clone formation, migration and angiogenesis abilities of these glioma
cells were detected. miR-376a mimic inhibited the clonal formation
ability of the glioma cells. Meanwhile, SIRT1 overexpression promoted
clone formation (Fig. 3C). Furthermore, the clone formation ability of
cells transfected with both SIRT1 and miR-376a was similar to that of
the control group. Overexpression of SIRT1 abolished the effect of the
miR-376a mimic, indicating that SIRT1 overexpression antagonized the
function of the miR-376a mimic. (Fig. 3C). Similar trends were observed
in migration and angiogenesis. While the miR-376a mimic suppressed
migration and angiogenesis, overexpression of SIRT1 remarkably pro-
moted migration and angiogenesis (Fig. 3D and E). In addition,

overexpression of SIRT1 abolished the inhibitory effect of the miR-376a
mimic on glioma cell migration and angiogenesis (Fig. 3D and E). These
results demonstrate that miR-376a inhibits glioma proliferation,
migration and angiogenesis by targeting SIRT1.

To explore whether SIRT1 and miR-376a exert the same functions in
normal human astrocytes, the following experiments were performed.
The miR-376a inhibitor suppressed the expression level of miR-376a
(Fig. S1A) while upregulating the mRNA and protein levels of SIRT1
(Fig. S1B and C). Knockdown of SIRT1 using shSIRT1 successfully sup-
pressed both the mRNA and protein levels of SIRT1 in NHA and SVGP12
cells (Fig. S1D and E). These effects were similar in the glioma cell lines
LNN229 and A172. Furthermore, the miR-376a inhibitor promoted
proliferation and inhibited apoptosis of NHA and SVGP12 cells (Fig. S1F
and G), and SIRT1 silencing abolished these functions of the miR-376a
inhibitor. These data indicate that miR-376a can regulate cell prolifer-
ation and apoptosis in normal astrocytes through SIRT1.

miR-376a inhibited the YAP1/VEGF signalling axis by suppressing SIRT1
in glioma cells

YAP1/VEGF signalling participates in tumour development in mul-
tiple cancer types, including glioma [26,30]. In addition, SIRT1 was
reported to be an upstream regulator of the YAP1/VEGF pathway [31].
To determine whether YAP1/VEGF signalling is regulated by SIRT1 and
miR-376a in glioma cell lines, the following experiments were per-
formed. We first transfected the glioma cell lines A172 and LN229 with
miR-376a mimic or inhibitor and detected the mRNA levels of YAP1 and
VEGF in these cells. Both YAP1 and VEGF mRNA expression was
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Fig. 3. Overexpression of SIRT1 antagonized the effects of miR-376a in glioma cells. (A) The mRNA level of SIRT1 was analysed via gRT-PCR in the glioma cell
lines A172 and LN229 transfected with SIRT1 overexpression vector. (B) The protein level of SIRT1 was analysed via Western blotting in LN229 and A172 cells
transfected with SIRT1 overexpression vector. (C-E) The glioma cell lines A172 and LN229 were transfected with miR-376a mimic or a SIRT1 overexpression vector
as indicated. Clone formation assays (C), Transwell assays (D) and angiogenesis assays (E) were then performed in these cells. *P< 0.05, **P< 0.01, and ***P< 0.001.

suppressed by the miR-376a mimic. Moreover, the miR-376a inhibitor
enhanced these mRNA levels (Fig. 4A and B). A similar trend was
observed in protein expression. The miR-376a mimic dramatically
suppressed the protein expression of YAP1 and VEGF, while the
miR-376a inhibitor exerted the opposite effects, upregulating YAP1/-
VEGF expression (Fig. 4C). We also validated whether SIRT1 is an up-
stream regulator of YAP1/VEGF. SIRT1 overexpression in glioma cell
lines resulted in enhanced mRNA and protein levels of YAP1 and VEGF

(Fig. 4D and E). Given that SIRT1 is a target of miR-376a in glioma cells,
we concluded that miR-376a can inhibit YAP1/VEGF expression by
inhibiting SIRT1 in the glioma cell lines A172 and LN229.

miR-376a inhibited tumorigenesis and angiogenesis in nude mice by
regulating the SIRT1/YAP1/VEGF signalling axis

Next, we tried to identify the functions of miR-376a and SIRT1 in a
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mouse model. The glioma cell line LN229 was transfected with miR-
376a mimic or control (NC) and subjected to tumorigenesis analysis in
nude mice. The tumour volume, weight and growth curve were all
inhibited in the miR-376a mimic group compared to the NC group
(Fig. 5A-C). We then analysed the expression of miR-376a, SIRT1, YAP1
and VEGF in these tumour tissues. In tumour tissues from the miR-376a
mimic group, suppression of YAP1, SIRT1 and VEGF was observed,
together with enhanced miR-376a expression (Fig. 5D and E). Because
VEGF usually promotes tumour development by promoting angiogenesis
[32], we also detected the angiogenesis marker CD31 in these tumour
tissues. As expected, the miR-376a group showed suppressed CD31

expression, which indicated hampered angiogenesis (Fig. 5F). Taken
together, miR-376a inhibited tumorigenesis and angiogenesis in the
glioma cell line LN229 by inhibiting SIRT1 and suppressing YAP1/VEGF
signalling.

Discussion

Glioma is the most common nervous system cancer. However, the
prognosis after traditional treatment options, such as surgical resection,
chemotherapy or radiotherapy, is still poor [33]. Therefore, a detailed
understanding of the molecular mechanism underlying glioma
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development is necessary for development of new therapeutic methods.
In this study, we revealed that miR-376a inhibits tumour development,
growth and angiogenesis in the glioma cell lines A172 and LN229.
miR-376a exerted these functions by inhibiting the expression of its
target SIRT1, which led to suppression of YAP1/VEGF signalling. These
findings illustrate a portion of the complex mechanism of glioma
development and can contribute to future studies. miRNAs are involved
in the regulation of a variety of key cellular processes related to
tumorigenesis and development, including cell migration, invasion,
EMT, apoptosis, and proliferation [34]. miRNAs can recognize and bind
their target mRNAs to mediate their degradation through the
RNA-induced silencing complex (RISC), thereby suppressing the
expression of their target genes [35]. In glioma, miRNAs have also been
reported to be critical regulators. For example, miR-451 inhibited the
proliferation and invasion of glioma by inhibiting the expression of
cab39, which led to a decrease in mTOR signalling [30]. miR-124
inhibited glioma proliferation and metastasis by inhibiting ROCK1 sig-
nalling [36]. miR-376 has been described as a tumour suppressor in lung
cancer and hepatocellular cancer by inhibiting proliferation, invasion
and metastasis [6,7]; however, the molecular mechanism is not yet fully
understood in glioma. In our results, miR-376a was found to be a critical

regulator of glioma development. Overexpression of miR-376a inhibited
cell proliferation, migration and angiogenesis in glioma. These findings
were consistent with those of previous reports. For instance, decreased
mature miR-376a is usually associated with increased glioma invasion
[9]. Restoration of miR-376a in lung cancer leads to decreased prolif-
eration and invasion[6]. All this evidence demonstrates that miR-376a is
a key regulator in glioma.

SIRT1 is class-III histone deacetylase. Previous studies have shown
that the function of SIRT1 can vary in different cells. It can be either a
tumour suppressor or a tumour promoter, determined by cell type and
subcellular localization [37]. SIRT1 has been reported to be responsible
for proliferation, metastasis, invasion and other aspects of glioma [38,
39]. The regulation of SIRT1 also involves a complex network. For
instance, it can be regulated by circRNA, miR-326, miR-133 and many
other factors [38-40]. In this study, SIRT1 was found to be a direct target
of miR-376a in glioma. Overexpression of SIRT1 promoted glioma
proliferation, migration and angiogenesis and partially abolished the
effects of miR-376a in glioma cells.

SIRT1 can directly promote the expression of a spectrum of genes by
modulating the acetylation status of histones [12]. In our study, over-
expression of SIRT1 resulted in upregulation of YAP1 and VEGFA, which
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promoted glioma cell proliferation, migration and angiogenesis. The
results of this study suggest that overexpression of SIRT1 results in
upregulation of YAP1 and VEGF, which promotes glioma cell prolifer-
ation, migration and angiogenesis.

Conclusions

In this study, we demonstrated that miR-376a is suppressed in gli-
oma and first revealed that SIRT1 is a direct target of miR-376a in gli-
oma. In addition, we found that miR-376a inhibits glioma cell
proliferation, migration, and angiogenesis by suppressing YAP1/VEGFA
signalling through targeting of SIRT1. These findings shed new light on
our understanding of the molecular regulatory network in glioma and
could provide potential therapeutic targets in the future.
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