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Abstract. Glioblastoma multiforme (GBM) is the most preva‑
lent and aggressive type of adult gliomas. Despite intensive
therapy including surgery, radiation, and chemotherapy,
invariable tumor recurrence occurs, which suggests that glio‑
blastoma stem cells (GSCs) render these tumors persistent.
Recently, the induction of GSC differentiation has emerged as
an alternative method to treat GBM, and most of the current
studies aim to convert GSCs to neurons by a combination of
transcriptional factors. As the tumor microenvironment is
typically acidic due to increased glycolysis and consequently
leads to an increased production of lactic acid in tumor cells,
in the present study, the role of acid‑sensing ion channel 1a
(ASIC1a), an acid sensor, was explored as a tumor suppressor
in gliomagenesis and stemness. The bioinformatics data from
The Cancer Genome Atlas revealed that ASIC1 expression
levels in GBM tumor tissues were lower than those in normal
brain, and glioma patients with high ASIC1 expression had
longer survival than those with low ASIC1 expression. Our
immunohistochemistry data from tissue microarray revealed
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that ASIC1a expression was negatively associated with glioma
grading. Functional studies revealed that the downregulation
of ASIC1a promoted glioma cell proliferation and invasion,
while upregulation of ASIC1a inhibited their proliferation
and invasion. Furthermore, ASIC1a suppressed growth and
proliferation of glioma cells through G1/S arrest and apoptosis
induction. Mechanistically, ASIC1a negatively modulated
glioma stemness via inhibition of the Notch signaling pathway
and GSC markers CD133 and aldehyde dehydrogenase 1.
ASIC1a is a tumor suppressor in gliomagenesis and stemness
and may serve as a promising prognostic biomarker and target
for GBM patients.
Introduction
Glioma are aggressive lethal solid brain tumors derived from
astrocytes and oligodendrocytes present in the central nervous
system (CNS). The most prevalent and aggressive type of adult
gliomas is the grade IV astrocytomas, which are also known as
glioblastoma multiforme (GBM) (1). In the present study, the
role of acid‑sensing ion channel 1a (ASIC1a) in gliomagenesis
and stemness was explored as the tumor microenvironment
is typically acidic due to increased glycolysis in tumor cells.
In general, due to an oxygen poor environment, tumor cells
switch to aerobic glycolysis to generate considerable amounts
of energy to support their rapid growth and progression. This
results in the continuous generation of metabolic acids. While
acidity is harmful to normal cells, long‑time coevolution of
tumor cells with the host has enabled them to be more adapt‑
able to acidic microenvironments (2,3). Accumulating evidence
has indicated that the acidity of the tumor microenvironment is
associated with stemness phenotype, poor prognosis of tumor
patients, and stimulation of a chemo‑ and radio‑therapy resis‑
tant phenotype (4). Ion channels are transmembrane proteins
involved in regulating various physiological and pathological
functions across biological membranes. The precise role of ion
channels during regulation of cell survival and death is far from
being understood, as ion channels may cause cell proliferation,
cancer development, and metastasis in some cell types, but
they may support regulated cell death in other cell types. The
acid‑sensing ion channels (ASICs) are extracellular pH sensors
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that are acid responsive and can be transiently activated by
extracellular acidosis to be cation permeable (5). ASIC1 has
been reported to contribute to tumorigenesis in breast, pros‑
tate, and pancreatic cancers. The conclusion regarding the role
of ASIC1 in glioma is inconsistent among different groups.
Previous studies revealed that the knockdown of ASIC1 inhib‑
ited glioblastoma cell migration (6‑10). However, previous
available microarray data from The Cancer Genome Atlas
(TCGA) revealed that glioma patients with high ASIC1 expres‑
sion had increased survival compared with those with low
ASIC1 expression, which indicates that the preserved suscep‑
tibility to extracellular pH may impair tumor growth (11). In
addition, Tian et al recently revealed that glioblastoma stem
cells (GSCs), which mainly account for the failure of current
treatment against malignant glioma, express functional
ASIC1 and ASIC3 channels (11). Glioblastoma is driven by
stem cell‑like cells and is characterized by a block of cellular
differentiation. However, the mechanisms that accompany
differentiation remain poorly understood. Any mechanisms
identified in GSCs with regard to astrocytes, oligodendrocytes,
and neuron differentiation will potentially lead to new strategies
to treat glioblastoma (12,13). The scope that GSCs permanently
develop into a non‑proliferative and terminally differentiated
state highlights the significance of differentiation therapy. In
the present study, it was revealed that ASIC1a functions as a
tumor suppressor in glioma stemness and tumorigenesis, which
may provide therapeutic applications for GBM patients by
directing GSCs toward differentiation.
Materials and methods
Antibodies and reagents. The following primary antibodies
were used in the present study: Rabbit monoclonal anti‑ASIC1a
antibody (cat. no. 35‑156465) was purchased from American
Research Products, Inc. Rabbit polyclonal anti‑Notch4 antibody
(cat. no. 07‑189) and anti‑β‑actin antibody (product no. A3854)
were purchased from Sigma‑Aldrich; Merck KGaA. Rabbit
polyclonal anti‑Notch3 antibody (product code ab60087) was
purchased from Abcam. Mouse monoclonal anti‑Notch1 anti‑
body (product no. N6786) was purchased from Sigma‑Aldrich;
Merck KGaA. Rabbit monoclonal anti‑Notch2 antibody
(product no. 5732) and rabbit monoclonal anti‑survivin anti‑
body (clone 71G4B7; product no. 2808) were purchased from
Cell Signaling Technology, Inc. Rabbit polyclonal anti‑CD133
antibody (cat no. NB120‑16518) was purchased from Novus
Biologicals, LLC. Rabbit polyclonal anti‑aldehyde dehydroge‑
nase 1 antibody (ALDH1; cat no. GTX123973) was purchased
from GeneTex, Inc. Mouse monoclonal anti‑p21 antibody (cat
no. sc‑817), mouse monoclonal anti‑Fas antibody (sc‑8009),
and mouse monoclonal anti‑cyclin D1 antibody (sc‑8396)
were purchased from Santa Cruz Biotechnology, Inc. All
secondary antibodies (goat anti‑rabbit, peroxidase‑conjugated,
cat. no. AP132P; and goat anti‑mouse antibody, peroxi‑
dase‑conjugated, cat. no. AP124P) used for western blotting
were purchased from Calbiochem; Merck KGaA. Psalmotoxin
(PcTx1) was obtained from Tocris (cat. no. 5042).
Tissue microarray (TMA). Glioma tissue arrays from Chinese
patients were purchased from BioCoreUSA Corporation
(https://biocoreusa.com/default.aspx) and US Biomax, Inc.

(https://www.biomax.us/). Biopsy features included age, sex,
organ or anatomic site involved, grading, and pathological
diagnosis (H&E‑stained sections). Slides from BioCoreUSA
(product no. GL1001b) contained 75 cases of glioma: grade II,
n=51 (astrocytoma, n=47; oligodendroglioma, n=2; oligoas‑
trocytoma, n=2); grade III, n=12 (anaplastic astrocytoma);
grade IV, n=12 (glioblastoma), and 10 cases of normal brain
tissues. Slides from Biomax (product no. GL803c) contained
68 cases of glioma: grade II, n=27 (astrocytoma, n=14; oligoas‑
trocytoma, n=13), grade III, n=4 (astrocytoma); grade IV, n=37
(glioblastoma, n=31; pleomorphic glioblastoma, n=6), and
5 cases of normal brain tissues.
Immunohistochemistry (IHC). IHC staining was performed
on 5‑µm thick microarray slides. The slides were fixed using
4% paraformaldehyde for 30 min at room temperature and
blocked by 10% normal horse serum at room temperature
for 20 min. The immunohistochemical staining for ASIC1a
was performed using the rabbit monoclonal anti‑ASIC1a anti‑
body, which is specific for ASIC1a, and a streptavidin‑biotin
unlabeled immunoperoxidase technique (ABC‑Elite; Vector
Laboratories, Inc.) with diaminobenzidine (DAB) as a chro‑
mogen for ASIC1a. The sections were pretreated in citrate
buffer of pH 6 for 10 min at 100˚C, and incubated with
primary antibody ASIC1a diluted at 1:100 at 4˚C overnight.
The secondary antibody was diluted at 1:200 and incubation
was conducted at room temperature for 60 min. Mayer's hema‑
toxylin was used for nuclear counterstaining for 2 min. The
slides were then visualized under a light microscope.
HSORE determination. The staining intensity of cells in TMA
was evaluated as negative or positive in three different bright
fields (≥100 cells/field). The semi‑quantitative HSCORE
was calculated for ASIC1a using the following equation:
HSCORE=Σpi (i + 1), where ‘i’ is the intensity with a value of
0, 1, 2, or 3 (negative, weak, moderate or strong, respectively)
and ‘pi’ is the percentage of stained cells for each intensity (14).
Immunohistochemically stained slides were blindly reviewed
and scored by two independent investigators.
Plasmids. The generation of short hairpin ASIC1a (shASIC1a),
the plasmid pEGFP‑ASIC1a, and corresponding controls
were previously described (15). Briefly, shASIC1a and
control shRNA were purchased from SuperArray Bioscience
Corporation. Each vector contained shRNA under the control
of U1 promoter and green fluorescent protein (GFP) gene
for enrichment of transiently transfected cells. In detail,
SureSilencing shRNA plasmid for human ACCN2 (ASIC1a,
amiloride‑sensitive cation channel 2, neuronal) was designed
to specifically knockdown the expression of ASIC1a gene
by RNA interference under transient transfection condi‑
tions after performing appropriate enrichment. The vector
contained shRNA under the control of U1 promoter and
GFP gene for enrichment of transiently transfected cells.
The RefSeq accession number (NM_020039) refers to the
representative sequence used to design the enclosed shRNA.
The insert sequence is: GCCA AGA AGT TCA ACA AATCT.
The sequence of normal control (NC) is GGAATCTCATTC
GATG CATAC. The plasmid overexpressing ASIC1a named
pEGFP‑ASIC1a was constructed as previously described (15).
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Briefly, the rat ASIC1a cDNA (NM_024153) was fused with
a GFP at the c‑terminal and inserted into pcDNA3. The rat
ASIC1a cDNA (NM_024153) tagged with epitope FLAG
(YKDDDDK) at the C terminus was constructed in plasmid
pCDNA3.
Cell culture. Human glioblastoma cell lines: A172 (RRID:
CVCL_0131) and U87MG (HTB‑14), a glioblastoma of
unknown origin (RRID: CVCL_0022) were obtained from
American Type Culture Collection (ATCC). All cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; both
from Thermo Fisher Scientific, Inc.), 50 U/ml penicillin
and 50 µg/ml streptomycin at 37˚C. All cell lines had been
authenticated using short tandem repeat profiling within
the last three years. Patient‑derived xenoline (PDX) lines:
Primary tumor tissue cubes stored at liquid nitrogen [provided
by Dr Yancey G. Gillespie at the University of Alabama at
Birmingham (UAB), Birmingham, USA] were implanted
subcutaneously into the flanks of male or female 6‑8 week‑old
nude mice under anesthesia (ketamine/xylazine 90/6 mg/kg
BW). A total of 4 athymic nude mice that were 6‑8‑weeks old
and with an average weight of 25 g, obtained from Charles
River Laboratories, Inc., were maintained on 12‑h light/dark
cycle with access to food and water ad libitum. The mice were
housed at temperature of 18‑23˚C with 40‑60% humidity.
Mice with tumors exceeding 1,000 mm 3 were euthanized
(by cervical dislocation) and the tumors were removed for
further study. The time interval between implantation and the
end of the experiment ranged from 3‑4 weeks. Briefly, cryo‑
preserved tumor tissues were thawed at 37˚C and washed with
phosphate‑buffered saline (PBS) before subcutaneous implan‑
tation. To prepare single‑cell suspension of viable tumor cells,
the xenograft tumor tissues were harvested and minced with
scalpel blades followed by passing through cell strainers. The
cells were then cultured in DMEM/F‑12 media plus 10% FBS,
50 U/ml penicillin and 50 µg/ml streptomycin for future use.
All experiments were performed with mycoplasma‑free cells.
The study was carried out in strict accordance with the recom‑
mendations in the Guide for the Care and Use of Laboratory
Animal of the National Institutes of Health. The protocol was
approved (approval no. 20‑14) by the Institutional Animal
Care and Usage Committee (IACUC) of Morehouse School of
Medicine (Atlanta, USA).
Transfection of shRNA and DNA constructs. When the glio‑
blastoma cells reached ~50‑75% confluency in 35‑mm dishes,
5 µg of ASIC1a shRNA, or pEGFP‑ASIC1a, FLAG‑ASIC1a
or corresponding controls were transfected into glioma cells
using the Lipofectamine RNAiMAX or Lipofectamine 3000
transfection reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) at room temperature for 30 min, according to the manu‑
facturer's instructions. The transiently transfected glioma cells
expressing each specific construct were maintained in DMEM
containing 10% FBS for further growth for 72 h.
MTT assay. All glioma cells were seeded at 2.5x104 cells in
100 µl of medium per well into 96‑well plates and transfected
with specific shRNA or DNA constructs or controls using
Lipofectamine RNAiMAX or Lipofectamine 3000 reagents
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for the indicated time‑points. Another set of glioma cells was
treated with PcTx1 and the corresponding control. A total of
10 µl of 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium
bromide (MTT) reagent (the ratio of MTT reagent to the
medium was 1:10; Sigma‑Aldrich; Merck KGaA) was added
into each well and incubated in the dark at 37˚C for 2‑4 h.
Isopropanol was used to dissolve the formazan. The absor‑
bance was measured at 570 nm using 690 nm as the reference
and the absorbances were obtained using a CytoFluor™ 2300
plate reader.
Cell migration and invasion assays. The migration and inva‑
sion potential were assessed as previously described (16,17).
Briefly, cell culture chambers with 8‑µm pore size polycar‑
bonate membrane filters (Corning, Inc.) were used for cell
invasion assays with the filters precoated with Matrigel at 37˚C
for 3 h (50 µl; 1.25 mg/ml). Each of the glioma cell lines/PDX
were transfected with or without shASIC1 or ASIC1‑GFP for
48 h, and harvested and seeded with 5x105 cells in 200 µl of
DMEM supplemented with 1% FBS in the upper chambers.
The bottom chambers were filled with 500 µl DMEM supple‑
mented with 10% FBS. Following another 24 h of incubation
at 37˚C, Matrigel and cells on the upper surface of the filter
were wiped off thoroughly with Q‑tips. Cells attached on the
lower surface of the membrane filters were fixed with 4% para‑
formaldehyde/PBS for 10 min and stained with 0.5% crystal
violet/methanol for 10 min at room temperature. The cells
were then counted using light microscopy with a magnifica‑
tion of x10 in 3‑4 random fields. Cell numbers under different
treatments were normalized to the appropriate controls. Assays
were performed in triplicate samples and performed in three
independent experiments.
Western blotting. Cells were lysed with lysis buffer (50 mM
HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10%
glycerol, 1% Nonidet P‑40, 100 mM NaF, 10 mM sodium
pyrophosphate, 0.2 mM sodium orthovanadate, 1 mM phenyl‑
methylsulfonyl fluoride, 10 µg/ml aprotinin and 10 µg/ml
leupeptin). The protein concentration was determined by BCA
assay. Samples (50 µg) were separated using 4‑15% SDS
PAGE, and separated proteins were transferred to nitrocel‑
lulose membranes and identified by immunoblotting. The
membranes were blocked using 5% milk for 1 h at room
temperature. Primary antibodies, incubated at 4˚C overnight,
were obtained from commercial sources and were diluted at a
ratio of 1:1,000 according to the manufacturer's instructions.
Subsequently, the membranes were incubated with secondary
peroxidase‑conjugated antibodies (at a dilution of 1:2,000)
at room temperature for 1 h. The blots were developed with
Supersignal Pico or Femto substrate (Pierce; Thermo Fisher
Scientific, Inc.). Densitometric analysis of the bands was
performed with ImageQuant software version 6.1 (Bio‑Rad
Laboratories, Inc.).
Flow cytometry. For cell cycle analysis and the apoptosis
assay, a total of 1x106 cells were harvested, fixed in ice‑cold
70% ethanol at 4˚C for 20 min, and resuspended in PBS
for 1 min at room temperature. Following room tempera‑
ture centrifugation at 450 x g for 5 min with the brake
on low, the cells were resuspended in 200 µl Guava Cell
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Cycle Reagent (part no. 4500‑0220; Luminex Corporation;
containing propidium iodide) and incubated at room
temperature for 30 min while shielded from the light. All
samples were transferred to 96‑well microplate plates with a
round bottom and acquired on a Guava easyCyte 8HT Base
System (Luminex Corporation). The percentage of cells in
G0/G1, S, and G2/M phases was determined from the DNA
content using guavaSoft 3.1.1 (Luminex Corporation). The
apoptotic glioma cells were detected by flow cytometry
using Annexin V‑PE and 7‑AAD. The staining procedure
was conducted with a Guava Nexin Reagent kit (part
no. 4500‑0455; Luminex Corporation) according to the
manufacturer's protocol. Briefly, after desired treatments
(knockdown of ASIC1 by shASIC1a or overexpression of
ASIC1a), cells were collected and resuspended in 100 µl of
1% FBS (cell concentration was estimated to be between
2x105 and 1x106 cells/ml) followed by incubation with 100 µl
of Guava Nexin Reagent for 20 min at room temperature
in the dark. The samples were then acquired on a Guava
easyCyte 8HT Base System, which was used to detect apop‑
totic cells. Data were analyzed using InCyte software 3.1.
To evaluate CD133 expression by flow cytometry, cells were
harvested, washed with Cell Staining Buffer (cat no. 420201;
Biolegend, Inc.), and then incubated with PE anti‑human
CD133 antibody (1:200; cat no. 372803; Biolegend, Inc.), for
15‑20 min on ice in the dark. Cells were then washed and
suspended in Cell Staining Buffer (at room temperature for
5 min) for analysis. The data acquired on the Guava easyCyte
8HT Base System were analyzed using the InCyte software.
ALDH1 enzymatic activity was assessed using an Aldefluor
kit (cat no. 01700; STEMCELL Technologies Inc.), according
to the manufacturer's instructions. Cells suspended in the
Aldefluor assay buffer were incubated with ALDH enzyme
substrate, BODIPY‑aminoacetaldehyde (BAAA; 1:200), for
30‑60 min at 37˚C. As a control for baseline fluorescence,
cells were also treated for 30‑60 min at 37˚C with the ALDH
inhibitor, diethylaminobenzaldehyde (DEAB; at a 1:100
dilution) contained in the Aldefluor kit. Fluorescence was
detected using the Guava easyCyte 8HT Base System and
analyzed using the InCyte software. Statistical significance
was determined by the paired Student's t‑test or one‑way
ANOVA test.
Bioinformatics analysis. Kaplan‑Meier analysis of the 5‑year
overall survival (OS) rates (the cut‑off value was the median),
according to the ASIC1 (ACCN2), and the expression of ASIC1
transcript in brain normal and tumor tissues, were obtained
from microarray analysis of 454 glioblastoma patients in
the TCGA dataset Affymetrix HT HG U133A (http://www.
betastasis.com/glioma/tcga_gbm/). The P‑value is based on
log‑rank test or one‑way ANOVA test, respectively.
Statistical analysis. The results obtained in the present study
are expressed as the mean ± SD of at least 3 independent
experiments conducted in triplicate. GraphPad Prism 9
(GraphPad Software, Inc.) was used for statistical analysis.
Paired Student's t‑test or one‑way ANOVA followed by
Holm‑Sidak post hoc tests were performed for data analysis,
and P<0.05 was considered to indicate a statistically signifi‑
cant difference.

Results
Expression of ASIC1a is associated with improved survival
in GBM patients and reduced ASIC1a protein expression
is associated with grade in glioma patients. To determine
whether ASIC1 gene expression is related to patient survival,
the TCGA database was analyzed. ASIC1 mRNA expression
levels in glioma tissue were lower than those in normal brain,
irrespectively of GBM subtypes (classical, mesenchymal,
neural, and proneural) as detected by Affymetrix HT HG
U133A (P<0.01; Fig. 1A). The dataset contained information
on 454 glioblastoma patients, classified based on WHO clas‑
sification as GBM (WHO grade IV glioma). When all GBM
patients were analyzed in a pooled setting, and the median
value was selected as the cut‑off point, the 5‑year OS rate, as
revealed by the Kaplan‑Meier survival curves (Fig. 1B), was
significantly higher (P= 0.0184; log‑rank test) in those with
high ASIC1 transcript levels (red curve) compared with those
with low expression (blue curve). When glioma patients were
grouped into multiple strata, GBM patients with high ASIC1
levels survived significantly longer than those with low expres‑
sion levels (Fig. S1). In GBM patients with classical (Fig. S1A),
neural (Fig. S1B) and proneural (Fig. S1C) subtypes, patients
with high ASIC1 levels were positively associated with
longer survivals. GBM patients in groups with chemotherapy
(Fig. S1D), and groups without chemotherapy (Fig. S1E)
or hormonal therapy demonstrated beneficial survival
when ASIC1 expression levels were high. Collectively, the
Kaplan‑Meier analyses revealed a significant survival benefit
in glioma patients with elevated ASIC1 expression. The ASIC1
protein expression was then examined by IHC in glioma brain
TMA obtained from Chinese patients at BioCoreUSA and US
Biomax, Inc. ASIC1 protein was expressed in grade II astrocy‑
toma (Fig. 1C), grade III astrocytoma (Fig. 1D), grade IV GBM
(Fig. 1E) and normal brain tissues (Fig. 1F). Quantification of
the IHC results revealed that positive cytoplasmic staining
of ASIC1a was significantly lower in grade IV GBM (n=49;
P<0.001; 95% CI: 0.7674‑1.857), grade III gliomas (n=16;
P<0.001; 95% CI: 0.5730‑1.903), and grade II gliomas (n=78;
P<0.001; 95% CI: 0.4293‑1.475) compared with that of normal
brain tissue (n=15; Fig. 1G). Similarly, nuclear staining of
ASIC1a in grade IV GBM (P<0.001; 95% CI: 0.5711‑1.701) and
grade III gliomas (P<0.05; 95% CI: 0.1143‑1.494) was signifi‑
cantly lower than that of normal brain tissue (Fig. 1G). Next,
the expression of ASIC1a was compared in different grades of
glioma. It was revealed that cytoplasmic staining of ASIC1a
was significantly decreased in grade IV GBM compared with
that in grade II gliomas (P<0.05) (Fig. 1H), while nuclear
staining of ASIC1a was significantly decreased in grade IV
GBM compared with that of grade II gliomas (P<0.001)
(Fig. 1H). The inverse association between increased ASIC1a
protein expression and glioma grades strongly indicated the
potential of ASIC1a as a prognostic marker in glioma patients.
Downregulation of ASIC1a promotes glioma cell proliferation,
while overexpression of ASIC1a inhibits its growth. To evaluate
the function of ASIC1a on glioma cell growth, glioma A172
and U87MG cells were cultured at ~70% confluence followed
by transfection with either a shASIC1a or ASIC1a‑expressing
construct (ASIC1‑pEGFP) for 24, 48, 72, and 96 h to decrease
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Figure 1. Expression of ASIC1 is associated with improved survival in glioblastoma patients, and reduced ASIC1a protein expression is associated with
grade progression in glioma patients. (A) ASIC1 mRNA expression levels in brain tissues of different molecular subtypes of glioma patients were analyzed
by Affymetrix HT HG U133ATCGA data. (B) Kaplan‑Meier survival curve for the 5‑year OS rate of glioma patients. The cut‑off was set at the median.
(C‑F) ASIC1a protein was expressed in (C) grade II gliomas, (D) grade III gliomas, (E) grade IV GBM and (F) normal brain tissue. Images were captured at a
magnification of x40. (G) Quantification of IHC results in grade IV GBM, grade III, and II gliomas compared with that of normal brain tissue. (H) Quantification
of IHC results compared among different grades (IV GBM, grade III, and II gliomas). *P<0.05, **P<0.01 and ***P<0.001. ASIC1a, acid‑sensing ion channel 1a;
GBM, glioblastoma multiforme; IHC, immunohistochemistry; H&E, hematoxylin and eosin.

or increase ASIC1a expression levels, respectively, as previ‑
ously described (14). The effects of ASIC1a on glioma cell
proliferation were then detected at indicated time‑points
using MTT assays. As revealed in Fig. 2, reduced ASIC1a
expression by transient transfection of shASIC1a significantly
increased the growth rate of A172 (Fig. 2A, left panel) and
U87MG cells (Fig. 2C, left panel), where cell proliferation was
increased in A172 and U87MG cells by a maximum of 32.8
and 30% at 96 h, respectively. Fig. 2B (upper panel) and D
(upper panel) revealed the high transfection efficiency in A172
and U87MG cells, respectively, by transient transfection of
shASIC1a vectors. Conversely, elevated ASIC1a expression by
ASIC1a‑GFP impeded the growth of the two aforementioned
cell lines, where cell proliferation was decreased in A172
(Fig. 2A, middle panel) and U87MG cells (Fig. 2C, middle
panel) by a maximum of 42.3 and 30.3% at 96 h, respectively.
Fig. 2B (lower panel) and D (lower panel) revealed the high

transfection efficiency in A172 and U87MG cells by transient
transfection of ASIC1a‑GFP vectors. Collectively, these studies
of loss‑ and gain‑of‑function indicated that ASIC1a may act
as a tumor suppressor in glioma tumorigenesis. To provide
additional evidence, the effects of PcTx1 (10 nM), a potent and
selective inhibitor to the ASIC1 channels either by homomeric
ASIC1a channels (18) or heteromeric ASIC1a/2b channels (19),
on glioma cell proliferation were examined at room tempera‑
ture for 3 days. Similar to shASIC1a, the growth rate of A172
(Fig. 2A, right panel) and U87MG cells (Fig. 2C, right panel)
was significantly increased by incubation with 10 nM PcTx1
at a maximum of 49.7 and 39.5% at 96 h, respectively. Similar
results were obtained in PDX, which represented individual
patient tumors in an improved way. PDX‑L12 cells, a PDX
with neural subtype, have wild‑type genes of EGFR, PTEN,
CDKN2A, NF‑κ B, and amplified genes of CDK4/MDM2
and CSNK2A with a deleted TP53 (20). Silencing ASIC1a
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Figure 2. Downregulation of ASIC1a promotes glioma cell proliferation, while overexpression of ASIC1a inhibits its growth. (A) A172 cells were transfected
with shASIC1a (left), treated with ASIC1a selective inhibitor PcTx1 (right), and transfected with ASIC1a‑GFP (middle) for 24 to 96 h followed by an MTT
assay. (B) Transfection efficiency of A172 cells was revealed by the expression of GFP marker. (C) U87MG cells were transfected with shASIC1a (left), treated
with ASIC1a selective inhibitor PcTx1 (right), and transfected with ASIC1a‑GFP (middle) for 24 to 96 h followed by an MTT assay. (D) Transfection efficiency
of U87MG cells was revealed by the expression of GFP marker. (E) PDX‑L12 cells were transfected with shASIC1a (left), treated with ASIC1a selective
inhibitor PcTx1 (right), and transfected with ASIC1a‑GFP (middle) for 24 to 96 h followed by an MTT assay. (F) Transfection efficiency of PDX‑L12 cells was
revealed by the expression of GFP marker. *P<0.05. ASIC1a, acid‑sensing ion channel 1a; sh, short hairpin; PcTx1, psalmotoxin; GFP, green fluorescent protein.

by shASIC1a or PcTx1 treatment increased the percentage
of growth of PDX‑L12 cells at a maximum of 32.5 (Fig. 2E,
left panel) and 40.6% (Fig. 2E, right panel), respectively, at
96 h. The anticipated results were observed when PDX‑L12
cells overexpressed the ASIC1a gene and their growth capacity
decreased gradually and reached a maximal level of ~40.6% at
96 h (Fig. 2E, middle panel). Fig. 2F revealed the high trans‑
fection efficiency in PDX‑L12 cells by transient transfection
of shASIC1a (Fig. 2F, upper panel) and ASIC1a‑GFP (Fig. 2F,
lower panel). Collectively, these results strongly indicated that
ASIC1a decreased glioma cell proliferation and ASIC1a may
act in a tumor suppressor‑like role in glioma growth (P<0.05;
one‑way ANOVA). All data were from triplicate samples
performed in three different independent experiments.
Downregulation of ASIC1a increases glioma cell invasion,
while overexpression of ASIC1a decreases its invasion.
Next, the possible roles of ASIC1a in glioma cell invasion
were determined. Transwell invasion assays were conducted
on A172, U87MG and PDX‑L12 cells that were transiently
transfected with either shASIC1a or ASIC1a‑GFP and corre‑
sponding controls. The results revealed that the silencing of
ASIC1a enhanced the number of invasive cells by 1.9 (Fig. 3A,
upper panels), 3.50 (Fig. 3B, upper panels), and 2.2 fold
(Fig. 3C, upper panels), respectively, as compared with those
of the controls. Conversely, the ectopic expression of ASIC1a
inhibited the number of invasive cells by 50 (Fig. 3A, lower
panels), 70 (Fig. 3B, lower panels) and 83% (Fig. 3C, lower
panels), respectively. These results indicated that ASIC1a
decreases glioma cell invasion, and ASIC1a may act in a tumor
suppressor‑like role in glioma metastasis (P<0.05 and P<0.01;

paired Student's t‑test). All data were from triplicate samples
performed in three different independent experiments.
ASIC1a suppresses the growth and proliferation of glioma
cells through G1/S arrest and the induction of apoptosis.
To gain further insight into the role of ASIC1a in inhibiting
glioma cell growth, the contribution of ASIC1a to cell prolif‑
eration vs. cell death was investigated. Cell cycle distribution
was firstly assessed using propidium iodide flow cytometric
analysis (Fig. 4). Treatment with shASIC1a increased the
percentage of A172 (Fig. 4A) glioma cells in the S phase
(19.6 to 24.4%) and G2/M phase (5.2 to 7.4%), and concomi‑
tantly decreased cells in the G0/G1 phase (73.6 to 65.8%).
Similar results were observed in U87MG and PDX‑L12 cells.
Treatment with shASIC1a increased the percentage of U87MG
cells (Fig. 4B) in the S phase from 32.0 to 37.7% and the G2/M
phase from 4.2 to 8.9%, while it decreased the G0/G1‑phase
cells from 63.7 to 53.3%. Concurrently, shASIC1a treatment
increased the percentage of PDX‑L12 cells (Fig. 4C) in the
S phase from 26.4 to 29.5% and the G2/M phase from 8.1 to
10.0%, while it decreased the G0/G1‑phase cells from 64.6 to
59.3%. As anticipated, increased expression of ASIC1a levels
by introduction of ectopic ASIC1 resulted in a decrease in
the S and G2/M phases, and an increase in the G0/G1 phase
to varying degrees, depending on the cell lines. In detail,
ASIC1a‑FLAG‑transfected A172 cells revealed a decrease
in the percentage of cells from 25.6 to 24.2% in the S phase,
from 10.7 to 6.8% in the G2/M phase, while the percentage
of cells in the G0/G1 phase was increased from 63.7 to 69.1%
(Fig. 4D). Similarly, for U87MG cells, increased ASIC1a
expression reduced cells in the S phase (40.2 to 37.4%) and the
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Figure 3. Downregulation of ASIC1a increases glioma cell invasion, while overexpression of ASIC1a decreases its invasion. (A) Cell invasion assays were
conducted to examine the effects of ASIC1a on the invasion after transfecting A172 cells with shASIC1a targeting ASIC1a mRNA (upper panel) or transfected
with the plasmid overexpression ASIC1a (ASIC1a‑GFP, lower panel). Images were captured at a magnification of x10. (B) Cell invasion assays were conducted
to examine the effects of ASIC1a on invasion after transfecting U87MG cells with shASIC1a (upper panel) or transfected with ASIC1a‑GFP (lower panel).
(C) Cell invasion assays were conducted to examine the effects of ASIC1a on invasion after transfecting PDX‑L12 cells with shASIC1a (upper panel) or
transfected with ASIC1a‑GFP (lower panel). *P<0.05 and **P<0.01. ASIC1a, acid‑sensing ion channel 1a; sh, short hairpin; GFP, green fluorescent protein.

G2/M phase (6.7 to 4.4%) and increased the G0/G1‑phase cells
(53.1 to 58.2%) (Fig. 4E). The data from PDX‑L12 cells further
consolidated the findings obtained from the two glioma cell
lines A172 and U87MG. ASIC1a‑FLAG‑transfected PDX‑L12
cells exhibited decreased cell numbers in the S phase from

26.5 to 23.6% and decreased cell numbers in the G2/M phase
from 10.2 to 8.0%, as well as increased cell numbers in the
G0/G1 phase from 61.0 to 67.1% (Fig. 4F).
Next, it was determined whether shASIC1a decreased
apoptosis by flow cytometry with Annexin V (detects

8

KING et al: REGULATION OF GLIOMAGENESIS THROUGH ACID SENSOR ASIC1a

Figure 4. ASIC1a suppresses the growth and proliferation of glioma cells through G1/S arrest. Cell cycle progression was analyzed by flow cytometry.
Representative histograms of cell cycle progression and bar graphs revealed the mean percentage of cells in G0/G1, S and G2/M phases of (A) A172,
(B) U87MG, and (C) PDX‑L12 cells by shASIC1a treatment. Overexpression of ASIC1a induced G0/G1 cell cycle accumulation of (D) A172, (E) U87MG,
and (F) PDX‑L12 cells. The bar graphs indicate the mean ± SD of three independent experiments. All data represent a representative experiment from three
independent experiments. *P<0.05. ASIC1a, acid‑sensing ion channel 1a; sh, short hairpin.

phosphatidyl serine in the outer leaflet of the plasma
membrane) and 7‑AAD (detects cells with disrupted
membrane integrity). Early apoptotic cells were detected by
Annexin V positivity, while late apoptotic cells were positive
for both markers. It was revealed that shASIC1a decreased
the rates of early (16.90 to 12.44% for A172, Fig. 5A, upper
panels; and 8.85 to 1.99% for U87MG, Fig. 5B, upper panels)
and late (1.64 to 1.50% for A172, Fig. 5A, upper panels; and
5.38 to 0.99% for U87MG, Fig. 5B, upper panels) apoptotic
cells in glioma cell lines. As anticipated, PDX‑L12 behaved
in the same way as the two aforementioned glioma cell lines
with decreased early (28.32 to 12.26%) and late apoptotic
cells (12.65 to 8.00%) (Fig. 5C, upper panels) upon ASIC1a
silencing. Conversely, the elevated levels of ASIC1a in
ASIC1a‑FLAG‑transfected glioma cells revealed an increase
in early and late apoptosis to varying degrees, depending on
cell lines. Upon transfection of ASIC1a‑FLAG, the early and
late apoptotic cells were increased i) in A172 cells: from
16.4 to 17.91% and 15.46 to 22.18% (Fig. 5A, lower panels);
ii) in U87MG cells: from 4.3 to 7.00% and 2.15 to 2.82%
(Fig. 5B, lower panels); and iii) in PDX‑L12 cells: from
20.25 to 26.00% and 13.45 to 16.04% (Fig. 5C, lower panels).
Collectively, our data indicated that ASIC1a suppresses the
growth and proliferation of glioma cells through G1/S arrest
and the induction of apoptosis.
ASIC1a modulates the expression of cell cycle regula‑
tory and apoptosis‑related proteins in glioblastoma cells.
Cyclin D1 plays crucial roles in the progression of cells
through the S and G2/M phases (21), and it is amplified
and overexpressed in numerous cancers (22). Results from

western blot analysis revealed that ASIC1a negatively regu‑
lated cyclin D1. In detail, shASIC1a‑transfected glioma cells
exhibited elevated levels of cyclin D1 expression (Fig. 5D‑F,
upper panels) whereas ASIC1a‑FLAG‑transfected glioma
cells had decreased cyclin D1 expression (Fig. 5D‑F, lower
panels). These findings were in agreement with the previous
data obtained by the flow cytometric analyses (Fig. 4) which
indicated that ASIC1a induces a G1 arrest at the expense of
S and G2/M phases. The protein p21, a cyclin/CDK inhibitor
which accompanies increased levels of cyclin D1, is induced
by cyclin D1 through an E2F mechanism (22). Our results
corroborated these findings that ASIC1a positively regulated
p21 protein (Fig. 5D‑F). Interestingly, A172 and U87MG
cells have wild‑type TP53 (p53) genes, while PDX‑L12
has a deleted p53 gene which suggests that in PDX‑L12,
ASIC1a upregulates p21 in a p53‑independent manner. It was
further confirmed that apoptosis occurred at a molecular
level with changes in levels of Fas protein (Fig. 5D‑F).
Apoptotic‑inducing protein Fas was decreased by silencing
of ASIC1a (5D‑F, upper panels) while Fas protein was
elevated by overexpression of ASIC1a (5D‑F, lower panels).
The bar graphs indicate the mean ± SD of three independent
experiments. All data represent a representative experiment
from three independent experiments.
GSC Markers CD133, ALDH1 and Notch signaling are
negatively associated with ASIC1a in GBM. The changes
in the number of CD133+ cells in response to changes in
ASIC1a expression in glioma cells were firstly examined
by flow cytometry. It was revealed that once ASIC1a was
knocked down by shASIC1a, the number of CD133+ cells
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Figure 5. ASIC1a suppresses the growth and proliferation of glioma cells through the induction of apoptosis. (A‑C) Apoptosis was analyzed by flow cytometric
analysis of Annexin V‑PE staining after shASIC1 treatment in (A, upper panel) glioma cells A172, (B, upper panel) U87MG and (C, upper panel) PDX‑L12
cells. Apoptosis was also examined by overexpression of ASIC1a in (A, lower panel) A172, (B, lower panel) U87MG and (C, lower panel) PDX‑L12 cells.
(D‑F) The cell cycle regulatory proteins cyclin D1 and p21, as well as apoptotic‑related protein Fas were examined when the ASIC1 gene was silenced by
shASIC1a in (D, upper panel) A172, (E, upper panel) U87MG, and (F, upper panel) PDX‑L12 cells. Cyclin D1, p21, and Fas were also detected when the ASIC1a
gene was overexpressed in (D, lower panel) A172, (E, lower panel) U87MG and (F, lower panel) PDX‑L12 cells. The bar graphs indicate the mean ± SD of three
independent experiments. All data represent a representative experiment from three independent experiments. *P<0.05 and **P<0.01. ASIC1a, acid‑sensing ion
channel 1a; sh, short hairpin.

were increased in A172 (Fig. 6A, left two panels), U87MG
(Fig. 6B, left two panels) and PDX‑L12 cells (Fig. 6C, left

two panels). These results indicated that the downregulation
of ASIC1a resulted in an enlarged GSC population. When
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Figure 6. GSC markers CD133 and ALDH1 are negatively associated with ASIC1a in glioblastoma multiforme. (A‑C) Flow cytometric analysis to assess
CD133 expression in (A, left two panels) A172, (B, left two panels) U87MG, and (C, left two panels) PDX‑L12 glioma cells by ASIC1a silencing. CD133
expression was determined when (A, right two panels) A172, (B, right two panels), U87MG, and (C, right two panels) PDX‑L12 cells overexpressed ASIC1a.
(D‑F) ALDH1 enzymatic activities were determined by the ALDEFLUOR assay which was performed in ASIC1a‑knockdown (D, left five panels) A172,
(E, left five panels), U87MG and (F, left five panels) PDX‑L12 cells. ALDH1 enzymatic activities were also determined in (D, right five panels) A172, (E, right
five panels) U87MG and (F, right five panels) PDX‑L12 cells overexpressing ASIC1a. Bars on the right of each image represent the mean ± SD after normal‑
ization to control. All results are representative of three separate experiments. *P<0.05. GSC, glioblastoma stem cells; ALDH1, aldehyde dehydrogenase 1;
ASIC1a, acid‑sensing ion channel 1a; sh, short hairpin.
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ASIC1a expression levels were elevated by introducing
ASIC1a‑FLAG into glioma cells, the number of CD133 +
cells revealed a decrease in A172 (Fig. 6A, right two
panels), U87MG (Fig. 6B, right two panels) and PDX‑L12
cells (Fig. 6C, right two panels). To further verify our
findings, the effects of PcTx1 on the expression of CD133
on PDX‑L12 glioma cells were examined. As anticipated,
PcTx1 effectively increased expression of CD133 compared
with that of the control (Fig. S2). To address the question of
whether ASIC1a would affect ALDH1, another GSC marker,
the ALDEFLUOR assay was performed on an identical
model of glioma cells aforementioned, in which ASIC1a
was either underexpressed or overexpressed by shASIC1‑
or ASIC1‑FLAG‑related constructs. ASIC1a silencing
increased the number of ALDH1‑positive cells from 3.45
to 13.54% in A172 (Fig. 6D, left five panels), from 4.01 to
7.03% in U87MG (Fig. 6E, left five panels), and from 8.49 to
14.91% in PDX‑L12 cells (Fig. 6F, left five panels). In accor‑
dance with the relationship of ASIC1a and CD133, here, our
results produced further evidence that ASIC1a knockdown
resulted in an increased GSC population as defined by the
ALDH1+ population. Similarly, overexpression of ASIC1a
decreased the ALDH1+ cells in all of the three glioma
cells examined. In detail, compared with corresponding
controls, the ALDH1+ cells decreased from 3.61 to 1.77%
in A172‑transfected ASIC1a‑FLAG cells (Fig. 6D, right
five panels), from 4.65 to 2.25% in U87MG‑transfected
ASIC1a‑FLAG cells (Fig. 6E, right five panels), and from
8.71 to 2.58% in PDX‑L12‑transfected ASIC1a‑FLAG cells
(Fig. 6F, right five panels).
It was previously reported that ASIC1 promotes differen‑
tiation of neuroblastoma by negatively regulating the Notch
signaling pathway (14). The Notch signaling pathways plays
critical roles in the maintenance and differentiation of neural
stem cells (NSC) (23) and can maintain GSCs in an undif‑
ferentiated state (24). It was therefore determined whether
ASIC1a is a critical regulator of Notch1 gene expression during
gliomagenesis. Upon ASIC1a downregulation by shASIC1a,
in A172 cells, the active form of Notch, intracellular domains
of Notch1 (Notch1/NICD), Notch2/NICD, Notch3/NICD,
Notch4/NICD, along with the Notch target survivin expression
were increased. The GSC markers CD133 and ALDH1 were
increased as well (Fig. 7A). U87MG (Fig. 7B) and PDX‑L12
cells (Fig. 7C) exhibited similar patterns based on ASIC1a
silencing, with enhanced expression of Notch active forms of
Notch1/NICD, Notch2/NICD, Notch3/NICD, Notch4/NICD,
Notch target survivin, and GSC markers CD133 and ALDH1
in response to ASIC1a knockdown. To further detect the asso‑
ciation between ASIC1a and Notch receptors, A172, U87MG
and PDX‑L12 cells were transfected with ASIC1‑FLAG to
overexpress ASIC1a protein along with the control vector
pCDNA3. The anticipated results were observed in that
ASIC1a‑overexpressing A172 (Fig. 7D), U87MG (Fig. 7E)
and PDX‑L12 (Fig. 7F) cells exhibited decreased Notch
active forms of Notch1/NICD, Notch2/NICD, Notch3/NICD,
Notch4/NICD, Notch target survivin and GSC makers CD133
and ALDH1. These results indicated that ASIC1a causatively
induced the inactivation of Notch, reduced the expression of
GSC markers CD133 and ALDH1, and played a critical role in
glioma stemness.
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Discussion
In the present study, two glioma cell lines, A172 and U87MG
and one PDX line were utilized based on their different molec‑
ular characteristics. A172 and U87MG both have wild‑type
TP53, PTEN mutations, and CDKN2A (p14ARF/p16 INK4a)
deletion (25). However, U87MG cells have another CDKN2C
(p18INK4c) mutation, express high levels of VEGF as compared
with A172 expressing high levels of bFGF (26). PDX‑L12 cells,
a PDX with neural subtype, have wild‑type genes of EGFR,
PTEN, CDKN2A, NF‑κB, and amplified genes of CDK4/MDM
and CSNK2A with a deleted TP53. Major findings from the
present study include: i) Expression of ASIC1 was associated
with improved survival in glioblastoma patients and reduced
ASIC1a protein expression was associated with grade progres‑
sion in glioma patients; ii) downregulation of ASIC1a increased
glioma cell proliferation and invasion, while upregulation of
ASIC1a decreased their proliferation and invasion; iii) ASIC1a
suppressed the growth and proliferation of glioma cells through
G1/S arrest and induced apoptosis; and iv) ASIC1a causatively
induced the inactivation of Notch, reduced expression of GSC
markers CD133 and ALDH1, and played an important role in
glioma stemness.
A total of 4 ASIC genes (ASIC1, ASIC2, ASIC3 and ASIC4)
and splice variants for ASIC1 (ASIC1a, ASIC1b, and ASIC1b2)
and ASIC2 (ASIC2a and ASIC2b) have been identified and
found to be expressed in a variety of cell types (27,28). The
functional ASICs are trimeric assemblies with each subunit
consisting of two transmembrane domains (2). ASICs are
voltage‑independent ion channels and have the highest expres‑
sion in the brain, mainly in the central nervous system (28,29);
in addition, they are also expressed in the retina (27,30,31), lung
epithelia (31), bone and cartilage (32), pituitary gland (33), and
testis (34). As extracellular acidosis is typically concomitant
with brain injury, ASICs, the main neuronal H+ receptor in
neurons, play an important role in neuronal injury under various
injurious conditions in the brain (35). In ischemia‑induced
brain injury, multiple endogenous factors (lactate, speri‑
mine, and dynorphins) potentiate ASIC1a channel‑mediated
ischemic injury. Multiple sclerosis (MS) is a demyelinating
disease in CNS and is associated with prolonged inflamma‑
tion and acidification. A recent clinical study conducted by
Arun et al revealed that amiloride, an ASIC1 inhibitor, has
a promising neuroprotective effect by reducing brain atrophy
of MS patients, axonal damage, and myelin loss (36). Brain
pH is reduced in traumatic brain injury (TBI) patients due to
massive disruption of metabolism; and in TBI patients whose
ASIC1a expression was increased in the brain, amiloride or
PcTx1 (ASIC1 selective inhibitor) attenuated the severity of
brain injury (37). ASIC‑mediated responses result in loss of
dopaminergic neurons in Parkinson's disease (PD). In patients
with PD, ASIC1 inhibition with amiloride or PcTx1 alleviates
the reduction of immunoreactivity of tyrosine hydroxylase and
dopamine transporter, and consequently prevents the loss of
dopaminergic neurons, and therefore impedes PD progres‑
sion (38).
Adaptions to the highly acidic microenvironment are crucial
steps in the development of invasive cancer (3). As a result,
proton (H+) concentration increases within the lumen and causes
the interior of the lumen to become highly acidic. Cancer cells
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Figure 7. Notch signaling is negatively associated with ASIC1a in glioblastoma multiforme. (A‑C) The glioma cells were transfected with shASIC1a and
control followed by assaying protein expression of ASIC1a, active form of Notch1, Notch2, Notch3, Notch4, and Notch target survivin, as well as GSC markers
CD133 and ALDH1 by western blotting in (A) A172, (B) U87MG, and (C) PDX‑L12 cells. (D‑F) Subsequently, the glioma cells (D) A172, (E) U87MG and
(F) PDX‑L12 were transfected with ASIC1a‑FLAG followed by assaying protein expression of ASIC1a, active form of Notch1, Notch2, Notch3, Notch4 and
Notch target survivin, as well as GSC markers CD133 and ALDH1 by western blotting. *P<0.05 and **P<0.01. ASIC1a, acid‑sensing ion channel 1a; sh, short
hairpin; GSC, glioblastoma stem cells; ALDH1, aldehyde dehydrogenase 1.

have a lower extracellular pH (pHe) and higher intracellular pH
(pHi) than normal cells in acute acidosis conditions (2). Solid
tumors are characterized by a highly acidic microenvironment
that may compromise the effectiveness of antitumor immu‑
nity (39). The potential for future clinical translation lies with
the neutralization of tumor acidity with bicarbonate therapy to
inhibit the growth of some cancer types and improve antitumor
responses to immunotherapy (39). Acidic conditions that are
independent of restricted oxygen promote the expression of
GSC markers, self‑renewal, and tumor growth (40). Activity of
ion channels is closely related to malignant features of tumor

cells such as the lack of differentiation, increased proliferation,
increased migratory and invasive phenotypes, and elevated
chemoresistance (41‑43). It has been revealed that glioma cells
express higher levels of potassium, sodium, and chloride chan‑
nels compared with normal astrocytes (29,44,45), indicating
that these ion channels may contribute to glioma progression.
The epithelial sodium channel/degenerin (ENaC/DEG) super‑
family includes ENaCs and ASICs (6,7,46). ASIC channels
are extracellular pH sensors that are acid‑responsive and can
be transiently activated by extracellular acidosis and become
permeable to cations (2,28,47). The cells of high‑grade gliomas
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express RNA for numerous different subunits of the ASIC and
ENaC families (6). Unlike ENaC, ASICs are proton‑gated
cation‑selective channels most permeable to Na+ ions (29,47,48).
ASIC1a and heteromeric ASIC1a/2b channels are permeable
to Ca2+ and can cause an accumulation of intracellular Ca2+ in
neurons (49,50). The studies on the role of ASIC1 in glioma‑
genesis are controversial. Sun et al reported that ASIC1 and
CaMKII form a functional complex at the plasma membrane
in GBM cells, which promotes GBM migration. However, their
results were only based on experimentation in the U251‑MG
cell line, which may represent a selection bias (51). Previous
studies performed in 2003 and 2009, that support the mito‑
genic role of ASIC1 reported that silencing of ASIC1 inhibits
glioblastoma cell migration (6,7). The mechanical studies from
this group demonstrated that ASIC interacted with several
biochemical molecules such as integrin‑β and α‑actinin (9),
ENaC subunits (8), Hsc70 (52) or cleaved by serine protease
matriptase (53) to accomplish its functions. The apparent limi‑
tation of their studies is lack of prognostic information drawn
from big data bioinformatics, which is critical to identify the
difference between tumor suppressor genes and oncogenes.
The study supporting a tumor suppressor role of ASIC1
originated from previous research from Tian et al. In rat C6
glioma cells, functional activation of ASIC1 induced a short
depolarization or a transient calcium influx even with persis‑
tent acidic stimulation. Notably, GSC expresses functional
ASIC1a and ASIC3. Microarray data from their study revealed
that the expression of ASIC1 and ASIC3 was associated with
improved survival of glioma patients, which indicated that
the preserved susceptibility to extracellular pH may impair
tumor growth (11). In 2017, our group first revealed that
ASIC1 induces neuroblastoma differentiation (14). Later,
Zhang et al revealed that both human‑induced pluripotent stem
cell‑(hiPSC)‑derived neural progenitor cell (hiPSC‑NPC)
and hiPSC‑NPC‑derived neurons express abundant ASIC1
mRNA (54). These findings provided an indication of the
important relationship between stem cells and ASIC1. As
acidic stress maintains (55) or promotes (40) glioblastoma
stem cell‑like phenotype, the acid‑sensor ASIC1a regulation
of GSC markers was therefore evaluated. In the present study,
different glioma cell lines and PDX were utilized to reveal
that ASIC1a serves as a tumor suppressor in glioma develop‑
ment and progression, which is consistent with the research of
Tian et al (11). It was also revealed that ASIC1a expression is
inversely associated with glioma grade progression by using
human glioma tumor tissues. The role for ASIC1a as a tumor
suppressor is further strengthened by the bioinformatic data
from TCGA, which demonstrated that GBM patients with
high expression ASIC1 have improved OS, indicating that
ASIC1 is a promising prognostic biomarker for GBM patients.
The antitumor function of ASIC1 was also supported by our
previous work (14), which revealed that ASIC1a promotes
neurite growth and differentiation by negatively regulating
Notch signaling. In summary, our data strongly indicated that
ASIC1a functions as a tumor suppressor in glioma stemness
and tumorigenesis. Stimulation of ASIC1 activity may inhibit
GSC self‑renewal and glioma progression.
All the major findings from the present study were drawn
from in vitro cell cultures from established glioma cell lines
or glioma PDX. PDX has its advantages by recapitulating the
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actual disease more closely than the established glioma cell
lines, which may not resemble the original tumor, by adapting
to the environment and acquiring mutations. In the future, the
conclusion from this study, especially from PDX, should be
tested in immunocompromised animals.
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