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GASC1 promotes glioma progression
by enhancing NOTCHI1 signaling
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Abstract. Recent studies have reported that gene amplified
in squamous cell carcinoma 1 (GASC]) is involved in the
progression of several types of cancer. However, whether
GASCI1 promotes glioma progression remains unknown.
Therefore, the present study aimed to investigate the effect of
GASCI exposure on glioma tumorigenesis. The western blot
demonstrated that grade III and IV glioma tissues exhibited a
higher mRNA and protein expression of GASCI1. Moreover,
CD133* U87 or U251 cells from magnetic cell separation
exhibited a higher GASCI expression. Invasion Transwell
assay, clonogenic assay and wound healing assay have shown
that GASCI inhibition using a pharmacological inhibitor
and specific short hairpin (sh)RNA suppressed the invasive,
migratory and tumorsphere forming abilities of primary
culture human glioma cells. Furthermore, GASC1-knockdown
decreased notch receptor (Notch) responsive protein hes
family bHLH transcription factor 1 (Hesl) signaling. GASC1
inhibition reduced notch receptor 1 (NOTCH1) expression,
and a NOTCHI inhibitor enhanced the effects of GASC1 inhi-
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bition on the CD133* U87 or U251 cell tumorsphere forming
ability, while NOTCHI1 overexpression abrogated these
effects. In addition, the GASCI1 inhibitor caffeic acid and/or
the NOTCHI inhibitor DAPT (a y-Secretase Inhibitor), effi-
ciently suppressed the human glioma xenograft tumors. Thus,
the present results demonstrated the importance of GASCI in
the progression of glioma and identified that GASC1 promotes
glioma progression, at least in part, by enhancing NOTCH
signaling, suggesting that GASC1/NOTCHI signaling may be
a potential therapeutic target for glioma treatment.

Introduction

Glioma is the most common type of primary malignant brain
tumor and the leading cause of intrinsic brain tumor-related
mortality worldwide (1,2). The annual incidence rate of glioma
is 6 new cases per 100,000 individuals per year in China (2,3).
Glioblastoma is the most malignant pathological type of
glioma. The recommended standard therapy for glioblastoma
includes maximal surgical resection followed by concurrent
radiation therapy with temozolomide and subsequent adjuvant
temozolomide therapy (2). Although a markedly higher survival
time along with an acceptable quality of life was achieved in
patients with gliomas, their treatment remains challenging.
The median survival time of patients with glioblastoma is
estimated to be only 15 months, with the 5-year survival rate
of patients at 5% (2.,4). These epidemiologic results reflect the
low efficiency of current treatments, suggesting the urgent
requirement for new therapeutic strategies.

Gene amplified in squamous cell carcinoma 1 (GASC1),
also known as Lysine Demethylase 4C (KDM4C) and
Jumonji C domain-containing oxygenase D2C (JMJD2C), is
a gene on chromosome 9p24.1 that encodes lysine-specific
demethylase 4C, which demethylates histone H3 and generates
formaldehyde and succinate (5). GASCI1 can regulate the
expression of important cancer genes via the demethylation of
tri- or di-methylation of histone H3 at lysine 9 (H3K9me3/me2)
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at corresponding promoter regions (6). Previous studies
have revealed that GASCI is widely expressed and serves
as a transforming oncogene in several types of cancer,
including lymphoma, medulloblastoma, lung, prostate and
breast cancer (7-14). Moreover, GASC1 was found to be
highly expressed in the brain astrocytes, and the brain of
GASCI1-hypomorphic mutant mice displayed an increased
number of astrocytes (12), suggesting a possible role of
GASCIl in the development of glioma. However, to date, the
link between the GASC1 expression and the progression of
glioma remains unknown.

Due to the capabilities of self-renewal, differentiation and
tumorigenicity, glioma stem cells (GSCs) have been suggested
to be key contributors to glioma tumorigenesis, treatment
resistance and tumor recurrence (15,16). Due to the promising
results of treatment using molecular targets, there has been
increasing interest in therapeutic strategies using small-mole-
cule targeted drugs against cancer stem cells. Our previous
studies revealed that GASCI1 promotes stemness of esophageal
squamous cell carcinoma, and that nuclear-enriched abundant
transcript 1 silencing suppresses glioma stem-like proper-
ties (14,17). In the present study, the GASCI expression was
examined in World Health Organization (WHO) grade II,
III and IV glioma tissues. The proliferation, invasion, migra-
tion and stemness of glioma cells in vitro and in vivo under
GASCI1 inhibition exposure were also determined in invasion
Transwell, clonogenic and wound healing assays.

Materials and methods

Reagent and antibodies. GASCI (cat. no. ab85454), notch
receptor 1 (NOTCHI1) (cat. no. ab8925), GLI family zinc
finger 1 (Glil; cat. no. ab49314), hes family bHLH transcrip-
tion factor 1 (Hesl; cat. no. ab71559), Bax (cat. no. ab32503),
S100 (cat. no. ab52642), 3-catenin (cat. no. abl6051), CD133
(cat. no. ab16518), nestin (cat. no. ab105389) and Ki67 (sp6; cat.
no. abl6667) antibodies were obtained from Abcam. Cyclin D1
(cat. no. sc-8396) and B-actin (cat. no. sc-81178) primary anti-
bodies were purchased from Santa Cruz Biotechnology, Inc.

Glioma specimens. The study protocol was approved by the
Research Ethics Committee of The First Affiliated Hospital
of Henan University of Science and Technology Institutional
Review Board (approval no. 2013-08). Written informed
consent was obtained from all patients. Gliomas were diag-
nosed with preoperative magnetic resonance imaging and
postoperative histopathology, based on the WHO guidelines
for the diagnosis and treatment of glioma (18). All patients
(9 males, 9 females; age range 28-71 years; mean age, 51 years;
interquartile range, 40-62 years) received surgery between
July 2013 and July 2019 at the Department of Neurosurgery,
The First Affiliated Hospital of Henan University of Science
and Technology. Each tissue sample was bisected. One half was
frozen for protein and RNA extraction, and the other half were
fixed with 10% neutral buffered formalin (cat. no. DFO111;
Beijing Leagene Biotechnology Co., Ltd.) overnight at room
temperature (RT) followed by an embedding in paraffin wax.

Cell lines and culture protocols. The U87 human glioblastoma
of unknown origin (cat. no. Tchu 138) and U251 human glio-

blastoma cell line (cat. no. Tchu 58) were purchased from the
Cell Bank of Chinese Academy of Sciences. In this study, the
U87 cell line was authenticated using STR profiling (data not
shown). As described in our previous study (17), cells were
maintained in DMEM (cat. no. DZPYGO0051; Wuhan Boster
Biotechnology Co., Ltd.) containing 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin and 50 pg/ml
streptomycin at 37°C in a humidified CO, incubator (5% CO,,
95% air).

For glioma primary cultured cells, the Human Tumor
Dissociation kit (cat. no. 130-095-929; Miltenyi Biotec
GmbH) was used with the gentleMACS™ Dissociator (cat.
no. DXT-130-096-730; Miltenyi Biotec GmbH) to enzymati-
cally digest the tissues, and human Anti-Fibroblast MicroBeads
(cat. no. 130-050-601; Miltenyi Biotec GmbH) were used to
filter the tissue lysates. For each experiment, tissues from one
patient were used. In order to obtain enough prolactinoma
tissues for primary culture,only huge and invasive prolactinoma
tissues were selected. Following surgery, tumor specimens
were placed in complete DMEM on ice and transferred to the
lab. Fresh resected brain glioma tissues were washed in PBS
at 37°C. Then, 1 ml Human Tumor Dissociation reagent (cat.
no. 130-095-929; Miltenyi Biotec, Inc.) was added, the tissues
were placed into a 37°C CO, incubator for 60 min, and the
suspension was pipetted every 10 min. To obtain adenoma
cell preparations deprived from rapidly dividing fibroblasts,
dispersed cells were filtered through a magnetic bead
column coated with human Anti-Fibroblast MicroBeads (cat.
no. 130-050-601; Miltenyi Biotec GmbH), according to the
manufacturer's instructions. The tissue-digested solution was
filtered using a 40-ym steel mesh. The cell suspensions were
cultured in DMEM containing 10% FBS and 100 U/100 pxg/ml
penicillin-streptomycin in a humidified incubator at 37°C with
5% CO,.

CDI33" cell isolation. As described in our previous study (17),
U87 cells, U251 cells or human glioma primary culture cells
were isolated using CD133 magnetic microbeads. The cell
suspensions were collected, washed with PBS and incubated
with magnetic microbeads conjugated with the anti-CD133
antibody at 20 pg/ml and 4°C for 30 min. CD133* cells were
isolated using CD133 (cat. no. 130097049; Miltenyi Biotec
GmbH). The QuadroMACS™ Separation Unit (Miltenyi
Biotec GmbH) was used for isolation. Prior to purification, the
MACS® (25 LD columns; Miltenyi Biotec GmbH) columns
were filled with warmed (37°C) RPMI (cat. no. PYG0006;
Wuhan Boster Biotechnology Co., Ltd.) or PBS. When the puri-
fication was conducted in order to synchronize the culture, the
experimentation was performed under sterile conditions. The
cells were digested and scattered, cells were then deposited on
the top of the column (typically, 1 ml at 25-50% hematocrit),
which was held in a Quadro MACS®™ magnetic support (cat.
no. 130-091-051; Miltenyi Biotec GmbH). The column was
removed from the magnetic support, a further 4 ml culture
medium was added and the eluent was recovered. This eluent
was then centrifuged (800 x g, 4°C for 3 min) and the superna-
tant was discarded. The pellet was resuspended and cultured.
The purity of the isolated cells was confirmed via flow cyto-
metric analysis using a Guava® easyCyte™ 8 flow cytometer
(EMD Millipore) with ModFit software 5.0 (Verity Software
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House). The isolated CD133* cells were then cultured in
DMEM-Nutrient F-12 (F12) supplemented with 20 ng/ul hREGF,
20 ng/ul bFGF (both from Gibco; Thermo Fisher Scientific,
Inc.), 1x B27 and 100 U/100 pg/ml penicillin-streptomycin in
a humidified incubator at 37°C with 5% CO,.

Cell transfection. pPLK/GFP+Puro-GASCI short hairpin
(sh)RNA (cat. no. 23081), pPLK/GFP+Puro non-targeting
control vector, pIRES2-EGFP-NOTCH1 system (cat.
no. PPL00782-2a) and pIRES2-EGFP lentiviral interference
control vector (cat. no. 6029-1) were obtained from Geneppl
Biotechnology Co., Ltd. A total of 2x10° glioma primary
culture cells in DMEM were seeded into 6-well plates and
cultured till they reached ~70% confluence. The cells were
then transfected with 100 nM control or sample shRNA
using the Lipofectamine® 3000 (cat. no. L3000001; Thermo
Fisher Scientific, Inc.) transfection reagent, following the
manufacturer's instructions. Briefly, 25 ul Opti-MEM™ [
medium (cat. no. L3000001; Thermo Fisher Scientific, Inc.)
and 1.5 pl Lipofectamine 3000 reagent were mixed in tube 1.
Next, 25 pl Opti-MEM I medium, 250 ng DNA (2.5 ug/ul) and
0.5 u1 P3000™ reagent were mixed in tube 2. Then, tube 2
solution was added to tube 1 and mixed well. The mixture was
incubated at room temperature for 15 min and 50 pl complex
(tube 1 and 2) was added to cells. The plate was gently swirled to
ensure homogeneous distribution of complex to the entire well.
After 12 h, the medium was replaced with fresh medium. The
next day, the cells were selected using puromycin (2 mg/ml)
for at least 3-4 days. A total of 48 h after transfection, cells
were evaluated for further experiments.

Cell proliferation assay. A Cell Counting Kit-8 (CCK-8)
kit (Roche Diagnostics) was used for the cell viability
assay according to the manufacturer's instructions. Cells
(1x10° cells/well) were transiently transfected and seeded in
96-well plates overnight at 37°C, and then treated with stimu-
lants for 3 days. CCK-8 (10 ul) was then added and the cells
were incubated at 37°C for a further 4 h. Colorimetric absor-
bance was measured at 450 nm using an ELISA microplate
reader, with six replicates per experimental sample.

Tumorsphere formation assay. GSC growth medium
was prepared by combining DMEM/F12 medium with
B27 supplement (final concentration, 1x), EGF (final concen-
tration, 20 ng/ml), bFGF (final concentration, 10 ng/ml) and
penicillin/streptomycin (final concentration, 1x). Tumorsphere
formation assays were performed on CD133* cells in 96-well
plates in growth medium. A cell count was performed using
Trypan Blue staining (room temperature for 4 min) and a
hemocytometer. Single tumorsphere cells were seeded at
a density of 50 cells/ml in 100 ul GSC growth medium in a
96-well dish. The cells were incubated at 37°C, 5% CO, for
1 week to generate clonal neurospheres. The tumorspheres
were then dissociated into single cells. Single cells from
tumorspheres were seeded at a density of 20,000 cells/ml in a
10 ml GSC growth medium in a 10-cm culture dish. The cells
were incubated at 37°C, 5% CO, for 5 days to generate bulk
cultured tumorspheres. The number of tumorspheres formed
in each well was counted using a light Nikon ECLIPSE E100
microscope at a magnification of x40 or x100.
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Cell cycle and apoptosis analysis. A total of 1x10* cells/plate
were transiently transfected for 24 h. The cells were then
collected and fixed in 70% ethanol overnight at -20°C.
Following washing, the fixed cells were incubated in PBS
with FxCycle™ PI/RNase Staining Solution (cat. no. F10797;
Invitrogen; Thermo Fisher Scientific, Inc.) with RNase A
(0.5 mg/ml) and propidium iodide (PI; 50 xg/ml) for 30 min
at 37°C. The percentage of cells in each phase of the cell cycle
or apoptosis was quantified using a Guava® easyCyte 8 flow
cytometer (EMD Millipore) with ModFit software 5.0 (Verity
Software House). Blue sub-G1 accumulation represented
apoptotic cells containing only fractional DNA content. The
cells in each group were quantified based on three independent
experiments.

Western blot analysis. Western blotting was routinely
performed. Protein extraction from cells was performed using
RIPA Lysis and Extraction Buffer (cat. no. 89901; Thermo
Fisher Scientific, Inc.) following the manufacturer's protocol.
Briefly, cells were washed using cold PBS for twice. Then
1 per 75-cm? flask containing cells were added with 1 ml
Cold RIPA Buffer on ice for 5 min and the plate was swirled
occasionally for uniform spreading. The lysate was collected
and transferred to a microcentrifuge tube. The tube was
centrifuged at ~14,000 x g for 15 min to collect the cell debris.

Protein determination was performed using the Pierce™
Rapid Gold BCA Protein Assay kit (cat. no. A53225; Thermo
Fisher Scientific, Inc.). First, 20 ul of each standard sample
replicate was pipetted into a microplate well, while 200 ul of the
wash buffer was added to each well. The plate was thoroughly
mixed on a plate shaker for 30 sec and subsequently incubated
at room temperature for 5 min. The absorbance at 480 nm was
measured on a plate reader. Subtracted the average 480 nm
absorbance measurement of the blank standard replicates from
the 480 nm measurements of all other individual standard and
unknown sample replicates. A standard curve was prepared by
plotting the average blank-corrected 480 nm measurement for
each BSA standard vs. its concentration in pg/ml. The standard
curve was used to determine the protein concentration of each
sample.

Equal quantities of protein (50 pg) were loaded onto a
10% SDS gel, resolved using 10% SDS-PAGE, and transferred
to a nitrocellulose membrane for western blot analysis. After
blocking the membrane in 5% milk in 0.1% TBST for 1 h at
room temperature, the membranes were incubated in diluted
primary antibodies (1:1,000) overnight at 4°C. Subsequently,
the membranes were washed and incubated in HRP-labeled
secondary antibodies (1:5,000) for 1.5 h at room tempera-
ture. SuperSignal West Pico ECL solution (Thermo Fisher
Scientific, Inc.) was added to the membranes to enhance the
chemiluminescent signal. Protein bands were imaged using a
FluorChemE imager (Alpha Innotech). The ImageJ analysis
of the western-blot strip grayscale value (band density) was
used for relative quantification. Average pixel intensity was
obtained following image inversion from black to white pixels
using the freeware ImageJ (1.8.0 172; National Institutes of
Health).

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR). For qPCR, total RNA was
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extracted using TRIzol® reagent (cat. no. 15596026; Thermo
Fisher Scientific, Inc.), and 1 ug RNA was used for the RT
reaction with random primer (cat. no. 48190011; Thermo
Fisher Scientific, Inc.), ANTP mix (cat. no. 18427013; Thermo
Fisher Scientific, Inc.) and M-MuLV Reverse Transcriptase
(cat. no. M0253L; New England Biolabs). mRNA quantifica-
tion was performed using a SYBR-Green supermix (cat.
no. 1708880; Bio-Rad Laboratories, Inc.). The PCR conditions
were as follows: Initial denaturation at 94°C for 2 min, followed
by 40 cycles of 94°C for 30 sec, 56°C for 30 sec, 72°C for 30 sec
and 20-60 sec at 72°C. The triplicate samples were amplified
in 20 pul reactions with gene-specific primers. The mRNA
abundance for each gene of interest was normalized to that of
GAPDH. The PCR primers used were as follows: GASCI1
forward, 5" TGGATCCCAGATGCAATGA-3' and reverse,
5“TGTCTTCAAATCGCATGTCA-3'; NOTCHI forward,
5'-CCCAATGGGCAAGAAGTCTA-3' and reverse, 5'-CAC
AATGTGGTGGTGGGATA-3'; Glil forward, 5-CCTTTA
GCAATGCCAGTGACC-3' and reverse, 5-GAGCGAGCT
GGGATCTGTGTAG-3"; Hesl forward, 5'-AGTGAAGCA
CCTCCGGAAC-3' and reverse, 5S-“-TCACCTCGTTCATGC
ACTC-3"; B-catenin forward, 5'-AAAATGGCAGTGCGT
TTAG-3' and reverse, 5S“TTTGAAGGCAGTCTGTCTGA-3";
GAPDH forward, 5-GAACATCATCCCTGC CTCTACT-3'
and reverse, 5'-CGCCTGCTT CACCACCTT-3"

Animals and treatments. All procedures involving mice
were performed with the approval of the Henan University of
Science and Technology's Institutional Animal Care and Use
Committee and were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (19). A total number of 16 (8 male, 8 female) nude
mice were used in this study. Upon arrival, at 6 weeks of age,
animals were weighed (18-20 g), ear tagged and divided into
control, NOTCH inhibitor DAPT, GASCI inhibitor caffeic
acid (CA) and DAPT+CA group (n=4) following a stratified
randomization scheme so that all groups had a similar body
weight distribution at the beginning. All mice were housed in
type II polycarbonate cages in individually ventilated caging
systems with bedding and water and food ad libitum with a
standardized NTH-31 diet (cat. no. LAD-NIH-31 diet, Nantong
trophic company). Cages were cleaned every week. On those
occasions, mice were also examined to evaluate their health.
The animal room had a controlled 12/12-h light/dark cycle
(lights on at 6:00 am), temperature (22+2°C) and relative
humidity (45-65%). Food intake was measured by weighing
the uneaten pellets. The nude mice were acclimatized for
1 week prior to the start of the experiment.

For the tumor grafting experiment, human glioma tissues
were digested and 1x10° suspension cells were subcutaneously
injected into the flank of nude mice (n=4 for each groups).
Palpable tumors were formed after 6 days. The mice were
treated with 15 mg/kg DAPT (cat. no. D5492; Sigma-Aldrich;
Merck KGaA), 100 mg/kg CA (cat. no. 205546; Sigma-Aldrich;
Merck KGaA) or both, every 3 days for a total of eight treat-
ments. The treatments were administered via an intraperitoneal
injection. Tumor volumes were measured every other day. After
the experiment was completed, mice were humanely sacrificed
by cervical dislocation following CO, inhalation. The mouse
was placed in the chamber and 100% CO, was introduced at a

displacement rate of 70% the chamber volume per min. After
a lack of breathing and faded eye color were observed, the
mouse was removed from the cage, and cervical dislocation
was carried out. Tumor grafts were removed and processed for
further analysis. The experiment was carried out for 1 month.
The experiment was completed in July and August 2019. No
mice died unexpectedly in the experiment.

With regards to humane endpoints, the tumor size must not
exceed 20 mm (2.0 cm) in any direction in any mice. General
criteria for euthanasia include: Weight loss >20%; tumor size
equal to 15% of body weight; tumor ulceration; discharge or
hemorrhage from tumor; tumor interferes with normal body
functions, including but not limited to ambulation, eating,
drinking, defecation or urination; tumor negatively affects
animal's gait or posture independent of tumor size; labored
breathing; lack of movement; hypothermia and self-mutilation.

Immunohistochemical staining. Tissue sections were fixed
with 10% neutral buffered formalin (cat. no. DFO111;
Beijing Leagene Biotechnology Co., Ltd.) overnight at room
temperature followed by embedding in paraffin wax. Section
thickness is 5 ym. Following antigen retrieval and blocking
with 10% goat serum at room temperature for 1 h, tumor tissues
were incubated with Ki67, GASC1 and S100 (diluted 1:100)
overnight at 4°C. The slides were then incubated with bioti-
nylated anti-rabbit IgG secondary antibody (cat. no. PK-7200;
1:1,000; Vectastain Elite ABC-HRP kit; Vector Laboratories,
Inc.) for 30 min at room temperature, followed by incubation
in Vectastain Elite ABC Reagent for 30 min at room tempera-
ture. For all slides, a diaminobenzidine detection kit (Vector
Laboratories, Inc.) was used according to the manufacturer's
protocol. For hematoxylin and eosin staining, sections were
cleaned with distilled water. Nuclei were stained with Meyer's
hematoxylin for ~5 min then rinsed with tap water and stained
with eosin for 2 min at 37°C. Cells were rinsed with tap water,
dehydrated and mounted. Slides were observed and imaged
using a light Nikon ECLIPSE E100 microscope at a magnifi-
cation of x40 or x100.

Invasion Transwell and clonogenic assays. After glioma cells
grew to 70-90% confluence, cells were serum-starved for
24 h and then diluted at a cell concentration of 1x10° cells/ml.
Cell suspension (500 ul; 5x10* cells) was added into the upper
Transwell chamber, and 600 p1 10% FBS-DMEM was pipetted
into the lower Transwell chamber. Transwell plates were then
cultured in the Matrigel-coated inserts in a humidified incu-
bator (37°C, 5% CO,) for 48 h. Non-migrated cells on the upper
side of the membrane were removed using a cotton swab. The
cells were then fixed with 1 ml methanol at room temperature
for 20 min and stained with 0.1% crystal violet for 10 min
at room temperature. In total, six fields per Transwell were
imaged using an inverted microscope at x10 magnification,
and the migrated cells on the lower site of the membrane were
counted. Each condition in the experiment must be performed
at least in duplicate.

For the clonogenic assay, after glioma cells grew to
70-90% confluence, cells were serum-starved for 24 h and
then diluted at a cell concentration of 1x10° cells/ml. Cells
were seeded into 6-well plates at a density of 500 cells/well
and then cultured for 5 days, followed by crystal violet staining
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Figure 1. Characterization of GASCI expression in WHO stage II-IV human glioma samples. (A) Representative images of HE staining and GASCI, cell
proliferation marker Ki67 and glial cell marker S100 immunostaining in grade IV glioma tissue (scale bar, 50 ym). Strong immunoreactivity for GASCI
was observed in the nucleus of one repressive glioma sample. (B) Western blotting of the GASCI expression in WHO stage II-IV glioma tissues. Bands were
from two gels, and two internal reference of (3-actin were used. (C) Densitometric semi-quantification of the GASCI to (3-actin ratio for all WHO stage II-IV
samples. Data are expressed as the mean+SD (n=3). One-way ANOVA followed by Duncan's new multiple range test. (D) mRNA expression levels of GASCI1
in glioma tissues were analyzed via reverse transcription-quantitative PCR. Data are presented as the mean+SEM (n=3). One-way ANOVA followed by the
Duncan's new multiple range test, 'P<0.05. GASCI, gene amplified in squamous cell carcinoma 1; WHO, World Health Organization; ns, non-significant; HE,

hematoxylin and eosin.

for 20 min at room temperature. The cells were washed twice
with PBS and the blue colonies were counted using a light
Nikon ECLIPSE E100 microscope at a magnification of x10.
The data were expressed as % survival relative to the control.
Each condition in the experiment was performed at least in
duplicate.

Wound healing assay. Cells (1x10°) were incubated with
10 ug/ml mitomycin C at 37°C for 2 h, seeded into a 24-well
tissue culture plate and cultured in DMEM/F12 medium
containing 10% FBS (20). After glioma cells grew to
70-80% confluence a monolayer wound was made by gently
and slowly scratching the monolayer with a new 1-ml pipette
tip across the center of the well. Following scratching, the well
was gently washed twice with medium to remove the detached
cells. The well was replenished with fresh serum-starved
medium. Cells were cultured for an additional 48 h. the cells
were fixed with 4% paraformaldehyde for 30 min and stained
with 0.1% crystal violet for 30 min at room temperature.
Images of the stained monolayer were captured on a light
Nikon ECLIPSE E100 microscope at a magnification of x10.
The same configurations of the microscope were used when
capturing images for different views of the stained monolayer.
The gap distance was quantitatively evaluated using ImageJ
software (1.8.0 172 version; National Institutes of Health), and
each experiment was repeated in triplicate.

Sphere formation assay. A total of 1 ml cell suspension
(1x10° cells) was plated per well in triplicate in a 24-well
Corning ultra-low attachment plate in DMEM/F12 medium,
supplemented with 10 xg/ml insulin (Sigma-Aldrich;
Merck KGaA), 1 pg/ml hydrocortisone (Sigma-Aldrich;
Merck KGaA), 1X B27 (Thermo Fisher Scientific, Inc.),
20 ng/ml EGF, 20 ng/ml bFGF and 4 ug/ml heparin (all
from Stemcell Technologies, Inc.). After 24 h, parental or
NOTCHI1-overexpressing CD133* U87 or U251 cells were
cultured with GASCI inhibitor CA (10 #m) in the presence
or absence of NOTCHI inhibitor DAPT (10 #m) for 7 days
to form primary spheres. Cells were nourished every 3 days
through the addition of 50-100 1 medium per well. Sphere
formation was determined by dividing the total number of
spheres by the number of cells plated. Primary sphere assays
were performed in at least triplicates.

Statistical analysis. Data analysis was performed using GraphPad
Prism 8 software (GraphPad Software, Inc.). An unpaired Student's
t-tests were used to compare continuous variables between two
groups. One-way ANOVA followed by Duncan's new multiple
range test or One-way ANOVA followed by Tukey's post hoc
test was used to assess differences between multiple groups.
All statistical data were derived from =3 independent biological
replicates. Data are presented as the mean+SD or SEM. P<0.05
was considered to indicate a statistically significant difference.
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Results

An elevated GASCI expression is associated with malignancy
grade and stemness of glioma tissues. Based on certain
pathological characteristics, gliomas are classified into four
grades (WHO grades I, II, III and IV). Grade I or II tumors
are low grade astrocytomas, grade III tumors are anaplastic
astrocytomas, and grade I'V tumors are glioblastomas multi-
forme (21,22). To determine the correlation between GASCI1
expression levels and clinicopathological parameters in glioma
tissues, fresh glioma samples were collected from 18 patients
undergoing resection in Neurosurgery Department. There
were 6 grade IV, 6 grade III and 6 grade II glioma tissues.
Immunohistochemical and hematoxylin and eosin staining
was performed on these specimens (Fig. 1A). In the present
study, GASCI expression was primarily immunolocalized in
the nuclei and occasionally present in the cytoplasm. Since
GASCl is anuclear protein, only the GASCI1 nuclear expression
was analyzed via immunohistochemical staining. The GASC1
protein expression was also examined via western blotting,
and higher GASCI protein expression levels were observed in
WHO grade IIT and I'V glioma tissues, as compared to Grade 11
glioma tissues (Fig. 1B and C). WHO grade IIT and IV glioma
tissues displayed a higher GASCI nuclear expression compared
with Grade II tumors. However, no significant difference in
the GASC1 expression levels was identified between WHO
grade III and IV glioma tissues (Fig. 1B and C). In addition, in
the immunohistochemical staining, a positive GASC1 immu-
nohistochemical nuclear staining and cytoplasm staining was
found in all WHO grade III and IV glioma tissues. However,
a low level of GASCI positive staining was observed in the
nuclei and cytoplasm of some Grade II tumors. Since GASC1
staining was identified mainly in the nuclei and occasionally in
the cytoplasm, the results of the nuclear immunohistochemical
staining may be more convincing compared with those of
western blotting.

The GASC1 mRNA expression levels were also examined.
RT-qPCR analysis demonstrated a higher mRNA expression
of GASCI in grade III and IV glioma tissues compared with
grade II tumors (Fig. 1D). In combination, these results indi-
cated that a high malignancy in grade glioma tissue (WHO
grade III and IV) was associated with a high GASC1 expres-
sion.

In the present study, primary human glioma cells
were isolated from human glioma tissues, and GSCs were
sorted using CD133 magnetic cell separation. CD133*
isolated cells in the present study formed neurospheres.
As confirmed in our previous study (17), the neurospheres
can be dissociated and cultured for =3 passages. The cells
differentiated into cells adherent to the culture plate and
grew in a monolayer following culture with regular cell
culture medium (Fig. 2A). This observation suggested that
CD133" isolated glioma cells have, at least to some extent,
the following cancer stem-like cell properties: Self-renewal
and self-differentiation abilities. Following isolation, the
GASCI1 protein expression was further analyzed, and higher
GASCI1 protein expression levels were observed in CD133*
isolated primary culture human glioma cells, as compared
with their parental cells (Fig. 2B). As expected, RT-qPCR
results identified significant differences in the GASCI1

A

ey
Tumorsphere 24 h
B PCGC

o

Tumorsphere 5 days
CD133*PCGC

GASCH o

1.0

0.5+

GASC1 relative mRNA
expression ratio

0 T T T T T T
CD133* PCGC CD133* U87 CD133* U251
PCGC us7 U251

Figure 2. Characterization of PCGCs and CDI133* PCGC spheres.
(A) Representative microscopic images of PCGCs and tumorspheres of
CD133* PCGC:s (scale bar, 50 gm). Fresh primary glioma samples were dis-
sociated and propagated as non-adherent neurospheres in serum-free defined
medium. (B) Western blotting of GASCI expression in CD133* or parental
PCGC. A higher GASCI protein expression was observed in the CD133*
PCGC. (C) Reverse transcription-quantitative polymerase chain reaction
of GASC1 mRNA expression levels in CD133* or parental U87, U251 and
PCGC. Data are expressed as the mean+SEM (n=3). Unpaired Student t-test,
“P<0.05. ns, non-significant; PCGC, primary culture human glioma tissue
cells; GASCI, gene amplified in squamous cell carcinoma 1.

mRNA expression levels between the CDI133* isolated
glioma cells and their parental primary culture human
glioma cells (Fig. 2C). Moreover, higher mRNA expression
levels of CD133* U87 and U251 were observed in glioma
cells, as compared with their parental cells (Fig. 2C). These
results indicated that the GASCI protein may be associated
with glioma stemness.

GASCI inhibition suppresses the viability and migration of
glioma cells. To further investigate the association between
GASCI expression and glioma progression, a CCK-8 assay
was used to examine the effect of the GASCI inhibition on the
viability of primary culture human glioma cells. GASC1 was
knocked down using shRNA, and this significantly decreased
the viability of primary culture human glioma cells after
48 h (data not shown). The invasive and migratory abilities
of primary culture human glioma cells were examined
using an invasion chamber assay and a wound healing test
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Figure 3. GASCI inhibition suppresses invasion and metastasis ability in CD133* U87 or U251 glioma stem-like cells. (A) Invasion chamber assay and wound
healing migration assay for PCGCs with or without GASC1-knockdown. For the invasion chamber assay, a hollow plastic chamber sealed at one end with a
porous membrane was suspended over a larger well containing cell culture medium. Cells were placed inside the chamber and allowed to migrate through the
pores to the other side of the membrane for 48 h. Migratory cells were then stained and counted. For the wound healing migration assay, cells were plated in
24-well plates after they grew to 70-90% confluence. A scratch wound was made using a same pipette tip. The medium was replaced, and the wounds were
imaged at 48 h. (B) The relative fractions for invasion and (C) migration detection in GASCI-specific sShRNA, vector and control cells were plotted. Data are
expressed as the mean+SD (n=3). Unpaired Student t-test, ‘P<0.05. ns, non-significant; GASC1, gene amplified in squamous cell carcinoma 1; shRNA, short

hairpin RNA.

(Fig. 3A and B). The results demonstrated that the invasive
and migratory abilities of GASCI-knockdown primary culture
human glioma cells were significantly suppressed compared
with the control.

GASCI inhibition suppresses the clone forming ability and
tumorsphere formation in CDI133* U87 or U251 glioma
stem-like cells. The effect of GASCIl-knockdown on
CD133* GSCs was further analyzed. First, the U87 or U251
cells were transiently transfected with GASCI shRNA for
the clone formation assay. A lower clone forming ability
was observed in U87 or U251 cells with GASCI shRNA
(Fig. 4A and D). Furthermore, the CD133* U87 or CD133*
U251 cells were transiently transfected with GASCI shRNA
and examined with a tumorsphere assay and flow cytometry
(Fig. 4B, C, E and F). As expected, a decreased tumorsphere
forming ability, increased apoptotic rate and G1 phase accu-

mulation were observed in GASCI-knockdown CD133* U87
or CD133* U251 cells, as compared with the relative control
group. Collectively, these results demonstrated that GASC1
inhibition suppresses the viability and stemness of glioma
cells.

GASCI inhibition-mediated suppression of cancer cell
viability is dependent on NOTCHI activation. It is known that
GSCs upregulate a number of signaling pathways required
for maintaining glioma stemness; these signaling pathways
include the NOTCH, sonic hedgehog (Shh) and Wnt path-
ways (15,23). To understand the mechanism underlying the
anti-stemness of glioma cells caused by GASCI-knockdown,
the key markers of the specific pathways that are required
for maintaining GSC stemness, including Glil (Shh), Hesl
(NOTCH) and B-catenin (Wnt) (23-26), were examined in
control and GASCl1-knockdown cells. Our results have shown
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Figure 4. GASC1 inhibition suppresses the clone forming ability and tumorsphere formation in CD133* U87 or U251 glioma stem-like cells. (A) Clonogenic
assays examining the effects of GASCI-knockout on cell proliferation in U87 or U251 glioma cells with or without GASC1-knockdown. Cells were seeded
into 6-well plates at a density of 500 cells/well and then cultured for 5 days, followed by crystal violet staining. (B) Tumorsphere assay of GASC1-knockout
on CDI133* U87 or U251 glioma cells with or without GASC1-knockdown (scale bar, 100 ym). Single cells from tumorspheres were seeded at a density
of 20,000 cells/ml in a 10 ml GSC growth medium in a 10-cm culture dish. The cells were incubated at 37°C, 5% CO, for 5 days to generate bulk cul-
tured tumorspheres. (C) Representative flow cytometry images of cell cycle distribution and apoptosis in CD133* U87 or U251 glioma cells with or without
GASCl-knockdown. (D) Quantitative analysis for stained colonies and tumorspheres in different group panels. shRNA-mediated GASC1 silencing significantly
decreased the cloning ability of U87 or U251 glioma cells and the tumorsphere formation ability of CD133* U87 or U251 glioma cells. Data are expressed as
the mean+SD (n=3). Unpaired Student t-test, "P<0.05. (E) Quantification of the percentage of G0O/1, G2/M and S cells in CD133* U87 or U251 glioma cells with
or without GASCI-knockdown. Data are expressed as the mean+SEM (n=3). Unpaired Student t-test, 'P<0.05. (F) Quantification of the percentage of apoptosis
in CD133* U87 or U251 glioma cells with or without GASC1-knockdown. Data are expressed as the mean+SEM (n=3). Unpaired Student t-test, "P<0.05. ns,
non-significant; GASCI, gene amplified in squamous cell carcinoma 1; shRNA, short hairpin RNA.

that GASC1-knockdown downregulated the expression levels
of Glil, Hesl and active -catenin (Fig. 5A), suggesting that
all three pathways were affected in the CD133* U87 or U251
cells following GASCI-knockdown. Moreover, Our mRNA
analysis has shown that the Hesl gene from the NOTCH1
pathway was downregulated to the greatest extent (Fig. 5B).
These results indicated that the NOTCHI1 pathway may be the
main mediator of GASCI-knockdown on the CD133* U87 or
U251 cells.

To determine whether NOTCHI1 participates in the
regulation of the stemness of gliomas by GASC1, NOTCH1
overexpression vectors were successfully constructed. The
parental or NOTCHI1-overexpressing CD133* U87 or U251
cells were cultured with GASC1 inhibitor CA (10 gm) for
48 h for the tumorsphere assay. Furthermore, the cells were
treated with GASCI1 inhibitor CA (10 gm) in the presence
or absence of NOTCHI1 inhibitor DAPT (10 ym) for 48 h,
and the individual tumorspheres were then scored. The
results demonstrated that the blockade of GASCI, including
GASCl-knockdown and CA treatment, significantly
decreased the key NOTCHI target Hesl protein and mRNA
expression levels. NOTCHI1-overexpression was found to
partly abrogate the GASCI inhibitor CA-induced inhibition
of tumorsphere formation (Fig. 5C). By contrast, the NOTCH1
inhibitor DAPT enhanced the suppressive effect of the GASC1
inhibitor on the tumorsphere forming ability of CD133* U87

or U251 cells (Figs. 5C and S1). Furthermore, western blotting
demonstrated that NOTCHI1-overexpression partially reversed
the CA-induced cyclin DI and Ki67 inhibition (except for
in U87 cells) and Bax upregulation, as compared with the
Notchl+ and CA+Notchl+ group (Fig. 5D-F). Moreover, CA
decreased the NOTCHI, cyclin D1 and Ki67 expression levels,
while increased the Bax expression. NOTCHI overexpression
partially reversed CA-induced Bcl-2, cyclin DI and Ki67
downregulation (except for in U87 cells) and Bax upregula-
tion in CD133* U87 or U251 glioma cells. Collectively, these
results demonstrated that the ability of GASCI inhibition to
suppress the viability of glioma cells is dependent, at least in
part, on the activity of NOTCHI.

Inhibition of GASCI/NOTCHI signaling suppresses the
progression of glioma tumor-bearing mice. To evaluate the
effects of the GASC1/NOTCHI signaling activity on the growth
of glioma in vivo,human glioma primary culture cells were inoc-
ulated under the skin of nude mice to generate a tumor-bearing
mouse model. The mice were treated with NOTCH inhibitor
DAPT (15 mg/kg), GASCI inhibitor CA (100 mg/kg) or both,
every 3 days for a total of eight treatments. Tumor measurement
and Ki67 staining showed that both DAPT and CA suppressed
tumor growth, and a combination of the two decreased tumor
growth more significantly, as compared with either treatment
alone (Fig. 6). However, no significant differences were observed
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Figure 5. Effect of GASCI inhibition on key markers of GSC stemness-related signaling pathways. (A) Protein expression levels of key markers of GSC
stemness-related signaling pathways, such as Glil (Shh), Hes] (NOTCH) and B-catenin (Wnt) in GASC1-knockdown or vector CD133* U87 or U251 glioma
cells. Decreased Glil, Hesl and -catenin protein expression levels were observed in GASC1-knockdown CD133* U87 glioma cells. (B) GASCIl-knockdown
decreased Glil, Hesl and B-catenin mRNA expression levels in CD133+ U87 or U251 glioma cells. One-way ANOVA followed by Tukey's post hoc test.
(C) Effect of GASCI inhibitor CA, NOTCHI inhibitor DAPT and NOTCHI1 overexpression on the tumorsphere formation ability of CD133* U87 or U251
glioma cells. The parental or NOTCH]1-overexpressing CD133* U87 or U251 cells were cultured with GASCI inhibitor CA (10 y#m) for 48 h for the tumorsphere
assay. The CDI133* U87 or U251 cells were also treated with GASC1 inhibitor CA (10 #m) in the presence or absence of NOTCHI inhibitor DAPT (10 y#m)
for 48 h, followed by the tumorsphere assay. NOTCH 1-overexpression partly abrogated the CA-induced tumorsphere formation inhibition. NOTCHI1 inhibitor
DAPT enhanced the suppressive effect of the GASCI inhibitor on the tumorsphere formation of CD133* U87 or U251 cells. Data are expressed as the mean+SD
(n=3). Unpaired Student t-test, ‘P<0.05. (D) Following overnight serum-starvation, CD133* U87 or U251 glioma cells transiently transfected with vector control
or NOTCH1-overexpression were stimulated with CA (10 xM) for 48 h and the cells were harvested for western blotting using the indicated antibodies. CA
decreased the NOTCHI, cyclin D1 and Ki67 expression levels, while increased the Bax expression. NOTCHI overexpression partially reversed CA-induced
Bcl-2, cyclin DI and Ki67 downregulation (except in U87 cells) and Bax upregulation in CD133* U87 or U251 glioma cells. Semi-quantification of NOTCHI,
Bax, cyclin DI and Ki67 protein expression levels in (E) CD133* U87 and (F) U251 glioma cells treated with vector control, CA, NOTCH I-overexpression or
CA combined with NOTCH1-overexpression. Data are expressed as the mean+SD (n=3). One-way ANOVA followed by Tukey's post hoc test. "P<0.05. GASCI,
gene amplified in squamous cell carcinoma 1; CA, caffeic acid; NOTCHI, notch receptor 1.


https://www.spandidos-publications.com/10.3892/mmr.2021.11949

10 XIAO et al: GASC1 PROMOTES GLIOMA PROGRESSION VIA NOTCHI SIGNALING

A

Tumor diameter (mm)

2000 - CON

Tumor volume (mm?)

Time (days)

D Con CA

Time (days)

DAPT CA+DAPT

GCASC ] e s—— — —

KiG7 — T— R —

B-actin e — — —

Figure 6. CA and DAPT decreases the growth of human glioma xenografts synergistically. (A) Histopathologic features of the human glioma xenografts, HE
staining and immunohistochemistry for GASCI and Ki67 expression in primary cultured human glioma cell xenograft tissues from mice (scale bar, 50 pzm).
Primary cultured human glioma cells were implanted in the flanks of the mice (n=16) and the tumors were allowed to develop to an appreciable size for 6 days
(60-80 mm?*). Next, CA (100 mg/kg), DAPT (15 mg/kg) or both, were injected intraperitoneally beginning on day 6 and were administered every 3 days for a
total of eight treatments. The average (B) diameter and (C) volume was calculated at the indicated time points. Both DAPT and CA suppressed tumor growth,
and the combined use of DAPT and CA decreased tumor growth more significantly than either treatment alone. Data are presented as the mean+SD. One-way
ANOVA followed by Tukey's post hoc test, "P<0.05. (D) Western blotting of GASC1 and Ki67 expression in xenograft tissues of different groups. GASC1, gene
amplified in squamous cell carcinoma 1; CA, caffeic acid; ns, non-significant; HE, hematoxylin and eosin; CON, control.

between treatment with DAPT and CA alone. Western blotting
showed that the expression of Ki67 was decreased in the tumor
tissues of DAPT- or CA-treated mice, with the most significant
effect observed in the DAPT+CA-treated mice. The differences
in tumor volume between the control and DAPT+CA-treated
mice were statistically significant. These data suggested that
GASCI1-NOTCHLI, at least to some extent, contributed to the
development of glioma in vivo and may serve as potent thera-
peutic targets for the control of gliomas.

Discussion

Epigenetics are alterations in gene expression without
changes in the DNA sequence (27). Since epigenetic changes
have long been documented to govern a variety of cellular
processes, including gene expression, DNA replication and
stem cell maintenance, aberrant epigenetic modifications

can cause abnormal gene silencing or activation leading to
disease, such as cancer and mental disorders (28). To date,
several epigenetic studies have identified a large number of
tumor suppressor genes silenced in glioblastoma, such as
dickkopf WNT signaling pathway inhibitor 1 (DKKI) and
frizzled-related protein 1 (SFRPI1) (29,30). Thus, epigenetic
modifications have been proposed to be potential prognostic
and response factors for glioblastoma treatment (31,32). Since
epigenetic silencing of tumor suppressor genes is reversible,
there is extensive interest in developing inhibitors against
DNA methyltransferases and histone deacetylases (33). Thus,
finding key molecular targets that lead to tumoriogenesis and
discovering more specific inhibitors of histone deacetylases
and histone methyltransferases may need to be considered in
future diagnostics and treatment for glioblastoma.

Recently, epigenetic research has provided several
important histone modifier genes. One of the most clinically
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relevant observations was the discovery of GASC1 (10). As
a member of the IMJID2 family, GASCI is located at human
chromosome 9p23-24 and encodes a histone demethylase for
H3K9me3/2 and H3K36me3/2 (5-7). H3K9me3/2 mark is
associated with transcriptional repression and the formation
of heterochromatin, while H3K36me3/2 is involved in the
suppression of incorrect transcription (34). Since GASC1
can either remove the repressive H3K9me3/2 or the active
H3K36me3/2 factor in modifying the H3 process, GASCI1
has been reported to promote proliferation and survival in
various cancer cells by activating several classical oncogenes,
such as MYC, NOTCHI1, SOX2 and MDM2 proto-oncogene
(MDM?2) (7-14). For example, GASCI1 overexpression in the
non-tumorigenic breast cell line MCF10A induces trans-
formed phenotypes (6,7), while GASC1-knockdown in skin
squamous cell carcinoma and breast cancer cells inhibits
proliferation (6,7,9,11).

GASCI1 can also crosstalk with other molecules to
promote carcinogenesis, as previous studies indicated that
GASCI can cooperate with JAK2 to modify the epigenome
of 9p24-amplified lymphomas and promote proliferation and
survival (35-37). Since GASCI1 expression is identified in >50%
of gliomas (8,12), it is highly likely that GASCI contributes to
the genesis and/or development of glioma. There was direct
evidence in the present study of a higher expression of the
GASCI in the WHO grade III and IV glioma tissues. It was
also found that the inhibition of GASC1/NOTCH signaling
significantly suppressed the viability, migration and stemness
of glioma cells. Thus, the present data indicated that GASC1
has the potential to serve as a valuable prognostic biomarker,
and could facilitate the development of personalized therapies
targeting GASC1/NOTCH signaling as an innovative treatment
for glioma in the future.

It is known that GSCs are responsible for cancer progres-
sion and recurrence, and the elimination of GSCs is crucial for
treating glioblastoma (38,39). To the best of our knowledge,
the association between GASCI expression and the clinical
progression of glioma remains unknown. Thus, further studies
are required to understand the biological features of GASC1
in gliomas and GSCs. In the present study, the function and
mechanism of GASCI in the proliferation, invasion and stem-
ness of glioma cells was analyzed. In line with a previous
study (12), GASCI expression was found in most glioma
tissues. Moreover, for the first time, a higher GASCI expres-
sion was identified in WHO grade III and IV glioma tissues,
as compared with the Grade II glioma tumor tissues. Although
the statistical association between the GASCI1 expression
and poor prognosis has not been confirmed, the present data
suggested that high-grade gliomas tend to express GASCI,
suggesting that the GASCI expression may be associated with
glioma malignancy. In the present study, GASCI inhibition
suppressed the viability, invasion and stemness of glioma
cells. Further mechanistic studies demonstrated that GASCI
affected the stemness of gliomas by modifying the activity of
the NOTCH, Shh and Wnt signaling pathways, with the most
significant effect observed in the NOTCHI1 mRNA expression
levels. In addition, the present in vivo data demonstrated the
suppressive effect of a GASCI inhibitor on the viability of
glioma cells in xenograft tumors. These experiments suggested
a pro-tumorigenesis role of GASCI in the development of
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gliomas in vitro and in vivo. The results also indicated that a
GASCI inhibitor could be a potential molecular therapeutic
agent in the control of gliomas.

NOTCH signaling is a key well-known player in cell
proliferation, apoptosis, stem cell maintenance and tissue
homeostasis (26,40-42). GSCs have been found to exhibit
higher NOTCHI1 expression levels (42,43). The NOTCHI1
pathway serves a vital role in GSC maintenance (44). Moreover,
NOTCHI has been suggested to mediate in chemotherapeutic
resistance and tumor recurrence by crosstalk with other
molecules. Since NOTCHI signaling activates downstream
Hesl, Hesl is recognized as a biomarker of NOTCHI
pathway activation (26,45). NOTCHI1 can regulate several
target genes, such as p53, EGFR and PTEN, in mediating
the PI3K/AKT/mTOR pathway (26,41,45). Moreover,
the molecular mechanism and crosstalk of NOTCHI in
glioma-initiating cells was also reported. HIF-1-depletion can
block the interaction between HIF-1a and Notch intracellular
domain (NICD), and suppress GSC proliferation (46). HIF-1a
can also displace the NOTCH inhibitor HIF-2a from the
NICD under hypoxic conditions (47). Currently, most NOTCH
inhibitors remain in clinical phase I and II trials, but several
NOTCH inhibitors had only a modest efficacy in the initial
stage, with an unsatisfactory outcome (48,49). Since the tumor
microenvironment contains a complex mixture of biochemical
and biophysical cues that modulate cell behavior (33,50),
possible reasons for these unsatisfied results may have been
the heterogeneity of glioma and the crosstalk between the
NOTCH pathway and other molecules.

In the present study, GASC1 inhibition decreased NOTCH1
expression, which was in line with previous studies (14,37). The
present data suggested that GASCI may be one of the major
factors affecting NOTCHI activity. Besides NOTCHI, the
current data revealed that GASCI also affects the Shh and Wnt
signaling pathways. In support of this notion, previous studies
reported that GASCI can regulate numerous other molecules,
such as MYC, NOTCHI1, SOX2, MDM2, JAK2, peroxisome
proliferator activated receptor gamma, Nanog homeobox and
HIF-1a in cancer cells (5-14,35,51). All the data suggested that
GASCI1 may regulate NOTCHI and other signaling pathways
to control the viability, migration and stemness of cancer cells.

To date, neither NOTCH inhibitors nor siRNA clinical
trials have elicited satisfactory results, which suggests that a
complex network of multiple signals on different regulatory
levels controls cancer cell behavior (49). Another possible
reason for this trait may be the low delivery efficiency of
siRNA particles or inhibitors to the specific irregular
cells (13). Since epigenetic processes and changes are so
widespread, it is necessary to specifically target abnormal
cells with minimal damage to normal cells. On this issue,
a recent study revealed that nanobioconjugates of GASCI1
siRNA and nanoparticles significantly increased the thera-
peutic growth inhibition of GASCI1-knockdown in basal-like
breast cancer cells (13). This study showed promise for the
possible therapeutic application of siRNA in future clinical
application.

Cancer cells can communicate with stromal cells, including
osteoblastic cells, adipocytic cells, macrophages, fibroblasts
and other immune cells (52,53). Cancer cells can also influence
the microenvironment cells to promote pathways that benefit
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the cancer cells, such as EGFR and NOTCHI1 signaling
pathways (33). GASCI1 has been reported to be regulated
by IL-6 (5), suggesting that GASC1 can communicate with
other signaling pathways. It is therefore necessary to conduct
high-through-put analysis of GASCI/NOTCHI signaling in
the development of glioma. It is known that Wnt signaling
and Shh signaling pathways are among the major pathways
aberrantly activated in human glioma tissues (54). The World
Health Organization 2016 classification of central nervous
system described that 10% of the medulloblastomas were
‘Whnt activated tumors, and 30% of the medulloblastomas were
Shh activated (55). In the present study, besides the NOTCH1
signaling, the Shh and Wnt pathways were also inhibited by
GASCI1 knockdown, which, to the best of our knowledge, has
not been previously reported. However, further research is
required to examine the influence of GASCI on the Shh and
Wht signaling.

There were numerous inherent limitations in the present
study. The most important one was the small number of
enrolled patients. This limited the ability to determine the
significance of the GASCI difference in survival among the
various malignant stage group patients. The present study
found no statistically significant association between the
GASCI expression and the glioma malignancy stages III
and IV. This result does not rule out the possible role of
GASCI in glioma progression. The results need to be
confirmed in a larger number of patients for a longer treatment
period before the overall role of GASCI in the progression of
glioma can be completely verified. Due to the great variation
in the transfection efficiency of GSCs from different patients,
U87 glioma cells were used to isolate GSCs to obtain homo-
geneity. Previous data have suggested several cell markers
for GSCs; among them, CD133* cells in glioblastoma display
cancer stem cell-like properties and CD133 is known to be
highly expressed in GSCs (15,56). However, more rigorous
research will be required to establish whether CD133 is an
effective marker of GSCs. There is a need to define CSCs
using more precise functional markers to improve the purity
and stemness of the isolated GSCs. In addition, the present
study only recorded the diameter of the xenografts, and the
weight of the tumors was not tested in this study. This has
to some extent undermined the significance of the current
in vivo experiments, which should be improved in future
research.

In conclusion, the present study provided evidence that
GASCI1 signaling was highly activated in WHO grade III
and I'V glioma tissues. This finding was in line with previous
studies showing that >50% of gliomas exhibit a higher
GASCI1 expression (30,57,58). The data from the current
and previous studies also indicated that GASCI can regulate
NOTCHI signaling in glioma tissues and is enriched in
GSCs (14,59). Thus, GASC1 may coordinate with several
other signaling molecules to rapidly and transiently activate
NOTCHI signaling and mediate stemness maintenance in
GSCs. Subsequently, the present study demonstrated that
GASCI1/NOTCHI downregulation could significantly inhibit
the growth of glioma cells and GSCs in vitro and in vivo.
The current research elucidated a novel mechanism of
GASCl-mediated glioma carcinogenesis and provided new
perspectives for the therapeutic targets of GASCI/NOTCH1

axis in the clinical treatment of glioma. Since epigenetic
modifiers occur frequently in gliomas (31-33,60),
further studies are required to determine the detailed
GASCI1/NOTCHI signaling network, in order to develop
possible specific markers and therapeutic targets that are
effective in treating glioma.
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