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Abstract. Glioblastoma is a highly malignant tumor that
contains stem-like cells known as glioma stem cells (GSCs),
which lare associated with an increased risk of glioma occur-
rence, recurrence and poor prognosis. Circadian clock gene,
period circadian clock 2 (PER?2) expression has been revealed
to be inhibited in various types of cancer. However, the precise
role and potential mechanisms of PER2 in GSCs remains
unclear. The present study demonstrated that PER2 mRNA
and protein expression was downregulated in GSCs compared
with non-stem glioma cells, which indicated that PER2 could
be involved in the malignant process of glioma. Furthermore,
functional studies revealed that PER2 overexpression could
induce GSC arrest at the GO/G1 phase and suppress their
proliferation, stemness and invasion ability in vitro and in vivo.
Subsequently, the Wnt/p-catenin signaling pathway was iden-
tified as the target of PER2 in GSCs. These results indicated
that PER2 plays a critical role in regulating the stemness of
GSCs and provides a novel therapeutic target to overcome the
effects of GSCs.

Introduction

Gliomas are the most common tumor type of the adult central
nervous system (1). Although some progress has been made in
recent years, regarding surgical resection and a number of adju-
vant therapies, such as combined radiotherapy, chemotherapy
and targeted therapy, the treatment of glioblastoma (GBM) is
still unsatisfactory due to the high recurrence rate of glioma in
patients and a median survival time of only 14 months (2-3).
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Increasing evidence has revealed that some tumor-initiating
cells with stem cell characteristics in glioma, also called
glioma stem cells (GSCs), contribute to the high rates of
therapeutic resistance and rapid recurrence (4-5). GSCs have
self-renewal properties, high proliferation rates and high inva-
sive growth characteristics, leading to increased resistance
to radiotherapy and chemotherapy compared with non-stem
glioma cells (NGSCs) (6-8). Consequently, GSCs are one of
the main reasons of GBM treatment failure, and the treatment
of GSCs has become the focus of current malignant glioma
therapeutic strategies.

A previous study has shown that altered circadian
regulation in cancer stem cells may contribute to disease
progression (9). Endogenous circadian rhythms are main-
tained by two feedback loops. Clock circadian regulator
(CLOCK) and brain and muscle Arnt-like protein-1 (BMALI)
form heterodimers to rhythmically activate the expression of
transcriptional repressor proteins, such as period 1/2/3 and
cryptochrome 1/2, which form a complex to inhibit CLOCK
and BMALL transcriptional activity (9-11). In some types of
cancer and model systems, period circadian clock 2 (PER2)
serves as a tumor suppressor gene. Recent systems analysis
revealed that changes in PER2 expression were correlated with
lung cancer, gastric carcinoma, liver cancer, colon cancer, and
head and neck squamous cell carcinomas (12-19). Our previous
study has also revealed that PER1 and PER2 are significantly
downregulated in glioma tissue compared with normal brain
tissue and their expression is correlated with World Health
Organization grading of glioma (20).

However, whether PER2 and PERI play a critical role in
GSCs and the circadian properties of human GSCs remains
unclear. Based on the findings of previous studies, the present
study investigated the potential role of PER2 on stemness,
tumorigenesis, cell growth, cell cycle distribution, migration
and invasion of GSCs in glioma. The present results revealed
a novel mechanism of action underlying the role of PER2 in
GSCs, as well as a new target to prevent glioma progression.

Materials and methods

Cell culture and patient samples. Normal human
astrocytes (cat. no. 1800; https://www.sciencellonline.
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com/human-astrocytes.html) were obtained from ScienCell
Research Laboratories, Inc., and last authenticated by the
ScienCell in 2018. The human U87 (GBM of unknown
origin) and U251 glioma cells were obtained from The Cell
Bank Type Culture Collection of the Chinese Academy of
Sciences and last authenticated with short tandem repeat
(STR) profiling by an independent third-party company
in 2019. All cells were grown in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a
humidified atmosphere of 5% CO,. The glioma stem-like cell
lines U251s and U87s were isolated from U251 and U87 cells
using a serum-free clone formation method. Glioma cells
were dispersed and resuspended in DMEM/F12 (Gibco;
Thermo Fisher Scientific, Inc.) serum-free medium (SFM),
B27 (20 mg/ml; Invitrogen; Thermo Fisher Scientific, Inc.),
20 ng/ml basic fibroblast growth factor (Sigma-Aldrich;
Merck KGaA), 20 ng/ml epidermal growth factor (PeproTech,
Inc.), 100 U/ml penicillin and 100 xg/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc.). All the cells used for analysis
were within passage 10, generally in passages 3-7. To generate
a PER2 overexpression model, the U87s and U251s cells were
infected with lentiviruses packaged in pPGMLV-PEI1-PER2.

The present study consisted of 48 glioma tissue specimens,
which were resected at the Department of Neurosurgery of
the General Hospital of Ningxia Medical University between
January 2017 and July 2019. None of the patients (17 female and
31 male patients; aged 12 to 73 years old) received preoperative
treatment, such as irradiation or chemotherapy. All patients
provided signed informed consent and the study was approved
by the Ethics Committee of Ningxia Medical University. All
research protocols for the present study were approved by the
Ethics Committee of Ningxia Medical University.

Western blot analysis of protein expression. Cells were lysed
in RIPA lysis buffer (Thermo Fisher Scientific, Inc.) and then
centrifuged at 14,000 x g for 15 min at 4°C. Protein concen-
trations were determined using the BCA Protein assay (Gen5
software; Bio-Tek Instruments, Inc.). The supernatant was
collected and denatured. Proteins (30 ug/lane) were separated
via SDS-PAGE on a 10% gel and transferred onto a polyvi-
nylidene difluoride (PVDF) membrane. The PVDF membrane
was treated with TBS with Tween-20 containing 50 g/l skim
milk at room temperature for 4 h, followed by incubation
overnight at 4°C with the following primary antibodies: PER2
(product code ab94915; dilution 1:1,000; Abcam), CD133
(cat. no. NB120-16518; dilution 1:500; Bio-Techne), SOX2
(product code ab79351; dilution 1:1,000), NESTIN (product
code ab6320; dilution 1:500), f-catenin (product code ab16051;
dilution 1:500), Wnt7b (product code ab94915; dilution 1:200),
matrix metallopeptidase (MMP)2 (product code ab97779;
dilution 1:1,000), MMP9 (product code ab38898; dilu-
tion 1:2,000), c-Myc (product code ab32072; dilution 1:1,000),
cyclin DI (product code ab16663; dilution 1:200; all from
Abcam) and GAPDH (cat. no. 10494-1-AP; dilution 1:2,000,
ProteinTech Group, Inc.). Goat anti-rabbit I[gG H&L IRDye®
800CW (product code ab216773; dilution 1:5,000) and goat
anti-mouse IgG H&L IRDye® 680RD (product code ab216776;
dilution 1:5,000; both from Abcam) were used as secondary
antibodies incubated with the membrane for 2 h at room
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temperature. The western blot images were visualized on a
LI-COR Odyssey Fc imaging system (LI-COR Biosciences).

RNA isolation and reverse transcription-quantitative
(RT-q)PCR. Total RNA was extracted using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) in accordance
with the standard protocols. cDNA was reverse transcribed
from total RNA using a PrimeScript RT Master Mix Perfect
Real-Time kit (Takara Bio, Inc.). mRNA expression was
analyzed using SYBR Green PCR Master mix (Takara
Biotechnology Co., Ltd.) and a 7300 Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
thermocycling program was as follows: 95°C for 1 min; (95°C
for 15 sec; 60°C for 30 sec; 72°C for 30 sec) x40 cycles. The
primer sequences used were as follows: BMALI forward,
5'-CTCCTCCAATGTGGGCATCAA-3', BMALI reverse,
5-GGTGGCACCTCTTAATGTTTTCA-3'; CLOCK forward,
5" TGCGAGGAACAATAGACCCAA-3' and reverse, 5-ATG
GCCTATGTGTGCGTTGTA-3'; TIMELESS forward, 5'-TCT
GATCCGCTATTTGAGGCA-3' and reverse, 5-GGCAGA
AGGTCGCTCTGTAG-3'; NPAS2 forward, 5-CGTGTT
GGAAAAGGTCATCGG-3' and reverse, 5S“TCCAGTCTT
GCTGAATGTCAC-3"; Cryl forward, 5-CTCCTCCAATGT
GGGCATCAA-3" and reverse, 5'-CCACGAATCACAAAC
AGACGG-3'; Cry2 forward, 5'-TCCCAAGGCTGTTCA
AGGAAT-3' and reverse, 5" TGCATCCCGTTCTTTCCC
AAA-3"; PERI forward, 5'-AGTCCGTCTTCTGCCGTA
TCA-3' and reverse, 5'-AGCTTCGTAACCCGAATGGAT-3";
PER2 forward, 5'-GTGAAAGTGAGGAGAAAGGCA
ACC-3' and reverse, 5'-CACCTCTTCCGAGCACCGTC-3
PER3 forward, 5-GCAGAGGAAATTGGCGGACA-3' and
reverse, 5'-GGTTTATTGCGTCTCTCCGAG-3"; and GAPDH
forward, 5'-GGCTAGCACCAACCAAAAGTATAGTCA
TCCGG-3' and reverse, 5'-GGAATTCGTCTTAAAATTCAA
TTTATTATAAA-3'. Fold changes in mRNA expression were
quantified with the 2-24% relative quantification method using
GAPDH as a housekeeping control gene (21).

Neurosphere formation assay. GSCs were plated at
1,000 cells/well in 96-well plates. After culture for 7 days, the
number of neurospheres that contained >20 cells was deter-
mined in each well. Wells containing no cells or >1 cell were
excluded, and those with 1 cell were marked and monitored
daily under a microscope. The number of tumor spheres per
well was recorded, and the tumor sphere formation rate was
calculated.

Cell proliferation assay and GSC flow cytometric assay. Cell
proliferation was measured using a CCK-8 assay (Dojindo
Molecular Technologies., Inc.) according to the manufacturer's
protocol. The absorbance was then measured at 450 nm using
a microplate reader (Tecan Group, Ltd.). Three independent
experiments were carried out, and the proliferation fold was
calculated as follows: (OD value at 24, 48 or 96 h-OD value at
0 h)/(OD value at O h).

To study the cell cycle, when GSCs reached ~70%
confluency, they were detached with trypsin after washing
twice with phosphate-buffered saline (PBS), centrifuged at
1,000 x g for 5 min, and then fixed with cold 70% alcohol and
frozen at -20°C. In addition, cell cycle analysis was performed
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Figure 1. PER2 expression is downregulated in GSCs. (A) Protein expression levels of NESTIN, CD133 and SOX2 increased in glioma sphere-forming cells
line U251s and U87s. (B) Representative images of primary GSCs. (C) Relative mRNA expression of core circadian genes in normal human astrocyte cell,
GSCs and matched non-GSCs glioma cell lines. (D) PER2 protein expression in those cell lines. One-way ANOVA with Tukey's post hoc test was used for
statistical analysis of the results of B. "P<0.05, “P<0.01 vs. the control. PER2, period 2; GSCs, glioma stem cells.

by standard PI staining (BD Biosciences). Briefly, cells were
fixed, stained with PI solution for 30 min at 37°C, spun
down and resuspended in PBS. After staining, the samples
(5x10* cells/200 ul) were analyzed using a BD FACSCalibur™
Flow Cytometer (BD Biosciences). The data were analyzed
with a BD FACS Diva (version 7.0; BD Biosciences).

Immunofluorescence and immunohistochemical staining.
GSCs were fixed with 4% paraformaldehyde at room tempera-
ture, and PBS was used to wash the cells. Triton X-100 (0.1%)
was used to permeabilize the cells, following which they were
blocked with 5% BSA. Cells were incubated with the primary
antibody for 20 h at 4°C (stem marker antibody concentrations
were according to the manufacturer's instructions). Next, the
samples were washed three times with PBS and incubated with
fluorescent secondary antibodies at 37°C for 1 h in the dark:
Goat anti-mouse IgG H&L (product code ab150117; dilution
1:500), goat anti-mouse IgG H&L (product code ab150115;
dilution 1:1,000) and goat anti-rabbit IgG H&L (product
code ab150079; dilution 1:1,000; all from Abcam). Then, the
samples were washed three times with PBS, and DAPI was
used to counterstain the cells at room temperature for 10 min.
Finally, a fluorescence microscope (Leica Microsystems
GmbH) at x40 magnification was used to examine the cells.
For immunohistochemical (IHC) staining, brain
tumor sections were incubated with the following primary

antibodies: PER2 (product code ab94915; 1:500), Ki-67
(product code ab15580; 1:100; both from Abcam) and CD133
(cat. no. NB120-16518; 1:500, Bio-Techne), for 1 h at room
temperature after deparaffinization, rehydration, antigen
retrieval, endogenous peroxidase quenching and blocking.
The sections were incubated with HRP-conjugated polymer
(Dako; Agilent Technologies, Inc.) for 40 min and then with
diaminobenzidine using an Ultravision DAB Plus Substrate
Detection System (Thermo Fisher Scientific, Inc.) for 1-10 min
at room temperature, followed by hematoxylin staining at room
temperature for 2 min. Finally, a Leica DM6 light microscope
(Leica Microsystems GmbH) at magnification x10 and x20
was used to examine the sections.

Migration and invasion assays. GSCs (1x10%) in 200 ul of
SFM were seeded into the top chamber of cell culture inserts
coated with or without Matrigel (BD Biosciences), while the
lower chamber was filled with 400 pl medium containing 8%
FBS as a chemoattractant. After incubation at 37°C for 24 h,
the cells that passed through the membrane were fixed in
100% methanol for 20 min at room temperature and stained
with 0.1% crystal violet solution for 10 min at room tempera-
ture. Three independent fields of cells adhered to the lower
side of the Transwell filters were photographed by an inverted
light microscope (Nikon Corporation) at x20 magnification
for each well.
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Figure 2. PER2 overexpression reduces stemness and self-renewal of GSCs. (A) Overexpression of PER2 was observed in U251s and U87s transfected with
lentivirus packaged pPGMLV-per2 vector. (B) Representative immunofluorescence staining images of CD133 (red), NESTIN (red) and SOX2 (green) in GSCs;
nuclei were counterstained with DAPI (blue) as a control, PER2 inhibited the expression of CD133, NESTIN and SOX2 in GSCs. Two-tailed Student's t-test
for statistical analysis of the results of A. “P<0.01 vs. the control. PER2, period 2; GSCs, glioma stem cells.

RNA-Sequencing (RNA-Seq). Total RNA from U251s-control
and U251s-PER2 overexpression cells was extracted using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) and treated
with DEPC water. RNA-Seq was performed by Allwegene
Technology Co., Ltd. (Beijing, China). The reference genome
was from http:/www.ensembl.org/Homo_sapiens/Info/Index.
The data were analyzed on the online Majorbio I-Sanger Cloud
Platform (www.i-sanger.com). The differential expression
analysis was conducted with DEGseq 1.30.0 software. Genes
with adjusted P-values (P-adjust) <0.05 were considered differ-
entially expressed genes (DEGs). Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway and Gene Ontology (GO) anal-
yses of DEGs were analyzed with R package software (P<0.05).

Intracranial tumor formation in vivo. For intracranial implan-
tation, U251 GSCs (1x10°) transfected with lentiviral vectors
expressing GFP-PER2 or GFP-control were implanted into the
right frontal lobes of 6-8-week-old male BALB/c athymic nude
mice (a total of 4 mice/group, Experimental Animals Center of
Ningxia Medical University, Yinchuan, China) after anesthesia
(1.5-2.5% isoflurane/oxygen inhalation for anesthetic main-
tenance). After 4, 10 and 15 days, a Xenogen in vivo imaging
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Figure 3. Self-renewal ability of GSCs was analyzed by tumor sphere formation assay. Diameters and number of PER2-overexpressing GSCs were both lower
compared with the control group. “P<0.01 vs. the control (two-tailed Student's t-test). PER2, period 2; GSCs, glioma stem cells.

system (IVIS) was used to visualize the tumors, and photon
measurement was defined around the tumor area and quantified
using Living Image software (Caliper Life Science SA). The
nude mice were raised under specific pathogen-free conditions
in a temperature-controlled room (22+2°C; humidity, 50+10%)
with a 12-h light/dark cycle, and with ad libitum access to ster-
ilized water and mice food. The health and behavior of mice
were monitored daily. After 2 weeks, tumor-bearing nude mice
exhibited clinical signs of a brain tumor, such as spine curvature
or dyskinesia, and thus the mice were sacrificed with transcar-
dial perfusion under anesthesia (1.5-2.5% isoflurane/oxygen
inhalation) on the 15th day after the implantation. The death
of mice was verified by assessing cardiac arrest. Brain tumors
in the mice were removed after transcardial perfusion with
normal saline and then 4% paraformaldehyde (PFA) and were
fixed in formalin or post-fixed in 4% PFA overnight at 4°C for
OCT frozen tissue blocks. All mice included in the present
study exhibited a single tumor, the maximum level of cachexia
observed was a body weight loss <5%. The maximum tumor
diameter was 6 mm, the volume was 78.45 mm? (the tumor
volume was calculated according to the formula: Tv=s/6 x tum
or length x tumor width?) and the wet weight was 0.15 g, as <1%
of total mice body weight (Fig. S1A). All mice experiments were
performed with the approval of the Ningxia Medical University
Experimental Animals Center IACUC.

Statistical analysis. The SPSS 20.0 software (IBM Corp.) was
used for statistical analysis. All experiments were performed
independently in triplicate, and all values were expressed as

the mean + standard deviation. The data were analyzed using
two-tailed Student's t-test (for two-group comparisons) or
one-way analysis of variance (ANOVA) with Tukey's post hoc
test (for multiple comparisons). P<0.05 and P<0.01 were
considered to indicate statistically significant differences.

Results

PER? expression is downregulated in GSCs. Based on previous
study, GSCs could be enriched by sphere formation (22).
Preliminary analysis of western blot data indicated that, as antic-
ipated, the expression of critical GSC markers, such as CD133,
NESTIN and SOX2, were markedly upregulated in U251 and
U87 sphere-forming cells (Fig. 1A). The representative images
of these GSCs are presented in Fig. 1B. These data confirmed
that GSCs were enriched in U251 and U87 sphere-forming
cells. Next, it was investigated whether circadian genes were
ectopically expressed in GSCs. RT-qPCR and western blotting
were performed to identify the mediator of GSCs stemness, it
was demonstrated that PER2 was one of the most significantly
downregulated core circadian genes in GSCs compared with
NGSCs or human astrocyte cell line (Fig. 1C and D). These
results indicated that PER2 expression was associated with
GSCs, indicating that PER2 may be involved in the malignant
process of glioma and the function of GSCs.

PER?2 overexpression reduces the stemness and self-renewal of
GSCs. Maintenance of pluripotency is crucial for the prolifera-
tion and survival of GSCs during cancer development (4,7). To
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Figure 4. PER?2 inhibits cell viability, the cell cycle, migration and invasion of GSCs. (A) The effect of PER2 overexpression on the proliferation of GSCs
was evaluated using CCK-8 assay at the indicated time points. (B) Overexpression of PER2 led to a GO/GI cycle arrest, as determined by flow cytometry.
(C) Transwell assays revealed that the overexpression of PER2 inhibited the invasion and migration abilities of GSCs. One-way ANOVA with Tukey's post hoc
test was used for statistical analysis of the results of A. Two-tailed Student's t-test was used for statistical analysis of the results of B and C. "P<0.05, “P<0.01

vs. the control. PER2, period 2; GSCs, glioma stem cells. “P<0.01.

explore the functional significance of PER2 in inhibiting GSC
stemness, GSCs were infected with lentivirus-PER2. Western
blotting and gqRT-PCR data indicated that, as anticipated, PER2
in these cell lines was overexpressed upon lentivirus-PER2

transfection (Fig. 2A). Following overexpression of PER2, the
expression of stemness markers, such as CD133, NESTIN,
and SOX2, was decreased in GSCs according to immuno-
fluorescence (Fig. 2B) and western blot analysis (Fig. S1B).
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Figure 5. PER2 inhibited stemness in GSCs. (A) Tumor area measured by in vivo imaging system (IVIS) showed PER2 suppressed tumorigenic capacity of
GSCs in vivo. (B) IHC of nude tumors showed a reduced number of Ki-67 positive cells in PER2 overexpression group compared with the control. One-way
ANOVA with Tukey's post was used for statistical analysis of the results of A. "P<0.05, “P<0.01 vs. the control. PER2, period 2; GSCs, glioma stem cells; IHC,

immunohistochemistry.

Furthermore, neurosphere formation revealed that PER2 could
inhibit the self-renewal ability of GSCs. Both the neurosphere
diameter and the number of GSC spheres were reduced after
treatment with lentivirus-PER2 (Fig. 3). These results indi-
cated that PER2 could inhibit the stemness and self-renewal
capability of GSCs.

PER? inhibits viability, cell cycle progression, migration, and
invasion in GSCs. To investigate the role of PER2 in prolif-
eration, CCK-8 assays were performed at different time-points
(24,48, 72 and 96 h) after transfection with an empty lentiviral
vector (control) or lentiviral-PER2. The proliferation of GSCs
was significantly inhibited by PER2 overexpression (Fig. 4A).
Then, flow cytometry was performed to explore the func-
tion of PER2 in the cell cycle. The results indicated that the
percentage of S-phase cells was significantly decreased after
PER?2 overexpression, and GO/GI cycle arrest was observed in
this group of cells (Fig. 4B). Previous research has suggested
that cancer stem cells may possess higher invasive activity
than differentiated cancer cells (8). Therefore, the effects of
PER?2 on the invasion and migration abilities of GCSs were
detected. Transwell chamber assays revealed that overexpres-
sion of PER?2 inhibited the invasion and migration abilities of
GSCs (Fig. 40).

Based on the aforementioned data, it was hypothesized
that PER?2 could inhibit the malignant characteristics of GSCs
in vivo. To test this hypothesis, the constructed U251-GSC
line was implanted into nude mice by intracranial injec-
tion. As anticipated, IVIS (an imaging system) analysis and
tumor volume assessment revealed that PER2 overexpression
decreased tumor sizes at 4, 10, and 15 days after GSC trans-
plantation (Fig. SA) and the final tumor volume (Fig. S1A).
Furthermore, fewer Ki-67-positive cells were observed in the
PER?2 overexpression group than in the control group (Fig. 5B).

Next, it was determined whether PER2 also affected the
phenotype of GSCs formed in humans. PER2 expression
was analyzed in 48 paraffin-embedded glioma cancer tissue
specimens. CD133 is the most well-accepted stemness marker
of GSCs (22,23), and CD133 IHC revealed a significant nega-
tive association between PER2 expression and the stemness
of glioma cells. High CDI133-positive samples exhibited low
or non-detectable PER2 staining. In contrast, samples with
high PER2 staining did not have CD133 membrane staining
(Fig. S1C).

PER?2 suppresses the stem cell-like phenotype of GBM by
dysregulating Wnt/f3-catenin signaling. To characterize the
molecular mechanisms of PER2 in GSCs, RNA-Seq analysis of
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Figure 6. PER2 suppresses the stem cell-like phenotype of GBM via dysregulation of Wnt/f-Catenin signaling. (A) GO and (B) KEGG analysis on the differ-
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control and PER2-overexpressed U251 GSCs was performed.
Analysis of the RNA-Seq data indicated that PER2 overexpres-
sion decreased the expression of Wnt family genes, including
Wnt7b and other Wnt family ligands and receptors (Fig. S2).
To explore the molecular mechanisms underlying PER2 func-
tion, KEGG and GO analyses of the RNA-Seq data were also
performed. The GO analysis revealed that PER2 altered the
expression of genes involved in cell growth, metabolism and
organismal systems, that aberrant signal transduction was closely
related to the initiation and development of glioma (Fig. 6A).
The results of the KEGG analysis also revealed that PER2 was

significantly involved in the regulation of the Wnt signaling
pathway (Fig. 6B; P=0.00694). Based on these data, it was
hypothesized that PER2 may target the Wnt signaling pathway
in order to regulate the development and progression of GSCs.

To verify this hypothesis, western blotting was performed
to assess the expression of some genes within the Wnt signaling
pathway in the GSC cell lines. PER2 decreased the expression
of Wnt7b and its downstream target genes, such as -catenin,
c-Myc, MMP2, MMP?Y, and cyclin D1. Consequently, PER2
suppressed the stemness of GSCs, at least partly, via the
Wnt/B-catenin signaling pathway (Fig. 6C).
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Discussion

Increasing evidence is showing that circadian genes
play critical roles in the biological processes of cancer
cells (12-14-24). Some of these genes also regulate cancer
stem cell differentiation and cell stemness mainte-
nance (25,26). Therefore, circadian genes may be potential
targets for cancer stem cell treatment (27). Despite these
insights into the role of circadian dysregulation in cancer, few
novel circadian gene-targeting GSC therapies have emerged.
Thus, nine core circadian gene expression profiles were
detected in GSCs, normal glioma cells and human astrocyte
cell lines, and PER?2 was screened as the most significantly
altered circadian gene involved in the malignant process of
glioma. Consistent with data from our previous study, PER2
expression was notably downregulated in glioma samples
compared with adjacent noncancerous tissues (20). These
findings led to the development of the present study, which
aimed to further explore the role of PER2 in GSCs and its
potential mechanism of action.

In the present study, two GSC cell lines (U251s and U87s)
were successfully established. Consistent with a previous
study (6), our results confirmed that the stemness markers
CD133, SOX2, and NESTIN were significantly increased in
sphere-forming glioma cells compared with normal glioma
cells. Next, it was demonstrated that PER2 overexpression
led to the significant inhibition of stemness marker expres-
sion, decreased self-renewal capability and cell cycle arrest
at the GO/G1 phase in GSCs. Furthermore, it was observed
that PER2 suppressed the malignant characteristics of GSCs
in vitro and in vivo. These results are consistent with a previous
study revealing that the PER family gene PER3 could regulate
self-renewal and chemoresistance in colorectal CSCs (28).
Notably, we studied the malignant characteristics of GSCs
in vivo with non-whole brain tumor pathology which could
moderately demonstrate the result. However, pathological
sections of the whole brain of tumor-bearing mice will provide
relative position information of tumors in the brain which
can further confirm that PER2 could inhibit the malignant
characteristics of GSCs.

Previous research has demonstrated that PER2 acts as a
potential anti-oncogene by targeting multiple genes, such
as p53, AKT, OCT1 as well as several others (13,29-31).
By analyzing the RNA-Seq results, it was determined that
PER2 was involved in regulating the Wnt signaling pathway
in GSCs. Griveau er al demonstrated that Wnt7b can affect
glioma proliferation and invasion (32). As an important down-
stream component of the Wnt/B-catenin pathway, f-catenin
can promote the uncontrolled proliferation and stemness of
GBM cells (33). Tumor invasion is often due to the activities
of metalloproteinases, which efficiently digest the extracel-
lular matrix, such as MMP2 and MMP9 (34,35). It has been
reported that c-Myc is required for the diverse features and
pluripotency of GSCs (36). Therefore, in the present study,
the downregulation of Wnt7b, B-catenin, MMP2, MMP9, and
c-Myc induced by PER2 may reduce the invasive potential and
stemness of GSCs. Cyclin D1 is a dominant cell cycle regulator
and is involved in cell cycle control (37). which could explain
the GO/G1 phase arrest observed in the PER2-overexpressing
GSC cell lines.
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In conclusion, the present study identified an important
function of PER2 in regulating the stemness, cell growth, cell
cycle progression and migration of GSCs in vitro and in vivo
via the downregulation of Wnt/B-catenin signaling-associated
gene expression. These findings indicated that PER2 may
serve as a novel target in therapeutic strategies to overcome
the effects of GSCs.
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