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DNA Damage-Induced Apoptosis Suppressor Triggers
Progression and Stemness of Glioma by Enhancing
Lymphoid Enhancer-Binding Factor 1 Expression
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Abstract

Background: DNA damage-induced apoptosis suppressor (DDIAS)
has recently been discovered to induce cancer progression, but its
functions and mechanisms in glioma have not been well studied.

Methods: DDIAS expression in glioma tissues was analyzed by the
Gene Expression Profiling Interactive Analysis server (GEPIA) and
the Gene Expression database of Normal and Tumor tissue 2 (GENT2)
databases. The role of DDIAS in glioma progression was studied by
short hairpin RNA (shRNA) targeting DDIAS. The effects of DDIAS
on glioma cell viability, cell proliferation, invasion, migration, and tu-
mor sphere formation were determined by cell counting kit-8 (CCK-8),
EdU, Transwell, tumor spheroid formation, extreme limiting dilution
analysis assays in vitro and xenograft model construction in vivo. In ad-
dition, RNA sequencing and further functional experiments were used
to analyze the DDIAS regulatory mechanism in glioma.

Results: We found that DDIAS was highly expressed in glioma and
that upregulated DDIAS indicated poor prognosis. Functionally,
DDIAS knockdown inhibited glioma cell viability, cell proliferation,
invasion and migration in vitro and tumor growth in vivo. In addi-
tion, lymphoid enhancer-binding factor 1 (LEF1) was identified as
the downstream effector of DDIAS by RNA sequencing. DDIAS
downregulation inhibited LEF1 mRNA and protein expression. The
expression of DDIAS and LEF1 was positively correlated, and LEF1
overexpression rescued the inhibitory phenotype induced by DDIAS
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downregulation. We further showed that DDIAS downregulation in-
hibited cyclin Al, vimentin and the stemness-related factor CD133
and decreased the sphere formation capability, but these features were
rescued by upregulation of LEF1.

Conclusion: Taken together, these findings suggest that DDIAS pro-
motes glioma progression and stemness by inducing LEF1 expres-
sion, proving that DDIAS may be a potential target for the treatment
of glioma.

Keywords: DDIAS; LEF1; Glioma, Cell proliferation; Stemness

Introduction

Glioma is the most common malignancy in the central nervous
system [1]. Despite advances in early detection, neurosurgery
and adjuvant therapy, the prognosis of patients with glioma re-
mains poor [2]. Hence, it is imperative to reveal the molecular
mechanism and develop new therapeutic strategies for improv-
ing cancer treatment.

DNA damage-induced apoptosis suppressor (DDIAS),
also called Noxin and chromosome 11 open reading frame 82
(C110rf82), functions as an anti-apoptotic protein whose level is
induced in response to stress signals, such as hydrogen peroxide,
gamma- and UV irradiation, adriamycin, and cytokines [3]. Re-
cently, DDIAS has drawn more attention for its role in tumori-
genesis and cancer progression. Evidence suggests that DDIAS
is highly expressed in hepatocellular carcinoma, lung cancer,
and breast cancer, and upregulated DDIAS is correlated with
poor prognosis in lung cancer and breast cancer [4-6]. In breast
cancer, upregulated DDIAS enhances cyclin D1 and cyclin El
expression, thereby promoting cell growth [4]. In hepatocellular
carcinoma, DDIAS promotes cell proliferation, colony forma-
tion and migration, and accelerates DNA synthesis and cell cy-
cle progression by interacting with DNA polymerase a [6]. In
lung cancer, DDIAS enhanced cell proliferation and invasion by
preventing protein tyrosine phosphatase receptor mu (PTPRM)/
signal transducer and activator of transcription 3 (STAT3) bind-
ing and activating STAT3 Y705 phosphorylation [7]. In addi-
tion, DDIAS protects lung cancer cells from DNA-damaging
reagents and tumor necrosis factor-related apoptosis-inducing
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ligand (TRAIL) [8, 9]. Thus, DDIAS may play an oncogenic
role in the aforementioned tumors. However, the expression pat-
tern and role of DDIAS in glioma is not well clarified.

In this study, we found that DDIAS expression is sig-
nificantly upregulated in glioma and that highly upregulated
DDIAS is associated with poor prognosis. DDIAS knockdown
inhibits glioma cell viability, cell proliferation, invasion, mi-
gration, sphere formation capability and stemness. In addition,
we demonstrated that DDIAS knockdown repressed glioma
progression and stemness by regulating lymphoid enhancer-
binding factor-1 (LEF1). Thus, DDIAS may serve as a poten-
tial therapeutic target for glioma.

Materials and Methods
Bioinformatic analysis

The expression levels of DDIAS and LEF1 in glioma were
analyzed by the Gene Expression Profiling Interactive Analy-
sis server (GEPIA) [10, 11] and the Gene Expression database
of Normal and Tumor tissue 2 (GENT?2) [12, 13]. The correla-
tion between DDIAS and LEF1 expression was analyzed by
GEPIA and GENT?2 databases. The overall survival of DDIAS
was analyzed from the GENT2 database with Kaplan-Meier
plots by median cut-off. A meta-survival data of DDIAS were
also analyzed from the GENT?2 database.

Cell culture

The human glioblastoma (GBM) cell lines U251, U87-MG,
A172 and U118 were purchased from Procell (Wuhan, China)
and cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, Grand Island, NY, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS; Gibco, USA). All cell lines were in-
cubated in a humidified atmosphere with 5% CO, at 37 °C.

Short hairpin RNA (shRNA) synthesis and plasmid con-
struction

The shRNA targeting DDIAS was synthesized and cloned into
the U6-shRNA-CMV-puromycin vector by Shanghai SunBio
Biomedical Technology Co., Ltd. (Shanghai, China). The
shRNA sequences were as follows: shRNA negative control
(shNC): 5'-CCGGTTCTCCGAACGTGTCACGTTTCAAGA
GAACGTGACACGTTCGGAGAATTTTTTG-3; shRNA tar-
getingDDIAS 1 (shDDIAS-1):5'-CCGGCAGAAGAGATCTG
CATGTTCTCGAGAACATGCAGATCTCTTCT-
GTTTTTTG-3"; shRNA targeting DDIAS 2 (shDDIAS-2):
5'-CCGGGACCATTCTAGTCTAAATACTCGAGTATTTA-
GACTAGAATGGTC TTTTTTG-3". The validated shDDIAS-
2-resistant mutant form of DDIAS (DDIAS-Mut) that contains
several mismatches but synonymous mutations was cloned
into the pcDNA3.1 vectors (pcDNA3.1) with neomycin by
Shanghai SunBio Biomedical Technology Co., Ltd. (Shang-
hai, China). The pCMV-N-FLAG vectors with hygromycin
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Table 1. Primer Sequences

Genes Primer Sequences
LEF1 Forward 5-ACAGATCACCCCACCTCTTG-3’
Reverse  5-ATAGCTGGATGAGGGATGCC-3'
B-actin Forward 5-CTGGGACGACATGGAGAAAA-3'
Reverse 5-AAGGAAGGCTGGAAGAGTGC-3'
CyclinAl  Forward 5'-CCAGAAACCCTTGCTGCATT-3'
Reverse 5-TGAGGGACACACACAGGTAC-3’
Cyclin D1 Forward 5'-GCATGTTCGTGGCCTCTAAG-3’
Reverse 5-CGTGTTTGCGGATGATCTGT-3'
Cyclin E1 Forward 5-TCCTGGATGTTGACTGCCTT-3’
Reverse  5-TGTGTGCATCTTCATCAGCG-3'
E-cadherin  Forward 5-CGGACGATGATGTGAACACC-3'
Reverse 5-TTGCTGTTGTGCTTAACCCC-3'
N-cadherin  Forward 5'-CGGTTTCATTTGAGGGCACA-3'
Reverse 5-TTGGAGCCTGAGACACGATT-3’
Vimentin Forward 5-GAGTCCACTGAGTACCGGAG-3’

Reverse  5-ACGAGCCATTTCCTCCTTCA-3'

LEF1: lymphoid enhancer-binding factor 1.

for LEF1 overexpression were also constructed by Shanghai
SunBio Biomedical Technology Co., Ltd. (Shanghai, China).

Cell transfection

U87-MG and U251 cells were seeded into six-well culture
plates and grown until they were 70% confluent. For trans-
fection, 7.5 uL of Lipofectamine 3000 reagent (Invitrogen,
Grand Island, NY, USA) was added to a tube named tube 1
with 125 pL Opti-MEM medium, and 5 pL of Lipofectamine
3000 reagent and 2.5 pg DNA were added to a tube named
tube 2 with 125 pL Opti-MEM medium. After that, tube 2 was
added to tube 1 and mixed. The mixture was added to cells.
After transfection for 48 h, the cells were collected for further
experiments.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR)

Total RNA was extracted from U87-MG and U251 cells us-
ing RNAiso Plus reagent (TaKaRa, Dalian, China) and quanti-
fied with a spectrophotometer. cDNA was synthesized using
a Maxima First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Waltham, MA, USA). qPCR was performed with
SYBR Green Master Mix (Thermo Fisher Scientific, USA)
on a StepOnePlus Real-Time PCR system (Applied Biosys-
tems). The relative expression of LEF1, cyclin A1, cyclin D1,
cyclin E1, E-cadherin, N-cadherin and vimentin mRNA was
normalized to B-actin by the 2-24C4 method [14]. The primer
sequences are shown in Table 1.
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Western blotting

U87-MG and U251 cells were lysed in RIPA lysis buffer
(Boster Biological Technology, Wuhan, China) containing
phosphatase inhibitors for 30 min at 4 °C. The cell lysates
were centrifuged at 12,000 x g for 10 min at 4 °C. The concen-
trations of the total proteins were analyzed by a BCA Protein
Quantitative Detection Kit (Servicebio Technology Co., Ltd.,
Wuhan, China). Protein lysates (30 pg each sample) were sep-
arated by SDS-PAGE Gel Preparation Kit (Servicebio Tech-
nology Co., Ltd., Wuhan, China) and transferred into PVDF
membranes (Boster Biological Technology, Wuhan, China).
After blocking by TBST with 5% skimmed milk for 1 h, the
membrane was incubated with the following primary antibod-
ies: anti-DDIAS (cat. no. CSB-PA006130; Cusabio Technol-
ogy LLC, Wuhan, China), anti-B-actin (cat. no. 81115-1-RR;
Proteintech Group, Inc., Wuhan, China), anti-vimentin (cat.
no. 10366-1-AP; Proteintech Group, Inc.), anti-cyclin A1 (cat.
no. CSB-PA001859; Cusabio Technology LLC), anti-CD133
(cat. no. 18495-1-AP; Proteintech Group, Inc.) and anti-LEF1
(cat. no. CSB-PA012856LA01HU; Cusabio Technology LLC).
After washing with TBST three times, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated Af-
finipure Goat Anti-Rabbit IgG (H+L) secondary antibody (cat.
no. SA00001-2; Proteintech Group, Inc.) at room temperature
for 1 h. The bands were visualized using an enhanced chemi-
luminescence (ECL) Chemiluminescent Substrate Kit (cat.
no. 36222ES60; Yeasen Biotechnology Co., Ltd., Shanghai,
China), and the gray values of the bands were analyzed and
calculated by Image] software (version 1.8.0; National Insti-
tutes of Health).

Cell counting kit-8 (CCK-8) assay

U87-MG and U251 cells (5 x 103 cells/well) were seeded into
96-well culture plates, and successively cultured for 0, 24,
48, 72 or 96 h. Ten microliter of CCK-8 solution (Beyotime,
Shanghai, China) was added to each well. After 3.5 h of in-
cubation, the absorbance values were measured using a mi-
croplate reader (Infinite M1000; TECAN) at a wavelength of
450 nm.

EdU assay

U87-MG and U251 cells (5 x 10* cells/well) were seeded into
24-well culture plates. After incubation for 48 h, the cells were
cultured with 50 uM EdU buffer for 2h at 37 °C. The cells
were fixed with 4% formaldehyde for 15 min and permeabi-
lized with 0.3% Triton X-100 for 10 min. After washing with
PBS two times, EAU solution with Alexa Fluor 594 (Beyotime,
Shanghai, China) was added to each well. Nuclei were stained
with DAPI Staining Solution (Beyotime, Shanghai, China).
The results were visualized by a fluorescence microscope
(IX71; Olympus Microscopes) at a magnification of x 200.
The micrographs were analyzed by Imagel software (version
1.8.0; National Institutes of Health).
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Transwell assay

For cell invasion assays, the upper chamber of the Transwell
(8-um pore size; BD Biosciences, USA) was precoated with 50
pL Matrigel (Solarbio Science & Technology Co., Ltd., Beijing,
China). U87-MG and U251 cells (5 x 10* cells/well) in 100 pL
serum-free medium were seeded onto the upper chamber of the
Transwell, and medium supplemented with 10% FBS was added
into the bottom chamber. For the migration assay, the Transwell
upper chambers (8-um pore size) were seeded with 5 x 10* cells
in 100 pL of serum-free DMEM without Matrigel coating. Af-
ter incubation for 48 h, the filters were fixed with methanol and
stained with 0.1% crystal violet. Images were captured under a
microscope (IX71; Olympus Microscopes) at a magnification of
%200, and invaded or migrated cells were counted in five random
fields of each chamber. The micrographs were analyzed by Im-
agel software (version 1.8.0; National Institutes of Health).

RNA sequencing analysis

To obtain the DDISA stable knockdown U251 cell line, U251
cells (5 x 10* cells/well) were seeded into 24-well culture plates
overnight, and treated with puromycin (0.5, 1.0, 2.0, 4.0, 8.0, and
10.0 pg/mL). Change the medium with puromycin every 2 days.
Results showed that puromycin at doses of 2.0, 4.0, 8.0, and 10.0
ug/mL can effectively kill non-transfected U251 cells within 5
days, thus puromycin at doses of 2.0 pg/mL was selected to create
the stable U251 cell line. U251 cells were transfected with shNC
and shDDIAS-2 and subsequently selected in puromycin (2.0 pg/
mL) for 2 weeks. RNA sequencing was performed at Personalbio
Technology Co., Ltd. (Nanjing, China). Briefly, total RNA was
extracted from U251 cells using RNAiso Plus reagent (Takara,
China). The integrity and concentration of total RNA were quali-
fied by the Agilent 2100 bioanalyzer and the spectrophotometer
(Nano Drop 2000; Thermo Fisher Scientific, Inc., USA). The
mRNA was purified and fragmented into 200 - 300 bp, and then
reverse-transcribed into cDNA. Library construction and subse-
quent sequencing were performed on the Illumina HiSeq plat-
form (Illumina, San Diego, CA, USA). The cleaned sequencing
reads were then mapped to the reference genome (Homo sapiens.
GRCh38) using HISAT?. Differentially expressed genes (DEGs)
between shNC and shDDIAS were identified by HTSeq and ana-
lyzed by DESeq. Gene ontology (GO) analysis was performed to
explore the potential functions of these DEGs with fold change
(FC) < -1-fold or > 1-fold. RNA-seq data have been deposited
in NCBI Sequence Read Archive (SRA) (SRA Submission:
SUB13697984, SRA accessions: SRR25375888-SRR25375893).

Xenograft model construction

BALB/c male nude mice (age, 5 weeks; weight, 17 - 20 g; n
= 5) were purchased from the Shanghai Lab. Animal Research
Center (Shanghai, China). All mice were raised at 24 °C with
50-60% humidity and free access to food and water in a 12:12
light/dark cycle. The xenograft model of glioma was con-
structed as described previously [15-17]. U251 cells (5 x 10°
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cells) transfected with shNC and shDDIAS-2 were injected
into the right and left dorsal flanks, respectively. After inocula-
tion, the size of each tumor was measured every 4 days with
a micrometer caliper. Tumor volumes were calculated by the
following formula: volume = (length x width?)/2. On day 28,
all mice were euthanized with CO, (60% displacement of cage
volume/min). The tumors were isolated after the absence of a
heartbeat and spontaneous breathing for 15 min and the tumor
weight was evaluated. All of the procedures were approved by
the Institutional Animal Care Committee of Southwest Medi-
cal University (approval No. 20210223-037). This study was
conducted in compliance with all the applicable institutional
ethical guidelines for the care, welfare and use of animals.

Tumor spheroid formation

Tumor spheroid formation assay was performed as described
previously [18-20]. U87-MG and U251 cells (1 x 10* cells/
well) were cultured in 96-well plates and then maintained in
serum-free DMEM F12 (Gibco, USA) with epidermal growth
factor (EGF) (20 ng/mL; Thermo Fisher Scientific, USA), ba-
sic fibroblast growth factor (bFGF) (20 ng/mL; Thermo Fisher
Scientific, USA), leukemia inhibitory factor (LIF) (10 ng/mL;
Thermo Fisher Scientific, USA) and B27 factors (x 50; Thermo
Fisher Scientific, USA) for 6 days. The images were captured
under an inverted microscope (IX71; Olympus Microscopes).

In vitro limiting dilution assay

As previously described, the in vitro limiting dilution assay
was performed [21]. U87-MG and U251 cells were seeded in
96-well plates at a density of 1, 10, 20, 30, 40, or 50 cells/
well, 20 wells per each density. The number of wells contain-
ing tumor sphere was counted under microscopy after 6 days.
The tumor sphere synthesis efficiency was calculated by the
extreme limiting dilution analysis [22, 23].

Statistical analysis

Statistical analyses were performed by SPSS 19.0 soft-
ware (SPSS, Inc., Chicago, IL). Data are presented as the
mean+standard deviation (SD). Student’s #-test or one-way
analysis of variance (ANOVA) was used to compare the means
of two or multiple groups. The Spearman’s correlation analysis
was used to analyze the correlation between the DDIAS and
LEF1 gene expression. The difference was regarded as signifi-
cant when the P value was less than 0.05.

Results

DDIAS is significantly upregulated in glioma and is as-
sociated with poor prognosis in cancer patients

To explore whether the expression level of DDIAS is altered
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in glioma, we analyzed DDIAS expression by the GEPIA data-
base. The results showed that the level of DDIAS mRNA was
significantly upregulated in glioma tissues (Fig. la). Results
from the GENT2 database showed that the level of DDIAS
mRNA was also significantly upregulated in glioma tissues
(Fig. 1b). Survival analysis from the GENT2 database showed
that glioma patients with higher expression of DDIAS have
a shorter survival time (Fig. 1c). To confirm the prognostic
relevance of DDIAS mRNA in glioma, a meta-survival analy-
sis was performed by GENT2. We showed that the top four
datasets indicate that the hazard ratios (HRs) are over 1 for
DDIAS, while the other two datasets show HRs under 1. There
was no heterogeneity across the studies (I> = 0%, P = 0.80),
and the fixed effects model was used. Patients with high DDI-
AS expression in glioma were likely to have a shorter survival
time (HR: 1.228, 95% confidence interval (CI): 1.027 - 1.469,
P=0.024) (Fig. 1d).

DDIAS downregulation inhibited glioma cell prolifera-
tion, invasion and migration

To determine the biological functions of DDIAS in glioma
progression, we first detected the protein levels of DDIAS in
four glioma cell lines (U251, U87-MG, A172 and U118). Our
results showed that the DDIAS protein level was high in the
U87-MG and U251 cell lines compared with the other two cell
lines (Fig. 2a), thus U87-MG and U251 cell lines were sub-
sequently used for knockdown experiments. To mitigate po-
tential off-target effects, we next inhibited the expression of
DDIAS protein by two individual shRNAs targeting DDIAS
in U87-MG and U251 cells (Fig. 2b). CCK-8 and EdU assays
demonstrated that DDIAS knockdown inhibited cell viability
and proliferation rates (Fig. 2¢c, d). Transwell assays revealed
that DDIAS knockdown suppressed U87-MG and U251 cell
invasion and migration (Fig. 2e). To further exclude the off-
target impact in our study, we determined if DDIAS overex-
pression could restore the effects of DDIAS knockdown in
U87-MG and U251 cells. We constructed the validated shDDI-
AS-2-resistant mutant form that contains several mismatches
but synonymous mutations (Supplementary Material 1a, www.
wjon.org). We observed that the inhibitory effects on DDIAS
expression were fully rescued by the exogenous expression of
shDDIAS-2-resistant DDIAS vectors (Supplementary Materi-
al 1b, www.wjon.org). In addition, we showed that the inhibi-
tory effects on cell viability, cell proliferation, cell invasion
and migration of U87-MG and U251 cells induced by DDIAS
knockdown could be fully rescued by the exogenous expres-
sion of shDDIAS-2-resistant DDIAS vectors (Supplementary
Material 1c-e, www.wjon.org). Those results strongly suggest
that DDIAS is indeed required to glioma cell growth, invasion
and migration.

DDIAS knockdown inhibited glioma growth in vivo

U251 cells stably transfected with shNC and shDDIAS-2 were
injected into BALB/c male nude mice, and the tumor size was
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Figure 1. DDIAS is overexpressed in glioma and associated with glioma progression. (a, b) Expression of DDIAS in the GEPIA
and GENT2 databases. (c) Overall survival analysis of patients with high or low DDIAS expression levels in the GENT2 database.
(d) A meta-survival analysis by GENT2 was used to further confirm the prognostic relevance of DDIAS in glioma. *P < 0.05, **P <
0.01 as compared to the normal group. DDIAS: DNA damage-induced apoptosis suppressor; GEPIA: Gene Expression Profiling
Interactive Analysis server; GENT2: Gene Expression database of Normal and Tumor tissue 2.

monitored every 4 days. Our results showed that tumors from
the shDDIAS-2 group were significantly smaller than those
from the shNC group (Fig. 3a, b). Tumor weight in the sh-
DDIAS-2 group was significantly decreased when compared
with the shNC group (Fig. 3c¢).

DDIAS regulatory mechanism in glioma was analyzed by
RNA sequencing

To further explore the underlying molecular mechanisms by
which DDIAS regulates glioma progression, RNA sequenc-
ing was performed in U251 cells after DDIAS knockdown.
A total of 163 DEGs were identified, of which 103 were up-
regulated (FC, > 1-fold) and 60 were downregulated (FC, <
-1-fold) in U251 cells with DDIAS inhibition compared with
control cells (Fig. 4a). In addition, the downregulated genes
were subjected to GO pathway analyses. The results from GO
analysis showed that the downregulated genes were highly
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enriched in migration-related terms, such as cell migration in
hindbrain and hindbrain radial glia guided cell migration (Fig.
4b). Among the two migration-related terms, LEF1 was sig-
nificantly downregulated (Supplementary Material 2, www.
wjon.org).

LEF1 was identified as the downstream effector of DDIAS

RNA sequencing showed that DDIAS knockdown inhibited
LEF1 expression (Fig. 5a). Results from GEPIA and GENT2
databases showed that LEF1 gene expression was significantly
upregulated in glioma tissues in comparison to normal brain
tissues and was positively correlated with the expression of
DDIAS (Fig. 5b, c¢). In addition, results from RT-qPCR and
western blotting showed that LEF1 gene and protein expres-
sion levels were repressed in glioma cells after transfection
with shDDIAS (Fig. 5d, e). LEF1 has been reported to be es-
sential for tumor progression in malignant glioma [24, 25].
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Figure 2. DDIAS downregulation inhibits cell viability, cell proliferation, invasion, and migration in glioma. (a) The protein expres-
sion levels of DDIAS in four glioma cell lines (U251, U87-MG, A172 and U118) were determined by western blotting. (b) The sh-
DDIAS knockdown efficiency was determined at the protein level in U87-MG and U251 cells using western blotting. (c, d) CCK-8
and EdU assays were used to determine the cell viability and proliferation rates of U87-MG and U251 cells after transfection with
shNC and shDDIAS. Scale bars, 50 um. (e) The invasion and migration capacities of U87-MG and U251 cells with DDIAS knock-
down were determined by Transwell assay. Scale bars, 50 pm. **P < 0.01 as compared to the shNC group. DDIAS: DNA damage-
induced apoptosis suppressor; CCK-8: cell counting kit-8; shDDIAS: shRNA targeting DDIAS; shNC: shRNA negative control.

Thus, these findings suggested that the function of DDIAS was
associated with LEF1 expression.

DDIAS promoted glioma progression by regulating LEF1

To investigate the role of LEF1 in DDIAS-mediated glioma
progression, U87-MG and U251 cells were cotransfected
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with the shDDIAS-2 vector and LEF1 overexpression vector
(LEF1-OE). Results from the western blotting assay showed
that DDIAS knockdown-induced LEF1 inhibition was signifi-
cantly reversed in U87-MG and U251 cells after transfection
with LEF1-OE (Fig. 6a). CCK-8 and EdU assays showed that
cell viability and proliferation rates were obviously inhibited
after DDIAS knockdown in U87-MG and U251 cells, but re-
versed after LEF1 overexpression (Fig. 6b, c¢). Transwell as-
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Figure 3. DDIAS knockdown inhibited glioma growth in vivo. (a) Representative images of mice and xenograft tumors of each
group are shown. (b) The tumor volumes were measured every four days. (c) Weight of excised tumors in the shDDIAS-2 group
and the shNC group. *P < 0.05 as compared to the shNC group. DDIAS: DNA damage-induced apoptosis suppressor; shDDIAS:
shRNA targeting DDIAS; shNC: shRNA negative control.

says showed that the inhibited cell invasion and migration
abilities of DDIAS downregulated U87-MG and U251 cells
were also recovered after LEF1 overexpression (Fig. 6d).

In breast cancer, DDIAS overexpression enhanced cell
growth by regulating the positive regulators of the cell cycle, in-
cluding cyclin D1 and cyclin E1 [4]. Thus, combining our RNA
sequencing datasets (Supplementary Material 3, www.wjon.org)
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and the data in the literature [4], we determined the effect of
DDIAS on the expression levels of cyclin Al, cyclin D1 and
cyclin E1 mRNA. The results showed that DDIAS downreg-
ulation significantly inhibited cyclin Al mRNA expression in
U251 cells (Supplementary Material 4, www.wjon.org). Epithe-
lial-mesenchymal transition (EMT) is closely associated with
tumorigenic processes by promoting tumor invasiveness and

GO Enrichment
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Figure 4. DDIAS downregulation induces DEGs in U251 cells. (a) Heatmaps showing the DEGs (FC, < -1-fold or > 1-fold) in
U251 cells after transfection with shNC and shDDIAS-2. (b) GO enrichment of the downregulated genes in U251 cells after
DDIAS knockdown. DDIAS: DNA damage-induced apoptosis suppressor; DEGs: differentially expressed genes; FC: fold change;
shDDIAS: shRNA targeting DDIAS; shNC: shRNA negative control; GO: gene ontology.
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Figure 5. LEF1 was identified as the downstream effector of DDIAS. (a) Volcano plots showing the DEGs (FC, < -1-fold or >
1-fold) in U251 cells after DDIAS knockdown. (b) Expression of LEF1 in the GEPIA database. The association between DDIAS
and LEF1 expression was determined by the Spearman’s correlation analysis (r = 0.32, P = 0.000). (c) Expression of LEF1 in
the GENT2 database. The association between DDIAS and LEF1 expression was determined by the Spearman’s correlation
analysis (r = 0.104, P = 0.000). (d, e) The effect of DDIAS knockdown on the expression levels of LEF1 mRNA and protein was
measured by RT-gPCR and western blotting in U87-MG and U251 cells. *P < 0.05, **P < 0.01 as compared to the normal group
or the shNC group. LEF1: lymphoid enhancer-binding factor 1; DDIAS: DNA damage-induced apoptosis suppressor; DEGs:
differentially expressed genes; FC: fold change; GEPIA: Gene Expression Profiling Interactive Analysis server; GENT2: Gene
Expression database of Normal and Tumor tissue 2; RT-gPCR: reverse transcription-quantitative polymerase chain reaction;

shNC: shRNA negative control.

metastatic activity [26]. Thus, we detected the levels of EMT
process-related genes (E-cadherin, N-cadherin and vimentin)
in U251 cells after transfection with shDDIAS-2. As shown in
Supplementary Material 5 (www.wjon.org), DDIAS downregu-
lation significantly inhibited the expression of vimentin mRNA,
but did not significantly affect the expression levels of E-cad-
herin and N-cadherin. Western blotting assays also showed that
downregulation of DDIAS repressed the protein expression of
cyclin A1 and vimentin in U87-MG and U251 cells and that the
reduced protein expression of cyclin Al and vimentin caused by
DDIAS knockdown in U87-MG and U251 cells was recovered
after LEF1 overexpression (Fig. 6e).

DDIAS induced glioma stemness by upregulating LEF1

LEF1 can promote stem-like cell self-renewal in GBM cells
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[27]. Consistently, the results from our RNA sequencing
datasets (Supplementary Material 3, www.wjon.org) showed
that CD133 mRNA was reduced in U251 cells after DDIAS
knockdown. Thus, we further investigated the effect of DDIAS
on the stemness of glioma. The results showed that silencing
DDIAS significantly inhibited the expression of CD133 (Fig.
7a) and decreased the sphere formation capability and self-
renewal capacity of U87-MG and U251 cells (Fig. 7b, ¢). In
addition, LEF1 overexpression rescued the inhibitory effects
on CD133 expression, sphere formation capability, and self-re-
newal capacity of U87-MG and U251 cells induced by DDIAS
knockdown (Fig. 7d-f).

Discussion

Despite advances in treatment, patients with GBMs still have a
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Figure 6. DDIAS induces glioma progression by upregulating LEF1. (a) The protein levels of DDIAS and LEF1 in U87-MG and
U251 cells after cotransfection with shDDIAS-2 and LEF1-OE were measured using western blotting. (b and ¢) CCK-8 and EdU
assays were used to determine the cell viability and proliferation rates of U87-MG and U251 cells after cotransfection with sh-
DDIAS-2 and LEF1-OE. Scale bars, 50 ym. (d) The invasion and migration capacities of U87-MG and U251 cells cotransfected
with shDDIAS-2 and LEF1-OE were determined by Transwell assay. Scale bars, 50 um. (e) The expression levels of cyclin A1
and vimentin proteins in U87-MG and U251 cells after cotransfection with shDDIAS-2 and LEF1-OE were measured using west-
ern blotting. **P < 0.01 as compared to the shNC + pCMV group or the shDDIAS-2 + pCMV group. DDIAS: DNA damage-induced
apoptosis suppressor; LEF1: lymphoid enhancer-binding factor 1; LEF1-OE: LEF1 overexpression vector; shDDIAS: shRNA

targeting DDIAS; shNC: shRNA negative control.

median survival of merely 15 months [2]. Finding novel genes
involved in the regulation of glioma progression is an impor-
tant way to identify potential therapeutic targets. Growing evi-
dence has implied that DDIAS is upregulated in many malig-

nant tumors, and upregulated DDIAS is positively correlated
with poor prognosis [4-6]. Consistently, we demonstrated that
DDIAS was highly expressed in glioma, and elevated DDIAS
was positively correlated with poor prognosis (Fig. la-c). In
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addition, our meta-survival analysis also showed that glioma
patients with high DDIAS expression were likely to have a
poor prognosis (Fig. 1d). Thus, these results suggested that
DDIAS may serve as a potential biomarker to predict the prog-
nosis of glioma patients.

Previous studies have found that DDIAS promotes cell
proliferation, invasion and migration and functions as an
oncogene in numerous tumors, including hepatocellular car-
cinoma, lung cancer, cervical carcinoma and breast cancer
[4-6, 28, 29]. In agreement with the oncogenic role of DDI-
AS, DDIAS knockdown by two individual shRNAs targeting
DDIAS significantly inhibited glioma cell growth, invasion
and migration in vitro and tumor growth in vivo (Figs. 2, 3).
To exclude the off-target impact in our study, we reversed
DDIAS expression by the validated DDIAS-Mut that con-
tains several mismatches but synonymous mutations in U87-
MG and U251 cells after transfection with shDDIAS-2 (Sup-
plementary Material 1a, www.wjon.org). We showed that the
DDIAS-Mut form did maintain a similar DDIAS expression
when targeted by shDDIAS-2 (Supplementary Material 1b,
www.wjon.org). Moreover, our results showed that DDIAS
overexpression could restore the inhibited cell growth, in-
vasion and migration (Supplementary Material lc-e, www.
wjon.org). Taken together, in our study DDIAS was identi-
fied as an oncogene in glioma. One previous study reported
that DDIAS promotes STAT3 Y705 phosphorylation by in-
hibiting PTPRM/STAT3 binding, which in turn induces lung
cancer progression [7]. STAT3 plays an important role in
the growth and development of many human cancers [30].
In glioma, activation of STAT3 by Y705 phosphorylation is
associated with more aggressive behavior, and patients with
high numbers of pY705-STAT3-positive tumor cells had sig-
nificantly shorter overall survival [31]. In addition, the phos-
phorylation of STAT3 induced by TROY increased GBM cell
migration and resistance to temozolomide [32]. Therefore,
we speculated that activation of STAT3 by Y705 phospho-
rylation may be involved in DDIAS-induced glioma progres-
sion. We further investigated the effects of DDIAS on the
phosphorylation of STAT3 in U251 cells. However, we found
that DDIAS knockdown did not inhibit the phosphorylation
of STAT3 in U251 cells (Supplementary Material 6, www.
wjon.org). Thus, we suggest that DDIAS promotes glioma
progression via a STAT3-independent pathway. The mecha-
nism of DDIAS in glioma progression still needs further in-
vestigation.

In the present study, RNA sequencing was used to iden-
tify DEGs affected by DDIAS and to explore the mechanism
by which DDIAS regulates glioma progression. GO analysis
showed that the downregulated genes were highly enriched
in two migration-related terms (Fig. 4b), which is consistent
with the results in the present study, which showed that DDI-
AS promotes glioma cell invasion and migration. Among the
two migration-related terms, LEF1 was significantly down-
regulated (Supplementary Material 2, www.wjon.org). Stud-
ies have revealed that LEF1 plays a critical role in various hu-
man cancers including gliomas [24, 25, 33, 34]. LEF1 protein
is upregulated in malignant astrocytic brain tumors [30] and
promotes glioma cell proliferation and invasion [24, 33, 35].
Similarly, our data showed that LEF1 gene expression was
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significantly upregulated in glioma tissues (Fig. 5b, ¢). In ad-
dition, DDIAS downregulation inhibited the gene and protein
expression level of LEF1 (Fig. 5d, e). Therefore, we speculat-
ed that DDIAS may induce glioma progression by regulating
the expression of LEF1. Consistent with this speculation, we
found that LEF1 overexpression reversed the inhibition of cell
viability, proliferation rates, invasion and migration induced
by DDIAS downregulation in glioma cells (Fig. 6b-d). In the
present study, we found that DDIAS downregulation signifi-
cantly inhibited the expression of cyclin Al protein in glioma
cells (Fig. 6¢), and LEF1 overexpression rescued the inhibi-
tory effect of cyclin A1 expression induced by DDIAS knock-
down (Fig. 6e). Notably, previous studies reported conflicting
data on the interactions between the positive regulators of the
cell cycle and DDIAS [4, 6]. In breast cancer and hepatocellu-
lar carcinoma, DDIAS mainly regulates cyclin D1 and cyclin
E1 expression, but does not affect cyclin Al expression [4, 6].
Thus, the downstream regulatory genes for DDIAS may be
significantly different in different types of tumors. It is well
established that EMT plays an important role in tumor metas-
tasis, accompanied by profound changes in the polarity, cell
adhesion, and migratory properties of tumor cells [36, 37].
Moreover, a series of studies clearly demonstrated that LEF1
contributes to inducing EMT in many cancers [33, 38, 39].
Our work further determined the effect of DDIAS on EMT in
glioma cells. We revealed that the EMT marker vimentin was
significantly inhibited by DDIAS downregulation in glioma
cells. Since DDIAS knockdown inhibited LEF1, LEF1 may
be involved in DDIAS-mediated EMT. Consistent with this
speculation, we demonstrated that LEF1 overexpression re-
versed the inhibitory effect of vimentin expression induced by
DDIAS downregulation (Fig. 6e).

Cancer stem cells (CSCs) play a critical role in tumor ini-
tiation [40, 41], metastasis [42, 43] and radiotherapy or chem-
otherapy-induced resistance [44, 45]. Accumulating studies
have revealed that LEF1 can promote CSC tumor growth,
invasion and self-renewal in many types of cancers, includ-
ing glioma [34, 46, 47]. In glioma, miR-452 downregulation
promotes stem-like traits and tumorigenicity of glioma by in-
ducing LEF1, Bim-1 and transcription factor 4 (TCF4) [48]. In
addition, RNA sequencing showed that DDIAS downregula-
tion inhibited the CSC marker CD133 (Supplementary Mate-
rial 3, www.wjon.org). Given that DDIAS induced LEF1 ex-
pression in glioma cells, further investigations are necessary
to define the contribution of DDIAS in CSCs. We found that
DDIAS knockdown significantly decreased CD133 expres-
sion, the sphere formation capability, and self-renewal capac-
ity of U87-MG and U251 cells (Fig. 7a-c), and LEF1 overex-
pression reversed the inhibitory effects of CD133 expression
on the sphere formation capability, and self-renewal capacity
induced by DDIAS downregulation (Fig. 7d-f). Thus, these re-
sults imply that DDIAS promotes glioma stemness by mediat-
ing LEFI.

In summary, we revealed that DDIAS is a novel predictor
of poor prognosis and induces cyclin A1, vimentin and CD133
expression by regulating LEF1, resulting in the enhancement
of cell proliferation, invasion, migration and stemness. Further
studies are required to determine the molecular mechanisms
by which DDIAS increases LEF1 expression.
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