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Abstract 

Background  Resistance acquired after radiotherapy is directly related to the failure of various cancer treatments, 
including GBM. Because the mechanism for overcoming radioresistance has not yet been clearly identified, the devel-
opment of diagnostic and therapeutic markers to treat radioresistance is necessary. Since increased expression 
of stemness- and EMT-related markers are reported to be closely correlated with radioresistance, research is underway 
to develop new drugs targeting these factors.

Methods  To develop an anticancer drug that overcomes radioresistance, a library of drugs already approved 
by the FDA was used. After treating radioresistant GBM cells with each drug, the expression of stemness- and EMT-
related markers was confirmed by qRT-PCR, and as a result, Atomoxetine (ATX) was selected. It was confirmed 
that radioresistance-induced cell migratory, invasive, sphere formation abilities, and tumor growth using a xenograft 
mouse model were suppressed upon ATX treatment. Using a miRNA prediction tool, we discovered miR-520d-5p, 
which targets Notch2 and Hey1, key factors in radioresistance, and discovered circATIC targeting this miRNA, reveal-
ing its relationship with ATX. We demonstrated the expression regulation mechanism and signaling mechanism 
between circATIC, miR-520d-5p, Notch2, and Hey1 factors using a luciferase reporter assay. In addition, the results 
at the cellular level were clinically verified by confirming the correlation between radiation, miR-520d-5p, and circATIC 
using patient plasma by qRT-PCR.

Results  ATX showed potential as a treatment for radioresistance by suppressing the malignant phenotype by regu-
lating the circATIC/miR-520d-5p/Notch2-Hey1 signaling mechanism in vitro and in vivo using radioresistant GBM cells.

Conclusions  This study revealed that ATX suppresses radioresistance through the circATIC/miR-520d-5p/Notch2-
Hey1 signaling pathway. These results showed the potential of ATX as a new drug that can overcome radioresistance, 
a major challenge in cancer treatment, and the signaling factors identified in this mechanism suggest the possibility 
of use as potential targets for the diagnosis and treatment of radioresistance.
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Glioma is the most common primary malignant tumor 
in the central nervous system (CNS), and glioblastoma 
(GBM) remains one of the most aggressive and lethal 
cancers of the brain tumor. Standard treatment for GBM 
includes surgery, radiotherapy, and chemotherapy [1, 
2]. Despite 30  years of intensive efforts to find effective 
chemotherapy for GBM, the 5-year survival rate for GBM 
patients is only 4–7% [2–5]. Repopulation by tumor cells 
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that survive radiotherapy limits the efficacy of subse-
quent radiotherapy and is a major cause of radiotherapy 
failure [6]. Additionally, according to Ali et  al., radiore-
sistance is caused by tumor microenvironment, hypoxia 
conditions, reprogramming of cellular energy or meta-
bolic changes, glioma stem cells, tumor heterogeneity, 
microRNA, cell cycle, DNA repair, and other signaling 
pathways [7]. According to several papers, GBM recur-
rence is known to be caused by cancer stem cells with 
strong endogenous or treatment-induced radioresistance 
[6, 8, 9]. Therefore, approaches to treat tumors by target-
ing cancer stem cells have recently been attempted [10]. 
To overcome the malignant transformation of GBM, it 
is important to develop radioresistance mechanisms and 
identify specific therapeutic targets.

Drug repurposing (also known as drug reposition-
ing) involves adapting an already approved drug to 
treat a new disease or advancing a previously studied 
but unapproved drug [10]. Since it is a drug on which 
much research has been conducted, it has the advan-
tage of being cheaper than the cost of developing a new 
drug when applied to other diseases to change the drug’s 
purpose [11]. For example, tamoxifen was developed as 
a contraceptive but failed because it did not suppress 
ovulation. However, it is currently a widely used drug 
for the treatment of breast cancer because it effectively 
inhibits estrogen and delays the growth of ER + breast 
cancer [12]. Doxorubicin, developed as an antibiotic from 
the Streptomyces peucetius bacterium, is used to treat 
soft tissues, bone sarcomas, breast cancer, ovarian can-
cer, bladder cancer, thyroid cancer, and blood cancers 
including lymphoblastic leukemia, acute myeloblastic 
leukemia, and Hodgkin lymphoma [13, 14]. Additionally, 
drugs approved for the treatment of breast cancer, such 
as cyclophosphamide, thiotepa, capecitabine, orouracil, 
gemcitabine, methotrexate, and palbociclib, are repur-
posed drugs [15]. Therefore, drug discovery through drug 
repurposing is actively used as an approach to treat many 
diseases, including cancer treatment [16–19].

Atomoxetine (ATX) is a non-stimulant and selec-
tive norepinephrine reuptake inhibitor used to treat 
attention-deficit/hyperactivity disorder (ADHD) [20]. 
In a previous study, ATX was studied to induce apopto-
sis, increase cytosolic and mitochondrial reactive oxy-
gen species, changes in mitochondrial mass, membrane 
potential, and autophagy in neuron-like cells in a con-
centration-dependent manner [21]. However, the effect 
of ATX on cancer has not yet been reported. We discov-
ered ATX by screening for drugs that most significantly 
reduced the expression of stemness maintenance and 
EMT-related markers in radioresistant cells. We found 
that ATX-induced miR-520d-5p suppresses tumorigenic-
ity of radioresistant cells by reducing the expression of its 

targets, Notch2 and Hey1. In addition, the mechanism of 
action of ATX was studied by revealing that the expres-
sion of miR-520d-5p was downregulated by circATIC, 
which is a radiation resistance inducer and whose expres-
sion is decreased by ATX. Therefore, the mechanism by 
which ATX-mediated circATIC/miR-520d-5p/Notch2-
Hey1 axis reduces radioresistance in GBM was newly 
revealed. These factors offer potential as new therapeutic 
targets for the treatment and diagnosis of radioresistance 
in GBM.

Materials and methods
Cell culture
Human glioma cell lines U373 and U87 were purchased 
from American Type Culture Collection (ATCC) and the 
Korea Cell Line Bank (KCLB), respectively. U373 and 
U87 cells were cultured in DMEM (Corning) containing 
10% FBS (Corning) and 1% penicillin–streptomycin anti-
biotics (Welgene). Radioresistant cell lines U373R and 
U87R were established with 17 (U373R) and 12 (U87R) 
exposures of 5 Gy over 9 months, resulting in total expo-
sures of 85 Gy (U373R) and 60 Gy (U87R), respectively. 
Cells were irradiated at a dose rate of 3.81 Gy/min using 
a 137Cs gamma-ray light source (Atomic Energy of 
Canada). Cells were cultured in a humidified incubator 
at 37 ℃ and 5% CO2. All cell lines were routinely tested 
for mycoplasma using the e-Myco™ Mycoplasma PCR 
Detection Kit (iNtRON) prior to use in experiments. 
83NS cells were provided by Dr. Ichiro Nakano (Univer-
sity of Alabama at Birmingham, Birmingham, AL) [22]. 
83NS, patient-derived GBM stem-like cells (GSCs), was 
maintained in DMEM-F-12 (Gibco) supplemented with 
B27 (Gibco), epidermal growth factor (EGF) (Sigma), 
human fibroblast growth factor (hFGF) (Biovision), and 
5% penicillin–streptomycin (Corning) [23, 24].

Colony‑formation assay
For colony formation analysis, cells were seeded at 1 × 103 
in a 60 mm dish. After 24 h, parental and radioresistant 
cells were treated with radiation doses of 0, 3, 5, 10, 15, 
and 20  Gy. Colony formation assay was performed on 
cultures with regular medium changes for 14 days. Cells 
were stained with crystal violet and colony numbers were 
determined.

Cell proliferation assay
For proliferation assay, cells were seeded at 1 × 103 cells/
well in a 96-well plate. After 24 h, both parental and radi-
oresistant cells were treated with radiation doses of 0, 5, 
10, 15, and 20  Gy, or with ATX at concentrations of 0, 
10, 20, 30, 40, 50, 60, and 70 μM, or with TMZ at con-
centrations of 0, 250, 500, 750, and 1000 μM. After 48 h, 
cell proliferation was measured at 450  nm by adding 
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT; M2128, Sigma) reagent following wash-
ing with PBS. To determine time-dependent prolif-
eration, U87R and U373R cells were treated with TMZ 
(750  μM, S1237, Selleck Chemicals) or ATX (25  μM, 
S3175, Selleck Chemicals), followed by the addition of 
MTT reagent at 0, 24, 48, and 72 h, and the absorbance 
was measured at 450 nm.

Drug library screening
We purchased a library of 774 FDA-approved drugs from 
Enzo Life Sciences (SCREEN-WELL FDA-approved drug 
library V2, BML-2843–0100, NY). Radioresistant U373 
and U87 cells were seeded at 2 × 104 cells per well of a 
96-well plate. Cells in each well were treated with 20 μM 
of test compound (Enzo #BML-2843–0100, SCREEN-
WELL FDA-approved drug library V2) or control 
(DMSO, D8418, Sigma) for 48 h, and then harvested. The 
mRNA expression of stemness and EMT-related markers 
was confirmed using qRT-PCR.

RNA extraction and qRT‑PCR analysis
Total RNA from U373 and U87 cells or mouse and 
human plasma was extracted using TRIzol reagent fol-
lowing the manufacturer’s instructions. mRNA was syn-
thesized using a cDNA Synthesis Kit, and miRNA was 
synthesized using a Mir-X miRNA First-Strand cDNA 
Synthesis Kit, respectively. qRT-PCR was performed 
using a LightCycler® 96 instrument (Roche) with Power 
SYBR Green PCR Master Mix (Invitrogen). mRNA and 
miRNA were quantified with GAPDH and U6 (Takara), 
respectively. The sequences of the primers are listed in 
Table 1.

Protein extraction and western blot analysis
Cells were lysed using RIPA buffer containing Xpert 
protease inhibitor cocktail solution and Xpert phos-
phatase inhibitor cocktail solution. Protein concentra-
tion was analyzed using the Bradford assay. The total 
protein extract was separated by SDS-PAGE and trans-
ferred to a PVDF membrane (Millipore). After block-
ing with 5% BSA for 1  h, the PVDF membrane was 

Table 1  Primer sequences used in this study

Primers for qRT-PCR Sequences (5’-3’)
Notch2 Forward ATG​ACT​GCC​CTA​ACC​ACA​GG

Reverse TGC​AGT​CAT​CTC​CAC​TCC​AG

Sox2 Forward ATG​CAC​CGC​TAC​GACGT GA

Reverse CTT​TTG​CAC​CCC​TCC​CAT​T

Vimentin Forward GCT​TGG​AAA​CAT​CCA​CAT​CG

Reverse GAG​AGG​AAG​CCG​AAA​ACA​CC

Zeb1 Forward ATG​ACT​GCC​CTA​ACC​ACA​GG

Reverse TGC​AGT​CAT​CTC​CAC​TCC​AG

Slug Forward ACA​GCG​AAC​TGG​ACA​CAC​AT

Reverse TCA​CTC​GCC​CCA​AAG​ATG​AG

Twist Forward GAA​GAT​CAT​CCC​CAC​GCT​G

Reverse AGG​AAG​TCG​ATG​TAC​CTG​GC

Hey1 Forward AGC​AGG​TAA​TGG​AGC​AAG​GA

Reverse GCG​CGT​CAA​AGT​AAC​CTT​TC

GAPDH Forward CAT​CTC​TGC​CCC​CTC​TGC​TGA​

Reverse GGA​TGA​CCT​TGC​CCA​CAG​CCT​

circ0058058(circATIC) Forward GGT​GGT​GTC​CAC​GGA​GAT​

Reverse CCA​AGA​GCG​GTC​AGG​TTT​

miR-34a-5p Forward TGG​CAG​TGT​CTT​AGC​TGG​TTGT​

miR-93-5p Forward CAA​AGT​GCT​GTT​CGT​GCA​GGTAG​

miR-205-5p Forward TCC​TTC​ATT​CCA​CCG​GAG​TCTG​

miR-519d-5p Forward CCT​CCA​AAG​GGA​AGC​GCT​TTC​TGT​T

miR-520d-5p Forward CTA​CAA​AGG​GAA​GCC​CTT​TC

miR-765 Forward TGG​AGG​AGA​AGG​AAG​GTG​ATG​

Primers for overexpression vector Sequences (5’-3’)
circ0058058(circATIC) overexpression Forward GCG​AAT​TCC​CTT​ATT​TAG​TGT​CTC​TGA​CAA​AACCG​

Reverse CGG​CGG​CCG​CCT​TCA​AGG​CTA​ACT​GGC​GTC​TAG​
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incubated overnight at 4 ℃ with the primary antibody, 
which was diluted in BSA. Antibodies against Notch2 
(#5732), Vimentin (#5741), Snail (#3879), Sox2 (#2748), 
Oct4 (#2750), and Zeb1 (#3396) were purchased from 
Cell Signaling Technology. Antibodies against Slug (sc-
166476) and β-Actin (sc-47778) were obtained from 
Santa Cruz Biotechnology. Antibody against Twist 
(ab50887) was purchased from Abcam. Washed with 
TBS-T and treated with secondary antibody diluted in 
5% skim milk. After washing with TBS-T, the membrane 
was treated with ECL solution and detected using an 
Amersham TM Imager 600 system (GE Healthcare).

Overexpression vector, siRNA, miRNA and transfection
To make the circATIC overexpression vector, we referred 
to the primer sequence in the paper by Zhang K et  al. 
[25]. We purchased pcDNA3.1( +) CircRNA Mini Vec-
tor (Plasmid #60648) from addgene and created an 
overexpression vector. siNotch2 (sc-40135) and siHey1 
(sc-37914) were purchased from Santa Cruz Biotech-
nology. Transfection was performed using the over-
expression vector or RNA oligoribonucleotides using 
Lipofectamine 2000 reagent or G-fectin.

Wound healing migration assay
Transfected parental and radioresistant cells or ATX-
treated cells were seeded in 6 well plate. After 24 h, mon-
olayers were scratched with a yellow tip and changed the 
media. After 24  h, pictures were taken using a micro-
scope (Miotic AE31 series) and the number of migrated 
cells was counted.

Transwell invasion assay
Invasion assays were performed by coating matrigel 
(#354234, BD) onto transwell chambers (Corning). 
2.5 × 104 cells were placed in the upper transwell cham-
ber, and conditioned medium containing 10% bovine 
serum albumin was added to the lower chamber. After 
16  h, the upper chamber was fixed in methanol for 
15 min and then stained with crystal violet. We took pic-
tures under a microscope (Miotic AE31 series) and meas-
ured the number of cells.

Sphere formation assay
1 × 105 cells were seeded at 60 mm in Dulbecco’s modi-
fied Eagle’s medium-F12 (Corning, NY, USA) contain-
ing B27 (1:50) (Gibco) for 7–10  days. Spheres > 20  μM 
in diameter were counted using an inverted microscope 
(Miotic AE31 series).

Subcutaneous xenograft animal model
We xenografted parental U87 and radioresistant U87R 
cells subcutaneously into the right thigh of six-week-old 

female BALB/c nude mice (Orient Bio Inc), respectively. 
One week later, 20 mg/kg of ATX was injected intraperi-
toneally once a day, for a total of 5 days. After 2 weeks of 
cell injection, IR (10 Gy) was locally administered to the 
tumor site. The mouse model was irradiated at a dose rate 
of 2 Gy/min using an X-RAD 320 irradiator (PXi) equip-
ment. After 12 days, mice were sacrificed and tumor size 
was examined. This animal experiment was reviewed 
and approved by the Institutional Animal Care and Use 
Committee (IACUC) of Korea Institute of Radiological & 
Medical Science (kirams2022-0131).

Dual luciferase reporter assay
The dual luciferase reporter assay used in the previ-
ous paper was performed as previously described [26]. 
To clone the reporter plasmid, pmirGLO vector (Pro-
mega) was purchased and the miR-520d-5p binding site 
of Notch2 and Hey1 3’ UTR, as well as the miR-520d-5p 
binding site of circATIC were cloned. 293FT cells were 
seeded into 24-well culture plates according to the pro-
tocol, and then reporter plasmid (200  ng), pRL-CMV-
Renilla plasmid (Promega) (2  ng), and miR-520d-5 p 
mimic were co-transfected with Lipofectamine 2000. 
Luciferase activity was measured using dual-luciferase 
reporter assay system (Promega) according to the man-
ufacturer’s instructions and normalized to Renilla lucif-
erase activity.

Clinical specimen
Plasma from breast (KRB-2021-I002) and lung (KRB-
2021-I002) cancer patients with and without radiation 
was provided by the Korea Institute of Radiology and 
Medical Sciences (KIRAMS) Radiation Biobank (KRB). 
All samples used in this experiment have completed the 
Institutional Review Board (IRB) of the Korea Institute 
of Radiology and Medical Sciences (KIRAMS) (KIRAMS 
2021–04-002–001). Total RNA isolation and qRT-PCR 
were performed according to the indicated protocols.

Statistical analysis
All experiments were performed at least three times. All 
values are expressed as mean ± standard deviation. Statis-
tical analysis was performed using GraphPad Prism 8 and 
analyzed using Student’s t-test. A P value of P < 0.05 was 
considered statistically significant. Detailed description 
of data, statistical methodology used, and sample size can 
be found at the end of the figure legend corresponding to 
each figure.

Results
ATX suppresses tumorigenicity in radioresistant GBM cells
To study how to overcome radioresistance in GBM, we 
established radioresistant GBM cells U373R and U87R 
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by repeatedly irradiating parental U373 and U87 cells 
with 5 Gy of radiation 17 and 12 times, respectively, over 
9 months. In order to confirm the characteristics of the 
constructed radioresistant cells of U373 and U87, the 
parental and radioresistant cells were irradiated with 
various radiation doses (0, 5, 10, 15, and 20 Gy) and then 
their colony-forming abilities were compared using a clo-
nogenic assay. As a result, the number of colonies in radi-
oresistant cells increased in a dose-dependent manner 
compared to that in parental cells (Fig. S1A). Addition-
ally, as a result of comparing the cell viability according 
to the radiation dose (0, 5, 10, 15, 20, 25, and 30 Gy), the 
survival rate was higher in the radioresistant cells com-
pared to the parental cells (Fig. S1B). We identified the 
γ-H2AX protein to further confirm its radioresistance 
characteristics. γ-H2AX is a protein that repairs DNA 
damage and is associated with double-strand breaks 
(DSBs). Since γ-H2AX is a DSB-related protein and has 
the function of repairing DNA damage, analysis of the 
expression pattern of γ-H2AX is important among the 
key characteristics of resistant cell lines [27]. Expression 
of γ-H2AX peaked at 30 min in both parental and radi-
oresistant cells. It then decreases dramatically at 3  h in 
resistant cells but remains stable in parental cells. These 
results suggest that radiation-induced DNA damage 
repair mechanisms are increased in radioresistant cells 
(Fig. S1C). These results showed that the U373 and U87 
radioresistant cell lines were well established.

Drug repurposing (also known as drug repositioning) is 
the development of new uses for drugs already approved 
or in development and is an attractive strategy for discov-
ering new treatments for diseases. To screen drugs that 
overcome the resistance mechanism of GBM, we treated 
GBM cells with a library of 774 FDA-approved drugs at 
the same concentration and screened eight drugs that 
inhibited cell proliferation. Then, we treated two radiore-
sistant GBM cell lines, U373R and U87R, with the eight 
selected drugs, respectively, and screened for drugs that 
reduced the mRNA expression of stemness-related fac-
tors, Notch2 and Sox2, and EMT markers, Vimentin, 
Zeb1, Slug, and Twist (Fig. S2A, B). As a result, the drug 
ATX (D02, Atomoxetine) most dramatically reduced the 
mRNA expression of stemness and EMT markers. To 
confirm the cytotoxicity of ATX to radioresistant GBM 
cells, we treated ATX at various concentrations and con-
firmed cell viability by MTT assay (Fig. S2C). 20 μM of 
ATX was used in future experiments because it is a con-
centration that does not affect proliferation and cytotox-
icity. Additionally, ATX is used as a drug (norepinephrine 
reuptake inhibitor) used to treat ADHD (Attention Defi-
cit Hyperactivity Disorder) by inhibiting the reuptake of 
norepinephrine in brain nerve cells and enhancing the 
action of norepinephrine [20].

To determine the effect of temozolomide (TMZ), com-
monly used as a GBM treatment, on cell proliferation 
of radioresistant cells, parental and radioresistant U373 
and U87 cells were treated with TMZ at concentra-
tions of 250, 500, 750, 1000, and 1500 μM, respectively. 
Compared to two parental cells, TMZ resistance was 
observed in radioresistant cells, U373R and U87R. There-
fore, we performed tumorigenic phenotype experiments 
by selecting 750 μM, a concentration of TMZ that does 
not show cytotoxicity in radioresistant cells (Fig. S3A). 
In order to discover a drug that effectively suppresses 
radioresistance, selected radioresistant GBM cells were 
treated with ATX (25 μM) and TMZ (750 μM), which are 
the IC50 concentrations of parantal cells (Fig. S3A), and 
their effects on radioresistant characteristics were com-
pared. ATX inhibited the proliferation of radioresistant 
cells more effectively than TMZ (Fig. S3B). Additionally, 
to compare the effects of ATX and TMZ on tumor malig-
nancy in radioresistant GBM cells, malignant pheno-
types, migration, invasion, and sphere formation analysis 
were used. In U373R and U87R cells, motility (Fig. S3C), 
invasiveness (Fig. S3D), and sphere-forming ability (Fig. 
S3E) were reduced by ATX, but not TMZ. These results 
show that TMZ, a currently used GBM treatment, did 
not reduce tumorigenicity in GBM cells that acquired 
radioresistance, but ATX dramatically reduced these 
characteristics. Therefore, ATX suggests the possibility of 
being an alternative drug that can overcome the limita-
tions of radioresistance treatment.To confirm the effect 
of ATX on radioresistant GBM cells, the expression of 
EMT and stemness-related markers, mobility, invasive-
ness, and stemness maintenance, which are representa-
tive phenotypic characteristics of malignant tumors, were 
confirmed. When radioresistant cells were treated with 
ATX, the expression of EMT markers Zeb1, Twist, Slug, 
and Vimentin and stemness-related markers Notch2 
and Sox2 were reduced to levels similar to parental cells 
(Fig.  1A). Additionally, the migratory ability (Fig.  1B), 
invasiveness (Fig.  1C), and sphere formation abil-
ity (Fig.  1D) were reduced by ATX treatment in U373R 
and U87R cells. We confirmed that the expressions of 
Notch2 and Hey1 (Fig. 1E) and the stemness characteris-
tic sphere-forming ability (Fig. 1F), which was increased 
by radiation in glioma patient-derived stem cells (GSCs) 
83NS, were suppressed by ATX treatment. These results 
suggest the potential of ATX to overcome malignancy of 
resistant GBM cells.

According to Fig.  1A, Notch2 and Vimentin are 
the most significantly downregulated factors by ATX 
in resistant cells. Vimentin is a protein that acts as a 
cytoskeletal component such as microfilaments and 
microtubules and is known as the final product of the 
EMT process that plays a dynamic role in various basic 
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cellular processes such as structural support, adhesion, 
migration, and signaling [28–30]. On the other hand, 
Notch2 was selected as a key factor to analyze the sign-
aling process between factors involved in the tumor 
suppression mechanism by ATX [31, 32]. To confirm 
whether Notch2 and Hey1 are involved in the tumo-
rigenic ability of radioresistant cells, Notch2 and Hey1 
were used as siRNA. The knockdown of Notch2 and 
Hey1 expression resulted in reduced radioresistant cells-
induced the expression of factors involved in tumori-
genicity, cell migration, invasion, and sphere formation 
ability (Fig. S4A-E). We further verified the relation-
ship between radioresistance and expression of Notch2 
through public data analysis using GEO dataset. In U373 
(Fig. 1G) or primary GBM cells (Fig. 1H), Notch2 expres-
sion was found to be higher in radioresistant cells than 
in parental cells. Additionally, the relationship between 
brain tumor and Notch2 expression was confirmed 
through TCGA data analysis using xenabrowser. We 
found that Notch2 expression was increased in patients 
who received radiotherapy (RT) compared to those with 

low-grade glioma (LGG) (Fig. 1I). These results suggested 
that Notch2 and Hey1 are involved in the malignancy 
mechanism of resistant cells.

ATX increases the sensitivity of radiotherapy in vivo
To confirm the efficacy of ATX in vivo, parental and radi-
oresistant U87 cells were injected subcutaneously into 
mice, respectively, followed by intraperitoneal admin-
istration of ATX (Fig. 2A). Tumor size and weight were 
compared after radiation treatment in mice injected 
with parental and resistant cells, respectively. Com-
pared to mice injected with parental cells, mice injected 
with resistant cells showed greater resistance to radia-
tion and did not reduce tumor size or weight. However, 
when ATX administration and radiation treatment were 
combined in mice injected with resistant cells, a signifi-
cant reduction in tumor size and weight was observed 
(Fig.  2B, C). Additionally, the expression of Notch2 and 
Hey1 in tumor tissue and plasma of mice was confirmed. 
It was confirmed that the expression of Notch2 and Hey1, 
which was increased by radiation treatment, decreased in 

Fig. 1  ATX reduces the tumorigenicity of radioresistant GBM cells. A-D After treating radioresistant cells derived from U373 and U87 with ATX 
(20 μM), the tumorigenic phenotype was confirmed. A Expression of EMT and stemness-related markers was confirmed by western blot analysis. 
β-Actin was used as a loading control. The experiment was repeated with triplicates and representative western blotting images are shown. B-D 
Migratory ability (B), invasiveness (C), and stemness maintenance (D) were determined by wound healing (B, Scale bar, 100 μm), matrigel invasion 
(C, Scale bar, 100 μm), and sphere formation assays (D, Scale bar, 100 μm). E, F Expression of Notch2 and Hey1 in 83NS GBM patient-derived 
stem-like cells (GSCs) treated with IR (20 Gy) and ATX (20 μM) was determined using western blot analysis (E), and stemness capacity 
was determined using sphere formation assay (F) (F, Scale bar, 100 μm). β-Actin was used as a loading control. The experiment was repeated 
with triplicates and representative western blotting images are shown. G, H Using GEO public data (GSE199862), the expression of Notch2 
was measured in U373 and U373R cells constructed by irradiating 2 Gy 5 times a week for a total of 60 Gy (n = 3) (G), and in primary GBM and GBMR 
cells, constructed by irradiating 2 Gy 5 times a week for a total of 40 Gy (n = 3) (H). I Through TCGA analysis using Xenabrowser (https:// xenabrowser.
net), the expression of Notch2 was confirmed in patients of low-grade glioma (n = 174) and those who received radiotherapy (n = 285). The data are 
presented as the mean ± SD for triplicate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. Student`s t-test
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the ATX and irradiation combination group (Fig. 2D, E). 
These results suggest the possibility of ATX as a drug to 
overcome radioresistance in vivo.

The standard treatment for GBM is surgical resection 
followed by concurrent administration of the anticancer 
drug temozolomide (TMZ) and chemoradiotherapy [33]. 
Because of this treatment sequence, it is very difficult 
to obtain a number of irradiated GBM patient tissues. 
Therefore, we used plasma from breast and lung cancer 
patients with and without irradiation to determine the 
effect of irradiation on Notch2 and Hey1 expression. The 
results showed that the expression of Notch2 and Hey1 
was higher in breast and lung cancer patients with radio-
therapy compared to those without radiotherapy (Fig. 2F, 
G). These results indirectly support the results at the cel-
lular level and in animal models.

In addition, to confirm the clinical significance of 
Notch2 and Hey1 in GBM, we utilized publicly available 

data of GBM patients (GEO database, GPL17692 and 
GEPIA (Gene Expression Profiling Interactive Analy-
sis)) to determine the expression of Notch2 and Hey1 
in GBM tissues and adjacent normal tissues. The 
expression of Notch2 and Hey1 was found to be higher 
in GBM tissues compared to adjacent normal tissues 
(Fig.  2H, I). Using the Chinese Glioma Genome Atlas 
(CGGA) database, we confirmed that the expression of 
Notch2 and Hey1 was positively correlated in recur-
rent gliomas (Fig. S5A). Additionally, KM plot analysis 
showed that high expression of Notch2 and Hey1 was 
associated with poor prognosis in patients with vari-
ous cancers, including glioma, gastric adenocarcinoma 
(Fig. S5B, C). These results suggest that Notch2 and 
Hey1 expression is associated with poor prognosis of 
patients.

Fig. 2  ATX suppresses radioresistant GBM cells-induced tumor growth by inhibiting Notch2-Hey1 signaling. A-C Parental and radioresistant U87 
cells (1 × 107 cells/mouse) were injected subcutaneously into the right thigh of mice. One week later, ATX (20 mg/kg) was injected intraperitoneally 
into the mouse once a day for a total of 5 times. Two weeks after cell injection, IR (10 Gy) was irradiated, and 12 days later, mice were sacrificed 
and tumor sizes (A, B) and body weight (C) were measured. (resistant cells, n = 5; resistant cells + IR, n = 5; resistant cells + IR + ATX, n = 6; parental 
cells, n = 5; parental cells + IR, n = 7; parental cells + IR + ATX, n = 7) D, E The expression of Notch2 and Hey1 in subcutaneous tumor tissues (D) 
and plasma (E) of ATX-treated radioresistant mice model was confirmed by qRT-PCR. qRT-PCR values were normalized by GAPDH. (Notch2 and Hey1 
expressions in tissues and plasma of mice: resistant cells, n = 5; resistant cells + IR, n = 5; resistant cells + IR + ATX, n = 6; parental cells, n = 5; parental 
cells + IR, n = 7; parental cells + IR + ATX, n = 7) F, G The mRNA expression of Notch2 and Hey1 in the plasma of breast cancer (F) and lung cancer (G) 
patients with or without radiotherapy was confirmed using qRT-PCR analysis. (Notch2 expression: Breast cancer, n = 27; Breast cancer + radiotherapy 
(RT), n = 20; Lung cancer, n = 20; Lung cancer + RT, n = 21) (Hey1 expression: Breast cancer, n = 24; Breast cancer + RT, n = 23; Lung cancer, n = 21; 
Lung cancer + RT, n = 23) The values were normalized by GAPDH. H, I The expression of Notch2 and Hey1 was confirmed in GBM tissues 
and adjacent normal tissues through the GEO database (GPL17692) (Normal tissues, n = 6; GMB tissues, n = 16) (H) and GEPIA (Gene Expression 
Profiling Interactive Analysis) database (Normal tissues, n = 207; GBM tumor tissues, n = 163; LGG tumor tissues, n = 518) (I). I The data are presented 
as the mean ± SD for triplicate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. Student`s t-test
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miR‑520d‑5p, which is upregulated by ATX, directly targets 
Notch2 and Hey1
To investigate the mechanism of reduced Notch2 and 
Hey1 expression by ATX, we screened for miRNAs that 
target Notch2 and Hey1 and are upregulated by ATX 
(Fig.  3A). After overexpression of six candidate miRNA 
mimics in U373R and U87R cells, we selected miR-
520d-5p that most dramatically suppressed the expres-
sion of Notch2 and Hey1 (Fig.  3B) and was the most 
upregulated by ATX (Fig. 3C). In addition to the cellular 
level, using patient-derived GSCs, it was confirmed that 
the expression of candidate miR-520d-5p was increased 
upon ATX treatment (Fig.  3D). By overexpressing the 
selected miR-520d-5p mimic, a decrease in the protein 
levels of Notch2 and Hey1 was confirmed (Fig.  3E). A 
luciferase assay was performed to confirm whether the 
expression of miR-520d-5p was inhibited by directly 
binding to Notch2 and Hey1, two target factors. We iden-
tified the binding site of miR-520d-5p in the 3’ UTR of 
Notch2 and Hey1 and designed reporter constructs con-
taining wild type (WT) and mutant type (MUT) (Fig. 3F). 
Transduction of miR-520d-5p inhibited the respec-
tive activities of Notch2 and Hey1 in combination with 
WT, but had no effect on MUTs (Fig. 3G). These results 

demonstrate that miR-520d-5p directly binds to Notch2 
and Hey1 and inhibits their expression.

miR‑520d‑5p reduces tumorigenicity of GBM 
by downregulating Notch2 and Hey1
To verify the relationship between the anti-tumor mech-
anism of miR-520d-5p and its targets, Notch2 and Hey1, 
U373R and U87R cells were transformed with siNotch2 
or siHey1 in the presence or absence of the inhibitor of 
miR-520d-5p (anti-miR-520d-5p) (Fig.  4). As a result, 
stemness and expression of EMT markers (Fig.  4A, B) 
and the cell migration (Fig.  4C), invasive (Fig.  4D) and 
sphere formation (Fig. 4E) abilities increased by the miR-
520d-5p inhibitor were restored by siNotch2 and siHey1. 
Our results showed that miR-520d-5p induced antitumor 
effects by suppressing the expression of Notch2 and Hey1 
in radioresistant cells.

ATX reduces tumorigenicity of radioresistant GBM cells 
by upregulating miR‑520d‑5p
To determine whether ATX suppresses tumorigenic-
ity by upregulating the expression of miR-520d-5p in 
radioresistant GBM cells, combination treatment with 
ATX or a miR-520d-5p inhibitor (anti-miR-520d-5p) 

Fig. 3  Validation of miR-520d-5p, which directly targets Notch2 and Hey1 and is upregulated by ATX. A Using TargetScan and Diana, which are 
miRNA target prediction tools, we selected miR-520d-5p that were reduced by ATX among candidate miRNAs targeting Notch2 and Hey1. The 
Venn diagram briefly shows the selection of miR-520d-5p. B After transfecting six candidate miRNAs mimics (miR-34a-5p, miR-93-5p, miR-205-5p, 
miR-519d-5p, miR-520d-5p, and miR-765) that directly target Notch2 and Hey1 into U373R and U87R cells, the mRNA expression of Notch2 
and Hey1 was compared by qRT-PCR analysis. C U373R and U87R cells were treated with ATX (20 μM), and the expression of candidate miRNAs 
was confirmed by qRT-PCR. D 83NS GBM patient-derived stem-like cells (GSCs) were treated with ATX and the expression of miR-520d-5p 
was confirmed by qRT-PCR. The qRT-PCR values were normalized by U6. E After overexpression of selected miR-520d-5p mimics in U373 and U87 
cells, the protein levels of target factors Notch2 and Hey1 were confirmed by western blot analysis. β-Actin was used as a loading control 
in western blotting assay. The experiment was repeated with triplicates and representative western blotting images are shown. F The binding 
site for miR-520d-5p was indicated in the 3’UTR of Notch2 and Hey1. The pmirGLO luciferase vector was synthesized by creating wild-type (WT) 
and mutant (Mut) constructs of the binding site. G Luciferase activity was determined in 293FT cells transfected with firefly luciferase constructs. 
Firefly luciferase activity was normalized to Renilla luciferase activity for each sample. The data are presented as the mean ± SD for triplicate 
experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. Student`s t-test
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was performed. ATX-suppressed the expression of 
stemness and EMT markers (Fig.  5A) and cell migra-
tory (Fig.  5B), invasive (Fig.  5C), and sphere forma-
tion (Fig. 5D) abilities were restored by the inhibitor of 
miR-520d-5p (Fig. 5A-D). In addition, the expression of 
Notch2 and Hey1 (Fig.  5E) and sphere-forming ability 
(Fig.  5F) increased by miR-520d-5p inhibitor in GSC 
cells 83NS were suppressed by ATX treatment. These 
results suggest that ATX reduces the malignant prop-
erties of radioresistant GBM cells by increasing the 
expression of miR-520d-5p.

To confirm the expression of miR-520-5p in an animal 
model to overcome resistance by ATX, the expression of 
miR-520d-5p was confirmed in tumor tissues (Fig.  5G) 
and plasma (Fig.  5H) of xenograft mice injected sub-
cutaneously with U373 or U373R cells. As a result, the 
expression of miR-520d-5p decreased in the radiation-
treated group, but increased in the radiation and ATX 
combination treatment group. Additionally, the increase 
rate in the radiation and ATX combination treatment 
group was higher in the tissues and plasma of mice 
injected with radioresistant cells than with parental cells. 
Based on these results, it was confirmed that the inhibi-
tion of malignant characteristics by ATX in radioresistant 

cells was positively correlated with the high expression of 
miR-520d-5p.

To confirm the relationship between radiation and miR-
520d-5p, we confirmed the expression of miR-520d-5p 
in the plasma of breast and lung cancer patients with or 
without radiotherapy. The expression of miR-520d-5p 
was low in breast (Fig.  5I) and lung cancer (Fig.  5J) 
patients with radiotherapy. To confirm the clinical cor-
relation between GBM and miR-520d-5p, we confirmed 
the expression of miR-520-5p in surrounding normal 
and GBM tissues by GEO database analysis. Compared 
with surrounding normal tissues, the expression of miR-
520d-5p was lower in GBM tissues (Fig.  5K). Survival 
curves of patients with various cancers, including glioma 
and gastric adenocarcinoma, showed that high expres-
sion of miR-520d-5p was associated with good progno-
sis of patients using KM plot analysis (Fig.  5L and S6). 
These clinical results show a positive correlation between 
patient survival and miR-520d-5p expression.

circATIC increases tumorigenicty by suppressing 
the expression of its target, miR‑520d‑5p
According to Chen D. et al. [34], 20 candidate circRNAs 
with high expression in radioresistant cells were selected. 

Fig. 4  miR-520d-5p suppresses the malignant phenotype of GBM by reducing the expression of Notch2 and Hey1. A-E U373 and U87 cells were 
transfected with the miR-520d-5p inhibitor and/or siNotch2 or siHey1, and the malignant phenotype was confirmed. A, B The expression of EMT 
and stemness-related markers was confirmed using western blot assay. β-Actin was used as a loading control in western blot assay. The experiment 
was repeated with triplicates and representative western blotting images are shown. C-E The migratory (C), invasive (D), and sphere formation 
abilities (E) were detected by wound healing (C, Scale bar, 100 μm), matrigel invasion (D, Scale bar, 100 μm), and sphere formation assays (E, Scale 
bar, 100 μm), respectively. The data are presented as the mean ± SD for triplicate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. Student`s t-test
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We used the prediction program tool to identify the cir-
cRNA targeting miR-520d-5p among these 20 candidate 
circRNAs (Fig.  6A). The genomic location and splicing 
pattern of circATIC, consisting of exons 2–6 of ATIC, 
is shown in a schematic diagram (Fig. 6B). To verify the 
selected circATIC, expression was compared in parental 
and radioresistant cells, and it was increased in radiore-
sistant cells (Fig. 6C). In addition, it was confirmed that 
when circATIC was overexpressed (Fig. 6D), the expres-
sion of the target, miR-520d-5p, was decreased (Fig. 6E). 
We performed a luciferase assay to confirm whether 
circATIC directly binds to miR-520d-5p and acts as a 
sponge for miR-520d-5p by direct binding. Luciferase 
activity was reduced by miR-520d-5p when co-trans-
fected with the WT construct, but there was no change in 
that of MUT (Fig. 6F). As a result of confirming the effect 
of the interaction between circATIC and miR-520d-5p 
on tumorigenicity, circATIC-increased the expression 

of stemness and EMT-related markers (Fig.  6G), cell 
mobility (Fig.  6H), invasiveness (Fig.  6I), and sphere 
forming ability (Fig.  6J) was reduced when treated with 
miR-520d-5p. These results suggest that circATIC, which 
is highly expressed in radioresistant cells, participates 
in the mechanism that increases tumor malignancy by 
directly reducing the expression of miR-520d-5p.

As a result of confirming the expression relation-
ship between ATX and circATIC, the expression of cir-
cATIC was reduced when radioresistant U373R and 
U87R cells were treated with ATX (Fig. 7A). To analyze 
the role of circATIC in the mechanism of suppress-
ing tumorigenicity by ATX, the tumorigenic phenotype 
was confirmed by combining circATIC overexpression 
with or without ATX treatment. Expression of stemness 
and EMT markers (Fig.  7B), migration (Fig.  7C), inva-
sion (Fig.  7D) and sphere formation ability (Fig.  7E), 
which were reduced by ATX in U373R and U87R, were 

Fig. 5  ATX inhibits tumorigenicity of GBM by inducing the expression of miR-520d-5p. A-D After combined treatment of U373R and U87R cells 
with ATX (20 μM) or miR-520d-5p inhibitor, the expression of EMT and stemness-related markers A and the migratory (B), invasive (C), and sphere 
formation abilities (D) were detected by western blot, wound healing (B, Scale bar, 100 μm), matrigel invasion (C, Scale bar, 100 μm), and sphere 
formation assays (D, Scale bar, 100 μm), respectively. E, F After combining miR-520d-5p inhibitor and ATX in 83NS, glioma patient-derived stem 
cells (GSCs), Notch1 and Hey1 protein expression (E) and stemness maintenance (F) were determined by western blot and sphere formation 
assays, respectively. (F, Scale bar, 100 μm). The experiment was repeated with triplicates and representative western blotting images are shown. 
G, H The expression of miR-520d-5p in tumor tissues (G) and plasma (H) obtained after ATX treatment in subcutaneous xenograft mice injected 
with U87 or U87 was confirmed by qRT-PCR analysis. (miR-520d-5p expression in tumor tissues and plasma of indicated groups: resistant cells, 
n = 5; resistant cells + IR, n = 5; resistant cells + IR + ATX, n = 6; parental cells, n = 5; parental cells + IR, n = 7; parental cells + IR + ATX, n = 7) The qRT-PCR 
results were normalized by U6. I, J The expression patterns of miR-520d-5p were compared in breast cancer patients (I) and lung cancer patients 
(J) with or without radiotherapy (RT). (Breast cancer patients, n = 21; Breast cancer patients + RT, n = 21; Lung cancer patients, n = 20; Lung cancer 
patients + RT, n = 21). The values were normalized by U6. K Expression of miR-520d-5p was confirmed in a GEO database (GSE90604). L Using 
the Chinese Glioma Genome Atlas (CGGA), patient survival rates according to the expression pattern of miR-520d-5p were identified. The data are 
presented as the mean ± SD for triplicate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. Student`s t-test
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restored by overexpressing circATIC. These results sup-
port the hypothesis that circATIC expression is reduced 
by ATX, thereby increasing the expression of its target, 
miR-520d-5p, thereby suppressing radiation malignancy.

In addition, the expression of circATIC in the tis-
sues and plasma of ATX-injected xenograft animals was 
higher in the group injected with resistant cells than in 
the parental cells, and the expression was decreased by 
ATX (Fig. 8A-B). For radiological and clinical analysis, we 
confirmed the expression of circATIC in breast cancer 
(Fig. 8C) and lung cancer (Fig. 8D) patients. As a result, 
the expression of circATIC was increased in cancer 
patients who received radiotherapy. In a public data anal-
ysis using nasopharyngeal cancer (NPC) patient samples, 
the expression of circATIC was higher in tumor samples 
compared to normal tissues. Additionally, circATIC was 
more highly expressed in the tissues of relapsed patients 

compared to non-relapsed patients (Fig.  8E). Taken 
together, the expression of radioresistance-induced 
circATIC was reduced by ATX administration, which 
may be involved in improving the prognosis of can-
cer patients. We identified the circATIC/miR-520d-5p/
Notch2-Hey1 axis as a radioresistance-induced tumor 
malignancy mechanism and suggested the potential of 
ATX as a therapeutic agent to suppress radioresistance 
(Fig. 8F).

Discussion
The development of new drugs involves the following 
very complex steps: 1) Study of disease mechanism and 
target, 2) Exploration and discovery of treatment strat-
egy, 3) Study of mechanism of action and toxicity of can-
didate drug, 4) Clinical evaluation of drug in humans, 5) 
Drug approval decision and post-marketing monitoring 

Fig. 6  circATIC is involved in the malignancy of GBM by suppressing the expression of miR-520d-5p. A hsa_circ_0058058 (circATIC), which 
is predicted to bind to miR-520d-5p and has increased its expression in radioresistant cells, was selected. B A schematic diagram of the genomic 
location and splicing pattern of circATIC is shown. C The expression level of circATIC in parental and radioresistant cells was confirmed by qRT-PCR. 
D, E After overexpressing circATIC in U373 and U87 cells, the expression of circATIC (D) and miR-520d-5p (E) was confirmed by qRT-PCR. The 
qRT-PCR results were normalized by U6 and GAPDH. F To confirm the direct binding of circATIC to miR-520d-5p, luciferase assay was performed. 
The binding sites of circATIC and miR-520d-5p were cloned into wild type (WT) and mutant type (MUT). Luciferase activity was measured 
after co-transfection of WT and MUT constructs with miR-520d-5p into 293FT cells. Firefly luciferase activity was normalized to the Renilla luciferase 
activity of each sample. G-J U373R and U87R cells were transfected with miR-520d-5p in the presence or absence of circATIC and the tumorigenic 
phenotype was confirmed. G Expression of stemness and EMT-related markers was confirmed by western blot analysis. β-Actin was used 
as a loading control. The experiment was repeated with triplicates and representative western blotting images are shown. H-J Cell mobility (H), 
invasiveness (I), and sphere formation ability (J) were measured using wound healing (H, scale bar, 100 μm), matrigel invasion (I, scale bar, 100 
μm), and sphere formation assays (J, scale bar, 100 μm), respectively. The data are presented as the mean ± SD for triplicate experiments. *P < 0.05, 
**P < 0.01, and ***P < 0.001. Student`s t-test
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[35]. The time it takes to complete the entire process is 
approximately 12 to 15  years or more [35, 36], and the 
approximate cost of developing a new drug is approxi-
mately $2.8 billion [35]. Despite these efforts, the prob-
ability of failure in clinical trials is high, so many drug 
developments are progressing by changing drug use. 
Drug repurposing involves adapting an already approved 
drug to treat a new disease or advancing a previously 
studied but unapproved drug [10]. Between 2007 and 
2009, approximately 30–40% of new drugs and biological 
products approved by the U.S. Food and Drug Adminis-
tration (FDA) were repurposed drugs, and recently, many 
drugs are being developed to overcome cancer [11]. For 
example, a paper by Vineela Parvathaneni et al. describes 
the effectiveness of amodiaquine (AQ), an FDA-approved 
anti-malarial drug, in the treatment of breast cancer [37]. 
In a paper by Yung-Lun Ni et  al., it was reported that 
disulfiram, a drug approved for the treatment of alcohol-
ism, targets cancer stem cells in thyroid carcinoma when 
combined with copper [38]. A paper by Branco et  al. 

showed that pirfenidone, an FDA-approved drug to treat 
patients with idiopathic pulmonary, sensitizes NCI-H460 
non-small cell lung cancer cells to paclitaxel and the 
combination of paclitaxel and carboplatin [39].

The standard treatment for GBM, the most malignant 
tumor, is surgical removal followed by radiotherapy and 
temozolomide (TMZ) treatment [40]. It is known that 
some GBMs acquire radiation resistance and have a 
poor prognosis [7]. Therefore, sensitizers are needed to 
increase the effectiveness of radiotherapy. We performed 
a screening using FDA-approved drugs to develop drugs 
that overcome the radioresistance of GMB (Fig. S2). ATX, 
which reduced the expression of stemness and EMT-
related markers the most (Fig. 1A and S2B), was shown 
to suppress radioresistant malignancy in vitro and in vivo 
(Figs.  1 and 2). Clinical relevance was also suggested 
by showing that ATX effectively suppressed radiation-
induced expression of Notch2, Hey1 and sphere-forming 
ability in 83NS, a patient-derived primary GSC (Fig. 1E, 
F). In radioresistant GBM cells, TMZ failed to inhibit cell 

Fig. 7  ATX downregulates tumorigenicity by suppressing the expression of circATIC. A After ATX treatment in U373R and U87R cells, the expression 
of circATIC was confirmed by qRT-PCR. The qRT-PCR results were normalized by GAPDH. B-F After overexpressing circATIC with or without treatment 
of ATX, the expression of miR-520d-5p (B), stemness and EMT-related factors (C), mobility (D), invasiveness (E), and sphere-forming ability (F) were 
measured by western blot, wound healing (D, Scale bar, 100 μM), matrigel invasion (E, Scale bar, 100 μm), and sphere formation assays (F, Scale bar, 
100 μm), respectively. The data are presented as the mean ± SD for triplicate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. Student’s t-test
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proliferation and tumorigenicity, whereas ATX effectively 
inhibited radioresistance (Fig. S3). These results showed 
that ATX has the potential to be an alternative drug to 
overcome the limitations of TMZ in the treatment of 
GBM with acquired resistance. In addition, ATX inhib-
ited the target factors Notch2 and Hey1 expressions by 
inducing miR-520d-5p, ultimately revealing the mecha-
nism of suppressing tumorigenicity in radioresistant 
GBM cells (Figs. 3, 4 and 5).

circATIC is known as an oncogene in various cancers, 
including esophageal cancer, bladder cancer, and multiple 
myeloma [25, 41–44]. In addition, circATIC is known to 
be associated with resistance such as radioresistance and 
cisplatin resistance [25, 44]. In our results, the level of 
circATIC was high in two radioresistant cells and in the 
mouse tissues injected with radioresistant cells (Figs. 6C 
and 8A). High expression of circATIC in radioresistant 
cells decreased the expression of miR-520d-5p, which 
increased malignancy (Fig. 6). In addition, ATX showed 
radioresistance suppression efficacy by suppressing the 
expression of circATIC (Fig. 7). In summary, these results 
showed that ATX suppresses the expression of circATIC, 
which acts as a sponge for miR-520d-5p, ultimately sup-
pressing the radioresistance mechanism.

Meanwhile, it is known that it is difficult to properly 
deliver drugs to the tumor when treating GBM due to the 
blood–brain barrier (BBB) [45–49]. However, the discov-
ered ATX is a drug that actually passes through the BBB 
and affects the brain [50–52], so it has great advantages 

when applied as an anticancer drug. Here, further stud-
ies seem necessary to determine how ATX crosses the 
BBB and affects GBM cells. This study revealed that ATX 
is involved in radioresistance mechanisms through the 
circATIC/miR-520d-5p/Notch2-Hey1 signaling pathway 
(Fig.  8F). Additionally, we demonstrated the applicabil-
ity of ATX as a sensitizer to assist radiotherapy of GBM, 
offering potential as a therapeutic target and diagnostic 
marker for radioresistance.

Conclusion
In summary, our study identified Nothc2, Hey1, and cir-
cATIC as key factors for radioresistance, and confirmed 
that ATX acts as a potent drug to suppress radioresist-
ance. This was analyzed by the mechanism that ATX sup-
presses radioresistance by inhibiting its direct targets, 
Nothc2 and Hey1, through the increase in miR-520d-5p 
expression. Therefore, ATX provides potential as a 
therapeutic agent for radioresistance and potential as a 
therapeutic target and diagnostic marker through the cir-
cATIC/miR-520d-5p/Notch2-Hey1 signaling pathway of 
radioresistance.
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CNS	� Central nervous system
GBM	� Glioblastoma
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DSBs	� Double-strand breaks
RT	� Radiotherapy

Fig. 8  The clinical applicability of circATIC was verified using experimental animal and patient samples. A, B The expression of circATIC 
in tumor tissues (A) and plasma (B) of ATX-treated xenograft mice was confirmed by qRT-PCR. (circATIC expression in tumor tissues and plasma 
of indicated groups: resistant cells, n = 5; resistant cells + IR, n = 5; resistant cells + IR + ATX, n = 6; parental cells, n = 5; parental cells + IR, n = 7; parental 
cells + IR + ATX, n = 7) C, D The expression of circATIC in the plasma of breast (C) and lung cancer (D) patients with or without radiotherapy (RT) 
was confirmed by qRT-PCR. (Breast cancer, n = 20; Breast cancer + RT, n = 24; Lung cancer, n = 26; Lung cancer + RT, n = 24) qRT-PCR results were 
normalized by GAPDH. E Expression of circATIC was confirmed by GEO database (GSE190271) in nasopharyngeal cancer (NPC). (Normal, n = 5; NPC, 
n = 10; NPC with relapse, n = 8) The data are presented as the mean ± SD for triplicate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. Student`s 
t-test. F The mechanism of radioresistance in GBM is triggered by circATIC/miR-520d-5p/Notch2-Hey1 axis and ATX is proposed as a drug for drug 
repurposing
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MTT	� 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
GSCs	� Glioma stem-like cells
hFGF	� Human fibroblast growth factor
EGF	� Epidermal growth factor
LGG	� Low-grade glioma
WT	� Wild type
MUT	� Mutant type
FDA	� Food and Drug Administration
AQ	� Amodiaquine
NPC	� Nasopharyngeal cancer
BBB	� Blood-brain barrier
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