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Abstract 

Background Glioblastoma are highly malignant type of primary brain tumors. Treatment for glioblastoma multi-
forme (GBM) generally involves surgery combined with chemotherapy and radiotherapy. However, the development 
of tumoral chemo- and radioresistance induces complexities in clinical practice. Multiple signaling pathways are 
known to be involved in radiation-induced cell survival. However, the role of alpha-thalassemia X-linked mutant retar-
dation syndrome (ATRX), a chromatin remodeling protein, in GBM radioresistance remains unclear.

Methods In the present study, the ATRX mutation rate in patients with glioma was obtained from The Cancer 
Genome Atlas, while its expression analyzed using bioinformatics. Datasets were also obtained from the Gene Expres-
sion Omnibus, and ATRX expression levels following irradiation of GBM were determined. The effects of ATRX on radio-
sensitivity were investigated using a knockdown assays.

Results The present study demonstrated that the ATRX mutation rate in patients with GBM was significantly lower 
than that in patients with low-grade glioma, and that patients harboring an ATRX mutation exhibited a prolonged 
survival, compared with to those harboring the wild-type gene. Single-cell RNA sequencing demonstrated that ATRX 
counts increased 2 days after irradiation, with ATRX expression levels also increasing in U-251MG radioresistant cells. 
Moreover, the results of in vitro irradiation assays revealed that ATRX expression was increased in U-251MG cells, 
while ATRX knockdown was associated with increased levels of radiosensitivity.

Conclusions High ATRX expression levels in primary GBM may contribute to high levels of radioresistance. Thus ATRX 
is a potential target for overcoming the radioresistance in GBM.
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Background
Glioblastoma multiforme (GBM) accounts for 48.6% 
of all malignant central nervous system tumors. Despite 
multiple treatment options, including surgical resection, 
radiation therapy, and chemotherapy, the prognosis  of 
GBM remains  poor [1–3]. Ionizing radiation eradicates 
GBM cells  by through inducing DNA damage while 
simultaneously triggering multiple radioresistance sign-
aling pathways, contributing to the limited efficacy of 
radiotherapy used in GBM treatment [4–10]. Targeting of 
these signaling pathways could potentially in enhance the 
radiosensitivity of GBM cells [4, 7, 11, 12].

The mutation status of the Alpha-thalassemia X-linked 
mutant retardation syndrome (ATRX) was incorporated 
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into the glioma diagnostic algorithm in 2016 [13]. Nota-
bly, GBM with the wild-type ATRX was found to be 
more common in adults with primary GBM. The ATRX 
mutations occurs at  high frequencies in  both low-grade 
gliomas (71%) and secondary GBM (57%) [14]. Isoci-
trate dehydrogenase (IDH) mutant GBM with ATRX 
loss exhibits a higher survival rate than the IDH mutant 
with the wild-type ATRX gene [15]. ATRX is a chroma-
tin remodeling protein that plays an important role in the 
deposition of the histone variant H3.3 [16]. It has been 
implicated in various pathways involved in  the DNA 
damage response (DDR), including the replication stress 
response [17–19], homologous recombination (HR) 
[20, 21], and nonhomologous end joining (NHEJ) [22]. 
Genomic profiling  of ATRX-deficient adult high-grade 
gliomas revealed the  genetic characteristics of homolo-
gous recombination repair [23]. ATRX plays a critical role 
in double-stranded break (DSB) repair [22]. However, its 
role in oncogenesis remains unknown [24]. Targeting 
ATRX and its pathways may improve the radiosensitivity 
of glioblastoma.

Previous studies have primarily focused on glio-
mas with ATRX inactivating mutations  that  leading to 
resistance to chemotherapeutic agents [25, 26]. ATRX 
deficiency impairs the process of NHEJ and enhances 
the  sensitivity to DNA-damaging agents [22]. Loss of 
ATRX also confers sensitivity to poly(ADP)-ribose poly-
merase inhibitors, which is  linked to an increase in rep-
lication stress [26]. However, the role of ATRX in  the 
radioresistance of wild-type GBM remains unclear.

The present study aimed to investigate the mutation 
rate and expression level of ATRX in GBM using bioin-
formatics analysis. In addition, ATRX expression was 
determined in GBM cell lines after flowing ionizing irra-
diation. Cell transfection was  performed  to investigate 
the effect of ATRX knockdown on the radiosensitivity of 
GBM cells.

Methods
Bioinformatics analysis of ATRX mutation and expression 
in GBM
The Cancer Genome Atlas (TCGA) database was 
searched using the following criteria: project, “TCGA-
low-grade glioma (LGG)” or “TCGA-GBM”; data.cat-
egory, “Simple Nucleotide Variation”; data.type, “Masked 
Somatic Mutation”; and access, “open.” The R packages 
maftools (version 2.14.0, R Foundation for Statistical 
Computing, Vienna, Austria) was subsequently  used to 
analyze the gene mutation status in LGG and GBM. while 
the  Kaplan-Meier and log-rank methods were used to 
analyze cumulative incidence between ATRX wild-type 
and mutant genes. Mutation types were further isolated 

to focus on single-nucleotide polymorphism (SNP) and 
deletions (DEL), for a  more comprehensive survival 
analysis.

Finally, ATRX expression levels were determined in two 
datasets (GSE162931 and GSE206917) extracted  from 
the  Gene Expression Omnibus (GEO). Gene expression 
profiling analysis was performed on primary GBM tissue 
samples and the corresponding paired recurrent tissue 
samples in the GSE206917 dataset [27]. Moreover, single-
cell RNA sequencing profiling was performed on 150,000 
single cells obtained from three patient-derived GBM 
cells in the GSE162931 dataset [28].

Cell culture and irradiation exposure models
GBM cell lines (U-251MG and LN229) were obtained 
from the American Type Culture Collection, and these 
were authenticated by STR profiling (Figs. S1 and S2). 
All cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco; Invitrogen; Thermo Fisher Sci-
entific, Inc.) supplemented with 10% fetal bovine serum 
(FBS; Gibco; Invitrogen; Thermo Fisher Scientific, Inc.) 
and 1% penicillin–streptomycin solution (Sigma-Aldrich; 
Merck KGaA). Cells were cultured in an incubator at 37 
℃ with 5%  CO2. The  U-251MG and LN229 cells were 
exposed to a single dose of 10-Gy radiation, as described 
in a previous report [29], and subsequently cultured at 37 
℃ with 5%  CO2. All cell lines in the radiation group were 
irradiated at the Beijing Institute of Radiation Medicine 
(Beijing, China). Blank cell lines that did not received no 
radiation were used as controls. All experiments were 
performed in triplicate.

Reverse transcription‑quantitative (RT‑q)PCR
Total RNA was extracted from the GBM cells using 
200-μl  TRIzol® reagent (Sigma-Aldrich: Merck KGaA). 
Total RNA was reverse transcribed using Superscript 
III Reverse Transcriptase (Invitrogen; Thermo Fisher 
Scientific, Inc.) and random primers. qPCR was subse-
quently performed using a reaction system comprising 
500-ng cDNA, 250-nM upstream and downstream prim-
ers, and 12.5 μl of 2× SYBR Green real-time PCR Master 
Mix (TOYOBO Life Science). The levels of ATRX mRNA 
were normalized to  those of GAPDH. Relative mRNA 
levels (ATRX/GAPDH) were defined as the ratio of nor-
malized ATRX mRNA levels in the experimental  and 
control groups. All primers used in the present study 
were designed and synthesized by Tsingke Biological 
Technology (Table 1).

Small interfering (si)RNA transfection
An siRNA mix was created by combining 6 μl of siRNA 
(100 μM; Table  2) with 500 μl of Opti-MEM solution 
(Gibco; Invitrogen; Thermo Fisher Scientific, Inc.) An 
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oligofectamine mix was  simultaneously created by mix-
ing 10 μl of  Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) with 500 μl of Opti-MEM. Both the 
mixtures were incubated at room temperature for 5 min. 
The two mixtures were then combined and incubated at 
room temperature 20 min. For transfection, the cells were 
cultured until 50–75% confluency was reached. The cells 
were then washed three times with DMEM without FBS, 
and DMEM (without FBS) was added directly into the 
culture plate. Notably, each 100-mm culture plate con-
tained 500 μl of the final mix, comprising siRNA, Lipo-
fectamine, and Opti-MEM. The cells were then incubated 
at 37 °C for 6 h. Subsequently, 10 ml of DMEM with 20% 
FBS was added to each culture plate, and  the cells were 
incubated at 37 °C for further 24 h prior to  the subse-
quent experiments. All siRNA and negative controls 
(NCs) used in  this the present study were designed and 
synthesized by Suzhou GenePharma Co., Ltd.

Colony formation assay
The colony formation assay was performed in 6-well 
plates. Cell suspensions were diluted to obtain a  seed-
ing concentration of 0.2 ×  104/ml for U-251MG cells 
and 0.5 ×  104/ml for LN229 cells. Following seeding, all 
cells were incubated for 15 days. After  incubation, the 
cell medium was removed, and cells were washed with 
PBS. In total, 2-ml 0.5% crystal violet was added to all 

cell suspensions, after which the plates were incubated at 
room temperature for 30 min. The cells were then washed 
with tap water to remove the crystal violet solution. The 
plates were dried at room temperature, and the number 
of colonies was determined. A colony was defined as a 
group containing of at least 50 aggregates.

Statistical analysis
All data are expressed as the mean ± standard error of the 
mean (SEM). Statistical analyses were conducted using 
GraphPad Prism  software (version, 8.0; GraphPad Soft-
ware, Inc.). Two-tailed unpaired Student’s t-tests were 
used to analyze differences between two groups, and 
one-way or two-way ANOVA were used to analyze  the 
differences between multiple groups with post hoc com-
parisons using the Student–Newman–Keuls test. Bio-
informatics analyses were performed using R software 
(version, 4.2.2; R Foundation for Statistical Comput-
ing, Vienna, Austria). Kaplan-Meier analysis and log-
rank tests were performed using SPSS (version, 26; IBM 
Corp.). Statistical significance was set at P < 0.05.

Results
Lower rates of ATRX mutations in primary GBM are 
associated with reduced survival times
The ATRX mutation status in patients with GBM or 
LGG in  the TCGA database was analyzed using bioin-
formatics analysis. While  the IDH mutation status of 
tumors further analyzed for comparison. In  the TCGA-
LGG group, 10,675 gene mutations were detected in 524 
patients,  while in the TCGA-GBM group, there were 
12,803 mutations  were identified  in 461 patients. Over-
all,  the ATRX mutation rate in patients with GBM was 
significantly lower(8%), than  that  in  patients with LGG 
(77% Fig. 1). Further, ATRX and IDH1 mutations do not 
always occur simultaneously. The  results of the present 
study demonstrated that missense mutations, frameshift 
deletions, and in-frame insertions were the major ATRX 
mutations observed in ATRX in patients with GBM 
(Fig.  1A). In contrast, ATRX mutations observed in 
patients with LGG were all missense mutations.

Subsequently, survival analysis was performed to 
determine whether  the ATRX mutation status was 
associated with the overall survival of patients with 
GBM. The results of the Kaplan-Meier analysis revealed 
that patients with GBM harboring an ATRX mutation 
exhibited a significantly prolonged survival time (log-
rank test, P = 0.003), compared to those with wild-type 
ATRX (Fig.  2A). The subgroups of SNPs and DELs in 
the observed mutations was further investigated. Com-
pared to patients with the wild-type ATRX gene, patients 

Table 1 Primers used in RT-qPCR

RT-qPCR reverse transcription-quantitative PCR, ATRX alpha-thalassemia X-linked 
mutant retardation syndrome

Gene Primer Sequence (5′‑3′)

GAPDH Forward ATG GGG AAG GTG AAG GTC G

GAPDH Reverse GGG GTC ATT GAT GGC AAC AATA 

ATRX Forward ACG GCG TTA GTG GTT TGT CCTC 

ATRX Reverse GCA GCA TGT AGC TTC TCT CCTG 

Table 2 siRNAs used in the present study

siRNA, small interfering RNA; ATRX, alpha-thalassemia X-linked mutant 
retardation syndrome

siRNA siRNA sequence (5′‑3′)

ATRX-siRNA1-sense CGA AAG GAG UUG UCC ACA ATT 

ATRX-siRNA1-antisense UUG UGG ACA ACU CCU UUC GTT 

ATRX-siRNA2-sense CCA AAG AAG ACU AGU UCA ATT 

ATRX-siRNA2-antisense UUG AAC UAG UCU UCU UUG GTT 

ATRX-siRNA3-sense GGC UCA UCU UGC AUU GGA ATT 

ATRX-siRNA3-antisense UUC CAA UGC AAG AUG AGC CTT 

ATRX-siRNA4-sense CGA CUU GCA AUG AAU CAA ATT 

ATRX-siRNA4-antisense UUU GAU UCA UUG CAA GUC GTT 
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Fig. 1 ATRX mutation in A GBM and B LGG. ATRX mutation rate in patients with GBM (8%) was significantly lower than in patients with LGG 
(77%). Missense mutations, frameshift deletions, and in-frame insertions were the major mutations observed in ATRX in patients with GBM. ATRX 
mutations observed in patients with LGG were all missense mutations. ATRX, alpha-thalassemia X-linked mutant retardation syndrome; GBM, 
glioblastoma multiforme; LGG, low-grade glioma

Fig. 2 Kaplan-Meier analysis and log-rank test of overall survival between ATRX mutation and wild-type group. A Patients with an ATRX mutation 
exhibited a significantly prolonged survival time compared with patients with the ATRX wild-type gene (P = 0.003). B Patients with an ATRX deletion 
exhibited a significantly prolonged survival time compared with patients with the ATRX wild-type gene (P = 0.007). No significant differences were 
observed in patients with ATRX SNPs compared with patients with the ATRX wild-type gene (P = 0.113). ATRX, alpha-thalassemia X-linked mutant 
retardation syndrome; SNP, single-nucleotide polymorphism
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with an ATRX deletion exhibited a significantly pro-
longed survival time (log-rank test, P = 0.007). How-
ever, no significant differences were observed  between 
patients with an ATRX SNP and those with the wild-type 
ATRX (log-rank test, P = 0.113).

ATRX expression levels are increased in GBM models 
and recurrent GBM tissue samples
Single-cell RNA sequencing profiling was performed 
using the  GSE162931 datasets obtained from the GEO 
database. Orthotopic patient-derived GBM models (827 
and 022 GBM cells) were irradiated with 10 Gy  irra-
diation and harvested after two days. The  results of the 
single-cell RNA sequencing demonstrated that ATRX 
counts were significantly increased 2 days after irra-
diation (Fig.  3A, P< 0.001). Bulk RNA-seq sequencing 
analysis using the GSE206917 dataset  further revealed 
that ATRX expression levels were increased in recurrent 
GBM tissue samples; however, the difference was not sta-
tistically significant (Fig. 3B, P> 0.05).

ATRX expression levels in U‑251 MG cells are increased 
following irradiation
To determine ATRX expression levels in GBM cells fol-
lowing irradiation, U-251MG and LN229 GBM cells were 
exposed to a single dose of γ-radiation. while, ATRX 
mRNA expression levels were measured at 6h, 12h, 24h, 
and 48h after irradiation. The results of the present study 
demonstrated that ATRX expression levels in U-251MG 
cells were significantly increased following irradiation. 
Notably, ATRX expression reached the highest level at 
24h post-irradiation, after which it gradually decreased 
(Fig.  4A). This observed increase was not evident in 
LN229 cells (Fig. 4B), suggesting that does radiation did 
not induce increased ATRX expression in LN229 cells.

ATRX knockdown inhibits the radiation‑induced 
upregulation of ATRX expression
This, study  subsequently aimed to determine whether 
ATRX knockdown  affects the radiosensitivity of GMB 
cells. In the present study, Four siRNAs were used to 

Fig. 3 ATRX expression levels analyzed in GSE162931 and GSE206917 datasets using bioinformatics. A Single-cell RNA sequencing profiling 
in GSE162931 datasets revealed that ATRX expression levels were increased 2 days after radiation. B Bulk RNA sequencing analysis revealed 
that ATRX expression levels were increased in recurrent GBM tissue samples; however, the difference was not statistically significant. ****P < 0.0001. 
ATRX, alpha-thalassemia X-linked mutant retardation syndrome; GBM, glioblastoma multiforme

Fig. 4 ATRX expression levels measured by reverse transcription-quantitative PCR after irradiation and siRNA transfection assays. A and B ATRX 
expression levels were significantly increased following irradiation in U-251MG cells, and the expression levels peaked at 24 h after radiation. 
Relative ATRX/GAPDH mRNA expression levels were defined as the ratio of normalized ATRX mRNA levels in the experimental group to the control 
group. C and D Transfection efficiency of siRNA 1–3 reached 90–60% in U-251MG cells. Transfection efficiency of siRNA 1–3 reached 28–59% 
in LN229 cells. E and F ATRX expression levels were not increased in all four siRNA groups in U-251MG and LN229 cells following irradiation. *P < 
0.05, **P < 0.01, ***P < 0.001. siRNA, small interfering RNA; ATRX, alpha-thalassemia X-linked mutant retardation syndrome

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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knockdown  ATRX in U-251MG and LN229 cells, the 
transfection efficiency is  shown in Fig.  4C and D. In 
U-251MG cells, stable ATRX knockdown was achieved 
following transfection with siRNA 1–3, with a  transfec-
tion efficiency was 68–90%. In LN229 cells, the transfec-
tion efficiency was 28%–59%. At 24h following ATRX 
knockdown, GBM cells were irradiated, and ATRX 
expression levels were subsequently measured using RT-
qPCR. In U-251MG and LN229 cells, ATRX expression 
was not altered following irradiation with of the  four 
siRNA groups (Fig. 4E and 4F).

ATRX knockdown increases the radiosensitivity 
of U‑251MG cells
The present study aimed to determine whether ATRX 
knockdown increased the radiosensitivity of GBM cells. 

Results of the colony formation assay demonstrated 
that ATRX knockdown using siRNA 1–3 significantly 
inhibited the proliferation of U-251MG cells,  indicat-
ing that ATRX knockdown may increase the radiosensi-
tivity of U-251MG cells (Fig.  5). In the siRNA 4 group, 
there was no significant difference in the colony num-
ber of U-251MG cells compared  to the NC  group, pos-
sibly due to the low transfection efficiency of U-251MG 
cells. Moreover the proliferation  of LN229 cell was not 
inhibited.

Discussion
As a chromatin remodeling protein, ATRX plays an 
important role in double-stranded break repair in glioma 
[16, 22]. ATRX is directly  recruited directly to sites of 
DNA damage, and plays a noncanonical function  role 

Fig. 5 ATRX knockdown increases the radiosensitivity of U-251MG cells. Colony formation assays were carried out using U-251MG and LN229 
cells. Transfection with siRNA 1–3 significantly inhibited U-251MG cell proliferation compared with siRNA-NC. But cell proliferation of LN229 
was not inhibited. **P < 0.01. ATRX, alpha-thalassemia X-linked mutant retardation syndrome; siRNA, small interfering RNA; NC, negative control
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in guarding genomic stability [17]. ATRX expression 
lever  vary across different grades of gliomas. Notably, 
decreased ATRX mRNA expression has been found 
to be  indicative of low-grade astrocytoma [30]. ATRX 
mutations are more common in secondary GBMs than in 
primary tumors [31]. One  previous study demonstrated 
that patients in the ATRX-low group exhibited signifi-
cantly prolonged overall survival compared to those in 
the ATRX-high group [32].

Through bioinformatics analysis of LGG and GBM 
cases obtained from TCGA datasets, the present study 
revealed that the ATRX mutation rate in patients  with 
GBM  was significantly lower than that  in patients 
with LGG. Moreover, we found that ATRX and IDH1 
mutations do not always occur simultaneously in 
GBM  tumors. The  results of a previous study investi-
gating 163 adult patients with GBM demonstrated that 
ATRX-/IDH1+ only accounted for 4.3% of the  cases, 
whereas ATRX−/IDH1− accounted for 11% [33]. 
The  results of the Kaplan-Meier analysis in the present 
study revealed that patients harboring an ATRX muta-
tion exhibited a significantly prolonged survival time 
compared to those  harboring with the wild-type gene, 
which was comparable with the results  those of a pre-
vious study [33]. In addition, another previous study 
revealed that pediatric patients with HGG harboring an 
ATRX mutation exhibited a prolonged survival time [34]. 
Similarly, our results also revealed that patients with an 
ATRX deletion exhibited a significantly prolonged sur-
vival time compared to those with the ATRX wild-type 
gene.

GBM cells expressing  with wild-type  ATRX gene 
exhibit increased resistance to irradiation; however, 
the specific  underlying molecular mechanism remains 
unclear. An improved response to irradiation has been 
observed in mice harboring ATRX-deficient tumors 
[22]. The results of the present study indicate that ATRX 
expression in U-251MG cells was significantly increased 
following irradiation, while the expression levels peaked 
at 24h following irradiation. The  results of  the colony 
formation assay revealed that siRNA-mediated knock-
down of ATRX enhanced radiosensitivity. Notably, 
ATRX expression did not increased following irradiation 
of LN229 cells, while radiosensitivity was not enhanced 
following ATRX knockdown. As such, we hypothesized 
that increased expression of ATRX induced by radiation 
in GBM indicates of radioresistance. Further investiga-
tion into the specific molecular mechanisms and down-
stream signaling pathways in U-251MG and LN229 cells 
are required.

Previous studies have described the biological role 
of ATRX [16, 35, 36]. In one such study,  Voon et  al. 

[37] demonstrated that ATRX knockout results in the 
depletion of H3.3 and the loss of the H3K9me3 het-
erochromatin modifications at the methylated allele 
of imprinted differentially methylated regions [37]. 
ATRX further  binds to  zinc finger proteins (ZNFs) to 
maintain genomic stability  by  presering H3K9me3 
[38]. The  localization of chromobox homolog 5 
(CBX5) in telomeres is dependent on the association 
of ATRX with histone H3.3 [37, 39, 40]. ATRX-RNA 
interacts to regulates PRC2 localization to a subset of 
polycomb target genes [41]. ATRX further promotes 
chromatin reconstitution during the DNA repair syn-
thesis step of homologous recombination [20]. Mul-
tiple pro-survival signaling pathways, including those 
mediated by ATM, ATR, AKT, ERK, YAP, and NF-κB, 
which  promote the  activation of DNA damage check-
point or DNA repair, induction of autophagy, and/
or inhibition of apoptosis. These pathways contrib-
ute to the intrinsic radioresistance of cancer cells [4]. 
In another study  Qin  et al found  that ATRX-deficient 
GBM cells exhibited enhanced sensitivity to irradiation. 
Notably, ATRX-deficiency causes exhibit dysregulation 
of cell cycle phase transitions is mediated by check-
point kinase 1 [29], which may be a  potential a target 
for overcoming radioresistance in GBM harboring the 
wild-type ATRX gene.

ATRX knockdown induces telomere dysfunction, and 
this phenotype significantly decreases the enrichment 
inCBX5 at the telomeres [40]. ATRX knockdown has 
further been shown to result in a perturbed S-phase pro-
gression and increased sensitivity to replication stress 
[17]. Cells lacking ATRX are more sensitive to DNA-
damaging agents [42]. ATRX deficiency hinders the 
NHEJ process and increases  sensitivity to DNA-damag-
ing agents that induce double-stranded DNA breaks in 
mouse tumors [22]. ATRX deficiency specifically ampli-
fies DNA damage and cellular apoptosis both in vitro 
and in vivo [43]. In multiple GBM models, ATRX loss 
has been associated with dysregulation  of the  cell cycle 
phase transition in response to irradiation [29]. Target-
ing ATRX and its downstream pathways may  thus have 
exhibit potential in overcoming the radioresistance of 
GBM harboring the ATRX-wild gene.

The present study  has several limitations. Firstly, 
although targeting ATRX may reduce radioresistance in 
GBM, the degree to which ATRX contributes to radi-
oresistance varies depending on the GBM  type. Thus, 
further investigations  with multiple glioblastoma cell 
lines and orthotopic tumor formation experiments in 
mice are required. Secondy, the siRNA-mediated knock-
down of a target gene induces transcript degradation. In 
addition, siRNA-mediated knockdown is transient, and 
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GBM cells may regain ATRX expression. Future stud-
ies should involve permanent ATRX knockout assays 
using CRISPR-Cas9 to obtain more high-fidelity results. 
Moreover, our study showed that  the proliferation of 
U-251MG cells  following ATRX knockdown was found 
to be  decreased  after radiation exposure. However, it 
should be notede that a previous study implicated ATRX 
in the apoptotic process, showing that siRNA-mediated 
knockdown of ATRX leads to an increase in apoptotic 
cells [32]. Loss of ATRX has also been shown to augment 
the ability of glioma cells to induce T-cell apoptosis [44]. 
Thus, further investigations are required to determine 
the impact of ATRX knockdown on apoptosis and necro-
sis in GBM cells.

Conclusions
The present study revealed that the ATRX mutation rate 
in patients with GBM was significantly lower than  that 
in patients with LGG,  while and patients harboring an 
ATRX mutation exhibited a significantly prolonged sur-
vival time, compared  to those harboring  the ATRX wild-
type gene. ATRX expression levels were  also significantly 
increased in U-251MG cells following irradiation, while 
siRNA-mediated ATRX knockdown enhanced the radio-
sensitivity of GBM cells. Thus, the high expression levels of 
ATRX induced by radiation in GBM may be indicative of 
radioresistance.

Abbreviations
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LGG  Low-grade glioma
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GBM  Glioblastoma multiforme

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s41016- 024- 00371-6.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
Not applicable.

Authors’s contributions
YZ was responsible for writing the original draft. YC was responsible for data 
acquisition and analysis. RL was responsible for writing, reviewing, and editing. 
ML was responsible for data analysis. NY was responsible for data interpreta-
tion. CY was responsible for the interpretation of data. ML and NY confirm the 
authenticity of all the raw data. KZ was responsible for data analysis. BX was 
responsible for study design and approval of the final manuscript.

Funding
No funding was received.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Received: 19 March 2024   Accepted: 3 June 2024

References
 1. Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus concomi-

tant and adjuvant temozolomide for glioblastoma. New Engl J Med. 
2005;352(10):987–96. https:// doi. org/ 10. 1056/ NEJMo a0433 30.

 2. Grochans S, Cybulska AM, Siminska D, et al. Epidemiology of glioblastoma 
multiforme-literature review. Cancers (Basel). 2022;14(10):2412. https:// 
doi. org/ 10. 3390/ cance rs141 02412.

 3. Tan AC, Ashley DM, Lopez GY, Malinzak M, Friedman HS, Khasraw M. 
Management of glioblastoma: state of the art and future directions. CA 
Cancer J Clin. 2020;70(4):299–312. https:// doi. org/ 10. 3322/ caac. 21613.

 4. Ouellette MM, Zhou S, Yan Y. Cell signaling pathways that promote radi-
oresistance of cancer cells. Diagnostics (Basel). 2022;12(3):656. https:// doi. 
org/ 10. 3390/ diagn ostic s1203 0656.

 5. Huang RX, Zhou PK. DNA damage response signaling pathways and 
targets for radiotherapy sensitization in cancer. Signal Transduct Target 
Ther. 2020;5(1):60. https:// doi. org/ 10. 1038/ s41392- 020- 0150-x.

 6. Goenka A, Tiek D, Song X, Huang T, Hu B, Cheng SY. The many facets 
of therapy resistance and tumor recurrence in glioblastoma. Cells. 
2021;10(3):484. https:// doi. org/ 10. 3390/ cells 10030 484.

 7. Ali MY, Oliva CR, Noman ASM, et al. Radioresistance in glioblastoma and 
the development of radiosensitizers. Cancers (Basel). 2020;12(9):2511. 
https:// doi. org/ 10. 3390/ cance rs120 92511.

 8. Li R, Wang H, Liang Q, Chen L, Ren J. Radiotherapy for glioblastoma: clini-
cal issues and nanotechnology strategies. Biomater Sci. 2022;10(4):892–
908. https:// doi. org/ 10. 1039/ d1bm0 1401c.

 9. Frosina G. Radiotherapy of high-grade gliomas: first half of 2021 update 
with special reference to radiosensitization studies. Int J Mol Sci. 
2021;22(16):8942. https:// doi. org/ 10. 3390/ ijms2 21689 42.

 10. Liu S, Liu Y, Li G, Feng J, Chen L, Qiu X. High-dose radiation associated 
with improved survival in IDH-wildtype low-grade glioma. Chin Neuro-
surg J. 2021;7(1):22. https:// doi. org/ 10. 1186/ s41016- 021- 00239-z.

 11. Bindra RS, Chalmers AJ, Evans S, Dewhirst M. GBM radiosensitizers: dead 
in the water...or just the beginning? J Neurooncol. 2017;134(3):513–21. 
https:// doi. org/ 10. 1007/ s11060- 017- 2427-7.

 12 Mattei V, Santilli F, Martellucci S, et al. The importance of tumor stem 
cells in glioblastoma resistance to therapy. Int J Mol Sci. 2021;22(8):3863. 
https:// doi. org/ 10. 3390/ ijms2 20838 63.

 13. van den Bent MJ, Weller M, Wen PY, Kros JM, Aldape K, Chang S. A clinical 
perspective on the 2016 WHO brain tumor classification and routine 
molecular diagnostics. Neuro Oncol. 2017;19(5):614–24. https:// doi. org/ 
10. 1093/ neuonc/ now277.

 14. Karsy M, Guan J, Cohen AL, Jensen RL, Colman H. New molecular consid-
erations for glioma: IDH, ATRX, BRAF, TERT, H3 K27M. Curr Neurol Neurosci 
Rep. 2017;17(2):19. https:// doi. org/ 10. 1007/ s11910- 017- 0722-5.

 15. Priambada D, ThoharArifin M, Saputro A, et al. Immunohistochemical 
expression of IDH1, ATRX, Ki67, GFAP, and prognosis in Indonesian glioma 
patients. Int J Gen Med. 2023;16:393–403. https:// doi. org/ 10. 2147/ IJGM. 
S3975 50.

 16. Haase S, Garcia-Fabiani MB, Carney S, et al. Mutant ATRX: uncover-
ing a new therapeutic target for glioma. Expert Opin Ther Targets. 
2018;22(7):599–613. https:// doi. org/ 10. 1080/ 14728 222. 2018. 14879 53.

https://doi.org/10.1186/s41016-024-00371-6
https://doi.org/10.1186/s41016-024-00371-6
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.3390/cancers14102412
https://doi.org/10.3390/cancers14102412
https://doi.org/10.3322/caac.21613
https://doi.org/10.3390/diagnostics12030656
https://doi.org/10.3390/diagnostics12030656
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.3390/cells10030484
https://doi.org/10.3390/cancers12092511
https://doi.org/10.1039/d1bm01401c
https://doi.org/10.3390/ijms22168942
https://doi.org/10.1186/s41016-021-00239-z
https://doi.org/10.1007/s11060-017-2427-7
https://doi.org/10.3390/ijms22083863
https://doi.org/10.1093/neuonc/now277
https://doi.org/10.1093/neuonc/now277
https://doi.org/10.1007/s11910-017-0722-5
https://doi.org/10.2147/IJGM.S397550
https://doi.org/10.2147/IJGM.S397550
https://doi.org/10.1080/14728222.2018.1487953


Page 10 of 10Zhao et al. Chinese Neurosurgical Journal           (2024) 10:19 

 17. Leung JW, Ghosal G, Wang W, et al. Alpha thalassemia/mental retardation 
syndrome X-linked gene product ATRX is required for proper replica-
tion restart and cellular resistance to replication stress. J Biol Chem. 
2013;288(9):6342–50. https:// doi. org/ 10. 1074/ jbc. M112. 411603.

 18. Huh MS, Ivanochko D, Hashem LE, et al. Stalled replication forks 
within heterochromatin require ATRX for protection. Cell Death Dis. 
2016;7:e2220. https:// doi. org/ 10. 1038/ cddis. 2016. 121.

 19 Clynes D, Jelinska C, Xella B, et al. Suppression of the alternative lengthen-
ing of telomere pathway by the chromatin remodelling factor ATRX. Nat 
Commun. 2015;6:67538. https:// doi. org/ 10. 1038/ ncomm s8538.

 20 Juhasz S, Elbakry A, Mathes A, Lobrich M. ATRX promotes DNA repair 
synthesis and sister chromatid exchange during homologous recombina-
tion. Mol Cell. 2018;71(1):11-24 e7. https:// doi. org/ 10. 1016/j. molcel. 2018. 
05. 014.

 21. Raghunandan M, Yeo JE, Walter R, et al. Functional cross talk between the 
Fanconi anemia and ATRX/DAXX histone chaperone pathways promotes 
replication fork recovery. Hum Mol Genet. 2020;29(7):1083–95. https:// 
doi. org/ 10. 1093/ hmg/ ddz250.

 22. Koschmann C, Calinescu AA, Nunez FJ, et al. ATRX loss promotes tumor 
growth and impairs nonhomologous end joining DNA repair in glioma. 
Sci Transl Med. 2016;8(328):328ra28. https:// doi. org/ 10. 1126/ scitr anslm ed. 
aac82 28.

 23. Bedics G, Szoke P, Batai B, et al. Novel, clinically relevant genomic patterns 
identified by comprehensive genomic profiling in ATRX-deficient IDH-
wildtype adult high-grade gliomas. Sci Rep. 2023;13(1):18436. https:// doi. 
org/ 10. 1038/ s41598- 023- 45786-w.

 24. Leeper HE, Caron AA, Decker PA, Jenkins RB, Lachance DH, Giannini C. 
IDH mutation, 1p19q codeletion and ATRX loss in WHO grade II gliomas. 
Oncotarget. 2015;6(30):30295–305. https:// doi. org/ 10. 18632/ oncot arget. 
4497.

 25 Han B, Meng X, Wu P, et al. ATRX/EZH2 complex epigenetically regulates 
FADD/PARP1 axis, contributing to TMZ resistance in glioma. Theranostics. 
2020;10(7):3351–65. https:// doi. org/ 10. 7150/ thno. 41219.

 26. Garbarino J, Eckroate J, Sundaram RK, Jensen RB, Bindra RS. Loss of ATRX 
confers DNA repair defects and PARP inhibitor sensitivity. Transl Oncol. 
2021;14(9):101147. https:// doi. org/ 10. 1016/j. tranon. 2021. 101147.

 27. Zhao M, Li Y, Lu C, et al. PGC1alpha degradation suppresses mitochon-
drial biogenesis to confer radiation resistance in glioma. Cancer Res. 
2023;83(7):1094–110. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 22- 3083.

 28 Jeon HM, Kim JY, Cho HJ, et al. Tissue factor is a critical regulator of 
radiation therapy-induced glioblastoma remodeling. Cancer Cell. 
2023;41(8):1480-1497 e9. https:// doi. org/ 10. 1016/j. ccell. 2023. 06. 007.

 29. Qin T, Mullan B, Ravindran R, et al. ATRX loss in glioma results in dysregu-
lation of cell-cycle phase transition and ATM inhibitor radio-sensitization. 
Cell Rep. 2022;38(2):110216. https:// doi. org/ 10. 1016/j. celrep. 2021. 110216.

 30. Cai J, Yang P, Zhang C, et al. ATRX mRNA expression combined with 
IDH1/2 mutational status and Ki-67 expression refines the molecular clas-
sification of astrocytic tumors: evidence from the whole transcriptome 
sequencing of 169 samples samples. Oncotarget. 2014;5(9):2551–61. 
https:// doi. org/ 10. 18632/ oncot arget. 1838.

 31. Brennan CW, Verhaak RG, McKenna A, et al. The somatic genomic land-
scape of glioblastoma. Cell. 2013;155(2):462–77. https:// doi. org/ 10. 1016/j. 
cell. 2013. 09. 034.

 32. Cai J, Chen J, Zhang W, et al. Loss of ATRX, associated with DNA methyla-
tion pattern of chromosome end, impacted biological behaviors of 
astrocytic tumors. Oncotarget. 2015;6(20):18105–15. https:// doi. org/ 10. 
18632/ oncot arget. 3906.

 33. Chaurasia A, Park SH, Seo JW, Park CK. Immunohistochemical analysis of 
ATRX, IDH1 and p53 in glioblastoma and their correlations with patient 
survival. J Korean Med Sci. 2016;31(8):1208–14. https:// doi. org/ 10. 3346/ 
jkms. 2016. 31.8. 1208.

 34. Uppar AM, Sugur H, Prabhuraj AR, et al. H3K27M, IDH1, and ATRX 
expression in pediatric GBM and their clinical and prognostic signifi-
cance. Childs Nerv Syst. 2019;35(9):1537–45. https:// doi. org/ 10. 1007/ 
s00381- 019- 04222-z.

 35. Nandakumar P, Mansouri A, Das S. The role of ATRX in glioma biology. 
Front Oncol. 2017;7:236. https:// doi. org/ 10. 3389/ fonc. 2017. 00236.

 36 Valenzuela M, Amato R, Sgura A, Antoccia A, Berardinelli F. The multiple 
facets of ATRX protein. Cancers (Basel). 2021;13(9):22211. https:// doi. org/ 
10. 3390/ cance rs130 92211.

 37. Voon HP, Hughes JR, Rode C, et al. ATRX plays a key role in maintaining 
silencing at interstitial heterochromatic loci and imprinted genes. Cell 
Rep. 2015;11(3):405–18. https:// doi. org/ 10. 1016/j. celrep. 2015. 03. 036.

 38 Valle-Garcia D, Qadeer ZA, McHugh DS, et al. ATRX binds to atypical chro-
matin domains at the 3’ exons of zinc finger genes to preserve H3K9me3 
enrichment. Epigenetics. 2016;11(6):398–414. https:// doi. org/ 10. 1080/ 
15592 294. 2016. 11693 51.

 39. Berube NG, Smeenk CA, Picketts DJ. Cell cycle-dependent phosphoryla-
tion of the ATRX protein correlates with changes in nuclear matrix and 
chromatin association. Hum Mol Genet. 2000;9(4):539–47. https:// doi. 
org/ 10. 1093/ hmg/9. 4. 539.

 40. Wong LH, McGhie JD, Sim M, et al. ATRX interacts with H3.3 in maintain-
ing telomere structural integrity in pluripotent embryonic stem cells. 
Genome Res. 2010;20(3):351–60. https:// doi. org/ 10. 1101/ gr. 101477. 109.

 41 Ren W, Medeiros N, Warneford-Thomson R, et al. Disruption of ATRX-RNA 
interactions uncovers roles in ATRX localization and PRC2 function. Nat 
Commun. 2020;11(1):2219. https:// doi. org/ 10. 1038/ s41467- 020- 15902-9.

 42. Conte D, Huh M, Goodall E, Delorme M, Parks RJ, Picketts DJ. Loss of Atrx 
sensitizes cells to DNA damaging agents through p53-mediated death 
pathways. PLoS One. 2012;7(12): e52167. https:// doi. org/ 10. 1371/ journ al. 
pone. 00521 67.

 43 Wang Y, Yang J, Wild AT, et al. G-quadruplex DNA drives genomic instabil-
ity and represents a targetable molecular abnormality in ATRX-deficient 
malignant glioma. Nat Commun. 2019;10(1):943. https:// doi. org/ 10. 1038/ 
s41467- 019- 08905-8.

 44. Hu C, Wang K, Damon C, et al. ATRX loss promotes immunosuppressive 
mechanisms in IDH1 mutant glioma. Neuro Oncol. 2022;24(6):888–900. 
https:// doi. org/ 10. 1093/ neuonc/ noab2 92.

https://doi.org/10.1074/jbc.M112.411603
https://doi.org/10.1038/cddis.2016.121
https://doi.org/10.1038/ncomms8538
https://doi.org/10.1016/j.molcel.2018.05.014
https://doi.org/10.1016/j.molcel.2018.05.014
https://doi.org/10.1093/hmg/ddz250
https://doi.org/10.1093/hmg/ddz250
https://doi.org/10.1126/scitranslmed.aac8228
https://doi.org/10.1126/scitranslmed.aac8228
https://doi.org/10.1038/s41598-023-45786-w
https://doi.org/10.1038/s41598-023-45786-w
https://doi.org/10.18632/oncotarget.4497
https://doi.org/10.18632/oncotarget.4497
https://doi.org/10.7150/thno.41219
https://doi.org/10.1016/j.tranon.2021.101147
https://doi.org/10.1158/0008-5472.CAN-22-3083
https://doi.org/10.1016/j.ccell.2023.06.007
https://doi.org/10.1016/j.celrep.2021.110216
https://doi.org/10.18632/oncotarget.1838
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.18632/oncotarget.3906
https://doi.org/10.18632/oncotarget.3906
https://doi.org/10.3346/jkms.2016.31.8.1208
https://doi.org/10.3346/jkms.2016.31.8.1208
https://doi.org/10.1007/s00381-019-04222-z
https://doi.org/10.1007/s00381-019-04222-z
https://doi.org/10.3389/fonc.2017.00236
https://doi.org/10.3390/cancers13092211
https://doi.org/10.3390/cancers13092211
https://doi.org/10.1016/j.celrep.2015.03.036
https://doi.org/10.1080/15592294.2016.1169351
https://doi.org/10.1080/15592294.2016.1169351
https://doi.org/10.1093/hmg/9.4.539
https://doi.org/10.1093/hmg/9.4.539
https://doi.org/10.1101/gr.101477.109
https://doi.org/10.1038/s41467-020-15902-9
https://doi.org/10.1371/journal.pone.0052167
https://doi.org/10.1371/journal.pone.0052167
https://doi.org/10.1038/s41467-019-08905-8
https://doi.org/10.1038/s41467-019-08905-8
https://doi.org/10.1093/neuonc/noab292

	Knockdown of ATRX enhances radiosensitivity in glioblastoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Bioinformatics analysis of ATRX mutation and expression in GBM
	Cell culture and irradiation exposure models
	Reverse transcription-quantitative (RT-q)PCR
	Small interfering (si)RNA transfection
	Colony formation assay
	Statistical analysis

	Results
	Lower rates of ATRX mutations in primary GBM are associated with reduced survival times
	ATRX expression levels are increased in GBM models and recurrent GBM tissue samples
	ATRX expression levels in U-251 MG cells are increased following irradiation
	ATRX knockdown inhibits the radiation-induced upregulation of ATRX expression
	ATRX knockdown increases the radiosensitivity of U-251MG cells

	Discussion
	Conclusions
	Acknowledgements
	References


