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Introduction

Glioblastoma (GBM) is a very well-known and fatal kind of 
primary malignant brain tumor in adults, with a 1-year 
median survival period. Even in the best of situations, the 
majority of patients die within 2 years1,2. Surgical excision 
along with temozolomide (TMZ) chemotherapy as well as 
radiation are the conventional therapies for GBM, and they 
are more successful relative to radiation alone3. TMZ causes 
apoptosis by methylating guanine and causing DNA damage, 
which increases the median survival time from 12 to 15 
months4. Most patients, however, suffer refractory illness 
along with tumor relapse as a result of GBM cells’ innate or 
acquired chemoresistance5. As a result, understanding the 
molecular mechanisms accounting for GBM cell chemore-
sistance is pivotal for developing more effective therapeutic 
approaches.

The chemotherapeutic drug TMZ is an SN1 methylating 
agent that can cross the blood-brain barrier6. It spontane-
ously hydrolyzes at physiological pH to make 3-methyl-
(triazen-1-yl) imidazole-4-carboxamide (MTIC), which then 
produces 4-amino-5-imidazole carboxamide and the methyl 
diazonium (MDI) ion. Although MDI methylates DNA at 
several locations, O6-methylguanine (O6MeG) is the most 
important DNA lesion for treatment7,8. In gliomas, O6MeG 

does not immediately cause cell death; instead, it needs  
DNA replication coupled with mismatch repair to enable the 
creation of DNA double-strand breaks (DSBs)9,10. The ulti-
mate deadly lesions are assumed to be these DSBs. TMZ 
resistance may be mediated by a number of mechanisms11, 
consisting of DNA methyltransferase (MGMT) along with 
DNA repair, and speeding up the repair of DSBs can improve 
GBM cells’ TMZ chemical resistance11,12. It has been 
reported that NHEJ (non-homologous end-joining)13, HR 
(homologous recombination)14, and BER (base excision 
repair)15 are all involved in the formation of TMZ resistance. 
However, whether NER (nucleotide excision repair) is 
involved in TMZ resistance is still unclear.
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Abstract
Glioblastoma is the most frequent, as well as aggressive kind of high-grade malignant glioma. Chemoresistance is posing 
a significant clinical barrier to the efficacy of temozolomide-based glioblastoma treatment. By suppressing xeroderma 
pigmentosum group A (XPA), a pivotal DNA damage recognition protein implicated in nucleotide excision repair (NER), we 
devised a novel method to enhance glioblastoma therapy and alleviate temozolomide resistance. On the basis of preliminary 
assessment, we found that XPA dramatically increased in glioblastoma compared with normal cells and contributed to 
temozolomide resistance. By constructing XPA stably knockdown cells, we illustrate that XPA protects glioma cells from 
temozolomide-triggered reproductive cell death, apoptosis, as well as DNA repair. Besides, XPA silencing remarkably 
enhances temozolomide efficacy in vivo. This study revealed a crucial function of XPA-dependent NER in the resistance of 
glioma cells to temozolomide.
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NER is a flexible and ubiquitous repair process that can 
remove an extensive range of DNA helix-distorting lesions, 
including bulky DNA adducts16,17. More than 30 proteins 
make up the NER cascade, which is responsible for DNA 
damage detection, verification, incision, excision, gap fill-
ing, as well as ligation18. NER’s core protein, xeroderma pig-
mentosum group A (XPA), is involved in DNA damage 
verification as well as the mobilization of other NER pro-
teins. DNA docking is the only biological action attributed to 
XPA. Damaged along with undamaged DNA strands are 
bound by XPA19. XPA works with replication protein A 
(RPA) to provide a scaffold for the construction and stability 
of the NER pre-incision complex, which organizes damaged 
DNA and this complex to guarantee lesions are excised prop-
erly20. XPA has been found to cross talk with proteins that are 
involved in every step of the NER process, from damage rec-
ognition through DNA synthesis21. XPA also cross talks with 
proteins that are not involved in the repair process22–24. In 
germ cell cancers, elevated XPA contents may be the cause 
of cisplatin resistance25. Via the activation of PARP1, XPA 
increases autophagy in melanoma cells to aid cisplatin 
resistance26.

Given its dual role in detecting and mobilizing other DNA 
repair proteins to the damaged template for NER, we specu-
late that XPA modulation may be pivotal in determining sen-
sitivity to TMZ. According to analysis of publicly available 
database, the contents of XPA may harbor a role in TMZ 
resistance. We show that silencing XPA makes glioma cells 
more susceptible to TMZ-triggered cell death, apoptosis, and 
DSB repair. We established that XPA elevated glioma cell 
resistance to TMZ emphasizing the role of NER in TMZ-
triggered DNA damage tolerance and suggests an approach 
for targeting this repair mechanism during TMZ-based gli-
oma treatment.

Materials and Methods

Cell Culture and Reagents

U-87 MG, U-251, HEK-293T, the primary HUVECs (human 
umbilical cord endothelial cells), and the smooth muscle 
cells (HUASMCs) were commercially provided by the 
Institute of Biochemistry and Cell Biology, Chinese Academy 
of Sciences. U-87 MG and HEK-293T, along with U-251 
cells, were inoculated in the Dulbecco’s modified eagle 
medium (DMEM) medium enriched with 10% fetal bovine 
serum (FBS) along with 1% pen/strep for growth. HUVECs 
were inoculated in HUVEC media (R&D Systems, 
Minneapolis, MN, USA, CCM027) for growth. Human aor-
tic smooth muscle cells (HASMCs) were inoculated in 
HASMC complete medium (Procell, Wuhan, China, Cat# 
CM-H081).TMZ-resistant clones (U-87 MG-R, U-251-R) 
were originated from the TMZ-sensitive U-87 MG or U-251 
cells by culturing them with increasing doses of TMZ, as 

documented previously27. All cell lines were incubated at 
37°C along with 5% CO2 settings. Cells were assessed for 
contamination with mycoplasma every 2 months, and we 
only used the mycoplasma-negative cells. TMZ, T4N5, and 
UCN-01 were provided by Sigma-Aldrich, USA and dis-
persed in dimethyl sulfoxide (DMSO), then diluted using 
DMEM to its final level.

Lentiviral Systems for XPA Silencing

Addgene provided the pLKO.1 purobased lentiviral vectors 
(containing a distinct shRNA coding sequence, packaging 
plasmid pCMVR8.91, as well as pMD). Packaging recombi-
nant lentiviruses was done as documented by the manufac-
turer. Using LipofectamineTM 2000 Transfection Reagent, 
lentivirus was created by transfecting HEK-293T cells with 
the lentiviral vector (4 g) along with the packaging plasmids, 
pCMVR8.91 (4 μg), as well as pMD (0.4 μg) (Thermo Fisher 
Scientific, USA). The lentiviral plasmids targeting XPA were 
TRCN0000083194 (shXPA #1: GCATTAGAAGAAGCA 
AAGGAA), TRCN0000083196 (shXPA #2: CATGAGTATG 
GACCAGAAGAA), and pLKO.1 (scrambled shCon). U-87 
MG along with U-87 MG-R cells were inoculated with lenti-
viral supernatants harboring 8 μg/ml polybrene for 24 h. 
Afterward, we replaced the medium, followed by another 48 
h of incubation. To establish the stable cell lines, puromycin 
(5μg/ml) was introduced 48 h post transfection. Collection of 
stable cells was done for western blotting to assess the effi-
ciency of silencing, and a CCK-8 assay was adopted to assess 
the influence on TMZ sensitivity.

Western Blot

Lysing of cells or tumor tissues was done with the radio-
immunoprecipitation assay (RIPA) buffer and span at 13,000 
× g for 20 min. Fractionation of the proteins was done on the 
sodium dodecyl sulfate polyacrylamide gel electrophores 
(SDS/PAGE) gels, and subsequently blotted onto a poly-
vinylidene fluoride (PVDF) membrane, and inoculated 
with probed overnight with antibodies against mouse anti-
GAPDH (1:5000; Santa Cruz, USA, sc-32233), mouse  
anti-XPA (1:1000, Invitrogen, USA, MA1-21460), mouse 
anti-XPB (1:500, Santa Cruz, USA, sc-271500), mouse anti-
XPC (1:1000, Novus Biologicals, England, NB100-477), 
mouse anti-XPD (1:1000, Abcam, Cambridge, England, 
ab54676), mouse anti-XPF (1:1000, Invitrogen, USA, MA5-
12054), mouse anti-XPG (1:1000, Santa Cruz, USA, 
sc-13563), mouse anti-ERCC1 (1:500, Santa Cruz, USA, 
sc-17809), rabbit anti-DDB1 (1:1000, Abcam, Cambridge, 
England, ab109027), mouse anti-DDB2 (1:1000, Abcam, 
Cambridge, England, ab51017), and rabbit anti-γH2AX 
(1:1000, Abcam, Cambridge, England, ab11174) at 4°C. 
Afterward, we inoculated the stripped membranes with a 
secondary antibody of goat anti-mouse or anti-rabbit IgG 
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(1:5000, Thermo Fisher, USA) and then visualization was 
done with enhanced chemiluminescence.

Cell-Proliferation Assays

Cells (3 × 103) were inoculated for 12 h in the DMEM 
medium enriched with 10% FBS. We rinsed the cells twice in 
phosphate buffered saline (PBS), and then inoculated them 
in DMEM medium enriched with 10% FBS along with indi-
cated inhibitors or agonists and cultured for additional 48 h. 
The growth rates were detected by the CCK-8 assay as docu-
mented by the manufacturer. Each experiment was per-
formed in triplicate.

Apoptosis Determination by Flow Cytometry

Cells were inoculated with specified levels of TMZ for 48 
h, and then they were prepared for assessment. Annexin 
V/fluorescein isothiocyanate (FITC) was employed to 
label the unfixed cells, followed by staining in 1 μg/ml 
propidium iodide (PI) prior and subsequent cytometry 
analysis was done. Apoptotic cells were categorized as 
Annexin V positive, while necrotic/late-apoptotic cells 
were categorized as Annexin V and PI double-positive 
cells. A fluorescence-activated cell sorting (FACS) flow 
cytometer was utilized for the flow cytometric analyses 
(Miltenyi, Germany). FlowJo software was adopted to 
analyze the data.

Reverse Transcription–Quantitative Polymerase 
Chain Reaction Assays

Isolation of total RNA was done with the RNeasy kit (Qiagen, 
Hilden, Germany, #74104). After that, cDNA was generated 
from the RNA with the PrimeScript RT reagent kit (TaKaRa, 
Shiga, Japan, #RR037A) as documented by the manufac-
turer. Next, we used the SYBR Green PCR Master Mix 
(Thermo Fisher, #4368706) to quantify the mRNA contents 
via quantitative polymerase chain reaction (qPCR), with 
GAPDH serving as the normalization control.

Immunofluorescence Staining

We fixed the cells with 4% PFA. After that, rinsing of the cells 
with PBS harboring 0.1% (v/v) Triton-X-100 solution was 
done. PBS harboring 2% BSA was employed to block the 
cells. After that, cells were inoculated with rabbit anti-H2AX 
antibody (1:200, Abcam, ab11174). Subsequently, we inocu-
lated the cells with a secondary antibody linked to Alexa 488 
(Molecular Probes, Life Technologies, Japan). Fluorescence 
microscopy was adopted to capture digital pictures after 
counterstaining the cells with 4′,6-diamidino-2-phenylindole 
(DAPI; DP72, Olympus, USA).

Immunohistochemistry

In brief, 5 µm slices were fixed at room temperature in para-
formaldehyde (PFA) (4%) for 30 min. Thereafter, 2% bovine 
serum albumin (BSA) was employed to block the cells for  
1 h. Next, we overnight inoculated the slides with rabbit anti-
γH2AX (1:200, Abcam, ab11174), mouse anti-XPA (1:100, 
Invitrogen, MA1-21460), and rabbit anti-Ki67 (1:1000, 
Abcam, ab15580) at 4°C. Afterward, we inoculated the cells 
with biotinylated secondary antibody for 1 h, and we used 
diaminobenzidine as the chromogen substrate.

Tumor Growth Assays

Female BALB/c nude mice (8 weeks old, about 22 g) were 
provided food along with water ad libitum and housed at 
pathogen-free conditions at 20°C with a humidity of 60%, 
alternating between light and dark for 12 h. Each group con-
sisted of five mice, all provided with appropriate food along 
with water and did not die normally. To generate tumors, 
U-87 MG shCon, U-87 MG shXPA, U-87 MG-R shCon, and 
U-87 MG-R shXPA cells were subcutaneously inoculated 
into nude mice, and then we treated subcutaneously inocu-
lated mice with TMZ at a dosage of 1 mM per day for 2 
weeks. After that, we excised the tumors and determined the 
volume along with weight of each tumor. Approval of this 
study was granted by the Ethics Committee of Wenzhou 
Medical University.

Statistics

All analyses were done in the GraphPad 6.0 software. All 
data herein were representative of at least three independent 
experiments. Data are given as mean ± standard error of the 
mean. * designates P < 0.05, ** designates P < 0.01, and 
*** designates P < 0.001.

Results

NER Participates in TMZ Resistance

To investigate whether NER regulates TMZ sensitivity in 
glioblastomas, we assessed the effect of NER activator T4N5 
and NER inhibitor UCN-01 on U87 and U251 cells com-
bined with TMZ. CCK8 assays showed that T4N5 inhibited 
TMZ-triggered cell death (Fig. 1A), while UCN-01 sensi-
tized U87 and U251 cells to TMZ-triggered cell death (Fig. 
1B). These results suggested that NER may participate in 
TMZ resistance. We created TMZ-resistant U87 cell lines 
(U87-R cells) and U251 cell lines to better understand cel-
lular TMZ resistance mechanisms (U251-R cells). When 
compared with their parent cells, these cells had a 5.0-fold 
and 2.4-fold increase in TMZ resistance, respectively, 
according to CCK8 tests. In U87-R along with U251-R cells, 
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UCN-01 reversed TMZ resistance. Taken together, enhanced 
NER triggered TMZ resistance in GBM cells.

TMZ-Resistant GBM Cells Exhibit a High 
Expression Level of XPA

To determine the mechanism of how NER regulates TMZ 
resistance, the protein levels and the mRNA levels of NER-
related genes in U87-R, U251-R cells, and their parent cells 
were analyzed. The expression of XPA was remarkably 
increased in both mRNA level and protein level (Fig. 2A, B). 
We also assess the expression of XPA in tumor cells and 
untransformed cells. Primary HUVECs and HUASMCs both 
had elevated contents of XPA in contrast with U87 along 
with U251 glioblastoma cells (Fig. 2C, D). Consistent with 

our findings, The Cancer Genome Atlas (TCGA) data analy-
sis showed that the expression of XPA exhibited the stron-
gest, as well as most remarkable increase in contrast with the 
normal tissue (Fig. 2E). These results indicated a high 
expression level of XPA in glioblastoma cells and TMZ-
resistant cells.

Silencing XPA Attenuates TMZ Resistance

After establishing that glioblastoma cells over-express XPA 
in situ, we investigated whether XPA shields glioblastoma 
cells against the chemotherapy TMZ. To this end, we pre-
dicted the chemotherapeutic response and the spearman  
correlation analysis of IC50 score and XPA gene expression 
on the basis of the largest pharmacogenomics data resource 

Figure 1. Nucleotide excision repair participates in temozolomide resistance. U87 cells and U251 cells were treated with 
temozolomide and T4N5 (A) or UCN-01 (B). The cell viability was analyzed by CCK8 assay. (C) U87 cells and U87-R cells, U251 cells 
and U251-R cells were treated with temozolomide and UCN-01. The cell viability was analyzed by CCK8 assay. 
TMZ: temozolomide.
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Figure 2. Temozolomide-resistant GBM cells exhibits a high expression level of XPA. (A) Representative western blot analysis of NER-
related proteins and GAPDH in U87 cells, U87-R cells, U251 cells and U251-R cells. (B) qRT-PCR analysis of NER-related genes and 
GAPDH in U87 cells, U87-R cells, U251 cells and U251-R cells. ***P ≤ 0.001, compared with U87 group. (C) Representative western 
blot analysis of XPA and GAPDH in HUVEC, HUASMC, U87 cells and U251 cells. *P ≤ 0.05, compared with U251 group. (D) qRT-PCR 
analysis of XPA and GAPDH in HUVEC, HUASMC, U87 cells and U251 cells. **P ≤ 0.01, ***P ≤ 0.001, compared with HUVEC group. 
(E) Expression pattern of XPA in glioblastoma tumor tissue and brain tissue based on datasets in TCGA. ***P ≤ 0.001, compared with 
Tumor group.

[the Genomics of Drug Sensitivity in Cancer (GDSC) data 
resource, https://www.cancerrxgene.org/]. High expression 
of XPA exhibited a high IC50 of TMZ, and the IC50 of TMZ 
showed a correlation with XPA gene expression (Fig. 3A, 
B). To further examine this correlation, XPA was stably 
silenced in the glioblastoma cell line U87 cells along with 
U87-R cells (Fig. 3C, D). Knockdown of XPA remarkably 
sensitized U87 cells to TMZ-triggered cell death and 
reversed TMZ resistance of U87-R cells (Fig. 3E). Apoptosis 
has been proven to be responsible for TMZ-triggered cell 
death in glioblastoma cells28. As a result, whether the 
enhanced cell death in XPA silenced cells in response to 
TMZ inoculation is attributable to an increase in apoptosis 
was assessed. U87 shCon cells, U87 shXPA cells, U87-R 
shCon cells, and U87-R shXPA cells were inoculated with 
TMZ and quantification of apoptosis, as well as necrosis 
response were performed via annexin V/PI labeling along 
with flow cytometry. XPA silencing remarkably sensitized 
glioma cells to TMZ-triggered apoptosis along with necro-
sis (Fig. 3F). These data illustrated that XPA makes glio-
blastoma cells resistant to the methylating agent TMZ’s 
lethal action.

XPA Triggers the Repair of TMZ-Triggered  
DNA DSBs

Furthermore, we assessed the status of DNA damage of U87 
and U87-R cells stably transfected with shCon or shXPA by 
analyzing the phosphorylation of H2AX (γ-H2AX). Depletion 
of XPA in both U87 and U87-R cells resulted in persistently 
high contents of γ-H2AX up to 24 h after TMZ inoculation, in 
contrast with the control cells, where γ-H2AX could not be 
identified beyond 12 h after inoculation with TMZ (Fig. 4A). 
Immunofluorescence investigation validated these findings, 
exhibiting that TMZ treatment remarkably enhanced the 
active foci of γ-H2AX in XPA-depleted U87 along with 
U87-R cells (Fig. 4B). In conclusion, our data illustrate that 
XPA deficiency causes enhanced DNA damage coupled with 
TMZ sensitivity in glioblastoma cells.

XPA Silencing Increases TMZ Sensitivity in Vivo

To elucidate the functional importance of XPA-triggered 
sensitization of TMZ in glioblastoma tumor, a xenografted 
model of tumor derived from U87 and U87-R cells 

https://www.cancerrxgene.org/
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transfected stably with shCon or shXPA was used. The data 
exhibited that sequential administration of TMZ tremen-
dously reduced tumor growth compared with vehicle group 
except for U87-R shCon group (Fig. 5A–C). XPA silencing 
remarkably promoted the TMZ cytotoxicity in U87 shXPA 
group compared with U87 shCon group. Similar data were 
obtained between U87-R shCon group and U87-R shXPA 
group. Western blot analysis and immunohistochemistry 
assays showed that XPA knockdown obviously upregulated 
the expression of γ-H2AX (Fig. 5D, E). Moreover, low 
expression of XPA reduced cell proliferation (Ki67 expres-
sion) (Fig. 5E).

Altogether, these data illustrate that silencing XPA 
improves the efficacy of TMZ and reverses the TMZ resis-
tance in vitro along with in vivo.

Discussion

GBM constitutes a very aggressive brain tumor that is 
certainly a common fatal malignant tumor with a dismal 

prognosis29. TMZ is currently the only chemotherapeutic 
medication that has been illustrated to remarkably improve 
overall survival in individuals with GBM28. However, 
because glioblastoma develops resistance to TMZ fast, its 
efficacy is usually limited to a short time span30. Herein, we 
uncovered a potential role of NER in TMZ resistance. 
Combined with NER inhibitor UCN-01, TMZ exhibited a 
higher inhibition rate of cell proliferation, suggesting that 
NER inhibitor UCN-01 can be used in combination as a 
sensitizer for TMZ in clinical practice.

By comparing the expression data from non-malignant 
tissue and brain tumors, we found that gliomas showed a 
high expression level of XPA. Tumor radiation therapy can 
also cause DNA damage in tumor cells. Some studies have 
found that XPA is highly expressed in glioma radiation-resis-
tance31. However, its mechanism remains unclear. In our cur-
rent research, we also confirmed this phenomenon by further 
analysis through western blotting along with reverse tran-
scription–quantitative polymerase chain reaction (RT-qPCR) 
assay. The over-expression of XPA seen in gliomas might 

Figure 3. Silencing XPA attenuates temozolomide resistance. (A) The distribution of IC50 scores in different groups, where the 
horizontal axis represents samples of different groups, and the vertical axis represents the distribution of IC50 scores, ***P ≤ 0.001, 
compared with XPA low expression group. (B) Spearman correlation analysis of IC50 score and XPA gene expression. (C) Representative 
western blot analysis of XPA and GAPDH in U87 cells and U87-R cells stably transfected with shCon or 2 independent shRNAs targeting 
XPA (shXPA #1 or shXPA #2). (D) qRT-PCR analysis of XPA and GAPDH in U87 cells and U87-R cells stably transfected with shCon 
or 2 independent shRNAs targeting XPA (shXPA #1 or shXPA #2). *P ≤ 0.05, ***P ≤ 0.01, ****P ≤ 0.001, compared with shCon group. 
(E) U87 cells and U87-R cells stably transfected with shCon or shXPA were treated with temozolomide. The cell viability was analyzed 
by CCK8 assay. (F) U87 cells and U87-R cells stably transfected with shCon or shXPA were treated with temozolomide. Apoptotic cells 
were detected by Annexin V and PI staining.
CI: confidence interval; TMZ: temozolomide; DMSO: dimethyl sulfoxide.
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make this tumor resistant to TMZ-centered treatments. To 
prove this hypothesis, we established TMZ-resistant U87 
cells and U251 cells, and then stably transfected with inter-
ference RNA to downregulate the expression of XPA. XPA is 
overexpressed in TMZ-resistant U87 and U251 cells. Upon 
XPA knockdown, U87 cells exhibited a remarkable increase 
in cell killing after inoculation with TMZ, as well as U87-R 
cells. These findings illustrate that XPA plays an indispens-
able role in glioma cell resistance to TMZ-triggered cell 
death, as well as suggests a prospective mechanism by which 
this is accomplished.

By serving as a DNA-binding factor component, XPA 
plays a key role in NER21. In germ cell cancers, elevated 
contents of XPA may be the cause of cisplatin resistance25. 
In subtypes of head and neck squamous cell carcinoma, 

XPA might be a candidate for overcoming chemotherapy 
resistance32. In a replication and mismatch repair-dependent 
approach, TMZ methylates DNA at position 6 of guanine, 
and the methylation product, O6MeG, leads to the creation 
of DSBs33. Some constituents of the HR cascade34,35, the 
NHEJ cascade36,37, ligase IV38, and DNA-PKcs39 participate 
in the tolerance of DSBs resulting from a response to TMZ. 
Our data illustrate that silencing XPA in GBM cells can 
exacerbate TMZ-triggered DNA damage, indicating that the 
XPA and NER cascades are implicated in TMZ-triggered 
DNA damage repair. More recently, molecular biomarkers 
have gained importance in providing both ancillary and 
defining diagnostic information40. Our study suggests that 
XPA can be used as a molecular biomarker of TMZ resis-
tance, which can be treated in groups.

Figure 4. XPA stimulates the repair of temozolomide-induced DNA double-strand breaks. (A) Representative western blot analysis 
of γ-H2AX and GAPDH in U87 cells and U87-R cells stably transfected with shCon or shXPA treated with TMZ. (B) Representative 
immunofluorescence assay of γ-H2AX in U87 cells and U87-R cells stably transfected wih shCon or shXPA treated with TMZ.
TMZ: temozolomide; DMSO: dimethyl sulfoxide; DAPI: 4′,6-diamidino-2-phenylindole.
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Ultimately, we established a pivotal mechanism that con-
tributes to TMZ resistance in GBM cells. Upregulation of XPA 
improves the repair of TMZ-triggered DNA damage, dampens 
TMZ-triggered cell death and apoptosis, and leads to TMZ 
resistance. Our data revealed a prospective therapeutic target 
for treating individuals with GBM harboring TMZ resistance.
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