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1  | INTRODUC TION

Glioblastoma (GBM) is one of the most prevalent and lethal tu-
mors in the central nervous system with a severe median survival 
of <15 months.1 Even underwent standard clinical strategies in-
cluding maximum surgical resection and concurrent chemo-radio-
therapy, overall survival of GBM patients has barely prolonged.2 

Accumulating evidence showed that rapid-acquired radioresistance 
is part of the major causes for failure of radiotherapy and recurrence 
of GBM.3 Therefore, developing novel therapeutic targets for adap-
tive therapeutic resistance of GBM is urgently needed.

Chemokines (chemotactic cytokines) are a set of small pep-
tides regulating immune and inflammatory reactions in cells.4 
Recent studies show that chemokines are critical for angiogenesis, 
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Abstract
Introduction: Glioblastoma (GBM) is identified as a lethal malignant tumor derived from 
the nervous system. Despite the standard clinical strategy including maximum surgical 
resection, temozolomide (TMZ) chemotherapy, and radiotherapy, the median survival of 
GBM patients remains <15 months. Accumulating evidence indicates that rapid-acquired 
radioresistance is one of the most common reasons for GBM recurrence. Therefore, de-
veloping novel therapeutic targets for radioresistant GBM could yield long-term cures.
Aims: To investigate the functional role of CXCL1 in the acquired radioresistance and 
identify the molecular pathway correlated to CXCL1.
Results: In this study, we identified that CXCL1 is highly expressed in GBM and the 
elevation of CXCL1 is involved in radioresistance and poor prognosis in GBM pa-
tients. Additionally, silencing CXCL1 attenuated the proliferation and radioresistance 
of GBM cells. Furthermore, we demonstrated that CXCL1-overexpression induced 
radioresistance through mesenchymal transition of GBM via the activation of nuclear 
factor-kappa B (NF-κB) signaling.
Conclusion: CXCL1 was highly enriched in GBM and positively correlated with poor prog-
nosis in GBM patients. Additionally, elevated CXCL1 induced radioresistance in GBM 
through regulation of NF-κB signaling by promoting mesenchymal transition in GBM.
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hematopoiesis, tumorigenesis and metastasis and therapy resis-
tance in cancer.5-8 C-X-C Motif Ligand 1 (CXCL1) belongs to the 
chemotactic superfamily and is proven to be highly expressed in 
several types of cancers, including melanoma,9 gastric cancer,10 
and bladder cancer.11 CXCL1 is reported to be significantly ele-
vated in colorectal cancer and is closely associated with tumor 
size, depth of the invasion, grade, and overall survival.12,13 
Additionally, CXCL1 induces radioresistance by enhancing cellu-
lar DNA damage repair in a ROS-dependent manner in esophageal 
squamous cell carcinoma.14 Moreover, paracrine CXCL1 drives 
gastric cancer cells invade into the lymphatic system through in-
tegrin β1/FAK/AKT signaling pathway.15 However, the potential 
correlation between CXCL1 and glioblastoma (GBM) progression 
still remains unclear.

It has been recognized that cells possess the ability to transi-
tion from epithelial to mesenchymal during embryonic develop-
ment, by which cells modify their adhesion molecules to adopt 
a migratory or invasive behavior.16 Epithelial-mesenchymal tran-
sition (EMT) is regarded as essential for migratory and invasive 
features, inducing stem cell properties, preventing apoptosis, and 
senescence, as well as contributing to immunosuppression and 
therapy resistance.17 Intriguingly, GBM cells utilize the ability to 
undergo mesenchymal transition, either spontaneously,18 or in re-
sponse to radiotherapy.19

In this study, we identified that CXCL1 is highly enriched in GBM 
and the elevation of CXCL1 is associated with radioresistance and 
poor prognosis in GBM patients. Additionally, knockdown of CXCL1 
attenuated the proliferation and enhanced radiosensitivity of GBM 
cells. Furthermore, we demonstrated that CXCL1 induced mesen-
chymal transition of GBM via activation of NF-κB signaling.

2  | MATERIAL S AND METHODS

2.1 | Gene expression analysis

Expression data of GSE56937 and GSE67089 were extracted from 
GEO database (McDonald et al20 and Mao et al21). These gene 
expression profile data were preprocessed by background cor-
rection, gene symbol transformation, and normalization through 
R programming. The limma package was then used for identify-
ing differentially expressed genes (DEGs).22 The expression dif-
ference of individual gene was defined by log2FC (Fold change) 
and adjusted P value, in which log2FC > 1 with an adjusted P 
value < .05 was identified as an upregulated gene. Venn diagram 
was carried out to find the overlapping upregulated genes in dif-
ferent datasets.

2.2 | Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using RNeasy mini kits according 
to the manufacturer's instruction as previously described.23 

Concentration of RNA was carefully determined by Nanodrop 
2000. GoldenstarTM RT6 cDNA Synthesis Kit (TsingKe Biotech) 
was used to synthesize cDNA strictly following the manufactur-
er's protocol. qRT-PCR was then performed by using 2x T5 Fast 
qPCR Mix (TsingKe Biotech) on a StepOnePlus real-time PCR sys-
tem. GAPDH was used as an internal control. The sequences of the 
primers were shown as below:

NF-κBforward, AACAGCAGATGGCCCATACC and reverse, AAC 
CTTTGCTGGTCCCACAT; CDH1 forward, AGTGACTGATGCTGA 
TGCCC and reverse, AATGTACTGCTGCTTGGCCT; CDH2  
forward, GTGCATGAAGGACAGCCTCT and reverse, TGGAAAG 
CTTCTCACGGCAT; VIM forward, TCCGCACATTCGAGCAAAGA 
and reverse, TGATTCAAGTCTCAGCGGGC; β-actin forward, CGGCG 
CCCTATAAAACCCA and reverse, CGCGGCGATATCATCATCCA. 
Relative mRNA expressions were calculated by 2-ΔΔt method.

2.3 | Western blot

Western blot was performed as previously described.24 Antibodies 
used in this study were shown as below: Anti-CXCL1 primary anti-
body was purchased from Abcam (cat. no. ab86436). Anti-β-actin 
antibody was purchased from Abcam (cat. no. ab115777). Anti-E-
cadherin, Anti-N-cadherin, and Anti-Vimentin primary antibodies 
were purchased from CST (cat. no. #3195, #13116 and #5741, re-
spectively). Anti-Rabbit IgG and Anti-Mouse-IgG were purchased 
from CST (cat. no. #7074 and #7076, respectively).

2.4 | Patient and glioma samples

This study was approved by the Scientific Ethics Committee at the 
First Affiliated Hospital of Xi'an Jiaotong University (approval no. 
2016-18). Ninety-one glioma samples and three nontumor tissue 
samples (from epilepsy surgery) were collected from patients under-
went surgical operations from 2008 to 2016. All the patients' sam-
ples have obtained necessary consent. The samples were embedded 
in paraffin blocks as previously described.25

2.5 | Immunohistochemistry (IHC)

Immunohistochemistry was performed as previously de-
scribed.23-25 Anti-CXCL1 primary antibodies were purchased 
from Abcam (cat. no. ab86436). Goat anti-rabbit IgG (cat. no. 
ab97051, Abcam) and goat anti-mouse IgG (cat. no. ab205719, 
Abcam) were used as secondary antibodies. Tissues embedded 
with paraffin were cut into 4-mm sections followed by deparaffi-
nized, rehydrated, and stained with primary antibodies overnight 
at 4°C. Afterward, the slides were incubated with corresponding 
secondary antibodies and stained with DAB. At last, the slides 
were counterstained with hematoxylin and images were taken 
under the light microscope.
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2.6 | Lentivirus production and transduction

Lentivirus production and transduction was conducted as previously 
described.24 The plasmid for shCXCL1 lentivirus was designed and 
synthesized by Genepharma. shRNAs were designed and inserted 
into GV248 vector to construct stable cell lines. Stable clones trans-
fected with shCXCL1 were selected for 4 weeks by puromycin. 
Targeting sequences were shown below:

• shCXCL1#1: CCGGCAAATGGCCAATGAGATCATTCTCGAGAAT 
GATCTCATTGGCCATTTGTTTTTG

• shCXCL1#2: CCGGGTTCTCCAGTCATTATGTTAACTCGAGTTAA 
CATAATGACTGGAGAACTTTTTG

The CXCL1-overexpression lentivirus was designed by Genechem.

2.7 | Cell culture and in vitro cell viability assay

Glioblastoma cell lines U251, SHG-44, and NHA were provided 
by the First Affiliated Hospital of Xi'an Jiaotong University (Xi'an, 
China). U87 cell line was bought form BeNa Culture Collection. Cells 
were cultured in DMEM-F12 containing 10% vol FBS and antibiotics 
(1% penicillin and streptomycin). All these cells were cultured in a 
humidified condition containing 5% CO2 at 37°C. As for cell viability 
assay, cell number was calculated by cell counter with trypan blue, 
then cells were seeded into 96-well plates after adequate suspen-
sion at a density of 2 × 103 cells/100 uL per well and cultured for 
12 hours. After 24 hours of culturing at 37°C with 5% CO2, U87 and 
U251 cell lines received in vitro radiotherapy using X-RAD 320 from 
Precision X-ray at a dose of 8 Gy. Afterward, these cells were used to 
conduct indicated experiments. Finally, cell number was counted by 
alamarBlue and IC50 was calculated by using SPSS 22.0.

2.8 | In vivo intracranial xenograft tumor models

The usage of experimental animals in this study was approved by 
the Ethics Committee of the School of Medicine, Xi'an Jiaotong 
University (approval no. 2016-085). In vivo xenograft model was 
performed by using 6-week-old female nude mice. Corresponding 
GBM cell (pretransfected with shNT, shCXCL1#1 and shCXCL1#2) 
was suspended and diluted to the density of 1 × 105 cells in 2 uL PBS 
then injected into the nude mice brains as described previously.24 
Each group of treatment consists of five mice, and they were moni-
tored unless the following symptoms came out: arched back, un-
steady gait, more than 10% bodyweight loss, or leg paralysis.

2.9 | Flow cytometry

Flow cytometry assays were conducted as previously described.24 
Cell apoptosis was measured by the Alexa Fluor® 488 Annexin 

V/Dead Cell Apoptosis kit strictly following the manufacturer's 
protocols.

2.10 | Gene set enrichment analysis (GSEA) and 
Gene ontology (GO) analysis

Gene expression profiles were derived from the Cancer Genome 
Atlas (TCGA) database. All data were preprocessed by back-
ground correction, gene ID transformation, and normalization by R. 
Furthermore, these data were ordered by the expression of CXCL1 
to divide all samples into two groups, CXCL1high and CXCL1low (by 
quartile cutoff). Subsequently, limma package22 was used to cal-
culate the differentially expressed genes in these two groups. 
Afterward, gene ontology (GO) annotation was conducted using the 
Database for Annotation, Visualization and Integrated Discovery on-
line tool (DAVID, https://david.ncifc rf.gov/).

As for gene set enrichment analysis (GSEA), the GSEA software26 
was carried out to elucidate the essential pathways that are signifi-
cantly enriched in CXCL1high groups.

2.11 | Statistical analysis

All the results in this study are exhibited as mean ± SD (Standard 
Deviation). Number of independent replications is presented in 
the corresponding Figure legends. Two-tailed t tests were used to 
evaluate statistical differences. One-way ANOVA was utilized in 
comparisons more than two groups, following Dunnett's post-test. 
Kaplan-Meier survival analysis was conducted using log-rank analy-
sis. All statistical analysis was calculated by GraphPad Prism 7 or 
SPSS 22.0 software. Unless specifically indicated, statistical signifi-
cance was considered as a two-sided P value < .05.

3  | RESULTS

3.1 | CXCL1 is significantly upregulated in 
radiotherapy and mesenchymal subtype

It is well known that mesenchymal GBM represents more ag-
gressive and invasive signatures including rapid progression, re-
currence, and radioresistance.27,28 To identify candidate genes 
correlated to radioresistance, hierarchical bi-clustering was per-
formed by using previously published GEO databases (GSE56937 
and GSE67089). The differentially expressed genes (DEGs) in 
these databases were classified by fold changes (Figure 1A-C). 
As is illustrated in Figure 1D, Venn diagram was drawn to find 
out the overlapping upregulated genes. Totally, 11 genes were 
positively correlated with both rapid reaction and delayed re-
action to radiotherapy as well as mesenchymal subtype, includ-
ing DUSP10, CXCL1, LIF, RAB3B, CCNE1, ADAMTS6, ESM1, 
BIRC2, PTPRF, RELB, and TSPAN1. Moreover, CXCL1 was 

https://david.ncifcrf.gov/
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significantly upregulated in GBM according to Rembrandt data-
base (Figure 1E). To investigate the clinical relevance, survival 
analysis was performed among the 11 gene candidates. The 
results indicated that only CXCL1(P = .016, with log-rank test) 
and ESM1(P = .022, with log-rank test) were significantly corre-
lated to overall survival in GBM patients (Figure S1). Therefore, 
we choose CXCL1 as a candidate gene in this study. Afterward, 
U87 and U251 cell lines were chosen for the following experi-
ments, which have a higher endogenous CXCL1 expression level 
(Figure 1F and G).

3.2 | Elevated CXCL1 expression was closely 
associated with poor prognosis in glioma/
GBM patients

To build greater insight into the clinical significance of CXCL1, IHC 
staining was performed by using samples derived from patients 
underwent surgical resection in the Department of Neurosurgery, 
The First Affiliated Hospital of Xi'an Jiaotong University from 2009 
to 2015. The results indicated that CXCL1 was markedly overex-
pressed in GBM compared with low-grade glioma (Figure 2A and B). 

F I G U R E  1   CXCL1 is significantly upregulated in radiotherapy and mesenchymal subtype. A, Microarray analysis for differentially 
expressed genes (DEGs) in short-term radiotherapy (16Gy, 4 d vs negative control) using GEO database (GSE56937). B, Microarray analysis 
for DEGs in long-term radiotherapy (16Gy, 35 d vs negative control) using GEO database (GSE56937). C, Microarray analysis for DEGs in 
mesenchymal subtype of GBM cells (MES vs PN) by calculating GEO database (GSE67089). D, Venn diagram for upregulated genes in both 
three sets of comparisons, indicating that CXCL1 was one of the most upregulated genes in radiotherapy as well as mesenchymal subtype. 
E, Gene expression analysis with Rembrandt database showed that CXCL1 was up-regulated in GBM samples compared with Astrocytoma, 
Oligodendroglioma and nontumor tissues (*P < .05, **P < .01, with one-way ANOVA followed by Dunnett's posttest). F, CXCL1 mRNA 
expression in human glioma cell lines and NHA was measured by qRT-PCR (**P < .01, *P < .05, with one-way ANOVA followed by Dunnett's 
post-test). G, CXCL1 protein expression in human glioma cell lines and NHA was measured by Western blot analysis. β-actin was used as an 
internal control. All data were reported as the mean ± SD of triplicate independent experiments
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F I G U R E  2   Elevated CXCL1 expression was closely associated with poor prognosis in glioma/GBM patients. A, Representative IHC 
images of CXCL1 in glioma samples. Upper panel: CXCL1 staining; Lower panel: H & E staining. Brain tissue from epilepsy surgery was used 
as negative controls. B, CXCL1 was enriched in high-grade glioma samples. CXCL1high samples accounted for 73.08% of GBM, while in 
CXCL1low glioma samples, GBM accounted for 26.19%. C, Kaplan-Meier analysis for CXCL1 expression with LGG and GBM patient samples 
(P < .0001, with log-rank test). D, Kaplan-Meier analysis for CXCL1 using GBM patient samples only (P = .0044, with log-rank test). E, 
Kaplan-Meier analysis for CXCL1 expression using TCGA GBM and LGG databases (P < .01, with log-rank test). F, Kaplan-Meier analysis with 
TCGA GBM database for CXCL1 expression (P = .025, with log-rank test)



480  |     ALAFATE ET AL.

Moreover, Kaplan-Meier analysis showed that increased CXCL1 ex-
pression was closely correlated to more severe overall survival than 
the lower ones (Figure 2C and D). Additionally, similar results could 
be seen in TCGA databases (Figure 2E and F). These data indicated 
that upregulation of CXCL1 revealed poor prognosis of glioma pa-
tients, especially in GBM, suggesting that CXCL1 could be consid-
ered as a potential diagnostic and prognostic biomarker for glioma 
and GBM.

3.3 | Silencing CXCL1 attenuated the malignancy of 
glioma cell lines

To further study the function of CXCL1 in GBM, 2 shRNAs target-
ing CXCL1 (shCXCL1 #1 and shCXCL1 #2) were introduced into U87 
and U251 cells. qRT-PCR analysis illustrated that the CXCL1 mRNA 
expression was reduced more than 50% in both U87 and U251 
transfected with shCXCL1 lentivirus compared with shNT cells 
(Figure 3A and B). Consistently, protein levels of CXCL1 were also 
significantly reduced by exogenous lentiviral knockdown (Figure 3C 
and D). Moreover, in vitro cell viability assays were carried out to 

explore the effect of CXCL1 knockdown on tumor proliferation of 
U87 and U251 cells. CXCL1 silencing markedly decreased the in vitro 
cell growth of U87 and U251 cells (Figure 3E and F). Furthermore, 
wound healing assays and matrigel invasion assays were utilized to 
evaluate the functional role of CXCL1 on migration and invasion of 
GBM. The results showed that both the closure time and the number 
of invasive cells were reduced in CXCL1-knockdown U87 and U251 
cells compared with the control cells (Figure 3G). In addition, Kaplan-
Meier analysis for in vivo xenograft mice models using U87 cells 
transfected with lentiviral shCXCL1 or shNT showed that shCXCL1 
prolonged the survival time of xenograft mice. Altogether, our re-
sults illustrated that suppression of CXCL1 attenuated the prolifera-
tion, migration, and invasion of GBM cells both in vitro and in vivo.

3.4 | CXCL1 overexpression enhanced 
radioresistance in GBM

To further verify the correlation between CXCL1 and radioresist-
ance, CXCL1 was overexpressed in U87 and U251 cell lines via 
lentivirus infection. Afterward, the transfection efficiency was 

F I G U R E  3   Silencing CXCL1 attenuated 
the malignancy of glioma cell lines. A and 
B, qRT-PCR analysis for measuring the 
mRNA expression of CXCL1 in U87 and 
U251 cells transfected with lentiviral 
shCXCL1#1, shCXCL1#2, and negative 
control. C and D, Western blot analysis for 
detecting the CXCL1 protein expression 
in U87 and U251 cells transfected with 
lentiviral shCXCL1#1, shCXCL1#2, and 
negative control. E and F, Time survival 
curve of U87 and U251 cells transfected 
with lentiviral shCXCL1#1, shCXCL1#2, 
and negative control (***P < .001, with 
one-way ANOVA followed by Dunnett's 
post-test) G, upper panel: Wound healing 
assays were performed to determine the 
inhibition of migratory ability in shCXCL1 
transfected cell lines. Lower panel: 
Matrigel invasion assays were used to 
identify the inhibition of invasive ability of 
CXCL1 silencing in shCXCL1 transfected 
cell lines. H, Kaplan-Meier analysis for in 
vivo intracranial xenograft mice using U87 
cells pretransfected with shCXCL1#1, 
shCXCL2#2, and negative control 
(***P < .001, with log-rank test)
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monitored by qRT-PCR assays (Figure 4A and B) as well as Western 
blot (Figure 4C and D). Additionally, we combined CXCL1 overex-
pression with 8Gy radiation. As a result, CXCL1 overexpression pro-
moted cell proliferation and enhanced radioresistance in U87 and 
U251 cells (Figure 4E and F). Moreover, flow cytometry indicated 
that the percentage of GBM cells underwent early (AV+; PI-) and late 
(AV+; PI+) apoptosis were significantly diminished by CXCL1 overex-
pression followed by radiation, compared with radiotherapy alone 
(Figure 4G). Therefore, these data indicated that elevated CXCL1 
promoted radioresistance in GBM.

3.5 | CXCL1 induced radioresistance in 
GBM via regulation of NF-κB signaling and 
mesenchymal transition

As we showed that CXCL1 functions as an oncogene and induces 
radioresistance in GBM, bioinformatics analysis of TCGA data-
base was performed to further evaluate the underlying signaling 
pathways for CXCL1. Patient samples from TCGA database were 
grouped into two groups according to the expression of CXCL1. 
Hierarchical bi-clustering analysis indicated significant gene signa-
tures in CXCL1high GBM compared with CXCL1low GBM (Figure 5A). 
Through grouping the TCGA GBM samples with a quartile cutoff, we 
demonstrated that 275 significantly upregulated genes in CXCL1high 

group (log2FC > 1, adjusted P < .05) while 51 downregulated in 
CXCL1low group (log2FC<−1, adjusted P < .05; Figure 5B). Moreover, 
to obtain more insight into these candidate pathways, Database 
for Annotation, Visualization and Integrated Discovery online tool 
(David, https://david.ncifc rf.gov/) was utilized to conduct the Gene 
Ontology (GO) annotation. Negative regulation of apoptotic process, 
positive regulation of cell proliferation, NF-κB signaling, EMT, and 
ERK1/ERK2 cascade were the most enriched cancer-related GO 
terms (Figure 5C). Additionally, GSEA results demonstrated that 
CXCL1 was associated with multiple molecular pathways related to 
malignancy and therapy resistance, including epithelial-mesenchy-
mal transition29 and NF-κB signaling30 (Figure 5D and E).To further 
confirm the results of bioinformatics analysis, qRT-PCR and Western 
blot assays were carried out. The results showed that CXCL1 over-
expression significantly enhanced the overall expression of NF-κB/
p65, indicating that NF-κB signaling might be activated by CXCL1. It 
is well known that NF-κB is one of the mediators of EMT response, 
activated NF-κB functions to regulate a range of transcription factors 
in order to manage the overall mesenchymal transition program.31 
Therefore, qRT-PCR and Western blot analyses were performed to 
confirm the correlation between NF-κB and mesenchymal transi-
tion. Intriguingly, both mRNA and protein of mesenchymal transition 
markers were regulated by CXCL1 overexpression. Taken together, 
the results indicated that CXCL1 overexpression enhanced the mes-
enchymal signature of GBM via regulation of NF-κB signaling.

F I G U R E  4   CXCL1 overexpression 
enhanced radioresistance in GBM 
cell lines. A and B, qRT-PCR analysis 
was performed to determine the 
overexpression efficiency of CXCL1 in 
U87 and U251 cell lines (**P < .01, with 
t test). C and D, The overexpression of 
CXCL1 protein was detected by Western 
blot in U87 and U251 transfected with 
CXCL1-overexpression lentivirus. E 
and F, In vitro cell proliferation assays 
were performed by using different 
interventions as indicated in U87 and 
U251 cell lines. (IR, ionizing radiation; 
***P < .001, *P < .05, with one-way 
ANOVA followed by Dunnett's post-test). 
G, Flow cytometry analysis using Annexin 
V and propidium iodide for apoptotic ratio 
analysis in U87 and U251 cells pretreated 
with indicated interventions

https://david.ncifcrf.gov/
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4  | DISCUSSION

Glioblastoma is one of the most lethal tumors in human central 
nervous system. Despite the development of clinical strategies 
during the past several decades, outcomes of GBM patient is 
still remains dismal.32 Acquired radioresistance characterizes a 
major cause of poor prognosis thus promotes tumor recurrence in 
GBM.33 Various molecular pathways have been proved to be re-
sponsible for the acquisition of radioresistance, including EMT,19 
NF-κB,34 and Wnt/β-catenin.35 Accumulating data showed that 
CXCL1, a small cytokine expressed by macrophages, epithelial 

cells, and neutrophils,36,37 was associated with therapy resistance 
in diverse subtypes of cancers.8,14 Additionally, CXCL1 has also 
been shown to contribute to radioresistance through inducing 
DNA damage repair in a ROS-dependent manner in esophageal 
squamous cell carcinoma, indicating that CXCL1 might be a po-
tential target for suppressing radioresistance in cancer therapy.14 
Moreover, it has been noted that CXCL1 promotes tumorigenesis, 
progression, and recurrence in a range of cancers including blad-
der cancer, pancreatic cancer, and glioma.11,38,39 However, the 
functional role of CXCL1 in GBM radioresistance has not been 
fully elucidated.

F I G U R E  5   CXCL1 induced radioresistance in GBM via regulation of NF-κB signaling and mesenchymal transition. A, Hierarchical bi-
clustering analysis was performed by using TCGA GBM database, indicating the significant gene signature in CXCL1high GBM compared 
with CXCL1low GBM. B, The amount of differentially expressed genes in CXCL1high and CXCL1low groups was presented by volcano plot 
(log2FC > 1 or log2FC<−1, with an adjusted P value < .05). C, Gene ontology (GO) analysis for differentially expressed genes. (CXCL1high vs 
CXCL1low).D and E, Gene set enrichment analysis (GSEA) was performed to find out the highly enriched signaling pathways in CXCL1high 
group. F, mRNA expression of NF-κB was measured by qRT-PCR analysis (***P < .001, with t test). G, Western blot of total NF-κB/p65 
expression, β-actin was used as a loading control. H, mRNA expression of mesenchymal transition markers was measured by qRT-PCR 
analysis (**P < .05, with one-way ANOVA followed by Dunnett's post-test). I, Western blot of mesenchymal transition markers. β-actin was 
used as a loading control
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DNA damage repair is regarded as a crucial process for GBM cells 
to acquire radioresistance.33 Zhang et al14 reported that cancer-as-
sociated fibroblast (CAF)-secreted CXCL1 promoted radioresistance 
in a ROS-dependent manner by regulating DNA damage repair. 
Additionally, irradiation or chemotherapy elevated NF-κB activity 
and was correlated with therapy resistance and reduced apopto-
sis.40 When exposed to irradiation, cancer cells produce endoge-
nous TNFα, which is proved to be a trigger for NF-κB activation.41,42 
Furthermore, it has been well understood that the main detector 
of DNA damage includes the PI3 kinases ATM, ATR, and DNA-PK, 
which phosphorylate multiple proteins and lead to DNA damage 
response.43 The serine/threonine protein kinase ATM is shown to 
recruit to DNA double-strand break (DSB) site and active itself by 
phosphorylation, which leads to the catalytic active form of ATM di-
mers.44 ATM further causes activation of NF-κB, which results in cell 
cycle regulation and DNA repair.45 Altogether, these reports suggest 
that NF-κB is one of the key regulators of radioresistance and DNA 
damage repair, and downregulation of NF-κB could serve as a new 
therapeutic targeting.

Recent studies have clarified that GBMs are highly plastic and 
have a natural tendency to transition from one subtype to an-
other.21,27 This transcriptional plasticity enables GBM to rapidly 
gain resistance to radiotherapy.30 Intrinsic therapy resistance has 
been caused by the process of mesenchymal transition, by which 
GBM cells acquired mesenchymal properties through loss of cell-
cell adhesion, acquisition of invasive, and migratory capability.46 It 
has been well studied that mesenchymal transition is responsible for 
oncology as well as invasion, metastasis, and therapy resistance of 
cancer cells.47 Recent studies have demonstrated that the in vitro 
survival of mesenchymal cells followed by high-dose irradiation is 
significantly higher than those did not undergo EMT.48 Moreover, 
when exposed to fractionated irradiation at single doses less than 
2Gy, indicating that mesenchymal GBM is more flexible to gain re-
sistance to radiotherapy.49,50 Mesenchymal transition is usually 
controlled by specific transcriptional factors like ZEB1 and SNAIL.16 
ZEB1 and ZEB2 belong to the ZEB family of transcription factors, 
and both contain κB-sites in their promoters,51 therefore, NF-κB 
mediates the expression of ZEB mRNA by binding to their promoter 
and controls mesenchymal transition in GBM.52 Moreover, the pro-
tein SNAIL, which is also induced by NF-κB, downregulates epithe-
lial genes by binding to the promoter regions of E-box sequences.46 
These findings indicate that NF-κB regulates and interacts with 
many master transcription factors which result in mesenchymal 
transition. Given that the activation of NF-κB signaling induces more 
aggressive phenotype in GBM, inhibition of this signaling has been 
placed into corporate GBM treatment; however, there has been no 
apparent success.31

In this study, we analyzed the transcriptome expression profiles 
of two published GEO databases related to radioresistance and mo-
lecular subtype classification of GBM. As a result, CXCL1 was iden-
tified as one of the most upregulated genes in both radioresistant 
cells as well as mesenchymal cells. Next, elevated CXCL1 expres-
sion was closely related to poor prognosis in glioma/GBM patients. 

Furthermore, molecular biological assays were conducted to demon-
strate the potential role of CXCL1 by lentiviral silencing and overex-
pression, and we illustrated that CXCL1 promotes radioresistance 
of GBM while suppressing CXCL1 attenuated the migratory and in-
vasive behaviors of GBM cells. Moreover, in vivo tumor xenograft 
mice model demonstrated that CXCL1-knockdown prolonged the 
overall survival of tumor-xenografted mice and increased the sensi-
tivity of GBM. Additionally, EMT and NF-κB signaling were proved 
to be the most correlated pathways of CXCL1 expression according 
to the results of GSEA by using TCGA GBM database, which was 
also confirmed by molecular biological assays. Overall, our findings 
suggest that the elevation of CXCL1 indicates a poor prognosis and 
radioresistance by inducing mesenchymal transition in glioblastoma.

Although the potential role of CXCL1 in GBM radioresistance is 
well discussed in this study, additional researches on the molecular 
mechanism are still required for evaluating the clinical significance 
of CXCL1 inhibition in radiotherapy. Moreover, whether CXCL1-
induced radioresistance solely depends on its regulation in NF-κB 
signaling and mesenchymal transition remains unclear. As GBM is 
a type of heterogeneous disease, inhibition of a single candidate 
biomarker might have unpredictable consequences. Therefore, in 
future studies, it will be critical to improve the overall management 
of GBM patients by focusing on specific subgroups of patients.

5  | CONCLUSION

In conclusion, our findings suggest that CXCL1 is overexpressed 
in GBM and confers aggressive radioresistance to GBM cells, and 
suggest CXCL1 as a valuable biomarker for GBM patients. Both bio-
informatic and functional analysis confirmed the role of CXCL1 in 
promoting radioresistance in GBM. We further identified EMT and 
NF-κB as the downstream signaling pathways of CXCL1 and silenc-
ing CXCL1 attenuated tumor progression.
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