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Abstract
Temozolomide (TMZ) monotherapy is known to be insufficient for resistant/relapsed glioblastoma (GBM), thus seeking a 
sensitization agent for TMZ is necessary. It was found that regorafenib may improve the overall survival of relapsed GBM 
patients. We aimed to discover whether regorafenib can enhance the anti-GBM effects of TMZ, and elucidate underlying 
mechanism. Our analysis of The Cancer Genome Atlas database revealed that the increased expression of CXCR4 is linked 
to poor survival of GBM patients. Additionally, TMZ treatment may trigger CXCR4/CXCL12 axis of GBM. We used two 
GBM cell lines, two primary GBM cells, and animal model to identify underlying mechanism and treatment efficacy of 
regorafenib combined with TMZ by cytotoxicity, apoptosis, reporter gene and invasion/migration assays, chemokine array, 
Western blotting, MRI, microarray, and immunohistochemistry. We observed that the chemokine CXCL-12 and its recep-
tor CXCR4 regulate the resistance to TMZ, whereas the inhibition of CXCL-12/CXCR4 signaling sensitizes GBM cells to 
TMZ. The TMZ-induced CXCL-12/CXCR4 signaling, phosphor-extracellular signal-regulated kinases 1 and 2 (ERK1/2) 
and nuclear factor kappa light chain enhancer of activated B cells (NF-κB), and NF-κB-related proteins can effectively 
diminish when combining with regorafenib. Regorafenib significantly enhanced the TMZ-induced extrinsic/intrinsic apop-
totic pathways, and facilitated the suppression of invasion and migration potential in GBM. Orthotopic tumor experiments 
demonstrated tumor size reduction and prolonged survival in combination group even with half-dose of TMZ. Our findings 
provide promising evidence that regorafenib may sensitize GBM to TMZ treatment through inhibition of the CXCL12/
CXCR4/ERK/NF-κB signaling.
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Introduction

Glioblastoma (GBM), also known as “grade IV glioma”, 
exhibits poor patient survival due to rapid disease progres-
sion [1, 2]. Temozolomide (TMZ), an oral chemotherapeutic 
agent, has been approved for the treatment of high-grade gli-
omas (astrocytoma and GBM) and found to improve the sur-
vival of GBM patients [3]. In addition, the combination of 
TMZ with radiotherapy significantly prolonged the median 
overall survival of patients from 12.1 months (radiotherapy 
alone) to 14.6 months and increased the two-year survival 
rate from 10.4% (radiotherapy alone) to 26.5% for patients 
with newly diagnosed GBM [4, 5].

TMZ, which is an alkylating agent, was found to pro-
mote apoptosis by inducing deoxyribonucleic acid [6] lesion 
O6-methylguanine in GBM [7]. Several key proteins such 
as  O6-alkylguanine DNA alkyltransferase (MGMT), nuclear 
factor kappa-light-chain-enhancer of activated B cells (NF-
κB), chemokine receptor CXCR-4, and its ligand CXCL12 
have been shown to plays role on TMZ-treated GBM cells 
[8, 9]. For instance, The CXCL12/CXCR4 pathway was 
also found to correlate with the recurrence of GBM after 
radiotherapy treatment combined with TMZ [10]. Therefore, 
the anticancer activity of TMZ is limited by the emergence 
of resistance and insensitivity to TMZ, resulting in GBM 
treatment failure [11, 12]. Consequently, the development 
of complementary agents which may sensitize GBM cells 
to TMZ is an urgent necessity for GBM patients.

Sorafenib, the oral multi-kinase inhibitor, diminishes 
tumor progression by targeting several oncogenic kinases 
and receptor tyrosine kinases such as Raf, vascular endothe-
lial growth factor receptor 2 (VEGFR2), platelet-derived 
growth factor receptor (PDGFR), FLT3, and c-Kit [6, 13]. 
Sorafenib is approved for treatment of advanced renal cell 
carcinoma (RCC), hepatocellular carcinoma (HCC), and 
differentiated thyroid carcinoma (DTC) [14]. Many clinical 
studies demonstrated the efficacy and toxicity of sorafenib 
combined with TMZ in patients with GBM. The combina-
tion of sorafenib and TMZ had limited activity with accept-
able toxicity in patients with relapsed GBM [15, 16].

Regorafenib is an oral multi-kinase inhibitor which has 
a chemical structure similar to sorafenib which possesses 
potent activity against the receptors of different oncogenic 
and tyrosine kinases [17, 18]. Regorafenib is used to treat 
advanced gastrointestinal stromal tumors, metastatic colo-
rectal cancer, and HCC after the failure of other treatments 
[19, 20]. Regorafenib was found to significantly improve 
the overall survival of relapsed GBM patients compared to 
lomustine, which is an alkylating agent that is used as a 
positive treatment control in phases 2 and 3 clinical trials in 
patients with relapsed GBM [21]. Herrlinger et al. showed 

that the combination of lomustine and TMZ resulted in sig-
nificant survival benefits for GBM patients compared to the 
standard TMZ treatment [22]. Furthermore, regorafenib 
showed potential to suppress CXCL12/CXCR4-mediated 
resistance on gastric cancer [23].

The knowledge whether regorafenib enhances the thera-
peutic efficacy of TMZ is still ambiguous. Therefore, the 
major purposes of this study are to investigate in vitro and 
in vivo the anticancer efficacy of regorafenib–TMZ com-
bined GBM treatment and explore the underlying therapeu-
tic mechanisms.

Materials and Methods

Cell Culture

U-87 MG cells was purchased from ATCC and GBM8401 
cells was kindly provided from professor Tsung-I Hsu. Two 
patient–derived glioblastoma cells used in this study were 
obtained from Taipei Medical University (provided by pro-
fessor Szu-Yi Chou) [24], and successfully transformed into 
stable cell lines BP-3 and BP-5. Their IRB Protocol approval 
no.: 201006011 and 201,805,040. Cells were maintained in 
minimum essential medium eagle medium supplemented 
with 10% fetal bovine serum, 1% penicillin–streptomycin, 
and 1% sodium pyruvate; Dulbecco’s modified eagle medium 
supplemented with 10% fetal bovine serum, 1% penicillin– 
streptomycin, and 2 mM L-glutamine; and RPMI 1640 medium  
supplemented with 10% fetal bovine serum, 1% penicillin– 
streptomycin, and 2  mM L-glutamine (Thermo Fisher  
Scientific). The atmosphere of incubator was maintained at 
37 °C and contained 5%  CO2. All cell lines were cultured for 
less than 3 months for every batch of cells, and checked for 
mycoplasma after every freeze/thaw cycle, using the Myco-
plasma Detection Kit (Lonza Group Ltd, Switzerland).

The Cancer Genome Atlas Expression Profiling 
and Survival Analysis

The mRNA expression levels and overall survival of glioma 
patients were determined using GEPIA (http:// gepia. cancer- 
pku. cn), an online analysis software based on The Cancer 
Genome Atlas (TCGA) and Genotype-Tissue Expression 
(GTEx) databases, using [log2FC] = 1 and p = 0.01 as the 
cutoff criteria (Tang et  al., 2017). The CXCR4 mRNA 
expression levels are presented as boxplots (N = 1095). The 
overall survival difference between glioma patients with 
either low or high expression levels of CXCR4 was also 
calculated (N = 676). The dot line presented on figure was 
represented as 95% confidence interval.
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Chemokine Protein Array Immunoassays

To assess the role of chemokine proteins after single agent 
and combination treatment, the changes of chemokine 
levels in U-87 MG cells were analyzed. Briefly, U-87 
MG cells (1 ×  105 cells/well) were cultured in 6-well 
plates overnight. Cells were then treated with regorafenib 
(10 μM), TMZ (120 μM), or combination of both for 24 h. 
Subsequently, proteins from cells were extracted and 
stored at −80 °C. The production of chemokines was meas-
ured by the commercially available kit Human Chemokine 
Array C1 [AAH-CHE-1] (RayBiotech Life, Norcross, GA, 
USA) according to the instructions of the manufacturer. 
The levels of chemokine from human primary culture cells 
were calculated according to corresponding standards by 
Bio-Rad Image Lab software.

3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑Diphenyl‑Tetrazolium 
Bromide Assay (MTT Assay) and Combination Index

Three thousand cells were seeded in 96-well plates. After 
1 day of incubation, cells were treated with regorafenib 
(0–30 μM), TMZ (0–160 μM), 50 ng/ml CXCR4 recom-
binant protein, 100 ng/ml CXCL12 recombinant protein, 
30 μM AMD 3100 (CXCR4 inhibitor), LIT-927 (CXCL12 
neutraligand), or combination of both for 24 h. The stock 
solution of MTT was prepared in PBS at a concentration 
of 5 mg/ml. Aliquots of 100 μl of MTT were added to 
every well and incubated for 4 h at 37 °C, then replaced 
by aliquots of 100 μl of DMSO. The absorbance values 
of MTT were measured by Thermo Multiskan™ GO 
Microplate Spectrophotometer at 570 nm. We used the 
Chou-Talalay method to calculate the CI-isobologram 
index using the CompuSyn software (ComboSyn) [25, 
26]. The definition of CI values was listed as follows: 
CI = 1, additive effect; CI < 1, synergistic effect; CI > 1, 
antagonistic effect.

NF‑κB Plasmid Transfection, Stable Clone Selection

U-87 MG cells were seeded into 10-cm dishes. The con-
fluence of cells was allowed to reach 80% at the day 
of transfection. The vector of NF-κB-luciferrase-2 was 
obtained from Promega (Madison, WI, USA). Transfec-
tion process was performed according to the protocol 
provided by the manufacturer of jetPEI™ kit (Polyplus-
transfection®). Ten microliter of jetPEI™ solution (mixed 
with 240-μl NaCL) was added into 250-μl DNA solu-
tion (containing 2 μg pNF-κB/luc2 or pCMV-luc2) to 
form DNA complexes, and kept at room temperature for 
20 min. Media of the culture dishes were refreshed then 

the DNA complexes were added. After 24 h of incuba-
tion, 200-μg/ml Hygromycin B was added for stable clone 
selection. The stable clones grown from single cells were 
prepared for selection using the IVIS200 Imaging System 
(Xenogen) and named as U-87/NF-κB-luc2 or U-87/luc2 
[27]. The siRNA (50 μM siRNA) transfection on U-87 
MG and BP-5 cells was followed by Lipofectamine™ 
3000 transfection reagent commercial protocol (Thermo 
Fisher Scientific) [28].

NF‑κB Luciferase Reporter Assay In Vitro and In Vivo

Three thousand U-87/NF-κB-luc2 cells were seeded 
into 96-well plates. After 1 day, cells were treated with 
regorafenib (0–30 μM), TMZ (0–160 μM), QNZ (0.5 μM), 
PD98059 (10 μM), LY294002 (10 μM), PD98059 (10 μM), 
SP600125 (10 μM), SB203580 (10 μM), AMD3100 (10 μM) 
or various drug combinations. After 24 h, 500 μM D-luciferin  
(Promega) was added into each well and incubated for 5 min 
before the IVIS 200 scanning. For the animal experiments, 
150-mg/kg D-luciferin was intraperitoneally injected into 
the tested mice. Signals emitted from cells and mice were 
received by the IVIS200 Imaging System and quantified by 
Living Image software (Xenogen). The signal intensities 
emitted from each well were corrected according to the cell 
viability obtained by MTT assay and normalized using the 
0.1% DMSO-treated control. The acquisition time of signals 
from mice was 1 s. Regions of interest (ROIs) were drawn 
around the tumors and quantified with the Living Image soft-
ware as photons/s/cm2/sr [27].

Clonogenic Formation Assay

Cells (1 ×  105) were seeded into 6-well plates and treated 
with regorafenib (10  μM), TMZ (120  μM), AMD3100 
(30 μM), or combination for 24 h. Then, different cells num-
ber of each group was seeded for 14 days’ growth. Seeded 
number was listed as followed, 1000 cells (CTRL), 2000 
cells (regorafenib, TMZ, AMD3100), and 3000 cells (com-
bination). Fixing and staining procedure were described in 
previous study [29]. Percent of cells per well were calcu-
lated by image J version 1.50 (National Institutes of Health, 
Bethesda, MD, USA).

Western Blotting

1 ×  106 cells were seeded in 10-cm dishes and incubated 
overnight at the specified conditions. Treatment with 
regorafenib (10 μM), TMZ (120 μM), 50 ng/ml CXCR4 
recombinant protein, 100  ng/ml CXCL12 recombinant 
protein, 30 μM AMD 3100 (CXCR4 inhibitor), LIT-927 
(CXCL12 neutraligand), or combination of both was fol-
lowed for 24 h. Total protein from cells was extracted with 
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lysis buffer (50 mM Tris–HCl pH 8.0, 120 mM NaCl, 0.5% 
NP-40, and 1 mM phenylmethanesulfonyl fluoride). Cytosol 
extraction kit was used to extract the cytosolic fraction of 
cells following the instructions provided by the manufac-
turer. Expression of ERK (Thr202/Tyr204), ERK, MMP9, 
VEGF, CyclinD1, CXCR4, CXCL12, c-FLIP, MCL-1, 
XIAP,  MGMT and cleaved caspase-3 were determined with 
Western blotting procedures [30]. The protein bands were 
visualized and quantified using the ChemiDoc MP Imaging 
System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Activation of Caspase‑3 and Caspase‑8

Fifty thousand cells were seeded in 6-well plates and incu-
bated overnight before treatment. After treatment with 
regorafenib (10 μM), TMZ (120 μM) or combination of 
both, the staining procedures of caspase-3 and caspase-8 
were performed according to the instructions provided by 
the manufacturer (CaspGLOW). Briefly, cells were sepa-
rately stained with fluorescein isothiocyanate-Asp(OCH3)-
Glu(OCH3)-Val-Asp(OCH3)-f luoromethyl ketone 
(FITC-DEVD-FMK; caspase-3 specific) or sulforhodamine-
Ile-Glu-Thr-Asp-fluoromethyl ketone (Red-IETD-FMK; 
caspase-8 specific) and incubated at 37 °C for 30 min [31]. 
After washing twice, cells were collected in BD Falcon™ 
tubes and prepared for flow cytometry analysis using (FAC-
SCalibur) device.

Detecting the Loss of Mitochondria Membrane 
Potential

5 ×  105 cells were seeded in 6-well plates, incubated 
overnight, and followed by treatment with regorafenib 
(10 μM), TMZ (120 μM), or combination of both. The 
loss of mitochondrial membrane potential during apopto-
sis was measured by  DIOC6 (3,3′-dihexyloxacarbocyanine 
Iodide) staining assay using flow cytometry as previously 
described [19]. Briefly, cells were stained with 4 μM 
 DIOC6 at 500-μl PBS, and the ΔΨm was quantitatively 
measured and analyzed by a FACSCalibur flow cytometer. 
All experiments were repeated three times.

Analyzing the Population of SubG1 Phase

5 ×  105 cells were seeded in 6-well plates, incubated 
overnight, and followed by treatment with regorafenib 
(10 μM), TMZ (120 μM), or combination of both. Briefly, 
cells were prepared 1 day before treatment, then stained 
with PI/RNase (cat: 550,625, BD Biosciences) at 37 °C for 
1 h [19]. Finally, the cell cycle was quantitatively meas-
ured and analyzed by a FACSCalibur flow cytometer. All 
experiments were repeated three times.

ELISA

1 ×  105 cells were seeded in 24-well plates, incubated 
overnight, and followed by treatment with regorafenib 
(10 μM), TMZ (120 μM), or combination of both for 24 h. 
Fresh medium without serum was then replaced and incu-
bate with cells for another 48 h. Supernatant was finally 
collected for human CXCR4 (Chemokine C-X-C-Motif 
Receptor 4) ELISA (Elabscience, Houston, TX, USA) and 
human CXCL12/SDF-1 ELISA (DuoSet®, R&D Systems, 
Inc., Minneapolis, MN, USA) analysis.

Comet Assay

U-87 MG cells were seeded in 6 wells (1 ×  105 cells) treated 
with regorafenib (10 μM), TMZ (120 μM), QNZ (0.5 μM), 
or combination for 24 h. The comet assay protocol was fol-
lowed by Singh et al. and described in our previous studies 
[32, 33]. DNA fragment results were then imaged by fluo-
rescence microscope (Nikon ECLIPSE Ti-U, Minato City, 
Tokyo, Japan). Quantification analysis was performed by 
image J version 1.50 (National Institutes of Health) using 
the OpenComet v1.3.1 tool box.

Migration and Invasion Assay

Cells were seeded in 6-cm plates with a density of 6 ×  105 
cells, incubated overnight, and followed by regorafenib 
(10 μM), TMZ (120 μM), or combination treatment. After 
treatment, viable cells were harvested and seeded onto 8-μm 
pore size transwell inserts with or without Matrigel coat-
ing for invasion or migration experiments, respectively, and 
incubated for 24 h. Transwell membranes were fixed with 
fixation buffer (3:1 methanol and acetic acid) and stained 
with 0.5% crystal violet. Images of the migrated and invaded 
cells were acquired by a light Nikon ECLIPSE Ti-U micro-
scope at × 100. Three microscope photographed images were 
quantified by ImageJ software version 1.50 [34].

Animal Experiments

The animal studies were conducted in accordance with the 
Animal Use Protocol approved by the Animal Care and Use 
Committee at Taipei Medical University (approval number: 
LAC-2017–0248). Six-week-old male BALB/cAnN.Cg-
Foxn1nu/CrlNarl nude mice (20–25 g) were used for intrac-
erebral implantations of 1 ×  105 U-87/NF-κB-luc2 cells. Ani-
mals were anesthetized with 1–2% isoflurane, 1-mm burr 
hole was drilled into the skull of every animal, the anchor 
point was set at bregma, and cells were injected at a posi-
tion of approximately 1 mm posterior, 3 mm lateral, and 
3 mm deep of the bregma [35]. The syringe was held still 
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for 15 min after injection, injection hole was sealed with 
bone wax, and skin was closed with sterilized sutures. The 
body weights were recorded, and tumor volume measure-
ments were conducted once a week by MRI and BLI until 
the end of the study. Mice were randomly separated into four 
groups: CTRL (DMSO 0.1%), temozolomide alone (50-mg/
kg TMZ dissolved in 100-μl PBS), regorafenib alone (10-
mg/kg regorafenib dissolved in 100-μl PBS), and combina-
tion groups (10-mg/kg regorafenib combined with 25-mg/
kg TMZ). Mice experiments were performed twice with a 
total of 17 mice for each group. The experimental groups 
were divided into survival analysis (N = 7) and image analy-
sis (N = 10) groups. For the survival analysis, mice were 
killed if they reach a profoundly ill status according to the 
IACUC regulations, and were scored as a “death” in the 
survival analysis. For the image analysis, mice were all sac-
rificed on day 22 for further (Immunohistochemical) IHC 
and Hematoxylin and eosin (H&E) staining. Mice tumor 
size was measured by customized MATLAB scripts using 
T2-RARE images.

RNA Extraction and Microarray Assays

Total RNA of mice tumor tissues (N = 2) was extracted using 
mirVana miRNA Isolation kit (Invitrogen) according to the 
manufacturer’s instructions. Quantity and quality of the 
extracted RNA were evaluated with the RNA 6000 Nano 
LabChip on the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Palo Alto, CA). Five hundred nanograms of total 
RNA were amplified and labeled with the Agilent Quick 
Amp Labeling Kit according to the manufacturer’s instruc-
tions. Signal intensities were quantified from the scanned 
images by using “Feature Extraction Software version 9.1” 
(Agilent Technologies). The signal intensities were corrected 
for the background intensities with the normexp method, 
then quantile normalized across arrays with limma software 
[36]. To filter out the non-informative probes, we removed 
the positive and negative control probes as well as the probes 
whose overall variances of intensity values were less than 
the median of the variances [37]. The reported microarray 
data was deposited in the Gene Expression Omnibus (GEO) 
database (http:// www. ncbi. nlm. nih. gov/ geo).

In Vivo MRI

Mice were kept under anesthesia using 1.2% isoflurane dur-
ing the MRI scans, which were performed using a Brucker 
7 T PharmaScan scanner. Physiological conditions includ-
ing heart rate, arterial pulse extension, oxygen saturation, 
and rectal temperature were continually monitored and kept 
within normal ranges throughout the scan time. A volume coil 
was used for RF excitation, and a circular surface coil was 
used for signal receiving. Contrast enhanced T1-, T2-, and 

dynamic-susceptibility-contrast (DSC) enhanced perfusion-
weighted images were acquired every week [38]. MRI data 
were processed using customized MATLAB scripts (The 
Mathworks Inc., Natick, MA). Sequences of MR scanning 
were described as follow.

T1 and T2 Weighted Image

Following initial localization scans, a rapid acquisition 
with relaxation enhancement (RARE) sequence with 
TR/TE = 2650/40  ms, FOV = 2.56 × 2.56  cm, matrix 
size = 192 × 192, 12 slices, and slice thickness of 1 mm 
was performed to acquire anatomical images for registra-
tion. Tumor volumes were obtained from the T2 weighted 
images (T2-RARE). Subsequent postcontrast axial, coronal, 
and sagittal T1-weighted imaging was performed after the 
contrast administration (as CET1).

Dynamic‑Susceptibility‑Contrast Enhanced Perfusion‑ 
Weighted Imaging

To obtain the noteworthy information of angiogenesis in 
brain tumors, the DSC method (2D echo-plannar imaging 
pulse sequence, TR/TE = 1000/12 ms, matrix = 96 × 96, flip 
angle = 90°, 16 slices with slice thickness = 0.5 mm) with con-
trast injection with 150 dynamic time points were employed. 
K2 maps were derived according to the method described 
in detail by Boxerman et al. (Boxerman et al., 2006). This 
model allows mathematic correction for the T1 leakage effects 
in cerebral blood volume measurements. Mice tumor sizes 
and MR K2 map were manually drawn and Image J software 
(version 1.490, National Institutes of Health, Bethesda, MD, 
USA). MRI data were processed using customized MATLAB 
scripts (The Mathworks Inc., Natick, MA).

H&E Staining and Immunohistochemistry Staining

Mice were sacrificed and intracardially perfused with 4% 
paraformaldehyde prior to brain removal. Formalin-fixed 
and paraffin-embedded tissues and tumor from mice were 
subjected to H&E or IHC staining. All staining procedures 
were performed according to routine protocols [39]. In 
brief, sections of paraffin embedded tumor tissue on the 
glass slides obtained from each group was de-paraffinized 
in xylene, and rehydrated with decreasing concentra-
tions of ethanol. The slides were incubated in 3%  H2O2 
for 10 min. After washing, the slides will be blocked with 
5% normal goat serum for 5 min in a tight container, fol-
lowed by incubation with primary antibody in a dilution 
of 1:100–500 at 4 °C overnight [39, 40]. Slides from three 
different tumors were imaged using a TissueFAXS Tissue-
Gnostics Axio Observer Z1 microscope (TissueGnostics 
GmbH) equipped with a color charge-coupled device using 
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100 × magnification [40]. Nine views from three different 
images were quantified by Image J software.

Statistics

All data is presented as mean values ± standard deviation. 
Differences between the treatment and non-treatment groups 
were analyzed by one-way ANOVA on Microsoft Excel 
version 2017 (Redmond, Washington, USA). A P-value of 
less than 0.05 was defined as significant difference. Deter-
mination of the significance in difference of the survival 
outcomes between the CTRL and combination groups was 
assessed by Kaplan–Meier survival curve comparisons. The 
P-values were derived from the log-rank (Mantel-Cox) tests.

Results

Regulation of CXCL12/CXCR4 May Affect the Toxicity 
of TMZ in GBM

To identify the expression level of chemokine ligands after 
TMZ treatment, we performed chemokine array immunoas-
says on U-87 MG cells. The top 3 induction of chemokine 
ligands by TMZ treatment were CXCL1, CXCL12 (SDF-
1-alpha and SDF-1-beta) and CXCL16 (Fig. 1A and Sup-
plementary Table 1). GBM and low grade glioma tumor 
tissues from TCGA database showed greater expression 
levels of CXCR4 as compared to normal tissues (Fig. 1B). 
In Fig. 1C, the overall survival results showed that patients 
with low expression levels of CXCR4 have longer survival 
than those who have high expression levels. Four GBM cells 
showed higher endogenous expression level of CXCR4 as 
compared to astroglia SVG p12 (Fig. 1D). The cytotoxicity 

of TMZ was dose dependently increased in four GBM 
cells (Fig. 1E). However, BP-3 and BP-5 cells with higher 
endogenous CXCR4 expression were found to be relatively 
insensitive to TMZ as compare to U-87 MG and GBM8401 
cells. To confirm the role of CXCL12/CXCR4 on TMZ-
induced toxicity, we transfected siCXCR4 or treated with 
CXCR4 recombinant protein, CXCL12 recombinant protein, 
AMD3100 (CXCR4 inhibitor), and LIT-927 (CXCL12 neu-
traligand) and combined with TMZ in U-87 MG and BP-5 
cells. The cytotoxicity of TMZ was sensitized by trans-
fected U-87 MG and BP-5 cells (Supplementary Fig. 1) 
with siCXCR4 (Fig. 1F–G). Moreover, both U-87 MG and 
BP-5 cells found the toxicity effect after combining TMZ 
with AMD3100 (CXCR4 inhibitor) and LIT-927 (neutra-
ligand of CXCL12) (Fig. 1H, I, L, M). Even the highest 
CXCR4 endogenous BP-5 cells have showed sensitivity to 
TMZ-induced cytotoxicity after CXCR4 and CXCL12 inhi-
bition. However, the toxicity effect of TMZ was countervail-
ing by additional added CXCR4 and CXCL12 recombinant 
proteins in U-87 MG and BP-5 cells (Fig. 1J, K, N, and 
O). In U-87 MG cells, the CXCR4 protein expression that 
induced by TMZ was diminished by AMD3100 and LIT-927 
(Fig. 1P–Q). In the contrary, TMZ combined with CXCR4 
and CXCL12 recombinant protein may greatly induce the 
protein expression of CXCR4 and CXCL12 (Fig. 1P–Q). In 
sum, the expression of CXCR4 and CXCL12 may insensi-
tive GBM to TMZ; whereas, the inhibition of CXCR4 and 
CXCL12 may sensitize GBM to TMZ-induced toxicity even 
with higher endogenous CXCR4 expression.

Inhibition of CXCL‑12/CXCR4 Signaling 
by Regorafenib May Enhance the Cytotoxicity 
of TMZ

The inactivation of CXCL12 and CXCR4 may associ-
ate with TMZ sensitization. In Fig. 2A, regorafenib may 
diminish TMZ-induced chemokine ligands expression. 
Among the chemokine ligands that were overexpressed 
by TMZ treatment, CXCL12 was the one that declined 
significantly in expression due to the combination with 
regorafenib, compared to CXCL1 and CXCL-16 (Supple-
mentary Table 2, same CTRL blot and TMZ treated blot 
on Fig. 1A were used). The cytotoxicity was also induced 
by regorafenib treatment in four GBM cells (Fig. 2B). 
The cytotoxicity of TMZ was markedly increased by 
regorafenib GBM cells compared to monotherapy 
(Fig. 2C–F). Combination of another multi-kinase inhibitor 
sorafenib with TMZ was also performed and which indi-
cated poor benefit than combined with regorafenib (Sup-
plementary Fig. 2 and Supplementary Table 3). The com-
bination of 120 μM TMZ and 10 μM regorafenib showed 
synergistic cytotoxic effect (CI = 1, additive effect; CI < 1, 
synergistic effect; CI > 1, antagonistic effect) against all 

Fig. 1  Synergistic cytotoxicity was observed from the combination 
of regorafenib and TMZ. A Green, blue and red frames point out the 
expression of CXCL-1, CXCL-12, and CXCL-16 on chemokine pro-
tein array membrane after 120 μM TMZ treatment for 24 h in U87 
cells. B Box plots of CXCR4 mRNA expression level from GBM and 
LGG patient’s normal (gray) and tumor (pink) samples (*p < 0.05 vs. 
normal tissue). C Overall survival of glioma patients of either high 
or low mRNA expression levels of CXCR4 (dot line represented as 
95% confidence interval). D The endogens CXCR4 protein expres-
sion levels of SVG p12 and four GBM cells. E The viability of U-87 
MG and BP-5 after TMZ alone, TMZ combined F–G siCXCR4, H–I 
w/o AMD3100, J–K w/o CXCR4 recombinant protein, L–M w/o 
LIT-927, or N–O w/o CXCL12 recombinant protein are displayed. 
P–Q Western blotting results of CXCR4 and CXCL12 after differ-
ent treatments are displayed. Relative full blot images are presented 
in Supplementary Fig. 10.  (a1 p < 0.05,  a2 p < 0.01 vs. 0 μM TMZ;  b1 
p < 0.05,  b2 p < 0.01 vs. 0 μM AMD3100, 50 ng/ml CXCR4, 0.5 μM 
LIT-927 or 100  ng/ml CXCL12;  c2 p < 0.01 vs. U-87 MG cells). 
Abbreviations: LGG, low grade glioma; GBM, GBM; n, normal; 
T, tumor; TPM, trans per million; AMD, 30  μM AMD3100; LIT, 
0.5 μM LIT-927; + T, plus TMZ
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Fig. 2  TMZ-induced expression of CXCR4/CXCL-12 was reduced by 
combination with regorafenib. A Chemokine protein array membrane 
and quantification results of CXCL-1, CXCL-12, and CXCL-16 after 
10 μM regorafenib, 120 μM TMZ, and combination treatment are dis-
played. B The MTT viability results of regorafenib treatment in four 
GBM cells. The viability of C U-87 MG, D GBM-8401, E BP-3, and 
F BP-5 cells after regorafenib combined with TMZ are displayed. G 
Combination index calculated by COMPUSYN software is displayed. 

Symbols represent CI values derived from actual data points (Fa, frac-
tion affected). CI = 1, additive; CI > 1, antagonistic; CI < 1, synergistic. 
H Western blot images of CXCL-12 and CXCR-4 in four GBM cells 
are displayed. Relative full blot images are presented in Supplemen-
tary Fig. 11. I–J ELISA results of CXCR4 and CXCL12 of four GBM 
cells are displayed.  (a1 p < 0.05,  a2 p < 0.01 vs. 0 μM TMZ or CTRL; 
 b1 p < 0.05,  b2 p < 0.01 vs. 120 μM TMZ or 0 μM REG). Abbrevia-
tions: CTRL, control; REG, regorafenib; R + T, regorafenib plus TMZ
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cell lines (Fig. 2G and Supplementary Table 4). As eluci-
dated from the CI values, regorafenib may also effectively 
triggered the cytotoxicity against the BP-3 and BP-5 cell 
lines, which are relatively resistant to TMZ as compared 
to other cell lines. Colony formation was also decreased 
by regorafenib or CXCR4 inhibitor combined with TMZ 
(Supplementary Fig.  3). We found that CXCR4 and 
CCXL12 protein level were upregulated in the four GBM 
cells after TMZ treatment; on the contrary, expression of 
them was diminished after combination treatment of TMZ 
with regorafenib (Fig. 2H). In ELISA results, the expres-
sion level of CXCR4 and CXCL12 that induced by TMZ 
may also decrease by regorafenib treatment (Fig. 2I–J). 
These results suggested that the suppression of CXCR4 
and CXCL12 by regorafenib may sensitize GBM cells to 
TMZ treatment.

Regorafenib Effectively Suppresses 
the TMZ‑Induced NF‑κB Activation and Enhances 
the TMZ‑Induced Inhibition of Invasion/Migration 
of GBM Cells via the ERK/NF‑κB Signaling Pathway

TMZ dose dependently enhanced the activation NF-κB in 
U-87/NF-κB-luc2 cells, whereas regorafenib inhibited the acti-
vation of NF-κB dose dependently as showed in Fig. 3A–C. 
TMZ treatment may not activate CMV-driven luc2 expres-
sion in U87/luc2 cells, which was represented as negative 
control (Supplementary Fig. 4). To evaluate the key factors 
of NF-κB upstream signaling, we administrated different 
inhibitors, including CXCR4 inhibitor (AMD3100), NF-κB 
inhibitor (QNZ), JNK inhibitor (SP600125), AKT inhibitor 
(LY294002), ERK inhibitor (PD98059), and P38 inhibitor 
(SB203580) to the U-87/NF-κB-luc2 cells. We found that 
AMD3100, QNZ and PD98059 significantly suppressed 
the activation of NF-κB (Fig. 3D–F) and also diminished 
TMZ-induced NF-κB activation. Then, we also proved that 
inhibition of ERK and NF-κB may sensitize GBM to TMZ 
(Fig. 3G–H). Also, we found that the TMZ-induced phos-
phorylation of ERK and NF-κB were effectively suppressed 
by AMD3100 or LIT-927 treatment in U-87 MG cells, but 
induced by CXCR4 or CXCL12 recombinant proteins treat-
ment (Fig. 3I). Furthermore, TMZ-triggered phosphorylation 
of both ERK and NF-κB was markedly reduced by regorafenib 
treatment (Fig. 3J) in U-87 MG and GBM8401 cells. We then 
examined the alteration of NF-κB–related proteins which play 
pivotal roles in angiogenesis, proliferation, and anti-apoptosis, 
due to the combination treatment of TMZ with regorafenib. 
Regorafenib reversed the protein expression levels of MMP9, 
VEGF, CyclinD1, XIAP, c-FLIP, and MCL-1 which were 
induced by TMZ treatment in U-87 MG and GBM-8401 cells 
(Fig. 3K–L). Furthermore, the expression of MGMT, which 
is a mediator of the DNA damage/repair process, and key 
regulator of acquired TMZ resistance, was increased by TMZ 

treatment and inhibited by combining with regorafenib in U-87 
MG and GBM8401 cells (Fig. 3K–L). As illustrated in Supple-
mentary Fig. 5, four GBM cells we used were all represented 
with methylation pattern, thus the methylation status may not 
be the major factor that affect regorafinb-induced toxicity on 
our GBM cells. Finally, we performed the matrigel-coated 
and non-coated transwell assays. As showed in Fig. 3M-N, 
invaded cells were markedly reduced by combined treatment 
of regorafenib with TMZ as compare to single treatment. Simi-
larly, the greatest inhibition of migrated cells was observed 
for the combination treatment (Fig. 3O–P). Treatment with 
the ERK inhibitor (PD98059) and NF-κB inhibitor (QNZ) 
showed similar invasion and migration suppression effects 
on four GBM cells. These results indicated that regorafenib 
may not only suppress TMZ-induced ERK/NF-κB activity and 
its downstream proteins expression, but also enhance TMZ-
induced invasion/migration inhibition potential.

Regorafenib Significantly Enhances the Extrinsic/
Intrinsic Apoptosis Pathway Induced by TMZ in GBM 
Cells

In Fig. 4A, the activation of cleaved caspase-3 was enhanced 
by the combination treatment of TMZ with regorafenib in the 
four GBM cells. Inhibition of either ERK or NF-κB signaling 
pathways by PD98059 and QNZ, respectively, also activated 
the cleaved caspase-3 (Fig. 4B). The highest subG1 accumula-
tion was found in the combination treatment group (Fig. 4C, 
E). Moreover, in the annexin V/PI double stain experiments, 
early and late apoptosis populations were markedly increased 
by the combination therapy as compared to monotherapy 
(Fig. 4D, F–G). Next, we evaluated the Fas/Fas-L- and caspase- 
8-mediated extrinsic apoptosis pathways by flow cytom- 
etry. In Fig. 4H, J, activation of both Fas and Fas-L by the 
combination treatment was more significant than by the sin-
gle treatment with any of the drugs. The inhibitors PD98059 
(Fig. 4I, K) and QNZ (Fig. 4I, K) effectively activated the 
expression of Fas and Fas-L in U-87 MG and GBM8401 cells. 
Expression of caspase-8 which is downstream of Fas/Fas-L 
was effectively enhanced by 50–60% by combination treat-
ment as showed in Fig. 4L. Through inhibition of ERK and 
NF-κB, the cleavage of caspase-8 was enhanced by 30–40% 
in U-87 MG and GBM8401 cells (Fig. 4M). In addition, 
regorafenib may enhance the TMZ-induced mitochondria-
associated intrinsic apoptosis signaling pathway through the 
reduction of mitochondrial membrane potential (Fig. 4N). 
DNA fragment was also found to be increased in regorafenib  
or QNZ combined with TMZ (Supplementary Fig. 6). U-87 
MG and GBM8401 cells treated with PD98059 and QNZ 
(Fig. 4O) showed marked mitochondrial membrane poten-
tial loss. Moreover, cleaved PARP-1 was markedly increased 
by the combination treatment of regorafenib with TMZ, 
and single treatment with PD98059 or QNZ as displayed in 
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Fig. 3  The ERK/NF-κB signaling pathway and tumor invasion/migra-
tion capabilities were inhibited by the combination treatment of TMZ 
and regorafenib. A U-87/NF-κB-luc2 cells were treated with TMZ or 
regorafenib for 24  h and the activation of NF-κB were monitored by 
IVIS200 Imaging System. B–C Quantification result of the NF-κB 
activation. D U-87/NF-κB-luc2 cells treated with different inhibitors  
alone or combination with TMZ for 24 h and the E–F quantification 
result of NF-κB activation. The cytotoxic effect of PD98059 plus 
TMZ or QNZ plus TMZ on G U87 MG cells, and H GBM-8401 cells. 
Protein expression level of ERK (Thr202/Tyr204) and NF-κB p65  

(Ser276) in U87 MG cells after I combined with 30 μM AMD3100, 
0.5  μM LIT-927, 50  ng/ml CXCR4, or 100  ng/ml CXCL12 with 
TMZ or J regorafenib combined with 120 μM TMZ. Relative full blot 
images are presented in Supplementary Fig.  12. K-L Protein expres-
sion of migration, proliferation and anti-apoptosis related genes after 
regorafenib, TMZ or combination treatment in U-87 MG and GBM-
8401 cells. Micrographs of crystal violet stained membranes of M  
invasion and O migration assays and N, P its quantification results after 
different treatments are displayed.  (a1 p < 0.05,  a2 p < 0.01 vs. 0  μM 
TMZ, 0 μM REG or CTRL;  b1 p < 0.05,  b2 p < 0.01 vs. 120 μM TMZ)
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Fig. 4P–Q. Accordingly, we conclude that the extrinsic/intrin-
sic apoptosis effects which induced by the combination treat-
ment of regorafenib with TMZ were majorly regulated by the 
inhibition of ERK/NF-κB signaling pathways.

Regorafenib Combination with TMZ Effectively Sup‑
pressed the Tumor Growth and Prolonged the Over‑
all Survival of Tumor‑Bearing Mice

In orthotopic animal model experiments, U-87/NF-κB-
luc2 bearing mice were divided into four different groups. 
Experiments were repeated twice with total 17 mice per 
experiment per group (Fig. 5A). Markedly tumor growth 
suppression was found in the combination treatment group 

as compared to single treatment groups (Fig. 5B). Impor-
tantly, the effective dosage of TMZ in the combination 
group was half of the one used in single treatment. Tumor 
growth was also monitored by MRI as well using CET1 
and T2-RARE scan sequences (Fig. 5C). Representative 
whole slice images of mice brains from each group on days 
0, 14, and 21 are shown in Supplementary Fig. 7–1 ~ 7–4. 
Smallest tumor size (from T2-RARE, CET1 images, and 
corresponding H&E stained tumor tissues), and lower 
angiogenesis (MRI K2 maps) were found in combination 
group on the end-point of experiment (day 21) (Fig. 5D). 
The mean tumor growth time (MTGT) was relatively long 
in combination group which represented as 54.52 days as 
compared to 9.56 days in CTRL group. The mean tumor 

Fig. 3  (continued)
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Fig. 4  Significant apoptosis effects were observed with the combina-
tion treatment of regorafenib with TMZ. Four GBM cells are treated 
with 10  μM regorafenib, 10  μM PD98059, 0.5  μM QNZ alone, or 
combined with 120 μM TMZ for 24 h. Cells are then detected A–B 
the activation of cleaved caspase-3, C–G the populations of subG1 

phase and the activation of annexin V/PI, H–K the activation of Fas 
and Fas-L, L–M the activation of cleaved caspase-8, N–O the loss of 
the mitochondrial membrane potential (MMP) and P–Q the change 
of cleaved PARP-1 expression by flow cytometry.  (a1 p < 0.05,  a2 
p < 0.01 vs. CTRL;  b2 p < 0.01 vs. 120 μM TMZ)
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growth delay time (MTGDT) is 44.76 days in combination 
groups (Supplementary table 5). The mean growth inhibi-
tion rate is represented as 1.74, 2.08, and 5.58 in REG, 
TMZ and R + T, respectively. The combination index in 
U-87 MG bearing animal of combination treatment was 
0.47, which was considered as synergistic effect (Supple-
mentary table 6). Although TMZ is the clinically approved 
drug for GBM patient, its toxicity is relatively high. As 
showed in Fig. 5E, the body weight of mice of the CTRL 
and TMZ groups decreased dramatically after 7 days of 
treatment, while that of the combination and regorafenib 
treatment groups were maintained similar. No obvious 
normal tissue damage was found in combination treat-
ment group as compare to CTRL group (Supplementary 
Fig. 8). Additionally, the combination treatment markedly 
prolonged the survival of mice from 26 to 36 days as com-
pared to TMZ single treatment (Fig. 5F). Taken together, 
regorafenib promote tumor inhibition capacity of TMZ on 
GBM in vivo model.

Regorafenib Markedly Diminished the TMZ‑Induced 
CXCL‑12/CXCR4/ERK/NF‑κB‑Mediated Signal Trans‑
duction

TMZ-induced NF-κB activation was diminished by the com-
bination with regorafenib in vivo (Fig. 6A–B). The microar-
ray assays of the mice tumor tissues after various treatment 
conditions showed that several CXC chemokines and CXC 
chemokine receptors were induced by TMZ, such as CXCL-
1, -4, -5, -9, -12, -15, -16, CXCR-4, -5, and -6 (Fig. 6C–D). 
Importantly, the induction of CXC chemokines and CXC 
chemokine receptors by TMZ was diminished after combin-
ing with regorafenib. In Fig. 6E–F IHC results, combination 
group displayed the lowest CXCR4 and CXCL-12 expres-
sion levels; whereas, the highest expression level was found 
in TMZ single treatment group. Moreover, the TMZ-induced 
MGMT expression was significantly decreased by combined 
treatment of TMZ with regorafenib. Similarly, the protein 
expression of phosphorylated ERK and p65 subunit of NF-κB 

Fig. 4  (continued)
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were decreased by the combination therapy (Fig. 6G, H). The 
caspase-mediated apoptosis was effectively enhanced by the 
combined treatment of TMZ with regorafenib as compared 

to single treatment which validated by both IHC staining 
(Fig. 6I–J) and ex vivo Western blotting (Supplementary 
Fig. 9). In summary, the combination treatment of regorafenib 

Fig. 5  Tumor growth of our orthotopic animal model was inhibited 
by combination treatment of regorafenib with TMZ. A The experi-
mental flow chart. B Tumor volumes were assessed by MRI once 
per week and calculated by customized MATLAB scripts from the 
T2-RARE images. C MRI T2-RARE and CET1 from each group on 
day 0, 14, and 24 are displayed. D MRI T2-RARE, CET1, and MR 

K2 map images and the corresponding H&E stained sections of the 
mice of each group on day 21 are displayed. E Mice body weight was 
measured by digital weight once per week. F Kaplan–Meier survival 
curve of each group.  (a1 p < 0.05,  a2 p < 0.01 vs. CTRL;  b1 p < 0.05, 
 b2 p < 0.01 vs. TMZ;  c1 p < 0.05,  c2 p < 0.01 vs. REG + TMZ)
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with TMZ may effectively reduce the TMZ-induced CXCR4/
CXCL-12/ERK/NF-κB signaling transduction.

Discussion

Chemokine-signaling network is required for glioblastoma 
progression. CXC chemokine ligands CXCL1, CXCL2, 
CXCL4, CXCL9, CXCL12, CXCL16, as well as CX3CL 
have been reported to participate in proliferation, survival, 
angiogenesis, invasion, and metastasis in glioblastoma 
[41]. Binding of the chemokine CXCL-12 with its receptor 
CXCR4 mediates progression of GBM through initiation of 
oncogenic signal transduction pathways [42]. Tabouret et al. 
found that the CXCL12/CXCR4 pathway was associated 
with recurrence of GBM after the combined treatment of 
radiotherapy with TMZ [10]. The information we retrieved 
from the TCGA databank indicates that CXCR4 expression 
is higher in tumor tissues of GBM patients than in normal 
brains (Fig. 1B). Furthermore, GBM patients with high 
CXCR4 expression levels suffer from poor survival com-
pared to those with low expression levels (Fig. 1C), which 
makes CXCR4 a potential biomarker for GBM. The patients 
derived GBM BP5 cells obtained from human tumor tis-
sues expressed higher endogenous CXCR4 levels and exhibit 
lower sensitivity to TMZ than other GBM cells (Fig. 1D–E). 
Then, chemokine array was utilized to detect effect of TMZ, 
regorafenib, or combination treatment on chemokine lev-
els in U-87 MG cells. We found that TMZ significantly 
triggered expression of CXCL1, CXCL12, and CXCL16 
compared to that of CTRL group (Fig. 1A). The increased 
expression of CXCL1 associates with unfavorable overall 
survival and mesenchymal transition–mediated radioresist-
ance in glioblastoma [43]. In addition, CXCL16 attenuates 
expression of thrombospondin type 1 domain containing 4 
(THSD4) and vascular endothelial growth factor-c (VEGFC) 
to facilitates TMZ-promoted cellular dormancy, which is one 
strategy for escaping from chemotoxicity [44]. Our results 
showed that TMZ-induced expression of CXCL1, CXCL12 
CXCL16 was effectively reduced by regorafenib (Fig. 2A). 
Most important, the survival of mice observed in our study 
indicates that regorafenib and TMZ combination treatment 
resulted in the longest survival time periods compared to 
other treatments (Fig.  5F). The TMZ-induced proteins 
expression of CXCL12 and CXCR4 was significantly sup-
pressed by regorafenib treatment in GBM cells and tumors 
(Figs. 2H and 6E–F).

Mitogen-activated protein kinases (MAPKs) and protein 
kinase B (AKT) signaling are activated by the CXCL12/
CXCR4 interaction. MAPKs (ERK, P38, and JNK) and AKT 
upregulated NF-κB activation may lead to cell survival, 
invasion, and angiogenesis [45–47]. Haas et al. demonstrated 
that inhibition of phosphatidylinositol-3-kinase (PI3K) 

signaling enhanced the TMZ-inhibited cell viability [48]. 
We found both siCXCR4, AMD3100 (CXCR4 inhibitor), 
LIT-927 (CXCL12 neutraligand), PD98059 (MEK/ERK 
signaling inhibitor), and QNZ (NF-κB inhibitor) increased 
TMZ-induced toxicity (Figs. 1F–G, H–I, L–M and 3G–H), 
but decreased the endogenous NF-κB activation and sup-
pressed the TMZ-induced NF-κB activation (Fig. 3D–F). 
Inhibition of ERK, p38, and AKT by regorafenib is associ-
ated with down-regulation of NF-κB activity in HCC, blad-
der, and non-small cell lung cancer (NSCLC) [19, 49, 50]. 
We found that regorafenib significantly reduced the TMZ-
increased ERK phosphorylation (Fig. 3J). Fianco et al. dem-
onstrated that high expression of caspase-8 modulated the 
angiogenesis and TMZ resistance through the activation of 
NF-κB in GBM [51]. We illustrated that regorafenib aug-
mented the TMZ-induced caspase-8 activation; however; the 
TMZ-induced NF-κB activation and VEGF expression were 
blocked by regorafenib treatment (Fig. 3J–L). Regorafenib 
significantly increased the action of TMZ to inhibit GBM 
cell growth in vitro (Fig. 2C–F, Supplementary Fig. 3) and 
in vivo (Fig. 5C–F).

NF-κB p50/p65 heterodimers are the oncogenic transcrip-
tion factors which regulates numerous oncogenes expres-
sion. Activation of NF-κB contributes significantly to tumor 
progression through upregulation of proliferative, anti-
apoptotic, angiogenic, and metastasis-associated proteins 
encoded by NF-κB-regulated oncogenes [52, 53]. Activation 
of NF-κB, which is frequently observed in GBM, is related 
to the grade of glioma [54]. Previous studies showed that 
the inhibition of NF-κB by specific inhibitors suppressed 
the expression of anti-apoptotic, proliferative, and metastatic 
proteins and reduced the invasion capability of GBM [27, 
55]. Yu et al. also demonstrated that inhibition of NF-κB by 
small interfering ribonucleic acid (siRNA) specific to p65 
abrogates the protein levels of MGMT in GBM [55]. In this 
study, we indicated that regorafenib acts as an inhibitor to 
NF-κB signaling, which significantly diminishes the TMZ-
induced NF-κB activation and expression of related proteins 
such as MMP-9, VEGF, Cyclin-D1, XIAP, C-FLIP, MCL-
1, and MGMT (Fig. 3K–L). Regorafenib also promotes the 
effects of TMZ to inhibit the cell invasion and migration of 
GBM (Fig. 3M–P).

Apoptosis prevents the growth of tumor cells by induc-
tion of cell death through extrinsic/intrinsic (mitochondrial) 
apoptotic pathways. Apoptosis aids the chemotherapeutic 
agents to inhibit tumor progression, so inhibition of apopto-
sis by anti-apoptotic proteins limits the anticancer efficacy 
of chemotherapeutic agents [56]. The pro-apoptotic protein 
Bak mediates the loss of mitochondrial membrane potential 
(MMP), resulting in cytochrome-c and apoptotic protease 
activating factor 1 (APAF-1) release from mitochondria. 
The anti-apoptotic protein myeloid cell leukemia-1 (MCL-
1) blocks the intrinsic apoptotic pathway by inhibiting the 
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Bak-induced loss of MMP [57, 58]. Inhibition of MCL-1 
expression augments the TMZ-induced apoptosis in GBM 
cells [59, 60]. Our results showed that regorafenib signifi-
cantly enhances the loss of MMP and apoptosis (Fig. 4), 
DNA damage (Supplementary Fig. 6) and inhibit the TMZ-
triggered MCL-1 expression. In this study, we provided data 
that regorafenib effectively enhances TMZ-induced apopto-
sis through extrinsic and intrinsic pathways in glioblastoma 
cells. Interestingly, Jiang et al. found that autophagy but not 
apoptosis is essential for GBM growth inhibition induced by 
regorafenib [61]. They proposed that regorafenib may elicits 
lethal autophagy arrest in TMZ-resistant GBM cells through 
stabilizing phosphoserine aminotransferase 1 (PSAT1).

Down-regulation of the pro-apoptotic proteins contribute to 
evasion of apoptosis and tumor progression [62]. Caspase fam-
ily of proteins acts as a critical modulator in the apoptotic path-
ways. High expression of active-caspase-8 is necessary for the 
interaction of death receptors with their ligands which initiates 
the extrinsic apoptotic pathway. Active-caspase-3 modulates 
the formation of apoptotic deoxyribonucleic acid fragmenta-
tion and cleavage of PARP-1 [63]. The loss of caspase-3 and 
caspase-8 activation was linked to poor survival in patients 
with GBM [64, 65]. In this study, we show that regorafenib 
significantly increases the TMZ-induced Fas (Fig. 4H), Fas-L 
(Fig. 4J), caspase-8 (Fig. 4L), and caspase-3 (Fig. 4A) acti-
vation in GBM. The DNA repair proteins also abolished the 
chemotherapeutic agent–induced apoptosis by repairing DNA 
damage. Both of the DNA repair proteins PARP-1 and MGMT 
have been indicated to modulate the repair of TMZ-induced 
DNA damage [66, 67]. Spiegl-Kreinecker et  al. revealed 
that the increased expression of MGMT protein is related to 
the poor outcome of TMZ treatment in GBM patients [68]. 
Decreased expression of MGMT protein and PARP inhibi-
tors was found to sensitize GBM cells to TMZ [55, 69]. Here, 
we demonstrated that regorafenib significantly suppresses the 
TMZ-induced MGMT expression (Figs. 3K–L and 6E–F) and 
promotes the TMZ-induced PARP-1 cleavage (Fig. 4P).

In conclusion, the enhancing effects of regorafenib 
towards the TMZ anti-GBM capabilities may be due to the 
suppression of CXCL-12/CXCR4-mediated ERK/NF-κB 
signaling and induction of apoptosis through the extrinsic/

intrinsic pathways. Our results suggest that regorafenib 
is a potential complementary agent that could effectively 
increase the therapeutic efficacy of TMZ in GBM.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13311- 022- 01194-y.
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