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Abstract. Temozolomide (TMZ) is a widely used chemothera-
peutic agent for glioblastoma multiforme (GBM). However, 
chemoresistance to TMZ is still a major obstacle for GBM 
patients. An abundance of candidates has been reported to 
improve the chemotherapeutic sensitization of TMZ. In the 
present study, it was demonstrated that momelotinib (MTB) 
enhanced the sensitivity of glioma cells to TMZ in  vitro, 
as evidenced by a noticeable decrease in cell growth and a 
significant increase in apoptosis and autophagy following 
treatment with the combination of TMZ and MTB compared 
to TMZ alone. Mechanistically, MTB and TMZ combina-
tion treatment reduced U251 cell growth by activating both 
apoptosis and autophagy pathways. MTB potentiated TMZ 
to inhibit the phosphorylation of JAK2 and STAT3 in U251 
cells, resulting in the inactivation of JAK2/STAT3 signaling 
pathways. Moreover, we investigated the effect of MTB in 
xenograft tumor model mice. MTB and TMZ combination 
reduced tumor weight, decreased the expression of Ki‑67, 
P62, p‑STAT3 and p‑JAK2, while increased the ratio of 
LC3‑II/I and the expression of caspase‑3 and Beclin1 in vivo. 
Importantly, this combination was well tolerated, and caused 
significant tumor growth inhibition in the GBM xenografts. 
In summary, the present study provides pharmacological 
evidence that MTB has potential value in the treatment of 
GBM.

Introduction

Glioblastoma (GBM) is one of the most prevalent malignant 
cancers and is the most lethal primary intrinsic brain 
tumor  (1). Currently, even following standard treatment, 
namely, surgical excision followed by radiotherapy alone or 
adjuvant chemotherapy, patients exhibit a poor prognosis, 
with long‑term survival rates of <5%  (2,3). The clinical 
course of GBM is very rapid and fatal. According to a 
previous investigation concerning glioblastoma survival in 
the United States, the median survival following standard 
treatment and adjuvant chemotherapy with temozolomide 
(TMZ) was only 15 months (4). TMZ is an alkylating agent 
(current front‑line GBM therapeutic drug) administered 
orally which causes DNA damage and induces cell death. 
TMZ exhibits anti‑glioma activity when used alone or in 
combination with other agents (5). TMZ has been approved 
for the clinical treatment of patients with newly diagnosed 
malignant glioma and recurrent malignant glioma  (3,6). 
Athanassiou et al revealed the therapeutic mechanisms of 
TMZ. The authors demonstrated that TMZ can efficiently 
inhibit the proliferation and induce the apoptosis of glioma 
cells (3). However, GBM cells usually achieve resistance to 
TMZ which alleviates the cell toxicity of TMZ. The occur-
rence of chemoresistance to TMZ is the main cause of the 
poor prognosis of GBM patients. Improving the sensitivity 
of GBM cells to TMZ has become a promising strategy for 
GBM treatment.

STAT3 is a transcription factor and one of the major 
intracellular signaling proteins. STAT3 has been found to 
be upregulated in GBM  (7). STAT3 can be activated by 
phosphorylation of the STAT3 tyrosine 705 residue, which 
is stimulated by JAK2 activation under any of a variety of 
cytokines including IL‑6 and IL‑11 as well as growth factors 
such as EGF, TGF‑α, PDGF and HGF (8). Upon activation, 
Tyr705‑phosphorylated STAT3 (p‑STAT3) translocates from 
the cytoplasm to the nucleus, thus regulating the transcription 
of downstream target genes by binding to the promoter of 
these genes, including Bcl‑2, Bcl‑xL and vascular endothelial 
growth factor (VEGF) (7). Constitutive activation of STAT3 
has been confirmed to be positively correlated with the grade 
of glioma (9). JAK2/STAT3 inhibition leads to apoptosis (10) 
and autophagy (11). JAK2/STAT3 is a well‑known target of 
GBM treatment (12,13).
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Momelotinib (MTB; also named CYT387). is a small‑ 
molecule, adenosine triphosphate (ATP)‑competitive inhibitor 
of janus kinase (JAK)‑1/2 (14,15). MTB has been evaluated 
in phase 3 myelofibrosis clinical trials (NCT01969838 and 
NCT02101268) (16). MTB was reported to inhibit the growth 
of pancreatic ductal adenocarcinoma (PDAC) (17) and ovarian 
carcinoma cells (18). In addition, a previous study showed 
that MTB and dasatinib synergistically inhibited renal cell 
carcinoma (19). Similarly, MTB was reported to enhance the 
antitumor activity of cetuximab against non‑small cell lung 
cancer (20). These results indicated that MTB has anticancer 
potential. In the present study, we aimed to investigate whether 
MTB sensitizes GBM cells to TMZ and the underlying 
mechanisms.

Materials and methods

Cell culture and reagents. The human GBM cell lines 
U373‑MG‑ATCC, U251, SHG‑44 and LN229 (CRL‑2611) 
were purchased from the American Type Culture Collection 
(ATCC; Manassas, VA, USA). The human GBM cell lines 
U251, SHG‑44 and LN229 were cultured in Dulbecco's 
modified essential medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) containing 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 
100 U/ml penicillin + streptomycin (Gibco; Thermo Fisher 
Scientific, Inc.). U373‑MG‑ATCC cells were maintained in 
complete EMEM medium (Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% FBS and 100 U/ml penicillin + strepto-
mycin (Gibco; Thermo Fisher Scientific, Inc.). All cell cultures 
were maintained at 37˚C in a 5% CO2 incubator. MTB was 
purchased from Selleckchem (S2219) and TMZ was purchased 
from Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). 
Stock solutions were made in dimethyl sulfoxide (DMSO; 
Sigma‑Aldrich; Merck KGaA) and subsequently diluted in 
culture medium for use. Working concentrations were freshly 
prepared daily by diluting the stock with phosphate‑buffered 
saline (PBS).

Cell Counting Kit‑8 cell viability assay. Cell Counting Kit‑8 
(CCK‑8; Beyotime Institute of Biotechnology, Shanghai, 
China) assay was performed to test cell toxicity of MTB and 
proliferation of U373‑MG‑ATCC, U251, SHG‑44 and LN229 
cells in this study. For toxicity test, we chose astrocytes as a 
control. U‑251MG cells treated with MTB (0, 0.1, 0.025, 0.05, 
0.1, 0.25, 0.5, 1.0, 2.5, 5, 10, 25, 50, 100 and 200 µM) for 48 h, 
were collected to detect the optical density (OD) 490. For 
proliferation determination, U‑251MG cells were pretreated 
with NC, 2.5 µM MTB, 100 µM TMZ and MTB + TMZ for 
24 h, and then cells were trypsinized and seeded into 96‑well 
plates at a density of 4x103 cells in 200 µl of complete medium 
per well. Next, the 96‑well plates were placed at 37˚C in a 5% 
CO2 incubator. CCK‑8 assay was performed according to the 
manufacturer's instructions provided in the CCK‑8 kit for the 
next continuous 4 days. The value of 450 nm was measured by 
ELISA. This assay was repeated for 3 times.

Treatments of GBM cells. U‑251MG cells were divided into 
4 groups and treated with NC (Ctrl), 2.5 µM MTB (MTB), 
100 µM TMZ (TMZ) and combination treatment (2.5 µM 

MTB + 100 µM TMZ), separately. TMZ at a concentration of 
100 µM was used as previously reported (21).

Hoechst  33342 staining. U‑251MG cells were treated as 
described above for 48 h. Briefly, cells in each group were 
detached from the culture dish and resuspended in DMEM 
containing 2% FBS at a density of 1x106 cells/ml. Then, the 
cells were incubated with Hoechst 33342 staining solution 
(Sigma‑Aldrich; Merck KGaA) for 60 min at 37˚C according 
to the manufacturer's instructions. Finally, the cells were 
observed under a fluorescence microscope (scale bar, 50 µm). 
Apoptotic cell death was determined by counting the number 
of cells with condensed nuclei in 6 randomly selected areas.

Western blot analysis. U‑251MG cells were treated with MTB 
(2.5 µM) or TMZ (100 µM) for 48 h. Proteins were extracted 
with RIPA lysis buffer adding cocktail tablets (Sigma Aldrich; 
Merck KGaA) and phenylmethanesulfonyl fluoride (PMSF; 
Sigma‑Aldrich; Merck  KGaA). An equivalent amount of 
protein (40  µg) was resolved on SDS‑PAGE (6‑12%) gel, 
transferred onto polyvinylidene fluoride (PVDF) membranes 
(EMD Millipore, Billerica, MA, USA) and probed with specific 
primary antibodies. The primary antibodies against cleaved 
caspase‑9, Ki‑67, PCNA, cleaved caspase‑3, Beclin1, P62, 
LC3, phosphorylated (Tyr705) STAT3 (p‑STAT3), STAT3, 
phosphorylated (Tyr1007/1008) JAK2 (p‑JAK2), JAK2, were 
obtained from the Cell Signaling Technology, Inc. (Danvers, 
MA, USA) (Table I). After 1 h of incubation with the appro-
priate horseradish peroxidase (HRP)‑conjugated secondary 
antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). 
Finally, the blots were visualized by ECL and detected using 
a ChemiDoc XRS imaging system (Bio‑Rad Laboratories, 
Hercules, CA, USA). Protein bands were normalized with 
GAPDH as an internal control.

Immunofluorescence staining. Immunofluorescence staining 
was performed to confirm the localization of p‑STAT3 in 
U‑251MG cells. U‑251MG cells were treated and grouped 
as previously described in the manuscript. Then, the cells 
were collected and washed with PBS twice and fixed with 
4% paraformaldehyde for 20 min at room temperature. Next, 
the samples were permeabilized with 0.4% Triton  X‑100 
(Sigma‑Aldrich; Merck KGaA) for 10 min, washed with PBS 
and then blocked with 2% bovine serum albumin (BSA; 
Beijing Solarbio Science and Technology Co., Ltd., Beijing, 
China) in PBS for 1 h at 37˚C. After this, the samples were 
incubated with anti‑p‑STAT3 in 1% BSA (Beijing Solarbio 
Science and Technology Co., Ltd.) in PBS overnight at 4˚C. The 
samples were subsequently washed with PBS and incubated 
with fluorescein‑conjugated secondary antibody in 1% BSA 
(Beijing Solarbio Science and Technology Co., Ltd.) in PBS for 
1 h. Finally, the samples were stained with DAPI (1 µg/ml) for 
10 min to stain the cell nuclei. The samples were then visualized 
a confocal laser scanning microscope at x400 magnification 
(Leica Microsystems, GmbH, Wetzlar, Germany).

Cell cycle assay. U‑251MG cells were seeded in 6‑well cell 
culture plates. After 48 h of treatment with TMZ with or 
without MTB, the cells were analyzed by flow cytometry 
(BD FACSCanto II; BD Biosciences, San Diego, CA, USA) 
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using CycleTEST™ Plus DNA Reagent kit (BD Biosciences) 
according to the manufacturer's recommended protocol. The 
obtained results were analyzed using ModFit LT (version 4.0; 
Verity Software House, Topsham, ME, USA).

Xenograft tumor model. For testing of the efficacy of MTB 
combined with TMZ in vivo, orthotopic xenograft models 
were established. Twenty 6‑week‑old male BALB/c‑nu/nu 
mice weighing 16‑18 g were bred in aseptic cages, which were 
kept in an isolator unit with filtered air. The mice had access 
to water and food ad libitum. U251 cell suspension (0.1 ml) 
[2‑5x107/ml Hank's balanced salt solution (HBSS), Gibco; 
Thermo Fisher Scientific, Inc.] was stereotypically injected 
into the left striata of mice. After the tumor was established, the 
mice were randomized into the following groups: Ctrl; MTB 
(50 mg/kg/day body weight) (19); TMZ (20 mg/kg/day body 
weight); MTB + TMZ (50 mg/kg/day MTB + 20 mg/kg/day 
TMZ). All mice were administered the drug or saline daily by 
oral gavage 1 day after tumor cell injection (18). All animals 
were sacrificed at 30 days and tumors were collected. Tumor 
weight was measured. All animal protocols were approved by 
the Beijing Tiantan Hospital and Capital Medical university 
laws governing animal care.

TUNEL. Terminal deoxynucleotidyl transferase‑mediated 
dUTP‑biotin nick-end labeling (TUNEL) staining was 
performed to detect apoptosis according to the manufac-
turer's instructions (TUNEL Apoptosis Detection Kit; Upstate 
Biotechnology, Inc., Lake Placid, NY, USA). TUNEL‑positive 
cells were quantified by counting brown staining within 
the nucleus of apoptotic cells. The extent of apoptosis was 
calculated with the Motic Image software (version 1.2; Micro 
Optical Group Co., Haimen, China) and expressed as a 
number of TUNEL‑positive cells from the same field under 
an Olympus BX60 microscope and Spot camera (Olympus 
Optical Co., Tokyo, Japan; magnification, x400).

Immunohistochemistry. Tumors were cut into 2‑µm sections 
and paraffin‑embedded tumor sections were constructed. 
Sections were deparaffinized and blocked with 3% H2O2 for 
10  min at room temperature followed by incubation with 
anti‑Ki‑67 and anti‑cleaved caspase‑3 at 4˚C overnight. Slides 
were rinsed with PBS and incubated at room temperature for 
30 min with biotinylated goat anti‑mouse immunglobulin 
G secondary antibody (Dako, Glostrup, Denmark). After 
washing in Tris‑hydrochloric acid buffer (TBS), the slides 
were incubated with streptavidin‑peroxidase reagent (Dako) 
and treated with 3,3'‑diaminobenzidine (DAB; Sigma Aldrich; 
Merck KGaA) for 5 min. The slides were counterstained and 
dehydrated and the final percentage of positive cells was 
calculated with the Motic Image software (version 1.2; Micro 
Optical Group Co.)

Autophagy detection. Autophagy was assessed by western blot 
analysis and immunofluorescence staining for LC3. Detailed 
methods were shown in paragraph Western blot analysis and 
Immunofluorescence staining. All stained specimens were 
observed under a confocal laser scanning microscope (Leica 
Microsystems, GmbH). For the quantitative analysis, LC3 posi-
tive puncta were analyzed by ImageJ (version 1.50b; National 
Institutes of Health, Bethesda, ME, USA; http://imagej.nih.
gov/ij/).

Statistical analysis. Statistically significant differences 
between the control and other groups were evaluated by 
means of analysis of variance (ANOVA). For comparisons 
among >2 groups, the one‑way ANOVA followed by post hoc 
Tukey's test was applied. For the CCK‑8 assay, the one‑way 
ANOVA with Dunnett's post  hoc test was used. Data are 
illustrated in bar graphs, values are presented as mean ± SEM 
from at least 3 independent experiments and post hoc test. 
Asterisks/pound symbols denote statistical significance in the 
figures. Statistically significant differences in Kaplan‑Meier 

Table I. Primary and secondary antibody information.

Antibodies	 Company	 Catalog no.	 Dilution

Primary cleaved caspase‑9	 Cell Signaling Technology (CST), Inc., 	 52,873	 1:2,000
	 Danvers, MA, USA
  Cleaved caspase‑3	 CST	 9,662	 1:2,000
  Ki‑67	 Abcam, Cambridge, UK	 ab16667	 1:2,000
  PCNA	 CST	 13,110	 1:2,000
  Beclin1	 CST	 3,495	 1:1,000
  p62	 CST	 8,025	 1:1,000
  LC3	 CST	 4,108	 1:1,000
  STAT3	 CST	 9,139	 1:2,000
  p‑STAT3 (Tyr705)	 CST	 9,145	 1:2,000
  p‑JAK2	 CST	 3,771	 1:1,000
Secondary (Tyr1007/1008)
  JAK2	 CST	 3,230	 1:1,000
  m‑IgGκ BP‑HRP	 Santa Cruz Biotechnology, Inc.	 sc‑516102	 1:10,000
	 Dallas, TX, USA
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survival were determined by a log‑rank test using GraphPad 
Prism. Statistical significance was considered if P<0.05 in any 
analysis. All the data were analyzed using GraphPad Prism 6 
(GraphPad Software, Inc., San Diego, CA, USA).

Results

MTB inhibits the cell viability of 4 human GBM cell lines. 
To clarify the influence of MTB on GBM cells, we conducted 
a CCK‑8 assay using U373‑MG‑ATCC, U251, SHG‑44 and 
LN229 cells and astrocytes treated with MTB at concentra-
tions of 0 to 200 µM for 24 h, respectively. The result (Fig. 1) 
showed that MTB exerted an inhibitory effect on the viability 
of GBM cells in a dose‑dependent manner (P<0.01; compared 
to the astrocyte group). Particularly, U251 cells showed more 
sensitivity to MTB than the other cell lines. The concentration 
of MTB that inhibited cell viability was 2.5 µM in U251 cells. 
In addition, treatment with MTB at 2.5 µM did not induce 
significant cytotoxicity of U251 cells. These data suggest 
that MTB is a potential anticancer agent against GBM cells, 
particularly U251 cells. Thus, 2.5 µM of MTB and U251 cells 
were used for subsequent experiments.

MTB enhances the proliferation‑inhibiting and apoptosis‑ 
promoting effect of TMZ. A concentration of 100 µM TMZ 
was used as previously described (21). As shown in Fig. 2A, 

Figure 2. MTB enhances the proliferation‑inhibiting and apoptosis‑promoting effect of TMZ in GBM cells. The U251 cell line was selected for subsequent 
experiments. U251 cells were treated with DMSO (control), 2.5 µM MTB, 100 µM TMZ, or 2.5 µM MTB combined with 100 µM TMZ (MTB + TMZ). 
(A) Apoptosis of cells under different treatments was detected by Hoechst 33258 staining (left panels) Scale bar, 50 µm. The representative histogram 
showing the results of the apoptosis rate of U251 cells (right panel). (B) Cells were cultured in 96‑well plates and then treated with solvent only (control; Ctrl) 
or 100 µM TMZ with 2.5 µM MTB for 48 h. OD490 of U251 cells treated with MTB and TMZ were determined by CCK‑8 assay. (C) The protein expression 
of cells under different treatments was detected by western blot analysis. GAPDH was used as the loading control (left image). The representative column 
diagrams showing results of relative protein expression (right histogram). (D) Cell cycle distribution was detected by FACS cell cycle analysis (left panels) 
and the representative histogram showing cell cycle distribution (right histogram). *P<0.05, compared with the Ctrl; #P<0.05, compared with TMZ. Data are 
represented as mean ± SEM for 3 replicates. MTB, momelotinib; TMZ, temozolomide; GBM, glioblastoma; PCNA, proliferating cell nuclear antigen; MGMT, 
O‑methylguanine‑DNA methyltransferase; Ctrl, control.

Figure 1. MTB inhibits the cell viability of 4 human GBM cell lines. MTB 
at various concentrations (0‑200 µM) was used to treat GBM cell lines 
U373‑MG‑ATCC, U251, SHG‑44 and LN229 and astrocytes. *P<0.05, 
**P<0.01, compared with the astrocyte group. MTB, momelotinib; GBM, 
glioblastoma; U251, U251‑MG.
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both MTB and TMZ promoted the apoptosis of U251 cells 
compared with the control (P<0.05). As shown in Fig. 2B, 
both MTB and TMZ suppressed the growth of U‑251MG cells 
compared with the control (P<0.05). However, the combina-
tion of MTB and TMZ enhanced the proliferation‑inhibiting 
effect compared with either the MTB or TMZ group (P<0.05). 
In addition, the combination of MTB and TMZ enhanced the 
apoptosis‑promoting effect compared to TMZ or MTB used 
alone at the same dose (P<0.05). The present results were 
verified by western blot analysis of Ki‑67, PCNA, cleaved 
caspase‑3 and cleaved caspase‑9 (Fig. 2C). The relative expres-
sion of Ki‑67 and PCNA were significantly reduced by MTB 
and TMZ, and the combination therapy (P<0.05), while the 
expression of cleaved caspase‑3 and cleaved caspase‑9 exhib-
ited inverse results. We also assessed the effect of MTB on 
cell cycle distribution (Fig. 2D). MTB and TMZ combination 
significantly arrested the cell cycle at the G2 phase.

MTB enhances the autophagy‑promoting effect of TMZ. To 
elucidate the role of MTB in autophagy, expression levels of 

Beclin1, LC3‑II, LC3‑I and p62 were detected by western blot 
assay. As shown in Fig. 3A, both MTB and TMZ increased 
the level of Beclin1 and LC3‑II and decreased the level of p62 
compared to the control (P<0.05). Expectedly, the combination 
of MTB and TMZ enhanced the autophagy‑promoting effect, 
evidenced by higher levels of Beclin1 and LC3‑II/I ratio, as 
well as a lower level of P62 compared with the MTB and TMZ 
group (P<0.05). In addition, the combination of MTB and TMZ 
obviously increased the number of LC3‑positive puncta per 
cell when compared to that when TMZ or MTB was used alone 
at the same dose (Fig. 3B, P<0.05). 3‑Methyladenine (3‑MA) 
was used to verifiy the autophagy‑promoting effect of MTB. 
As shown in Fig. 3C, TMZ alone significantly increased the 
number of LC3‑positive puncta, and 3‑MA totally inhibited 
the autophagy induced by TMZ, while the suppression was 
reversed by MTB.

MTB inactivates the JAK2/STAT3 pathway. To elucidate the 
mechanism of MTB in autophagy induction, expression levels 
of JAK2 and STAT3 were determined by western blot analysis. 

Figure 3. MTB enhances the autophagy‑promoting effect of TMZ in GBM cells. 3‑MA was used to verify the autophagy‑promoting effect of TMZ. (A) U251 
cells were treated with DMSO (Ctrl), 2.5 µM MTB, 100 µM TMZ, or 2.5 µM MTB combined with 100 µM TMZ (MTB + TMZ). Relative protein levels of 
Beclin1, LC3 I/II and p62 were detected by western blot analysis. GAPDH was used as loading control. The quantification of relative protein expression was 
performed by ImageJ software. (B) Expression of LC3 was visualized with fluorescence microscopy after immunofluorescence staining with the LC3 antibody 
(green); scale bar, 20 µm. The number of LC3+ puncta/cell was compared between the different groups. *P<0.05, compared with Ctrl; #P<0.05, compared with 
TMZ. (C) U251 cells were treated with DMSO (Ctrl), 100 µM TMZ, 100 µM TMZ + 10 mM 3‑MA (TMZ + 3‑MA) and 2.5 µM MTB + 100 µM TMZ + 10 mM 
3‑MA (TMZ + 3‑MA + MTB). Expression of LC3 was visualized with fluorescence microscopy after immunofluorescence staining with LC3 antibody (green); 
scale bar, 20 µm. The number of LC3+ puncta/cell was compared between the different groups. *P<0.05, compared with Ctrl; #P<0.05, compared with TMZ; 
&P<0.05, compared with TMZ + 3‑MA. The results are presented as the mean of 3 independent experiments. MTB, momelotinib; TMZ, temozolomide; GBM, 
glioblastoma; 3‑MA, 3‑methyladenine; LC3, microtubule‑associated protein l light chain 3; Ctrl, control.
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As shown in Fig. 4A, western blot analysis showed that the 
combination of MTB and TMZ decreased the phosphorylation 
levels of JAK2 and STAT3 compared to that following treat-
ment with TMZ or MTB used alone at the same dose (P<0.05). 
In particular, MTB was observed to suppress STAT3 nuclear 
translocation. As shown in Fig.  4B, the nuclear level of 
p‑STAT3 was high in the untreated U251 cells; whereas, the 
nuclear level of p‑STAT3 was significantly reduced by MTB 
and TMZ. In addition, the nuclear level of p‑STAT3 in the 
MTB + TMZ group was significantly decreased compared 
to that following TMZ or MTB used alone at the same 
dose (P<0.05).

MTB enhances the growth‑inhibiting effect and apop‑
tosis‑promoting of TMZ in U251 orthotopic xenograft 
models. We employed U‑251MG orthotopic xenograft 
models to confirm the results of the combination treatment of 
MTB + TMZ in vivo. MTB at 50 mg/kg/day (body weight) (19) 
and TMZ at 20 mg/kg/day (MTB + TMZ) were administered 
by oral gavage. At day 30 after tumor cell implantation, mice 
were sacrificed for tumor weight analysis, immunohistochem-
istry, TUNEL and western blot assay. As shown in Fig. 5A, 
the combination treatment with MTB + TMZ significantly 
decreased xenograft tumor weight compared to that following 
TMZ or MTB used alone at the same dose (P<0.05). As shown 
in Fig. 5B, the combination treatment with MTB and TMZ 
significantly increased the survival rate of the mice (P<0.05). 
In addition, the results of the TUNEL assay combined with 
immunohistochemistry demonstrated that the combination 
treatment with MTB and TMZ significantly promoted the 

apoptosis of the xenograft tumor cells (Fig. 5C and D; P<0.05); 
immunohistochemistry of cleaved caspase‑3 confirmed an 
elevated apoptosis rate (Fig.5D). Meanwhile, the low expres-
sion of Ki‑67 indicated suppression of proliferation following 
treatment with the combination of MTB and TMZ (Fig. 5D). 
Similarly, the combination of MTB and TMZ enhanced the 
autophagy‑promoting effect in the xenograft tumors (Fig. 6A). 
Both TMZ and MTB decreased the phosphorylation of JAK2 
and STAT3, while the combination of MTB and TMZ almost 
totally inhibited p‑JAK2/p‑STAT3  (Fig.  6B). The in  vivo 
results were consistent with the in vitro findings.

Discussion

Temozolomide (TMZ) has been applied for the clinic treat-
ment of gliomas as a first‑line drug. However, TMZ resistance 
has become the most threatening challenge to glioblastoma 
multiforme (GBM) treatment. Therefore, it is vital to enhance 
the chemosensitivity of GBM to TMZ, which may contribute 
to prolong the survival time of these patients. In the present 
study, we demonstrated that 2.5  µM/50  mg/kg momelo-
tinib (MTB) enhanced the chemosensitivity of GBM to TMZ 
both in vitro and in vivo.

The role of autophagy in GBM cells in response to meta-
bolic and therapeutic stress seems to be different, including 
prosurvival and prodeath  (22). Moreover, accumulating 
evidence has revealed a positive correlation between chemo-
resistance and autophagy reduction in GBM cells  (23,24). 
Therefore, autophagy induction may be a promising strategy 
to enhance the chemosensitivity of GBM to TMZ and improve 

Figure 4. Treatment with the combination of MTB and TMZ inhibits the JAK2/STAT3 pathway in GBM cells in vitro. (A) Relative protein levels of JAK2, 
STAT3, p‑JAK2 and p‑STAT3 were detected by western blot analysis. GAPDH was used as loading control. The quantification of relative protein expression 
was performed by ImageJ. (B) Localization of STAT3 was visualized with fluorescence microscopy after immunofluorescence staining with STAT3 antibody 
(green). Cells were stained with DAPI for visualization of the cell nuclei (blue). The number of STAT3‑positive staining nuclei were counted. *P<0.05, 
compared with Ctrl; #P<0.05, compared with TMZ. Data are presented as the mean ± SEM for 3 replicates; scale bar, 20 µm. MTB, momelotinib; TMZ, temo-
zolomide; GBM, glioblastoma; STAT3, signal transducers and activators of transcription; p‑STAT3, Tyr705‑phosphorylated STAT3; JAK2, Janus kinase 2; 
p‑JAK2, phosphorylated Janus kinase 2; Ctrl, control.
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the effectiveness of chemotherapy. For example, Bak et al 
reported that vitamin D enhanced autophagy in TMZ‑based 
GBM chemotherapy (25). TMZ has been confirmed to induce 
autophagy in both glioma cells and surgical specimens (26,27). 
Recently, another study demonstrated that 100  µM TMZ 
induced autophagy AMPK‑ULK1 pathways  (28). MTB at 
2.0 µM was reported to induce autophagy in a human renal 
cell carcinoma (RCC) cell line by inhibiting mTOR complex 
1 (29). In agreement with the previous results, our data found 
induction of autophagy with TMZ at a concentration of 100 µM 
in vitro. In particular, 2.5 µM MTB enhanced the autophagy of 
U251 cells induced by TMZ in vitro. Preclinical analysis has 
exhibited that MTB was well tolerated when administered to 
mice orally at doses up to 50 mg/kg of body weight, without 
obvious toxicity (30). In our in vivo study, 50 mg/kg MTB 
enhanced the autophagy induced by TMZ in nude mouse 
tumors. Thus, MTB enhanced the chemosensitivity of GBM to 
TMZ by potentiating TMZ‑induced autophagy.

It has been well established that apoptosis is one of the 
promising therapeutic strategies for cancer treatment (11,31). 

Recently, research has demonstrated that apoptosis and the 
potentiating effects of chemotherapy response in GBM are 
positively related with STAT3 pathway inactivation (13,32,33). 
Previous studies have revealed that Stat3 activation was 
fully suppressed following the addition of MTB (19,34,35). 
Importantly, MTB was reported to synergize with dasatinib 
to inhibit proliferation and induce apoptosis in RCC cell lines 
and suppress tumor growth in mouse xenograft models (19). In 
addition, MTB was reported to inhibit proliferation and induce 
apoptosis in myeloma cells via IL‑6/JAK/STAT pathway inac-
tivation (35). Research has indicated that apoptosis induction 
may lead to cancer cell impairment along with chemosensitivity 
enhancement (36‑38). In the present study, it was found that 
MTB reduced the chemoresistance of GBM cells to TMZ by 
potentiating TMZ‑induced apoptosis. The results were further 
supported by the finding that MTB + TMZ‑treated xenografts 
had a significant decrease in tumor weight compared with that 
following TMZ alone treatment. Therefore, MTB may not 
only decease TMZ resistance in vitro, but also confine cancer 
growth in vivo.

Figure 5. MTB enhances the growth‑inhibiting effect of TMZ in vivo. (A) Nude mice bearing subcutaneous xenograft GBM tumors were treated with Ctrl, 
MTB (50 mg/kg of body weight), TMZ (20 mg/kg/day body weight) or MTB + TMZ. The weight of the tumors (g) was determined at day 30 after mice were 
sacrificed. (B) The survival of mice was determined every 3 days for 30 days. (C) TUNEL assay was used to determine the apoptosis in the MTB, TMZ 
and combination treatment tumors compared with the NC (Ctrl)‑treated tumors (magnification, x400); scale bar, 50 µm. (D) Immunohistochemical analysis 
of expression of Ki‑67, cleaved‑caspase‑3 in the MTB, TMZ and combination treatment tumors compared with the NC (Ctrl)‑treated tumors (magnifica-
tion, x400); scale bar, 50 µm. Positive cells (brown) were counted. *P<0.05, compared with Ctrl; #P<0.05, compared with TMZ. The results are presented as the 
mean of 3 independent experiments. MTB, momelotinib; TMZ, temozolomide; GBM, glioblastoma; TUNEL, terminal deoxynucleotidyl transferase‑mediated 
dUTP‑biotin nick end labeling; Ctrl, control; caspase‑3, cleaved‑caspase‑3.
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JAK2/STAT3 pathway has been reported to play an 
important role in regulating cell growth, autophagy and 
apoptosis in various types of cancers, including breast cancer, 
esophageal carcinoma, colon cancer, osteosarcoma and 
ovarian cancer  (39‑43). In particular, STAT3 can be tran-
siently activated by specific growth factors and cytokines in 
normal cells, while STAT3 remains constitutively active in 
certain populations of tumor cells, including breast, ovarian 
and prostate (44,45). Notably, there exists a positive associa-
tion between STAT3 constitutive activation and tumor grade 
in gliomas (9). Moreover, activation of STAT3 in cancer cells 
contributed to upregulation of multidrug resistance gene thus 
resulting in concomitant chemoresistance (34). It is well studied 
that the JAK2/STAT3 signaling pathway may be activated 
thus inducing tumor cell apoptosis (43) and autophagy (11). 
Our present study showed that MTB inhibited the phos-
phorylation of JAK2 and STAT3 in U251 cells, suggesting that 
MTB suppresses cell growth and chemoresistance through 
inactivation of the JAK2/STAT3 pathway. Collectively, it was 
demonstrated that MTB reduced the resistance of GBM to 
TMZ via induction of apoptosis induction and an increase in 
autophagy. Mechanistically, our findings indicate that MTB 
inactivates JAK2/STAT3 signaling thus triggering apoptosis 
and autophagy. As Bcl‑2 and Bcl‑xL are the downstream 

targets of STAT3, it is reasonable that MTB enhances the 
chemosensitivity of GBM via the MTB/JAK2/STAT3/Bcl2 
axis.

In conclusion, MTB has anti‑GBM potential both in GBM 
cells and U251 xenograft mouse models, and MTB enhances 
the antitumor effect of TMZ and chemosensitivity of GBM to 
TMZ via apoptosis and autophagy induction. The underlying 
mechanism may be attributed to the MTB/JAK2/STAT3/Bcl2 
axis. Our data indicated that combination treatment with MTB 
and TMZ could provide a more effective therapeutic approach 
for GBM. In particularly, we found that MTB reduced the 
MGMT protein  level. Due to the limited funding, we did 
not perform methylation detection. MTB may affect MGMT 
promoter methylation and this will be clarified in future 
research.
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