
Citation: Wang, X.; Zhou, Y.; Wang,

Y.; Wang, X.; Zhang, Y.; Mao, Y.;

Zhang, L.; Qi, J.; Zhang, Y.; Lyu, F.;

et al. SU4312 Represses Glioma

Progression by Inhibiting YAP and

Inducing Sensitization to the Effect of

Temozolomide. J. Clin. Med. 2022, 11,

4765. https://doi.org/10.3390/

jcm11164765

Academic Editors: Chunsheng Kang

and Francesco Acerbi

Received: 8 July 2022

Accepted: 9 August 2022

Published: 16 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

SU4312 Represses Glioma Progression by Inhibiting YAP and
Inducing Sensitization to the Effect of Temozolomide
Xu Wang 1,2,3,† , Yi Zhou 1,3,†, Yan Wang 1,2, Xiang Wang 1,3, Yu Zhang 1,2, Yufei Mao 1,3, Long Zhang 1,3, Ji Qi 1,3,
Yining Zhang 1,3, Feng Lyu 1,3, Linbo Gu 1,3, Rutong Yu 1,2,* and Xiuping Zhou 1,2,*

1 Institute of Nervous System Diseases, Xuzhou Medical University, 84 West Huaihai Road,
Xuzhou 221002, China

2 Department of Neurosurgery, The Affiliated Hospital of Xuzhou Medical University, 99 West Huaihai Road,
Xuzhou 221002, China

3 The Graduate School, Xuzhou Medical University, Xuzhou 221004, China
* Correspondence: rtyu@xzhmu.edu.cn (R.Y.); xpzhou@xzhmu.edu.cn (X.Z.)
† These authors contributed equally to this work.

Abstract: SU4312, initially designed as a multi-target tyrosine kinase inhibitor, is consequently
reported to inhibit tumor angiogenesis by blocking VEGFR. However, although SU4312 can penetrate
the brain–blood barrier, its potential to inhibit glioma growth is unknown. In this study, we report that
SU4312 inhibited glioma cell proliferation and down-regulated yes-associated protein (YAP), the key
effector of the hippo pathway. The exogenous over-expression of YAP partially restored the inhibitory
effect of SU4312 on glioma progression. Interestingly, SU4312 sensitized the antitumor effect of
temozolomide, both in vitro and in vivo. Moreover, SU4312 decreased the M2tumor-associated
macrophages and enhanced anti-tumor immunity by down-regulating the YAP-CCL2 axis. In
conclusion, our results suggest that SU4312 represses glioma progression by down-regulating YAP
transcription and consequently CCL2 secretion. SU4312 may be synergistic with temozolomide for
glioma treatment.
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1. Introduction

Malignant glioma is the most common type of primary brain tumor with poor overall
prognosis, and high rates of mortality and disability [1,2]. The median survival time
for glioblastoma (GBM), the most malignant type of glioma, is only 14 months [1,2].
Glioma treatment includes maximal surgical resection, radiotherapy, chemotherapy and im-
munotherapy, however, the therapeutic effects of these are not satisfactory [3,4]. Therefore,
it is urgent to explore new chemotherapeutic agents or targeted agents to treat glioma.

Receptor tyrosine kinase inhibitors are one classical type of small-molecule anti-
tumor drug [5–8]. 3-[4-(dimethylamino)benzylidenyl]indolin-2-one (SU4312), initially
designed as a multi-target receptor tyrosine kinase inhibitor [9], is found to inhibit tumor
angiogenesis by blocking VEGFR [10]. SU4312 competes with ATP to bind to VEGFR-2
and is able to completely block VEGF signaling in a non-competitive manner [9]. In
addition, SU4312 is reported to ameliorate Alzheimer’s disease and Parkinson’s disease
by inhibiting angiogenesis [11] and suppressing the activity of monoamine oxidase-B,
respectively [12]. Meanwhile, Cui et al. showed that SU4312 exhibits neuroprotective
effects independent of its anti-angiogenic mechanism and could penetrate the blood–brain
barrier [13]. Furthermore, SU4312 is also found to directly reduce the proliferation of
multiple myeloma and leukemia tumor cells in vitro [13,14]. Since SU4312 is able to pass
the blood–brain barrier, its anti-glioma properties are worth exploring.

Yes-associated protein (YAP) is a central effector of the hippo kinase cascade and usu-
ally plays an important role in the cancer-promoting process of most human tumors [15–18].
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When the hippo kinase cascade is turned off, YAP enters the nucleus and interacts with
the TEA structural domain (TEAD) family of transcription factors, leading to downstream
target gene expression and tumor growth [19,20]. Many studies have clarified that YAP
is highly expressed in a variety of human solid tumors and is proved to be a carcino-
gen [21–23]. Through a series of studies, we have found that the expression level of YAP
in gliomas is up-regulated and correlates with the pathological grade of gliomas [24,25].
YAP intervention inhibits the growth, invasion and migration of gliomas [25–27]. In short,
YAP is strongly associated with the malignant progression of gliomas; therefore, targeting
YAP may contribute to the treatment of gliomas [27–29]. As a tyrosine kinase inhibitor,
pazopanib inhibits the expression of YAP and its target genes [30]. SU4312 has similar
pharmacological effects of pazopanib. Whether it can inhibit the expression and function of
YAP needs further study.

In a retrospective cohort study, the application of temozolomide (TMZ), the first-line
drug for glioma treatment, prolongs the median survival time of glioma patients [31,32].
However, TMZ treatment induces drug resistance and loses effectiveness in suppressing
gliomas [33]. Therefore, how to sensitize the efficacy of TMZ has become a new research
hotspot. Apatinib has been reported to inhibit cell growth and metastasis to enhance the
antitumor activity of TMZ in gliomas [34]. Similarly, the combination of sunitinib and TMZ
was more effective than TMZ alone for glioma treatment [35]. Therefore, as a receptor
tyrosine kinase inhibitor, SU4312 deserves further study on whether and how it induces
sensitization to the effect of TMZ.

In the present study, we investigated the effect of SU4312 on glioma progression,
both in vitro and in vivo. We found that SU4312 hindered glioma progression by down-
regulating YAP and its target gene CCL2. Furthermore, SU4312 and TMZ showed a
synergistic inhibition effect on glioma progression.

2. Materials and Methods
2.1. Cell Lines, Antibodies, Reagents and Plasmids

The glioma cell lines (U251, U87, U373, LN229, GL261) were purchased from Shanghai
Cell bank, Type Culture Collection Committee, Chinese Academy of Sciences. Normal
human astrocyte (NHA) was purchased from ScienCell. GBM1 and GBM2 are primary
glioma cells established by our laboratory [36–38]. Normal human astrocyte was cultured in
astrocyte medium (ScienCell; Cat No.1801), while glioma cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) and supplemented with 10% FBS. The above cell lines
were grown in a humidified incubator at 37 ◦C with 5% CO2. SU4312 and TMZ were
purchased from Topscience (Shanghai, China). Primary antibodies of anti-YAP (for western
blot), anti-AXL, anti-p-H2AX, anti-Iba-1, anti-Arg-1 and anti-GAPDH were obtained from
Cell Signalling Techniques. Anti-YAP (for immunofluorescence) was purchased from
Sigma-Aldrich. Anti-CYR61 and anti-Ki67 were purchased from Santa Cruz Biotechnology.
Control and the YAP wild-type plasmids were kindly gifted by Prof. Hongbin Ji at the
Institute of Biochemistry and Cell Biology, Shanghai Institute of Biological Sciences, Chinese
Academy of Sciences [39].

2.2. Establishment of Stable YAP Over-Expression Cells

U251 and GBM1 cell lines over-expressing YAP were constructed by lentiviral trans-
fection as described previously [36].

2.3. Cell Viability Assay and Colony Formation Assay

Glioma cell lines were inoculated with 5000 cells per well in 96-well plates and incu-
bated overnight. Cells were then treated with vehicle (0.1% dimethyl sulfoxide, DMSO) or
with various doses of SU4312 for 24 h. CCK8 (10 µL) reagent was then added to each well
and incubated for 2 h. The adsorption rate was measured at a wavelength of 450 nm. For
colony formation assay, 1000 cells were seeded into six-well plates and treated with SU4312
(10 µM) or TMZ (300 µM) for 48 h. After having been cultured for two weeks, the cells
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were fixed with 4% paraformaldehyde and stained with 0.05% crystal violet. The plates
were dried at room temperature and the number of colonies was counted.

2.4. EdU Incorporation Assay

Cell proliferation was detected using the Cell-Light™ EdU Cell Proliferation Assay
Kit (Ruibo Biotechnology, Guangzhou, China) according to the manufacturer’s instructions.
U251 and GBM1 cells were treated with vehicle or with different concentrations (10 µM
and 20 µM) of SU4312 for 24 h. The cells were incubated with 50 µM EdU for 2 h, fixed
in 4% paraformaldehyde for 15 min, and then treated with 0.5% Triton X-100 for 20 min.
Thereafter, cells were incubated in 1 × Apollo® reaction mixture for 30 min, followed by
DAPI staining for 15 min. After being washed with phosphate buffered saline (PBS) three
times, the cells were observed with an inverted fluorescent microscope (Olympus, Tokyo,
Japan) and photographed.

2.5. Cell Migration Assay

When the U251 and GBM1 cells reached 90% confluence, they were scratched with
the tip of a plastic pipette, washed with PBS and then cultured with serum-free medium
containing vehicle or SU4312 (10 µM). Twenty-four or forty-eight hours later, three random
fields at the scratches were photographed. The number of migrated cells in the scratches
was calculated for statistical analysis.

2.6. Transwell Invasion Assay

The Transwell system was used to determine cell invasiveness. A final concentration
of Matrigel (1 mg/mL, 50 µL) was added to the bottom of the upper chamber. After the
matrigel was dried, cells in a serum-free medium containing vehicle or SU4312 (10 µM)
were added to the chamber. DMEM medium containing 10% FBS was added to the lower
chamber and the system was incubated for 24 h. Then the upper chamber with invaded
cells was fixed with 4% paraformaldehyde and stained with crystal violet for 20 min. Three
randomly selected areas were photographed and the glioma cells were counted.

2.7. RNA Sequencing and Screening of Differentially Expressed Genes

RNA libraries were prepared from U87 cells treated with vehicle and SU4312 for 24 h.
RNAs were sequenced using the BGISEQ-500 platform (BGI Genomics, China), followed
by screening differentially expressed genes (DEGs) using the NOISeq method. DEGs were
analyzed using Dr. Tom online software (BGI) based on the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway, with Q-values < 0.05 for the pathways shown in the graph.

2.8. Western Blot

U251 and GBM1 cells were treated with SU4312 (10 µM or 20 µM) for 24 h. After
extraction, the protein concentration was determined using the Bradford method. Fifty
micrograms of sample protein were added to a 10% polyacrylamide gel for electrophoresis
and were electrotransferred to polyvinylidene difluoride membranes. The membrane was
blocked with 5% skimmed milk or 3% bovine serum albumin for 2 h at room temperature,
and the primary antibodies (anti-YAP, anti-AXL, anti-CRY61, anti-GAPDH) were incubated
overnight at 4 ◦C, followed by incubation with the secondary antibody for 2 h at room
temperature. The signal was detected by the ECL luminescence system.

2.9. Intracranial Cell-Derived Xenograft Models

Mice were purchased from the Laboratory Animal Center of Xuzhou Medical Univer-
sity. The mice were housed under standard conditions at the animal care facility in the
Center of Experimental Animals of Institute of Nervous System Diseases, Xuzhou Medical
University. All in vivo experiments conducted in this study were approved by The Ethics
Committee of Xuzhou Medical University(202104A456). In the YAP-restoring experiment,
GFP-luciferase-YAP or GFP-luciferase-vector U87 cells (5× 105) were intracranially injected
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into BALB/c male nude mice (male, 5 weeks, 20 g, n = 8). After transplantation for 2 days,
mice were intragastricly (ig) treated with SU4312 (1 mg/kg, 5 days on, 2 days off) for
3 weeks. In SU4312 and TMZ synergy experiments, GFP-luciferase-U87 cells (5 × 105) or
mCherry-luciferase-GL261 cells (2 × 105) were intracranially injected into BALB/c nude
mice (male, 5 weeks, 20 g, n = 8) or C57BL/6 mice (male, 5 weeks, 20 g, n = 8), respectively.
After transplantation for 2 days, mice were treated with SU4312 (1 mg/kg, 5 days on, 2 days
off, ig) or TMZ alone (7.5 mg/kg, 5 days on, 2 days off, ip). Intracranial tumor growth
was monitored using bioluminescence imaging (IVIS Lumina S5, PerkinElmer) at day 7, 14
and 21, respectively. When tumor-bearing mice exhibited signs of depression, hemiparesis
and cachexia, they were euthanized with 5% isoflurane anesthesia. The organs (brain,
heart, liver, spleen, lungs, kidneys) were removed and fixed in 4% paraformaldehyde for
subsequent detection. Tissue sections were stained with H&E staining to observe whether
the drug had toxic effects on the major organs of mice. Quantitative analysis of the tumor
size was measured using relative fluorescence index. Overall survival was calculated using
Kaplan-Meier curves.

2.10. RNA Extraction and Quantification Real-Time PCR

Total RNA was extracted from cultured U251, U87 and GBM1 cells or mice xenografts
using Trizol (Invitrogen) reagent and was reversely transcribed into first strand cDNA using
a reverse transcription kit (Tiangen). PCR was performed using SuperReal PreMix Plus
(Tiangen) reagent for real-time fluorescence quantification according to the manufacturer’s
instructions. β-actin was used as an internal control gene. The mRNA expression levels of
the target genes were calculated using the 2−∆∆Ct method and normalized to that of β-actin.
All primer sequences (Table 1) were produced by Sangon Biotech Company.

Table 1. Primer sequences used in this study.

Gene Name Primer Sequences
(Forward: 5′—3′)

Primer Sequences
(Reverse: 5′—3′)

YAP (human) CACAGCTCAGCATCTTCGAC TATTCTGCTGCACTGGTGGA

AXL (human) AAGAGCGATGTGTGGTCCTT CGATTTCCCTGGCGCAGATA

CYR61 (human) CCTTGTGGACAGCCAGTGTA ACTTGGGCCGGTATTTCTTC

CTGF (human) AGGAGTGGGTGTGTGACGA CCAGGCAGTTGGCTCTAATC

ITGB2 (human) CAGGGCAGACTGGTAGCAAA CACTCCTGAGAGAGGACGCA

FGF1 (human) GTGGATGGGACAAGGGACAG ATTTGGTGTCTGTGAGCCGT

LATS (human) ACTCACAGACAGATGTAGGA GAGAGGTGGTGGAGGATAGC

MST (human) ACAAATCCTCCTCCCACATTCCG CACTCCTGACAAATGGGTGCTG

CCL2 (human) ACCAGCAGCAAGTGTCCCAAAG TTTGCTTGTCCAGGTGGTCCATG

CCL2 (mouse) TTTTTGTCACCAAGCTCAAGAG TTCTGATCTCATTTGGTTCCGA

IFN-γ (mouse) CTTGAAAGACAATCAGGCCATC CTTGGCAATACTCATGAATGCA

TNF-α (mouse) TTGCTCTGTGAAGGGAATGG GGCTCTGAGGAGTAGACAATAAAG

IL-1β (mouse) ATGGGCAACCACTTACCTATTT GTTCTAGAGAGTGCTGCCTAATG

β-actin (human) CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG

β-actin (mouse) CTACCTCATGAAGATCCTGACC CACAGCTTCTCTTTGATGTCAC

2.11. ELISA Assay

To detect the amount of CCL2, the cell supernatant and tumor homogenate supernatant
were collected and determined using a CCL2 ELISA kit (Shanghai Lanpai Company)
according to the manufacturer’s instructions.
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2.12. Immunofluorescence and Immunohistochemistry Staining

The immunohistochemistry (IHC) and immunofluorescence were performed as described
previously [36,37]. The cells and brain slices were sequentially incubated with primary and
secondary antibodies, and nuclei were counterstained with DAPI or hematoxylin.

2.13. Statistical Analysis

The results were representative of experiments expressed as the means ± SD. To
analyze significant differences within groups, single comparisons were performed using
Student’s t-test and multiple comparisons using one-way ANOVA followed by Tukey’s test
via GraphPad Prism 8 software. Overall survival curves were calculated by Kaplan–Meier
and compared using the log-rank test. p < 0.05 were considered statistically significant
(* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. SU4312 Inhibits the Proliferation, Invasion and Migration of Glioma Cells

To detect the effect of SU4312 on the viability of glioma cells, the CCK-8 assay was
performed in five glioma cell lines (U251, U87, U373, LN229, and GL261), two primary
glioma cell lines (GBM1 and GBM2) and human normal astrocytes (NHA). The results
showed that SU4312 inhibited the viability of glioma cells in a dose-dependent manner
in most of the tested cell lines (Figure 1A), and the half-maximal inhibitory concentration
(IC50) values of these cell lines varied from 127.1 µM to 22.63 µM. However, the IC50
value of SU4312 on NHA cells was 305.7 µM, which was 2.4–13.5 times higher than that
of glioma cell lines, indicating that SU4312 exhibited high tumor inhibition specificity for
glioma cells (Figure 1A). In addition, we selected three glioma cell lines with relatively low
IC50 values (U251, U87 and GBM1) for further experiments and found that the inhibitory
effect of SU4312 (20 µM) on these glioma cells was present in a time-dependent manner
(Figure 1B). Moreover, SU4312 significantly reduced EdU positive cells at both 10 µM and
20 µM (Figure 1C,D). In addition, SU4312 decreased the clone numbers of U251 cells by
58.62% and those of GBM1 cells by 59.65% at 10 µM (Figure 1E,F). Next, by using transwell
assay, we found that SU4312 reduced the invasive numbers of U251 cells by 44.48% and
that of GBM1 cells by 34.80% at 10 µM (Figure 1G,H). Furthermore, SU4312 significantly
inhibited the migration of glioma cells at 24 h and 48 h under 10 µM using a cell migration
assay (Figure 1I,J).

3.2. SU4312 Inhibits the Transcription and Expression of YAP

To investigate the molecular mechanism of SU4312 inhibiting glioma cell growth,
we examined the expression of genes in vehicle- and SU4312-treated cells using high-
throughput RNA-sequencing (RNA-seq) analysis (Figure 2A) and screened 1371 DEGs, of
which 741 genes were down-regulated and 630 were up-regulated after SU4312 treatment
(Figure 2B). The KEGG annotation and pathway enrichment analysis of these DEGs showed
that the hippo signal pathway, which we studied for several years, significantly changed
after SU4312 treatment (Figure 2C). YAP, the core effector of the hippo signal pathway, was
significantly down-regulated. To verify this result, we used qPCR to detect the mRNA
level of YAP and its upstream kinases MST and LATS, as well as its target genes AXL,
CYR61, CTGF, ITGB2 and FGF1 in U87, U251 and GBM1 cells. The results showed that
the mRNA level of MST or LATS showed no change, while those of YAP and its target
genes were significantly down-regulated (Figure 2D–F), suggesting that SU4312 inhibits the
transcription of YAP. In addition, the protein levels of YAP, AXL and CYR61 significantly
decreased in U251 and GBM1 cells after SU4312 treatment (Figure 2G,H). The fluorescence
intensity of YAP in U251 and GBM1 cells decreased after SU4312 treatment, while the
subcellular location of YAP showed no significant change (Figure 2I). The above results
showed that SU4312 treatment inhibits the transcription and expression of YAP. Since YAP
is a well-known tumor-promoting gene in gliomas [24–29], we speculate that SU4312 may
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repress the proliferation, invasion and migration of gliomas by inhibiting the transcription
and expression of YAP.

J. Clin. Med. 2022, 11, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 1. SU4312 inhibits the proliferation, invasion and migration of glioma cells. (A). CCK-8 assay 
of seven glioma cell lines and normal human astrocytes treated with different concentrations of 
SU4312 for 24 h and the IC50 values of each cell line were calculated. (B). CCK-8 assay of three 
SU4312-sensitive glioma cell lines treated with 20 μM of SU4312 for 0, 12, 24 and 48 h. (C,D). Rep-
resentative images (C) and quantitative results (D) of EdU incorporation assay in U251 and GBM1 
cells treated with the indicated concentration of SU4312. Scale bar: 200 μM. (E,F). Representative 
images (E) and quantitative results (F) of colony formation assay after U251 and GBM1 cells treated 
with SU4312 at 10 μM. (G,H). Representative images (G) and quantitative results (H) of invasive 
cells after U251 and GBM1 cells treated with SU4312 at 10 μM. Scale bar: 50 μM. (I,J). Representative 
images (I) and quantitative results (J) of migratory cells after U251 and GBM1 cells treated with 
SU4312 for 0, 24 and 48 h at 10 μM. Scale bar: 100 μM. * p < 0.05, ** p < 0.01, *** p < 0.001. 

  

Figure 1. SU4312 inhibits the proliferation, invasion and migration of glioma cells. (A). CCK-8 assay
of seven glioma cell lines and normal human astrocytes treated with different concentrations of
SU4312 for 24 h and the IC50 values of each cell line were calculated. (B). CCK-8 assay of three
SU4312-sensitive glioma cell lines treated with 20 µM of SU4312 for 0, 12, 24 and 48 h. (C,D).
Representative images (C) and quantitative results (D) of EdU incorporation assay in U251 and GBM1
cells treated with the indicated concentration of SU4312. Scale bar: 200 µM. (E,F). Representative
images (E) and quantitative results (F) of colony formation assay after U251 and GBM1 cells treated
with SU4312 at 10 µM. (G,H). Representative images (G) and quantitative results (H) of invasive
cells after U251 and GBM1 cells treated with SU4312 at 10 µM. Scale bar: 50 µM. (I,J). Representative
images (I) and quantitative results (J) of migratory cells after U251 and GBM1 cells treated with
SU4312 for 0, 24 and 48 h at 10 µM. Scale bar: 100 µM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. SU4312 inhibits the transcription and expression of YAP. (A). Differentially expressed
genes (DEGs) in the vehicle and SU4312 treatment groups with triplicates are shown in the heat
map. Gradient color barcode shows fold change in gene expression. (B). According to the volcano
scatter plot of expressed genes, 630 genes were up-regulated and 741 genes were down-regulated
after SU4312 treatment. [log2FC] ≥1, Q value < 0.05. (C). KEGG pathway enrichment analysis of
the DEGs in SU4312 treated cells vs. control cells. (D–F). qPCR was used to detect the transcription
of YAP and the hippo pathway related genes in U87 (D), U251 (E) and GBM1 cells (F). (G). Protein
expression level of YAP and its target genes were detected after different doses of SU4312 treatment
in U251 and GBM1 cells. (H). Quantitative analysis of the results in (G). (I). The expression and
localization of YAP (green) after SU4312 treatment were detected by immunofluorescence. Scale bar:
10 µM. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. The Inhibitory Effect of SU4312 on Glioma Progression Is Partially Restored by YAP
Over-Expression

To demonstrate whether YAP is involved in SU4312′s inhibitory effect on gliomas,
we constructed U251 and GBM cell lines that stably over-express wide-type YAP. The
results showed that exogenous YAP partially restored the decrease in YAP and its target
genes (AXL and CYR61) induced by SU4312 treatment (Figure 3A,B). When examined
by EdU incorporation assay, CCK8 assay and colony formation assay, we found that
the over-expression of YAP promoted the proliferation of U251 and GBM1 cells, and
partially abolished the inhibitory effect of SU4312 on glioma cell growth (Figure 3C–G).
Additionally, in order to explore whether YAP is involved in the inhibitory effect of SU4312
on glioma growth in vivo, we constructed an intracranial orthotopic transplanted tumor
model (Figure 3H). U87 cells labeled with GFP-luciferase, with or without YAP over-
expression, were implanted into the brain of nude mice, and animal in vivo imaging
was performed on day 7, 14 and 21. Twenty-one days after implantation, the tumor
size of the SU4312 treatment group was smaller, while that of the YAP over-expression
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group was larger than that of the control group. As expected, the over-expression of YAP
partially eliminated the antitumor effect of SU4312 (Figure 3I,J). Meanwhile, Kaplan–Meier
analysis showed that the survival time of SU4312 group was longer, while that of the YAP
over-expression group was shorter than that of the control group. In addition, the over-
expression of YAP blocked the survival benefit of SU4312 on glioma growth (Figure 3K).
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Figure 3. The inhibitory effect of SU4312 on glioma progression is partially restored by YAP over-
expression. (A). The protein levels of YAP and its downstream molecules (AXL, CYR61) were
restored by YAP over-expression after SU4312 (10 µM) treatment. (B). Quantitative analysis of the
results in (A). (C,D). Representative images (C) and quantitative results (D) of EdU incorporation
assay in U251 and GBM1 cells treated with SU4312 (10 µM) with or without YAP over-expression.
Scale bar: 200 µM. (E). CCK-8 assay indicates that the inhibition effects of SU4312 (10 µM) were
partially restored by YAP over-expression on U251 and GBM1 cells. (F,G). Representative images
(F) and quantitative results (G) of colony formation assay in U251 and GBM1 cells treated with
SU4312(10 µM), with or without YAP over-expression. (H). Schematic representation of U87 cell-
derived allograft experimental workflow. (I). Representative bioluminescence images of intracranial
xenografts bearing YAP over-expression or vector U87 cells on the indicated days. (J). Quantitative
analysis of the tumor size by relative fluorescence index. (K). Kaplan-Meier analysis of the median
survival time of mice. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Combining SU4312 with TMZ Inhibits Glioma Cell Growth In Vitro

TMZ is the first-line drug for effective treatment of gliomas [31,40]. Since SU4312 can
effectively cross the blood–brain barrier and has an obvious inhibitory effect on gliomas,
we combined SU4312 with TMZ to observe whether they had a synergistic effect. First, we
detected the cell viability of U87, U251 and GBM1 cells after different concentrations of
TMZ treatment (Figure 4A) and found that the IC50 was 288.9 µM for U87 cells, 342 µM for
U251 cells, and 333.6 µM for GBM1 cells, respectively. Then, we examined the cell viability
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by combining SU4312 (10 µM or 20 µM) with a gradually increasing TMZ concentration
ranging from 0 to 200 µM (Figure 4B–G). As shown in Figure 4B–G, in three cell lines, the
cell proliferation rate decreased after SU4312 treatment and was further inhibited when
treatment was combined with different concentrations of TMZ. In addition, we calculated
the combination index (CI) value of SU4312 and TMZ according to Compusyn [36,41] and
found that SU4312 had a synergistic effect with TMZ in all three glioma cells for all CI
values less than 1 (Table 2). Furthermore, when SU4312 (20 µM) was combined with TMZ
(300 µM), either the number of EdU-positive cells or the colonies of the combination group
were significantly lower than those of any single drug group (Figure 4H–K), suggesting that
SU4312 and TMZ had a synergistic anti-proliferative effect on glioma in vitro. Moreover,
p-H2AX immunofluorescence was used to detect therapy-induced DNA damage [42].
The results show that TMZ-induced DNA damage was enhanced by SU4312 treatment
(Figure 4L). In contrast, TMZ-induced DNA damage decreased after the over-expression of
YAP (Figure 4M). Hence, we speculate that SU4312 may have a synergistic effect with TMZ
on glioma cell growth by down-regulating YAP and consequently increasing DNA damage.

Table 2. Combination index (CI) of SU4312 and TMZ in U87, U251 and GBM1 cells.

SU4312
(µM)

TMZ
(µM)

U87 U251 GBM1

Inhibition Ratio CI Value Inhibition Ratio CI Value Inhibition Ratio CI Value

10 50 0.427 0.743 0.300 0.823 0.389 0.698

10 100 0.500 0.800 0.408 0.788 0.469 0.700

10 150 0.587 0.796 0.495 0.767 0.577 0.635

10 200 0.714 0.683 0.600 0.682 0.650 0.615

20 50 0.591 0.873 0.472 0.845 0.550 0.719

20 100 0.697 0.775 0.537 0.843 0.641 0.637

20 150 0.780 0.690 0.658 0.691 0.718 0.573

20 200 0.880 0.512 0.770 0.536 0.806 0.466

CI value < 1 indicates that there is a synergistic effect of SU4312 combined with TMZ.

3.5. Combining SU4312 with TMZ Inhibits Glioma Progression In Vivo

To evaluate the therapeutic efficacy of SU4312 combined with TMZ in vivo, we con-
structed intracranial orthotopic tumor models in immunodeficient (BALB/c nude mice)
and immunocompromised mice (C57BL/6 mice), respectively (Figure 5A). As shown in
Figure 5B,E and Figure 5C,F, the tumor size of the SU4312 and TMZ combination group
was significantly smaller than those of monotherapy after 21 days of implantation, and the
survival time of the SU4312 and TMZ combination group was significantly longer than
those of monotherapy (Figure 5D,G). In addition, the number of Ki67 positive cells in the
SU4312 combined with TMZ group was lower than those in the single drug treatment
group, which further confirmed the synergistic effect of SU4312 and TMZ (Figure 5H,I).
Meanwhile, the expression of p-H2AX in the combination group was higher than those of
the TMZ or SU4312 monotherapy group, which also suggests that SU4312 could enhance
the DNA damage induced by TMZ treatment in vivo (Figure 5J,K). Finally, using H&E
staining, we did not observe any histopathological changes in the heart, liver, spleen, lung
and kidney after SU4312 with or without TMZ treatment (Figure 5L). Taken together, the
above results indicate that SU4312 may be a safe and effective drug for the treatment of
glioma, and a potential sensitizer for TMZ both in vitro and in vivo.
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Figure 4. Combining SU4312 with TMZ inhibits glioma cell growth in vitro. (A). CCK-8 assay was
used to detect the cell viability of three glioma cells treated with TMZ at different concentrations
for 24 h. (B–G). Cell viability of U87 (B&C), U251 (D&E) and GBM1 (F&G) cells after SU4123
(10 µM or 20 µM) treatment was concomitant with increased TMZ concentrations (0, 50, 100, 150,
200 µM). (H,I). Representative images (H) and quantitative results (I) of EdU incorporation assay
in U251 and GBM1 cells treated with SU4312 (20 µM) and TMZ (300 µM). Scale bar: 200 µM. (J,K).
Representative images (J) and quantitative results (K) of colony formation assay in U251 and GBM1
cells treated with SU4312 (10 µM) and TMZ (300 µM). (L). The p-H2AX expression levels of U251 and
GBM1 cells treated with SU4312 (10 µM) and TMZ (300 µM) was detected by immunofluorescence.
(M). Immunofluorescence was used to detect the expression of p-H2AX in U251 and GBM1 cells after
TMZ treatment (300 µM) with or without YAP over-expression. Scale bar: 5 µM. * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 5. Combining SU4312 with TMZ inhibits glioma progression in vivo. (A). Schematic represen-
tation of cell-derived allograft experimental workflow. (B). Representative bioluminescence images
of intracranial xenografts bearing GFP-luc-U87 cells after SU4312 with or without TMZ treatment
on the indicated days in immunodeficient mice (BALB/c nude mice). (C). Quantitative analysis of
the tumor size by relative fluorescence index. (D). Kaplan–Meier analysis of the median survival
time of immunodeficient mice. (E). Representative bioluminescence images of intracranial xenografts
bearing mCherry-luc-GL261 cells after SU4312 with or without TMZ treatment on the indicated
days in immunocompetent mice (C57BL/6). (F). Quantitative analysis of the tumor size by relative
fluorescence index. (G). Kaplan–Meier analysis of the median survival time of immunocompetent
mice. (H–K). Immunohistochemical detection of representative images (H,J) and statistical results
(I,K) of the number of Ki67 and p-H2AX positive cells in tumor tissues of mice. Scale bar: 50 µM.
(L). H&E staining was used to detect the histopathological changes of the heart, liver, spleen, lung
and kidney of mice treated with SU4312 alone or combined with TMZ. Scale bar: 100 µM. * p < 0.05,
** p < 0.01, *** p < 0.001.
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3.6. SU4312 Inhibits CCL2 Expression by Down-Regulating YAP, Thereby Improving Anti-tumor
Immune Microenvironment

In the above in vivo experiments, we unexpectedly observed that the anti-tumor
effect of SU4312 in immunodeficient mice was weaker than that in immunocompetent
mice compared to the effect of TMZ (Figure 6A), indicating that the immune system is
involved in the inhibitory effect of SU4312 on glioma growth. By analyzing the RNA-
seq results, we found that the “cytokine–cytokine receptor interaction” module ranked
first in KEGG annotation and pathway enrichment analysis (Figure 2C). Therefore, we
speculated that SU4312 may promote immunity and then inhibit glioma progression. In
the “cytokine–cytokine receptor interaction” module, we surprisingly found that CCL2,
which has been reported to be a target gene of YAP in recent studies [43,44], was in
the top five down-regulated genes after SU4312 treatment (Figure 6B). As a well-known
molecule, CCL2 could recruit M2 macrophages to promote tumor progression [45–47],
and its reduction means that the tumor immune microenvironment was predisposed to
anti-tumor [46,47]. Therefore, we took the tumor tissues of mice in the control and SU4312
treatment group for qPCR (Figure 6C) and ELISA (Figure 6D), and found that the expression
of CCL2 significantly decreased in tumor tissues with SU4312 treatment. In addition, the
number of macrophages (Iba-1 positive cells) and M2 macrophages (Arg-1 positive cells)
in the SU4312 treatment group was significantly lower than those in the control group by
immunohistochemistry (Figure 6E,F). Furthermore, when examined by qPCR, we found
that the expression of immune-promoting cytokines (TNF-α, IL-1β and IFN-γ) in SU4312-
treated tumor tissues was significantly higher than that in the control group (Figure 6G).
These results hint that SU4312 may improve the immune-promoting microenvironment. In
addition, as it is reported that YAP positively regulates CCL2 [43,44], we further used U251
and GBM1 cells stably over-expressing YAP to detect the changes in CCL2 by qPCR and
ELISA. As shown in Figure 6H,I, the over-expression of YAP increased the expression of
CCL2, while SU4312 treatment decreased the expression. Moreover, the SU4312-induced
CCL2 decrease was eliminated by YAP over-expression. Overall, SU4312 may inhibit
CCL2 expression by down-regulating YAP, thereby promoting anti-tumor immunity and
inhibiting glioma progression.
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Figure 6. SU4312 inhibits CCL2 expression by down-regulating YAP, thereby improving anti-tumor
immune microenvironment. (A). Quantitative analysis of the tumor size by relative fluorescence
index after SU4312 treatment at 21 days after implantation between immunodeficient mice and
immunocompetent mice. (B). In the “cytokine–cytokine receptor interaction” module, CCL2 was
in the top five down-regulated genes after SU4312 treatment. (C,D). The mRNA and protein levels
of CCL2 in tumor tissues in SU4312 and control group were detected by qPCR (C) and ELISA (D).
(E,F). Representative images (E) and statistical results (F) show the changes in the proportion of Iba-1
and Arg-1 positive cells in SU4312 and control group detected by immunohistochemistry. Scale bar:
50 µM. (G). The immune-promoting cytokines (TNF-α, IL-1β and IFN-γ) in tumor tissues in SU4312
and control group were detected by qPCR. (H,I). The mRNA and protein levels of CCL2 in U251
and GBM1 cells treated with SU4312 with or without YAP over-expression were detected by qPCR
(H) and ELISA (I). (J). Working model: SU4312 inhibits glioma progression by down-regulating
YAP, sensitizes the antitumor effect of TMZ and promotes the formation of anti-tumor immune
microenvironment. * p < 0.05, ** p < 0.01.
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4. Discussion

Glioblastoma is one of the most malignant glioma types with rapid progression and
poor treatment effects [3,4]. Chemotherapy has shown certain efficacy in the treatment
of GBM, but the penetration of the blood–brain barrier, drug resistance and other factors
limit its wide application [48,49]. The receptor tyrosine kinase inhibitor SU4312 is reported
to inhibit tumor angiogenesis [5–8]. In this study, we identified that SU4312 exhibits an
anti-glioma effect by down-regulating YAP and CCL2, improving the tumor immune
microenvironment. In addition, SU4312 may serve as a potential sensitizer for TMZ by
inducing DNA damage (Figure 6J).

The hippo pathway plays an important role in the occurrence and development of
tumors [15,29]. YAP, as the core element of the hippo pathway, has been proven to be an
oncogene and to promote tumor progression [21,50]. Our results show that YAP and its
target genes significantly decreased after SU4312 treatment, while the upstream molecules
MST and LATS remained unchanged. Previous studies in our laboratory clarified that
down-regulation of YAP inhibited glioma progression, while over-expression of YAP has
the opposite effect [25,26,37]. As a transcriptional coactivator, entry into the nucleus of YAP
is necessary to exert its function [20,36]. However, in contrast to imipramine, which inhibits
YAP by down-regulating its expression and decreasing its nuclear translocation [36], SU4312
only down-regulated the expression of YAP without affecting its nuclear localization.
Therefore, SU4312 may inhibit YAP only by decreasing the transcription of YAP. How
SU4312 down-regulates YAP transcription deserves further study.

TMZ is a first-line drug for the treatment of glioma, especially for GBM. TMZ treatment
efficacy differs among patients [40,49] and TMZ-acquired resistance has been shown [33].
Therefore, new strategies to improve TMZ efficacy are being explored [48,49]. In the present
study, we clarified that SU4312 sensitized the anti-tumor effect of TMZ in vitro and in vivo
by enhancing the DNA damage induced by TMZ. In a previous study, we elucidated the
mechanism by which YAP resists DNA damage and promotes its repair [37]. Since SU4312
can down-regulate the expression of YAP, we speculate that SU4312 may enhance DNA
damage by down-regulating YAP, thereby sensitizing TMZ. SU4312 may be a new sensitizer
for TMZ, but the detailed mechanism of its synergistic effect needs further elucidation.

In recent years, immunotherapy has become increasingly important in the treatment of
gliomas [51,52]. The immune microenvironment plays an important role in the occurrence
and development of gliomas [52,53]. It has been reported that some chemotherapeutic drugs
can shift the glioma-immune microenvironment towards tumor suppression [54,55]. Our
results unexpectedly found that macrophages (especially M2 macrophages) decreased and
immune-promoting cytokines increased after SU4312 treatment, suggesting that SU4312
can reprogram the anti-tumor immune microenvironment of gliomas. CCL2 was signifi-
cantly down-regulated after SU4312 treatment, and the number of M2 macrophages was
subsequently decreased, indicating that the effect of SU4312 on the glioma-immune mi-
croenvironment is mediated by the down-regulation of CCL2. Moreover, YAP has been
reported to regulate CCL2 in tumors and CCL2 may be a target gene of YAP [43,44]. Our
results also support this notion in gliomas. Together, the above results show that SU4312
down-inhibits CCL2 expression by inhibiting YAP, thereby down-regulating anti-tumor
immunity and inhibiting glioma progression.

5. Conclusions

In summary, the anti-tumor effect of SU4312 was demonstrated in glioma for the first
time. Our findings suggest that SU4312 inhibits glioma progression by down-regulating
the transcription and expression of YAP. Furthermore, SU4312 effectively synergizes the
anti-tumor effect of TMZ and may act as a sensitizer for TMZ. SU4312 also improves the anti-
tumor immune microenvironment, which presumably results from the down-regulation of
CCL2 due to the inhibition of YAP. SU4312, as an anti-tumor drug with significant efficacy,
may provide a possible new treatment approach for patients with gliomas.
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