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Abstract

Limited therapeutic efficacy of temozolomide (TMZ) against glioblastomas highlights the importance of exploring new drugs for
clinical therapy. Sunitinib, a multitargeted receptor tyrosine kinase inhibitor, is currently being tested as therapy for glioblasto-
mas. Unfortunately, sunitinib still has insufficient activity to cure glioblastomas. Our aim was to determine the molecular
mechanisms counteracting sunitinib drug sensitivity and find potential adjuvant drugs for glioblastoma therapy. Through in vitro
experiments, transcriptome screening by RNA sequencing, and in silico analyses, we found that sunitinib induced glioma
apoptotic death, and downregulated genes were enriched in oncogenic genes of glioblastoma. Meanwhile, sunitinib-
upregulated genes were highly associated with the protective autophagy process. Blockade of autophagy significantly enhanced
sunitinib’s cytotoxicity. Growth arrest and DNA damage-inducible protein (GADD) 34 was identified as a candidate involved in
sunitinib-promoted autophagy through activating p38-mitogen-activated protein kinase (MAPK) signaling. Higher GADD34
levels predicted poor survival of glioblastoma patients and induced autophagy formation in desensitizing sunitinib cytotoxicity.
Guanabenz, an alpha2-selective adrenergic agonist and GADD34 functional inhibitor, was identified to enhance the efficacy of
sunitinib by targeting GADD34-induced protective autophagy in glioblastoma cells, TMZ-resistant cells, hypoxic cultured cells,
sphere-forming cells, and colony formation abilities. A better combined treatment effect with sunitinib and guanabenz was also
observed by using xenograft mice. Taken together, the sunitinib therapy combined with guanabenz in the inhibition of GADD34-
enhanced protective autophagy may provide a new therapeutic strategy for glioblastoma.
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Introduction

Glioblastoma (GBM), a grade IV glioma, is divided into 3
distinct types, including IDH-wild type (about 90% patients)
which usually occurred at elder age (~ 62 years old), and most
of them belong to de novo or primary GBM; IDH-mutant
(closely to secondary GBM) with 10% patients in a younger
age (~44 years old) through malignant progression from
lower-grade diffuse glioma; and not otherwise specified
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(NOS) with no IDH type evaluation performed [1, 2].
Currently, the major therapy for GBM is surgery followed
by radiation and temozolomide (TMZ) chemotherapy.
However, the GBM patients after treatment only have a me-
dian overall survival of around 15 or 31 months for IDHI1-
wild type or mutant type respectively. And an effective sup-
portive care for monitoring and managing the neurological
complications such as cerebral edema or seizures was also
included. Due to the rapid proliferative and highly invasive
nature of glioma cells, these therapies have limited therapeutic
efficacy [3, 4]. During the malignant transformation of GBM,
abnormally expressed growth factors, such as platelet-derived
growth factor (PDGF) and vascular endothelial growth factor
(VEGF), promote glioma cell proliferation, invasion, and an-
giogenesis by interacting with their receptors [5, 6]. Therefore,
a variety of receptor tyrosine kinase (RTK) inhibitors were
designed to target these growth factors and their receptors
[7]. Although these drugs exhibited initial success in preclin-
ical experiments, they only show limited efficacy in clinical
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trials [8—10]. Hence, it is important to clarify the underlying
mechanisms that impede the therapeutic efficacy of RTK in-
hibitors in GBM.

Sunitinib, a multitargeted receptor tyrosine kinase inhibitor
(TKI), suppresses KIT, the PDGF receptor (PDGFR), and
VEGEF receptor (VEGFR). Sunitinib acts as a toxin towards
proliferating endothelial cells and tumor vessels in gliomas
[11]. Sunitinib also induces glioma cell death and suppresses
invasion in vitro [12, 13]. Furthermore, sunitinib exhibits an
antiangiogenic effect and prolongs the survival time in mice
bearing intracerebral GBM tumors [13]. Sunitinib sensitizes
the GBM cells to TMZ treatment [14], and significantly im-
proves its response in O°-methylguanine-DNA methyl-
transferase (MGMT)-positive cells [15]. Martinho et al. [16]
also report that inhibition of AXL, a receptor tyrosine kinase
(RTK), in GBM cells is less sensitive to sunitinib cytotoxicity.
Despite the promising effects of sunitinib on suppressing gli-
oma growth, sunitinib therapy still fails to achieve clinical
improvement in GBM patients. Single-agent treatment of su-
nitinib at 37.5 mg/day with progressive high-grade glioma
patients had insufficient activity in reducing tumor growth
[17]. The median overall survival was 3.8 (95% CI 2.2-5.3)
months. After examining the clinical outcomes of glioma pa-
tients, there was no association between sunitinib target pro-
tein expressions and its efficacy. Similarly, no single-agent
objective antitumor activity of sunitinib was observed in child
patients with recurrent or refractory high-grade glioma [18]
and patients with nonresectable [10] or recurrent GBM [19].
In addition, a phase I study of sunitinib and irinotecan (a
topoisomerase-1 inhibitor) combination with recurrent GBM
patients also occupied moderate toxicity and limited antitumor
activity [20]. Hence, there are other unidentified mecha-
nisms that might be involved in the poor efficacy of suni-
tinib. Previous studies indicated that induction of autoph-
agy is involved in affecting sunitinib efficacy in different
kinds of cancers such as renal cell carcinoma [21], prostate
cancer [22], and ovarian cancer [23]. However, whether
autophagy is associated with the poor efficacy of sunitinib
in gliomas remains unclear.

Autophagy is activated by different kinds of stressors to
promote the production of nutrients and disassemble dysfunc-
tional organelles [24]. Therefore, the function of autophagy is
to maintain cancer cell survival under harsh microenviron-
ments such as hypoxia and nutrient depletion [25]. Besides
tumor microenvironment-derived cues, chemotherapeutic
drugs and molecularly targeted therapies also create stress
conditions that can trigger autophagy induction by oxidative
phosphorylation or by inhibiting vascularization [26, 27]. As
for gliomas, TMZ and bevacizumab promote protective au-
tophagy through inhibiting Akt-mammalian target of
rapamycin (mTOR) signaling [28, 29]. Further, the cytotoxic
effects of both drugs are augmented after combining with the
autophagy inhibitor, chloroquine (CQ) [30, 31]. Therefore, the
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autophagic process plays an important role in the formation of
drug resistance in gliomas. Sunitinib, which is a
lysosomotropic drug, can diffuse into lysosomal membranes
and is protonated because of low pH values. Thus, sunitinib is
trapped in lysosomes because of the loss of the ability to
diffuse through the membrane. This further leads to autoph-
agic induction in pancreatic neuroendocrine tumors [32].
Nevertheless, few studies have reported possible mecha-
nisms involved in sunitinib-induced autophagy in glio-
mas. Understanding the roles and underlying mechanisms
that lead to autophagic formation in gliomas could further
guide us in developing new strategies to improve
sunitinib’s therapeutic efficacy.

The growth arrest and DNA damage-inducible protein
(GADD34) is a regulatory subunit of protein phosphatase 1,
and is upregulated under different stress conditions such as
amino acid deprivation, DNA damage, and endoplasmic re-
ticular (ER) stress [33]. One study reported that GADD34
promotes autophagy in liver cells under starvation [34]. The
mechanism is through its interaction with tuberous sclerosis
complex 2 (TSC2) by dephosphorylation of phosphorylated
(p)-TSC2 at Thr1462 [34]. The dephosphorylation of p-TSC2
inhibits mTOR singling, leading to autophagy formation [34].
Another study demonstrated that GADD34 depletion or use of
the GADD34 inhibitor, guanabenz, an alpha2-selective adren-
ergic agonist used as an antihypertensive agent, suppresses
autophagy-mediated survival of liver cancer cells [35].
These findings suggest that GADD34 participates in promot-
ing a protective autophagic process. However, the role of
GADD34 in gliomas remains poorly understood.

In the present study, we aimed to determine the molec-
ular mechanisms that counteract sunitinib drug sensitivity
to GBM cells. By targeting this key molecular pathway, we
evaluated the potential adjuvant drug for combined treat-
ment with sunitinib for GBM therapy. By performing an
RNA sequencing (RNA-Seq) analysis, we established a
sunitinib-mediated transcriptome profile in GBM. We
found that sunitinib-upregulated genes were significantly
enriched in the autophagic process. We also identified that
sunitinib induced protective autophagy by desensitizing its
cytotoxicity. We found that GADD34, a risk gene for
predicting poor survival of GBM patients, was upregulated
by sunitinib-mediated p38-MAPK signaling, resulting in
autophagy induction. Finally, we identified that guanabenz
significantly enhanced the efficacy of sunitinib by
targeting colony formation and GADD34-induced protec-
tive autophagy in GBM cell lines, TMZ-resistant cells, 1%
hypoxia-cultured cells, and tumorsphere cells. A better
combined treatment effect with sunitinib and guanabenz
was also observed using xenograft mice. We concluded
that combination therapy with sunitinib and guanabenz,
which inhibits GADD34-induced autophagy, may provide
a new strategy for future GBM therapy.



Guanabenz Sensitizes Glioblastoma Cells to Sunitinib by Inhibiting GADD34-Mediated Autophagic Signaling 1373

Materials and Methods
Chemicals and Reagents

The human glioblastoma U87-MG cell line was purchased
from the Bioresource Collection and Research Center
(Hsinchu City, Taiwan). T98G, A172, and HCM-BROD-
0106-C71 (ATCC® PDM-123™) cells were purchased from
American Type Culture Collection (ATCC; Rockville, MD).
Reagents for cell culture were purchased from GIBCO-BRL
(Grand Island, NY). Anti-GADD34 (cat. no. GTX115747),
Ki67 (cat. no. GTX16667), caspase-3 (cat. no.
GTX110543), poly(ADP ribose) polymerase (PARP; cat.
no. GTX100573), light chain 3 (LC3)-I/LC3-II (cat. no.
GTX127375), p62 (cat. no. GTX100685), ATG12/ATGS
(cat. no. GTX124181), beclin-1 (cat. no. GTX133555), p-
p38 (cat. no. GTX24822), p38 (cat. no. GTX110720),
LAMPI1 (cat. no. GT25212), and anti-f-actin (cat. no.
GTX109639) antibodies were purchased from GeneTex
(Hsinchu City, Taiwan). An FITC Annexin V Apoptosis
Detection Kit (cat. no. 556547) was purchased from Becton
Dickinson (Franklin Lakes, NJ). An enhanced chemilumines-
cence (ECL) solution (cat. no. WBKLS0500) and
polyvinylidene difluoride (PVDF) membranes (cat. no.
IPVHO00010) were purchased from Millipore (Billerica,
MA). Acridine orange (AQO; cat. no. A9231), sunitinib (cat.
no. PZ0012), TMZ (cat. no. T2577), CQ diphosphate (CQ;
cat. no. C6628), hydroxychloroquine (HCQ); cat. no. H0915),
Lys05 (cat. no. 2097), cycloheximide (CHX; cat. no. 01810),
and guanabenz (cat. no. G110) were purchased from Sigma-
Aldrich (St. Louis, MO). Trizol® reagent (cat. no. 15596026),
Lipofectamine 3000 (cat. no. L3000015), and secondary anti-
bodies (cat. no. A16110) were purchased from Invitrogen
(Carlsbad, CA). SYBR® Green polymerase chain reaction
(PCR) master mix (cat. no. 4309155) and a MultiScribe (tm)
reverse-transcriptase kit (cat. no. N8080234) were purchased
from Applied Biosystems (Waltham, MA). Scrambled short
hairpin (sh)RNA and GADD34 shRNA were purchased from
the National RNAi Core Facility (Nankang, Taipei, Taiwan).
Unless otherwise specified, all other reagents were of analyt-
ical grade.

Cell Culture, Generation of TMZ-Resistant Cells, Drug
Treatment, and Gene Transfection

U87-MG, U87-R, A172, and T98G-R cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 2.5 mM
GlutaMAX, 100 units/mL penicillin, 100 pg/mL streptomy-
cin, | mM sodium pyruvate, and 10% fetal bovine serum
(FBS; Biological Industries, Cromwell, CT). For establishing
the TMZ-resistant cells, 10* U-87 MG and T98G parental
cells per well were respectively seeded into 96-well plates.
In the first step, a low dose of TMZ (10 uM) was used to

maintain the cells. After the surviving cells grew stably for
15 days, the dose of TMZ was gradually increased (10 to
600 uM). Finally, the IC50 values of TMZ in these 2 cells
were evaluated by MTT assays. The induced TMZ-resistant
cells were named as U87-R and T98G-R. Twenty micromoles
of TMZ was also added when culturing U87-R and T98G-R
cells. The method for culturing HCM-BROD-0106-C71 cells
was according to the instruction from ATCC. The Ultra Low
Attachment (ULA) flasks/plates (cat. no. 3814; Corning,
Corning, NY) were used. The NeuroCult NS-A medium
(cat. no. 05750; StemCell Technologies Inc., Vancouver,
BC, Canada) with NS-A proliferation supplement (cat. no.
05754; StemCell Technologies), 20 ng/mL EGF (cat. no.
78003.1 StemCell Technologies), 20 ng/mL bFGF (cat. no.
78003; StemCell Technologies), and 2 pg/mL Heparin (cat.
no. 07980; StemCell Technologies) was used to maintain
HCM-BROD-0106-C71 cell growth. All cells were cultured
at 37 °C in a 5% CO, incubator.

For gene transfection experiments, Lipofectamine 3000
was utilized based on the manufacturer’s protocol. Briefly,
cells were seeded in 12- or 6-well plates at a density of around
70%. After overnight culture, cells were respectively
transfected with the indicated dose of pCDH-GADD34, emp-
ty pCDH, GADD34 shRNA, and scrambled shRNA (cat. no.
CD510B-1; System Biosciences, Palo Alto, CA). The pCDH-
GADD?34 construct was established in our lab.

For drug treatment, indicated concentrations of TMZ, su-
nitinib, and guanabenz were used overnight or for 72 h. For
lysosome inhibitor treatment, the cells were treated with the
indicated dose of sunitinib or guanabenz for 24 h after
pretreating with lysosome inhibitors for 1 h. For drug treat-
ment in hypoxic conditions, the cells were cultured in an
Eppendorf® galaxy® 48R CO, chamber (Hamburg,
Germany) with 1% O, and 5% CO..

Cell Viability Assay

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was used to measure cell viability. Cells
were seeded on a 96-well plate (10* cells/well), followed by
drug treatment or gene transfection. Before the end of treat-
ment, 0.5 mg/mL MTT was added to each well for 4 h. After
the supernatants had been carefully aspirated out, dimethyl
sulfoxide (DMSO) was used to dissolve the formazan crystals.
The absorbance was measured at 570 nm with a Thermo
Varioskan Flash reader (Carlsbad, CA).

Flow Cytometry
Apoptosis and acidic vesicular organelle detection were re-
spectively analyzed using flow cytometry with annexin V/

propidium iodide (PI) double staining or AO. In brief, to de-
tect apoptosis, whole sunitinib-treated cells were collected in
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buffer containing 10 mM HEPES (pH 7.4), 140 mM NacCl,
and 2.5 mM CaCl,. Subsequently, cells were stained with an
antibody against annexin V (2.5 pg/mL) and PI (2 ng/mL) for
20 min. The sum of early apoptotic (annexin V+/PI—) and late
apoptotic (annexin V+/PI+) cells compared to control groups
represented the apoptotic ratio. For acidic vesicular organelle
detection, the cells were supplemented with 1 pg/mL AO and
incubated in a dark room for 15 min. Then, the percentage of
cells with red fluorescence represented the degree of acidic
vesicular organelle formation. For each flow cytometric ex-
periment, 10* cells were detected using a flow cytometer with
CellQuest software (Becton Dickinson).

Immunoblot Assays

After treatment, total cell lysates were collected and dissolved
in ristocetin-induced platelet agglutination buffer containing
0.5% deoxycholate, 1% Nonidet P-40, and 0.1% sodium
dodecylsulfate (SDS) in phosphate-buffered saline (PBS) with
a protease inhibitor cocktail (cat. no. 539131; Calbiochem,
Billerica, MA). After centrifugation at 13,800 x g and 4 °C
for 10 min, protein samples were denatured with a buffer
containing 2% SDS, 10 mM dithiothreitol, 60 mM Tris-
hydrochloric acid (Tris-HCI, pH 6.8), and 0.1% bromophenol
blue. Polyacrylamide-SDS gels (10% and 15%) were used to
analyze target proteins whose molecular weights were > 50
and < 50kDa. After transfer onto a PVDF membrane (cat.
no. 539131, IPVH00010; Merck, Burlington, MA), PBS con-
taining 5% nonfat dry milk was used for blocking for 1 h at
room temperature. Then, the membrane was incubated in PBS
containing a primary antibody (diluted 1:1000) overnight at
4 °C. After washing with PBS-Tween 20, the secondary anti-
body conjugated to horseradish peroxidase (diluted 1:3000)
was added to the membrane for 1 h at 25 °C. Antibody—
protein complexes were detected with an enhanced chemilu-
minescence (ECL) nonradioactive detection system.

Next Generation Sequencing

Biological replicates of sunitinib-treated and untreated U-87
MG cells were used for RNA-Seq analyses. Total RNA was
extracted using the Trizol® reagent (Invitrogen) according to
the manufacturer’s instructions. Cell lysates were sent to
Welgene Biotechnology (Taipei, Taiwan) for RNA-Seq ser-
vices. Read counts were utilized to perform differentially
expressed gene (DEG) analyses using edgeR. Gene candi-
dates were considered differentially expressed with [log2 fold
change| of > 1 and a false detection rate (FDR) of <0.01.

Gene Set Enrichment Analysis

A gene set enrichment analysis (GSEA) algorithm with 1000
permutations was conducted using the fgsea package. Genes
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were ranked based on their multiples of change in different
phenotypes. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) was selected as the gene set for analyses. Pathways
with an FDR of < 0.05 were considered significant.

The Cancer Genome Atlas and Gene Expression
Omnibus Data Analyses

Level 3 microarray data of The Cancer Genome Atlas
(TCGA) GBM patients (gdac.broadinstitute.org GBM.
mRNA_ Preprocess Median.Level 3) were retrieved and
downloaded from the Broad Institute Firehouse (http:/gdac.
broadinstitute.org/), which contained gene expression profiles
and overall survival information of 524 GBM patients.
GSE13041 (n =267) and GSE108474 (Rembrandt; n =210)
microarray data were respectively downloaded from the Gene
Expression Omnibus (GEO) database. All of the microarray
data were robust multichip average (RMA)-normalized and
log2-transformed.

RNA Extraction and Real-Time Reverse-Transcription
Quantitative Polymerase Chain Reaction

Total RNA was extracted from treated cells using Trizol® ac-
cording to the manufacturer’s instructions. RNA quality was
checked by A260/A280 readings. Using a MultiScribe (tm)
Reverse Transcriptase kit with random primers, complementa-
ry (¢)DNA was synthesized from 1 pg of total RNA, diluted
1:30 with PCR-grade water, and stored at —20 °C. Specific
primers used for detecting human GADD34 and GAPDH
levels were as follows: GADD34-F: ATGATGGCATGTAT
GGTGAGC, GADD34-R: AACCTTGCAGTGTCCTTATC
AG, GAPDH-F: GTGAAGGTCGGAGTCAAC, and
GAPDH-R: GTTGAGGTCAATGAAGGG. Gene expression
levels were measured using an Applied Biosystems
StepOnePlus™ System (Thermo Fisher Scientific, Waltham,
MA) with preoptimized conditions. Each PCR was performed
in triplicate, and contained 5 puL 2x SYBR Green PCR Master
Mix, 0.2 pL primer sets, 1 uL. cDNA, and 3.6 pL nucleotide-
free H,O to yield a 10-pL reaction. The normalized CT differ-
ence was calculated as the expression rate between the control
and sample after adjusting for the amplification efficiency rel-
ative to the expression level of the GAPDH housekeeping gene.

Tumor Sphere Formation Assay

For tumor sphere formation assays, 3 x 10* cells were cul-
tured in a Costar® ultralow attachment multiple 96-well
plate (Corning) with DMEM, B27 (1:50; Invitrogen, San
Diego, CA), epidermal growth factor (EGF; 20 ng/mL,
Invitrogen), basic fibroblast growth factor (bFGF; 20 ng/
mL, Gibco), penicillin/streptomycin (Invitrogen), and L-
glutamine (Invitrogen). Spheres were observed on day 4
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after plating. One-third of the medium was replaced every
3 days. After 1 week, spheres were dissociated and replated
in nonadherent plates to generate secondary spheres. After
2 weeks of culture, the spheres were treated with indicated
drugs for further studies.

Soft Agar Colony Formation Assay

Cells (10%) were seeded in 12-well plates coated with 2
layers of different agar concentrations. The bottom and
top layers respectively consisted of 0.5% and 0.3%
agar/DMEM. DMEM (200 uL) with 10% FBS and treated
drugs was added to each well to avoid evaporation from the
top layer. After culturing for 14 days, colonies were
stained and counted with 1 mg/1 mL nitrotetrazolium blue
chloride (Sigma-Aldrich).

In Vivo Xenograft Study

All animal care and experimental procedures approved by the
Taipei Medical University Laboratory Animal Care and Use
Committee (Permit Number: LAC-2019-0115) complied with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (NIH
Publications No. 8023, revised 1978) and ARRIVE guide-
lines. Six-week-old male nude mice (NOD.CB17-Prkdcscid/
NerCrl; BioLASCO Taiwan, Nankang, Taipei, Taiwan) were
allowed free access to food and water in a specific pathogen-
free room with a light/dark cycle of 12/12 h. U87 MG cells
(5% 107) in 0.1 mL minimum essential medium (MEM) con-
taining diluted 2:1 Corning® Matrigel® Basement Membrane
Matrix (cat. no. 354248, Corning) were subcutaneously (s.c.)
injected into the right hind flank of mice. Tumor sizes were
measured and calculated as 1/2 x length x width? (mm?®) using
calipers. When the tumors had grown to about 100 mm?,
tumor-bearing mice were randomly separated into 4 groups
(n =5 mice/group), containing the vehicle control (20%
DMSO), sunitinib (50 mg/kg), guanabenz (10 mg/kg), and
combined treatment groups. The doses of sunitinib and
guanabenz used in the present study were according to previ-
ous studies [36, 37]. Drugs were peritumorally injected 3
times on days 14, 21, and 28. Tumor sizes and body weights
were respectively measured every 3 days. At the end of the
experiment, all mice were sacrificed. Tumor tissues were ex-
cised for immunohistochemical (IHC) staining and homoge-
nized to extract proteins for further investigation.

Immunohistochemistry

For IHC staining, 5-pm paraftin-embedded sections mounted
on poly-L-lysine-coated slides were baked at 60 °C overnight.
Then, sections were heated in a microwave oven for 10 min
with 10 mmol/L sodium citrate buffer (pH 6) after dewaxing

and hydration. After blocking with 10% horse serum in PBS
for 30 min, sections were incubated overnight at 4 °C with an
anti-Ki67 primary antibody at a dilution of 1:100. Next, bio-
tinylated goat anti-rabbit immunoglobulin G (IgG) at a dilu-
tion of 1:1000 was applied for 30 min, followed by detection
of immunoreactivity with an avidin—biotin system using 3,3'-
diaminobenzidine tetrahydrochloride as a chromogen.
Sections were lightly counterstained with Mayer’s hematoxy-
lin (Richard-Allan Scientific, Kalamazoo, MI). Negative con-
trols without primary antibodies were performed for all reac-
tions (data not shown).

Fluorescent Inmunocytochemistry

The 10* U-87 MG cells were cultured in gelatin-coated ster-
ilized coverslips. After drug treatment and removing the cul-
ture mediums, the cells were washed twice with PBS. Then,
the cells were fixed with 4% paraformaldehyde in PBS for
30 min at room temperature. After washing, the cells were
blocked with 1% BSA and 0.1% Triton® X-100 for 1 h.
The primary antibody (1:100) and secondary antibody with
fluorescent conjugate (1:300) in 1% BSA buffer were used to
incubate the cells at room temperature for 1 h. After repeated
washing, the mounting buffers containing DAPI were used.
Finally, coverslips were placed on the microscope slide. The
flourescent immunocytochemistry (FICC) data were captured
by using a confocal microscope.

Autophagy Detection

According to autophagy guidelines [38] and previous studies
[39, 40], several experiments were selected to monitor the
drug effects on autophagy in the present study. The immuno-
blotting assays were conducted to explore the effects of drugs
on autophagy-related protein expressions for 24-h treatment.
The LC3-II/LC3-I ratio was used to measure the effects of
indicated drugs on the autophagy process. The groups treated
with Earle’s balanced salt solution (EBSS) for 8 h were used
as positive control. To test the effects of indicated drugs on
autophagy flux, the cells were treated with the indicated drugs
for 24 h after pretreating with lysosome inhibitors for 1 h. The
LC3-II levels normalized with 3-actin were calculated for
quantifying LC3II accumulation in autophagosomes. Flow
cytometry with AO staining was used to measure the percent-
age of acidic vesicle-containing cells. MTT assays and flow
cytometry with annexin V/PI double staining were respective-
ly used to evaluate the effects of autophagy on indicated drug-
mediated cytotoxicity and cell death types. Fluorescent immu-
nocytochemistry was used to detect the colocalization of LC3
and Lampl. All the detailed protocols for each experiment
were described above.
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Statistical Analysis

Statistical analyses were carried out using Sigma Plot 12.5
(Systat Software, San Diego, CA). All data are presented as
the mean =+ standard deviation (SD). Significant differences
among groups were determined using an unpaired ¢ test. A
value of p <0.05 was taken as an indication of statistical
significance. All figures shown in this article were obtained
from at least 3 independent experiments with similar results.

Results

Sunitinib Occupies an Antitumor Activity for Inducing
Glioma Apoptotic Cell Death

In order to reevaluate the cytotoxicity of sunitinib against
gliomas, cell viability and cell death types were respectively
measured in both U-87MG and A172 glioma cells using an
MTT assay and annexin V-PI double staining and flow cyto-
metric analyses. Results demonstrated that treating glioma
cells with 15 or 20 uM sunitinib significantly decreased glio-
ma cell viability (Fig. 1a, b). About 60% U-87 MG and 40%
A172 cells died upon 15 uM sunitinib treatment. Therefore,
we used this concentration for sunitinib treatment in the pres-
ent study. In flow cytometric assays, we found that sunitinib
induced apoptotic death of glioma cells (Fig. 1c, d).
Furthermore, immunoblotting assays showed that sunitinib
promoted caspase-3-dependent apoptosis (Fig. le). In addi-
tion, an additive effect on glioma cell death was observed with
combined treatment with sunitinib and TMZ, a first-line treat-
ment drug for GBM patients (Supplementary Fig. 1). Because
TMZ resistance may lead to poor prognosis and recurrence of
GBM patients [41], we then tested the sunitinib cytotoxicity
on TMZ-resistant cells. We first established 2 TMZ-resistant
cell lines, respectively named U-87-R and T98G-R
(Supplementary Fig. 2). The results showed that sunitinib also
possesses the ability to reduce the cell viability of TMZ-
resistant glioma cells (Fig. 1f). To better understand the role
of sunitinib-mediated signaling in GBM malignancy, an
RNA-Seq analysis with sunitinib-treated U-87MG cells com-
pared to parental cells was performed (Fig. 1g, h). DEGs,
using the criteria of [log2FC|>1 and an FDR of <0.01, were
identified, including 585 upregulated (Supplementary
Table 1) and 382 downregulated genes (Supplementary
Table 2). To suppose that sunitinib occupied the ability for
anti-GBM tumor growth, we wondered whether sunitinib-
downregulated genes contained the genes which were upreg-
ulated during GBM progression. By performing GSEAs, we
found that sunitinib-downregulated genes were significantly
enriched in candidates associated with GBM malignancy
which were upregulated genes (multiple of change of >2
and an FDR of <0.01) between tumor and normal tissues in
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TCGA GBM microarray data (Fig. 1i). Results of in vitro and
in silico analyses suggested that sunitinib can induce glioma
cell death through repressing oncogenic signalings.

Inhibition of Sunitinib-Induced Autophagy
Potentiates Its Antitumor Activity in Glioma Cells

Due to the failure of sunitinib in treating GBM patients in
clinical trials, fully understanding sunitinib-regulated signal-
ing pathways may provide critical clues as to what is impeding
the therapeutic efficacy of sunitinib. According to previous
studies [42, 43], autophagy was recognized as a novel target
for GBM therapy. And inhibition of autophagy enhanced su-
nitinib cytotoxicity in primary brain tumor initiating progeni-
tor cell cultures (BTICs). Therefore, we aimed to identify key
genes in autophagy against sunitinib in GBM. First, we uti-
lized gene candidates that were directly or indirectly involved
in autophagy in the previous literature from a human autoph-
agy database to perform another GSEA [44]. We found that
sunitinib-upregulated genes were significantly enriched in an
autophagy list (Fig. 2a). To verify the effects of sunitinib in
inducing autophagy in glioma cells, AO staining, flow cyto-
metric analyses, and immunoblot assays were conducted. AO
staining demonstrated that acidic vesicles had significantly
increased after sunitinib treatment in both U-87 MG and
A172 cells (Fig. 2b, ¢). Sunitinib induced LC3-II/LC3-I ratio
increases and p62 degradation in a time course manner (D).
Therefore, the time point of 24 h treatment was selected for
monitoring sunitinib-regulating autophagy in the present
study. Levels of the LC3-II/LC3-I ratio, ATG12, ATG12—
ATGS5 complex, and beclin-1 were increased in
concentration-dependent manners after glioma cells were
treated with sunitinib, whereas p62 was degraded (Fig. 2e).
The groups treated with Earle’s balanced salt solution (EBSS)
for 8 h were used as positive control, suggesting that sunitinib
enhanced the autophagy process in GBM cells. Furthermore,
sunitinib also enhanced autophagy in TMZ-resistant GBM
cells (Fig. 2f). To confirm that sunitinib promoted the autoph-
agy flux process, glioma cells were treated with sunitinib com-
bined with CQ. CQ treatment significantly increased
sunitinib-induced LC3-II accumulation which was measured
by LC3-II levels normalized with 3-actin expression (Fig. 2g),
suggesting that sunitinib enhanced the autophagy flux in gli-
oma cells. Next, we also found that CQ treatment enhanced
sunitinib-promoted cell death (Fig. 2h, i, and Supplementary
Fig. 3), suggesting that sunitinib induced protective autophagy
in glioma cells. Finally, to test the effects of autophagy inhi-
bition on sunitinib cytotoxicity, several autophagy inhibitors
including HCQ, cycloheximide (CHX), and Lys05 were re-
spectively used in combined treatment with sunitinib (Fig. 2j).
The Lys05 was also selected to treat cells, identifying that
sunitinib enhanced the autophagy flux in these cells by mea-
suring LC3-1II levels normalized with (3-actin (Fig. 2k). We
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Fig. 1 Sunitinib (St) possesses notable cytotoxicity in inducing apoptotic
cell death of glioblastomas (GBMs). St mediated concentration-
dependent death of both U-87 MG (a) and A172 (b) cells. (¢ and d) St
induced apoptotic death in GBM cells. (e) St enhanced caspase-3 activa-
tion and poly(ADP ribose) polymerase (PARP) degradation. (f) St signif-
icantly enhanced cell death in temozolomide (TMZ)-resistant U-87-R and
T98G-R cells. After cells were treated with the indicated dose or 15 uM
St for 24 h, cell viability, cell death type, and apoptotic marker levels were
respectively measured by MTT assays, annexin V-propidium iodide

double staining with flow cytometric analyses, and immunoblotting.
Data are the mean + SD of 3 experiments. *p < 0.05. Relative cleavage-
caspase3 (Cle-Cas3) and degradation (Deg)-PARP levels were quantified
by normalizing with (3-actin and showed as fold values. Heatmap (g) and
volcano plot (h) showing the St-mediated transcriptome profile by RNA
sequencing, including 585 upregulated and 382 downregulated genes. (i)
St-downregulated genes enriched in upregulated genes of The Cancer
Genome Atlas (TCGA) glioma data using gene set enrichment analyses
(GSEAs)
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Fig. 1 (continued)

found that all combined treatments induced a more dramatic
cell death compared to sunitinib treatment alone. Taken to-
gether, enhanced autophagy desensitized glioma cells to suni-
tinib cytotoxicity.

A Survival-Associated Gene, GADD34, Was
Upregulated in Sunitinib-Enhanced Autophagy of
Glioma Cells

To identify critical genes involved in sunitinib-promoted au-
tophagy, we focused on candidates that were upregulated after
sunitinib treatment and those that also participated in autoph-
agic pathways. In total, 15 gene candidates were found (Fig.
3a). We found that these genes could be categorized into sev-
eral groups according to their functions, including autophagy
and ER stress regulators (ATG4D, GADD34, and ERN1),
gene and epigenetic regulators (SIRT1, FOXO3, FOS, and
CDKNI1A), heat-shock protein mediators (BAG1, BAGS3,
DNAJBI1, and HSPBS), ubiquitination regulators (KLHL24
and SQSTM1), sphingosine phosphorylation (SPHK1), and
microtubule assembly (MAP1LC3B). Among these genes, 3
candidates, viz. GADD34, CDKNI1A, and SQSTM1, predict-
ed a poor prognosis of glioma patients. By further conducting
log rank tests, we identified that only high expression of
GADD34 was associated with poor survival by using 3

@ Springer

independent databases including TCGA, Rembrandt, and
GSE13041 (Fig. 3b). Next, to test the effects of sunitinib on
GADD34 expression, quantitative PCR (qPCR) and immuno-
blotting assays were performed (Fig. 3¢, d). Both messenger
(m)RNA and protein levels of GADD34 increased in
sunitinib-treated U-87 MG, A172, and TMZ-resistant cells.
Furthermore, overexpression of GADD34 decreased
sunitinib-induced cell death (Fig. 3e), whereas GADD34 de-
pletion augmented sunitinib cytotoxicity against glioma cells
(Fig. 3f and Supplementary Fig. 4). The empty pCDH and
scrambled shRNA plasmids were used as control groups.
We also found that the sunitinib-enhanced LC3-1I/LC3-I ratio
and promotion of p62 degradation were attenuated in
GADD?34-depleted cells (Fig. 3g). These findings suggested
that GADD34 is involved in sunitinib-promoted autophagy
signaling and the death of glioma cells.

p38 MAPK Signaling Participates in Sunitinib-
Regulated GADD34 Expression

A previous study reported that MAPK signaling is involved in
GADD34 upregulation [45]. Here, we found that sunitinib-
enhanced genes were significantly enriched in the MAPK
pathway (Fig. 4a). Therefore, we treated glioma cells with
different MAPK inhibitors, including SB203580 (a p38
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Fig. 2 Inhibition of autophagy enhanced sunitinib (St) cytotoxicity in
glioblastoma (GBM) cells. (a) St-upregulated genes were significantly
enriched in the autophagy process by GSEAs. (b to f) St enhanced au-
tophagy formation in both glioma cells and TMZ-resistant cells. After the
cells were treated with the indicated dose or 15 uM St for 24 h or time
course, autophagy signals and related marker levels were respectively
detected by acridine orange staining with flow cytometric analyses and
immunoblotting assays. The groups treated with Earle’s balanced salt
solution (EBSS) for 8 h were used as positive control. Data are the mean
+ SD of 3 experiments. *p <0.05. (g) Chloroquine (CQ) treatment iden-
tified that St induced an autophagic flux process. Relative LC3-I1, p62,
ATG12, and beclin-1 levels were quantified by normalizing with (3-actin
and shown as fold values. After the cells were pretreated with CQ for 1 h,

the sunitinib was added for another 24-h treatment. The EBSS-treated
groups were used as positive control. (h to j) Respective treatment with
autophagy inhibitors including CQ, hydroxychloroquine (HCQ), cyclo-
heximide (CHX), and Lys05 enhanced St-induced cell death of GBM. (k)
Lys05 treatment influenced St-mediated autophagic flux. After the cells
were respectively pretreated with 10 uM CQ, 10 uM HCQ, 5 uM CHX,
and 1 uM Lys05 for 1 h, St was added for another 24 h. Light chain 3
(LC3) levels, cell viability, and the apoptosis ratio were respectively
measured by immunoblotting assays, MTT assays, and annexin V-
propidium iodide double staining with flow cytometric analyses.
Relative LC3-II levels were quantified by normalizing with (3-actin and
shown as fold values. Data are the mean + SD of 3 experiments. *p < 0.05
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MAP kinase inhibitor), SP600125 (a c-Jun N-terminal kinase
1 (JNK1), INK2, and JNK3 inhibitor), and U0126 (a mitogen-
activated protein kinase/extracellular signal-regulated kinase 1
(MEK1) and MEK?2 inhibitor), to explore the roles of MAPK
signaling in sunitinib-induced glioma cell death. The results
demonstrated that inhibition of p38 MAPK sensitized glioma
cells to sunitinib-mediated cytotoxicity (Fig. 4b). We also
identified that sunitinib treatment induced an increase in p38
phosphorylation in a concentration-dependent manner (Fig.
4c). Finally, we identified that SB203580 treatment signifi-
cantly abrogated sunitinib-promoted GADD34 mRNA and
protein expression levels (Fig. 4d, e). Another p38 MAPK
inhibitor, SB202190, was also used to confirm p38 MAPK
was involved in sunitinib-mediated GADD34 gene regulation
(Fig. 4f, g). No significant effects of U0126 and SP600125 on
sunitinib-upregulated GADD34 expression were observed
(Supplementary Fig. 5). From these findings, we confirmed
that sunitinib enhanced GADD34 expression through p38
MAPK signaling.

Guanabenz, a GADD34 Inhibitor, Enhanced Sunitinib-
Mediated Cytotoxicity in Glioma Cells

Because GADD34 was identified as a crucial gene in-
volved in sunitinib-promoted autophagy, we investigated
whether its protein activity inhibitor, guanabenz, could be
a potential drug to increase sunitinib antitumor effects.
First, glioma cells were treated with different concentra-
tions of guanabenz, and concentration-dependent death
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was observed in both U-87 MG and A172 cells (Fig. 5a).
Then, 50 uM guanabenz, a noncytotoxic concentration,
was selected for combining with 15 uM sunitinib treat-
ment. Next, we found that guanabenz treatment signifi-
cantly enhanced sunitinib cytotoxicity in glioma cells com-
pared to sunitinib treatment alone (Fig. 5b). Combined
treatment of glioma cells with sunitinib and guanabenz
also induced more caspase-3 activation, PARP degrada-
tion, and decreased LC3-II/LC3-I ratio, suggesting that
guanabenz reduced the sunitinib-induced autophagy pro-
cess (Fig. 5c, d). Furthermore, by cotreatment with
guanabenz and CQ, no significant LC3-II levels normal-
ized with (3-actin were increased compared with CQ treat-
ed alone (Fig. Se, f), suggesting that guanabenz does not
induce autophagy flux generation. These findings sug-
gested that guanabenz, a GADD34 inhibitor, suppressed
sunitinib-induced autophagy and increased its cytotoxicity
in glioma cells.

The highly aggressive nature of GBM is mainly attributed
to different stress conditions such as a hypoxic microenviron-
ment or long-term chemotherapy-induced drug resistance.
Here, we wanted to explore whether guanabenz still exhibits
its effects on increasing sunitinib-mediated cytotoxicity in
these situations. First, we found that guanabenz enhanced su-
nitinib cytotoxicity on TMZ-resistant glioma cells (Fig. 5g).
Similar results were also observed in 1% hypoxia-cultured
glioma cells (Fig. 5h and Supplementary Fig. 6). Cancer
stemness is a key feature contributing to drug resistance and
tumor recurrences in GBM. Therefore, we performed a tumor
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Fig. 3 GADD34 is involved in sunitinib (St)-regulated cytotoxicity and
autophagy. (a) Three St-upregulated candidates were related to autophagy
and risk genes in glioblastoma (GBM). HR, hazard ratio. (b) Log rank tests
validated associations between 3 St-upregulated candidates and patient sur-
vival using 3 distinct databases. p < 0.05 was labeled in red color. Median
survival, MS. St upregulated mRNA (c¢) and protein (d) levels of GADD34 in
gliomas and temozolomide (TMZ)-resistant cells. Overexpression (e) and
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knockdown (f) of GADD34 influenced St-reduced cell viability and autoph-
agy (g). After cells were treated with the indicated dose or 15 uM St for 24 h,
cell viability, mRNA, and protein expressions were respectively measured by
MTT assays, a real-time PCR, and immunoblotting assays. Data are the mean
+ SD of 3 experiments. *p <0.05. Relative GADD34 and p62 levels were
quantified by normalizing with 3-actin and shown as fold values. The LC3-II/
LC3-I ratio was measured by evaluating the effects on the autophagy process
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Fig. 3 (continued)

sphere formation assay to investigate the combined treatment
effects of sunitinib and guanabenz on glioma sphere forma-
tion. The results indicated that treating glioma cells with su-
nitinib or guanabenz alone significantly decreased the number
and size of tumor spheres (Fig. 5i—k). Moreover, combined
treatment with sunitinib and guanabenz exhibited more-
significant decreases in tumor sphere numbers and sizes com-
pared to sunitinib or guanabenz treatment alone. Soft agar

assays showed that guanabenz significantly enhanced the in-
hibitory effect of sunitinib on anchorage-independent growth
of glioma cells (Fig. 51). The similar effects of sunitinib and
guanabenz combined treatment on sphere formation and LC-
31I accumulation were also observed in patient-derived HCM-
BROD-0106-C71 cells (Fig. 5Sm, n). Taken together, we val-
idated that inhibition of autophagy by the GADD34 inhibitor,
guanabenz, sensitized glioma cells to sunitinib cytotoxicity.
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Fig. 4 p38-mitogen-activated protein kinase (MAPK) signaling is in-
volved in sunitinib (St)-upregulated GADD34 expression. (a) GSEAs
showed that St-upregulated genes were enriched in MAPK signaling.
(b) The effects of 3 MAPK inhibitors on St-reduced cell viability. SP,
SP600125; SB203, SB203580. (¢) St induced p38-MAPK phosphoryla-
tion. (d to g) SB203 and SB202 (SB202190) treatment attenuated St-
enhanced GADD34 mRNA and protein expressions. After cells were
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pretreated with 10 uM SP, SB203, SB202, or U0126 for 1 h, 15 uM St
was added for another 24 h. The cell viability, and mRNA and protein
expressions, were respectively measured by MTT assays, a real-time
PCR, and immunoblotting assays. Data are the mean + SD of 3 experi-
ments. *p < 0.05. Relative p-p38 and GADD34 levels were quantified by
normalizing with 3-actin and shown as fold values
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Fig. 5 Guanabenz (Guan), a GADD34 inhibitor, enhances sunitinib (St)
efficacy in glioblastomas (GBMs). (a) Guan induced concentration-
dependent cell death in GBM cells. Additive effects of combined treatment
with St and Guan were observed in cell viability (b), caspase-3 activation,
poly(ADP ribose) polymerase (PARP) degradation, and light chain 3
(LC3)-IT accumulation (c). (d) The LC3 and Lamp! distribution in St and
Guan-treated U-87 MG cells using fluorescent immunohistochemical stain-
ing. The effects of Guan on autophagy flux by using immunoblotting as-
says (e) and fluorescent immunohistochemical staining (f). After cells were
treated with 10 uM CQ for 1 h, 50 uM Guan was added for another 24 h.
The immunoblotting assays and fluorescent immunohistochemical staining
were respectively conducted. Guan treatment increased St-reduced cell vi-
ability in temozolomide (TMZ)-resistant cells (g), 1% hypoxia-cultured

Guanabenz Increase Sunitinib’s Efficacy in
Suppressing GBM Growth In Vivo

To further confirm the therapeutic efficacy of the combined
treatment with guanabenz and sunitinib against GBM, we per-
formed an animal study by subcutaneously injecting U-§87MG
glioma cells into NOD-SCID mice. After drug treatment, we
found that mice which received guanabenz or sunitinib alone
exhibited decreased tumor growth compared to the control (Fig.
6a, b). More importantly, combined treatment demonstrated a

cells (h), sphere formation (i to k), and anchorage-independent growth
ability (1). The effects of guanabenz with sunitinib on sphere formation
(m) and LC3-II accumulation (n) of patient-derived GBM cells. After the
cells were treated with the indicated dose of Guan alone or 50 uM Guan
combined with 15 uM St, cell viability and protein expressions were re-
spectively measured by MTT assays and immunoblotting assays. The pro-
tocols for sphere formation and soft agar assays are described in the
“Materials and Methods” section. Data are the mean + SD of 3 experiments.
*p <0.05. Relative cleavage-caspase3 (Cle-Cas3), degradation (Deg)-
PARP, p62, and GADD34 levels were quantified by normalizing with [3-
actin and shown as fold values. The LC3-II/LC3-I ratio and LC3-II nor-
malized with 3-actin were respectively used to monitor drug effects on the
autophagy process and autophagy flux

more dramatic decrease in tumor growth compared to
guanabenz- or sunitinib-treated mice. In addition, treatment
with guanabenz, sunitinib, or their combination did not signif-
icantly lead to body weight loss compared to the control (Fig.
6¢). Further detecting ki67 levels by IHC staining confirmed
that combined treatment with sunitinib and guanabenz signifi-
cantly decreased the proliferative rate of glioma cells in vivo
(Fig. 6d). Mechanistically, we detected the autophagy marker,
the LC3-II/LC3-I ratio, and p62 protein levels to understand the
roles of guanabenz and sunitinib in autophagy formation. The
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Fig. 5 (continued)

results indicated that sunitinib induced autophagy formation
in vivo, which was demonstrated by an increased LC3-I1/
LC3-I ratio, greater p62 protein degradation, and elevated
GADD?34 levels (Fig. 6e, f). Cotreatment with guanabenz
blocked sunitinib-promoted autophagy, and this was also ac-
companied by increased cleavage of caspase-3 suggesting more
apoptotic cell death in the combined treatment group. From
these findings, we confirmed that guanabenz blocked
sunitinib-promoted autophagy and enhanced antitumor activity
of sunitinib in a GBM xenograft model.

Discussion

In response to cytotoxic drug treatment, malignant tumors are
able to trigger different mechanisms to survive, and one of

@ Springer

these mechanisms is autophagy. In our study, sunitinib pro-
moted autophagy signaling in glioma cells. Through tran-
scriptome screening by RNA-Seq, we identified key genes
involved in sunitinib-regulated autophagy. By analyzing asso-
ciations of these sunitinib-regulated autophagy genes with
GBM patient survival, elevated GADD34 expression was
strongly associated with a poor prognosis in multiple GBM
patient cohorts. GADD34 is involved in sunitinib-mediated
autophagy through p38-MAPK signaling. Furthermore,
guanabenz, a GADD34 activity inhibitor, enhanced sunitinib
cytotoxicity and abrogated sunitinib-induced autophagy
against glioma cells. Using 1% hypoxia-cultured cells,
TMZ-resistant cells, glioma stem cells, and an in vivo study,
we confirmed that the combination of guanabenz and sunitinib
significantly increased sunitinib-promoted glioma cell death,
decreased sunitinib-promoted autophagy, and enhanced
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Fig. 5 (continued)

sunitinib-reduced tumor growth. Taken together, our findings
identified that autophagy signaling plays a crucial role in
protecting against sunitinib-mediated GBM suppression, and
GADD?34 is an important mediator involved in this process.
Our results also suggested that guanabenz may be a good
adjuvant drug for enhancing sunitinib cytotoxicity in GBM.
The role of autophagy in tumor progression is not univer-
sal. By removing damaged organelles, autophagy promotes
tumor cell survival [46—48]. On the other hand, autophagy
also induces cell death through eliciting self-eating [49-51].
In GBM, several studies reported that resistance to clinically
used drugs such as TMZ [52] and bevacizumab [31] is linked
to autophagy formation. Herein, we found that sunitinib, a
multiple TKI, promotes protective autophagy in GBM. This
finding suggested that autophagy is also involved in the poor
efficacy of sunitinib in GBM. Different studies have reported
conflicting mechanisms of sunitinib in autophagy induction.
In renal clear cell carcinoma, it was found that sunitinib, a
hydrophobic weak base drug, could accumulate in lysosomes
and interrupt their function [21]. This further leads to impair-
ment of autolysosome formation and inhibition of autophagic
flux. In contrast, it was found that combined treatment with
sunitinib and lys05, an autophagy inhibitor, influenced the
LC3-II accumulation and p62 levels compared to sunitinib
or lys05 treatment alone in ovarian cancer [23], indicating that
sunitinib induces autophagy flux formation. Therefore, the

diverse mechanisms of sunitinib-induced autophagy might
be dependent on the cancer type. In our study, with CQ and
sunitinib cotreatment, we identified autophagic flux induction
by sunitinib in GBM. Suppression of autophagy using differ-
ent autophagy inhibitors enhanced sunitinib-mediated glioma
suppression. Hence, blocking of autophagy induction is an
attractive approach to enhance the therapeutic potential of
sunitinib in GBM.

GADD34 is a member of gadd and MyD mammalian genes
encoding acidic proteins which were originally found to pos-
sess the function of suppressing cell growth [53]. GADD34
was reported to be upregulated by amino acid deprivation or
endoplasmic reticular (ER) stress [54]. During ER stress, the
activated unfolded protein response (UPR) induces PKR-like
ER kinase (PERK)-controlled signaling. Although PERK-
regulated pathways mainly suppress protein translation, 2
downstream targets, GADD34 and CHOP, are upregulated
[55]. Moreover, silencing of GADD34 during ER stress leads
to premature cell death [35]. This finding implies a protective
role of GADD34 against ER stress-promoted cell death. As for
the mechanisms of GADD?34 in protecting cells from apoptosis,
it was found that upregulation of GADD34 expression levels is
accompanied by mTOR inactivation and autophagy promotion
during ER stress [35]. Moreover, another study utilized
GADD34-knockout mice to demonstrate that GADD34 sup-
presses mTOR activity through dephosphorylating p-TSC2
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Fig. 5 (continued)

and initiates autophagy during starvation [34]. Those studies
suggested an important role of GADD34 in inducing protective
autophagy under stress conditions. Nonetheless, few studies
have investigated the role of GADD34-mediated autophagy
in cancers. Herein, we demonstrated that GADD34 predicted
a poor prognosis in multiple glioma patient cohorts implying
that GADD34 might be an important molecule in regulating
GBM malignancy. Through a genome-wide transcriptome
analysis, we identified that sunitinib upregulated GADD34
gene expression. Mechanistically, we found that GADD34 is
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involved in sunitinib-induced autophagy, and depletion of
GADD?34 sensitized glioma cells to sunitinib treatment.
Taken together, these results imply that GADD34 may be a
potential therapeutic target for GBM.

Guanabenz, an alpha agonist of the alpha-2 adrenergic re-
ceptor, is an FDA-approved antihypertension drug [56]. It was
reported that in addition to its function as an alpha-2 adrener-
gic receptor agonist, guanabenz is also able to inhibit
GADD34-mediated downstream protein dephosphorylation
[57]. It was also found that thapsigargin-induced autophagy
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were measured from immunoblot data in (e). Each group contained 5
subjects. Twenty percent dimethyl sulfoxide (DMSO) was used as the
vehicle control. The detailed protocol for xenograft studies is described in
the “Materials and Methods” section. The red arrow markers indicate the
drug injection date. *p <0.05
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was attenuated by guanabenz treatment [35]. Therefore, in our
present study, guanabenz was suggested to be a potential drug
that could be evaluated for blocking sunitinib-promoted au-
tophagy in gliomas. We performed both in vitro and in vivo
experiments to show that combined treatment with guanabenz
and sunitinib suppressed cell viability, anchorage-dependent
growth, sphere formation, and in vivo tumor growth of glioma
cells more efficiently than did sunitinib alone. Furthermore,
we found that this combined treatment also occupied better
cytotoxicity for inducing TMZ-resistant cell death. Because
TMZ resistance may lead to poor prognosis and recurrence of
GBM patients, we suggest that such drugs like guanabenz in
inhibiting GADD34 functions or expression may be potential
adjuvant drugs with sunitinib for GBM therapy.

In the present study, we established a sunitinib-mediated
gene signature by using RNA seq. We found that in addition
to GADD34, other 14 sunitinib-upregulated genes were all
recognized as autophagy-related genes. These genes respec-
tively belonged to distinct signaling pathways, including heat-
shock protein regulation, ubiquitination, sphingosine phos-
phorylation, and microtubule assembly. By literature
searching, sunitinib has been reported to induce ubiquitination
in regulating insulin-like growth factor receptor subtype 1
(IGF-1R) expression [58]. Sphingosine kinase-1 activation
was observed in renal cell carcinoma cells for developing
acquired resistance against sunitinib [59]. However, the de-
tailed mechanisms to connect these signalings and sunitinib
resistance with autophagy are still unclear, especially the heat-
shock proteins. These need further investigations in the future.
There are still some limitations in the present study. For ex-
ample, guanabenz is not a specific drug for targeting
GADD?34. A better directly targeting drug to GADD34 is
needed for combined treatment with sunitinib. Other unknown
genes and mechanisms are still needed to be explored for
understanding the development of acquired resistance against
sunitinib. In addition, although previous studies identified that
intravenous guanabenz [56, 60] and sunitinib [61] can pene-
trate the blood-brain barrier (BBB) by using in vivo models,
the degrees of these 2 drug penetrations through BBB were
limited. Using the spontaneous brain tumor-forming or intra-
cranial tumor implantation animal models may be more accu-
rate to evaluate the drug efficacy. Furthermore, to develop
strategies for improving the penetration of drugs across the
BBB is a critical issue for future GBM therapy.
Consequentially, we identified that sunitinib induced protec-
tive autophagy through upregulating GADD34 expression in
GBM. Exploring a GADD34-targeting drug such as
guanabenz can guide new therapeutic approaches to enhance
the efficacy of sunitinib in GBM.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13311-020-00961-z.
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