Cellular Signalling 54 (2019) 170-178

journal homepage: www.elsevier.com/locate/cellsig

Contents lists available at ScienceDirect

Cellular Signalling i

Cellular
Signalling

The RNA helicase DHX33 is required for cancer cell proliferation in human
glioblastoma and confers resistance to PI3K/mTOR inhibition

Check for
updates

Hongzhong Wang™', Junyan Yu™', Xingshun Wang®™", Yandong Zhang™"*

2 Department of Biology, Southern University of Science and Technology, Shenzhen, Guangdong, China
Y Southern University of Science and Technology - University of Macau Joint Ph.D Program, Shenzhen, Guangdong, China

ARTICLE INFO ABSTRACT

Keywords:
DHX33

RNA helicase
PI3K/Akt/mTOR
Glioblastoma

Human Glioblastoma is one deadly disease; the median survival time is reported to be 13.9 months after
treatment. In the present study, we discovered that DHX33 is highly expressed in 84% of all Glioblastoma
multiforme (GBM). Knockdown of DHX33 led to significant reduced proliferation and migration in glioblastoma
cells in vitro and in vivo. Mechanistically, DHX33 regulated a set of critical genes involved in cell cycle and cell
migration to promote glioblastoma development. Additionally, DHX33 was found to be induced by inhibitors of

PI3K and mTOR whose activation has been detected in 50% of glioblastoma. Overexpression of wild type DHX33
protein, but not the helicase dead mutant, confers resistance to mTOR inhibitors in glioblastoma cells. DHX33
probably functions as a critical regulator to promote GBM development. Our results highlight its therapeutic

potential in treating GBM.

1. Introduction

Glioblastoma originates from glial cells, astrocytes, which normally
support the function and growth of neurons in the brain [1]. Glio-
blastoma multiforme (GBM) represents astrocytoma stage IV; it is the
most common type of brain cancer and is highly aggressive, with a
median patient survival of about 13.9 months post-diagnosis [2]. Sys-
tematic analysis for hundreds of glioblastoma patients demonstrates
that three major core pathways were found to be frequently deregulated
and were highly associated with glioblastoma development. These core
pathways include Receptor Tyrosine Kinase/PI3K/Akt pathway, re-
tinoblastoma cell cycle pathway and p53 pathway [2,3]. Currently
there is no drug that could precisely target these altered signaling
pathways in clinics. GBM patients were normally treated by combina-
tional radiotherapy and chemotherapy following surgery [3,4], two
commonly used chemotherapeutic drugs are carmustine and temozo-
lomide (TMZ) which cause DNA alkylation [5]. A monoclonal antibody
drug that targets EGFR has also been utilized for GBM treatment [6,7].
Despite these efforts, GBM remains incurable up till now. Inhibitors for
PI3K pathway have been explored as potential therapeutic drugs [8].
However, due to the rapid reprograming of transcriptome after PI3K
inhibitor treatment, the critical downstream kinase, mammalian target
of rapamycin (mTOR), still remains active [9]. Therefore PI3K

inhibitors have limited effects in halting glioblastoma development.
The Ser/Thr kinase mTOR is a master regulator of cell growth, it mainly
functions in two different complexes: mTORC1 interacts with RAPTOR
to regulate cell size and cell growth, while mTORC2 interacts with
RICTOR to regulate cytoskeleton and Akt activation [10]. Recently, the
third-generation inhibitors targeting mTOR have been developed,
however, it remains unknown whether mTOR inhibitors could effec-
tively block glioblastoma progression clinically despite they have been
shown to inhibit GBM development in mouse models [11].

Given the above reasons, it is necessary to further unravel the mo-
lecular mechanisms in glioblastoma and to identify novel therapeutic
drug target in treating this deadly disease. Recent studies suggested that
several RNA helicases, such as DHX9, DDX3, DDX6, DDX53, DDXS5, play
important roles in tumor cell proliferation in various human cancers
[12-16]. These RNA helicases contain eight conserved motifs in their
primary amino acid sequences. They hydrolyze ATP or NTP to remodel
the conformation of RNA/DNA-protein complexes, thereby influencing
all aspects of RNA/DNA metabolism [17].

In this study, we discovered that one of these RNA helicases, a
DEAH box protein DHX33, is highly expressed in 84% of GBM. The
expression of DHX33 is correlated to the progression of this disease.
DHX33 promotes glioblastoma cell proliferation through multiple me-
chanisms. DHX33 transcriptionally controls the expression of critical
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genes involved in cell cycle progression and cell migration. We further
found that the helicase activity of DHX33 is required in the process, as
DHX33 helicase dead mutant could not promote cell proliferation while
wild type DHX33 can. Most notably, we found that DHX33 can be in-
duced by PI3K and mTOR inhibitors in glioblastoma cells. Higher ex-
pression of DHX33 confers resistance of glioblastoma cells to mTOR
inhibition. Our study highlights this critical DHX33 protein in glio-
blastoma cell proliferation and its potential as a novel therapeutic drug
target.

2. Materials and methods
2.1. Cell lines

293 T cells were purchased from ATCC (www.atcc.org) in Dec,
2015. U87-MG, U118-MG and U251-MG were purchased from the Cell
Bank of the Chinese Academy of Science (Shanghai, China) in
November 2016. Cells were thawed upon arrival and cultured following
recommended protocol. Cells at early passages (within 10 passages or
within two months after original resuscitation) were used for experi-
ments. The authenticity of cell lines in our study was verified by DNA
sequencing using the Applied Biosystems AmpF/STR Identifier kit in
2017 and 2018. U87-MG, U-251MG glioblastoma cell lines were
maintained in Minimum Essential Medium containing 10% fetal bovine
serum (FBS), 2mM 1-Glutamine, non-essential amino acids, strepto-
mycin and penicillin. U118-MG cells were maintained in DMEM
medium containing 10% FBS, streptomycin and penicillin. HEK293 T
cells were maintained in DMEM medium with 10% FBS and strepto-
mycin/penicillin. All cells were cultured in a sterile incubator with 5%
CO,, at 37 °C with humidity.

2.2. Lentivirus packaging and virus infection

The targeting sequences of shRNAs for human DHX33 are as fol-
lows: (5-3"): sh-DHX33-1: CTCGGGAAACTTCCTCTGAAA; sh-
DHX33-2: GCTATCGCAAAGTGATCATTT; sh-DHX33-3: CATTTCCTTT
AGAACCCAAAT. A pLKO.1 vector encoding shScrambled was pur-
chased from Addgene. To produce knockdown virus, 293 T cells were
transfected by pLKO.1-shRNA, pCMV-VSV-G, pCMVAR8.2 by
Lipofectamine 2000 (Life Technologies) for virus packaging. To pro-
duce lentivirus encoding DHX33 protein, 293 T cells were transfected
by pLVX-FLAG-DHX33 (wild type or helicase dead K94 N or K94R),
pCMV-VSV-G, p CMVARS8.2 by Lipofectamine 2000 (Life Technologies)
for virus packaging. Culture supernatants were harvested 24 h and 48 h
after transfection and then centrifuged at 2000 rpm for 5min. After
virus titering, viruses were infected onto target cells at a MOI of 10 in
the presence of 10 pug/ml of polybrene.

2.3. Western blotting and antibodies

Whole cell lysates were prepared by incubation with whole cell lysis
buffer including 0.5% NP40 and 1% SDS supplemented with HALT
protease and phosphatase inhibitors (Sigma). Lysates were sonicated
and then cleared by centrifugation. Protein concentration was tested by
DC assay (Bio-Rad). Lysates were boiled with SDS sample buffer, se-
parated by SDS-PAGE, and transferred to polyvinylidene difluoride
membrane (Millipore). Membranes were blocked in 5% nonfat dry milk
TBS-T [10 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 0.1% Tween
20] buffer and incubated in primary antibodies diluted in blocking
buffer at 4 °C overnight. Blots were washed with TBS-T buffer and in-
cubated with horseradish peroxidase—conjugated secondary antibodies
(1:10,000; Life Technologies) in blocking buffer at room temperature.
Immune complexes were visualized with an enhanced chemilumines-
cence kit (Pierce). Primary antibodies for immunodetection were
sourced as follows: anti-tubulin (goat, Santa Cruz), anti-DHX33
(DHX33, B4), anti-GAPDH (Absin), anti-cyclins (Santa Cruz), anti-
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cdc20 (Santa Cruz), anti-MCMs (Abcam and Santa Cruz). Anti-S6, anti-
pS6, anti-Akt, anti-pAkt (S473), anti-ERK1/2, anti-pERK1/2, anti-
4EBP1 and anti-p4EBP1 were all purchased from Cell Signaling
Technologies (CST).

2.4. Quantitative PCR

The primers used in this study were purchased from GenScript as
shown previously [18,19]. Total RNA was extracted by NucleoSpin II
(Clontech) RNA isolation kit and was reverse transcribed into cDNA by
PrimeScript One Step RT-PCR Kit (Takara). PCRs were performed with
a Step one plus thermal cycler. SYBR green mix from Bio-Rad was used
for all quantitative real-time PCR (qRT-PCR) analyses. Transcript
quantification was calculated based on the ,,CT value after normal-
ization to GAPDH values. Melt curve analysis confirmed that single
product was amplified.

2.5. Inhibitor studies

Kinase inhibitors were all purchased from Selleck (Guangzhou,
China). Wortmannin was used as an inhibitor for PI3K kinase; U0126
was used as an inhibitor for MEK kinase; Rapamycin was used as an
inhibitor for mTORC1. Torinl was used as pan inhibitor for mTORC1
and mTORC2. Inhibitors were added onto sub-confluenced glio-
blastoma cells for 48 h before cell harvesting.

2.6. Immunohistochemistry staining

Human tumor tissue microarrays were purchased from US Biomax.
Three types of tissue microarray plates were used for analysis of glio-
blastoma. One contains 60 cases of astrocytoma stage I to astrocytoma
stage IV, with 9 normal cerebral tissues as control samples. The second
tissue array contains 35 cases of GBM, 2 tumor adjacent normal tissues
and 3 normal brain tissues as controls. The third tissue array contains
25 cases of normal brain tissues. A mouse monoclonal anti-human
DHX33 antibody (Santa Cruz, S15) was used at 1:50 dilution ratio.
Tissue slides were deparaffinized in xylene and rehydrated in a series of
alcohol solutions with decreasing concentration and the antigen was
retrieved in Tris buffer (pH 9.0) using a steamer. The sections were then
treated with 1% hydrogen peroxide in methanol for 30 min to exhaust
endogenous peroxidase activity. After pre-incubation in 10% normal
fetal bovine serum for 1h to prevent nonspecific staining, the samples
were incubated with primary antibody at room temperature for 2 h.
Standard protocol was then followed based on DAKO envision kit using
polymer to amplify signals. Typical images were photographed at 4 X
and 10 x magnifications. Brownish staining in > 50% of total cell nu-
clei was regarded as positive staining, while little < 50% or no
brownish staining in tissues was regarded as negative staining. Whole
tissue section was photographed.

2.7. Focus analysis

Cells were plated at a density of 10* per 100-mm dish and grown for
10 to 20 days. Colonies were washed with cold phosphate-buffered
saline twice and fixed with 100% methanol for 10 min at room tem-
perature. Colonies were then stained with Giemsa stain for 1 h at room
temperature and washed with water before air-dried and photographed.

2.8. Soft agar analysis

Approximately 1.0 x 10* cells were mixed in 4.0ml 0.3% agar/
MEM/10% FBS as the top agar and plated into 60 mm plates with 4.0 ml
0.6% agar/MEM/10% FBS as the base agar. Plates were incubated at
37 °C, checked every 3 days, and fed with 2.0 ml 0.3% agar/ MEM/10%
FBS every week. Colonies were photographed and counted 2-3 weeks
later.


http://www.atcc.org

H. Wang et al.

2.9. Growth curve analysis

Approximately 1.0 x 10* cells were plated onto 12-well dishes.
Cells were then counted by a hemocytometer on a daily basis, each
condition were counted three times.

2.10. Transwell cell migration analysis

Transwell Migration assay plates (8 um) were purchased from
Corning (Shenzhen, China), standard protocol was followed according
to manufacturer's protocol. Briefly, 1.0 x 10* cells were suspended in
MEM media containing 0.25% FBS on the top container which was
submerged into complete MEM media containing 10% FBS. Cells were
allowed to culture overnight. The next morning, membrane was re-
moved; all the cells inside the well was rubbed off, the cells that pe-
netrate the membrane was either stained by Giemsa or by DAPI before
photographing under the microscope.

2.11. Xenograft mouse studies

The Animal Ethics Committee of Southern University of Science and
Technology has approved the use of animals in this study under the
protocol SUSTC-JY2018040. All mouse experiments followed the
standard guidelines. NUDE female mice were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. and received
standard institutional care. They were at 8-week old at the time of
experiments. For NUDE mice injection, U87-MG glioblastoma cells were
infected as indicated. Cells were trypsinized and re-suspended in MEM
complete media at a concentration of 5 x 107 cells/ml. Eight-week old
NUDE mice were injected subcutaneously with 5 x 10° cells along their
flank, with sample sizes of 3 mice per condition. Two weeks later when
tumor was palpable, mice were sacrificed and tumors were dissected,
photographed and weighed.

For the mTOR inhibitor treatment experiment, 8 NUDE mice were
injected similarly with U87-MG cells overexpressing either wild type or
K94R mutant DHX33. Two weeks later when tumor volume reached
nearly to 100 mm?>, Torin1 was administered into these mice 3 times per
week through introperitoneal injection at a dose of 20 mg/kg. Tumor
size and mouse weight were monitored three times per week. To cal-
culate tumor volume, the length and the width of the tumor were
evaluated by a caliber, and the tumor volume is calculated as 1/
2(length x width 2). Three weeks later, the data were analyzed.

2.12. Statistical analysis

+

Data is presented as the mean * SD. Statistical significance was
determined using the Student's t-test, with a P value < .05 considered
significant.

3. Results

3.1. Overexpression of DHX33 in glioblastoma but not in normal brain
tissues

DHX33 protein has been found to be highly expressed in lung
cancer, lymphoma, liver cancer [18-20], but it remains unknown
whether DHX33 could be overexpressed in glioblastoma. To investigate
the potential role of DHX33 in glioblastoma, we firstly used a specific
DHX33 antibody to perform immunohistochemistry staining for glio-
blastoma tissues. We compared the expression level of DHX33 in
normal cerebral tissues and glioblastoma tissues. Totally, we analyzed
95 cancer tissues, 39 normal and tumor adjacent normal tissues. As
shown in Fig. 1 and Supplemental Fig. S1, we found that DHX33 is
highly expressed in glioma tissues, but not in normal cerebral tissues.
All the 39 normal cerebral tissues have little or no staining for DHX33.
At the cellular level, DHX33 protein primarily localized to the nuclei of
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glioblastoma cells, though some cancer cells have DHX33 expression
throughout the cell. Statistical analysis for DHX33 staining intensity in
these clinical samples revealed that DHX33 expression correlates
strongly with clinical cancer stages. DHX33 is positively expressed in
52% of astrocytoma stage I/II (16 out of 31), but in 84% of all cases of
astrocytoma stage III/IV (54 out of 64). Fig. 1 shows the IHC images for
all cases of astrocytoma that have positive DHX33 staining in the first
tissue microarray, with 8 normal brain tissues as controls. Supplemental
Fig. S1 shows the representative cases of DHX33 positive GBM tissues
with tumor adjacent normal and normal cerebral tissues for controls in
the second tumor microarray.

3.2. DHX33 is required for glioblastoma cell proliferation in vitro and in
vivo

Given the fact that DHX33 is highly expressed in cancer tissues but
not in normal tissues, we speculate that DHX33 might play an im-
portant role to promote glioblastoma development. We firstly choose
established glioblastoma cell lines for DHX33 functional studies. In
three different glioblastoma cell lines, U118-MG, U87-MG and U251-
MG, we stably knocked down DHX33 through lentiviral delivery of two
different shRNAs targeting DHX33. We then analyzed various cancer
cell phenotypes including cell proliferation, anchorage-independent
cell growth, cell migration and cell morphology. The knockdown effi-
ciency of DHX33 in these cancer cell lines was examined by western
blot and was shown in Fig. 2A, D and G, respectively. In all three dif-
ferent cell lines, DHX33 protein was knocked down markedly. Defi-
ciency of DHX33 resulted in dramatically reduced cell proliferation, cell
migration and/or reduced anchorage-independent cell growth (in
U118-MG). These results indicate that DHX33 is required for glio-
blastoma cell proliferation and migration, and it is pivotal for main-
taining cancer cell phenotype (Fig. 2B, E, H). The quantitation for these
analyses was shown in Fig. 2C, Fig. 2F and Fig. 2I. To confirm these
results were not due to shRNA off-target effects, we performed knock-
down rescue analysis as shown in supplemental Fig. S2. By expressing
the shRNA resistant mouse DHX33 gene in U87-MG cells, we were able
to reconstitute the protein level of DHX33 after DHX33 knockdown. We
found that both cell proliferation and cell migration were rescued to a
significant degree. To investigate the role of DHX33 in glioblastoma
development in vivo, we performed xenograft mouse models with U87-
MG cells. This cell line is highly tumorigenic. After DHX33 was stably
knocked down by lentivirus encoding shRNAs, cells were injected into
NUDE mice subcutaneously. As shown in Fig. 2J, we found that DHX33
deficiency greatly decreased the tumorigenic property for the cells. In
control group which was transduced by shScrambled control virus,
tumors grew into large sizes. In DHX33 knockdown group, none of the
mice develop tumors.

3.3. DHX33 promotes the expression of important genes involved in cell
cycle progression and migration

We have previously discovered that DHX33 plays a key role in
controlling the transcription of a set of genes involved in cell cycle
progression and migration in lung cancer cells [18,19]. To investigate
whether DHX33 is involved in glioblastoma development via regulating
these genes, we analyzed protein expression for these genes in glio-
blastoma cells after DHX33 knockdown. We firstly performed protein
expression studies after delivering two different shRNAs targeting
DHX33 in U87-MG cells. As shown in Fig. 3A, we found that DHX33
deficiency reduced the expression of E2F1, cyclin E2, cyclin D1, MMP9,
MCMs, CDC6 and CDC20 significantly. We further performed a similar
analysis in U251-MG cells with three different shRNAs. As shown in
Fig. 3B, we found that DHX33 knockdown reduced most of the desig-
nated genes' expression. These include E2F1, cdc20, cyclins, MMP9 and
MCMs. To investigate whether reduced expression of these proteins was
due to transcription downregulation, we analyzed the mRNA levels for
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Fig. 1. DHX33 is highly expressed in glioblastoma tissues.

A glioblastoma tissue array was used to analyze the expression of DHX33 by immunohistochemistry. Eight normal cerebral tissues were used as negative control.
Astrocytoma stages from I to IV were analyzed for DHX33 expression. All DHX33 positive tissues as demonstrated by brownish staining in the nuclei were categorized
into different tumor stages. Images shown are in 4 X magnification.

a few genes after DHX33 knockdown. We found that cyclin D1, MMP9 migration. Downregulation of these genes significantly reduced cancer
and CDC20 were all downregulated in DHX33 deficient cells (Fig. 3C). cell proliferation and cancer cell invasion as expected. Taken together,
Cyclins, CDCs and MCMs, E2F1 are important to promote cell cycle these results suggest that DHX33 overexpression in glioblastoma cells
progression and DNA replication, while MMP9 is pivotal in cell promotes expression of critical genes to maintain cancer cell phenotype.
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Fig. 2. DHX33 is important to drive glioblastoma cell proliferation and cell migration in vitro and in vivo.

(A). U118-MG cells were infected by lentivirus encoding shRNAs targeting DHX33 with shScrambled as a control. Whole cell extracts were then analyzed by western
blot with the indicated antibodies.

(B). Above-mentioned cells were plated for Transwell cell migration analysis, anchorage-independent growth and foci analysis. Equal numbers of each cell samples
were plated.

(C&F&I). Migrated cells were counted in 5 different fields under the microscope and quantitated. Data shown represent the average = S.D. from three different
experiments.

Colonies in the soft agar plates were quantitated in 5 separate fields. Data represent the average + S.D. from three different experiments. Quantitation of Foci
analysis was based on the foci numbers in 5 typical fields. Data shown represent the average * S.D. from three different experiments. *, P < .05, n = 5.

(D. U87-MG cells were infected by lenvirus encoding shRNAs targeting DHX33 with shScrambled as a control. Whole cell extracts were then analyzed by western blot
with the indicated antibodies.

(E). Above-mentioned cells were examined under the microscope for cell morphology, plated for foci analysis, transwell cell invasion assay (DAPI demarked nuclei,
blue). Typical images were shown.

(G).U251-MG cells were infected by lenvirus encoding shRNAs targeting DHX33 with shScrambled as a control. Whole cell extracts were then analyzed by western
blot with the indicated antibodies.

(H). Above-mentioned cells were examined under the microscope for cell morphology, plated for foci analysis, transwell cell invasion assay (DAPI demarked nuclei,
blue). Typical images were shown.

(J). U87-MG cells were infected by lenvirus encoding shRNAs targeting DHX33 with shScrambled as a control. Approximately 5X10°cells were injected into the flanks
of nude mice subcutaneously. Three weeks later, mice were sacrificed for imaging. Tumors were dissected and photographed. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Overexpression of wild type DHX33 confers resistance to mTOR in vitro DHX33 expression [22], to investigate whether this is the case in
and in vivo glioblastoma cells, we decided to treat these cells with inhibitors tar-
geting PI3K and mTOR kinases. We treated U251-MG cells with each of

It has been reported that the PI3K/Akt signaling activation occurs in the inhibitors for 48 h and then analyzed DHX33 protein expression. To
89% of all glioblastoma [21]. However, PI3K inhibitors produce limited make sure that these inhibitors functioned properly, we also analyzed
response [9]. Other parallel pathways cause bypass of PI3K inhibition the phosphorylation status of the designated kinases. As shown in
to maintain PI3K downstream signaling. To unravel the molecular Fig. 5A, in U251-MG cells, we found that PI3K inhibitor and mTOR

mechanisms for the resistance to PI3K/mTOR inhibitors in GBM, we inhibitors increased DHX33 protein expression, while MEK inhibitor
analyzed whether upregulation of DHX33 would confer this resistance. has minimal effect on DHX33 expression level. The phosphorylation
We stably expressed wild type DHX33 in U87-MG cells, with DHX33 status of pAkt (473), pERK, and pS6 confirmed that each inhibitor
helicase dead mutant K94 N and empty vector as controls. Then we worked properly. Our results indicate that none of the PI3K, mTOR or
analyzed cell proliferation and cell migration after treating cells with MAP kinase pathway plays a major role in causing DHX33 over-
mTOR inhibitors. Normally Glioblastoma cells are sensitive to the expression in glioblastoma tissues. This result implicated that other
mTORC1 inhibitor, rapamycin. However, when cells expressed wild factors might regulate DHX33 protein levels in glioblastoma cells. De-
type DHX33 they developed resistance, DHX33 helicase dead mutant spite this was observed in U251-MG cells, we did not observe the same
failed to do so (as shown by the growth curves in Fig. 4A). We also result in U87-MG cells (data not shown). Because rapamycin only in-
examined the cell morphology under the microscope. Normally, U87- hibits mTORC]1, to exclude the possibility of mTORC2 in regulating

MG cells were highly motile; they tended to migrate and huddled to- DHX33 protein, we further treated cells with Torinl, which inhibits
gether in cohorts. When cells overexpressed K94 N DHX33, they ap- both mTORC1 and mTORC2 effectively. As shown in Fig. 5B, we found
peared to be dispersed (Fig. 4B). We further analyzed cell migration, as that Torinl induced DHX33 expression even more dramatically. The
shown in Fig. 4C, rapamycin treatment decreased cell motility of these reduction of phosphorylation on 4EBP1 indicates that Torinl func-
cells. When cells overexpressed wild type DHX33, they migrated as well tioned well.

as the normal cells. The expression levels of DHX33 and other proteins

were shown in Fig. 4D, the phosphorylation of status of S6 and Akt

demonstrated that these inhibitors worked well. To study whether 4. Discussion

DHX33 would confer resistance to mTOR inhibition in vivo, we injected

U87-MG cells that overexpressed either DHX33 wild type or helicase Astrocytes make up one half of the total brain cells; the mechanism
dead mutant K94R into the flanks of NUDE mice. When tumors grew of its carcinogenesis is not fully understood [1]. There are two types of
into approximately 100mm?, we treated these mice with Torinl. As glioblastoma, primary glioma and secondary glioma. The first one ori-
shown in Fig. 4F, wild type DHX33 expression caused the tumor to ginates from normal brain astrocytes while the other type is triggered
grow quickly despite Torinl administration, while tumors with DHX33 by pre-existing low-grade astrocytoma [1]. Glioblastoma is the first
K94R expression grew much slowly. The weight of the mice in the two type of cancers that was deep-sequenced at the genome level [21,23].
groups had no significant change (Fig. 4G). The expression of the Molecular mechanism of GBM has been investigated extensively. Ex-
exogenous DHX33 was evaluated by western blot in Fig. 4H. Similar isting data show that multiple cancer critical genes have been found to
analysis was performed on U251-MG cells (Supplemental Fig. S3); we be mutated and to be causal factors in GBM progression [2]. Among

added two more inhibitors, U0126 to inhibit MEK in MAP kinase them, two prominent genes are EGFR and PTEN, whose mutation would
pathway and wortmannin to inhibit PI3K. We found that wild type impact PI3K/Akt pathway [2]. Although results demonstrate that PI3K/

DHX33 caused cells to develop resistance not only to rapamycin but Akt signaling activation has been detected in 80% of all glioblastoma,
also to U0126. Wortmannin itself did not significantly decreased cell clinical trials with PI3K and mTOR inhibitors resulted in limited effect
proliferation for U251-MG cells. [11]. Multiple factors have been found to be responsible for the re-

sistance to PI3K/mTOR inhibitors in GBM. Several studies have shown
that insulin-like growth factor 1 receptor, S6 kinases and Weel kinase
3.5. DHX33 can be induced by PI3K and mTOR kinase inhibitors in U251- can be activated by PI3K/mTOR blockade in different situations

MG glioblastoma cells [9,24-26]. The activation of these factors causes bypass of PI3K/mTOR
inhibition to enhance cell proliferation and survival. For reasons stated
Previously we have found that PI3K/mTOR pathway regulated above, this cancer remains incurable despite extensive efforts [3].
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Fig. 3. DHX33 promotes the expression of important
genes involved in cell cycle progression and migra-
tion.

U87-MG U251-MG (A). U87-MG glioblastoma cells were transduced
«a «a by @ sy with either shSCR, #1 or #2-shRNA-DHX33 lenti-
é é é é é virus. Four days post lentiviral infection, cells were
[ a a ~x =) [a) a) harvested. Whole cell lysates were subjected to
@) = = @) = = = o . s
2 S & 2 i’ K £ western blot analysis with the indicated antibodies,
» *= hia * ** i s with anti-GAPDH antibody for a control.
(B). U251-MG cells were transduced with lentivirus
N — - DHX33 - - DHX33 encoding either shSCR or three different shRNAs
targeting DHX33. Four days post lentiviral infection,
E2F1 cells were harvested. Whole cell lysates were sub-
F - - - Cdc20 jected to western blot analysis with the indicated
antibodies.
— Cyclin E2 (C). U87-MG cells were infected with lentiviruses
—— —— Cyclin A2 targeting two different shRNAs targeting DHX33,
) - with shSCR as a control. Four days post lentiviral
-—' sssssse Cyclin D1 infection, cells were harvested. Total RNA was ex-
- Cyclin E2 tracted and reverse-transcribed into cDNA, qPCR
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In this study, we present original evidence on the role of DHX33 in
human glioblastoma. For the first time, we discovered that DHX33 is
highly expressed in human glioblastoma tissues. Its expression is cor-
related to disease progression. In glioblastoma, DHX33 is overexpressed
in approximately 84% of all cases. High level of DHX33 expression is
pivotal for its functions in promoting cell proliferation, migration and
tumorigenesis.

Interestingly, though we have found that DHX33 can be regulated
by PI3BK/mTOR pathway before [22], we found that DHX33 protein is
not regulated by this pathway in GBM. On the contrary, inhibitors of
PI3BK/mTOR induced DHX33 expression significantly in certain glio-
blastoma cell lines. Simultaneous inhibition of both mTORC1 and

mTORC2 caused DHX33 protein levels to be even enhanced. This im-
plicates a possible feedback response to PI3K/mTOR inhibition, high-
lighting the activation of other signaling pathways in sensing mTOR
inhibition. MAP kinase pathway did not regulate DHX33 in GBM either.
DHX33 has been found to be a converging downstream target of many
oncogenes and tumor suppressors. Other than Ras, Akt, mTOR, Myc
also regulates DHX33 through direct binding to DHX33 promoters [18].
It should be worthwhile to further delineate the regulatory mechanism
for DHX33 protein in GBM.

Overexpression of the wild type DHX33 endowed cells with pro-
liferative and migration potential in the presence of mTOR inhibitors.
Our result clearly indicates that DHX33 is an important regulator to



H. Wang et al. Cellular Signalling 54 (2019) 170-178

rapamycin
A g DMSO 3 Rapamycin(200nM) B
‘g - == = vC "g - === \C
% 6 -=-@-=--K94N ) - -=- K94N
e :|* Z2{ —a—wr *
£ S 3
: -
2 =1
G 35
O @]
1 0 T T T T |
0 2 3 5 6 o 1 2 3 4 5
Days after plating Days after plating

rapamycin DMSO

C

D E DMSO Rapamycin
K94N 5 92 B @
DHX33 15 quve TR0 ER
= K94N DHX33 > A@D” AT
5 B WT DHX33 2 zAozz A
2 E3gEdE
= VIRV
Empty 2 —_—— - == FLAG
vector gb P pS6
E ——— e Sy
© I 0 A kt(S473)
I\;/;Il;i(;);pe —————— A |t

DMSO rapamycin —————— G APDH

21
a 4 z WM Ve WT  K94R
ME g C
%300 N 5014 . -- FLAG
E -S;O g K94 R
Ezoo Torinl g 7 o WT * GAPDH
] Q
E 100 3

=
0 T T T T T T
0 + — 7T

3 6 9 12 15 18 21

Days after Torin 1 administration

1357 9111315171921
Days after Torin 1 administration

Fig. 4. Overexpression of wild type DHX33 confers resistance to mTOR inhibition in U87-MG cells in vitro and in vivo.

(A). U87-MG cells were infected by lentivirus encoding vector only, wild type DHX33 and K94 N mutant DHX33. Cells were treated with the rapamycin or wort-
mannin inhibitors, with DMSO as a control. Growth curves were generated over a 6-day period; bars represent standard deviation from three separate counts for each
sample. *, P < .05.

(B). Above-mentioned cells were photographed under the microscope for cell morphology. Typical images were shown.

(C). Above-mentioned cells were plated for transwell cell invasion assay. Typical images were shown.

(D). Quantitation for the migrated cells in each samples. Migrated cells were counted in 5 different fields under the microscope and quantitated. Data shown
represent the average + S.D. from three separate experiments. *, P < .05, n = 5.

(E). Above-mentioned U87-MG cells were harvested after inhibitor treatment. Whole cell extracts were then analyzed by western blot with the indicated antibodies.
(F—H). Eight NUDE mice were injected subcutaneously with approximately 1 x 107 U87-MG cells overexpressing either wild type or K94R DHX33. When tumor size
reached to nearly 100mm?, they were treated by Torin1 at a dose of 20 mg/kg in DMSO through introperitoneal injection three times per week. Tumor volume curve
(Fig. 4F) and mice weight curve (Fig. 4G) were generated over a 3-week period.

(H)The expression of exogenous DHX33 was analyzed by western blot with anti-FLAG antibody. GAPDH served as an internal control. *, P < .05.

promote cell proliferation, which bypasses the upstream inhibitory To support its potential as a therapeutic target in GBM, significant
signals in the PI3K/mTOR pathway. The fact that DHX33 can be in- results were observed after DHX33 knockdown in glioblastoma cells.
duced by PI3K and mTOR inhibitor implicates that DHX33 induction These cells demonstrate markedly reduced cell proliferation, cell mi-
might partially explain the molecular mechanisms for the failure of gration. This is partially mediated through DHX33 regulation of critical
PI3BK/mTOR inhibitors to halt GBM development in the long run, genes involved in cell cycle progression and cell migration.

though this occurs in certain cell types, but not all. These results im- In summary, our data provide strong evidence for a previously un-
plicate that DHX33 inhibition might be a feasible option in glio- appreciated role of DHX33 in glioblastoma. We clearly show that
blastoma treatment. DHX33 promotes cancer cell proliferation and cell migration through

177



H. Wang et al. Cellular Signalling 54 (2019) 170-178
A U251-MG B
$ §
~ §
S &
S8 &S rlie
— s S SS S TS &
— — w= @B DHX33 o %QQ SN S & TS > 8
o & > S S S S
> & PSS & PEQETS AT A S SO S R <&
Fold: 10 1.6 09 10 25 9 & & s 3 RO QISP

——— — . DAKUS4T3)

- — s -

- e o i Fold: 1.0 11 11 09 14 20 18 20 17 20 23 30 30 30
’ —— e (D D S S v  DAKT
- -
g W o - e -— psS6
- D S -
- - e - . = T
pS6 o ——— — —— —

- e -——

- -G G\ PD}

Fig. 5. DHX33 expression can be induced by PI3K and mTOR kinase inhibitors.
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(A). U251-MG cells were treated with rapamycin, U0126 or wortmannin inhibitors at the indicated concentration for 48 h, with DMSO as a control. Whole cell
extracts were subjected to western blot analysis with the designated antibodies, GAPDH served as an internal control.
(B). Similarly U251-MG cells were treated with wortmannin, rapamycin and Torinl at different concentrations for 48 h. Torinl dramatically induced DHX33

expression.

transcriptionally controlling critical genes involved in cell cycle and
migration. Finally, DHX33 is expressed only by glioblastoma cells but
not by normal cerebral cells, these results suggest that cancer therapies
targeting DHX33 helicase might provide a novel way in treating DHX33
positive glioblastoma.
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