ONCOLOGY LETTERS 20: 1989-1998, 2020

STAT3 is a key molecule in the oncogenic behavior
of diffuse intrinsic pontine glioma

JINJU PARK', WOOCHAN LEE?, SANGIL YUN', SAET PYOUL KIM!, KYUNG HYUN KIM'?,
JONG-IL KIM?, SEUNG-KI KIM?, KYU-CHANG WANG'? and JI YEOUN LEE'”

'Neural Development and Anomaly Laboratory, Department of Anatomy and Cell Biology;

2Departrnent of Biochemistry and Molecular Biology, Seoul National University College of Medicine;

3Division of Pediatric Neurosurgery, Seoul National University Children's Hospital, Seoul 03080, Republic of Korea

Received September 27, 2019; Accepted April 17,2020

DOI: 10.3892/01.2020.11699

Abstract. Diffuse intrinsic pontine glioma (DIPG) is one
of the most lethal childhood brain tumors. This tumor is
unique because it is detected exclusively in the ventral pons
of patients aged between 6 and 7 years, which suggests a
developmental nature of its formation. Signal transducer and
activator of transcription 3 (STAT?3) is a critical molecule for
the differentiation of neural stem cells into astrocytes during
neurodevelopment. Additionally, STAT3 is associated with
oncogenesis and the epithelial-mesenchymal transition (EMT)
in various types of tumor. In recent years, several studies have
demonstrated the oncogenic role of STAT3 in high-grade
gliomas. However, the role of STAT3 in DIPG at the cellular
level remains unknown. To assess the possible association
between gliogenesis and DIPG, the expression levels of various
molecules participating in the differentiation of neural stem
cells were compared between normal brain control tissues and
DIPG tissues using open public data. All of the screened genes
exhibited significantly increased expression in DIPG tissues
compared with normal tissues. As STAT3 expression was the
most increased, the effect of STAT3 inhibition in a DIPG cell
line was assessed via STAT3 short hairpin (sh)RNA transfec-
tion and treatment with AG490, a STAT3 inhibitor. Changes
in viability, apoptosis, EMT and radiation therapy efficiency
were also evaluated. Downregulation of STAT3 resulted in
decreased cyclin D1 expression and cell viability, migration
and invasion. Additionally, treatment with STAT3 shRNA or
AG490 suppressed the EMT phenotype. Finally, when radia-
tion was administered in combination with STAT3 inhibition,
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the therapeutic efficiency, assessed by cell viability and DNA
damage repair, was increased. The present results suggest that
STAT3 is a potential therapeutic target in DIPG, especially
when combined with radiation therapy.

Introduction

Diffuse intrinsic pontine glioma (DIPG) is one of the most fatal
malignant pediatric brain tumors (1) and is a major cause of
cancer-associated mortality in children (2). The mean overall
survival of patients with DIPG is 8-14 months, and the only
effective treatment modality is radiation (3). However, clinical
outcomes are disappointing, and a combination of various
adjuvant chemotherapies has failed to prolong overall survival
compared with radiation alone (4). In general, routine tumor
biopsy is avoided due to the location of the tumor, and the
paucity of tumor tissues has limited active research on the
biology and pathogenesis of DIPG. Although several clinical
trials for molecular targeted agents are underway (4-6), the
focus is on canonical oncogenic signaling pathways, such as the
epidermal growth factor receptor and platelet-derived growth
factor receptor (PDGFR) signaling pathways. Furthermore,
these therapeutic trials are problematic since they are not
based on the unique molecular genomic features of DIPG (4).

A number of genetic and epigenetic alterations in DIPG
have recently been discovered, revealing a mutation signature
that is completely different from that of high-grade gliomas of
other regions of the brain. Specifically, the lysine-to-methionine
mutation at position 27 of the H3 histone variant (H3K27M),
H3.1K27M or H3.3K27M, was identified in 78% of DIPGs
and was accompanied by activating mutations in PDGFRA or
activin A receptor type I (ACVRI1) (7-9). The fact that DIPG
is detected exclusively in the ventral pons of children aged
between 6 and 7 years (10,11) may explain the very different
genomic and molecular features compared with other gliomas.
Furthermore, the specific peak age and anatomical location
suggest abnormalities in postnatal neurodevelopmental
mechanisms. Indeed, aberrancy in one of the signaling path-
ways associated with the differentiation of neural stem cells
(NSCs) may cause an imbalance in the number and viability
of local cells, and may contribute to growth and neoplastic
behavior (12).
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Signal transducer and activator of transcription 3
(STAT3) is a member of the STAT family and has extensive
functions, including neural differentiation, in a number of
organisms (13,14). STAT3 was originally identified as a mediator
of interleukin-6 (IL-6) receptor signaling (15). The receptors
for IL-6 utilize gp130, which activates STAT3 via phosphoryla-
tion; phosphorylated STAT3 dimerizes and translocates to the
nucleus, where it binds to a specific DNA sequence to activate
the transcription of genes involved in glial differentiation (16).
Furthermore, a previous study demonstrated that STAT3 is
essential for astrocyte differentiation (17).

Additionally, STAT3 acts as an oncogene in numerous
types of cancer, including breast (18), lung (19) and pancre-
atic cancer (20). Constitutive activation of STAT3 was first
observed to be associated with oncogenic transformation
by the viral Src oncoprotein (21). Similarly, other oncogenic
tyrosine kinases activate STAT3, resulting in oncogenic trans-
formation (22-24). The contribution of STAT3 to a given tumor
phenotype depends on the tissue context. Overall, the role of
STAT?3 has been studied more in glioma compared with other
types of cancer (25-27). In adult glioma, a gain-of-function
mutation in STAT3 induces angiogenesis, immunosuppres-
sion, invasion and temozolomide resistance (28,29). However,
to the best of our knowledge, the association between STAT3
and DIPG has not yet been elucidated.

In the present study, mRNA expression levels of various
genes associated with the differentiation of NSCs (30) were
compared between DIPG tissues and normal brain tissues using
open public data. All of the screened genes, including Notch
receptor 1 (NOTCHI1), ACVRI and STAT3, were significantly
upregulated in DIPG tissues compared with in normal brain
tissues. Based on its function in gliogenesis during neurodevel-
opment and in the oncogenesis of malignant tumors, including
gliomas, the possible role of STAT3 in the tumor biology of
DIPG was investigated using the human DIPG SF8628 cell line.
STAT3 activation was modulated by treatment with the STAT3
inhibitor AG490 and transfection using STAT3 short hairpin
(sh)RNA. Cell viability assays were performed to assess cell
viability after modifying STAT3 activation. Protein expres-
sion was analyzed via western blotting and RNA expression
was evaluated via reverse transcription-semi-quantitative PCR
(RT-semi-qPCR). To investigate the effect of STAT3 inhibi-
tion on the therapeutic effect of irradiation, SF8628 cells were
treated with a combination of STAT3 inhibition and irradiation.

Materials and methods

In silico R2 analysis. Comparison of mRNA expression
levels of genes associated with NSC differentiation [namely
NOTCHI, inhibitor of DNA binding 1, ACVRI, Hes family
bHLH transcription factor 1 (HES1), SMAD family member 1,
E1A binding protein p300, LIF receptor subunit a and STAT3]
between normal brain tissues [n=172; Gene Expression
Omnibus (GEO) ID: GSE11882 (31)] and DIPG tumor tissues
[n=27, GEO ID: GSE26576 (32)] was performed using R2
and the Megasampler module (33): Genomics Analysis and
Visualization Platform (http://r2.amc.nl), a microarray anal-
ysis and visualization platform. One-way ANOVA was used to
compare the expression levels of STAT3 mRNA between the
normal brain tissue and DIPG GEO datasets.
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Cell culture. The patient-derived DIPG SF8628 cell line
(Merck KGaA) harboring the histone H3.3 Lys 27-to-methio-
nine (K27M) mutation was used in the present study. The cells
were cultured in DMEM with high glucose supplemented with
10% FBS (both from Biowest) and 1% penicillin/streptomycin
(Gibco; Thermo Fisher Scientific, Inc.) at 37°C with 95%
humidity and 5% CO,.

STAT3 inhibitor treatment. To inhibit endogenous STAT3
activity, SF8628 cells were treated with 20 M of the STAT3
inhibitor AG490 (Cell Signaling Technology, Inc.) dissolved
in DMSO.

Lentivirus-mediated shRNA silencing of STAT3 expres-
sion. Lentiviral shRNA particles were purchased from
Sigma-Aldrich (Merck KGaA). Viral shRNA transfections
using 10 p1 (1x107 titer units/0.1 ml) STAT3-targeting ShRNA
or non-targeting sShRNA were performed by incubating SF8628
cells in culture medium containing lentiviral particles for 12 h
in the presence of 0.8 ug/ml polybrene (EMD Millipore).
Subsequently, Puromycin (Thermo Fisher Scientific, Inc.)
was added to the medium of the transfected cells to select
shRNA-expressing cells.

RT-semi-qgPCR. RT-semi-qPCR was performed to deter-
mine the transcript level of STAT3 in SF8628 cells, and the
amplification of [-actin transcripts was used as the control to
normalize the transcript levels of molecules. Total RNA was
isolated from cells using TRIzol reagent (Invitrogen; Thermo
Fisher Scientific, Inc.), and RT was performed to synthesize
cDNA in a 20 pl reaction mixture (SuperScript One-Step kit;
Invitrogen; Thermo Fisher Scientific, Inc.) containing 2.5 ul
of each 10 pmol gene-specific primer, 1 g RNA, 2X reaction
buffer, 0.4 ul Taq polymerase, 0.4 mM of each dNTP and
1.2 mM MgCl,, for 30 min at 50°C. After an initial denatur-
ation step of cDNA for 2 min at 94°C, the cDNA of STAT3
transcripts was amplified for 25 cycles of 30 sec at 94°C, 30 sec
at 58°C and 30 sec at 72°C, while the cDNA of B-actin tran-
scripts was amplified for 18 cycles of 30 sec at 94°C, 30 sec at
52°C and 30 sec at 70°C. The PCR cycling numbers had been
optimized to avoid amplification saturation. A total of 5 ul
gPCR product was separated on 1% agarose gels, which were
subsequently stained with RedSafe™ Nucleic Acid Staining
solution (Intron Biotechnology, Inc.). Primer sequences were as
follows: STAT3 forward, 5'-~ACCCAACAGCCGCCGTAG-3'
and reverse, 5'-CAGATGGTTGTTTCCATTCAGAT-3"; and
p-actin forward, 5'-"ACACCTTCTACAATGAGCTG-3' and
reverse, 5-CATGATGGAGTTGAAGGTAG-3..

Western blotting. Lysates of subconfluent (60-80% confluent)
cells were obtained using SDS lysis buffer [125 mM Tris-HC1
(pH 6.8), 4% SDS, 0.004% bromophenol blue and 20%
glycerol]. The Pierce BCA Protein assay kit (Thermo Fisher
Scientific, Inc.) was used to determine protein concentration.
The cell lysates (30 ug protein/lane) were separated by 10%
SDS-PAGE and transferred to polyvinylidene difluoride
membranes (EMD Millipore) that were blocked with 5% skim
dry milk in Tween-20 (0.05%)-TBS (TTBS) for 1 h at room
temperature. Subsequently, the membranes were incubated
overnight at 4°C with primary antibodies (1:1,000) against
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one of the following: Cleaved caspase 3 (cat. no. ab2302;
Abcam), cleaved poly (ADP-ribose) polymerase (cat. no. 9542;
Cell Signaling Technology, Inc.), phosphorylated-STAT?3
(pSTATS3; cat. no. 9131; Cell Signaling Technology, Inc.),
STAT?3 (cat. no. 9139; Cell Signaling Technology, Inc.), cyclin
D1 (cat. no. MA5-16356; Thermo Fisher Scientific, Inc.),
E-cadherin (cat. no. 610181; BD Biosciences), N-cadherin
(cat. no. C3865; Sigma-Aldrich; Merck KGaA;), vimentin
(cat. no. 3390S; Cell Signaling Technology, Inc.), Twist (cat.
no. SC-15393; Santa Cruz Biotechnology, Inc.), Snail (cat.
no. SC-28199; Santa Cruz Biotechnology, Inc.) and matrix
metallopeptidase 9 (MMP-9; cat. no. RB-1539-P; NeoMarkers,
Inc.). Horseradish peroxidase-conjugated anti-rabbit
IgG (cat. no. bs-0295G-HRP) or anti-mouse IgG
(cat. no. bs-0296G-HRP) (both 1:4,000; BIOSS) were used
as secondary antibodies, and the membranes were incubated
for 2 h at room temperature. Enhanced chemiluminescence
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to detect
the immunoreactive proteins. [3-actin (primary antibody,
1:1,000; cat. no. SC-47778; Santa Cruz Biotechnology, Inc.)
served as the loading control.

Cell viability assay. Cell viability was assessed using a
Cell Counting Kit (CCK)-8 assay (Dojindo Molecular
Technologies, Inc.) according to the manufacturer's protocol.
Briefly, 5x10° cells were seeded in each well of a 96-well
plate and incubated for 48 h at 37°C. The CCK-8 reagent was
added to each well 1 h before the incubation endpoint. Optical
density values at 420 nm were determined using an ELISA
plate reader (Bio-Rad Laboratories, Inc.).

Transwell migration and invasion assays. A 24-well
Transwell Insert system with an 8-ym pore size polyethylene
terephthalate membrane was purchased from BD Biosciences.
The upper chambers were coated with or without Matrigel for
1 h at 37°C for invasion or migration, respectively. Medium
containing 10% FBS was placed in the lower chambers and
served as a chemoattractant. SF8628 cells (1x10* cells/insert)
in 300 pl 1% FBS-containing medium were seeded in the
upper chamber of each Transwell insert and allowed to
migrate for 48 h at 37°C. Non-migrated cells were removed
from the top of each insert with a cotton swab. Migrated
cells on the bottom surface of the insert were stained with
0.2% crystal violet in 20% methanol for 30 min at room
temperature and visualized with an inverted light microscope
(magnification, x40). The stained cells were lysed in 10% SDS
for 30 min, and the absorbance was measured at 562 nm using
an ELISA plate reader.

F-actin assay. To examine whether STAT3 inhibition causes
cytoskeletal reorganization, filamentous actin (F-actin) was
visualized. Cells were incubated with 165 nmol/l Alexa
Fluor-633-conjugated phalloidin (cat. no. A22284; Invitrogen;
Thermo Fisher Scientific, Inc.) for 10 min at room temperature,
followed by 4'6'-diamidio-2-phenoylindole (DAPI) staining
for 10 min at room temperature. Immunofluorescence was
observed by fluorescence microscopy (magnification, x400).

Combination of STAT3 inhibition and irradiation. Control
cells and STAT3-inhibited cells (by shRNA transfection or
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AG490 treatment) were cultured in 96-well plates at a density
of 5x10%/well for 24 h at 37°C with 95% humidity and 5% CO,.
The cells were irradiated with 4 Gy using a 6-MV photon beam
in a linear accelerator (21EX-S; Varian Medical Systems)
and incubated for 24 h at 37°C. Subsequently, a CCK-8 assay
was used as aforementioned to measure cell viability. All
treatments were tested in triplicate.

Phosphorylated H2A X variant histone (YH2AX) assay. Cells
were cultured on a 4-well chamber slide (3x10* cells/chamber).
Following irradiation as aforementioned, cells were incubated
for 1,4 or 24 h, fixed in 4% paraformaldehyde for 10 min and
permeabilized using 0.5% Triton X-100 for 5 min, both at room
temperature. After blocking with 5% skim milk diluted in
0.05% Triton X-100 for 30 min at room temperature, the slides
were washed for 5 min in TTBS and incubated with a primary
rabbit anti-yH2AX antibody (clone 2577; cat. no. 2577; Cell
Signaling Technology, Inc.) at a 1:200 dilution in TTBS for 2 h
at room temperature in a humidified chamber. Subsequently,
the slides were washed three times in TTBS for 5 min each
and incubated with an Alexa Fluor 488 goat anti-rabbit
secondary IgG antibody (cat. no. A11008; Invitrogen; Thermo
Fisher Scientific, Inc.) diluted 1:500 in 1% BSA for 1 h at room
temperature in a humidified chamber. The slides were washed
twice in TTBS and mounted with DAPI-containing mounting
medium. Images of YH2AX were acquired with a fluores-
cence microscope (magnification, x400; BX51; Olympus
Corporation).

Statistical analysis. Associations between STAT3 activation
and either the cell viability index, invasion or migration were
analyzed using a two-tailed unpaired Student's t-test (for
differences between two groups) using Excel 2016 (Microsoft
Corporation) or one-way ANOVA (for multiple comparisons)
followed by Tukey's post hoc test using SPSS v23 (IBM
Corp.). Data are presented as the mean + SD (n=3). P<0.05
was considered to indicate a statistically significant difference.

Results

In silico analysis identifies STAT3 as a potential oncogene in
DIPG. The expression levels of astrogliogenesis-associated
genes (30) between normal brain and DIPG tissues were
compared using the publicly available microarray analysis plat-
form R2 and the Megasampler module, previously described
by Kumar et al (33). According to the expression analysis, all
of these molecules were significantly upregulated in DIPG
compared with in normal brain tissues (Fig. 1). Among the
analyzed molecules, HES1 and STAT3 are transcription
factors that regulate hallmarks of cancer (34,35). Based on the
results of a previous study (36) on the radiosensitizing effect of
STATS3 inhibition in glioma, STAT3 was further investigated
as a potential target to inhibit the oncogenic phenotype of
DIPG cells.

STAT3 activation is associated with DIPG cell viability. To
determine the oncogenic role of STATS3, the effect of STAT3
inactivation on the viability of SF8628 cells was examined
via treatment with the STAT3 inhibitor AG490 or via STAT?3
shRNA transfection. The transfections with sShRNAs were
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A Gene Probeset Expresssion Expresssion  P-value
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Figure 1. mRNA expression levels of astrogliogenesis-associated genes are high in DIPG. (A) In silico analysis of astrogliogenesis-associated gene mRNA
expression in normal brain and DIPG tissues. (B) Relative STAT3 mRNA expression in normal brain and DIPG tissues. Each circle represents a tissue sample.
DIPG, diffuse intrinsic pontine glioma; NOTCHI, Notch receptor 1; ID1, inhibitor of DNA binding 1; ACVRI, activin A receptor type I; HESI1, Hes family
bHLH transcription factor 1; SMAD1, SMAD family member 1; EP300, E1A binding protein p300; LIFR, LIF receptor subunit a; STAT3, signal transducer

and activator of transcription 3.

confirmed by RT-semi-qPCR and gel electrophoresis (Fig. 2A).
SF8628 DIPG cells were treated with various concentrations
of AG490. Western blotting revealed that treatment of SF8628
cells with various concentrations of AG490 resulted in a
substantial decrease in the protein expression of the active form
of STAT3 (pSTAT?3) in a dose-dependent manner, whereas
the protein expression of total STAT3 was not changed (data
not shown). In SF8628 cells treated with 30 uM AG490, cell
viability was significantly reduced compared with cells treated
vehicle control (DMSO), and was similar to the viability of
cells treated with 20 uM AG490 (Fig. 2B). Therefore, 20 yM
AG490 was used in the following experiments. The CCK-8
assay revealed that the viability of AG490-treated SF8628
cells after 48 h was decreased compared with that of control
vehicle-treated cells (Fig. 2C). Similar results were observed
for cells expressing STAT3 shRNA (Fig. 2D). Since AG490
treatment did not change the status of cell apoptosis mani-
fested by cleaved caspase 3 and cleaved poly (ADP-ribose)
polymerase (data not shown) in SF8628 cells, it was hypoth-
esized that decreased cell viability by STAT3 inactivation was

not a result from increased cell apoptosis. To further examine
the role of STAT3 in the viability of DIPG cells, the effect
of STAT?3 inhibition on the expression of a representative
viability marker, cyclin D1, was analyzed. Western blotting
revealed that cyclin DI expression decreased after STAT3
inhibition using AG490 or STAT3 shRNA (Fig. 2E).

STAT3 regulates EMT, as well as the migration and invasion
of DIPG cells. As the main oncogenic mechanism of STAT3
is the promotion of EMT (37), the effect of STAT3 inactiva-
tion in SF8628 cells on EMT, motility and invasiveness was
investigated. Western blotting revealed that STAT3 inactiva-
tion increased E-cadherin (epithelial cell marker) expression,
but decreased the expression levels of N-cadherin, vimentin,
Twist, Snail and MMP-9 (mesenchymal cell markers)
(Fig. 3A). Therefore, the present data suggested a regulatory
role of STAT3 in the mesenchymal transition in DIPG cells.
To confirm that STAT3 may promote the mesenchymal transi-
tion in DIPG cells, actin organization was examined. Control
SF8628 cells produced numerous filopodia-like extensions
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Figure 2. STAT3 inhibition suppresses human diffuse intrinsic pontine glioma cell viability. SF8628 cells were treated with vehicle control (DMSO) or AG490.
SF8628 cells were transfected shCtrl or shSTAT3. (A) mRNA STAT3 expression was determined via reverse transcription-semi-quantitative PCR. B-actin
mRNA was used as the loading control. (B) Cell viability data of AG490-treated cells. Cells were treated with various concentrations of AG490. Cell viability
was analyzed using a CCK-8 assay, and absorbance was measured at 420 nm. "P<0.05 vs. DMSO-treated cells using one-way ANOVA. Data are presented
as the mean + SD. (C and D) CCK-8 assay of control cells and STAT3-inhibited cells. Cell viability was analyzed using a CCK-8 assay, and absorbance was
measured at 420 nm. "P<0.05 vs. DMSO-treated cells or shCtrl-transfected cells at 48 h using a two-tailed unpaired Student's t-test. Data are presented as the
mean + SD. (E) Western blot analysis of pSTAT3, total STAT3 and cyclin D1. Protein samples were extracted from SF8628 control cells and STAT3-inhibited
cells; B-actin was used as the loading control. Exposure time was 3 min for pSTAT3, 1 min for STAT3, 30 sec for cyclin D1 and 15 sec for (3-actin. STAT3,
signal transducer and activator of transcription 3; pSTAT3, phosphorylated STAT3; shCtrl, control short hairpin RNA; shSTAT3, STAT3 short hairpin RNA;

CCK-8, Cell Counting Kit-8.

containing actin-rich bundles, which were absent or less visible
in STAT3-inhibited cells (Fig. 3B). This suggested that the
control cells exhibited more mesenchymal characteristics than
the STAT3-inactivated cells. Migration and invasion assays
were performed to assess the direct effect of STAT3 inhibition
on cell motility and invasiveness. STAT3 inhibition signifi-
cantly decreased cell migration and invasion (Fig. 3C and D,
respectively), which further confirmed the potential effect of
STAT3 on EMT induction in DIPG cells.

STAT3 inactivation increases the therapeutic effect of radiation.
As STATS3 inhibitors have been reported to enhance radiation
efficacy in various types of cancer (38-40), the present study
investigated whether STAT3 inactivation was able to enhance the

sensitivity of DIPG cells to radiation. SF8628 cells were exposed
to 4 Gy of radiation 8 h after treatment with AG490 or DMSO.
CCK-8 assays 24 h after radiation indicated that viability was
significantly decreased in cells treated with AG490 compared
with that in cells treated with DMSO (Fig. 4A). Similar results
were obtained when SF8628 cells expressing control shRNA
or STAT3 shRNA were exposed to irradiation, which further
suggests that STAT3 inhibition increases the therapeutic effect
of radiation in DIPG cells (Fig. 4B).

Subsequently, the effect of STAT3 inhibition on the repair
of radiation-induced DNA damage was examined using the
DNA double strand break marker YH2AX at 1,4 and 24 h
after treatment with 4 Gy radiation. As shown in Fig. 4C,
YH2AX was localized in the nucleus in both AG490-treated



1994 PARK et al: ROLE OF STAT3 IN DIFFUSE INTRINSIC PONTINE GLIOMA

A SF8628 SF8628 Cc _ -
o ° - © 1204
o .0 N <> e 120 DMSO 2 shCtrl
oW v-""'g 5 g&\‘ﬁp ‘g‘ 1001 R ‘g’ 1004
~ H . [=] i o A 5
[T P coher # iw O
[ s |N-cadherin [ = s “|W . Acao S ] shsTAT3
[ Jvimentn (== | % «{fl i £ oo
] Twist =] & 5 20
= = 0- =
snalL [ ] o
= 40 W
F==="] mwr- S R
[=====] p-actin [==—]
B F-actin  DAPI Merge D — 1204 DMSO = 120 shctrl
£ 100 : £ 100;
DMSO S 80 S 80
S 6 * § 60 *
X 604 3 1
< = shSTAT3
5 ) J__ AG490 5 ) I _
AG490 8 204 & 204
> >
£ - £ o S O =
O po® O (K
shCtrl oW pe” B
shSTAT3

Figure 3. STAT3 inhibition suppresses human diffuse intrinsic pontine glioma cell migration and invasion by regulating EMT. SF8628 cells were treated with
vehicle control (DMSO) or AG490. SF8628 cells were transfected with shCtrl or shASTAT3. (A) Western blot analysis of EMT markers. Protein samples were
extracted from SF8628 control cells and STAT3-inhibited cells. Protein samples were tested for E-cadherin, N-cadherin, Vimentin, Twist, Snail, MMP-9 and
B-actin (loading control) expression. Exposure time was 5 min for E-cadherin, 1 min for N-cadherin, Twist and Snail, 10 sec for Vimentin, 3 min for MMP-9
and 15 sec for B-actin. (B) Organization of the actin cytoskeleton was determined by immunofluorescence staining. Alexa Fluor 633-conjugated phalloidin
was used to visualize F-actin (red), and DAPI staining (blue) was used for visualization of cell nuclei. Original magnification, x400. Scale bar, 2 ym. (C) Cells
were seeded in the upper chamber of Transwell inserts, and the cell migration ability was assessed 48 h after cell plating. Magnification, x40. Scale bar,
100 gm. (D) Cells were seeded in the upper chamber of Transwell inserts coated with Matrigel, and the cell invasion ability was measured 48 h after cell
plating. Magnification, x40. Scale bar, 100 zm. The results were calculated as percentages relative to control cells. Representative images of invasive cells
are shown next to each bar graph. Data are presented as the mean = SD. "P<0.05 using a two-tailed unpaired Student's t-test. STAT3, signal transducer and
activator of transcription 3; shCtrl, control short hairpin RNA; shSTAT3, STAT3 short hairpin RNA; EMT, epithelial-mesenchymal transition; MMP-9, matrix

metallopeptidase-9; DAPI, 4'6'-diamidio-2-phenoylindole.

and control cells after 1 h; these results indicated that DNA
damage occurred early in both AG490-treated and control
cells after radiation treatment. However, decreased expres-
sion of YH2AX was observed over time in cells treated
with DMSO and radiation, but not in those treated with
AG490 and radiation, indicating that repair of DNA damage
predominantly occurred in control cells treated with radiation
(Fig. 4C). Similar results were observed in cells transfected
with STAT3 shRNA. Control shRNA-expressing cells treated
with radiation exhibited lower YH2AX positivity than STAT3
shRNA-expressing cells at 24 h after radiation treatment
(Fig. 4D). The present results suggest that STAT3 inhibition
enhances the radiation sensitivity of DIPG cells.

Discussion

Recent technical advances have allowed the investigation of the
concept that DIPG occurrence is associated with neural differ-
entiation (41). As STAT3 is often upregulated in numerous
types of cancer and serves a role in astrocyte differentiation,
the present study investigated the effect of STAT3 inhibition
on the oncogenic behavior of the DIPG SF8628 cell line. First,
it was observed that STAT3 expression was upregulated in

DIPG tissues compared with normal brain tissues. Second,
the effect of STAT3 upregulation was assessed by inhibition
of STAT3 using shRNA or the STAT3 inhibitor AG490, and
it was revealed that cell viability, migration and invasion were
decreased as STAT3 was inhibited. Additionally, STAT3
inhibition induced changes opposite to those observed in EMT,
such as an upregulated E-cadherin expression and downregu-
lated Snail and MMP9 expression. Furthermore, the degree of
cellular actin remodeling was decreased, suggesting the possi-
bility that STAT3 may contribute to EMT in DIPG cells. Finally,
the therapeutic potential of STAT3 inhibition was assessed
in combination with radiation, which is the current mode of
treatment. Inhibition of STAT3 in DIPG cells decreased their
viability, as well as their DNA repair capacity. Although the
current study contains the limitation of using a single DIPG
cell line, the present results are consistent with previous reports
on the role of STAT3 in cell viability, migration, prognosis and
therapeutic resistance in glioma (28,29).

STATS3 is one of the major potential targets that may be
applied in molecular targeted therapy due to its known regu-
latory effects on oncogenic proteins. For example, STAT3
transcriptionally regulates cyclin D1 (42) and mesenchymal
cell markers (37), such as Slug, Snail and Twist, which drive
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Figure 4. STAT3 inhibition sensitizes human diffuse intrinsic pontine glioma cells to radiation by interfering with DNA damage repair. SF8628 cells were treated
with control vehicle (DMSO) or AG490. SF8628 cells were transfected with shCtrl or shSTAT3. (A and B) CCK-8 assays of control cells and STAT3-inhibited
cells at 0 and 24 h after radiation treatment. Cell viability was analyzed using a CCK-8 assay, and absorbance was measured at 420 nm. "P<0.05 using one-way
ANOVA. Data are presented as the mean + SD. (C and D) Analysis of DNA damage repair after treatment with 4 Gy radiation by visualizing the double-strand
marker YH2AX. The panel shows representative images of YH2AX (green), DAPI-stained nuclei (blue) and merged images of SF8628 cells without irradiation
and at 1,4 and 24 h after radiation. Scale bar, 1 ym. STAT3, signal transducer and activator of transcription 3; shCtrl, control short hairpin RNA; shSTAT3,
STAT3 short hairpin RNA; CCK-8, Cell Counting Kit-8; YH2AX, phosphorylated H2A X variant histone; DAPI, 4'6'-diamidio-2-phenoylindole.

transformation and ultimately metastasis. In the present study,
STATS3 inactivation decreased cyclin D1 expression and
SF8628 cell viability. However, the current data did not reveal
the transcriptional mechanism underlying cyclin D1 regula-
tion by STAT3; nonetheless, based on previous studies (42,43),
it is hypothesized that STAT3 may act as a transactivator of
cyclin D1 transcription in DIPG cells.

EMT confers migration and invasion abilities, and induces
molecular phenotype changes in cancer cells (44). In addition,
various types of cancer that are resistant to cytotoxic therapy
are prone to displaying a mesenchymal phenotype (45). For
example, chemoresistance has been attributed to EMT in adult
glioblastoma (46,47). Since EMT is one of the primary changes
induced by STATS3 in cancer, the present study evaluated the
effect of STAT3 inhibition in DIPG cells in association with
this process. STAT3 inhibition decreased the migration and
invasiveness of DIPG cells. Furthermore, STAT3 inhibition

upregulated the expression levels of E-cadherin, an epithe-
lial cell marker, and downregulated the expression levels of
mesenchymal cell markers, indicating a change toward an
epithelial phenotype. Therefore, the present results suggest
that STAT3 contributes to the mesenchymal phenotype of
DIPG through EMT, consistent with evidence supporting
the possible role of the JAK/STAT signaling pathway in the
mesenchymal transition in pediatric glioma (48). Although the
JAK/STAT3/TWIST signaling pathway is involved in neuro-
genesis and astrogliogenesis under normal conditions (49),
aberrant activation of this pathway may induce EMT in
cancer (50,51).

The STATS3 signaling pathway is known to serve a role
in radioresistance in numerous types of cancer, including
squamous cell carcinoma and head and neck carcinoma (52),
and similar results have been reported for high-grade
gliomas (53,54). A previous in vitro and in vivo study has
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demonstrated that a STAT3 inhibitor potentiates the radio-
sensitizing effect of temozolomide in glioblastoma (55).
In particular, previous studies (56,57) have reported that
STAT3-induced EMT mediates radioresistance in esopha-
geal squamous carcinoma and glioblastoma. In esophageal
squamous carcinoma, IL6/STAT3/TWIST signaling
pathway-mediated EMT confers radioresistance both in vitro
and in vivo (56). Additionally, the STAT3/Slug axis induces the
EMT phenotype and radioresistance (57). A possible mecha-
nism underlying STAT3/EMT/radioresistance is hypothesized
to be associated with the role of STAT3 in DNA damage repair.
Several studies have indicated that radiation-induced ataxia
telangiectasia mutated, which is a key molecule initiating DNA
damage repair upon radiation (58), positively regulates STAT3
via an unknown mechanism (59,60). Therefore, STAT3 may
serve a role in DNA damage repair mechanisms and mediate
radiation resistance. In the present study, the combination of
STAT?3 inhibition and radiation resulted in significant combi-
natorial efficacy in DIPG cells. Therefore, the present data
support STAT3 inhibition as a potential treatment in clinical
studies of DIPG, but further investigations are required to
clarify the precise mechanism underlying radiation resistance.

The role of STAT3 in neural development may reflect
its participation in the oncogenesis of DIPG. It has been
demonstrated that activation of STAT signaling via gp130
in cooperation with bone morphogenetic protein (BMP)
signaling leads to the formation of the STAT3/SMAD/p300
complex on the astrogliogenic gene promoter (61) and inhibits
oligodendrocyte progenitor cell differentiation into mature
oligodendrocytes (62). Notably, ~25% of DIPGs display
activating mutations in ACVRI, which encodes the activin
receptor-like kinase-2 in the BMP signaling pathway.
Furthermore, the present study revealed that expression
levels of principal astrogliogenesis-inducing proteins were
mostly increased in DIPG compared with in normal brain.
Overall, it can be hypothesized that increased STAT3 expres-
sion, in combination with the overexpression of BMP signaling
pathway components caused by ACVRI mutations, may cause
excessive astrogliogenesis. Accordingly, malfunction of the
BMP signaling pathway, including its key molecules ACVR1
and STAT3, may be a key driver in the development of DIPG
with an astrocytic phenotype.

In conclusion, the present study revealed that STAT3
was upregulated in human DIPG samples compared with in
normal brain samples, and that STAT3 inhibition decreased
the oncogenic phenotype of DIPG cells. Furthermore, STAT3
inhibition enhanced the therapeutic effects of radiation therapy
in DIPG cells. Therefore, STAT3 may serve as a therapeutic
target for DIPG.
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