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Abstract
Purpose: Neuroblastoma is a pediatric tumor of peripheral
sympathoadrenal neuroblasts. The long-term event-free survival
of children with high-risk neuroblastoma is still poor despite the
improvements with current multimodality treatment protocols.
Activated JAK/STAT3 pathway plays an important role in many
human cancers, suggesting that targeting STAT3 is a promising
strategy for treating high-risk neuroblastoma.
Experimental Design: To evaluate the biologic consequences
of speciﬁc targeting of STAT3 in neuroblastoma, we assessed the
effect of tetracycline (Tet)-inducible STAT3 shRNA and the generation 2.5 antisense oligonucleotide AZD9150 which targets
STAT3 in three representative neuroblastoma cell line models
(AS, NGP, and IMR32).
Results: Our data indicated that Tet-inducible STAT3 shRNA
and AZD9150 inhibited endogenous STAT3 and STAT3 target
genes. Tet-inducible STAT3 shRNA and AZD9150 decreased

cell growth and tumorigenicity. In vivo, STAT3 inhibition by
Tet-inducible STAT3 shRNA or AZD9150 alone had little effect
on growth of established tumors. However, when treated
xenograft tumor cells were reimplanted into mice, there was
a signiﬁcant decrease in secondary tumors in the mice receiving AZD9150-treated tumor cells compared with the mice
receiving ntASO-treated tumor cells. This indicates that inhibition of STAT3 decreases the tumor-initiating potential of
neuroblastoma cells. Furthermore, inhibition of STAT3 significantly increased neuroblastoma cell sensitivity to cisplatin
and decreased tumor growth and increased the survival of
tumor-bearing mice in vivo.
Conclusions: Our study supports the development of strategies
targeting STAT3 inhibition in combination with conventional chemotherapy for patients with high-risk neuroblastoma.

Introduction

Targeting mutant or dysregulated signal transduction pathways
in malignant tumors is a promising approach to improve therapies. Aberrant activation of JAK/STAT3 signaling, in particular
STAT3, participates in the initiation, development, and progression of human cancer (4, 5). JAK/STAT3 pathway transduces
signals from cytokines, interleukins, and growth factors, such as
IL6 and G-CSF (6). A number of STAT3 downstream transcriptional targets encode antiapoptotic proteins, cell-cycle regulators,
and angiogenic factors such as Bcl-2, cyclin D1, and VEGF (7) that
are dysregulated in cancers. Previous ﬁndings have shown that the
aberrant activation of JAK/STAT3 pathway participates in a wide
variety of malignancies, including hematopoietic malignancies
(leukemia, lymphoma, and multiple myeloma) as well as solid
tumors (such as head and neck, breast, lung, prostate, renal, and
rectal cancers; refs. 8–17). Activation of the STAT3 pathway has
been found to be important for maintenance of a cancer stem cell–
like subpopulation in several malignancies such as bladder cancer, colon cancer, hepatocellular carcinoma, and malignant gliomas (18–21).
An involvement of STAT3 in neuroblastoma tumor biology was
ﬁrst identiﬁed when elevated levels of IL6 in the bone marrow and
peripheral blood were linked to poor prognosis in high-risk
patients (22, 23). In preclinical models, in vitro studies also
showed that bone marrow–derived IL6 increased the proliferation
and decreased cytotoxic drug–induced apoptosis via STAT3 activation in neuroblastoma cells (23). More recent ﬁndings implicated STAT3 as a critical mediator of a subpopulation of

Neuroblastoma is the most common extracranial solid tumor
in childhood and arises from the embryonic neural crest (1). It
accounts for almost 8% of pediatric malignancies and causes 10%
of all pediatric oncology deaths (2). Patients with localized, lowand intermediate-risk neuroblastoma are mostly curable and have
excellent long-term survival rates with standard therapies. In
contrast, patients with high-risk aggressive neuroblastoma have
a dismal outcome. Despite the current intensive therapy such as
intensive chemotherapy, radiotherapy, and bone marrow transplantation, the long-term event-free survival rate of these patients
is less than 50% (3). Therefore, more effective treatment strategies
are urgently needed for patients with high-risk neuroblastoma.
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Translational Relevance
This report is the ﬁrst pediatric preclinical study of the
efﬁcacy of AZD9150 in targeting STAT3 in neuroblastoma
tumors. Our ﬁndings that AZD9150 increases the sensitivity
of neuroblastoma cells to cisplatin and decreases neuroblastoma tumorigenicity suggest future clinical evaluation
of selective STAT3 inhibition in combination with conventional cytotoxic therapy for patients with high-risk neuroblastoma. Such a strategy may increase therapeutic effectiveness and decrease morbidities associated with conventional chemotherapy.

neuroblastoma cells with increased tumorigenicity and metastatic
capabilities (24). These cells also express G-CSF receptor
(G-CSFR/CD114) and blocking the G-CSF/STAT3 signaling axis
with either an anti–G-CSF antibody or with Stattic, a smallmolecule inhibitor of STAT3, reverses the protumorigenic effects
after G-CSF (24, 25). Given that drug-resistant metastasis and
recurrence are common causes of relapse in patients with high-risk
neuroblastoma (26), STAT3 may be a promising molecular target
for high-risk neuroblastoma.
We ﬁrst reported that AZD1480, an ATP competitive inhibitor
of JAK1 and JAK2, inactivated STAT3-mediated signaling and
inhibited tumor growth in pediatric solid tumors such as neuroblastoma, Ewing sarcoma, and rhabdomyosarcoma in vitro and
in vivo (27). Given the activity spectrum of AZD1480 against a
number of different kinases, we sought to evaluate how speciﬁc
inhibition of endogenous STAT3 affects neuroblastoma cell
growth as well as their sensitivity to cytotoxic agents. We evaluated the antitumor growth effect of speciﬁc inhibition of
STAT3 alone and in combination with cisplatin in vitro and in
vivo using speciﬁc genetic knockdown and a ﬁrst-in-class generation 2.5 antisense oligonucleotide (ASO) targeting STAT3,
AZD9150 (28) which has shown activity in a phase I study of
highly treatment refractory lymphoma (28). This study is the
ﬁrst preclinical study to evaluate AZD9150 in a pediatric cancer.
Furthermore, it shows that genetic inhibition using shSTAT3 or
pharmacologic inhibition using AZD9150 inhibits STAT3
expression and activation of downstream STAT3 targets and
leads to decreases in neuroblastoma cell tumor-initiating
potential and increases chemosensitivity.

Materials and Methods
Cell lines and reagents
Human neuroblastoma cell lines (SK-N-AS, NGP, IMR32) are
from NCI/POB stocks in the laboratory of C.J. Thiele and were
maintained as previously detailed (29). These cell lines have been
determined to be genetically pure using an SNP-based genotype
assay (kindly performed by S.J. Chanock, Division of Cancer
Genetics and Epidemiology, NCI, Bethesda, MD). Tetracycline
(Tet)-inducible shRNA targeting human STAT3 and vector control
shRNAs were purchased from Clontech Laboratories. Cells were
prepared by lentiviral infection of 3 different Tet-inducible shRNA
targeting STAT3 (clone ID: V3THS_376016, clone ID _376017,
and clone ID _262105) into 3 separate cultures of SK-N-AS, NGP
and IMR32 neuroblastoma cell lines and selected with puromycin
(0.5 mg/mL for NGP and IMR32 and 1.0 mg/mL for AS). Antibiotic-
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resistant transfectants were isolated and evaluated for Tet (1 mg/
mL)-regulated silencing of human STAT3 mRNA. ASshSTAT3376017 (ASshSTAT3), NGPshSTAT3-376016 (NGPshSTAT3),
and IMR32shSTAT3-376016 (IMR32shSTAT3) were chosen for
further study. Comparisons of our standard FBS (Atlanta Biologics
S11150 screened to maintain the growth and differentiation
potential of neuroblastoma cells) and Clontech Tet-free FBS
showed no signiﬁcant difference in the levels of STAT3mRNA
(data not shown), so all in vitro experiments were performed with
our standard FBS.
AZD9150 (antisense STAT3 oligonucleotide) and a nontargeting antisense oligonucleotide (ntASO) that has the same length,
backbone, and base modiﬁcations as AZD9150 were provided by
AstraZeneca and Ionis Pharmaceuticals. AZD9150 targets nucleotide sequences found only in the human STAT3 gene and these
sequences are not present in the murine STAT3 gene (28). For in
vitro studies, AZD9150 and ntASO were dissolved as a 4.3 and 4.6
mmol/L stock solution, respectively, and frozen in aliquots at
20 C. For in vivo experiments, AZD9150 and ntASO were
formulated in water, stored at 4 C, and freshly made every week.
Antibodies against phosphorylated STAT3 (Y705, S727),
STAT3, cyclin D1, cyclin D3, Bcl-2, survivin, and GAPDH were
purchased from Santa Cruz. Antibodies against N-myc, c-myc,
phosphorylated ATM (S1981), ATM, phosphorylated Chk2
(T68), Chk2, phosphorylated ATR (S428), ATR, phosphorylated
Chk1 (S345), Chk1, gH2AX, and H2AX were purchased from
Cell Signaling Technologies.
Cell growth and soft agar assays
To assess the effect of STAT3 on neuroblastoma cell proliferation, neuroblastoma cells and stable clones were plated in
triplicate at 1,000 (AS), 3,000 (NGP), or 8,000 (IMR32) cells per
well in 96-well plates. The next day, neuroblastoma cells were
treated with ntASO (1 mmol/L) or AZD9150 (1 mmol/L), and
neuroblastoma cell lines expressing Tet-inducible STAT3 shRNA
were treated with or without Tet (1 mg/mL). Cells were cultured in
an IncuCyte (Essen Bioscience) and cell conﬂuence was measured
every 6 hours.
To assess combination STAT3 inhibition and cisplatin sensitivity, cells were plated in 96-well plates (3,000 cells per well)
in triplicate, incubated overnight and then neuroblastoma cells
were treated with AZD9150 (1 mmol/L) or ntASO (1 mmol/L),
and stable clones were treated with or without Tet (1 mg/mL).
After 3 days, cisplatin was added to culture media and cells
were incubated for 3 days. Parallel plates were prepared for cell
viability assays using of the MTS assay (Promega) as previously
described (27, 29). The absorbance (490 nm) was detected
using a Versamax microplate reader (Molecular Devices). Cell
viability was normalized to untreated cells. The concentration
of half-maximal effective inhibition of viability (IC50) was
determined using Prism 6.0 software (GraphPad Software
Inc.). Each experiment was done in triplicate and results were
averaged.
To assess effects of STAT3 inhibition on tumorigenicity, 5,000
cells were cultured in 0.5% top agarose in media containing
ntASO (1 mmol/L) or AZD9150 (1 mmol/L) for neuroblastoma
cells and containing Tet (1 mg/mL) or not for genetically modiﬁed
shRNA-expressing cell lines. The top agarose was plated on a layer
of 1% bottom agar/RPMI to prevent the adhesion of cells to
culture plates. Medium was changed 3 times a week, and visible
colonies were counted after 4 weeks.
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Figure 1.
Downregulation of STAT3 and STAT3 targets after TET induction of shSTAT3 in neuroblastoma cell lines in vitro. A, STAT3 mRNA expression in neuroblastoma
cells expressing Tet-inducible STAT3 shRNA was validated by qPCR. Cells were treated with Tet (1 mg/mL) or solvent control 1, 3, and 6 days before harvesting.
The data are presented as the mean of 3 replicate tests  SE.  , P < 0.05 was indicated for Tet-treated cells versus control cells (t test). B, STAT3 protein expression in
cells treated with Tet (1 mg/mL) or solvent control for 6 days was validated by immunoblotting. Ratios of T-STAT3/GAPDH shown under the representative blots were
normalized to that of untreated control (normalized as "1") in each cell line. C, STAT3 target mRNA expression cells expressing Tet-inducible STAT3 shRNA
treated with Tet (1 mg/mL) or solvent control for 6 days was validated by qPCR. The data are presented as the mean of 3 replicate tests  SE.  , P < 0.05
was indicated for Tet-treated cells versus control cells (t test). D, STAT3 target protein expression in cells treated with Tet (1 mg/mL) or solvent control for
6 days was validated by Western blotting. Ratios of the detected target/GAPDH shown under the representative blots were normalized to that of untreated control
(normalized as "1") in each cell line.

Real-time PCR and protein analyses
Total RNA was extracted using RNeasy Mini Kit (Qiagen) and
reverse-transcribed to cDNA with SuperScript III First-Strand
Synthesis SuperMix (Invitrogen). The levels of mRNA expression of STAT3 target gene cyclin D1, cyclin D3, Bcl-2, survivin,
c-myc, and N-myc in neuroblastoma cells treated with
AZD9150 or ntASO, and stable clones treated with or without
Tet (1 mg/mL) were evaluated by quantitative real-time PCR

www.aacrjournals.org

(qPCR) using an ABI Prism 7000 (Applied Biosystems) with
SYBR Green SuperMix according to the manufacturer's protocol. HPRT-1 was used for input normalization, and b-actin was
used for negative control. Validated primers used for detection
were obtained from RealTimePrimers.com. All qPCR was performed in triplicate.
Proteins (15 mg) were separated by SDS-PAGE gels and then
transferred to nitrocellulose membranes. Membranes were
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Figure 2.
Downregulation of STAT3 and STAT3 targets by AZD9150 treatment in vitro. A, STAT3 mRNA expression in neuroblastoma cell lines treated with AZD9150 (0.25, 0.5,
1, 2.5, 5, 10 mmol/L) or ntASO (10 mmol/L) for 6 days was validated by qPCR. The data are presented as the mean of 3 replicate tests  SE.  , P < 0.05 was indicated
for AZD9150-treated cells versus control cells (t test). B, STAT3 protein expression in neuroblastoma cell lines treated with AZD9150 (0.25, 0.5, 1, 2.5, 5, 10 mmol/L) or
ntASO (10 mmol/L) for 6 days was validated by Western blotting. Ratios of T-STAT3/GAPDH shown under the representative blots were normalized to
that of untreated control (normalized as "1") in each cell line. C, STAT3 target mRNA expression in neuroblastoma cell lines treated with AZD9150 (1 mmol/L) or ntASO
(1 mmol/L) for 6 days was validated by qPCR. The data are presented as the mean of 3 replicate tests  SE.  , P < 0.05 was indicated for AZD9150-treated cells versus
ntASO-treated cells (t test). D, STAT3 target protein expression in neuroblastoma cell lines treated with AZD9150 (1 mmol/L) or ntASO (1 mmol/L) for 6 days
was validated by Western blotting. Ratios of the detected target/GAPDH shown under the representative blots were normalized to that of untreated control
(normalized as "1") in each cell line.
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Figure 3.
Genetic or pharmacologic inhibition of STAT3 inhibits neuroblastoma cell growth on plastic and colony formation in soft agar. A, Growth of neuroblastoma cells
expressing Tet-inducible STAT3 shRNA with Tet (1 mg/mL) or solvent control was measured using IncuCyte (Essen BioSciences) every 6 hours. P value
between solvent control and Tet-treated group was determined by a 2-way ANOVA. B, Growth of neuroblastoma cells treated with AZD9150 (1 mmol/L) or
ntASO (1 mmol/L) was measured using IncuCyte (Essen BioSciences) every 6 hours. P value between solvent control and Tet-treated group was determined by a 2way ANOVA. C, Colony formation of neuroblastoma cells expressing Tet-inducible STAT3 shRNA in soft agar. Top, Numbers of colonies were counted 4 weeks
later of Tet or solvent control treatment. The number of colonies of control cells was taken as 100%. The data are presented as the mean of 3 replicate tests  SE.

, P < 0.05 was indicated for Tet-treated cells versus control cells (t test). Bottom, Colonies in the soft agar of a representative image. D, Colony formation of
neuroblastoma cells treated with AZD9150 or ntASO in soft agar. Top, Numbers of colonies were counted 4 weeks later of AZD9150 (1 mmol/L) or ntASO (1 mmol/L)
treatment. The number of colonies of cells with ntASO treatment was taken as 100%. The data are presented as the mean of 3 replicate tests  SE.  , P < 0.05 was
indicated for Tet-treated cells versus control cells (t test). Bottom, Colonies in the soft agar of a representative image.
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AZD9150-treated tumors have decreased ability to initiate secondary tumors. A, Subcutaneous xenografts of neuroblastoma were established by injection of 2  106
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containing doxycycline (Tetþ) or regular food (Tet) 1 week before tumor implantation and continued this way throughout the experiment. The graph represents a
comparison of mean tumor volumes between normal food (Tet) or doxycycline food treatment groups (Tetþ). The days were counted when the size of
the tumors reached 100 to 200 mm3. Data represent mean  SE of n ¼ 7. B, Tumors from Tet mice cohort or Tetþ mice cohort were excised and proteins were
extracted as detailed in Materials and Methods. Total proteins (15 mg) were analyzed by immunoblotting. (Continued on the following page.)
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blocked with 5% non-fat milk in TBST (0.01% Tween) for 1 hour,
incubated with primary antibodies overnight at 4 C, followed by
1-hour incubation with HRP-conjugated secondary antibodies,
and then developed with Western Lighting-ECL (Perkin Elmer).
Densitometric analysis of appropriately exposed autoradiographs
was performed using NIH Image 1.63 software. Relative protein
levels (STAT3/GAPDH, cyclin D1/GAPDH, cyclin D3/GAPDH,
Bcl-2/GAPDH, survivin/GAPDH, c-myc/GAPDH, and N-myc/
GAPDH) were calculated from quantiﬁed data. Ratios shown
under the representative blots were normalized to that of untreated control (normalized as "1") in each cell line. The concentration
of half-maximal inhibition of STAT3 (IC50) was determined by
using Prism 6.0 software (GraphPad Software Inc.).
In vivo animal model
For neuroblastoma xenograft model, 5- to 6-week-old female
athymic nude mice (Taconic) were injected subcutaneously with
2  106 cells (NGP-expressing Tet-inducible STAT3shRNA and
NGP). For NGP-expressing Tet-inducible STAT3 shRNA xenografts, mice were given food containing doxycycline or regular
food. Treatment began when the subcutaneous tumors reached
100 to 200 mm3, which was approximately 11 days after implantation. AZD9150 or ntASO (100 mg/kg, 5/wk) were administered subcutaneously and cisplatin (2 mg/kg, 2/wk) was given
by intraperitoneal injection. Mice tolerated all treatment conditions. Tumor size was measured 3 times a week using calipers, and
tumor volume (mm3) was calculated as (L  W2)/4, where L ¼
length (millimeter) and W ¼ width (millimeter). Subcutaneous
implantation is a heterotypic tumor site for neuroblastoma, but it
was chosen to facilitate drug delivery and tumor measurements to
assess the effects of pharmacologic or genetic inhibition of STAT3
on tumor growth.
To determine the effect of STAT3 inhibition on survival of
tumor-bearing mice, we counted the days from the initiation of
treatment to the time the tumors reached a diameter of 2 cm (end
point as required by NIH Animal Care and Use Committee).
Tumor tissue isolated at the time of euthanasia was stored at
80 C for protein or RNA analyses. All xenograft studies (protocol PB-023) were approved by the Animal Care and Use Committee of the NCI in accordance with the institutional guidelines.
Secondary tumor mouse models were established to determine
the effect of AZD9150 on tumor initiation in vivo. Female athymic
nude mice (5- to 6-week-old; Taconic) were injected subcutaneously with 2  106 NGP cells. Subcutaneous tumors from mice
treated with AZD9150 (100 mg/kg) or ntASO (100 mg/kg) for 3
weeks were harvested when they reached 2 cm in diameter and cut
into pieces under aseptic conditions. After washing with PBS, the
tumors were rinsed with RPMI and minced. Cells were ﬁltered
through a 40-mm nylon mesh, washed with PBS and viable cells
enumerated. Suspensions of cells were mixed with an equal
volume of Matrigel solution (Trevigen) and injected subcutane-

ously in 6-week-old female athymic nude mice (ﬁnal cell doses
2  106, 2  105, 2  104, 2  103, and 2  102). Mice were
monitored 3 times a week for evidence of tumor formation.
Evaluation and statistical analysis
Analyses were performed using GraphPad Prism 6.0 software.
Statistical signiﬁcance was established at P < 0.05.

Results
Tet-inducible STAT3 shRNA decreases endogenous STAT3 and
STAT3 targets
Varying levels of total STAT3 and activated, phosphorylated
STAT3 (Ser727 and Tyr705) were detected in the 14 neuroblastoma cell lines evaluated (Supplementary Fig. S1A). Three cell
lines, SK-N-AS (single copy-MYCN), NGP (MYCN-ampliﬁed),
and IMR32 (MYCN-ampliﬁed), were selected to study the effects
of speciﬁc STAT3 inhibition in neuroblastoma. The cell lines
grown under our culture conditions contain readily detected
levels of phosphorylated STAT3 (P-STAT3) that is found in
cytosolic and nuclear compartments (Supplementary Fig. S1B).
We ﬁrst analyzed STAT3 mRNA levels in 3 neuroblastoma cell
stable clones (AS, NGP, and IMR32) expressing a Tet-inducible
STAT3 shRNA (Tet-shSTAT3). STAT3 mRNA levels were signiﬁcantly decreased within 3 to 6 days of Tet treatment in each
neuroblastoma cell line evaluated (Fig. 1A). In the presence of
Tet, there was a 50% to 60% decrease in both total STAT3 and
phosphorylated STAT3 (Ser727 and Tyr705) protein levels
(Fig. 1B). To determine whether inhibition of STAT3 affected the
transcription of STAT3 target gene expression, we analyzed the
expression of selected STAT3 target genes (cyclin D1, cyclin D3,
Bcl-2, survivin, c-myc, and MYCN) by qPCR and immunoblots.
After 6 days of Tet treatment, there was a decrease in the mRNA
(Fig. 1C) and protein (Fig. 1D) levels of STAT3 target genes. These
data indicate that STAT3 genetic inhibition suppressed STAT3
phosphorylation and expression of STAT3 downstream targets.
To determine whether there was differential expression of
STAT3 in the neuroblastoma cell populations, we analyzed total
and phosphorylated STAT3 by immunocytoﬂuorescence. In the
absence of Tet, all of AS, NGP, and IMR32 neuroblastoma TetSTAT3shRNA cells were positive for total and phosphorylated
STAT3 (Supplementary Fig. S2A, S2E, and S2I), whereas in the
presence of TET, there was uniform inhibition of total and PSTAT3 levels in the neuroblastoma cells (Supplementary Fig. S2B,
S2F, and S2J). This indicates that in each of the cell lines, the
majority of cells express activated STAT3, which is inhibited
uniformly by STAT3 shRNA after Tet treatment.
AZD9150 inhibits endogenous STAT3 and STAT3 targets
AZD9150 is a ﬁrst-in-class STAT3-targeted ASO that is currently
in phase I clinical trials (NCT01839604). SK-N-AS, NGP, and

(Continued.) C, Subcutaneous xenografts of neuroblastoma were established by injection of 2  106 cells of NGP into the right ﬂank of 5- to 6-week-old female nude
mice. The ntASO or AZD9150 treatments were initiated when tumors reached 100 to 200 mm3. Either ntASO (100 mg/kg) or AZD9150 (100 mg/kg) were
subcutaneously injected into mice once a day for 5 days a week for 3 weeks. The graph represents a comparison of mean tumor volumes between ntASO (100 mg/kg)
and AZD9150 (100 mg/kg) treatment groups (Tetþ). Data represent mean  SE of n ¼ 10. D, Tumors of ntASO-treated group or AZD9150-treated group were excised
and protein was extracted as detailed in Materials and Methods. Total protein (15 mg) was analyzed by immunoblotting. E, Female athymic nude mice were
injected subcutaneously with 2  106 NGP cells. Subcutaneous tumors treated with AZD9150 (100 mg/kg) or ntASO (100 mg/kg) for 3 weeks were harvested and
injected subcutaneously to new athymic nude mice (ﬁnal cell doses 2  106, 2  105, 2  104, 2  103, and 2  102). The numbers in the table represent the number of
animals developing tumors over the number of animals injected with the indicated number of tumor cells. F, Limiting dilution analysis of 2 groups. Each
symbol represents a proportion of tumor-free mice transplanted with 2  102, 2  103, 2  104, 2  105, and 2  106 cells. G and H, Survival curve was plotted by
Kaplan–Meier analysis. P value was calculated using a 2-sided log-rank test. Time taken for tumor initiation and survival was measured up to 120 days.
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IMR32 neuroblastoma cells were treated with various concentrations of AZD9150 (0.25–10 mmol/L) and ntASO, a nontargeted
siRNA control (10 mmol/L). AZD9150 treatment inhibited STAT3
mRNA levels in a dose-dependent manner (Fig. 2A). The
AZD9150 IC50 values of STAT3 mRNA inhibition in AS, NGP,
and IMR32 are 0.69, 0.64, 0.76 mmol/L, respectively. AZD9150
also decreased both total and phosphorylated STAT3 protein
levels in a dose-dependent manner (Fig. 2B). AZD9150 also
inhibited IL6-mediated increases in phosphorylation of STAT3
(Supplementary Fig. S1C). The AZD9150 IC50 values of
STAT3 protein inhibition in AS, NGP, and IMR32 are 0.99,
0.97, 0.98 mmol/L, respectively. We selected 1 mmol/L of
AZD9150 to analyze the expression of selected STAT3 target genes
(cyclin D1, cyclin D3, Bcl-2, survivin, c-myc, and MYCN) by
qPCR. AZD9150 treatment signiﬁcantly decreased mRNA (Fig.
2C) and protein (Fig. 2D) levels of STAT3 target genes compared
with ntASO treatment. Next, we analyzed total and phosphorylated STAT3 by immunocytoﬂuorescence. In the presence of
ntASO (1 mmol/L), all AS, NGP, and IMR32 cells were positive
for total and phosphorylated STAT3 (Supplementary Fig. S2C,
S2G, and S2K), but in the presence of AZD9150 (1 mmol/L), there
was uniform inhibition of total and P-STAT3 levels in the neuroblastoma cells (Supplementary Fig. S2D, S2H, and S2L). These
data are consistent with ﬁndings using the shSTAT3 neuroblastoma cell lines (Fig. 1, Supplementary Fig. S2). Both genetic
(shSTAT3) and pharmacologic (AZD9150) treatments caused
decreases in STAT3 levels causing a reduction in phosphorylation
of STAT3 and inhibition of STAT3 target gene expression.
The effects of genetic and AZD9150 inhibition of STAT3 on
neuroblastoma cell growth and tumorigenicity
To assess the effects of STAT3 genetic inhibition on growth of
neuroblastoma cells, we monitored conﬂuence of stable clones
(AS, NGP, IMR32) expressing Tet-inducible STAT3 shRNA using
the IncuCyte system. Tet-inducible STAT3 shRNA signiﬁcantly
decreased cell growth of these neuroblastoma cells (up to 37%
decrease, P < 0.0001 in AS, up to 52% decrease, P < 0.0001 in NGP,
up to 48% decrease, P < 0.001 in IMR32; Fig. 3A). We next
monitored growth of neuroblastoma cells treated with AZD9150
(1 mmol/L) or ntASO (1 mmol/L). AZD9150 treatment resulted in
a signiﬁcant decrease in the growth of these neuroblastoma
cells (up to 38% decrease, P < 0.0001 in AS, up to 37% decrease,
P < 0.0001 in NGP, up to 34% decrease, P < 0.0001 in
IMR32; Fig. 3B). We next assessed the effect of STAT3 inhibition
on anchorage-independent neuroblastoma cell growth using a
soft agar assay. The number of colonies in the presence of Tet was
signiﬁcantly reduced in AS (19% decrease, P ¼ 0.02), NGP (62%
decrease, P ¼ 0.003), and IMR32 (47% decrease, P ¼ 0.02)
expressing Tet-inducible STAT3 shRNA neuroblastoma cell lines
(Fig. 3C). AZD9150 signiﬁcantly reduced the number of colonies
compared with ntASO treatment groups in AS (20% decrease,
P ¼ 0.008), NGP (43% decrease, P ¼ 0.003), and IMR32 (67%
decrease, P ¼ 0.01; Fig. 3D). These data indicate that STAT3
inhibition slows growth in vitro and inhibits the ability of neuroblastoma cells to form colonies in soft agar.
Cell migration is an important process in the tumorigenic and
metastatic capability of neuroblastoma cells. The effect of STAT3
inhibition on cell migration was evaluated using a scratch wound
assay. We found a small but signiﬁcant inhibition of cell migration when levels of STAT3 were decreased in our shSTAT3 models
(Supplementary Fig. S3A) or when treated with AZD9150 (Sup-
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plementary Fig. S3B). Thus, a decrease in STAT3 expression
inhibits neuroblastoma cell colony-forming ability in soft agar
as well as neuroblastoma cell migration.
Decreased tumor-initiating capability of neuroblastoma cells
from AZD9150-treated tumors
We next tested the effect of STAT3 genetic inhibition on tumor
growth in vivo. NGP-expressing Tet-inducible STAT3 shRNA cells
were injected into nude mice that were treated with or without Tet.
STAT3 genetic inhibition alone did not affect tumor growth in vivo
(Fig. 4A). To evaluate the effect of shRNA targeting STAT3 in vivo,
we collected tumor samples from mice treated with or without Tet.
We veriﬁed that the protein levels of total and phosphorylated
STAT3 and STAT3 targets cyclin D1 and N-myc in tumors from
mice treated with Tet were decreased compared with tumors from
non–Tet-treated mice (Fig. 4B). Next, we evaluated whether
AZD9150 (100 mg/kg) would affect the growth of established
tumors. NGP neuroblastoma cells were implanted into mice and
when tumors reached 100 to 200 mm were treated with AZD9150
or ntASO (100 mg/kg) 5 days per week for 3 weeks. As shown
in Fig. 4C, AZD9150 treatment did not affect the growth of
established tumors. The protein levels of total and phosphorylated STAT3 and STAT3 targets were decreased with AZD9150
treatment and these resulted in decreases in STAT3 targets MYCN
and cyclin D1 protein expression (Fig. 4D).
Although inhibition of STAT3 did not alter growth of established tumors, AZD9150 treatment did decrease colony formation in soft agar in vitro (Fig. 3D), suggesting that inhibition of
STAT3 may alter the ability of neuroblastoma cells to initiate
tumor growth. To assess tumor initiation, tumors were removed
after the 3-week ntASO or AZD9150 (100 mg/mL) treatment and
secondary tumor formation assessed by implanting different cell
doses (2  106, 2  105, 2  104, 2  103, and 2  102 cells) into
mice. The number of tumor-bearing mice and the proportion of
tumor-free mice are shown in Fig. 4E and F. Limiting dilution
analysis indicates a signiﬁcant difference in the precursor frequency of tumor-initiating cells: 1 of 5,178 in the ntASO-treated
neuroblastoma cells and 1 of 187,030 in AZD9150-treated neuroblastoma cells (P ¼ 1.9e08 by c2 analysis). STAT3 inhibition
caused an almost 30-fold decrease in the precursor frequency of
neuroblastoma tumor-initiating cells in vivo. The survival of mice
injected at doses of 2  106 and 2  105 cells was signiﬁcantly
longer in the AZD9150-treated group than in the ntASO-treated
group (Fig. 4G) At the 2  105 cell dose, all the mice receiving
ntASO-treated tumor cells had to be euthanized at 58 days,
whereas 40% of the mice receiving AZD9150-treated tumor cells
were tumor-free at 58 days (Fig. 4H) and remained tumor-free to
120 days when the experiment was terminated (data not shown).
These data are consistent with inhibition of STAT3 affecting the
tumor-initiating capability of NGP neuroblastoma cells.
Tet-inducible STAT3 shRNA or AZD9150 increased
chemosensitivity in vitro
It has been shown that STAT3 inhibition sensitizes cancer
cells to chemotherapeutic agents. We therefore evaluated
whether STAT3 genetic inhibition or AZD9150 would sensitize
neuroblastoma cell lines to cisplatin, which is commonly
used in the therapies for high-risk neuroblastoma and carries
with it signiﬁcant toxicities. The viability of NGP-expressing
Tet-inducible STAT3 shRNA treated with or without Tet and
then treated with cisplatin was evaluated by MTS assay. The
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cells (Supplementary Fig. S4A and S4B). Next, we evaluated cell
viability at various cisplatin concentrations (0–10 mg/mL). Tetinducible STAT3 shRNA-mediated decreases in STAT3 resulted in

combination of Tet and cisplatin signiﬁcantly inhibited cell
viability (Fig. 5A), as did the combination of AZD9150 and
cisplatin (Fig. 5B). Similar results were seen in AS and IMR32
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Figure 5.
Genetic or pharmacologic inhibition of STAT3 increased chemosensitivity in vitro. A, Relative number of NGP Tet-shSTAT3 cells cultured in the presence of Tet
(1 mg/mL) or solvent for 3 days followed by a treatment with control solvent or cisplatin (0.3 mg/mL) was evaluated using an MTS assay. Relative cell number was
normalized to untreated cells. The data are presented as the mean of 3 replicate tests  SD. Statistical signiﬁcance ( , P < 0.05) is indicated for the combination of Tet
and cisplatin-treated cells versus control cells (t test). B, NGP cells were treated with AZD9150 (1 mmol/L) or ntASO (1 mmol/L) for 3 days followed by treatment
with cisplatin (0.3 mg/mL) or control solvent for an additional 3 days. Relative cell numbers were assessed using an MTS assay. Relative cell number was
normalized to ntASO-treated and solvent-treated cells. The data are presented as the mean of 3 replicate tests  SD. Statistical signiﬁcance ( , P < 0.05) is indicated
for the combination of AZD9150- and cisplatin-treated cells versus ntASO, solvent-treated cells (t test). C, NGP-expressing Tet-inducible STAT3 shRNA cells were
treated with Tet (1 mg/mL) or solvent control and cultured for 3 days followed by an additional 3-day incubation with various concentrations of cisplatin. Relative cell
numbers were assessed by MTS assay and values normalized to the value of untreated cells. P value was determined using a 2-way ANOVA test. D, NGP cells
were treated with AZD9150 (1 mmol/L) or ntASO (1 mmol/L) for 3 days followed by a 3-day cultured with varying concentrations of cisplatin. Relative cell
numbers were evaluated using an MTS assay and values normalized to the respective values for AZD9150 or ntASO in the absence of cisplatin. P value was determined
using a 2-way ANOVA test. E, NGP-expressing Tet-inducible STAT3 shRNA was treated with Tet or control for 3 days followed by cisplatin (0.3 mg/mL) in
combination for another 3 days, and then total protein was extracted. Total protein (15 mg) was analyzed by immunoblotting. F, NGP cells were treated
with AZD9150 (1 mmol/L) or ntASO (1 mmol/L) for 3 days followed by cisplatin (0.3 mg/mL) in combination for another 3 days, and then total protein was extracted.
Total protein (15 mg) was analyzed by immunoblotting.
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Figure 6.
Genetic or pharmacologic inhibition of STAT3 increased chemosensitivity in vivo. A, Subcutaneous xenografts of neuroblastoma were established by injection of
2  106 NGP-expressing Tet-inducible STAT3 shRNA cells into the right ﬂank of 5- to 6-week-old female nude mice. Mice were given water supplemented
with food containing doxycycline (Tetþ) or regular food (Tet) 1 week before tumor implantation which was continued throughout the experiment. Cisplatin
treatment (2 mg/kg) was initiated when tumors reached 100 to 200 mm3. Cisplatin (2 mg/kg) was injected twice a week intraperitoneally. The tumor size in treated
groups was compared with that of Tet group. Data represent mean  SE of n ¼ 7 mice per cohort. P value was calculated using the Student t test.  , P < 0.05 was
indicated for the combination of Tetþ and cisplatin-treated mouse versus Tet mouse. (Continued on the following page.)
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a 2- to 3-fold decrease in the cisplatin IC50 in the neuroblastoma
cell lines (AS (0.87–0.39 mg/mL, P < 0.0001), NGP (1.04–0.37 mg/
mL, P < 0.0001), IMR32 (1.65–0.76 mg/mL, P < 0.0001; Fig. 5C,
Supplementary Fig. S4C). Inhibition of STAT3 using 1 mmol/L
AZD9150 resulted in a 2-fold decrease in the cisplatin IC50
compared with ntASO-treated cells (NGP, 1.30–0.65 mg/mL P <
0.0001 and IMR32, 1.15–0.49 mg/mL, P < 0.0001), with a smaller
effect on cisplatin sensitivity of AS cells (from 0.22 to 0.17 mg/mL,
P ¼ 0.0063; Fig. 5D, Supplementary Fig. S4D). These results
indicate that STAT3 genetic or pharmacologic AZD9150-mediated
inhibition of STAT3 enhances chemosensitivity to cisplatin in
neuroblastoma cells.
The DNA damage response pathway is activated after cisplatin
induced DNA strand breaks. To elucidate mechanisms by which
STAT3 inhibition might enhance the sensitivity of neuroblastoma
cells to cisplatin, we evaluated the DNA damage response pathway by Western blot analysis. In response to DNA damage, ATM
and ATR are activated leading to activation of H2AX as well as their
respective downstream targets Chk2 and Chk1 (33, 34). Activation of both the ATM and ATR DNA damage response pathways
are detected after cisplatin treatment as indicated by the increases
in phosphorylation of their respective downstream targets. However, genetic or pharmacologic inhibition of STAT3 attenuated
the activation of the DNA damage response pathway by cisplatin
(Fig. 5E and F).
Inhibition of STAT3 sensitizes neuroblastoma tumor
xenografts to cisplatin treatment
We further tested the efﬁcacy of the combination of STAT3
genetic inhibition and cisplatin in vivo. NGP-expressing Tet-inducible STAT3 shRNA cells were injected into nude mice that were
treated with or without Tet. Cisplatin (2 mg/kg) treatment was
initiated when the subcutaneous tumors reached 100 to 200
mm3. While this dose of cisplatin did not cause a statistically
signiﬁcant alteration in the tumor growth as a single agent
compared with Tet group, the combination of STAT3 genetic
inhibition and cisplatin caused an up to 64% decrease in tumor
growth (Fig. 6A). In addition, the combination of STAT3 genetic
inhibition and cisplatin signiﬁcantly prolonged the survival of
tumor-bearing mice ( , P ¼ 0.04; Tet þ vs. Tetþþ cisplatin; Fig.
6B), whereas STAT3 genetic inhibition alone (P ¼ 0.9; Tet vs.
Tetþ) did not cause a statistically signiﬁcant alteration in the
survival of mice.
Next, we evaluated whether AZD9150 (100 mg/kg) would alter
the sensitivity of neuroblastoma tumors to cisplatin. The treatment schedule is depicted in Fig. 6C. NGP cells were subcutaneously injected into nude mice, and AZD9150 or ntASO (100 mg/

kg) treatment was initiated when the subcutaneous tumors
reached 100 to 200 mm3. At day 11, cisplatin (2 mg/kg) treatment
was initiated and given twice a week. While there was no significant difference in tumor growth between ntASO or the combination of ntASO and cisplatin-treated groups (Fig. 6D), the
combination of AZD9150 and cisplatin resulted in a signiﬁcant
decrease (up to 38% decrease) in tumor growth compared with
ntASO group. Kaplan–Meier survival curves indicated that the
combination of AZD9150 and cisplatin signiﬁcantly prolonged
the survival of mice ( , P ¼ 0.003; Fig. 6E). AZD9150 (P ¼ 0.5) or
cisplatin (P ¼ 0.08) used as single agents did not cause statistically
signiﬁcant alterations in murine survival.
To assess the expression of DNA damage response pathway, we
examined the murine xenograft tumors (at day 11 of treatment)
by Western blot analysis. ATM, Chk2, ATR, Chk1, and gH2AX
were phosphorylated by cisplatin, and the levels were reduced in
the combination of STAT3 inhibition (Tet-inducible shRNA or
AZD9150) and cisplatin (Fig. 6F and G). These results are consistent with in vitro results (Fig. 5E and F) and taken together
indicate that STAT3-speciﬁc inhibition enhances chemosensitivity
of neuroblastoma cells to cisplatin in vivo.

Discussion
Constitutive activation of STAT3 contributes to tumorigenesis,
proliferation, survival, and invasion of various human cancers (8–
17); thus, STAT3 is an attractive target in cancer therapy. However,
transcription factors have proved to be difﬁcult targets to drug.
AZD9150 is a 2.5 generation ASO molecule targeting the 30 untranslated region of the STAT3 gene, and treatment of human
cells results in decreased production of STAT3 protein (28).
In this study, we evaluated the efﬁcacy of inhibition of STAT3
using inducible shSTAT3-expressing neuroblastoma cell lines
or AZD9150-treated neuroblastoma cell lines. Both strategies
decreased endogenous total and phosphorylated STAT3 resulting
in diminished expression of STAT3 targets at both the mRNA and
the protein levels in neuroblastoma. Our ﬁnding that inhibition
of STAT3 decreased colony formation in vitro and the ability of
AZD9150-treated xenograft tumor cells to initiate secondary
tumors suggested a dependency of a subset of neuroblastoma
tumor–initiating cells on STAT3. Interestingly while inhibition of
STAT3 did not affect the growth of established neuroblastoma
tumors in vivo, when combined with a cytotoxic agent such as
cisplatin, the sensitivity of neuroblastoma cells was signiﬁcantly
increased.
Levels of phosphorylated STAT3 in tumor cells are inﬂuenced
by intrinsic homeostatic regulatory processes as well as paracrine

(Continued.) B, Survival curves were plotted using a Kaplan–Meier analysis. P value was calculated using a 2-sided log-rank test. P ¼ 0.9, Tet versus Tetþ; P ¼ 0.1,
Tet versus Tet þ cisplatin;  , P ¼ 0.04, Tet versus the combination of Tetþ and cisplatin. C, Schematic representation of the experimental plan to
assess the efﬁcacy of a combined AZD9150 and cisplatin treatment protocol. Two million NGP cells were injected subcutaneously into female athymic nude mice.
When the tumors reached 100 to 200 mm3, AZD9150 (100 mg/kg) or ntASO (100 mg/kg) treatment was initiated (Day 1). AZD9150 (100 mg/kg) or ntASO (100 mg/
kg) was given 5 days a week for 3 weeks. At day 11, cisplatin (2 mg/kg) was given twice a week for 3 weeks. When tumors reached a diameter of 2 cm, mice were
euthanized. D, Graph represents mean tumor volumes of various treatment cohorts [ntASO (100 mg/kg)-, AZD9150 (100 mg/kg)-, the combination of ntASO (100
mg/kg) and cisplatin (2 mg/kg)-, and the combination of AZD9150 (100 mg/kg) and cisplatin (2 mg/kg)-treated groups]. Arrow shows the day that cisplatin
treatment was initiated. Data represent mean  SE, n ¼ 10 mice per cohort. P value was calculated using the Student t test.  , P < 0.05 was indicated for the
combination of AZD9150- and cisplatin-treated mouse versus ntASO-treated mouse. E, Survival curves were generated using a Kaplan–Meier analysis. P value was
calculated using a 2-sided log-rank test. P ¼ 0.5, ntASO versus AZD9150; P ¼ 0.08, ntASO versus the combination of ntASO and cisplatin;  , P ¼ 0.003, ntASO versus
the combination of AZD9150 and cisplatin. F, Tumors from Tet, Tetþ, cisplatin (2 mg/kg), or the combination of Tetþ and cisplatin (2 mg/kg) from 2 mice per cohort
were excised and proteins were extracted. Total proteins (15 mg) were analyzed by immunoblotting. G, Tumors of ntASO (100 mg/kg), AZD9150 (100 mg/kg), the
combination of ntASO (100 mg/kg) and cisplatin (2 mg/kg), or the combination of AZD9150 and cisplatin treatment cohorts were excised and proteins were
extracted. Total proteins (15 mg) were analyzed by immunoblotting.

www.aacrjournals.org

Clin Cancer Res; 23(7) April 1, 2017

Downloaded from clincancerres.aacrjournals.org on November 6, 2018. © 2017 American Association for Cancer Research.

1781

Published OnlineFirst October 19, 2016; DOI: 10.1158/1078-0432.CCR-16-1317

Odate et al.

sources of cytokines or growth factors secreted by immune or
stromal cells in the tumor microenvironment (30). In neuroblastoma cells, high-level expression of wild-type ALK in cells constitutively expressing putative ALK ligands (31) or mutations in
ALK (32) contribute to levels of P-STAT3. Although not systematically studied, growth factors known to be produced by neuroblastoma cells, such as IGF1 (33) and BDNF (ref. 34, our unpublished data), stimulate increases in P-STAT3. These factors as well
as growth factors contained in serum may contribute to the levels
of P-STAT3 detected in neuroblastoma cells cultured in vitro.
Paracrine factors found in the tumor microenvironment such as
IL6 (22), sphingosine-1-phosphate (35), and G-CSF (24) secreted
by immune or stromal cells may contribute to the levels of PSTAT3 in neuroblastoma cells expressing their respective receptors. We found that AZD9150 inhibition of STAT3 results in an
almost 50% decrease in STAT3 targets such as cyclin D1, cyclin D3,
and c-myc or N-myc, all proteins known to stimulate neuroblastoma cell growth and tumorigenicity. This may account for the
20% to 40% decrease in growth on plastic and 50% decrease in
soft agar cloning detected in vitro. Despite the fact that cyclin D and
N-myc levels decreased, as a single agent, AZD9150 did not
signiﬁcantly alter the growth of established neuroblastoma
tumors in vivo. That both the genomic and pharmacologic inhibition of STAT3 yielded comparable results indicates that the
biologic effects are a direct result of inhibition of STAT3 in the
tumor. However, these in vivo results contrast with our previous
study using the JAK2/STAT3 inhibitor AZD1480 (27) and a recent
study using Stattic (25), each of which showed signiﬁcant antitumor activity in vivo as single agents. Unlike these agents, genetic
inhibition of STAT3 levels would perturb STAT3 biologic activities
mediated by both unphosphorylated STAT3 and phosphorylated
STAT3. Recent studies indicate that unphosphorylated STAT3 is
capable of binding DNA (reviewed in ref. 30), although the
impact of this activity in tumor cells has not been fully explored.
In addition, AZD9150 is selective for human STAT3 but not
murine STAT3 (28). Because AZD9150 only recognizes sequences
in human STAT3 (28), the systemic administration of AZD9150
would not affect STAT3-expressing murine cells in the microenvironment of the human tumor xenograft, raising the possibility
that STAT3-expressing cells in the tumor microenvironment are
important contributors to xenograft growth. Our future studies
will explore the contribution of STAT3-expressing cells in the
tumor microenvironment using murine-targeted ASO to STAT3.
Although the inhibition of STAT3 in the tumor did not affect
the growth of established neuroblastoma xenografts, we did
ﬁnd that the ability of AZD9150-treated NGP xenograft tumors
to initiate secondary tumors was signiﬁcantly impaired. The
ability to form secondary tumors is a property of a tumorinitiating cell or cancer stem–like cell. STAT3 is known to be
important for the maintenance of a cancer stem cell–like subpopulation in bladder, colon, hepatocellular, and glial malignancies (18–21), and blockade of STAT3 inhibits tumor initiation in prostate cancer (36). In neuroblastoma, it has been
reported that a G-CSF receptor (CD114)–positive subpopulation of neuroblastoma cells has increased tumor-initiating
capacity, and inhibition of STAT3 using Stattic affected tumor
formation in vivo (24, 25). While it is beyond the scope of this
study to investigate the phenotypic nature of this tumor-initiating cell, this study provides additional evidence that a subset
of neuroblastoma tumor–initiating cells is dependent on STAT3
expression.
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Despite the ﬁnding that the inhibition of STAT3 in tumors
did not affect the growth of established tumors, this study
showed that it did increase their sensitivity to cisplatin. This is
important because despite the improvements of recent treatment regimens for patients with high-risk neuroblastoma,
current multimodality therapeutic protocols remain inadequate for some 50% of patients with high-risk disease and
this is, in large part, due to the development of chemoresistance. Moreover, platinum-based cytotoxics are an integral part
of induction therapy for these patients but are also associated
with severe hearing loss in 67% of patients (37). Resistance to
cisplatin has been associated with STAT3 in several solid
tumors including breast, colon cancer, non–Hodgkin lymphoma, non-small cell lung cancer, and malignant rhabdoid
(38–42). We and others have shown in preclinical models
that activated survival signaling pathways contribute to chemoresistance in neuroblastoma cells (29, 43), and our ﬁndings
that activated STAT3 also alters sensitivity of neuroblastoma
cells to cisplatin is consistent with previous results showing
that cytokines from bone marrow–derived monocytes activate
STAT3 in neuroblastoma cells and alter their sensitivity to
cytotoxic drugs (35, 44). Multiple mechanisms are associated
with STAT3-mediated chemoresistance, including upregulation of the antiapoptotic protein survivin (45) or STAT3mediated stimulation of DNA repair proteins (46, 47).
Our study has identiﬁed that both of these antiapoptotic
mechanisms are attenuated by targeted inhibition of STAT3
and thus may contribute to the enhanced chemosensitivity
seen in our studies. The mechanisms by which STAT3 levels or
its phosphorylation status affect DNA damage signaling
responses (48, 49) are not well studied. Similar to our results,
either etoposide or UV-induced DNA damage stimulated
increased levels of P-ATR, P-ATM, and P-CHK1, which were
attenuated when levels of STAT3 decreased (46, 47). In the
UV-induced DNA damage model, increases in STAT3 levels
were shown to directly stimulate increases in the steady-state
levels of ATR (47). However, in this study as well as another
(46), decreases or loss of STAT3 expression did not affect
the steady-state levels of DNA damage response proteins.
MDC1 is a key protein in the maintenance and ampliﬁcation of DNA damage signals (49, 50). STAT3 was shown to
regulate MDC1 promoter activity resulting in decreased MDC1
protein levels in STAT3/ mouse embryonic ﬁbroblasts
(MEF) which may account for the decreases in DNA damage
signaling and increased sensitivity to etoposide detected in
STAT3/ MEFs (46). Thus, STAT3 may inﬂuence the steadystate levels of proteins involved in the DNA damage sensing
and amplifying pathways. A more detailed exploration of
mechanisms mediating this increased sensitivity is planned
for future studies.
In summary, this study assessed the effect of STAT3 inhibition in pediatric neuroblastoma models by 2 approaches:
genetic inhibition using shSTAT3 or pharmacologic inhibition
using as targeted ASO, AZD9150. This is the ﬁrst assessment of
the activity of AZD9150 in a pediatric cancer and has shown
that AZD9150 inhibits total and activated STAT3 (P-STAT3)
expression, increases chemosensitivity, and decreases tumorigenicity of neuroblastoma. These results suggest future clinical
evaluation of selective STAT3 inhibition in combination with
conventional cytotoxic therapy for patients with high-risk
neuroblastoma.
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