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STATS3 is required for Smo-dependent signaling and
mediates Smo-targeted treatment resistance and
tumorigenesis in Shh medulloblastoma
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Sonic hedgehog (Shh)-driven medulloblastoma (Shh MB) cells are depen-
dent on constitutive Shh signaling, but targeted treatment of Shh MB has
been ineffective due to drug resistance. The purpose of this study was to
address the critical role of signal transducer and activator of transcription 3
(STATS3) in Shh signaling and drug resistance in Shh MB cells. Herein, we
show that STATS3 is required for Smoothened (Smo)-dependent Shh signal-
ing and, in turn, is reciprocally regulated by Shh signaling, and demonstrate
that STAT3 activity is critical for expression of HCK proto-oncogene, Src
family tyrosine kinase (Hck) in Shh MB. We also demonstrate that main-
tained STAT3 activity suppresses p21 expression and promotes colony for-
mation of Shh MB cells, whereas dual treatment with inhibitors of both
Smo and STATS3 results in marked synergistic killing and overcomes drug
resistance in vitro of Smo antagonist-resistant Shh MB cells. Finally,
STATS3 inhibitor treatment significantly prevents in vivo tumor formation in
genetically engineered Shh MB mice. Collectively, we show that STAT3 is
necessary to maintain Shh signaling and thus is a potential therapeutic tar-
get to treat Shh MB and overcome anti-Smo drug resistance.

1. Introduction

MB is dependent on activation of the Shh signaling
pathway for tumor initiation, survival, and growth

Medulloblastoma (MB) is the most common malignant
brain tumor in children and consists of four subgroups
[WNT, sonic hedgehog (Shh), Group 3, and Group 4]
[1-3]. Shh MB displaying one of the following charac-
teristics: large cell anaplastic histology, MYCN ampli-
fication, TP53 mutation, or metastasis, constitutes an
extremely high-risk group with poor prognosis [4]. Shh
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[5,6]. Normally, Shh signaling is initiated by Shh bind-
ing to Patched 1 (Ptchl), relieving its repression of
Smoothened (Smo), resulting in Gli transport to the
nucleus and transcriptional activity [5,7]. Somatic
mutations in Shh MB that include Ptchl, Smo, and
SUFU, a negative regulator that functions by main-
taining Gli in the cytoplasm until Smo activation, and
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amplification of Shh effectors, MYCN, Glil, and Gli2,
result in constitutive Shh signaling [4,8-10]. These
intrinsic and acquired mutations, and amplifications
can contribute to Smo-targeted therapeutic resistance
[11-13]. Smo-targeted Shh MB was shown to develop
early treatment resistance due to specific cell linecages
with persistent Shh pathway activation [14]. Alterna-
tive targeting of aberrant Shh signaling thus has
important implications for the development of novel
therapeutics against Shh MB [15,16].

Amplified oncogenes, such as ADAM?29, MYCN,
BOC, and CDK®6, are associated with Shh MB [17],
while specific growth factors (e.g., IGF, PDGF) have
been associated with Shh signaling [18,19]. Our previous
studies demonstrated that PDGFRA, CXCL12, and
CXCR4 are highly expressed in Shh MB [20] and are
significantly associated with MB metastasis and clinical
outcomes [21-23]. Signal transducer and activator of
transcription 3 (STAT3) have critical regulatory interac-
tions with most of these Shh-associated oncogenes and
growth factor-mediated signaling pathways, and plays
an essential role in cancer stem cell maintenance,
tumorigenesis, and cancer progression [24,25]. Evidence
shows that STATS3 is highly activated in Shh-dependent
carcinomas. Expression level of p-STAT3 (phosphoryla-
tion at Tyr705) directly correlates with ligand-
dependent activation of Shh signaling in pulmonary
adenocarcinoma [26], and removal of STAT3 from
mouse epidermis dramatically reduced SmoM2-
mediated basal cell carcinoma development [27]. Consti-
tutive activation of STAT3 has been reported in MB,
and multiple studies have shown that targeting STAT3,
directly and indirectly, can inhibit MB cell survival [28—
30]. Importantly, tumor-associated astrocyte secretion
of Shh drives expression of the stem cell marker nestin
in Ptchl-deficient granule neuron precursors and is
indispensable for Shh MB tumorigenesis in a Smo-
dependent, but Ptchl- and Glil-independent manner
[31]. However, the key mediators of this novel Shh path-
way remain unclear. Based on STAT3’s role in stem cell
maintenance and associations with MB, we tested
whether STAT3 plays a critical role in Shh-induced
Smo-dependent signaling and Shh M B tumorigenesis.

2. Materials and methods

2.1. Cell culture and reagents

Daoy and D556 human medulloblastoma cells were
obtained from ATCC (Manassas, VA, USA) and cul-
tured in EMEM with 10% FBS. UW228 and ONS-76
human medulloblastoma cells were kindly provided by
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C. Eberhart (Johns Hopkins University, Baltimore,
MD) and were cultured in DMEM/F-12 medium with
10% FBS. SMB21 and SMB21-Gli2 AN cell lines were
gifts from R. Segal (Harvard University) and were cul-
tured in DMEM/F12 medium with B27.

Preparation of primary mouse Shh MB cells: cerebel-
lum of NeuroD2-SmoA1 (SmoA1) spontaneous MB mice
with Smoothened overexpression was isolated into Dul-
becco’s PBS (DPBS) and digested with Papain and DNase
at 37 °C for 15 min. Tissue was dissociated with a Pasteur
pipette in ovomucoid and DNase solution prior to 65%
Percoll fractionation. Cells were washed in DBPS + BSA
prior to resuspension in Neurobasal media supplemented
with B27, sodium pyruvate, and glutamine. 1.5 x 10° or
3 x 10° cells were plated in 1.5 mL of media per well onto
Matrigel-coated 6-well plates and allowed to incubate for
24 h prior to treatment.

Smoothened inhibitor Sant-1(cat# 559303), STAT3
inhibitor  WP1066 (cat# 573097), and human
interferon-a (cat# SRP4596) were purchased from Mil-
liporeSigma (St. Louis, MO, USA). Smoothened inhi-
bitor LDE225 (cat# S2151) and STAT3 inhibitor
NSC74859 (also named as S31-201, cat# S1155) were
purchased from Selleckchem.com (Houston, TX,
USA). Interleukin 6 (IL-6) was purchased from R&D
Systems (Minneapolis, MN, USA).

2.2. Western blot

Anti-Glil (cat# 2553), anticleaved caspase-3 (5AIE,
cat# 9664), anti-STAT3 (cat# 9139), and anti-p-
STAT3 (Tyr705) (cat# 4113) antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA). Anti-p21 (F-5, sc-6246) and anti-Sox2 (E-4, sc-
365823) antibodies were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Western blot of
whole-cell lysates harvested in lysis buffer was per-
formed with primary antibodies, and then, goat anti-
mouse or rabbit horseradish peroxidase secondary
antibodies were used and the immunoreactive bands
were detected by using SuperSignal West Pico Chemi-
luminescent substrate, or SuperSignal West Dura
Extended Duration substrate (Thermo Fisher Scien-
tific, Waltham, MA, USA). All experiments for west-
ern blot were performed at least three times except
where indicated in the figure legends. Western blot
protein bands were quantified by using IMAGEJ, the
ratio of each protein band relative to the lane’s load-
ing control was calculated, and the final relative values
are the ratio of net protein band to net loading con-
trol. The ratio for each control cell was normalized as
1, then calculated the relative fold change for each
lane relative to the control in each cell line.
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2.3. Real-time RT-PCR

Total RNA was prepared from the human MB cell
lines or mice cerebellum tissue. Random-primed single-
stranded cDNA was made from total RNA by using
the Superscript 11 kit (Cat# 18080-051; Thermo Fisher
Scientific). The following oligonucleotides as primers
were used for real-time PCR: Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), 5-ACAGTCCA
TGCCATCACTGCC-3 (forward), 5-GCCTGCTTC
ACCACCTTCTTG-3 (reverse); human Glil, 5-ATG
GAGAGAGCCCGCTTCTTT-3' (forward), 5-TTAT
GGAGCAGCCAGAGAGACCAG-3 (reverse); human
STAT3, 5-GGAGGAGTTGCAGCAAAAAG-3 (for-
ward), 5-TGTGTTTGTGCCCAGAATGT-3' (reverse);
human Hck, 5-CGGATCCCACATCCACCATCA-3
(forward), 5'-ACCACGATGATGTCCTCAGAGC-3'
(reverse); murine Ptc, 5-GGCAAGTTTTTGGTTGT
GGGTC-3 (forward), 5-CCTCTTCTCCTATCTTCT
GACGGG-3' (reverse). Data analysis was performed
according to the absolute standard curve method.
Data are presented in relation to the respective house-
keeping gene and normalized the fold change of con-
trol cells to 1 (100%), then calculated the relative fold
changes.

2.4. siRNA transfection

Human STAT3 ON-TARGETplus SMARTpool
siRNA (cat# L-003544-00-0005), and negative control
nontargeting siRNA (D-001810-01-05) were purchased
from GE Healthcare Dharmacon, Inc (Lafayette, CO,
USA). Each SMARTpool is a mixture of four siRNA
sequences with advantages in both efficacy and speci-
ficity. For siRNA transfections, 1.5 x 10° cells were
seeded in each well of a six-well plate and grown to 50—
70% confluency prior to transfection. Cells were trans-
fected with siRNA using Lipofectamine 2000 (Thermo
Fisher Scientific) for 48-72 h according to the manu-
facturer’s instruction, and then, cells were split, or har-
vested with or without treatment for experiments.

2.5. MTT assay

Daoy cells were cultured in 96-well plates at a density
of 1 x 10* cells in medium containing 3% FBS and
incubated for 24 h. After treatment, 10 uL MTT solu-
tion (5 mg-mL™") was added into each well and incu-
bated for 3 h, then the medium containing MTT was
removed, and then 100 uL isopropanol with 0.04 N
HCL was added into each well, and shaken gently for
5 min. Absorbance was measured at 570 nM.
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2.6. Cell proliferation assay (WST-1 assay)

Cell proliferation reagent WST-1 was purchased from
Roche (Indianapolis, IN, USA; cat# 05 015 944 001).
Cells were seeded into 96-well plates, with 100 uL vol-
ume in each well, grown for 24-72 h (for attached
cells, depending on experiments), then given different
treatment as described following the cell growth. For
suspension cells, cells were added into 96-well plates,
then given different treatment as described. Same vol-
ume medium without cells in each well was used for
background control. Ten microliter WST-1 solution
was added into each well and incubated for 2-4 h at
37 °C; then, the OD value was read at 450 nm. OD
value for each well was calculated by each OD value
subtracting the average OD value of the background
control group.

2.7. Gli1 reporter assay

Dual-luciferase reporter assay system kit was pur-
chased from Promega (cat# E1910, Madison, WI,
USA). Shh Light II cells (a gift from M. Resh,
Memorial Sloan-Kettering Cancer Center) were used
to examine Glil reporter activity; each treatment was
set in triplicate. Cells were pretreated with DMSO
vehicle, Smo inhibitor Sant-1, or STAT3 inhibitor
NSC74859 for 1 h, then given different treatment as
described. After treatment, cells were washed with
PBS and 1x PLB lysis buffer added into each well.
Harvested cell lysates were used to measure firefly
luciferase/Renilla luciferase and the ratio and fold
changes were calculated.

2.8. Stable cell lines

2.8.1. Constitutively activated STAT3 cells

Plasmids p-IRES-EGFP (control vector) and p-IRES-
S3c (constitutively activated STAT3) were gifts from
B. Barton (New Jersey Medical School, Rutgers
University). p-IRES-EGFP or p-IRES-S3c was trans-
fected into Daoy cells by Lipofectamine 2000, respec-
tively. Twenty-four hours after transfection, G418 was
added to treat cells of each group until the Daoy cells
without transfection of plasmids (control cells) were
completely killed (about 10 days). Finally, the trans-
fected cells were sorted by flow cytometry to select
cells with EGFP. Frozen the stable cells for further
experiments.
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2.8.2. STAT3 knockdown cells

STAT3 shRNA plasmid (h) (#sc-29493) and control
shRNA(#sc-108080) were purchased from Santa Cruz
Biotechnology. Puromycin was used to select Daoy or
D556 cells transfected with human STAT3 shRNA or
control shRNA. After removing the medium with dead
cells under puromycin selection, single colonies were
picked up from the culture dishes and then put into
single wells in a new 96-well plate to grow. The cells
were kept growing in the same medium with puromy-
cin until enough cells were isolated to confirm the
resulting expression of STAT3 by western blot.

2.9. Colony formation assay

Stable Daoy cells with p-IRES-EGFP or p-IRES-S3c
were seeded into 10-cm cell culture dishes, 200 cells/dish,
and three dishes for each treatment. Let cells grow in cul-
ture medium with 10% FBS 24 h and then treat with
vehicle or Sant-1 for 24 h. After treatment, medium was
changed and let cells grow for another 7 days. Cells were
then fixed and stained, and the colonies were counted.

2.10. Flow cytometry analysis

For flow cytometry analysis, Daoy or ONS-76 cells
were treated with vehicle (DMSO), or different doses
of NSC74859 or Sant-1 as indicated, alone and in
combination, for 48 h to determine drug-induced
apoptosis. For cell apoptosis profiling, treated cells
were stained with Alexa Fluor 488 Annexin V/Dead
Cell Apoptosis and PI (Thermo Fisher Scientific).
Results were acquired with a BD FACSymphony™ A5
Cell Analyzers (BD Biosciences, Franklin Lakes, NJ,
USA) and analyzed with rLowso 10 (Tree Star, Inc.,
Ashland, OR, USA).

2.11. Immunohistochemistry

Tissues were fixed in 10% neutral-buffered formalin,
processed, and embedded in paraffin. Five-micrometer-
thick sections were deparaffinized in xylene and rehy-
drated to water prior to microwave antigen retrieval in
Tris/HCI/EDTA pH 9.0 buffer (Dako Cytomation,
Glostrup, Denmark) and PBS washing. After neutral-
ization of the endogenous peroxidase with 3% H,O,
for 10 min, the sections were incubated with protein
blocking buffer for 10 min before undergoing incuba-
tion with the primary antibody. Anti-Patched (Santa
Cruz Biotechnology) staining was developed using
DAB (Vector Laboratories, Burlingame, CA, USA)
followed by Hematoxylin counterstaining (MilliporeSigma).
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H&E staining was performed on 5-pm paraffin sec-
tions according to common methods.

2.12. In vivo studies

SmoA1l mice were purchased from the Jackson Labo-
ratory (Bar Harbor, ME, USA). Mathl-Cre-ER-
P11 mice were generated as described [32] and
used for in vivo experiments after obtaining IACUC
approval. The mice were maintained in Emory Univer-
sity animal facilities approved by the American Associ-
ation for Accreditation of Laboratory Animal Care.
The protocol number from the authorities for animal
is PROTO 201700138. The Division of Animal
Resources (DAR) provides the daily maintenance or
routine animal care, and the Veterinary Services Unit
at DAR provides the entire animal health care pro-
gram, which includes vendor surveillance, quarantine
and isolation, preventive medicine, daily observation,
treatment and intervention for injury or illness, and
health evaluations of sentinel animals. The pregnant
female mice were administered tamoxifen (T-5648;
MilliporeSigma) by oral gavage using 24-G gavaging
needles (Fine Science Tools, Foster City, CA, USA)
after E17.0 to induce Shh MB formation. Tamoxifen
was prepared as a 20 mg-mL™' solution in corn oil
(MilliporeSigma), and the tamoxifen dose was 4 mg/
200 pL for treatment of pregnant females. After the
pups were born for 1 week, they were given NSC74859
at dose of 50 mg-kg™' I.P., every other day for 2 weeks
prior to tumor formation by histological examination.
NSC 74859 stock solution (70 mg-mL™', in DMSO)
was made first and then prepared as a 10 mg-mL™"
solution by dilution at 1 : 7 in PBS for the I.P. admin-
istration in a colloidal suspension solution, 5 mL-kg™"
for each pup. The mice were observed weekly until
death or the end of the experiment at 40 weeks.

2.13. Statistical analysis

Isobolographic analysis was used to calculate drug
synergy, whereby the Combination Index (CI) is used
to determine the degree of drug interaction:

CI = Ca/IC50a + Cb/IC50b,

where IC50a is the IC50 value of drug a; IC50b is the
IC50 value of drug b; Ca is the concentration of drug
a in the combination experiment; and Cb is the con-
centration of drug b in the combination experiment. If
CI < 1, there is synergy effect of the two drugs; CI = 1
there is addition effect of the two drugs; CI > 1 there
is antagonistic effect of the two drugs. For flow
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cytometry data, GRAPHPAD PRIsM 8.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA) software was used to
calculate statistical significance. For comparisons
across groups, we used one-way analysis of variance
followed by Dunnett’s post hoc test; For other in vitro
experiments, Student’s z-test was used to perform sta-
tistical analysis; Fisher’s exact test was used for in vivo
study.

3. Results

3.1. STAT3 activation and expression in Shh MIB
cells are Smo-dependent

Because IL-6 has been shown to activate STAT3 in
Shh MB cells [33], and p-STAT3 levels correlate with
Shh signaling in other cancers [26,34], to determine
whether Shh signaling is associated with STAT3 in
MB, we examined expression of p-STAT3 and STATS3
in normal cerebellum and tumor tissue derived from
SmoA1 mice, and each normal cerebellum and tumor
tissue tested was from same adult mouse, which
express constitutively activated Smo in cerebellar gran-
ule neuron precursors resulting in Shh MB [35]. We
observed high expression of p-STAT3 and total
STAT3 in murine Shh MB compared with normal
cerebellum (Fig. 1A), suggesting the association
between STAT3 and Shh MB. To test the effect of
STAT3 inhibition in our Shh MB murine model, we
treated the primary mouse Shh MB cells derived from
SmoA1 mice with the STAT3 inhibitor NSC74859 and
observed decreased p-STAT3 and total STAT3 in mur-
ine Shh MB cells compared with control treatment
(Fig. S1A), confirming the SmoAl MB model is
appropriately responsive to the drug. To further deter-
mine whether STAT3 activity correlates with Shh sig-
naling, we then examined expression of the Shh
pathway effector Glil in Shh MB and non-Shh MB
cells. Shh treatment (24 h) induced Glil expression in
human Shh MB cells (Daoy) in a dose-dependent man-
ner, but had little effect on human D556 non-Shh MB
cells (Fig. 1B, upper panel, left). Furthermore, Sant-1
treatment (2 h) induced marked reduction of p-STAT3
in Shh MB cells relative to control treatment, but had
only minimal effect on expression of p-STAT3 in
D556 non-Shh MB cells (Fig. 1B, upper panel, right).
Similarly, treatment with IL-6, the primary activator
of STATS3, induced p-STAT37% at much higher levels
in Shh MB cells relative to non-Shh MB cells (Fig. 1B,
bottom panel, left). Accordingly, IL-6-mediated induc-
tion of p-STAT3 was abolished by pretreatment with
the Smo inhibitor, Sant-1 (Fig. 1B, bottom panel,
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right); however, Sant-1 had little inhibitory effect on
IL-6-mediated induction of p-STAT3 in D556 non-Shh
MB cells (Fig. SI1B). Additionally, interferon-a (IFN-
a)-induced p-STAT3* was also blocked by Sant-1
treatment in two separate human Shh MB cells (Fig.
S1C). To further confirm that STAT3 activity is Smo-
dependent, we used the clinical Smo inhibitor LDE225
to treat Shh MB cells and examine p-STAT3 and
STAT3 to see whether LDE225 has a similar effect on
inhibiting STAT3 and to confirm our results are not
off-target effects unique to Sant-1. LDE225 treatment,
similar to Sant-1, inhibited STAT3 activation and
expression in Shh MB cells (Fig. SID). We then
addressed the effect of Shh signaling on STATS3
expression. As shown in Fig. 1C, Shh treatment
induced STAT3 mRNA expression by 2.78-fold, rela-
tive to control cells (P < 0.05), and this effect was
greater than IL-6 treatment, which increased STAT3
mRNA level by 1.85-fold compared with control
(P < 0.05). Similar to IL-6-mediated p-STAT3 induc-
tion, IL-6- or Shh-mediated STAT3 mRNA induction
was blocked by Sant-1 pretreatment (Fig. 1C, left
panel). STAT3 protein expression following Shh treat-
ment (24 h) similarly increased in a dose-dependent
manner and directly correlated with Glil protein levels
after Shh treatment (Fig. 1C, right panel). Further-
more, STAT3 protein expression was markedly inhib-
ited by Sant-1 in three separate Shh MB cells
(Fig. 1D). These data indicate that STAT3 activation
and expression in Shh MB are Smo-dependent.

3.2. Smo-mediated Shh signaling in Shh MB
cells is reciprocally dependent on STAT3

Glil is a marker of Shh pathway activation that pro-
motes Shh MB survival and tumorigenesis [5,36-38].
Glil target genes include Prchl, Gli, and cyclin D
[5,38,39]. To address whether STAT3 plays a role in
Glil regulation, we examined the effect of STAT3 inhi-
bition on Shh-induced Glil reporter activity using Shh
Light II cells expressing a Glil-responsive reporter [40].
First, we examined whether the STAT3 inhibitor
NSC74859 sufficiently blocks p-STAT3 in human MB
cells. As shown in Fig. 2A, NSC74859 treatment of Shh
and non-Shh human MB cells effectively inhibits expres-
sion of p-STAT3*° in a dose-dependent manner. In
addition, NSC74859 treatment also prevents IL-6-
induced p-STAT3 in Shh MB cells (Fig. S2A). We then
tested Glil reporter activity, with vehicle control treated
Shh Light IT cells Glil reporter luciferase activity nor-
malized to 1, and as shown in Fig. 2B, Shh treatment
(1 pgmL™", 24 h) increased Glil activity to 1.5-fold
higher compared with untreated cells (P < 0.05), while
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Fig. 1. STAT3 activation and expression in Shh MB cells are Smo-dependent. (A) western blot of p-STAT3%® and total STAT3 in normal
cerebellum tissue and tumor tissue from SmoA1 mice. (B) Upper left panel: Gli1 in Daoy and D556 cells after Shh treatment; upper right
panel: western blot showing the effect of Sant-1 treatment on p-STAT37%® in Daoy and D556 cells; bottom left panel: IL-6-induced
expression of p-STAT37% in Daoy and D556 cells; bottom right panel: Sant-1 blocked IL-6-induced p-STAT37%° in Daoy cells. (C) Left panel:
quantitative real-time RT-PCR for expression of STAT3 mRNA. Daoy cells were treated with IL-6 (20 ng-mL~") or Shh (500 ng-mL~") for 6 h;
then, total RNA was extracted from the cells for PCR, at least in triplicate for each sample for each PCR. The relative amount of STAT3
mRNA was increased 1.85-fold by IL-6, or 2.78-fold by Shh, compared with the untreated cells, P < 0.05, respectively. Sant-1(75 uwm)
significantly blocked IL-6 or Shh-induced STAT3 mRNA. Data are presented as mean + SEM (n = 3); ttests were used to determine the
significance; right panel: western blot of Gli1 and STAT3 increased following Shh treatment at different doses. (D) Western blot of Shh
induced increase of STAT3 protein blocked by Sant-1 in Daoy cells (left panel); Sant-1 treatment inhibited expression of STAT3 protein in
UW228 and ONS-76 cells (right panels). All western blot results shown in this figure are representative of at least three independent

experiments.

Sant-1 pretreatment completely blocked Shh-induced
Glil activity. Similar to Sant-1 treatment, STAT3 inhi-
bitor (NSC74859) pretreatment completely blocked
Shh-induced Glil activity (0.7-fold of untreated control
cells), and Shh-induced Glil activity after NSC74859
pretreatment was significantly lower than in the cells
with Shh treatment alone (P < 0.01). To further eluci-
date the role of STAT3 in Shh signaling, we treated Shh
MB cells with the STAT3 activator IL-6 and examined
Glil mRNA expression. As shown in Fig. 2C, Shh treat-
ment increased G/il mRNA expression 1.7-fold higher
compared with control cells (P < 0.01). Moreover, IL-6
treatment alone increased G/il mRNA expression level
by 2.2-fold relative to control cells (P < 0.05), and both
Shh- and IL-6-mediated Glil mRNA expression was
completely blocked by either Sant-1 or NSC74859 pre-
treatment. As shown in Fig. 2C (right panel), IL-6 treat-
ment was confirmed to increase the corresponding
protein expression of Glil and STAT3. However, Sant-
1 pretreatment blocked IL-6-induced Glil and STAT3

expression, indicating that the IL-6 effects on Glil and
STAT3 are reciprocally dependent on Smo. To confirm
the essential role of STAT3 in Shh signaling, we used
STAT3 siRNA to knockdown STAT3 and then exam-
ined Glil expression. In cells with control siRNA, treat-
ment with either Shh or SAG (an activator of Smo)
induced marked expression of Glil; however, Shh- and
SAG-induced Glil expression was abolished in STAT3
knockdown cells (Fig. 2D, upper panels). Identical
results were observed in another Shh MB cell line, ONS-
76, following STAT3 inhibitor treatment (Fig. 2D, bot-
tom panel).

3.3. STATS3 activation is required for Shh MB cell
proliferation and survival

To determine the impact of STAT3 on Shh MB cell
growth, we treated cells with vehicle control or the
STAT3 inhibitor NSC74859 for 24 h and then ana-
lyzed cell proliferation. As shown in Fig. 3, Shh MB
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significance. Results shown are representative of at least three independent experiments. All western blot results shown in this figure are
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cell (Daoy) growth significantly decreased in a dose-
dependent manner after NSC74859 treatment, with
200 um NSC74859 treatment resulting in decreased cell
growth by 74% compared with control cells
(P < 0.01); similar results were observed in another
two Shh MB cells (ONS-76 and UW228) (Fig. S2B).
To confirm the critical role of STAT3, Daoy Shh MB
cells with STAT3 siRNA knockdown were similarly
analyzed. As shown in Fig. 3B, 24 h after cells were
seeded, the relative proliferation of the cells transfected
with control siRNA is almost twofold higher than cells
with STAT3 knockdown. The relative cell proliferation
further drops by 63-64% (at 48 and 72 h, respectively)

in STAT3 knockdown cells compared with control
cells (P < 0.01). Because Sant-1 treatment significantly
inhibits Shh-dependent cancer cell growth [41,42], we
tested whether combining treatment with NSC74859
enhances the anti-tumor effects of Sant-1 on Shh MB
cells. Cells were treated with DMSO vehicle control,
Sant-1 or NSC74859 alone, or NSC74859 in combina-
tion with Sant-1 for 24 h. As shown in Fig. 3C, Sant-1
treatment significantly decreased cell growth, com-
pared with the DMSO-treated control cells, while low-
dose NSC74859 treatment (75 um) only slightly
decreased cell growth. However, the combination
treatment of low-dose NSC74859 with escalating doses
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Fig. 3. STAT3 activation is required for Shh MB cell proliferation and survival. (A) Daoy cells were seeded into 96-well plates, each well
contained 1 x 10* cells in culture medium with 3% sera. The cells were treated with vehicle or NSC74859; then, MTT assay was
performed to examine cell viability. NSC74859 treatment significantly decreased cell viability in a dose-dependent manner. (B) Daoy cells
were transfected with control siRNA or STAT3 siRNA for 72 h then split transfected cells into 96-well plates to grow the cells in culture
medium with 1% sera. WST-1 assays were performed showing decreased cell proliferation with STAT3 knockdown. (C) MTT assay
showing Sant-1 treatment alone decreased cell viability, and combination of NSC74859 and Sant-1 treatment resulted in a significant
synergistic inhibition of cell viability, compared with corresponding Sant-1 treatment doses alone (P < 0.01, respectively). (A-C) Data are
presented as mean + SD; ttests were used to determine the significance. Results shown are representative of at least three independent
experiments. (D) Upper panels: western blot of cleaved caspase-3 (CC3) showing NSC74859 or Sant-1 treatment alone increases level of
CC3 in Daoy and ONS-76 cells, and combined treatment markedly enhances level of CC3. Results shown are representative of at least two
independent experiments; middle and bottom panels: relative cell apoptosis was determined by flow cytometry analysis through dual
staining of Annexin V/Dead Cell Apoptosis and Pl. NSC74859 treatment (48 h) significantly induced apoptosis in both Daoy and ONS-76
cells, and combination of low-dose NSC74859 (100 um) and Sant-1 (85 pm) (48 h) synergistically promoted apoptosis in Daoy and enhanced
apoptosis in ONS-76 relative to each treatment alone. Data are presented as mean + SD (n = 3). Statistics: One-way analysis of variance
followed by Dunnett’s post hoc test.

of Sant-1 resulted in a significant dose-dependent and
synergistic effect on reducing cell viability, compared

NSC74859 treatment significantly induced apoptosis in
both Daoy and ONS-76 cells, and combination treat-

with corresponding doses of Sant-1 treatment alone
(P <0.01).

To assess the effect of combined treatment on sur-
vival, we measured induction of apoptosis by western
blot for cleaved caspase-3 and by flow cytometry for
analysis of dual staining of Annexin V/dead cell apop-
tosis and PI. NSC74859 or Sant-1 treatment alone
increased cleaved caspase-3 levels in Daoy and ONS-
76 cells relative to DMSO control treatment; however,
combination treatment with NSC74859 and Sant-1
markedly increased cleaved caspase-3, compared with
each treatment alone (Fig. 3D, upper panels). Consis-
tent with these results, flow cytometry showed that

1016

ment with low-dose NSC74859 (100 um) and Sant-1
(85 um) resulted in significantly more apoptosis than
NSC74859 or Sant-1 treatment alone (Fig. 3D, lower
panels).

3.4. STAT3 mediates resistance to Smo-targeted
treatment in vitro

Treatment targeting Shh signaling induces p21 expres-
sion that results in cell cycle arrest and apoptosis
[43,44], while downregulation of p2l leads to drug
treatment resistance in cancers [45,46]. To assess
STAT3’s role in Shh-targeted treatment resistance, we
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elevated in the colonies with knockdown of STAT3, compared with the control cells (the number on the bottom of the panel showing the
fold changes relative to each control); right panel: western blot showing Sant-1 treatment markedly increased p21 expression in stable Daoy
cells with control vector, but Sant-1-induced p21 expression was inhibited in the cells with constitutively activated STAT3 vector (S3c).
Western blot results shown are representative of at least three independent experiments. (B) Colony formation assay showing the colony
number of Daoy cells with control vector or S3c after Sant-1 treatment. Data are presented as mean + SD; ttest was used to determine
the significance. Results shown are representative of at least three independent experiments. (C) WST-1 assay of relative cell viability
showing SMB21-Gli2AN cells were resistant to LDE225 treatment alone (10 pm, 72 h) compared with the LDE225-treated control cells
(SMB21). However, WP1066 treatment (2 um, 72 h) significantly sensitizes SMB21-Gli2AN resistant cells to LDE225 treatment. Data are

presented as mean + SEM (n = 5), t-tests were used to determine the significance.

generated stable STAT3 knockdown MB cells (STAT3
shRNA) and examined p21 expression. As shown in
Fig. 4A (left panel), Daoy and D556 cells from single
colonies with STAT3 knockdown expressed higher
levels of p21 than shRNA control cells. To confirm
that STAT3 regulates p21, we treated Shh MB cells
stably transfected with control vector or p-IRES-S3c
(constitutively activated STAT3, referred to as S3c)
[47], with Sant-1. Sant-1 treatment markedly induced
p21 expression in the control transfected cells, but was
completely abrogated in cells with constitutively acti-
vated STAT3 (Fig. 4A, right panel), suggesting that
STAT3 may play a role in Shh-targeted drug resis-
tance. To verify whether STAT3 activity mediates drug
resistance, we performed colony formation assays with
our stable transfected MB cells (control vector or with
S3c) treated with vehicle (DMSO) or Sant-1 for 24 h,
then removed the drug treatment, and let the cells con-
tinue to grow until fixed and stained for colony count.
The average number of tumor colonies formed was

not significantly different between DMSO control
treatment of vector control cells and the cells with con-
stitutively activated STAT3, 214, and 209, respectively.
However, in the Sant-1-treated groups, the vector con-
trol cells showed an average of only 0.3 colonies after
treatment, with the majority of culture dishes having
no colonies. In contrast, Sant-1-treated cells with con-
stitutively activated STAT3 had up to 4 tumor colo-
nies per culture dish, with an average number of 3.3
colonies (11-fold higher than control, P < 0.05, Fig. 4
B). To confirm that STAT3 activity promotes Shh-
targeted drug resistance, we used Smo antagonist
LDE225 to treat LDE225-resistant SMB21-Gli2AN
Shh MB cells [13]. LDE225 treatment significantly
decreased cell viability by nearly 30% in the control
SMB21 cells, relative to the vehicle control treated
SMB21 cells, P < 0.01. LDE225 treatment had no
inhibitory effect on SMB21-Gli2AN cells, confirming
the treatment resistance of the SMB21-Gli2AN cells
[13]. However, LDE225 treatment of SMB21-Gli2AN
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cells in the presence of the clinical STAT3 inhibitor
WP1066 [48,49] significantly reduced viability by 35%
relative to vehicle control (P < 0.01) and significantly
lower viability compared with LDE225 or WP1066
treatment alone, (P < 0.01, P < 0.05, respectively)
(Fig. 4C).

3.5. STATS3 activity is critical for expression of
Hck in Shh MB, whereas STAT3-driven Gli1
expression requires Smo activation

Hck, a Src family member, is highly expressed in Shh
MB, and is a Glil target gene, forming a positive feed-
back loop with Glil to amplify Shh signaling in MB
[50]. Based on our results (Figs 1 and 2), a positive
feedback loop also exists for STAT3 and Shh signal-
ing. We thus hypothesized that STAT3 may interact

with Hck, and plays an important role in regulation of
Hck expression in Shh MB. To address this question,
we examined whether STAT3 activity is critical for
Hck expression in Shh MB cells. As shown in Fig. 5SA
(top panel), IL-6 treatment significantly increased Hck
expression, 2.3-fold higher than control treated cells
(P <0.05). To confirm that STAT3 promotes Hck
expression, we examined Hck in our constitutively acti-
vated STAT3 (S3c) cells. In S3c cells, Hck expression
is 2.2-fold higher than in vector control cells (Fig. 5A,
middle panel. P < 0.05), similar to that of IL-6 treated
control cells. In contrast, STAT3 inhibition by
NSC74859 treatment significantly decreased Hck
expression (Fig. 5A, bottom panel. P < 0.01). These
data indicate that STAT3 activity is critical for expres-
sion of Hck in Shh MB. To elucidate whether STAT3-
driven Glil expression requires Smo activation, we
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treated the vector control and S3c cells with DMSO
control or the Smo antagonist Sant-1, then examined
the expression of STAT3 and Glil. As shown in Fig. 5
B, Sant-1 treatment greatly inhibited STAT3 expres-
sion in the vector control cells, but had only slight
effect on STAT3 expression in S3c cells, consistent
with the effect observed of Sant-1 treatment (Fig. 4A,
right panel). However, Glil expression was markedly
inhibited by Sant-1 in both control and S3c cells, indi-
cating that STAT3-driven Glil expression requires
Smo activation, STAT3 alone is not sufficient to drive
Glil expression, while targeted inhibition of any com-
ponent of STAT3 and Shh signaling is sufficient to
suppress Shh signaling (Fig. 5C).

3.6. STATS3 activity is critical for Shh-driven
medulloblastoma formation in vivo

The importance of STAT3 in the maintenance of a
wide variety of cancer stem cells is well documented
[51-53]. Sox2 is a transcription factor essential for self-
renewal of neural and the cancer stem cell population
reported to drive relapse in Shh MB [54]. To determine
whether STAT3 regulates Sox2, we treated cells with
NSC74859 or used STAT3 siRNA to inhibit STAT3
activity, then examined Sox2 expression. We observed
remarkably decreased Sox2 with either treatment
(Fig. 6A), indicating that STAT3 maintains this mar-
ker of cancer stem cells.

Based on our data demonstrating a role for STAT3
in regulating the Sox2 expression marker for the can-
cer stem cell population of Shh MB, we performed an
in vivo study to determine whether inhibition of
STAT3, prior to established tumor development,
affects initiation and formation of Shh MB. To
address this question, we induced constitutive Shh sig-
naling in the neuron precursor cells of the cerebellum
in Math1-Cre-ER-Prc™¥/1°% mice by administering
tamoxifen to pregnant females after E17.0. In this
model, induction of tumor takes place between pl and
pl2 and 100% mice have Shh MB by 8-12 weeks
[32,55]. At postnatal day 7, prior to tumor formation
by histological examination, pups were randomly
assigned to receive the STAT3 inhibitor NSC74859
(50 mg-kg™") or vehicle control by LP., every other
day for 2 weeks, with 20 mice examined for each
group (NSC74859-treated or control treated). Mice
were observed daily for signs of toxicity or tumor bur-
den until death/euthanasia or termination of the exper-
iment at 40 weeks, at which time brains were dissected
and examined by histopathology for the presence of
tumor. There were no signs of treatment-related toxic-
ity (e.g., depressed activity level or weight loss) in

STAT3 in sonic hedgehog medulloblastoma

either group, nor any early observable differences in
the health between the groups. However, twice as
many mice required euthanasia due to neurological
signs of excessive tumor burden at an early age
(< 14 weeks after birth) in the control group, 10 out
of 20 (50%) versus the NSC74859-treated group, 5 out
of 20 (25%). This suggests that inhibition of STAT3
may slow down early growth of initiated MB. At ter-
mination of the experiment at 40 weeks, all mice were
genotyped and confirmed to have the appropriate
Math1-Cre-ER-Ptc®¥/1°% construct for tumor forma-
tion. Notably, 20 out of 20 (100%) mice in the control
group developed MB, whereas only 13 out of 20
(65%) mice in the NSC74859-treated group developed
MB (P < 0.01). To verify that tamoxifen had suffi-
ciently induced Prc deletion in the NSC74859-treated
group, such that MB should have formed, we per-
formed RT-PCR of the cerebellar tissue to detect loss
of Ptc relative to that of tumor tissue derived from
control treated mice and normal cerebellum from con-
trol Math1-Cre-ER-Prc™¥1°* mice not administered
tamoxifen (noninduced). We confirmed that all
NSC74859-treated mice without evidence of tumor by
histopathology had appropriate loss of Ptc, compara-
ble to control treated tumor-bearing mice and thus
should have formed MB well before 40 weeks (Fig.
S3). To confirm Ptc loss, we also performed immuno-
histochemistry for Ptc and showed that the tumor tis-
sue from control treated mice and cerebellar tissue
from NSC74859-treated mice without tumor had simi-
lar loss of Ptc expression, relative to the negative con-
trol (mouse normal cerebellum tissue without
tamoxifen treatment) (Fig. 6B). Of tumors that formed
in the NSC74859-treated cohort, no differences were
observed in tumor morphology, infiltration, survival,
or growth as evidenced by tumor size at time of dissec-
tion compared with control treated tumors. Since the
genetic mouse model has 100% tumor formation,
unless inhibition occurs between pl-pl2 of mouse the
tumors will form by 8-12 weeks. Thus, the significant
reduction of tumor formation after STAT3 inhibitor
treatment indicates the essential role of STAT3 in Shh
MB development.

4. Discussion

Shh MB is dependent on constitutive Shh pathway sig-
naling for tumor initiation and growth [2,4]. Targeting
Shh signaling is thus an attractive therapeutic strategy
against Shh MB. Clinical investigations of Smo antag-
onists showed very promising early results, but ulti-
mately failed due to intrinsic and acquired drug
resistance, concluding that multiple pathway targeting
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decrease of Sox2 expression in Daoy cells. Western blot results shown are representative of at least three independent experiments. (B)
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cerebellum from Math1-Cre-ER-Ptc floxed mouse without tumor (no tamoxifen induction) (top), cerebellar tumor after tamoxifen induction
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panels, left); right panels: immunohistochemistry for Ptc in cerebellar and tumor tissue of corresponding mice (brown staining, arrow in
upper right panel points to examples of diffuse positive cell membrane expression in the external granular layer of normal cerebellum).
Pictures shown are representative images; scale bars represent 50 um.

may be necessary for effective long-term disease con- progression [31]. Activation of the transcription factor
trol [11,12,14]. Recently, tumor-associated astrocyte STAT3 has been reported in association with aberrant
secretion of Shh was shown to be required for Shh Shh signaling in carcinogenesis [26,27], while evidence

MB tumorigenesis, despite the absence of the Shh indicates elevated STAT3 protein expression and phos-
receptor Ptchl, indicating that a novel Ptchl- phorylation in Shh MB and that STAT3 mediates
independent Shh pathway is involved in MB transcription of Shh target genes [56]. Furthermore,
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low STAT3 expression has been shown to correlate
with improved survival in Shh MB patients [56].
Herein, we demonstrate a novel critical interdependent
relationship between STAT3 and Smo, forming a posi-
tive feedback loop to promote STAT3 activity and
Smo-mediated signaling and target gene transcription,
which in turn maintains Shh MB survival, prolifera-
tion and treatment resistance to Smo antagonists in
vitro, and Shh-driven MB formation in vivo.

A similar critical interdependency between STAT3
and Smo-driven oncogenesis has been reported in
SmoM?2 murine skin tumors [27]. In that study, the
addition of a Smo agonist also induced STAT3 activa-
tion, while removal of STAT3 from the mouse epider-
mis or disruption of IL-11Ra/STAT3 signaling
significantly reduced SmoM2-driven tumor develop-
ment. In comparison, we show that not only STAT3
activation is Smo-dependent, but also expression of
STATS3, similarly induced by treatment of Shh MB
cells with either Shh or IL-6, a primary activator of
STAT3 [57,58], is Smo-dependent. Likewise, Shh or
IL-6 treatment alone significantly induces Glil, and
these effects are STAT3-dependent. In liver cancer
stem cells, Shh/Gli-regulated cell functions were also
found to be mediated by activation of the IL-6/STAT3
pathway, but whether there is a similar direct effect of
Shh-blockade on IL-6-mediated STAT3 signaling was
not reported [59]. Of interest is that in addition to
Shh, astrocytes and microglia secrete 1L-6 [60,61], and
it was reported that treatment with excretory/secretory
products (ESP) of fifth-stage larval A. cantonensis
induces IL-6 secretion and activates Shh signaling in
mouse astrocytes, and ESP-induced IL-6 is dependent
on Shh signaling [62]. Thus, IL-6 derived from astro-
cytes may also contribute to Shh MB tumorigenesis. It
remains unknown whether STAT3 activity in Shh MB
cells by non-IL-6 activators, such as IL-10 and IL-11,
is similarly co-dependent on Smo activity. Importantly,
similar to that observed in SmoM2 murine skin
tumors, blockade of STAT3 in our mouse model
resulted in significant disruption of Smo-driven MB
tumor induction. While blockade of tumor formation
did not occur in all mice, it is plausible that tumor ini-
tiation in our study may have temporally preceded
drug administration and/or drug penetration to the
stem-like cell population was not complete in a portion
of mice tested. This is supported by our finding no dif-
ferences in the histopathology, tumor growth rate or
survival in the portion of mice that still formed tumors
after treatment in the first week of life compared with
controls.

Mechanistically, we observed that the Src kinase
family member Hck functions in a positive feedback

STAT3 in sonic hedgehog medulloblastoma

loop with Glil to amplify Shh signaling in MB, as has
been reported [50]. Hck activation can be triggered by
IL-6 in MYDB88-mutated Waldenstrom macroglobu-
linemia and diffuse large B-cell lymphoma [63]. In
addition, co-expression of Hck and STAT3 in 293T
cells potently activates STAT3 [64], but an interaction
between STAT3 and Hck has not been reported in
MB. Herein, we demonstrated that IL-6, or constitu-
tively activated STATS3, significantly promotes Hck
expression, and that maintenance of Hck basal level
depends on STAT3. Since we showed that Smo-
mediated Shh signaling is reciprocally dependent on
STAT3, and STAT3 activity is required for Hck
expression in Shh MB, our data support a wider inter-
actions among STAT3, Hck, and Smo that mediates
Shh signaling amplification that is critically co-
dependent on Smo/STAT3. Moreover, we found that
Smo inhibition decreases Glil in cells with constitu-
tively activated STAT3, indicating that STAT3 alone
is not sufficient to maintain Glil expression. Indeed,
we observed that independent loss of function of
STAT3 or Smo will similarly result in loss of Glil
expression.

In addition to intrinsic and acquired mutations, sev-
eral reports have indicated alternative pathway activa-
tion as a mechanism of resistance to Smo antagonist
treatment of Shh MB [11,12,65]. For example, RAS/
MAPK, and PI3K pathway activation have been
shown to drive resistance to Smo inhibition [13,66].
Notably, IL-6 promotes the activation of STATS3,
RAS/MAPK and PI3K pathways, and crosstalk
between STAT3 and RAS/MAPK with PI3K has been
implicated in carcinogenesis and treatment resistance
[67-69]. In our study, we found that STAT3 regulates
Sox2 expression, a critical neural stem cell factor
observed in association with the treatment-resistant
cell population of relapsed Shh MB [54]. Further, we
observed that STAT3 suppresses both basal level and
Smo antagonist-induced p2l expression, which plays
an important role in mediating drug resistance in
response to anticancer treatment. In concordance with
these findings, we show that constitutive STAT3 acti-
vation mediates resistance to Smo inhibitor treatment
of Smo-activated Shh MB cells, while dual blockade of
STAT3 and Smo with the respective clinical inhibitors
WP1066 and LDE225 effectively kills LDE225-
resistant Gli2-activated Shh MB cells. Likewise, com-
bination treatment with Smo and STAT3 inhibitors
resulted in synergistic killing of Shh MB cells. Since
our data indicate a co-dependency of the cells on Smo
and STAT3, combined inhibition is likely necessary to
overcome Smo inhibitor-resistant cells. In this case, we
speculate that STAT3 inhibition alone is sufficient to
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block the Gli2-mediated effects, possibly by disrupting
Gli2-DNA binding, but upstream functional Smo still
needs to be inhibited to block all of Smo effector
mechanisms. The precise dependency and interactions
of the Smo-STAT3 axis in Shh MB remain to be eluci-
dated. Further investigation is also needed to deter-
mine whether STAT3-mediated treatment resistance is
through the activation of RAS/MAPK and PI3K/
AKT pathways or other mechanisms. We attempted
investigation of combined Smo and STAT3 inhibitor
treatment in vivo; however, due to the potency of Smo
inhibitors alone in our murine model, resulting in
tumor eradication for many months, the model is not
adequate for investigating synergy or Smo inhibitor
resistance in vivo. In addition, our in vivo study focuses
only on the essential role of STAT3 in tumor initiation
and early tumor formation, not the impact of STAT3
inhibition on established tumor growth, in which
mouse weight, tumor size, mouse survival, and STAT3
expression and other tumor histopathological features
would all be relevant analyses. Current studies are
underway to examine the effect of STAT3 inhibition
on established Shh MB tumor growth and mouse sur-
vival to support clinical investigation of STAT3 inhibi-
tors against medulloblastoma.

5. Conclusions

We demonstrate in Shh MB that STAT3 is required
for Shh signaling and also demonstrate that STAT3
activity is critical for expression of Hck in Shh MB
cells. Further, combined treatment with Smo and
STATS3 inhibitors results in potent synergistic killing
of Shh MB cells and overcomes Smo antagonist
treatment resistance of Gli2-driven Shh MB cells.
Importantly, treatment with a STAT3 inhibitor sig-
nificantly blocks tumor formation in a murine trans-
genic model of Shh-driven MB. Thus, targeting
STATS3 is a potential novel therapy to treat Shh MB
and potentially overcome Smo antagonist drug resis-
tance.

Acknowledgements

Plasmids (p-IRES-S3c and p-IRES-EGFP) were gifts
from Dr Beverly Barton. Medulloblastoma cell lines
UW228 and ONS-76 were gifts from Dr Charles Eber-
hart. SMB21 and SMB21-Gli2AN cell lines were gifts
from Dr Rosalind Segal. Shh Light II cell line was a
gift from Dr Marilyn Resh. Dr Kevin Bunting (Emory
University) provided suggestions and assistance. Dr
Hailong Zhang (Fulgent Genetics Inc, Temple City,
CA) provided technical support. Support was provided

L. Yuan et al.

by Swim Across America, CURE Childhood Cancer,
and Ian’s Friends Foundation to TIM.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

LY participated in the design of the study, generated
stable cell lines expressing control vector or constitu-
tively activated STAT3; conducted western blots, Glil
reporter assays, siRNA transfections, cell proliferation
and viability assays, and colony formation assays; per-
formed data analysis; and drafted the manuscript. HZ
generated stable cell lines expressing control shRNA
or STAT3 shRNA and conducted real-time RT-PCR
and western blots. JL performed western blot, real-
time RT-PCR, in vivo study, and immunohistochem-
istry. AM and AD performed immunostaining for p-
STAT3. BY performed flow cytometry to analyze cell
apoptosis. KKJ reviewed manuscript and provided
valuable comments on revision of the manuscript.
LFM prepared and grew primary mouse Shh MB cells
and conducted western blot. MJS conducted
histopathological review for mouse brain tissues. TIM
directed all experiments and provided the oversight for
all data analysis, result interpretation, and the draft of
the final manuscript. All the authors have read and
approved the final manuscript.

Peer Review

The peer review history for this article is available at
https://publons.com/publon/10.1002/1878-0261.13097.

Data accessibility

The supporting data for this study are contained
within the manuscript as Supporting Information.

References

1 Kijima N & Kanemura Y (2016) Molecular
classification of medulloblastoma. Neurol Med Chir
(Tokyo) 56, 687-697.

2 Taylor MD, Northcott PA, Korshunov A, Remke M,
Cho Y-J, Clifford SC, Eberhart CG, Parsons DW,
Rutkowski S, Gajjar A et al. (2012) Molecular
subgroups of medulloblastoma: the current consensus.
Acta Neuropathol 123, 465-472.

3 Northcott PA, Korshunov A, Witt H, Hielscher T,
Eberhart CG, Mack S, Bouffet E, Clifford SC, Hawkins

1022 Molecular Oncology 16 (2022) 1009-1025 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.


https://publons.com/publon/10.1002/1878-0261.13097

L. Yuan et al.

10

11

13

14

Molecular Oncology 16 (2022) 1009-1025 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

CE, French P et al. (2011) Medulloblastoma comprises
four distinct molecular variants. J Clin Oncol 29, 1408—
1414.

Schwalbe EC, Lindsey JC, Nakjang S, Crosier S, Smith
AlJ, Hicks D, Rafiee G, Hill RM, Iliasova A, Stone T
et al. (2017) Novel molecular subgroups for clinical
classification and outcome prediction in childhood
medulloblastoma: a cohort study. Lancet Oncol 18, 958—
971.

Kimura H, Stephen D, Joyner A & Curran T (2005)
Glil is important for medulloblastoma formation in
Ptcl+/- mice. Oncogene 24, 4026-4036.

Severini LL, Quaglio D, Basili I, Ghirga F, Bufalieri F,
Caimano M, Balducci S, Moretti M, Romeo I,
Loricchio E et al. (2019) A Smo/Gli multitarget
hedgehog pathway inhibitor impairs tumor growth.
Cancers (Basel) 11, 1518.

Ingham PW & McMahon AP (2001) Hedgehog
signaling in animal development: paradigms and
principles. Genes Dev 15, 3059-3087.

Tan I-L, Wojcinski A, Rallapalli H, Lao Z, Sanghrajka
RM, Stephen D, Volkova E, Korshunov A, Remke M,
Taylor MD et al. (2018) Lateral cerebellum is
preferentially sensitive to high sonic hedgehog signaling
and medulloblastoma formation. Proc Natl Acad Sci
USA 115, 3392-3397.

Taylor MD, Liu L, Raffel C, Hui C-C, Mainprize TG,
Zhang X, Agatep R, Chiappa S, Gao L, Lowrance A
et al. (2002) Mutations in SUFU predispose to
medulloblastoma. Nat Genet 31, 306-310.

Northcott PA, Nakahara Y, Wu X, Feuk L, Ellison
DW, Croul S, Mack S, Kongkham PN, Peacock J,
Dubuc A et al. (2009) Multiple recurrent genetic events
converge on control of histone lysine methylation in
medulloblastoma. Nat Genet 41, 465-472.

Yauch RL, Dijkgraaf GJP, Alicke B, Januario T, Ahn
CP, Holcomb T, Pujara K, Stinson J, Callahan CA,
Tang T et al. (2009) Smoothened mutation confers
resistance to a hedgehog pathway inhibitor in
medulloblastoma. Science 326, 572-574.

Kool M, Jones D, Jager N, Northcott P, Pugh T,
Hovestadt V, Piro R, Esparza L, Markant S, Remke M
et al. (2014) Genome sequencing of SHH
medulloblastoma predicts genotype-related response to
smoothened inhibition. Cancer Cell 25, 393-405.

Zhao X, Ponomaryov T, Ornell KJ, Zhou P, Dabral
SK, Pak E, Li W, Atwood SX, Whitson RJ, Chang
ALS et al. (2015) RAS/MAPK activation drives
resistance to Smo inhibition, metastasis, and tumor
evolution in Shh pathway-dependent tumors. Cancer
Res 75, 3623-3635.

Ocasio J, Babcock B, Malawsky D, Weir SJ, Loo L,
Simon JM, Zylka MJ, Hwang D, Dismuke T, Sokolsky
M et al. (2019) scRNA-seq in medulloblastoma shows
cellular heterogeneity and lineage expansion support

Federation of European Biochemical Societies.

17

20

21

22

23

24

25

STAT3 in sonic hedgehog medulloblastoma

resistance to SHH inhibitor therapy. Nat Commun 10,
5829.

Liu G, Xue D, Yang J, Wang J, Liu X, Huang W, Li J,
Long YQ, Tan W & Zhang A (2016) Design, synthesis,
and pharmacological evaluation of 2-(2,5-dimethyl-
5,6,7,8-tetrahydroquinolin-8-yl)-N-aryl propanamides as
novel smoothened (Smo) antagonists. J Med Chem 59,
11050-11068.

Wang C, Zhu M, Lu X, Wang H, Zhao W, Zhang X &
Dong X (2018) Synthesis and evaluation of novel
dimethylpyridazine derivatives as hedgehog signaling
pathway inhibitors. Bioorg Med Chem 26, 3308-3320.
Rausch T, Jones D, Zapatka M, Stiitz A, Zichner T,
Weischenfeldt J, Jiger N, Remke M, Shih D, Northcott
P et al. (2012) Genome sequencing of pediatric
medulloblastoma links catastrophic DNA
rearrangements with TP53 mutations. Cell 148, 59-71.
Rao G, Pedone CA, Del Valle L, Reiss K, Holland EC
& Fults DW (2004) Sonic hedgehog and insulin-like
growth factor signaling synergize to induce
medulloblastoma formation from nestin-expressing
neural progenitors in mice. Oncogene 23, 6156-6162.
Yao Q, Renault M-A, Chapouly C, Vandierdonck S,
Belloc I, Jaspard-Vinassa B, Daniel-Lamaziére J-M,
Laffargue M, Merched A, Desgranges C et al. (2014)
Sonic hedgehog mediates a novel pathway of PDGF-
BB-dependent vessel maturation. Blood 123, 2429-2437.
Yuan L, Zhang H, Liu J, Rubin JB, Cho YJ, Shu HK,
Schniederjan M & MacDonald TJ (2013) Growth
factor receptor-Src-mediated suppression of GRK6
dysregulates CXCR4 signaling and promotes
medulloblastoma migration. Mol Cancer 12, 18.
MacDonald TJ, Brown KM, LaFleur B, Peterson K,
Lawlor C, Chen Y, Packer RJ, Cogen P & Stephan DA
(2001) Expression profiling of medulloblastoma:
PDGFRA and the RAS/MAPK pathway as therapeutic
targets for metastatic disease. Nat Genet 29, 143-152.
Yuan L, Santi M, Rushing EJ, Cornelison R &
MacDonald TJ (2010) ERK activation of p21 activated
kinase-1 (Pak1) is critical for medulloblastoma cell
migration. Clin Exp Metastasis 27, 481-491.

Sengupta R, Dubuc A, Ward S, Yang L, Northcott P,
Woerner BM, Kroll K, Luo J, Taylor MD, Wechsler-
Reya RIJ et al. (2012) CXCR4 activation defines a new
subgroup of sonic hedgehog-driven medulloblastoma.
Cancer Res 72, 122-132.

Chang C-J, Chiang C-H, Song W-§, Tsai S-K, Woung
L-C, Chang C-H, Jeng S-Y, Tsai C-Y, Hsu C-C, Lee
H-F et al. (2012) Inhibition of phosphorylated STAT3
by cucurbitacin I enhances chemoradiosensitivity in
medulloblastoma-derived cancer stem cells. Childs Nerv
Syst 28, 363-373.

Shi Y, Guryanova OA, Zhou W, Liu C, Huang Z,
Fang X, Wang X, Chen C, Wu Q, He Z et al. (2018)
Ibrutinib inactivates BMX-STAT3 in glioma stem cells

1023



STAT3 in sonic hedgehog medulloblastoma

26

27

28

29

30

31

32

33

34

35

36

1024

to impair malignant growth and radioresistance. Sci
Trans! Med 10, eaah6816.

Yang Q, Shen SS, Zhou S, NiJ, Chen D, Wang G & Li Y
(2012) STATS3 activation and aberrant ligand-dependent
sonic hedgehog signaling in human pulmonary
adenocarcinoma. Exp Mol Pathol 93,227-236.

Gu D, Fan Q, Zhang X & Xie J (2012) A role for
transcription factor STAT3 signaling in oncogene
smoothened-driven carcinogenesis. J Biol Chem 287,
38356-38366.

Schaefer LK, Ren Z, Fuller GN & Schaefer TS (2002)
Constitutive activation of Stat3alpha in brain tumors:
localization to tumor endothelial cells and activation by
the endothelial tyrosine kinase receptor (VEGFR-2).
Oncogene 21, 2058-2065.

Xiao H, Bid HK, Jou D, Wu X, Yu W, Li C,
Houghton PJ & Lin J (2015) A novel small molecular
STATS3 inhibitor, LY5, inhibits cell viability, cell
migration, and angiogenesis in medulloblastoma cells. J
Biol Chem 290, 3418-3429.

Ray S, Coulter DW, Gray SD, Sughroue JA,
Roychoudhury S, Mclntyre EM, Chaturvedi NK,
Bhakat KK, Joshi SS, McGuire TR et al. (2018)
Suppression of STAT3 NH , -terminal domain
chemosensitizes medulloblastoma cells by activation of
protein inhibitor of activated STAT3 via de-repression
by microRNA-21. Mol Carcinog 57, 536-548.

Liu Y, Yuelling LW, Wang Y, Du F, Gordon RE,
O’Brien JA, Ng JMY, Robins S, Lee EH, Liu H ez al.
(2017) Astrocytes promote medulloblastoma
progression through hedgehog secretion. Cancer Res 77,
6692-6703.

Yang Z-J, Ellis T, Markant SL, Read T-A, Kessler JD,
Bourboulas M, Schiiller U, Machold R, Fishell G,
Rowitch DH ez al. (2008) Medulloblastoma can be
initiated by deletion of patched in lineage-restricted
progenitors or stem cells. Cancer Cell 14, 135-145.
Chen X, Wei J, Li C, Pierson CR, Finlay JL & Lin J
(2018) Blocking interleukin-6 signaling inhibits cell
viability/proliferation, glycolysis, and colony forming
activity of human medulloblastoma cells. Int J Oncol
52, 571-578.

Dong W, Cui J, Tian X, He L, Wang Z, Zhang P &
Zhang H (2014) Aberrant sonic hedgehog signaling
pathway and STAT3 activation in papillary thyroid
cancer. Int J Clin Exp Med 7, 1786-1793.

Hallahan AR, Pritchard JI, Hansen S, Benson M,
Stoeck J, Hatton BA, Russell TL, Ellenbogen RG,
Bernstein ID, Beachy PA et al. (2004) The SmoAl
mouse model reveals that notch signaling is critical for
the growth and survival of sonic hedgehog-induced
medulloblastomas. Cancer Res 64, 7794-7800.

Murone M, Rosenthal A & de Sauvage FJ (1999) Sonic
hedgehog signaling by the patched-smoothened receptor
complex. Curr Biol 9, 76-84.

37

38

39

40

41

42

43

44

45

46

47

48

L. Yuan et al.

Park HL, Bai C, Platt KA, Matise MP, Beeghly A, Hui
CC, Nakashima M & Joyner AL (2000) Mouse Glil
mutants are viable but have defects in SHH signaling in
combination with a Gli2 mutation. Development 127,
1593-1605.

Feng YZ, Shiozawa T, Miyamoto T, Kashima H,
Kurai M, Suzuki A, Ying-Song J & Konishi I (2007)
Overexpression of hedgehog signaling molecules and its
involvement in the proliferation of endometrial
carcinoma cells. Clin Cancer Res 13, 1389-1398.

Shahi MH, Afzal M, Sinha S, Eberhart CG, Rey JA,
Fan X & Castresana JS (2010) Regulation of sonic
hedgehog-GLI1 downstream target genes PTCHI1,
Cyclin D2, Plakoglobin, PAX6 and NKX2.2 and their
epigenetic status in medulloblastoma and astrocytoma.
BMC Cancer 10, 614.

Petrova E, Rios-Esteves J, Ouerfelli O, Glickman JF &
Resh MD (2013) Inhibitors of hedgehog acyltransferase
block sonic hedgehog signaling. Nat Chem Biol 9, 247—
249.

Arnhold V, Boos J & Lanvers-Kaminsky C (2016)
Targeting hedgehog signaling pathway in pediatric
tumors: in vitro evaluation of SMO and GLI inhibitors.
Cancer Chemother Pharmacol 77, 495-505.

Bai XY, Zhang XC, Yang SQ, An SJ, Chen ZH, Su J,
Xie Z, Gou LY & Wu YL (2016) Blockade of
hedgehog signaling synergistically increases sensitivity
to epidermal growth factor receptor tyrosine kinase
inhibitors in non-small-cell lung cancer cell lines. PLoS
One 11, e0149370.

Hirotsu M, Setoguchi T, Sasaki H, Matsunoshita Y,
Gao H, Nagao H, Kunigou O & Komiya S (2010)
Smoothened as a new therapeutic target for human
osteosarcoma. Mol Cancer 9, 5.

Su W, Meng F, Huang L, Zheng M, Liu W & Sun H
(2012) Sonic hedgehog maintains survival and growth
of chronic myeloid leukemia progenitor cells through f-
catenin signaling. Exp Hematol 40, 418-427.

Zhang Y, Geng L, Talmon G & Wang J (2015)
MicroRNA-520g confers drug resistance by regulating
p21 expression in colorectal cancer. J Biol Chem 290,
6215-6225.

Mohapatra P, Satapathy SR, Siddharth S, Das D,
Nayak A & Kundu CN (2015) Resveratrol and
curcumin synergistically induces apoptosis in cigarette
smoke condensate transformed breast epithelial cells
through a p21(Waf1/Cipl) mediated inhibition of Hh-
Gli signaling. Int J Biochem Cell Biol 66, 75-84.

Huang HF, Murphy TF, Shu P, Barton AB & Barton
BE (2005) Stable expression of constitutively-activated
STAT?3 in benign prostatic epithelial cells changes their
phenotype to that resembling malignant cells. Mol
Cancer 4, 2.

Horiguchi A, Asano T, Kuroda K, Sato A, Asakuma J,
Ito K, Hayakawa M, Sumitomo M & Asano T (2010)

Molecular Oncology 16 (2022) 1009-1025 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



L. Yuan et al.

49

50

51

52

53

54

55

56

57

58

59

60

Molecular Oncology 16 (2022) 1009-1025 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

STAT3 inhibitor WP1066 as a novel therapeutic agent
for renal cell carcinoma. Br J Cancer 102, 1592—-1599.
Lee H-T, Xue J, Chou P-C, Zhou A, Yang P, Conrad
CA, Aldape KD, Priebe W, Patterson C, Sawaya R

et al. (2015) Stat3 orchestrates interaction between
endothelial and tumor cells and inhibition of Stat3
suppresses brain metastasis of breast cancer cells.
Oncotarget 6, 10016-10029.

Shi X, Zhan X & Wu J (2015) A positive feedback loop
between Glil and tyrosine kinase Hck amplifies shh
signaling activities in medulloblastoma. Oncogenesis 4, e176.
Wang T, Fahrmann JF, Lee H, Li Y-J, Tripathi SC,
Yue C, Zhang C, Lifshitz V, Song J, Yuan Y et al.
(2018) JAK/STAT3-regulated fatty acid p-oxidation is
critical for breast cancer stem cell self-renewal and
chemoresistance. Cell Metab 27, 136-150.e5.

Li Y, Rogoff HA, Keates S, Gao Y, Murikipudi S,
Mikule K, Leggett D, Li W, Pardee AB & Li CJ (2015)
Suppression of cancer relapse and metastasis by
inhibiting cancer stemness. Proc Natl Acad Sci USA
112, 1839-1844.

Dolatabadi S, Jonasson E, Lindén M, Fereydouni B,
Bicksten K, Nilsson M, Martner A, Forootan A,
Fagman H, Landberg G et al. (2019) JAK-STAT
signalling controls cancer stem cell properties including
chemotherapy resistance in myxoid liposarcoma. Int J
Cancer 145, 435-449.

Vanner R, Remke M, Gallo M, Selvadurai H,
Coutinho F, Lee L, Kushida M, Head R, Morrissy S,
Zhu X et al. (2014) Quiescent sox2(+) cells drive
hierarchical growth and relapse in sonic hedgehog
subgroup medulloblastoma. Cancer Cell 26, 33-47.

Wu X, Northcott PA, Croul S & Taylor MD (2011) Mouse
models of medulloblastoma. Chin J Cancer 30, 442—449.
White CL, Jayasekara WSN, Picard D, Chen J,
Watkins DN, Cain JE, Remke M & Gough DJ (2019)
A sexually dimorphic role for STAT3 in sonic hedgehog
medulloblastoma. Cancers (Basel) 11, 1702.

Hodge DR, Hurt EM & Farrar WL (2005) The role of
IL-6 and STAT3 in inflammation and cancer. Eur J
Cancer 41, 2502-2512.

Huang C, Yang G, Jiang T, Huang K, Cao J & Qiu Z
(2010) Effects of IL-6 and AG490 on regulation of
Stat3 signaling pathway and invasion of human
pancreatic cancer cells in vitro. J Exp Clin Cancer Res
29, S1.

Zhang K, Che S, Pan C, Su Z, Zheng S, Yang S,
Zhang H, Li W, Wang W & Liu J (2018) The SHH/Gli
axis regulates CD90-mediated liver cancer stem cell
function by activating the IL6/JAK?2 pathway. J Cell
Mol Med 22, 3679-3690.

Robinson KF, Narasipura SD, Wallace J, Ritz EM &
Al-Harthi L (2020) p-Catenin and TCFs/LEF signaling
discordantly regulate IL-6 expression in astrocytes. Cell
Commun Signal 18, 93.

Federation of European Biochemical Societies.

61

62

63

64

65

66

67

68

69

STAT3 in sonic hedgehog medulloblastoma

Goshi N, Morgan RK, Lein PJ & Seker E (2020) A
primary neural cell culture model to study neuron,
astrocyte, and microglia interactions in
neuroinflammation. J Neuroinflammation 17, 155.

Chen KY & Wang LC (2017) Stimulation of IL-18 and
IL-6 through NF-kB and sonic hedgehog-dependent
pathways in mouse astrocytes by excretory/secretory
products of fifth-stage larval Angiostrongylus
cantonensis. Parasit Vectors 10, 445.

Yang G, Buhrlage SJ, Tan LI, Liu X, Chen J, Xu L,
Tsakmaklis N, Chen JG, Patterson CJ, Brown JR et al.
(2016) HCK is a survival determinant transactivated by
mutated MYDSS, and a direct target of ibrutinib. Blood
127, 3237-3252.

Briggs SD, Scholtz B, Jacque JM, Swingler S,
Stevenson M & Smithgall TE (2001) HIV-1 Nef
promotes survival of myeloid cells by a Stat3-dependent
pathway. J Biol Chem 276, 25605-25611.

Dijkgraaf GJP, Alicke B, Weinmann L, Januario T,
West K, Modrusan Z, Burdick D, Goldsmith R,
Robarge K, Sutherlin D et al. (2011) Small molecule
inhibition of GDC-0449 refractory smoothened mutants
and downstream mechanisms of drug resistance. Cancer
Res 71, 435-444.

Buonamici S, Williams J, Morrissey M, Wang A, Guo
R, Vattay A, Hsiao K, Yuan J, Green J, Ospina B

et al. (2010) Interfering with resistance to smoothened
antagonists by inhibition of the PI3K pathway in
medulloblastoma. Sci Transl Med 2, 51ra70.

Kaur S, Bansal Y, Kumar R & Bansal G (2020) A
panoramic review of IL-6: structure, pathophysiological
roles and inhibitors. Bioorg Med Chem 28, 115327.
Liang F, Ren C, Wang J, Wang S, Yang L, Han X,
Chen Y, Tong G & Yang G (2019) The crosstalk
between STAT3 and p53/RAS signaling controls cancer
cell metastasis and cisplatin resistance via the Slug/
MAPK/PI3K/AKT-mediated regulation of EMT and
autophagy. Oncogenesis 8, 59.

Kim M, Baek M & Kim DJ (2017) Protein tyrosine
signaling and its potential therapeutic implications in
carcinogenesis. Curr Pharm Des 23, 4226-4246.

Supporting information

Additional

supporting information may be found

online in the Supporting Information section at the end
of the article.

Fig. S1. Effects of STAT3 and Smo inhibitors on
expression of p-STAT3 in MB cells.

Fig. S2. STAT3 inhibitor treatment inhibits p-STAT3
and induces decrease of cell viability in Shh MB cells.
Fig. S3. Expression of Ptc mRNA in cerebellar tissues
from mouse model of Shh MB.

1025



	Outline placeholder
	mol213097-aff-0001
	mol213097-aff-0002
	mol213097-aff-0003
	mol213097-fig-0001
	mol213097-fig-0002
	mol213097-fig-0003
	mol213097-fig-0004
	mol213097-fig-0005
	mol213097-fig-0006
	mol213097-bib-0001
	mol213097-bib-0002
	mol213097-bib-0003
	mol213097-bib-0004
	mol213097-bib-0005
	mol213097-bib-0006
	mol213097-bib-0007
	mol213097-bib-0008
	mol213097-bib-0009
	mol213097-bib-0010
	mol213097-bib-0011
	mol213097-bib-0012
	mol213097-bib-0013
	mol213097-bib-0014
	mol213097-bib-0015
	mol213097-bib-0016
	mol213097-bib-0017
	mol213097-bib-0018
	mol213097-bib-0019
	mol213097-bib-0020
	mol213097-bib-0021
	mol213097-bib-0022
	mol213097-bib-0023
	mol213097-bib-0024
	mol213097-bib-0025
	mol213097-bib-0026
	mol213097-bib-0027
	mol213097-bib-0028
	mol213097-bib-0029
	mol213097-bib-0030
	mol213097-bib-0031
	mol213097-bib-0032
	mol213097-bib-0033
	mol213097-bib-0034
	mol213097-bib-0035
	mol213097-bib-0036
	mol213097-bib-0037
	mol213097-bib-0038
	mol213097-bib-0039
	mol213097-bib-0040
	mol213097-bib-0041
	mol213097-bib-0042
	mol213097-bib-0043
	mol213097-bib-0044
	mol213097-bib-0045
	mol213097-bib-0046
	mol213097-bib-0047
	mol213097-bib-0048
	mol213097-bib-0049
	mol213097-bib-0050
	mol213097-bib-0051
	mol213097-bib-0052
	mol213097-bib-0053
	mol213097-bib-0054
	mol213097-bib-0055
	mol213097-bib-0056
	mol213097-bib-0057
	mol213097-bib-0058
	mol213097-bib-0059
	mol213097-bib-0060
	mol213097-bib-0061
	mol213097-bib-0062
	mol213097-bib-0063
	mol213097-bib-0064
	mol213097-bib-0065
	mol213097-bib-0066
	mol213097-bib-0067
	mol213097-bib-0068
	mol213097-bib-0069


