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Abstract 

 
Purpose: Although most children with medulloblastoma are cured of their disease, Sonic 

Hedgehog (SHH) subgroup medulloblastoma driven by TRP53 mutations is essentially lethal. 

Casein kinase 1α (CK1α) phosphorylates and destabilizes GLI transcription factors, thereby 

inhibiting the key effectors of SHH signaling. We therefore tested a second-generation CK1α 

activator against TRP53-mutant, MYCN-amplified medulloblastoma. 

 

Experimental Design: The ability of this CK1α activator to block SHH signaling was determined 

in vitro using GLI reporter cells, granular precursor primary cultures, and PATCHED1 (PTCH1)-

mutant sphere cultures. While in vivo efficacy was tested using 2 different medulloblastoma 

mouse models: PTCH1 and ND2:SMOA1. Finally, the clinical relevance of CK1α activators was 

demonstrated using a TRP53-mutant, MYCN-amplified patient-derived xenograft. 

 

Results: SSTC3 inhibited SHH activity in vitro, acting downstream of the vismodegib target 

SMOOTHENED (SMO), and reduced the viability of sphere cultures derived from SHH 

medulloblastoma. SSTC3 accumulated in the brain, inhibited growth of SHH medulloblastoma 

tumors, and blocked metastases in a genetically engineered vismodegib-resistant mouse model 

of SHH medulloblastoma. Importantly, SSTC3 attenuated growth and metastasis of orthotopic 

patient-derived TRP53-mutant, MYCN-amplified, SHH subgroup medulloblastoma xenografts, 

increasing overall survival. 

 

Conclusions: Using a newly described small-molecule, SSTC3, we show that CK1a activators 

could address a significant unmet clinical need for patients with SMO inhibitor–resistant 

medulloblastoma, including those harboring mutations in TRP53.  

 
  



Introduction 

Medulloblastoma (MB) is the most common pediatric brain tumor, for which the standard of care 

is typically surgery followed by radiation and/or chemotherapy(1). Comprehensive genomic and 

bioinformatic analysis has allowed MB to be stratified into four major subgroups, with distinct 

molecular drivers and prognoses(2, 3). This genomic stratification of MB is being used to guide 

the development of novel subgroup specific targeted therapies(4). Approximately one-third of MB 

patients harbor tumors associated with constitutive SONIC HEDGEHOG activity (SHH 

subgroup)(5). Although the five-year survival of SHH subgroup patients is reasonably high, a 

subset of these patients, which harbor TRP53 mutations and MYCN amplification, display 

resistance to standard of care therapy(6–8). As few additional therapeutic options are available 

for this cohort of patients they exhibit a significantly reduced five-year survival rate.  

 

SHH signaling is initiated upon its family of ligands binding to their receptor PATCHED1 (PTCH1) 

or loss of function mutations in PTCH1(9), the latter of which is the major molecular driver for SHH 

subgroup MB(10). Either of these mechanisms results in the derepression of the seven-

transmembrane protein SMOOTHENED (SMO). Ultimately, SMO regulates a signaling pathway 

that results in the stabilization and activation of the GLI family of transcription factors(11), in a 

manner that involves reduced phosphorylation of GLI proteins by PKA and CK1α(12–14). 

Suppressor of fused (SUFU) acts to repress GLI activation and this repression is overcome via 

trafficking through primary cilia, in a manner downstream of SMO(15).  

 

A number of small-molecule SMO inhibitors have been evaluated in the clinic. One of these 

inhibitors, vismodegib, was FDA approved for the treatment of advanced basal cell carcinoma 

(BCC)(16). Although vismodegib showed dramatic efficacy against BCC, a number of patients 

relapsed due to selection for mutations at or downstream of SMO(17). However, given its efficacy 

against BCC driven by constitutive SHH activity, vismodegib was rapidly repurposed in clinical 

trials for MB patients(18). Vismodegib also exhibited efficacy against SHH subgroup MB patients, 



but predominantly for those patients whose cancer is driven by PTCH1 mutations(19). However, 

even with the limited number of patients treated with vismodegib, rapid tumor recurrence has 

already been observed in the clinic, likely driven by mutations in or downstream of SMO(20). 

These examples with the first-in-class SMO inhibitor vismodegib illustrate the clinical potential of 

SMO inhibitors for MB patients, as well as the importance of developing and clinically evaluating 

SHH inhibitors that act downstream of SMO.  

 

We previously described a first-in-class CK1α activator, pyrvinium, which acts as a potent inhibitor 

of SHH signaling downstream of SMO, via the phosphorylation and destabilization of GLI1 and 

GLI2(21). Although we showed that pyrvinium was able to reduce the growth of SHH subgroup 

MB in vivo, its poor bioavailability limited this demonstration of efficacy to MB implanted in the 

flanks of mice and dosed by local administration of pyrvinium. We recently described a second-

generation CK1α activator with significantly improved pharmacokinetics, SSTC3(22). We now 

show the ability of SSTC3 to inhibit SHH signaling in vitro and in vivo. We take advantage of the 

improved pharmacokinetics of SSTC3, demonstrating its ability to cross the blood brain barrier, 

attenuate the growth of SHH subgroup MB mouse models, and prolong their survival. Most 

importantly, we also demonstrate the efficacy of SSTC3 against orthotopically implanted, patient 

derived TRP53 mutant MB, one of the most clinically challenging forms of MB(6, 23, 24). 

  

Methods and Materials 

Cell and molecular biology  

NIH-3T3 and HEK293T cells were purchased from American Type Culture Collection (ATCC) and 

cultured as recommended by ATCC. The efficacy of SSTC was validated using LIGHT2 cells, a 

cell line derived from NIH-3T3 cells stably expressing a GLI-dependent firefly luciferase reporter 

gene and a constitutive Renilla luciferase reporter gene, in presence of 0.1% new born calf serum. 

GLI driven firefly luciferase activity was normalized to the Renilla luciferase control, and 

Luciferase activity determined using a dual luciferase kit (Promega)(25). SUFU-/- MEFs were a 



gift of Dr. Toftgard and were cultured in DMEM and 10% fetal bovine serum. Medulloblastoma 

sphere cultures (MBSC) were obtained by digesting MB tissue for 10 minutes using Accutase 

(Invitrogen) at 37°C and sequentially selecting single cell suspensions using 100 μm and 70 μm 

cell strainers (BD). The resulting cell suspensions were grown ex vivo in DMEM/F12, 2% B27 and 

Pen-Strep (Invitrogen), and allowed to form spheres for up to 10 days. MBSC were maintained in 

culture for a maximum of 10 passages(26). For analysis by indirect immunofluorescence the 

MBSCs were plated on chamber slides (Millipore) previously coated with poly-L-ornithine/laminin 

(Sigma). The isolation and culture of granular precursor cells (GPC) from P4-6 C57BL/6 mice was 

performed using the Papain Dissociation System (Worthington). Cells were plated on poly-L-

lysine coated plates in Neurobasal-A, 1% Glutamax, 2% B27 and 250 μM KCl(27). Plasmids 

expressing GLI1, a gift of Dr. Oro (Stanford), wild type SMO (Addgene), or the SMO D473M2 

double mutant (Addgene), were transfected into cells using Lipofectamine 2000 (Invitrogen). All 

lentiviral shRNA constructs are in the pLKO.1 vector (Dharmacon), and the subsequent lentivirus 

packaged and transduced into cells as previously described(28). shRNA expressing LIGHT2 cells 

were selected by 10 µg/ml puromycin.  

 

For gene expression analyses total RNA was Trizol (Invitrogen) extracted, converted into cDNA 

(Applied Biosystems) and analyzed using quantitative real-time PCR (RT-qPCR) and Taqman 

probes (Invitrogen). GAPDH expression was used for normalization. RIPA buffer (Thermo) was 

used for protein extraction and levels of the indicated proteins determined by immunoblotting 

using antibodies purchased from Cell Signaling. Cell proliferation was determined using a BrdU 

assay, in which BrdU (10 μM) was added to cells 2 hours prior to fixation and staining(28). 

Reduction of 3-(4,5-dimethyl-2-thiazolyl) 2,5-diphenyl-2H-tetrazolium bromide (MTT) to formazan 

was used to determine cell viability(29).  SSTC3 abundance in plasma and brain tissue was 

determined following protein precipitation, methanol extraction, analyses by LC/MS/MS and 

comparison to a corresponding calibration curve. After separation on a C18 reverse phase HPLC 

column (Agilent) using an acetonitrile-water gradient system, peaks were analyzed by MS using 



ESI ionization in multiple reaction monitoring mode. LC/MS/MS was performed using an Agilent 

6410 mass spectrometer coupled with an Agilent 1200 HPLC and a CTC PAL chilled autosampler, 

controlled by MassHunter software (Agilent).  

 

 Animal studies 

All animal studies were conducted in accordance with protocols approved by the Institutional 

Animal Care and Use Committee at the University of Miami. PTCH1 (PTCH1TM1MPS/J(30)) or 

ND2:SMOA1 (C57BL/6-Tg(NEUROD2-SMO*A1)199JOLS/J) mice (Jackson laboratory) were 

mated to generate breeding colonies. Spontaneous tumors from PTCH1+/- mice were expanded 

and maintained in 6-week old male CD1-Foxn1nu mice as allografts (Charles River Laboratories). 

A similar protocol was used to expand a TRP53 mutant, MYCN amplified patient derived xenograft 

(PDX) (TB-14-7196). For orthotopic implantation 10,000 PTCH1+/- mouse MB cells or 1,000,000 

TRP53 mutant, MYCN amplified human MB cells were resuspended in 3 μl serum free media and 

implanted into the cerebellum of 6-week old male CD1-Foxn1nu mice. Coordinates used were 2 

mm down lambda, 2 mm right of the middle line suture, 2 mm deep(31). SSTC3 (StemSynergy 

Therapeutics Inc.) was diluted in DMSO to a final volume of 50 μl and administrated via 

intraperitoneal injection. The number of tumor lesions, defined as the number of in situ tumors 

plus local metastasis found per slide, were quantified to determine the total tumor burden. For 

immunohistochemistry analyses mouse tissues were fixed in 10% formalin for 48 hours prior to 

staining with the indicated antibodies, following the manufacturer’s recommendations (Cell 

Signaling). A TACS® TdT in situ DAB kit (R&D Systems) for TERMINAL DEOXYNUCLEOTIDYL 

TRANSFERASE (TdT) dUTP Nick-End Labeling (TUNEL) was used to detect DNA fragmentation, 

following the manufacturers recommendations. Tumor area was quantified using H&E stained 

slides imaged using an Olympus IX7I microscope, and measured using CellSens software 

(Olympus). In symptom-free survival experiments, mice were sacrificed upon developing MB 

symptoms (such as hunch position, characteristic circling, hemineglect or ataxia) or 9 months 



after treatment withdrawal for ND2:SMOA1 mice (90 days for TRP53 mutant, MYCN amplified 

PDX).  

 

In vivo tumor detection in ND2:SMOA1 mice was determined after intravenous injection of 

AngioSense 680 EX and 750 EX (Perkin Elmer). For luciferase imaging of TRP53 mutant, MYCN 

amplified tumors, resected tumor cells were centrifuged in the presence of luciferase expressing 

lentivirus at 2000 rpm for 2 hours at 4 °C prior to implantation. D-Luciferin (Perkin Elmer) was 

administrated intraperitoneally to each mouse (150 mg/kg) 10 minutes before imaging. All tumor 

imaging was performed using a Caliper/Xenogen IVIS® SPECTRUM. Luciferase intensity was 

determined by measuring luminescence signal in the brain using Living Image® advanced in 

vivo imaging software (Perkin Elmer). 

 

Statistical analysis 

Results shown from in vitro analyses represent the mean of at least three independent 

experiments +/- SEM. For BrdU staining 4 fields per condition, from 3 independent experiments, 

were quantified. For IHC quantification, the results shown represent the mean and SEM of at least 

4 fields from 3 different mice. At least 5 mice per experimental condition were used for RNA and 

4 for protein analyses. For tumor size studies the results shown represent the mean and SEM of 

at least 12 mice per experimental condition. Significance for two sample analyses was determined 

using an unpaired Student’s t-test. In multiple group comparisons, significance was determined 

using a one-way analysis of variance (ANOVA) followed by a post-hoc Student-Newman-Keuls 

analysis. For survival analyses at least 10 mice per experimental condition were used and 

significance calculated using a Log-rank (Mantel-Cox) test. Statistical significance was reached 

when p< 0.05. 

 

Results 



The second-generation CK1α activator SSTC3 attenuated the activity of a commonly used SHH-

dependent reporter gene assay (EC50 68 nM), relative to its inactive structural analog SSTC111 

(Figure 1A). SSTC3 was also able to reduce the expression of a known SHH target gene (GLI1) 

in a time and dose dependent manner (Figure 1B), and this attenuation of GLI1 expression 

occurred in a CK1α dependent manner (Figure 1C & Supplemental 1). To further determine the 

ability of SSTC3 to attenuate SHH signaling we also utilized primary GPC, whose proliferation is 

dependent on SHH activity. SSTC3 attenuated the SMO agonist (SAG) driven proliferation of 

GPC (Figure 1D & E) in an on-target manner, as it also attenuated the expression of SHH target 

genes (Figure 1F). Consistent with SSTC3 acting downstream of SMO, it was able to attenuate 

SHH activity driven by two clinically relevant, vismodegib resistant drivers of MB: loss of SUFU 

and a constitutive active form of SMO engineered to be vismodegib resistant (SMOM2:D473) 

(Figure 1G & H). Additionally, when new protein synthesis was blocked, SSTC3 treatment of NIH-

3T3 cells resulted in decreased stability of GLI1 protein, a known CK1α target (Figure 1I). Thus, 

SSTC3 is able to attenuate SHH activity in a manner similar to that previously described for the 

first-in-class CK1α activator pyrvinium(21), acting downstream of SMO to regulate GLI stability.  

 

A number of groups have isolated and characterized MBSC from SHH subgroup MB(32–37), the 

majority of which become insensitive to SMO antagonists(38). The Segal group recently 

described a novel culturing system that allows MBSC to retain their sensitivity to SMO 

antagonists(26). We isolated sphere cultures from PTCH1 mutant driven MB using these culturing 

conditions and validated them, showing that their viability and expression of two SHH target genes 

was sensitive to low doses of vismodegib (Figure 2A & Supplemental 2A). SMO knockdown also 

reduced the viability of the MBSC and reduced the expression of GLI1 (Figure 2B & 2C), relative 

to a control shRNA. We next treated these characterized MBSC with SSTC3 or SSTC111, and 

showed that SSTC3 attenuated their viability in a potent, dose-dependent manner relative to 

SST111 treatment (Figure 2D). SSTC3 also attenuated the expression of SHH target genes in 

these MBSC, and did in a dose dependent manner (Figure 2E). The decrease in MBSC viability 



we observe upon SSTC3 treatment is likely due to decreased proliferation, as we observe a 

decrease in BrdU incorporation upon SSTC3 exposure (Figure 2F).  

 

One of the challenges of treating brain tumors with drugs is their variable ability to penetrate the 

blood brain barrier (BBB). We show that SSTC3 is BBB penetrant, enriching in the brain to levels 

comparable to those found in serum (Figure Supplemental 2B). This is in stark contrast to 

pyrvinium, whose levels in the serum are essentially undetectable(39). Taking advantage of this 

enrichment of SSTC3 in the brain, we treated mice with orthotopic PTCH1 MB implants with 

SSTC3 for 30 days. The SSTC3 exposed residual tumors were significantly smaller than vehicle 

treated tumors (Figure 2G & Supplemental 2C). Furthermore, we also observed reduced 

proliferation (Figure 2H & 2I) and increased apoptosis (Figure 2J & 2K) of the MB cells in vivo. 

Consistent with SSTC3 acting on target in vivo, SSTC3 exposed tissue exhibited a reduction in 

SHH target genes (Figure Supplemental 2D) and decreased levels of GLI1 protein (Figure 

Supplemental 2E & F). Thus, SSTC3 is BBB penetrant and exhibits efficacy against a PTCH1 

mutant driven orthotopic MB mouse model. 

 

We next tested the efficacy of SSTC3 in a genetically engineered mouse model (GEM) of MB, 

driven by a vismodegib insensitive oncogenic SMO mutant (SMOA1)(40–43). We treated a cohort 

of 8-week-old ND2:SMOA1 mice with SSTC3, or vehicle, and determined tumor growth by IVIS 

imaging (Figure 3A), pathologically (Figure 3B-C), or by measuring tumor area (Figure 3D). In all 

cases, SSTC3 exhibited dramatic effects on MB growth. Importantly, quantification of local 

metastases in these mice, which are commonly observed in this GEM(40), also showed a 

significant reduction in the SSTC3 treated group (Figure 3E). Further, SSTC3 treated tumors 

exhibited decreased proliferation (Figure 3F-G) and increased apoptosis (Figure 3H & I, & 

Supplemental 3A & B). Consistent with SSTC3 attenuating tumor growth in an on-target manner, 

MB tissue exposed to SSTC3 exhibited decreased expression of SHH target genes (Figure 3J). 

Given the dramatic effects of SSTC3 on acute MB growth, we next examined the effects of SSTC3 



treatment on MB symptom-free survival. We therefore treated a cohort of 8-week-old 

ND2:SMOA1 mice with SSTC3 for one month and then monitored their symptom-free survival. 

Even with this limited exposure to SSTC3 we observed a significant increase in symptom-free 

survival in mice exposed to SSTC3 (Figure 3K), with 40% percent of the SSTC3 mice still 

symptom-free 9 months after treatment withdrawal.  

 

In a recent clinical trial, vismodegib exhibited poor efficacy against TRP53 mutant SHH subgroup 

MB patients(19), likely due to GLI amplifications driving non-canonical SHH signaling downstream 

of SMO. As SSTC3 acts downstream of SMO, we hypothesized that it would exhibit efficacy 

against this most clinically challenging form of MB. Mice carrying such a PDX developed MB 

symptoms within 5 weeks, including hydrocephalus with fontanelle bulging, head tilt, hunched 

posture, and ataxia. Similar to the histology reported for primary MYCN amplified(44), TRP53 

SHH subgroup MB samples, these PDX displayed large cell histology that was highly invasive 

(Figure Supplemental 4A). Three weeks after tumor implantation we treated this cohort of mice 

with vehicle or SSTC3 for two days and then harvested MB tissue. SSTC3 attenuated the 

expression of a subset of human specific GLI driven target genes in these PDXs, relative to 

vehicle treated mice (Figure 4A). This result suggests that SSTC3 can reduce GLI signaling in 

human SHH subgroup MB tissue known to be vismodegib resistant in the clinic. Cells derived 

from this PDX were infected with a luciferase expressing virus and orthotopically implanted into 

immunocompromised mice. After three days of implantation the mice were treated with vehicle or 

SSTC3 and tumor size monitored 7 days later. SSTC3 exposure significantly reduced the size of 

the tumors in these mice (Figure 4B & Supplemental 4B). Similar results were obtained when this 

PDX was orthotopically implanted into immnuocompromised mice and chronically treated with 

vehicle or SSTC3 (Figure 4C & D). Consistent with this reduction in tumor size, MB tissue similarly 

exposed to SSTC3 showed reduced proliferation (Figure 5E & F) and increased levels of apoptotic 

biomarkers relative to vehicle treated mice (Figure 4G & H, Supplemental 4C & D). A larger cohort 

of mice was also treated with SSTC3 for 30 days, and then monitored for symptom-free survival. 



SSTC3 treated mice exhibited a significant increase in symptom-free survival over vehicle treated 

mice (35 days median survival for the vehicle treated mice versus 57 days for the SSTC3 ones) 

(Figure 4I). 

 

Discussion 

We show that a novel small-molecule CK1α activator, SSTC3, acts to attenuate GLI signaling, 

and does so in a CK1α dependent manner. SSTC3 inhibits SHH signaling downstream of SMO 

in vitro and in vivo, bypassing mechanisms of SMO inhibitor resistance commonly observed in 

the clinic(17, 43, 45). Further, unlike the first-in-class CK1α activator pyrvinium(46), SSTC3 

enriches in serum and crosses the BBB to attenuate SHH signaling, reduce tumor growth, and 

increase the survival of two distinct mouse models of SHH subgroup MB. One of these mouse 

models of MB (ND2:SMOA1) exhibits numerous pathological markers of local metastases, 

including leptomeningeal spread(40), which is uniformly lethal in MB patients(47, 48). 

Significantly, SSTC3 was also able to reduce the emergence of these pathological markers of MB 

metastasis. Thus, CK1α activators represent a BBB permeable, small-molecule GLI inhibitor with 

the potential to target SHH subgroup MB patients, including those that exhibit local metastasis.  

 

The discovery of the natural product cyclopamine as the first-in-class SMO antagonist 

(49)prompted the screening and preclinical development of SMO inhibitors with improved 

pharmacokinetic properties. Two such SMO inhibitors, vismodegib and sonidegib, are currently 

FDA approved for use in advanced basal cell carcinoma patients[10,42,43], and a number of 

others are in various stages of clinical trials(50). Although exhibiting dramatic initial efficacy, 

recurrent BCC due to vismodegib resistance is commonly observed[44]. Deep sequencing of 

relapsed BCC tissue identified mutations in SMO as a common mechanism of such drug 

resistance, and also identified mutations in several genes that act downstream of SMO- such as 

GLI amplifications and loss of function mutations in SUFU(17, 51). The promising results 

observed in advanced BCC patients resulted in the rapid repurposing of vismodegib for MB 



patients. Vismodegib exhibited significant efficacy in SHH subgroup MB patients, although rapid 

tumor recurrence was also commonly observed in these patients(20). These mechanisms of 

vismodegib resistance underscore the clinical need for novel targeted therapies that act 

downstream of SMO, especially those that act on GLI proteins themselves. Consistent with 

transcription factors being difficult to target in the clinic, only a handful of such inhibitors have 

been described(53). One of these, arsenic trioxide (ATO), binds directly to the zinc finger region 

of GLI proteins to inhibit their activity(54). As ATO is already FDA approved, for a subtype of 

leukemia(55), clinical trials repurposing it as a GLI inhibitor have already being performed for 

advanced BCC patients (NCT01791894). Unfortunately, the micromolar potency and limited BBB 

permeability of ATO(56) is likely to limit its clinical utility for MB patients. The family of 

bromodomain and extraterminal domain (BET) inhibitors has also been shown to attenuate GLI 

activity, binding to and inhibiting the transcription of GLI1 and GLI2(57–59). One of these small-

molecules, OTX015, has been shown to be BBB permeable and is currently being evaluated in 

clinical trials for glioblastoma (NCT02296476). 

 

Most importantly, our work shows that SSTC3 exhibits efficacy against patient derived TRP53 

mutant, MYCN amplified SHH MB, a form of SHH subgroup MB that remains clinically 

refractory(24). TRP53 mutations are present in approximately 30% of childhood SHH MB, both 

as somatic and germ line mutations (Li-Fraumeni syndrome), and are considered the most 

important risk factor for SHH subgroup MB patients(6, 23, 24). Clinical trials of vismodegib in MB 

patients showed no benefit for this subset of SHH subgroup patients(19), likely due to the 

downstream amplifications of GLI and MYCN commonly associated with TRP53 mutation in 

MB(60). Thus, CK1α agonists represent a novel class of therapeutic capable of bypassing the 

common mechanisms that underlie SMO inhibitor resistance in the clinic, and which exhibits 

significant promise for treating this subset of SHH subgroup MB patients who have few 

therapeutic options.  

 



We have previously shown that a subset of SHH subgroup MB initiating cells are actually WNT 

dependent, and that inhibition of WNT signaling attenuates MB growth(31). We have also shown 

that CK1α activators can function as WNT inhibitors in vitro and in vivo(22, 46, 61). We therefore 

examined the expression of two commonly used WNT biomarkers in our various MB tissues, to 

rule out that SSTC3 was attenuating MB growth via a reduction in WNT activity.  We did not 

observe significant changes in WNT target gene expression upon SSTC3 exposure, consistent 

with SSTC3 acting as a GLI inhibitor in these mouse models of MB which do not have a significant 

WNT signature(21) (Supplemental 2G and 3C). However, consistent with our previous mouse 

PTCH1;TRP53 mutant MB models, TRP53 mutant PDXs exhibited significant WNT target gene 

expression and this expression could be reduced upon exposure to SSTC3 (Supplemental 4E). 

Thus, although SSTC3 exhibits significant efficacy in reducing the growth of TRP53 mutant MB 

PDX, we are unable to determine if a subset of this activity is a result of attenuating WNT driven 

tumor-initiating cells. Regardless of the exact mechanism of action, we present here evidence for 

a novel BBB penetrant, small-molecule CK1α activator that is capable of attenuating the growth 

of a clinically refractory form of MB.   
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Figure 1: SSTC3 acts downstream of SMO to attenuate SHH activity. A. Light2 cells were treated 
with 1 µg/ml recombinant SHH for 24 h, followed by addition of the indicated concentrations of SSTC3 
or SSTC111 for an additional 48 h. Firefly luciferase activity was then determined and normalized to 
renilla luciferase activity. B. NIH-3T3 cells were incubated with the SMO agonist SAG (100 nM) and 
the indicated concentrations of SSTC3. The expression of GLI1 was determined at the indicated time 
points and normalized to that of the housekeeping gene GAPDH. C. Light2 cells were transduced with 
lentivirus expressing the indicated shRNA to generate stable polyclonal cell lines. These cells were 
treated with SAG (100 nM) and SSTC3 (200 nM) for 48 h. The expression of GLI1 was determined 
and normalized to that of GAPDH. D. Granular Precursor Cells (GPC) were incubated in the presence 
of DMSO, SAG (100 nM), or SAG (100 nM) and SSTC3 (200 nM), for 24 h prior to quantification of 
BrdU incorporation. E. Representative images from similarly treated GPC are shown. F. GPC were 
treated with vehicle, SAG (100 nM) and SSTC3 (200 nM) or vismodegib (100 nM), and expression of 
the indicated genes determined 6 h later. G. Sufu-/- MEFs were treated for 48 h with vehicle, the 
indicated concentrations of SSTC3, or vismodegib (200 nM). The expression of GLI1 was then 
determined and normalized to that of GAPDH. H. Light2 cells expressing wild type (WT) SMO, the 
vismodegib resistant oncogenic SMO mutant M2-D473 or GLI1, were treated with vehicle, vismodegib 
(200 nM) or SSTC3 (200 nM). Firefly luciferase activity was then determined and normalized to renilla 
luciferase activity. I. NIH-3T3 cells expressing epitope MYC-tagged GLI1 were treated with 100 µg/ml 
cycloheximide (CHX) at the indicated time points, in the presence of pyrvinium (100 nM), SSTC3 (200 
nM) or vehicle control. GLI1, and GAPDH, levels were determined by immunoblotting. 
 
Supplemental 1: CK1α knockdown decreases CK1α protein levels. Light2 cells were transduced 
with lentivirus expressing the indicated shRNA to generate stable polyclonal lines. The levels of the 
indicated proteins were determined by immunoblotting with antisera to CK1α or TUBULIN. 
 
Figure 2: SSTC3 inhibits the growth of SHH subgroup medulloblastoma. A. Medulloblastoma 
sphere cultures (MSC) were isolated from a PTCH1+/- MB. The MSC were incubated for 3 days with 
the indicated concentrations of vismodegib and cell viability determined using a MTT reduction assay. 
B. PTCH1 mutant MSC were transduced with the indicated shRNA and cell viability determined 5 days 
later using a MTT assay. C. GLI1 expression determined in similarly transduced cells 3 days after 
infection. D. PTCH1 mutant MSC were treated with the indicated concentrations of SSTC3 or 
SSTC111, and cell viability determined 3 days later. E. Expression of the indicated genes in similarly 
treated cells was determined 24 h after treatment. F. PTCH1 mutant MSC were treated with the 
indicated concentrations of SSTC3 and proliferation determined by BrdU incorporation 24 h later. G. 
Mice carrying orthotopically implanted PTCH1 mutant MB tumors were treated every other day with 
SSTC3 (10 mg/kg) or vehicle for 30 days. The mice were then sacrificed, their brains harvested and 
the size of the residual tumors determined. H. The residual tumors from these mice were 
immunostained for the proliferation biomarker PCNA and the numbers of PCNA+ cells per field 
quantified. I. Representative images of PCNA immunostained cells are shown. These residual tumors 
were immunostained for the apoptosis biomarker Cleaved CASPASE-3 and the numbers of Cleaved 
CASPASE-3+ cells per field quantified. K. Representative images of Cleaved CASPASE-3 
immunostaining are shown. 
 
Supplemental 2: SSTC3 is a blood brain barrier penetrant small-molecule capable of reducing 
orthotopic medulloblastoma growth. A. PTCH1 mutant MSC were treated with the indicated 
concentrations of vismodegib, and the expression of the indicated genes determined 24 h later and 



normalized to the expression of the housekeeping gene GAPDH. B. SSTC3 distribution was 
determined in mouse plasma and brain tissue at the indicated times. C. Mice carrying orthotopic 
PTCH1 mutant MB were treated every other day with SSTC3 (10 mg/kg) or vehicle for 30 days. 
Representative H&E staining of residual tumors from these mice is shown. D. Mice carrying flank 
PTCH1 mutant MB were treated for 48 h with SSTC3 (25 mg/kg) or vehicle control for 48 h. Tissues 
were harvested 6 h after the last injection and expression of the indicated genes determined by RT-
qPCR. E. GLI1 levels determined by immunoblotting in similarly treated mice. NIH-3T3 cells 
overexpressing GLI1 or GLI2 were used to show antibody specificity. GLI1 levels from E were 
quantified using Image-J. G. PTCH1 mutant MSC were treated with the indicated concentrations of 
SSTC3, and expression of the indicated genes determined 24 h later and normalized to that of the 
housekeeping gene GAPDH. 

 
Figure 3: SSTC3 increases the symptom-free survival of a genetically engineered mouse model 
of SHH subgroup medulloblastoma. A. Two-month old ND2:SMOA1 mice were treated with vehicle 
or SSTC3 (20 mg/kg) daily for 1 month. Representative IVIS images from vehicle or SSTC3 treated 
mice are shown. B. Similar mice were treated every other day with SSTC3 (10 mg/kg) for a month. 
Representative images of brains from wild type or ND2:SMOA1 vehicle or SSTC3 treated mice are 
shown. C. Representative H&E staining of residual tumors from these mice. D. The area of tumor from 
the vehicle and SSTC3 treated mice was determined. E. Tumor burden, defined as the number of in 
situ and metastatic tumors per section, was quantified for these orthotopic tumors. F. Tumors from 
these mice were immunostained for the proliferation biomarker PCNA and the numbers of positive 
cells per field quantified. G. Representative images of PCNA immunostaining are shown. H. Orthotopic 
tumors were immunostained for the apoptosis biomarker Cleaved CASPASE-3 and the numbers of 
positive cells per field quantified. I. Representative images of Cleaved CASPASE-3 immunostaining 
are shown. J. Four-month old ND2:SMOA1 mice were treated with vehicle or 10 mg/kg SSTC3 for 2 
consecutive days. The mice were then sacrificed and their cerebella harvested 6 h after the last 
injection. The expression of the indicated genes was then determined and normalized to the 
expression of GAPDH. K. Two-month old ND2:SMOA1 mice were treated with 10 mg/kg SSTC3 every 
other day for 1 month, and MB symptom-free survival monitored for 10 additional months.  
 
Supplemental 3: SSTC3 promotes apoptosis without affecting WNT signaling in SMOA1 driven 
medulloblastoma. A. Two-month old ND2:SMOA1 mice were treated with 10 mg/kg SSTC3 every 
other day for 1 month. DNA fragmentation was determined using a TUNEL assay in tumors from the 
indicated mice. B. Representative images of TUNEL staining are shown. C. Four-month old 
ND2:SMOA1 mice were treated with vehicle or 10 mg/kg SSTC3 for 2 consecutive days, 6 h after the 
last injection the mice were sacrificed and their cerebella harvested. The expression of the indicated 
genes was then determined and normalized to that of GAPDH. 
 
Figure 4: SSTC3 inhibits the growth of a patient derived SHH subgroup medulloblastoma 
model. A. Mice carrying an orthotopically implanted SHH subgroup MB PDX (TRP53 mutant, MYCN 
amplified) were treated for two consecutive days with vehicle or 10 mg/kg SSTC3. Residual tumor 
tissue was harvested 6 h after the last injection and expression of the indicated genes determined and 
normalized to that of GAPDH. B. Mice carrying an orthotopically implanted PDX, engineered to 
express luciferase, were treated daily with vehicle or SSTC3 (10 mg/kg) for 10 days. Tumor growth 
was determined by IVIS imaging on day 3 and 10. Representative IVIS imaging is shown. C. Mice 
carrying an orthotopically implanted MB PDX were treated with vehicle or SSTC3 (10 mg/kg) every 
other day for 30 days. The size of the tumors from these mice was then determined. D. Representative 



H&E staining of tumors from these mice. E. Residual tumors from these mice were immunostained for 
the proliferation biomarker PCNA and the number of positive cells per field quantified. F. 
Representative images of PCNA immunostaining are shown. G. Residual tumors from these mice 
were immunostained for the apoptosis biomarker Cleaved CASPASE-3 and the numbers of positive 
cells per field quantified. H. Representative images of Cleaved CASPASE-3 immunostaining are 
shown. I. Mice carrying an orthotopically implanted MB PDX were treated with vehicle or SSTC3 (10 
mg/kg) every other day for 30 days and MB symptom-free survival monitored.  
 
Supplemental 4: SSTC3 inhibits the growth of a PDX medulloblastoma model. A. Patient derived 
SHH-subgroup MB cells (TRP53 mutant, MYCN amplified) were orthotopically implanted into the 
brains of immunocompromised mice and allowed to form tumors in vivo: (a) Image of a non-
symptomatic mouse. (b) Image of a symptomatic mouse. (c) Representative image of a naïve brain. 
(d) Representative image of a brain carrying this PDX. (e) Representative H&E staining of tumor 
growth in the cerebellum. (f) Representative image of intraventricular tumor spread. (g) Representative 
image of cerebral tumor spread. (h) Representative image of leptomeningeal tumor dissemination. B. 
Mice carrying an orthotopically implanted MB PDX, engineered to express luciferase, were treated 
daily with vehicle or SSTC3 (10 mg/kg) for 10 days. Tumor growth was quantitated by IVIS imaging 
on day 3 and 10 post-implantation (5 mice per group). C. Mice carrying an orthotopically implanted 
MB PDX were treated daily with vehicle or SSTC3 (10 mg/kg) every other day for 30 days. DNA 
fragmentation was determined in tumors using a TUNEL assay. D. Representative images of TUNEL 
staining are shown. E. Mice carrying an orthotopically implanted MB PDX were treated for two 
consecutive days with vehicle or 10 mg/kg SSTC3. Tumor tissue was harvested 6 h after the last 
injection and expression of the indicated genes determined and normalized to that of GAPDH. 
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