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Abstract

The external granule layer (EGL) is a proliferative region that produces over 90% of the neurons 

in the cerebellum but can also malignantly transform into a cerebellar tumor called the 

medulloblastoma (the most common malignant brain tumor in children). Current dogma considers 

Hedgehog stimulation a potent proliferative signal for EGL neural progenitor cells (NPCs) and 

medulloblastomas. However, the Hedgehog pathway also acts as a survival signal in the neural 

tube where it regulates dorsoventral patterning by controlling NPC apoptosis. Here we show 

Hedgehog stimulation is also a potent survival signal in the EGL and medulloblastomas that 

produces a massive apoptotic response within hours of signal loss in mice. This toxicity can be 

produced by numerous Hedgehog antagonists (vismodegib, cyclopamine, and jervine) and is 

Bax/Bak dependent but p53 independent. Finally, since glucocorticoids can also induce EGL and 

medulloblastoma apoptosis, we show Hedgehog's effects on apoptosis can occur independent of 

glucocorticoid stimulation. This effect may play a major role in cerebellar development by 

directing where EGL proliferation occurs thereby morphologically sculpting growth. It may also 

be a previously unknown major therapeutic effect of Hedgehog antagonists during 

medulloblastoma therapy. Results are discussed in terms of their implications for both cerebellar 

development and medulloblastoma treatment.
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Introduction

The external granule layer (EGL) is a proliferative layer producing over 90% of cerebellar 

neurons which represent over half of the neurons in the entire brain (the cerebellum actually 

contains more neurons than the cerebrum) (Andersen et al., 1992; Harvey and Napper, 

1988). Once produced, granule neurons migrate past the molecular and Purkinje cell layers 

before populating the internal granule layer (Figure 1A). Since Purkinje cells form synaptic 

connections with granule neurons, neurogenesis is regulated to maintain a consistent ratio 

between these cell types (Goldowitz and Hamre, 1998). A critical factor regulating EGL 

proliferation is the Sonic Hedgehog (Hh) pathway which begins with secretion of Sonic Hh 

ligand from Purkinje cells onto EGL neural progenitor cells (NPCs) where it binds and 

inhibits the Patched receptor. Since Patched activation normally represses Smoothened, this 

diminishes inhibition of Smoothened leading to a downstream activation of Gli transcription 

factors which are thought to potently increase NPC proliferation (Klein et al., 2001; 

Wechsler-Reya and Scott, 1999).

There is convincing evidence that EGL NPCs can become tumor-initiating cells that develop 

into medulloblastomas (MBs), the most common malignant brain tumor in children. For 

instance, mice with heterozygous mutations in the Patched gene exhibit disrupted inhibition 

of Smoothened leading to constitutive Hh activation (Goodrich et al., 1997; Oliver et al., 

2005). While the EGL normally disappears by two weeks of age, Patched mice exhibit 

ectopic preneoplastic EGL remnants that are not a MB but have a high probability of 

progressing into one. Importantly, similar mutations of the Patched gene spontaneously 

occur in humans with an analogous increase in MB vulnerability (Oliver et al., 2005). 

Consistent with this finding, up to 30% of human MBs are driven by excessive Hh 

stimulation (Leary and Olson, 2012). Thus, animal research mirrors clinical findings 

suggesting the Hh pathway plays a key role in MB development. This has positioned the Hh 

pathway as a key area of research for testing MB formation and/or treatment. Much of this 

interest centers on novel Hedgehog antagonists (HAs) which effectively treat MBs in 

transgenic mice (Berman et al., 2002; Romer and Curran, 2005). This enthusiasm recently 

peaked due to the first Food and Drug Administration approval of the HA vismodegib. 

While vismodegib is currently approved for treating basal-cell carcinoma, several MB 

clinical trials have reported anti-tumor effects including some with remarkable results 

(Gajjar et al., 2010; Robinson, 2013; Rudin et al., 2009).

Interestingly, Hh signaling can have different effects in other regions of the nervous system. 

Sonic Hh ligand is also produced by the notochord and floor plate in early development 

which directs dorsoventral patterning of the neural tube by acting as a survival signal 

(Charrier et al., 2001; Thibert et al., 2003). Thus, NPCs proximal to Hh signaling survive 

and continue proliferating but more distal cells undergo apoptosis if signaling is lost 

(Guerrero and Ruiz i Altaba, 2003). Interestingly, blocking NPC apoptosis in the neural tube 

helps but does not completely rescue the effects of Hh inhibition on the neural tube, 

suggesting that Hh signaling regulates neural tube development through both apoptosis and 

proliferation (Guerrero and Ruiz i Altaba, 2003). Based on this research, we tested if Hh 

stimulation analogously acts as a survival signal in the EGL and MBs. Surprisingly, the loss 

of Hh signaling produced a massive apoptotic response within a few hours of signal loss.
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Materials and Methods

Animals and Drugs

All procedures were in accordance with the Institutional Animal Care and Use Committee at 

Washington University in St. Louis and National Institutes of Health guidelines and used 

mice from both genders. ICR mice (Harlan, Indianapolis, IN, USA) were used in all 

experiments unless otherwise indicated. p53 knockout (Stock #2101) and Math1-Cre 

(Stock#11104) mice were purchased from Jackson Laboratories (Bar Harbor, MA, USA). 

Bax/Bak mice were a kind gift from Scott Oaks (University of California, San Francisco). 

p53, Math1-Cre, and Bax/Bak mice were maintained on the C57BL/6 strain. Patched mice 

(Goodrich et al., 1997) were a kind gift from Jane Johnson (UT Southwestern Medical 

Center) and were on a mixed C57BL/6/129X1/SvJ background. All experiments used mice 

from both genders.

Since many solvents are neurotoxic in developing brain (Farber et al., 2010; Hanslick et al., 

2009; Lau et al., 2012), vismodegib (LC Laboratories, Woburn, MA, USA), cyclopamine 

(LC Laboratories, Woburn, MA, USA), jervine (Santa Cruz Biotechnology, Dallas, TX, 

USA), mifepristone (Sigma-Aldrich, St. Louis, MO, USA), itraconazole (Santa Cruz 

Biotechnology, Dallas, TX, USA), and fluocinolone acetonide (Sigma-Aldrich, St. Louis, 

MO, USA) were dissolved in palm oil and injected intraperitoneally. Injections of cytosine 

arabinoside (AraC; Sigma-Aldrich, St. Louis, MO, USA) and dexamethasone sodium 

phosphate (Voigt Global Distribution LLC, Lawrence, KS, USA) were dissolved in saline. 

Unless otherwise indicated, animals were perfused six hours postinjection for 

immunolabeling. Following injection, animals were housed separately from their mothers in 

a veterinary recovery chamber (Mediheat V1200, Dalton, GA, USA) at an ambient 

temperature of 30° C until perfusion.

Histology

For immunohistochemistry, animals were deeply anesthetized, transcardially perfused with 

4% paraformaldehyde in 0.1 M Tris buffer, and brains sagittally sectioned on a vibratome at 

75 μm. Sections were then incubated in a quenching solution (absolute methanol with 3% 

hydrogen peroxide) for 15 minutes, a blocking solution (PBS with 2% BSA, 0.2% milk, and 

0.1% triton X-100) for an hour, and a primary antibody overnight. Finally, sections were 

placed in secondary antibody for an hour, reacted with ABC reagents, and incubated in 

either a chromogen (Vector VIP substrate kit, Vector Laboratories, Burlingame, CA, USA) 

or fluorescent probes. Photocomposites were taken with a Leica DM400B microscope 

connected to a Leica DFC310FX camera using Surveyor software V7.0.0.6 MT (Objective 

Imaging, Cambridge, UK). Immunohistochemistry was performed with antibodies raised 

against activated caspase-3 (Cell Signaling, Danvers, MA, USA), KI-67 (BD Biosciences, 

San Jose, CA, USA), or Cre (Millipore, Billerica, MA).

Semi-quantitative evaluation of activated caspase-3 labeling in the EGL

We have found semi-quantitative evaluation is a highly sensitive measure of EGL apoptosis 

(Noguchi et al., 2011, 2008). Briefly, a rater blind to treatment examined several midsagittal 

sections and semi-quantitatively evaluated AC3 in the EGL by assigning a rating to each 
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animal using the following scale as a guide: 0 = no apoptotic profiles in all EGL regions, 1 = 

apoptotic profiles in a minority of EGL regions, 2 = apoptotic profiles are seen in a majority 

of EGL regions, and 3 = apoptotic profiles in all regions of the EGL. The scale was used as a 

general guide but rating scores could vary continuously (not limited to integers) between 

0-3. Previous research has established that t-tests and ANOVAs are appropriate and robust 

statistical analyses for this type of scoring (Norman, 2010). Unless otherwise indicated, 

degeneration scores were evaluated using a t-test or one-way ANOVA with Bonferroni post 

hoc. To evaluate whether HAs dose dependently increased EGL apoptosis, we conducted 

Pearson's r correlation between dose and degeneration score to determine whether a linear 

correlation exists. All data were analyzed using Prism software (Version 5.0a; Graphpad 

Software Inc., San Diego, CA, USA).

Quantification of Activated Caspase-3 in Medulloblastomas

Since MBs vary in size and shape, a semi-quantitative scale was inadequate to quantify 

apoptosis. Therefore, apoptotic density counts were performed within tumors. At the first 

indication of tumor burden (tremor/gait disturbance, ataxia, loss of balance, listing to one 

side), animals were injected with 50 mg/kg vismodegib or vehicle and perfused 6 hours 

later. Cerebella plus MB were sectioned at 75 μM and stained for AC3. A rater blind to 

treatment performed imaging and quantification. Cell counts were performed on multiple 

sagittal sections (at least 3 per animal) within the same tumor and averaged to derive a 

single cell count per animal. Each section was imaged on a Nikon Eclipse E800 microscope 

at 10× using a Leica DFC490 digital camera connected to a MacPro (1,1 dual core Intel 

Xeon 2.66 GHz) with Leica Firecam software (Leica Microsystems, v 3.0.1). For each 

section, we imaged the central portion of the tumor and avoided any regions with 

imperfections due to tissue processing. Images were converted to 8-bit using Image J 

software (National Institutes of Health, v 1.42q), thresholding applied to maximize AC3 

staining contours, and cell counts performed using Analyze Particles (Size: 75-Infinity, 

Circularity 0.0-1.0). A density count was calculated by dividing the cell count for each 

section by the area of the image (1.13 mm × 0.88 mm = 0.9944 mm2). Finally, density 

counts for each section were averaged to give a single average density count per animal. 

Density values between treatment groups were analyzed with a t-test.

Results

Hedgehog antagonists produces EGL apoptosis in a dose dependent manner

If Hh signaling acts as a survival signal, HAs should produce EGL apoptosis. We 

administered several HAs to postnatal day (PND)7 mice and perfused for activated 

caspase-3 (AC3) immunolabeling six hours later. Caspase-3 is a protease which is activated 

after a cell has irreversibly committed to apoptosis (Olney et al., 2004) and AC3 is a 

sensitive marker of EGL NPC apoptosis (Noguchi et al., 2011, 2008). Following HA 

exposure, the entire brain was screened for apoptosis but toxicity was only found in the 

EGL. Therefore, apoptosis was semi-quantitatively measured in the EGL only. Vismodegib 

is the only HA to receive Food and Drug Administration approval and effectively treats 

MBs in mice at 50 mg/kg (Wong et al., 2011). Semi-quantitative analysis revealed 

vismodegib significantly increased EGL apoptosis (F[4,26] = 39.40, p< 0.0001) at 1 mg/kg 
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and above (Figure 1B-C and Figure 2A) in a dose dependent manner (r = 0.633, p< 0.0001). 

While vismodegib potently increased EGL apoptosis, this toxicity may be due to an off 

target effect. If true, cyclopamine and jervine (HAs that are structurally unrelated to 

vismodegib (Rudin, 2012)) would probably not produce the same toxicity. Semi-quantitative 

analysis revealed that cyclopamine, which effectively inhibits MB growth at 50 mg/kg 

(Berman et al., 2002; Gould and Missailidis, 2011), significantly increased EGL apoptosis 

(F[4,25] = 27.78, p< 0.0001) at 37.5 mg/kg and above (Figure 2B) in a dose dependent 

manner (r = 0.884, p< 0.001). Jervine is related to cyclopamine and derived from the same 

plant. Semi-quantitative analysis revealed jervine significantly increased EGL apoptosis 

(F[3,11] = 16.61, p< 0.001) at 50 mg/kg and above (Figure 2C) in a dose dependent manner 

(r = 0.897, p< 0.0001). Our results indicate structurally unrelated HAs potently induce an 

identical pattern of EGL apoptosis within hours of administration. Itraconazole is an anti-

fungal HA that potently suppresses MB growth in a mouse allograft model (Kim et al., 

2010). Unfortunately, since this model transplants MB tissue into the flanks of mice, there 

are concerns that itraconazole's limited ability to cross the blood brain barrier may limit its 

efficacy (Kethireddy and Andes, 2007). Semi-quantitative analysis revealed that 

itraconazole does not increase EGL apoptosis (F[3,16] = 0.72, p> 0.05) at any dose tested 

(Figure 2D) suggesting blood brain barrier permeability severely curbs its usefulness.

Time Course and Window of Vulnerability

We next examined the time course of HA-induced AC3 activation. Cyclopamine (50 mg/kg) 

was administered to PND7 ICR mice perfused for AC3 at 2, 4, 6, 8, or 12 hours after 

injection. Semi-quantitatively evaluation of EGL apoptosis revealed a statistically 

significant difference between groups (F[4,29]= 8.673, p< 0.0001). We previously 

established that it takes more than 2 hours for EGL NPCs to become AC3 positive (Noguchi 

et al., 2008). Therefore, Bonferroni posthoc versus the 2-hour postinjection period was 

performed. Results revealed that cyclopamine significantly increased AC3 immunolabeling 

between 6-8 hours postinjection (Figure 2E).

We next examined the window of vulnerability for cyclopamine-induced apoptosis. 

Cyclopamine (50 mg/kg) or vehicle was administered on PNDs 1, 4, 7, 10, or 14. 

Surprisingly, all of the PND14 cyclopamine treated mice died within two hours of injection. 

To examine this further, we ran a similar study using cyclopamine from a different bottle 

and found that mice treated on PND14 all died while all treated on PND9 lived. 

Interestingly, 50 mg/kg vismodegib on PND14 was not similarly lethal (since the EGL 

naturally disappears around this age, apoptosis was not quantified). Therefore, we conclude 

that cyclopamine has age dependent lethal toxicity that was previously unrecognized. It is 

possible PND14 mice more efficiently metabolize cyclopamine leading to toxic metabolites. 

Cerebella from the younger groups were processed for AC3 and EGL degeneration semi-

quantitatively evaluated. A two-way ANOVA revealed a significant main effect of age 

(F[3,56] = 45.72, p< 0.0001) and treatment (F[1,56] = 14.74, p< 0.0001) in addition to an 

interaction (F[3,56] = 41.79, p< 0.0001). A subsequent one-way ANOVA planned 

comparison between treatment groups at the same age was significant (F[7,56] = 81.33, p< 

0.0001) and a Bonferroni posthoc revealed cyclopamine significantly increased EGL 

apoptosis on PNDs 4, 7, and 10 (Figure 2F).
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Intracellular signaling mechanisms regulating HA-induced apoptosis

Bax and Bak are key intracellular signaling proteins that regulate apoptosis semi-

redundantly. Bak knockouts appear normal but Bax/Bak double knockouts are markedly 

resistant to numerous apoptotic insults and, since apoptosis is critical for development, 

exhibit high mortality rates (Lindsten et al., 2000). Therefore, we created Cre/lox mice 

harboring a global knockout of Bak and a conditional knockout of a floxed Bax allele in the 

EGL using the Math1-Cre transgene (Math1-Cre+/0:Baxf/f:Bak-/-; henceforth called a 

Bax/Bak CKO mice). Since Math1-Cre knocks out the Bax allele selectively in the EGL, 

apoptotic resistance is limited and mice are healthy and viable. Bax/Bak littermates that 

were Cre negative (Math1-Cre0/0:Baxf/f:Bak-/-; henceforth called Bax/Bak Cre- mice) were 

used as controls since they display normal apoptosis. We previously found glucocorticoids 

(GCs) produce Bax/Bak dependent EGL apoptosis (Noguchi et al., 2008). Therefore, we 

validated these mice by administering 3 mg/kg dexamethasone (DEX; a synthetic GC) 

before perfusion for AC3 immunolabeling. As expected, exposure potently increased EGL 

apoptosis in Bax/Bak Cre- but not Bax/Bak CKO mice (t[6]= 11.81, p< 0.0001; Figure 

3A). Next, both genotypes were administered 50 mg/kg cyclopamine and perfused six hours 

later. Cre immunolabeling was performed to confirm expression only in the EGL of 

Bax/Bak CKO mice (Figure 3I). Semi-quantitative evaluation of AC3 revealed high 

amounts of EGL apoptosis in Bax/Bak Cre-mice that was absent in Bax/Bak CKO mice 

(Figure 3B and Figure 3I; t[10] = 7.441, p < 0.0001). Next we examined if HA-induced 

apoptosis was p53 dependent.p53 screens the genome for errors and, if present, activates 

DNA repair proteins. However, if DNA damage is irreparable, apoptosis is initiated to 

prevent further cell proliferation. p53 knockout mice were first validated by injecting 25 

mg/kg cytosine arabinoside, a genotoxin that produces p53 dependent EGL apoptosis 

(Noguchi et al., 2008). As predicted, p53 heterozygous mice exhibited dramatic increases in 

EGL apoptosis which was absent in p53 knockouts (t[15] = 52.63, p< 0.0001; Figure 3C and 

Figure 3J). Finally, we administered 50 mg/kg vismodegib and found that p53 knockout had 

no effect on apoptosis (t[14] = 0.2078, p > 0.05; Figure 3D). Thus, we conclude HA-induced 

apoptosis is Bax/Bak dependent but p53 independent.

Hedgehog antagonists produce EGL apoptosis independent of glucocorticoid stimulation

Next we tested whether HAs were producing EGL apoptosis by regulating GC stimulation. 

In previous research, we discovered GCs potently increase apoptosis selectively in the EGL 

which may regulate its natural disappearance once neurogenesis is complete (as reviewed 

previously [Noguchi, 2014]). In the neonatal mouse brain, the 11β-hydroxysteroid 

dehydrogenase Type 2 (HSD2) enzyme is almost exclusively located in the EGL where it 

metabolizes endogenous GCs and protects against GC-induced EGL apoptosis (Heine and 

Rowitch, 2009). HSD2 protection is so important that its inhibition dramatically increases 

EGL apoptosis due to endogenous GC stimulation. As a result, this apoptosis can be 

completely blocked by pretreatment with the GC antagonist mifepristone (Noguchi et al., 

2011). Importantly, Hh stimulation potently increases HSD2 expression which protects 

against GC-induced EGL apoptosis (Heine et al., 2011). Thus, it is possible HAs inhibit 

HSD2 resulting in increased GC-induced EGL apoptosis. If true, pretreatment with 

mifepristone should analogously block HA toxicity. Therefore, we injected three groups of 
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mice with either 100 mg/kg mifepristone 15 minutes before cyclopamine exposure, vehicle 

15 minutes before cyclopamine, or two vehicle injections separated by 15 minutes. Semi-

quantitative analysis revealed mifepristone had no significant effect on cyclopamine-induced 

EGL apoptosis (Figure 3E; F[2,19] = 95.20, p < 0.0001). We therefore conclude 

cyclopamine can produce EGL apoptosis independent of GC stimulation.

Glucocorticoid-induced EGL apoptosis is not mediated through Hedgehog Inhibition

While we have found GCs potently increase EGL apoptosis (Noguchi et al., 2008), others 

have suggested GCs affect cerebellar development by directly inhibiting the Hh pathway 

(Heine and Rowitch, 2009). Unfortunately, this was in vitro research that the authors could 

not replicate (Heine et al., 2011) or reproduce in vivo (Heine et al., 2010). Of further 

concern, two independent groups discovered select GCs stimulate or potentiate (rather than 

inhibit) the Hh pathway (Wang et al., 2011, 2010, 2012). This suggests Hh inhibition is not 

an inherent downstream effect of GC signaling. Nevertheless, if this research is true, it is 

possible GCs inhibit the Hh pathway resulting in EGL apoptosis. Fluocinolone acetonide 

(FA) is a GC that potentiates the Hh pathway (Wang et al., 2010) and, as a result, cannot 

increase EGL apoptosis due to Hh inhibition. Therefore, we administered FA and perfused 

for AC3 immunolabeling six hours later. Semi-quantitative analysis revealed FA 

significantly increased EGL apoptosis (F[3,12] = 13.69, p < 0.001) at all doses tested in 

dose dependent manner (r = 0.5025, p < 0.05; Figure 3F), indicating that GC-induced EGL 

apoptosis is not produced by Hh inhibition.

Hedgehog antagonist-induced apoptosis is potentiated by glucocorticoids

The ability of HAs to induce EGL apoptosis independent of GCs suggests co-administration 

may have an additive effect. We found a 3 mg/kg DEX injection potently increases EGL 

apoptosis (Noguchi et al., 2011) comparable to HAs over the same time course. Therefore, 

PND7 mice were administered two injections 15 minutes apart of either 50 mg/kg 

cyclopamine and vehicle, 3 mg/kg DEX and vehicle, or 50 mg/kg cyclopamine and 3 mg/kg 

DEX. AC3 immunolabeling and semi-quantitative analysis revealed co-administration 

significantly increased EGL apoptosis compared to each drug alone (F[2,17]= 13.41, p < 

0.001; Figure 3G). This indicates that GCs can potentiate toxicity produced by HAs.

Hedgehog antagonists also produce apoptosis in medulloblastomas

There is convincing evidence that the EGL sometimes fails to naturally disappear and its 

remnants proliferate out of control to form a MB (Goodrich et al., 1997; Oliver et al., 2005). 

Thus, it is important to determine if the EGL maintains a vulnerability to HA-induced 

apoptosis as it transitions to a MB. To test this possibility, we obtained mice that harbor a 

heterozygous knockout of the Patched receptor gene (Patched mice) leading to constitutive 

Hh activation and MB vulnerability through a haploinsufficient mechanism (Goodrich et al., 

1997; Oliver et al., 2005). While the EGL normally disappears by PND14, it can often 

persist in Patched mice and malignantly transform into a MB. While the Patched mutation 

leads to increased Hh signaling, vismodegib should still antagonize the Hedgehog pathway 

by inhibiting Smoothened lying downstream of the Patched receptor. Therefore, PND7 

Patched mice and their wild-type littermates were injected with 50 mg/kg vismodegib or 
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vehicle and perfused 6 hours later for AC3. Semi-quantitative scoring of apoptosis was 

analyzed via 2-way ANOVA and revealed a main effect of treatment (F[1,13] = 258.6, p < 

0.0001) but not genotype (F[1,14] = 2.171, p > 0.05) and no interaction (F[1,13] = 1.536, p 

> 0.05). A subsequent one-way ANOVA planned comparison between treatment groups 

within the same genotype (F[3,13] = 87.45, p < 0.0001) and a Bonferroni posthoc revealed 

vismodegib increased EGL apoptosis in both genotypes (Figure 3H). Therefore, we 

conclude vismodegib can produce EGL apoptosis in neonatal Patched mice.

Some Patched mice were then allowed to age and perfused at the first sign of tumor burden 

(tremor/gait disturbance, ataxia, loss of balance, listing to one side). Animals exhibited large 

MBs positive for the proliferative cell marker KI-67 (Figure 4A). We next tested if 

vismodegib induces apoptosis in MBs. Patched mice displaying tumor burden were 

administered 50 mg/kg vismodegib or vehicle and perfused six hours later. Since MBs vary 

in size and shape, semi-quantitative scoring was impractical. Thus, we performed density 

cell counts in tumors to quantify AC3 positive apoptotic cells. Abundant amounts of 

apoptosis was detected in MBs with no treatment consistent with previous research 

(DeSouza et al., 2014) (Figure 4B and Figure 4C). However, vismodegib significantly 

increased tumor density counts compared to vehicle, (t[11] = 4.126, p < 0.01; Figure 4B and 

Figure 4C-D) indicating vulnerability to HA-induced apoptosis is maintained as EGL NPCs 

malignantly transform into tumors.

Discussion

Implications for cerebellar development

Hh signaling is intensely studied in cerebellar development due to its robust effects on the 

EGL. However Hh signaling has traditionally been thought of as a potent mitogen that 

increases EGL proliferation (Wechsler-Reya and Scott, 1999). Alternatively, the discovery 

that this pathway acts as a survival signal for the EGL may fundamentally change our 

understanding of its role in cerebellar development. Firstly, since NPC apoptosis 

dramatically decreases neurogenesis (Depaepe et al., 2005; Haydar et al., 1999), much (or 

even a major) proportion of reduced proliferation caused by HAs may be due to the dramatic 

loss of NPCs (Figure 1B-C). Predictably, confusing changes in progenitor cell apoptosis 

with its effects on proliferation has happened for other signaling pathways. For instance, it 

was once thought Bcl-2 (an anti-apoptotic protein) enhanced proliferation but later research 

discovered that it actually reduced progenitor cell apoptosis (Cory and Adams, 2002). 

Secondly, since Hh signaling morphologically sculpts the neural tube by spatially regulating 

NPC apoptosis (Charrier et al., 2001; Thibert et al., 2003), this pathway may play a similar 

role in the developing cerebellum. For instance, laminin, Notch2, and SDF-1α are present in 

the outer EGL and increase Hh signaling (Wechsler-Reya, 2003). However, this same 

pathway is inhibited in the inner EGL by vitronectin and the internal granule layer by 

Notch1 (Fan et al., 2004; Wechsler-Reya, 2001). Therefore, despite the fact that Sonic Hh 

ligand becomes less concentrated at distances farther away from Purkinje cells (its source), 

Gli transcription (the read-out of the Hh pathway) is most highly expressed in the outer EGL 

(Vaillant and Monard, 2009; Wechsler-Reya, 2003). As a result, strong Hh signaling would 

prevent progenitors appropriately located in the outer EGL from apoptotic death. 
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Alternatively, if NPCs became displaced or the EGL expanded to regions too distant from 

the outer EGL, the loss of Hh signaling would initiate apoptosis. This suggests the Hh 

pathway may act as a developmental signal to regionally isolate NPCs and morphologically 

sculpt cerebellar shape by controlling where proliferation occurs. Finally, while there is a 

tremendous focus on the neurotrophic theory (neuronal apoptosis) (la Rosa and De Pablo, 

2000), a majority of neurodevelopmental apoptosis occurs in proliferative cells (Blaschke et 

al., 1996; Depaepe et al., 2005; Kuida et al., 1996) and very few regulators of NPC 

apoptosis have been discovered so far (Haydar et al., 1999; la Rosa and De Pablo, 2000). As 

a result, this may be one of only a few regulators of NPC apoptosis that is currently known.

Paradoxically, while we have found Hh antagonism potently increases EGL apoptosis in 

vivo, loss of Hh signaling in vitro produces differentiation (Wechsler-Reya and Scott, 1999). 

Interestingly, previous research may provide insight into this inconsistency. While we found 

HA-induced apoptosis is Bax/Bak dependent, these proteins normally need to be activated 

before signaling apoptotic death. Importantly, around PND7, strong endogenous Hh 

stimulation transitions EGL NPCs to a “primed for death” state in which progenitors become 

loaded with the activated form of Bax, but Bcl-xL (an anti-apoptotic protein in the BCL2 

family) is preventing it from producing apoptosis (Crowther et al., 2013) (Figure 5; circles 

A, C, and D). Thus, these “primed” NPCs will undergo apoptosis only when a BH3-only 

sensitizer (a family of proteins that regulate apoptosis) inhibits Bcl-xL and allows activated 

Bax to produce apoptosis (Figure 5; circles E-F). We suggest Hh stimulation may also 

inhibit a BH3-only sensitizer allowing Bcl-xL to prevent apoptosis (Figure 5; circle G). 

Thus, injection of a HA (Figure 5; circle B) may trigger BH3-only sensitizer activation that 

inhibits Bcl-xL enough to allow loaded activated Bax to initiate apoptosis. Alternatively, 

when EGL NPCs differentiate (rather than undergo apoptosis) in vitro, they are cultured in 

Hh-free medium (Lin and Bulleit, 1996; Wechsler-Reya and Scott, 1999). As a result, there 

is no initial strong Hh stimulation to load activated Bax (priming them for death) before the 

abrupt loss of Hh signaling. This effect may be even more important in MBs driven by Hh 

stimulation where large numbers of proliferating cells are “primed” for death. Ultimately, 

this suggests the fate of EGL NPCs can vary dramatically dependent on Hh signaling over 

time. This will be an important line of research to pursue in future research.

Translational Implications

While there is intense interest in HA therapies for MBs (Robinson, 2013), their anti-tumor 

effects are traditionally thought to be regulated by reductions in proliferation not increased 

apoptosis (Berman et al., 2002; Romer and Curran, 2005). Interestingly, some have 

acknowledged that the treatment regimens used are chronic which makes it difficult to detect 

apoptotic cells that are quickly removed in rodents (Romer and Curran, 2005). Indeed, we 

found AC3 positivity occurs within a limited window of 6-8 hours after HA exposure. The 

obvious translational implication is that strong Hh signaling would reduce apoptosis, thereby 

promoting neoplastic transformation and enhancing malignancy. While a major downstream 

effect of NPC apoptosis is decreased proliferation, it is tempting to dismiss these findings as 

unimportant. However, the effect of HAs on apoptosis (rather than proliferation) has unique 

translational implications. Firstly, since apoptosis involves particular signaling pathways 

distinct from proliferation this research may provide novel insight into MB resistance. For 
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instance, Hh-driven MBs in children over 3 years of age tend to harbor frequent p53 

mutations (Kool et al., 2014). Since we found HA-induced apoptosis is p53 independent, 

this therapy may be particularly effective in these types of MBs. Secondly, since Hh 

signaling can also serve as a survival signal in MB cells, this toxicity may prevent metastasis 

by killing tumor cells as they spread to other regions where this signal is absent. If true, 

tumor cells need to develop a cell intrinsic resistance to this toxicity in order to spread. 

Thirdly, since we found HAs induce apoptosis independent of GC signaling, co-

administration of both drugs may be a more effective treatment than each alone. Studies in 

mice and humans report that vismodegib treatment can cause somatic missense mutations in 

the Smoothened allele that block this drug's binding target (Metcalfe and de Sauvage, 2011; 

Yauch et al., 2009). However, GCs are unaffected by this mutation and are also able to 

increase MB apoptosis, reduce tumor size, and enhance survival in mice (Heine et al., 2010). 

As a result, co-administration of both drugs may lead to a treatment less prone to MB 

resistance. Fourthly, while up to 30% of MBs are driven by excessive Hh signaling, another 

25% (called Group 3 MBs) may also be of EGL origin (Kawauchi et al., 2012). If Hh 

signaling is truly a survival signal, then HAs may effectively treat this group by selectively 

increasing tumor apoptosis. Finally, this toxicity can also be used as a sensitive in vivo 

model for rapidly screening novel HAs for their therapeutic potential in the intact animal. 

For instance, previous research has found vismodegib can inhibit Gli1 mRNA down to a 

dose of approximately 1 mg/kg (Wong et al., 2011). This correlates well with our finding 

that this same drug increased EGL apoptosis at 1 mg/kg and above. In addition, while 

itraconazole is an HA, it has a limited ability to cross the blood brain barrier (Kethireddy 

and Andes, 2007). Consistent with this finding, we found this drug has no effect on EGL 

apoptosis at any dose tested.

Conclusions

While the Hh pathway is important for both cerebellar and MB development, its effects were 

primarily thought to involve proliferation and/or differentiation. Here we show that Hh 

signaling may also serve as a survival signal that morphologically sculpts the cerebellum 

and plays an important role in MB development, metastasis, and treatment.
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HSD2 11β-hydroxysteroid dehydrogenase Type 2

AC3 activated caspase-3

DEX dexamethasone

EGL external granule layer

FA fluocinolone acetonide
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GCs glucocorticoids

Hh Hedgehog

HA Hedgehog antagonist

MBs medulloblastomas

NPCs neural progenitor cells
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Figure 1. Hedgehog pathway antagonism produces selective apoptosis in the external granule 
layer of the developing cerebellum
(A) Magnified diagram of upper left boxed region in (B). The outermost layer of the 

cerebellum is the transient external granule layer (EGL) composed of an outer germinal 

matrix populated by neural progenitor cells (EGLO; dark spheres) and an inner layer (EGLI; 

white spheres) where newly formed granule cell neurons congregate and mature. Immature 

granule cells then migrate (white spheres with arrows) past the molecular (ML) and Purkinje 

cell layers (PCL) before incorporating into the internal granule layer (IGL) that lies 

superficial to the cerebellar white matter (WM). Purkinje cells regulate EGL proliferation by 

secretion of Sonic Hedgehog ligand (Shh; small black dots) that diffuses (squiggly arrows) 

to the EGL where it stimulates the Hedgehog pathway. (B) Immunolabeling for the 

apoptotic marker activated caspase-3 (AC3) results in low levels of apoptosis following 

vehicle treatment while (C) 50 mg/kg vismodegib dramatically increases apoptosis. Insets 

reflect rectangular black-boxed regions over the EGL with arrows indicating AC3 positive 

EGL NPCs. Upper left boxed region in (B) diagrammed in (A). Scale Bar: 300 μm. Figure 

1A is a derivative work based on a previously published figure by one of the authors 

(K.K.N.) under Creative Commons-BY license (Noguchi, 2014).
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Figure 2. Characterization of EGL apoptosis produced by Hedgehog antagonists
(A-D) To determine if the loss of Hedgehog signaling produces apoptosis, four HAs were 

administered on PND7 and the EGL screened for NPC apoptosis. Analysis revealed (A) 

vismodegib, (B) cyclopamine (Cyclop), and (C) jervine significantly increased EGL 

apoptosis at 1.0, 37.5, and 50 mg/kg and above respectively. (D) While itraconazole 

(Itracon) is a Hedgehog antagonist, it has limited brain blood barrier permeability and did 

not increase apoptosis at any dose. (E) To examine the time course of AC3 expression we 

administered 50 mg/kg Cyclop and perfused for apoptosis at different postinjection 

intervals. Cyclop significantly increased EGL apoptosis 6-8 hours postinjection. (F) To 

determine the window of vulnerability for HA-induced apoptosis we administered 50 mg/kg 

Cyclop on PNDs 1, 4, 7, and 10 (Note: Cyclop administration on PND14 was lethal). Cyclop 

significantly increased EGL apoptosis between PND4-PND10. * = p < 0.001.
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Figure 3. Mechanism of Hedgehog induced EGL apoptosis
(A-B) Administration of (A) dexamethasone and (B) cyclopamine to Bax/Bak conditional 

knockout (CKO) and Bax/Bak Cre negative (Cre-) mice show the EGL apoptosis produced 

by both is Bax/Bak dependent. (C) Alternatively, administration of the genotoxin cytosine 

arabinoside (AraC) or (D) the Hedgehog antagonist (HA) vismodegib to p53 knockout (KO) 

mice show that only AraC is p53 dependent. (E) Pretreatment with the glucocorticoid (GC) 

antagonist mifepristone (MIF) shows cyclopamine (Cyclop) induced apoptosis can occur 

independent of GC stimulation. (F) Administration of fluocinolone acetonide (a GC that 

potentiates the Hedgehog pathway) reveals that GCs do not produce EGL apoptosis by 

inhibiting the Hedgehog pathway. (G) Co-administration of dexamethasone (a synthetic GC; 

DEX) and cyclopamine significantly increases EGL apoptosis when compared to each drug 

alone. (H) Vismodegib treatment to both Patched and WT mice increases EGL apoptosis on 

PND7. (I) BaxBak Cre negative (BaxBak Cre-; top two panels) express no Cre leading to 

preserved Bax gene function and EGL apoptosis following 50 mg/kg vismodegib. 

Alternatively, Bax/Bak conditional knockout mice (Bax/Bak CKO; bottom two panels) 

express Cre selectively in the EGL leading to conditional Bax knockout and no EGL 

apoptosis following vismodegib exposure. Scale Bar: 150 μm. (J) Apoptosis produced by 

the genotoxin cytosine arabinoside (AraC) is potently suppressed in p53 knockout (KO; top) 
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mice when compared to p53 wild-type (WT; bottom) mice. Scale Bar: 150 μm. * = p < 

0.001, ** = p < 0.01, *** = p < 0.05
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Figure 4. Hedgehog antagonist-induced apoptosis in medulloblastoma prone Patched mice
(A) A Patched mouse with medulloblastoma (white asterisk) reveals high levels of KI-67 

(proliferative cell marker; green) immunolabeling in the tumor while DAPI (nuclear stain; 

blue) highlights normal internal granule layer cells. Scale Bar: 1000 μm. (B) Vismodegib 

(VIS) significantly increased apoptotic density counts (measured with activated caspase-3) 

in Patched mice with medulloblastomas when compared to vehicle treatment. (C) While 

medulloblastomas in vehicle treated Patched mice still display high levels of physiological 

apoptosis, this toxicity is significantly elevated following VIS exposure (D). Scale Bar: 250 

μm.
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Figure 5. Hedgehog signaling primes EGL NPCs for apoptosis
(A) The Sonic Hedgehog (Hh) pathway begins with the release of the Sonic Hh ligand from 

Purkinje cells onto EGL NPCs where it binds and inhibits the Patched receptor. Since 

activation of the Patched receptor normally represses Smoothened (Smo) activity, this 

reduces inhibition of Smo leading to a downstream activation of Gli transcription factors. 

(B) The Hh antagonists (HAs) vismodegib, cyclopamine, and jervine antagonize the Hh 

pathway at the level of Smo. (C) Hh stimulation transitions EGL NPCs into a “Primed for 

Death” state that converts inactivated Bax (iBAX) into an activated form (aBAX) that can 

produce apoptosis. (D) However, aBAX is prevented from producing apoptosis by the Bcl-

xL anti-apoptotic protein. (E) Since Bcl-xL is the only thing preventing apoptosis, its 

inhibition by a BH3 sensitizer allows aBAX to initiate apoptosis (F). (G) We hypothesize 

that Hedgehog stimulation acts as a survival signal by inhibiting the production of a BH3-

only sensitizer that would otherwise block Bcl-xL and allow aBAX to produce apoptosis.
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