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Abstract
Activation of the Sonic Hedgehog (Shh) pathway and increased expression of Gli1 play an
important role in proliferation and transformation of granule cell progenitors (GCPs) in the
developing cerebellum. Medulloblastomas arising from cerebellar GCPs are frequently driven by
Shh pathway-activating mutations, however molecular mechanisms of Shh pathway dysregulation
and transformation of neural progenitors remain poorly defined. We report that the transcription
factor and oncogene Snail1 (Sna1) is directly induced by Shh pathway activity in GCPs, murine
medulloblastomas, and human medulloblastoma cells. Enforced expression of Sna1 was sufficient
to induce GCPs and medulloblastoma cell proliferation in the absence of Shh/Gli1 exposure.
Additionally, enforced expression of Sna1 increased transformation of medulloblastoma cells in
vitro and in vivo. Analysis of potential Sna1 targets in neural cells revealed a novel Sna1 target,
N-Myc, a transcription factor known to play a role in Shh-mediated GCP proliferation and
medulloblastoma formation. We found that Sna1 directly induced transcription of N-Myc in
human medulloblastoma cells, and that depletion of N-Myc ablated the Sna1-induced proliferation
and transformation. Taken together, these results provide further insight into the mechanism of
Shh-induced transformation of neural progenitor cells and suggest that induction of Sna1 may
serve to amplify the oncogenic potential of Shh pathway activation through N-Myc induction.
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INTRODUCTION
Sonic Hedgehog (Shh) is a secreted morphogen that plays a major role in patterning,
proliferation and cell fate determination during embryonic development(1). Within the
central nervous system (CNS), the concentration and duration of Shh exposure confers
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positional information, influences progenitor cell fate along the dorsal-ventral axis of the
developing neural tube, and mediates axonal pathfinding(2). Postnatally, Shh promotes the
dramatic expansion of cerebellar granule cell progenitors (GCPs) (3, 4) and maintains the
neural stem cell niche in the mature nervous system(5). Binding of Shh to the inhibitory
receptor, Patched1 (Ptc1), results in activation of Smoothened (Smo) and subsequent
activation of Gli transcription factors(2). In addition to its role in mediating interactions
among normal cells, aberrant activation of Shh signaling contributes to unrestrained
proliferation and tumorigenesis in a number of tissues including the digestive tract, skin and
CNS(6–11).

Medulloblastomas comprise a heterogeneous group of primitive neuroectodermal tumors
thought to derive from neural progenitors within the developing cerebellum(12). Activating
mutations in Shh pathway components have been detected in a subset of syndromic and
sporadic medulloblastoma(12, 13). Moreover, mice harboring heterozygous inactivation of
Ptc1 or activating mutation in Smo develop spontaneous medulloblastomas(7, 10, 14,
15).Gli1 is sufficient to induce neural progenitor cell proliferation in vitro and in vivo, and is
highly expressed in both human and murine medulloblastomas, the latter of which fail to
develop in the absence of Gli1(10, 13, 15–17). Characterization of genes promoting Shh/
Gli1-mediated malignant transformation is of significant interest in understanding the
biology of medulloblastoma and identifying potential targets for therapeutic intervention.

Using a combination of in vivo and in vitro systems, we identified Sna1 as a mediator of
Shh-induced proliferation in untransformed and transformed cells of the CNS. Sna1 is a
zinc-finger transcription factor that plays a prominent role in epithelial-mesenchymal
transition (EMT), cellular transformation, and enhancing Gli1-induced epithelial
transformation (18–20). A possible role for Sna1 in malignant proliferation within the
postnatal CNS has not previously been explored. We found that Sna1 contributes to
proliferation of transformed and untransformed primary neural cells. Specifically, we report
that Sna1 is induced in GCPs and medulloblastoma cells in a Gli1-responsive manner.
Enforced expression of Sna1 is sufficient to increase proliferation of both cell types through
induction of its novel target, N-Myc. Our data indicate a role for Sna1 in the normal and
neoplastic proliferation of neural progenitor cells and suggest additional avenues for
therapeutic targeting of oncogenic Shh signaling.

MATERIALS AND METHODS
Mice

Experimental protocols were approved by the Institutional Animal Care and Use Committee
of Mayo Clinic. Mice carrying a deletion in Patched1 (Ptc+/−) (7, 10) were maintained on a
C57Bl6/129SvJ background. Gli1−/− (21) and ND2:SmoA1 mice (15) were maintained on a
C57BL/6 background. Ptc+/− and ND2:SmoA1 mice were monitored for signs of increased
intracranial pressure; when symptomatic, the animal was sacrificed and the tumor was
separated from adjacent cerebellum for analysis as described (10).

Xenografts were generated by injecting 2.5×106 Daoy cells expressing Sna1 or control
lentiviral vector subcutaneously into the flank of six athymic nu/nu mice per condition.
After two weeks, the tumors were resected and their volume was measured and averaged.

Plasmid Constructs and Viral Production
Sequences encoding murine and human Sna1 were amplified by PCR and cloned into pAAV
SIRES eGFP and pSIN-Luc-UbEm. Gli1 and Gli1ZFD expressing constructs were previously
described(22). Oligonucleotides corresponding to Sna1 and N-Myc sequences were
synthesized (IDT, Coralville, IA), annealed and ligated into the appropriate vector to
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generate shRNA constructs (Supplemental Table 1). pAAV H1 siRNA eGFP vector was
used for shSna1. Daoy studies used N-Myc shRNA in the pFRT vector, which allows for
hygromycin selection of positive transfection. ONS76 studies used N-Myc shRNA in pKLO.
1 (Open Biosystems, Huntsville, AL), as ONS76 cells were unresponsive to hygromycin.

For virus production, pSIRES or pSIN-Luc-UbEm expression vectors were transfected into
HEK293T cells (ATCC, Manassas, VA). Lentiviral supernatants were filtered and virus was
concentrated via ultracentrifugation; adenovirus was concentrated from cell lysate on a
deoxycholate gradient(23).

For luciferase assays human Sna1 and N-Myc promoter segments were amplified by PCR
and cloned into the pGL4.17 firefly luciferase expression vector (Promega, Madison, WI)
(Supplemental Table 3). Site-directed mutagenesis of putative Gli binding elements (GBEs)
and E-Box sequences in the Sna1 and N-Myc promoters(24), respectively, was performed
using the Quickchange II XL Kit (Stratagene, Santa Clara, CA) according to manufacturer
instructions (Supplemental Table 2).

Cell Culture and Treatment
HEK293T and medulloblastoma cell lines Daoy (ATCC, Manassas, VA) and ONS76 (a
generous gift from Peter Forsythe, Calgary, Ontario) were grown in DMEM containing 10%
FBS, and transfected using poly(ethylenimine) (PEI, Polysciences, Warrington, PA)(25) or
Lipofectamine (Invitrogen, Carlsbad, CA).

Primary cerebellar GCPs were isolated from postnatal day 5/6 (P5/6) mice and grown on
poly-D-lysine-coated plates in Neurobasal medium (Invitrogen, Carlsbad, CA)
supplemented with B27 and EGF(3). Cerebellar stem cells (CBSCs) were generated from
cerebella from P10 mice and cultured under the same conditions. Hippocampal neural stem
cells (NSCs) were derived from P5/6 WT mice and cultured as neurospheres(26). Ptc+/−

stem-like tumor cells were isolated from freshly dissected medulloblastomas, dissociated,
filtered, triturated and cultured in NSC culture medium supplemented with EGF and
bFGF(22).

Where indicated, media was supplemented with 2µg/mL (GCPs) or 1µg/mL (Daoy and
ONS76) N-Shh(26), 10µg/mL cycloheximide for 8 hours,50µg/mL MG132 for 1 hour (both
from Sigma-Aldrich, St. Louis, MO), 10µg/mL cyclopamine for 24 hours (TRC, Ontario,
Canada), or appropriate vehicle.

For clonogenic growth assays, Daoy cells were transfected and allowed to recover for 48
hours. Cells expressing pFRT selection vector were treated with hygromycin for 36 hours
before plating. 500 cells were plated per dish in triplicate per condition. Colonies grew for 2
weeks, then were fixed and stained with 1% crystal violet.

Fluorescent Staining of GCPs
GCPs were cultured on glass slides and incubated with adenovirus for 48 hours. Cells were
fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton-X-100, then incubated
with antibodies to Sna1 (Abcam, Cambridge, MA), Ki67 (Santa Cruz Biotechnologies,
Santa Cruz, CA) or phosphorylated Histone H3Ser10 (Cell Signaling Technology, Boston,
MA) and counterstained with DAPI (Sigma-Aldrich, St. Louis, MO). For quantification of
labeled cells, micrographs were taken of 10 random fields per condition at 40X
magnification. The number of positive cells was counted, averaged and normalized to the
uninfected control.
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mRNA Expression Analyses
After NSC nucleofection, cells were sorted by FACS to isolate GFP-expressing as
described(22). RNA was extracted from tissue samples with TRIzol® (Invitrogen, Carlsbad,
CA) and from cultured cells with Absolutely RNA® (Stratagene, Santa Clara, CA). cDNA
was generated using Sprint™ RT Complete – Random Hexamer (Clontech, Mountain View,
CA). Quantitative RT-PCR (qRT-PCR) was performed in triplicate using Stratagene's
MX3000p with Brilliant SYBR Green (Stratagene, Santa Clara, CA). Amplification
efficiencies were optimized for all gene specific primer pairs (Supplemental Table 3). PCR
product expression was normalized to Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) on the same plate and calibrated to controls. qRT-PCR data are portrayed with the
calibrator cDNA normalized to one copy and the experimental samples showing fold
induction.

Luciferase assays were performed on 10µg protein extracted from Daoy cells transfected
with pGL4.17 firefly promoter and pGL4.74 Renilla luciferase expression vectors using the
Dual-Luciferase® Reporter Assay System (Promega, Madison, WI). Relative luciferase
activity is expressed as firefly luciferase activity divided by Renilla luciferase activity,
normalized to the control.

Western Blot Analysis
Cell pellets and resected murine tissues were triturated in lysis buffer(26) followed by
removal of cellular debris by centrifugation. Protein concentrations were determined through
Bradford analysis (Bio-Rad, Hercules, CA) and 5–10µg of protein was separated by SDS-
PAGE using 10% Tris–HCl poly-acrylamide gels. Antibodies used in this study include:
Snail1 (Abcam, Cambridge, MA), GAPDH (Millipore, Billerica, MA), N-Myc (Santa Cruz
Biotechnologies, Santa Cruz, CA), β-catenin (Millipore, Billerica, MA) and CyclinD1
(Sigma-Aldrich, St. Louis, MO). Bands were detected by application of peroxidase-
conjugated secondary antibodies followed by enhanced chemiluminescence (Pierce,
Rockford, IL) and visualized using EpiChemi3 Darkroom (UVP BioImaging Systems,
Upland, CA).

Cell Proliferation Analysis
36 hours after transfection, Daoy and ONS76 cells were pulsed for two hours with 5µM of
5-ethynyl-2'-deoxyuridine (EdU), then fluorescently labeled using the Click-iT® EdU Alexa
Fluor® 647 Flow Cytommetry Assay Kit (Invitrogen, Carlsbad, CA). Transfected cells were
detected with Alexa Fluor® 488-conjugated anti-GFP (Invitrogen, Carlsbad, CA), as copper
sulfate in the Click-iT® reaction quenches eGFP fluorescence. The proportion of
proliferating transfected cells was determined by dividing the number of transfected cells
positive for EdU by the number of transfected cells, as detected by flow cytommetry and
normalized to the control.

Chromatin Immunoprecipitation Assay
24 to 36 hours after cyclopamine treatment or transfection, respectively, Daoy cell DNA and
associated proteins were crosslinked with 1% formaldehyde followed by cell lysis and DNA
shearing via fifteen minutes of repeated cycles of 30 seconds of sonication followed by 10
seconds of rest. Chromatin immunoprecipitation (ChIP) was performed with EZ-Magna
ChIP™ G (Millipore, Billerica, MA) using 1µg antibody. Antibodies used include Gli1
(R&D Systems, Minneapolis, MN), Sna1 (Abcam, Cambridge, MA), Goat IgG (Santa Cruz
Biotechnologies, Santa Cruz, CA) and Rabbit IgG (Jackson Immunoresearch). PCR primers
were designed to amplify regions spanning putative E-Boxes and GBEs identified within the
human Sna1 and N-Myc promoters up to two kilobases upstream of transcription start,
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respectively(24, 27, 28). (Supplemental Table 4). After ChIP, PCR was performed on the
DNA that co-immunoprecipitated with the indicated antibody as compared to total cell
lysate.

Data Analysis
Results were graphed to demonstrate mean ± SEM and normalized to controls for a single
experiment containing at least three replicates. After an f test to ensure equal variance, data
were compared using a t test in GraphPad Prism Software (La Jolla, CA); a p value of
p<0.01 was considered significant.

RESULTS
Shh pathway activation induces Sna1 expression in neural progenitor cells in vivo and in
vitro

Medulloblastoma is a heterogeneous tumor that can arise from cerebellar granule cell
progenitors (GCPs) or neural stem cells (NSCs)(29, 30). The present study was devised to
determine the involvement of Sna1 in Shh-mediated neural tumorigenesis through analyses
of neural progenitor and medulloblastoma cells. We found that Sna1 is present in cerebellum
during a period of maximal proliferation (P5/6); its mRNA level is diminished once
proliferation of GCPs has ceased and the cerebellum had matured (Figure 1A, Supplemental
Figure 1). Mice harboring genetic activation of the Shh pathway through haploinsufficiency
of Ptc1 express 6.7-fold higher levels of Sna1 mRNA than WT littermates at P6 (Figure 1A).
In adults, Sna1 mRNA can be seen at trace amounts in the cerebella of non-tumor bearing
Ptc+/− mice (Figure 1A).

To determine whether Sna1 mRNA is expressed in response to Shh pathway activation in
neural tissue, we performed expression analyses on mRNA isolated from neural precursor
cells transfected with Gli1 or control vectors (Figure 1B). We found that Sna1 mRNA was
induced in multipotent hippocampal NSCs expressing Gli1 compared to NSCs expressing
GFP or Gli1ZFD, which lacks the DNA binding domain and is transcriptionally silent (Figure
1B). We similarly found that Sna1 mRNA is induced in lineage-restricted GCPs expressing
Gli1 (Figure 1B). Furthermore, treatment of WT GCPs with exogenous Shh ligand induced
Sna1 protein, indicating that Sna1 is induced in response to ligand activation of the Shh
pathway in neural progenitors (Figure 1C).

Given our result that enforced expression of Gli1 was sufficient to induce Sna1 in NSCs and
GCPs, we sought to test whether Gli1 was required for Sna1 induction. We found that Sna1
was induced to a lesser extent in GCPs isolated from Gli1−/− mice than WT mice (Figure
1C). This suggests that Sna1 induction by Shh is partially dependent on the presence of Gli1.
This stands in contrast to the well-established Gli1 target, N-Myc(31), which was not
induced in Gli1−/− GCPs after exposure to Shh (Figure 1C). Furthermore, WT GCPs treated
with the protein synthesis inhibitor cycloheximide failed to show an increase in Sna1 or N-
Myc protein when exposed to Shh (Figure 1D). GCPs coincubated with Shh and proteosome
inhibitor MG132 failed to show further stabilization of Sna1 than GCPs treated with Shh
alone (Supplemental Figure 2). Together these data indicate that Sna1 is present in GCPs
during the period of maximal proliferative expansion in vitro and in vivo, that and that Sna1
is induced in GCPs by genetic and biochemical Shh pathway activation in a manner
dependent upon protein synthesis, but not protein stabilization.
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Sna1 is increased in medulloblastoma tumors and cells in response to elevated Shh
pathway activity

Since aberrant activation of the Shh pathway is associated with medulloblastoma formation,
we hypothesized that Sna1 would also be induced by elevated Shh pathway activity in
medulloblastoma lesions. To explore this question we used ND2:SmoA1 and Ptc+/− murine
models of medulloblastoma, which harbor Shh pathway-activating mutations. ND2:SmoA1
mice carry a mutation conferring constitutive activation of Smo in GCPs and develop
medulloblastoma between 3 and 4 months of age(15); Ptc+/− mice harbor one inactive allele
of Ptc1, developing tumors at a lower incidence and longer latency than ND2:SmoA1
mice(7, 10). We found that tumors collected from ND2:SmoA1 mice express higher levels
of Sna1 protein than the surrounding normal cerebellum (Figure 2A). Of these tumors, a
subset was chosen for mRNA expression analysis (Figure 2B). Tumors collected from
ND2:SmoA1 mice and TSCs generated from Ptc+/− mice with elevated Shh pathway
activation, as measured by Gli1 expression, had increased Sna1 mRNA as compared with
normal cerebellar stem cells. However, not all tumors or TSCs demonstrated increased
elevated Shh pathway activity; those lacking elevation of Gli1 also lacked elevation of Sna1
(Figure 2B and 2C). Interestingly, tumors showing low Gli1 induction did not show
appreciable Sna1 mRNA induction, indicating that Sna1 mRNA induction in Shh pathway-
driven medulloblastoma lesions is associated with significant Shh pathway activation
(Figure 2B).

We extended our study to include human medulloblastoma-derived cell lines Daoy and
ONS76. In Daoy cells, Sna1 mRNA induction follows a similar timecourse to Gli1 mRNA
induction as it is moderately induced after 4 hours and reaches maximal induction at 8 hours
of Shh treatment (Figure 3A). In ONS76 cells, there is a slight delay in Sna1 induction
relative to Gli1: Gli1 is moderately induced at 2 hours and maximally induced after 6 hours
of Shh treatment, while Sna1 is moderately induced after 4 hours and maximally induced
after 8 hours of Shh treatment (Figure 3B). While activation of Sna1 and Gli1 in response to
Shh treatment show different relational kinetics between the two cell lines, Sna1 mRNA
peaks with or slightly after Gli1 mRNA expression in both, indicating that it is increased in
response to activation of the Shh pathway. In support of this hypothesis, treatment of both
cell lines with cyclopamine reduced Sna1 mRNA (Supplemental Figure 3).

To investigate whether Gli1 could directly induce the Sna1 promoter, chromatin
immunoprecipitation (ChIP) was performed in untransfected Daoy cells using antisera
against Gli1 to analyze four amplicons spanning from positions −1709 to −50,
encompassing putative Gli1 binding elements upstream of the start of Sna1 transcription,
finding that Gli1 binds to the region between −1709 and −1217 (Figure 3C), and treatment
of Daoy cells with cyclopamine reduced Gli1 occupancy of this region of the Sna1 promoter
(Figure 3D), indicating that Gli1 is capable of binding to the Sna1 promoter in a Shh-
dependent manner. To analyze the ability of Gli1 to induce the Sna1 promoter via putative
GBEs(32), the −1709 to −1217 region of the Sna1 promoter was used to drive luciferase
expression in the presence of enforced Gli1 expression (Figure 3E). Gli1 was able to
potently induce the wild-type Sna1 promoter. Mutation of GBEs at positions −1685, −1449
and −1333 abolished activation of the Sna1 promoter by Gli1, indicating these sites to be
essential in Gli1-mediated Sna1 induction. Mutation of the GBE at position −1297 reduced
but did not abolish the ability of Gli1 to induce the Sna1 promoter, indicating that this site
plays a positive but nonessential role in Sna1 induction. As we found in normal GCPs, Sna1
is induced in response to genetic and biochemical Shh pathway activation in primary murine
medulloblastomas and human medulloblastoma cells in vitro, and that Sna1 is a direct
transcriptional target of Gli1.
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Sna1 promotes proliferation of GCPs and medulloblastoma cells
As Shh is known to promote GCP and medulloblastoma cell proliferation, we hypothesized
that Sna1 may promote proliferation of these neural cells. Phosphorylated histone H3 (pH3)
and Ki67 immunodetection to indicate proliferation revealed increased pH3- or Ki67-
positive staining in GCPs infected with adenovirus endocing Sna1 than controls (Figure 4A
and 4B). This increase in proliferation was slightly lower than that of GCPs treated with Shh
(Figure 4C). We next analyzed the ability of Sna1 to promote proliferation of human
medulloblastoma cells by measuring incorporation of EdU during DNA synthesis via flow
cytommetry. Medulloblastoma cells transfected with Sna1 showed a dramatic increase in
EdU incorporation over control cells (Figure 5A). Furthermore, Daoy cells transfected with
shRNA against Sna1 (Supplemental Figure 4) showed a decrease in proliferation versus
cells transfected with scrambled shRNA; this was rescued by re-expression of Sna1 (Figure
5B). Together these data indicate that Sna1 is sufficient to induce proliferation of both
primary GCPs and medulloblastoma cells in vitro in the absence of exogenous Shh.

N-Myc is novel direct target of Sna1 in neural cells
Extending our observation that Sna1 induces proliferation of GCPs, we sought to determine
whether Sna1 induced expression of proteins known to promote GCP proliferation. We
interrogated a number of targets, finding that N-Myc protein levels were increased in GCPs
and human medulloblastoma cells in the presence of enforced Sna1 expression (Figure 6A).
This is particularly intriguing because N-Myc is known to play an essential role in Shh-
mediated proliferation and transformation of GCPs(31, 33). Although we found no other
targets consistently induced by Sna1, β-catenin protein is induced by Sna1 expression in
Daoy cells, which harbor a Trp53-inactivating mutation, however β-catenin levels were
unaffected by Sna1 expression in GCPs and ONS76 cells, which express WT Trp53 (Figure
6A). These data demonstrate that Sna1 has cell-type specific targets and that N-Myc is a
consistent target of Sna1 across neural progenitor and medulloblastoma cells.

As Sna1 is a transcription factor which binds to E-Box elements(28), we next sought to
determine whether Sna1 directly induces N-Myc RNA expression. Comparative qRT-PCR
performed on Daoy and ONS76 cells transduced with Sna1 showed an increase in N-Myc
mRNA (Figure 6B). ChIP performed using antisera against Sna1 to analyze three N-Myc
promoter amplicons - encompassing putative E-box sequences up to 2000 bases upstream of
transcription start- shows that Sna1 binds to the region −1651 to −932 (Figure 6C). When
this region was used to drive luciferase expression in Daoy, the N-Myc promoter was
induced in the presence of Sna1; mutation of putative E-box sequences in this region
demonstrates that loss of any E-Box ameliorates the ability of Sna1 to induce the N-Myc
promoter (Figure 6D). Likewise, expression of shRNA against Sna1 dramatically reduced
N-Myc promoter induction (Figure 6E), arguing that Sna1 is important in direct N-Myc
promoter induction in medulloblastoma cells.

N-Myc is required for Sna1-mediated neural growth and transformation
As Sna1 is sufficient to transform MEFs and MDCK cells(34, 35) and we found that Sna1
increased proliferation of medulloblastoma cells, we hypothesized that Sna1 might also
promote transformation of neural lineage cells. Colony formation assays to measure loss of
contact inhibition were used to indicate in vitro transformation. Daoy cells overexpressing
Sna1 formed nearly twice as many colonies as control cells (Figure 7A) and colony
formation was reduced in Daoy cells expressing shRNA against Sna1 (Figure 7B),
indicating that Sna1 contributes to medulloblastoma cell transformation in vitro. To
determine the ability of Sna1 to transform medulloblastoma cells in vivo, Daoy cells were
infected with control (GFP) or Sna1-expressing lentivirus and injected subcutaneously into
athymic mice. Upon resection, the resultant Sna1-expressing tumors were found to be larger
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than control tumors, indicating that Sna1 drives medulloblastoma tumor growth in vivo
(Figure 7C).

Finally, we sought to determine if induction of N-Myc by Sna1 resulted in a biologically
notable response and whether depletion of N-Myc would affect the proliferative and
transforming effects of Sna1 in medulloblastoma cells. We found that ONS76 cells
expressing Sna1 and shRNA against N-Myc show reduced proliferation versus cells
expressing Sna1 alone; this was rescued by re-expression of N-Myc (Figure 7D). Likewise,
Daoy and ONS76 cells expressing shRNA against N-Myc in conjunction with Sna1
overexpression showed a reduction in the number of colonies formed by Sna1
overexpression alone (Figure 7E). These data show that reduction of N-Myc can modulate
the ability of Sna1 to induce medulloblastoma cell transformation and argue that the
proliferative and transformative effects of Sna1 are mediated through N-Myc. Collectively,
our data suggest that Shh pathway–induced Sna1 may amplify aberrant Shh signaling
through the induction of N-Myc in GCPs and contribute to malignant transformation within
the cerebellum.

DISCUSSION
Our results demonstrate that not only is Sna1 is present in the postembryonic mammalian
CNS, but it is also induced by Shh pathway activation in neural progenitor cells. While it is
known that Sna1 is regulated by Shh pathway activity in epithelial cells(18–20, 36, 37), we
present the first data that this pathway is conserved in vertebrate neural cells and contributes
to the normal and neoplastic proliferation thereof. Surprisingly, we found that Shh
stimulation of GCPs results in induction of Sna1 even in the absence of Gli1, suggesting that
Gli1 is sufficient but not necessary for Sna1 induction. These data are consistent with prior
work demonstrating activation of Shh target genes and normal development of Gli1 null
mice(21).

Building upon our data in GCPs, we found that Sna1 is induced in conjunction with Shh
pathway activation in primary murine tumors and human medulloblastoma lines. This is
consistent with prior studies demonstrating that Sna1 is induced by Gli1 and enhances Gli1-
mediated transformation(18–20, 37). Given that Sna1 is induced in response to biochemical
and genetic activation of Shh pathway in GCPs and medulloblastomas of human and murine
origin, we propose that Sna1 induction is a feature of Shh pathway activity in the CNS and
may serve to amplify the oncogenic Shh signal.

Interestingly, application of Shh ligand to human medulloblastoma cells results in a small
increase in Sna1 mRNA at four hours followed by a robust increase at 8 hours, suggesting a
bimodal induction of Sna1 mRNA with respect to time of Shh ligand stimulation. Gli1 is
regulated by a positive feedback loop, as its mRNA is induced by Shh signaling(38, 39); it is
possible that Sna1 mRNA is initially transcribed by cytoplasmic Gli protein reserves already
present in the medulloblastoma cell at 4 hours, however robust activation only occurs at later
timepoints after Gli1 is itself produced in response to Shh. In support of this hypothesis, we
found that increases (and decreases) in Gli1 mRNA in both cell lines precede the increases
(and decreases) in Sna1 mRNA. Combined with our finding that Gli1 was able to bind and
directly induce the Sna1 promoter, the magnitudinal and temporal correlation between Sna1
and Gli1 mRNA induction by Shh ligand indicates that Shh pathway activation leads to
Sna1 induction in medulloblastoma cells.

Our data show that Sna1 promotes GCP and medulloblastoma cell proliferation and,
transformation in vitro and in vivo. Sna1 is traditionally thought to favor EMT versus
proliferation in the context of tumorigenesis (28, 34, 40, 41) and to impair cell division(42).
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Conversely, Sna1 expression correlates with increased proliferation in several systems
including during hair bud formation(43), at the tumor-stroma interface of sarcomas(44), and
in Gli1-transformed cells(20); loss of Sna1 was found to decrease tumor growth of mouse
skin carcinoma and human breast cancer cell xenografts(45, 46). Furthermore, Sna1 was
found to be induced by Gli1 and to enhance Gli1-mediated transformation of RK3E
epithelial cells through enhancing nuclear β-catenin activity, although Sna1 alone was
insufficient to transform these cells in vitro(19, 20). Combined with our data, these findings
suggest that the effect of Sna1 on cell proliferation is context-specific, depending on the cell
type in which Sna1 is expressed as well as the presence of molecular factors such as
activated Shh pathway signaling. In support of this hypothesis, we also found that cyclinD1
– previously reported to be repressed by Sna1(42) – was unaffected by Sna1 expression in
medulloblastoma cells. Additionally, increased expression of both Sna1 and Gli1 was noted
in a subset of medulloblastomas(47, 48).

N-Myc is transcribed in response to Shh signaling and plays an important role in both Shh-
mediated GCP proliferation and medulloblastoma formation(49, 50). Our data show that
Sna1 directly binds and induces the N-Myc promoter. Furthermore, N-Myc modulates Sna1-
mediated medulloblastoma cell proliferation and transformation, indicating that the action of
Sna1 on cerebellar cell growth and transformation is mediated through N-Myc. Previous
work demonstrates that N-Myc is an intermediate early gene (IEG) directly induced within 3
hours of Shh ligand exposure(31). As we did not detect appreciable induction of Sna1
mRNA until 8 hours Shh ligand stimulation, Sna1 cannot be the only mechanism by which
N-Myc transcription responds to Shh activity. Rather, our findings complement this
research, showing that N-Myc protein expression can be induced by prolonged Shh activity
and by Sna1 overexpression. Sna1 induction by Shh may be a mechanism by which N-Myc
levels are sustained in response to Shh, amplifying the mitogenic signal.

This study represents the first demonstration of direct transcriptional activation of a
promoter region by Sna1, which has been traditionally thought of as a transcriptional
repressor(28, 34, 51). Conversely, several studies also show increases in RNA or protein in
response to Snail activity: mesenchymal markers such as vimentin and LEF-1 are
upregulated in epithelial cells upon Snail expression(34, 52). cDNA and protein array
studies reveal a subset of targets elevated in the presence of Sna1, including Id3, Wnt5a, and
β-catenin(52, 53). Recent studies have shown that Sna1 can act as a coactivator for β-
Catenin and NFκB(54, 55). Notably, β-catenin was previously found to activate the N-Myc
promoter(56); it is possible that Sna1 and β-catenin act cooperatively to promote N-Myc
transcription. Our finding that Sna1 directly induces the N-Myc promoter, combined with
previous studies, supports a role for Sna1 as a context-specific transcriptional activator in
addition to its canonical role in transcriptional repression.

It is essential to understand the biological function of factors downstream of Gli proteins in
the cerebellum, given the critical role of Shh pathway activity in GCP development and
transformation. To this end, we have found that Sna1 is induced in GCPs and
medulloblastoma cells in response to Shh pathway activation, and increases proliferation
and transformation of these cells. We have described the direct induction of the novel Sna1
target, N-Myc and demonstrate its ability to modulate Sna1- induced medulloblastoma cell
proliferation and transformation. This novel interaction gives further insight into the
involvement of Sna1 in Shh signaling in neural progenitors and in the proliferation and
transformation of neural tissue, suggesting that sequential activation of the Sna1 and N-Myc
transcription factors plays a role in Shh-pathway mediated neural tumorigenesis.
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Figure 1. Shh pathway activation induces Sna1 expression in neural progenitor cells
A. Top, qRT-PCR shows Sna1 mRNA is increased 6.7-fold in the cerebella of P6 Ptc+/−

mice versus WT siblings. Bottom, RT-PCR shows Sna1 mRNA is increased in the cerebella
of P6 and adult Ptc+/− mice versus WT siblings. B. Left, Sna1 mRNA was induced 8.51-fold
in hippocampal NSCs in the presence of elevated Gli1, but not Gli1ZFD. Right, Sna1 mRNA
was induced in GCPs expressing Gli1. C. Western blot analyses shows Sna1 protein was
increased in both WT and Gli1 null cells exposed to Shh ligand for 24 hours. D. Western
blot analysis shows that Sna1 and N-Myc protein were increased in GCPs exposed to Shh
ligand alone, but not in the presence of cycloheximide (CHX).
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Figure 2. Shh pathway activation induces Sna1 in medulloblastoma
Protein (A) and cDNA (B) samples were prepared from the tumors and contiguous normal
cerebella of four tumor-bearing ND2:SmoA1 mice. A. Western blot analysis shows that
three tumors (T) show increased Sna1 expression as compared to contiguous cerebellum (C).
B. qRT-PCR analyses show that the tumor with highly elevated Gli1 also shows an increase
in Sna1 mRNA, however Sna1 mRNA is not increased when Gli is only slightly induced or
not induced. C. qRT-PCR analyses of mRNA expression in tumor stem-like cell lines
developed from Ptc+/− medulloblastomas show that the cell line with elevated Gli1
expression (5808) also has high Sna1 mRNA expression. Sna1 is not detected in the cell line
with low Gli1 expression (4895) or in WT CBSCs.
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Figure 3. Shh pathway activation induces Sna1 in human medulloblastoma cells
A and B. qRT-PCR analysis shows that Sna1 mRNA expression is robustly increased by
exposure to Shh ligand in ONS76 (A) and Daoy cells (B) after 8 hours as compared toGli1
mRNA expression. C. A ChIP assay performed on Daoy cells shows that Gli1 can bind to
the promoter of Sna1 between 1217 and 1709 bases upstream of transcription start. D. ChIP
performed on cells treated with cyclopamine shows a reduction of Gli1 occupancy on the
Sna1 promoter as compared to vehicle control. E. Daoy cells transfected with the wild-type
Sna1 promoter (WT) driving luciferase expression show a 1383% increase in promoter
induction in by Gli1 as compared to control cells. Mutation of putative GBEs in the region
of Gli11 binding prevents (sites −1685, −1449 and −1333) or reduces (site −1297) Sna1
promoter induction in the presence of Gli1.
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Figure 4. Sna1 promotes GCP proliferation
A. Phosphorylated histone H3 (pH3) and (B) Ki67 immunoreactivity is increased
approximately 200% in GCPs infected with adenovirus expressing Sna1 versus uninfected
controls. C. Ki67 immunoreactivity is increased approximately 276% in GCPs treated with
Shh versus vehicle control.
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Figure 5. Sna1 promotes medulloblastoma cell proliferation
A. EdU incorporation by ONS76 and Daoy cells increased by 231% and 41%, respectively
in Sna1-transfected cells versus controls. B. Proliferation of Daoy cells decreased by 15% in
cells transfected with shRNA against Sna1 (shSna1) versus cells transfected with scrambled
shRNA (Scr.; p=0.0027) as quantified by EdU incorporation; this decrease is rescued by re-
expression of Sna1 (p=0.0002).
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Figure 6. Sna1 induces N-Myc in neural cells
A. Western blot analyses revealed increased expression of N-Myc in medulloblastoma cells
and GCPs expressing Sna1. β-catenin is induced by Sna1 only in Daoy cells. CyclinD1 was
unaffected by Sna1. B. RT-PCR shows increased expression of N-Myc in medulloblastoma
cells expressing Sna1. C. A ChIP assay revealed that Sna1 binds to the N-Myc promoter
between positions −1651 and −932. D. Daoy cells transfected with the wild-type N-Myc
promoter (WT) driving luciferase expression show a 258% increase in promoter induction
by Sna1 as compared to the control. Mutation of E-box sequences in the region of Sna1
binding prevents N-Myc promoter by Sna1. E. Daoy cells transfected with shRNA against
Sna1 show a 75% reduction in N-Myc promoter activity compared to scrambled shRNA.
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Figure 7. Sna1 increases transformation of medulloblastoma cells, which is abolished by N-Myc
depletion
A. Daoy cells expressing Sna1 formed twice the number of colonies than did cells
expressing vector alone. B. Daoy colony formation was reduced with depletion of Sna1 with
Sna1-specific shRNA (shSna1). C. Subcutaneous xenograft tumors derived from Sna1-
expressing Daoy cells were larger upon resection than control (GFP) tumors. D. EdU
incorporation by ONS76 cells shows increased proliferation in cells expressing Sna1
(p<0.0001) was abolished in cells also transfected with shN-Myc (p=0.002); this is rescued
by re-expression of N-Myc (p=0.0009). E. The contact-independent growth advantage of
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Sna1-expressing Daoy (p=0.03) and ONS76 cells (p=0.001) was abolished with N-Myc
shRNA (shN-Myc; p=0.04 and p=0.014, respectively).
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