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Abstract

The intermediate filament protein Nestin serves as a biomarker for stem cells and has been used to
identify subsets of cancer stem-like cells. However, the mechanistic contributions of Nestin to
cancer pathogenesis are not understood. Here we report that Nestin binds the hedgehog pathway
transcription factor Gli3 to mediate the development of medulloblastomas of the hedgehog
subtype. In a mouse model system, Nestin levels increased progressively during medulloblastoma
formation resulting in enhanced tumor growth. Conversely, loss of Nestin dramatically inhibited
proliferation and promoted differentiation. Mechanistic investigations revealed that the tumor-
promoting effects of Nestin were mediated by binding to Gli3, a zinc finger transcription factor
that negatively regulates hedgehog signaling. Nestin binding to Gli3 blocked Gli3 phosphorylation
and its subsequent proteolytic processing, thereby abrogating its ability to negatively regulate the
hedgehog pathway. Our findings show how Nestin drives hedgehog pathway-driven cancers and
uncover in Gli3 a therapeutic target to treat these malignancies.
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INTRODUCTION

The Hedgehog (Hh) signaling pathway controls cell growth, survival and fate in almost
every tissue during development (1, 2). In the absence of Hh ligand, Patchedl (Ptchl), the
antagonizing receptor of Hh, inhibits the activity of the seven-pass transmembrane protein
Smoothened (Smo). Binding of Hh to Ptchl releases Smo from inhibition, leading to the
activation of downstream transcription factors including Glil, Gli2 and Gli3. Glil is an early
transcriptional target of Hh signaling and functions exclusively as a transcriptional activator.
Gli2 and Gli3 exist in both full-length and repressor forms, although Gli2 is considered
primarily a transcriptional activator. The majority of full-length Gli3 (Gli3FL) is
proteolytically processed into a transcriptional repressor (Gli3R) that predominantly acts as
a negative regulator of Hh signaling (Pan and Wang, 2007). Proteolytic processing of Gli3
requires phosphorylation, primarily mediated by protein kinase A (PKA) (3, 4).
Phosphorylation targets Gli3FL for cleavage via the ubiquitin-proteasome pathway. The
regulation of Gli3 processing is important to maintain an appropriate level of Hh pathway
activity, which is essential for normal development (4, 5).

Aberrant activation of the Hh pathway is associated with several human malignancies,
including medulloblastoma (MB), the most common malignant brain tumor in children (6,
7). Deletion of Ptchland consequent activation of the Hh pathway, in cerebellar granule
neuron precursor cells (GNPs) leads to MB formation with 100% penetrance (8), suggesting
that GNPs represent cells of origin for Hh pathway MB. Following Pfch1 deletion, the
majority of GNPs ultimately differentiate, implying that loss of Pich1 alone is insufficient to
maintain constitutive Hh pathway activation in GNPs. However, a small number of Prchi-
deficient GNPs continue to proliferate and eventually develop into tumors (8). Importantly,
how these GNPs preserve Hh pathway activity during MB progression has not been
previously reported.

Nestin, a type VI intermediate filament protein, is commonly utilized as a marker for neural
stem cell populations. However, it is expressed in a wide range of proliferating progenitor
and stem cells during early stages of development (9, 10). In mature tissues, Nestin is
expressed in situations that recapitulate developmental programs such as tissue regeneration,
wound healing, and revascularization (11, 12). It is generally believed that Nestin
participates in the assembly of intermediate filaments thus providing structural protection
against mechanical stress (12). In addition, Nestin is present in various tumors and it is
associated with poor prognosis in glioma and melanoma (13). However, the functional role
of Nestin in tumorigenesis remains elusive.

Here, we show that Nestin levels increase progressively during MB formation, and that
Nestin cooperates with Hh signaling to drive tumor growth. Conversely, suppression of
Nestin dramatically inhibits tumor cell proliferation and promotes differentiation. The
tumor-promoting effects of Nestin are a consequence of its interaction with Gli3, which
blocks Gli3 phosphorylation and impairs its proteolytic processing. These data reveal a
critical role for Nestin in the development of Hh subtype MB, and point to Nestin as a
potential therapeutic target for Hh pathway-associated malignancies.
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MATERIALS AND METHODS

Animals

Ptch1¢C mice and Nestin-CFP mice have been described previously (8, 10). Mathi-Cre
Mice, Actin-Ds-Red mice and R26R-SmoM2 mice were purchased from the Jackson
Laboratory. CB17/SCID mice were bred in the Fox Chase Cancer Center Laboratory Animal
Facility (LAF). All animals were maintained in the LAF at Fox Chase Cancer Center and all
experiments were performed in accordance with procedures approved by the Fox Chase
Cancer Center Animal Care and Use Committee.

Microdissection, flow cytometry and cell culture

Cerebella were harvested from MathI-Cre/Ptch1/C/Nestin-CFP mice at P7. 600pm slices
were prepared using a VT1000S vibratome (Leica). Under a fluorescent microscope, EGLSs
were carefully removed from the rest of the cerebellum using fine forceps. Dissected EGLS
were dissociated as described previously (10). Briefly, EGLs were digested in a papain
solution to obtain a single-cell suspension and then centrifuged through a 35% and 65%
Percoll gradient. Cells from the 35% to 65% interface were suspended in Dulbecco’s PBS
(DPBS) plus 0.5% BSA. CFP+ and CFP- were then purified using a FACSvantage SE (BD
Bioscience).

GNPs and MB cells were suspended in NB-B27 (Neurobasal with 1 mM sodium pyruvate, 2
mM L-glutamine, B27 supplement and 1% Pen/Strep, all from Invitrogen) and plated on
poly-D-lysine (PDL)-coated coverslips (BD Biosciences). For the neurosphere forming
assay, cells were plated at 2x103 cells/ml in NSC proliferation medium (NeuroCult basal
medium with proliferation supplemental, Stem Cell Technologies) plus 10 ng/ml basic
fibroblast growth factor and 20 ng/ml epidermal growth factor (Pepro Tech). NIH3T3 cells
were cultured in DMEM with 10% fetal bovine serum, 1% Pen/Strep and 2mM L-glutamine
(Invitrogen).

NIH3T3 cells had been obtained from American Type Culture Collection (ATCC) prior to
this study in 2010. Before being used in our studies, the FCCC in-house service was used for
cell line authentication. This cell line was tested mycoplasma negative with the Venor GeM
Mycoplasma Detection kit (Minerva Biolabs).

Intracranial transplantation

Nestin+ and Nestin— Ptchi-deficient GNPs or MB cells were injected into the cerebella of
CB17/5CID mice using using a stereotaxic frame with a mouse adaptor (David Kopf
Instruments), as described previously (8, 10). Before transplantation, MB cells were infected
with lentivirus carrying RFP-tagged Nestin ShRNA or scrambled shRNA for 24hrs, and
infected MB cells (RFP+) were then purified by FACS. Survival was defined as the time
from transplantation until symptom onset.

Immunostaining, immunoprecipitation and western blotting

Primary antibodies used in this study include: anti-Nestin (1:1000 for western blotting,
1:200 for immunofluorescent staining, Abcam), anti-GFP (1:500 for immunofluorescent
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staining, Invitrogen; 1:1000 for western blotting, Clontech), Zicl (1:100, from Segal lab at
Dana Farber Caner Institute), anti-Arl13b (1:500, Proteintech), anti-GAPDH (1:10000,
Sigma), anti-DsRed (1:200, Santa Cruz), anti-Ki67 (1:500, Abcam), anti-Glil (1:1000,
Abcam), anti-Gli2 (1:1000, R&D system), anti-Gli3 (1:1000, R&D system), anti-RFP
(1:200, Life technology), anti-Flag (1:100 for immunoprecipitation, 1:1000 for western
blotting, Sigma) and anti-HA (1:100 for immunoprecipitation, 1:1000 for western blotting,
Covance).

Immunofluorescent staining of sections and cells was carried out according to standard
methods. Briefly, sections or cells were blocked and permeabilized for 2 hrs with PBS
containing 0.1% Triton X-100 and 10% normal goat serum, stained with primary antibodies
overnight at 4°C, and incubated with secondary antibodies for 2 hrs at room temperature.
Sections or cells were counterstained with DAPI and mounted with Fluoromount-G
(Southern Biotech) before being visualized using a Nikon Eclipse Ti microscope.

For western blot analysis, cells were lysed in RIPA buffer (Thermo) supplemented with
protease and phosphatase inhibitors (Thermo). Total lysate containing equal amount of
protein were separated by SDS-PAGE gel and subsequently transferred onto PVDF
membrane. Membranes were then subjected to probe with antibodies. Western blot signals
were detected by using SuperSignal West Pico Chemiluminescent substrate (Thermo) and
exposed on films.

For immunoprecipitation experiments, total cell lysate (250ug) were mixed with anti-HA or
anti-Flag antibody and incubated at overnight at 4°C. Protein A-sepharose (GE Healthcare)
(50ul) was added and incubated at 4°C for 2 hours. The beads were washed with lysis buffer,
pelleted and resuspended in 80ul protein sample buffer and subjected to western blot
analysis.

microarray analysis

RNA was isolated using the RNAqueous kit (Ambion) and treated with DNA-free DNase
(Ambion). cDNA was synthesized using oligo(dT) and Superscript Il reverse transcriptase
(Invitrogen). Quantitative PCR reactions were performed in triplicate using iQ SYBR Green
Supermix (Bio-Rad) and the Bio-Rad iQ5 Multicolor Real-Time PCR Detection System.
Primer sequences are available upon request.

RNAs isolated from Prchi-deficient GNPs, MB cells and wild type GNPs were labeled and
hybridized to Affymetrix Mouse Genome 430 2.0 arrays. Microarray data were preprocessed
using robust multichip analysis (RMA). Principal component analysis (PCA) and
identification of genes differentially expressed between Nestin+ and Nestin— PtchI-deficient
GNPs were preformed using Partek Genomics Suite 6.3 software. Microarray data of Nestin
+ and Nestin— ptch1-deficient GNPs are publicly accessible at http://www.ncbi.nlm.nih.gov/
projects/geo/, access code GSE84392.

Unpaired ftest was performed to determine the statistical significance of the difference.
p<0.05 was considered statistically significant. Error bars represent the SEM. ANOVA was
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performed to examine the difference in cell cycle distribution. Overall survival in figure 2b
and figure 50 was assessed using the Kaplan-Meier survival analysis and the Mantel-Cox
log-rank test was used to assess the significance of difference between survival curves. Data
handling and statistical processing was performed using Graphpad Prism Software.

MB cells express Nestin during tumor progression

Using Math1-Cre/Ptch1¢C mice, we demonstrated that deletion of Prchl in cerebellar GNPs
resulted in cerebellar tumors resembling human MB (Fig. 1a) (8). Immunohistochemical
analyses revealed that the majority of MB cells expressed Nestin and that it was located
predominantly in the cytoplasm (Fig. 1b). Nestin expression was also detected in cells from
tumors generated by overexpression of activated Smo as well as in MBs developed from
Prtchl heterozygous mice (Supplementary Fig. Sla, b) (14-16). However, Nestin was absent
from conventional cerebellar GNPs (Fig. 1c, d), as previously reported (10). These data
suggest that Nestin might be associated with tumorigenesis in Hh subtype MB.

To examine Nestin expression during MB progression, we crossed Math1-Cre/Ptch1¢C
mice with Nestin-CFP mice to generate tumor expressing a nuclear form of cyan fluorescent
protein (CFP) in Nestin-containing cells (10, 17), hereafter these mice are referred to as
Math1-Cre/Ptch1¢/C/Nestin-CFP mice. No obvious CFP fluorescence was observed in
whole-mount cerebella from Nestin-CFP mice in which Pfchl was not deleted (Fig. 1e). A
weak CFP signal was detected following PtchI deletion in Mathi-Cre/Ptch1/C/Nestin-CFP
cerebella at postnatal day 7 (P7) (Fig. 1f) and the signal intensified as tumors developed
(P14, Fig. 1g; 8 weeks of age, Fig. 1h). Next, we isolated GNPs from Math1-Cre/Ptch1</C/
Nestin-CFP cerebella and quantified the percentage of CFP+ cells by flow cytometry (Fig.
1i). We found that 21+4% of dissociated GNPs were positive for CFP in P7 Math1-Cre/
Ptch1¢C/Nestin-CFP cerebella, with 70+5% of GNPs expressing CFP at 2 weeks of age. By
8 weeks of age, almost all (92+3%) MB cells were positive for CFP. These data indicate that
Ptchi-deficient GNPs progressively increase expression of Nestin-CFP during MB
formation.

Nestin+ Ptchl-deficient GNPs exhibit enhanced tumorigenicity

In the control cerebellum (from Nestin-CFP/Ptch1/C mice) at P7 (Fig. 1j), CFP positive
cells were rarely detected in the external germinal layer (EGL), where GNPs normally reside
(18). As expected, Ptchl deletion in Mathi-Cre/Ptch1</C/Nestin-CFP cerebellum resulted in
a much thicker EGL compared with controls (Fig. 1k). Over 20% of cells in the mutant EGL
were found to be CFP positive (Fig. 1k). To purify CFP+ Pfchi-deficient GNPs from Mathi-
Cre/Ptch1/C/Nestin-CFP cerebella, we microdissected the mutant EGL to exclude CFP+
cells (namely Bergmann glia) located in the molecular layer and the internal granule cell
layer (Supplementary Fig. Slc, d), as previously described (10, 19). Cells dissociated from
the mutant EGL were then separated into CFP positive and negative populations by
fluorescence-activated cell sorting (FACS). Nestin mRNA and protein expression were
present in CFP positive cells, but absent from CFP negative cells (Fig. 11-0) despite the
same level of Ptchlloss and comparable expression levels of the GNP specific markers,
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Mathl and Zicl (20, 21), in both cell populations (Fig. 1I-n and Supplementary Fig. S1e).
No difference was observed in the extent of Hh pathway activation (G//Z and N-myc
expression) between CFP+ Prchi-deficient GNPs and their CFP negative counterparts
(Supplementary Fig. S1f). These data suggest that following Pfch1 deletion, cerebellar GNPs
segregate into two distinct populations, based on the presence or absence of Nestin, with
equivalent levels of Hh pathway activity.

To determine the functional relevance of Nestin expression in tumorigenesis, we first
compared the /n vitro proliferation rates of CFP+ and CFP— cells purified from the EGL of
P7 Math1-Cre/Ptch1%C/Nestin-CFP cerebella. In the first 24hrs after plating, both cell
populations were highly proliferative with more than 95% of cells positive for Ki67 (Fig.
2a), consistent with the comparable levels of Hh pathway activity (Supplementary Fig. S1f).
After 48hrs in culture, Nestin-negative cells started to exit the cell cycle, and only 20+3%
remained proliferative after 96 hrs in culture (Fig. 2a). In contrast, at that time point Nestin+
cells maintained high levels of proliferation /n vitro (>95% of cells were Ki67+). To
compare the tumorigenicity of Nestin+ and Nestin— Pfchi-deficient GNPs, we transplanted
these two cell populations into the cerebellum of CB17/SCI/D mice as previously described
(8, 10). As shown in Figure 2b, both cell populations generated tumors after transplantation.
However, compared with Nestin— cells, Nestin+ Ptchi-deficient GNPs developed tumors
much more rapidly (median survival: 50 days for Nestin+ cells vs 82 days for Nestin— cells,
p<0.0001), demonstrating that Nestin+ Ptchi-deficient GNPs are more tumorigenic than the
Nestin— GNPs.

To examine the basis for increased tumorigenicity in PtchI-deficient GNPs after Nestin
expression, Nestin positive (CFP+) and negative (CFP—) GNPs were purified from Math1-
Cre/Ptch1¢/C/Nestin-CFP/Actb-DsRed mice in which all cells express red fluorescent
protein (22). Both cell populations were transplanted into the cerebella of CB17/5C/D mice,
and three weeks later, the recipient cerebella were sectioned to examine the proliferative
state of transplanted cells (DsRed+) by immunostaining for Ki67. The majority of Nestin+
Ptchi-deficient GNPs (>90%) were proliferative (Ki67+ and DsRed+, Fig. 2c), whereas less
than 2% of Nestin— Pfchi-deficient GNPs were proliferating (Ki67+ and DsRed+, Fig. 2d).
These data indicate that the divergent growth rate of Nestin+ and Nestin— GNPs is a
consequence of differential proliferative capacity. Importantly, tumor cells originating from
either CFP+ or CFP- cells eventually became positive for CFP (Supplementary Fig. S2a, b),
suggesting that Nestin expression may be necessary for MB progression.

Gli3 is stabilized in Nestin+ Ptch1-deficient GNPs

To determine the molecular basis for increased tumorigenicity of Nestin+ Ptch1-deficient
GNPs, we performed microarray analysis on Nestin+ and Nestin— GNPs from P7 Math1-
Cre/Ptch1%/C/Nestin-CFP cerebella, and compared the gene expression profiles with those of
GNPs from P7 wild type mice, and MB cells isolated from MathI-Cre/Ptch1/C mice at 8
weeks of age as controls. Principal component analysis revealed that despite being well
separated from wildtype GNPs and MB cells, Nestin+ and Nestin— Ptch1-deficient GNPs
co-clustered, indicating that they share similar gene expression profiles (Fig. 2e). No
upregulation of stem cell-associated genes (except Nestin) was observed in Nestin+ Ptchi-
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deficient GNPs compared with Nestin— counterparts (Supplementary Table 1). Furthermore,
Nestin+ Ptch1-deficient GNPs did not exhibit stem cell properties such as the capacity to
form neurospheres or multipotency (23) (data not shown). These data indicate that Nestin
does not alter the differentiation status or cell lineage of Ptchi-deficient GNPs.

Since no significant differences were detected between Nestin+ and Nestin— Pfchi-deficient
GNPs at the level of gene expression, we evaluated differences between these two cell
populations in proteins relevant to Hh signaling. The three Gli proteins (Glil, Gli2 and Gli3)
play important roles as Hh signaling effectors. Gli3 is unique among the three mammalian
Gli proteins, in that it functions predominantly as a repressor of Hh signaling. Full-length
Gli3 (GIli3FL) can be proteolytically processed into a truncated derivative (Gli3R) that
potently inhibits Hh pathway activity. Comparable levels of Glil and Gli2 expression were
detected in Nestin+ and Nestin— GNPs purified from Math1-Cre/Ptch1%C/Nestin-CFP
cerebellum at P7 (Fig. 2f). However, elevated levels of Gli3FL and decreased levels of Gli3R
were observed in Nestin+ Pfch1-deficient GNPs compared to Nestin— GNPs, despite the
presence of similar levels of g/iZmRNA in these two cell populations (Supplementary Fig.
S3a). The protein ratio of Gli3FL to Gli3R (Gli3FL/GIi3R), indicative of Gli3 stability (4,
5), was dramatically increased in Nestin+ Ptchi-deficient GNPs (Fig. 2g). These data
indicate that Nestin compromises Gli3 processing in Ptch1-deficient GNPs.

To investigate whether Nestin regulates Gli3 processing, we utilized NIH3T3 cells, which
express low basal levels of Nestin (Fig. 3a). NIH3T3 cells were transfected with constructs
encoding either Nestin or Nestin shRNAs (Fig. 3b), and cells were subsequently treated with
recombinant Sonic Hedgehog (Shh) protein. Levels of G//3mRNA were comparable in
NIH3T3 cells regardless of Nestin expression levels (Supplementary Fig. S3b, c). As shown
in Figure 3c, when cells were cultured in control media, Gli3 levels were similar in NIH3T3
cells expressing empty vector, Nestin ShRNA or Nestin cDNA. However, dramatic
differences were evident when cells were treated with Shh for 48hrs (Fig. 3c). In Nestin
shRNA expressing cells, the ratio of Gli3FL/GIi3R dropped significantly in Nestin-deficient
NIH3T3 cells compared with wildtype cells (Fig. 3d), suggesting that Nestin suppression
compromised Gli3 stability and potentiated Gli3 processing during Hh signal activation. In
contrast, Nestin overexpression resulted in increased Gli3FL and diminished Gli3R in the
presence of Shh (Fig. 3c); this was reflected by an elevated ratio of Gli3FL/GIi3R (Fig. 3d).
No difference in cell cycle distribution was found among NIH3T3 cells or Pfchi-deficient
GNPs in the presence or absence of Nestin expression (Supplementary Fig. S3d, e),
indicating that differential Gli3 processing was not a result of altered mitotic rate. The above
data indicate that Nestin inhibits proteolytic processing of Gli3.

The level of Glil expression serves as a useful marker of Hh pathway activity (24).
Following Shh treatment of NIH3T3 cells, the levels of Glil increased in a time-dependent
manner (Fig. 3e). In Nestin-deficient NIH3T3 cells, Glil expression was detected at 12hrs in
response to Shh treatment; however, upregulation of Glil protein and mRNA was not
detected in these cells after 24hrs and 48hrs (Fig. 3e, f). Consistent with the role of Gli3 in
negatively regulating Hh signaling, these data suggest that Nestin enhances and prolongs the
output of Hh pathway activation by inhibiting Gli3 processing, thus abrogating a negative
feedback mechanism.
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Nestin inhibits Gli3 phosphorylation by physically interaction

Previous studies have demonstrated that Gli proteins are capable of forming direct
complexes with cytoskeletal proteins (25, 26), which prompted us to ask whether Nestin
directly interacts with Gli3. Due to the lack of Gli3 or Nestin antibodies for
immunoprecipitation, we transfected NIH3T3 cells with constructs encoding HA-tagged
Gli3 or HA-tagged GFP vector, and used anti-HA antibodies to investigate a physical
interaction between Gli3 and Nestin. As shown in Figure 4a, only Gli3FL, but not Gli3R,
was co-immunoprecipitated with native Nestin, indicating that Nestin could form a complex
with Gli3FL. Exogenous Gli3FL was predominantly located in the cytoplasm of wildtype
NIH3T3 cells, while in the absence of Nestin, the majority of exogenous Gli3 protein
migrated into the cell nucleus (Fig. 4b). However, Gli3R always resided in the nuclei of
NIH3T3 cells, regardless of presence or absence of Nestin (Fig. 4b). These data suggest that
Nestin can only interact with Gli3FL, not Gli3R. The physical association between Nestin
and Gli3 was further confirmed by immunoprecipitation of native Nestin with exogenous
Gli3 in MB cells (Fig. 4c). Moreover, it appears that Nestin preferentially binds to Gli3
compared with Glil and Gli2 (Fig. 4d).

Nestin is comprised of an N-terminal rod domain and 41 heptad repeats in an extensive C-
terminal region (27). To identify the domain of Nestin responsible for interaction with Gli3,
we constructed four Nestin fragments: one including the N-terminal domain (Nes-N), one
containing containing all heptad repeats (Nes-C2), one containing the linker region between
Nes-N1 and Nes-C2 (Nes-C1), and one including the C-terminal region (Nes-C3) (Fig. 4e).
NIH3T3 cells were co-transfected with HA-tagged Gli3FL and GFP-tagged Nestin vectors
to investigate the regions responsible for protein-protein interaction. Gli3 predominantly
interacted with the C3-termimal region of Nestin (Fig. 4f). Gli3 also exhibited a weaker
association with the Nestin-C2 region, but no Gli3-binding activity was observed with the
C1 linker region of Nestin (Fig. 4f). These data suggest that Nestin regulates Gli3 processing
through a physical interaction predominantly mediated by the C-terminal tail of Nestin.

Proteolytic processing of Gli3 requires phosphorylation, predominantly by the cyclic AMP-
dependent protein kinase (PKA) (3, 4). Although there are multiple phosphorylation sites on
Gli3, serine phosphorylation of the C-terminus by PKA has recently been reported to be
critical for its proteolytic processing (3, 28). To investigate whether Nestin influences Gli3
phosphorylation, we introduced HA-tagged Gli3FL into wild type, Nestin-overexpressing, or
Nestin-shRNA expressing NIH3T3 cells. We then immunoprecipitated Gli3 using an anti-
HA antibody, and examined Gli3 phosphorylation using an antibody that recognizes
phosphoserine (28). As shown in Figure 4g, Nestin depletion significantly enhanced Gli3
phosphorylation in NIH3T3 cells. Conversely, Nestin overexpression inhibited Gli3
phosphorylation. These data suggest that Nestin compromises Gli3 phosphorylation.

Nestin is critical for MB tumorigenesis

To determine if Nestin is essential for Pfchi-dependent tumorigenesis, we inhibited Nestin
expression in MB cells by infection with lentiviruses encoding Nestin ShRNAs. The
efficiency of Nestin suppression in tumor cells after infection was confirmed by western
blotting (Supplementary Fig. S4). At 48hrs following infection, approximately 70+9% of
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MB cells infected with scrambled shRNA were found to be Ki67+ (Fig. 5a), whereas less
than 20% of MB cells were Ki67+ after Nestin suppression (Fig. 5b). The reduced
proliferation among Nestin-deficient MB cells suggests that Nestin is required for MB cell
proliferation (Fig. 5e). No obvious difference was observed in the levels of apoptosis
(cleaved caspase 3+) in tumor cells after infection with either Nestin shRNA or scrambled
shRNA (data not shown). Although only 25+5% of MB cells expressing scrambled shRNA
were found to be differentiated, as determined by expression of the neuronal differentiation
marker Mef2d (29) (Fig. 5c), the majority of Nestin-deficient MB cells were positive for
Mef2d (Fig. 5d). These data indicate that Nestin deficiency promotes differentiation of MB
cells (Fig. 5f). To confirm that inhibition of proliferation in MB cells infected with Nestin
shRNA was indeed a consequence of Nestin deficiency, we performed a rescue experiment
by infecting MB cells with a lentivirus expressing Nestin sShRNA-RFP (targeting the 3’-
untranslationed region of nestin gene) together with a lentivirus carrying Flag-tagged Nestin
(containing only the protein encoding region of nestin) or empty vector as a control. As
shown in figure 5g, Flag-tagged Nestin was present in virtually all MB cells (>95£2%)
infected with Nestin ShRNA. The percentage of proliferating Nestin deficient MB cells
increased to 81+14% (Fig. 5h) after re-expression of Nestin, compared with overexpression
of the control vector (16+3%, Fig. 5i), indicating that decreased proliferation of MB cells
after Nestin knockdown is a consequence of Nestin deficiency. In addition, g/iZ expression
was significantly repressed after Nestin deletion in MB cells (Fig. 5j). Collectively, our
results suggest that Nestin plays a critical role in maintaining MB cell proliferation.

We next asked whether Nestin is required for /n vivo MB growth. MB cells were infected
with lentivirus carrying Nestin ShRNA-RFP or scrambled shRNA-RFP in vitro. At 24hrs
following infection, before Nestin sShRNA inhibits proliferation and Hh signaling in MB
cells (Supplementary Fig. S5), 50,000 RFP positive cells purified by FACS were
transplanted into the cerebella of CB17/SCID mice. 5 weeks after transplantation, MB cells
expressing scrambled shRNA (Fig. 5k) gave rise to much larger tumor masses than MB cells
expressing shRNA (Fig. 51). The majority of MB cells infected with scrambled shRNA were
highly proliferative (Ki67+, Fig. 5m), whereas less than 1% of Nestin-deficient MB cells
were positive for Ki67 (Fig. 5n). No significant alterations in apoptosis were observed in
MB with Nestin depletion (data not shown). Finally, all CB17/SCID mice developed tumors
within 15 weeks of transplantation with MB cells infected with scrambled shRNA, whereas
no tumors were generated using Nestin-deficient MB cells (Fig. 50). These data indicate that
Nestin is essential for the formation of Hh-dependent MB.

DISCUSSION

While research has illuminated many of the molecular events underlying tumor initiation, it
has proven more difficult to define specific mechanisms responsible for tumor progression.
Previously, we reported that despite loss of Pfch1, the majority of mouse cerebellar GNPs
eventually differentiate following a period of prolonged proliferation, and only rare cells
within the hyperplastic lesions actually develop into MB (8). The present results suggest an
explanation for this observation: loss of Pfch1 alone may lead to a transient increase in Hh
signaling, but in the absence of Nestin, pathway activity is quenched by Gli3R, and cells
undergo differentiation. However, in the presence of high levels of Nestin, Gli3 is
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sequentered, and cells maintain high levels of Hh signaling and go on to form tumors. Our
data demonstrate that Nestin expression is a necessary step in the enhancement and
maintenance of Hh pathway activation leading to malignancy (Fig. 6). Studies have revealed
the important role of negative-feedback loops that normally operate to attenuate various
types of signaling during homeostatic regulation (2, 30). Our findings highlight the
importance of disrupting these negative feedback loops in tumorigenesis. Beyond activation
of proliferative signaling, cells need to develop mechanisms to override intrinsic negative
controls to achieve full transformation.

Our studies reveal that in addition to being a putative marker for stem cells, Nestin acts to
enhance Hh signaling. Although Nestin is not required for initiation of pathway activation,
its presence significantly prolongs and elevates the level of Hh pathway activation. Nestin
expression is widely observed during stem cell expansion and tissue regeneration where
activation of Hh pathway is often involved. Indeed, deletion of Smo from neural progenitor
cells using an inducible Cre recombinase under the control of the Nestin promoter markedly
reduced the survival and proliferation of neural stem/progenitor cells in the mouse
subventricular zone (31, 32). In addition, Nestin expression is frequently found in cancer
stem cells, in which the Hh pathway is often active (33-36). Our studies suggest that Nestin
may play an active role in modulating stem cell populations during normal development as
well as in pathological processes.

Elucidating the mechanisms underlying the proteolytic processing of Gli3 is essential for
understanding the role of the Hh pathway in normal development and disease. Our studies
demonstrate that Nestin inhibits the proteolytic processing of Gli3 by direct binding, which
sheds light on the role of intermediate filament proteins in regulating Gli3 stability. In
mammalian cells, phosphorylation targets Gli3 for ubiquitination and processing into Gli3R
(37, 38), which potently represses Hh signaling. Our studies demonstrate that the direct
interaction with Nestin inhibits Gli3 phosphorylation thereby blocking Gli3 processing. It
has been reported that in mammalian cells Gli3 processing relies on the primary cilium (39,
40). However, no difference in cilia formation or stability was observed in NIH3T3 cells
with altered Nestin expression (Supplementary Fig. S6a). The percentage of cells with
primary cilia among Nestin+ Ptchi-deficient GNPs was comparable to that among Nestin—
Ptchi-deficient GNPs (Supplementary Fig. S6b, ). These data suggest that Nestin does not
affect ciliogenesis in NIH3T3 cells and MB cells. However, we cannot rule out the
possibility that interaction with Nestin may affect transport of Gli3 to the primary cilium.

Human MB comprises at least four subgroups: Wnt, Sonic Hedgehog (SHH), Group 3 and
Group 4 (41-43). We examined Nestin expression by immunohistochemistry in 287 human
MB samples on tissue microarrays and found that Nestin is present in a subset of tumors in
each of the four subtypes (Supplementary Fig. S7). In our SHH subtype MB mouse model,
Nestin expression accumulates progressively during tumor development, suggesting a stage-
dependent modulation of Nestin expression during MB development. Thus, it is possible that
Nestin expression increases during tumor development in human MB. In addition to
regulating the Hh pathway by binding to Gli3 protein, Nestin may modulate other signaling
pathways that are important for stem cells and tumorigenesis. Future studies are warranted to
investigate the functions of Nestin in non-SHH type MB.
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The observation of Hh pathway activation in tumors has made it as an attractive therapeutic
target (44). All Hh pathway inhibitors currently being studied in clinical trials target Smo.
Initial findings suggest that while tumors can exhibit initial dramatic responses, there is
rapid emergence of drug-resistance (45):(46). In many cases, resistance arises as a
consequence of mutations in Smo that prevent binding of antagonists, or genetic events that
activate downstream components of the Hh pathway (47, 48). Since Nestin augments Hh
signaling by regulating Gli3 downstream of Smo, it may represent a promising therapeutic
target for treatment of drug-resistant MB. On the other hand, inhibition of Smo universally
represses Hh signaling even in normal cells, which could potentially cause severe
developmental side effects (49). Based on our studies, targeting Nestin expression in MB
cells could restore the inhibitory functions of Gli3, and repress hyperactivation of the Hh
pathway, in combination with Smo inhibitors or in Vismodegib-resistant tumors to improve
patient outcomes. Potentially, this strategy could be expanded to non-Hh pathway tumors if
Nestin functions in a similar way to enhance other tumorigenic signaling pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cerebellar GNPs express Nestin after Ptchl deletion
A, Hematoxylin and eosin staining of MB from Math1-Cre/Ptch1</C mouse at 8 weeks of

age. Inset, immunostaining for Nestin in MB tissue. B-C, Immunostaining for Nestin and
Zicl on freshly isolated MB cells (B) and wildtype GNPs (C). D, Expression of Nestin and
GAPDH proteins in GNPs and MB cells was examined by western blotting. e-h,
Wholemount images of mouse brains from P7 Nestin-CFP mice (E), and Nestin-CFP/
Math1-Cre/Ptch1€C mice at P7 (F), P14 (G) and 8 weeks of age (H). Arrows point to mouse
cerebella. I, Flow cytometry analysis of the percentage of CFP+ cells among GNPs isolated
from Nestin-CFP/Math1-Cre/Ptch1%/C mice at designated stages. J-K, Immunostaining for
CFP with a FITC-conjugated antibody on cerebellar sagittal sections from P7 Nestin-CFP
mouse (J) and P7 Nestin-CFP/Math1-Cre/Ptch1¢/C mouse (K). Cerebellar sections were
counterstained with DAPI. L-M, CFP+ cells and CFP- cells were purified from cerebellar
EGLs of Nestin-CFP/Mathi1-Cre/Ptch1¢C mice at P7 by microdissection followed by FACS.
Expression of Nestin and Zicl proteins in CFP+ cells (L) and CFP- cells (M) was examined
by immunocytochemistry. N-O, mRNA expression of nestin, mathl1 and actin (N), and
expression of Nestin and GAPDH proteins (O) in CFP+ and CFP- cells were examined by
conventional RT-PCR and western blotting, respectively.
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Figure 2. Nestin+ Ptch1-deficient GNPs exhibit increased proliferation and tumorigenicity
A, Percentage of Ki67+ among Nestin+ and Nestin— GNPs immunostained for Ki67 at

designated timepoints (0-96hrs). B, Survival curve of CB17/SC/D mice after intracranial
transplantation with Nestin+ and Nestin— PfchI-deficient GNPs. n= 22 for transplantation
with Nestin+ Ptchi-deficient GNPs, and n=19 for transplantation with Nestin— Ptch1-
deficient GNPs. C-D, Nestin+ (C) and Nestin— (D) Ptchi-deficient GNPs from Nestin-CFP/
Math1-Cre/Ptch1¢/C/Actb-DsRed mice were immunostained for Ki67 and DsRed at 3 weeks
after transplantation. E, Principal component analysis of Nestin+ and Nestin— GNPs from
Nestin-CFP/Math1-Cre/Ptch1€/C mice at P7, GNPs from P7 wild type mice, and MB cells
from Mathi-Cre/Ptch1¢/C mice at 8 weeks of age. F-G, Glil and Gli2 (F), Gli3 proteins (G)
in Nestin+ and Nestin— Ptchi-deficient GNPs were examined by western blotting. The ratio
of Gli3FL/GIi3R in Nestin+ and Nestin— cells was measured based on protein expression
levels (G).
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Figure 3. Nestin prevents Gli3 processing in GNPsand NIH3T3 cells
A, NIH3T3 cells were immunostained for Nestin, and counterstained with DAPI. B, Nestin

protein expression in NIH3T3 cells stably transfected with constructs carrying GFP (WT),
Nestin (Nes O/E), or Nestin ShRNAs (Nes shRNA #4 and #5). C, Western blotting analysis
of Gli3 proteins in NIH3T3 cells transfected with GNP (WT), Nestin ShRNA#4, or Nestin
(NesO/E) after treatment with 3ug/ml Shh or DMSO for 48hrs. D, Gli3FL and Gli3R levels
from ¢ was quantified by densitometry and used to calculate the Gli3FL/GIi3R ratio. E-F,
Glil protein expression (E) and g/iZz mRNA expression (F) in control and Nestin-deficient
NIH3T3 cells at designated timepoints (E) and 48hrs (F), after Shh treatment, were
examined by western blotting and qRT-PCR, respectively. GAPDH in figure B, C and E was
used as a loading control.
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Figure 4. Nestin prevents proteolytic processing of Gli3
A, NIH3T3 cells were transfected with HA-tagged GFP, Gli3FL or Gli3R, and cell lysates

were immunoprecipated with anti-Flag beads. Nestin, Actin and HA proteins in whole cell
lysate, and precipitated Nestin were determined by western blotting. B, subcellular
localization of exogenous Gli3FL or Gli3R in NIH3T3 cells transfected with HA-tagged
Gli3FL or Gli3R, was examined by immunocytochemistry using anti-HA antibody. C, Cell
lysates MB cells (isolated from 2 independent Mathi-Cre/Ptch1€/C mice at 8 weeks of age)
infected with a lentivirus carrying HA-tagged Gli3FL, were co-immunoprecipated with anti-
HA beads. HA, Nestin and Actin proteins in the input and precipitated Nestin were
examined by western blotting using designated antibodies. D, NIH3T3 cells transfected with
HA-tagged Glil, Gli2 or Gli3 in combination with Flag-tagged Nestin. Cell lysates were
immunoprecipitated with anti-Flag beads. The presence of HA, Nestin and Actin proteins as
well as precipitated Gli proteins were examined by western blotting using designated
antibodies. E, Schematic representation of the GFP-tagged Nestin fragments. F, NIH3T3
cells were transfected with a HA-tagged Gli3 construct alone or together with GFP-tagged
Nestin constructs. Nestin truncated proteins in the input and those precipitated with anti-HA
beads were determined by western blotting using an anti-GFP antibody. G, NIH3T3 cells
stably transfected with constructs carrying GFP (WT), Nestin (Nes O/E), or Nestin shRNA
#4 (Nes null), were further transfected with HA-tagged Gli3FL. Whole cell lysates were
immunoprecipitated with anti-HA beads, and phosphorylated Gli3 was examined by western
blotting using an antibody recognizing phosphoserine.

Cancer Res. Author manuscript; available in PMC 2017 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

o

Percent survival

Page 19

p=0.0014

3
38

2
o

25

% of Ki67+ cells
% of Kig7+ cells
g

0
#4+ Control Nes O/E

Control  #4 _ #5

F _p=00001_

00004 J oo
=

p=0.0024

°
3

% of Mef2D+ cells
3
gli1 expression levels

°

Control ~ #4 #5

100

80

60-

40

204

= Scrambled shRNA
= Nestin shRNA

Days Elapsed

Figure5. Nestin iscritical for MB tumorigenesis
A-D, MB cells infected with lentivirus carrying scrambled shRNA-RFP (A and C) and

Nestin sShRNA-RFP #4 (B and D), were immunostained for Ki67 and RFP (A and B) or
Mef2D and RFP (C and D) at 48hrs following infection. E-F, The percentage of Ki67+ cells
(E) and Mef2D+ (F) among infected MB cells (RFP+). G-H, MB cells were co-infected
with lentivirus carrying RFP-tagged Nestin-shRNA #4 (targeting 3’ -untranslational region
of nestin gene) in combination with virus carrying Flag-tagged Nestin (containing only
Nestin encoding sequence). 48hrs after the infection, MB cells were immunostained for Flag
and RFP (G) or Ki67 and RFP (H). I, The percentage of Ki67+ cells among MB cells
infected with Nestin ShRNA #4 together with an empty vector (control) or a Nestin
expressing construct (Nes O/E). J, g/iZz mRNA expression in MB cells at 48hrs following the
infection with Nestin sShRNA #4, was examined by qRT-PCR. K-N, DAPI staining (K-L)
and immunstaining for Ki67 and RFP (M-N) of cerebellar sections of CB17/SC/D mice at 5
weeks after transplantation with MB cells infected with scrambled shRNA (K and M) and
Nestin sShRNA #4 (L and N). Tumor mass was surrounded by arrows in K, L and O. Survival
curve of CB17/5CID mice after transplantation of infected MB cells. n=11 in each
transplantation group.
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Figure 6. A model for MB tumorigenesis
Cerebellar GNPs proliferate extensively after deletion of Ptch1; however, the majority of

Ptchi-deficient GNPs finally exits the cell cycle and differentiates into mature neurons.
During the initial proliferation, a proportion of Prchi-deficient GNPs expresses Nestin,
which further promotes the proliferation of GNPs and allows them to accumulate oncogenic
alterations necessary for MB tumorigenesis.
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