
Microenvironment and Immunology

Astrocytes Promote Medulloblastoma
Progression through Hedgehog Secretion
Yongqiang Liu1, Larra W.Yuelling1, Yuan Wang2, Fang Du1, Renata E. Gordon1,
Jenny A. O'Brien1, Jessica M.Y. Ng3, Shannon Robins1, Eric H. Lee1, Hailong Liu1,
Tom Curran3, and Zeng-Jie Yang1,2

Abstract

Astrocytes, the most abundant type of glial cells in the brain,
play critical roles in supporting neuronal development and brain
function. Although astrocytes have been frequently detected in
brain tumors, including medulloblastoma (MB), their functions
in tumorigenesis are not clear. Here, we demonstrate that astro-
cytes are essential components of the MB tumor microenviron-
ment. Tumor-associated astrocytes (TAA) secrete the ligand sonic
hedgehog (Shh), which is required for maintaining MB cell

proliferation despite the absence of its primary receptor
Patched-1 (Ptch1). Shh drives expression of Nestin in MB cells
through a smoothened-dependent, but Gli1-independent mech-
anism.Ablationof TAAdramatically suppressesNestin expression
and blocks tumor growth. These findings demonstrate an indis-
pensable role for astrocytes in MB tumorigenesis and reveal a
novel Ptch1-independent Shh pathway involved in MB progres-
sion. Cancer Res; 77(23); 6692–703. �2017 AACR.

Introduction
Astrocytes are specialized glial cells, distributed ubiquitously

throughout the brain, that play essential roles inmicrocirculation,
provision of energy metabolites to neurons, and homeostasis
maintenance of extracellular ions and neurotransmitters (1, 2).
Antibodies against glial fibrillary acid protein (GFAP) are often
used to detect astrocytes (3), sometimes in conjunction with
antibodies specific for other biomarkers such as S100b (4),
astrocyte cell surface antigen 2 (ACSA-2; ref. 5), and brain lipid
binding protein (BLBP; ref. 6) in immunohistochemistry assays.
Astrocytes in the cerebellum, often referred to as Bergmann glial
cells, provide critical functions that support proliferation and
migration of cerebellar granule neuron precursors (GNP; ref. 7).
Under pathological brain conditions, such as trauma or malig-
nant growth, astrocytes undergo astrogliosis, upregulating GFAP
expression, increasing proliferation, and enduring pronounced
hypotrophy (8, 9). This process has been linked to elevated
expression of survival genes in tumor cells that have been pro-
posed to provide protection from chemotherapeutic agents (10).
In addition, astrocytes release numerous growth factors and

cytokines that potentially provide a supportive microenviron-
ment for brain tumor growth and metastasis.

Medulloblastoma (MB) is the most common malignant brain
tumor in children. Approximately 30%of humanMBs result from
aberrant activation of the hedgehog signaling pathway (11–13).
The hedgehog pathway plays fundamental roles during normal
development by regulating multiple processes involved in tissue
patterning, proliferation, and differentiation (14). Three mam-
malian hedgehog homologues, Sonic hedgehog (Shh), Indian
hedgehog, and Desert hedgehog, activate the hedgehog pathway
by binding to and inhibiting the receptor Patched-1 (Ptch1). This
relieves the inhibitory effect of Ptch1 on Smoothened (Smo),
which then translocates to the primary cilium in an active form.
Activated Smo then suppresses the function of suppressor-of-
fused (Sufu), allowing Gli1 and Gli2 to translocate to the nucleus
and increase transcription of a set of target genes, including Ptch1
andGli1. Gli3, an additional Gli family member that is positively
regulated by Sufu, predominately serves as a negative regulator of
hedgehog signaling (15, 16). Elevated expression of Gli1 is a
hallmark of hedgehog pathway activation. However, substantial
evidence indicated that not all hedgehog activity requires Gli1
(17, 18). Shh has been shown to induce cytoskeletal rearrange-
ments in mouse fibroblasts independently of Gli1 (19). Further-
more, activation of Src family kinases by Shh in commissural
neurons, occurs via a Gli1-independent mechanism (20).

Previously, we showed that deletion of Ptch1 in mouse cere-
bellar GNPs results in MB formation with 100% penetrance
confirming GNPs as the cell of origin for hedgehog group MB
(21). However, after a prolonged period of proliferation, the
majority of GNPs ultimately differentiated, despite the loss of
Ptch1. Only a small subset of Ptch1-deficientGNPs developed into
tumors, suggesting that although loss of Ptch1 alone is necessary
for tumor formation, it is not sufficient for malignant transfor-
mation of cerebellar GNPs (21). Recently, we reported that
expression of Nestin, a type VI intermediate filament protein, is
required for Ptch1-deficient GNPs to formMB. Nestin augmented
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hedgehog pathway activity by binding toGli3, thereby abolishing
its inhibitory function (22). These data reveal that Nestin expres-
sion is indispensable for MB tumorigenesis. However, the mech-
anism underlying Nestin expression in MB cells has not been
identified.

Here, we demonstrate that astrocytes, enriched in both human
and mouse MB tissue, represent a key functional component of
the tumormicroenvironment. Tumor-associated astrocytes (TAA)
were found to express and secrete Shh to promote MB cell
proliferation. Astrocyte-derived Shh induced Nestin expression
in MB cells through a Smo-dependent, but Gli1-independent
mechanism. Genetic ablation of TAA dramatically inhibited Nes-
tin expression inMB cells, resulting in reduced proliferation and a
block in tumor growth. Thus, astrocytes play a critical role in
supporting MB growth by secreting the mitogen Shh into the
tumor microenvironment.

Materials and Methods
Mice

Ptch1fl/fl mice,Nestin-CFPmice have been described previously
(22).Math1-CreMice, Ptch1-lacZmice,GFAP-GFPmice,GFAP-TK
mice, and Rosa26-SmoM2 mice were from Jackson Labs. All
animals were maintained in the LAF at Fox Chase Cancer Center
and all experiments were performed in accordance with proce-
dures approved by the Fox Chase Cancer Center Animal Care and
Use Committee.

Cell isolation, flow cytometry, and cell culture
GNPs were isolated from cerebella of P4-P7mice, andMB cells

from adult cerebella as previously described (23). Briefly, Cere-
bella were digested in a solution containing 10 U/mL papain
(Worthington), 200 mg/mL L-cysteine (Sigma), and 250 U/mL
DNase (Sigma) to obtain a single cell suspension, and then
centrifuged through a 35% to 65%Percoll gradient (Sigma). Cells
from the 35% to 65% interface were suspended in NB-B27
(Neurobasal with B27 supplement, 1 mmol/L sodium pyruvate,
2 mmol/L L-glutamine, and Pen/Strep, all from Invitrogen). CFP-
negative GNPs from p4 Math1-Cre/Ptch1fl/fl/Nestin-CFP cerebella
were then purifiedusing a FACSAria II (BDBioscience).GNPs and
MB cells were suspended in NB-B27 and plated on poly-D-lysine
(PDL)-coated 24-well plates for further experiments.

Histology, IHC, and Western blotting
Primary antibodies used in this study include: anti-Nestin

(1:1,000; Abcam), anti-GFAP (1:500; BD), anti-S100 (1:500;
Sigma), anti-BLBP (1:500; Millipore), anti-Ki67 (1:500; BD),
anti-NeuN (1:200; millipore), anti-GFP (1:500; Millipore),
anti-Cre (1:500; Novagen), anti-BrdUrd (1:500; Sigma), anti-
Shh (1:500; BD), anti-Gli1 (1:1000; CST), anti-GAPDH
(1:2000; Sigma), and anti-HA (1:200; Covance). Secondary
antibodies include: Alexa Fluor 594 anti-rabbit IgG (1:200),
Alexa Fluor 594 anti-mouse IgG (1:200), Alexa Fluor 594 anti-
chicken IgY (1:200), Fluor 488 anti-rabbit IgG (1:200), Fluor
488 anti-mouse IgG (1:200), Fluor 488 anti-chicken IgY
(1:200) from Invitrogen.

For immunohistochemistry, mice were perfused with PBS
followed by 4% paraformaldehyde (PFA). Cerebella were
removed and fixed overnight in 4% PFA, cryoprotected in 30%
sucrose, frozen in Tissue Tek-OCT (Sakura Finetek) and cut into
10 to 12 mm sagittal sections. Immunofluorescent staining for
sections and cultured cells was carried out according to standard

protocols. Briefly, after fixation in 4% PFA, sections or cells were
blocked and permeabilized for 1 hour 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 anti-
bodies for 2 hours at room temperature. Sections were counter-
stained with DAPI and mounted with Fluoromount G (Southern
Biotechnology) before being visualized using a Nikon Eclipse Ti
microscope.

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

Astrocytes isolation and culture
TAAs were isolated from MB tissues from Math1-Cre/Ptch1fl/fl/

GFAP-GFPmice at 8weeks of age. Briefly,MB tissueswere digested
using papain dissociation system to obtain a single cell suspen-
sion as mentioned above, the cells were suspended in DPBS plus
0.5% BSA, and stained with anti-ACSA-2-APC (1:500; Miltenyi
Biotec), TAA were collected by harvesting GFPþ/ACSA2-APCþ

cells using FACS. For coculture of TAA with GNPs and MB cells,
isolated TAA were cultured in PDL-coated wells for 3 days, then
purified GNPs orMB cells were added on top of TAA at a ratio of 5
to 1, and cocultured for indicated time period.

For detection of Shh ligand by ELISA assay, the culturemedium
(CM) for astrocytes was replacedwith serum-freeDMEMmedium
after being cultured with serum for 3 days. Conditioned CM was
harvested 2 days later, the concentration of Shh ligand was
measured using the mouse Shh-N ELISA Kit (Sigma).

For luciferase assay, shh-light II cells (ATCC CRL-2795) were
cultured in DMEM with 10% FBS. After the cells reached 70% to
80% confluence, the medium was replaced with DMEM without
FBS (na€�ve CM), 50% Shh-CM or TAA-CM for 2 days, then
luciferase levels in shh-light II cells were measured using Dual-
Luciferase Reporter Assay (Promega).

MRI
MR microimaging was performed using intense magnetic

fields on a 7 Tesla wide bore system (ESPREE) according to
the standard protocol. MRI image analysis and tumor volume
calculation was performed using Image J software (version
1.46; NIH, Bethesda, MD), which has Bruker plugins that can
read reconstructed date files (2dseq) from Bruker Biospec
spectrometer. The regions of interest were drawn manually
covering the entire tumor area on each slice of the MRI images,
and the areas of the individual slices were summed afterwards.
The tumor volume was calculated by multiplying summated
areas by slice thickness.

Slice culture
Cerebella were harvested from Math1-Cre/Ptch1fl/fl/Nestin-CFP

mice. A total of 250 mm slices were prepared using a VT1000S
vibratome (Leica Microsystems) as previously described (24).
Tumor tissue slices were transferred onto a Millicell cell culture
membrane inserts (0.4 mm, 30-mmdiameter; MerckMillipore) in
a 6-well plate with 1-mL DMEM CM containing 25 mmol/L
HEPES. Tumor tissue slices receives medium from below and air
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from above, and were cultured in an incubator with 5% CO2 at
37�C for indicated times.

RT-PCR
RNA was extracted from GNPs or MB cells using RNeasy Mini

Kit (Qiagen). For real-time PCR, first-strand cDNA was synthe-
sized from equal amounts of RNA using Superscript III Reverse
Transcriptase (Invitrogen). Triplicate reactions were prepared
using TaqMan probe real-time PCR, and real-time quantification
was performed on a BIORAD iCycler iQ system (Bio-Rad). Primer
sequences are available upon request.

In situ hybridization
Tumor-bearing mice were perfused with 4% PFA; brains were

embedded in OCT and cut into 12-mm sections. Sections were
fixed in 4% PFA, acetylated and incubated for 1 hour at room
temperature in prehybridization buffer (50% formamide, 5X SSC,
1X Denhardt's solution, 10% dextran sulfate, 1 mg/mL yeast
tRNA, 40 mg/mL salmon sperm DNA). Digoxigenin (DIG)-
UTP–labeled probes for Shh were denatured and added to this
mix on the section, and hybridization was performed at 59�C for
40 hours. Probes were synthesized using a DIG Labeling Kit

(Roche). After hybridization, sections were incubated overnight
at 4�C with alkaline phosphatase–conjugated anti-DIG antibo-
dies (Roche). Bound probe was visualized by incubating sections
in NBT/BCIP (Roche) overnight in the dark. Coverslips were
mounted with Aqua-Polymount (Polysciences).

Statistical analysis
Unpaired t test was performed to determine the statistical

significance of the difference. P < 0.05 was considered statistically
significant. Error bars, SEM. Data handling and statistical proces-
sing were performed using GraphPad Prism Software.

Results
Astrocytes are enriched in MB tissue

HumanMB comprises at least four subgroups:Wnt, Shh, group
3, and group 4, with the Shh group accounting for approximately
30% of cases (11, 25, 26). Conditional genomic deletion of ptch1
in cerebellar GNPs led to MB formation in Math1-Cre/Ptch1fl/fl

mice (21). We examined the presence of astrocytes in MB tissues
fromMath1-Cre/Ptch1fl/flmiceby IHC.As shown in Fig. 1A andB, a
significant number of TAA (GFAPþ or S100bþ) were identified,

Figure 1.

Astrocytes are enriched in Shh typeMB.A andB, Sagittal sections fromMath1-Cre/Ptch1fl/fl cerebella at 8weeks of agewere immunostained for GFAP and Zic1 (A) or
S100b and Zic1 (B). C and D, Astrocytes in human MBs were examined by immunohistochemistry for S100b (C) and GFAP (D). E and F, Whole-mount images
ofmouse brain from aMath1-Cre/Ptch1fl/fl/GFAP-GFPmouse at 8weeks of age in bright field (E) andGFP channel (F).G–I, Sagittal sections fromMath1-Cre/Ptch1fl/fl/
GFAP-GFP cerebella were immunostained for GFP and Zic1 (G), GFP and S100b (H), or GFP and GFAP (I). J, Cells harvested from Math1-Cre/Ptch1fl/fl/GFAP-GFP
cerebella at 8 weeks of age were stained for ACSA2, and analyzed for ACSA2 (APC) and GFAP (GFP) expression by flow cytometry. K–M, Purified
TAAs were immunostained for GFP (K), S100b (L), and BLBP (M) at 0 hr (right after being plated). Scale bar, 10 mm.
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intermingled withMB cells (Zic1þ; ref. 27) throughout the tumor
mass. Similarly, astrocytes were also detected in human Shh type
MB tissue (Fig. 1C and D) as well as in MBs derived from Ptch1
heterozygousmice (28) andmice carrying constitutively activated
Smo in cerebellar GNPs (Supplementary Fig. S1A–S1D; ref. 29).
These data suggest that astrocytes are abundant in the MB tumor
microenvironment.

To investigate the possible role of astrocytes in MB tumorigen-
esis, we purified TAA fromMath1-Cre/Ptch1fl/flmice that had been
crossed with GFAP-GFP mice that express GFP in astrocytes (30).
We observed a robust GFP signal in MBs arising in Math1-Cre/
Ptch1fl/fl/GFAP-GFP mice at 8 weeks of age (Fig. 1E and F), but
there were no MB cells (Zic1þ) positive for GFP (Fig. 1G). In
contrast, the majority of GFPþ cells expressed the astrocyte
makers, S100b (Fig. 1H) and GFAP (Fig. 1I). On the basis of
flow cytometry analyses, 1% to 2% of cells dissociated from MB
tissue in Math1-Cre/Ptch1fl/fl/GFAP-GFP mice were positive for
GFP. Approximately, 80% to 85%of theGFPþ cells also expressed
ACSA2 (Fig. 1J), a cell surface marker for astrocytes (31). Purified
GFPþ/ACSA2þ cells exclusively expressed S100b and BLBP (Fig.
1K–M), andnoZic1þwere detected in theGFPþpopulation (data
not shown). When cultured, purified GFPþ/ACSA2þ cells solely
gave rise to astrocytes based on marker expression and star-like
morphology (Supplementary Fig. S1E–S1G). These data suggest
that TAAs in MB tissue from Math1-Cre/Ptch1fl/fl/GFAP-GFP mice
represent GFPþ/ACSA2þ cells. Therefore, for the following experi-
ments, TAAwere harvested by FACSpurifyingGFPþ/ACSA2þ cells
from MBs of Math1-Cre/Ptch1fl/fl/GFAP-GFP mice.

TAA in MB tissue secrete Shh ligand
Previously, astrocytes in the cortex were reported to secrete Shh

to support brain development (32). Therefore, we looked for the
presence of Shh mRNA in MB tissue by in situ hybridization. At

postnatal day 8 (P8), ShhmRNAwasdetected in thePurkinje layer
of the cerebellum (Fig. 2A), consistent with previous reports
demonstrating that Purkinje neurons secrete Shh to promote
GNPs proliferation in neonatal mice (33). Abundant expression
of Shh mRNA was found in MB tissue from Math1-Cre/Ptch1fl/fl

mice at 8 weeks of age (Fig. 2B), but not in adjacent normal tissue,
suggesting that Shh-expressing cells exist in the MB microenvi-
ronment. To investigate whether Shh transcripts in the MBmicro-
environment are derived from astrocytes, we isolated TAA andMB
cells fromMath1-Cre/Ptch1fl/fl/GFAP-GFPmice and examined Shh
mRNA expression by qPCR. As shown in Fig. 2C, elevated levels of
Shh mRNA expression were detected in TAA compared with MB
cells, indicating that TAAs highly expressed Shh mRNA. Having
observed increased expression of Shh mRNA in TAAs, we then
tested whether TAA secreted Shh. MB cells and TAA isolated from
Math1-Cre/Ptch1fl/fl/GFAP-GFP mice were cultured in vitro for 3
days. Conditioned CM was collected to examine the presence of
Shh by ELISA, and regular CM was used as a negative control. As
shown in Fig. 2D, markedly increased levels of Shh ligand were
detected in TAA-CM, compared toMB cell CM and regular culture
medium. These data indicate that TAA, but not MB cells, secrete
Shh in culture.

To determine whether TAA-derived Shh is functional, we
investigated activation of the Shh pathway by TAA-CM in Shh-
light II cells (34). TAA-CM was prepared as mentioned above,
and Shh-light II cells were treated with TAA-CM or na€�ve CM
with and without recombinant Shh as controls. As expected, the
luciferase level was significantly elevated in Shh-light II cells
treated with recombinant Shh, compared to treatment with
control CM (Fig. 2E). Enhanced luciferase levels were also
observed in Shh-light II cells after treatment with TAA-CM,
suggesting that TAA-derived Shh markedly stimulated the
hedgehog pathway in Shh-light II cells. Taken together, the

Figure 2.

TAAs secrete Shh. A and B, Sagittal sections from wild-type cerebella at P8 (A) and MB (B) were examined for Shh mRNA expression by in situ hybridization. Note
that Shh mRNA was found in the purkinje cell layer of the wild-type cerebellum (A) and MB tissue (B). P, Purkinje cell layer; T, tumor tissue; A, adjacent
normal cerebellum. The dotted line in A indicates the molecular layer of wild-type cerebellum. C, Expression of Shh mRNA in MB cells and TAAs was
examined by qPCR. D, Concentrations of Shh ligand in conditioned culture media collected from control (na€�ve CM), MB cell culture, or TAA culture were
measured by an ELISA kit. E, Relative luciferase level (RLU) in Shh-light II cells cultured with recombinant Shh (Shh-CM) or TAA-conditioned CM (ACM) for 2 days.
The values in C, D, and E are the means � SEM from three independent experiments. Scale bar, 20 mm.
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above data demonstrate that TAA efficiently export functional
Shh into the MB microenvironment.

TAA-derived Shh supports MB cell proliferation
We next investigated the possible contribution of Shh to MB

cell proliferation in the tumor microenvironment. MB cells from
Math1-Cre/Ptch1fl/fl mice were cultured in vitro and cells were

examined at different time points to determine the level of
proliferation. As shown in Fig. 3A, a majority of MB cells were
proliferating after 24 hours in culture. However, MB cells started
exiting the cell cycle after 48 hours in culture, with only 10% still
dividing at 96 hours. These data suggest that MB cells gradually
cease proliferation in vitro. The expression of Gli1 also progres-
sively declined in cultured MB cells during the same time frame

Figure 3.

TAA-derived Shh supports MB cell proliferation. A, Percentage of Ki67þ cells among cultured MB cells harvested at designated time points (0–96 hours) was
quantified. B–E, MB cells were treated with PBS control (B and C) or Shh (D and E) for 3 days and immunostained for BrdUrd after a 2 hour pulse with
100 mmol/L BrdUrd. F, The percentage of BrdUrdþ cells among control (DMSO) or Shh-treated MB cells was quantified.G–N,MB cells cultured alone (G andH) or co-
cultured with TAA (I and J) together with 1% 5E1 (K and L) were immunostained for Ki67, Zic1, or GFP. MB cells were treated with NB-B27 (control),
TAA-CM, or togetherwith 5E1 for 48hours and immunostained for Ki67 (N). ThepercentageofKi67þ cells amongculturedMBcellswasquantified inM andN.O–S, MB
slices were immunostained for Ki67 after being culture without treatment (O and P) or 5E1 (Q and R) for 4 days. The percentage of Ki67þ cells among
MB cells in MB slices was quantified (S). DAPI was used to counterstain cell nuclei in C, E, O, and Q. Data in A, F, M, N, and S represent means � SEM from three
independent experiments. Scale bar, 10 mm.
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(Supplementary Fig. S2A), indicating that hedgehog pathway
activity is rapidly downregulated when MB cells are cultured in
vitro, as shown previously (35). To examine whether exogenous
Shh can support tumor cell proliferation in vitro, MB cells were
cultured in the presence of 1 mg/mL recombinant Shh. As shown
in Fig. 3B–F, approximately 15%ofMB cells were BrdUrd positive
after 72 hours in the control culture. However, almost 30% ofMB
cells were BrdUrd positive when cultured in the presence of Shh,
indicating that exogenous Shh enhances MB cell proliferation
in vitro.

To examine whether TAA promote MB cell proliferation by
secreting Shh, we treated cocultures of TAA and MB cells with
the Shh-neutralizing antibody 5E1 (36). As a control, we
treated cerebellar GNPs with Shh in the presence and absence
of 5E1. As shown in Supplementary Fig. S2B, 5E1 significantly
repressed upregulation of Gli1 and cyclin D1 in GNPs follow-
ing Shh treatment, indicating that 5E1 is capable of antago-
nizing Shh. MB cells and TAA were isolated from Math1-Cre/
Ptch1fl/fl/GFAP-GFP mice at 8 weeks of age, then the purified
MB cells were cultured alone, or with TAA, in the presence and
absence of 5E1. At 48 hours after treatment, cells were
examined by immunostaining with Ki67 and Zic1 antibodies
(Fig. 3G and H). When cultured alone, approximately 40% of
MB cells were proliferative (Ki67þ) and no alterations in MB
cell proliferation were found after treatment with 5E1. How-
ever, MB cell proliferation was dramatically enhanced in the
presence of TAA (Fig. 3I and J). TAA-enhanced proliferation of
MB cells was significantly inhibited by 5E1 treatment (Fig.
3K–M), suggesting that TAA stimulated MB cell proliferation
through Shh secretion. There still remains a possibility that
Shh could stimulate proliferation of MB cells through upre-
gulation of other factors in astrocytes. To address this, we
cultured TAA for 48 hours before collecting conditioned
medium (TAA-CM). MB cells were treated with NB-B27 (con-
trol), TAA-CM [NB-B27 þ TAA-CM (1:1)], or TAA-CM þ 5E1.
Forty-eight hours after treatment, MB cells were harvested for
immunocytochemistry with an antibody against Ki67. TAA-
CM dramatically increased MB cell proliferation, compared
with NB-B27. Enhanced proliferation of MB cells in the
presence of TAA-CM, was effectively repressed by 5E1 (Fig.
3N). These data indicate that Shh from TAA directly stimulate
MB cell proliferation.

To further investigate the supporting role of Shh in the
tumor microenvironment, we used organotypic slice cultures
(24), to examine the blocking activity of 5E1. Tumor slices
were prepared from MB developed in Math1-Cre/Ptch1fl/fl mice
at 8 weeks of age as previously described (24), and treated
without and with 5E1 for 4 days. Following treatment, tumor
slices were examined by IHC to determine the effects of Shh
abrogation on proliferation. As shown in Fig. 3O and P, there
was robust proliferation of MB cells in the tumor slices, with
40% of MB cells positive for Ki67 after 4 days. The level of
proliferation was significantly elevated in tumor slices com-
pared with cell culture, highlighting the important role of the
tumor microenvironment in MB cell proliferation. This
enhanced level of MB cells proliferation was reduced to
12% by 5E1 treatment of the tumor slices (Fig. 3Q–S). No
increase in apoptosis or cell death was observed in tumor slices
after 5E1 treatment (Supplementary Fig. S3A–S3C). These data
demonstrate that Shh, present in the tumor microenviron-
ment, is required for MB cell proliferation.

Shh induces Nestin expression in Ptch1-deficient GNPs
Recently, we reported that Nestin expression level increase

during tumor progression and that it plays a key role in enhancing
Hedgehog pathway activity and MB cell proliferation in vivo (22).
Having observed that Shh can promote MB cell proliferation, we
examined whether Shh affects Nestin expression in MB cells. For
this purpose, we utilized Math1-Cre/Ptch1fl/fl/Nestin-CFP mice, in
which MB cells gradually increase the levels of Nestin, presented
by cyan fluorescent protein (CFP) expression as tumors develop
(22). Nestin-negative (CFP�) cells were purified by FACS from
Math1-Cre/Ptch1fl/fl/Nestin-CFPmice at P7. At this age, only 20%of
Ptch1-deficient GNPs express Nestin (CFPþ) in the cerebellum
(22). Ptch1 deletion, as well as activation of the hedgehog
pathway in CFP� cells, was previously demonstrated by qPCR
and Western blot analyses (22). CFP� cells were treated with
recombinant Shh alone or together with 5E1. After 48 hours
culture, only a few Nestin-expressing cells were present in the
cultures based on immunocytochemistry (Fig. 4A and B). How-
ever, Shh treatment significantly increased Nestin expression
among Ptch1-deficient GNPs (Fig. 4C and D). Moreover, Shh-
induced Nestin expression was effectively blocked by 5E1 (Fig. 4E
and F). On the basis of qRT-PCR analysis, Shh significantly
enhanced the level of Nestin mRNA expression in Ptch1-deficient
GNPs, whereas Shh-induced Nestin expression was markedly
reduced following 5E1 treatment (Fig. 4G). No alteration in the
expressionofNestinorGli1mRNAwasobserved inPtch1-deficient
GNPs after treatment with 5E1 alone (Fig. 4G). These data reveal
that Shh is capable of inducingNestinmRNA expression in Ptch1-
deficient GNPs.

To investigate whether astrocytes can stimulate Nestin expres-
sion in Ptch1-deficient GNPs through Shh secretion, we purified
CFP� GNPs as mentioned above, and isolated TAA from Math1-
Cre/Ptch1fl/fl/GFAP-GFPmice. CFP� GNPs were cultured alone, or
with TAA, at a ratio (MB cells to TAA) of 5:1 in the presence and
absence of 5E1 for 48 hours. We then examined Nestin induction
in Ptch1-deficient GNPs using CFP expression as a marker. As
shown in Fig. 4H, spontaneous CFPþ cells were identified at a low
level in Ptch1-deficient GNPs cultured alone. This low-level spon-
taneous expression was not dependent on exogenous Shh, as 5E1
treatment had no effect on CFP expression (Fig. 4I). In the
presence of TAA that already extended elongated processes (Fig.
4J), the number of CFPþ cells dramatically increased in the Ptch1-
deficient GNPpopulation (Fig. 4K). Treatment of these cocultures
with 5E1 suppressed the number of CFPþ cells (Fig. 4L–N). These
data indicate that TAA-induced Nestin expression in Ptch1-defi-
cient GNPs is mediated by Shh secretion.

Shh-induced Nestin expression relies on Smo activation, but is
independent of Gli1

Shh-induced Nestin expression in Ptch1-deficient GNPs reveals
a distinct function of Shh that is independent of binding to Ptch1.
To further characterize the mechanism involved in Shh-induced
Nestin expression, we isolated CFP�, Ptch1-deficient GNPs
from Math1-Cre/Ptch1fl/fl/Nestin-GFP mice and treated them with
1 mg/mL recombinant Shh, in the presence and absence of
cyclopamine, a potent naturally occurring plant alkaloid that
antagonizes Smo (37). As shown in Fig. 5A and B, nearly no
Nestin expression was detected in Ptch1-deficient GNPs at control
conditions. In contrast, approximately 22% of Ptch1-deficient
GNPs exhibited Nestin expression after Shh treatment (Fig. 5C
and D). However, cyclopamine dramatically blocked the increase
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in Nestin mRNA and protein in Ptch1-deficient GNPs following
Shh treatment (Fig. 5E–G), indicating that Smo activation is
required for Shh-induced Nestin expression.

We next investigatedwhether Shh-inducedNestin expression is
mediated by Gli1. Cerebellar GNPs isolated from p8 wild-type
mice were infected with a lentiviral vector expressing HA-tagged
Gli1. Approximately, 48 hours after infection, culturedGNPswere
harvested for immunocytochemistry and qRT-PCR analysis. As
shown in Fig. 5H and I, no Nestin was detected in Gli1-infected
GNPs, regardless of the presence of Shh (Fig. 5J andK). In contrast,
it was clear that exogenous Gli1 induced expression of cyclin D1, a
Shh pathway target gene (Fig. 5L; ref. 33). Nevertheless, no
induction of Nestin mRNA was detected in GNPs after Gli1
overexpression and Shh treatment (Fig. 5L). In addition, Nestin
negative cells purified from Math1-Cre/Ptch1fl/fl/Nestin-CFP mice
at P7 were infected with a lentivirus carrying a HA-tagged Gli1
vector or a HA-tagged empty vector. Forty-eight hours after
infection, no Nestin expression was observed in Gli1-overex-
pressed or the control cells (Supplementary Fig. S4A–S4D). These

data suggest that Gli1 is not sufficient for Shh-induced Nestin
expression in cerebellar GNPs.

Taken together, the above data indicate that, although Shh-
induced Nestin expression in Ptch1-deficient GNPs requires Smo
activation, it is independent of Gli1.

TAAs are required for MB progression
To investigate the role of TAA in MB progression, we examined

MB growth after ablation of TAA in GFAP-TKmice. In these mice,
astrocytes express thymidine kinase (TK), which renders them
sensitive to ganciclovir (GCV) treatment (38).GFAP-TKmicewere
crossed with Math1-Cre/Ptch1fl/fl mice. As shown in Fig. 6A–C,
more than 95% of TAA (S100bþ) were positive for TK, indicating
that Math1-Cre/Ptch1fl/fl/GFAP-TK mice could be used to target
TAA by GCV treatment (100 mg/kg). We treated Math1-Cre/
Ptch1fl/fl/GFAP-TK mice at 8 weeks of age with GCV or saline
vehicle control once daily for 7 days. Before and after GCV
treatment, tumor volume was examined by MRI. As shown
in Fig. 6D and E, the tumor volume decreased dramatically in

Figure 4.

TAA-derived Shh induces Nestin expression in MB cells. A–F, CFP-negative Ptch1-deficient GNPs from Math1-Cre/Ptch1fl/fl/Nestin-CFP mice at P7 were
immunostained with Nestin after treatment with PBS control (A and B), 1 mg/mL Shh (C and D), or Shh plus 1% 5E1 (E and F) for 48 hours. G, Expression of Gli1 and
NestinmRNA in CFP-negative Ptch1-deficient GNPs treated with 1% 5E1, 1 mg/mL Shh, or Shh plus 5E1 for 48 hourswas examined by qPCR.H–M, CFP-negative Ptch1-
deficient GNPswere cultured alone (H and I) or coculturedwith TAA (GFPþ, J–M) in the absence and presence of 5E1.N, The percentage of Nestin-CFPþ cells among
Ptch1-deficient GNPs was quantified. Data in G and N represent means � SEM from three independent experiments. Scale bar, 10 mm.
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Math1-Cre/Ptch1fl/fl/GFAP-TK mice following GCV treatment,
compared with that prior to GCV treatment (Fig. 6F). These data
demonstrate that ablation of TAA significantly suppresses MB
growth in vivo.

To determine the basis for inhibition of MB growth after
deletion of TAA, we crossed Math1-Cre/Ptch1fl/fl/GFAP-TK mice
with Nestin-CFP mice, then examined MB cells proliferation and
Nestin expression in MB cells. Math1-Cre/Ptch1fl/fl/GFAP-TK/Nes-
tin-CFP mice were treated with GCV or saline by subcutaneous
injection. Robust CFP expression was observed in tumors arising
inMath1-Cre/Ptch1fl/fl/GFAP-TK/Nestin-CFPmice after saline treat-
ment as expected (Fig. 6G). However, the level of CFP expression
inMB tissue was dramatically decreased followingGCV treatment
(Fig. 6G), suggesting that ablation of TAA significantly reduced
Nestin expression inMB tissue.Next, frozen sagittal frozen sagittal
were prepared fromMB obtained fromMath1-Cre/Ptch1fl/fl/GFAP-
TK/Nestin-CFP mice after the above treatment, to examine CFP
expression and proliferation by immnuohistochemistry. As
shown in Supplementary Fig. S5A and S5B, the number of TK-

positive cells was significantly decreased after GCV treatment,
compared with controls, suggesting that GCV treatment effective-
ly ablated TAA from tumor tissue. Very few CFP-expressing cells
remained in tumor tissue after GCV treatment. In contrast, more
than 95%ofMB cells were positive for CFP (Fig. 6H and I) inmice
treated with saline. Moreover, a significant reduction in the
number of Ki67þ cells was found in GCV-treated MB tissue
compared with the control (Fig. 6J and K), suggesting that MB
cell proliferation was dramatically compromised by GCV treat-
ment. No obvious increase in apoptosis was detected in GCV-
treated MB tissue (Supplementary Fig. S5C and S5D), suggesting
that the survival of MB cells was not affected by GCV treatment.
Interestingly, increased differentiation (NeuNþ) was observed in
MB tissue after GCV treatment, whereas only a few differentiating
MB cells were apparent in tumor tissue after saline treatment (Fig.
6L–N). These data indicate that ablation of TAA significantly
inhibits tumor growth by blocking tumor cell proliferation while
promoting differentiation. This is consistent with our previous
finding regarding the functions of Nestin in MB tumorigenesis

Figure 5.

Shh-induced Nestin expression requires Smo but not Gli1. A–F, CFP-negative Ptch1-deficient GNPs from Math1-Cre/Ptch1fl/fl/Nestin-CFP mice at P7 were
immunostained with Nestin after treatment with PBS (A and B), 1 mg/mL Shh (C and D), or Shh plus 1 mmol/L cyclopamine (cyc; E and F) for 48 hours.
G, The percentage of Nestinþ cells among Ptch1-deficient GNPs treated with PBS control, Shh, and Shh plus cyc was quantified. E–H,wild-type GNPs infected with a
lentivirus carrying HA-Gli1 were treated without (H and I) or with Shh (J and K) for 2 days and immunostained for HA or Nestin. I, Expressions of cyclin D1 and Nestin
mRNAs in infected GNPs were examined by qRT-PCR. The values in G and L are the means � SEM from three independent experiments. Scale bar, 10 mm.
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(22). After GCV or saline treatment, tumor tissue was harvested to
determine the level of expression of Shh, Nestin and Gli1 by
Western analyses (Fig. 6O). The amount of Shh in MB tissue
significantly declined following GCV treatment, which supports
the hypothesis that Shh in MB tissue is predominately derived
from TAA. The levels of Nestin and Gli1 also decreased dramat-
ically after GCV treatment, consistent with our finding that TAA-
derived Shh enhances activation of the hedgehog pathway in MB
cells by induction of Nestin expression. These data demonstrate
that TAA support MB cell proliferation and tumor growth by
secretion of Shh.

Discussion
Solid tumors are no longer viewed asmonoclonal collections of

cancer cells. Instead, they are best described as multicellular

organs harboring diverse, dynamic populations of neoplastic as
well as normal cells (39). The relative proportions of the various
cell populations change during tumor progression and over the
course of therapy. Understanding the relationships among dif-
ferent cell types in the tumor microenvironment is key to under-
standing the biology of tumor initiation, progression, andmetas-
tasis. It also has the potential to provide additional avenues for
therapeutic intervention. The tumor microenvironment not only
contributes to neoplastic growth, it also regulates responses to
chemotherapy and radiotherapy (40). Although the molecular
mechanisms underlying tumorigenesis of hedgehog pathway in
MB has been studied extensively, the contributions of the tumor
microenvironment to MB initiation and progression remain
elusive. Here we demonstrate that astrocytes, a major cellular
component of the MB microenvironment, promote tumor pro-
gression through Shh secretion. Ablation of astrocytes markedly

Figure 6.

TAAs are required for MB progression. A–C, Sagittal sections from Math1-Cre/Ptch1fl/fl/GFAP-TKmice at 8 weeks of age were immunostained for S100b (A) and TK
(B). A merged image (C) shows TK-positive cells expressed S100b. D and E, Tumor volume of MB from a Math1-Cre/Ptch1fl/fl/GFAP-TK mouse before (D)
and after (E) treatment with GCV for 7 days was measured by MRI. The yellow dotted lines circle the tumor mass. F,MB tumor volume was quantified based on MRI
images using Image J software. G, Whole mount brain images of Math1-Cre/Ptch1fl/fl/GFAP-TK/Nestin-CFP mice treated with saline (control) or GCV for
7 days.H–M,Sagittal sections ofMB tissues fromMath1-Cre/Ptch1fl/fl/Nestin-CFP/GFAP-TKmice following treatmentwith saline (H, J, and L) or GCV (I,K, andM) for 3
days were immunostained for CFP (H and I), Ki67 (J and K), or NeuN (L and M). N, The percentage of Ki67, NeuN, or Nestin-CFP–positive cells in MB
tissues after treatmentwith saline orGCVwasquantified.O,Expression ofNestin, Gli1, Shh, or GAPDHproteins inMath1-Cre/Ptch1fl/fl/Nestin-CFP/GFAP-TKMB tissue
treated with saline or GCV for 3 days was examined by Western blotting. Data in F and N represent mean � SEM from three independent experiments.
Scale bar, 10 mm.
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prohibitedMBgrowthby reducingproliferation ofMBcells. These
findings, for the first time, reveal an indispensable role for astro-
cytes in hedgehog-typeMB,which highlight the importance of the
tumor microenvironment in tumor progression.

Our previous studies revealed that, following Ptch1 loss, GNPs
progressively express Nestin as an obligatory step in MB devel-
opment (22). However, the mechanism responsible for increased
Nestin expression in Ptch1-deficient GNPs was not known. Here,
we demonstrate that astrocyte-derived Shh is responsible for
induction of Nestin expression in Ptch1-deficient GNPs and MB
cells. In the canonical hedgehog pathway, Shh binds to Ptch1,
resulting in release of Smo that, in turn, inhibits Sufu, leading to
activation of Gli1 and Gli2 and regulation of target gene expres-
sion. However, this does not appear to be the underlying mech-
anism whereby Shh induces Nestin expression in Ptch1-deficient
GNPs. Neither deletion of Ptch1 nor overexpression of Gli1 was
sufficient to stimulate Nestin expression in cerebellar GNPs.
Nestin was only expressed in Ptch1-deficient GNPs after Shh
treatment. This paradoxical effect of Shh in the absence of its
receptor Ptch1 implies a role for additional Shh receptors such as
Ptch2or Boc. In particular, Ptch2 has been reported tomediate the
response of fibroblasts to Shh in the absence of Ptch1 (41).
Moreover, Ptch2modulates MB tumorigenesis inmice with Ptch1
haploinsufficiency (42). Although we attempted to examine the
possible involvement of Ptch2 or Boc in Shh-induced Nestin
expression, we failed to effectively knockdown these two genes
in MB cells using shRNA or siRNA, which is likely due to sub-
stantially increased expression of Ptch2 and Boc in MB cells (data
not shown). Nevertheless, because cyclopamine blocked Shh-
inducedNestin expression inPtch1-deficientGNPs, activated Smo
is still further required for this novel function of Shh. Nestin does
not appear to be a classic Hh pathway target gene because it was
not induced by overexpression of Gli1. These data indicate that
Shh stimulates Nestin expression in GNPs andMB cells in a Smo-
dependent, but Gli1-independent manner. Previously, we dem-
onstrated that Nestin augments canonical Shh signaling by abol-
ishing the inhibitory functions of Gli3 (22). Taken together, our
findings reveal a novel, paradoxical signaling pathway in which
Shh, Smo, and Nestin, acting in concert, regulate hedgehog
pathway activity in normal and neoplastic cells, independently
of Ptch1 and Gli1.

During cerebellar development, the Shh pathway drives a
massive expansion of cerebellar GNPs (33). However, Shh-
induced Nestin expression was found only in Ptch1-deficient
GNPs but not in wild-type GNPs (Fig. 5H–L). One possible
explanation for this observation is that the extent of Smo activa-
tionmaydictatewhetherNestin expression canbe induced by Shh
in GNPs. As the predominant antagonizing partner of Smo, Ptch1
is also a target gene of hedgehog pathway activity. In wild-type
GNPs, Shh treatment also increases Ptch1 expression, subsequent-
ly restricting the activation of Smo. However, the negative feed-
back loop, mediated by Ptch1, is disrupted in Ptch1-deficient
GNPs and in MB cells, resulting in overactivation of Smo. Future
studies are warranted to further investigate the molecular events
downstream of Smo that mediate Shh-induced Nestin expression
in MB cells.

Previously, we reported thatMB cells cannotmaintain an active
Shh pathway in vitro. However, if tumor tissue was never cultured
but directly implanted in a flank allograft, the Shh pathway
remains active in MB cells (35). Here, we provide an explanation
for this conundrum. The addition of exogenous Shh, or coculture

with TAA, significantly augmented Shh pathway activity in cul-
tured MB cells, resulting in continued proliferation in vitro. These
findings indicate that astrocyte-derived Shh, secreted into the
tumor microenvironment, is required for maintaining an active
hedgehog pathway in MB cells. This support from the tumor
microenvironment is lostwhenMBcells are cultured in vitro. In the
case of allograft transplantation, host stromal cells may invade
and rebuild the tumor microenvironment to maintain an active
Shh pathway inMB cells. Several groups, including our own, have
made many unsuccessful attempts to establish PDX models for
Shh typeMB.Only approximately 10%of humanMB samples can
be propagated in immunosuppressed mice, and the tumors that
grow fail to maintain an active hedgehog pathway (data not
shown). Our findings suggest an alternative approach, in which
stromal cells, including astrocytes, could be coinjected with MB
cells in an attempt to recreate the tumor microenvironment and
provide support to enhance the survival and propagation of
human MB cells after grafting into immunosuppressed mice. In
addition, based onour studies, exogenous Shhmay be required in
the culture media to maintain hedgehog pathway activity in MB
cells in vitro.

In our studies, tumor volume in Math1-Cre/Ptch1fl/fl/GFAP-TK/
Nestin-CFPmice was dramatically decreased after GCV treatment,
raising the possibility that the reduction in tumor sizemay be due
to the "bystander effect." The "bystander effect" is well documen-
ted in tumor models (43, 44), in which cells in the vicinity of TK-
expressing cells are killed by GCV. It was attributed to the transfer
of phosphorylated GCV from cell to cell through gap junction
(45). However, no gap junctions between astrocytes and GNPs
(MB cells) were found based on previous studies of cerebellar
architecture (46). In addition, the previously reported "bystander
effect" is associated with a significant amount of cell death, and
the effect itself is to increase cell death. For example, more than
90% of cell death was detected in tumor tissues carrying the TK
gene after GCV treatment (43, 44). However, no increase in cell
death within the tumor tissue was found following GCV treat-
ment in our studies (Supplementary Fig. S4). The predominant
effect of GCV treatment in Math1-Cre/Ptch1fl/fl/GFAP-TK/Nestin-
CFPmice was induction of tumor cell differentiation and repres-
sion of Nestin expression in MB cells. Although we cannot
completely rule out the "bystander effect," we believe that the
"bystander effect" is not the reason for reduced tumor volume
observed in Math1-Cre/Ptch1fl/fl/GFAP-TK/Nestin-CFP mice after
GCV treatment.

The Smo inhibitors, vismodegib and sonidegib, are currently
approved for the treatment of advanced basal cell carcinoma
(BCC) and they have demonstrated efficacy in clinical trials of
Hh-MB (47–49). Despite the dramatic response to these inhi-
bitors in the initial clinical trials, drug resistance readily arises
in both human and animal models as a consequence of
mutation in Smo (50), amplification of Gli2 (51), or cyclin
D1 (52). Because of significant toxicities, many BCC patients
cannot endure prolonged therapy and often come off drug only
to go back on when tumors recur (53). In children, there is a
greater concern for developmental toxicities as the Hh pathway
is primarily active during development. Transient treatment of
young mice with a Smo antagonist caused dramatic and per-
manent defects in bone development (54). These observations
are consistent with the critical functions that the hedgehog
pathway plays in bone growth (55). Recently, similar effects
were seen in children and the FDA required modifications of
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the protocol excluding children in which bone growth is active
unless there are no other treatment options. Here we demon-
strate a major role for astrocyte-derived Shh in activation of the
Shh pathway in MB cells through induction of Nestin expres-
sion. This effect was only observed in Ptch1-deficient GNPs and
MB cells, but not in wild-type GNPs. This suggests that targeting
astrocytes, or the secretion of Shh, may represent tumor-specific
strategies for therapeutic intervention in MB and other Hh
pathway malignancies, such as BCC.
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