10. C. L. Veenman, R. L. Albin, E. K. Richfield, A. Reiner,
J. Comp. Neurol. 344, 161 (1994).

11. D. Felix, G. Y. Wu, S. R. Wang, Neurosci. Lett. 169,
212 (1994).

12. O. Hikosaka, Y. Takikawa, R. Kawagoe, Physiol. Rev.
80, 953 (2000).

13. Materials and methods are available as supporting
material in Science Online.

14. The relationship between locations in space and ITD
values has been measured in a large number of owls
and is, on average, 2.5 s per degree of azimuth (79).

REPORTS

15. P.S. Hyde, E. |. Knudsen, /. Neurosci. 21, 8586 (2001).

16. P. Waelti, A. Dickinson, W. Schultz, Nature 412, 43
(2001).

17. ).).Kim, D. ). Krupa, R. F. Thompson, Science 279, 570
(1998).

18. W. Schultz, A. Dickinson, Annu. Rev. Neurosci. 23,
473 (2000).

19. E. I. Knudsen, S. D. Esterly, S. du Lac, J. Neurosci. 11,
1727 (1991).

20. We thank L Sugrue and B. Linkenhoker for critical
reading of this manuscript. This work was supported

Medulloblastoma Growth
Inhibition by Hedgehog
Pathway Blockade

David M. Berman,25* Sunil S. Karhadkar,*5*
Andrew R. Hallahan,%7 Joel I. Pritchard,” Charles G. Eberhart,2
D. Neil Watkins,* James K. Chen,"-* Michael K. Cooper,’3-5
Jussi Taipale,"> James M. Olson,%”+ Philip A. Beachy'5t

Constitutive Hedgehog (Hh) pathway activity is associated with initiation of
neoplasia, but its role in the continued growth of established tumors is unclear.
Here, we investigate the therapeutic efficacy of the Hh pathway antagonist
cyclopamine in preclinical models of medulloblastoma, the most common
malignant brain tumor in children. Cyclopamine treatment of murine medul-
loblastoma cells blocked proliferation in vitro and induced changes in gene
expression consistent with initiation of neuronal differentiation and loss of
neuronal stem cell-like character. This compound also caused regression of
murine tumor allografts in vivo and induced rapid death of cells from freshly
resected human medulloblastomas, but not from other brain tumors, thus
establishing a specific role for Hh pathway activity in medulloblastoma growth.

Signaling by the Hh family of secreted proteins
was implicated initially in determination of em-
bryonic cell fate, and more recently in mainte-
nance of somatic stem cells and in specification
of organ size. The latter role is illustrated in the
developing cerebellum, where Hh signaling de-
lays neuronal differentiation and induces prolif-
eration of cerebellar granular neuronal precur-
sors (CGNPs) ({—4). Medulloblastomas, which
are aggressive childhood tumors of cerebellar
origin, are associated with inappropriate Hh
pathway activity (5—8). The activation of this
pathway normally requires antagonism of the
12-transmembrane protein Patched (Ptch) by
Hh ligand, thus releasing the seven-transmem-
brane protein Smoothened (Smo) for activation
of target genes by the Cubitus interruptus/Gli
(Ci/Gli) family of transcription factors (9—11).
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Ligand-independent pathway activity in medul-
loblastoma is caused either by mutations that
render Smo insensitive to regulation by Ptch or
by mutational inactivation of Ptch. The tran-
scription of Ptch is induced by Hh pathway
activity, thus generating a negative feedback
loop and serving as a convenient indicator of
pathway activation.

We studied Hh pathway activity and func-
tion in cerebellar tumors from mice carrying
a single mutant allele of the Pich gene
(Ptch™'-) (5). Wild-type Ptch mRNA expres-
sion was never detected in pure tumor tissue,
indicating a lack of functional Pich gene
product that should result in Hh pathway
activation (see supporting online material,
fig. S1). The frequency of medulloblastomas
in Ptch*’~ mice was increased by a p53 mu-
tant background (/2); loss of p53 function
also enabled propagation of these tumors in
athymic mice as subcutaneous allografts that
displayed diagnostic features of human me-
dulloblastoma (Fig. 1, A and B; fig. S2) (13).
From four such allografts independently orig-
inating in Ptch*’~ mice, cultured cell lines
were derived that lacked p53 function (Fig.
1C), retained a Ptch™’~ genotype (Fig. 1C),
and displayed elevated levels of Hh pathway
activity (see below). Treatment with the
DNA demethylating agent 5-azacytidine (5-
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azaC) restored Ptch mRNA expression in
each cell line (Fig. 1D) and dramatically re-
duced activity from the Ptch-LacZ reporter
(Fig. 1E). As the LacZ gene disrupts the
targeted Ptch allele, thereby reporting Ptch
transcription, the observed decrease in (-ga-
lactosidase levels indicates a reduction in
pathway activity (5, /4). We confirmed the
specificity of this effect by stably transfecting
cells to express high levels of Glil, which
activates the Hh pathway downstream of
Ptch. In such cells, 5-azaC did not block Hh
pathway activity (Fig. 1E), despite restoration
of Ptch mRNA expression (/5). These results
indicate that silencing by DNA methylation
of the functional Prch allele is the precipitat-
ing event in pathway activation and tumor
initiation in these animals.

To test the role of Hh pathway activity in
tumor growth, we used cyclopamine, a plant-
derived pathway antagonist that acts at the level
of Smo (/4). Medulloblastoma-derived cell
lines were cultured with cyclopamine or with
tomatidine, another steroidal alkaloid with little
effect on the Hh pathway (/6). By 72 hours,
cyclopamine treatment resulted in a 60 to 80%
reduction in growth relative to tomatidine in
cultures of all tumor-derived cell lines, whereas
growth of fibroblast control cells was unaffected
(Fig. 2A). Cyclopamine also completely and
specifically abolished B-galactosidase activity in
all murine medulloblastoma lines (Fig. 2B),
demonstrating that the effect of cyclopamine on
cell growth parallels the reduction in Hh path-
way activity.

The effect of cyclopamine treatment on
murine medulloblastoma cell growth is large-
ly mediated by inhibition of cell proliferation,
because culture of the PZp53MEP! allograft
line with cyclopamine reduced DNA synthe-
sis by 90%, as compared to tomatidine-treat-
ed cells (Fig. 2C), with only low levels of
apoptosis (less than 1% of cells) (15). This
effect depends on specific pathway inhibi-
tion, because PZp53MEP! cells engineered to
overexpress Glil retained high levels of
[B-galactosidase activity (15) and cell growth
(fig. S3A) upon treatment with cyclopamine.

To determine the effect of Hh pathway inhi-
bition on cellular pathways that regulate prolif-
eration or differentiation, we examined the ex-
pression of cell cycle components and cerebellar
neuronal differentiation markers in control and
cyclopamine-treated PZp53MEP! cells. Cyclins
D1, D2, El, and hyperphosphorylated Rb,
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Fig. 1. Epigenetic basis of
Hh pathway activation in
a mouse medulloblastoma
model. (A) Photomicro-
graph of PZp53™ELT allo-
graft histology (hematoxy-
lin and eosin stain) shows
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chain reaction (RT-PCR) analysis of RNA from the same four cell lines with primers against Ptch
and phosphoglycerate kinase (PGK) shows absence of detectable Ptch mRNA and presence of
PGK mRNA (positive control) in control cultures treated with ethanol vehicle. Epigenetic
inactivation of Ptch is indicated by expression of Ptch mRNA in all four cell lines after culture
in the presence of the demethylating agent 5-azacytidine (5-azaC). (E) B-galactosidase (B-gal.)
activity from the Ptch-LacZ reporter is abolished in untransfected PZp53MEP? cells treated with
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which are induced by Shh in CGNPs and pro-
mote transit through prereplicative (G,) cell cy-
cle checkpoints (4), are also expressed in toma-
tidine-treated PZp53MEP! cells but are sup-
pressed upon treatment with cyclopamine (Fig.
2D; fig S3B). In addition to down-regulation of
a proliferative program, cyclopamine treatment
appears to initiate differentiation in these cells,
as indicated by reduced expression of the neu-
rofilament nestin, a neuronal stem cell marker,
and of the bHLH transcription factor Mathl, a
marker of proliferating CGNPs (/7). Further-
more, cyclopamine treatment reduced expres-
sion of N-, ¢-, and L-myc (Fig. 2D, fig S3C)
(18) and increased expression of NeuroD, a
marker of postmitotic cerebellar granular neu-
rons (Fig. 2D) (/9). Morphological neuronal
maturation was not observed in vitro, however,
indicating that Hh pathway blockade only par-
tially advances differentiation.

We further investigated cyclopamine effects
in vivo and found by the 7th day of treatment
that subcutaneous injections of the highest cy-
clopamine dose (1.25 mg/day; ~50 mg/kg) had
abolished B-galactosidase activity (Fig. 3A)
and growth (Fig. 3B) of medulloblastoma allo-
grafts propagated in nude mice. In a second
experiment, allograft tumors from Gli-trans-
fected cells (n = 7) grew despite cyclopamine
treatment (Fig. 3C), whereas tumors from un-
transfected cells (n = 4) decreased in volume.
Microscopic histologic analysis further demon-
strated the complete disappearance of two of
these tumors and a dramatic reduction in cell
proliferation in the two that remained (fig. S4).
These results demonstrate that cyclopamine can
induce tumor regression by specific effects on
the Hh pathway. No adverse effects were noted
in cyclopamine-treated animals.

To explore the potential therapeutic utility
of Hh pathway blockade, cells from freshly
resected human medulloblastomas were cul-
tured with KAAD-cyclopamine, a potent deriv-
ative of cyclopamine (/4). Tumor cells initially
displayed higher levels of Pich mRNA than did
normal cerebellum, indicating elevated Hh
pathway activity, and this activity was reduced
by treatment with either drug (fig. S5, A and B).
Treatment with KAAD-cyclopamine also in-
duced a significant decrease in cell viability
within 48 hours (Fig. 4A); cell viability contin-
ued to decline after prolonged exposure (Fig.
4B), and fewer than 0.1% of cyclopamine-
treated cells survived, after 1 week, as com-
pared to typically greater than 10% of vehicle-
treated controls. The effects of cyclopamine
were similar to those of KAAD-cyclopamine
(Fig. 4C) at pathway-inhibitory doses (14). Pri-
mary cultures from a glioblastoma and from an
ependymoma, in contrast, failed to respond to
cyclopamine (Fig. 4A). The dramatic reduction
in cell viability of primary cultures from me-
dulloblastomas, but not from other types of
brain tumors, and the unaltered growth of em-
bryonic fibroblasts (Fig. 2A) further suggests
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that cyclopamine specifically affects medullo-
blastomas and is not generally cytotoxic.

In contrast to reports suggesting that partial
loss of Ptch function suffices to initiate tumor
formation (20, 21), we found that medulloblas-
tomas arising in Ptch™~ mice lack detectable
Ptch mRNA. The absence of Ptch mRNA and
consequent pathway activation, apparently
caused by DNA methylation of the normal Ptch
allele, is critical not only for initiation but also
for growth of the tumor, because pathway sup-
pression by reactivation of the methylated Pich
allele or by cyclopamine treatment blocks
growth. Loss of p53 function in murine medul-
loblastomas appears to favor allograft and cell
line growth, perhaps by compromising the abil-
ity of cells to undergo apoptosis (22). Human
p53 mutations are undetectable in nearly all (92
to 99%) sporadic medulloblastomas (23), which
may account for increased apoptosis in primary
human medulloblastoma cells cultured with Hh
pathway antagonists. In light of the relatively
low frequency (~30%) of sporadic human me-
dulloblastomas linked to mutational activation
of the Hh pathway (24, 25), it is perhaps sur-
prising that elevated Hh pathway activity ap-
pears to be characteristic of these tumors and is

REPORTS

required for their growth (Fig. 4; fig. S5). The
basis for this requirement is not clear, but may
relate to known Hh functions as a stem cell
factor in other tissues (9, 26) and as a mitogen in
developing cerebellum (/—¢). Hh pathway ac-
tivity thus may play a role in maintenance of the
capacity of medulloblastoma tumor stem cells
(10) to undergo self-renewal and in the prolif-
eration of their progeny. This dual role would be
consistent with the high-level expression of the
neuronal stem cell marker nestin in murine and
human tumors (fig. S3C) (27) and with the
rapid cell death of almost all human medul-
loblastoma cells when cultured with Hh
pathway antagonists. Whatever its bio-
logical basis, the general requirement for
Hh pathway activity in medulloblastoma
growth represents a potential therapeutic
opportunity, because cyclopamine and other
pathway antagonists can be administered in
effective doses with no apparent detrimental
effects in rodents and other mammals (28).
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