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Summary

Medulloblastoma is the most common malignant pediatric brain tumor. Current treatment is associated with major long-
term side effects; therefore, new nontoxic therapies, targeting specific molecular defects in this cancer, need to be
developed. We use a mouse model of medulloblastoma to show that inhibition of the Sonic Hedgehog (Shh) pathway
provides a novel therapy for medulloblastoma. A small molecule inhibitor of the Shh pathway, HhAntag, blocked the
function of Smoothened in mice with medulloblastoma. This resulted in suppression of several genes highly expressed in
medulloblastoma, inhibition of cell proliferation, increase in cell death and, at the highest dose, complete eradication of
tumors. Long-term treatment with HhAntag prolonged medulloblastoma-free survival. These findings support the develop-
ment of Shh antagonists for the treatment of medulloblastoma.

Introduction

Research in molecular oncology has benefited from the advent
of mouse models of human cancer (Hesselager and Holland,
2003; Van Dyke and Jacks, 2002). Genetically engineered mouse
strains have been used to investigate tumor etiology and to
elaborate the molecular pathways that contribute to human can-
cer. However, the greatest potential application of such models
is to pioneer the development of novel therapies that are spe-
cifically targeted against growth control pathways altered in
cancer. For this purpose, it is necessary that mouse models
recapitulate both the genetics and the biology of the corre-
sponding human disease. It is also critical that the tumor inci-
dence is high and the age of onset is predictable, to ensure
that cohorts of mice bearing tumors can be identified and treated
with potential anticancer drugs. Previously, we developed a high
incidence mouse model for the pediatric brain tumor medul-
loblastoma (Wetmore et al., 2001). Medulloblastoma, a primitive
neuroectodermal tumor, arises in the cerebellum and accounts
for approximately 20% of all pediatric brain tumors. Current
treatment involves surgical resection, chemotherapy, and radia-
tion of the craniospinal axis (Ellison et al., 2003). Although the
overall 5 year survival rate is approximately 70%, treatment is
associated with long-term side effects including ataxia, neuro-
endocrine problems, intellectual deterioration, and neuropsy-
chological difficulties (Chintagumpala et al., 2001; Ellison et al.,

2003). There is a critical need for new, nontoxic therapies for
medulloblastoma.

The first indication that alteration in the Shh pathway contrib-
utes to medulloblastoma formation was the discovery that germ-
line mutations in the Shh receptor, Patched-1 (PTCH1), underlie
the human developmental disorder Gorlin syndrome (Gorlin,
1995; Hahn et al., 1996; Johnson et al., 1996). Gorlin syndrome,
also known as Basal Cell Nevus Syndrome, is characterized
by large body size, developmental and skeletal abnormalities,
fibromas of soft tissue, radiation sensitivity, basal cell carci-
noma, and increased incidence of medulloblastoma (Goodrich
and Scott, 1998; Kimonis et al., 1997). Heterozygous loss of
PTCH1 occurs in approximately 10% of sporadic human medul-
loblastoma (Ellison et al., 2003; Wechsler-Reya and Scott, 2001),
and mutations in downstream components of the Shh pathway,
Smoothened (SMOH) and Suppressor of Fused (SUFU), which
lead to activation of the pathway, have also been described
(Reifenberger et al., 1998; Taylor et al., 2002). In mice, heterozy-
gous mutation of Patched-1 (Ptc1) is associated with an approxi-
mately 20% incidence of medulloblastoma over a period of
1 year (Corcoran and Scott, 2001; Goodrich et al., 1997; Wet-
more et al., 2000). We accelerated the incidence and decreased
the latency of medulloblastoma by crossing Ptc1*/~ mice with
p53~'~ mice (Wetmore et al., 2001). Ptc1*/~p53~'~ mice develop
medulloblastoma and most die from brain tumors within 12
weeks of birth. P53 is mutated in approximately 10% of human

SIGNIFICANCE

Therapy for pediatric cancers of the CNS has not improved significantly in the last three decades. This is partly due to the absence
of adequate model systems for testing novel therapies. Current models are based on xenografts, allografts, or in vitro culture of
human tumor cells. In these models, the cancer cells are removed from their normal environment, undergo selective pressure, and
may not be representative of the original tumor. Cancer models should recapitulate the causative genetic lesions and the anatomical
location and developmental time frame of the corresponding human disease. Here, we use such a model to test a novel therapy
for medulloblastoma; we show that suppression of the Sonic Hedgehog pathway can be an effective treatment for this tumor.
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Figure 1. The Shh pathway is downregulated in cultured medulloblastoma cells

A: HhAntag and cyclopamine inhibit growth of cultured NIH3T3 and medulloblastoma cells at similar concentrations. The graph shows the percentile
change in cell growth, as determined by Alamar blue staining, following treatment of cells with increasing concentrations of HhAntag or cyclopamine.
The medulloblastoma cell cultures, SIMM1 and SIMM2, were derived from Ptc1*/~ tumors, whereas SIMM7 and SJMM12 were derived from Ptc1*/-p53~/~
fumors.

B: The Shh pathway was activated in NIH3T3 cells containing a Gli-luciferase reporter by treatment with 100 ng/ml ShhN, and the inhibitory effects of
HhAntag and cyclopamine were compared. HhAntag is >10 times befter than cyclopamine at inhibiting Shh activity. Note that the concentration of
HhAntag required to inhibit cell growth is approximately 1000-fold higher than that needed to suppress Shh activity.

C: Shh induces Gli-luciferase activity in NIH3T3 cells but not in medulloblastoma cell cultures. Medulloblastoma cultures and NIH3T3 cells transfected with
a Gli-luciferase reporter plasmid were treated with increasing doses of Shh.

D: Glil is highly expressed in medulloblastoma in vivo but is downregulated in cell lines derived from tumors. Total RNA, isolated from normal cerebella,
medulloblastoma, or medulloblastoma cultures, was analyzed by hybridization to a Glil probe. Ethidium bromide staining of the 285 and 18S rRNA is shown
as a loading control.

E: Glil can activate target genes in medulloblastoma cells. Cells were infected with a retroviral vector expressing an HA-tagged full-length Glil cDNA.
RNA was isolated and analyzed by hybridization to probes specific for Glil, Ptcl, Ptc2, and Smo. Ethidium bromide staining of the 285 and 18S rRNA is
shown as a loading control.
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medulloblastoma, and the P53 pathway is defective in a larger
subset of tumors (Ellison, 2002; Frank et al., 2004; Kleihues et
al., 1997). In addition, germline mutations of P53 are associated
with medulloblastoma in Li-Fraumeni syndrome (Malkin et al.,
1990). Thus, Ptc1t~p53~/~ mice provide a useful model to
develop novel therapies for brain tumors, targeted against the
Shh pathway.

During brain development, Shh released by migrating Pur-
kinje cells binds to Ptc1 present on granule neuron precursor
(GNP) cells in the external germinal layer (EGL) of the cerebellum
(Wechsler-Reya and Scott, 2001). This interaction causes dere-
pression of Smoothened (Smo) (Taipale et al., 2002) and in-
creased expression of transcription factor Gli1 and proliferation
of GNP cells. The Shh pathway is critical during embryogenesis
but is downregulated after early postnatal development in most
tissues, including the brain. In contrast, more than 30% of hu-
man medulloblastoma exhibit high levels of GLIT expression
(Lee et al., 2003), indicating that abnormal activation of the Shh
pathway is important in a subset of pediatric brain tumors. Thus,
the Shh pathway is a potential therapeutic target for develop-
ment of novel treatments for medulloblastoma.

Cyclopamine, an alkaloid isolated from the corn lily Veratrum
californicum (Binns et al., 1963; Keeler and Binns, 1968), has
been shown to suppress the response of target tissues to Shh
(Cooper et al., 1998) by binding to Smo (Chen et al., 2002).
Recent observations suggest that cyclopamine inhibits the
growth of cultured medulloblastoma cells and allografts by in-
hibiting Smo (Berman et al., 2002). However, cyclopamine is
not a good drug candidate for treatment of medulloblastoma
because it has a relatively low affinity for Smo. High-throughput,
cell-based screening assays identified several small molecule
inhibitors of the Shh pathway (Williams et al., 2003). One of
these compounds, a benzimidazole derivative, Hh-Antag691,
here referred to as HhAntag (Gabay et al., 2003), exhibited higher
affinity for Smo than cyclopamine, blocking Shh function at >10-
fold lower concentrations. HhAntag penetrates the blood-brain
barrier after oral delivery, making it an ideal candidate for treat-
ment of brain tumors caused by increased activity of Smo.
Therefore, we selected HhAntag to treat medulloblastoma in
Ptc1*/~p53~'~ mice. We found that HhAntag inhibited Gli7 ex-
pression in a dose-dependent manner in tumor tissue in vivo.
Treatment of tumor-bearing mice twice daily with HhAntag at
20 or 100 mg/kg of body weight, by oral gavage, for 4 days,
inhibited tumor cell proliferation and increased apoptosis. Twice
daily treatment of mice for 2 weeks with 20 mg/kg of HhAntag
resulted in reduction of tumor volume, and complete elimination
of tumors was observed in mice treated with 100 mg/kg HhAn-
tag. In longer-term studies, 100 mg/kg HhAntag given once
a day significantly enhanced brain tumor-free survival. These
results suggest that HhAntag may be beneficial for treatment
of medulloblastoma and other tumors in which the Shh pathway
is deregulated.

Results

HhAntag blocks Shh signaling at concentrations

that do not affect cell growth

As a first step in analyzing the ability of HhAntag to block medul-
loblastoma growth, we treated cultured tumor cells derived from
Ptc1*'~ and Ptc1*/~p53~'~ mice as well as NIH3T3 cells with
increasing concentrations of HhAntag or cyclopamine. We mea-
sured the effects on cell growth, as determined by Alamar blue
staining, and found that both compounds exhibited similar ICs,
values in growth assays (10-30 M), with growth of some medul-
loblastoma cultures inhibited more readily by cyclopamine than
HhAntag (Figure 1A). Similar results were obtained when we
used cell counts as a measure of proliferation. Next, we looked
at the concentration of HhAntag and cyclopamine required to
suppress the Shh pathway. We transfected NIH3T3 cells with
a Gli-luciferase reporter construct and measured inhibition of
the Shh pathway by the two compounds following maximal
stimulation by Shh (Figure 1B). HhAntag was significantly more
potent than cyclopamine at suppressing Shh signaling; it exhib-
ited an ECy, of 0.04 uM compared to 0.5 uM for cyclopamine
(Figure 1B). Surprisingly, the drug concentrations required to
block cell growth were higher than those required to inhibit Smo
activity by approximately 100- and 1000-fold for cyclopamine
and HhAntag, respectively. Indeed, both HhAntag and cyclo-
pamine were able to completely suppress Shh activation of Gli-
luciferase in NIH3T3 cells at concentrations that did not affect
cell growth. These results support the selection of HhAntag as a
potent Smo inhibitor for preclinical studies on medulloblastoma.
However, they also raise the concern that growth inhibition in
cell culture may not be related to inhibition of Smo, as the
concentrations that suppressed the Shh pathway were 100- to
1000-fold lower than those that inhibited cell growth.

The Shh pathway is not active in cultured
medulloblastoma cells

To investigate the status of the Shh pathway in cultured medul-
loblastoma cells, we treated NIH3T3 cells and medulloblastoma
cultures containing a Gli-luciferase construct with Shh (Figure
1C). Although NIH3T3 cells exhibited a strong dose-dependent
increase in luciferase activity in response to Shh, all of the
medulloblastoma cultures failed to respond. Previously, we re-
ported that medulloblastomas express high levels of Gli1, indi-
cating that the Shh pathway is active in tumors in vivo (Wetmore
et al., 2001). However, examination of mMRNA levels in cultured
medulloblastoma cells revealed that G/iT mRNA was much re-
duced or absent in vitro (Figure 1D). To ensure that the down-
stream components of the Shh pathway were intact in medul-
loblastoma cell cultures, we confirmed the presence of normal
Smo and Ptc1 mRNA by sequencing cDNA derived from tumor
cell RNA. In addition, we demonstrated that ectopic expression
of Gli1, using a retroviral vector, increased expression of the
endogenous target genes Gli1, Ptc1, and Ptc2 (Figure 1E). These
findings demonstrate that the Shh pathway is suppressed in

F: HhAntag efficiently blocks Shh-induced proliferation of GNP cells in a dose-dependent manner. GNP cells, isolated from postnatal day é mice, were
treated with 100 ng/ml ShhN in the presence of increasing concentrations of HhAntag. Cell proliferation was measured by determining the fold difference
in BrdU incorporation, relative to incorporation in the absence of Shh. Note, much lower concentrations of HhAntag block growth of GNP cells than those

required to block growth of medulloblastoma cells in culture.
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cultured medulloblastoma cells at a step between Smo and Gli1
and they imply that growth inhibition caused by exposure to
cyclopamine and HhAntag in vitro (Figure 1A) is not mediated
by inactivation of Smo. In contrast to the high concentration of
drug required to inhibit growth of medulloblastoma and NIH3T3
cells, HhAntag efficiently blocked Shh-mediated proliferation of
GNP cells at the same low concentrations that inhibited Gli-
luciferase activity (Figure 1F). Thus, it is possible that additional
factors present in the intracranial environment and absent in
culture are needed to maintain the ability of medulloblastoma
cells to respond to Shh.

HhAntag inhibits the Shh pathway in medulloblastoma
cells in vivo

The results presented above indicate that Smo activity is not
required for proliferation of medulloblastoma cells in culture. To
determine if Smo activity can be blocked in tumor cells in vivo,
we analyzed Gli1 expression in Ptc1*/~p53~'~ mice treated with
HhAntag. Cohorts of mutant mice were treated with HhAntag,
administered twice daily by oral gavage, for 4 days, at 20 or
100 mg/kg of body weight. To control for nonspecific effects,
we also treated a cohort of mutant mice with vehicle. Treatment
was initiated in 6-week-old Ptc1*/~p53~/~ mice, as they contain
substantial tumor mass at this age. At the end of the dosing
regimen, mice were euthanized and total RNA was isolated from
tumor tissue together with the entire cerebellum. This approach
reduces sampling errors that would be introduced by attempting
to dissect tumor tissue free from normal cerebellum. Tumors in
Ptc*’~p53~~ mice arise in very young mice, and they are inti-
mately associated with normal cerebellar structure. By combin-
ing tumor tissue and the complete cerebellum, we ensure that
the normal component of each sample is constant and the
differences observed in gene expression reflect changes in tu-
mor cells. We also measured the level of HhAntag in the re-
maining brain tissue to confirm that the compound penetrated
the blood-brain barrier. The mice treated with 20 and 100 mg/
kg of HhAntag contained an average of 0.38 and 2.0 mg/kg of
drug, respectively, and no compound was detected in vehicle-
treated mice (Figure 2A).

Quantitative real-time PCR analysis of Gli1 expression levels
revealed extensive variation among control samples (Figure 2A).
This was expected, as the time of tumor development and tumor
growth rate vary among individual mice in this spontaneous
brain tumor model. Therefore, we used the Exact Kruskal-Wallis
test to determine whether the results reflected significant differ-
ences in gene expression among the different treatment groups
(Figure 2B). HhAntag effectively suppressed GliT mRNA levels
in a dose-dependent manner in vivo (Figures 2A and 2B). In
addition to Gli1, we examined the levels of several other genes
(Sfrp1, Math1, and Ptc2) previously identified to be highly ex-
pressed in Ptc1*/~p53~/~ medulloblastoma (Lee et al., 2003).
We found a dose-dependent decrease in mRNA levels of these
genes in response to HhAntag (Figure 2B). As a control, we
examined expression of Reln, which is present in GNP and
tumor cells (Wetmore et al., 2000) but is not known to be under
control of the Shh pathway. The Reln levels were not affected
by drug treatment (Figure 2B). Surprisingly, transcription of the
wild-type allele of Ptc1, which like Gli1 is a target of Shh signal-
ing, was unaffected by drug treatment (Figure 2B). Previously,
we demonstrated that both the normal and the mutated Ptc?
alleles are expressed in Ptc1™~ medulloblastoma cells at levels

comparable to that in normal developing cerebellum (Wetmore
et al., 2000). This agrees with the original report from Goodrich
et al. (1997) demonstrating expression of the mutated Ptc1 allele
in tumor cell by B-gal staining. Thus, although Ptc1 expression
has been used to monitor the response of mouse medulloblas-
toma cells to Smo inhibition in vitro (Berman et al., 2002), it
appears that Ptc1 is not a target of the Shh pathway in these
tumor cells in vivo.

The reduction in MRNA levels of Shh pathway target genes
observed in the short-term study was not simply due to loss of
tumor mass following treatment with HhAntag, as histological
analyses of cerebella from treated mice indicated that tumors
were present in all treated mice. To confirm that gene expression
was decreased in tumor cells in vivo, we conducted in situ
hybridization analyses of brain sections using probes specific
for Gli1, Sfrp1, Math1, Ptc1, Ptc2, and Reln genes (Figure 3).
Consistent with the quantitative PCR analysis, we found that
Gli1, Sfrp1, Math1, and Ptc2 were expressed mostly in the tumor
cells and not in the adjacent normal cerebellum. There was a
marked decrease in expression of all of these genes in response
to 20 mg/kg of HhAntag and a complete absence of expression
following treatment with 100 mg/kg, despite the presence of
substantial tumor mass (Figure 3). When the decrease in gene
expression levels between vehicle and 100 mg/kg HhAntag-
treated mice (7- to 300-fold changes, depending on the gene)
is compared with the decrease observed in tumor cell density
(1.8-fold), it is clear that the loss of gene expression is not
simply due to the reduction in cell number following treatment.
In agreement with the real-time PCR data, wild-type PtcT mRNA
was present at relatively low levels in the tumor tissue, and its
expression did not change after drug treatment (Figure 3). The
control gene, Reln, was still expressed at high levels in tumor
present in the drug-treated mice. Thus, HhAntag selectively
suppressed Shh pathway target genes in vivo by blocking Smo
signaling in medulloblastoma cells, with complete suppression
at 100 mg/kg given twice a day.

HhAntag affects morphology and growth

of Ptc1*/"p53~'~ medulloblastoma

Since HhAntag effectively blocked Smo activity in mice treated
for 4 days, we analyzed the morphology of treated tumors.
Neuropathological examination readily distinguished among tu-
mors from untreated and 20 or 100 mg/kg of HhAntag-treated
mice (Figure 4A). Although all tumors were composed of small
round cells with oval to carrot-shaped hyperchromatic nuclei
and minimal surrounding cytoplasm, those in the treated mice
less often formed large, confluent tumor masses. The lesions
in treated mice more often manifest as small collections of
individual tumor cells in the superficial confines of the cerebellar
molecular layer. The most striking difference observed among
the three groups was a dramatic decrease in mitotic activity
(Figure 4B). Immunohistochemical staining with the Ki67 marker
for cell proliferation confirmed the observation that HhAntag
decreased the proliferative index in tumor tissues (p < 0.0001,
Exact Kruskall-Wallis) (Figure 4C). We also observed more cell
death in tumors from treated mice, as indicated by increased
numbers of pyknotic nuclei (Figure 4B) and by TUNEL assay
(p = 0.0402, Exact Kruskall-Wallis) (Figure 4C). The influx of
macrophages and microglia into the drug-treated tumors (as
determined by Mac2 immunohistochemistry) increased from
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Figure 2. HhAntag suppresses the Shh pathway
in mouse medulloblastoma in vivo
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2.5% of Mac2-positive cells in vehicle-treated tumors to 5%
and 7% in tumors treated with 20 and 100 mg/kg of HhAntag,
respectively. Macrophage infiltration is associated with damage
or loss of cells and it is not necessarily indicative of necrosis.
In fact, necrosis was not observed in any of the tumors treated
with HhAntag. HhAntag treatment also caused a dose-depen-
dent increase in expression of the astrocyte marker, GFAP,
which is characteristic of reactive gliosis often associated with
CNS trauma. Taken together, the data presented above indicate
that even a short-term treatment with HhAntag inhibited tumor
growth.

After completion of treatment, we observed that, in the vehi-

100mg/kg  20mgkg  Vehicle
HhAntag HhAntag

cle group, four out of five mice exhibited an overwhelming tumor
burden and only one mouse had a small tumor. In contrast, in
the cohort treated with 20 mg/kg of HhAntag, one mouse had
a very large tumor, three had small tumors, and one had almost
no tumor, whereas in the 100 mg/kg treatment group, one
mouse had a large tumor, one had a medium-sized tumor, and
three mice showed almost no tumor burden. Representative
sagittal sections, taken through the largest tumor cross-section,
are shown in Supplemental Figure S1. Although the short-term
treatment with HhAntag appeared to inhibit tumor growth, the
differences in tumor size between vehicle- and drug-treated
mice were not dramatic. Therefore, we designed a study to
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Figure 3. Treatment of Ptc1*/~p53~/~ mice with HhAntag suppresses Glil,
Sfrol, Math1, and Ptc2, but not Ptc1 in medulloblastoma

In situ hybridization analyses were performed using radiolabeled probes on
brain tissue from Ptc1*/~p53~/~ mice. Expression of Glil, Sfrp1 Mathl, and
Ptc2 genes was downregulated after 4 days of freatment, twice daily with
20 mg/kg of HhAntag, and completely suppressed following freatment with
100 mg/kg HhAntag. Ptc1T mRNA was present at low levels in the fumor and
in the normal Purkinje cell and internal granule cell layers. Treatment with
HhAntag did not alter the pattern or intensity of the Ptc1 signal. Reln mRNA,
highly expressed in medulloblastoma, did not change following treatment.
The panels on the far right show adjacent paraffin sections of the tumor-
bearing cerebella, stained with haematoxylin and eosin, tumor regions out-
lined. Scale bar equals 800 pm.

determine the effect of HhAntag on tumor volume in Ptc1t/~
p53~'~ mice treated for the extended period of 2 weeks.

HhAntag eliminates tumor mass in Ptc1* " p53~/~ mice

To determine the effects of HhAntag on tumor growth, mice
were treated for 14 days, twice daily, at either 20 or 100 mg/
kg, or with vehicle alone. Treatment was initiated when mice
were 3 weeks old, at which age all Ptc1*/~p53~'~ mice exhibit
discernible tumor mass but not of a size that could adversely
affect their health and short-term survival. At the end of the
treatment period, brains were prepared for histological examina-
tion. We found that all the vehicle-treated mice had substantial
tumor mass, whereas mice treated with 20 mg/kg of HhAntag
had much smaller tumors and no tumor mass could be detected
in the 100 mg/kg treatment group (Figure 5A). We used three-
dimensional reconstruction analysis to measure tumor volumes
by tracing sections at 150 um intervals through the cerebellum
(Figures 5B and 5C). Both the remaining normal IGL and the
tumor areas were traced, and the tracings were aligned using
the IGL as a guide to reconstruct tumor volume in 3D (Figures
5D and 5E). This is illustrated as a 3D computer-generated
image with the IGL in blue (Figure 5D) and the tumor volume in
several colors (Figures 5D and 5E). The IGL volume was sub-
tracted in Figure 5E to clearly identify the total tumor volume
in this example. Quantitative analysis revealed a marked de-
crease of tumor size in mice treated with 20 mg/kg HhAntag and
a complete elimination of measurable tumor volume following
treatment with 100 mg/kg HhAntag (Figure 5F). There was varia-
tion in the tumor mass present in the untreated cohort
(5.6-34.8 mm?®) and in the 20 mg/kg treated mice (0.11-7.56
mm?). The range of volumes was greater in untreated mice, as
indicated by the standard deviation of 12.8 compared to 2.9
for the 20 mg/kg treated mice. The overall reduction in tumor
volumes following treatment with HhAntag was examined using
the Exact Kruskall-Wallis test; the Monte Carlo estimate of the
p value (<0.0001) suggests a highly statistically significant dif-
ferences in tumor volume distribution among the three treatment
groups. We also found that there was a dose-dependent effect
of HhAntag on tumor volume as indicated by the Exact Wil-
coxon-Mann-Whitney test (p = 0.0159). There was an approxi-
mate 7-fold reduction in tumor volume between the untreated
mice and mice treated with 20 mg/kg HhAntag (from an average
of 19 mm?® to 2.5 mm?). Strikingly, complete tumor regression
was observed following treatment of mice with 100 mg/kg
HhAntag. In two of the four mice treated, no tumor remained
at all. However, we did observe small lesions, indicating evi-
dence of regression in the most lateral aspect of the cerebellum
of the other two mice (Figure 5G). These areas showed no
evidence of proliferation and they contained scattered apoptotic
bodies and focal reactive changes, particularly lymphocyte infil-
trate from leptomeningeal blood vessels. The lesions were con-
fined to the molecular layer and the subpial zone. Thus, HhAn-
tag, given twice daily at 100 mg/kg, effectively eliminated
medulloblastoma in Ptc1*/~p53~/~ mice.

HhAntag prolongs brain tumor-free survival

of Ptc1*~p53~'~ mice

To determine if HhAntag could prolong survival of Ptc1*/~p53~/~
mice, we treated 20 5-week-old mice with either 100 mg/kg of
the drug or vehicle, once daily for an extended period. The dose
was lower than used in the previous studies because of limited
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Figure 4. HhAntag inhibits proliferation, increases
apoptosis, and alters morphology of medullo-
blastoma cells in vivo

A: Sections of brain fissue from mice treated
twice daily with vehicle or HhAntag at 20 or 100
mg/kg, at low magnification. Scale bar equals
500 pm.

B: High magnification of A. Scale bar equals
50 pm. The locations of the regions examined
at high magnification are indicated by black
boxes. Note the increase in apoptotic bodies
(black arrowheads) and the decrease in mito-
fic figures (white arrowheads) associated with
HhAntag treatment. All sections were stained
with haematoxylin and eosin.

C: Quantitative analyses of proliferation and
apoptosis in tumors are presented as box plofts.
The data were obtained by counting Kié7- (prolif-
eration) and TUNEL- (apoptosis) positive cells in
the drug- and vehicle-treated mice. The data
were analyzed using the Exact Kruskall-Wallis
tests, with Monte Carlo estimates of p values
of <0.0001 for proliferation and 0.0402 for apo-
ptosis, suggesting stafistically significant differ-
ence among the three treatment groups.
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availability of the HhAntag compound and the concern that
prolonged, twice daily delivery of the drug by oral gavage could
result in injury. Also due to the limited availability of HhAntag,
four of the ten mice receiving HhAntag were removed from drug
after 50 days of treatment. All mice treated with vehicle alone
developed clinical signs of brain tumors, such as domed head,
ataxia, and tilting of the body, and were euthanized between 4
and 74 days after the start of treatment. In contrast, drug-treated
mice survived significantly longer (39 to 147 days), and only five
mice were euthanized due to brain tumors (Figure 6). Three of
these had received HhAntag for only 50 days. The remaining

20mg/kg
HhAntag HhAntag
n=3 n=5

100mg/kg

five mice in the treated cohort were euthanized after exhibiting
symptoms of other tumors typical of p53 null mice, including
thymic lymphomas, soft tissue sarcomas, and teratomas. How-
ever, each of these mice also showed evidence of small medullo-
blastomas when the brain was removed and examined. These
results indicate that treatment of mice with 100 mg/kg of HhAn-
tag once daily did not completely eliminate medulloblastoma.
This is most probably because the dose of drug used, while
sufficient to retard tumor growth, was not high enough to cause
total regression. Nevertheless, analyses of the data revealed
that HhAntag significantly extended the period of brain tumor-
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Figure 5. HhAntag given twice daily eliminates
fumor mass in vivo

A: Sections of brain tissue from a wild-type mouse
(normal cerebellum) and Ptcl*/~p53~/~ mice
freated twice daily with vehicle or HhAntag at
20 or 100 mg/kg are shown. Treatment was initi-
ated at three weeks of age. Scale bar equals
500 pm.
B-E: Determination of fumor volumes using the
Bioquant Nova 3D reconstruction program.

B: An example of a 5 um sagittal section from
j? an untreated Ptc1+/~-p53~/~ mouse, stained with

100mg/kg HhAntag

lUUIIIli:'.' kg 20m kg
HhAntag  HhAntag
"= n=5

cresyl violet. Scale bar equals 500 pm.

C: The outline of the IGL is indicated by the blue
frace, and the regions of tumor are fraced in the
other colors. The different colors used for tracing
the tumor area mark separate regions of tumor.
D and E: Sections were fraced every 150 pm and
assembled to create 3D images of the tumor
(D) plus the IGL or the tumor alone (E). R, rostral
direction.

F: Tumor volumes from vehicle-treated mice and
from mice freated with HhAntag at 20 or 100
mg/kg are represented in a box plot. The Exact
Kruskall-Wallis test suggests a clear statistical dif-
ference in the distribution of tumor volumes
among the three groups (p < 0.0001), and the
Exact Wilcoxon-Mann-Whitney test revealed sta-
fistically significant dose-dependent decrease in
fumor volume associated with HhAntag tfreat-
ment (p = 0.0159).

Vehicle
=3

G: Signs of tumor regression are present in some mice treated with 100 mg/kg of HhAntag, twice daily for 14 days. The figure shows a low-power image
in the left panel and a high-power view in the right panel of a lesion area (boxed in the low-power image). Infiltrating lymphocytes are indicated by a
black arrow. Scale bar equals 500 pm for the low-power and 100 um for the high-power image. All sections were stained with haematoxylin and eosin

unless indicated otherwise.

free survival in Ptc1*/~p53~'~ mice (the Exact Two-Sided p
value for Log-Rank Test was 0.0001).

Discussion
In this study, an inhibitor of the Shh pathway, HhAntag, elimi-

nated tumor in a mouse model of spontaneous medulloblas-
toma. HhAntag blocked the ability of Smo to increase Gli7 ex-

— —— Vehicle (»=10)

100mg/kg HhAntag (n=10)
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Figure 6. Treatment of Ptc1™/~p53~/~ mice with HhAntag increases life ex-
pectancy

At 5 weeks of age, mice were arbitrarily assigned into two groups of ten.
One cohort was freated once daily with 100 mg/kg of HhAntag, and the
other with vehicle alone. The graph shows the cumulative incidence of
euthanasia due to brain tumors in the presence of competing event: eutha-
nasia due to other tumors. The Exact two-sided p value for the log-rank test
was 0.0001, indicating a highly significant difference in brain tumor-free
survival between HhAntag- and vehicle-freated mice. Due to the limited
amount of drug available, after 50 days of treatment, drug was withheld
from four of the eight mice still alive in the treatment group. Three of these
mice subsequently developed medulloblastoma (the times of euthanasia
are indicated by arrows).

pression in tumor cells and reduced tumor cell proliferation
in vivo. At the highest dose used, there was no measurable
tumor volume after 2 weeks of treatment. Remarkably, although
tumor growth disrupts the structure of the cerebellum, cerebellar
morphology was relatively normal in the treated mice. These
findings provide strong encouragement for the development of
small molecules that block Smo function to treat tumors in which
the Shh pathway is activated. Our findings extend previous
studies using cultured tumor cells and transplantable tumors in
which cyclopamine was shown to inhibit growth of mouse and
human tumor cells (Berman et al., 2002, 2003; Taipale et al.,
2000; Thayer et al., 2003). However, we also demonstrate that
the Shh pathway is downregulated in cultured mouse medul-
loblastoma cells and that inhibition of cell proliferation in culture
using cyclopamine and HhAntag is not mediated by inhibition
of Smo. In contrast, treatment of mice with HhAntag blocked
tumor growth at the same concentration that inhibited Smo
activity, as determined by the level of Gli1 expression. This
finding suggests that additional factor(s), present in the intra-
cranial environment but missing in cell culture, are required to
maintain the ability of tumor cells to respond to Shh. These
results underscore the utility of genetically programmed mouse
tumor models in which effects of targeted therapies can be
determined in an appropriate in vivo context.

HhAntag penetrated the blood-brain barrier after oral deliv-
ery and efficiently suppressed tumor cell proliferation. Although
apoptosis was increased in treated tumors, particularly at the
highest dose used, this effect was modest. It is likely that the
major mechanism of action of HhAntag is antiproliferative; how-
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ever, we cannot rule out the possibility that a peak of cell death
occurs at an earlier time point during the treatment regime. The
basal apoptotic rate in tumors is quite high, so inhibition of
proliferation would result in loss of tumor volume by attrition.
The loss of tumor volume was associated with macrophage
infiltration and reactive gliosis but not necrosis. Future studies
will address the temporal mechanism of action of HhAntag.
During the course of our experiments, we did not detect any
toxic side effects of the therapy. Even in prolonged studies, in
which mice received 100 mg/kg of HhAntag every day for more
than 50 days, there were no signs of deleterious effects or
weight loss in the treated group.

Treatment of mice with HhAntag for 2 weeks at 100 mg/kg
twice daily resulted in an absence of measurable tumor volume,
suggesting that at this dose, the tumor was eradicated before
drug resistance could develop. The high dose was crucial for
the tumor response, as there was only a partial regression in
the cohort of mice receiving 20 mg/kg. Furthermore, in the
survival study, in which HhAntag was given at 100 mg/kg once
a day, mice still succumbed to medulloblastoma, albeit with a
significant delay compared to vehicle-treated mice. Thus, in
considering the use of HhAntag for treating human disease, it
will be important to use the appropriate dose to ensure complete
suppression of Smo in tumor cells. Alternatively, it may be possi-
ble to identify additional inhibitors that display more favorable
pharmacokinetics.

Although Gli1 is a target of Smo signaling, it is not yet known
if Gli1 mediates the oncogenic activity of the Shh pathway.
Recently, it was reported that a virus expressing Shh is capable
of inducing medulloblastoma in mice lacking Gli1 (Weiner et al.,
2002). Since Gli2 is functionally similar to Gli1, there may be
redundancy and/or compensation among family members (Bai
et al., 2002; Park et al., 2000). However, in addition to suppres-
sion of Gli1, we found that HhAntag also inhibited expression
of several other genes in tumor cells in vivo, including Gli2
(data not shown). It is possible that some or all of these genes
contribute directly to oncogenesis. At present, it is not possible
to distinguish between cause and effect: the changes in gene
expression could be responsible for the effect on tumor growth,
or the inhibition of tumor growth might have resulted in the
changes in gene expression. We are now pursuing time course
experiments and gene expression microarray studies to exam-
ine the differences in gene expression between treated and
untreated mice. These studies will help to decipher the mode
of action of HhAntag.

We were surprised to discover that, in contrast to Gli7,
Math1, Ptc2, and Sfrp1, the level of Ptc1 was not reduced after
treatment with HhAntag. This was not expected, as Pic1 is
induced in cell culture, including medulloblastoma cell cultures,
by overexpression of Gli1. Previously, we reported that the wild-
type Ptc1 allele is expressed in medulloblastoma at a similar
level to that observed in normal P7 and adult cerebellum (Wet-
more et al., 2000, 2001). These findings contrasted with a report
using reverse-transcriptase PCR analysis to indicate that ex-
pression of Ptc1 is lostin medulloblastoma (Berman et al., 2002).
These authors concluded that complete loss of Pic7 expression
was necessary for medulloblastoma formation. However, our
observation was confirmed by an independent study (Zurawel
et al., 2000), and we have now extended these analyses using
quantitative real-time PCR, in situ hybridization, Northern blot-
ting (data not shown), and microarray analysis (Lee et al., 2003).

Additionally, complete sequencing of the normal Ptc1 allele,
using cDNA from tumors and tumor cell lines, demonstrated
that the remaining Ptc1 allele is not mutated. Therefore, haploin-
sufficiency of Ptc1 promotes medulloblastoma formation in
Ptc1*~ and Ptc1*/~p53~/~ mice. In tumor cells, Ptc1 is not
subject to the usual positive feedback regulation, as Ptc1 levels,
unlike those of Gli1, are not downregulated following suppres-
sion of the Shh pathway by the Smo inhibitor HhAntag in vivo.
This implies that there may be a defect in the autoregulatory
loop of the Shh pathway in tumor cells in vivo.

The three-stage preclinical approach we devised to explore
the effect of a small molecule inhibitor in our mouse model may
have general application. In the first stage, we carried out a
short-term study demonstrating that HhAntag inhibited its tar-
get, Smo, in tumor cells in vivo in a dose-dependent manner.
The second stage involved longer-term exposure of mice to
the compound followed by quantitative evaluation of the dose-
dependent effects of HhAntag on tumor growth. The final stage,
similar to human clinical trials, demonstrated that prolonged
exposure improved the survival of mice with tumors. At each
stage, the drug was delivered by oral gavage to mimic the
potential dosing route in patients. To apply this approach, it is
critical to develop a high-incidence, early-onset mouse model,
consistent with the genetics of human tumors. It is likely that
such models represent only one particular molecular subtype of
the tumor, rather than the entire spectrum of the corresponding
human disease. In our case, the activated Shh pathway in tumor
cells allowed testing of the proof of principle that inhibition of
Smo by a targeted therapy would block tumor growth in vivo.
For this strategy to be successful, it is important to identify a
reliable marker of pathway activity (Gli7 expression level in our
case) and to use compounds with good bioavailability in the
target tissue. If these conditions can be met, the three-stage
approach described here can provide information on dose-
dependent activity, tumor pathology, potential side effects, and
long-term survival.

Since HhAntag works by suppressing Smo activity, it should
be effective against medulloblastomas in which upstream com-
ponents of the Shh pathway have been activated by mutation.
However, HhAntag may also have a broader application. Several
mouse medulloblastoma models have been described in which
p53, together with PARP-1, Lig4, Rb, or different cell cycle
regulators have been mutated (Hesselager and Holland, 20083;
Lee et al., 20083). These tumors exhibit similar gene expression
profiles to Ptc1*/~ medulloblastoma, including elevated Gli7 lev-
els, indicating that they may also be inhibited by HhAntag (Lee
et al., 2003). Approximately 25% of sporadic human medul-
loblastoma harbor mutations in different components of the
Shh pathway (Ellison et al., 2003). These tumors are excellent
candidates for potential treatment with Smo inhibitors, and it
is also possible that some of the remaining 75% of human
medulloblastoma would respond to HhAntag. Inhibitors of the
Shh pathway may also be efficacious against other tumors with
an activated Shh pathway, such as most basal cell carcinoma
(Aszterbaum et al., 1998), a subset of meningioma, breast carci-
noma, and colon cancer (Xie et al., 1997). Suppression of Shh
signaling could also be beneficial in tumors that do not harbor
mutations in the Shh pathway, but in which Shh signaling is
important for continuous tumor cell growth (Berman et al., 2003;
Thayer et al., 2003).

The data presented here provide strong support for initiating

CANCER CELL : SEPTEMBER 2004

237



ARTICLE

human clinical trials with molecular inhibitors of the Shh path-
way, such as the Smo suppressor HhAntag. The patient popula-
tions most likely to benefit from such intervention would include
Gorlin syndrome patients and patients with sporadic medul-
loblastoma containing mutations in the Shh pathway. One im-
portant challenge in such trials would be to identify a marker that
could serve as an indicator for dose-dependent suppression of
Smo signaling. This could be achieved by monitoring changes
in gene expression, for example, downregulation of Gli1. How-
ever, it may be necessary to utilize surrogate cells affected by
the treatment, for example, epidermal cells in which the Shh
pathway is active, or alternative tumor-specific markers such
as secreted proteins that could be measured in blood or cerebral
spinal fluid, to monitor the efficacy of pathway suppression.

Ultimately, it is likely that success in treating cancer will
require the use of several compounds in concert that target
distinct pathways important for tumor cell growth. Our mouse
studies with HhAntag offer the hope that such precise, targeted
molecular interventions could spare children from the devasta-
ting effects of surgery, toxic chemotherapy, and exposure to
high doses of radiation.

Experimental procedures

Cell culture, luciferase, and cell growth assays

Mouse medulloblastoma cell cultures were established and characterized
as previously described (Li et al., 2003). NIH3T3 and medulloblastoma cell
cultures were maintained in DMEM (GIBCO-BRL/Invitrogen) under standard
conditions. Cells were plated at 4 X 10* or 1 X 10* per well in a 24-well
plate 24 hr before transfection. 0.25 pg of Gli-Firefly luciferase reporter
plasmid (Sasaki et al., 1997) and 0.0125 pg of Renilla luciferase plasmid
(pRL-SV40) mixed with Fugene 6 were applied to the cells (Roche Diagnos-
tics). Cells were harvested 48 hr after transfection medium containing 0.5%
FBS, ShhN, and HhAntag compound (Curis, Inc., Boston, MA) was applied
to confluent cells. Luciferase assays were performed according to manufac-
turer’s instructions (Dual Luciferase Assay Kit, Promega) and normalized for
transfection efficiency using Renilla luciferase activity.

Cell proliferation was assayed in triplicates using Alamar blue reagent
according to the manufacturer’s directions. HhAntag was obtained from
Curis. HhAntag is available from Genentech under a material transfer agree-
ment, available at http://www.gene.com/gene/about/collaborations/con-
tracts.jsp. HhAntag details are presented in the US patent WO 2003011219,
available from the web site http://I2.espacenet.com/espacenet/viewer?PN=
WO003011219.

Retroviral vectors and retroviral-mediated gene transfer

HA-tagged, full-length mouse Gli7 cDNA was generated by PCR and sub-
cloned into pCX4pur retroviral-mediated expression vector (GenBank acces-
sion #AB086386). Retroviral-mediated gene transfer was performed as de-
scribed previously (Akagi et al., 2003). 72 hr after the infection, cells were
harvested and used for the Northern blotting analyses.

Cerebellar granule neuron precursor culture and BrdU

incorporation assay

Cerebellar granule neuron precursor cells were isolated from postnatal day
6 C57BI/6 mice as previously described (Furuya et al., 1998) and plated at
a density of 3 X 10° cells/cm? onto poly-D-lysine-coated plastic plates (BD
Bioscience), with indicated amounts of ShhN and HhAntag. 10 .M BrdU
was added 2 hr before cells were fixed with 0.5 M HCI, 70% EtOH. BrdU
assays were performed using BrdU labeling and detection kit Ill (Roche
Diagnositcs) according to manufacturer’s instructions.

Northern blot analysis

Total RNA was isolated from snap frozen tissue or cultured cells using
the TriPure reagent (Roche Diagnostics), according to the manufacturer’s
instructions. 10 pg was separated on 1% agarose gel under denaturing
conditions and transferred onto nylon membrane (Hybond-N*, Amersham

Biosciences). After UV crosslinking, the membrane was hybridized using
DNA probes for Gli7 (NM_010296.1) nt966-2664, Ptch1 (NM_008957.1)
nt4191-4305 plus the 739 nucleotides of the 3'UTR, Ptch2 (NM_008958.1)
nt652-3549, and Smo (NM_176996.3) nt2824-3962.

Mice

The mice used in this study were generated and maintained on a mixed
C57BI/6;129Sv background, as described previously (Wetmore et al., 2001).
Mice were observed daily and euthanized according to NIH-approved institu-
tional guidelines when showing signs of increased intracranial pressure or
extracranial tumors were evident. Animals were housed in an American
Association of Laboratory Animal Care-accredited facility and maintained in
accordance with the NIH Guidelines for the Care and Use of Laboratory
Animals. The Institutional Animal Care and Use Committee at St. Jude Chil-
dren’s Research Hospital approved all procedures for animal use.

Real-time PCR analysis of gene expression

6-week-old Ptc1*/~p53~/~ mice treated by oral gavage twice daily for 4
days, with HhAntag at 20 or 100 mg/kg or vehicle. 4 hr following the last
dose, mice were euthanized and their tumor-bearing cerebella were snap
frozen in liquid nitrogen. Total RNA was extracted using the TriPure reagent
(Roche Diagnostics). 5 ng was analyzed using the real-time RT-PCR ABI
Prism 7900 sequence detection system (Applied Biosystems). Levels of
assayed genes were normalized to 18S rRNA abundance. The sequences
of the amplification primers and Tagman probes are: Gli1 primers 5'-GCT
TGGATGAAGGACCTTGTG, 5'-GCTGATCCAGCCTAAGGTTCTC, probe
5'-CCGGACTCTCCACGCTTCGCCG; Sfrp1 primers 5'-TCCTCCATGCGACA
ACGA, 5'-TGATTTTCATCCTCAGTGCAAACT, probe 5'-TGAAGTCAGAGG
CCATCATTGAACATCTCTG; Math1 primers 5'-ATGCACGGGCTGAACCA,
5'-TCGTTGTTGAAGGACGGGATA, probe 5'-CCTTCGACCAGCTGCGCA
ACG; Ptc1 primers 5'-CAAGTGTCGTCCGGTTTGC, 5'-CTGTACTCCGAGT
CGGAGGAA, (detecting the wt Ptc1 allele), probe 5'-CCTCCTGGTCACACG
AACAATGGGTGC; Ptc2 primers 5'-TGGAGCCACCTTGGTACAAGA, 5'-GGC
GCTCAGGAAAGCATGT, probe 5'-CTGGCCCTGACAGATGTGGTCCCT;
and Reln primers 5'-GGCGATGCCCTGGTCTTTAT, 5'-TCTGTGACTGAGCA
GGAGGCA, probe 5'-AAAAGGCCAGCACCCGTTACGTGG.

Pharmacokinetics

Brains were snap frozen 4 hr after the last HhAntag dose, homogenized in
PBS, and centrifuged. HhAntag was extracted from the supernatant using
a Strata-X solid phase extraction column (Phenomenex 8B-S100-UBJ). The
drug was eluted with methanol/acetonitrile/acetic acid (70/30/0.012), dried,
reconstituted with 100 wl 20% acetonitrile water, and centrifuged, and super-
natant was transferred into an autosampler vial for injection. Chromato-
graphic separation was achieved on a Waters Xterra MSC;g 3.5 um, 30 X
2.1 mm column with an isocratic mobile phase of acetonitrile and water
(50:50). The analytes were detected with a triple quadrupole mass spectrom-
eter, and the ions were monitored in the multiple reaction monitoring (MRM)
mode including m/z 451 (precursor ion) to m/z 150.9 (product ion) for HhAn-
tag and m/z 328 (precursor ion) to m/z 244 (product ion) for HhAntag-585
(internal standard). The lower limit of quantitation of HhAntag was 5 ng/ml
(signal/noise = 5), and results from a 5-day validation study demonstrated
acceptable within-day and between-day precision (CV% values =4.4%
and =5.5%, respectively) and accuracy (range 104.4% to 108.0%).

In situ hybridization

Gene expression was evaluated by in situ hybridization as described pre-
viously (Rice et al., 1998). Probes for Gli1, Ptch1, and Ptch2 are described
above; Sfrp1 (NM_013834.1) nt239-1200, Math1 (NM_007500.2) nt602—
1128, Reln (NM_011261.1) nt5269-5975. Probes were [a-*P]JUTP radiola-
beled. Autoradiography proceeded for 1-10 days. Reference sections were
stained with hematoxylin and eosin. Slides were photographed with a Nikon
Coolsnap ES camera mounted onto a Zeiss Stemi 11 Stereo microscope.

Histological analyses

Mice were perfused intracardially with 4% paraformaldehyde and brains
were removed and postfixed overnight at 4°C. Brains were dehydrated
through a series of ethanols, delipidated in mixed xylenes, and embedded
in Paraplast X-TRA (Fisher Scientific). Brains were sectioned at 5 um in the
sagittal plane and mounted on Superfrost+ slides (Fisher Scientific). For
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histological analyses, sections were stained with haematoxylin and eosin
using standard histological protocols. Slides were photographed using Axio-
plan Zeiss microscope (Zeiss) and RT color SPOT camera (Diagnostic Instru-
ments).

Volumetric measurement of tumors

Stained sections taken every 150 um were analyzed using the Bioquant
Nova Advanced Image Analysis software. An outline of the remaining normal
IGL and the tumor region was prepared for every section. This analysis was
inclusive in that any abnormal tissue area was assumed to be tumor. Traces
were aligned using the IGL outline as a reference and reconstructed into a
three-dimensional image, and the volume for every tumor was calculated.

Immunohistochemistry and detection of apoptosis

Paraffin sections were processed for immunohistochemistry with antibody
against Ki67 (Novocastra Laboratories) by deparaffinization and rehydration
followed by antigen retrieval in 10 mM sodium citrate at 80°C. Slides were
treated with 1% H,0O,, blocked in 10% normal goat serum, and incubated
with primary antibody (1:2000 dilution) overnight at room temperature. Immu-
noreactivity was detected using the ABC Elite kit (Vector Laboratories) and
diaminobenzidine reagent set (Kirkegaard and Perry Laboratories), according
to manufacturers’ recommendations. Slides were cover-slipped and ana-
lyzed using an Olympus BX60 microscope. Cells undergoing apoptosis were
detected using the DeadEnd Colorimetric TUNEL system (Promega), ac-
cording to manufacturer’s instructions. Proliferative and apoptotic indexes
were determined by counting 900-1300 cells for each tumor.

Survival studies

A cohort of 25-week-old Ptc1+/~p53~/~ mice was treated with HhAntag at
100 mg/kg of body weight, or vehicle alone, by oral gavage, once daily. The
mice were observed daily and euthanized if any sign of illness could be
discerned. The presence of brain tumors was confirmed by gross examina-
tion of dissected brain.

Statistical considerations for the manuscript

StatXact-5 for Windows was used for all exact statistical analyses (Statistical
Software for Exact Nonparametric Inference, CYTEL Software Corporation).
The assumption that gene expression intensities were from Gaussian distri-
butions was rejected by the exact Shapiro-Wilk’s test (all p values < 0.05);
thus, the traditional t test is not valid for analyzing these data. Exact Kruskal-
Wallis tests were used to compare gene expression intensities, levels of
proliferation and apoptosis, as well as tumor volumes between vehicle and
treated mice. Cumulative incidence functions of mice euthanized due to
brain tumors in the presence of competing events of euthanasia due to
other tumors were estimated as discussed by Kalbfleisch and Prentice and
compared using exact log-rank tests. All p values are for two-sided tests
and those less than 0.05 were considered statistically significant without
adjustment for multiple testing (Kalbfleisch and Prentice, 1980; Kruskal and
Wallis, 1952; Shapiro and Wilk, 1965).
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