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The PTCH gene encodes a putative tumor suppressor protein; germline alterations in PTCH have been found in patients with
the nevoid basal cell carcinoma syndrome (NBCCS). Medulloblastoma, a brain tumor, develops in about 3% of NBCCS
patients, and mutations in PTCH have also been described in a subset of sporadic medulloblastomas. The search for the causes
of medulloblastoma has been hindered by the lack of an appropriate model system for this tumor type. Recently, a transgenic
mouse hemizygous for the Ptch gene was generated by homologous recombination. Medulloblastomas were found in about
19% of these mice within the first 25 weeks after birth. The status of the wild-type PTCH allele in these tumors has not been
investigated. For clearer definition of the role of PTCH as a tumor suppressor in medulloblastoma, 13 cerebellar tumors from
transgenic Ptch1/2 mice were examined for alterations in the remaining Ptch allele. A single mutation was found in one tumor,
a C-to-A substitution changing a tyrosine to a stop codon; all other tumors exhibited a wild-type sequence. Two tumors with
normal Ptch cDNA were examined by in situ hybridization. Ptch cDNA was found in tumor cells but not in associated tumor
stroma. We also examined the mRNA expression levels for the remaining Ptch allele, as well as for Gli1, a gene known to be
transcriptionally activated by Ptch inactivation. Blot analysis of RNA from the 13 tumors shows that Ptch mRNA of appropriate
size is expressed in all tumors at varying levels. Expression of Gli1 was increased in tumors compared to normal cerebellum.
These results suggest that deletion of one copy of Ptch may be sufficient to promote medulloblastoma development in mice.
Genes Chromosomes Cancer 28:77–81, 2000. © 2000 Wiley-Liss, Inc.

INTRODUCTION

Primitive neuroectodermal tumors of the central
nervous system account for 20% of pediatric brain
tumors (Humphreys et al., 1982). These tumors
occur most frequently in the posterior fossa, where
they are called medulloblastoma, but they may also
occur in the cerebrum (cerebral neuroblastoma) or
pineal gland (pineoblastoma). Medulloblastoma
may occur in association with two familial cancer
syndromes, the nevoid basal cell carcinoma (NB-
CCS)—or Gorlin—syndrome and Turcot syn-
drome. NBCCS is an autosomal dominant disorder;
affected individuals develop multiple basal cell car-
cinomas, odontogenic keratocysts of the jaws, pal-
mar and plantar dyskeratoses, and skeletal anoma-
lies, especially rib malformations (Gorlin, 1987). In
addition, at least 40 cases of medulloblastoma have
been reported in patients with NBCCS, indicating
that about 3% of individuals with this syndrome
develop medulloblastoma (Lacombe et al., 1990;
Evans et al., 1991).

The gene for NBCCS has been mapped to chro-
mosome segment 9q22.3 (Farndon et al., 1992;
Gialani et al., 1992) and identified as PTCH, the
human homolog of the Drosophila patched gene
(Hahn et al., 1996; Johnson et al., 1996). In Dro-
sophila and mammals, this locus encodes a protein

with 12 putative transmembrane domains that is
capable of binding ligands of the hedgehog family
(Hooper et al., 1989; Nakano et al., 1989). Patched
has an essential role in embryonic patterning in
Drosophila; an analogous role in man may explain
the congenital anomalies associated with NBCCS.
Not surprisingly, in light of the association of me-
dulloblastoma with NBCCS, PTCH inactivation by
deletion and mutation has been reported in a sub-
set of sporadic medulloblastomas (Pietcsh et al.,
1997; Vorechovsky et al., 1997; Wolter et al., 1997;
Xie et al., 1997; Zurawel et al., 1997).

In vertebrates, binding of Sonic Hedgehog
(SHH) to PTCH is followed by signal transduction
and induction of target genes, including PTCH and
GLI1. One theory states that PTCH inhibits signal
transduction and that binding of Sonic Hedgehog
to PTCH removes this inhibition (Stone et al.,
1997).

Supported by: National Institutes of Health (CR); Grant number:
CA76053-01; Pediatric Brain Tumor Foundation of the United
States; Howard Hughes Medical Institute (MPS).

*Correspondence to: Dr. Corey Raffel, Department of Neurologic
Surgery, E6B, Mayo Clinic and Foundation, 200 First Street SW,
Rochester, MN 55905. E-mail: raffel.corey@mayo.edu

Received 9 July 1999; Accepted 22 October 1999

GENES, CHROMOSOMES & CANCER 28:77–81 (2000)

© 2000 Wiley-Liss, Inc.



The search for the causes of medulloblastoma
has been hindered by the lack of an appropriate
model system for this tumor type. Recently, a
knockout mouse was constructed for study of the
role of Ptch in development (Goodrich et al., 1997).
Although mice homozygous for the Ptch deletion
died in utero, hemizygous mice survived. About
19% of these hemizygous mice developed medul-
loblastoma-like tumors of the cerebellum within
the first 25 weeks after birth. We sequenced the
remaining Ptch allele in cerebellar tumors from 13
of these hemizygous knockout mice. We also ex-
amined the mRNA expression levels for the re-
maining allele, as well as for Gli1. Our results sug-
gest that haploinsufficiency of the Ptch gene, rather
than mutation of the remaining Ptch allele, leads to
tumorigenesis in the mouse cerebellum.

MATERIALS AND METHODS

RT-PCR

Total RNA was isolated from 13 mouse tumors
removed from 13 different mice using TRIzol re-
agent (Gibco-BRL, Grand Island, NY) according to
the manufacturer’s enclosed protocols. For the re-
verse-transcriptase reaction, MuLV-RT and ran-
dom hexamers were used to generate Ptch cDNA.
The primers used for PCR amplification of Ptch
were designed to amplify overlapping fragments so
as not to conceal any mutations within the primer
sequences. Samples were amplified through 35 cy-
cles in a DNA Thermal Cycler 480 (Perkin Elmer,
Norwalk, CT) at 95°C denaturation for 30 sec,
55°C annealing for 30 sec, and 72°C extension for
45 sec. Each reaction consisted of 100-ng RNA
template, 10-pM forward and reverse primers, 0.2
mM each dNTP, 1.5-mM MgCl2, 50-mM KCl,
10-mM Tris-HCl. PCR products were visualized
on a 1.5% agarose gel with ethidium bromide.

Sequencing

After pretreatment of the RT-PCR products with
exonuclease I and shrimp alkaline phosphatase to
digest the primers and inactivate the nucleotides
used during the PCR reaction, PCR products were
sequenced directly by Thermo Sequenase radiola-
beled terminator cycle sequencing (Amersham Life
Sciences, Arlington Heights, IL). Sequencing reac-
tions were run on 8% polyacrylamide-urea gels, dried,
and exposed to single-sided Biomax film.

RNA Blotting

Probes for the Ptch and Gli1 RNA blots were
full-length Ptch cDNA and an 817-bp RT-PCR

product for Gli1, respectively. Total RNA was iso-
lated as described above, and 10 mg from each
tumor was applied to a 1% agarose/5% formalde-
hyde gel and, after electorphoresis, was transferred
to a nylon membrane and UV-cross-linked (Strata-
linker 1800, Stratagene, La Jolla, CA). Probes used
to hybridize the blot were prepared by the random
oligonucleotide priming method with [32P]-dCTP.
The blots were hybridized overnight at 42°C in
hybridization solution (10 3 Denhardt’s solution,
10% Dextran, 2.5 3 SSC, 0.1% SDS), washed for
20 min in 2 3 SSC/0.1% SDS (3 2), then washed
in 0.4 3 SSC/0.1% SDS (3 2). Autoradiographs
were produced on Kodak XAR film.

In Situ Hybridization

The probes for the in situ experiments were
amplified by PCR and include exons 1 and 2 of
murine Ptch, bases 1 to 352 (Genbank accession
number U46155). The products were cloned in
both orientations into the pCR 2.1 vector (Invitro-
gen, Carlsbad, CA). Sense and antisense riboprobes
were transcribed using the T7 promoter in the
presence of 35S-labeled UTP. Tumors were re-
moved from mice and immediately fixed in 4%
paraformaldehyde. Tissue was then processed in
paraffin blocks, and 5-mm sections were placed
onto glass slides and hybridized to 35S-labeled ri-
boprobes in buffer containing 10% dextran sulfate,
50% deionized formamide, 50 3 Denhardt’s,
20-mM DTT, 300-mg mL herring sperm DNA,
and 150-mg/mL wheat germ tRNA. The slides
were then coated with autoradiography emulsion
(Kodak, Rochester, NY) and incubated at 4°C for 7
days before developing and counterstaining with
hematoxylin and eosin.

RESULTS

Because PTCH has been reported to function as
a tumor suppressor gene in both basal cell carci-
noma (BCC) and medulloblastoma, the remaining
Ptch allele in brain tumors that arose in Ptch1/2

mice was sequenced for better definition of the
involvement of the Ptch locus in this new animal
model of medulloblastoma. Total RNA was ex-
tracted from 10 frozen and 3 fresh tumors removed
from 13 different mice, and RT-PCR was per-
formed using primers that span the entire coding
region of the murine Ptch cDNA. The Ptch cDNA
was amplified in four fragments; the PCR products
were then sequenced directly. In only one tumor
was a mutation identified (Fig. 1). This mutation,
C2760A (GenBank accession number U46155),
changes a tyrosine residue to a stop codon, which
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truncates the protein at amino acid 920 in the third
intracellular loop following the sixth transmem-
brane domain. The cDNA sequence from the re-
maining 12 tumors was wild-type.

To rule out the possibility that the wild-type Ptch
sequence detected in the tumors was due to normal
tissue contamination, we analyzed tumor sections
by using in situ hybridization. Two additional tu-
mors were obtained; half of each was fixed and
processed for sectioning, and the other half was
used for RNA extraction. Sequencing of Ptch mes-
sage from these tumors revealed a wild-type se-
quence in both tumors. The remaining tumor tis-
sue was sectioned and hybridized to a Ptch-specific
35S-labeled riboprobe. This probe consisted of part
of Ptch exon 1 (including the putative start codon)
and all of exon 2. This region corresponds to the
portion of the cDNA deleted by homologous re-
combination during the generation of the trans-
genic mouse. Thus, only mRNA derived from the
wild-type allele will be detected with this probe.
Figure 2a shows labeling of tumor cells with the
antisense probe, indicating that these cells express
wild-type Ptch message from the wild-type allele.
Hybridization with the sense riboprobe gave no
signal (Fig. 2b).

These hemizygous Ptch1/2 mice have been
shown to express Ptch in nontumor tissue at about
50% of the level of wild-type mice (Goodrich et al.,
1997). Using a full-length Ptch cDNA probe, RNA

blot analysis of total tumor RNA from 11 tumors
revealed a Ptch transcript of the expected size in all
tumors. However, the amount of Ptch transcript
varied considerably between tumors (Fig. 3a).
When compared with the normal cerebellum con-
trol, levels of Ptch expression were higher in three
tumors (1594, 310, 595), unchanged in five tumors
(638, 1409, 1550, 1596, 1703), and lower in three
tumors (1808, 351, 1900).

One effect of Ptch inactivation is increased tran-
scription of Gli1 (Epstein et al., 1996). To ascertain
whether the levels of Gli1 transcript were elevated
in these tumors due to Ptch hemizygous inactiva-
tion, tumor RNA from 11 tumors was probed for
Gli1 expression. Blotting was performed as de-
scribed with an 817-bp RT-PCR product for Gli1 as
the probe. As shown in Figure 3b, Gli1 mRNA

Figure 1. Mutation in Ptch in cerebellar tumor sample. Sequencing of
RT-PCR products from normal cerebellum (1594N) and tumor (1594T)
RNA reveals an A-for-C substitution converting codon 920 (TAC,
tyrosine) to a stop codon (arrow). Because the tumor sample contains
stromal cells, faint bands from normal tissue can be seen in the tumor
lane. Similarly, because the tumor is invasive and grows large in com-
parison to the size of the murine cerebellum before the tumor can be
detected, the normal tissue is contaminated by a small amount of
tumor, as seen by the faint bands in the normal cerebellum lane.

Figure 2. Ptch message expression in tumor cells. Paraffin sections
of two murine tumors were hybridized with 35S-labeled antisense
riboprobes specific for the region of the Ptch gene deleted by homol-
ogous recombination during construction of the Ptch1/2 mouse. Hy-
bridization with sense riboprobes of the same sequence was done in
parallel. Slides were coated with photographic emulsion and developed
after 10 days. a: Antisense probe, showing Ptch message being ex-
pressed from the remaining allele in tumor cells. b: Sense probe,
demonstrating background labeling, indicating specificity of the probe.
Bars: 20 mm.
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levels were increased compared to those in normal
cerebellum in all tumors but one (351), regardless
of the amount of Ptch mRNA. The levels of expres-
sion of both Ptch and Gli1 in the tumor with the
mutation in the remaining allele (1594) did not
differ substantially from those of tumors that did
not contain mutations.

DISCUSSION

The data presented here suggest that medullo-
blastoma formation in Ptch1/2 mice may be due to
haploinsufficiency at the Ptch locus. The classical
two-hit paradigm for a tumor suppressor gene in-
volves inactivation of both copies of the gene in
order for tumorigenesis to occur. Data from the
present study indicate that, in the Ptch1/2 mouse,
brain tumors arise despite the presence of a wild-
type Ptch allele. The RT-PCR, in situ hybridiza-
tion, and RNA blot results show that transcription
of the wild-type Ptch allele is not being repressed
by methylation, mutation of the promoter region,
or by genomic imprinting. However, other mecha-
nisms resulting in the inactivation of the wild-type
Ptch allele, such as altered message or protein sta-
bility, or improper regulation of expression, either
spatially or temporally, could compromise Ptch
protein function. These hemizygous Ptch1/2 mice
have been shown to express Ptch in nontumor tis-
sue at about 50% of the level in wild-type mice
(Goodrich et al., 1997). Clearly, the wild-type Ptch

sequences obtained from the tumors are not the
result of normal tissue contamination, because the
in situ hybridization results demonstrate the pres-
ence of Ptch mRNA transcribed from the wild-type
allele in tumor cells.

In the absence of SHH, Ptch downregulates its
own expression (Goodrich et al., 1996). Thus, as
has been demonstrated in basal cell carcinomas
with PTCH inactivation, one would predict that
PTCH expression would be upregulated in medul-
loblastomas with inadequate PTCH activity due to
loss of negative feedback (Unden, 1997). In addi-
tion, it is necessary to explain why wild-type Ptch
message is expressed at a higher level in some
tumors than in normal tissue from the same mouse
if tumor formation is due to decreased Ptch func-
tion. Of note is that hemizygous Ptch1/2 mice have
been shown to express Ptch in nontumor tissue at
about 50% of the level of wild-type mice (Goodrich
et al., 1997). The RNA blot analysis presented here
indicates variable levels of Ptch mRNA in murine
medulloblastomas. A possible explanation for these
findings is that the cell type in question is suscep-
tible to haploinsufficiency of Ptch only at specific,
critical periods during development. Mechanisti-
cally, half-normal levels of Ptch protein may not be
sufficient to bind all v-smo protein in the mem-
brane, thus allowing constitutive signal transduc-
tion through unbound v-smo (Stone et al., 1996). If
v-smo signaling promotes tumor formation at a spe-
cific developmental time, then later during tumor
development or growth PTCH expression levels
may be altered without consequence to tumorigen-
esis.

Additionally, mice overexpressing SHH, the pro-
posed ligand for Ptch, develop BCC, as do NBCCS
patients (Oro et al., 1997). Because the SHH study
used a keratin-specific promoter, brain abnormali-
ties were not investigated. However, the study
suggested that a balance between SHH and Ptch
protein levels was required. We have provided ev-
idence here that, in mice, haploinsufficiency can
lead to medulloblastoma.

Haploinsufficiency of PTCH may occur in human
medulloblastoma. In this human tumor, LOH at
9q22, the location of the PTCH gene, has been
demonstrated in tumors that do not harbor muta-
tions in the remaining PTCH allele. In the two
studies that report an LOH analysis for all tumors
examined, the rates of 9q22 loss were 20.8% and
28.6%, whereas the rates of mutation of the remain-
ing PTCH allele were only 12.5% and 14.3%, re-
spectively (Xie et al., 1997; Zurawel et al., 1997).
Similarly, mutations in the PTCH gene have been

Figure 3. Expression of Ptch and Gli1 in cerebellar tumors from
transgenic Ptch1/2 mice. a: RNA blotting shows that Ptch mRNA of
expected size (8.5 kb) is expressed in all tumors. As in Figure 1, the lane
labeled 1594N represents expression in normal cerebellum. b: The blot
shown in Figure 3a was stripped and reprobed for Gli1. Increased
expression of Gli1 is seen in all tumors except 351, where Ptch expres-
sion is very low. c: Ethidium bromide staining of the gel showed that all
lanes were loaded equally with 10-mg RNA.
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reported in tumors that do not demonstrate LOH
at 9q22 (Pietsch et al., 1997; Vorechovsky et al.,
1997; Zurawel et al., 1999). Reasons for this may be
that another tumor suppressor gene is located in
this region or that one functioning copy of the gene
is not sufficient to suppress tumor development in
man.
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