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Altered Neural Cell Fates and Medulloblastorna 
in Mouse patched Mutants 

Lisa V. Goodrich, Ljiljana Milenkovic, Kay M. Higgins, 
Matthew P. Scott* 

The PATCHED (PTC) gene encodes a Sonic hedgehog (Shh) receptor and a tumor 
suppressor protein that is defective in basal cell nevus syndrome (BCNS). Functions of 
PTC were investigated by inactivating the mouse gene. Mice homozygous for the ptc 
mutation died during embryogenesis and were found to have open and overgrown neural 
tubes. Two Shh target genes, ptc itself and Gli, were derepressed in the ectoderm and 
mesoderm but not in the endoderm. Shh targets that are, under normal conditions, 
transcribed ventrally were aberrantly expressed in dorsal and lateral neural tube cells. 
Thus Ptc appears to be essential for repression of genes that are locally activated by Shh. 
Mice heterozygous for the ptc mutation were larger than normal, and a subset of them 
developed hindlimb defects or cerebellar medulloblastomas, abnormalities also seen in 
BCNS patients. 

T h e  human PTC gene is a tumor suppres- 
sor and develop~nental regulator (1). 
Some patients with BCNS have germline 
mutations in PTC and are at increased 
risk for developmental defects such as 
spina bifida and craniofacial abnormali- 
ties, basal cell carcinoma of the skin, and 
brain tumors (2). PTC mutations also oc- 
cur in sporadic basal cell carcinomas ( 1  ), 
which generally have both copies of PTC 
inactivated. 

In the fruit fly Drosophila, Ptc is a key 
component of the Hedgehog (Hh) signaling 
pathway, which controls cell fate determi- 
nation during development (3). Hh pro- 
tein, secreted from localized regions, antag- 
onizes the actions of its apparent receptor, 
Ptc, in nearby cells (4). In the absence of a 
Hh signal, Ptc represses transcription of 
multiple target genes, including ptc itself, 
ulingless (a W n t  gene), and the transforming 
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growth factor P-related gene decapentaplegic. 
In flies, ptc mutations cause derepression of 
target genes, cell fate changes, alld exces- 
sive growth in some tissues (5). Hh induces 
a high level of ptc transcription by inhibit- 
ing the function of Ptc protein, so paradox- 
ically an abundance of ptc transcript is an 
indicator of a low level of Ptc function. 
Vertebrate ptc expression is also regulated 
by Hh proteins (6), which can bind directly 
to Ptc (7) 

The role of the Hh-Ptc pathway in skin 
cancer has been established bv BCNS 
studies and with a mouse model' (8), but 
less is known about the brain tumors as- 
sociated with BCNS. About 3% of BCNS 
patients develop inedulloblastomas (9) ,  
cerebellar tumors that usually arise in 
young children and have a inortality rate 
of -5056 (10). ptc mutations have been 
detected in sporadic medulloblastomas 
( I  1 ), but this tumor type is rare and there 
are few clear animal models ( 1  21, so much 
remains to be learned about its origins and 
biology. 

To study the roles of ptc in development 
and in tumorigenesis, we constructed mice 
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lacking ptc function. By homologous recom- 
bination, part of ptc exon 1 (including the 
putative start codon) and all of exon 2 were 
replaced with lac2 and a neomycin resis- 
tance gene (Fig. 1 ) ( 13). Protein made from 
any alternative ATG codon would lack the 
first proposed transmembrane domain, flip- 
ping the orientation of the protein in the 
membrane. Three inde~endent embrvonic 
stem cell clones were used to make chime- 
ras that were bred to B6D2F1 animals to 
generate heterozygous mice on a mixed 
background. Interbreeding of heterozygotes 
produced no homozygous animals among 
202 offspring examined. Analysis of embry- 
os from timed matings suggested that ptc-1- 
embryos die between embryonic day (E) 9.0 
and E10.5, with the first gross phenotypes 
appearing by E8. In ptc-1- embryos, the neu- 
ral tube failed to close completely and was 
overgrown in the head folds, hindbrain, and 
spinal cord (Fig. 2, A to C). Embryonic 
lethality may have been due to abnormal 
development of the heart (Fig. 2B). 

In Drosophih Ptc protein inhibits ptc 
transcription. By inhibiting Ptc function, 
Hh increases production of Ptc, which may 
then bind available Hh and limit the range 
or duration of effective Hh signal (14). Hh 
signaling also posttranscriptionally regu- 
lates the zinc finger protein cubitus inter- 
ruptus (ci) (15). In vertebrates, Sonic 
hedgehog (Shh) signaling induces tran- 
scription of both ptc and a ci homolog, Gli 
(6, 1 6). Derepression of ptc and Gli in ptc f  
mice should therefore reveal where Ptc is 
normally active. 

The expression of ptc and Gli was greatly 
increased in ptc-1- embryos. In ptc+l- mice, 
expression of the lac2 gene fused to the first 
ptc exon during targeting accurately report- 
ed the pattern of ptc transcription (Fig. 2, C 
and D). In ptc-1- embryos, expression of 
ptc-lac2 was extensively derepressed starting 
at about E8.0 in the anterior neural tube 
and spreading posteriorly by E8.75 (Fig. 2, 
C and E). Derepression was germ layer- 

specific: both ptc-lac2 and Gli were ex- 
pressed throughout the ectoderm and me- 
soderm, but not in the endoderm (Fig. 2, D 
to G). ptc expression may be excluded from 
the endoderm so that Shh can signal the 
endoderm to the mesoderm (17). A differ- 
ential requirement for Ptc may distinguish 
the germ layers. 

As revealed bv btc mutants. an earlv site 
of Ptc activity is ;hk neural tube, where Shh 
and Ptc act antagonistically to determine 
cell fates. Shh induces the floor plate and 
motor neurons in the ventral neural tube 
(18). These cell types fail to form in Shh 
mutants (19). Large amounts of Shh pro- 
duced by the notochord may induce floor 
plate by completely inactivating Ptc (18). If 
so, elimination of ptc function might cause 
floor plate differentiation throughout the 
neural tube. Pros~ective floor   late cells 
transcribe the forkhead transcription factor 
HNF3P first and then Shh itself (18). In 
E8.5 ptc mutants, transcription of HNF3P 
and Shh was expanded dorsally (Fig. 3, A to 
C). Ectopic Shh expression was most exten- 
sive in the anterior, where transcripts could 
be detected throughout the neurepithelium 
(Fig. 3, B and C). Cells in this region were 
in a single layer with basal nuclei, like floor 
plate cells that are normally restricted to 
the ventral midline (Fig. 3, D and E). Ex- 
pression of the lateral neural tube marker 
Pax6 (20) was completely absent from ptc 
mutant embryos, suggesting that only ven- 
tral, and not ventrolateral, cell fates are 
specified (Fig. 3, F and G).  

In principle, dorsalizing signals from the 
surface ectoderm (21) could confer dorsal 
cell fates even in the absence of ptc func- 
tion. In E8-E9 ptc homozygotes, the dorsal 
neural tube marker Pax3 was not expressed 
in the anterior neural tube but was tran- 
scribed in a very small region at the dorsal- 
most edge of the posterior neural tube (Fig. 
3, H to J). In addition, erb-b3 transcription, 
which marks migratory neural crest cells 
(Fig. 3K) (22), was not detected in the 

somites of ptc mutants (Fig. 3L). We con- 
clude that only limited dorsal fate determi- 
nation occurs in the absence of ptc. Bone 
morphogenetic protein (BMP) signals ap- 
pear to maintain dorsal gene expression 
(21) so either ptc is required for BMPs to 
work or BMP signaling is ineffective in 
most cells expressing Shh targets. 

Ventralization of the neural tube in ptc 
mutants occurred without affecting cell 
identity along the rostrocaudal axis. In 
p t c f  embryos, cells in the anterior neural 
tube expressed the forebrain marker 
Nkx2. I (23), and cells in the spinal cord 
transcribed hoxbl (24) (Fig. 3, M and N). 
hoxbl was not transcribed in the fourth 
rhombomere of ptc mutants (Fig. 3N). 
This may reflect a transformation of hind- 

Fig. 1. Generation of the ptc mutation. (A) The ptc mutant allele was generated by homologous 
recombination between the KO1 targeting vector and ptc. External probe A detected a 3' Eco RV 
polymorphism on blots and probe B detected a 5' Sac I polymorphism. Exons are numbered. B, Bam 
HI; E, Eco RI; RV, Eco RV; S, Sac I ;  X, Xho I ;  neo, neomycin resistance gene; TK, thymidine kinase gene; 
WT, wild type. (B) Transmission of the ptc allele through the germ line was confirmed by Southern blot 
(upper panel) and a PCR genotyping assay (lower panel). PCR primers are indicated as arrows in (A). 
Because the homozygous mutant embtyos were being resorbed, there was much less yolk sac DNA in 
the -1- lanes. 

Fig. 2. Germ layer-specific derepression of Shh 
target genes in ptc-I- embtyos. (A and B) Lateral 
views of E8.25 wild-type (WT) (A) and ptc-I- (B) 
embryos. The headfolds are overgrown in the mu- 
tant (white arrows) and the heart is not properly 
formed (red arrows). (C) Lateral views of E8.75 
ptc+/- and ptc-I- embryos stained with X-Gal(28). 
(D through G) Transverse sections through E8.75 
ptc+/- (D and F) and pt&- (E and G) embtyos 
stained with X-Gal (D and E) or hybridized with a 
digoxigenin-labeled Gli probe (29) (F and G). Both 
IacZ and Gli were derepressed in the ectoderm 
and mesoderm but not in the endoderm (arrows). 
In (A) and (B), anterior is to the left and dorsal is up. 
In (C), anterior is up and dorsal is to the right. In (D) 
to (G), dorsal is up. Magnifications: (A) and (B), 
-X16; (C), -X20; (D) to(G), -X125. 
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brain cells to floor plate, because hoxbl is The ptc+l- mice had features in com- small fraction (3 of 389 mice examined) 
excluded from the midline of wild-type mon with BCNS patients: the mice were had hindlimb defects such as extra digits 
embryos. Conversely, in the anterior, larger than their wild-type littermates or syndactyly (Fig. 4A) or obvious soft 
Nkx2.1 expression was expanded dorsally 130.72 + 3.83 g (average + SD; n = 29) tissue tumors (1 of 243), and many devel- 
in mutants compared with wild-type em- compared with 26.54 + 2.51 g (n = 39) at oped brain tumors. 
bryos (Fig. 3M). 2 to 3 months; P = 0.000001 by t test], a Of243 ptc+/-mice that were between the 

ages of 2 and 9 months and were not killed 
for other studies, 18 died or were killed 
because of sickness. No wild-type littermates -1 7 I died. Ten of the affected heterozygotes were 
autopsied, and eight were found to have 
large growths in the cerebellum that resem- 
bled medulloblastomas (Fig. 4, B and C). 
Human medulloblastomas are believed to 
arise from a "primitive neurectodermal" cell 
type (25). They are most common in chil- 
dren, can be metastatic or nonmetastatic, 
and can have glial and neuronal properties. 
The histology of tumors from ptc+l- mice 
was similar to that of human medulloblasto- 
ma: tumor cells were small, with dark car- 
rot-shaped nuclei and little cytoplasm (Fig. 
4, D and E), and although a subset expressed 
neurofilament protein and synaptophysin 
(Fig. 4F) (26), the majority of cells appeared 
undifferentiated. Of the two autopsied mi- 
mals without apparent medulloblastomas, 
one had a large tumor growing out of its rib 
muscle and the other died for unknown 
reasons. Medulloblastomas and soft tissue 
tumors were also observed in ptc+/- mice 
maintained on an inbred 129SV back- 
ground: 6 of 27 had obvious medulloblasto- 
mas, 2 of 27 had soft tissue tumors, and 3 of 
27 died but were not examined. 

The ptc and Gli genes were strongly tran- 
scribed in the brain tumors but not in sur- 
rounding tissue (Fig. 5, A and B; n = 3 of 
three tumors examined). There was no de- 
tectable increase in Shh expression (Fig. 
5C). To assess the incidence of medullo- 
blastomas, brains from 47 asymptomatic 

/ ptc" mice were randomly collected and 
stained with X-Gal. Nine brains contained 

Fig. 3. Ventralization of the neural tube in ptcJ- embryos. (A) Lateral view of E8.5 ptc+/- and ptcJ- medulloblastomas that were easily recog- 
embryos hybridized with a HNF3P probe. Expression is expanded dorsally in the mutant. (B and C) nized by their disorganized morphology and 
Transverse sections through the hindbrain of E8.5 wild-type (B) and ptcJ- (C) embryos hybridized with intense ptc-hZ expression (Fig. 5D). 
35S-labeled Shh probe (8). Shh is expressed in the floor plate (fp) and notochord (nc) of the wild-type Medulloblastomas were observed in 1 of 12 
embryo and is greatly expanded in the ptc mutant. g, gut. (D and E) Hematoxylin and eosin stained (8.3%) ptc+l- mice at 5 weeks of age, 1 of 
transverse sections through the hindbrain of wild-type (D) and ptcJ- (E) E8.5 embryos. Bottle-shaped 12 (8.3%) mice at to 10 weeks, and 7 of cells with basal nuclei are indicated by arrows. (F and 0) Transverse sections through E8.5 wild type (F) 
and ptc-I- (G) embryos hybridized with a PaxG probe show the absence of expression in the ptc+/- 23 (30.4%) mice at 12 to 25 weeks. Tumors 
mutant. (H) Dorsal view of E8.25 to E8.5 embryos hybridized with a Pax3 probe. Because of the kinking Can therefore arise as as weeks 
in the neural tube, theptc-I- embryo is curled on itself. Weak Pax3 expression is seen in the posterior birth but increase in and 
dorsal neural tube of the ptcJ- embryo (bottom, arrow). (I and J) Transverse sections through E8.5 as the animal ages. 
wild-type (I) andptcJ- (J) embryos hybridized with a Pax3 probe. Pax3 is expressed in the dorsal neural We looked for changes in ptc-hZ ex- 
tube (nt) and dermamyotome (dm) in the wild-type but is present only in a small dorsal domain of the pression that might reflect early stages of 
mutant neural tube; S, somite. (K and L) Lateral views of E9 wild-type (K) and E8.5 ptc-/- (L) embryos tumorigenesis. At all stages examined, 
hybridized with an erb-b3 probe. Staining is seen in migrating neural crest in the head and somites of ,bout haif of the animals [50% at 5 to 10 
wild type but not mutant embryos (red arrows). Weak staining in the head, heart, and gut (black arrows) week, (, = 24), 56.5% at 12 to 25 weeks 
is background or non-neural crest related. (M) Lateral view of wild-type (top) and ptc-I- (bottom) (,, = 23)1 exhibited regions of increased embryos hybridized with an Nkx2.1 probe. The body of the mutant is twisted. Nk2.1 expression is 
limited to the anterior but is expanded dorsally in the mutant. (N) Lateral view of E8.5 ptc+/- and ptcJ- staining On the surface of the 
embryos hybridized with a hoxbl probe. Loss of expression in rhombomere four is indicated by the (Fig. 5E). These regions were 
asterisks. In all transverse sections, dorsal is up. In (A), (K), (L), and (N), anterior is up and dorsal is to the lateral and often extended down into the 
right. In (H) and (M), anterior is to the left. Magnifications: (A), (H), (K), and (L), -x 16; (B) and (C), -x 100; fissures separating the folia (Fig. 5, E and F). 
(D) and (E), - ~ 3 6 4 ;  (F), (G), (I), and (J), - x 160; (M) and (N), - x 1 1. The mouse medulloblastomas may arise 
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from these cells, which are superficial to the 
molecular layer of the cerebellum (Fig. 5F). 
During fetal development, prospective cer- 
ebellar granule cells proliferate in the exter- 
nal granule layer (EGL), the outermost lay- 
er of the cerebellum. Granule cells then 
leave and migrate past the Purkinje cells to 
form the internal granule cell layer of the 

Fig. 4. Skeletal abnormalities and 
medulloblastomas in ptc+/- mice. 
(A) Alcian blue and Alizarin red 
stained hindlimb from a ptc+/- 
mouse (30). The preaxial digit is 
duplicated (arrows). (B and C) 
Dorsal views of brains from wild- 
type (B) and ptc+/- (C) mice. An- 
terior is up. In the posterior wild- 
type brain, the colliculi (col) are 
present as distinct bumps be- 
tween the cortex (cor) and cere- 
bellum (ce). In theptc+"mouse, a 
massive medulloblastoma (mb, 
outlined in red) grew over the col- 
liculi and normal cerebellum, 
which can no longer be seen. The 
olfactory bulbs were removed. (D 
and E) Hematoxylin- and eosin- 
stained section through human 
(D) and mouse (E) medulloblasto- 
mas. The tumor cells are small 
with dark. carrot-sha~ed nuclei 

adult animal, gradually depleting the EGL. 
The remnants of the fetal EGL have been 
proposed to be a source of human medullo- 
blastoma progenitors, a hypothesis consis- 
tent with the higher frequency of these 
tumors in children (27). 

The abundance of cerebellar ptc tran- 
scripts was reduced by about 50% in the 

ptc+/- mice compared with wild-type litter- 
mates (Fig. 5G). This reduction could lead 
to ectopic expression of Shh target genes 
and to uncontrolled cell proliferation. Brain 
tumors might arise from Ptc haploinsuffi- 
ciency alone, from additional mutations in 
the second ptc allele, or from a combination 
of ptc mutations with mutations in other 
tumor suppressor loci. We have not ob- 
served basal cell carcinomas in ptc+l- mice, 
perhaps because somatic inactivation of the 
second ptc gene is required as it is in human 
basal cell carcinomas. 

Our analysis has revealed that Ptc con- 
trols growth and pattern formation in early 
neural development and in the adult cere- 
bellum. Autoregulation of ptc occurs in ver- 
tebrates as it does in Drosoplu'la, and the 
balance between Hh and Ptc activities ap- 
pears critical for normal development. The 
importance of Ptc dosage is emphasized by 
the phenotype of the ptc+l- mice, which 
develop a tumor type observed in the cor- 
responding human cancer predisposition 
syndrome. Medulloblastoma is a common 
childhood brain tumor and the prognosis 
remains grim. The Hh-Ptc pathway may 
provide new diagnostic tools and new in- 
sights into tumorigenesis that can be direct- 
ed toward potential therapies. 
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Epidermal Cell Differentiation in Arabidopsis 
Determined by a Myb Homolog, CPC 
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The roots of plants normally carry small hairs arranged in a regular pattern. Transfer 
DNA-tagged lines of Arabidopsis thaliana included a mutant with few, randomly dis- 
tributed root hairs. The mutated gene CAPRICE (CPC) encoded a protein with a Myb-like 
DNA binding domain typical of transcription factors involved in animal and plant de- 
velopment. Analysis in combination with other root hair mutations showed that CPC may 
work together with the TTG gene and upstream of the GL2 gene. Transgenic plants 
overexpressing CPC had more root hairs and fewer trichomes than normal. Thus, the 
CPC gene determines the fate of epidermal cell differentiation in Arabidopsis. 

The cellular organization of the primary 
root of A~nbidopsis thnlinna is relatively sim- 
ple and invariant ( 1 ) .  During the matura- 
tion of the root epidermis in A .  thaliana, 
each cell ultimately becomes either a root 
hair (trichoblast; which \Ire shall hereafter 
term a root hair cell) or a hairless cell 
(atrichoblast) (2, 3).  This choice may be 
determined by the position of the cell rela- 

tive to the underlying cortical cell layer. 
Epidermal cell files that make contact with 
t\vo cortical cell files by lying over the 
junction bet\veen the t\vo cortical cell files 
are root hair cells. Epidermal cells that con- 
tact only one cortical cell file are hairless 
cells. Primary roots in wild-type Ambidopsis 
normally have eight files of cortical cells 
(Fig. IF). Root hairs are tip-growing, tubu- 
lar-shaped outgrowths that help to anchor 
roots, interact with soil microorganisms, 
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cloned yet, it is believed to encode a protein 
with a hllyc-like domain or a protein posi- 
tively regulating a Myc-like gene, because 
the phenotype of the ttg mutant can be 
complemented by introducing a maize hfyc 
gene, R,  into the mutant. When the R gene 
is overexpressed in a \vild-type plant, all of 
the root eoidermal cells differentiate into 
hairless cefls (3,  6) .  Thus, T T G  and GL2 
may inhibit the differentiation of root epi- 
dermal cells into root hair cells. 

From a T3  population of transfer DNA . A 

(T-DNA)-tagged lines ( 7 ) ,  we isolated a 
mutant with fewer than normal root hairs, 
which we named capice (cpc) for the irreg- 
ular distribution of root hairs (Fig. 1B). cpc 
is a nuclear mutation, not allelic to other 
known mutations. Heterozygous plants 
show the wild-type phenotype. From a cross 
between heterozygotes, about one-fourth 
(671324) of the offspring had few root hairs, 
which indicated that cpc is a single, reces- 
sive mutation. The  number of root hairs in 
the primary root of the cpc mutant was 
about one-fourth of that of the wild type 
(Table 1).  The morphology and size of the 
root hairs produced by the cpc mutant were 
indistinguishable from those of wild-type 
hairs. The addition of l-arninocyclopro- 
pane-1 -carboxylic acid (ACC) ,  an ethylene 
precursor, at 5 X ll1 induced root hair 
production in cpc seedlings; ho\vever, the 
number of hairs was about 30% of that of 
the ACC-treated wild type, indicating that 
ethylene cannot rescue the phenotypic de- 
ficiency of the cpc mutant (8). 

To  examine how the CPC gene works in 
combination with the GL2 and T T G  genes, 
we analyzed the phenotype of double mu- 
tants (Table 1) .  The cpc g12 double mutant 
had about the same number of root hairs as 
the g12 mutant, showing the g12 mutation to 
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