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Abstract

Inactivating mutations in the PTCH gene, a human homologue of the
Drosophila segment polarity gene patched, have been identified recently in
patients with nevoid basal cell carcinoma syndrome. These patients are
predisposed to various neoplasias including basal cell carcinomas and
medulloblastomas (MBs). To determine the involvement of PTCH in
sporadic MBs, which represent the most frequent malignant brain tumors
in children, we screened for PTCH alterations in an unselected panel of 64
biopsy samples from 62 patients and four continuous MB cell lines, all
derived from patients with sporadic MBs. Using single-strand conforma-
tional polymorphism analysis, we screened exons 2-22 and detected non-
conservative PTCH mutations in 3 of 11 samples from sporadic cases of
the desmoplastic variant of MB but none in 57 MBs with classical (non-
desmoplastic) histology. In two of the tumors with mutations and in two
additional desmoplastic cases, loss of heterozygosity was found at 9q22.
These findings suggest that PTCH represents a tumor suppressor gene
involved in the development of the desmoplastic variant of MB.

Introduction

MBs? are malignant primitive neuroectodermal tumors of the cer-
ebellum. They occur predominantly in childhood with an incidence of
approximately five per million children (1). Although most MBs are
sporadic, the incidence is elevated to 3% in patients with NBCCS (2).
NBCCS patients exhibit diverse developmental anomalies and are
predisposed to several malignancies including BCCs and MBs (2-4).
The NBCCS gene has been mapped to chromosome 9q22 (5) and was
recently identified as a human homologue of the Drosophila segment
polarity gene patched, which encodes a transmembrane receptor for
the Hedgehog morphogen family (6-10). The human PTCH gene
spans 34 kb and has at least 23 exons (8). Inactivating mutations of
PTCH occur in NBCCS patients and their BCCs as well as in sporadic
BCCs (7, 8, 11-14). LOH in the region of the PTCH locus has been
observed in NBCCS-associated as well as in sporadic MBs (15, 16).
Therefore, the PTCH gene represents a candidate gene for sporadic
MBs. In this study, we searched for PTCH alterations by screening for
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mutations and analysis of the PTCH mRNA expression in sporadic
MBs.

Materials and Methods

Patients, Tumors, and Cell Lines. A total of 68 MB samples were analyzed,
including 64 biopsy samples and 4 from MB cell lines. The biopsy material was
collected from 62 patients. In two of these patients, we were able to study both the
primary and the recurrent tumors. The previously described MB cell lines
D283Med, D341Med, and MHH-MED-1 have been derived from patients with
sporadic MBs of the classical (nondesmoplastic) variant; the cell line Daoy has
been generated from a desmoplastic MB (17). Constitutional DNA from peripheral
blood was available in 40 patients. DNA samples from peripheral blood from
healthy Caucasian volunteers were used as controls. A sample of normal cerebel-
lum was analyzed. This biopsy specimen was from an adult patient with a
cerebellar vascular malformation and was found to be normal upon histopatho-
logical review. The patients’ age ranged from | month to 59 years; there were 46
males and 20 females. None of the patients had clinical signs of NBCCS or had
first-degree relatives with NBCCS. All tumors were diagnosed according to the
revised WHO classification of brain tumors using standard histological methods
including H&E and reticulin stains and immunohistochemical reactions (18).
Differentiation was assessed by immunostaining for embryonal neural cell adhe-
sion molecule, neuron-specific enolase, synaptophysin, and glial acidic fibrillary
protein. Frozen tumor samples were obtained at the time of surgical resection, snap
frozen in liquid nitrogen, and stored at —80°C.

DNA Extraction and LOH Analysis. Tumor fragments were selected for
extraction of DNA after careful examination of corresponding frozen sections to
exclude contaminating necrotic debris or normal cerebellar tissue and to determine
the histological characteristics of the tumors. DNA was extracted by standard
proteinase K digestion and phenol/chloroform extraction (15). LOH was deter-
mined by microsatellite analysis with the markers D95287 and D9S/97, which are
tightly linked to the PTCH gene, and with two additional markers on 9q (D95302
and D95303) essentially as described previously (15, 19).

SSCP Analysis and DNA Sequencing. SSCP analysis of exons 2-22 was
performed using 22 published primer pairs (8, 12). In addition, we used the
following primer sets: exon 12, 5-GACCATGTCCAGTGCAGCTC-3’ and 5'-
CGTTCAGGATCACCACAGCC-3'; exon 12B (exon 12 turned out to consist of
two exons),* 5'-AGTCCTCTGATTGGGCGGAG-3’ and 5'-CCATTCTGCAC-
CCAATCAAAAG-3’; and exon 20, 5'-TGTTCCCGTTTCCTCTTG-3' and 5'-
GCACAGGAAACACAGCATTC-3'. PCR reactions were performed in a volume
of 10 ul with 20 ng of genomic DNA in a buffer containing 50 mm KCl, 1.0-2.5
mm MgCl,, 10 mM Tris-HCI (pH 8.5), 0.01% gelatin, 200 uM of each deoxynucle-
otide triphosphate, 20 pmol of the primers, and 0.25 unit of Taq polymerase (Life
Technologies, Inc.) on a Uno Thermoblock cycler (Biometra). The products were
analyzed on polyacrylamide gels with different acrylamide concentrations and
acrylamide:bisacrylamide ratios. Gel composition and electrophoresis conditions
were optimized for each individual primer pair. The single and double strands were
visualized by silver staining, as described previously (15). PCR products that
showed a gel mobility shift were excised from the wet gel, eluted (20), and

4 Unpublished results.
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reamplified by PCR with the same primers. The resulting products were purified
using spin columns (Qiagen Quick Spin), and 20 ng were used for cycle sequenc-
ing with a fluorescent dideoxy terminator kit (ABI). The products were analyzed
on an Applied Biosystems model 373A DNA sequencer.

Isolation of RNA and Quantitative RT-PCR for PTCH mRNA. Total
cellular RNA was extracted by lysis in guanidinium isothiocyanate and ultracen-
trifugation through a cesium chloride cushion (20) or by extraction with the Trizol
reagent (Life Technologies, Inc.) following the manufacturer’s instructions. Again,
individual samples were preexamined by frozen section histology to document the
histopathological appearance of the specimen. Contaminating residual genomic
DNA was removed by digestion with RNase-free DNase (Boehringer Mannheim).
RNA standards with internal deletions for human PTCH and the housekeeping
genes B,-microglobulin and GAPDH were generated by in vitro mutagenesis and
in vitro transcription (21). To achieve a semiquantitative assessment, preevaluated
amounts of the specific standard RNAs covering the equimolar range of the
comresponding mRNA transcripts were added to the MB sample RNAs, which
were then reverse transcribed using the SuperScript Preamplification System (Life
Technologies, Inc.) with random hexamers as primers in a final volume of 10 pl.
cDNA (0.5 l) was used as a template in RT-PCR reactions for amplification of
PTCH and the housekeeping genes. The PCR was carried out on a Perkin-Elmer
9600 thermocycler in a final volume of 10 ul in the presence of 2 mm MgCl, and
0.25 unit Taq polymerase in PCR buffer (all from Life Technologies, Inc.) and 20
pmol of each primer. The primers used were: PTCH, 5'-ACATGTACAACAG-
GCAGTGG-3' and 5'-GCAAAGGAGGTTTACCTAGG-3', product size, wild-
type 192 bp, standard 182 bp; GAPDH, 5'-TGCCAAGGCTGTGGGCAAGG-3'
and 5'-GCTTCACCACCTTCTTGATG-3', product size, wild-type 152 bp, stand-
ard 142 bp; B,-microglobulin, 5'-GCTGTGACAAAGTCACATGG-3' and 5'-
GATGCTGCTTACATGTCTCG-3', product size, wild-type 148 bp, standard 130
bp. One of the primers for each gene was labeled with a fluorescent dye. All
primers were chosen from adjacent exons spanning intronic sequences to avoid
signals of the cDNA product size caused by residual genomic DNA. The PCR
protocol consisted of an initial denaturation step of 94°C for 5 min, followed by 40
cycles of a three-step program of 94°C for 40 s, 58°C for 40 s, and 72°C for 50 s,
and a final extension step of 72°C for 10 min. The PCR products were separated
and analyzed on an Applied Biosystems model 373A DNA sequencer using the
Genescan software (ABI). The expression levels of the individual genes were
calculated from the signal ratios of the samples to the standards. The relative
expression of PTCH mRNA to the housekeeping genes was defined as the ratio of
the respective expression levels.

Results and Discussion

PTCH Mutation Analysis in MBs. SSCP screening of DNA
samples from 64 tumor biopsies and 4 cell lines derived from
sporadic MBs revealed bandshifts in 6 samples (Table 1). Three of
these were identified as silent polymorphisms. In three other
tumors, the variants were not found in the corresponding germ-line
DNA or in normal control DNA samples. Two mutations in exons
6 and 10, respectively, resulted in a frame shift with premature
truncation of the protein (Table 1; Fig. 1). The third mutation
(D86) was a 6-bp in-frame deletion in exon 10 leading to a deletion
of two amino acids in transmembrane region 3 [according to the
model proposed by Johnson et al. (7)]. This deletion may cause
significant structural alterations of the PTCH protein and may
result in a loss of function. According to Knudson’s two-hit model,
both alleles of a tumor suppressor gene need to be inactivated for
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Fig. 1. PTCH mutations in desmoplastic MBs D322, D292, and D86. a, microsatellite
D9S5302 shows loss of heterozygosity in tumor D322. In this tumor, the remaining allele
of exon 6 exhibits an altered mobility. DNA sequencing shows a single base pair deletion
in the tumor DNA that results in a frame shift and truncation of the protein. b, SSCP
variants from exon 10 in tumor D292 without allelic loss for chromosome 9q. Sequencing
of the altered allele demonstrates a 4-bp insertion at position 1393. ¢, sequencing of exon
10 in D86, a tumor with LOH, shows a 6-bp in-frame deletion at position 1444 (CTG
GGC). This leads to a deletion of two amino acids (glycine and leucine) in transmembrane
region 3.

Table | Mutational analysis of the PTCH gene in MBs

Tumor no. MB variant Age (yr)/Sex LOH on 9q Exon Nucleotide change Protein change
Mutations

D86 Desmoplastic 4, male Yes 10 1444del6 del Gly-Leu

D292 Desmoplastic 1, female No 10 1393insTGCC Frameshift, truncation

D322 Desmoplastic 51, male Yes 6 887delG Frameshift, truncation
Polymorphisms

D230 11 Classical 13, female No 13 C2037T No

D338 Classical 13, male NA? 2 C306T No

D358 Classical 10, female NA 2 C306T No

“ NA, not analyzed.
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tumorigenesis to occur (22). This was the case in tumors D86 and
D322, which showed LOH as well as a mutated PTCH allele. In
case D292 without detectable LOH at 9q, only a single SSCP
bandshift was found (in exon 10). Mutations of the other allele may
be present but may not have been detected by SSCP screening
because of the limited sensitivity of SSCP. It is possible that the
true frequency of mutations is higher than revealed in this study.

Indeed, only 39% germ-line NBCCS mutations have been identi-
fied with this technique using the same primers in a previous study
(13). Only the coding exons were screened so that mutations in other
regions, such as regulatory domains, would not have been identified
with our approach. A systematic sequencing analysis or alternative
screening methods, such as protein truncation tests, may uncover
additional PTCH mutations in MBs.

Association of PTCH Mutations with the Desmoplastic Variant
of MB. In this study, mutations were only detected in a distinct his-
topathological variant of MB, the so-called nodular or “desmoplastic”
MB. According to the WHO classification (18), this variant is character-
ized by islands of lower cellularity surrounded by densely packed, highly
proliferative cells that produce a dense intercellular reticulin fiber net-
work. The more frequent “classical” MB lacks this nodular appearance
and reticulin pattern. Interestingly, the available data on NBCCS-associ-
ated MBs indicate that they are predominantly of the desmoplastic type
(16). In our panel of sporadic tumors, microsatellite analysis also revealed
a higher rate of LOH 9q in desmoplastic MBs, in agreement with
Schofield ez al. (16). LOH was present in 4 of 7 desmoplastic and in 3 of
33 classical MBs tested. Both the occurrence of LOH at 9q and mutations
of PTCH were significantly associated with desmoplastic histology (Fish-
er’s Exact test, P < 0.05). It remains to be shown if PTCH is the target
tumor suppressor gene in all tumors with LOH on 9qg.

PTCH mRNA Expression. We have also studied the expression
levels of PTCH mRNA in MB samples. In BCCs, high levels of
PTCH mRNA were detected, suggesting that PTCH mutations may
lead to an up-regulation of mRNA expression (14). Different histo-
logical subtypes of MBs with and without PTCH mutations or LOH at
9922 were examined (Fig. 2; Table 2). A semiquantitative RT-PCR
approach with specific RNA standards for PTCH and two housekeep-
ing genes was used. PTCH was found to be expressed in both groups
with a high variability in PTCH mRNA levels but without significant
differences in the amounts of PTCH transcripts between desmoplastic
and classical MBs and normal adult cerebellum. Interestingly, the cell
line Daoy, which was derived from a desmoplastic MB, showed very
low PTCH mRNA expression levels (Table 2). However, we have not
uncovered any PTCH mutations in this cell line by SSCP analysis.

Role of PTCH in the Central Nervous System and in MBs.
PTCH is expressed in the developing and adult central nervous system in
the target tissues for its ligand, Sonic hedgehog. This points to an
important role in the growth, migration, and differentiation of neural
progenitors (23). Some NBCCS patients with haploinsufficiency of
PTCH show dysgenesis of the corpus callosum, whereas mutations of the
gene for its ligand Sonic hedgehog cause holoprosencephaly (24, 25),
providing further evidence of an important role in neural development.
MB cells display cytological and immunohistochemical characteristics of
neural progenitors. The cellular origin of MB is controversial. One model
postulates that MBs arise from neuroepithelial stem cells in the sub-
ependymal matrix layer (26). This hypothesis is supported by the fact that
primitive neuroectodermal tumors with similar morphology may occur at
extracerebellar sites of the brain. An alternative hypothesis proposes that
MBs are derived from precursor cells in the external granular layer of the
embryonic cerebellum (27), which differentiate into granule neurons.
This view is supported by the finding of predominant neuronal differen-
tiation in most MBs, especially of the desmoplastic type, and expression
of granule cell lineage-specific transcription factors (28) and PAX genes
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Fig. 2. Expression of PTCH mRNA in MBs. mRNA levels were determined using a
semiquantitative RT-PCR approach. Reverse transcription of 250 ng of RNA in 10 pl was
carried out in the presence of 40 pg of each of the standard RNAs with internal deletions
for PTCH, B,-microglobulin, and GAPDH. The cDNAs were then amplified with primers
for PTCH and the housekeeping genes. The products were separated and quantitated on
an ABI 373A sequencer. The expression levels of the three genes were determined as the
ratio of signals of the sample (right peaks) to the specific standards (left peaks). a, PTCH
expression in two representative tumors of the classical variant of MB; b, expression in
desmoplastic MBs; ¢, expression in adult human cerebellum.

(29) in MBs. The molecular pathogenesis of MBs is poorly understood.
The detection of inactivating mutations of the PTCH gene in desmoplas-
tic MBs is compatible with a model that these tumors arise from neural
progenitors that lack the repression signal normally provided by intact
Patched protein at a critical stage of neural differentiation. Some of the
downstream components in the Hedgehog/patched signaling pathway
have been identified, including the patched-regulated receptor smooth-
ened and putative tumor suppressor genes and oncogenes such as WNTs
and members of the transforming growth factor B8 family of proteins (9,
30). Further studies will focus on the function of these components in
neural progenitors and MBs. Additional studies will be necessary to
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Table 2 Expression of the PTCH gene in MBs

PTCH mutation

mRNA expression ratio mRNA expression ratio

Sample no. MB subtype LOH on 9q detected by SSCP PTCH:GAPDH PTCH: B-microglobulin
D 338 Classical NA“ No 5.8(3.9-7.4)" 10.3(8.2-14.2)
D23011 Classical No No 1.7 NA
D 286 Classical NA No 1.2 NA
D245 11 Classical No No 0.7 NA
D 446 Classical No No 1.8 (0.8-2.8) 1.5(1.0-1.8)
D 447 Classical No No 0.6 NA
D 86 Desmoplastic Yes Yes, exon 10 3.6(1.4-54) 2.6(1.7-3.9)
D 292 Desmoplastic No Yes, exon 10 0.6 (0.6-0.6) 0.3 (0.3-04)
D 322 Desmoplastic Yes Yes, exon 6 1.1 NA
D 448 Desmoplastic Yes No 4.3 (3.3-5.5) 2.9(2.5-3.6)
D 398 Desmoplastic No No 26.5 (22.4-30.0) 18.4 (12.0-24.4)
D 444 Desmoplastic Yes No 4.13.74.7) 4.5(3.3-5.5)
D 365¢ Desmoplastic NA No 0.3 (0.2-0.4) 0.1 (0.1-0.2)
Cerebellum - NA NA 2.5(1.55-3.64) 1.76 (1.42-2.09)
“ NA., not analyzed.
Mean and range of relative expression (analyzed by semiquantitative RT-PCR).
“ D365, cell line Daoy.
determine whether other MB-associated loci that show LOH, such as 12 (“(';‘ baram A..BC-- Id " A hse Ga;:linih.’I M. R, Gcr;r‘ar:. B, Tle' ‘S 1.
DiGiovanna, J. J., Bale, A. E., and Dean, M. Mutations in the human homologue

.lq3l_32'l' (19) or I7p]3'3_ (20), harbor genes that are compfments 9f or of the Drosophila patched gene in Caucasian and African-American nevoid basal

interact with the patched signal transduction pathway. Cell lines derived cell carcinoma syndrome patients. Cancer Res., 56: 4599-4601, 1996.

from desm0p|astic MBs with homozngUSly mutated PTCH would con- 13. Wicking, C., Shanley, S., Smyth, L, Gillies, S., Negus, K., Graham, S., Suthers, G.,

. . . Haites, N., Edwards, M., Dean, M., Wainwright, B., and Chenevix-Trench, G. Most

stitute useful tools for a functional analysis of patched. mutations in the nevoid basal cell carcinoma syndrome lead to premature termination

of the PATCHED protein and no genotype-phenotype correlations are evident. Am. J.

Acknowledgments Hum. Genet., 60: 21-26, 1997.

A . . . 14. Gailini, M. R., Stahle-Bickdahl, M., Leffell, D. J., Glynn, M., Zaphiropoulos, P. G.,
We are grateful to the patients and parents for their valuable contribution to this Pressman, C., Unden, A. B., Dean, M., Brash, D. E., Bale, A. E.. and Toftgard, R. The
study. We thank Drs. Matthew Scott and Ron Johnson for making available to us role of the human homologue of Drosophila patched in sporadic basal cell carcino-

their unpublished primer sequences for amplification of exons 12, 12B, and 20. s Z’;eg:“sc;e““b'e 4ml7 3"3)\' mh‘ G E B . Kleihucs. P

Spoicnal thanks go to B. Meyer'oPutthtz and D. l.(ajetanowmz for excellent technical and Wi;uer, (‘)’“ D. );lic::falellite analysis of l:';go £ heserozygosity on chromosomes 9q,

assistance and to Drs. C. Niemeyer, P. Weinel, M. Lange, W. Scheurlen, D. 11p and 17p in medulloblastomas. Neuropathol. Appl. Neurobiol., 20: 74-81, 1994,

Lenartz, and A. Sephemia for supplying us with tumor and blood samples. 16. Schofield, D., West, D. C., Anthony, D. C., Marshal, R., and Sklar, J. Correlation of

loss of heterozygosity at chromosome 9q with histological subtype in medulloblas-

Note Added in Proof toma. Am. J. Pathol., /46: 472480, 1995. )

17. Pietsch, T., Scharmann, T., Fonatsch, C., Schmidt, D., Ockler, R., Freihoff, D.,

After submission of the manuscript, Raffel er al. (Cancer Res., 57: Albrecht, S., Wiestler, O. D., Zeltzer, P., and Riehm, H. Characterization of five new

842-845) reported on PTCH mutations in three cases of medulloblastoma. cell lines derived from human primitive neuroectodermal tumors of the central
nervous system. Cancer Res., 54: 3278-3287, 1994.

18. Kleihues, P., Burger, P. C., and Scheithauer, B. W. Histological typing of tumours of

References the central nervous system. Berlin: Springer Verlag, 1993.

1. Stevens, M. C. G.. Cameron. A. H., Muir, K. R., Parkes, S. E., Reid, H., and 19- Kraus, J. A, Koch, A., Albrecht, S., von Deimling, A., Wiestler, O. D., and Pietsch,
Whitwell, H. Descriptive epidemiology of primary central nervous system tumours in T. Loss of heterozygosity at the locus F/3B on chromosome 1q in human medullo-
children: a population-based study. Clin. Oncol., 3: 323-329, 1991. blastoma. Int. J. Cancer, 67: 11-15, 1996.

2. Evans, D. G., Famdon, P. A., Burnell, L. D., Gattamaneni, H. R., and Birch, J. M. The ~ 20. Koch, A.. Tonn, J., Kraus, J. A., Sérensen, N., Albrecht, S., Wiestler, O. D., and
incidence of Gorlin syndrome in 173 consecutive cases of medulloblastoma. Br. J. Pietsch, T. Molecular analysis of the lissencephaly gene 1 (LIS-7) in human medul-
Cancer, 64: 959-961. 1991. loblastomas. Neuropathol. Appl. Neurobiol., 22: 233-242, 1996.

3. Gorlin, R. J. Nevoid basal cell carcinoma syndrome. Dermatol. Clin., /3: 113-125,  21. Horton, R. M., and Pease, L. R. Recombination and is of DNA sequence:
1995. using PCR. In: M. J. McPherson (ed.), Directed Mutagenesis—A Practical Approach,

4. Gorlin, R. J. Nevoid basal-cell carcinoma syndrome. Med. Balt., 66: 98-113, pp- 217-247. Oxford: IRL Press, 1991.

1987. 22. Weinberg, R. A. The molecular basis of oncogenes and tumor suppressor genes. Ann.

5. Gailini, M. R., Bale, S. J., Leffell, D. J., DiGiovanna, J. J., Peck, G. L., Poliak, S., NY Acad. Sci., 758: 331-338, 1995.

Drum, M. A., Pastakia, B., McBride, O. W., Kase, R., Greene, M., Mulvihill, J.J..and  23. Hahn, H.. Christiansen, J., Wicking, C., Zaphiropoulos, P. G., Chidambaram, A.,
Bale, A. E. Developmental defects in Gorlin syndrome related to a putative tumor Gerrard, B., Vorechovsky, 1., Bale, A. E., Toftgard, R., Dean, M., and Wainwright, B.
suppressor gene on chromosome 9. Cell, 69: 111-117, 1992. A mammalian patched homolog is expressed in target tissues of sonic hedgehog and

6. Niisslein-Volhard, C., and Wieschaus, E. Mutations affecting segment number and maps to a region associated with developmental abnormalities. J. Biol. Chem., 271:
polarity in Drosophila. Nature (Lond.), 287: 795-801, 1980. 12125-12128, 1996.

7. Johnson, R. L., Rothman, A. L., Xie, J., Goodrich, L. V., Bare, J. W., Bonifas, J. M.,  24. Roessler, E., Belloni, E., Gaudenz, K., Jay, P., Berta, P., Scherer, S. W., Tsui, L-C.,
Quinn, A. G., Myers, R. M., Cox, D. R., Epstein, E. H., and Scott, M. P. Human and Muenke, M. Mutations in the human Sonic Hedgehog gene cause holoprosen-
homolog of patched, a candidate gene for the basal cell nevus syndrome. Science cephaly. Nat. Genet., 14: 357-360, 1996.

(Washington DC), 272: 1668-1671, 1996. 25. Belloni, E., Muenke, M., Roessler, E., Traverso, G., Siegel-Bartelt, J., Frumkin, A.,

8. Hahn, H.. Wicking, C.. Zaphiropoulos, P. G.. Gailinii, M. R., Shanley. S., Mitchell, H. F., Donis-Keller, H., Helms, C., Hing, A. V., Heng. H. H Q.. Koop, B.,
Chidambaram, A., Vorechovsky, 1., Holmberg, E., Unden, A. B., Gillies, S., Negus, Martindale, D., Rommens, J. M., Tsui, L-C., and Scherer, ification of
K., Smyth, L, Pressman, C., Leffell, D. J., Gerrard, B., Goldstein, A. M., Dean, M., Sonic hedgehog as a candidate gene responsible for holoptosencephaly Nat. Genet.,
Toftgard, R., Chenevix-Trench, G., Wainwright, B., and Bale, A. E. Mutations of the 14: 353-356, 1996.
human homolog of Drosophila patched in the nevoid basal cell carcinoma syndrome. ~ 26. Rorke, L. B. The cerebellar medulloblastoma and its relationship to primitive neu-
Cell, 85: 841-851, 1996. roectodermal tumors. J. Neuropathol. Exp. Neurol., 42: 1-15, 1983.

9. Stone, D. M., Hynes, M., Armanini, M., Swanson, T. A., Gu, Q., Johnson,  27. Rubinstein, L. J. The cerebellar medulloblastoma: its origin, differentiation,
R. L., Scott, M. P., Pennica, D., Goddard, A., Phillips, H., Noll, M., Hooper, morphological variants and biological behavior. /n: P. J. Vincken and G. W.
J. E., de Sauvage, F., and Rosenthal, A. The tumor suppressor gene patched encodes Bruyn (eds.). Tumors of the Brain and Skull, Part III, pp. 167-194. New York:
a candidate receptor for Sonic hedgehog. Nature (Lond.), 384: 129-134, 1996. Elsevier, 1977.

10. Marigo, V., Davey, R. A., Zuo, Y., Cunningham, J. M., and Tabin, C. J. Bio-  28. Yokota, N., Aruga, J., Takai, S., Yamada, K., Hamazaki, M., Iwase, T., Sugimura, H.,
chemical evidence that Patched is the Hedgehog receptor. Nature (Lond.), 384: and Mikoshiba, K. Predominant expression of human zic in cerebellar granule cell
176179, 1996. lineage and medulloblastoma. Cancer Res., 56: 377-383, 1996.

11. Unden, A. B., Holmberg, E., Lundh-Rozell, B.. Stahle-Biickdahl, M., Zaphiropoulos, ~ 29. Kozmik, Z., Sure, U., Ruedi, D., Busslinger, M., and Aguzzi, A. Deregulated expression
P. G., Toftgard. R.. and Vorechovsky, I. Mutations in the human homologue of Dro- of PAX-5 in medulloblastoma. Proc. Natl. Acad. Sci. USA, 92: 57095713, 1995.
sophila patched (PTCH) in basal cell carcinomas and the Gorlin syndrome: different in  30. Dean, M. Polarity, proliferation and the hedgehog pathway. Nat. Genet., 14: 245-247,
vivo mechanisms of PTCH inactivation. Cancer Res., 56: 4562-4565, 1996. 1996.

2088

Downloaded from cancerres.aacrjournals.org on May 14, 2021. © 1997 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

AAC American Association
for Cancer Research

Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Medulloblastomas of the Desmoplastic Variant Carry Mutations
of the Human Homologue of Drosophila patched

Torsten Pietsch, Andreas Waha, Anke Koch, et al.

Cancer Res 1997;57:2085-2088.

Updated version

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/57/11/2085

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/57/11/2085.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on May 14, 2021. © 1997 American Association for Cancer Research.



http://cancerres.aacrjournals.org/content/57/11/2085
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/57/11/2085
http://cancerres.aacrjournals.org/



