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The cerebellar medulloblastoma (WHO Grade IV) is a
highly malignant, invasive embryonal tumor with
preferential manifestation in children. Several molec-
ular alterations appear to be involved, including iso-
chromosome 17q and the p53 , PTCH , and b-catenin
gene mutations. In this study, 46 sporadic medullo-
blastomas were screened for the presence of muta-
tions in genes of the Wnt signaling pathway (APC and
b-catenin). Single-strand conformational polymor-
phism (SSCP) analysis followed by direct DNA se-
quencing revealed 3 miscoding APC mutations in 2
(4.3%) medulloblastomas. One case contained a
GCA3GTA mutation at codon 1296 (Ala3Val), and
another case had double point mutations at codons
1472 (GTA3ATA, Val3 Ile) and 1495 (AGT3GGT,
Ser3Gly). Miscoding b-catenin mutations were de-
tected in 4 tumors (8.7%). Three of these were located
at codon 33 (TCT 3TTT, Ser3Phe) and another at
codon 37 (TCT3GCT, Ser3Ala). Adenomatous polyp-
osis coli (APC) gene and b-catenin mutations were
mutually exclusive and occurred in a total of 6 of 46
cases (13%). Although germline APC mutations are a
well established cause of familial colon and brain
tumors (Turcot syndrome), this study provides the
first evidence that APC mutations are also operative in
a subset of sporadic medulloblastomas. (Am J
Pathol 2000, 156:433–437)

The adenomatous polyposis coli (APC) gene was origi-
nally identified as the target of germline mutations caus-
ing familial adenomatous polyposis (FAP), a syndrome of
inherited predisposition to colon cancer.1 The APC pro-
tein forms a complex with glycogen synthase kinase 3b
(GSK-3b), thereby regulating the level of b-catenin pro-

tein, which functions as a downstream transcriptional
activator of the Wnt signaling pathway2,3 and is also the
submembrane component of a cell-cell adhesion sys-
tem.2,4 GSK-3b phosphorylates b-catenin on specific
serine/threonine residues on exon 3.5 Somatic APC mu-
tations are frequently found in sporadic colon cancer6,7

and are considered the first genetic alteration8 in the
adenoma-to-carcinoma sequence. APC mutations typically
lead to a truncated protein that lacks regulatory activity,
causing b-catenin accumulation.9 Up to 50% of colorectal
carcinomas without APC mutation contain a b-catenin mu-
tation, which also activates the Wnt pathway.7

The medulloblastoma (WHO Grade IV) is a malignant,
invasive embryonal tumor of the cerebellum with a pref-
erential manifestation in children.10 Although the majority
of medulloblastomas occur sporadically, some manifest
within familial cancer syndromes including the naevoid
basal cell carcinoma (Gorlin) syndrome10 and Turcot
syndrome, which is defined as manifestation of colorectal
cancer and malignant brain tumor in the same patient.
Turcot syndrome is heterogeneous, encompassing at
least two subtypes.11 One of these is characterized by
the occurrence of glioblastoma in patients with hereditary
non-polyposis colon cancer (HNPCC) and is caused by
germline mutations in one of the DNA mismatch repair
genes, such as hPSM2 or hMLH1.10 A second Turcot
subtype is characterized by medulloblastoma in the set-
ting of FAP and APC germline mutations. This raises the
question of whether sporadic medulloblastomas also
contain APC mutations. Previous attempts to identify APC
mutations by an RNase protection assay failed.12 Further-
more, loss of heterozygosity (LOH) on chromosome 5q,
on which the APC gene is located, was not detected in 23
sporadic medulloblastomas.13 However, a recent study
showed that b-catenin mutations are present in 4% of
cases,14 suggesting the involvement of the Wnt signaling
pathway in the development of sporadic medulloblasto-
mas. In this study, we screened 46 sporadic medullo-
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blastomas for APC and b-catenin mutations using SSCP
followed by direct DNA sequencing, and show that APC
mutations occur in a small fraction of sporadic medullo-
blastomas that lack a b-catenin mutation.

Materials and Methods

Tumor Samples

Thirty-four medulloblastomas were obtained from the De-
partment of Pathology, University Hospital Zurich (Zurich,
Switzerland) and twelve from the Department of Pathol-
ogy, School of Medicine of Ribeirao Preto, University of
Sao Paulo (Sao Paulo, Brazil). The mean age of patients
was 15.6 6 13.5 years (range, 0.5–60 years). Twenty-
seven patients were males and 19 were females. Tumors
were fixed in buffered formalin and embedded in paraffin.
DNA was extracted from paraffin sections as described
previously.15

SSCP Analysis and Direct DNA Sequencing for
b-Catenin Mutations

Pre-screening for mutations in exon 3 of human b-catenin
gene, which contains the four potential GSK-3b phos-
phorylation sites,16 was carried out by polymerase chain
reaction (PCR)-SSCP analysis. Briefly, PCR was per-
formed in a total volume of 10 ml, consisting of 2 ml of
DNA solution, 0.5 U of Taq DNA polymerase (Sigma, St.
Louis, MO), 0.5 mCi of [a-33P]-dCTP (ICN Biomedicals,
Inc., Costa Mesa, CA; specific activity, 3000 Ci/mmol),
1.5 mmol/L MgCl2, 0.2 mmol/L of each dNTP, 0.4 mmol/L
of both sense and antisense primers, 10 mmol/L Tris-HCl,
pH 8.3, and 50 mmol/L KCl in the RoboCycler Gradient
96 (Stratagene, La Jolla, CA), with an initial denaturing
step at 95°C for 5 minutes, followed by 35 cycles of
denaturation at 95°C for 1 minute, annealing at 53°C for 1
minute, and polymerization at 72°C for 1 minute, and a
final extension of 5 minutes at 72°C. After amplification, 5
ml of PCR products were mixed with 12.5 ml loading
buffer (95% formamide, 20 mmol/L EDTA, 0.05% xylene
cyanol, and bromophenol blue), denatured at 95°C for 10
minutes, and quenched on ice. Four microliters of the
above mixture were run on a 6% polyacrylamide nonde-
naturing gel containing 8% glycerol at 4 W for 14 hours at
room temperature and/or on a 6% polyacrylamide non-
denaturing gel containing 6% glycerol at 40 W for 3.5 hours
with cooling by fan. Gels were dried at 80°C and autoradio-
graphed for 12 to 48 hours. Primer sequences used were
59-ATGGAACCAGACAGAAAAG-39 (nt 254–272) and 59-
TACAGGACTTGGGAGGTATC-39 (nt 386–405).

Samples that showed mobility shifts in the SSCP anal-
ysis were further analyzed by direct DNA sequencing.
PCR was carried out as described above in the absence
of [a-33P]-dCTP. Five microliters of PCR products were
digested with 1 U of shrimp alkaline phosphatase and 5
U of exonuclease I at 37°C for 15 minutes. After inactiva-
tion of these enzymes at 80°C for 15 minutes, primers (the
same primers for PCR, 15 pmol) and 2 ml of 53 seque-
nase buffer (200 mmol/L Tris-HCl, pH 7.5, 100 mmol/L

MgCl2, 250 mmol/L NaCl) were added. Template-primer
mixture was heated at 100°C for 5 minutes and then
placed in ice-cold water. 0.1 mol/L dithiothreitol, 3 U
Sequenase version 2.0 (USB, Cleveland, OH), and 0.5
mCi [a-33P]-dATP or [a-33P]-dCTP were added to sam-
ples, which were then divided into four wells, each con-
taining termination mixture. Samples were incubated at
42°C for 6 minutes and mixed with 5 ml of stop solution
(USB). After heating at 80°C for 3 minutes, samples were
loaded onto a 6% polyacrylamide/7 mol/L urea gel and
run at 70 W for 1.5 to 3 hours. Gels were dried at 80°C
and autoradiographed for 12 to 48 hours. Samples were
considered mutated only if the mutations were confirmed
on two independent PCRs.

SSCP Analysis and Direct DNA Sequencing for
APC Mutations

Codons 1255–1513 in exon 15 of the APC gene, which
corresponds to the mutation cluster region and covers
about two-thirds of all APC somatic mutations in colon
tumors in FAP and non-FAP patients,6,17 were screened
for mutations by SSCP-direct DNA sequencing. The
following primers were used for PCR amplification: 59-
AACCAAGAAACAATACAGA-39 (sense) and (59-CACT-
TTTGGAGGGAGATTT-39 (antisense) to amplify codons
1255–1363 (fragment A), 59-AGAATCAGCCAGGCA-
CAAAG-39 (sense) and 59-GCTTGGTGGCATGGTT-
TGT-39 (antisense) to amplify codons 1342–1433 (fragment
B), and 59-GCAGTGGAATGGTAAGTGG-39 (sense) and
59-TCATCGAGGCTCAGAGCA-39 (antisense) to amplify
codons 1410–1513 (fragment C). PCR was carried out in
a total volume of 10 ml, consisting of 1 ml of DNA solution,
0.5 U of Taq DNA polymerase (Sigma), 0.5 mCi of [a-33P]-
dCTP (ICN Biomedicals; specific activity, 3000 Ci/mmol),
2.0 mmol/L (for fragment A) or 1.5 mmol/L (for fragments
B and C) MgCl2, 0.2 mmol/L of each dNTP, 0.4 mmol/L of
both sense and antisense primers, 10 mmol/L Tris-HCl,
pH 8.3, and 50 mmol/L KCl in the RoboCycler Gradient
96 (Stratagene), with an initial denaturation step at 95°C
for 5 minutes, followed by 40 cycles of denaturation at
95°C for 60 sec, annealing at 47°C (for fragment A), 57°C
(for fragment B) or 55°C (for fragment C) for 70 seconds,
and polymerization at 72°C for 70 seconds, followed by a
final extension of 5 minutes at 72°C. Five microliters of
PCR products were mixed with 12.5 ml loading buffer
(95% formamide, 20 mmol/L EDTA, 0.05% xylene cyanol,
and bromophenol blue), denatured at 95°C for 10 min-
utes, and quenched on ice. Four microliters of this mix-
ture were run on a 6% polyacrylamide nondenaturing gel
containing 6% glycerol at 40 W for 5 hours with cooling by
fan. Gels were dried at 80°C and autoradiographed for 12
to 48 hours.

Samples that showed mobility shifts in two indepen-
dent SSCP analyses were further analyzed by direct DNA
sequencing. For this, PCR amplifications were repeated
as described above in the absence of [a-33P]-dCTP.
DNA sequencing was carried out using the same pro-
tocol as described above for sequencing of b-catenin
mutations. The following internal primers were used: 59-
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AATCAGACGACACAGGAAG-39 (nt 3886–3904) and 59-
GGAACTTCGCTCACAGGAT-39 (nt 3971–3989) for frag-
ment A, and 59-AAAACACCTCCACCACCTC-39 (nt 4327–
4345) and 59-CTGGAAGAACCTGGACCCT-39 (nt 4450–
4468) for fragment C.

A polymorphism at codon 1493 (exon 15) of the APC
gene (ACG/ACA, Thr/Thr) was detected in this study. To
assess whether particular alleles are overrepresented in
medulloblastomas, we also analyzed blood DNAs ob-
tained from 50 healthy individuals in the United States for
this polymorphism.

Statistical Analysis

Fisher’s exact test was carried out to analyze the signif-
icance of allelic frequency difference in APC codon 1493
polymorphism between medulloblastoma patients and
healthy individuals and to compare the frequencies of
b-catenin and APC mutations in tumors developed in
adults (older than 16 years) and in children.

Results

SSCP followed by direct DNA sequencing revealed 3
miscoding APC mutations in 2 medulloblastomas. One
case (case 236) contained a GCA3GTA mutation at
codon 1296 (Ala3Val) and another case (case 331) had
double point mutations at codons 1472 (GTA3ATA,
Val3 Ile) and 1495 (AGT3GGT, Ser3Gly). Another bi-
opsy (case 325) contained a silent mutation at codon
1443 (CCT3CCA, Pro3Pro). In all cases, the respective

wild-type bases were also detectable. For case 236,
adjacent nontumorous brain tissue was also analyzed
and was shown to be wild-type, indicating that the APC
mutation in this tumor was somatic (Table 1 and Figure 1).
Patient 331 had no familial history of cancer at any site
over three generations.

b-catenin mutations were found in 4 out of 46 (8.7%)
medulloblastomas. Three were TCT3TTT mutations at
codon 33, leading to an amino acid substitution from
serine to phenylalanine. Another was a TCT3GCT
(serine3 alanine) mutation at codon 37 (Figure 1, Table
1). In all cases, the wild-type bases were also detectable.
Adjacent nontumorous brain tissue was available in one
case with a b-catenin mutation (case 248) and showed
the b-catenin wild-type sequence. The occurrence of
b-catenin and APC mutations was mutually exclusive.

A polymorphism at codon 1493 of the APC gene (ACG/
ACA, Thr/Thr) was detected in this study. The frequency
of A/A (14/44, 32%), G/G (6/44, 14%), and G/A (24/44,
54%) in medulloblastomas was similar to that in DNA from
healthy Caucasian individuals: 20/50 (40%) for A/A, 3/50
(6%) for G/G, and 27/50 (54%) for G/A (P 5 0.2904).

Discussion

The molecular basis of the development of medulloblas-
tomas is still poorly understood. Isochromosome 17q, the
most frequent genetic alteration, occurs in up to 50% of
cases18,19 and appears to be the cause of LOH at 17p,
which is found in 30 to 45% of medulloblastomas.20 The
smallest deletions were observed at 17p13, which in-

Table 1. APC and b-Catenin Mutations in Sporadic Medulloblastomas

Case No. Age (years) Sex APC mutation b-Catenin mutation

325 1 F codon 1443, CCT 3 CCA, Pro 3 Pro –
331 2 F codon 1472, GTA 3 ATA, Val 3 Ile –

codon 1495, AGT 3 GGT, Ser 3 Gly
321 5 F – codon 37, TCT 3 GCT, Ser 3 Ala
236 6 M codon 1296, GCA 3 GTA, Ala 3 Val –
340 9 F – codon 33, TCT 3 TTT, Ser 3 Phe
334 12 F – codon 33, TCT 3 TTT, Ser 3 Phe
248 34 M – codon 33, TCT 3 TTT, Ser 3 Phe

Figure 1. Representative DNA sequencing autora-
diographs of b-catenin and APC mutations in spo-
radic medulloblastomas. Note that wild-type bases
are detectable in all cases. The case numbers on
the top correspond to those in Table 1.
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cludes the p53 locus, but the frequency of p53 mutations
in medulloblastomas is below 10%,15,21 suggesting the
presence of another tumor suppressor gene in this chro-
mosomal region. The mapping to 17p13.3 of the hyper-
methylated in cancer (HIC-1) gene, which encodes a
zinc-finger transcription factor, has raised the possibility
that this gene may be involved in the development of
medulloblastomas.22 Translocation, deletions, and dupli-
cations of chromosome 1 were also frequently observed
in medulloblastomas.18,19 Rearrangements of chromo-
some 1 often result in trisomy 1q without loss of 1p.
Mutations of the Patched gene (PTCH) are present in
approximately 10% of medulloblastomas, with a prefer-
ential tendency for the desmoplastic variant.23–25

The present study provides the first evidence that APC
mutations occur in sporadic medulloblastomas, albeit in-
frequently (4.3%). As observed in colon cancer,7 b-cate-
nin and APC mutations were mutually exclusive, suggest-
ing that one of these alterations is sufficient to activate the
Wnt signaling pathway. The failure in a previous study to
detect APC mutations12 may be due to the sensitivity of
RNase protection assay used, which efficiently detects
small deletions or insertions that lead to truncated protein
but does not detect all point mutations.6,17

The APC mutations detected in sporadic medulloblas-
tomas in this study were all missense mutations, whereas
those in medulloblastoma patients with Turcot syndrome
were trunctations.12,26 Similarly, the majority of APC
germline and somatic mutations in colon carcinomas are
nonsense or frameshift mutations, leading to truncation of
the APC protein.6,7,27 However, 90% of mutations found
in hepatoblastomas were missense mutations and only
one was a frameshift mutation.28 In gastric carcinomas,
30 to 50% of APC mutations found were missense muta-
tions.29–31 One APC mutation found in 39 pancreatic
carcinomas32 and both APC mutations found in 31 breast
carcinomas33 were missense mutations. It is of interest
to note that all of the APC missense mutations detected
in medulloblastomas in the present study (codons 1296,
1472, and 1495), as well as those in breast carcinomas
(codons 1081 and 1096),33 gastric carcinomas (codons
1120–1495),29–31 hepatoblastomas (codons 1306–1534),28

and pancreatic carcinomas (codon 1321),32 were located in
regions with three 15-amino acid consensus sequences (b-
catenin binding sites) or seven 20-amino acid repeats (b-
catenin and axin binding sites).34,35 This suggests that APC
missense mutations may affect the APC protein structure and
impair its binding to b-catenin and/or axin.

In all cases with APC mutations, the respective wild-
type bases were present (Figure 1). This is consistent
with the previous studies showing that LOH involving the
APC locus on chromosome 5q is a rare event in both
familial (Turcot syndrome) and sporadic medulloblast-
mas.12,13,26,36 Only 1 out of 7 medulloblastomas with a
germline APC mutation in Turcot patients had lost the
wild-type allele.12,26 Similarly, none of 55 sporadic me-
dulloblastomas showed LOH at the APC gene locus.13,36

Truncated mutant APC proteins retaining the first 171
amino acids may oligomerize in vivo with wild-type pro-
teins and inactivate them in a dominant negative man-
ner.37 It remains to be shown whether mutant APC pro-

teins, due to missense mutations, act in a similar fashion
to impair normal APC function.

In the present study, b-catenin mutations in exon 3
occurred in 4 of 46 (9%) sporadic medulloblastomas.
Three of these were located at codon 33 and another was
at codon 37. It is noteworthy that of the three mutations
detected by Zurawel et al14 in 67 sporadic medulloblas-
tomas, two were also located at codon 33 and one at
codon 37. This suggests that codons 33 and 37 are hot
spots for b-catenin mutations in medulloblastomas. A
similar clustering of mutations in codon 37 was observed
in human bladder carcinomas.38 In contrast, b-catenin
mutations were randomly distributed at several serine/
threonine residues in hepatocellular,16 colorectal,7 pros-
tate,39 and uterine carcinomas.40

The majority of medulloblastomas (70%) occur in chil-
dren.10 The histopathology of medulloblastoma in adults
and in children is similar, but a tendency for longer sur-
vival of adult patients has been observed.41 It is notable
that in this study, 5 of 26 (19%) medulloblastomas in
children (,16 years) carried a b-catenin or APC mutation
but only 1 of 20 (5%) medulloblastomas in adults had a
b-catenin mutation. This difference was not significant
(P 5 0.2122) and it remains to be shown in larger studies
whether pediatric medulloblastomas carry genetic alter-
ations different from those manifested in adults.

More than 20 polymorphisms have been identified in
the APC gene. Among these, the I1307K polymorphism
has been studied in detail and has been related to pre-
disposition to colorectal cancer in Ashkenazi Jewish pop-
ulations.42 Little is known about the significance of other
polymorphisms. In this study, we did not observe any
I1307K polymorphism, but detected an APC polymor-
phism at codon 1493 (ACA/ACG), as previously reported.17

DNA from medulloblastomas showed allelic patterns similar
to those from healthy individuals, indicating that this poly-
morphism confers no risk for medulloblastoma.

In summary, the present study provides the first evi-
dence that APC mutations are present in a subset of
sporadic medulloblastomas. APC and b-catenin muta-
tions were mutually exclusive and occurred in 6 of 46
(13%) cases, suggesting the involvement of the Wnt
pathway in a subset of sporadic medulloblastomas.
Codons 33 and 37 of the b-catenin gene constitute mu-
tational hot spots in medulloblastomas.

References

1. Groden J, Thliveris A, Samowitz W, Carlson M, Gelbert L, Albertsen H,
Joslyn G, Stevens J, Spirio L, Robertson M, Sargeant L, Krapcho K,
Wolff E, Burt R, Hughes JP, Warrington J, McPherson J, Wasmuth J,
Le Paslier D, Abderrahim H, Cohen D, Leppert M, White R: Identifi-
cation and characterization of the familial adenomatous polyposis coli
gene. Cell 1991, 66:589–600

2. Barth AI, Nathke IS, Nelson WJ: Cadherins, catenins, and APC
protein: interplay between cytoskeletal complexes and signaling
pathways. Curr Opin Cell Biol 1997, 9:683–690

3. Behrens J, von Kries JP, Kuhl M, Bruhn L, Wedlich D, Grosschedl R,
Birchmeier W: Functional interaction of b-catenin with the transcrip-
tion factor LEF-1. Nature 1996, 382:638–642

4. Hirohashi S: Inactivation of the E-cadherin-mediated cell adhesion
system in human cancers. Am J Pathol 1998, 153:333–339

436 Huang et al
AJP February 2000, Vol. 156, No. 2



5. Rubinfeld B, Albert I, Porfiri E, Fiol C, Munemitsu S, Polakis P: Binding
of GSK3b to the APC-b-catenin complex and regulation of complex
assembly. Science 1996, 272:1023–1026

6. Miyoshi Y, Nagase H, Ando H, Horii A, Ichii S, Nakatsuru S, Aoki T,
Miki Y, Mori T, Nakamura Y: Somatic mutations of the APC gene in
colorectal tumors: mutation cluster region in the APC gene. Hum Mol
Genet 1992, 1:229–233

7. Sparks AB, Morin PJ, Vogelstein B, Kinzler KW: Mutational analysis of
the APC/b-catenin/Tcf pathway in colorectal cancer. Cancer Res
1998, 58:1130–1134

8. Kinzler KW, Vogelstein B: Lessons from hereditary colorectal cancer.
Cell 1996, 87:159–170

9. Munemitsu S, Albert I, Souza B, Rubinfeld B, Polakis P: Regulation of
intracellular b-catenin levels by the adenomatous polyposis coli
(APC) tumor-suppressor protein. Proc Natl Acad Sci USA 1995, 92:
3046–3050

10. Kleihues P, Cavenee WK: Pathology and Genetics of Tumours of the
Nervous System. Lyon, International Agency for Research on Cancer,
1997

11. Paraf F, Jothy S, Van Meir EG: Brain tumor-polyposis syndrome: two
genetic diseases? J Clin Oncol 1997, 15:2744–2758

12. Mori T, Nagase H, Horii A, Miyoshi Y, Shimano T, Nakatsuru S, Aoki T,
Arakawa H, Yanagisawa A, Ushio Y, Takano S, Ogaura M, Karamura
M, Shibuya M, Nishikawa R, Matsutani M, Hayashi Y, Jakahashi H,
Ikuta F, Nishihara T, Mori S, Nakamura Y: Germ-line and somatic
mutations of the APC gene in patients with Turcot syndrome and
analysis of APC mutations in brain tumors. Genes Chromosomes
Cancer 1994, 9:168–172

13. Yong WH, Raffel C, von Deimling A, Louis DN: The APC gene in
Turcot’s syndrome. N Engl J Med 1995, 333:524–524

14. Zurawel RH, Chiappa SA, Allen C, Raffel C: Sporadic medulloblasto-
mas contain oncogenic b-catenin mutations. Cancer Res 1998, 58:
896–899

15. Ohgaki H, Eibl RH, Wiestler OD, Yasargil MG, Newcomb EW,
Kleihues P: p53 mutations in nonastrocytic human brain tumors.
Cancer Res 1991, 51:6202–6205

16. De La Coste A, Romagnolo B, Billuart P, Renard CA, Buendia MA,
Soubrane O, Fabre M, Chelly J, Beldjord C, Kahn A, Perret C: Somatic
mutations of the b-catenin gene are frequent in mouse and human
hepatocellular carcinomas. Proc Natl Acad Sci USA 1998, 95:8847–
8851

17. Miyoshi Y, Ando H, Nagase H, Nishisho I, Horii A, Miki Y, Mori T,
Utsunomiya J, Baba S, Petersen G, Hamilton SR, Kinzler KW, Vo-
gelstein B, Nakamura Y: Germ-line mutations of the APC gene in 53
familial adenomatous polyposis patients. Proc Natl Acad Sci USA
1992, 89:4452–4456

18. Bigner SH, Mark J, Friedman HS, Biegel JA, Bigner DD: Structural
chromosomal abnormalities in human medulloblastoma. Cancer
Genet Cytogenet 1988, 30:91–101

19. Griffin CA, Hawkins AL, Packer RJ, Rorke LB, Emanuel BS: Chromo-
some abnormalities in pediatric brain tumors. Cancer Res 1988,
48:175–180

20. Cogen PH, McDonald JD: Tumor suppressor genes and medulloblas-
toma. J Neurooncol 1996, 29:103–112

21. Adesina AM, Nalbantoglu J, Cavenee WK: p53 gene mutation and
mdm2 gene amplification are uncommon in medulloblastoma. Can-
cer Res 1994, 54:5649–5651

22. Wales MM, Biel MA, El Deiry W, Nelkin BD, Issa JP, Cavenee WK,
Kuerbitz SJ, Baylin SB: p53 activates expression of HIC-1, a new
candidate tumour suppressor gene on 17p13.3. Nat Med 1995,
1:570–577

23. Pietsch T, Waha A, Koch A, Kraus J, Albrecht S, Tonn J, Sorensen N,
Berthold F, Henk B, Schmandt N, Wolf HK, von Deimling A, Wain-
wright B, Chenevix-Trench G, Wiestler OD, Wicking C: Medulloblas-
tomas of the desmoplastic variant carry mutations of the human
homologue of Drosophila patched. Cancer Res 1997, 57:2085–2088

24. Wolter M, Reifenberger J, Sommer C, Ruzicka T, Reifenberger G:
Mutations in the human homologue of the Drosophila segment polar-
ity gene patched (PTCH) in sporadic basal cell carcinomas of the skin
and primitive neuroectodermal tumors of the central nervous system.
Cancer Res 1997, 57:2581–2585

25. Raffel C, Jenkins RB, Frederick L, Hebrink D, Alderete BE, Fults DW,
James CD: Sporadic medulloblastomas contain PTCH mutations.
Cancer Res 1997, 57:842–845

26. Hamilton SR, Liu B, Parsons RE, Papadopoulos N, Jen J, Powell SM,
Krush AJ, Berk T, Cohen Z, Tetu B, Burger PC, Wood PA, Tagi F,
Booker SV, Peterson GM, Offerhaus GJ, Tersmette AC, Giardiello FM,
Vogelstein B, Kinzler RW: The molecular basis of Turcot’s syndrome.
N Engl J Med 1995, 332:839–847

27. Laurent-Puig P, Beroud C, Soussi T: APC gene: database of germline
and somatic mutations in human tumors and cell lines. Nucleic Acids
Res 1998, 26:269–270

28. Oda H, Imai Y, Nakatsuru Y, Hata J, Ishikawa T: Somatic mutations of
the APC gene in sporadic hepatoblastomas. Cancer Res 1996, 56:
3320–3323

29. Horii A, Nakatsuru S, Miyoshi Y, Ichii S, Nagase H, Kato Y, Yanagi-
sawa A, Nakamura Y: The APC gene, responsible for familial adeno-
matous polyposis, is mutated in human gastric cancer: Cancer Res
1992, 52:3231–3233

30. Achille A, Scupoli MT, Magalini AR, Zamboni G, Romanelli MG,
Orlandini S, Biasi MO, Lemoine NR, Accolla RS, Scarpa A: APC gene
mutations, and allelic losses in sporadic ampullary tumours: evidence
of genetic difference from tumours associated with familial adenoma-
tous polyposis. Int J Cancer 1996, 68:305–312

31. Nakatsuru S, Yanagisawa A, Ichii S, Tahara E, Kato Y, Nakamura Y,
Horii A: Somatic mutation of the APC gene in gastric cancer: frequent
mutations in very well differentiated adenocarcinoma and signet-ring
cell carcinoma. Hum Mol Genet 1992, 1:559–563

32. Yashima K, Nakamori S, Murakami Y, Yamaguchi A, Hayashi K,
Ishikawa O, Konishi Y, Sekiya T: Mutations of the adenomatous pol-
yposis coli gene in the mutation cluster region: comparison of human
pancreatic and colorectal cancers. Int J Cancer 1994, 59:43–47

33. Kashiwaba M, Tamura G, Ishida M: Aberrations of the APC gene in
primary breast carcinoma. J Cancer Res Clin Oncol 1994, 120:727–
731

34. Polakis P: Mutations in the APC gene and their implications for protein
structure and function. Curr Opin Genet Dev 1995, 5:66–71

35. Polakis P: The oncogenic activation of b-catenin. Curr Opin Genet
Dev 1999, 9:15–21

36. Vortmeyer AO, Stavrou T, Selby D, Li G, Weil RJ, Park WS, Moon YW,
Chandra R, Goldstein AM, Zhuang Z: Deletion analysis of the adeno-
matous polyposis coli and PTCH gene loci in patients with sporadic
and nevoid basal cell carcinoma syndrome-associated medulloblas-
toma. Cancer 1999, 85:2662–2667

37. Su LK, Johnson KA, Smith KJ, Hill DE, Vogelstein B, Kinzler KW:
Association between wild type and mutant APC gene products. Can-
cer Res 1993, 53:2728–2731

38. Risinger JI, Barrett JC, Taylor JA: Multinational analysis of b-catenin
exon 3 in human bladder carcinoma. Proc Am Assoc Cancer Res
1999, 40:277 (abstr.)

39. Voeller HJ, Truica CI, Gelmann EP: Beta-catenin mutations in human
prostate cancer. Cancer Res 1998, 58:2520–2523

40. Fukuchi T, Sakamoto M, Tsuda H, Maruyama K, Nozawa S, Hirohashi
S: b-catenin mutation in carcinoma of the uterine endometrium. Can-
cer Res 1998, 58:3526–3528

41. Giordana MT, Cavalla P, Dutto A, Borsotti L, Chio A, Schiffer D: Is
medulloblastoma the same tumor in children and adults? J Neuroon-
col 1997, 35:169–176

42. White RL: Excess risk of colon cancer associated with a polymor-
phism of the APC gene? Cancer Res 1998, 58:4038–4039

APC Mutations in Medulloblastomas 437
AJP February 2000, Vol. 156, No. 2


