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Abstract

The PTEN (MMACJ)gene, which has been identifiedas a tumor
suppressor gene at 10q23.3, is mutated in multiple malignant tumors,
including glioblastomas [J. Li et aL, Science (Washington DC), 275: 1943-
1947, 1997; P. A. Stack et aL, Nat. GeneL, 15: 356â€”362, 1997]. Among
tumors of the central nervous system, loss of lOq is not restricted to
glioblastomas but Is also common in atypical and anaplastic meningiomas.
Therefore, we have investigated36 giloblastomasand 34 meningiomas(2
benign, 17 atypical, and 15 anaplastic meningiomas) for loss on lOq, as
well as deletion, mutation, and expression of PTEN. Analysis of eight
microsateliltes from lOq revealed loss of heterozygosity (LOll) In 25 of 36
giloblastomas (69%). Twenty-three ofthese tumors demonstrated LOH at
all Informative loci. Two glloblastomas showed LOH restricted to markers
locateddistally to PTEN,with breakpoints mapping telomericto D10S541
and D10S185. One glioblastoma demonstrated evidence of homozygous
deletion of PTEN by differential PCR analysis. PTEN mutations were
detected in 9 of 36 glioblastomas (25%). Seven of these tumors showed
LOll at all informative loci from lOq, indicating complete loss of wild-type
PTEN. Although loss of lOq was detected by comparative genomic hy
bridization and/or LOH analysis in 14 ofthe 34 menlngiomas investigated
(41%), none of these tumors showed evidence of PTEN mutations or
homozygous gene deletions. Our findings corroborate that PTEN is mac
tivated in a subset ofgjioblastomas. However, the lack ofdetectable PTEN
alterations in a considerable fraction of giloblastomas and all meningio
mm with lOq loss strongly supports the hypothesis that at least one
additional tumor suppressor gene is located on lOq.

Introduction

Glioblastomas represent the most frequent primary brain tumors
and account for about 50% of all gliomas, as well as 12â€”15%of all
intracranial tumors (1). The molecular genetic alterations in glioblas

tomas have been intensively studied over the past years (for reviews,
see Refs. 2 and 3). A common karyotypic abnormality in these tumors
is monosomy 10 (4). Molecular genetic analyses of larger series of
glioblastomas have revealed LOH4 on chromosome 10 in 60% to over
90% of the cases (2, 3). The identification of occasional glioblastomas
with partial losses has suggested the presence of up to three distinct
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tumor suppressor gene loci on this chromosome (5, 6). Among pri
mary nervous system tumors, LOH on chromosome 10 is not only
common in glioblastomas but has also been found in a significant
percentage of atypical and anaplastic meningiomas (7, 8).

Recently, a new gene, variously called PTEN (â€œphosphataseand
tensin homologue deleted on chromosome 10â€•;Ref. 9) and MMACJ
(â€œmutatedin multiple advanced cancersâ€•;Ref. 10), has been identified
as a tumor suppressor gene at l0q23.3. Somatic mutations of PTEN
have been found in different types of malignant tumors, including
carcinomas ofthe breast and prostate, as well as glioblastomas (9, 10).
In addition, germ-line mutations in the PTEN gene have been shown
to be associated with Cowden disease, a hereditary syndrome predis
posing to multiple hamartomas and tumors, including meningiomas
(11, 12).

Here, we have analyzed a series of 36 glioblastomas and 34
meningiomas for loss on lOq, as well as for deletion, mutation, and
expression of the PTEN gene. Loss of l0q, including the PTEN locus,
was found in 64% of the glioblastomas and 41% of the meningiomas.
PTEN mutations were detected in nine glioblastomas (25%), whereas
one additional glioblastoma showed evidence of homozygous deletion
of the gene. In contrast, neither PTEN mutations nor homozygous
deletions were found in any of the meningiomas investigated. Our
findings suggest the presence of at least one additional tumor sup
pressor gene on lOq that represents the likely target of lOq deletions
in a considerable fraction of glioblastomas, as well as in meningio
mas.

Materials and Methods

Tumor Samples. The tumors were selected from the brain tumor collec
tions at the Department of Neuropathology at Heinrich-Heine-University (DOs
seldorf, Germany) and the Institute for Pathology and Oncology at Karolinska
Hospital (Stockholm, Sweden). The 36 glioblastomas were from 17 male and
19 female patients (mean age at operation, 59.4 years; range: 37â€”83years).
The 34 meningiomaswere from 16 male and 18 female patients(meanage at
operation, 62.6 years; range, 6â€”90years). None of the 70 patients included in

this study had a family history of Cowden disease. All tumors were histolog
ically classified according to the WHO classification of tumors of the central
nervous system (13). The glioblastomas (WHO grade IV) included 34 classic
glioblastomas, 1 giant cell variant, and I gliosarcoma. The group of meningi

omas consisted of 2 benign tumors of WHO grade I (1 transitional and 1
meningothelial variant), 17 atypical tumors of WHO grade II, and 15 anaplas

tic tumors of WHO grade III. Parts of each tumor were frozen immediately
after operation and stored at â€”80Â°C.Histological evaluation of these tumor
pieces showed an estimated tumor cell content of at least 80% in all instances,
except for GB85D (50%), GB152D (70%), and MN9IA (70%). Peripheral
blood samples for the extraction of constitutive (leukocyte) DNA were avail
able from all glioblastoma patients and 20 meningioma patients.

DNA and RNA Extraction. Extractionofhigh molecularweightDNA and
RNA from frozen tumor tissue was carried out by ultracentrifugation, as
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Table1 Primersusedfor mutationalanalysisof PTENtranscripts(Plâ€”P7)and expressionanalysisby reverse zranscription-PCR(P8)Primer

sequencesFragment sizes (bp)CodonsspannedP1F,

5'-TCTTCAGCCACAGGCTCC-3';P1R,5'-ATGTCTâ€˜fl'CAGCACAAAGAUG-3'2481-67P2F,
5'-TFG GAT TCA AAG CAT AAA AAC C-3'; P2R, 5'-TCC AGC 1TI@ACA GTG AATTGC-3'21365-120P3F,
5'-GTG AAG ATG ACA ATC ATG liD C-3'; P3R, 5'-GTh CCA CTG GTC TAT AATCCA-3'240121-185P4F,
5'-GTC AGA GGC GCF ATO TGT AU-3'; P4R, 5'-ACA TGA ACT TGT Cli' CCCGT-3'210178-232P5F,

5'-CCT CCA AlT CAG GAC CCA C-3'; P5R, 5'-TGA GOT TFC CTC TOG TCCTG-3'185233-280P6F,
5'-ACA AAA TGT @CACF 1TF 000-3'; P6R, 5'-CAG Cl1@CAC CTF AAA AUTGG-3'233276-338P7F,
5'-AAG CAA ATA AAG ACA AAG CCA-3'; P7R, 5'-CAT GGT GU UA TCC Cl@CTFG-3'266335-404PSF,
5'-TGA CAG CCA TCA TCA AAG AG-3'; P8R, 5'-TGT GTA TGC TGA TCT TCA TCA A-3'1 1958-391

!â€˜TENIN GUOBLASTOMAS AND MENINGIOMAS

describedby Ichimuraet aL (14).Extractionof high molecularweightDNA
from peripheral blood leukocytes was performed according to standard proto
cols (14).

LOH Analysis. For LOH analysis, the following six microsatelliteloci
were selected from the GÃ©nÃ©thonmicrosatellite map (15): D10S215 (l0q23),
DIOSS4J (10q23), D10S185 (10q23â€”24),D10S209 (l0q24), D10S587
(10q24â€”25), and D10S212 (l0q26). In addition, two polymorphic loci within

the MX!! locus at l0q25 were investigated using the following primers:
5'-TGTAACACACTGTAGGATGGC-3' and 5'-AGGGAATATAATAT
GCTCACAAG-3' for amplification of a CA repeat and 5'-TAGAACCCAG
CATGACATAACA-3' and 5'-TAAATACAGGTCCTCTGACCC-3' for am
plification of an AAAAC polymorphism (16).

PCR was performed with 100 ng of genomic DNA as template in 20 mM
Tris-HCI(pH 8.4), 50 mMKC1,1.5 mMMgC12,0.2 mMeach dNTP, 0.5 pM
each primer, and I unit of Taq DNA polymerase (Qiagen, Hilden, Germany).
Formamide (5%) was added to the PCR mix for amplification of D10S185 and
both MXIJ polymorphisms, and 2.5% formamide was added for the amplifi
cation of D10S212. An initial denaturation of 3 mm at 94Â°Cwas followed by
30 cycles of 1 mm at 94Â°C,1 mm at 56Â°C,and 1 mm at 72Â°Cand a 10-mm
final elongation step at 72Â°C.PCR products were separated on 10% denatur
ating polyacrylamide gels containing 8 Murea and visualized by silver staining.
Assessment of allelic loss was performed as described (17).

CGH. We recently investigateda series of 62 memngiomasfor genomic
aberrations by CGH. The results obtained in this study have been reported in
detail elsewhere.5CGH was performed as described previously (18, 19).Here,
17 atypical and 15 anaplastic meningiomas, from which high molecular weight
RNA was available, were selected from the series of cases studied by CGH. In
addition, two benign meningiomas with LOH on l0q were included in the
present investigation.

Differential PCR. All tumorswerescreenedfor homozygousdeletionof
PTEN by differential PCR using genomic primers for PTEN exon 9 (11),
together with primers for the GAPDH gene from l2p. The GAPDH primer
sequences used were 5'-AACGTGTCAGTOGTGGACCTG-3'and 5'-AGT
GGGTGTCGCTGTFGAAGT-3', which generate a l60-bp fragment. Differ
ential PCR was performed with 100ng of genomic DNA as template in 20mM
Tris-HCI(pH 8.4), 50 mMKC1,1.5 mMMgC12,0.2 mMeach dNTP, 0.3 pM
each GAPDH primer, 0.6 MM each PTEN primer, and 1 unit of Taq DNA
polymerase. Three mm of initial denaturation was followed by 27 cycles of I
mm at 94Â°C,1 rain at 56Â°C,and 1 mm at 72Â°Cand a final extension at 72Â°C
for 5 mm. The PCR products were separated on 2% agarose gels, and ethidium
bromide-stained bands were recorded by the Gel-Dec 1000 system (Bio-Rad,
Hercules, CA). Quantitative analysis of the peak areas obtained for the target
gene (PTEJV) and the reference locus (GAPDH) was performed with the
MolecularAnalystversion2.1 software(Bio-Rad).Thetargetgene dosagewas
calculated relative to constitutional (leukocyte) DNA. PTEN:GAPDHratios of
less than 0.3, relative to the constitutional control, were regarded as evidence
for homozygous deletion.

Screening for PTEN Mutations by SSCP/Heteroduplex Analysis and
DNA Sequencing. Three @.tgof total RNA from each tumorwere reverse
transcribed into cDNA using random hexanucleotide primers and Superscript
II reversetranscriptase(Life Technologies,Eggenstein,Germany).The entire
coding region of PTEN was amplified by reverse transcription-PCR using a set
of seven overlapping primer pairs (Table I). The PCR products were screened

SR.G.Weber,J.Bostrom,M.Wolter,M.Bandis,V.P.Collins,0.Reifenberger,and
P. Lichter.Analysisof genomicalterationsin benign,atypical,andanaplasticmeningi
omas: toward a genetic model of meningioma progression. Proc. Nail. Aced. Sci. USA,
94: in press, 1977.

for mutationsby electrophoresison 8% nondenaturatingpolyacrylamidegels
at 120 V for 16 h, as described (20, 21). Each PCR product was analyzed at
room temperature and at 4Â°C.The SSCPlheteroduplex band patterns were
visualized by silver staining of the gels. PCR products with aberrant SSCP
and/or heteroduplex patterns were sequenced in both directions by manual
sequencing using the United States Biochemical Sequenase PCR product
sequencing kit (Amersham Life Sciences, Cleveland, OH). In addition, those
tumors for which mutational analysis of the mRNA showed losses or dupli
cations of entire exons were analyzed for PTEN mutations at the DNA level
using genomic primers published by Liaw et aL (11) and Steck er aL (10).

Analysisof PTEN mRNA Expression by Reverse Transcriptlon-PCR.
The expression of PTEN was evaluated at the mRNA level using reverse
transcription-PCR with primers P8F and P8R (Table 1). To assess the cDNA
quantity used as template, @3-athnwas amplified as reference using the primers
described by Schmidt et al. (22). PCR was performed for 28 cycles under the
conditions described above. The PCR products were separated on 2% agarose

gels, and the ethidium bromide-stained bands were recorded by the Gel-Dec
1000 system (Bio-Rad). As reference, we used nonneoplastic adult human
cerebral tissue (cortex and white matter from the temporal lobe) from a patient
operated on for epilepsy.

Sequencing and Chromosomal Assignment ofa PTEN Pseudogene. The
PTEN pseudogene was sequenced after PCR amplification with primers P1F
and FiR (Table 1) from leukocyte DNA of two different individuals. The
chromosomal location of the pseudogene was determined by PCR analysis of
a chromosome-specific hybrid panel (MOMS Human/Rodent Somatic Cell
Hybrid Mapping Panel 2; Coriell Cell Repositories, Camden, NJ) using prim
ers P8F and P8R (Table 1).

Results

Analysis of eight highly polymorphic loci revealed LOH on lOq in
25 glioblastomas (69%). Twenty-threeof these tumors showed LOH
at all informative loci. Two glioblastomas (GB97D and GB 115D)
demonstrated evidence of terminal deletions with retention of het
erozygosity at two or three proximal lOq markers. The breakpoints in
these tumors were located between D10S541 and DJOSJ8S in GB97D
(Fig. la) and between DIOSJ8S and D10S587 in GB1 15D. The LOH
pattern of GB1 l5D limited the chromosomal region commonly de
leted in all glioblastomas of our series to the area located distally to
D10S185,whichcorrespondstothecytogeneticsegment10q24â€”qter.

CGHshowed loss of genetic materialfromchromosome 10 in 16 of
the 34 meningiomas included in the present series. Nine tumors
showed CGH profiles consistent with loss of the entire chromosome
10, four tumors showed loss resthcted to l0q, and three tumors
showed loss of lOp only. Twenty meningiomas were studied by LOH
analysis at eight microsatellite loci from lOq. Nine tumors showed
LOH at all informativeloci. In total, loss on lOq, identified by CGH
or LOH on lOq, was seen in 14 of 34 tumors (41%), including both
benign meningiomas (the only 2 tumors with loss on l0q among 20
benign meningiomas studied; data not shown), 5 atypical meningio
mas, and 7 anaplastic meningiomas.

Mutational analysis of the entire coding region of PTEN at the
transcript level revealed mutations in nine glioblastomas (Table 2 and
Fig. 1, b and c). The majority of alterations detected were frameshift
mutations, predicting truncated proteins due to the introduction of
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Table 2Summary of PTEN iranscript mutations detected in nineglioblastomasCase

No.Mutation@'CodonPredictedeffectGB72D573del1

1191Frameshift with termination at codon197GB77D594del3198Deletion
ofMetGB81D2lOdel44@'70Frameshift

with termination at codon76GB96D1026ins225c342Duplication
of exon8GB1OID

GBI lOD8Olins3O92lOdel44'@267 70Duplication
of exon 6 and exon 7

Frameshift with termination at codon76GBI
12D1004del4335Frameshift withterminationat codon342GB

I21DCS 17T173Arg-to-CyssubstitutionGBI37D4O4dell135Frameshift
with termination at codon 146

PTEN IN GL1OBLASTOMAS AND MENINGIOMAS

(C517T), predicting an amino acid exchange from arginine to cysteine
at codon 173 (Fig. lb). In GB77D, a 3-bp deletion, resulting in loss of
one methionine, was found. Seven of the nine glioblastomas carrying
a PTEN mutation showed LOH at all informative loci from lOq. One
glioblastoma (GB158D) demonstrated evidence of homozygous ddevp,

10q23

D1OS21S

@.-@@ 10q26

D10S212
a The numbering of the nucleotides is according to Li et aL (Ref. 9; GenBank accession

no. U9305l). del, deletion; ins, insertion.
b GB81D had a G-to-T exchange at nt253+5, which changes the 5' splice donor

sequence of intron 4.
C GB96D carried a point mutation (T to G) at the putative intron 8 branch site at

nucleotide 1026+31.
d GB1 lOD showed a 6-bp deletion in the 5' intronic splice site of intron 4 (nucleotide

253+5).

123456789

a)@ :.@ PTEN

123456789

. @.

@ I@
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1920/42122XY-- HuC

Fig. 2. Analysis of PTEN mRNA expression by reverse transcription-PCR in eight
glioblastomas (a) and nine atypical/anaplastic meningiomas (b). A fragment containing
most ofthe coding sequence ofPTEN was amplified with primers P8F-P8R (see Table I).
a, Lane I, GB52D; Lane 2, GB72D; Lane 3, GB81D; Lane 4, GB99D; Lane 5, GBIOID;
Lane 6, GBI 12D; Lane 7, GB 12 1D; Lane 8, GB l58D; Lane 9, nonneoplastic cerebral
tissue. b, Lanes 1â€”5,atypical meningiomas MN4, MNI6, MN2O, MN22, and MN42,
respectively; Lanes 6â€”9,anaplastic meningiomas MN6O, MN62, MN34, and MN63B,
respectively. As an assessment for the eDNA quantity used as template in the PCR,

@-actinwas amplified from the same cases. Strong reverse transcription-PCR signals for
PTEN mRNA were detected in most tumors and nonneoplastic brain, except for GBI58D
(a, Lane 8). This particular tumor demonstrated evidence of homozygous PTEN deletion
by differential PCR (data not shown). GB1OID (a, Lane 5) shows an additional larger
PCRproductdueto a 309-bpinsertion(seeTable2).c, mappingof a PTENpseudogene
to chromosome 9 by PCR screening of a chromosome-specific hybrid panel using primers
P8F and P8R. Top, human chromosomes represented in the individual hybrids. Hu, total
human DNA; C, rodent DNA. Note that PCR signals were obtained only for the template
containing human chromosome 9 DNA and for total human DNA.

b)

c)

31

GB97D GB121D

a)p. TB

D1OSS41

Fig. 1. a, demonstration of LOH at microsatellite loci from lOq in two glioblastomas.
Top, case numbers of the tumors; Lanes T, tumor DNA; hines B, blood (leukocyte) DNA;
right, approximate chromosomal location of the represented loci. GB97D demonstrated
LOH at D10S212 (l0q26) â€˜,utretained heterozygosity at DJOSS4J (l0q23), the distal
borderof PTEN.NoPTENmutationwasdetectedin thistumor.GBI2ID showedLOH
at all informative loci from lOq including markers located proximal (D10S215) and distal
(D10S212) to the PTEN locus. Arrowheads, lost alleles in tumor DNA. b and c, demon
stration of PTEN mutations by SSCP/heteroduplex analysis (left) and DNA sequencing
(right) in two glioblastomas. b, SSCP results shown are from GB121D (Lane I) and a
corresponding wild-type control (Lane 2). Arrow, sequencing identified a missense
mutation (C517T) at codon 173 of PTEN. c, SSCP results shown are from GB81D (Lane
I) and a corresponding wild-type control (Lane 2). Sequencing revealed a 44-bp deletion
in the PTEN transcript from GB8ID. Arrow, starting point of this deletion. The sequences
depicted were derived from the noncoding strand.

premature stop codons. These included small deletions in tumors
GB72D,GB1l2D,andGBl37D(Table2),aswellasdeletionsof44
bp (corresponding to exon 4) in GB11OD and GB81D. At the genomic
level, GB11OD and GB81D showed two different mutations affecting
the 5' splice site of intron 4, i.e., a deletion of 6 bp at nucleotide
253+5 (GB1 1OD) and a G-to-A exchange at nucleotide 253 +5
(GB81D; nucleotide numberingaccordingto GenBankaccession no.
U93051). Two glioblastomas showed in-frame duplications of exonic
sequences, including duplication of exon 8 in GB96D and duplication
of exons 6 and 7 in GB1O1D. Analysis of GB96D at the DNA level
revealed a point mutation (T to G) in the putative branch site con
sensus sequence located 3 1 bp downstream of the donor splice site of
intron 8 (nucleotide 1026+31). GB1O1D, however, showed no de
tectable alteration in the limited intronic regions close to the intron
exon boundaries that could be analyzed with the available primers.
Only one glioblastoma (GB121D) showed a missense mutation

D10S212

12 ACGT

b)!@ ;@!
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tion of PTEN by differential PCR analysis. Expression of PTEN
mRNA was markedly reduced in this tumor as compared to the other
glioblastomas and nonneoplastic cerebral tissue (Fig. 2a).

None of the 34 meningiomas investigated by SSCP/heteroduplex
analysis showed evidence of PTEN mutations. No meningiomas with
homozygous deletion of PTEN were found by differential PCR. The
gene was expressed in all tumors (Fig. 2b).

When PTEN primers that are designed for amplification from
cDNA, e.g., P8F and P8R (Table 1), were used in PCR experiments
with genomic DNA as template, PCR products of equal size as those
from cDNA templates were obtained. This unexpected result indicated
the existence of an intronless pseudogene with close homology to the
coding sequence of PTEN. PCR screening of a chromosome specific
hybrid panel with primers P8F and P8R revealed a signal only for the
template containing human chromosome 9 sequences, indicating that
the PTEN pseudogene maps to chromosome 9 (Fig. 2c). Sequencing
of the pseudogene from two distinct individuals and comparison to the
coding sequence of PTEN revealed 18 independent bp exchanges
(T2G, C89T, T202C, T242C, G248A, A258G, G397A, A405T,
G407A, T531C, T544G, C556G, A672G, C700T, A705G, C720T,
C900T, and A942G). These pseudogene sequence changes were not
detected in any of the cDNAs analyzed for mutations in PTEN,
indicating that the pseudogene is transcriptionally inactive.

Discussion

The frequency of LOH on lOq that was determined for our series of
glioblastomas (69%) corresponds well to several previous investiga
tions (for reviews, see Refs. 2 and 3). Recently, a novel tumor
suppressor gene located at l0q23.3 (PTENIMMACI) has been cloned
and found to be mutated in different malignant tumors, including
glioblastomas (9, 10). Here, mutational analysis of PTEN revealed
mutations in nine glioblastomas. Seven of these tumors showed LOH
at all informative loci from l0q, a finding indicating complete absence
of wild-type PTEN in the tumor cells. One additional glioblastoma of
our series showed evidence of homozygous PTEN deletion. Thus, a
total of 10 of 36 (28%) glioblastomas had either mutated or homozy
gously lost the PTEN gene. This figure is slightly higher than the
results reported by Steck et a!. (10), who detected PTEN mutations in
6 of 26 (23%) primary glioblastomas. Li et a!. (9) screened three
exons of PTEN for mutations in 18 primary glioblastomas and found
three tumors with somatic mutations (17%). Taken together, these
data indicate that PTEN is altered in about 25â€”30%of glioblastomas.
The actual percentage of glioblastomas with PTEN aberrations, how
ever, is probably somewhat higher because SSCP analysis may have
missed some mutations. The sensitivity of SSCP analysis in detecting
single base substitutions has been shown to range from 97% for
fragments of 150 bp to about 70% for fragments of 250 bp, respec
tively (23).

The majority of PTEN mutations detected in our series of glioblas
tomas predict the expression of truncated proteins (Table 2). We
found five glioblastomas with intragenic deletions that resulted in
frameshifts and the introduction of premature stop codons. Three of
these truncating mutations were due to small deletions in coding
regions. The remaining two mutations, i.e., those found in GB81D and
GB1 lOD, were caused by intronic splice site mutations, resulting in
deletion of exon 4 from the mRNA. Interestingly, an identical tran
script mutation, i.e. , deletion of exon 4, was detected in the breast
tumor cell line MDA-MB-468 (9). Two glioblastomas of our series
showed larger transcripts due to duplications of one (GB96D) and two
(GB1O1D) exons. The duplication of exon 8 in tumor GB96D was
possibly a consequence of a nucleotide exchange (T to G) detected in
the putative branch site consensus sequence, located 3 1 bp down

stream of the donor splice site of intron 8. Glioblastoma GB1O1D,
however, showed no alteration in the limited regions close to the
intron-exon boundaries that could be analyzed with the available
genomic primers. Therefore, the reason for duplication of exon 6 and
7 in the transcript of this tumor is unclear. Only one tumor of our
series (GB121D) showed a missense mutation (C517T) in the PTEN
gene. This mutation predicts an amino acid exchange from arginine to
cysteine at codon 173, i.e., within a highly conserved region of the
tensin/auxillin domain. Thus, most of the PTEN mutations found
predict marked alterations of the VFEN protein structure, which most
likely inactivate or severely impair the proper function of the protein.

The fact that PTEN alterations were found in only 28% of the
glioblastomas and the absence of detectable PTEN aberrations in all
meningiomas investigated (including 14 tumors with lOq loss)
strongly suggest the presence of another tumor suppressor gene on
lOq. This hypothesis is further supported by the two glioblastomas
identified here that had no detectable PTEN mutations and showed
LOHrestrictedto regions of lOqmappingdistally to PTEN.The most
telomeric breakpoint in these tumors was located distally to DJOSJ8S,
which would suggest that the second tumor suppressor gene resides in
the region l0q24â€”qter.Other authors have performed more detailed
deletion mappings of chromosome 10 in glioblastomas and have also
mapped common regions of deletion to segments distal to PTEN, i.e.,
between DJOSJ2 and DJOS6 (24), between D10S221 and D10S214
(25), andbetweenD10S587andD10S216(26). The latterregionis
estimated to cover about 5 cM of genomic distance (26). Albarosa et
a!. (27) have recently constructed a 5-Mb yeast artificial chromosome
contig between D10S221 and D10S209, i.e., the segment that covers
the region of common deletion at 10q25 determined for glioblastomas
in two independent studies (25, 26). This region also overlaps with the
790-kb large segment between D10S587 and D1051723 that was
recently reported to contain a tumor suppressor gene involved in
endometrial cancers (28). In line with these data, one LOH study on
meningiomas has also identified a common region of deletion on lOq
located on the telomeric side ofPTEN, i.e., distal to D10S187(8). One
possible candidate gene located at 10q24â€”q25 is MXJJ, which codes
for a member of the Myc family of transcription factors (15, 29).
Mutations of MXII have been reported in a small fraction of prostate
carcinomas (30). However, these findings have not been confirmed by
other authors (31, 32). Because glioblastomas and atypical/anaplastic
meningiomas have not been studied systematically for MXIJ muta
tions, the significance of Mxli in these tumors remains to be deter
mined. Another interesting candidate gene from 10q24â€”q25,desig
nated DMBTJ (â€œdeletedin malignant brain tumors 1â€•),was recently
cloned and reported to carry intragenic homozygous deletions in about
23% of glioblastomas (33). It remains to be shown whether DMBTJ
represents the target gene in atypical and anaplastic meningiomas with
lOq deletions.

An additional finding of our study was the demonstration of a
processed PTEN pseudogene on human chromosome 9. Sequencing of
this pseudogene and comparison with the PTEN coding sequence
revealed 18 alterations, including one that changes the start codon
from ATG to AGO. Knowledge of this pseudogene and its sequence
is important when analyses of tumors for PTEN mutations and/or
deletions are performed.

In conclusion, our findings corroborate that inactivation of PTEN
represents an important genetic alteration in a fraction of glioblasto
mas. However, the lack of detectable PTEN mutations in a consider
able percentage of glioblastomas and all of the meningiomas with lOq
loss strongly suggests the presence of at least one additional tumor
suppressor gene on l0q. According to our LOH data and previous
deletion mappings of IOq in glioblastomas (24, 25) and meningiomas
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(8), this or these additional tumor suppressor gene or genes should be
located on the telomeric side of PTEN.
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