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Cancers that arise from astrocytes in the adult CNS present
as either anaplastic astrocytomas (AAs) or as more aggres-
sive glioblastomas multiforme (GBMs). GBM:s either form
de novo or progress from AAs. We proposed to examine
the molecular genetic relationship between these CNS
tumors by conducting a genome-wide allelic imbalance
analysis that included 70 loci on examples of AA and
GBM. We found significant loss of heterozygosity (LOH)
at 13 discrete chromosomal loci in both AAs and GBMs.
Loss was significant in both AAs and GBMs at 9 of these
loci. AAs show the highest rates of LOH at chromosomes
1p, 4q, 6p, 9p, 11p, 11q, 13q, 14q, 15p, 17p, 17q, and
19q. GBMs showed the greatest losses at 1p, 6q, 8p, 9p,
10p, 10q, 11p, 13q, 17p, 17q, 18p, 18q, and 19q. GBMs
also demonstrated significant amplification at the epider-
mal growth factor receptor locus (7p12). These data sug-
gest that there are three classes of loci involved in glioma
evolution. First are loci that are likely involved in early
events in the evolution of both AAs and GBMs. The second
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class consists of AA-specific loci, typified by higher LOH
frequency than observed in GBMs (4q, 6p, 17p, 17q, 19q).
The third class consists of GBM-specific loci (6q, 8p, 10,
18q). Damage at these loci may either lead to de novo
GBMs or permit existing AAs to progress to GBMs.
Glioma-related LOH profiles may have prognostic implica-
tions that could lead to better diagnosis and treatment of
brain cancer patients. Neuro-Oncology 1, 169-176, 1999
(Posted to Neuro-Oncology [serial online], Doc. 98-28, June
16, 1999. URL <neuro-oncology.mc.duke.edu>)

Cancers of the CNS are typically derived from astro-

cytes, with astrocytomas comprising 40-50% of

adult onset CNS tumors (Ohgaki et al., 1995).
Despite treatment with surgery, radiation, and chemo-
therapy, malignant astrocytomas frequently recur, and
recurrent tumors are often more aggressive. Classification
schemes based on histopathology generally recognize two
stages (grades) of malignant astrocytomas: AAs® and
GBM s (Burger et al., 1985; Kleihues et al., 1993). AAs are
characterized by moderate hypercellularity, moderate
pleomorphism, no necrosis, and possible vascular prolif-
eration. AAs are generally more responsive to treatment
but often progress to GBMs. Glioblastomas are the most
malignant form of astrocytoma and are characterized by
moderate to marked hypercellularity, moderate and
marked pleomorphism, and necrosis (with or without
pseudopalisading) (Burger et al., 1985). GBM is virtually
incurable, with more than 50% of patients dying within
the first year after diagnosis (Bruner, 1994; Furnari et al.,
1996; Levin et al., 1997; Magnani et al., 1994).
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Table 1. Primer, location, and loss of heterozygosity in AA and GBM"

Cyto. Approx. AA series  GBM series Cyto. Approx. AA series  GBM series

Marker location position (%) (%) Marker location position (%) (%)
D15243 1p 18/263 3/14; 21 3/23;13 D10S196 10q11.2-21.2  81.1/144 0/17;0  13/24; 54
D1S214 1p36.3 18.8/263 2/19; 11 3/26;12 D1051687 10q 105.6/144  1/18;6 5/23;22
D15255 1p 49.8/263 4/14;29  4/20; 20 D105587 10q 134.7/144 2/18;11  5/24;21
D1S211 1p 54/263 1/19;5 0/26; 0 D10S1723 10q 134.9/144  0/15;0 1/23; 4
D1S305 1q 190.5/263 1/9; 11 1/22;5 D10S212 10qter 140.1/144  1/16; 6 3/26;12
D1S213 1q 246/263 0/16; 0 0/21;0 D115922 11pter 2.1/144 4/17;24  7/25;28
TPO 2p24 8.3/255 1/13; 8 0/11;0 D115988 11p 7.4/144 4/15;27  4/22;18
D2S330 2p 18.2/255 0/14;0 0/16; 0 D1151328 11q 119.1/144  0/12;0 1/17; 6
D25391 2p21-16 54.4/255 0/14; 0 0/20; 0 D12S372 12pter-p13 11.3/143 0/19; 0 0/26; 0
D2S362 2q 241.5/255  2/14;14 0/19; 0 D125391 12p 25.5/143  2/15;13 1/23; 4
D3S1768 3p24.22-22 32.9/214 2/18; 11 0/24;0 D12S78 12924 112.4/143  1/16; 6 2/17;12
D351298 3p 36/214 2/18; 11 2/22;9 D1251075 12qter 115.6/143  1/10;10  3/18;17
D3S1300 3p21 56.1/214 3/16;19 1/16; 6 D135137 13q14.3 49.6/114  3/12;25 6/14;43
D3S1262 3g27 201.8/214 1/18; 6 0/23;0 D135285 13934 112.1/114  0/13;0 0/19; 0
D45428 4p13 92.8/203 1/9; 11 1/18;5 D145261 14p 18.8/109 1/14;7 0/18; 0
D4s407 4q 150.2/203  5/12;42 3/18;17 D14S302 14q24.3-32.1 95.6/109  1/10;10  3/16;19
D45422 4q 172.1/203 1/19;5 1/26; 4 D14562 14q 98.1/109  5/15;33  3/18;17
D45192 4q25-34 171.6/203  3/14; 21 1/23; 4 D155165 15pter 22/106 2/10; 20 0/19; 0
D4S415 4q 194.1/203 1/18; 6 1/24; 4 D155120 15qter 77.1/106 0/18; 0 0/20; 0
D55392 5p 1.9/194 3/18;17 2/23;9 D165521 16p13.3 10.8/98 2/15;13 0/17;0
D5S644 5q 111.5/194 0/13;0 2/21;10 D165265 16021 73.2/98 2/16;13  3/20;15
D65344 6p 6.9/183 4/14;29  4/25;16 D175731 17p 11.2/92 6/15;40  6/22;27
D65292 6q21-23 159.4/183 1/18; 5 5/22; 23 PS31(P53) 17p13.1 31.3/92 5/8; 63 3/14; 21
D65471 6q 162.6/183 1/10;10  5/15;33 NF1 17911.2 43.8/92 0/9; 0 3/17;18
EGFR 7p12 58.8/171 2/17;12  10/26; 38 D18563 18pter-11.22 8.8/85 1/17;5 4/20; 20
D75466 7931 131.6/171 0/17;0 3/24;12 D18546 18q21.1 61.2/85 1/14;7 5/21; 24
D8S264 8p 4.8/155 1/15; 7 4/17; 24 D185474 18q 61.4/85 1/16; 6 3/23;13
D8S277 8p23.1 7.5/155 0/17;0 1/18; 6 DCC 18q 67.1/85 0/12;0 2/22;9
LPL 8p22 65.1/155 0/14;0 1/18; 6 D19S221 19p13.2 12.7/67 0/19; 0 0/26; 0
D85284 8g23 138.7/155 0/15; 0 0/23;0 D195601 199 60.2/67 9/12;75 6/17;35
D95157 % 17.5/145 5/15;33  11/22;50 D195254 19q13.4 62/67 6/13;46  6/19; 32
D95922 9q 88.8/145 0/15; 0 1/18;5 D20S186  20p12-p11.2 21.2/72 1/18;5 1/25; 4
D95290 9932-34.1 98.2/145 0/18; 0 1/22;5 D2151270 21q22 36.5/50 2/15;13  3/22;14
D105249 10p 5.3/144 3/16;19  9/18;50 D225929 22qg12.1 25.7/56 2/15;13  2/18; 11

AA, anaplastic astrocytoma; GBM, glioblastoma multiforme; TPO, thyroid peroxidase; NF, neurofibromatosis 1; EGFR, epidermal growth factor receptor; DCC, deleted in colorectal carci-

noma; LPL, lipoprotein lipase. Position indicates approximate location in megabases per whole. Denominator in AA and GBM columns represents informative cases. Loci with at least one

significant loss are denoted in boldface type.

Cytogenetic and LOH studies of malignant astrocy-
tomas have shown that chromosome loss is more wide-
spread in GBM than in AA (Fults 1996; von Deimling et al.,
1995). These observations support the hypothesis that inac-
tivation of multiple tumor suppressor genes located on dif-
ferent chromosomes is a driving force in astrocytoma
progression. Allelic deletions on 9p, 11p, 13q, and 19q are
equally prevalent in both AA and GBM, suggesting that
inactivation of tumor suppressor genes located in these
chromosomal regions precedes the formation of malignant
astrocytoma. By contrast, loss on chromosome 10 occurs
much more frequently in GBM than in AA, suggesting that
loss of tumor suppressor genes on chromosome 10 mediates
the transition from AA to end-stage GBM. GBMs have also
been observed to develop rapidly, seemingly without clinical
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or histopathologic precursors, particularly in older patients
(von Deimling et al., 1994). This observation, and the fact
that individual GBM cases vary with regard to the chromo-
some sites showing deletions, suggests that not all GBMs
arise by progressing through the AA stage. Some may arise
by alternative pathways that should be recognizable by a
different set of altered genes than are observed in AA.
Previous genetic studies of malignant astrocytomas have
identified regions of oncogene activation (most commonly
gene amplification of EGFR at 7p12) (Bello et al., 1994;
Bijlsma et al., 1994; Fischer et al., 1994; Leenstra et al.,
1994; Muleris et al., 1994; Schrock et al., 1996; von Deim-
ling et al., 1994) as well as tumor suppressor gene inactiva-
tion as defined by LOH. LOH has been reported in gliomas
at 9p (MTS1/CDKN2A and MTS2/CDKN2B), 13q (RB),
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11p, 17p (pS3/TP53), and 19q (Fults and Pedone, 1993;
Collins, 1995; von Deimling et al., 1994; Schlegel et al.,
1996; Debelenko et al., 1997; Kimura et al., 1996; Fults et
al., 1992b; Thiel et al., 1992; Li et al., 1997). GBM (and
other severe cancers) have been associated with the
MMAC/PTEN gene on 10q (Steck et al., 1995; 1997).

An important question remains: Are there as yet
uncharacterized LOH events that could serve as the sign-
posts for additional tumor suppressor genes involved in
the genesis or progression of malignant astrocytomas?
Polymerase chain reaction-based microsatellite markers
that detect polymorphisms within the abundant short tan-
dem repeats throughout the human genome have made it
possible to construct high-resolution genetic linkage maps
of human chromosomes. The resolution of these maps can
approach one centimorgan (Gyapay et al., 1994; Murray
et al., 1994). The high polymorphism information content
of microsatellite markers, as compared with earlier restric-
tion fragment length polymorphism markers, results in a
significantly greater sensitivity when attempting to detect
allelic imbalance in patient tumor DNA samples. We car-
ried out a comprehensive LOH analysis of 45 malignant
astrocytoma patients using highly informative microsatel-
lite markers for 70 distinct autosomal loci. We found sev-
eral previously unreported allelic deletions. These suggest
potential sites for novel tumor suppressor genes.

Methods
DNA Samples

DNA was prepared either from lymphoblastoid cell lines
or from resected brain tumors. Histopathologic grading
was based on the classification scheme of Burger et al.
(1985). Nineteen pairs of samples were from patients
with AAs, and 26 pairs of samples came from patients
with GBMs for a total of 45 sample pairs. Tumor resec-
tion was precise enough to ensure that 75% of the cellu-
larity of each sample was derived from the targeted
tissue. Cellular enrichment was about 90% in most sam-
ples. Tumor and lymphoblastoid cell line DNA samples
were prepared as previously described (Fults et al., 1990).

Polymerase Chain Reaction, Gels, and Quantitation
of LOH

Samples were independently evaluated for LOH at each
of the polymorphic markers. The antisense primer was
5’-radiolabeled in a standard polynucleotide kinase
reaction by 3,000 Ci/mmol [y**P]ATP at a molar ratio
of 18:1 ([y**P]ATP:Primer) (Steck et al., 1997). DNA
template (100 ng) was subjected to 30 cycles of poly-
merase chain reaction (denaturing at 94°C for 30 s,
annealing at approximately 55°C for 1 min, and exten-
sion at 72°C for 1 min) carried out in a 15-pl reaction
in a 96-well thermocycler. Amplified DNA was diluted
1:1 with stop solution (97% formamide, 1% EDTA,
0.1% bromophenol blue, and 0.1% xylene cyanol) and
denatured at 85°C for 2 min. Denatured DNA (3 ml
from each sample) was loaded onto a 7% denaturing
polyacrylamide (19:1 acrylamide/bis-acrylamide) gel

Fig. 1. Representative genetic data. A: Examples of allelic imbalance
(LOH). Cases U76, A4, and A19 show LOH for markers D175731,
D14S261, and D19S601, respectively. B: Example of amplification at
the EGFR locus in samples U71, U80O, and A18. Lower panels show
data for D95922, which was coamplified to normalize for variationin
template and thermocycler performance. N, normal; C, cancer.

containing 32% formamide and 34% urea and was
fractionated by gel electrophoresis for approximately
2.5 h at 60 W. Gels were transferred to filter paper, cov-
ered with plastic wrap, equilibrated with 10%
methanol/10% acetic acid solution, and dried. Dried
gels were exposed to X-ray film without an intensifying
screen (usually 16 h).

The markers used and their approximate chromoso-
mal locations are shown in Table 1. Details concerning
marker polymorphisms and sequence can be obtained
from the Genome Database (GDB™), formerly at The
Johns Hopkins University, now at the Hospital for Sick
Children in Toronto (Henson et al., 1994). The GDB
World Wide Web URL is http://gdbwww.gdb.org/.
Genetically informative samples showed two distinguish-
able alleles. The intensity ratio of the two allelic bands of
DNA from normal tissue relative to that from gliomas in
the same case was obtained from digitized data collected
with a phosphorimager and analyzed with the Molecular
Dynamics ImageQuant (Molecular Dynamics, Sunny-
vale, Calif.) software package. A conservative ratio of 1.5
was used to define LOH in this study. Our 75% target
cell enrichment was adequate to meet or exceed this ratio
in cases with pervasive LOH. Experiments were repeated
three times to validate the stability of the LOH pheno-
type. Microsatellite instability was not a major finding
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Fig. 2. Maximum observed LOH by chromosome arm. Upper bars represent anaplastic astrocytoma (AA), and lower bars represent glioblastoma
multiforme (GBM). Units are percent loss. The line demarcates 20 %, which was determined to be the threshold for statistical significance.

for these allelotyping studies. A total of two AA samples
(11%, 2 events each) and only 1 GBM sample (4%, 3
events) showed multiple microsatellite instability events,
and such cases were excluded from further analysis.
Quantitation of EGFR amplification was accomplished
by multiplexing EGFR primers with primers from chro-
mosomal loci known to show little or no LOH and of a
sufficiently different product size to allow for sufficient
resolution of both products.

Statistical Analysis

Empirical observations lead us to suspect a 20% LOH
rate at any given locus represented a significant, non-
background loss. To determine if there was statistical
significance to this observation, we used Fisher’s exact
test (Sokal and Rohlf, 1981) and compared loss rates
between frequently and infrequently lost loci in both
AA and GBM DNA sets. These analyses showed losses
of 20% and above to be highly significant. Because mul-
tiple tests of associations across the genome are
involved in each series analysis, the significance of a
given test is determined by Bonferroni’s experiment-
wise protected alpha value (Wallenstein et al., 1980) in
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addition to the conventional alpha value of 0.05. The
protected alpha value is obtained by simply dividing
0.05 by the number of tests involved in each series
analysis. The relation of each pair of marker loci with
respect to concordant allele loss rates (sharing of allele
loss at two marker loci by the same individual) in each
case was examined by Fisher’s exact test (two-sided)
using the statistical analysis package SAS (SAS Institute,
Cary, NC). As noted earlier, corrections for multiple
testing have been made.

Results

These studies investigated patterns of LOH in 19 patients
with AA and 26 patients with GBM by using 70 autosomal
genetic markers spaced at an average of 50 centimorgans
across the 22 autosomes. Table 1 indicates the markers
tested, approximate genetic locations, and observed LOH
(expressed as a percentage of informative patients). Fig. 1
shows representative autoradiographic data. Statistical
analysis between the loci showing maximum and minimum
genetic changes by chromosome arm was performed for
both AAs and GBMs. The significance of loss rates was



E.C. Wooten et al.: LOH in anaplastic astrocytoma and glioblastoma multiforme

Table 2. Loss of heterozygosity by marker and cancer type at the most frequently lost loci

AA series GBM series
Marker % Loss P value % Loss P value
D1S255 (1p) 29 0.0189 20 0.1027 (NS)
D45407 (4q) 42 0.0014* 17 0.2202 (NS)
D6S344 (6p) 29 0.0189 16 0.2765 (NS)
D65471 (6q) 10 0.5435 (NS) 33 0.0089
EGFR (7p12) 39 0.0003* 38 0.0001*
D8S264 (8q23) 7 1.0000 (NS) 24 0.0628 (NS)
D9S157 (9p) 33 0.0044 50 <0.0001*
D10S5196 (10q) 0 0.6281 (NS) 54 <0.0001*
D115922 (11pter) 24 0.0371 28 0.0061
D115988 (11qter) 27 0.0242 18 0.1343 (NS)
D13S137 (13921) 25 0.0586 43 0.0010*
D14S62 (14q) 33 0.0044 17 0.2202 (NS)
D155165 (15pter) 20 0.1734 (NS) 0 0.4013 (NS)
PS31 (P53) (17p13.1) 63 0.0001* 21 0.1282 (NS)
D175731 (17qter) 40 0.0006* 27 0.0123
D18546 (18g21.1) 7 1.0000 (NS) 24 0.0376
D19S601 (19q) 75 < 0.0001* 35 0.0031

AA, anaplastic astrocytoma; GBM, glioblastoma multiforme; NS, not significant; EGFR, epidermal growth factor receptor.

The loci listed were those with >20% allele loss rates either in AA or GBM. The significance of allele loss rates was determined by Fisher's exact test (two-sided). Each test examined

whether the observed allele loss rate at a given locus differed from the empirical background allele loss rate <20%. In fact, the background rate was computed to be the average of the

allele loss rates <20% at all loci examined for this study, excluding the above 17 markers.

*Significant after correction for multiple testing (P = 0.05/17 = 0.0029).

determined by Fisher’s exact test (two-sided). The back-
ground rate of loss was determined to be <20% at all loci
examined for this study (Table 2). Therefore, all losses of
20% and above are highly significant (P = 0.0029).

The chromosome arms exhibiting nonrandom LOH
at significant frequencies (= 20%) are listed in Table 1 in
boldface type. Approximate megabase location is
included for every locus, and chromosomal band loca-
tion is also given (where possible). Locus band and
megabase location is available from the Genome Data-
base (GDB) (Henson et al., 1994) at the World Wide Web
URL http://gdbwww.gdb.org/. Approximate chromoso-
mal sizes are used as defined by Newton E. Morton
(1991). Fig. 2 summarizes the peak observed LOH by
chromosome arm as AA- and GBM-specific histograms.
Amplification of the EGFR region at 7p12 was observed
in 12% of AA samples and 38% of GBMs.

We compared LOH test results in the patient groups
with AA and GBM for loci showing an LOH frequency
220% (Table 2). When compared in this way, three dis-
tinct groups of chromosomal loci became apparent. In
the first group—D9S5157 (9p), D115922 (11p), D13S137
(13q), D17S731 (17q), and D19S601 (19q)—the fre-
quency of LOH was significantly above background in
patients with AA and patients with GBM. In the second
group—D6S471 (6q), D8S264 (8p), D10S249 (10p),
D10S196 (10q), and D185S46 (18q)—LOH was signifi-
cant only in patients with GBM. In the third group—
D1S243 (1p), D1S255 (1q), D4S407 (4q), D6S344 (6p),
D11S988 (11q), D14S62 (14q), TPS3 (17p), and
D19S601 (19q) —the frequency of LOH was significantly
higher in patients with AA.

To identify any pairs of concomitantly lost markers,
we examined CALR at pairs of markers by cancer type
(Table 3). Three primer pairs—D4S407-D17S731,
D6S344-D13S137 (in AAs), and D85264-D11S922 (in
GBMs)—showed evidence of nonrandom CALR, but
became nonsignificant (although borderline) when cor-
rected for multiple testing. These observations, although
nonsignificant, are strengthened by the fact that intra-
chromosomal pairs D115922-D11S988 and PS31(P53)-
D17S731 showed CALR of a similar magnitude.

Discussion

Data from our comprehensive LOH analysis of the AA
and GBM panels support previous findings in the field
and identify several potential chromosomal locations for
novel tumor suppressor genes. Overall, the present study
revealed higher LOH frequencies than reported previ-
ously in an allelotype analysis of malignant astrocytoma
that used restriction fragment length polymorphism
markers (Fults et al., 1990).

We report amplification at the EGFR locus. Our find-
ings are in agreement with previous reports of high levels
of amplification (38%) in GBMs coupled with lower
amplification levels (12%) in AAs. Several groups (Leen-
stra et al., 1994; Reifenberger et al., 1996; von Deimling
et al., 1992a) have attempted to classify gliomas based on
EGFR amplification, LOH status at 17p (p53), and LOH
at chromosome 10. We report increasing EGFR amplifi-
cation with increased LOH at chromosome 10 in GBMs,
which correlates well with previous studies. AAs show
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Table 3. Concordant allele loss rates at pairs of marker loci by cancer
type significant at 5% level

AA-series GBM-series
Marker pair® % CALR  Pvalue® % CALR P value®
D4S407-D175731 44.4 0.0079 — —
D6S344-D13S137 33.3 0.0476 — —
D115922-D115988 21.4 0.0028 13.6 0.0458
D85264-D115922 — — 17.6 0.0223
PS31(P53)-D175731 — — 23.1 0.0035

CALR, concordant allele loss rates; AA, anaplastic astrocytoma; GBM, glioblastoma
multiforme.

*Marker loci with >20% allele loss rates in either series. The relationship between each
pair of marker loci with respect to concordant allele loss rates in each case series was
examined by Fisher's exact test (two-sided).

°The above reported significant results become nonsignificant when correction for multi-
ple testing per marker is taken into consideration (P = 0.05/16 = 0.0,031) in each case
series, except the marker pair D115922-D115988 for the AA-series and PS31(P53)-
D175731 for the GBM-series.

lower losses on chromosome 10 and low amplification of
EGFR, coupled with high losses at 17p, again in agree-
ment with previous studies.

As expected, we found high frequency LOH on chro-
mosome arms containing tumor suppressor genes with
known involvement in astrocytomas. These genes
include MTS1/CDKN2A and MTS2/CDKN2B (9p),
PTEN/MMACI1 (10q), DMBT1 (10q), RB (13q), and
TP53 (17p) (Frankel et al., 1992, Fults et al., 1992a,
Henson et al., 1994, Kamb et al., 1994, Jen et al., 1994,
Li et al., 1997, Steck et al., 1997).

Additionally, we found significant LOH frequencies at
loci (6p, 10p, 11p, 14q, 17q, and 19q) where allelic dele-
tions were reported previously in human gliomas, but
where the putative tumor suppressor gene has not yet
been identified (Fults et al., 1990, 1992b; Liang et al.,
1994; von Deimling et al., 1992b). Several markers
yielded novel observations. Marker D1S255 showed
approximately 24% LOH in both AAs and GBMs. LOH
on 1p has not been reported in gliomas at these levels.

Two markers showed high losses in GBMs but not in
AAs. Marker D65471 on 6q showed 33% LOH and
marker D18546 showed 24% LOH in GBMs. This data
suggests that losses of tumor suppressor genes on 6q and
18q may be involved in the formation of GBMs. The fact
that LOH at these two loci was 10% or less in the AA
series suggests that these putative genes, like the previ-
ously described genes on chromosome 10, are terminal
genetic events associated with end-stage GBM.

In several instances we found high rates of LOH in
AAs coupled with lower LOH rates in GBMs, suggest-
ing a specific involvement of these regions in the devel-
opment of astrocytomas. Markers D45407 (4q) and
D14S62 (14q) showed higher LOH rates in AAs than in
GBMs. This pattern of LOH may have important ram-
ifications with regard to the controversy surrounding
the genesis of AAs. Similar observations have been pre-
viously reported for chromosomes 17p (p53) and 19q
(Campomenosi et al., 1996; von Deimling et al.,

1992b).
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Clinically, gliomas present in two ways. GBMs often
arise de novo, without apparent progression from less
malignant precursors, particularly in elderly patients. In
younger patients, the more frequent observation is that of
GBMs progressing from less malignant tumor pheno-
types by stepwise progression through increasingly
malignant tumor stages, often in spite of treatment.
These observations have led to two models for the pro-
gression of malignant gliomas. One model holds that a
series of discrete losses to specific tumor suppressors or
gains at oncogenic loci leads through a pathway begin-
ning with a normal cell and progressing through a serial
evolution of increasingly malignant phenotypes, which
ultimately results in GBM (von Deimling et al., 1995).
The rapid growth of GBMs as compared with astrocy-
tomas could explain the observations of seemingly spon-
taneous GBMs. One could imagine a subclinical
astrocytoma that progresses to a rapid GBM tumor, caus-
ing the histopathologic evidence of the preceding astrocy-
toma to be unclear or otherwise obfuscated. The second
model maintains that AAs and GBMs arise from a lesion-
specific pattern of genetic damage. The observation of
what appears to be tumor progression in a patient would
actually be the result of the two forms arising from inde-
pendent clones of transformed cells, each tumor foci hav-
ing followed its own, presumably unique, pathway.

Analysis of our data suggests that these two clinical
models are not mutually exclusive and that there are
three types of loci involved in glioma evolution. First are
loci that are probably involved in early events of the evo-
lution of AAs or GBM, typified by significant rates of
LOH in both types of lesions (7p amplification, 9p, 13q,
11p, and 17q). Suppressor genes at these sites are proba-
bly involved in both AAs and GBMs, and their inactiva-
tion during the progression of the tumor most likely
precedes the AA stage. The second class consists of loci
that appear to be AA-specific, typified by patterns where
LOH frequency is significantly higher in AAs than in
GBMs (1p, 1q, 4q, 6p, 11q, 14q, 17p, and 19q). The low
levels of loss at these loci in GBMs may indicate that our
GBM cases comprised a mixed population of tumors.
Some may have progressed from less malignant astrocy-
toma stages, while others may have arisen by the de novo
pathway. Alternatively, loss of these AA-specific loci may
define a subset of AAs that do not progress to the GBM
stage, or do so rarely. The third class of loci are those that
appear to be GBM-specific. These are typified by signifi-
cant rates of LOH in GBMs but not in AAs (6q, 8p, 10,
and 18q). Genetic damage at these loci could either lead
to de novo GBMs or permit existing AAs from the first
two categories to progress into GBMs. Some investiga-
tors have tried to use GBM-specific loci to subclassify
these two types of GBMs (von Deimling et al., 1993).

Using analysis of CALR, we hoped to discern any
inter-relationships between pairs of loci and apparent pre-
disposition to AAs, GBMs, or both. While several loci
were found to be concordantly lost, these results become
nonsignificant when corrected for multiple testing (Table
3). These findings gain importance when taken together
with the CALR rates between loci on the same chromo-
some (chromosomes 11 and 17). Although these rates are
not biologically significant, they serve as evidence that our
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methodology is sound and raise the possibility that the
interchromosomal pairs (D45407-D175731 and D6S344-
D13S137) that are lost at similar rates could prove signifi-
cant with a larger pool of samples from which to draw.
Likewise, other primer pairs could emerge as significant
targets for CALR with a larger pool of tested loci.

Our observations are consistent with the notion of an
interrelated but potentially independent genetic evolu-
tion of gliomas. The widespread, nonrandom chromo-

some loss we observed in malignant astrocytomas indi-
cates that the number of tumor suppressor genes
involved in human gliomas exceeds that currently
known. The novel chromosome deletion sites we report
here may serve as targets for higher resolution deletion
mapping studies and future positional cloning projects
to identify novel tumor suppressor genes. These genes
may serve as targets for future treatments for patients
with this lethal form of cancer.
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