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Cytogenetic and molecular genetic studies of glioblastoma
multiforme (GBM) have shown that the most frequent
alterations are gains of chromosome 7, losses of 9p loci
and chromosome 10, and gene ampli�cation, primarily of
the epidermal growth factor receptor (EGFR) gene.
Although this pro�le is potentially useful in distinguishing
GBM from other tumor types, the techniques used tend to
be labor intensive, and some can detect only gains or
losses of genetic loci. Comparative genomic hybridization
(CGH) is a powerful technique capable of identifying both
gains and losses of DNA sequences. The present study
compares the CGH evaluation of 22 GBM with classic
cytogenetics, loss of heterozygosity by allelotyping, and
gene ampli�cation by Southern blot analysis to determine
the reliability of CGH in the genetic characterization of
GBM. The CGH and karyotypic data were consistent in
showing gain of chromosome 7 accompanied by a loss of
chromosome 10 as the most frequent abnormality, fol-
lowed by a loss of 9p in 17 of 22 GBM cases. Loss of het-
erozygosity of chromosomes 10 (19/22) and 9p (9/22)
loci con�rmed the underrepresentation by CGH. Genomic
ampli�cations were observed by CGH in 5 of the 10 cases
where gene ampli�cation was detected by Southern blot
analysis. The data show that CGH is equally reliable,
compared with the more established genetic methods, for
recognizing the prominent genetic alterations associated
with GBM and support its use as a plausible adjunct to

glioma classi�cation. Neuro-Oncology 2, 164-173, 2000
(Posted to Neuro-Oncology [serial online], Doc. 00-015,
June 20, 2000. URL <neuro-oncology.mc.duke.edu>)

The most malignant and common astrocytic neo-
plasm is GBM.2 Due to its large size and accessibil-
ity by surgical resections, it has been exhaustively

studied over the years, and consistent genetic alterations
have been identi�ed using various techniques. Classic
cytogenetic studies have reported a gain of chromosome 7
accompanied by a loss of chromosome 10 in more than
60% of GBM samples and a net loss of 9p loci usually
resulting from chromosomal rearrangements in 30% of
the tumors (Bigner et al., 1988a, 1990). Moreover, gene
ampli�cations represented by double minutes were
reported in approximately 50% of glioblastomas (Bigner
et al., 1990, 1998). Southern blot analyses have shown a
positive correlation between the double minutes and
EGFR gene ampli�cation, implicating involvement of this
gene in the etiology of the disease (Bigner et al., 1987).
LOH studies have corroborated the cytogenetic �ndings
of a reduction of chromosomes 9 and 10 loci (Bello et al.,
1994; Fults et al., 1990; James et al., 1988; Olopade et al.,
1992; Rasheed et al., 1992). Subsequent mutational
analyses identi�ed homozygous deletions and other muta-
tions in speci�c genes, including phosphatase and tensin
homolog (PTEN, 10q23) and cyclin kinase-dependent
inhibitor-2 (CDKN2, 9p21) (Giani and Finocchiaro;
1994; Jen et al., 1994; Li et al., 1997; Rasheed et al.,
1997; Steck et al., 1997; Ueki et al., 1994; Walker et al.,
1995; Wang et al., 1997). Combined, these data provide a
genetic pro�le of GBM that is distinct from lower grade
astrocytomas and oligodendrogliomas.

Despite the wide acceptance of the World Health
Organization grading system, histologic complexity and
heterogeneity of brain neoplasms have often made classi-
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�cation subjective and controversial within and between
different tumor types. Known genetic alterations can be
used to aid in classi�cation. However, the methodologies
used to obtain the genetic data tend to be cumbersome
and time consuming and can be difficult to interpret,
making them inef�cient for routine tumor classi�cation.
Therefore, using another technique that recognizes dis-
tinct genetic patterns among different histologic grades
would be clearly bene�cial in brain tumor characteriza-
tion. CGH is such a technique that detects numeric
changes in genomic DNA (Kallioniemi et al., 1992,
1994). The fidelity and accuracy of CGH have been
proven by the invariable detection of DNA sequence
copy number alterations in a variety of tumors, including
those of the CNS (Bigner et al., 1999; Kallioniemi et al.,
1992, 1994; Kros et al., 1999; Schrock et al., 1994; Wilt-
shire et al., 1995; Zitzelsberger et al., 1997). CGH results
have shown a reasonable correlation with the simple
karyotypes usually found with hematologic neoplasia
(Bentz et al., 1995; Gribble et al., 1999; Karhu et al.,
1997; Larramendy et al., 1998; Wilkens et al., 1998,
1999). However, few studies have been reported directly
comparing CGH pro�les with more complex karyotypes
of solid tumors or molecular genetic analyses of solid
tumors (Bigner et al., 1999; Persson et al., 1999). Thus
far, it has been demonstrated that CGH can ef�ciently
detect numeric genomic imbalances in neoplasms, but the
possibility of using CGH as a diagnostic tool for analyz-
ing solid tumors has not been suf�ciently explored.

In an effort to evaluate the diagnostic potential of
CGH in assisting histologic brain tumor classi�cation, we
directly compared CGH data with that obtained from
independent studies using established genome scanning
techniques on a series of 22 GBM biopsies. The CGH
patterns were consistent with published reports and cor-
related with conventional cytogenetic and molecular
genetic studies on the most frequent chromosomal
changes. In conclusion, this report demonstrates that
CGH is an ef�cient tool that provides a simple recogniz-
able pattern of prominent genetic alterations for glioblas-
tomas and supports its utility for helping to classify
neoplasms of the CNS.

Materials and Methods

Tumor Samples

A series of adult brain tumors that were routinely
resected and histologically characterized according to
World Health Organization classi�cations (Kleihues et
al., 1993a, 1993b) were collected and examined. Twenty-
two tumors were classi�ed as GBM, including 1 variant
gliosarcoma (Table 1). A portion of each tumor was cul-
tured shortly after being resected and analyzed for cyto-
genetic alterations. The remaining portion of the
specimens was preserved in liquid nitrogen and stored at
–135oC. Examination of cryostat sections con�rmed that
each sample had at least 70% neoplastic cells. The DNA
was extracted from the frozen blocks according to con-
ventional procedures and examined with molecular
genetic techniques and CGH.

Cytogenetic Analysis

Cells from a portion of each freshly resected tumor were
grown in short-term culture and examined for cytoge-
netic alterations as previously described (Bigner et al.,
1988a). Brie�y, the tumor biopsies were cultured from 1
to 16 days prior to karyotypic analysis. The modal num-
ber of each case was calculated from a numerical exami-
nation of approximately 30 cells, and a composite
karyotype was discerned from the examination of at least
3 karyotypes (Table 1). Karyotypes for cases H311,
H315, H332, and H342 were previously published
(Bigner et al., 1988a), but were reevaluated for this study.
The cytogenetic designations conformed to the ISCN
1995 notations (Mitelman, 1995).

Molecular Genetic Analyses

DNA was extracted from the frozen tumor biopsies and
studied for LOH and gene ampli�cation. As previously
described, a series of 200 PCR allelotype microsatellite
markers, spaced an average distance of 25 centimorgans
and spanning the autosomes, were selected for the LOH
analysis (Blaeker et al., 1996). Loss of an ampli�ed band,
or at least a 50% visual reduction in band intensity of the
tumor DNA compared with the patient’s normal DNA,
indicated hemizygosity. The association of LOH with 1
primer set was suf�cient to indicate a loss of the chromo-
some arm. More comprehensive chromosome 10 LOH
studies were previously performed on these samples
(Rasheed et al., 1992, 1994, 1995). However, in reevalu-
ating the cases for this study, fewer chromosome 10 PCR
microsatellite primers were used. The samples were also
tested with conventional Southern blot analysis for
known gene amplifications, including EGFR, GLI,
MDM2, CDK4, and MYC. The data from this analysis
have already been reported for all of the samples except
the CDK4 analysis (Rasheed et al., 1994, 1997).

Comparative Genomic Hybridization

The samples were assayed for DNA sequence copy num-
ber alterations using CGH (Kallioniemi et al., 1992,
1994). The procedure was carried out according to the
Vysis protocol (Vysis, Downers Grove, Ill.). Brie�y, 1 µg
of tumor DNA extracted from the frozen portion of the
specimens was labeled with SpectrumGreen dUTP,
whereas 1 µg of normal male or female peripheral blood
DNA was labeled with SpectrumRed dUTP by nick
translation. Approximately 400 ng of each labeled DNA
and 10 µg of human Cot-1 DNA were hybridized to nor-
mal metaphase spreads prepared from an Epstein-Barr
virus–transformed lymphoblast cell line. The hybridized
metaphases were washed, counterstained with 0.1 µg/ml
4,6-diamino-2-phenylindole (DAPI) in an antifade solu-
tion, and viewed on a Zeiss Axioplan microscope
equipped with 4,6-diamino-2-phenylindole, �uorescein
isothiocyanate, and Texas Red fluorescent filters
(Chroma Technology, Brattleboro, Vt.). Images were
captured with the SmartCapture software, and at least 6
metaphases were analyzed with the Quips XL image
analysis program (Vysis, Downers Grove, Ill.). An aver-
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age ratio pro�le of green-to-red signal intensities was
plotted along the length of each chromosome, and val-
ues of 0.85 and 1.20 indicated loss and gain of DNA
sequences, respectively. Pro�le ratios of 1.20 were con-
sidered simple gains, and those 1.45 and higher were
suggestive of high-level gain and amplified DNA
sequences. Amplification was implied in profiles with
sharp rising peaks relative to the rest of the chromoso-

mal profile. Gains and losses detected solely at cen-
tromeric, heterochromatic, and telomeric regions are
unreliable due to incomplete blocking of the repetitive
sequences by Cot-1 DNA and inconsistent hybridiza-
tions at the ends of the chromosomes  (Kallioniemi et al.,
1994). These regions were excluded on a case-by-case
basis after a careful examination of the metaphase chro-
mosomes and signal intensities. 

Table 1. Comparison of cytogenetic and comparative genomic hybridization analyses

Comparative genomic hybridization

Case Sex/
H# age Composite karyotype Gains Losses

311 F/53 44-47,XX,add(5)(q35),+7,-10,-11,-16,-18,+19,+20,1~3mar[cp7]/NIa, 7pd,19p,20p 9pd,10pd,10qd

20~100dmin[cp4]

315 M/69 NI 7 10q,13,14,18

332 F/68 NI,1~10dmin[cp4] 1pd,2qd,5qd,7e,8qd,12qd 6,8pd,10,11qd,
13qd,16,19,22

342 M/62 46,XY[cp5] 3qd 1qd,13qd

365 F/67 44-46,XX,+dic(1;9)(p21;p21),add(2)(p21),+7,-8[4],-9,-10[cp12] 1q,7,Xqd 10

368 M/67 69-71,XXY,+1,+2,-6,+7,+7,+7,-8,-9,-10,-11,+12,-14,-15,-16,-17,+1-7 2p,2qd,7c 6,8,9,10,11,14,
mar[cp4] 15qd,16,17qd,Y

395 F/60 47-50,XX,+5,+7,-8,der(8)t(8;9)(q13;q12),-9,der(9)t(9;14)(p13;q13), 7pd,7q,12pd,12qd 9p,16q,21,X
-10,+12,-14,-15,-16,-17,+der(19)t(19;?)(q13.3;?),+20,+mar1-2[3],
+1-6mar[cp7]

397 M/53 44-46,XY,del(2)(q33),add(4)(p16),+7,del(9)(p13),der(11)t(11;14)(p15; 7e,17pd,17qd 9pd,10,11,22
q13),-13,-14,-14,-15,-17,add(17)(p13),+mar1,+1-5mar[cp6]

398 M/75 45,XY,del(6)(q23),+7,del(9)(p13),-10,-13,~3dmin[cp6]/45,X,-Y[cp3] 7p,7qd 1pd,6qd,9pd,9qd,
10,13,16p,17p,
19,22,Xpd, 
Xqd,Y

399 M/62 NI 18qc Y

409 M/57 48-50,XY,+Y,+7,-10,del(10)(p11.2)[3],+19,+20,+2-5mar,dmin[cp9] 7,20,Y 1pd,9qd,10,17

423 M/51 NI,3~15dmin[cp6] 5pd,5qd,7pd,7qd,11,13qd 1pd,10,Y
17p,17qd

450 M/64 46,XY[cp5]/45-44,X,-Y[cp4]/45-47,XY,der(6)t(2;6)(q21;q27),+7,-10, 2qd,7e,20qd 10,14,17,Y
20~100dmin[cp4]

457 M/39 46,XY,+7,del(9)(p13),-10,10~30dmin[cp3] 7pe,d,7q 9p,10,22,Y

471 F/81 45,X,-X[cp4] 7 5qd

475 F/59 46, XX [cp5] 7pd,7qd 9,10,14qd,16q

493 F/60 45,X,-X[cp4]/46,XX,[cp4] 7e,13qd,14qd,20pc,20q 1pd,3p,3qd,6,
9p,10,16,19

509 M/63 46,XY,+Y,add(4)(p16),+7,-10,del(11)(q13),-13,-16,-17,-17,-18,+21, 5qd,7,20p,Y 1pd,10,11,13,
+22,+mar[cp4] 17pd,17q,22

534 M/63 44,XY,-6,+7,der(9)t(6;9)(p21.1;p21),-10,der(12)t(12;?)(q13;?),-13,-15, 7,12qd 6qd,9pd,10,12qd,
+mar1[cp9] 13qd,15

542 F/45 NI 9pd,12qd 1pd,19

566 M/69 42-47,X,-Y[3],-4,der(6)t(6;?)[2],+7,del(9)(p21),-10,-13,-15[4],-17, 1qd,5qd,7pd,7qd,20p 1pd,10,17,19,22
5~16dmin[cp8]

502b M/77 47,XY,-1,del(2)(p21),+der(5)t(5;?)(q35;?),del(6)(q21),der(8)t(7;8) 1qd,6qd,7pd,7qd,8qd 6pd,8p,9pd,11qd

(q11.23;q24.3),der(9)t(8;9)(q22;p22),del(9)(p22),der(17)t(1;17)
(q31;q11.2),+20,[cp3]/91-94,XX,-Y,-Y,-1,-1,del(2)(p21)x2,+der(5)
t(5;?)(q35;?)x2,del(6)(q21)x2,der(8)t(7;8)(q11.23;q24.3)x2,der(9)t
(8;9)(q22;p22)x2,del(9)(p22)x2,der(17)t(1;17)(q31;q11.2)x2,+20,
+20,+mar1[cp6]

Bold type indicates similar numeric alterations detected by cytogenetic and comparative genomic hybridization analyses. 

aMetaphase spreads were not informative.

bGliosarcoma.

cHigh level gain of DNA sequences.

dPartial gain and loss of chromosome arms.

eComparative genomic hybridization ampli�cation including the EGFR locus.
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Results

Cytogenetic Analysis

Short-term cultures of the 22 tumor biopsies were stud-
ied for chromosomal alterations. Abnormal karyotypes
were obtained from 15 (68%) cases, whereas 2 tumors
showed normal karyotypes and 5 were not informative
for analyzable metaphase spreads (Table 1). The aber-
rant karyotypes showed a complex array of near-diploid
to hypertetraploid clonal populations with various
numerical and structural abnormalities. A net gain of
chromosome 7 (13/15), followed by net losses of chro-
mosomes 10 (11/15) and 9 (9/15) were the most fre-
quent cytogenetic aberrations associated with these
tumors (Tables 1 and 2). Further scrutiny of the compos-
ite karyotypes revealed that gain of the entire chromo-
some 7 was accompanied by loss of the entire
chromosome 10 in 11 of the gliomas. No consistent
structural rearrangements or partial gains or losses were
observed with these chromosomes. On the other hand,
chromosome 9 was involved in both numerical and
structural alterations. Loss of the entire chromosome 9
was identi�ed in 2 cases, whereas structural alterations
were found in 8 (Table 1). The alterations resulted
mainly in a net loss of 9p sequences, and consistent

breakpoints involving chromosomal bands 9p13 and
9p21 were observed in 4 and 3 cases, respectively. The
smallest common region lost was 9pter®p22, seen in
case H502 (Table 1). The other cytogenetic alterations
were far less common. Loss of chromosomes 13, 15, and
17 was seen in 5 cases each, whereas loss of chromo-
some 16 and gain of chromosome 20 sequences was
found in only 4 cases. No alterations involving chromo-
some 3 were detected, and aberrations involving the
remaining chromosomes appeared in no more than 20%
(3/15) of the abnormal cases. Loss of chromosome X
was recorded as the sole abnormality in the 2 remaining
cases with aberrant karyotypes. Irrespective of analyz-
able metaphases, double minutes were detectable in
36% (8/22) of the samples (Table 1).

Molecular Genetic Analysis

All 22 samples were informative for the microsatellite PCR
markers. The most frequent LOH was associated with
chromosome 10 in 19 (86%) of the 22 GBM samples; 5 of
these cases depicted LOH exclusively on 10q (Fig. 1).
Chromosome 9 had the second highest LOH frequency in
this study, with 12 (54%) samples showing hemizygosity,
primarily on the short arm (Fig. 1 and Table 2). LOH was
detected on chromosomes 6, 22, and the short arm of

Table 2. Summary of most frequent numerical alterations and gene ampli�cations

Case No. Karyotypes CGH LOH Gene ampli�cation

H311 +7, –10, dmin +7pd,–9pd,–10pd,–10qd 10 EGFR

H315 NIa +7, –10q 9q,10q naf

H332 NI, dmin 7e,–10 10 EGFR

H342 Normalb — 10 na

H365 +7, –9, –10 +7,–10 9p,10q na

H368 +7, –9, –10 +7, –9,–10 9,10 na

H395 +7, –9p, –10 +7pd,+7q,–9p 9p,10q na

H397 +7, –9p +7e,9pd,10 9p,10 EGFR

H398 +7, –9p, –10, dmin +7p,+7qd,9pd,10 10q na

H399 NI — — na

H409 +7, –10, dmin +7,–10 9p,10 EGFR

H423 NI, dmin +7pd,+7qd,–10 9,10 GLI

H450 +7, –10, dmin +7e,–10 9p,10 EGFR

H457 +7, –9p, –10, dmin +7pd,e,+7q,–9p,–10 9p,10 EGFR

H471 —c +7 10 na

H475 Normal +7pd,+7qd,–9,–10 9,10q na

H493 — +7e,–9p,–10 9p,10 EGFR

H509 +7, –10 +7,–10 10 na

H534 +7, –9p, –10 +7,–9pd,–10 9p,10 CDK4, MDM2

H542 NI — — na

H566 +7, –9p, –10, dmin +7pd,+7qd,–10 10 MYC

H502 –9p +7pd,+7qd,–9pd — na

aMetaphase spreads were not informative.

bNormal karyotypes were obtained.

cAlterations other than +7, –9, and –10 were detected.

dPartial gain or loss of chromosome arms.

eCGH ampli�cation including the EGFR locus.

fNo ampli�cation detected.
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chromosome 2 in 7 (32%) biopsies. The reduction of 1
allele was consistently seen with the remaining autosomes
in no more than 6 (27%) samples (Fig. 1).

The tumors had previously been investigated for gene
ampli�cations, using speci�c gene probes against South-
ern blots (Rasheed et al., 1994). Brie�y, ampli�cations
were detected in 10 (45%) of the tumors (Table 2). The
EGFR gene was amplified in 7 of these GBM cases,
whereas the GLI and MYC genes were solely ampli�ed in
H423 and H566, respectively. The remaining case,
H534, had coampli�cations of MDM2 and CDK4.

Comparative Genomic Hybridization

The same DNA used for the molecular analyses was
examined by the CGH protocol for copy number alter-
ations. Similar to the karyotypic and microsatellite analy-
ses, the CGH pro�le composite revealed the highest copy
number changes on chromosomes 7 and 10, followed by
the short arm of chromosome 9 (Table 1 and Fig. 2).
First, an overrepresentation of chromosome 7 sequences
was seen in 86% (19/22) of the samples, and in 10 cases
this involved the entire chromosome. One case, H368,
revealed a high-level gain of chromosome 7. The smallest
consistent region of simple gain was localized to
7q32®q34 (Fig. 2). Ampli�cation spanning the chromo-
somal region 7p15®q11 was detected in 5 cases, and the

smallest region was limited to 7p13®p10 (Table 1 and
Fig. 2). Second, all but 3 cases, H395, H471, and H502,
with a gain of chromosome 7 loci, were associated with a
loss of the entire chromosome 10 (Fig. 2 and Table 1).
The smallest overlapping region of loss was 10q10®q22
(Fig. 2). Third, underrepresentation of chromosome 9
and 9p loci was recorded in 45% (10/22) of the GBM
samples, with 9p21 as the smallest common region lost
(Table 1 and Fig. 2).

Numeric changes of DNA sequences were seen on the
other autosomes at lower frequencies. Underrepresenta-
tion of chromosomes 1p and 22 sequences were each
detected in 7 (32%) GBM samples, whereas loss of the
remaining loci were observed in no more than 6 cases
(Table 1 and Fig. 2). The second most commonly gained
region was on chromosome 20 in 6 GBM cases. Further-
more, a high level of gain was discovered on the long arm
of chromosome 18 in case H399, and on 20p in H493
(Fig. 2). Few changes were detected with the X chromo-
some, but 43% (6/14) of the male GBM patients indi-
cated a loss of the Y chromosome (Fig. 2).

Comparison of Cytogenetic, CGH, and Molecular
Genetic Results

Data from these independent studies revealed consistent
chromosomal alterations in each case. As depicted in

Fig. 1. Summation of microsatellite analysis of 22 glial tumors. GBM, glioblastoma multiforme; GS, gliosarcoma. Solid squares, loss of heterozy-
gosity was detected for multiple PCR markers; shaded squares, loss of heterozygosity was detected for 1 PCR marker; white squares, no loss of
heterozygosity was detected.
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Table 1, 87% (13/15) of the cases with complex aberrant
karyotypes had at least 2 numerical alterations in com-
mon with the CGH pro�les. For example, the cytoge-
netic alterations in H457, +7, del(9)(p13), –10, were also
detected by CGH (Fig. 3). Similarly, 73% (11/15) of the
karyotypes detected at least 2 deletions consistent with
the LOH data. Finally, 82% (18/22) of the GBM cases
had the same chromosomal losses detected by both LOH
and CGH, an average of 3 common deletions per case.

Specific comparisons showed that samples with a
cytogenetic gain of chromosome 7 (13/22) also depicted
an overrepresentation of the chromosome by CGH
(Table 2). Additionally, CGH detected a gain of chromo-
some 7 sequences in 7 other cases that were either not
informative for karyotypic analysis, had normal kary-
otypes, or showed a missing X chromosome as the only
alteration (Table 2). The 11 cases with cytogenetic loss of
chromosome 10 also had LOH for 10 and 10q loci,
whereas 10/11 showed loss by CGH. Of the 5 cases with-
out analyzable metaphase chromosomes, 3 depicted loss
of these loci by LOH and CGH, but the other 2, H399
and H542, were equally noninformative (Table 2). LOH
for chromosome 10 or 10q loci was observed in 5 of the
6 remaining karyotypes that did not show a loss of chro-
mosome 10 material, and CGH detected underrepresen-
tation in 3 cases (Table 2). Loss of chromosome 9 or 9p
loci was seen in 9 cases by cytogenetic analysis. Five of
these cases were corroborated by both CGH and LOH,
whereas 2 (H398, H502) were consistent with CGH and
1 (H365) with LOH alone. The remaining case, H566,

revealed loss of 9p exclusively by karyotypic analysis
(Table 2). Both CGH and LOH analyses identi�ed loss of
chromosome 9 loci in 2 cases, H475 and H493, that did
not show loss by cytogenetics. On the other hand, loss of
9p was observed in H311 solely by CGH, and 4 other
cases (H315, H409, H423, and H450) only showed
LOH for chromosome 9 loci (Table 2). In total, 10 cases
showed underrepresentation of 9p by CGH, and 12 cases
showed hemizygosity by LOH compared with the 9 com-
posite karyotypes with a net loss of 9p loci.

Seven of the 8 cases with double minutes had ampli�-
cation of the EGFR (5 cases), MYC (1 case) and GLI (1
case) genes (Table 2). Three of the 4 cases (H332, H450,
and H457) with EGFR ampli�cation and double minutes
also showed a sharp CGH pro�le peak in the region cor-
responding to the location of this gene, which is indica-
tive of genomic amplification (Fig. 3). EGFR gene
ampli�cation was suggested solely by CGH in 2 other
cases, H493 and H397, and con�rmed by Southern blot
analysis (Table 2). In this study, cases with MYC and GLI
ampli�cations were not detectable by CGH, but were
associated with double minutes.

Discussion

This study was designed to directly compare conven-
tional genetic techniques with CGH in order to ascertain
the potential of CGH in aiding routine classi�cation of
brain neoplasms. A series of 22 histologically character-

Fig. 2. Composite of CGH pro�les from 22 GBM cases. Each line depicts the chromosomal region lost (red) and gained (green) in a single case.
Thick lines indicate ampli�cation and high-level gain of a region. Thin brackets indicate smallest overlapping regions of simple gains or losses of
DNA sequences. Thick bracket marks smallest overlapping region of ampli�cation.
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ized adult astrocytic tumors were independently exam-
ined using classic cytogenetics, LOH analysis with PCR
microsatellite allelic markers, Southern blot analysis for
gene ampli�cation, and CGH analysis.

Masked among the complex array of genetic alter-
ations and histologic heterogeneity, a pattern emerged
using classic cytogenetic and CGH methodologies for
GBM involving chromosomes 7, 9, and 10. A cytogenetic
gain of chromosome 7 was observed in 13/15 (86%)
cases, and 11 (73%) of these were accompanied by a full

loss of chromosome 10. Chromosomal rearrangements
involving chromosome 9 primarily resulted in a loss of 9p
loci in 9/15 (60%) GBM samples (Table 1). These data
were reminiscent of published cytogenetic reports (Bigner
et al., 1988a, 1990, 1998; Debiec-Rychter et al., 1995;
Jenkins et al., 1989). The pattern was reproduced by
CGH: an overrepresentation of the entire chromosome 7
was seen in 19 of 22 (86%) GBM biopsies and accompa-
nied by a loss of the whole chromosome 10 in 16 (72%)
cases. The third most common alteration was also the loss

Fig. 3. Karyotype and CGH pro�le of a typical GBM case, H457. A. Representative karyotype 46,XY,+7,del(9)(p13),-10,10dmin. Arrow points to chro-
mosome del(9)(p13). B. CGH pro�le indicating gain of chromosome 7, losses of chromosomes 9p, 10, 22, and Y. Green and red lines represent the
1.20 and 0.85 ratio thresholds, respectively. The green and red bars along the ideograms denote the regions that are gained and lost, respectively.
Ampli�cation is implicated by the sharp peak on chromosome 7 pro�le. The gain seen on the telomeric portion of chromosome 4q was an artifact.
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of the short arm of chromosome 9 in 10 (45%) biopsies
(Fig. 2 and Table 2). These �ndings were also consistent
with published CGH studies on gliomas (Giollant et al.,
1996; Kim et al., 1995; Mohapatra et al., 1995, 1998;
Nishizaki et al., 1998; Schlegel et al., 1996; Schrock et al.,
1994; Venkatraj et al., 1998; Weber et al., 1996a, 1996b).
On a case-by-case comparison, the prominent net numeri-
cal changes identi�ed by cytogenetics were also recognized
by CGH (Table 1 and Fig. 3). Speci�cally, there was 100%
correlation with the gain of chromosome 7, 91% correla-
tion with loss of chromosome 10, 67% correlation with a
loss of chromosome 9 loci, but only 35% correlation with
the other cytogenetic alterations (Table 1). As illustrated in
Fig. 3, the prominent changes, +7, –10, –9p, and gene
ampli�cation were readily seen in the karyotype and the
CGH pro�le, but –22 and –Y are observed only with
CGH. These discrepancies are due partly to the nature of
the 2 techniques. Only actively dividing cells are analyzed
by cytogenetics, causing some cells to be excluded from
the analysis. On the other hand, CGH invariably analyzes
the DNA from all the cells in the tumor sample and dis-
cerns a genetic pro�le of the most prominent changes in
the tumor. Therefore, it is reasonable to assume that both
cytogenetic and CGH analyses would have a good corre-
lation in identifying the most common alterations, com-
pared with the less frequent changes.

The LOH investigation was also in agreement with the
reduction of genetic loci identi�ed by CGH. Hemizygosity
of chromosomes 10 and 9 were observed in 86% (19/22)
and 54% (12/22) of the GBM samples, respectively,
which was concurrent with published data (Bello et al.,
1994; Bigner et al., 1998; Fults et al., 1990; James et al.,
1988; Rasheed et al., 1995; Ueki et al., 1994). All of the
cases showing underrepresentation of chromosome 10
loci by CGH also had LOH for the chromosome. Only 3
cases, H342, H395, and H471, with LOH of chromo-
some 10 did not indicate loss by CGH. CGH and LOH
detected loss of chromosome 9p loci in a similar percent-
age of cases: 45% (10/22) and 55% (12/22), respectively.
On the other hand, only 46% of the LOH detected on
other chromosomes were illustrated by CGH.

Gene ampli�cation is seen in about 60% of gliomas and
in conjunction with the altered DNA sequence copy num-
ber pattern, this can be an important indicator for GBM
classi�cation. The EGFR gene is ampli�ed in approxi-
mately 40% of glioblastomas, and its ampli�cation is often
associated with double minutes (Bigner et al., 1987, 1988b;
Collins, 1995a, 1995b; Kleihues and Cavenee, 1997).
Other genes, including CDK4 and SDS (11%-15%),
MDM2 (5%), and MYC (<1%), have been ampli�ed but at
comparably modest frequencies (Bigner et al., 1988b; Fis-
cher et al., 1994; He et al., 1994; Kinzler et al., 1987;
Reifenberger et al., 1994; Schmidt et al., 1994; Trent et al.,
1986). In this investigation, 10 cases revealed speci�c gene
ampli�cation by Southern blot analysis (Table 2). As
expected, the EGFR gene ampli�cation was found in the
most samples, 32% (7/22), and GLI, MDM2, CDK4, and
MYC were each detected in 1 sample (Table 2). The CGH
pro�les depicted ampli�ed genomic sequences spanning the
EGFR locus (7p12) in 71% (5/7) of the cases in which
EGFR ampli�cation was detected by Southern blot analy-
sis. However, CGH pro�les did not implicate ampli�ca-

tions in the regions housing CDK4, GLI, MDM2 (12q13-
q15), and MYC (8q24) genes (Table 2 and Fig. 2). When
the data from this study are included with other reported
CGH studies, ampli�cation of the EGFR locus has been
detected in 22% (52/232) of the cases, compared with 40%
by other molecular methods (Giollant et al., 1996; Kim et
al., 1995; Mohapatra et al., 1995, 1998; Nishizaki et al.,
1998; Schlegel et al., 1996; Schrock et al., 1994; Venkatraj
et al., 1998; Weber et al., 1996a, 1996b). Based on the
LOH and gene ampli�cation data, it appears that although
CGH is sensitive enough to detect the major chromosome
arm alterations, the limits of resolution make it dif�cult to
identify a single gene locus. The speci�c marker or gene
must be part of a larger region (at least 5 megabases) to be
ef�ciently detected. Therefore, some LOH or gene ampli�-
cations will be below the level of CGH detection.

Together, classic cytogenetic, LOH, and Southern blot
analyses provide a distinct genetic pattern for glioblas-
toma that is clearly reproducible by CGH. A gain of
chromosome 7 accompanied by a loss of chromosome 10
is the most prominent pattern, followed by loss of 9p loci
and EGFR ampli�cation. This pattern was recognized in
73% (16/22) of the cases examined by CGH (Table 2).
Two cases, H395 and H502, showed a gain of chromo-
some 7 loci and a loss of 9p without chromosome 10
involvement. Three other cases, H342, H399, and H542,
did not have any recognizable pattern of chromosomal
changes, and case H471 had only a gain of chromosome
7. In addition to the technical dif�culties associated with
CGH, such as unequal hybridization and degraded DNA,
poor or differential sampling of the biopsies also could be
the reason for the different genetic patterns. Variants of
GBM, as with the gliosarcoma (H502), might be associ-
ated with slightly different genetic patterns.

Comparing the CGH pro�les of glioblastoma with those
of other brain tumors shows different patterns of copy num-
ber changes. Anaplastic astrocytomas show gains of chromo-
some 7 and losses of chromosome 10, but in a lower pro-
portion of cases and without gene ampli�cation (Mohapatra
et al., 1995; Nishizaki et al., 1998; Schrock et al., 1994;
Weber et al., 1996a). Furthermore, work done in this and
other laboratories has shown loss of chromosomes 1p and
19q as the most frequent alterations in oligodendrogliomas
(Bigner et al., 1999; Kros et al., 1999). The recognition of dis-
tinct copy number changes in glial tumors can be potentially
important for more precise tumor classi�cation. CGH is ideal
for this because it pinpoints the prominent gross numeric
changes of chromosomal arms without the increased com-
plexity of genetic heterogeneity as seen with classic cytoge-
netics (Table 1). The number of genes altered in speci�c glial
tumors is growing, but none have been identi�ed at a high
enough frequency to be useful for routine classi�cations.
Therefore, CGH is an attractive alternative to an array of
LOH allelic markers and Southern blot probes and is cur-
rently needed to assess the genetic distinction of glial tumors.
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