American Journal of Pathology, Vol. 163, No. 3, September 2003
Copyright © American Society for Investigative Pathology

Characterization of Gene Expression Profiles
Associated with Glioma Progression Using
Oligonucleotide-Based Microarray Analysis and
Real-Time Reverse Transcription-Polymerase Chain

Reaction

Jorg van den Boom,* Marietta Wolter,*

Rork Kuick," David E. Misek,"

Andrew S. Youkilis,* Daniel S. Wechsler,"
Clemens Sommer,® Guido Reifenberger,* and
Samir M. Hanash'

From the Department of Neuropathology,* Heinrich-Heine-
University, Diisseldorf, Germany; the Laboratory of
Neuropathology,’ University of Ulm, Ulm, Germany; and the
Department of Pediatrics' and Neurosurgery,* University of
Michigan Medical Center, Ann Arbor, Michigan

Diffuse astrocytoma of World Health Organization
(WHO) grade II has an inherent tendency to sponta-
neously progress to anaplastic astrocytoma (WHO
grade III) and/or glioblastoma (WHO grade IV). The
molecular basis of astrocytoma progression is still
poorly understood, in particular with respect to the
progression-associated changes at the mRNA level.
Therefore, we compared the transcriptional profile of
approximately 6800 genes in primary WHO grade II
gliomas and corresponding recurrent high-grade
(WHO grade III or IV) gliomas from eight patients
using oligonucleotide-based microarray analysis. We
identified 66 genes whose mRNA levels differed sig-
nificantly (P < 0.01, =2-fold change) between the
primary and recurrent tumors. The microarray data
were corroborated by real-time reverse transcription-
polymerase chain reaction analysis of 12 selected
genes, including 7 genes with increased expression
and 5 genes with reduced expression on progression.
In addition, the expression of these 12 genes was
determined in an independent series of 43 astrocytic
gliomas (9 diffuse astrocytomas, 10 anaplastic astro-
cytomas, 17 primary, and 7 secondary glioblas-
tomas). These analyses confirmed that the transcript
levels of nine of the selected genes (COL4A2, FOXM]1,
MGP, TOP2A, CENPF, IGFBP4, VEGFA, ADD3, and
CAMK?2G) differed significantly in WHO grade II as-
trocytomas as compared to anaplastic astrocytomas
and/or glioblastomas. Thus, we identified and vali-
dated a set of interesting candidate genes whose dif-

ferential expression likely plays a role in astrocytoma
progression. (Am J Pathol 2003, 163:1033-1043)

Diffusely infiltrating astrocytic gliomas are the most com-
mon primary brain tumors in adults.’ These tumors usu-
ally recur after neurosurgical resection due to their infil-
trative growth pattern which renders complete tumor
removal impossible. On recurrence, a significant per-
centage of primary World Health Organization (WHO)
grade |l astrocytomas spontaneously progress to ana-
plastic astrocytomas (WHO grade lll) or glioblastomas
(WHO grade V). This malignant progression is of para-
mount clinical importance because it represents the main
cause of tumor-related death in astrocytoma patients.?
The molecular mechanisms underlying the progression
from primary WHO grade |l astrocytomas to secondary
high-grade astrocytomas of WHO grade Il or IV are still
poorly understood. Previous studies have mainly focused
on alterations at the chromosomal and/or genetic lev-
els."* Diffuse astrocytomas of WHO grade Il are charac-
terized by frequent TP53 mutation, LOH on 17p, and gain
of chromosome 7 or 7q. Anaplastic astrocytomas addi-
tionally demonstrate frequent allelic loss on 9p, 13q, and
19qg, with important target genes being CDKN2A,
CDKN2B, and p14*7F at 9p21 as well as the retinoblas-
toma gene (RBT) at 13g14. Glioblastomas carry complex
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Table 1. Summary of Genetic Alterations Identified in Pairs of Primary Low-Grade and Recurrent High-Grade Gliomas from Eight
Patients
p14*7F CDKN2A CDKN2B

Case Age Interval TP53 PTEN  homo. homo. homo. CDK4 EGFR MDM2 LOH LOH LOH LOH LOH

Patient  no. Diagnosis (years) Sex (months) mutation mutation  del. del. del. amp. amp. amp. 1p 9p 10g 17p 19q

1 A72D All 43 m 66 g.13999Ag: = - - - — — - - - — + +

5'-splice site
GB239D sGBIV 49 g.13999Ag: - + + + - - - -+ -y oy
5'-splice site

2 A128D All 34 m 14 g.14070C>T: = - - — - — — — — 4 + _
R248W

GB119D  sGBIV 36 g.14070C>T: - + + + - - - + + + + -
R248W

3 A201D All 38 f 70 g.13418T>A: - - - — - — — — — 4 + _
Y220N

GB240D  sGBIV 44 g.13418T>A: = - - - - - - - + + + —
Y220N

4  A8D All 32 m 18 - - — — - — - — — _ _ _

AA106D  AAlll 34 - - — — — — — — — — — + _

5 A181D All 28 f 36 - - — — — — — _ _ _ _ _ _

AOA54D  AOAIIl 31 - - - — - — - — — — — — _

6 A145D Al 25 m 52 - - - — _ - o

AA142D  AAlll 29 - - — — — — — — - + —

7 OA23D OAll 61 m 6 - - — — — — — — — _ _ _ _

GB175D  sGBIV 62 - - + + - — — — — — —

8 OA31D  OAll 43 m 2 - - - - _ - -y

AOA38D AOAIl 45 - - - y - - - -4+t

m, male; f, female; homo. del., homozygous deletion; amp., gene amplification. +, aberration detected; —, no aberration detected. All, diffuse

astrocytoma WHO grade II; AAlll, anaplastic astrocytoma WHO grade IlI; sGBIV, secondary glioblastoma WHO grade IV; OAll, oligoastrocytoma WHO

grade II; AOAIll, anaplastic oligoastrocytoma WHO grade III.

genetic aberrations resulting in the inactivation of various
tumor suppressor genes, such as PTEN, TP53, RBIT,
CDKN2A, CDKN2B, and p14°*5F, as well as the amplifica-
tion of different proto-oncogenes, most commonly the
EGFR, CDK4, MDM2, and PDGFRA genes."* Interest-
ingly, the incidence of certain genetic alterations differs
between so-called secondary glioblastomas, ie, glioblas-
tomas that developed from a pre-existing glioma of WHO
grade Il or lll, and so-called primary glioblastomas, ie,
glioblastomas that developed de novo with a short clinical
history and without a pre-existing tumor.® TP53 mutation
and LOH on 17p, 10g, and 19g are more common in
secondary glioblastomas, whereas EGFR amplification,
MDM?2 amplification, monosomy 10, and PTEN mutation
are more common in primary glioblastomas.® At the func-
tional level, primary and secondary glioblastomas share
common features, including the impairment of p53 func-
tion by either TP53 mutation, amplification of MDMZ2 or
MDM4, or inactivation of p74°7F.16 |n addition, pRb-
dependent cell cycle control is altered in both glioblas-
toma types by either amplification of CDK4, CDK®6,
CCND1, or CCND3, homozygous deletion or hypermeth-
ylation of CDKN2A and CDKN2B, or alteration of RB71.%7
Clinically, patients with secondary glioblastoma have a
similarly poor prognosis as age-matched patients with
primary glioblastoma.®

In contrast to the increasing knowledge about the ge-
netic aberrations in astrocytic gliomas, relatively little is
known about the changes at the transcript level that are
associated with spontaneous astrocytoma progression.
To better understand the molecular basis of this impor-
tant phenomenon, we analyzed pairs of primary WHO
grade Il and recurrent WHO grade Il or IV gliomas from

eight individual patients for the expression of approxi-
mately 6800 genes using oligonucleotide-based microar-
ray technology. The microarray results for 12 selected
candidate genes were confirmed by real-time RT-PCR
analyses, and the expression profile of these selected
genes was additionally determined in an independent
series of 43 astrocytic gliomas of WHO grades Il to IV.
Using this approach we identified a number of interesting
and mostly novel candidate genes whose expression
was associated with the malignancy grade of astrocytic
gliomas.

Materials and Methods

Tumor Samples

Frozen tumor samples from eight patients operated on for
primary low-grade (WHO grade Il) gliomas that sponta-
neously recurred as high-grade gliomas of WHO grade
IIlor IV were selected from the archives of the Department
of Neuropathology, Heinrich-Heine-University, DUsseldorf,
and the Department of Neuropathology, Ruprecht-Karls-
University, Heidelberg, Germany (Table 1). In addition, we
chose frozen tumor samples from 36 primary astrocytic
gliomas (9 astrocytomas, 10 anaplastic astrocytomas, 17
primary glioblastomas) and 7 secondary glioblastomas
from the files of the Department of Neuropathology, Hein-
rich-Heine-University. Except for one secondary glioblas-
toma, none of the investigated tumors, including 10 of 11
secondary glioblastomas, had been irradiated or treated by
chemotherapy before the operation. All tumors were histo-
logically classified according to the WHO classification of



tumors of the central nervous system.® Parts of each tumor
were frozen immediately after operation and stored at
—80°C. A tumor cell content of at least 80% was histologi-
cally confirmed for each specimen.

DNA and RNA Extraction

DNA and RNA were extracted from unfixed frozen tumor
tissue as reported.’® In brief, tumor samples were ho-
mogenized in 6 ml 4 mol/L guanidine isothiocyanate so-
lution. The homogenate was then layered over 4 ml CsCl
and ultracentrifuged at 170,000 X g for 16 hours. The
RNA was recovered as a pellet and dissolved in dieth-
ylpyrocarbonate-treated water containing the RNase in-
hibitor RNasin (Promega, Mannheim, Germany). The
DNA was purified from the CsCl phase using proteinase
K digestion followed by phenol/chloroform extraction.
DNA extraction from leukocytes was performed accord-
ing to a standard protocol.™

Single-Strand Conformation Polymorphism
(SSCP) Analysis

The TP53 gene (exons 4-10) and the PTEN gene (exons
1-9) were screened for mutations by SSCP analysis as
reported elsewhere.'®'® The respective primer se-
quences are available as supplementary information at
http://dot.ped.med.umich.edu:2000/pub/glioma/index.html.

PCR products showing aberrant band patterns were
sequenced in both directions using cycle sequencing
(BigDye cycle sequencing kit; Applied Biosystems, Fos-
ter City, CA), and an ABI PRISM 377 semiautomated DNA
sequencer (Applied Biosystems).

Duplex PCR Analysis

MDM2, CDK4, EGFR, FOXM1, MGP, COL4A2, CENPF,
and TOP2A were analyzed for gene amplification, while
CDKN2A, CDKN2B, and p14°7" were studied for homozy-
gous deletion by duplex PCR assays as reported else-
where. '8 For primer sequences see http://dot.ped.
med.umich.edu:2000/pub/glioma/index.html. The PCR
products were resolved on 3% agarose gels and the
ethidium bromide-stained bands were recorded using
the Gel-Doc 1000 system (Bio-Rad, Hercules, CA). Quan-
titative analysis of the signals obtained for the target and
the reference genes was performed with the Molecular-
Analyst software (Bio-Rad). Increases in the target/refer-
ence gene ratio of more than threefold of the ratio ob-
tained for the constitutional DNA were considered as
evidence for gene amplification. Reduction in the target/
reference gene ratio below 0.3-fold was considered as a
homozygous deletion.

LOH Analysis

The details of the method used to assess microsatellite
loci from chromosomes 1, 9p, 10q, 17p, and 19q for loss
of heterozygosity (LOH) are reported elsewhere.'® The
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following 25 microsatellite loci were studied: D15468
(1p36), D1S2642 (1p36), D1S496 (1p32), D1S515
(1p22), D1S235 (1g43), D9S178 (9p22), D9S1748
(9p21), D9S157 (9p21), DIS162 (9p21), DIS171 (9p13),
D10S215 (10923), D10S541 (10g24), D10S209 (10925),
D10S587 (10025), D10S212 (10g26), D17S796 (17p13),
D17S8938 (17p13), D175786 (17p13), D175936 (17p11),
D178947 (17p11), D1758953 (17pi11), D19S2710
(19913.4), D19S572 (19913.3), D19S219 (19g13.1), and
D19S217 (19913.1).

Southern Blot Analysis

Probes corresponding to nucleotides 3718 to 3840 of
FOXM1 (GenBank accession number AC005841) and
nucleotides 213 to 316 of MGP (GenBank accession
number XM_041097) were generated by PCR from non-
neoplastic brain cDNA. For the assessment of DNA load-
ing, the Southern blots were hybridized with a plasmid
probe (pYNH24, obtained from American Type Culture
Collection) against the variable number of tandem re-
peats locus D2S44 on 2g21.3-g22. For Southern blotting,
2.5 ng DNA of tumor and corresponding leukocyte DNA
were digested with the restriction enzyme Tagl, resolved
on 0.8% agarose gels, and blotted to Hybond-N* mem-
branes (Amersham-Buchler, Braunschweig, Germany).
The Southern membranes were then hybridized with
probes for FOXM1, MGP, and the reference locus D2544.
Hybridized blots were exposed to imaging screens and
analyzed with the Fuji Biolmager 1800 Il (Fuji, Kanagawa,
Japan). Densitometric evaluation was performed using
the Aida Image Analyzer v.3.11 software (Raytest,
Straubenhardt, Germany).

Microarray Analysis

Five micrograms of total RNA was converted into double-
stranded cDNA by reverse transcription using a cDNA
synthesis kit (Superscript Choice System; Invitrogen,
Carlsbad, CA) with an oligo(dT),, primer containing a T7
RNA polymerase promoter site added 3’ of the poly T
(Genset, La Jolla, CA). Following second-strand synthe-
sis, labeled cRNA was generated from the cDNA sample
by an in vitro transcription reaction supplemented with
biotin-11-CTP and biotin-16-UTP (Enzo, Farmingdale,
NY). The labeled cRNA was purified by using RNeasy
spin columns (Qiagen, Hilden, Germany). 15 ug of each
cRNA was fragmented at 94°C for 35 minutes in fragmen-
tation buffer (40 mmol/L Tris-acetate, pH 8.1, 100 mmol/L
potassium acetate, 30 mmol/L magnesium acetate) and
then used to prepare 300 ul of hybridization cocktail (100
mmol/L MES, 1 mol/L NaCl, 20 mmol/L ethylenediami-
netetraacetate, 0.01% Tween 20) containing 0.1 mg/ml of
herring sperm DNA (Promega, Madison, WI), 500 ug/ml
acetylated bovine serum albumin (Gibco BRL, Gaithers-
burg, MD) and a mixture of control cRNAs for comparison
of hybridization efficiency between arrays and for relative
quantitation of measured transcript levels. Before hybrid-
ization, the cocktails were heated to 94°C for 5 minutes,
equilibrated at 45°C for 5 minutes, then clarified by cen-
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trifugation (16,000 X g) at room temperature for 5 min-
utes. Aliquots of each sample (10 pg of fragmented
cRNA in 200 ul of hybridization cocktail) were hybridized
to HuGeneFL microarrays (Affymetrix, Santa Clara, CA) at
45°C for 16 hours in a rotisserie oven set at 60 rom. The
arrays were then washed with non-stringent wash buffer
[6X saline-sodium phosphate EDTA (SSPE)] at 25°C, fol-
lowed by stringent wash buffer (100 mmol/L MES pH 6.7,
0.1 mol/L NaCl, 0.01% Tween 20) at 50°C, stained with
streptavidin-phycoerythrin (Molecular Probes, Eugene,
OR), washed again with 6X SSPE, stained with biotinyl-
ated anti-streptavidin 1gG, followed by a second staining
with streptavidin-phycoerythrin, and a third washing with
6X SSPE. The microarrays were scanned and probe in-
tensities extracted from the image (GeneArray scanner
and Microarray Suite 4.0; Affymetrix). Each probe set on
the arrays typically consists of twenty 25-base oligonu-
cleotides complementary to a specific cDNA called per-
fect match (PM) features, and twenty identical probes
whose sequence has been altered at the central base,
called mismatch (MM) features. Publicly available soft-
ware was used to process the probe intensities to obtain
normalized probe-set intensities as follows (see http://
dot.ped.med.umich.edu:2000/pub/glioma/index.html).
The microarray for a primary WHO grade |l astrocytoma
(A201D) was selected as the standard. Probe-pairs with
PM-MM < —200 on the standard were removed from the
analysis and the remaining PM-MM differences averaged
for each probe set on each microarray by discarding the
25% highest and lowest differences, followed by averag-
ing the remaining differences. Intensity values on the
standard were scaled to give an average of 1500 units.
The intensities for the remaining arrays were normalized
to the standard using a piecewise linear function that
made 99 evenly spaced quantiles agree with the corre-
sponding quantiles in the distribution of the standard.
Normalized intensities were log-transformed by mapping
X to log(max(x + 100,0) +100). Fold changes were com-
puted as the ratio of group means, after first replacing
means that were less than 100 by 100. Algorithms for com-
puting the gene identifiers by homology of the probe-set
sequences to sequences that were members of Unigene
clusters are also available http://dot.ped.med.umich.edu:
2000/pub/glioma/index.html.

Real-Time RT-PCR Analysis

The expression levels of 12 selected genes were deter-
mined by real-time RT-PCR analysis using the ABI PRISM
5700 (Applied Biosystems) sequence detection system
(for primer sequences see http://dot.ped.med.umich.
edu:2000/pub/glioma/index.html). Continuous quantita-
tive measurement of the PCR product was achieved by
incorporation of SYBR Green fluorescent dye (Applied
Biosystems) into the double-stranded DNA. The tran-
script level of each gene was normalized to the transcript
level of ARF1 (ADP-ribosylation factor 1). As reference
tissues, we used non-neoplastic cerebral tissue samples
(temporal cortex and white matter) from two different
patients.
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Figure 1. a and b: Histological features of the primary and recurrent glioma
of patient 2 on hematoxylin-eosin stained sections. a: The primary tumor
(A128D) was a gemistocytic astrocytoma (WHO grade II). b: The recurrent
tumor (GB119D) displayed increased cellularity, high mitotic activity, micro-
vascular proliferation, and pseudopalisading necroses (nec). This tumor was
classified as glioblastoma (WHO grade IV). ¢ to e: Examples of molecular
genetic results obtained for these tumors (lane 1, A128D; lane 2, GB119D;
lane 3, leukocyte DNA from patient 2). ¢: SSCP analysis of 7P53 showed
identical aberrant band patterns in A128D and GB119D. DNA sequencing
revealed the same somatic 7P53 mutation (g.14070C>T; R248W) in both
tumors. Shown are the mutant sequence in A128D and the wild-type se-
quence in the corresponding leukocyte DNA. d: Microsatellite analysis of
polymorphic loci from 9p (D9S162 and D9S157) revealed LOH only in
GB119D but not in A128D. LOH on 10q was detectable in both tumors, as
indicated for the loci D10S541 and D10S212. However, the fraction of tumor
cells with LOH on 10q appeared to be higher in GB119D than in A128D
(arrowheads point to the alleles lost in the tumor DNA). e: Duplex PCR
analysis demonstrated homozygous deletion of CDKN24, p14™ and
CDKN2B in GB119D but not in A128D. The sizes of the respective PCR
fragments amplified from each of these genes and the reference gene APRT
are indicated on the right side.

Results

Histological and Molecular Genetic Findings

The glioma pairs studied by microarray analysis com-
prised the primary low-grade tumors (6 astrocytomas,
and 2 oligoastrocytomas that were histologically astrocy-
toma-predominant) and the corresponding high-grade
recurrences (4 secondary glioblastomas, 2 anaplastic
astrocytomas, and 2 anaplastic oligoastrocytomas) from
eight patients (Table 1; Figure 1, a and b). Molecular
genetic analysis revealed TP53 mutations in the tumors of
patients 1 to 3. In each case, identical mutations were
present in the corresponding primary and recurrent tu-
mors (Table 1; Figure 1c). Allelic losses on 17p were
found in 6 glioma pairs, including the 3 cases with a
demonstrated TP53 mutation (Table 1). The recurrent
gliomas from patients 1, 2, and 7 (GB239D, GB119D, and
GB175D) had homozygous deletions on 9p involving
CDKN2A, p14*7F, and CDKN2B (GB239D, GB119D) or
CDKN2A and p14*7F (GB175D). The corresponding pri-
mary tumors did not carry these deletions (Figure 1e).



Similarly, LOH at microsatellite loci from 9p was found in
3 recurrent glioblastomas (GB239D, GB119D, and
GB240D) but not in the respective primary gliomas (Fig-
ure 1d; Table 1). The CDK4 gene was amplified in the
recurrent tumor of patient 8 (AOA38D). LOH on 10g was
found in tumors from three patients, affecting both pri-
mary and recurrent tumors in patients 2 and 3 (Figure
1d), and the recurrent tumor in patient 8. PTEN mutations
or amplification of EGFR or MDM?2 were not detected
(Table 1). None of the tumors, including the two oligoas-
trocytomas, showed combined LOH on 1p and 19q.

The independent series of 43 astrocytic gliomas con-
sisted of 9 astrocytomas (WHO grade Il), 10 anaplastic
astrocytomas, 17 primary glioblastomas, and 7 second-
ary glioblastomas. Molecular genetic analysis revealed
TP53 mutations in 5 of 8 astrocytomas, 4 of 10 anaplastic
astrocytomas, 2 of 17 primary glioblastomas, and 4 of 7
secondary glioblastomas. PTEN mutations were detected
in 5 primary glioblastomas (29%) but in none of the
secondary glioblastomas. Three of 17 primary glioblas-
tomas (18%) and 5 of 7 secondary glioblastomas carried
homozygous CDKNZ2A deletions. Gene amplification af-
fected EGFR in 8 of 17 primary glioblastomas and 1 of 10
anaplastic astrocytomas, CDK4 in 1 of 10 anaplastic as-
trocytomas, 1 of 17 primary glioblastomas and 1 of 7
secondary glioblastomas, as well as MDM2 in 1 of 10
anaplastic astrocytomas and 1 of 17 primary glioblas-
tomas.

Resuits of Microarray Analyses

Microarrays with 7129 probe sets were used to assess
transcript levels in pairs of primary WHO grade Il and
recurrent WHO grade Il or IV gliomas from eight patients
(Table 1). To judge whether the overall patterns of ex-
pression indicated differences between primary and re-
current samples, we selected 1400 variable probe sets,
by criteria which did not use any sample information, and
performed principal components and clustering analyses
(Figure 2). The recurrent tumors of patients 3, 4, and 5
(GB240D, AA106D, and AOA54D) group with the primary
tumors and the recurrent tumor of patient 6 falls the next
closest to the location of primary tumors in the first two
principal axes (Figure 2). Thus, the overall expression
patterns did not completely separate the primary low-
grade from the recurrent high-grade tumors. To address
our main interest in distinguishing between primary and
recurrent tumors, we performed paired t-tests on the
log-transformed data for the 8 tumor pairs, which yielded
266 probe sets with P < 0.01. Since approximately one-
quarter of these could be false positives (expecting 71 =
7129*.01 probe sets with P < 0.01 by chance), we further
reduced the set to just those 70 probe sets (correspond-
ing to 66 different genes) that also showed at least a
two-fold change between the two sets of 8 tumors, using
a conservative fold change index. We performed permu-
tation testing by forming 127 datasets similar to our data
except that all possible combinations of the pairs of sam-
ples had their labels switched. We found that on average
these permuted data sets gave only 5.9 probe sets
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Figure 2. Results of principal components and cluster analyses of the mi-
croarray expression data obtained for the 8 pairs of primary and recurrent
gliomas. a: 1400 probe sets with mean >200 and coefficient of variation
(SD/mean) >0.5 were standardized by subtracting the mean and dividing by
the SD for each probe-set. The first two principal components are plotted. b:
Dendrogram from average clustering®® using the same 1400 probe sets,
transformed by taking the logs of ratios to the mean. Each tumor sample is
labeled with the corresponding patient number supplemented by P (primary
tumor) or R (recurrent tumor). In b, each tumor is additionally labeled by its
tumor number and histological diagnosis (in brackets). The abbreviations
used are: All, diffuse astrocytoma WHO grade II; AAIII, anaplastic astrocy-
toma WHO grade IIT; sGBIV, secondary glioblastoma WHO grade IV; OAII,
oligoastrocytoma WHO grade II; AOAIII, anaplastic oligoastrocytoma WHO
grade TIII.

meeting our selection criteria (of P < 0.01 and =2-fold
change), so that we expect approximately 6 of our 70
selected probe sets to be false positives. The identity of
the 70 selected probe sets and a heat map of the data for
each sample are shown in Figure 3. From the heat map it
can be seen that the selected probe sets often show a
pattern of expression recapitulating the overall views
shown in Figure 2, with the recurrent tumors of patients 3
through 6 showing less difference from the primary tu-
mors than the other 4 recurrent tumors. Most of the 23
genes identified as showing significantly increased ex-
pression on glioma progression encode either prolifera-
tion-related proteins (eg, FOXM1, TOP2A, CDCZ20,
MCME6, KNSL6, TFRC, and MCMA4) or proteins associated
with extracellular matrix formation and/or angiogenesis
(eg, COL4A2, COL4A1, ACTA2, MGP, COL5A2, JAGT,
and BGN). The 43 genes that showed significantly de-
creased expression on glioma progression were more
heterogeneous with respect to the functions of their gene
products. Some of these genes have been implicated in
extracellular matrix formation, cell adhesion and/or cell
motility (eg, SELL, SELPLG, CD37, TJP2, ITGAM, and
GSN), while others are important in the development of
the nervous system (eg, MAP1A, ID1, SEMA3B, and
NTRK2) or signal transduction (eg, GJAT, CAMK2G,
MAP3KS5, ARL3, ST00A13, and ACCN2).

Results of Real-Time RT-PCR Analyses

From the set of differentially expressed genes showing P
values <0.01 for the paired t-test and =2-fold change in
the mean expression level, we selected 8 genes with
significantly increased (COL4A2, FOXM1, TOP2A, MGP,
and IGFBP4) or decreased (SELL, RYR1, and CAMK2G)
expression for corroborative analyses by real-time RT-
PCR. The genes ADD3 and ABLIM, which also demon-
strated P values <0.01 but had little less than two-fold
changes in the mean expression level, were additionally
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Figure 3. The 70 probe sets (corresponding to 66 genes) that gave a P value of <0.01 for paired rtest comparing the 8 pairs of primary and recurrent tumors
and that also had greater than two-fold differences between the means for primary and recurrent tumors. The heat map was made using Treeview.*® The individual
case numbers and diagnoses are given on top of the heat map (the abbreviations correspond to those in Figure 2).

chosen for real-time RT-PCR analysis because they rep-
resented interesting candidates from 10qg. We further
selected the genes CENPF and VEGFA for real-time RT-
PCR analysis because these showed very large in-
creases in expression in the secondary glioblastomas as
compared to the primary WHO grade Il tumors, albeit not

reaching a P value <0.01 on statistical analysis of the
entire group of tumors. The data from the real-time RT-
PCR assays for these 12 selected genes, as well as their
correlations to the respective expression data obtained
by microarray analysis are summarized in Table 2. Cor-
relations between the two methods were large for most
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Table 2. Comparison of the Data Obtained for 12 Selected Genes by Microarray Analysis and Real-Time RT-PCR in Eight Pairs of
Primary Low-Grade and Recurrent High-Grade Gliomas

Microarray data

Real-time RT-PCR data

Primary  Recurrent Paired  Primary Recurrent Paired Microarray

Affymetrix tumor tumor Ratio of t-test tumor tumor Ratio of t-test vs real-time

probe-set name  Gene  means means means  P-value* means means means  P-Value  correlation
u74612_at FOXMI 28 725 25.8 0.0018 2.2 4.8 2.2 0.0219 0.81
M27281_at VEGFA 163 2909 17.8 0.0485 1.6 6.3 4.0 0.1523 0.91
L47276_s at TOP2A 68 598 8.8 0.0037 97 1422 14.6 0.0276 0.89
J04088_at TOP2A 138 1067 7.7 0.0211 97 1422 14.6 0.0276 0.96
M24766 s at COL4A2 561 6199 11.0 0.0026 6.1 48 7.8 0.0045 0.77
X05610_at COL4A2 2318 13012 5.6 0.0004 6.1 48 7.8 0.0045 0.87
M624083 s at IGFBP4 680 2258 3.3 0.0032 5.4 18 3.3 0.0084 0.86
u30872_at CENPF 78 440 5.7 0.0276 12 153 12.8 0.0262 0.84
X53331 at MGP 1611 5804 3.6 0.0061 1.9 7.8 4.1 0.0129 0.80
M25280_at SELL 4229 72 0.02 0.0005 88 6.6 0.07 0.0016 0.98
J05200 mal s at  RYR/ 868 145 0.17 0.0004 41 8.0 0.19 0.0008 0.48
U50360_s at CAMK2G 1279 498 0.39 0.0021 0.75 0.34 0.45 0.0110 0.73
L07044 at CAMK2G 2614 1066 0.41 0.0025 0.75 0.34 0.45 0.0110 0.84
uU37122_at ADD3 5106 2809 0.55 0.0025 1.7 0.76 0.44 0.0013 0.88
D31883 at ABLIM 9316 6414 0.69 0.0044 3.5 1.8 0.51 0.0769 0.79

*Paired t-tests for eight pairs of tumors on log-transformed data.

genes measured, which generally validated the array
technique. The respective P values for comparing pri-
mary and recurrent tumors using real-time RT-PCR data
were significant at the 0.05 level with the exception of
ABLIM and VEGFA (Table 2).

Table 3 summarizes the results of real-time RT-PCR
analyses of the 12 selected genes in an independent set
of 43 gliomas (for the respective heat map see supple-
mentary information at http://dot.ped.med.umich.edu:
2000/pub/glioma/index.html). These were divided into
four diagnostic groups: astrocytomas WHO grade Il, ana-
plastic astrocytomas, primary glioblastomas, and sec-
ondary glioblastomas. Significantly different mRNA levels
in the astrocytoma group versus the anaplastic astrocy-
toma and/or glioblastoma groups could be confirmed for
9 of 12 genes. According to our results, WHO grade |l
astrocytomas differ from anaplastic astrocytomas and

glioblastomas by having significantly lower transcript lev-
els of FOXM1, TOP2A, COL4A2, CENPF, and MGP as well
as higher levels of ADD3 mRNA. The mRNA levels of
VEGFA and IGFBP4 were significantly higher in glioblas-
tomas than in astrocytomas and anaplastic astrocytomas,
while there was no significant difference between astrocy-
tomas and anaplastic astrocytomas in VEGFA and IGFBP4
expression. CAMK2G transcript levels differed significantly
only between astrocytomas and glioblastomas but not
between astrocytomas and anaplastic astrocytomas or
anaplastic astrocytomas and glioblastomas. Four of the
genes showed significantly higher mRNA levels in glio-
blastomas versus anaplastic astrocytomas, namely
VEGFA, IGFBP4, TOP2A, and CENPF. In case of CENPF
and TOP2A, this difference was mainly due to a signifi-
cantly higher expression of these genes in secondary
glioblastomas as compared to primary glioblastomas,

Table 3. Summary of the Data Obtained by Real-Time RT-PCR Analysis of 12 Selected Genes in an Independent Series of 43
Astrocytic Gliomas
P values for selected comparisons using one-way analysis
Means in each diagnostic group” of variance models on log-transformed data®
All AAIl pGBIV sGBIV All vs. All vs. AAlll vs. pGBIV vs.
Gene (n=9) (n=10) (n=17) (n=17) AAIl GBIV GBIV sGBIV
FOXMI 1.65 5.38 3.99 5.79 0.0118 0.0317 >2 >2
VEGFA 1.21 2.34 9.33 5.77 >2 0.0004 0.0023 0.0590
TOP2A 7.82 22.47 22.36 193.53 0.0233 0.0000 0.0140 0.0001
COL4A2  16.38 27.78 46.53 33.91 0.0402 0.0030 >.2 >2
IGFBP4 4.91 8.93 16.58 10.00 >2 0.0073 0.0154 >2
CENPF 10.05 29.34 31.04 127.84 0.0332 0.0000 0.0095 0.0040
MGP 2.43 6.66 11.19 9.91 0.0034 0.0004 >2 >2
SELL 15.07 5.36 2.81 6.09 >2 >2 >2 >2
RYRI 18.12 3.03 2.23 3.51 > .1 > 1 >2 > 1
ADD3 1.52 0.84 0.95 0.37 0.0272 0.0113 >.2 >2
CAMK2G  1.03 0.57 0.47 0.58 > .1 0.0170 >2 >2
ABLIM 3.60 3.18 2.28 3.79 >2 > 1 >.2 0.0445

*The mean values calculated for the mRNA expression in each group of tumors (astrocytoma WHO grade II, All; anaplastic astrocytoma WHO
grade I, AAlll; primary glioblastoma WHO grade IV, pGBIV; secondary glioblastoma WHO grade IV, sGBIV) are given.
TP values for testing differences between the group means for four comparisons of interest, i.e, All vs. AAIll, All vs. all glioblastomas, AAlll vs. all
glioblastomas (GBIV), pGBIV vs. sGBIV.
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which showed nearly identical mean expression values
as the anaplastic astrocytoma samples. While the data for
SELL and RYRT obtained for the second series of tumors
did not validate the findings from microarray and real-time
RT-PCR assays on the initial tumor set, the real-time RT-PCR
data were still significant for these genes in comparisons of
astrocytomas versus anaplastic astrocytomas or secondary
glioblastomas when the initial samples were included. We
are not able to tell if the high levels of these two mRNAs in
the initial low-grade tumors are informative with regard to
future recurrence, or merely an accidental feature of these
particular tumors, since these genes were selected on the
basis of this tumor subset.

Correlation of Expression Data with Genetic
Aberrations

Microarray analysis revealed that the amplification of CDK4
detected in the recurrent tumor of patient 8 (AOA38D) was
accompanied by strong overexpression of CDK4 mRNA.
Several other genes from 12q13-q14 that reside close to
CDK4 were also found to be overexpressed in this tumor,
including SAS (sarcoma amplified sequence), TSFM
(Ts translation elongation factor, mitochondrial), MARS
(methionine-tRNA synthetase), METTL1 (methyltransferase-
like 1), PIKE’KIAAO167 (phosphoinositide-3-kinase enhanc-
er), GALGT (B-1,4-N-acetylgalactosaminyltransferase)
and PRIM1 (primase polypeptide 1). Thus, these genes
are likely to be included in the CDK4 amplicon of
AOA38D. A less pronounced increase in the transcript
levels of CDK4 and several of the neighboring genes was
already noted in the respective primary tumor (OA31D),
which did not demonstrate a CDK4 gene amplification
detectable by duplex PCR.

Comparison of the real-time RT-PCR data with genetic
alterations detected in the 28 investigated glioblastomas
(17 primary and 11 secondary glioblastomas) revealed
that tumors with TP563 mutation (n = 11) had significantly
higher transcript levels of TOP2A (t-test, P < 0.01) and
CENPF (P < 0.05) than tumors without TP53 mutation
(n =17). Similarly, glioblastomas with EGFR amplification
(n = 8) showed significantly lower expression levels of
TOP2A (P < 0.001) and CENPF (P < 0.05) than glioblas-
tomas without EGFR amplification. The association of
EGFR amplification and lower expression levels of TOP2A
(P < 0.05) but not CENPF (P = 0.8), was also seen when
comparing primary glioblastomas with and without EGFR
amplification (n = 17). In addition, EGFR amplification in
primary glioblastomas was associated with increased ex-
pression of ADD3 (P < 0.01) and ABLIM (P < 0.05). The
mean VEGFA mRNA level was higher in the primary gli-
oblastomas with EGFR amplification than in the primary
glioblastomas without EGFR amplification, but this finding
was statistically not significant (P = 0.6).

Analyses for Amplification of Candidate Genes
Overexpressed in High-Grade Gliomas

Duplex PCR as well as Southern blot analyses for ampli-
fication of the FOXM1 and MGP genes in the 8 glioma

pairs and the 24 independent glioblastomas did not dem-
onstrate any amplification of these genes. One second-
ary glioblastoma (GB15D) and one anaplastic astrocy-
toma (AA106D) showed increased signal intensities for
both FOXM1 and MGP (GB15D) or just FOXM1 (AA106D),
suggesting copy number gains of about threefold in
these particular tumors. Neither FOXM1 nor MGP was
amplified in 3 malignant gliomas with previously demon-
strated amplification of the CCND2 gene at 12p13.” Du-
plex PCR analysis of the 8 glioma pairs and the 24
glioblastomas did not show any amplification of COL4A2,
CENPF, or TOP2A. A single secondary glioblastoma
(GB239D) demonstrated an approximately two-fold rela-
tive increase in COL4A2 signal intensity.

Discussion

To further elucidate the molecular mechanisms underly-
ing the spontaneous malignant progression of gliomas,
we investigated pairs of primary low-grade and recurrent
high-grade gliomas from eight patients for genetic alter-
ations as well as progression-associated changes in
mMRNA expression patterns. For molecular genetic char-
acterization, all tumors were studied for aberrations of
those genes and chromosomes that are known to be
commonly involved in either astrocytic or oligodendro-
glial tumors.™* The results obtained for our tumor series
are in line with data from previous studies.®> " TP53
mutations and/or LOH on 17p were the most common
early alterations that were detected in 75% (6 of 8) of the
primary tumors. These alterations were preserved in each
of the respective recurrent tumors. The two primary oli-
goastrocytomas included in the study were histologically
astrocytoma-predominant and did not carry combined
LOH on 1p and 19q. These tumors thus belonged to the
genetic subtype of oligoastrocytoma that is related to
diffuse astrocytoma rather than to oligodendroglioma.'®
Progression-associated genetic changes were found in
all four WHO grade IV recurrences, as well as in one of
the four WHO grade Il recurrences. Homozygous dele-
tion of CDKN2A and p14°7" was the most common pro-
gression-associated abnormality. One recurrent tumor
showed amplification and overexpression of the CDK4
gene. These data support other studies reporting that
inactivation of the p16'™*43/Cdk4/pRb-dependent path-
way is frequent in high-grade gliomas, particularly in
glioblastomas.®'® The absence of EGFR amplification in
secondary glioblastomas®'? was confirmed in our
present series.

Using oligonucleotide-based microarray analysis, we
identified 66 genes that were expressed at significantly
different levels between 8 primary low-grade gliomas and
the corresponding recurrent high-grade gliomas. Most of
these differentially expressed genes encode proteins that
may be related to important features of glioma malig-
nancy, such as high proliferative activity, glioma cell mi-
gration and/or invasion, as well as aberrant neoangiogen-
esis. Only a few of these genes have been previously
noted to be involved in gliomas. For example, expression
of VEGFa is known to be up-regulated in glioblastomas



as compared to astrocytomas of WHO grade Il or 111.2° In
our series, 7 of 8 recurrent gliomas exhibited increased
VEGFA mRNA levels as compared to the respective pri-
mary tumors. Further analysis of 43 astrocytic gliomas
revealed that glioblastomas demonstrate higher VEGFA
mRNA levels than astrocytomas and anaplastic astrocy-
tomas, with primary glioblastomas showing even stronger
expression than secondary glioblastomas. The latter find-
ing may be related to genetic differences between pri-
mary and secondary glioblastomas. For example, PTEN
mutation and EGFR amplification, which are common in
primary but rare in secondary glioblastomas, may facili-
tate transcriptional up-regulation of VEGFA.2'23

Topoisomerase Il @ (OMIM 162430) is a key enzyme
for the regulation of DNA topology and replication. Its
expression is up-regulated in proliferating cells. The
CENPF gene product, centromeric protein F or mitosin
(OMIM 600236), is also expressed in a cell-cycle-depen-
dent manner.?* Immunohistochemical studies have doc-
umented that topoisomerase Il « and mitosin expression
in gliomas increases with malignancy grade, suggesting
that these proteins may be diagnostically useful as pro-
liferation markers.?>2% We found that TOP2A and CENPF
mMRNA levels significantly increased with the WHO grade
in astrocytic gliomas. Interestingly, secondary glioblas-
tomas demonstrated higher TOP2A and CENPF transcript
levels than primary glioblastomas. Whether this finding
reflects a higher proliferative activity in secondary glio-
blastomas remains to be investigated. TOP2A or CENPF
gene amplification has been detected in certain epithelial
cancers.?”*® However, we did not find amplification of
these genes in our glioma series.

Our microarray analyses identified many novel genes
that were not implicated in glioma progression so far. For
example, several collagen genes, including COL4A7
(OMIM 120130, 13g34), COL4A2 (OMIM 120090, 13g34),
and COL5A2 (OMIM120190, 2g31), showed significantly
higher mRNA levels in anaplastic astrocytomas and gli-
oblastomas than in WHO grade Il astrocytomas. We se-
lected one of these genes (COL4A2) and confirmed its
malignancy-associated expression by real-time RT-PCR.
Interestingly, COL4A7 and COL4A2 map very close to
each other on 13934, a chromosomal region that is
known to be amplified in a fraction of secondary glioblas-
tomas.”” However, we found no COL4A2 amplification in
any of the glioblastomas from our series. Immunohisto-
chemical analysis of gliomas has revealed that collagens
IV and V were mainly expressed in association with the
tumor vessels,?® suggesting that the observed up-regu-
lation in high-grade gliomas is related to the vascular
proliferation in these tumors.

Among the genes whose mRNA levels showed the
biggest differences between primary and recurrent glio-
mas were the forkhead transcription factor gene FOXM1
(OMIM 602341, 12p13) and the gene for matrix Gla pro-
tein (MGP, OMIM 154870, 12p13.1-12.3). These genes
were of particular interest to us because we previously
found amplification on 12p in a subset of malignant glio-
mas."” High levels of FOXM1 mRNA in glioblastomas
were also noted in a study comparing expression profiles
of glioblastomas with those of pilocytic astrocytomas.3©
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FOXM1 is an important regulator of cell cycle progression
and may regulate the expression of cyclin B and cyclin
D1.3" In addition, FOXM1 has been reported as a down-
stream target of the transcription factor Gli1.%% GLI7 is
coamplified with CDK4 and overexpressed in a small
fraction of glioblastomas.®® However, none of our 8 gli-
oma pairs demonstrated an increase in GLI/T expression
from the primary to the recurrent tumor, indicating that the
up-regulation of FOXM1 in these cases is independent of
the GLIT transcript levels. Investigation of the FOXM1
gene dosage in these tumors as well as in 3 additional
gliomas with known amplification of the CCND2 gene at
12p13 did not reveal any FOXM1 gene amplification.
Thus, the molecular mechanism resulting in the up-regu-
lation of FOXM1 expression in malignant gliomas remains
to be determined.

The matrix Gla protein (MGP) is a vitamin-K-dependent
extracellular matrix protein expressed in various tissues.
Germline mutations in MGP leading to ectopic abnormal
calcifications and midfacial hypoplasia were detected in
patients with Keutel syndrome.®* The role of MGP in
neoplasia is unclear. In line with our findings in gliomas,
increased MGP expression relative to normal tissue were
found in ovarian cancers.®® In contrast, an inverse rela-
tionship between MGP expression and malignancy was
reported for carcinomas of the colon, prostate, and kid-
ney.3637 While MGP mRNA levels were significantly in-
creased in high-grade as compared to low-grade astro-
cytic gliomas, we did not detect any MGP gene
amplification in our glioma series, suggesting that other
mechanisms are responsible.

Microarray and real-time RT-PCR analyses revealed
that transcripts from the insulin-like growth factor (IGF)-
binding protein 4 gene (IGFBP4, OMIM 146733, 17q12-
g21) were expressed at higher levels in glioblastomas as
compared to astrocytic gliomas of WHO grade Il or Ill.
IGFBP4 belongs to a family of proteins that are involved in
the regulation of IGF function, but may also have IGF-
independent effects.®®3° In the rat, IGFBP4 is expressed
in astrocytes and oligodendrocyte precursor cells but not
in mature oligodendrocytes.*® The role of IGFBP4 in can-
cer is poorly defined, with studies suggesting growth
inhibitory functions®' but also anti-apoptotic effects.*?
Interestingly, another IGF-binding protein, IGFBP2, has
been reported to be frequently expressed at higher levels
in glioblastomas as compared to gliomas of WHO grade
Il or 111.*3 In our series, only four of eight high-grade
recurrences had increased IGFBP2 mRNA levels relative
to the corresponding primary low-grade gliomas. There-
fore, IGFBP2 did not turn up among the 66 genes whose
expression differed significantly on statistical analysis of
the entire group of eight patients.

The set of genes showing reduced expression on gli-
oma progression included several novel candidate
genes from 10q, such as CAMK2G (OMIM 602123,
10g22), ADD3 (OMIM 601568, 10024.2-q24.3), and
ABLIM (OMIM 602330, 10g25). Deletions of 10q are de-
tectable in the majority of primary and secondary glio-
blastomas.® About 25% to 40% of primary glioblastomas
carry mutations in the PTEN gene at 10923.%* In contrast,
PTEN alterations are rare in secondary glioblastomas.**



1042  van den Boom et al
AJP September 2003, Vol. 163, No. 3

Thus, 10q likely harbors one or more as yet unknown
glioblastoma-associated tumor suppressor gene(s). The
ADD3 protein (adducin y) belongs to a family of ubiqui-
tously expressed membrane-skeletal proteins that are
localized at spectrin-actin junctions.*® In renal carcino-
mas, changes in adducin expression, phosphorylation
state, and localization were found to be associated with
increased malignancy.*® In addition, down-regulation of
adducin-y expression correlated with increased migra-
tory activity of human glioma cells in vitro.*” Another study
detected decreased expression of ADD3 in astrocytomas
(WHO grade IlI) as compared to non-neoplastic brain
tissue.*® We could not confirm this latter finding for our
series of astrocytomas but identified significantly lower
ADD3 mRNA levels in recurrent high-grade gliomas as
compared to the respective primary low-grade gliomas.
In the independent series of 43 gliomas, we also observed
a trend toward lower ADD3 mRNA levels in anaplastic
astrocytomas and glioblastomas than in WHO grade Il as-
trocytomas. Thus, it may be worthwhile to further investigate
ADD3 as a putative glioma suppressor gene.

The actin-binding LIM protein 1 (ABLIM or limatin)
mediates the interaction of actin filaments with cytoplas-
matic targets and thereby couples the cytoskeleton to
intracellular signaling pathways.*® Although ABLIM tran-
scripts were expressed more strongly in the primary than
in the recurrent gliomas, the analysis of further 43 gliomas
did not confirm a general decrease in ABLIM mRNA
expression with increasing malignancy grade. A third
candidate gene from 10q was CAMKZ2G, which codes for
the y subunit of Ca®*/calmodulin-dependent protein ki-
nase Il and is expressed in various cell types, including
astrocytes.*® The CAMK2G gene product is an important
effector of Ca®*-dependent signaling and seems to be
involved in the regulation of cell cycle progression as well
as apoptosis.® Its potential role in glioma progression,
as suggested by our data, remains to be investigated
further.

The ryanodine receptor 1 gene (RYR7, OMIM 180901)
was another candidate whose expression was signifi-
cantly lower in the recurrent high-grade than in the pri-
mary low-grade gliomas. RYRT maps to a chromosomal
region (19g13.1) that has been implicated in astrocytoma
progression by LOH studies.®? In addition, reduced ac-
tivity of RYR1 has been reported to inhibit apoptosis in
prostate cancer cells.®® Therefore, we selected RYR7 for
further study by real-time RT-PCR, which confirmed the
microarray results on the series of 8 glioma pairs but did
not demonstrate significant differences in expression in
the independent series of 43 gliomas.

L-selectin, the gene product of SELL (OMIM 153240,
1923-925), is a cell-surface-associated adhesion mole-
cule expressed on leukocytes. Recent studies indicate
that L-selectin may be involved in the formation of cancer
metastases.®>* We found increased SELL mRNA expres-
sion in astrocytic gliomas relative to non-neoplastic brain,
which may be due to infiltration of the tumor tissue by
leukocytes. More difficult to explain is the finding of re-
duced expression with increasing malignancy. Treatment
with glucocorticoids has been shown to strongly reduce
the expression of L-selectin in leukocytes.®® Since high-

grade glioma patients frequently receive glucocorticoids
before operation to reduce perifocal edema, the lower
level of SELL mRNA in high-grade gliomas may be due to
pre-operative glucocorticoid treatment rather than being
related to increased malignancy.

In summary, we have identified and validated a set of
novel candidate genes whose expression at the tran-
script level is associated with the WHO malignancy grade
of diffuse astrocytic gliomas. For most of these genes,
knowledge about their possible roles in gliomas is still
limited. Therefore, further studies are needed to more
precisely characterize the functional significance of these
genes in glioma progression as well as their potential
relevance for glioma grading and the assessment of
prognosis.
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