
Abstract. Astrocytomas are intracranial malignancies for
which invasive growth and high motility of tumour cells
preclude total resection; the tumours usually recur in a more
aggressive and, eventually, lethal form. Clinical outcome
is highly variable and the accuracy of morphology-based
prognostic statements is limited. In order to identify novel
molecular markers for prognosis we obtained expression
profiles of: i) tumours associated with particularly long
recurrence-free intervals, ii) tumours which led to rapid patient
death, and iii) tumour-free control brain. Unsupervised data
analysis completely separated the three sample entities
indicating a strong impact of the selection criteria on general
gene expression. Consequently, significant numbers of
specifically expressed genes could be identified for each
entity. An extended set of tumours was then investigated
by RT-PCR targeting 12 selected genes. Data from these
experiments were summarised into a sample-specific index
which assigns tumours to high- and low-risk groups as
successfully as does morphology-based grading. Moreover,
this index directly correlates with definite survival suggesting
that integrated gene expression data allow individualised
prognostic statements. We also analysed localisation of selected
marker transcripts by in situ hybridization. Our finding of
cell-specificity for some of these outcome-determining genes
relates global expression data to the presence of morphological
correlates of tumour behaviour and, thus, provides a link
between morphology-based and molecular pathology. Our
identification of expression signatures that are associated
individually with clinical outcome confirms the prognostic

relevance of gene expression data and, thus, represents a step
towards eventually implementing molecular diagnosis into
clinical practice in neuro-oncology.

Introduction

Malignant glioma is the most common primary brain tumour
in adults. Classification is built on resemblance of tumour
cells to certain types of glial cells; generally, ependymomas,
oligodendrogliomas and astrocytomas are recognised (1).
Complete resection of these highly infiltrating malignancies
is usually not achieved and recurrent relapses are eventually
fatal (2). Nevertheless, outcome is highly variable within each
class and several morphology-based grading systems have
been developed to account for this (1,3,4). The prognostic
validity of grading, however, is still limited due to considerable
morphological and clinical variability, partial overlap between
grades, and large inter-observer discordance in the scoring of
the relevant parameters (5-7).

The potential of molecular criteria to refine or even replace
existing glioma classification and/or grading schemes has
repeatedly been discussed (6,8). A prominent example, the
determination of loss vs. retention of chromosome 1p to predict
outcome in oligodendrogliomas (9), is about to enter clinical
practice. Amongst the novel technologies available to screen
for additional molecular characteristics of pre-defined tumour
entities, microarray-based transcriptome analysis is the most
widely applied. A number of pertinent studies on gliomas
have yielded promising results: it was shown that statistically
significant differences exist between the gene expression
profiles of: i) normal brain and gliomas (10-12), ii) different
glioma entities (13-15), iii) different grades within one entity
(13,14,16-23), iv) histologically identical gliomas with different
genetic background (24-26), v) tumours with differing contents
of necrosis (27), and vi) primary and recurrent tumours (28).
Whereas these studies were primarily focused on the bio-
logical implications of their findings, the prognostic relevance
of the groups discriminated was in some cases shown by
secondary analyses (15,26). More recently, expression profiles
have also primarily been correlated to prognosis. This has led
to the identification of prognostic gene expression markers
for high-grade gliomas (29,30) and glioblastomas (31-33).
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In the present study, microarray-based expression profiling
was applied to investigate control brain and malignant astro-
cytomas of all grades with the primary objective of discerning
tumour entities defined by extreme, i.e. favourable vs. poor,
outcomes. The aim of these experiments was to identify
specific molecular signatures, the prognostic relevance of
which was then to be tested by an independent methodology on
a larger set of samples. Since the clinical correlate of interest,
i.e. survival after initial diagnosis, is a continuous measure
(34), we further hypothesised that a continuous numerical
index developed from the expression data is more appropriate
than the common assignment of class labels. Finally, we used
in situ hybridization in order to link marker gene expression to
recognised morphological correlates of astrocytoma prognosis.

Materials and methods

Sampling and patient selection. This study has been approved
by the Ethics Committee at the medical faculty of the Friedrich-
Schiller-Universität Jena, Germany. Tissue samples were
collected from patients undergoing brain tumour surgery by
neurosurgery departments at Universitätsklinikum Jena and
HELIOS-Klinikum Erfurt. Part of the resected tissue was

used for neuropathology routine diagnosis according to the
WHO classification criteria (1); the remaining portion was
immediately snap-frozen in liquid nitrogen and stored at -80˚C.
Clinico-pathological data are summarised in Table I. Cases
conceptually suitable for microarray analysis were selected
by browsing the post-operative clinical records of patients
diagnosed with malignant astrocytoma who suffered tumour-
related death within 12 months following initial diagnosis
(poor outcome; henceforth referred to as sample entity O2) and
for patients without aggressive recurrence for more than 2 years
(favourable outcome, O1); control brain samples (O0) were
obtained by screening glioma resections for non-tumourous
areas.

Sample selection and extraction of RNA. Frozen tissue was
chopped into pieces of varying size and shape. Using a cryostat
for successively removing material from opposing sides, these
pieces were subsequently trimmed such as to represent flat
discs of ~30-50 mg weight and ~2 mm height. The ultimate
8-μm sections from each side, regarded representative for
the corresponding disc, were subjected to standard haema-
toxylin and eosin staining (Fig. 1A); cellular composition was
evaluated by an experienced neuropathologist (Stephan Patt).
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Table I. Clinico-pathological data for samples analysed in this study.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
Survival Survival status Method of analysis Sex Age at WHO grade
in months at last contact P: by RT-PCR, A: on array (entity) diagnosis
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––  
3 Dead P/A(O2) Male 48 IV
4 Dead P/A(O2) Female 77 IV
4 Dead P Male 77 IV
5 Dead P Male 46 IV
8 Dead P Male 52 IV
9 Dead P/A(O2) Male 73 IV

11 Dead P Male 73 IV
11 Dead P/A(O2) Female 64 IV
12 Dead P/A(O2) Female 62 IV
13 Dead P Male 63 IV
14 Alive P Female 22 II
14 Dead P Male 47 III
16 Alive P Male 33 II
16 Dead P Male 40 IV
17 Dead P Female 45 IV
21 Alive P Male 13 III
23 Alive P Female 52 IV
28 Alive P/A(O1) Male 17 II
29 Dead P Male 41 IV
30 Alive P Male 51 II
32 Alive P/A(O1) Female 32 II
33 Alive P/A(O1) Female 34 II
36 Alive P Male 36 III
40 Alive P/A(O1) Male 31 II
46 Alive P Female 25 II
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Ideally, tumour samples would be composed of >90% evenly
distributed, non-necrotic neoplastic cells, whereas control
brain would contain equal proportions of cortex and white
matter lacking any tumour-related morphology. Only discs
for which both sections fulfilled the above criteria (Fig. 1B)
were employed in further analyses. Frozen tissue was homo-
genised and total RNA extracted by use of a commercial kit
(RNeasy® Mini kit; Qiagen, Hilden, Germany) following the
manufacturer's instructions. RNA integrity and concentration
was examined on an Agilent 2100 Bioanalyzer (Agilent
Technologies; Palo Alto, CA, USA) using the RNA 6.000
LabChip kit (Agilent Technologies) according to the manu-
facturer's instructions.

Oligonucleotide array analysis. Probe labelling, hybridization
to the U95Av2 array (Affymetrix), and scanning were
conducted at the microarray core facility of the Inter-
disziplinäres Zentrum für Klinische Forschung (IZKF)
Leipzig (Faculty of Medicine, University of Leipzig) as
described previously (35). Scanned images were processed
using software Microarray Suite 5.0 (MAS5.0, Affymetrix):
absolute analyses were carried out for each of the 12 arrays to
derive gene-specific detection calls (statistics-based assign-
ment of absent, marginal or present) and signals (numerical
expression value); linear scaling was implemented in order to
normalise data for inter-array comparisons. We also calculated
the gene-specific change p-values (CPVs) from all pair-wise
array-to-array comparisons as implemented in MAS5.0. Note
that this value is different from, and partly independent of,
the ANOVA-derived p-value introduced below.

Analysis of array data and generation of candidate gene
lists. Data points for spiked-in transcripts, for probe sets used

for quality control, and for genes scored absent in all 12
experiments were removed; signal values of the 8499 remaining
genes were imported into the Cluster and TreeView software
package (36). First, data were log2-transformed and median
centred; for subsequent analyses, either the complete set of
8499 genes or a subset of 656 selected genes (see below
for selection criteria) was used. Arrays were hierarchically
clustered using the complete linkage of Euclidean distance
measures option. One-way ANOVA models were fit to the data
in order to identify genes for which expression was specific
(at p<0.0005) to entities O0, O1, and O2; overexpressed genes
were separated from underexpressed genes by applying k-
means clustering (k=2, maximum iterations=100). This resulted
in six candidate gene lists coherently termed O0_low, O0_high,
O1_low, O1_high, O2_low, and O2_high. In addition, entries
common to the O0-specific and the O2-specific lists (at
p=0.005) were compiled to yield two additional lists which
contain genes with continuously decreasing and increasing
expression along the O0-O1-O2 spectrum.

Semiquantitative RT-PCR. Genes that were comprised in the
above defined gene lists and consistently showed CPVs close
to one or to zero (depending on the direction of change) were
selected for RT-PCR. Primers were designed according to the
criteria that they i) preferentially target 3' mRNA regions
lacking orthologous sequences but being present in all known
isoforms, ii) span intronic sequences, and iii) amplify ~300-
600 bp; all oligonucleotides were obtained from MWG-Biotech
(Ebersberg, Germany). After optimization for specificity and
sub-cloning of the PCR-product followed by confirmatory
sequencing, a total of 12 genes (for identity see Fig. 4B) were
chosen for further analysis on an expanded set of samples.
cDNA was prepared from 500 ng total RNA using an iScript™
cDNA synthesis kit (Bio-Rad; Hercules, CA, USA) according
to the manufacturer's instructions. Templates for PCR were
prepared as 1:15 dilutions of the cDNA reactions. ACTB
(ß-actin, NM_001101) was used as the reference house-keeping
gene; in a pilot experiment, 22 PCR cycles were determined as
to represent the exponential phase of amplification for every
template when targeting ACTB. For the other genes, a cor-
respondingly optimised number of PCR cycles was established
from PCRs on pooled cDNAs. The intensity of bands from
single reactions was measured densitometrically, normalised
against the intensity of the ACTB band, and scaled to a mean
of 1 across all samples to derive gene- and sample-specific
expression values.

Statistical analysis of RT-PCR data. Expression values for
samples analysed on the arrays were used to show the degree of
correspondence between array and RT-PCR-derived expression
data. The difference in expression values between entities
(according to the underlying candidate list) was tested for
significance (p<0.05) using the two-sided exact Mann-Whitney
U test as implemented in the SSPS software package (Scientific
Software for Professional Statistics, Chicago, IL, USA).

In order to relate RT-PCR data to survival, we intended
to subsume the expression values for all 12 genes into a
single, sample-specific measure. To this end, we first ranked
expression values for each gene; positive or negative correlation
with outcome, suggested by the array data as increase or
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Figure 1. Sample characterisation. (A) Snap-frozen resected tissue was
chopped into smaller pieces which served to prepare flat discs; cellular
composition of discs was assessed on H&E-stained upper- and lower-side
sections. (B) Representative sections for O0, O1, and O2 samples showing
homogeneous cellular composition. Note that O0 samples were chosen to
contain both grey and white matter.
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decrease from O1 to O2, was implemented such that highest
ranks correspond to O1-like expression. These gene-specific
ranks were then added up for every sample (rank-sum) yielding

an integer value to which each of the 12 genes contributes
equally (henceforth referred to as integrated expression index,
IEI). The prognostic relevance of IEI was compared to that of
morphology-based grading by generating Kaplan-Meier plots
(37): partition by grading was implemented by combining
grade II (n=8) and grade III (n=3) tumours and comparing
them to grade IV tumours (n=14); the cut-off for IEI was set
at 160 to yield equally sized low- and high-risk groups, i.e.
n=11 vs. n=14, respectively. In addition, survival was plotted
against IEI for all tumours with defined end-point data.

In situ hybridization. Gene-specific sequences of ~400 bp
were cloned into pCR®II-TOPO® (Invitrogen, Karlsruhe,
Germany) in both orientations to enable the use of a single
promotor (SP6) for generation of sense and anti-sense probes.
Digoxigenin-labelled cRNA was prepared using DIG RNA
labelling kit (Roche Diagnostics GmbH, Mannheim, Germany)
according to the manufacturer's recommendations. Cryosections
of 12 μm were probed essentially as described previously
(38) with hybridization at 65˚C and washing at 60˚C as the
sole modifications. Visualisation utilised a DIG nucleic acid
detection kit (Roche Diagnostics GmbH) as recommended by
the manufacturer.

Results

Stringent selection criteria identify specimens with well-
defined cellular composition. Based on post-operative records
of patients diagnosed with astrocytoma, 14 cases fulfilling
the aforementioned clinical criteria for being considered for
microarray analysis were selected. Careful inspection of
corresponding tissue (Fig. 1A) led us to exclude a considerable
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Figure 2. Hierarchical clustering (HC, top) and principal component analysis
(PCA, bottom) of expression profiles. (A) Unsupervised analysis using
all 8499 genes recovers the pre-defined sample entities as unique clusters
in HC, with O1 samples weakly associating to O2 samples; entities are also
well-separated by PCA. (B) Supervised analysis, i.e. the use of only 656
selected genes (see text for selection criteria), generally strengthens this
structure. In HC, however, the position of individual O1 samples is changed
and the whole entity is now weakly associated with O0. Note that also in
PCA a clear affiliation of O1 samples to either O0 or O2 is lacking and that
principal component 1 (explaining most variability in the data) indicates an
intermediate position for O1.

Figure 3. Gene expression associated with sample entities defined by clinical outcome. Columns represent samples, rows represent genes. Relative expression
is colour-coded continuously from low (green) to high (red). (A) Genes significantly (p=0.0005, One-way ANOVA) overexpressed (top) or underexpressed
(bottom) in sample entities O0, O1 and O2. (B) Genes for which expression increases (top) or decreases (bottom) along the O0-O1-O2 gradient (lists
generated as overlap of O0-specific and O2-specific genes at p=0.005, One-way ANOVA).
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number of tumours: samples of homogeneous cellular comp-
osition (Fig. 1B) and sufficient size could be identified for
four of seven O1 cases and five of seven O2 cases; ~20 glioma
resections had to be screened to identify three O0 samples.
The cases eventually employed for microarray analysis are
indicated in Table I which presents the clinico-pathological
data of all samples used in this study.

Expression profiles discriminate between sample entities
defined by outcome. In order to uncover a structure inherent
to the complete set of expression data we first applied
unsupervised analyses, i.e. no information as to the identity
of the samples was incorporated. Hierarchical clustering
using the complete set of 8499 genes resulted in the separation
of O0 samples from O1 and O2 samples, i.e. control brain
tissue from tumours; the two sub-clusters within the tumour
branch exactly coincided with O1 and O2 (Fig. 2A, top).
Principal component analysis with the same set of genes
revealed the data to be highly structured; the single (two, three)
most informative component(s) explain 31% (48%, 58%) of
the variation in the data compared to the 8.3% (16.7%,
25%) expected from a structure-less dataset of equal size. A
two-dimensional plot of the first two principal components

(PC1 and PC2) visualises separation of O0, O1, and O2,
with O1 samples in an intermediate position according to
PC1 but also possessing specificity according to PC2 (Fig. 2A,
bottom).

Sample entities defined by outcome are characterised by
specific sets of differentially expressed genes. Having shown
that the overall structure of the microarray data supports
distinction between O0, O1 and O2, we aimed at identifying
the genes underlying such structure. To this end, One-way
ANOVA models were fit to pair-wise comparisons of
respective groups of samples. Fig. 3A visualises the expression
of 656 genes identified at p<0.0005. The number of genes
specific for each entity is well above the value expected by
chance alone (~4 per entity) but highly varies (n=72 for O1
compared to n=293 and n=291 for O0 and O2, respectively).
Gene lists of significant lengths, with those for O1 being
shortest, were also obtained by varying the cut-off from
p<0.00025 to p<0.01 (data not shown).
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Figure 4. RT-PCR results and relation to array data. (A) Representative RT-
PCR results. Sample- and gene-specific relative expression values were derived
from raw images by densitometric analysis of band intensities followed by
normalisation to ß-actin and scaling to a mean of 1 for every gene across all
samples. (B) Data for samples analysed on the arrays and re-analysed by
RT-PCR. Mean relative expression values for genes underrepresented or
overrepresented (upper and lower chart, respectively) by expression profiling
in the indicated entities. Asterisks denote statistical significance (p<0.05;
two-sided exact Mann-Whitney U test).

Figure 5. Prognostic value of morphological and gene expression data.
(A) Kaplan-Meier plot based on WHO grading. (B) Kaplan-Meier plot
derived from grouping tumours according to an RT-PCR-based integrated
expression index (IEI; see Materials and methods for details). (C) Correlation
between IEI and definite survival associated with individual tumours. Filled
circles represent the cases that had been analysed on the array as entity O2.
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We next used the 656 genes from the list generated at
p<0.0005 to repeat the above similarity analyses in a supervised
manner. Again, the three sample entities O0, O1 and O2
positioned to unique branches in hierarchical clustering
(Fig. 2B, top). While topology was conserved and uniformity
greatly enhanced within O0 and O2, this did not apply to O1
(compare Fig. 2A, top and Fig. 2B, top). Moreover, the very
position of the O1 branch was changed. However, the new
affiliation of O1 to O0 was weak, just like its affiliation to
O2 in the unsupervised analysis. A two-dimensional plot of
the first two principal components derived from PCA on the
656 selected (Fig. 2B, bottom) genes revealed a similar
picture, i.e. greatly enhanced separation of O0, O1 and O2
but no clear affinity of O1 to either O0 or O2.

We next wanted to know whether the intermediate position
of the O1 samples suggested in all previous analyses would
also be reflected in the expression pattern of specific genes.
Matching the lists with O0- and O2-specific genes (at p<0.005)
identified 62 genes with steadily increasing or decreasing
expression when assuming an O0-O1-O2 continuity (Fig. 3B)
which is far more than expected by chance (~4 genes); this
number dropped to 44 and 4 when setting O0 or O2 as inter-
mediate, respectively.

RT-PCR data confirm array analyses and further support a
correlation of gene expression with survival. In order to validate
the array results we choose 12 genes from the above generated
lists and performed semi-quantitative RT-PCR (Fig. 4A) on
newly prepared RNA from the tumours used for array analysis.
Statistically significant differences regarding expression values
were revealed for 9 of the 14 comparisons; in those not reaching
significance, the tendency, i.e. relation of the means, was still
in accordance with the array data (Fig. 4B).

Knowing that our RT-PCR data, by largely overlapping
with the array results, are also associated with outcome in

these samples, we extended survival analyses to include
additional cases. The RT-PCR-based IEI as depicted in
Materials and methods separates long-term from short-term
survivors as successfully as does morphology-based, classical
grading (Fig. 5A and B). Moreover, plotting survival against
IEI for cases with defined end-point data reveals a positive
correlation that was most evident for the non-array samples
which include long-surviving cases.

Distinctive expression signatures derived by global analysis
are accounted for by the presence/absence of specific cell
populations. Both control brain tissue and tumour samples
are heterogeneous in their cellular composition and we were
interested to see to what extent the global gene expression
signature can be attributed to the presence of specific cell
types or morphological characteristics present in the tissue
sample. To this end we chose to investigate localisation of
transcripts specific for either O0 or O2 samples. Two transcripts
enriched in O0 are expressed in different cell types in control
brain: the SLC17A probe marks large cells in the cortex which
presumably represent neurons (Fig. 6A); HAPIP is specific to
small, most likely glial cells (Fig. 6B). A similar association
to specific cell types is seen for two genes overrepresented
in O2: transcript for Col4A1 is exclusively found in the endo-
thelial cells lining tumour-specific blood vessels (Fig. 6C),
whereas EMP1 is strongly expressed in tumour cells neigh-
bouring necrotic areas in glioblastoma samples (Fig. 6D).

Discussion

Our study was aimed at identifying gene expression signatures
which are associated with prognosis in astrocytic tumours
and, hence, possess potential diagnostic value. To this end
we compared the expression profiles of control brain tissue
and two tumour sample entities defined by extreme, namely
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Figure 6. Cellular localisation of selected transcripts. Images taken after in situ hybridization with anti-sense cRNA (large frames) and sense cRNA (lower left
frames) and after H&E staining (lower right frames). (A) Expression of SLC17A (contained in O0_high) is found in large cell bodies of grey matter presumably
representing neurons (border grey/white matter stippled in H/E image). (B) HAPIP (O0_high) is expressed in smaller, most likely glial cells in control white
matter. (C) COL4A1 (O2_high) expression is restricted to endothelial cells in the vascularised areas of a glioblastoma sample. (D) Strong EMP1 (O0_low and
O2_high) expression is detected in glioblastoma cells embedded in a necrotic area. Scale bars, 200 μm.
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favourable and poor, outcome. With this definition of groups
solely on the basis of post-operative course, our approach
conceptually differs from that taken in many earlier studies
(21,29) as it builds on clinical rather than histological
information. In general, reports on good correlation between
histological parameters and a variety of molecular features
of astrocytoma (7,13,39,40) can help in understanding the
biology of these tumours; yet, regarding clinical prognosis
the real challenge would be to identify new criteria which
more accurately predict clinical outcome rather than to
correctly classify tumours into already existing subgroups
(34,41).

Along this line, a number of more recent studies on high-
grade gliomas have directly related expression profiles to
survival; very impressively, they succeeded in defining relevant
markers even within these entities generally associated with
poor prognosis (30,31,33). The fact that some of the same
candidates (e.g. FABP7, BMP2) also come up in our study
corroborates these earlier results and further validates our
approach. Furthermore, by being based on the inclusion of low-
grade tumours our data suggest an even broader significance
for some of the previously reported markers. Additional
examples of genes known to be differentially regulated during
astrocytoma progression and identified in this study include
VEGF (42; contained in O2_high), IGFBP2 (16; O2_high),
tenascin-C (43; O0_low), SPARC (44; O0_low) and vimentin
(17; O0_low and O2_high).

Meticulous sample characterisation is a critical step in
large-scale molecular screens on a limited number of cases; it
ascertains intra-sample homogeneity as well as uniformity
of samples within entities of interest. Yet, assessment of the
former point in related studies is either not reported (10,11,26)
or only dealt with by reviewing a single H&E stain (14,19,29).
This is surprising when considering the infiltrating growth and,
as a consequence, the compositional diversity of resections as
typical of malignant gliomas. We optimised the evaluation of
cellular composition by shaping samples such as to have a
high ratio of analysable sample surface to non-analysable
sample core (Fig. 1A). The high drop-out rate resulting from
this evaluation in our protocol just underscores the necessity
of including such a step. Uniformity within pre-defined
sample entities was achieved by non-overlap of the defining
criteria; this is similar to pre-selecting only samples with well-
agreed, ‘typical’ histology when comparing diagnostic groups
(15,29) or when analysing diagnostically relevant areas
within a given tissue (32).

Ideally, microarray experiments are initiated by one of
two objectives which, in turn, determine subsequent analytical
procedure: class discovery is usually carried out under un-
supervised conditions whereas supervised methods are
employed in class comparison/prediction (34). Despite our
approach falling among the latter, we initially addressed the
structure immanent to the complete set of data by applying
hierarchical clustering and principal component analysis in
an unsupervised manner. To our surprise, the clusters generated
completely correspond to the pre-defined sample entities. This
may in part be interpreted a random effect as we note that
complete congruence between unsupervised grouping and a
given pre-definition of sample entities is usually reported in
studies on relatively small numbers of samples (19,23; this

study). Alternatively, of all factors influencing the transcript-
ome it may in fact be prognosis leaving the strongest footprints.
In support of this notion, glioblastomas from long-surviving
patients were placed close to lower-grade samples by un-
supervised analysis (22,39) and oligodendrogliomas with a
good prognosis were more similar to normal brain than to
histologically similar tumours with a bad prognosis (15,25).
Finally, and not mutually exclusive, the strict tumour and
sample selection criteria discussed above may indeed have
succeeded in creating more uniform entities.

The samples used in the microarray experiments comprise
three distinct entities along a gradient of clinically defined
disease severity which ranges from healthy (O0) to highly
unfavourable outcome (O2). An intermediate position of O1
is also reflected in several aspects of the corresponding
expression profiles. Firstly, global data analysis unstably
assigns O1 to either O0 or O2 while never grouping together
O0 and O2 (Fig. 2). Secondly, the number of genes for
which expression is entity-specific is considerably higher for
O0 and O2 than for O1 (Fig. 3A). Finally, when O1 is set as
intermediate (Fig. 3B), the number of genes found to steadily
decrease or increase is higher than the number obtained when
this position is assigned to O0 or O2. A similar ‘in-between
phenomenon’ of expression profiles has been described
previously when comparative expression profiling employing
all classes of gliomas failed to identify specifically expressed
genes for oligodendrogliomas with intact 1p and for low-
grade astrocytomas (25); interestingly, amongst the groups
analysed, these two entities are generally associated with
intermediate prognosis again. Taken together, such data
suggest clinical malignancy to be encoded in a continuous
spectrum in expression profiles. We have tested this hypothesis
by defining the IEI described above as a sample-specific
continuous value and show that this value not only divides
the samples into two discrete groups with significantly
different outcome (Fig. 5B), but that it also correlates with
survival in individual cases (Fig. 5C). Together with the
successful application of a similar analytical strategy recently
reported for glioblastomas (31), this argues for a potential of
expression data to highly individualise prognosis in gliomas.

The specific approach of our study was to use expression
profiling on a defined set of tumours to derive prognostic
gene expression patterns. It was then of particular interest to
us to learn which characteristics would help a given gene
within this pattern to qualify as a marker. It became evident
from our data that this was not only its being expressed in the
tumour cells but that expression differences pertained to
various other cell types present in the samples. When we
characterised cellular localisation of selected transcripts we
found glia-specific as well as neuron-specific genes amongst
those enriched in control brain, which is consistent with
previously reported findings (33). Among the genes specific
to the high malignancy samples, one was found to be strongly
expressed in the vicinity of necrotic areas, the other marked
blood vessel walls; with both necrosis and vascularisation
being hallmarks of aggressive gliomas (2), these findings
directly relate the expression of certain genes to well-known
morphological features of malignancy. Incidentally, the
discriminative power of such markers might be lost if one
tried, e.g. by microdissection procedures, to enrich for
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tumour cells in the substrate for molecular analysis. On the
contrary, we might expect that the complexity of information
contained in tissue morphology that enables conventional
neuropathology grading can indeed be reflected by data
obtained by molecular analysis alone on a complex diagnostic
sample.
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