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Summary. As many as 100,000 new cases of brain
tumor are diagnosed each year in the United States.
About half of these are primary gliomas and the
remaining half are metastatic tumors and non-glial
primary tumors. Currently, gliomas are classified based
on phenotypic characteristics. Recent progress in the
elucidation of genetic alterations found in gliomas have
raised the exciting possibility of using genetic and
molecular analyses to resolve some of the problematic
issues currently associated with the histological
approach to glioma classification. Recently,
immunohistochemical studies using novel proliferation
markers have significantly advanced the assessment of
tumor growth potential and the grading criteria of some
tumor subtypes. Preliminary studies using cDNA array
technologies suggest that the profiling of gene
expression patterns may provide a novel and meaningful
approach to glioma classification and subclassification.
Furthermore, cDNA array technologies may also be used
to identify candidate genes involved in glioma tumor
development, invasion, and progression. This review
summarizes current glioma classification schemes that
are based on histopathological characteristics and
discusses the potential for using cDNA array technology
in the molecular classification of gliomas.
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Introduction

Gliomas are the most common malignant primary
brain tumors. They are derived from neuroepithelial cells
and are extremely diverse with respect to location,
morphology, differentiation, and response to therapy.
They can be divided into two major lineages: astrocytic
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tumors and oligodendrogliomas. Recently, the Central
Brain Tumor Registry of the United States obtained 5
yearsof incidence data (1990-1994). Among the primary
brain tumors, a significant percentage of gliomas (>40%)
were reported. An estimated 13,300 deaths in 1998 were
attributed to primary malignant brain tumors (CBTRUS,
1998).

Diagnosis of tumors is conventionally achieved by
assigning a presumed cell of origin and grade based
largely on morphological criteria, such as the size, shape
and pleomorphism of the tumor cells, the presence or
absence of mitotic figures, vascular proliferation and
necrosis, and pattern recognition of various architectural
features that are traditionally associated with a given
tumor type. However, accurate diagnosis is often
problematic because the histologic features of most
gliomas are heterogeneous and agreement on consensus
criteriafor the diagnosis and, particularly, the grading, of
several glioma subtypes has been difficult to achieve.
Lack of consensus on objective grading and
classification criteria breeds subjectivity in diagnosis. A
more objective classification system has long been
needed to augment and complement the traditional
histopathological approach.

Recent developments in immunohistochemical
techniques have allowed a more accurate assessment of
proliferation indices, and early attempts to incorporate
these into glioma grading systems have been made
(Fuller and Burger, 1996a). Historically, a number of
markers have been employed, including: (1) Ki-67, a
nuclear nonhistone protein that is expressed by actively
dividing cells, (2) proliferating cell nuclear antigen
(PCNA/cyclin), an auxiliary protein of DNA polymerase
6, and (3) bromodeoxyuridine (BrdU), a thymidine
analogue that is incorporated into DNA during the S
phase of the cell cycle (Vandenberg, 1992; Fuller, 1996a;
Cavalla and Schiffer, 1997). The currently preferred and
most widely used marker is that detected by the
monoclonal antibody MIB-1, which recognizes an
epitope on the Ki-67 antigen. The principal advantage of
this marker over the earlier Ki-67 monoclonal antibody
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is that MIB-1 is reactive in formalin-fixed, paraffin-
‘embedded tissue samples, whereas the Ki-67 antibody
requires frozen tissue for optimal reactivity. Several
different groups have proposed incorporating MIB-1
labeling indices into grading systems for the gliomas
(Kros et al., 1996; Coons et al., 1997; Hsu et al., 1997,
McKeever et al., 1998).

In a different arena, advances are rapidly being made
in the understanding of the genetic alterations in brain
tumors. For example, loss of heterozygosity (LOH) for
large regions at 10p, 10923, and 10q25, or loss of an
entire copy of chromosome 10 are the most frequent
genetic alterations found in glioblastomas (von Deimling
et al., 1993; Steck et al., 1995; Albarosa et al., 1996).
One of the potential tumor suppressor genes located on
chromosome 10, PTEN/MMAC1, has been recently
cloned and characterized (Li et al., 1997; Steck et al,,
1997).

Similarly, evaluation of oligodendrogliomas has
revealed an incidence of LOH for chromosomes 1p and
19q of 80-90% (Reifenberger et al., 1994). Genetic
alterations may affect treatment strategies. In the case of
oligodendroglioma, tumors with the characteristic 1p
and 19q deletions respond better to combination
chemotherapy (procarbazine, cytoxan, vincristine, or
PCV) compared to oligodendrogliomas that lack this
molecular signature (Cairncross et al., 1998; Paleologos
and Cairncross, 1999). An understanding of gene
activities is thus rapidly becoming an indispensable
component of tumor diagnosis, classification, and
treatment. Because cancer cells often have
heterogeneous molecular interactions and the total
transcript number in a given cell is 50,000-100,000, it is
not feasible to fully characterize cancers one gene at a
time. However, recent developments in genechip
technology that permit parallel analysis of thousands of
genes simultancously will make it possible to study
genome-wide gene expression in individual tumor
samples. Thus, it may soon be possible to develop
a cancer classification system that is based
on gene cxpression profiles. The anticipated
synergistic combination of molecular classification,
clinical information and traditional histopathological
assessment may significantly improve diagnosis,
therapeutic intervention, and ultimately clinical
outcome.

This review will describe the current classification
of gliomas that is based on morphological criteria, the
molecular genetics of gliomas, and the current methods
of comparing gene expression profile changes in
different histological specimens. Because numerous
reviews have been written describing glioma
histopathology (Burger and Scheithauer, 1994; Fuller
and Burger, 1996a; Bigner et al., 1998) and molecular
genetics (Furnari et al., 1995; von Deimling et al., 1997,
Rasheed et al., 1999), this review will focus primarily on
recent studies discussing the application and potential of
gene expression profiling in the study and classification
of gliomas.

Histopathology
Low grade astrocytoma

Low grade astrocytomas typically present in the
third or fourth decade and most commonly originate in
the white matter of the cerebral hemispheres. A
characteristic feature is an indistinct, diffusely
infiltrating margin with the surrounding brain
parenchyma, which is the principal impediment to
complete surgical resection. Microscopically, low grade
astrocytomas vary from very well-differentiated tumors,
in which the histologic features need to be distinguished
from reactive gliosis, to more cellular and pleomorphic
lesions, which must be distinguished from astrocytomas
of higher grade. The nuclei of low grade astrocytomas
are typically uniformly round-to-oval with a delicate
chromatin pattern. Mitotic figures are very rare or
absent; in most contemporary grading schemes, the
presence of mitoses elevates the tumor to an anaplastic
category (Fuller, 1996b). Neuropil vacuolation and
microcysts may also be present (Fuller and Burger,
1996b).

Anaplastic astrocytoma

Similar to low grade astrocytoma, anaplastic
astrocytoma (AA) primarily arises in the cerebral
hemispheres, but may also occur in the brain stem and
spinal cord. AAs are intermediate with respect to age of
highest incidence (40-50 years), duration of preoperative
symptoms, and degree of macroscopic abnormality
compared to low grade astrocytomas and glioblastomas
(Burger et al., 1985). It is often not possible to grossly
distinguish between a low grade astrocytoma and an
anaplastic astrocytoma, and grading is dependent on
histological examination. However, the higher cellularity
of the anaplastic astrocytoma sometimes produces a
sharper circumscription from surrounding brain
structures compared to low grade astrocytoma.
Microscopically, AAs are more cellular and pleomorphic
than low grade astrocytomas, and mitotic figures are
present (Scherer, 1940). Some grading systems permit
the presence of microvascular proliferation in AAs,
whereas in other systems this feature, together with
pleomorphism and the presence of mitotic figures,
would require a diagnosis of glioblastoma (Fuller,
1996b). Depending on the particular grading scheme
employed, the criteria that distinguish between the
different grades of astrocytoma are often imprecise
and highly subjective. Moreover, the type of surgical
procedure used to obtain tissue also impacts the
diagnosis: because astrocytomas are graded based on
the worst area identified, small tissue samples,
such as those obtained by stereotactic biopsy, frequently
are not representative of the lesion and result
in undergrading the tumor secondary to sampling
bias or "error" (Glantz et al., 1991; Fuller and Burger,
1996a).
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Glioblastoma multiforme

The most malignant astrocytic tumor is the
glioblastoma multiforme (GBM). Unfortunately, GBM is
also the most common of all gliomas, accounting for
approximately half of all astrocytic tumors. GBMs most
often present in the cerebral hemispheres of adults in the
fifth decade or higher. They also arise in the brain stem
of children and more rarely in the spinal cord or
cerebellum of children and adults. Glioblastomas are
composed of poorly differentiated astrocytes and may
develop through anaplastic progression from lower grade
astrocytomas over a period of years (secondary
glioblastoma) or they may present after only a short
clinical history with no evidence of a preceding lower
grade tumor (primary, or de novo, glioblastoma). On
neuroimaging studies, glioblastomas typically present as
irregularly shaped lesions with a peripheral, ring-like
zone of contrast enhancement surrounding a central area
of necrosis (Burger et al., 1983). The contrast-enhancing
ring structure corresponds to the hypercellular, highly
vascularized peripheral zone of the lesion. Radiologic-
pathologic correlation studies have shown that
infiltrating glioma cells can be identified within and
occasionally beyond a 2-3 cm margin surrounding this
enhancing ring (Burger et al., 1983). Although the
infiltrative nature of glioblastomas is readily apparent
microscopically, in contrast to well-differentiated
astrocytomas, many GMs often appear deceptively well-
defined on gross examination (Fuller and Burger,
1996a).

Microscopically, as the desciptor "multiforme" aptly
implies, GBMs exhibit a very heterogeneous array of
cell types, which vary greatly with respect to cell size,
nuclear pleomorphism, and cytoplasmic volume and
configuration (Burger et al., 1983). A number of GBM
morphologic subtypes have been described, including
giant cell glioblastoma, small cell glioblastoma, and
epithelioid glioblastoma. Two morphologic features
characterize most glioblastomas. The first is vascular or
"endothelial” proliferation, in which proliferative
vascular elements (endothelial cells, pericytes, smooth
muscle cells and fibroblasts) form tortuously coiled
masses (Haddad et al., 1992; Wesseling et al., 1993).
The second feature is tumor necrosis. Neoplastic cells
often surround necrotic foci in dense aggregates referred
to as pseudopalisades (Burger and Vollmer, 1980;
Burger and Scheithauer, 1994).

Oligodendrogliomas

Oligodendrogliomas are less prevalent than
astrocytomas, representing approximately 4-5% of
primary brain tumors (Mork et al., 1985). These tumors
often exhibit a slowly progressive preoperative history
(10 to 20 years). Oligodendrogliomas are most
commonly found in the subcortical white matter with
frequent extension into the overlying cerebral cortex
(Bigner et al., 1999). Oligodendrogliomas may rarely

arise in the cerebellum, brain stem or spinal cord.
Macroscopically, the lesions are diffusely infiltrating
tumors and can closely resemble well-differentiated
astrocytoma. Calcification is a common feature seen
within the tumor and in adjacent cortex. Histologically,
oligodendrogliomas display uniformly round nuclei
surrounded by a clear halo (so-called "fried egg"”
appearance). The halos are artifacts of delayed fixation
produced by water that has been osmotically drawn into
the cytoplasm of ischemic tumor cells following
resection (Fuller and Burger, 1997). The halo artifact is a
reliable morphologic finding characteristic of
oligodendrogliomas, but is not seen in tissues that are
fixed rapidly, including those used for intraoperative
rapid frozen section diagnosis (Fuller and Burger,
1996a). Since there are as yet no immunohistochemical
markers specific for oligodendrogliomas, the diagnosis
currently rests on standard light microscopic assessment
of hematoxylin-eosin (H&E) stained tissue sections.
Grading of oligodendrogliomas is very subjective and a
number of different systems have been proposed (Smith
et al., 1983; Daumas-Duport et al., 1988; Shaw et al.,
1989). In general, high-grade lesions are characterized
by microvascular proliferation, foci of tumor necrosis,
and "brisk" mitotic activity; however, precise, objective
criteria for tumor stratification have not been universally
agreed upon. Moreover, disagreement exists over
whether oligodendrogliomas with anaplastic features
that include necrosis with pseudopalisading should be
classified as high grade oligodendrogliomas or as
glioblastomas. Nevertheless, clinical studies have
demonstrated that there is a significant prognostic
difference between high and low grade tumors: the
median survival time for patients with low-grade tumors
is approximately 9.8 years, compared to 3.9 years for
patients with high-grade tumors (Shaw et al., 1992).

Mixed gliomas

Tumors composed of two different glial cell types
are referred to as mixed gliomas. By far the most
common type of mixed glioma is the oligoastrocytoma,
which by definition is composed of a mixture of
neoplastic astrocytes and neoplastic oligodendrocytes.
Two morphologic variants have been described: 1) the
"compact” form, in which the two representative tumor
cell types are present as discrete, separately identifiable
areas within the neoplasm, and 2) the "diffuse" form, in
which the two tumor cell types are intimately
intermingled with each other. In addition, there is
increasing recognition of the existence of a third,
"tertium quid", category of mixed gliomas in which
every tumor cell exhibits ambiguous morphologic
characteristics that are intermediate between those of
classical oligodendroglioma and astrocytoma, such that
it is very difficult for even experienced oncologic
neuropathologists to make an unequivocal diagnosis of
astrocytoma, oligodendroglioma, or mixed glioma.
Currently, the diagnosis of mixed glioma is based on the
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highly subjective recognition and relative weighting of
the various morphological features historically
associated with each neoplastic cell type.

Low grade oligoastrocytomas are moderately
cellular neoplasms with low mitotic activity. Micro-
calcifications and microcystic change may be present.
Necrosis and vascular endothelial proliferation are
absent. Anaplastic oligoastrocytomas show "increased"
cellularity, nuclear atypia, and pleomorphism, and
"brisk" mitotic activity. Microvascular proliferation and
necrosis are also frequently present. Identification of an
oligodendroglial component in anaplastic gliomas has
recently acquired increased significance as data showing
a correlation with response to chemotherapy has been
adduced (Cairncross et al., 1998). Molecular analysis is
beginning to resolve some of the uncertainties inherent
in the subjective histological evaluation of the gliomas
and will be discussed in the next section.

Molecular genetics

There are two major classes of genes critical for the
development of all types of cancer: tumor suppressor
genes, which encode products that function to inhibit
cell proliferation and tumor development, and
oncogenes, which encode proteins that stimulate
proliferation and mediate biological activities integral to
invasion, neoangiogenesis, immune escape, and other
characteristics of malignancy. Many of the tumor
suppressor genes and oncogenes directly participate in or
regulate signal transduction pathways linking
extracellular stimuli to cell cycle progression and/or cell
death, which are two critical areas where abnormalities
occur in cancer cells. Although our understanding of the
sequence and types of genetic alterations in the each of
the brain tumor phenotypes is far from complete, several
specific genetic changes that have been identified will be
briefly discussed. For interested readers, several recent
detailed reviews are available (Furnari et al., 1995; von
Deimling et al., 1997; Rasheed et al., 1999).

Astrocytomas

p53 is a tumor suppressor gene located on
chromosome 17 that is frequently implicated in the
pathogenesis of astrocytomas (Bogler et al., 1995). The
p33 protein is a sequence-specific transcription factor
that acts to induce or repress specific genes involved in
multiple cellular functions, including progression
through the cell cycle, DNA repair after damage,
genomic instability, and the tendency for the cell to
undergo apoptosis following treatment (Haffner and
Oren, 1995). p53 mutations have been reported in
approximately 40% of astrocytic tumors of all grades
and are most commonly found in gliomas of adults.
Although p53 mutations are rare in primary
glioblastomas (<10%), they have a high incidence in
secondary glioblastomas (>65%) (Watanabe et al., 1996,
1997a,b). While the prognostic implications of p53

mutations have not yet been defined clearly, they remain
strong candidates for clinical significance in several
areas, including response to irradiation, in which p53 has
recently been shown to be of importance (Haas-Kogan et
al., 1999).

The MDM?2 gene (mouse double minute 2) contains
a p53 DNA binding site. Recently it has been
demonstrated that, under a variety of conditions, MDM2
transcription is induced by wild type p53 (Barak et al.,
1994; Zauberman et al., 1995). The MDM2 protein
forms a complex with p53, thereby abolishing its
transcriptional activity; thus, in normal cells, this
autoregulatory feedback loop regulates both the activity
of p53 and the expression of the MDM2 gene
(Zauberman et al., 1995). Amplification of MDM?2 is
present in <10% of primary glioblastomas that lack a
p53 mutation (Refeinberger et al., 1994). However,
overexpression of MDM?2 was observed in more than
50% of primary glioblastomas; in contrast, less than
10% of secondary glioblastomas showed overexpression
of MDM?2 (Biernat et al., 1997; Korkolopoulou et al.,
1997; Newcomb et al., 1998). Interestingly, the majority
of glioblastomas contain short forms of alternatively
spliced MDM?2 transcripts that lack a region containing
the p53 binding domain (Matsumoto et al., 1998).

Another mutation associated with primary
glioblastomas is the lack of an intact INK4a-ARF tumor
suppressor locus (He et al., 1995; Ichimura et al., 1996).
The cells are thus unable to make the two INK4a-ARF
gene products, p16INK4a and p19ARF that arrest the cell
cycle by different pathways in Gl and in both G1 and
G2, respectively (Quelle et al., 1995; Serrano et al.,
1996). p16 binds to and inhibits the function of the
cyclin dependent kinases CDK4 and CDKG6, thereby
reducing their capacity to phosphorylate the Rb protein
and ultimately resulting in the loss of cell cycle control.
Gliomas that progress from lower to higher grade lesions
are usually wild type for INK4a-ARF but have an
amplified cdk4 locus or have lost the Rb gene, and
frequently also display either loss of p53 function or
amplification of MDM2. Therefore, in both types of
tumors the same two cell cycle arrest pathways are
disrupted by different mutations. An in vivo glial-
specific gene transfer system has been developed to
examine the effects of individual mutations and
combinations of mutations in mice (Holland and
Varmus, 1998). This system, which utilizes retroviral
vectors and a transgenic mouse line, has recently been
used to investigate the role of EGFR mutation in
gliomagenesis (Holland et al., 1998). The transfer of the
mutant EGFR gene induces glioma-like lesions in mice
deficient for INK4a-ARF but not in mice that are wild
type at the INK4a-ARF locus. In addition, EGFR-
induced gliomagenesis does not occur in conjunction
with p53 deficiency, unless the mice are infected with a
vector carrying CDK4.

Loss of heterozygosity at the 10p, 10923, or 10q25-
26 loci, or the loss of an entire copy of chromosome 10,
are the most frequent genetic alterations in glioblastomas
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(von Deimling et al., 1993; Steck et al., 1995; Albarosa
et al., 1996). MMACI1/PTEN, a tumor suppressor gene
located on chromosome 10, encodes a protein that has
phosphatase activity and causes growth suppression (Li
et al., 1997; Steck et al., 1997). The majority of
MMACI/PTEN alterations are seen in primary
glioblastomas (32%) and only rarely in secondary
glioblastomas (4%) (Tohma et al., 1998). Thus, this gene
may be important for progression to more malignant,
high-grade tumors. In addition, p53 mutations and
MMACI1/PTEN mutations appear to be mutually
exclusive (Rasheed et al., 1997, Tohma et al., 1998).

In contrast to tumor suppressor gene mutations,
which result in the loss of function of proteins that
normally inhibit cell proliferation, the activation of
oncogenes results in the enhanced function of proteins
that facilitate cell proliferation. Amplification is a
common mechanism by which oncogenes are activated
and is a manifestation of genetic instability. In
astrocytomas, the gene most frequently found to be
amplified is EGFR (Liberman et al., 1985; Ekstrand et
al,, 1992; Wong et al., 1992), which encodes a growth
factor important for astrocytes. Amplification of a
mutated EGFR allele is seen rarely in low-grade
astrocytomas, but is found more frequently in about one-
third of glioblastomas, especially in tumors occurring in
elderly patients (Hunter et al., 1995). In addition,
glioblastomas with EGFR amplification also have a
simultaneous loss on chromosome 10 (von Deimling et
al., 1992).

Oligodendrogliomas

Cytogenetic studies have found that genetic
alterations associated with oligodendrogliomas are
distinctive from those found in astrocytic tumors.
Oligodendrogliomas characteristically exhibit a loss of
chromosomal regions on 1p and 19q13 (Ritland et al.,
1995). Other chromosomal regions lost from
oligodendrogliomas include 1p36, 9p, and 22, and
increased numbers of chromosome 7 have also been
reported. Some studies have reported the incidence of
19q loss in oligodendrogliomas as high as 81%
(Reifenberger et al., 1994), while LOH for 1p has been
reported in up to 94% of tumors (Bello et al., 1995).

Mixed oligoastrocytomas

Currently, molecular genetic analysis fails to support
the concept that the oligoastrocytoma is a tumor in
which distinct populations of neoplastic astrocytes and
oligodendroglia exist. Maintz et al. (1997) evaluated 38
grade 2 and 3 oligoastrocytomas and found that loss of
1p/19q and p53 gene mutations seldom occurred in the
same neoplasm. Furthermore, histologic evaluation
determined that the lesions with 1p/19q loss often had
predominantly oligodendroglial morphology. In addition,
Kraus et al. (1995) analyzed histologically-separable
oligodendroglial and astrocytic regions of three mixed

oligoastrocytomas and found that both histologies shared
the 1p/19q loss in all three cases. These studies suggest
that even when astrocytic and oligodendroglial elements
are identified based on phenotypic features within the
same lesion, most tumors will uniformly display the
molecular profile of either an astrocytoma or an
oligodendroglioma. The importance of correctly
classifying these tumors is emphasized by the fact that
oligodendrogliomas that exhibit chromosome 1p and 19q
abnormalities have been reported to respond better to
combination PCV chemotherapy compared to
oligodendrogliomas that lack this molecular signature
(Cairncross et al., 1998; Paleologos and Cairncross,
1999). Glass et al. (1992) have reported that
oligoastrocytomas frequently respond to PCV. Thus,
molecular genetic analysis may not only improve
diagnostic and prognostic accuracy; it may also help
determine specific treatment strategies.

Gene expression profiling

Although extensive research has led to the
identification of some specific genetic changes that are
characteristically associated with the gliomas, we are
still at a very early stage with respect to a comprehensive
understanding of the myriad genetic alterations involved
in glioma phenotype determination. Many inferences
have been drawn regarding the molecular basis of
glioma genesis and biology based on the analysis of only
one or a few genes. Considering that there are probably
more than 100,000 expressed genes in a given glioma
cell population, our single-gene based knowledge is at
best fragmented and biased. Clearly, a systematic
approach is needed to provide a global perspective and
to put all of the disparate pieces together. In recent years,
a variety of techniques have been developed that allow
high-throughput analysis of differential gene expression.
These include comparative expressed sequence tag
(EST) sequencing, serial analysis of gene expression
(SAGE), mRNA hybridization to cDNA or oligo-
nucleotide arrays, and tissue microarrays. In this section,
we will discuss the technical aspects of these
technologies, followed by a discussion of their
applications to the study of gene expression in cancer.

Technical aspects of gene expression technologies

One technique commonly used to analyze gene
expression levels is expressed sequence tag (EST)
sequencing from representative cDNA libraries. EST
sequencing is accomplished by sequencing the 5' or 3'
ends of cDNAs from libraries representing various tissue
and cell types, which are then used to define sequence
tags that uniquely identify a particular gene (Adams et
al., 1991). Normalized or non-normalized cDNA
libraries may be used for EST sequencing. A normalized
library is one in which each transcript is present in more
or less equal numbers and has the twin advantages of
minimizing the redundant sequencing of highly
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expressed genes and maximizing the potential for
identification of rare transcripts (Bonaldo et al., 1996).
The advantage of using non-normalized, non-amplified
libraries, however, is that the relative abundance of the
transcript in the original cell or tissue is accurately
reflected in the frequency of the clones in the library (Ji
et al., 1997).

Another method known as serial analysis of gene
expression (SAGE) is essentially an accelerated version
of EST sequencing. In this method, a unique sequence
tag is generated for each transcript in the cell or tissue of
interest. The sequence tags are concatenated, cloned and
sequenced, thereby creating transcript profiles for each
SAGE library. The frequency of a particular transcript
within the starting cell population is reflected by the
number of times the associated sequence tag is
encountered within the sequence population (Velculescu
et al., 1995). Because sequencing reactions yield
information for 20 or more genes, it is possible to
generate data points for thousands of transcripts. Thus, it
is possible to compare SAGE tag data from a variety of
samples.

Gene expression analysis utilizing cDNA array
systems can be divided into three steps: sample
preparation, array hybridization, and data interpretation.
Although large numbers of tissue samples are available
in many clinical departments, often the samples are
suboptimal with respect to RNA integrity, fixation, or
critical patient information. Thus, an efficient system
must be in place to allow for appropriate tissue
collection and storage. Tissues also need to be carefully
screened by an experienced pathologist for composition
and purity prior to analysis. In the second step, cDNA or
oligonucleotides representing a large number of genes
are deposited onto a solid support in an ordered array
(Southern et al., 1992; Schena et al., 1995). The total
complement of mRNA from a cell or tissue sample is
used to create a radioactive or fluorescent probe that is
then hybridized to the array of DNA fragments. After
washing, the bound signal is quantitated and the signal
for each gene is used to determine the relative
abundance of each gene. Three microarray formats are
currently available: filter based arrays of cDNAs (Pietu
et al., 1996), oligonucleotides synthesized on solid
supports using photolithography techniques (Lockhardt
et al., 1996), and glass slide microarrays of cDNAs
(DeRisi et al., 1996; Schena et al., 1996). High-density
arrays contain ESTs of unknown genes and can therefore
be used for gene discovery purposes, while low-density
arrays comprised of pre-selected known genes that are
grouped according to their involvement in specific
processes can be very useful for examination of specific
cellular pathways. A typical array experiment generates
thousands of data points and creates special, serious
challenges for data analysis. Databases need to be
constructed specifically for managing the vast
information generated for the genes represented on the
array. In addition, strong statistical support is also
needed for analysis and interpretation of these massive

data files.

Most recently, an array-based high-throughput
technique has been introduced that allows molecular
profiling of a large number of tissue samples in a single
experiment. Tissue microarrays are constructed by
incorporating minute cylindrical tissue samples (0.6 mm
in diameter) from hundreds of different tissues into a
single paraffin block. Microtome-cut tissue sections
from these microarray blocks make possible the parallel
detection of DNA (by fluorescence in situ
hybridization), RNA, and protein (by immunohisto-
chemistry). Using this technique, consecutive analyses
of a large number of molecular markers can be
accomplished with relative ease (Kononen et al., 1998).

Applications of gene expression technologies

Techniques used to generate gene expression profiles
have the potential for a wide variety of applications, and
it seems likely that they will ultimately become standard
tools for both molecular biologic research and clinical
diagnostics. For example, these new techniques can be
used to identify gene mutations and polymorphisms, to
analyze differential expression of genes in normal versus
malignant cells, to reveal genes that may prove useful as
diagnostic or prognostic markers, and to investigate
mechanisms of drug action. It is highly likely that novel
insights into the complex relationships between gene
expression and the many different cancer phenotypes,
previously unattainable, will be forthcoming.

Gene amplification is one mechanism utilized by
tumor cells for increasing the expression of a protein
whose activity promotes cell proliferation. To better
understand the contribution of amplifications to tumor
progression, it is necessary to have a detailed analysis of
the genetic composition of the amplified regions.
Because amplification of a mutated EGFR allele is found
in fully one-third of glioblastomas (Hunter et al., 1995),
EST sequencing was used to examine the EGFR locus
for novel gene amplifications in 28 primary glioblastoma
tumor samples and in two cell lines (Wang et al., 1998).
Southern analysis revealed sequence amplification for 11
of 13 probes in one or more of the tumor samples tested.
Northern blot analysis with the same probes indicated
that three ESTs identified transcripts that were
overexpressed in cell lines having corresponding
sequence amplification. Identification of increased
transcript levels for multiple expressed sequences raises
the possibility that there are genes in addition to EGFR
that are involved in the amplification of this region.

Serial analysis of gene expression (SAGE) is another
technique used to simultaneously analyze a large number
of transcripts in tumor cells as compared with their
normal cell counterparts. At present, no studies have
been published using SAGE to analyze glioma tissue
samples. However, SAGE has been used to study gene
expression patterns in gastrointestinal tumors (Zhang et
al., 1997). Transcripts isolated from at least 45,000
different genes from human colorectal (CR) epithelium,
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CR cancers, and pancreatic cancers were analyzed.
Although the gene expression profiles were similar
between normal colon epithelium and primary colon
cancers, expression profiles revealed 289 transcripts that
were expressed at significantly different levels. SAGE
was also performed on mRNA derived from pancreatic
cancers and 404 transcripts were expressed at higher
levels compared to transcripts isolated from normal
colon epithelium.

Recently, SAGE has been used in the study of non-
small cell lung cancer (NSCLC) (Hibi et al., 1998).
SAGE analysis was performed on primary squamous
cell lung cancer samples and normal lung large airway
epithelial cells. Comparison of the tags present in the
tumor samples with those identified in the normal tissue
allowed construction of a comprehensive profile of gene
expression patterns in the lung. Analysis of the most
frequently expressed SAGE tags led to the identification
of three genes that were consistently expressed in
primary NSCLC: PGP 9.5, B-myb, and human mutT.
These results suggest that several of the transcripts
identified by SAGE are frequently associated with lung
cancer and that their overexpression may contribute to
lung tumorigenesis.

cDNA microarrays are another powerful tool that
can be used to discern whether specific patterns of gene
expression can be reliably and reproducibly associated
with specific tumor types and thereby provide
information for molecular classification. They can also
be used to facilitate the identification of cellular
pathways associated with chemotherapeutic agents. For
example, the molecular response of gliomas to the DNA-
alkylating agent 1,3-bis(2-chloroethyl)-1-nitrosourea
(BCNU) has been investigated using a cDNA array
(Rhee et al., 1999a). The study found major differences
between gene expression in a BCNU-resistant
glioblastoma cell line compared to a BCNU-resistant
subline before and after treatment with BCNU. Overall,
more genes were expressed in the sensitive cells. More
specifically, BCNU treatment decreased the expression
of six DNA repair genes in the sensitive cell line but not
in the resistant cell line. Moreover, marked induction of
tumor necrosis factor was detected only in the sensitive
cells. These results demonstrate that the use of gene
expression profiling can facilitate the investigation and
understanding of tumor response to anticancer
chemotherapies.

cDNA arrays can also be used to identify candidate
genes involved in tumor development, invasion, or
progression. For example, in a parallel screening study
comparing gene expression among primary gliomas of
different grades, cDNA array technology was used to
search for genes associated with glioma progression
(Fuller et al., 1999). The IGFBP2 gene was found to be
specifically overexpressed in glioblastomas but not in
lower grade gliomas, thus providing novel insight into a
potential signal transduction pathway involved in glioma
progression.

cDNA array technology has recently been used to

assess the fidelity of models used in glioma research.
Established cell lines are commonly employed as in vitro
models of different tumor categories based on the
assumption that they are representative their primary
diseases. cDNA arrays were used to determine the extent
to which cell lines reflect the molecular features of the
primary tumors from which they were derived (Rhee et
al., 1999b). Gene expression profiling was performed on
ten glioblastoma multiforme (GBM) primary tissue
samples and on three GBM cell lines. Hierarchial
statistical analysis showed that the three cell lines map
as one clustered group and the ten tissue samples map as
a completely separate cluster. Multidimensional scaling
and principal component analysis provided additional
supportive evidence that the cell lines are clearly distinct
from the tissue samples and also that the cell lines
exhibit considerably more internal variation among
themselves than do the primary tissue samples (Hess et
al., submitted). Thus, the validity of using derivative cell
lines as representative substitutes for primary tissues
must be strongly qualified. It is possible that cell lines of
early passage may more faithfully emulate their
corresponding tumor types than do the established multi-
passage lines examined in this study; further
investigation is required to answer this question.

While cDNA arrays make possible the expression
analysis of thousands of genes in a single tumor
specimen, another array-based technology has been
developed that can be used to simultaneously analyze
hundreds of tumor specimens in a single experiment, the
tissue microarray (Kononen et al., 1998). Bubendorf et
al. (1999) used fluorescence in situ hybridization on
tissue microarrays to obtain a comprehensive survey of
gene amplifications in different stages of prostate cancer
progression. They found that high-level (>3X)
amplifications were very rare (<2%) in primary prostate
cancers. However, in metastases from patients with
hormone-refractory disease, amplification of the
androgen receptor gene was seen in 22%, MYC in 11%,
and Cyclin D-1 in 5% of cases. These results suggest
that androgen receptor amplification is more closely
associated with the development of hormone-refractory
cell growth, whereas MYC amplification is associated
with metastatic progression. This study illustrates that
tissue microarray technology is a powerful tool suited
for the molecular profiling of large numbers of tumors.
In another recent study, combined cDNA array and
tissue microarray analysis was used to evaluate gene
expression in renal cell carcinoma, a disease in which
genetic markers have not yet been successfully applied
for diagnosis or prognostication (Moch et al., 1999).
cDNA analysis was performed on a renal cell cancer line
and on normal kidney tissue. Eighty-nine differentially
expressed genes were identified in the cancer cell line,
including vimentin, a cytoplasmic intermediate filament.
Next, a tissue array composed of renal cell carcinoma
specimens of different grades was used to determine the
incidence of vimentin expression as detected by
immunohistochemistry. Vimentin expression was found
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to be more frequent in grade II (44%) and grade III
(42%) tumors than in grade I (13%) tumors. Vimentin
expression was also correlated with tumor stage, being
more common in the higher stages. The results of this
study illustrate the power of combining cDNA
microarray and tissue array technologies to identify and
characterize cancer genes. The application of tissue array
technology to the study of gliomas has not yet been
reported but is likely in the near future.

Conclusions

Classification and grading systems for the gliomas
are continually evolving. Historically, the gliomas have
been categorized based on pattern recognition of various
cellular and tissue architectural features that are
sometimes ill-defined, with the ultimate assignment to a
particular rubric often dependent on the individual
neuropathologist’s relative weighting of particular
features. Despite the generally proven benefit and utility
of stratifying glioma patients based on current
morphologic schemes, classification and grading criteria
are nonetheless too often subjective, and consensus
agreement on specific objective criteria for many of the
glioma subtypes has been difficult to achieve. Extensive

O AO

Histology

Genetic

LOH 1p
alterations 199 19q

LOH 1p

immunohistochemical studies using newly introduced
proliferation markers have significantly advanced the
assessment of tumor growth potential and are beginning
to impact grading criteria for some tumor subtypes.
Recent preliminary studies indicate that the
identification and characterization of relevant genetic
alterations show considerable promise for subdividing
and subclassifying the gliomas. In the future, gene
expression profiling may serve as a tool for use in the
molecular subclassification of the gliomas and also may
contribute to the development of new treatment
strategies through the identification of novel therapeutic
targets and by facilitating the genetic parsing of the
complex tumor response to chemotherapeutic agents.

A montage of the classical histopathology, genetic
alterations, and cDNA array images of low grade
(oligodendroglioma, O), intermediate grade (anaplastic
oligodendroglioma, AO; anaplastic astrocytoma, AA),
and high grade (glioblastoma multiforme, GBM)
gliomas is provided in Figure 1. It may soon be possible
to develop clinically and biologically relevant
classification and grading systems for the gliomas that
are based on a synthesis of traditional histology,
molecular genetics, and gene expression profile data. It
is hoped that such systems will offer improved

AA GBM

LOH 10
pl6 deletion
EGFR
amplification
overexpression
MDM2
amplification
overexpression
p53 mutation

P53 mutation

cDNA array

Fig. 1. Summary of the principal histologic features, genetic alteratios, and cDNA array images characteristic of oligodendroglioma (O), anaplastic
oligodendroglioma (AO), anaplastic astrocytoma (AA), and glioblastoma multiforme (GBM).
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diagnostic accuracy, prognostic reliability, and
therapeutic interventions.

References

Adams M.D., Kelley J.M., Gocayne J.D., Dubnick M., Polymeropoulos
M.H., Xiao C.R., Merril C.R., Wu A., Olde B. and Moreno R.F.
(1991). Complementary DNA sequencing: expressed sequence tags
and the human genome project. Science 252, 1651-1656.

Albarosa R., Colombo B.M., Roz L., Magnani I., Pollo B., Cirenei N.,
Giani C., Conti A.M., DiDonato S. and Finocchiaro G. (1996).
Deletion mapping of gliomas suggest the presence of two small
regions for candidate tumor-suppressor genes in a 17-cM interval on
chromosome 10gq. Am. J. Hum. Genet. 58, 1260-1267.

Barak Y., Gottlieb E., Juven-Gershon T. and Oren M. (1994). Regulation
of MDM2 expression by p53: Alternate promoters produce
transcripts with nonidentical translation potential. Genes Dev. 8,
1739-1749.

Bello M.J., Leone P.E., Nebreda P., de Campos J.M., Kusak M.E.,
Sarasa J.L., Saez J., Pestafia A. and Rey J.A. (1995). Allelic status
of chromosome 1 in neoplasms of the nervous system. Cancer
Genet. Cytogenet. 83, 160-164.

Biernat W., Tohma Y., Yonekawa Y., Kleihues P. and Ohgaki H. (1997).
Alterations of cell cycle regulatory genes in primary (de novo) and
secondary glioblastomas. Acta Neuropathol. 94, 303-309.

Bigner D.D., McLendon R.E. and Bruner J.M. (1998). Russell and
Rubinstein’s pathology of tumors of the nervous system. 6th ed.
Oxford University Press. New York.

Bigner S.H., Rasheed B.K., Wiltshire R. and McLendon R.E. (1999).
Morphologic and molecular genetic aspects of oligodendroglial
neoplasms. Neuro-oncology 1, 52-60.

Bogler O., Huang H.J., Kleihues P. and Cavenee W.K. (1995). The p53
gene and its role in human brain tumors. Glia 15, 308-327.

Bonaldo M.F., Lennon G. and Soares M.B. (1996). Normalization and
subtraction: two approaches to facilitate gene discovery. Genome
Res. 6, 791-806.

Bubendorf L., Kononen J., Koivisto P., Schraml P., Moch H., Gasser
T.C., Willi N., Mihatsch M.J., Sauter G. and Kallioniemi O.-P. (1999).
Survey of gene amplifications during prostate cancer progression by
high-throughput fluorescence in situ hybridization on tissue
microarrays. Cancer Res. 59, 803-806.

Burger P.C. and Scheithauer B.W. (1994). Tumors of the central
nervous system. Atlas of tumor pathology. Third series. Fascicle 10.
Armed Forces Institute of Pathology. Washington, D.C.

Burger P.C. and Volimer R.T. (1980). Histologic factors of prognostic
significance in the glioblastoma multiforme. Cancer 46, 1179-1186.

Burger P.C., Dubois P.J., Schold S.C., Smith K.R., Odom G.L., Crafts
D.C. and Giangspero F. (1983). Computerized tomographic and
pathologic studies of the untreated, quiescent, and recurrent
glioblastoma multiforme. J. Neurosurg. 58, 159-169.

Burger P.C., Vogel F.S., Green S.B. and Strike T.A. (1985).
Glioblastoma muitiforme and anaplastic astrocytoma: Pathological
criteria and prognostic implications. Cancer 56, 1106-1111.

Cairncross J.G., Ueki K., Zlatesou M.C., Lisle D.K., Finklestein D.M.,
Hammond R.R., Silver J.S., Stark P.C., Macdonald D.R., ino Y.,
Ramsay D.A. and Louis D.N. (1998). Specific genetic predictors of
chemotherapeutic response and survival in patients with anaplastic
oligodendrogliomas. J. Natl. Cancer Inst. 90, 1473-1479.

Cavalla P. and Schiffer D. (1997). Cell cycle and proliferation markers in

neuroepithelial tumors. Anticancer Res. 17, 4135-4143,

CBTRUS (1998). 1997 Annual report. Published by the Central Brain
Tumor Registry of the United States.

Coons S.W., Johnson P.C. and Pearl D.K. (1997). The prognostic
significance of Ki-67 labeling indices for oligodendrogliomas.
Neurosurgery 41, 878-885.

Daumas-Duport C., Scheithauer B., O'Fallon J. and Kelly P. (1988).
Grading of astrocytomas. A single and reproducible method. Cancer
62, 2152-2165.

DeRisi J., Penland L., Brown P.O., Bittner M.L., Meltzer P.S., Ray M.,
Chen Y., Su Y.A. and Trent J.M. (1996). Use of a cDNA microarray
to analyze gene expression patterns in human cancer. Nat. Genet.
14, 457-460.

Ekstrand A.J., Sugawa N., James C.D. and Collins V.P. (1992).
Amplified and rearranged epidermal growth factor receptor genes in
human glioblastomas reveal deletions of sequences encoding
portions of the N- and/or C-terminal tails. Proc. Natl. Acad. Sci. USA
89, 4309-4313.

Fuller G.N. (1996a). Assessment of brain tumor proliferation potential.
In: Neurosurgery. 2nd ed. Wilkins R.H. and Rengachary S.S. (eds).
McGraw-Hill. New York. pp 695-700.

Fuller G.N. (1996b). Central nervous system tumors. In: Pediatric
neoplasia: morphology and biology. Parham D.M. (ed). Lippincott-
Raven. Philadelphia.

Fuller G.N. and Burger P.C. (1996a). Classification and biology of brain
tumors. In: Neurological surgery. 4th ed. Youmans J.R. (ed). W.B.
Saunders. New York. pp 2495-2520.

Fuller G.N. and Burger P.C. (1996b). Gliomas: Pathology. In:
Neurosurgery. 2nd ed. Wilkins R.H. and Rengachary S.S. (eds).
McGraw-Hill. New York. pp 735-747.

Fuller G.N. and Burger P.C. (1997). Central nervous system. In:
Histology for pathologists. 2nd ed. Sternberg S.S. (ed). Lippincott-
Raven. Philadelphia.

Fuller G.N., Rhee C.H., Hess K.R., Caskey L.S., Wang R., Bruner J.M.,
Yung W.K.A. and Zhang W. (1999). Reactivation of insulin-like
growth factor binding protein 2 expression in glioblastoma
multiforme: A revelation by parallel gene expression profiling.
Cancer Res. 59, 4228-4232.

Furnari F.B., Huang H.J.S. and Cavenee W.K. (1995). Genetics and
malignant progression of human brain tumors. Cancer Surveys 25,
233-275.

Glantz M.J., Burger P.C., Herndon J.E., Friedman A.H., Cairncross J.G.,
Vick N.A. and Schold S.C Jr. (1991). Influence of the type of surgery
on the histologic diagnosis in patients with anaplastic gliomas.
Neurology 41, 1741-1744.

Glass J., Hochberg F.H., Gruber M.L., Louis D.N., Smith D. and Rattner
B. (1992). The treatment of oligodendrogliomas and mixed
oligodendroglioma-astrocytomas with PCV therapy. J. Neurosurg.
76, 741-745,

Haas-Kogan D.A., Kogan S.S., Yount G., Hsu J., Haas M., Deen D.F.
and Israel M.A. (1999). p53 function influences the effect of
fractionated radiotherapy on glioblastoma tumors. Int. J. Radiat.
Oncol. Biol. Phys. 43, 399-403.

Haddad S.F., Moore S.A., Schelper R.L. and Goeken J.A. (1992).
Vascular smooth muscle hyperplasia underlies the formation of
glomeruloid vascular structures of glioblastoma muitiforme. J.
Neuropathol. Exp. Neurol. 51, 488-492.

Haffner R. and Oren M. (1995). Biochemical properties and biological
effects of p53. Curr. Opin. Genet. Dev. 5, 84-90.



980

Histopathology, molecular genetics and molecular profiling of the gliomas

He J., Olson J.J. and James C.D. (1995). Lack of p16INK4
retinoblastoma protein (pRb) or amplication-associated
overexpression of cdk4 is observed in distinct subsets of malignant
glial tumors and cell lines. Cancer Res. 55, 4833-4836.

Hibi K., Liu Q., Beaudry G.A., Madden S.L., Westra W.H., Wehage
W.H., Yang S.C., Heitmiller R.F., Bertelsen A.H., Sidransky D. and
Jen J. (1998). Serial analysis of gene expression in non-small cell
lung cancer. Cancer Res. 58, 5690-5694.

Holland E.C. and Varmus H.E. (1998). Basic fibroblast growth factor
induces cell migration and proliferation after glia-specific gene
transfer in mice. Proc. Natl. Acad. Sci. USA 95, 1218-1223.

Holland E.C., Hively W.P., DePinho R.A. and Varmus H.E. (1998). A
constitutively active epidermal growth factor receptor cooperates
with disruption of G cell-cycle arrest pathways to induce glioma-like
lesions in mice. Genes Dev. 12, 3675-3685.

Hsu D.W., Louis D.N., Efird J.T. and Hedley-White E.T. (1997). Use of
MIB-1 (Ki-67) immunoreactivity in differentiating grade Il and grade
Il gliomas. J. Neuropathol. Exp. Neurol. 56, 857-865.

Hunter S.B., Abbott K., Varma V.A., Olson J.J., Barnett D.W. and James
C.D. (1995). Reliability of differential PCR for the detection of EGFR
and MDM2 gene amplification in DNA extracted from FFPE glioma
tissue. J. Neuropathol. Exp. Neurol. 54, 57-64.

Ichimura K., Schmidt E.E., Goike H.M. and Collins V.P. (1996). Human
glioblastomas with no alterations of the CDKN2A (p16INKa, MST1)
and CDK4 genes have frequent mutations of the retinoblastoma
gene. Oncogene 13, 1065-1072.

Ji H., Liu Y.E., Jia T., Wang M., Liu J., Xiao G., Joseph B.K., Rosen C.
and Shi Y.E. (1997). Identification of a breast cancer specific gene,
BCSG1, by direct differential cDNA sequencing. Cancer Res. 57,
759-764.

Kononen J., Bubendorf L., Kallioniemi A., Barlund M., Schraml P.,
Leighton S., Torhorst J., Mihatsch M.J., Sauter G. and Kallioniemi
O.-P. (1998). Tissue microarrays for high-throughput molecular
profiling of tumor specimens. Nat. Med. 4, 844-847.

Korkolopoulou P., Christodoulou P., Kouzelis K., Hadjiyannakis M.,
Priftis A., Stamoulis G., Seretis A. and Thomas-Tsagli E. (1997).
MDM2 and p53 gene expression in gliomas: A multivariate survival
analysis including proliferation markers and epidermal growth factor
receptor. Br. J. Cancer 75, 1269-1278.

Kraus J.A., Koopmann J., Kaskel P., Maintz D., Brandner S., Schramm
J., Louis D.N., Wiestler O.D. and von Deimling A. (1995). Shared
allelic losses on chromosomes 1p and 19q suggest a common origin
of oligodendroglioma and oligoastrocytoma. J. Neuropathol. Exp.
Neurol. 54, 91-95.

Kros J.M., Hop W.C., Godschalk J.J. and Krishnadath K.K. (1996).
Prognostic value of the proliferation-related antigen Ki-67 in
oligodendrogliomas. Cancer 78, 1107-1113.

Li J., Yen C., Liaw D., Podsypania K., Bose S., Wang S.I., Puc J.,
Miliaresis C., Rodgers L., McCombie R., Bigner S.H., Giovanella
B.C., Ittmann M., Tycko B., Hibshoosh H., Wigler M.H. and Parsons
R. (1997). PTEN, a putative protein tyrosine phosphatase gene
mutated in human brain, breast, and prostate cancer. Science 275,
1943-1947.

Liberman T.A., Nusbaum H.R., Razon N., Kris R., Laz |., Soreq H.,
Whittle N., Waterfield M.D., Ullrich A. and Schlessinger J. (1985).
Amplification, enhanced expression and possible rearrangement of
EGF receptor gene in primary human brain tumors of glial origin.
Nature 313, 144-147.

Lockhardt D.J., Dong H., Byrne M.C., Follettie M.T., Gallo M.V., Chee

M.S., Mittmann M., Wang C., Kobayashi M., Horton H. and Brown
E.L. (1996). Expression monitoring by hybridization of high-density
oligonucleotide arrays. Nat. Biotechnol. 14, 1675-1680.

Maintz D., Fiedler K., Koopman J., Rollbrocker B., Nechev S., Lenartz
D., Stangl A.P., Louis D.N., Schramm J., Wiestler O.D. and von
Diemling A. (1997). Molecular genetic evidence for subtypes of
oligoastrocytomas. J. Neuropathol. Exp. Neurol. 56, 1098-1104.

Matsumoto R., Tada M., Nozaki M., Zhang C.L., Sawamura Y. and Abe
H. (1998). Short alternative splice transcripts of the MDM2
oncogene correlate to malignancy in human astrocytic neoplasms.
Cancer Res. 58, 609-613.

McKeever P.E., Strawderman M.S., Yamini B., Mikhail A.A. and Blaivas
M. (1998). MIB-1 proliferation index predicts survival among patients
with grade Il astrocytoma. J. Neuropathol. Exp. Neurol. 57, 931-936.

Moch H., Schram! P., Bubendorf L., Mirlacher M., Kononen J., Gasser
T., Mihatsch M.J., Kallioniemi O.P. and Sauter G. (1999). High-
throughput tissue microarray analysis to evaluate genes uncovered
by cDNA microarray screening in renal cell carcinoma. Am. J.
Pathol. 154, 981-986.

Mork S.J., Lindegaard K.-F., Halvorsen T.B., Lehmann E.H., Sogaard
T., Hatlevoll R., Harvei S. and Ganz J. (1985). Oligondendrogliomas:
Incidence and biolegical behavior in a defined population. J.
Neurosurg. 63, 881-889.

Newcomb E.W., Cohen H., Lee S.R., Bhalla S.K., Bloom J., Hayes R.L.
and Miller D.C. (1998). Survival of patients with glioblastoma
multiforme is not influenced by altered expression of p16, p53,
EGFR, MDM2, or Bcl-2 genes. Brain Pathol. 8, 655-667.

Paleologos N.A. and Cairncross J.G. (1999). Treatment of
oligodendroglioma: an update. Neuro-oncology 1, 61-69.

Pietu G., Alibert O., Guichard V., Lamy B., Bois F., Leroy E., Mariage-
Sampson R., Houlgatte R., Soularue P. and Auffray C. (1996). Novel!
gene transcripts preferentially expressed in human muscles
revealed by quantitative hybridization of a high-density cDNA array.
Genome Res. 6, 492-503.

Quelle D.E., Zindy F., Ashmun R.A. and Sherr C.J. (1995). Alternative
reading frames of the INK4a tumor suppressor gene encoding
encoding two unrelated proteins capable of inducing cell cycle
arrest. Cell 83, 993-1000.

Rasheed B.K.A,, Stenzel T.T., McLendon R.E., Parsons R., Friedman
A.H., Friedman H.S., Bigner D.D. and Bigner S.H. (1997). PTEN
gene mutations are seen in high-grade but not low-grade gliomas.
Cancer Res. 57, 4187-4190.

Rasheed B.K.A., Wiltshire R.N., Bigner S.H. and Bigner D.D. (1999).
Molecular pathogenesis of malignant gliomas. Curr. Opin. Oncol. 11,
162-167.

Reifenberger J., Reifenberger G., Liu L., James C.D., Wechsler W. and
Collins V.P. (1994). Molecular genetic analysis of oligodendroglial
tumors shows preferential allelic deletions on 19q and 1p. Am. J.
Pathol. 145, 1175-1190.

Rhee C.H., Ruan S., Chen S., Chenchik A., Levin V.A., Yung AW.K,,
Fuller G.N. and Zhang W. (1999a). Characterization of cellular
pathways involved in glioblastoma response to the chemo-
therapeutic agent 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) by
gene expression profiling. Oncol. Rep. 6, 393-401.

Rhee C.H., Hess K.R., Jabbur J., Ruiz M., Yang Y., Chen S., Chenchik
A., Fuller G.N. and Zhang W. (1999b). cDNA expression array
reveals heterogeneous expression profiles in three glioblastoma cell
lines. Oncogene 18, 2711-2717.

Ritland S.R., Ganju V. and Jenkins R.B. (1995). Region-specific loss of



981

Histopathology, molecular genetics and molecular profiling of the gliomas

heterozygosity on chromosome 19 is related to the morphologic type
of human glioma. Genes Chrom. Cancer 12, 277-282.

Schena M., Shalon D., Davis R.W. and Brown P.O. (1995). Quantitative
monitoring of gene expression patterns with a complementary DNA
microarray. Science 270, 467-470.

Schena M., Shalon D., Heller R., Chai A., Brown P.O. and Davis R.W.
{1996). Parallel human genome analysis: microarray-based
expression monitoring of 1000 genes. Proc. Natl. Acad. Sci. USA
93, 10614-10619.

Scherer H.J. (1940). Cerebral astracytomas and their derivatives. Am. J.
Cancer 40, 159-198.

Serrano M., Lee H., Chin L., Cordon-Cardo C., Beach D. and DePinho
R.A. (1996). Role of the INK4a locus in tumor suppression and cell
motility. Cell 85, 27-37.

Shaw E.G., Daumas-Duport C., Scheithauer B.W., Gilbertson D.T.,
O’Fallon J.R., Earie J.D., Laws E.R. and Okazaki H. (1989).
Radiation therapy in the management of low-grade supratentorial
astrocytomas. J. Neurosurg. 70, 853-861.

Shaw E.G., Scheithauer B.W., O'Fallon J.R., Tazelaar H.D. and Davis
D.H. (1992). Oligodendrogliomas: the Mayo Clinic experience. J.
Neurosurg. 76, 428-434.

Smith M.T., Ludwig C.L., Godfrey A.D. and Armbrustmacher V.W.
(1983). Grading of oligodendrogliomas. Cancer 52, 2107-2114.

Southern E.M., Maskos U. and Elder J.K. (1992). Analyzing and
comparing nucleic acid sequences by hybridization arrays of
oligonucleotides: Evaluation using experimental models. Genomics
13, 1008-1017.

Steck P.A., Ligon A.H., Cheong P., Yung W.K. and Perhouse M.A.
(1995). Two tumor suppressive loci on chromosome 10 involved in
human glioblastomas. Genes Chrom. Cancer 12, 255-261.

Steck P.A., Perhouse M.A., Jasser S.A., Yung W.K.A,, Lin H., Ligon
A.H., Langford L.A., Baumgard M.L., Hattier T., Davis T., Frye C.,
Hu R., Swedlund B., Teng D.H.F. and Tavtigian S.V. (1997).
Identification of a candidate tumor suppressor gene, MMAC1, at
chromosome 10¢23.3 that is mutated in multiple advanced cancers.
Nat. Genet. 15, 356-362.

Tohma Y., Gratas C., Biernat W., Peraud A., Fukuda M., Yonekawa Y.,
Kleihues P. and Ohgaki H. (1998). PTEN/MMAC mutations are
frequent in primary glioblastomas (de novo) but not in secondary
glioblastomas J. Neuropathol. Exp. Neurol. 57, 684-689.

Vandenberg S.R. (1992). Current diagnostic concepts of astrocytic
tumors. J. Neuropathol. Exp. Neurol. 51, 644-657.

Velculescu V.E., Zhang L., Vogelstein B. and Kinzler KW. (1995). Serial

analysis of gene expression. Science 270, 484-487.

von Deimling A., Louis D.N., von Ammon K., Petersen |., Hoell T.,
Chung R.Y., Martuza R.L., Schoenfield D.A., Yasargil M.C., Wiestler
O.D. and Seizinger B.R. (1992). Association of epidermal growth
factor receptor gene amplification with loss of chromosome 10 in
human glioblastoma muttiforme. J. Neurosurg. 77, 295-301.

von Deimling A., von Ammon K., Schoenfield D., Wiestler O.D.,
Seizinger B.R. and Louis D.N. (1993). Subsets of glioblastoma
multiforme defined by molecular genetic analysis. Brain Pathol. 3,
18-26.

von Deimling A., Louis D.N. and Wiestier O.D. (1997). Molecular
pathways in the formation of gliomas. Glia 15, 328-338.

Wang X-Y., Smith D.|., Frederick L. and James C.D. {1998). Analysis of
EGF receptor amplicons reveals amplification of multiple expressed
sequences. Oncogene 16, 191-195,

Watanabe K., Tachibana O., Sata K., Yonekawa Y., Kleihues P. and
Ohgaki H. (1996). Overexpression of the EGF-receptor and p53
mutations are mutually exclusive in the evolution of primary and
secondary glioblastomas. Brain Pathol. 6, 217-224,

Watanabe K., Sato K., Biernat W., Tachibana O., von Ammon K., Ogata
N., Yonkekawa Y., Kleihues P. and Ohgaki H. (1997a). Incidence
and timing of p53 mutations during astrocytoma progression in
patients with multiple biopsies. Clin. Cancer Res. 3, 523-530.

Watanabe K., Tachibana O., Yonekawa Y., Kleihues P. and Ohgaki H.
(1997b). Role of gemistocytes in astrocytoma progression. Lab.
Invest. 76, 277-284.

Wesseling P., Vandersteenhoven J.J., Downey B.T., Ruiter D.J. and
Burger P.C. (1993). Celliular components of microvascular
proliferation in human glial and metastatic brain neoplasms: a light
microscopic and immunohistochemical study of formalin-fixed
routinely processed material. Acta Neuopathol. (Berl) 85, 508-514.

Wong A.J., Ruppert J.M., Bigner S.H., Grzeschik C.H., Humphrey P.A.,
Bigner D.S. and Vogelstein B. (1992). Structural alterations of the
epidermal growth factor receptor in human gliomas. Proc. Natl.
Acad. Sci. USA 89, 2965-2969.

Zauberman A., Flusberg D., Haupt Y., Barak Y. and Oren M. (1995). A
functional p53-responsive intronic promoter is contained within the
human MDM2 gene. Nucleic Acid Res. 23, 2584-2592

Zhang L., Zhou W., Velculescu V.E., Kern S.E., Hruban R.H., Hamilton
S.R., Vogelstein B. and Kinzler K.W. (1997). Gene expression
profiles in normal and cancer cells. Science 276, 1268-1272.

Accepted March 14, 2000



