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Gliomas are classified based mainly on microscopic resemblance to their presumed
glial origin such as astrocyte and oligodendrocyte. However, more objective diagnostic
criteria are indispensable for the precise treatment of patients. For instance, loss of the
short arm of chromosome 1 (1p) in oligodendregliomas is recognized as an important
marker for better response to chemotherapy and longer survival of the patients.To gain
insight into their molecular biological background and to identify genes characterizing
each'subgroup, we investigated gene expression profile of the 4 glioma subsets, oligo-
dendroglioma with and without 1p loss, diffuse astrocytoma and glioblastoma using
DNA microarray. Remarkably, most of the genes showing distinctive expression in
oligodendroglioma with 1p loss were also highly expressed in normal brain tissues and
had neuron-related function, which included MYTIL, INA, RIMS2, SNAP91 and SNCB.
Histological analysis also demonstrated that WYT1L, which were abundantly expressed
in normal neuron, were certainly present in tumor cells. These results suggest that oli-
godendroglioma, especially with 1p loss, has more or less neuronal characteristics al-
though oligodendroglioma is thought to originate form glial lineage cell. With further
pathological studies, those neuron-related genes might be good diagnostic markers

for oligodendroglioma of better prognosis as well.

INTRODUCTION
Gliomas are a major type of brain tu-
mors, which constitute approximately one
third of all primary brain tumors (11).
Most gliomas have diffuse infilerative trait,
rendering surgical cure impossible and re-
currence inevitable despite aggressive adju-
* vant teeatment including radiotherapy and
chemotherapy. Prognosis of each patient
is determined primarily by the biological
characteristics of tumor cells including
response to treatment and rate of growth.
Prediction of such biological characreristics
of gliomas has been based on histological
diagnosis which mainly relied on the mor-
phological fearures of the umor, and on
the classification referring to the presumed
origin of the tumor cells such as astrocytes,
oligodendrocytes and ependymal cells.

Brain Pathol 2004; 14:34-42.

However, recent development in molecu-
lar genetic analysis have shown that even
gliomas in a single histological entity can
be divided into different subsets and may
sometimes show different clinical features.
A prominent example is that allelic loss
of the short arm of chromoseme 1 {1p),
which is found in 60% to 80% of oligo-
dendrogliomas, is closely associated with
the chemosensitivity and longer survival
(1, 8). Molecular biological background
of such differences should be imporrant
information to be investigated which po-
tendially leads to betcer management of
gliomas, and one of powerful tools to do so
is DNA microarray technology (5). Several
studies have successfully demonstrated sub-
type specific genes in diffuse gliomas based
on the expression profife analysis, and also
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showed that such molecular profiles could
indeed help accurare prediction of clinical
ourcome (4, 6, 7, 17, 20, 21}).

In a previous work, we have demonstrat-
ed that expression profiles of oligodendro-
gliomas with 1p loss are significantly dif-
ferent from other oligodendrogliomas, and
numerous genes presumed to be related o
neuronal cells are preferentially expressed
in this specific subset {16). In this study,
we asked whether this trait would still hold
within a wider range of gliomas including
astrocytic tumors. Such findings may not
only be of diagnostic significance, bur also

- would bring a neéw insight into glioma clas-

sification based on gene expression.

MATERIALS AND METHODS

Sample preparation. Tumor samples and
paired blood samples were obtained at sur-
gery after written informed consents. Con-
sensus histological diagnoses were made on
formalin-fixed paraffin-embedded rissues
by four independent neuropathologists fol-
lowing the WHO dlassification (11). Loss
of heterozygosity (LOH) assay on chro-
mosomes 1p and 19q using microsarellite
markers were performed as described previ-
ously (24). The frozen tumor sample was
homogenized in Trizol (Invitrogen, Corp.,
Carlsbad, Calif) and toral RNA was iso-
lareq following manufacturer’s instructions.
RNA was quantitated by ultravioler absor-
bance at 260 and 280 nm and its quality
was assessed by agarose gel electrophoresis.



GeneChip experiment. In addition 10 2
normal brains, 6 oligodendrogliomas with
1pLOH (4 WHO grade Il and 2 grade III
cases), and 5.oligodendrogliomas without
1pLOH (4 grade II and 1 grade IIT cases)
which were all reported in our previous
study (16), 6 diffuse astrocytomas (grade
1) and 5 glioblastomas (grade IV} were
subjected to genc expression profile analy-
sis. The high-density oligonucleotide arrays
(GeneChip Human U95A array, Affyme-
trix, Santa Clara, Calif), which contain
probe secs for approximately 12626 human
genes and ESTs, were used. Biotin-labeled
¢RNA was synthesized from aliquots (5
ng) of toral RNA from each sample, and
hybridization, washing, and detection of
signals were carried out as described pre-
viously (9, 16). The Microarray Analysis
Suite (MAS) 4.0 software (Affymetrix) was
used to calculate the gene expression levels.
The average background and noise (Raw
Q) value calculated by MAS 4.0 were less
than 241 (199 +26) and 7.13 (6.07+0.78),
respectively under 100% PMT setting. To
allow comparison among multiple arrays,
gene expression levels were notmalized
for each array by assigning the average of
overall expression levels to be 100. The sig-
nal values of B-actin as an internal control
showed <2-fold variation (4488x576).
The scaling factor used for all samples
was 0.68+0.18, The percentage of probe
sets scored as detected (“Present”) in each
sample ranged from 48 +3% (42%-55%).
These metrics demonstrate that the quality
of each array is comparable. A value of 10
was assigned to every expression value be-
low 10, because such low values are vulner-
able 10 noise and artifacts.

Selection of subtype-specific genes, All
glioma samples analyzed by GeneChip
(N=22) fall into 4 groups: oligodendrog-
lial tumors with 1pLOH {n=06), without
1pLOH (n=5), low-grade astrocytomas
(n=0), and glioblastomas (n=35). An ideal
subrype-specific gene should have higher
expression in samples of this subgroup and
fower expression in samples of the other
3 types. For the selection of such genes,
we used public sofcware called Significanc
Analysis of Microarrays (SAM 1.21) (23),
which is one of the methods to solve the sta-
tistical problem occurring in the analysis of
large numbers of genes with small numbers
of experiments. Basically, a score assigned

by SAM is signal-to-noise (S/N) ratio called
relative difference d(3), which is calculated
by {pl(i)-pu(i)}lis(msn} when p(s) and
j,(#) denote the average levels of expression
for gene(i) in group I and U, respectively,
and s(i) is defined as the standard devia-
tion of repeated expression measutements.
Then, taking gene-specific fluctuations into
account, SAM estimates the percentage
of genes identified by chance as the false
discovery rate (FDR) using permutations
of the repcated measurements. SAM also
identifies genes with staristically significant
changes and score g-value, which is similac
to the familiar “p-value.”

Before SAM was applied, the control

probes and genes called absent {not de--

tected) by the expression algorichm in
MAS 4.0 software or less than 100 in all 24
samples were excluded because of low con-
fidence of scarcely expressed genes. Then
by the pre-filteting, the 2756 probe sets
whose maximum and minimum expression
levels among 22 tumor samples differed by
more than 100, and had more than 5-fold
difference, were selected for the foliowing
statistical analysis.

Comparison with normal brain tissue
data, To sce expressions of the selected
genes in normal brain tissues, we used
Affymerrix U95A array expression data in
the Gene Expression Atlas on the website
of Genomics Institute of the Novartis Re-
search Foundation (22), in addition to the
data obtained from our two normal whole
brain samples. This database conrains 2
whole brain, a cerebral cortex, 2 cerebel-
lum, 2 caudate nucleus, 2 amygdala, 2 thal-
amus, 3 corpus callosum and 2 spinal cord.
These data were linearly scaled to the same
targer signal (100) as in our own expression
data, After this conversion, the expression
levels of internal control genes such as
B-actin (4425x1122) in these normal tis-
sues were similar to our dara, The average
gene expression Jevels in our normal brains
and those in downloaded samples (whole
brain} were also well correlated (coefficient
r=0.88) among pre-hlrered genes. Hierar-
chical clustering was carried out by the pro-
grams Cluster and TreeView using selected
80 subtype-specific genes (3).

Quantitative real-time PCR. Quantita-
tive real-time PCR (qgPCR) was performcd
using iCycler (Bio-Rad, Hercules, Calif).

¢cDNA was synthesized with oligo-dT
primer from 2 pg rotal RNA using Super-
Script Preamplification System {Invitro-
gen), The aliquot of cDNA were amplified
by Taq polymerase for 40 cycles, consisted
of 15 seconds of denaturing at 94°C, 15
seconds of annealing at 63-70°C, and 30
seconds of extension at 72°C with monitor-
ing of the SYBR Green I dye intercalation
signal. Each PCR reaction was done in
triplicate. For each sample, relative cxpres-
sion of a gene to the expression in reference
¢DNA mixture of several cell lines and
tissues was calculated, and the expression
of each gene was then normalized using
B-actin expression of the same sample as an
internal control. The following primer sets
and annealing temperature (Tm) were used:
forward (F) 5'-AGAAG GAGAT CACTG
CCCTG GCACC-3", reverse {(R) 5'-CCT-
GC TTGCT GATCC ACATC TGCTG-
3 and Tm 65°C for B-actin; F 5°-AATTA
TTTCG GGGCT CTGCG GAACC-3,
R 5'-GCACC TTGCT TCAGC TCTCA
AAACG-3" and Tm 67°C for MYTIL; F
5. TACCA CCCGG TCCCC ACTTT
ATTGC3, R 5-TTCGG GCCAC
CCCTA CTTCT TCTCC-3" and Tm
63°C for LICAM; F 5'-CAGAC TCTGG
CAACA CCTGC AATGG-3", R 5'-CAC-
GG GCCCG GATGA TTTCT ACCTC-
3 and Tm 70°C for RIMS2; F 5'-GAAGT
GGCCC AGGAA GCTGC TGAAG-3',
R 5'-CAGGG ACAGA ATTGT GCTGC
TGGTG-3" and Tm 70°C for SNCB; F .
5.GAGGA CCGTC ATCAG GCCGA
CATTG-3", R 5-GGCCA TCTCC
CACTT GGTGT TCCTC-3" and Tm
70°C for NEFH. F 5'-CCCTT TCCCC
AAAAG TAGCG TAACC-3', R 5"-TT-
GAC AGGAC GGCGA CTGTG AGAC-
3 and Tm 68°C for OLIG1. The specificity
of the amplification products was validated
using post-amplification melt curve analy-
sis. Differences of gene expression in
oligodendroglioma with 1pLOH and the
other gliomas were tested by Kruskal-Wallis

analysis.

_ In situ hybridization. Tumor samples
and adjacent normal brain tissue stored
at -80°C were embedded into Tissue-Tek
OCT compound {Sakura Finetek, Tor-
rance, Calif) and cryosectioned (7-pm
thick), and then fixed in 4% paraformalde-
hyde. For the detection of MYTIL mRNA,

the sections were treared with proteinase K
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Figure 1. A.The genes characterizing 4 subgroups of diffuse gliomas. Each column represents a sample and each row represents a gene. Expression of each gene
in 22 gliomas, together with 18 normal brain tissues was demonstrated in color gradation after narmalization. Red indicates increased expression, and green
indicates decreased gene expression, The order of samples are oligodendroglioma with 1pLOH (1-6), without 1pLOH (1-5), astracytoma (1-6), glicblastoma
(1-5), our whote brain (1, 2), downloaded who'e brain (3, 4), cerebral cortex (1), cerebellum {1, 2}, caudate nucleus {1, 2), amygdala (1, 2), thalamus (1, 2), corpus
cailosum (1-3) and spinal card (1, 2). Note that the genes showing higher expression in oligodendroglioma with 1pLOH were also highly expressed in hormal
brain, except for carpus calfosum and spinal cord. 8. The result of hierarchical clustering using selected 80 subtype-specific genes. The oligodendrogliomas
with 1pLOH were clustered inta the same group with the normal bralns, and were more similar to whole brain, cerebral cortex, cerebelium, caudate nucleus,
amygdala and thalamus than corpus calfosum and spinat cord, Two astrocytomas were clustered together with glioblastomas. -

{code 53004; Dako, Glostrup, Denmark)
dilured 1 1:5000 ar room temperature
for 10 minutes, and 2 ng/pl of biotin-la-
beled oligonucleoride probe (antisense of
5°-ACATG GCTGT CACTG GATTT
AGGCT TTCTG TCCTC C-3°

and

sense of 5'-GGAGG ACAGA AAGCC

TAAAT CCAGT GACAG CCATG T-37)
was hybridized at 37°C overnight. A Gen-
Point catalyzed signal amplification system
(Dako} was used following manufacturer’s
instructions, and DAB substrate {Dako)

was used to visualize amplified signal. The
tissues were counterstained with hemaroxy-
lin. Furchermore, to test the qualicy of the
mRNA in samples, positive and negarive
fluorescein-conjugated  peptide  nucleic
acid (PNA) probes against glyceraldehyde
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3-phosphate dehydrogenase, and PNA

“in situ hybridization dertection kit {code
K5201; Dako) were used according to the
manufacturer’s instruction.

Immunohistochemistry. Normal brain
slides prepared simultaneously for in sicu
hybridization were immunolabeled. The
slides were pretreated with microwave for
total 20 minutes in cirrate buffer pH 6.0,
and then incubated with mouse anti-neu-
ronal nuclei (NeuN) monoclonal antibody
(Chemicon, Temecula, Calif) at 1:100 di-
lution for one hour at room remperature.
A LSAB kic and a DAB substrate (DAKO)
were used to visualize the antibody bid-
ing, and tissues were counterstained with
hematoxylin,

RESULTS

The subtype-specific genes. SAM identi-
fied 29, 0, 0, and 247 subrype-specific
genes with statistical significance of g-
value <1.25% for oligodendroglioma with
1pLOH, without 1pLOH, astrocytoma
and glioblastoma, respectively (highly ex-
pressed genes in oligodendroglioma with
1pLOH were listed in Table 1}. Since SAM
is applied 4 times to cach subtype, the over-
all statistical significance for these genes is
50 afrer Benjamini correction for mul-
tiple testing. Then, we tried to select the
same number of genes from each subtype
of glioma for the subsequent clustering
analysis, though SAM identified different
number of genes as staristically significant.
In chis manuscript, main focus of our
analysis was oligodendrogliomas with
1pLOH, in which 29 genes were identified
as significantly highly expressed by SAM.
On the other hand, genes list more than
20 in oligodendrogliomas without 1pLOH
and astrocytoma had higher g-value and
FDR. Therefore, we decided to select each
20 genes, which were sufficiently specific
for oligodendroglioma with 1pLOH and
glioblastoma, and were still “acceprable
for oligodendroglioma without 1pLOH
and ascrocytoma. Accordingly, we selected
cach 20 probe sets which showed lower g-
value in each subgroup, as subcype—speciﬁc
genes of oligodendroglioma with 1pLOH,
without 1pLOH, astrocyroma and glioblas-
toma, of which median FDR were within
1.2, 12.5, 19 and 1.9 %, respectively
{Figure 1A). Some of those genes showed

consistency with other studies, such as
insulin-like growth facror binding protein
2 (JGFBP2) whose higher expressions in
glioblastoma were reported in the previous
microarray studies (4, 20, 21).

Most of the genes that showed distinc-
tively higher expression in oligodendro-
glioma with 1pLOH also showed similarly
high expression in the normal brain, while
the genes showing higher expression in
other glioma subgroups did not have such a
trend (Tzble 1, Figure 1A). Notably, many
of those genes were considered to have
neuron-relared funcrion. For example, my-
elin cranscription factor 1-like (MYT1L)
is thought to be a neuron specific tran-
scription factar {10); internexin neuronal
intermediate flament protein a (INA)
may act as a neuron-specific intermediare
filament protein (15); regulating synapric
membrane exocytosis 2 (RIMS2) and
synaptosomal-associated ~ protein 91kDa
homolog (SNAP91) are supposed to be
synapse related molecules; [B-synuclein
(SNCB) may play a sole in neuronal plas-
ticity and abundant in neurofibrillary
lesions (2). L1 cell adhesion molecule
(LICAM), chromogranin B (CHGB),
ankyrin 3 (ANK3), tubulin B35 (TUBBS),
SH3-domain GRB2-like 3 (SH3GL3),
pleckstrin and Sec7 domein prorein (PSD},
olfactomedin 1 (OLEM1), regulator of
G-protein signaling 7 (RGS7), potassium
voltage-gated channels such as KCNQ2,
KCNAB] and HCN2 are all thought to be
expressed in neuronal cells. Besides those
known genes, ESTs such as hypotherical

protein LOC157627 and clone 23695 also .

seern to be abundantly expressed in the
brain and neural tissue according to the
public database such as UniGene, though
their functions in the nervous system are
not yet proven.

Using these 80 subtype-specific genes
in rotal, cluscering analysis was performed
on the 22 tumors and 18 normal brain
and spinal cord cissues (Figure 1BY, The
oligodendroglial tumors with 1pLOH were
clustered into the same group with the
normal brains, indicating their similarity
in the expression partern of the selected
genes. Furchermore, oligodendroglioma
with 1pLOH were more similar to whole
brain, cerebral cortex, cerebellum, caudarte
nucleus, amygdala and thalamus than

corpus callosum and spinal cord, possibly

because corpus callosum and spinal cord
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consist mostly of glial cells than neurons.

“Two astrocytomas were clustered together

with glioblascomas.

The validation studies using quantita-
tive real-time PCR. Of the 29 genes thac
showed significancly higher expression
in oligodendroglioma with 1pLOH, we
selected four known genes for further
validation study using qPCR. We also

.analyzed a gene for neurofilament heavy

polypeptide (NEFH) which is known to
be expressed in normal brain, and OLIG]
gene that is reported to be expressed spe-
cifically in oligodendrogliomas (12, 14).
Forty-seven samples including 24 samples
used in the microarray experiment and 23
additional gliomas were analyzed. The rela-
tive expression levels in qQPCR of each six
gene, MYTIL, L1CAM, RIMS2, SNCB,
NEFH and OLIGI were shown in Figure
2. MYTIL, LICAM, RIMS2 and SNCB
showed significancly higher expression in
oligodendrogliomas with 1pLOH than
other gliomas {p<0.0001, <0.005, <0.0001
and <0.001, respectively), and normal
brains also had higher expression as ex-
pected from GeneChip data (Note that Y-
axis in Figure 2 represents the refative gene
expression level to the average expression
in normal brain). We recognized, however,
some exceptional cases (one of them was
indicated by circle in Figure 2) that had
higher expression of these genes in other
glioma subgroups. Including such cases,
gliomas showing higher expression in one
of the 4 genes usually had similarly higher
expression in other 3 genes as well. The
expression levels of NEFH in gliomas were
much lower than normal brain. OLIGI
were highly expressed in gliomas compar-
ing to normal brain, though ir was not
specific to oligodendregliomas.

The results of qPCR corresponded well
to the GeneChip dara, and the correlation
berween the data from the gPCR and the
GeneChip were 0.88 for MYTIL, 0.77 for
LICAM, 0.87 for RIMS2, and 0.98 for
SNCB respectively, using Pearson cotrela-
tion coefficient.

The expression of newron-related mol-
ecules in oligodendroglioma with IpLOH.
To exclude the possibility of contaminated
normal neurons as the source of the higher
expression of neuronal genes in oligoden-
droglioma with 1pLOH, we performed in
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Figure 2. Quantitative real-time PCR analysis on oligo
anaplastic astrocytomas {n="7), glioblastomas (=9} and normal brains (n
expression in normal brains. MYT1L, L1CAM, RIMSZ and SNCB showed signi

dendrogliomas with 1pLOH {n=10}, without 1pLOH {n=10), low-grade diffuse astrocytomas (n=9},
=2). Note that Y-axis represents the relative gene expression level to the average
ficantly higher expression in ofigodendrogtiomas with 1pLOH than other gliomas

{p<0.0001, <0,005, <0.0001 and <0.001, respectjvely) using the Kruskal-Wallis test. There were two exceptional cases; one oligodendrogliomas without 1p

loss (indicated by circle) and one astrocytoma showed hig

comparing with normal brain (<20%}. Most of glioma samples had higher OLIG! expressions.

situ hybridization for MYTIL transcripss.
Eleven samples containing good quality of
mRNA confirmed by in sicu hybridizacion

. using PNA probe as a positive control were
evaluated; 2 normal brain tissues, 3 cligo-
dendrogliomas with 1pLOH, 3 oligoden-
drogliomas without 1pLOH, 2 astrocyto-
mas and 1 glioblastoma (Figure 3). MYTIL
expressions were detected in 2 normal
brain tissues and were highly expressed in
cells conraining large nuclei (Figure 3A, Q).
The cells containing large nuclei were also
immunostained with anti-neuronal nuclei
(NeuN) antibody and were assumed to

- be neurons (Figure 3A, inset). Expression

“of MYTIL transcripts was clearly demon-
strated in 2 of 3 oligodendrogliomas with
1pLOH (Figure 3B, D), but not in oligo-
dendrogliomas without LOH (Figure 3E),
astrocytomas (Figure 3F) nor glioblastoma
(Figure 3G).

DISCUSSION

In chis study, we demonstraced chat some
of the genes showing higher expression in
oligodendroglioma with 1p loss compared
to the ather major subtypes of gliomas were
functionally neuron-related genes, wich the

expression at the similar levels in normal
neurons. Although it was rather unexpected
that neuron-related genes were expressed in
gliomas, contaminarion of normal neurons
in the samples of oligodendroglioma with
1p loss was not likely, because i) allelic losses
observed on the microsatellite analysis were
almost complerte in all cases, indicating that
the examined tissues consisted mostly of tu-
mor cells, and #) our in situ hybridization
for MYTIL transcripts demonstrated that
these genes were indeed expressed in the
tumor cells. Furthermore, #ii} expressions
of other neuron specific genes expressed in
normal brain tissues, such as gene encoding
neurofilament subunit (IVEFH, NEFM and
INEFL), were much lower in oligodendro-
gliomas with 1p loss than those in normal
brain. Therefore, the microarray analysis
represented expression profile of the tumor
cells, not normal neurons.

The qPCR analysis on several genes con-
firmed the microarray analysis results, and
validated them on additional 23 gliomas
samples. The results were mostly consistent,
showing similar levels of higher expression
in oligodendrogliomas with 1p loss but not
in other gliomas, However, there wese 2

her expression in those four genes. NEFH showed consistent lower expression in all glloma samples

exceptional cases; one oligodendroglioma
without 1p loss and one astrocytoma
showed higher expression in those genes.
On re-reviewing the histology of those 2
tumors, we noticed that the oligodendro-
glioma case had occasional ependymoma-
like portion, bur the astrocytoma case was
typical astrocytoma without any unusual
morphology. We consider that these excep-
tional cases may reflect the heterogenecicy
of yet unknown background. To be noted
was that the changes of expression levels of
the genes were always to the same trend in
all gliomas including the exceprional cases,
suggesting a possible functional link among
those genes. :

We also compared WHO grade II (n=8)
and grade III (n=3) oligodendrogliomas
using Mann-Whitney test with cur-off p-
values of 0.03, and 368 genes were detected
as differentially expressed by grade (whole
list of the selected genes would be available
on request). Downregulared genes in grade
11l tumors included genes for CD44, alpha
1 synwophin, connexin43 gap junction
protein, CCAAT/enhancer binding protein
delra, and chemokine receptor 4. Genes
upregulated in grade 1II tumors included
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Figure 3. In situ hybridization for MYTIL transcripts,
section. MYTIL expressions were strongly observed in neurons (ar
round nuclei which were putatively considered as oligedendrocytes

with corfesponding H&E staining of normal brain (A) and oligodendrogl
rowheads), which contain large nuclei, comparing with the sumounding cells with small,
{arrows) (C). The cells containing large nuclei were also immunostained with anti-neuronal

o - ‘

R . K

ioma with 1pLOH (B} on frozen

nuclel (NeuN) antibody {inset, A). Oligodendroglioma with 1pLOH actually expressed MYTL transcripts {D), though oligodendroglioma without 1pLOH (E),
astracytoma (F) and glioblastoma (G} did not. (Bar =50 um [A, B]; 30 pm [C, D, E, F, G]). ‘

genes for myosin and interferon induced
proteins. These genes listed above were
concordant with previous report (25), sug-
gesting the consistency of this DNA array
analysis. However, further analysis of dif-
ferentially expressed genes by tumor grade
was not performed in this study, because
statistical confidence for this data mighe
be limited by small number of our grade
[II tumors.

Both Mytl and its homologue Mytll are
zinc finger proteins of CCHC class chac
are expressed in neurons at early stages of
differentiation. While Mytl is expressed in
cells of glial lineage, Mytll is not detecred
in glial cells but co-expressed with Tujl
in neurons around terminal micosis (10).
Therefore, Mytll is supposed to play 2
role in the development of neurons. In our

study, MYT1L was also expressed in neuron
of normal adult human brain. The fact that
oligodendroglioma with 1p loss express
a subset of neuron specific genes like
MYTIL would raise a question whether
these tumor originate from the same glial
progenitor cells as the other gliomas. Neu-
rocytic differentiation and variable degrees
of neuronal marker expression have been
reported in oligodendrogliomas (19, 26,
27), and neuron-like physiological proper-
ties of oligodendroglioma cells have been
observed as well {(18). On the other hand,
OLIGI and OLIG2 genes, which are cru-
cial in maturation of ofigodendrocyte and
its progenitor, were strongly expressed in
oligodendrogliomas as previously reporred
12, 14), although the expression of those
2 genes were not specific w0 oligodendro-
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gliomas in our dara. Therefore, these results
together may suggest that oligodendro-
glioma with 1p loss have both neuronal
and glial differentiation patterns at least on
a certain group of genes. In line with such a
still hypothetical proposition, recent stud-
ies indicared that some oligodendrocytes
might share the same progenitor cells with
neurons (13, 28).

Since the era of Baily and Cushing’s
inaugural works, classification of gliomas
has been based upon hypothetical origins
of the tumor, which were assigned to each
tumor type according to their morphologi-
cal features, With the rapid advancement
in developmental biology of nervous sys-
tern at the molecular level, such classifica-
tions could be reorganized using molecular
markers relared to neural development. Qur




observations suggest that genetic subsets in
gliomas may well be one of the subjects for
such possible redefinition in the future. A
clinically important question is whether
these neuronal genes such as MYT1L could
be used to identify more favorable subset
of gliomas as diagnostic markers, indepen-
dently to Ip loss. A recent report showed
that in cerrain malignant gliomas, the
expression profiling using microarray was
successful in identifying a set of genes more
accurate in predicting prognosis of patients
than histological diagnosis (17). Notably, 2
patients of astrocyroma grade II which were
clustered together with glioblastomas in
our series (Figure 1B), indeed showed the
clinical course equivalent to glioblastomas,
suggesting usefulness of microarray for
predicting patients’ prognosis. However, al-
most all oligodendroglioma patients in the
current study are still alive and therefore we
do not have sufficient prognostic data for
analysis at this point. Furcher investigation
with more data, both in number of cases
and length of follow-up, would certainly
answer such question in the future.

ACKNOWLEDGMENTS

This ‘work was supported by 2 Grants-
in-Aid from the Ministry of Educarion,
Culture, Sports, Science and Technology,
Japan (No. 11671357 and No. 13470184).
This study was carried out as a part of The
Technofogy Development for Analysis
of Protein Expression and Interaction in
" Bioconsortia on R&D of New Industrial
Science and Technology Frontders which
was performed by Industrial Science, Tech-
nology and Environmenral Policy Bureau,
Ministuy of Economy, Trade and Industry,
and entrusted by New Energy Develop-
ment Organization (NEDO).

We thank Drs Yoichi Nakazaco, Takanori
Hirose, Nobuaki Funata, and Junko Hirato
for reviewing the histology. We also thank

Drs Masato Nakafuku and Tewsuya Taga for -

helpful discussion of the manuscripr. We
thank expert help of Dr Hirokazu Tanigu-
chi, Kaori Shiina for histological studies,
and Reiko Martsuura, Chizu Kobayashi,
Hiroko Meguro, Erio Ashihara, Saori
Fukui and Junko Yagi for their technical
assistance.

REFERENCES

1. Cairncross JG, Ueki K, Zlatescu MC, Lisle DK,
Finkelstein DM, Hammond RR, Silver JS, Stark

PC, Macdonald DR, Ino Y, Ramsay DA, Louis DN
(1998) Specific genetic predictors of chemother-
apeutic response and survival in patients with
anaplastic oligodendrogtiomas. J Natl Cancer Inst
90:1473-1479.

2. Clayton DF, George JM {1998) The synucleins:
a family of proteins involved in synaptic func-
tion, plasticity, neurodegeneration and disease.
Trends Neurosci 21:249-254.

3, Eisen MB, Spellman PT, Brown PO, Botstein D
(1998) Cluster analysis and display of genome-
wide expression patterns, Proc Natf Acad Sci U S
A 95:14863-14868,

4, Fuller GN, Rhee CH, Hess KR, Caskey LS, Wang
R, Bruner JM, Yung WK, Zhang W (1999) Reactiva-
tion of insulin-like growth factor binding protein
2 expression in glioblastoma multiforme: 2
revelation by parallel gene expression profiling.
Cancer Res 59:4228-4232.

5. Golub TR, Slonim DK, Tamayo P, Huard C, Gaas-
enbeek M, Mesirov IR, Coller H, Loh ML, Downing
JR, Caligiuri MA, Bloomfield CD, Lander ES {1999)
Malecular classification of cancer: class discovery
and class prediction by gene expression moni-
toring. Science 286:531-537.

6. Gutmann DH, Hedrick NM, 1i J, Nagarajan R,
Perry A, Watson MA (2002) Comparative gene
expression profile analysis of neurofibromatosis
1-asspciated and sporadic pilocytic astrocyto-
mas. Concer Res 62:2085-2091,

7. Huang H, Colella 5, Kurrer M, Yonekawa Y, Klei-
hues P, Ohgaki H (2000) Gene expression profil-
ing of low-grade diffusé astrocytomas by <DNA
arrays, Cancer Res 60:6868-6874.

8.1noY, Betensky RA, Zlatescu MC, Sasaki H, Mac-
donald DR, Stemrer-Rachamimov AQ, Ramsay
DA, Calrncross JG, Louis DN {2001) Molecular
subtypes of anaplastic oligedendraglioma: im-
plications for patient management at diagnosis.
Clin Cancer Res 7:839-845.

9. Ishii M, Hashimote S, Tsutsumi S, Wada Y, Mat-
sushima ¥, Kodama T, Aburatani H {2000) Direct
comparison of GeneChip and SAGE on the quan-
titative accuracy in transcript profiling analysis.
Genomics 68:136-143.

10. Kim JG, Armstrong RC, v Agoston D, Robinsky
A, Wiese €, Nagle J, Hudson LD (1997) Myelin
transcription factor 1 {Myt1) of the oligodendro-
cyte lineage, along with a closely related CCHC
zine finger, is expressed in developing neurons in
the mammalian centrzl nervous system. J Neuro-
sci Res 50:272-290.

11. Kleihues P, Cavenee WK (eds.) {2000} Pathole-
gy and Genetics of Tumours of the Nervous System.
1ARC Press, Lyen.

12. Lu QR, Park JX, Noll E, Chan JA, Alberta ), Yuk
D, Alzamora MG, Louis DN, Stiles CD, Rowitch
DH, Black PM (2001) Oligodendrocyte lineage
genes {OLIG) as molecular markers for human
glial brain tumors. Proc Natl Acad 5ci U S A 98
10851-10856.

13. Lu QR. Sun T, Zhu Z, Ma N, Garcia M, Stiles
€D, Rowitch DH (2002) Common developmental
requirement for Olig function indicates a motor
neuron/oligodendrocyte connection. Cefl 109
75-86.

14, Marie Y, Sanson M, Mokhtari K, Leuraud P
Kujas M, Delattre JY, Poirier J, Zalc B, Hoang-Xuan
K (2001) OLIG2 as a specific marker of oligoden-
droglial tumour cells. Lancet 358:298-300.

15. McGraw TS, Mickle JP, Shaw G, Streit W/ {2002)
Axonally transported peripheral signals regufate
alpha-internexin expression in regenerating mo-
toneurons, J Neurosci 22:4955-4963,

16. Mukasa A, Ueki K, Matsumoto S, Tsutsumi
S, Nishikawa R, Fujimaki T, Asai A, Kirino T, Abu-
ratani H (2002) Distinction in gene expression
profiles of oligoderidrogliomas with and without
allelic loss of 1p. Oncogene 21:3961-3968.

17. Nutt CL, Mani DR, Betensky RA, Tamayo
P, Cairncross JG, Ladd C, Pohl U, Hartmann C,
McLaughlin ME, Batchelor TT, Black PM, von
Deimling A, Pomeroy 5L, Golub TR, Louis DN
{2003} Gene expression-based classification of
malignant gliomas correlates better with survival
than histological classification, Cancer Res 63:
1602-1607.

18, Patt S, Labrakakis C, Bernstein M, Weydt P,
Cervos-Navarre J, Nisch G, Kettenmann H (1996)
Neuron-like physiclogical properties of cells from
human ofigodendroglial tumors, Neuroscience
71:601-611,

19, Perry A, Scheithauer BW, Macaulay RJ, Raffel
C, Roth KA, Kros JM (2002) Oligodendrogliomas
with neurocytic differentiation. A report of 4
cases with diagnostic and histogenetic implica-
tions. J Neuropathol Exp Neurol 61:947-955.

20. Rickman DS, Bobek MP, Misek DE, Kuick R,
Blaivas M, Kurnit DM, Taylor J, Hanash SM (2001)
Distinctive molecular profiles of high-grade and
low-grade gliomas based on cligonucleotide mi- .
croarray analysis. Cancer Res 61:6885-6891.

21. Sallinen 5L, Sallinen PK, Haapasalo HK, Helin
HJ, Helen PT, Schraml £, Kallioniemi OF, Kononen
J(2000) Identification of differentially expressed
genes in human gliormas by DNA microarray and
tissue chip techniques. Cancer Res 60:6617-6622.

22. Su Al, Cooke MP, Ching KA, Hakak Y, Walker
JR, Wiltshire T, Orth AP, Vega RG, Sapinoso LM,
Mogrich A, Patapoutian A, Hampton GM, Schultz
PG, Hogenesch JB {2002) Large-scale analysis of
the human and mouse transcriptomes. Proc Natl
Acad Sci U 5 A 99:4465-4470,

23. Tusher VG, Tibshirani R, Chu G {2001} Sig-
nificance analysis of microarrays applied to the
janizing radiation response. Proc Natl Acad 5¢i U
5A98:5116-5121.

24. Ueki X, Nishikawa R, Nakazato Y, Hirose T,
Rirato J, Funada N, Fujimaki T, Hojo 5, Kubo Q,
Ide T, Usui M, Ochiai C, Ito §, Takahashi H, Mukasa
A, Asai A, Kirino T (2002) Correlation of histology
and molecular genetic analysis of 1p. 19q, 10q,
TP53, EGFR, CDK4, and COKNZA in 91 astrocytic
and oligedendroglial tumors. Clin Cancer Res &
196-201.

25. Watson MA, Perry A, Budhjara V, Hicks C,
Shannon WD, Rich KM {2001 Gene expression
profiling with oligonucleotide microarrays dis-
tinguishes Waorld Health Organization grade of
oligodendrogliomas. Cancer Res 61:1823-1829,

26, Wharton 5B, Chan KK, Hamilton FA, Anderson
JR {1998} Expression of neuronal markers in

Expression of Neuronal Genes in Oligodendroglioma—Mukasa eral 41

—31o—



oligodendrogliomas: an immunohistochemical
study. Neuropatho! App! Neurobiol 24:302-308,

27. Wolf BK, Buslei R, Blumcke 1, Wiestler 0D,
.Pietsch T (1997) Neural antigens in oligodendro-
gliomas and dysembryoplastic neurcepithelial
tumors. Acta Neuropatho! (Berl) 94:436-443,

28. Zhou Q, Anderson DJ (2002) The bHLH
transcription factors OLIG2 and OLIG1 couple
neurcnal and glial subtype specification. Celf
109:61-73,

42 Expression of Neuronal Genes in Cligodendroglioma—Mukasa et al

—316—




Brain Tumor Pathol (2004) 21:53-36
DOI 10.1007/s10014-004-0154-1

© The Japan Society of Brain Tumor Pathology 2004

SPECIAL ARTICLE

Ryo Nishikawa « Tatsuya Sugiyama - Yoshitaka Narita
. Frank Furnari - Webster K. Cavenee - Masao Matsutani

Immunchistochemical analysis of the mutant epidermal growth factor,

AEGFR, in glioblastoma

Received and accepted: February 3, 2004

" Abstract The naturally occurring mutated form of the
epidermal growth factor receptor, AEGFR (also named
EGFRVIIL and de2-7EGFR), greatly enhances glioblas-
toma (GBM) cell growth in vivo through several activities,
such as down-regulating p27 and up-regulating BclX(L)
while increasing signaling through the RAS-MAPK and
PI3-K cascades. More than half of GBMs, especially of the
de novo type, overexpress EGER, and 50%-70% of these
express AEGFR. However, little is known about the distri-
bution of AEGFR-expressing tumor cells within surgical
specimens. In order to address this clinically important
_ issue, we performed immunohistochemical analyses of 33
GBMs obtained during surgery using the anti- AEGFR
monoclional antibody, DHS.3. We also simultaneously ana-
lyzed wild-type EGFR expression in these tissues using
the anti-EGFR monoclonal antibody, EGFR.113. AEGFR
and wild-type EGFR expression were observed in 20/33
(38%) and 29/33 (55%), respectively. Nineteen (95%) of
the AEGFR-positive tumors also expressed wild-type
EGFR; one case was AEGFR-positive but wild-type
EGFR-negative. In 13/20 (65%) of the AEGFR-positive
tumors, tumor cells were scattered diffusely within the
tumors, 6/20 showed geographical distribution of AEGFR-
positive tumor cells, and one case showed homogeneous
staining. In the wild-type EGFR-positive cases, almost all
tumor cells expressed EGFR. The differential distribution
of cells expressing the two receptors observed here may
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suggest either that AEGFR arises at a low frequency from
wild-type EGFR-expressing cells, perhaps during the pro-
cess of gene amplification, or that there is a paracrine-type
of interaction between them.

Key words Epidermal growth factor receptor - Glioblas-
toma - Immunohistochemistry

Indroduction

The epidermal growth factor receptor (EGFR) gene is
amplified at the DNA. level and overexpressed at the level
of mRNA or protein expression in tumor tissues of about
40%-50% of human glioblastoma (GBM) cases.”” This
EGFR gene amplification is often followed or accompanied
by further gené rearrangement. About two-thirds of such
rearrangements result in a particular mutant form called-
AEGFR, de2-7EGFR, or EGFRVIII, an in-frame deletion
of exons 2-7 resulting in a deletion of 267 amino acids.™*
The resulting mutant protein is ligand independent, consti-
tutively phosphorylated, and localized primarily to the cell
surface.”™ AEGFR promotes the tumorigenesis of GBM
cells in vivo by increasing cellular proliferation," decreasing
cellular apoptosis,” and promoting tumor cell invasion.”
However, these conclusions have derived from the analysis
of the behavior of xenografts that arose after inoculation of
cells expressing relatively homogeneous levels of AEGFR,
and little is known about the distribution of AEGFR-
expressing tumor cells in surgical specimens. Since this lim-
its understandirig of the clinical significance of AEGFR. we
performed immunohistochemical analysis of AEGFR and
wild-type EGFR expression in primary GBM lissues,
Qur results revealed differential distribution of tumor cells
expressing these receptors, suggesting potential interactions
between them.
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Materials and methods
Brain tumor.samples

Fifiy-three GBM specimens that were surgically resecied
between 1989 and 2002 at Saitama Medical School
were subjecled o investigation. All tumors were diagnosed
according to the Woyld Health Organization (WHO)
classification of brain tumors.”® Tissue sanples were fixed
in 10% formalin and embedded in paraffin for histological
as well as immunohistochemical examination. For Western
blotting, samples were snap-frozen in liquid nitrogen in the
operating rooms and stored at —80°C until use. Twenty
samples were available for this series of studies.

Immunohistochemistry

The sections were deparaffinized, rehydrated, and incu-
bated in hydrogen peroxide 1o block endogenous per-
oxidase activity, followed by antigen retrieval in a steam
cooker and preincubation in normal goat serum. An anti-
AEGFR monoclonal antibody, DH8.3, raised against a
synthetic peptide spanning the unique junctional sequence
of the deleted part of AEGFR,” was diluted 1:50 and
applied to the samples for 1h at room temperature. DHS83
does not react with wild-type EGFR.* A standard ABC
method was performed according to the manu-
facturer’s recommendations (Vectastain, Vector Laborato-
ries, Burlingame, CA. USA), and diaminobenzidine
tetrahydrochloride was used to visualize the Immunoereac-
tivities. The slides were lightly counterstained with hema-
toxylin. Anti-EGFR monoclonal antibody, EGFR.113,
raised against the extracellular domain of the wild-type
EGFR was purchased from Novocastra (Neweastle, UXK)
and used for immunohistochemistry according to the
manufacturer’s recommendations.

‘Western blotting

The tissue specimens were lysed in extraction buffer
(50mM Tris-HCI [pH 7.6], 50mM NaCl, 2% NP-40, 0.5%
deoxycholic acid, 0.2% sodium dodecyl sulfate [SD§], 1mM
phenylmethylsulfonyl fluoride. Spgfml leupeptin, Spgiml
aprotinin, and 0.5mM Na;VO,) and sonicated. The lysates
were centrifuged at 8000g for Smin, and the supernatants
were collected. Each protein sample (20 ng) was separated
with 7.5% polyacrylamide/SDS gels and electroblotted onto
nitrocellulose membranes (ECL membrane, Amersham
Pharmacia Biotech, Piscataway, NJ, USA). After blocking
with 5% skim milk in Tris-buffered saline with 0.05%
Tween 20, the membranes were incubated with an anti-
EGFR monoclonal antibody, C13, which reacts with both
wild-type EGFR and AEGFR (a kind gift from Dr. Gordon
Gill, University of California at San Diego). and then incu-
bated with a horseradish peroxidase-conjugated antimouse
secondary antibody (Vector Laboratories), and subjected
to chemiluminescence detection (ECL, Amersham
Pharmacia Biotech).
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Image intensification

The images from immunohistochemistry and Weslern
blotting were captured with a digital camera and processed
with Adobe Photoshop 7.0 on an Apple Macintosh
comipuler,

Results
Immunohistochemistry

Positive immunoreactivities for DH 8.3 and EGFR.113
were observed in 20/53 (38%) and 29/53 (55%), respec-
tively. Of those 20 cases positive for DH8.3, 19 were also
positive and 1 was negative for EGFR.113. Typical
examples of DH8.3-immunoreactivity are shown in Fig.
1A~E. Immunoreactivities for DH8.3 were observed on the
cell membrane or in the cytoplasm of tumor cells that were
similar to those for EGFR.113 (Fig. 1A and F). Immunore-
active cells were scatiered diffusely in the 13 of 20 (65%)
specimens positive for DH8.3 (Fig. 1A and B). In six speci-
mens (30%), cells immunoreactive for DH8.3 were geo-
graphically distributed (Fig. 1C). The remaining specimen
showed a homogeneous distribution of immunoreactive
cells. In ome specimen, DH83-immunoreactive cells
were observed adhering to tumor vessels (Fig. 1D and E).
On the other hand, in the tumors immunoreactive for
EGFR.113, almost all tumor cells had homogeneous immu-
noreactivities, as shown in Fig. 1F, except for one case that
showed geographical distribution of EGFR-expressing
cells. Figure 1F is from the same area of the same specimen
shown in Fig. 1B.

Western blotting

Significant amounts of AEGFR and full-length EGFR were
detected in 9 of 20 (45%; lanes 5, 6, 8,9,30, 11, 13,17, and
20 in Fig. 2) and 12 of 20 (60%; Janes 2, 5, 6, 7. 8, 9,10, 11,
13, 15, 17, and 20 in Fig. 2) samples by Western blotting,
respectively, Three samples (lanes 2, 11, and 15 in Fig. 2)
were negative for EGFR.113 by immunohistochemistry but
positive for full-length EGFR by Western blotting. None of
the samples negative for full-length EGFR by Western blot-
ting was positive for EGFR.113 by immunohistochemistry,
and both results were concordant in 17/2¢ (85%) of the
samples. Four samples (Janes 5, 9, 11, and 17 in Fig. 2) were
negative for DH8.3 by immunohistochemistry and positive
for AEGFR by Western blotting, and both results were
concordant in 16/20 (80%).

Discussion

Expression of AEGFR was observed in 20/53 (38%). of
GBM samples by immunohistochemistry and 9/20 (45%) by
Western blotting. Those frequencies were similar to those
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Fig. 1. Immunchistochemical detection of mutated epidermal growth faclor receptor (AEGFR) (A-E) and wild-type EGFR (F) expression in
slioblastoma specimens. Original magnifications are (&) *x1000. (B, C. E. F) X400, and (D} X100

EGFR.113 - _——_—t 4+t + - - F - -
DH83 = = = = =+ -+ -+ = -+ - - -
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Fig. 2. Weslern blotting analysis of 4 EGFR and wild-lype EGFR expression in glioblastoma specimens. + or — indicates immunareactivities for
DHS.3 and EGFR.113 by immunohistochemistry
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in reporied series: 7/12 (58%) by Western blotting.” and
8/12 (67%)° or 12/21 (62%)" by immunohistochemistry.
Among the 20 cases in which frozen samples were available
for Western blotting, the results of Western blotting and
immunohistochemistry were concordant in 16 cases (80%).
Expression of AEGFR in the remaining four cases was
positive by Western blotling but negative by immunohis-
tochemistry, which would indicate either that Western blot-
ling was more sensitive for the detection of low levels of
AEGFR expression, or that there were sampling errors due
10 the helerogeneous location of positive cells.

Each of the 20 cases that were immunoreactive for

DHS.3 by immunohistochemistry was also immunoreactive

. for EGFR.113, with one exception. Among the 29 cases
positive for EGFR.113, 19 {(66%) were positive for DHS.3.
It has been reported that GBMs with AEGFR mutation
always harbor increased EGFR gene dosage. and frequency
of AEGFR found in GBMs with EGFR amplification was
67%.% These data suggest that amplification of the EGFR
gene precedes EGFR mutation.

GBM cells expressing AEGFR have a remarkable in
vivo growth advantage.” One consequence of this could be a
clonal expansion of the cell population. Consonant with this
notion are reported experiments showing that injection
of a mixture of USTMG.AEGFR (a2 GBM cell line
expressing AEGFR) and parental US7MG at a 1:50000
ratio into nude mouse brains showed an outgrowth of
US7MG.AEGFR cells, with the proportion reaching 83% in
the tumeors that developed.” The geographical distribution
of AEGFR-expressing tumor cells observed in surgical
specimens has been believed 1o be the result of an analo-
gous clonal expansion. However, our results here show that
GBM tumor cells expressing AEGFR prefer to distribute
diffusely in a scattering pattern in the majority of cases. In
contrast, tumor cells expressing wild-type EGFR appeared
1o distribute in a more homogeneous fashion (Fig. iF).
The differential distribution of AEGFR- and wild-type
EGFR-expressing tumor cells, together with the fact that
almost all tumors expressing AEGFR expressed wild-type
EGFR, appears to support the hypothesis that AEGFR
arises at a low frequency from wild-type EGFR-expressing
cells. The significantly enhanced biological aggressiveness
of the tumor cells expressing AEGFR, together with their
often diffuse occurrence among other tumor cells. also
raises the possibility that they might provide a positive field
effect on surrounding tumor cells that overexpress
wild-type EGFR. The nature of such interactions requires
further study.
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Cell Biology of Brain Tumor :
* With Special Emphasis on Tumor Cell Invasion
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Introduction

Treatment results of malignant tumors of variéus organs have been progressing. The 5-year survival rate as well as
cure rate have been improved. The treatment results of malignant brain tumors, however, have not improved dram-
atically with some exceptions such as medulloblastoma and germ cell tumors. The results of gliomas, especially
glioblastoma, are extremely poor. In this report, the research history of malignant brain tamors is‘reviewed stressing
importance of cell biological standpoint.

To establish glioma, there are many steps such as initiation of tamor with genetic changes, tumor establishment
escaping from immune system, tumor progression with proliferation of cells and angiogenesis, finally invasion to
surrounding tissue. All of these steps are the target for malignant brain tumor research and therapy.

Recent advancement of molecular biclogy and genetic study of glial tumors are remarkable. However these
advancements do not directly mean the improvement of treatment, but also does not have good correlation with
clinical situations. The most important point which we should focus on is that the tumor cells exist in the host (patient)
in the context of host-tumor interaction. Thhs even in the era of major advancement in molecular biology, pathology
as well as cell biology are important targét to study in the neuro-oncology research. In this brief review, cell biological
aspects of malignant glioma will be discussed.

Historical Aspect'of Research of Proliferative Potential of Malignant Brain Tumor

Biology of glioma has been studied from the standpoint of growth potential. Hoshino and his colleagues opened
and developed this field.!™'® Based on their and other investigators, it is known that in glioma tissue, proliferating
tumor cells are recruited from GO (resting) cells. Irrespective of grade of the tumor, the cell cycle time of glioma is in
a narrow range. Thus the ratio of proliferating cells represents the potential of tumor proliferation itself 2% Historically
this study of proliferation was initiated with autoradiography using 3H-thymjdine.m Then bromodeoxyuridine (BrdU,
BudR) as thymidine analogue was used widely. BrdU was given to the patients before excision of the tumor or the
tumor tissue was incubated in a medium containing BrdU immediately after tumor excision. Cells which are synth-
esizing DNA (in S phase) incorporate BrdU and incorporated BrdU was stained using monoclonal antibody. Thus
cells in S phase can be differentiated from other cells. The S phase labeling index (LY) of each tumor was counted and
their proliferative potential was studicd ™ Later this method was replaced by Ki67 staining or MIB-1 staining which

stains all the cells in cell cycle."” With these approaches, biological behavior of gliomas were gradually disclosed, i.e,
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S phase labeling index and its correlation to prognosis of patients.'ﬁ'm Sensitivity to radiation therapy was also
assessed by looking at the viable cells after radiation therapy. These methodology are called cell kinetics.

Resistance to Radiation Therapy

Gliomas are radioresistant. Irrespective of intensive radiation therapy, glioblastoma cannot be controlled for longer
period. Cell Kinetics study of glioma tissue after irradiation showed that proliferative potential of glioblastoma did not
significantly change even after 60 Gy of irradiation. After conformal irradiation thcrap'y up to 90 Gy,™ the glioblasotma
still retain proliferative potential in the area received 70 or 80 Gy of irradiation. Furthermore it was observed that
damage to the glioblastoma is rather via vascular damage than direct effect to the tumor cells to show that glioma
cells are really radioresistant.'” Thus it should be noted that radiation therapy to glioma produced still unsatisfactory

results and major advancement should be done to concur these barrier.
Drug Resistance

Chemotherapy of glioma has been known to have many problems also. However recent advancements highlighted
chemotherapy of glioma again. Many studies since Caimcross et al,” showed that oligodendroglial tumors are che-
mosensitive to nitrosourea-vincristine-procarbazine combination chemotherapy.zo’ Furthermore, this chemosensitivity
has been reported to be related to some genetic chan ges.”

Temozolomide is an another recent topic in the chemotherapy of glioma. Many studies showes that this novel drug
has activity against gliomas as well as metastatic brain tumor.”’ For recurrent anaplastic astrocytoma and anaplastic
oligoastrocytoma, 45% recurrence-free survivat for 6 months have been reported. Radiological study showed 35%
response (CR and PR) rate and 26% stable disease.’® Even in recurrent glioblastoma, 18% of the patients showed 6-
months recurrence free period.” ' '

Irrespective of these advances in glioma chemotherapy, brain tumors are still difficult target to treat with chemotherapy.
The presence of of blood brain barrier (BBB) in the normal tissue is one of the reasons for the difficulty. The center of
brain tumors usually lacks BBB, however area of tumor infiltration seems to have intact BBB. Brain tumot model in
animals showed that in small tumor of less than 2 mm in diameter®™ or 0.2 mm? in area,”” the BBB is preserved. These
data suggest that BBB is intact in small tumors or area of infiltration thus chemotherapeutic agents would not be
delivered to tumor cells in these lesions. Success of Temozolomide seems to be, at least partly, due to permeability of

this drug through BBB.

invasion

Invasiveness or infiltration of glioma is one of the major reasons of difficulty in the treatment of glioma. If gliomas
were not invasive, the tumors can be cured, of course, by surgery alone, which is not the case.

In malignant glioma, especially in glioblastoma, tumor celis infiltrate far beyond the main tumor mass. The infiltrative
mumor cells can be found as far as 3 cm away from the border of the neuroradiological image.>® Before reviewing this
invasiveness, general aspects of cancer cell invasion will be discussed.

Invasion of cancer cell is one of the most significant features of malignant tumor together with capability of distant

metastasis. In fact, invasion and metastasis are so to say “two sides of the same coin”. To establish metastatic foci
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cancer cells must proceed sequential multiple steps and at each step invasion mechanisms or part of them work.
Initially to create primary tumor mass, tmor cells needs blood supply. Angiogenic process takes place at this point.
To leave the primary tumor, the tumor cells must get into the blood or lymphatic stream. To get into the blood ot
lymphatic vessel, the tumor cells have to degradate basement membrane of vessels, move (motility) and intravasate
into vessels. Once get into the blood or lymphatic vessels, the tumor cells should- escape from immune system to
reach the target organ. At the target organ, the tumor cells have to attach to the endothelium, migrate between the
endothelial cells, degradate the basement membrane again and lyse the local extracellar matrix. The tumor celis, then,
have to proliferate in the target organ adjusting themselves to the local microenvironment. Interestingly, these are not
random processes but certain tamor cells have a specific affinity to certain target organ (“seed and soil” phenomenon) m
To complete metastatic process, the tumor cells have to have many features, i.e. high motility, high expression of de-
gradating enzymes, high affinity to endothelial cells, higher expression of growth factor receptor which is suitable for
the target organ and so on. That means the tumor cells which finally established metastasis were cells with multiple
aptitude. Fidler, who is the authority of metastasis research mentioned that “Metastatic tumor cells are champion of
decathlon™. The word is an apt remark of multiple potential of metastatic cells.

As described above, invasion is one of the most remarkable features of malignant tumor cells. Many techniques in
vitro and in vivo are employed to investigate metastatic phenotype of malignant tumor cells. In vitro research includes
assay for protein, enzyme expression, and mRNA. [n vitro experiments using cells to assess their invasiveness of
many substrates including proteins consisting basement membrane Or intracellular molecules.” Motility assay are also
employed. In vitro experiments to see the interaction between the tumor cells and tissue or in vivo experiments to
assess tumor host interaction are also important.

These methods were applied in the malignant brain tumor research also and with these many molecules have been
reported to be involved in the pathoph&siology of invasion of brain cancer. As for extracellular matrix compohent of
brain, where the tumor cells to invade, laminin, collagen IV, tenascin, hyaluronic acid and brain enriched hyaluronan
binding (BEHAB) brevican have been in the fist. 926" Heparan sulfate proteoglycan, collagen L, fibronectin, vitronectin
and entactin are found in relation to basement membrane of blood vessels.'?¥! Another molecules, which mainly
produced by tumor cells and related to tumor cell-matrix adhesion are integrins and hyaluronate receptor CD44.%
Cadherins, selectins, neural cell adhesion molecule (NCAM) , interceliular cell adhision molecule (ICAM) and vascular
cell adhesion molecule (VCAM) have also been reported to be related to brain tumor invasion.'*'> Another type of
molecules which play major roles in degradating surrounding substrates are matrix metalloproteases (MMP) including
MMP2 and MMP9.22" However role of these MMPs are still controversial in some reports. _

Balance between MMP and tissue inhibitor of metalloproteinase (TIMP) was also mentioned to be involved in
tumor invasion.'® Other degradating enzyme, urokinase-type plasminogen activator (uPA) and its receprot (uPAR)
might be important,™ ) '

We have been investigating the role of lysophospholipase D (Lyso PLD)/autotaxin in glioma invasion. This molecule
also seems to play some role in glioma invasiveness.

Glioma invasion is a complicated process but without overcoming this, cure of glioma would not be achieved..

Although many factors seem to be related to glioma invasion, further investigation is needed to integrate these
findings.

In conclusion, many biological factors are related to malignant behavior of glioma as described here, including turmor
cell genetics, proliferation, radiation- and chemosensitivity and invasive nature. Understanding of these factors will

lead to better treatment and cure of this devastating disease.
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Intraoperative Tumor_Segmehtation and Volume
Measurement in MRI-Guided Glioma Surgery for
Tumor Resection Rate Control’

Nobuhiko Hata, PhD, Yoshihiro Muragaki, MD, PhD, Takashi Inomata, BS, Takashi Maruyama, MD, PhD,
Hiroshi lseki, MD, PhD, Tomokatsu Hori, MD, PhD, Takeyoshi Dohi, MD, PRD

Raticnale and Objectives, Gross-total surgery under intraoperative magnetic resonance imaging (MRI) is a promising
methad of glioma removal. The purpose of this article is intraoperative measurement of resected tumor volume in MRI-
guided glioma surgery using semiautomatic image segmentation to unbiased resection rate control. '

Materials and Methods. A newly developed software program based on a fuzzy connectedness (FC) segmentation algo-
rithm was used to achieve fast and semiautomatic tumor segmentation and tumor volume measurement. The program was
validated by retrospective study of eight glioma cases and then applied to seven glioma cases. All clinical cases under-

went actual MRI-guided surgery using 0.3-T open magnets.

Resuits. The volume of the tumor before resection ranged from 10.1 to 206.7 mL. A comparison of the results of
manual segmentation with those of the semiautomatic FC-based segmentation gave an average dice similarity coeffi-
cient of 0.80 and an average match of 76%. Volume measurement combined with a developed software program en-
abled quantitative monitoring of turnor removal, which was critical in the near-total resection of glioma in MRI-

guided surgery.

Conclusion. The FC-based tumor segmentation method can be used for intraoperative tumor segmentation and volume
measurement in MRI-guided glioma surgery using 0.3-T open magnets. This methed is useful for objective resection rate
monitoring, which may ultimately minimize the amount of residual wmor in glioma surgery.

Key Words. MRI-guided surgery; brain tumor; segmentation; volume measurement.
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The recurrence of glioma can be minimized by total or
near-total surgical resection (1,2). Recognizing the im-
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portance of total resection of glioma, researchers have
been trying to use intraoperative imaging to monitor
the extent of tumor resection and ultimately increase
the tumor resection rate in neurosurgery. The use of
intraoperative imaging enables clear definition of the
tumor boundary and observation of the extent of tumor
removal during surgery. This real-time intraoperative
information is critical to decision-making in tumor re-
section, which otherwise has to rely on preoperative
x-ray computed tomography or magnetic resonance im-
aging (MRI) scans that do not refiect the current state
of the cured lesions. _
Intraoperative ultrasound is a widely spread and useful
imaging modality for tumor craniotomy. Several studies

-325—



Academic Radiofogy, Vol 12, No 1, January 2005 - -

have investigated the effectiveness of intraoperative ultra-
sound in neurosurgical guidance (3,4). Hammoud and col-
leagues reported that intraoperative ultrasound facilitated the
localization of metastases; however, in their study, the tumor
was difficult to define with presurgical radiation therapy in
13 of 34 glioma cases (3). Chacko and colleagues obtained
similar results (4) and found that the tumor was poorly de-
fined in low-grade glioma cases. It should also be noted that
although the use of three-dimensional (3D) ultrasound has
become virtually mandatory in the volumetric observation of
tumor removal, its clinical application is still in development
(5-7). Mobile computed tomography with its intraoperative
imaging capability is another option for gnided umor re-
moval; however, it has not enjoyed widespread application
because of the problem of patient and physician exposure to
radiation (8).

Gross-total surgery under intraoperative MR is a
promising method of glioma removal. Following the sem-
inal work of Black and colleagues to use open-configura-
tion MRI for guiding craniotomy (%), Schneider and co-
workers investigated the effectiveness of MRI-guidance
for gross-total resection of glioma and reported an suc-
cessful average tumor removal rate of 95.7% (10). In
their study, total resection of the tumor was possible in 6
of the 12 cases. However, they also wamned that the
amount of residual tumor could be higher (5.5-15.5%)
when the tumor is located close to eloquent areas. In all
cases they investigated, the measurement of the tumor
volume was an important tool for quantifying the amount
of tumor resection, yet no description was given to clarify
whether their measurement tool was feasible for intraop-
erative use (10).

The aim of this study was to develop a system of
image processing tools for segmenting intraoperative
volumetric images and measure the tumor volume dur-
ing MRI-guided glioma surgery. Such tools can poten-
tially enhance the location of residual tumor in MRI,
facilitate tumor resection, and provide objective estima-
tion of the extent of resection for more precise surgical
control. The proposed method is based on a combina-
tion of algorithms that enable unbiased, accurate, and
reliable measurement of tumor volume in intraoperative
MRI. This method also satisfies the time requirements
for intraoperative use. The accuracy of the proposed
method of image segmentation was evatuated and com-
pared with that of manual segmentation performed by
an expert surgeon. The clinical usability of the method
was assessed in five intraoperative applications.

TUMOR VOLUME IN MRI-GUIDED NEUROSURGERY

Table 1
Patient Data
Caseno. Age Sex Grade Lesion Eloguent
1 66 F. 1 RtF Vp
2 33. F 3 LtF Broca
3 34 F 2 RtF  CorpusCal
4 32 F 2 RRT Vp
5 32  F 3 . RtP CSTp
6 48 F 2 RTF —_
7 a7 M 3 LtP Sensory area
8 34 M 3 Rt F —-
9 55 F 3 RtT —
10 16 M 2 LtT  Memory
11 34 F 3 Lt F  Speech (Broca)
12 39 F 2 Lt Insula Speech (Broca)

Total/Average 38 FS M3

F, fernale; M, male; Rt, right; Lt, left; F, frontal; T, temporal
tobe; P, parietal lobe; V, visual; p, pathway; CorpusCal, corpus
callosum; CST, cortico-spinal tract.

"MATERIALS AND -METHODS -

Patient Selection

Table 1 summarizes the list of cases discussed in this
study. Twelve patients (nine women, three men; mean age
38 years) were diagnosed with glioma by using preopera-
tive 1.5-T MRI. The following histologic diagnoses were

" obtained using the World Health Organization classifica-

tion: one Grade 1, five Grade 2, and six Grade 3.

The internal review board of the hospital approved the
intraoperative MRI-guided surgery and subsequent analy-
sis by image processing, as well as the procedure for ob-
taining patient consent. The nature of the procedure was
discussed with the patients, and informed consent was
obtained following the internal review board guidelines.

Imaging Sequence

All patients underwent MRI-guided craniotomy in a
0.3-T open MRI scanner (AIRIS i TM, Hitachi Medical
Co., Tokyo, Japan). The scanner provides intraoperative
MRIs in the bore and makes it possible to slide the opera-
tive bed into an off-five Gauss-line area where the sur-
gery is performed. Images were taken three times during
the surgery: before the resection of the tumor (after crani-
otory and dura opening); in the middle of the surgery
when the majority of the tmor was thought to have been
removed; and before dura closure after the resection of
the tumor. Sterectactic navigation based on most recent
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