86 1. J. Radiation Oncology ® Biology @ Physics

Table 2. Sensitivity, specificity, PPV, and NPV of CTV-Gd

and CTV-T,

Protocol Sensitivity* Specificity PPV NPV
CTV-Gd 28.6 (5.2) 99.4(1.0) 73.6(29.7) 95.1 (4.2)
Mean (SD) (%)

CTV-Gd 2 mm) 44.3(30.1) 98.8 (1.6) 68.0 (27.2) 95.9 (4.0)
Mean (SD) (%)
CTV-Gd (5 mm) 55.6 (30.2) 97.8 (2.3) 59.8 (24.5) 96.5 (3.7)
Mean (SD) (%)
CTV-Gd (10 mm) 72.0 (27.9) 94.8 (4.2) 44.3 (19.6) 974 (3.3)
Mean (SD) (%)
CTV-Gd (20 mm) 86.4 (21.5) 84.2 (8.7) 24.7 (13.5) 98.4 (2.5)
Mean (SD) (%)
CTV-T2 61.1(25.5) 97.2(2.8) 58.0 (26.8) 97.1 (2.8)
Mean (SD) (%)
CTV-T2 2 mm) 72.4(24.2) 95.1 (42) 48.9 (24.7) 98.0 (2.5)
Mean (SD) (%)
CTV-T2 (5mm) 81.9(21.5) 92.2(5.7) 40.4 (21.8) 98.4 (2.2)
Mean (SD) (%)
CTV-T2 (10 mm) 89.4 (15.1) 85.5(8.8) 28.5(16.6) 98.9 (1.7)
Mean (SD) (%)
CTV-T2 (20 mm) 96.4 (7.0) 68.3 (13.4) 15.9 (9.6) 99.6 (1.3)
Mean (SD) (%)

Abbreviations: NPV = negative predictive value; PPV = positive
predictive value; SD = standard deviation.

* Values in boldface type indicate p < 0.05 using Tukey-type
multiple comparisons.

were grouped according to the RTOG recursive partitioning
analysis (RPA) class (21). Most patients were put into RPA
class IV (n = 19), and smaller numbers were in classes VI
(n=8), Ml (n=3),and V (n = 8).

Table 2 shows sensitivity, specificity, PPV, and NPV for
CTV-Gd (x mm) and CTV-T; (x mm). The sensitivity of
CTV-Gd (20 mm) (86.4%) was significantly higher than
that of the other CTV-Gd (x=0, 2, 5, 10 mm). The specificity
of CTV-Gd (x = 0, 2, 5 mm) was significantly higher than
that of the other CTV-Gd (x = 10, 20 mm). The PPV of
CTV-Gd (x = 0, 2 mm) was significantly higher than that
of the other CTV-Gd (x = 5, 10, 20 mm). The NPV of
CTV-Gd (x = 20 mm} was significantly higher than that of
the other CTV-Gd (x = 0, 2, 5, 10 mm). The sensitivity
of CTV-T, (20 mm) (96.4%) was significantly higher than
that of the other CTV-T, (x = 0, 2, 5 mm). The specificity
of CTV-T, (x = 0 mm) was significantly higher than that
of the other CTV-T, (x = 5, 10, 20 mm). The PPV of CTV-
T, (x = 0 mm) was significantly higher than that of the other
CTV-T,(x=0,2,5, 10, 20 mm). The NPVof CTV-T, (x=20
mm) was significantly higher than that of the other CTV-T,
(x=0,2,5, 10 mm).

Figure 2 shows the sensitivity and specificity values of
CTV-Gd (x =0, 2, 5, 10, 20 mm) and that of CTV-T, (x =
0,2, 5, 10, 20 mm). The highest sensitivity and lowest spec-
ificity values were shown by CTV-T; (x = 20 mm). The low-
est sensitivity and highest specificity values were shown by
CTV-Gd (x =0 mm). Table 3 compares our results with those
reported by Jansen et al. (19), correlating histopathologic
observations and use of CT or MR images. Hochberg et al.
(22) reported 29/35 (82.9%) tumor cells were within 2 cm
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Fig. 2. Scatter plot of Tr-weighted MRI (x mm) (where x=0, 2, 5,
10, 20 mm) and Gd (x mm) (x =0, 2, 5, 10, 20 mm) with respect to
sensitivity and specificity, respectively.

of the tumor mass on CT, and in our study, 86.4% of tumor
cells were within 2 cm of the tumor mass on MRI. Burger
et al. (23) reported 5/5 (100%) tumor cells were within the
necrotic area plus 3 cm. Although we do not discuss CTV-
Gd plus 3 cm in our study, we expect results were nearer
to 100% (more than CTV-Gd [20 mm]). Halperin er al.
(24) reported 9/11 (81.8%) tumor cells were beyond the en-
hancement area on CT, and 11/11 (100%) tumor cells were
within the edema area; in our study, 71.4% of tumor cells
were beyond the Gd enhancement area, and although we
do not discuss CTV-T, plus 3 cm, we expect results were al-
most 100% (more than CTV-T, [20mm]). Because other
studies (25-27) included patients with not only GBM but
also anaplastic astrocytoma, results differ slightly from our
data.

DISCUSSION

Brain tumor tissue can be visualized with MRI and CT be-
cause of the increased water content (edema) compared with
normal brain tissue and because of disruption of the blood—
brain barrier, and the tumor tissue is visualized as contrast
enhancement. However, neither contrast enhancement nor
edema is always a real measure of the extent of tumor for ghi-
omas. Tumor cells have been detected beyond the margins of
contrast enhancement, in the surrounding edema and even in
adjacent brain tissue that appears normal. After neurosur-
gery or radiotherapy, blood-brain barrier disturbances and
edema can also be treatment-related, and they cannot be dif-
ferentiated from persistent tumor on CT or MRI (25, 28-31).
Therefore, after the introduction of CT and MRI as planning
methods for irradiation of postoperative GBM, many
investigators have tried to define the optimal treatment
volume. However, there are many studies that report where
tumor exists outside of the edema and the enhanced area
of CT and MRI, and this topic is still a matter of heated
debate.

Comparative analyses among CT, MRI, and [”C]MET-
PET and stereotactic biopsies suggest that [''C]MET-PET
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Table 3. Comparison of correlations of histopathologic observations and use of CT or MR images

No.of  No. of GBM tumor CTor
Institution (ref) patients cells/total no. of AA  MRI Pathologic findings Results This results
MGH (22) 35 Not specified CT Tumor cells within 2 cm of tumor mass on CT  29/35 (82.9%)  86.4%
Duke (23) 5 5/0 CcT Tumor cells within Necrotic area plus 3 cm 5/5 (100%) 86.4% <
Duke (24) 11 15/0 CT Tumor cells go beyond enhancement 9/11 81.8%) 71.4%
Tumor cells within Edema plus 3 cm 11711 (100%)  96.4% <
Mayo (25) 40 8/7 CT/MRI  Tumor cells within hypodense (CT), T; high  15/16 (93.8%) 61.1%
(MRD)
Tumor cells within isodense (CT), T; high 14/14 (100%)
(MRD)
Brain R.L 18 6/12 CT/MRI Tumor cells go beyond T2 high (MRI) 4/18 (22.2%)  38.9%
Niigata (26)
Barrow (27) 5 372 MRI Tumor cells within T2 high (MRI) 5/5 (100%) 61.1%

Abbreviations: MGH = Massachusetts General Hospital, MA; Duke = Duke University, NC; Mayo = Mayo Clinic, MN; Brain R.I. Niigata =
Brain Rescarch Institute, Niigata, Japan; Barrow = Barrow Neurological Institute; AZ GBM = glioblastoma multiforme; AA = anaplastic

astrocytoma.

has greater accuracy for defining the extent of glioma than
CT and MRI (10, 13, 18). The integration of [''*C]MET-
PET into radio-oncologic treatment planning has provided
encouraging results because [''CIMET-PET is highly sensi-
tive in the context of brain tumor tissue. In the present study,
the biological target volume using [''CIMET-PET helped to
describe tumor morphology (GTV) with greater accuracy
than traditional radiologic modalities (such as MRI) alone
(10, 18, 32). The results of this study demonstrate that
["'CIMET-PET improves visualization of the extent of
GBM (Fig. 3).

Table 3 compares the present results with those reported
by Jansen et al. (19), correlating histopathologic observa-
tions and CT/MR images. Although some studies report dif-
ferent results (22-27), for example, tumor cells exist within
the tumor plus « and edema plus £, those results almost
corresponded to our results, for which [''CJMET-PET

CTV-Gd-
CTV-Gd (2mm) 7, 8
CTV-Gd (Smm)E?

CTV-Gd (10mm) s
CTV-Gd (20mm)

CTV-T2 s
CTV-T2 2mm
CTV-T2 (Smm :

CTV-T2 (10mm) {4
CTV-T2 20mm) ‘

findings served as the gold standard in this study. In
a word, it is thought that our results are valid by near
correspondence to histopathologic observations.
Methionine is a natural amino acid that is briskly taken up
by glioma cells, with only a low uptake in normal cerebral
tissue. The uptake is mediated mainly by the L-type amino
acid transport system. Methionine may be used for protein
synthesis or is converted to S-adenosylmethionine, which
is the primary methyl donor for transmethylation reactions
and a precursor of polyamide synthesis. A smaller part of
MET is metabolized by decarboxylation. However, several
experiments have suggested that during ["'CJMET-PET
studies, the tumor uptake of [''CJMET mainly reflects in-
creased amino acid transport (12, 13, 20). Therefore, [''C]
MET-PET does not directly receive the influence of the
operation easily, because of the high possibility of
showing the tumor localization. It is thought that an

A.GA:MRI | B.MET-PET

C. T2wi *D.ME’FPET

Fig. 3. Example of Gd-enhanced MRI scans illustrating (A, upper left) CTV-Gd (x mm) as x mm (x = 0-, 2-, 5-, 10-, and
20-mm) margin outside the CTV-Gd, respectively. And these lines were superimposed onto [*!CIMET-PET images (B,
upper right) in the same patient. (C, lower left) Example of T,-weighted MRI scans illustrating CTV-T2 (x mm) as x mm
(x=0-,2-, 5-, 10-, 20-mm) margin outside the CTV-T2, respectively. These lines were superimposed onto [*CIMET-PET
images (D, lower right) in the same patient. The area is too small (red arrow) to contain CTV-PET by CTV-Gd (20mm)
line (B). The area is too large (green arrow) to minimize the radiation exposure to the normal brain tissue (D).
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excellent agreement was seen this time. We believe the
results of this study demonstrate that [''CJMET-PET has
a substantial impact on visualizing the extent of GBM.

To optimize tumor control and prevent local failure, it is
necessary to raise the sensitivity of the defined target as
much as possible. In our study, when we used a 2-cm margin
to the CTV-Gd, the sensitivity was 86%, so this was not ad-
equate. When a 2-cm margin to the CTV-T, was used, the
sensitivity was 96%, so a 2-cm margin to the CTV-T; is
best to optimize tumor control and to prevent local failure.
Therefore, it is necessary to use at least a 2-cm margin to
the CTV-T, for the initial target planning of radiation
therapy. However, if dose escalation to the 2-cm margin is
performed in the CTV-T,, because the specificity is 68%—
and this is low—then the dose of radiation to the normal
tissue increases and the possibility of radiation damage to
normal tissue is expected to rise. ['"CJMET-PET cannot be
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used to target the dose escalation, and it is necessary to set
an appropriate margin to the CTV-Gd or CTV-T, in each
case. Therefore, there is a limit to the optimal margin
when using Gd-MRI and T,-MRI.

CONCLUSION

It is necessary to use a margin of at least 2 cm in T,-MRI
for the initial target planning of radiation therapy. However,
in radiation planning for postoperative patients with GBM,
the CTV-Gd and CTV-T, margins differed considerably
from that of CTV- ["'C]MET-PET. There is a limit to the op-
timal margin in this setting of the Gd-MRI and T,-MRIL
Thus, rather than using Gd-MRI and T,-MR], [“C]MET—
PET has promising potential for precisely delineating target
volumes in planning radiation therapy for postoperative
patients with GBM.
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Recent gene expression and copy number profilings of glioblas-
toma multiforme (GBM) by The Cancer Genome Atlas (TCGA)
Research Network suggest the existence of distinct subtypes of
this tumor. However, these approaches might not be easily appli-
cable in routine clinical practice. In the current study, we aimed
to establish a proteomics-based subclassification of GBM by inte-
grating their genomic and epigenomic profiles. We subclassified
79 newly diagnosed GBM based on expression patterns deter-
mined by comprehensive immunohistochemical observation in
combination with their DNA copy number and DNA methylation
patterns. The clinical relevance of our classification was indepen-
dently validated in TCGA datasets. Consensus clustering identi-
fied the four distinct GBM subtypes: Oligodendrocyte Precursor
(OPCQ) type, Differentiated Oligodendrocyte (DOC) type, Astrocytic
Mesenchymal (AsMes) type and Mixed type. The OPC type was
characterized by highly positive scores of Olig2, PDGFRA, p16,
p53 and synaptophysin. In contrast, the AsMes type was strongly
associated with strong expressions of nestin, CD44 and podopla-
nin, with a high glial fibrillary acidic protein score. The median
overall survival of OPC-type patients was significantly longer
than that of the AsMes-type patients (19.9 vs 12.8 months). This
finding was in agreement with the Oncomine analysis of TCGA
datasets, which revealed that PDGFRA and Olig2 were favorable
prognostic factors and podoplanin and CD44 were associated
with a poor clinical outcome. This is the first study to establish a
subclassification of GBM on the basis of immunohistochemical
analysis. Our study will shed light on personalized therapies that
might be feasible in daily neuropathological practice. (Cancer Sci
2012; 103: 1871-1879)

G lioblastoma multiforme (GBM) is one of the most com-
mon and highly malignant brain tumors in the primary
central pervous system in adults. GBM was one of the first
tumor types registered in The Cancer Genome Atlas (TCGA),
which is a project that catalogs genomic abnormalities
involved in the development of cancer."® The techniques cur-
rently used in TCGA study for the detection of abnormalities
include gene expression profiling, copy number variation pro-
filing, single-nucleotide po];rmorphism genotyping, genome-
wide methylation profiling,” microRNA profiling™® and exon
sequencing. Since the publication of the first TCGA Network
paper,’? several groups within the TCGA network have pre-
sented the results of highly detailed analyses of GBM. Verhaak
et al”® recently subclassified GBM into Proneural, Neural,
Classical and Mesenchymal subtypes by integrating multidi-
mensional data on gene expression, somatic mutations and
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DNA copy number. The main features of the Proneural class
are focal amplification of PDGFRA, IDH] mutation, and TP53
mutation and/or loss of heterozygosity. Moreover, high expres-
sion of genes associated with oligodendrocyte development,
such as PDGFRA, NKX2-2 and OLIG2, were also associated
with this subtype. The Neural subtype is characterized by the
expression of neuron markers, such as NEFL, GABRAI, SYTI
and SLCI2A5. The Classical subtype features high EGFR
expression associated with chromosome 7 amplification and
low expression of pl6INK4A and pl4ARF, resulting from a
focal 9p21.3 homozygous deletion. Neural stem cell markers,
such as nestin, as well as components of the Notch and Sonic
hedgehog signaling pathways, are highly expressed in the Clas-
sical type. The Mesenchymal subtype is characterized by focal
hemizygous deletions at 17q11.2 that contains NFI and high
expression of YKL-40 (CHI3LI), MET, CD44 and MERTK.
This classification of GBM using gene expression profiles
(TCGA) may address the important issue of the inability to
define different patient outcomes on the basis of histopatholog-
ical features. For ultimately establishing a simple classification
of groups of patients with GBM according to clinicopathologi-
cal factors, a protein-based immunohistochemical approach,
which is routinely used in most neuropathology laboratories,
needs to be applied to avoid more complex molecular biology
techniques.(

In the present study, we analyzed 79 archival GBM samples
by immunohistochemistry using antibodies against 16 proteins
selected based on Verhaak’s classification for immunohisto-
chemical analysis-based GBM subclassification, including Pro-
neural (Olig2, IDH1-R132H,” p353, PDGFRA and PDGFB),
Neural (synaptophysin), Classical (p16, EGFR, Hes-1 and nes-
tin) and Mesenchymal types (VEGF, YKIL-40, CD44 and
podoplanin [PDPN]), as well as high glial fibrillary acidic pro-
tein (GFAP) and Ki-67, and incorporated the results into the
existing genomic and epigenomic data for these samples. We
successfully identified clinically relevant subtypes that partially
overlap the Verhaak subgroups.

Materials and Methods

Tumor samples. Samples from 79 consecutive patients with
newly diagnosed GBM from several academic tertiary-care
neurosurgical institutions were collected. All the samples were
collected from GBM patients treated with temozolomide
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(TMZ). Paraffin-embedded surgical samples were collected for
immunohistochemical analysis. All of the specimens had been
fixed in 10% formalin. Three neuropathologists (Y.N., R.W.
and LL) independently confirmed the GBM diagnosis accord-
ing to WHO guidelines,*”

Matched fresh-frozen tissue samples were also obtained.
DNA was prepared as described previously.?® All the patients
provided their written informed consent for molecular studies
of their tumor at each participating hospital. The study had the
approval of each of the ethics committees of the Nagoya Uni-
versity Hospital, Shizuoka Cancer Center, Saitama Medical
University Hospital, Oita University Hospital and Hamamatsu
Medical University Hospital (title, “Genetic analysis associated
with brain tumor”). This study complied with all the provisions
of the Declaration of Helsinki.

Immunochistochemical analysis. Immunohistochemical analysis
was performed as previously described. " The antibodies used
in the present study are summarized in Table S1. For each
immunostained slide, the percentage of positively stained GBM
cells on a given slide was evaluated and scored, as shown in
Table S2. This procedure was performed by two pathologists
(R.W. and 1.I.), and scores were decided through a consensus.
This process was performed twice, and the final scores were
determined at the second round before clustering analysis.

Multiplex ligation-dependent probe amplification. Multiplex
ligation-dependent probe amplification (MLPA) was used for
determining allelic losses and gains of the gene in the tumor
samples. The analysis was performed using the SALSA MLPA
kit PO88-B1 and P105-Cl in accordance with the manufac-
turer’s %)rotocol (MRC Holland, Amsterdam, the Nether-
lands).**' All the procedures were performed as described
previously." '

Pyrosequencing. Tumor DNA was modified with bisulfate by
using the EpiTect bisulfite kit (Qiagen, Courtaboeuf Cedex,
France). Pyrosequencing technology was used to determine the
methylation status of the CpG island region of MGMT, as
described previousty. (1117

TP53 and IDH1/IDH2 sequencing. Direct sequencing of 7P53
exons 5-8, which contain mutation hot spots in gliomas, and
IDHI/2 was performed as previously described.!%'®29 por
IDH sequencing, 129 and 150-bp fragments spanning the
sequences encoding the catalytic domains of IDHI (including
codon 132) and IDH2 (including codon 172), respectively,
were amplified.

Oncomine data analysis. An independent set of 401 GBM
mRNA expression profiles was analyzed by using the Oncom-
ine Premium Research Edition to assess subtype reproducibil-
ity. Details of the standardized normalization techniques and
statistical calculations can be found on the Oncomine website
(https://www.oncomine.com).

Statistical analysis. To identify distinct GBM subclasses, we
applied consensus clustering to our immunohistochemical
data.®" Consensus clustering has been used in many recent
biomedical studies because it can estimate the statistical stabil-
ity of the identified clusters.”’ Within the consensus clustering,
K-means clustering with the Euclidean distance metric was
used as the basic clustering option. For K ranging from 2 to 5,
the K-means clustering was run over 10 000 iterations with a
subsampling ratio of 0.8 for estimating the consensus matrix.
For the purpose of visualization and cluster identification, hier-
archical clustering with the Euclidean distance metric and the
complete linkage option was applied to the estimated consen-
sus matrix. The identified clusters were validated and con-
firmed using consensus cluster dependence factor plot
analysis® and silhouette analysis.*® To visualize the four
identified clusters, principal component analysis (PCA) was
applied to the immunohistochemical data and 3-D ellipsoids
representing the covariance structure of each cluster were
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drawn in the 3-D plots of the first three principal components.
Most of the statistical analyses (except the 3-D plot, which
was generated by JMP ver.9.0) were performed using R.%¥
We used a Kruskal-Wallis rank test to analyze the differences
between the four GBM subgroups, and the pairwise differences
in the expressions of 16 proteins and genetic/epigenetic altera-
tions between each subgroup and the other three subgroups.
The differences between the GBM subtypes with P < 0.005
were considered to be statistically significant in a more strin-
gent manner, as the four clusters themselves are determined by
the expression of these proteins and genetic/epigenetic altera-
tions. Statistical analysis of survival was performed using the
statistical software spss version 17.0 for Windows (SPSS,
Chicago, IL, USA). Survival was estimated using the Kaplan-—
Meier method and survival curves were compared using the
log-rank test.

Results

Patient characteristics. The summary of the GBM patient and
treatment characteristics is shown in Table S3. All 79 patients
received surgical treatment followed by standard TMZ-based
chemotherapy and conventional radiation therapy, with daily
concurrent TMZ at 75 mg/m” throughout the course of the
radiation therapy.®®

This study population included 50 male and 29 female
patients aged 13-84 years (median age, 61 years). The median
preoperative Eastern Cooperative Oncology Group perfor-
mance status (ECOG PS) score at diagnosis was one (range, 0
—4); the preoperative ECOG PS score was <1 in the case of 48
patients (60.8%). All the tumors were located in the supraten-
torial region: 60 tumors (75.9%) were located in the superficial
area (cortical or subcortical area), and 19 (24.1%) were located
in deep anatomical structures such as the basal ganglia and
corpus callosum. Surgical gross total resection (GTR) was
achieved in 24 patients (30.4%), and non-GTR was performed
in 55 patients (69.6%).

Consensus clustering subclassifies four subtypes. The GBM
subtypes identified by consensus clustering are shown in
Figure 1, with clustering stability increasing from K =2 to
K = 4, but not to K = 5 (Figs 1,2). Furthermore, the identified
clusters were confirmed on the basis of their positive silhouette
width,?? indicating higher similarity to their own class than to
a member of any other class (Fig. 3).

According to the results, the 79 GBM cases examined were
basically classified into four clusters: clusters I (nine cases), II
(17 cases), OI (14 cases) and IV (39 cases), depending on the
branch length, which represents the correlation between the
scoring data and the similarity in GBM tumor samples
(Fig. 4). This analysis identified four discrete groups of sample
sets that differed markedly in GBM protein expression. The 3-
D ellipsoid of each cluster in PCA in Figure 5 also suggests
the clear separations of each cluster. All the scores for the
immunohistochemical analysis and genetic/epigenetic data lists
for all the analyses are available in Table S4.

These protein groups were named according to the distribu-
tion and biological function of the representative protein
expressions of Olig2, IDH1-R132H, PDGFRA, pl6, EGFR,
Hes-1, nestin, CD44, PDPN and GFAP; that is, Oligodendro-
cyte Precursor (OPC) type, Differentiated Oligodendrocyte
(DOC) type, Astrocytic Mesenchymal (AsMes) type, and
Mixed type. Figure 6 shows the immunohistochemical staining
pattern in the 79 GBM cases, aligned according to the four
identified clusters, indicating similarity in immunohistochemi-
cal staining patterns within each cluster.

Differentiated Oligodendrocyte type. All the samples clus-
tered in this type showed high positivity for the oligodendrog-
lial marker Olig2 and small round cell morphology (Table 1,
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Fig. 1. Consensus matrix heat maps demonstrating the presence of
several clusters within the 79 samples of GBM for K =2 to K = 5 clus-
ter assignments for each cluster method. The red areas identify the
similarity between the samples and display samples clustered together
across the bootstrap analysis.
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Fig. 2. Consensus clustering cluster dependence factor (CDF) for
K=2t0K=5.

Fig. 6). Furthermore, negativity for p53 and p16 was noted.
GFAP was almost always negative in the tumor cell cytoplasm
(Fig. 6). Genetically, 1p/19q co-deletion and CDKN2A loss
were more frequently observed in this cluster than in the other
clusters (Fig. 7). The presence of 1p/19q co-deletion was
assessed if the DNA copy numbers at a minimum of three
adjacent loci were less than 0.65 at 1p and 19q.
Oligodendrocyte Precursor type. This cluster was character-
ized by highly positive scores for PDGFRA, pl16, and p53 in
addition to a highly positive score for an oligodendroglial mar-
ker, Olig2 (Fig. 6). From the perspective that oligodendrocytes
arise during development from oligodendrocyte precursors,

Motomura et al.
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Fig. 3. Silhouette plot for identification of core samples.

Olig2

PDGFRA

ps53

IDH1-R132H
DGFB

Synaptophysin

Astrocytic mesenchymal type

Fig. 4. Immunohistochemical analysis-based subgroups and compari-
son with genetic and epigenetic alterations. The heat map and
dendrogram show the expression profiles of 16 proteins well charac-
terized in glioblastoma multiforme (GBM) and demonstrate the signif-
icant pattern of differential expression among the four subgroups.
The statistical significance of the differential protein expression was
determined using one-way ANOVA.

which can be identified by the expression of a number of anti-
gens, including PDGFRA, this subgroup was named the Oligo-
dendrocyte Precursor (OPC) type. On the contrary, few samples
had high scores for nestin, CD44, and PDPN in this group
(Table 1; Fig. 6). It is interesting that the genetic alterations
were observed in IDHI mutations (23.5%) and TP53 mutations
(52.9%). These findings were consistent with the results of pro-
tein expression. Methylation of the MGMT promoter (41.2%)
was most frequently detected in this cluster (Fig. 7).

Astrocytic Mesenchymal type. This type was generally char-
acterized by: strong membranous and/or stromal positivity for
CD44 and/or PDPN; cytoplasmic positivity for GFAP and/or
nestin in tumor cells; total negativity for p16, except in the
case of four patients; and sparse positivity for p53 (Table 1,
Fig. 6). Morphologically, the tumor cells observed in the
H&E-stained sections showed pleomorphism. In striking con-
trast to the OPC type, this type was also strongly associated
with low levels of Olig2, IDH1-R132H, p53, pi6 and PDG-
FRA, and rather strong GFAP expression (Table 1). These
findings suggest that this cluster was strongly characterized by
astrocytic features.

Genetically, IDH! and TP53 mutations were rare in this
group. Furthermore, methylation of the MGMT promoter
(20.5%) was detected at a low frequency (Fig. 7).
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Fig. 5. Principal component analysis (PCA) of four glioblastoma mul-
tiforme (GBM) subtypes. Ellipsoid bodies represent two SD of the data
distribution for each subgroup.

Mixed type. Compared with TCGA’s Classical-type markers,
frequent expressions of pl6 (79%), EGFR (36%) and Hes-I
(64%), as well as a Proneural-type marker, p53 (64%), were
predominant in this class (Table 1, Fig. 6).

Strong expression of the downstream Notch transcriptional
target Hes-1 suggested that the prominent Notch-Hes-1 path-
way was activated in this class. Furthermore, this cluster was
characterized by positivity for CD44 and GFAP, and morpho-
logically, by tumor cells with eosinophilic cytoplasm. This
morphological characteristic was compatible with limited or
scant positivity for Olig2. CD44 and PDPN were detected in
many tumor cells,

In addition, this cluster had a genetically high frequency of
EGFR amplification (57.1%) and low frequency of CDKNZA
loss, and these findings are consistent with the protein expres-
sion data (Fig. 7). Thus, we named this cluster Mixed type
because it shares characteristics of the OPC type and AsMes
type or those of TCGA’s Proneural and Classical types.

Morphological characteristics of the four types. On the H&
E-stained sections, the morphological findings of the four types
were fairly characteristic, although not specific (Fig. 8). In the
DOC type, the tumor cells had small round or oval nuclei,
scant cytoplasm and few cytoplasmic processes. The tumor
cell nuclei showed a fine and diffuse chromatin (Fig. 8a,b). In
some cases in which the tumor cells had faint processes, the
cells tended to gather around vessels.

In the OPC type, in addition to small round or oval nucleated
cells similar to those of the DOC type, there were scattered inter-
mediate to large pleomorphic and/or multinucleated neoplastic
cells, cells with vesicular chromatin, and/or cells with short spin-
dle-shaped or irregularly-shaped nuclei that were slightly larger
than the small round or oval cells (Fig. 8c,d).

In the AsMes type, many neoplastic cells had spindle-shaped
nuclei and almost bipolar, distinct cytoplasmic processes. They
were generally arranged in bundle-like and interlacing patterns.
Some neoplastic cells had nuclei with vesicular open chroma-
tin. The boundaries of the cytoplasmic processes were gener-
ally well defined (Fig. 8e,f).

In the Mixed type, there were scattered large pleomorphic
cells on a background of intermediate or small cells. The latter
background cells had irregularly-shaped nuclei and spindle-
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shaped cytoplasmic processes that were haphazardly arranged,
in comparison with the bundle formations in the AsMes type
(Fig. 8g,h).

Overview of the immunohistochemical data and genomic/
epigenomic profiles across the four glioblastoma multiforme
subtypes. We sought to select the most significant factors to dis-
tinguish the four GBM subgroups by a Kruskal-Wallis rank test.
As indicated in Tables S5 and S6, the differences between the
GBM subtypes showing P < 0.005 were considered to be statis-
tically significant in a more stringent manner, as the four clusters
themselves are determined by the expression of these proteins
and genetic/epigenetic alterations. Of these, Olig2, p53, PDG-
FRA, synaptophysin, p16 and the IDHI mutation were positively
correlated with the OPC type, whereas positive correlations with
nestin, PDPN, CD44 and GFAP were predominant in the AsMes
type. The DOC type showed a significant positive correlation
with Olig2, and there was a significant positive correlation with
the p16 expression in the Mixed type.

Proteomic clusters correlate with survival. The Kaplan-Meier
survival analysis revealed that the four proteomic clusters dif-
fered significantly in their correlation with survival (Fig. 9 and
Table 2). There were no significant differences in any of the
clinical parameters (i.e. age, sex, preoperative ECOG PS,
tumor location and extent of resection; Table S3) between the
four cluster groups, as determined using the Fisher exact test.

It is interesting that the median overall survival (OS) associ-
ated with the OPC type was significantly longer (19.9 months
[95% CI, 8.3-31.4]) than that of the patients with the AsMes
type (12.8 months [95% CI, 10.0-15.7; P = 0.041]; Fig. 9).
The difference was statistically significant, as determined by
the log-rank test and univariate analysis. These findings were
consistent with the OPC type being characterized by higher
positive scores for IDHI-R132H (29%) in the immunohisto-
chemical analysis and a high frequency of IDHI mutation
(23.5%) in the genetic analysis, which are known to predict
long-term survival.®> Although the survival period of the
patients in the Mixed type appeared to be the longest (median
OS: 21.3 months [95% CI, 7.9-34.8]) among those of the
other subgroups, the difference between these three subgroups
was not statistically significant, presumably owing to the lim-
ited sample size in this study; the Kaplan—Meier curve of the
DOC type (median OS: 14.8 months [95% CI, 2.6-27.0]) was
similar to those of the OPC and Mixed types (Fig. 9).

Subgroup-specific outcome based on mRNA expression in The
Cancer Genome Atlas datasets. An independent set of 40l
GBM mRNA expression profiles was compiled from the
Oncomine Premium Research Edition to assess subtype repro-
ducibility. Among our selected 16 protein markers, information
about the mRNA expressions of 12 markers and clinical out-
comes could be obtained from TCGA brain dataset. IDHI1-
R132H, p53, pl6 and Ki-67 were not available in the 401
GBM mRNA expression profiles of TCGA dataset because
IDH1-R132H and p53 antibodies were used to detect mutation
status, and this did not correlate with the mRNA expression of
each gene. Moreover, because pl6 protein expression corre-
lates with the homozygous deletion of CDKN2A, we also
excluded this protein from the analysis. In this analysis, the
Olig2, PDGFB and PDGFRA mRNA expression levels were
significantly low in the tumors of patients who died at 1 year
compared with those who survived for 1 year after the treat-
ment. Notably, PDGFRA was the most favorable prognos-
tic factor among these factors (P = 0.002; Fig. 10 and
Tables 3 and 4).

Furthermore, PDPN, CD44, YKL-40 and EGFR mRNA
were significantly overexpressed in the tumors of the patients
who died 1 year after the treatment. These results indicate that
PDPN is significantly associated with a poor clinical outcome
(P = 0.0003; Fig. 10).
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(a) DOC type

{b) OPC type

(c) AsMes type

(d) Mixed type

Fig. 6.

BT R

Representative immunohistochemical images used in this study. (a) Differentiated Oligodendrocyte type (DOC type), glioblastoma multi-

forme (GBM) case.44. (b) Oligodendrocyte Precursor type (OPC type), GBM case.01. (c) Astorocytic Mesenchymal type (AsMes type), GBM case 03.

(d) Mixed type, GBM case 04.

Discussion

A large number of studies have shown that GBM can be classi-
fied by gene and protein expression profiling.#?¢*® The TCGA
Research Network classifies GBM according to gene expression
profiles into Proneural, Neural, Classical and Mesenchymal sub-
types.”) However, these transcriptomic approaches might not be
easily applied in routine clinical practice because complicated
techniques are necessary to perform several of the experiments.
Compared with these approaches, an immunohistochemistry-
based approach could have widespread utility in the clinical set-

Motomura et al.

ting and lead to significantly improved patient stratification. The
goal of the current study was to subclassify GBM using an
immunohistochemical approach that is feasible in daily neuro-
pathological practice, using a dataset from the TCGA Research
Network as a reference. Our classification based on immunohis-
tochemical analyses may enable the prediction of clinical chemo-
sensitivity and survival in TMZ-treated patients with GBM.
Identification of four novel clusters by immunohistochemical
analysis. We identified four novel clusters (OPC type, DOC
type, AsMes type and Mixed type) with a considerably different
expression profile of GBM tumors; to our knowledge, such an
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Table 1. Frequency of positive score >3

DOC orC Mixed AsMes
. type type type type
Proteins =9 (=17 (n=14 (n = 39) Total
(%) (%) (%) (%)
Proneural
Olig2 9 (100) 14 (82) 4 (29) 16 (41) 43
IDH1-R132H 0(0) 5 (29) 0(0) 1(3) 6
p53 1011 9 (53) 9 (64) 5(13) 24
PDGFRA 3(33) 10 (59) 5 (36) 3(8) 21
PDGFB 2 (22) 1(6) 5(35) 9 (23) 17
Neural
Synaptophysin 0 (0) 3(18) 3(21) 0 (0) 6
Classical
p16 0(0) 9 (53) 11 (79) 2 (5) 22
EGFR 0(0) 0 (0) 5 (36) 5 (13) 10
Hes-1 0(0) 30117 9 (64) 11 (28) 23
Nestin 2 (22) 2(12) 4 (29) 24 (62) 32
Mesenchymal
VEGF 1011 6 (35) 4 (29) 11 (28) 22
YKL-40 0 (0) 1 (6) 0 (0) 2 (5) 3
Podoplanin 0(0) 0 (0) 4 (29) 18 (46 22
D44 5 (56) 1 (6) 11 (79) 37 (95) 54
GFAP 0 3(18) 10 (71) 32 (82) 45
Ki-67 5 (56) 11 (65) 5 (29) 18 (46) 39

AsMes, astrocytic mesenchymal; DOC, differentiated oligodendrocyte;
OPC, oligodendrocyte precursor.

# Differentiated #Mixed type
oligodendrocyte type
@ Oligodendrocyte @ Astrocytic

precursor type Mesenchymal type

60-;

50+

40

&
¥ & &@v"“ S R
69@@“& & S q?\oé 4
A

Fig. 7. Frequency and pattern of genetic and epigenetic alterations
in four glioblastoma multiforme (GBM) subtypes.

expression profile has not been described elsewhere. However,
the limitation of unsupervised clustering, which does not gnaran-
tee a clinically relevant classification, must be considered.
Among the four clusters, the OPC and AsMes types in particular
showed unigue immunohistochemical patterns.

In addition, the survival patterns of the patients with GBM
tumors classified into these types were significantly different.
The OPC type was characterized by a favorable outcome and
high positivity for Olig2, PDGFRA and IDHI-R132H on the
immunohistochemical staining. The Kaplan-Meier log-rank
test revealed that the OPC type was associated with a median
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DOC type

OPC type

AsMes type &

Mixed type

Fig. 8. Morphological findings of four types on the H&E sections. n
the Differentiated Oligodendrocyte (DOC) type (original magnifica-
tion: (a) x20; {(b) x40), the tumor cells have small round/oval nuclei
and indistinct processes. In the Oligodendrocyte Precursor (OPC) type
(original magnification: (¢) x20; (d) x40), there are scattered interme-
diate to large pleomorphic and/or multinucleated cells. in the Astrocy-
tic Mesenchymal (AsMes) type (original magnification: (e) x20; (f)
x40), spindle-shaped cytoplasmic processes are distinct and form bun-
dles in an interlacing fashion. In the Mixed type (original magnifica-
tion: (g) x20; (h) x40), in the background of small-sized to
intermediate-sized spindle-shaped cells arranged in a haphazard fash-
ion, there are several pleomorphic large cells.

1.0 by DOC type
g bk OPC type
L Mixed type
- : AsMes type
2
4
5
»
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©
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0 12 24 36 48
Months after diagnosis (months)
Fig. 9. Kaplan-Meier estimates of overall survival (OS) for all the

glioblastoma multiforme (GBM) patients {(n = 79) separated into four
subgroups.

OS of 19.9 months (Fig. 9). This is possibly a result of the
high positive score for IDH1-R132H, which is well recognized
as a predictive biomarker and may influence this favorable sur-
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Table 2. Median overall survival of each of the four glioblastoma
multiforme subtypes

Median overall

survival (months) 9%
Proteomic clusters
OPC type 19.9t 8.3-31.4
DOC type 14.8 2.6-27.0
Mixed type 21.3 7.9-34.8
AsMes type 12.8 10.0-15.7

1The median overall survival of the OPC type was significantly longer
{19.9 months [95% Cl, 8.3-31.4]) than that of the AsMes type

(12.8 months [95% Cl, 10.0-15.7]) (P = 0.041). AsMes, astrocytic
mesenchymal; DOC, differentiated oligodendrocyte. OPC,
oligodendrocyte precursor.

FOB R E X R %

Log2 median-centered intensity
Log2 median-centered intensity

A. No value (45)
B. Alive at 1 year (162)
C. Dead at 1 year (194)

Fig. 10. Seven factors among our 16 markers that are correlated sig-
nificantly with clinical outcomes from TCGA datasets. B and C show
the log2 median-centered intensity of tumors of patients who were
alive or dead at 1 year, respectively.

Table 3. Underexpression: dead at 1 year

vival in GBM. Oligodendrocyte precursor cells are thought to
develop from neural stem cells through multiple genetic and
morphological changes.(zg) Oligodendrocyte precursor cells
express Oligl, Olig2, Sox10, Nkx2.2®? and PDGFRA.C?? In
particular, PDGFRA signaling is known to regulate the prolif-
eration of oligodendrocyte precursor cells during neonatal
development and regeneration in adulthood.®

In contrast, the characteristics of the AsMes type were high
positivity for PDPN and CD44 in the stroma and GFAP in tumor
cells. PDPN is a mucin-like transmembrane sialoglycoprotein
putatively involved in migration, invasion, metastasis and malig-
nant progression of several tumors, such as squamous cell carci-
nomas, mesothelioma and testicular tumors.®*>® Furthermore,
PDPN expression is thought to be associated with malignant pro-
gression of astrocytomas.®” A study showed the presence of
putative binding sites for NF1 within the basic transcription fac-
tor of the PDPN promoter lesion,®® suggesting that NF1 nega-
tively downregulates the expression of PDPN. CD44 is a major
cell surface hyaluronan receptor and cancer stem cell marker
that has been implicated in the progression of various cancer
types.®” Recently, CD44 was found to be upregulated in a
broad range of GBM, and its elevated expression was correlated
with poor prognosis‘(m) An interesting finding is that CD44 and
PDPN colocalize on cell surface protrusions in carcinoma cells,
and the PDPN-CD44 interaction is important for driving direc-
tional cell migration in malignant tumors,“

The DOC type was clustered adjacent to the OPC type, sug-
gesting that these clusters are closer to each other than to the
other two clusters. A unique characteristic of the DOC type
was that high positivity for Olig2 was observed in all the
tumor sections in this cluster, whereas the positivity for the
other markers was unremarkable. Genetically, the highest fre-
quency of 1p/19q co-deletion, which refers to the combination
of both 1p and 19q partial loss, and both hemizygous and
homozygous deletions of the CDKN2A gene were observed in
this class. This type is a heterogeneous group consisting of
either 1p/19q co-deletion or CDKNZ2A-loss tumors. Taken
together, this class may be differentiated into an oligodendro-
glioma-like lineage from oligodendrocyte precursor cells. The
Mixed type was indeed mixed between the OPC and AsMes
types. Moreover, PCA revealed that this type was a combina-
tion of the OPC and AsMes types.

Comparison with The Cancer Genome Atlas subclassification
and validation of The Cancer Genome Atlas brain dataset. Muta-
tions of the IDHI and TP53 genes and high expression levels
and high copy numbers of PDFGRA were frequently observed
in the Proneural subtype advocated by Phillips and
Verhaak,®?® suggesting that the OPC type is similar to the
Proneural type. Striking characteristics common to the OPC
type and the DOC type were high Olig2 expression and low

Gene symbol Reporter ID t-test P-value Q-value Fold change
OLIG2 213824 _at ~2.105792 0.018113879 0.220443238 ~1.0732534
PDGFB 217112_at —2.3643584 0.009313148 0.188830637 —1.0354494
PDGFRA 211533_at —-2.8829412 0.002104464 0.141673037 —1.0440509
Table 4. Overexpression: dead at 1 year

Gene symbol Reporter ID t-test P-value Q-value Fold change
PDPN 204879_at 3.4651806 3.04E-04 0.322990973 1.4722846
CD44 204490_s_at 2.6668687 0.004021729 0.527154075 1.296043
YKL-40 209395_at 2.2250252 0.013421925 0.672091602 1.3869164
EGFR 211551 _at 1.8736842 0.030904011 0.840823061 1.0449007
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expression levels of GFAP. However, the OPC type was char-
acterized by higher positive scores for PDGFRA, p16, p53 and
synaptophysin. The OPC type may be a mixture of Proneural
and Neural subtypes.

In the Classical subtype, EGFR amplification and
CDKNZ2A homozygous deletions were the frequent genetic
alterations observed. Moreover, components of the nestin
and Notch signaling pathways were highly expressed.
According to our classification, overexpression of EGFR and
the downstream effector of Notch signaling Hes-1 were most
frequently observed in the Mixed type. Deletion of CDKN2A
and downregulation of pl6 were characteristic of the DOC
type, and strong nestin expression was most frequently
observed in the AsMes type. The Mesenchymal subtype was
characterized by high expression levels of YKIL-40 and
MET and high frequency of NFI mutation/deletion. In our
dataset, the mesenchymal markers PDPN and CD44 were
highly expressed in the AsMes type, which is also character-
ized by strong GFAP expression. The combination of higher
activity of mesenchymal and astrocytic markers is suggestive
of an epithelial-to-mesenchymal transition.

In the present study, the outcomes of the patients with the
OPC and AsMes types were significantly different. Contrary to
Verhaak’s classification, the outcomes of the patients with the
OPC and AsMes types, on the basis of our classification, were
significantly different.

Furthermore, we could easily distinguish these two subtypes
using PDGFRA, pl6, p53, PDPN and CD44, as well as the
routinely used proteins, GFAP, Olig2, synaptophysin and nes-
tin. The ability to discriminate these two subtypes will contrib-
ute to the development of different therapeutic approaches for
each GBM subtype.

Although there were no independent validation samples of
paraffin-embedded sections of GBM, determining the associa-
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tion between the expressions of these markers and the out-
comes in 406 TCGA brain datasets would be of interest. Of
note, Oncomine suggested that the overexpressions of PDPN
and CD44 were associated with poor prognosis, and high
expression levels of Olig2 and PDGFRA in tumor cells signifi-
cantly improved the patient outcome. We are currently con-
ducting a prospective randomized clinical trial, the Japan
Clinical Oncology Group Study 0911, to validate the additive
efﬁcac(y of interferon-f in 120 patients with newly diagnosed
GBM.®%* 1t is anticipated that his clinical trial will validate
our immunohistochemical approach.

In conclusion, the data obtained by expression profiling of
79 GBM tumors based on immunohistochemical studies
suggest the existence of four proteomic subgroups of GBM
tumors. To the best of our knowledge, this is the first study to
establish the subclassification of GBM on the basis of
immunohistochemical analysis. Among the four subtypes, the
patients with the OPC type showed favorable outcomes. To
develop more effective and less toxic GBM treatment
regimens, it is necessary to identify and correctly classify the
proteomic subtypes, as well as understand the underlying
oncogenic driving pathways for each type.
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Mutations in isocitrate dehydrogenase 1 (IDH7) and IDH2 are
found frequently in malignant gliomas and are likely involved in
early gliomagenesis. To understand the prevalence of these muta-
tions and their relationship to other genetic alterations and impact
on prognosis for Japanese glioma patients, we analyzed 250 gli-
oma cases. Mutations of IDH1 and IDH2 were found in 73 (29%)
and 2 (1%) cases, respectively. All detected mutations were het-
erozygous, and most mutations were an Arg132His (G395A) substi-
tution. IDH mutations were frequent in oligodendroglial tumors
(37/52, 71%) and diffuse astrocytomas (17/29, 59%), and were less
frequent in anaplastic astrocytomas (8/29, 28%) and glioblastomas
(137125, 10%). The pilocytic astrocytomas and gangliogliomas did
not have either mutation. Notably, 28 of 30 oligodendroglial
tumors harboring the 1p/19q co-deletion also had an /DH muta-
tion, and these alterations were significantly correlated
(P < 0.001). The association between TP53 and IDH mutation was
significant in diffuse astrocytomas (P = 0.0018). MGMT promoter
methylation was significantly associated with IDH mutation in
grade 2 (P < 0.001) and grade 3 (P = 0.02) gliomas. /IDH mutation
and 1p/19q co-deletion were independent favorable prognostic
factors for patients with grade 3 gliomas. For patients with grade
3 gliomas and without 1p/19q co-deletion, /DH mutation was
strongly associated with increased progression-free survival
(P < 0.0001) and overall survival (P < 0.0001), but no such marked
correlation was observed with grade 2 gliomas or glioblastomas.
Therefore, IDH mutation would be most useful when assessing
prognosis of patients with grade 3 glioma with intact 1p/19q; ana-
plastic astrocytomas account for most of these grade 3 gliomas.
(Cancer Sci 2012; 103: 587-592)

G liomas are among the most common and formidable brain
tumors.) Despite intensive treatment, most patients die
within 2-10 years. Therefore, development of novel therapeutic
strategies based on greater understanding of tumor characteris-
tics is needed. Recently, a comprehensive sequence analysis of
human GBM that included most human genes revealed frequent
mutations in IDHI.® Subsequent analyses revealed that these
mutations occur more frequently in low-grade glioma than in
GBM, with a rate of JDHI mutation as high as 59-90%.%7 The
IDH gene mutation is currently believed to occur in the early
stage of gliomagenesis™® and to play a critical role in tumor
development.

The IDH genes encode redox enzymes; these enzymes con-
vert isocitrate to alpha-ketoglutarate, use NAD(P)+ as a co-
enzyme, and function in energy metabolism. There are three
IDH genes in humans, and only mutations in IDHI are fre-

doi: 10.1111/.1349-7006.2011.02175.x
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quently found in gliomas; the IDH1 enzyme resides in the cyto-
sol and peroxisoxnes.(2”7) Mutations in IDH2 are rare in gliomas;
IDH2 localizes to mitochondria and functions in the Krebs
(citric acid) cycle. To date, no IDH3 mutation has been reported.
Most IDHI mutations in gliomas are missense mutations at
amino acid 132, which is in the catalytic domain and binds to
substrate. Similarly, IDH2 mutations in gliomas are substitutions
at amino acid 172, which is functionally equivalent to amino
acid 132 of IDHL. IDHI and IDH2 mutations in the catalytic
domain are also found in 8-23% of acute myeloid leukemias,**
Mutations in IDH genes are rarely found in other tumors.?"'®

In general, a tumor with an JDH mutation has either an IDH]
or IDH2 mutation{ and the mutation is heterozygous with a
wild-type allele.®*%" This observation led to the notion that
mutated IDH1/IDH2 genes gain novel functions and are onco-
genes, and that the wild-type IDH genes are not tumor suppressor
genes. In fact, mutant IDHI has novel enzymatic activity;
it converts alpha-ketoglutarate to 2-HG, and accumulated
2-HG is presumed to contribute to tumorigenesis as an ‘‘onco-
metabolite””. =1

Malignant gliomas categorized as WHO grade
grade 3¥71517 with an IDH mutation were reportedly associ-
ated with higher PES®57 and OS®371*"17) than those without
an IDH mutation. However, for grade 2 gliomas, the relation
between the gresence of an IDH mutation and prognosis is
controversial, %1820

The IDH mutations apparently have an important role in
many aspects of glioma, including gliomagenesis, patient prog-
nosis, and development of therapeutic strategies. However,
information on /DH mutations in gliomas, such as prevalence,
relation to other genetic alterations, and prognostic value, is still
limited, particularly for Asian populations,“"*? including Japa-
nese patients.®'” Thus, to further clarify the significance of
IDH mutations with regard to proper diagnosis and optimized
treatment of malignant gliomas, we sought basic data on a large
number of Japanese glioma patients for JDHI and IDH2 muta-
tions and other genetic and epigenetic alterations frequently
found in gliomas, specifically 1p/19q LOH, TP53 mutation, and
MGMT promoter methylation.

4(2,5,7,14,15) or

Materials and Methods

Tumor specimens. Tumor samples and paired blood samples
were obtained following surgery. Of 250 gliomas, 168 tumors
were collected at the University of Tokyo hospital (Tokyo,

9To whom correspondence should be addressed.
E-mail: mukasa-nsu@umin.ac.jp
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Japan) and 82 gliomas were collected at collaborating hospitals.
The study was approved by the Ethics Committee of the Univer-
sity of Tokyo and all patients gave written informed consent.
Histological diagnoses were made on formalin-fixed, paraffin-
embedded tissues following the WHO classification'” by a neu-
ropathologist (J.S.) for samples from the University of Tokyo
hospital and consensus diagnoses were made by four neuropa-
thologists for samples from other hospitals as reported previ-
ously.'”” Genomic DNA was extracted for genetic analyses.
Patients with the same grade (2, 3, or 4) glioma were treated
similarly with surgical resection followed by radiotherapy and
alkylating agent chemotherapy.

Genetic analysis. For IDH gene mutations, the genomic
regions spanning the catalytic domain of IDHI, including codon
132, and of IDH2, including codon 172, were analyzed by direct
sequencing using the Genetic Analyzer 310 (Applied Biosys-
tems, Foster City, CA, USA). An aliquot of DNA was amplified
by PCR using AmpliTag Gold (Applied Biosystems) with
annealing temperature at 55°C. The primers 5’-TGCCAC-
CAACGACCAAGTCA and 5-TGTGTTGAGATGGACGCC-
TATTTG were used for IDHI amplification and sequencing, as
reported previously."> Amplification of IDH2 was carried out
using the primers 5’-CTCTGTCCTCACAGAGTTCAAGC and
5"-CCACTCCTTGACACCACTGCC, and the IDH2 sequencing
reactions were cartied out using the primers 5-AAGTCC-
CAATGGAACTATCCG and 5-TCTGTGGCCTTGTACTG-
CAGAG.

Loss of heterozygosity on chromosomes 1p and 19q was deter-
mined using microsatellite analysis as described previously.®
‘When tumors had no available paired blood DNA or when the
LOH assay was ambiguous because of non-informative microsat-
ellite markers, MLPA assay was carried out using the SALSA
MLPA kit P088 (MRC Holland, Amsterdam, the Netherlands)
following the manufacturer’s instructions. T7P53 gene mutation
was determined by direct sequencing following PCR-SSCP
screening of exons 5-8 of TP53, as described previously. %

Methylation-specific PCR. Genomic DNA samples (250 ng
each) were used for bisulfite reactions using the EZ DNA Meth-
ylation Kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer’s protocol. DNA methylation status of the MGMT
promoter was then determined by methylation-specific PCR as
described by Esteller et al.*

Statistical analysis. Fisher's exact test was used to compare
the genotype distributions. Overall survival was defined as the
time between initial surgery and death or last follow-up. Pro-
gression-free survival was defined as the time between initial
surgery and recurrence or last follow-up. Both OS and PFS were
calculated according to the Kaplan—Meier method, and differ-
ences among patient subsets were evaluated using the log—rank
test. Statistical calculations were carried out using JMP 9 (SAS
Institute, Cary, NC, USA).

Results

Frequency and characteristics of IDH mutations in glioma
samples from Japanese patients. We analyzed 250 human gli-
oma samples obtained following surgery; these tumors consisted
of 125 GBM, 29 AA, 29 DA, 52 oligodendroglial tumors, 9 PA,
and 6 GGL. Mutations of IDH! and IDH2 were found in 73
(29%) and 2 (1%) tumors, respectively. All detected mutations
were heterozygous, missense mutations. Among the 73 IDHI
mutations, the G395A (R132H) substitution was the most
frequent mutation (occurring in 70/73 cases, 96%), C394A
(R132S) substitutions occurred in two cases, and a C394T
(R132C) substitution occurred in one case. Of the two IDH2
mutations, one was a G515A (R172K) substitution, and the other
was an A514T (R172W) substitution. JDH mutations (IDH1 or
IDH?2) were found in 13 (10%) of 125 GBM, 8 (28%) AA, 17
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(59%) DA, and in 37 (71%) oligodendroglial tumors (Table 1).
In the 52 oligodendroglial tumors, /DH mutations were found in
1925 (716%) OG, 4/7 (57%) OA, 10/15 (67%) AOG, and 4/5
(80%) AOA. No mutation was detected in any case of PA or
GGL. A higher rate of IDH mutation was found in secondary
GBM (6/13, 46%) than primary GBM (6/109, 6%). In the three
GBMO cases, there was only one IDHI mutation.

Association between IDH mutation and 1p/19q co-deletion,
TP53 mutation, or MGMT promoter methylation. The frequen-
cies of 1p/19q co-deletion and TP53 mutation and their relation-
ship with IDH mutations are shown in Table 1. As expected,
1p/19q co-deletion was common in oligodendroglial tumors,
especially those without an astrocytic component (OG 76%,
AOG 67%), whereas TP53 mutations were common in lower-
grade astrocytomas (DA 45%); these genetic aberrations were
never coincident. In OG, 1p/19q co-deletion was significantly
correlated with IDH mutation (P < 0.001), and almost all oligo-
dendroglial tumors with 1p/19q co-deletion had an IDH muta-
tion (28/30, 93%).

The TP53 mutation was more prevalent in DA (45%) than in
AA (34%) or primary GBM (22%). However, when IDH muta-
tion was present, TP53 mutation was more frequent, and 7P53
mutations were found in 12/17 (71%) DA, 5/8 (63%) AA, and
3/6 (50%) primary GBM:s that also had an IDH mutation. The
rates of IDH mutation in astrocytic tumors with TP53 mutation
were higher than those with wild-type TP53 (92% vs 31% in
DA, 50% vs 16% in AA, and 13% vs 4% in primary GBM), and
the association between TP53 and IDH mutation was significant
in DA (P = 0.0018), but not in AA or GBM. The majority of
DA tumors with 7TP53 mutation had IDH mutation (12/13,
92%); in contrast, only a few primary GBM tumors with TP53
mutation also had an IDH mutation (3/23, 13%).

Of a total 250 gliomas, MGMT promoter methylation status
was analyzed for 132 gliomas (grade 2, 3, and 4) resected at the
University of Tokyo hospital. Methylation was evident in 37/69
GBM (54%), 5/18 AA (28%), 10/17 DA (59%), 8/10
AOG/AOA (80%), and 13/18 OG/OA (72%) (Table 1). The
association between IDH mutation and MGMT methylation was
significant in grade 2 (P <0.001) and grade 3 gliomas
(P = 0.02), but not in grade 4 gliomas (P = 0.11).

Prognostic value of J/DH mutation and other genetic
alterations. We evaluated the potential prognostic value of IDH
mutation and other genetic alterations in WHO grade 2, 3, and 4
gliomas. For patients with grade 2 gliomas, univariate analysis
showed that IDH mutation was not associated with OS (P = 0.07)
or PFS (P = 0.29). Codeleted 1p/19q and wild-type TP53 each
slightly correlated with increased PES (P = 0.014 and P = 0.029,
respectively), but they were not correlated with OS, and neither
of these genetic alterations showed significant association with
prognosis in multivariate analysis (Table 2). MGMT promoter
methylation was also not associated with prognosis. Similarly, we
did not observe a significant association of IDH mutation with
better prognosis for DA (OS, P = 0.10; PFS, P = 0.58).

In grade 3 gliomas, univariate analysis showed that the associ-
ation between IDH mutation and prolonged survival (OS,
P = 0.0004; PFS, P < 0.0001) was significant and that 1p/19q
co-deletion was associated with prolonged survival (OS,
P =0.028; PFS, P = 0.0025), but that neither 7P53 mutation
nor MGMT promoter status was associated with prognosis.
Although IDH mutation and 1p/19q co-deletion were tightly
associated with one another, the multivariate analysis further
indicated that these alterations were independent indicators of a
favorable prognosis (Table 2). IDH mutation was present in
almost all tumors with the 1p/19q co-deletion.®® Therefore,
grade 3 gliomas were divided into three genetic subgroups: (i)

" 1p/19q codeleted tumors, most of which carry /DH mutation

and show oligodendroglial phenotype; (ii) tumors without
1p/19q co-deletion and with mutant I/DH; and (iii) tumors

doi: 10.1111/j.1349-7006.2011.02175.x
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Table 1. IDH mutation and common genetic and epigenetic alterations in gliomas from Japanese patients

Frequency of

Median

Tumor pathology (WHO grade) No. of IDHT oF IDH2 age Male 1p/19q TP53  Methylated MGMT
IDH1 or IDHZ status patients . ! sex (%) co-deletion mutation  promoter (%)
mutation years
GBM primary (Gr. 4) 109 6/109 (6%) 62 61 1 23 (22%) 27/57 (47)
Mutant 6 43 50 1 3 ns. 1/1 (100)
Wild-type 103 62 61 0 20 26/56 (46)
GBM secondary (Gr. 4) 13 6/13 (46%) 47 69 0 2 (15%) 7/9 (78)
Mutant 6 52 50 0 2 n.s. 4/5 (80)
Wild-type 7 43 86 0 0 3/4 (75)
GBMO (Gr.4) 3 1/3 (33%) 80 67 1 0 3/3 (100)
Mutant 1 62 100 1 0 1/1 (100}
Wild-type 2 80 50 0 0 2/2 (100)
Anaplastic astrocytoma (Gr. 3) 29 8/29 (28%) 57 55 1 10 (34%) 5/18 (28)
Mutant 8 46 50 1 5n.s. 2/5 (40)
Wild-type 22 60 57 0 5 3/13 (23)
Anaplastic oligoastrocytoma (Gr. 3) 5 4/5 (80%) 43 40 0 4 (80%) 2/3 (66)
Mutant 4 48 25 0 3n.s. 2/2 (100)
Wild-type 1 11 100 0 1 0/1 (0)
Anaplastic oligodendroglioma (Gr. 3) 15 10/15 (67 %) 62 56 10 (67%) 0 6/7 (86)
Mutant 10 49 43 9* 0 5/5 (100)
Wild-type 5 66 100 1 0 1/2 (50)
Diffuse astrocytoma (Gr. 2) 29 17/29 (59%) 32 61 3 13 (45%)  10/17 (59)
Mutant 17 33 59 2 J2rH* 10/10 (100)
Wild-type 12 30 64 1 1 0/7 (0)
Oligoastrocytoma (Gr. 2) 7 4/7 (57%) 44 71 1 1 5/6 (83)
Mutant 4 37 100 1 1 3/3 (100)
Wild-type 3 53 33 0 0 2/3 (67)
Oligodendroglioma (Gr. 2) 25 19/25 (76%) 46 52 19 (76%) 3 8/12 (66)
Mutant 19 47 53 18** 1 7/10 (70)
Wild-type 6 34 50 1 2 1/2 (50)
Pilocytic astrocytoma (Gr. 1) 9 0% 12 56 0 0 N/7A
Mutant 0 N/A N/A 0 0
Wild-type 9 12 56 0 0
Ganglioglioma (Gr. 1) 6 0% 22 67 0 0 N/A
Mutant 0 N/A N/A 0 0
Wild-type 6 22 67 0 0

*P = 0.0037; **P = 0.0001; ***P = 0.0018. The association with IDH mutation (Fishers exact test). GBM, glioblastoma; GBMO, glioblastoma with
oligodendroglioma component; N/A, not analyzed; n.s., not significant.

Table 2. Prognostic value of common genetic alterations for overall survival (OS) and progression-free survival (PFS) in gliomas (multivariate

analysis)
PFS oS
P-value Hazard ratio 95% Cl P-value Hazard ratio 95% Cl
Grade 2 glioma
IDH mutation 0.4408 0.602 0.1678-2.1535 0.1573 0.329 0.0728-1.5270
1p/19q co-deletion 0.3591 0.495 0.1083-2.2020 0.7988 1.237 0.2353-6.0194
TP53 mutation 0.2904 2.036 0.5526-7.7157 0.4693 0.537 0.0685-2.6350
Grade 3 glioma
IDH mutation <0.0001+ 0.059 0.0086-0.2395 0.0403t 0.319 0.0985-0.9519
1p/19q co-deletion 0.0016t 0.055 0.0025-0.3904 0.0170t 0.184 0.0271-0.7567
TP53 mutation 0.4144 0.646 0.2045-1.7994 0.03001 0.294 0.0786-0.8937
Primary GBM
IDH mutation 0.8456 0.898 0.2575-2.4255 0.8560 0.905 0.2609-2.4203
TP53 mutation 0.1533 0.605 0.2792-1.1944 0.3089 0.705 0.3354-1.3613
Methylated MGMT promoter 0.0031+ 0.407 0.2216-0.7375 0.0058t 0.429 0.2324-0.7820

tSignificant value. Cox proportional hazard modeling for OS or PFS was applied for the major variable for prognostic factors. Cl, confidence

interval; GBM, glioblastoma.

without 1p/19q co-deletion and with wild-type IDH. Grade 3

genetic subgroups, grade 3 gliomas without 1p/19q co-deletion

gliomas were assessed with regard to the association between  and with wild-type IDH were revealed to have markedly worse
the genetic alterations and disease course (Fig. 1). In these  OS (P < 0.0001) (Fig. 1C) and PFS (P < 0.0001) (Fig. 1D), but

Mukasa et al.

Cancer Sci | March 2012 | vol. 103 | no.3 | 589
© 2011 Japanese Cancer Association

874



Grade 2

B ¢
2
& ot g
@ 0.3~
s.w e 1/190 LOH(+)
014 == 1p/19q LOH(-), IDH mutant
0; --—1;)!1 sq LOH(»-), tomwld-type
o " 100 Time (months)
©) Grade 3
10~
08 &
08+
& 07
% 08
3 05
B 04+ e 11190 LOH(#).
g 034 s 1194190 LOH(=), IDH mitant
e e 1pA19q LOH(-), IDH wild-type
o '
0p -

g 100 Time {months)

Fig. 1.

C

2
=
=
o
54
£
<
8
%
b}
o
g w2
& 2; ] -—-=‘¥p:‘19q LOH{~); IDH wild: type
. 0 ' 100 Tme (months
Grade 3
e 1pI19q LOH()

——1pf19g LOH(=}, /DH mutant
s 119G LOH(-), IDH wild-type

100 Time {months)

Overall survival (OS) and progression-free survival (PFS) curves for patients with grade 2 and 3 gliomas with or without 1p/19q loss of

heterozygosity (LOH) and/or isocitrate dehydrogenase (IDH) mutation. Overall survival (A) and PFS (B} in grade 2 gliomas; OS (C) and PFS (D} in

grade 3 gliomas.

these lower survival rates were not observed for patients with
grade 2 gliomas lacking 1p/19q co-deletion and IDH mutation
(Fig. 1A,B). Grade 3 gliomas without 1p/19q co-deletion were
predominantly AA (28 AAs, 5 AOAs, and 5 AOGs), and only 1
AA had the 1p/19q co-deletion (Table 1). The IDH mutation
was significantly associated with increased OS (P = 0.0064) and
PFS (P = 0.0001) for patients with AA based on the univariate
analysis. TP53 mutation was also correlated with increased
PFS (P = 0.013), but MGMT promoter methylation showed no
significant association with PFS or OS.

In primary GBM, our univariate analysis showed that neither
IDH mutation, 1p/19q co-deletion, nor TP53 mutation was asso-
ciated with PES or OS, but MGMT promoter methylation was
significantly associated with increased OS (P = 0.0043) and
PFS (P = 0.0038).

Discussion

Here we report that JDH mutation, which was tightly associated
with 1p/19q co-deletion and MGMT promoter methylation, was
common in grade 2 gliomas and also, but to a lesser extent, in
grade 3 gliomas. Moreover, we found that IDH mutation would
be an especially useful genetic marker for evaluating the malig-
nancy of grade 3 gliomas that do not have a 1p/19q co-deletion
and that these gliomas were predominantly AA.

The frequencies and patterns of /DH mutation in our glioma
samples from Japanese Eatxents were largely comparable to
those in previous reports.” " IDH mutation was found predomi-
nantly in grade 2 glioma, such as DA, OA, and OG. IDH muta-
tion frequencies were lower in higher-grade gliomas, and less
than 10% of GBM had an IDH mutation; however, nearly half
of secondary GBM, which developed from malignant transfor-
mation of lower-grade glioma, had an IDH mutation. These
observations supported the notion that the JDH mutation has a
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crucial role in the development of the majority of grade 2 glio-
mas. In grade 3 gliomas, the oligodendroglial tumors had higher
frequency of IDH mutation than astrocytic tumors (OG
76% > DA 59%, P = 0.18; AOG 67% > AA 28%, P < 0.05;
Pearson’s chi-square-test). No I/DH mutation was detected in
any grade 1 glioma, PA or GGL,; this observation indicated that
these tumors had a different genetic etiology from that of grade
2 and 3 infiltrative astrocytic and oligodendroglial tumors. This
observation also supported the usefulness of IDH mutatlons
along with BRAF alterations for differential diagnosis of PA.?
However, our results differed from two prev1ous reports that
detected IDHI mutation (8-38%) in GGL.®?® Further studies
are needed to clarify the biological and clinical significance of
IDHI mutation in GGL.

As reported previously,” TP53 mutation and co-deletion of
chromosomes 1p and 19q were frequent alterations in grade 2
and grade 3 gliomas. The 1p/19q co-deletions were mostly
found in oligodendroglial lineage gliomas, whereas TP53 muta-
tions were more frequent in gliomas derived from the astrocytic
lineage. IDH mutation is currently believed to precede 1p/19q
LOH and TP53 mutation during the early stage of gliomagene-
sis,*® and consistent with this hypothesis, most of our grade 2
gliomas that had 1p/19q co-deletion or TP53 mutations also har-
bored an IDH mutation. In one study, all the gliomas with dele-
tions of the entire 1p and 19q arms carried an IDHI or IDH2
mutation;?® however, we found a few exceptions in which there
was 1p/19q LOH, but no /DH mutation. These apparent excep-
tions might have been artifacts due to our imperfect methods for
detecting the extent of 1p/19q LOH, specifically microsatellite
analysis or MLPA; these methods do not effectively differenti-
ate partial chromosomal loss from typical entire 1p/19q hemizy-
gous deletion, which is generally found in OG harboring IDH
matation. It would be better to carefully evaluate the extent of
1p/19q LOH in such exceptional cases. 7P53 mutation was also
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associated with /DH mutation in DA. However, there was no
association between IDH and TP53 mutation in AA or primary
GBM. This observation suggested that 7”53 mutation promoted
tumor growth independently of IDH mutation, especially in
higher grade gliomas. Most gliomas with an IDH mutation had
either 1p/19q LOH or TP53 mutation, further supporting the
hypothesis that combinations of IDH mutation and subsequent
genetic alteration are common pathways leading to low-grade
glioma. However, there were also a few other /[DH-mutated glio-
mas that had neither 1p/19q co-deletion nor 7P53 mutation. In
these gliomas, the kind of alterations subsequent to /DH muta-
tion that caused progenitor cells to give rise to low-grade glioma
remains to be elucidated.

Methylation at the MGMT promoter was associated with /DH
mutation, especially for low-grade gliomas. Some IDH enzymes
with a mutation m the catalytic domain acquire a novel enzy-
matic acthty( ") that causes accumulation of 2-HG, and 2-HG
is known to inhibit enzymes such as 5-methylcytosine hydroxy-
lases and histone demethylases. As a result, /DH mutations
bring about genome;)\gzdc hypermethylation, Wthh might lead
to tumor initiation."*>*? Reportedly, the majority of low-grade
gliomas have hypermethylated CpG islands throughout the gen-
ome; this phenomenon is called the glioma CpG island methyla-
tor pheno(tzge and these tumors frequently harbor I[DH
mutation.®>? Therefore, frequent MGMT promoter methyla-
tion in IDH-mutated low-grade glioma was possibly simply a
reflection of hypermethylation of a plethora of genes resulting
from the methylator phenotype. In contrast, the majority of
GBM had MGMT promoter hypermethylation without also hav-
ing IDH mutation, indicating that MGMT promoter methylation
occurs independent of IDH-related hypermethylation in most
GBM. Probably because of such a background, the prognostic
values of MGMT promoter methylation for IDH-mutated and
IDH-wild-type gliomas are not equal. In GBM, MGMT promoter
methylation is a predictive factor for the efﬁcacy of temozolo-
mide, which is a common alkylating agent used in the chemo-
therapeutic treatment of malignant glioma.®**% However, the
predictive value of MGMT promoter methy]atton for chemo-
sensitivity in grade 2 and grade 3 glioma is controversial. %9

The prognostic significance of IDH mutation differed among
WHO tumor grades. Unlike previous reports, JDH mutation was
not associated with the PFS or OS of our GBM patients; how-
ever, this finding might result from insufficient numbers of
GBM patients with IDH mutation. A methylated MGMT pro-
moter, which reflects the sensitivity of a tumor to temozolomide,
was associated with favorable PFS and OS for patients with
GBM, further emphasizing the importance of detecting MGMT
promoter methylation status in GBM.

Among patients with grade 2 gliomas, JDH mutation was also
not associated with prognosis. Wild-type TP53 and 1p/19q co-
deletion were each associated with prolonged PES, probably
because these two genetic alterations were mutually exclusive
and tumors with wild-type TP53 likely have a 1p/19q co-dele-
tion, which is a recognized favorable prognostic factor. The
prognostic value and predictability of temozolomide efficacy
associated with I/DH mutation in low-grade gliomas has been
controversial. Consistent with our results, Kim et al.?® showed
that IDHI and IDH2 mutations are not prognostic in low-grade
gliomas, but that 7P53 mutation is a significant prognostic indi-
cator of shorter survival and 1p/ 19% loss is prognostic of longer
survival. However, Sanson ef al.*> reported a different result,
specxﬁcally that IDHI mutation is assoc:1ated with a better out-
come in grade 2 gliomas. Dubbink ef al.*® showed that IDH
mutation is associated with better outcomes for relapsed astrocy-
tomas previously treated with radiotherapy, but there was no
relationship between [DH mutation and temozolomide respon-
siveness. Houillier et al."” showed that IDHI or IDH2 muta-
tions predict better prognosis of glioma treated with

Mukasa et al.

temozolomide, but they did not appear to influence the course of
untreated low-grade glioma. Thus, the prognostic value of IDH
mutation is different from that of 1p/19q co-deletion, which is
prognostic as well as predictive for responsiveness to temozolo-
mide in low-grade gliomas. These inconsistent results on the
association between /DH mutation and survival in cases of low-
grade gliomas might be caused by the variable numbers of OG
and DA included in these studies. Almost all oligodendroglial
tumors with 1p/19q co-deletion also have an IDH mutation;(“
therefore, many cases of OG with favorable prognoses may
affect and confound measurements of survival rate in the whole
group of low-grade gliomas with JDH mutations. To avoid the
confounding influence of OG, we also focused on DA with
wild-type IDH; these tumors generally have neither 1p/19q
LOH nor TP53. However, they had outcomes comparable to
those of DA with IDH mutation. This finding indicated that DA
with wild-type IDH was not more malignant than DA with an
IDH mutation. This observation differed from the observation
that AA with wild-type /DH had markedly worse outcomes than
AA with an IDH mutation (OS, P = 0.0064; PES, P = 0.0001).

In contrast with grade 2 and 4 gliomas, the prognostic signifi-
cance of IDH mutation was evident for grade 3 5g1110mas and this
finding was consistent with previous reports.¢ 9 Almost all
gliomas with 1p/19q co-deletion have an IDH mutation,”® and
anaplastic oligodendroglial tumors often harbor 1p/19q co-dele-
tion; therefore, monitoring of /DH mutation might have more
clinical significance for patients with grade 3 gliomas with intact
1p/19q, and these tumors are predominantly AA. In fact, as the
histopathological differential diagnosis of AA from GBM or DA
is often sub&ecuve and diagnoses frequently differ between
pathologists, ™ a pathological diagnosis of AA may not always
indicate sameness between gliomas and similar prognosis. How-
ever, accurate determination of the pathological group of a
tumor is clinically critical for planning adjuvant therapy, such as
radiation and chemotherapy. Therefore, genetic analyses, which
may reflect causative origins of tumors, are expected to reveal
biological traits with less inter-observer variation, as is the case
of 1p/19q co-deletion in oligodendroglial tumors. Because IDH
mutations have a defined role in gliomagenesis and indicate, to
some extent, the nature of the original tumor cell, monitoring
IDH mutational status may allow for accurate assignment of
diagnosed AA to low-grade gliomas that frequently harbor IDH
mutation or to primary GBM that usually have intact IDH.
Therefore, we believe that monitoring IDH mutation in combi-
nation with 1p/19q co-deletion, which genetically differentiates
oligodendroglial and astrocytic tumors, could be a useful genetic
marker of prognostic value, especially for grade 3 glioma
patients.
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Abbreviations

2-HG 2-hydroxyglutarate

AA anaplastic astrocytoma

AOA anaplastic oligoastrocytoma
AOG anaplastic oligodendroglioma
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DA diffuse astrocytoma

GBM glioblastoma

GBMO glioblastoma with oligodendroglioma component
GGL ganglioglioma

IDH isocitrate dehydrogenase

LOH loss of heterozygosity
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CASE REPORT/CASE SERIES

Successful Treatment of Leptomeningeal Gliomatosis
of Pilomyxoid Astrocytoma After Failed
Frontline Chemotherapy

Mizuhiko Terasaki, MD, PhD,* Eric Bouffet, MD,

1 Mitsuhide Maeda, MD, PhD,* Yasuo Sugita, MD, PhD, }:

Yutaka Sawamura, MD, PhD,§ and Motohiro Morioka, MD, PhD*

Introduction: Pilomyxoid astrocytoma (PMA) is a rare variant of
pilocytic astrocytoma. Compared with pilocytic astrocytoma, PMA is
more aggressive, has a higher rate of local recurrence, and often
disseminates to the leptomeninges. Leptomeningeal gliomatosis is
another rare but often intractable neoplasm. PMA presenting as
leptomeningeal gliomatosis can be a therapeutic challenge, particularly
in young children for whom many pediatric oncologists consider
radiation therapy only as a back-up treatment. However, chemo-
therapy, usually considered a frontline treatment for low-grade tumors
such as PMA, has little impact on leptomeningeal gliomatosis.

Case Report: We report on a 5-year-old boy with an approximately 2-
month history of progressively worsening loss of vision. Radiographic
studies with contrast revealed an enhanced mass within the optic nerve,
an enhanced lesion in the leptomeninges, and diffusely scattered
nonenhanced white matter lesions in the craniospinal axis. The patient
was treated with a 10-week carboplatin and vincristine regimen
without a biopsy. After completing induction and 1 maintenance cycle,
however, the patient developed coma caused by hydrocephalus.
External ventricular drainage was performed and a biopsy was taken
through ventriculoscopy, revealing PMA. The patient was then treated
with craniospinal irradiation and concomitant temozolomide, a
regimen to which he had a complete response. Two years after initial
presentation the patient was free of disease.

Conclusions: This report documents a rare, intractable turnor and pro-
vides evidence that radiation therapy, given as craniospinal irradiation,
can be effective for leptomeningeal gliomatosis.

Key Words: gliomatosis, leptomeningeal, pilomyxoid astrocytoma

(The Neurologist 2012;18:32-35)
Pﬂomyxoid astrocytoma (PMA) is a rare glioma, histologi-
cally composed of compact, piloid cells, and a predominantly
myxoid background.'™ The disease shares histopathologic si-
milarities with pilocytic astrocytoma (PA), and early studies
describe PMA as a manifestation of PA.> More recent reports
consider PMA a separate entity, because it differs from PA in
histology (eg, PMA lacks Rosenthal fibers), demonstrates more
aggressive behavior (higher mortality and shorter disease-free
survival), and tends to present in younger patients.'” Some
evidence suggests that the relationship between PMA and PA is
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closer, however, with the latter disease being, from a mor-
phologic perspective, a rare “maturation” phenomenon of the
former.* Although no standard of care has been established for
PMA, the disease is often treated as a Jow—grade tumor with
frontline therapy being based on morphology.”

PMA tends to disseminate to the leptomeninges more
frequently than PA does.® However, a literature search revealed
only 1 report that discussed leptomeningeal seeding from PMA in
an adult” That patient was initially treated with a combined
regimen of radiotherapy and temozolomide (TMZ); however,
disease recurred in the spinal area outside the radiation field. This
case suggests that PMA can spread as leptomeningeal gliomatosis.

We report on a child with PMA presenting as leptome-
ningeal gliomatosis who failed to respond to frontline chemo-
therapy but had a good outcome on our treatment regimen of
combined craniospinal irradiation (CSI) and TMZ.

CASE STUDY

A 5-year-old boy complained of progressive visual loss lasting
nearly 2 months. Physical examination revealed no manifestations of
neurofibromatosis type 1. Cranial magnetic resonance (MR) imaging
showed a thick mass within the optic nerve and chiasm; the lesion was
isointense on Tl-weighted images and hyperintense on T2-weighted
images. After contrast administration the lesion enhanced in association
with diffuse leptomeningeal enhancement (Fig. 1A). Spinal MR imaging
revealed diffuse enhancement of the spinal leptomeninx at all levels
(Fig. 1B). Because these MR imaging findings were consistent with optic
nerve and leptomeningeal dissemination of the tumor, we decided to
proceed with frontline chemotherapy of carboplatin (CBDCA) and
vincristine (VCR) without biopsy. The child accordingly received a 10~
week induction regimen of CBDCA and VCR according to the schedule
previously described by Packer et al.® CBDCA was administered at a
dose of 175mg/m? as an intravenous infusion on days 0, 7, 14, 21, 42,
49, 56, and 63. VCR was administered at a dose of 1.5mg/m? as an
intravenous bolus infusion on days 0, 7, 14, 21, 28, 35, 42, 49, 56, and 63.

Because MR images taken after induction chemotherapy
indicated stable disease (defined as a decrease of <25% or an increase
of <25% in measurable tumor area), the patient proceeded to main-
tenance chemotherapy consisting of CBDCA at a dose of 175 mg/m? as
an intravenous infusion on days 0, 7, 14, and 21 and VCR at a dose of
1.5 mg/m? as an intravenous bolus infusion on days 0, 7, and 14 of each
cycle, followed by a 2-week rest period. However, after the first
maintenance cycle, the boy developed deep coma caused by hydro-
cephalus. An external ventricular drain was inserted to relieve pressure,
and endoscopic biopsy was performed. After cerebrospinal fluid (CSF)
drainage, the patient’s orientation improved and he became more alert.
Pathologic examination of the biopsy specimen and cytologic analysis
of the collected CSF sample were consistent with a diagnosis of PMA
(Figs. 2A, B). CSF showed pleocytosis and a high protein concen-
tration of 70mg/dL (normal 9 to 42 mg/dL). Monoclonal antibody
staining to determine proliferating capacity of the biopsied sample, as
indicated by the frequency of Ki-67-positive cells, was high at 20%.

After the fifth maintenance cycle, MR imaging showed a mixed
response with shrinkage of the optic nerve lesion contrasting with
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