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Fig. 3 Follow-up images in 4 patients with glioblastoma initially located in the prefrontal region showing the recur-
rent tumor affected the genu of the corpus callosum (arrows).
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Fig. 4 Comparison of the overall survival from the
time of regional or marginal tumor progression relative
to re-resection. There is no significant difference (p =
0.20).
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Fig. 5 Comparison of the overall survival from the
time of surgery in patients with different recurrence pat-
terns of intracranial glioblastoma. There is a significant
difference (p = 0.04).
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was better after complete tumor removal compared
to partial removal or biopsy.5") Resection of 98% or
more of glioblastoma is associated with significant
improvement of the long-term outcome,'® whereas
the same trend was recently revealed even at 78%
resection rate.’® Concordant results were reported
by The Committee of Brain Tumor Registry of Japan:
analysis of 5,328 cases of glioblastoma showed that
more than 95% tumor removal is associated with
survival advantage, but such resection rate was at-
tained in only 31.4% of cases.” In our series, 95%
and more resection was achieved in 47 of 65 con-
secutive patients (72%). After aggressive surgery and
adjuvant management 23% of patients remained free
of tumor progression within the median follow-up
period of 17 months. Such beneficial results may
reflect the advantages of our treatment concept of
information-guided surgery for brain tumors based
on the constant use of advanced intraoperative tech-
nologies.17:28:30)

Our surgical strategy for information-guided
management of intracranial gliomas with the use
of iMR imaging has been described in detail else-
where.?7:28:30) [t is based on the integration of various
intraoperative anatomical, functional, and histologi-
cal data to attain maximal surgical resection of the
tumor with minimal risk of postoperative neurologi-
cal morbidity. It should be specifically emphasized
that complete removal is highly desirable, but is not
the ultimate goal of surgery for glioma. In our prac-
tice, the procedure is usually directed to the max-
imal possible resection of the enhanced area in cases
of high-grade glioma, which might be radiologically
total as well as subtotal, leaving the residual lesion
within the functioning eloquent brain structures
identified with neurophysiological monitoring
and/or brain mapping.?7:28:30)

In the majority of reported series, local progres-
sion of intracranial glioblastoma after initial
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Table 3 Recurrence rates
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of intracranial glioblastoma after treatment

No. of Length of Total Local
Author (Year) analyzed Cohort characterization follow-up recurrence recurrence
cases (mos) rate rate
Hochberg and 42 CT-based delineation of the tumor recurrence after ND ND 80%
Pruitt (1980)12) irradiation and/or chemotherapy (CCNU);
Anaplastic astrocytomas might be included
Nagashima et al. 48 Comparison of 3 FRT techniques with irradiation dose ND 100% 85%
(1989)32) > 45 Gy in each case: WBRT, generous local
irradiation (complete coverage of the area of
hypodensity on CT), and restricted local irradiation
(within 2 cm of the CT-defined tumor margin) )
Sneed et al. 25 Surgery, FRT (59.4-60 Gy) with concomitant oral ND 88% 68%
(1994)% hydroxyurea followed by brachytherapy with
high-activity (50 Gy) iodine-125 sources and 6 cycles
of chemotherapy (procarbazine, lomustine, and
vincristine)
Nakagawa et al. 38 Surgical resection or biopsy in all cases (gross total ND 84% 53%
(1998)%%) resection 8%), followed by FRT (60-90 Gy in 20
cases and =90 Gy in 16) concurrent with
chemotherapy (ACNU and vincristine)
Oppitz et al. 34 CT-based analysis of recurrence after FRT (range of ND 100%* 97%
(1999)* total doses 45-68 Gy, median 60 Gy)
Wick et al. 63 Comparison of recurrence patterns in only radiotherapy ND 100%™ 80%
(2008)4 group (33 cases) and TMZ-based chemoradiotherapy
group (30 cases});
“Debulking surgery” was done in 37 patients -
Brandes et al. 95 Total or subtotal surgical resection followed by median 18.9; 83% 72%
(2009)® TMZ-based chemoradiotherapy (irradiation dose 60 range 6.6-44.8
Gy}
Milano et al. 54 Surgical resection or biopsy (gross total resection 31%), median 17 72% 67%
(2010)2 followed by TMZ-based chemoradiotherapy
(irradiation dose 60 Gy);
Additional SRS boost in 3 patients
Chamberlain 70 Initial treatment with FRT with concurrent and adjuvant ND 100%* 80%
(2011) TMZ followed by bevacizumab at first recurrence
McDonald et al. 62 Evaluation of the limited margin FRT (total dose 60 median 12; 69% 68%
(2011)® Gy} maximal 28
Gross total tumor resection in 45% of patients;
Concurrent and adjuvant chemotherapy with TMZ (97%
of patients) or concurrent arsenic trioxide (3% of
patients)
Oh et al. (20119 67 Evaluation of recurrence patterns after TMZ-based ND 100%* 87%
chemoradiotherapy;
Tumor ‘“‘resection” in 13% of patients
Murakami et al. 138 Maximal possible tumor removal (gross total resection ND 96% 88%
(20120 in 28% of patients) followed by FRT (dose 60 Gy)
with concurrent and adjuvant chemotherapy
Pan et al. (in 31 Overall 10 patients underwent total surgical resection; median 12.6; 100% 52%
press)?® In 10 cases maximal tumor removal followed by FRT range 3.5-50.6
(59.4-60.0 Gy) with concurrent and adjuvant TMZ
was done;
12 patients were treated with intracavitary
brachytherapy after maximal surgical debulking
followed by FRT (45 Gy) with concurrent and
adjuvant TMZ;
9 patients had unresectable disease and underwent
hypofractionated radiotherapy (50-66 Gy in 10
fractions) followed by adjuvant TMZ or bevacizumab
Present series 43 =>95% surgical resection in all cases (total resection median 17; 77% 51%
51%) followed by FRT (60 Gy) with chemotherapy range 3-71

(ACNU or TMZ) or vaccine therapy

*Series included only cases with recurrences. ACNU: nimustine, CT: computed tomography, CCNU: lomustine, FRT:
fractionated radiotherapy, ND: no data, SRS: stereotactic radiosurgery, TMZ: temozolomide, WBRT: whole brain radia-

tion therapy.

management was encountered in 67% to 97% of surgical tumor removal, postoperative surveillance,
cases (Table 3),2.3.12.23,25,31,32,34,35.43.54) hut comparison length of follow-up, as well as definition and
of different studies is difficult due to differences in categorization of the tumor progression. Neverthe-
treatment strategy, proportion of patients with total less, aggressive resection of the neoplasm may
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change its recurrence pattern.'>3% In a recent study,
regional re-growth of glioblastoma after surgery and
chemoradiotherapy was noted in 100% of biopsied
and 97% of partially removed lesions, but in just
62% of lesions after gross total resection.’V
Moreover, in 10% of the latter cases, PFS for more
than 24 months was marked, which is more or less
comparable to the present results. We were able to
identify two other series which demonstrated simi-
lar outcomes. High-dose FRT (from 60 to more than
90 Gy) concurrent with chemotherapy (ACNU, vin-
cristine) resulted in 53% local recurrence rate.?® In
another series aggressive management, including
total tumor removal (32% of cases), brachytherapy,
and hypofractionated radiotherapy, resulted in 52%
local tumor progression within a median follow up
of 12.6 months.?® Based on these findings, we sug-
gest that aggressive management with gross total
resection and/or high dose irradiation may result in
improvement of local control of intracranial gliob-
lastoma.

In cases of malignant glioma infiltration of the
tumor cells can be identified far beyond the local-
ized contrast-enhanced area identifiable on MR im-
aging. Therefore, comprehensive evaluation of the
distant spread of neoplasm is necessary in each in-
dividual case,’® and can be possibly attained with
detailed analysis of fluid-attenuated inversion recov-
ery or T,-weighted MR images, as well as functional
and metabolic information obtained with perfusion-
weighted, diffusion-weighted, and diffusion tensor
imaging, or with 'H-MR spectroscopy.'®%¥ Such dis-
tant tumor spread may vary from one patient to
another, and aggressive local management, includ-
ing surgery and irradiation, can be expected to have
greater efficacy for more localized disease. Corre-
spondingly, regional or marginal tumor progression
after initial total or nearly total resection of gliob-
lastoma followed by postoperative FRT should ap-
pear later compared to distant recurrences, which
are affected only by systemic therapy. However, this
was not confirmed in the present study, since PFS
did not differ significantly between the two groups
of patients. Previously, similar PFS was found in
patients with local and distant recurrences of gliob-
lastoma,®¥ whereas some series demonstrated that
time to regional tumor progression might be even
shorter compared to distant failure.?5:31.3¢)

At present, the standard management of gliob-
lastoma includes chemotherapy with temozolomide
concomitant and adjuvant to FRT.%47) This treat-
ment is not complication-free,'® which is enforcing
the search for novel therapeutic options for malig-
nant gliomas. Interest is growing in modalities
based on tumor-specific immune reactions, which
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have potentially high benefit-to-risk ratio. Our recent
prospective study on the use of AFTV concomitant
with FRT for management of newly diagnosed gliob-
lastoma showed very promising results.?9 In the
present analysis, the recurrence patterns did not
differ between patients, who underwent chemother-
apy or vaccine therapy, so both types of adjuvant
management may have comparable efficacy in con-
trol of the tumor progression after initial treatment.
However, systemic therapy in general may have
rather limited effect on the recurrence pattern of
glioblastoma, as distant failure was noted in 18% of
patients in the temozolomide-based chemoradiother-
apy group, and 23% of those ones in FRT only
group.59

The present study did not identify any clinical fac-
tor associated with specific recurrence patterns of
intracranial glioblastoma. However, all tumors ini-
tially located in the prefrontal region at the time of
further progression invariably affect the genu of the
corpus callosum. Therefore, routine inclusion of
this area into the irradiation field after total or near
total surgical resection of such neoplasms might be
reasonable. Several previous studies found that local
recurrence of glioblastoma was associated with im-
paired prognosis.?122544) In particular, the median
survival was 17.3, 14.8, and 26.1 months in patients
with recurrence inside, at the margin, and outside
the irradiation field.? In contrast, our 22 patients
with regional or marginal progression of the tumor
had significantly longer (p = 0.04) OS compared to
patients with distant or multiple recurrences. Corre-
spounding OS rates were 90% vs. 75% at 1 year and
54% vs. 0% at 2 years after surgery. Such trends
might reflect selection bias with more aggressive sal-
vage treatment, particularly re-resection, or inclu-
sion of some cases with pseudoprogression errone-
ously interpreted as local recurrence, which might
result in survival advantage.

Modifications of clinical practice during the study
period represent unavoidable pitfall of any retro-
spective investigation, but seemingly did not affect
the results of the present study. On the other hand,
absence of volumetric tumor assessment might lead
to somewhat inaccurate estimation of the resection
rate. Nevertheless, the criteria for total removal
were rather strict, since any contrast-enhanced area
on postoperative MR imaging obtained within 3
days after surgery was considered to be residual ne-
oplasm.® In fact, visual side-by-side comparison of
MR images still represents a rather common method
for the evaluation of treated intracranial tumors, but
is less accurate compared to more sophisticated
tools.® According to recent recommendations of the
Response Assessment in Neuro-Oncology Working
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Group, volumetric methods for postoperative evalu-
ation of gliomas are not ultimately required at
present and still considered as a field of major
research.??52

In conclusion, aggressive surgical resection and
adjuvant management of intracranial glioblastoma
may change its recurrence patterns. Further tumor
progression appears in the wall of the resection cavi-
ty or within 2 cm from its margin in approximately
half of such patients. This group has a trend for lon-
ger OS compared to patients with distant or multiple
recurrences.
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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
(OPC) 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 nervous 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 pol;/morphism 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, IDHI 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 SLC/2A5. The Classical subtype features high EGFR
expression associated with chromosome 7 amplification and
low expression of p/6INK4A 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," p53, PDGFRA and PDGFB),
Neural (synaptophysin), Classical (p16, EGFR, Hes-1 and nes-
tin) and Mesenchymal types (VEGF, YKL-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 ILL) 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.

Immunohistochemical 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 L1), 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 P088-B1 and P105-C1 in accordance with the manufac-
turer’s grotocol (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 previously.*'6'7

TP53 and IDH1/IDH2 sequencing. Direct sequencing of TP53
exons 5-8, which contain mutation hot spots in gliomas, and
IDH1/2 was performed as previously described. 1018200 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), IIT (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, IDHI-R132H, PDGFRA, pl16, 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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K=4

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=2toK=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.
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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 7P53 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, pl6 and PDG-
FRA, and rather strong GFAP expression (Table 1). These
findings suggest that this cluster was strongly characterized by
astrocytic features.

Genetically, IDHI 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-1
(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 CDKN2A

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 IDH1-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 401
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. IDHI-
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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Fig. 6.

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
immunochistochemical 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 OPC Mixed AsMes
. type type type type
Proteins (=9 (nh=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 1(11) 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) 3 (17 9 (64) 11 (28) 23
Nestin 2(22) 2(12) 4 (29) 24 (62) 32
Mesenchymal
VEGF 1(11) 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
CD44 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

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 guaran-
tee a clinically relevant classification, must be considered.
Among the four clusters, the OPC and AsMes types in particular
showed unique 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 IDH1-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. In
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.
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Fig. 9. Kaplan-Meier estimates of overall survival (0S) 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) 95% Cl
Proteomic clusters
OPC type 19.91 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

tThe median overall survival of the OPC type was significantly longer
(19.9 months [95% (I, 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.

Log2 median-centered intensity
Log2 median-centered intensity

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

A B C

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.*” Oligodendrocyte precursor cells
express Oligl, Olig2, Sox10, Nkx2.2%® and PDGFRA.®'*? 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.“? 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 CDKN2A-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
CDKN2A 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 YKI-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-p in 120 patients with newly diagnosed
GBM.®>%3 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 immunchistochemical 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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Benefits of Interferon-§ and Temozolomide
Combination Therapy for Newly
Diagnosed Primary Glioblastoma With the
Unmethylated MGMT Promoter

A Multicenter Study

Kazuya Motomura, MD'; Atsushi Natsume, MD"%; Yugo Kishida, MD'; Hiroyuki Higashi®; Yutaka Kondo, MD*;
Yoko Nakasu, MD%; Tatsuya Abe, MD®; Hiroki Namba, MD’; Kenji Wakai, MD®; and Toshihiko Wakabayashi, MD'

BACKGROUND: The aim of the current study was to catalog genomic and epigenomic abnormalities in newly diag-
nosed glioblastoma patients and determine the correlation among clinical, genetic, and epigenetic profiles and clini-
cal outcome. METHODS: This study retrospectively included 68 consecutive patients who underwent surgical
treatment and received standard radiotherapy with temozolomide (TMZ)-based chemotherapy. Of a total of 68
patients, 39 patients (57.4%) received interferon (IFN)-B in combination of TMZ, RESULTS: The genetic and epige-
netic alterations frequently observed were EGFR amplification (51.5%), TP53 mutation (33.8%), CDOKNZ2A loss (32.4%),
TP53 loss (16.2%), methylation of the MGMT promoter (33.8%) and /DHT mutation (5.9%). Multivariate analysis
revealed that methylated MGMT promoter and the combination of TMZ and IFN-8 were independent prognostic fac-
tors associated with survival. The median survival time (MST) of the patients who received the combination of IFN-8
and TMZ was significantly greater with 19.9 months as compared to the TMZ alone group (12.7 months). Notably, in
even patients whose tumors had unmethylated MGMT promoter, the MST prolonged. to 17.2 months when receiving
TMZ with IFN-B, compared to 12,5 months in those receiving TMZ without IFN-B. CONCLUSIONS: Taken together,
addition of IFN-$ for newly diagnosed primary GBM achieved a favorable outcome, particularly in patients with
unmethylated MGMT promoter. Cancer 2011;117:1721-30. © 2070 American Cancer Society.

KEYWORDS: IDH1, MGMT methylation, glioblastoma, interferon-B, temozolomide.

Glioblastoma muldiforme (GBM) is one of the most frequent primary brain tumors in the central nervous system
in adults and is highly malignant, with a median survival time of about one year from diagnosis. This is despite aggressive
treatment, surgery, postoperative radiotherapy, and adjuvant chemotherapy. An international randomized trial by the Eu-
ropean Organization for Research and Treatment of Cancer/National Cancer Institute of Canada (EORTC/NCIC) com-
paring radiotherapy alone and concomitant radiotherapy and temozolomide (TMZ) clearly attested the benefits of
adjuvant TMZ chemotherapy for GBM patients.” Since then, TMZ has been the current first-line chemotherapeutic
agent for GBM.

A subanalysis in this trial showed the effectiveness of epigenetic silencing of the MGMT gene by promoter methyla-
tion with longer survival in patients with primary GBM; it also suggested the benefits of combining chemotherapy using
TMZ with radiotherapy.”
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Furthermore, there have been recent attempts to
comprehensively profile GBM genes by The Cancer Ge-
nome Atlas (TCGA) project and other groups.3’4 Some
genetic aberrations in GBM, such as 7P53 mutation or
deletion, NFI deletion or mutation, and ERBB2 muta-
tion, have been found to be more common than previ-
ously reported. In addition, novel molecular markers,
such as frequent mutations of the /DH and /DH2 genes
in secondary GBM have been discovered.”” These find-
ings on mutations, genomic and epigenomic aberrations,
and transcriptomal features in GBM might aid in under-
standing the classification of GBM and its further poten-
tial clinical implications.

However, the TCGA project included GBM
patients who received surgical treatment, and detailed in-
formation on adjuvant chemoradiotherapy was not pro-
vided. Therefore, the close relationship between the gene
profile provided by TCGA and chemotherapy regimens
remains unknown.”

In this current study, we aimed to determine the cor-
relation between clinical, genetic, and epigenetic profiles,
and clinical outcome in newly diagnosed GBM patients
who received TMZ-based chemotherapy. [nterestingly,
we found a significant beneficial outcome in patients
receiving TMZ in addition to IFN-B. Moreover, our
study discovered that GBM patients with the ummethy-
lated O°-methylguanine-DNA
(MGMT) promoter, in particular, showed benefits from
TFN-.

methyltransferase

MATERIALS AND METHODS

Patient population

We retrospectively reviewed 68 consecutive patients with
newly diagnosed primary GBM who underwent surgical
treatment at several academic tertiary-care neurosurgical
institutions: Nagoya University Hospital, Hamamatsu
University Hospital, Oita University Hospital, and Shi-
zuoka Cancer Center from May 2006 through June 2010
after TMZ was approved as the treatment agent for malig-
nant gliomas by the National Ministry of Health and
Welfare of Japan. The diagnosis of GBM was established
by histological confirmation according to the WHO
guidelines™ independently by at least two expert neuro-
pathologists. The clinical, operative, and hospital course
records were reviewed. Information collected from clinical
notes included patient demographics, pre- and postopera-
tive neuroimaging, and adjuvant therapy. Preoperative
Eastern Cooperative Oncology Group performance status

1722
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(ECOG PS) scores were assigned by the clinician at the
time of evaluation and were available in the chare for
review for all patients. The study was approved by the
institutional review board at each participating hospital
and complied with all provisions of the Declaration of
Helsinki.

Treatment
Radiotherapy

After undergoing surgery, the patients received focal
external-beam radiotherapy by conventional radiation
planning to approximately 60 Gray (Gy) (£5% total
dose), with daily concurrent TMZ at 75 mg/m” through-
out the course of radiotherapy.

Chemotherapy

All patients received the standard Stupp regimen.]
In the absence of grade 3 or 4 hematological excessive tox-
icity, TMZ administration was continued until clinical or
radiological evidence of disease progression was observed.
Of these 68 patients, 39 patients (57.4%) received adju-
vant IFN- treacment (Table 1). Patients in Nagoya Uni-
versity and Oita University received chemotherapy
consisting of IFN-. There were no significant differences
in any of the clinical parameters and genetic, epigenetic
parameters (i.e., age, sex, preoperative PS, tumor location,
extent of resection, genetic and epigenetic alterations
between the institutions using regimen with and without
IFN-B. The IFN-B chemotherapy regimen comprised 3
million international units (MIU)/body administered
intravenously on alternate days during radiotherapy and
TMZ-induction chemorhempy.m’]‘l At the end of the
induction period, after a 4-week interval, the patients
were administered 3 MIU/body of IFN-B on the first
morning every 4 weeks during TMZ maintenance chemo-
therapy. In the case of tumor progression, salvage or sec-
ond-line therapy was administered at the investigators’
discretion; received  additional

most  patients

chemotherapy.

Response Evaluation During Treatment

Both radiological and clinical findings were used to evalu-
ate the response. Follow-up magnetic resonance imaging
(MRI) was performed for alternate cycles. If the MRI
showed continued increase in enhancement, the case was
considered as tumor progression. If re-resection was per-
formed for a recurrent mass lesion, histological interpreta-
tion formed the basis for definitive diagnosis (treatment-
related necrosis vs recurrent tumor).
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Table 1. Clinical Characteristics®{TC}

Parameter No. of Patients %
n=68
Agely)
Median 55.0
Range 12-84
<40 12 17.6
240, <60 24 35.3
260 32 471
Sex
Male 41 60.3
Female 27 39.7
Preoperative ECOG performance status
Median 1
Range 0-3
Preoperative ECOG performance status
<1 45 66.2
>1 23 33.8
Tumor location
Superficial 50 73.5
Deep 18 26.5
Surgery
GTR 24 35.3
Non-GTR 44 64.7
Chemotherapy
TMZ only 29 42.6
TMZ+ IFN-§ 39 57.4

ECOG indicates Eastern Cooperative Oncology Group; PS, performance
status; GTR, macroscopic (gross) total removal; TMZ, temozolomide.

Tumor Samples and DNA Extraction

All patients provided their written informed consent for
molecular studies of their tumor, and the protocol was
approved by the ethics committee at each center. Sixty-
eight brain tumor specimens were obtained at the time of
first surgical resection.

Tumor tissue samples were immediately frozen and
stored at —80°C until the extraction of genomic DNA.
DNA was prepared using the QIAmp DNA Mini kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. Placental DNA was used as the nor-
mal control. The amount of DNA obrtained from the
tumor was sufficient for the subsequent genomic and epi-
genomic analyses.

Multiplex Ligation-Dependent Probe
Amplification

Multiplex ligation-dependent probe amplification (MLPA)
was used for the determination of allelic losses and gains of
the gene in the tumor samples. The analysis was performed
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using the SALSA MLPA KIT P088-B1 and P105-Cl1 in ac-
cordance with the manufacturer’s protocol (MRC Hol-
land, Amsterdam, Netherland).'*'® Information regarding
the probe sequences and ligation sites can be found at
www.mlpa.com. Amplification products were separated on
an ABI® 3130 x 1 Genetic Analyzer (Applied Biosystems,
Foster City, CA) and quantified with Genemapper 4.0
software (Applied Biosystems). Duplicate experiments
were performed to obtain accurate MLPA values. Data
analysis was performed with an original Excel-based pro-
gram based on MRC-Holland’s procedures. Normalization
for sample data was first performed on control probes, and
each tumor sample was then normalized using the data on
2 control samples, using peripheral blood DNA. Single
regression for control and tumor data slope correction was
performed. Abnormal/normal ratio limits were set at 0.65
and 1.3. Statistical analysis was performed using the same
Coffalyser software.

Pyrosequencing

Tumor DNA was modified with bisulfate using the EpiTect
bisulfite kit (Qiagen, Courtaboeuf Cedex, France). Pyrose-
quencing technology was used to determine the methylation
status of the CpG island region of MGMT as described
previously.'®'7 We used the touchdown PCR method.
The primer sequences used were the MGMT forward
primer, 5-TTGGTAAATTAAGGTATAGAGTTTT-3,
and the MGMT biotinylated reverse primer, 5-AAA
CAATCTACGCATCCT-3'. PCR included a denaturation
step at 95°C for 30 s, followed by annealing at various tem-
peratures for 45 s, and extension at 72°C for 45 s. After
PCR, the biotinylated PCR product was purified as recom-
mended by the manufacturer. In brief, the PCR product was
bound to Streptavidin Sepharose HP (Amersham Bioscien-
ces, Uppsala, Sweden), and the Sepharose beads containing
the immobilized PCR product were purified, washed, and
denatured using 0.2 N NaOH solution and washed again.
Next, 0.3 mM pyrosequencing primer was annealed to the
purified single-scranded PCR product, and pyrosequencing
was performed using the PSQ HS 96 Pyrosequencing Sys-
tem (Pyrosequencing, Westborough, MA). The pyrose-
quencing  primer 5-GGAAGTTGGGAAGG-3.
Methylation quantification was performed using the pro-
vided software.

was

TP53 and IDHI1/IDH2 Sequencing

Direct sequencing of the 7P53 exons 5 to 8 and I/DH1/
IDH2 was performed as previously described.”'®"? The
primer sequences are listed in Table 2.
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Table 2. List of Primer Sequences for Direct DNA
Sequencing{TC}
Sequence

Gene Exon

name

5'-TTATCTGTTCACTTGTGCCC-3'
5'-ACCCTGGGCAACCAGCCCTG-3
5'-ACGACAGGGCTGGTTGCCCA-3/,
5'-CTCCCAGAGACCCCAGTTGC-3'
5'-GGCCTCATCTTGGGCCTGTG-3
5'-CAGTGTGCAGGGTGGCAAGT-3
5'-CTGCCTCTTGCTTCTCTTIT-3'
5'-TCTCCTCCACCGCTTCTTGT-3'.
5'-CGGTCTTCAGAGAAGCCATT-3'
5'-GCAAAATCACATTATTGCCAAC-3'
5'-AGCCCATCATCTGCAAAAAC-3’
5'-CTAGGCGAGGAGCTCCAGT-3'.

TP53 Exon 5
Exon 6
Exon 7
Exon 8

IDH1

IDH2

T TMITMITMITMITMIT

F indicates forward primer; R, reverse primer;.

For IDH sequencing, a fragment 129 bp in length,
spanning the sequence encoding the catalytic domain of
IDH1, including codon 132, and a fragment 150 bp in
length spanning the sequence encoding the catalytic do-
main of /DH2, including codon 172, were amplified. We
applied touchdown PCR, using the standard buffer condi-

_tions: it comprised 5 ng of DNA and AmpliTaq Gold
DNA Polymerase (Applied Biosystems) run for 16 cycles
with denaturation at 95°C for 30 s, annealing at 65 to
57°C (decreasing by 0.5°C per cycle) for 30 s, and exten-
sion at 72°C for G0 s in a total volume of 12.5 l and add
30 cycles with denaturation at 95°C for 30 s, annealing at
55°C for 30 s, and extension at 72°C for 60 s, ending
with at 72°C for 7 min to complete extension.

Direct sequencing was performed using BigDye
Terminator v1.1 Cycle Sequencing Kit (Applied Biosys-
tems). The reactions were carried out using an ABI 3100
Genetic Analyzer (Applied Biosystems).

Statistical Analysis

Statistical analysis was performed using the statistical soft-
ware SPSS for Windows, version 17.0 (SPSS Inc, Chi-
cago, 1lI). The Mann-Whitney U test, 3 test, and Fisher
exact test were used to test for association of clinical varia-
bles and molecular markers. Survival was estimated by
using the Kaplan-Meier method, and survival curves were
compared by using the log-rank test. Progression-free sur-
vival (PES) was calculated from the day of first surgery
until tcumor progression, death, or end of follow up. Over-
all survival (OS) was calculated from the day of first sur-
gery until death or the end of follow up. Univariate and
mulrtivariate analyses were performed to test the potential
influence of baseline characteristics on survival. The effect
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of each single molecular marker on PFS and OS was inves-
tigated using the Cox proportional hazards model, adjust-
ing for the major clinical prognostic factors, including age
at diagnosis (<40 vs >40, <60 vs >60 years), ECOG
performance status score (ECOG PS; <1 vs >1), extent
of resection (macroscopic [gross] total resection [GTR] vs
non-GTR), tumor location (superficial vs deep), MGMT
promoter methylation status, chromosome 1p loss of het-
erozygosity (LOH), 19qLOH, PTEN loss, CDKN2A loss,
TP53 loss and mutation, ERBB2 amplification, EGFR
amplification, /DH and /DH2 mutation, and adjuvant
therapy (with IFN-B vs without IFN-). Factors with no
significant association with survival, at a level of more
than 0.05 in the multivariate analysis, were eliminated.
The remaining factors in the multivariate proportional
hazard model (P <.05) were considered to be independ-
ent predictors of survival.

To assess for the treatment effects of TMZ with
[FN-B versus TMZ without IFN-B for overall survival
(O8S), the hazard ratio was computed using a proportional
hazard model by baseline characteristics in stratified
analysis.

RESULTS

Clinical Parameters

Berween May 2006 and June 2010, 68 consecutive
patients newly diagnosed with primary GBM were regis-
tered in this study. Their clinical characteristics are sum-
marized in Table 1. This study group comprised 41 men
and 27 women aged 12-84 years (median, 55). The me-
dian preoperative ECOG PS score at diagnosis was 1
(range, 0-3); the preoperative ECOG PS score was <1 in
45 patients (66.2%). All tumors were located in the supra-
tentorial region: 50 tumors were located in the superficial
area (cortical or subcortical area), and 18 were located in
deep anatomical structures such as che basal ganglia and
corpus callosum. No tumor was noted in the optic nerve,
olfactory nerve, and pituitary gland on pretreatment
MRI. No tumor dissemination was detected by MRI. Sur-
gical GTR was achieved in 24 patients (35.3%), and 44
patients underwent non-GTR (64.7%). None of the
patients had concurrent active malignancy, and the base-
line organ function before chemotherapy was as follows:
absolute  WBC >3000/mm® or neutrophil  count
>1,500/mm?, platelet count >100,000/mm?, hemoglo-
bin >8.0 g/dl, AST less than 2.5 X the upper limit of nor-
mal (ULN), total bilirubin 2 x ULN, and creatinine 2 x
ULN, and electrocardiogram showing no serious
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Figure 1. Frequency and pattern of genetic and epigenetic

alterations in newly diagnosed primary glioblastoma multi-

forme (GBM).

arrhythmia and no serious ischemic heart disease. All
patients received the standard Stupp regimen,' and
among these, 39 patients were received combination treat-
ment with IFN-f, as described in the method section.

Frequency of Genetic and Epigenetic
Alterations

Of 68 cases, we could obtain sufficient genetic and epige-
netic information in all cases. We used direct sequencing
for 7P53 and IDH1/2. We employed MLPA for the anal-
ysis of 1p/19q LOH, loss of TP53, PTEN and CDKN2A,
and amplification of ERBB2and EGFR. MLPA is a multi-
plex PCR method that detects abnormal copy numbers of
up to 50 different genomic DNA sequences simultane-
ously. When comparing MLPA to FISH, MLPA not only
has the advantage of being a multiplex technique but also
one in which very small (50-70 nt) sequences are targeted,
enabling MLPA to identify the frequent, single gene aber-
rations that are very small to be detected by FISH. Fur-
thermore, for the detection of EGFR amplification,
MLPA can examine exons 1-8, 13, 16, and 22, while pre-
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viously reported real-time PCR covers only exons 2, 17,
and 25. In our preliminary experiments, MLPA was
found to be approximately 80% consistent with the real-
time PCR method (data not shown). Notably, the meth-
ylation status of the MGMT promoter was analyzed by
quantitative pyrosequencing technology. Although meth-
ylation-specific PCR analysis of MGMT promoter meth-
ylation is a widely ‘applicable biomarker for the clinical
setting, it is non quantitative and bears a risk of false-posi-
tive or false-negative results, especially when the DNA
quality and/or quantity is low. Recent attempts to remedy
some of these deficiencies have led to the development of
an alternative sequence-based approach for methylation
analysis, known as pyrosequencing. Pyrosequencing yields
continuous methylation values ranging from 0-100%.
Based on our comparisons with standard methylation-
specific PCR and immunohistochemical study using the
anti-MGMT antibody, we determined 14% as the thresh-
old distinguishing unmethylation and methylation of the
MGMT promoter in a given tumor.

As indicated in Figure 1 and Table 3, the alterations
frequently observed were EGFR amplification (51.5%),
TP53 mutation (33.8%), CDKN2A loss (32.4%), TP53
loss (16.2%), methylation of the MGMT promoter
(33.8%), and IDHI mutation (5.9%). These findings

. . . . ,9,20,21
were consistent with those in previous reports.3 ?

Clinical, Genetic, and Epigenetic Parameters
Associated With Survival in GBM Patients

The median follow-up time was 16.7 months (range, 3.4-
46.7 months). The median PFS for all patients was 9.2
months (95% confidence interval [CI], 5.7-12.7). The
median OS of all patients was 17.1 months (95% CI,
15.5-18.7) (Figure 2A). The log-rank tests demonstrated
that tumor localization (P = .032), the MGMT methyla-
tion status (7 = .029), and 7P53 mutation or loss (P =
.035) were associated with the OS of patients with GBM
(Figure 2B-D). These findings were similar to univariate
analysis, where deep location (? = .035), unmethylated
MGMT promoter (P = .033) and 753 mutation or loss
(P = .038) were identified as candidate variables for
poorer OS (Figure 2). In contrast, well-established prog-
nostic factors such as age, ECOG PS, and the extent of tu-
mor resection did not influence the outcome in this
clinical setting. Next, we established multivariate survival
models for OS. The model was designed to consider each
of these factors without considering the interaction terms.
The independent prognostic factors for OS were methyl-

ated MGMT promoter (P =.016).
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