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Fig. 1 Scheme of the new operation room. line A is 5-gauss line.

Fig. 2 a: Mayfield head clamp. b: MR image shows no artifact caused by head pin.
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Fig. 3 Tl-weighted images are displayed in axial, coronal and sagittal planes, as well as a 3-D render-

ing, depicting the three objects: tumor (red), fMRI (yellow), and pyramidal tract (green).
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Fig. 4 Post-operative images show gross total removal of the tumor. Rt. motor weakness was im-

proved after the operation.
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Fig. 5 Post-operative DW image revealed high signal area adjacent to the resection cavity (e, f). Intraoperative MR

images do not show the abnormal intensity area (¢, d). Preoperative MR images (a, b).
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Fig. 6 Intraoperative MR images (a: T1-weighted, b: T2-weighted, ¢: T1 with Gadolinium, d: DWI). Intraoperative DW im-
age shows intra-tumoral hemorrhage (d: open arrow). Post-operative CT shows the intra-tumoral hemorrhage (e: open arrow).
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Benefits of Interferon-f 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%), CDKNZ2A loss (32.4%),
TP53 loss (16.2%), methylation of the MGMT promoter (33.8%) and /DH1 mutation (5.9%). Multivariate analysis
revealed that methylated MGMT promoter and the combination of TMZ and IFN-B were independent prognostic fac-
tors associated with survival. The median survival time (MST) of the patients who received the combination of IFN-B
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-B for newly diagnosed primary GBM achieved a favorable outcome, particularly in patients with
unmethylated MGMT promoter. Cancer 2010;000:000-000. © 2070 American Cancer Society.

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

Glioblastoma multiforme (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.>* 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 IDH2 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. Interestingly,
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 OG-methylguanine—DNA methyltransferase
(MGMT) promoter, in particular, showed benefits from
IFN-B.

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

(ECOG PS) scores were assigned by the clinician at the
time of evaluation and were available in the chart 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/m2 through-
out the course of radiotherapy.

Chemotherapy

All patients reccived 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 [FN-P treatment (Table 1). Patients in Nagoya Uni-
versity and Oita University received chemotherapy
consisting of IFN-B. 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 chemotherapy.'®'" 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;  most  patients  received  additional
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 24 353
260 32 a7.1
Sex
Male 41 60.3
Female 27 39.7
Preop ECOG per status
Median 1
Range 0-3
Preop ive ECOG per status
<1 45 66.2
>1 23 33.8
Tumor location
Superficial 50 735
Deep 18 26.5
Surgery
GTR 24 35.3
Non-GTR 44 64.7
Chemotherapy
TMZ only 29 426
TMZ+ IFN-B 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 obtained 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

Cancer  Month 00, 2010

using the SALSA MLPA KIT P088-B1 and P105-Cl 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 I 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.'®!” 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-stranded PCR product, and pyrosequencing
was performed using the PSQ HS 96 Pyrosequencing Sys-
tem (Pyrosequencing, Westborough, MA). The pyrose-
quencing primer was 5-GGAAGTTGGGAAGG-3'.
Methylation quantification was performed using the pro-
vided software.

TP53 and IDH1/IDH2 Sequencing

Direct sequencing of the 7P53 exons 5 to 8 and /DH1/
IDH?2 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}

Gene Exon

name

Sequence

P53 Exon 5§ 5/-TTATCTGTTCACTTGTGCCC-3'
5'-ACCCTGGGCAACCAGCCCTG-3
5'-ACGACAGGGCTGGTTGCCCA-3',
5'-CTCCCAGAGACCCCAGTTGC-3'
5'-GGCCTCATCTTGGGCCTGTG-3
5'-CAGTGTGCAGGGTGGCAAGT-3'
5'-CTGCCTCTTGCTTCTCTTITT-3'
5'-TCTCCTCCACCGCTTCTTGT-3'.
5'-CGGTCTTCAGAGAAGCCATT-3'
5'-GCAAAATCACATTATTGCCAAC-3'
5'-AGCCCATCATCTGCAAAAAC-3
5'-CTAGGCGAGGAGCTCCAGT-3'.

Exon 6

Exon 7

Exon 8

IDH1

IDH2

IMITMITMITMINDIM

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 /DH?2, 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 60 s in a total volume of 12.5 pl 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, Ill). The Mann-Whitney U test, x* 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 (PFS) was calculated from the day of first surgery
until tumor 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
multivariate analyses were performed to test the potential
influence of baseline characteristics on survival. The effect

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, /DH1 and /DH2 mutation, and adjuvant
therapy (with IFN-B vs without IFN-B). 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
IFN-B versus TMZ without IFN-B for overall survival
(OS), the hazard ratio was computed using a proportional
hazard model by baseline characteristics in stratified
analysis.

RESULTS

Clinical parameters

Between 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 the 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 23000/mm3 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).

arthythmia 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-B, 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 7P53, PTEN and CDKN2A,
and amplification of ERBB2 and 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 nr) 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 IDH! mutation (5.9%). These findings

. . . . ,9,20,21
were consistent with those in previous rcports? o2

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 (P = .029), and 753 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 (P = .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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Table 3. Relation Between Genetic and Epigenetic
Parameters and Overall Survival

Parameter No. Months Log-rank
of OS test: P

1p LOH
+ 5 16.9 .27
- 63 219

19q LOH
+ 7 174 .46
- 61 219

1p/19q codeletion
+ 5 16.9 27
= 63 21.9

PTEN loss
+ 6 21.4 .40
- 62 16.9

CDKN2A loss
+ 22 16.3 64
= 46 17.4

TP53 loss
+ 1 1.7 .08
= 57 174

ERBB2 amplification
+ 3 13.9 77
- 65 174

EGFR amplification
+ 35 17.4 91
- 33 17.1

TP53 mutation
+ 23 15.7 128
- 45 176

TP53 mutation or loss
+ 29 13.9 035
- 39 17.6

MGMT promotor
Unmethylated 45 15.1 029
Methylated 23 214

IDH1 mutation
+ 4 19.9 96
- 64 16.9

IDH2 mutation
+ 0 NA NA
- 68 NA

0S indicates overall survival; NA, not available

Combination of IFN-B With TMZ Prolonged
Survival

We analyzed whether the use of IFN-B affected the sur-
vival of consecutive GBM patients treated with TMZ-
based chemotherapy. Of the total 68 patients, 39 (57.4%)
received IFN-B in combination of TMZ. Interestingly,

the median OS of the combination group was signifi-
cantly greater with 19.9 months (95% CI, 15.3-24.5) as
compared to the TMZ alone group, which was 12.7
months (95% CI, 10.5 to 14.9) (Figure 3A). The 12-
month-survival rate was 67.6% for the standard TMZ-
treated cohort, whereas it was 83.6% for the combination
group. The 24-month survival rates were 22.1% and
34.5%, respectively, for the 2 groups. The difference was
statistically significant as determined by the log-rank test
and univariate and multivariate analyses.

Benefits of IFN-p for GBM Patients With the
Unmethylated MGMT Promoter

Next, we sought to determine the subpopulation that had
benefited from the use of the IFN- combination treat-
ment. It is well known that patients with GBM containing
the methylated MGMT promoter benefit from TMZ,
but those with the unmethylated MGMT promoter show
no such benefits."”> Consistently, the median OS of 45
patients with the unmethylated MGMT status was signifi-
cantly lesser than that of the patients with the methylated
promoter (median OS = 15.1 months; 95% ClI, 11.3-
18.9). Notably, even in patients whose tumors had the
unmethylated MGMT promoter, the median OS was
prolonged to 17.2 months (95% CI, 13.9-20.6) when
receiving TMZ with IFN-B as compared to the 12.5
months (95% CI, 11.3-13.7) in those receiving TMZ
without IFN-B (P =.017) (Figure 3B).

Various associations of these clinical and molecular
parameters were evaluated. A complete overview of the
pairwise associations between these parameters and chem-
otherapy with or without IFN-B is provided in Figure 4.
The relative hazards of OS between TMZ with or without
IEN-B groups according to 6 baseline covariates, calcu-
lated by means of multivariate analysis, are shown. There
were significant associations among patients under 40
years of age (P = .025), with ECOG PS <1 (P = .004),
deep tumor location (P = .028), non-GTR (P = .048),
and ummethylated MGMT status (P = .02) (Figure 4).

DISCUSSION

Genomic Analysis in Newly Diagnosed GBMs
In this study, we analyzed the genomic abnormalities in
68 consecutive newly diagnosed patients with GBM who
were treated with TMZ-based chemotherapy. We
observed TP53 mutation (33.8%), 7P53 loss (16.2%),
EGFR amplification (51.5%), CDKN2A loss (32.4%),
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Figure 2. Kaplan-Meier curves showing overall survival (OS) and progression-free survival (PFS) for the entire cohort (A), and OS
according to (B) tumor location (P =.032), (C) MGMT promoter methylation status (P =.029), and (D) TP53 mutation or loss (P
= .035) (D). Predictors of overall survival in the subgroups of patients by univariate and multivariate analyses were shown (B-D)
The hazards ratio (HR) was adjusted for the factors; age, Eastern Cooperative Oncology Group performance status (ECOG PS),
the extent of tumor resection, MGMT promoter methylation status, 7”53 mutation or loss and TMZ with or without interferon-g

(IFN-B) in the multivariate analysis.

and methylation of the MGMT promoter (33.8%).
Recent large-scale efforts to characterize the GBM ge-
nome have identified additional alterations in genes not
previously implicated in glioma, such as ERBB2 and
IDH1/IDH2 mutation in primary and secondary GBM,
respectively, and a significant incidence of mutation and
genomic loss of NF1.>*® The TCGA study also noted
TP53 mutations and losses in 35% of the cases, which is a
surprisingly higher frequency than that reported previ-
ously.>?®?! Furthermore, this study also revealed EGFR
amplification (45%), CDKN2A loss (52.0%), and meth-
ylation of the MGMT promoter (20.9%). These results
were consistent with our data. /DH/ mutations have
recently been identified in gliomas, which are a strong
predictor of a more favorable prognosis.® Our study sup-
ported the finding that within the group of primary
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GBM, IDHI mutations are rare and tend to define a
prognostically favorable outcome.

Factors for Prognosis and Prediction of
Response to Therapy

The current study demonstrated that the methylated
MGMT promoter and the combination of IFN-B and
TMZ were independent prognostic indicators of GBM
patients on multivariate analysis. Epigenetic silencing by
the MGMT promoter methylation correlates with
improved survival in glioma patients treated with
TMZ.>**% The prognostic significance of MGMT pro-
moter methylation has been shown in several clinical tri-
als. In these studies, MGMT promoter methylation was
an independent favorable prognostic factor and patients
whose tumor contained a methylated MGMT promoter
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Figure 3. Kaplan-Meier estimates of overall survival (OS)
according to temozolomide (TMZ) with or without interferon-
B (IFN-B) for all patients (A) (P =.007) and for patients with
unmethylated MGMT promoter (U-MGMT) (B) (P = .017). The
hazards ratio (HR) was adjusted for the factors; age, Eastern
Cooperative Oncology Group performance status (ECOG PS),
the extent of tumor resection, MGMT promoter methylation
status, TP53 mutation or loss, and TMZ with or without IFN-f
in the multivariate analysis.

showed overall prolonged survival when treated with
TMZ and radiotherapy. Our results demonstrated
similarly that MGMT promoter hypermethylation deter-
mined by a novel pyrosequencing technology was signifi-
cantly associated with better OS.

There are several contradicting reports on survival
related to the prognostic value of 7P53 mutations in
GBM, showing either no association or that the presence
of TP53 mutations was a favorable or an unfavorable
prognostic factor.”2%*"* On the other hand, our results
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Figure 4. Estimated effect of temozolomide (TMZ) with inter-
feron-p (IFN-B) versus TMZ without IFN-B on the hazard of
overall survival (OS), according to baseline characteristics.
The hazard ratio was computed using a proportional hazard
model by selected factors. There were significant associations
under 40 years of age (age, <40), with Eastern Cooperative
Oncology Group performance status (ECOG PS) <1, deep
tumor location, no macroscopic (gross) total resection
(non-GTR), and ummethylated MGMT status.

demonstrated that TP53 mutation or loss was signifi-
cantly associated with poor OS only in univariate analysis,
but not in multivariate analysis. These findings were not
in conflict with recent evidence, which shows that 7P53
mutations not only disrupt its function but also possess
gain-of-function and dominant-negative effects on the
wild-type p53 protein, thus making the mutated 7P53

genean oncogene.27

Benefits of IFN-§ and TMZ combination
treatment for GBM

The current study demonstrated that newly diagnosed
primary GBM patients were associated with a favorable
outcome on IFN-B and TMZ combination chemother-
apy. The IFN-B and TMZ combination group achieved a
median OS of 19.9 months (Figure 3A). This excellent
result was almost equal to the median OS of only patients
with the methylated MGMT promoter in the EORTC/
NCIC trial.

IFN-B elicits pleiotropic biological effects such as
antiproliferation, immunomodulation, and cell differentia-
tion.?® Furthermore, it has been widely used either alone or
in combination with other antitumor agents in the treat-
ment of malignant brain tumors and melanomas. In our
previous studies, we showed that combination therapy with
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IFN-B and nitrosourea has been particularly useful in the
treatment of malignant gliomas in Japan.'® IEN-B has mul-
tifaceted functions related to antitumor activity, such as
cytostatic effects, participating in the differentiation of
CTLs and potentiation of their antitumor immunological
responses, and behavior as a drug sensitizer to enhance tox-
icity against various malignant neoplasms when adminis-
tered in combination with nitrosourea.' Previously, in an
in vitro study, we corroborated that IFN-B markedly
enhanced chemosensitivity to TMZ?’; this manifestation
revealed that one of the major mechanisms by which IFN-
B enhances chemosensitivity is the down-regulation of
MGMT transcription. This effect was also confirmed in an
experimental animal model.*® A subanalysis in this study
showed that patients whose tumor had an unmethylated
promoter benefited from the addition of IFN-f, suggesting
that the combination of IFN-B and TMZ might provide
better clinical outcomes in patients with the unmethylated
MGMT promoter (Figures 3B, 4). Although we discovered
that the patients under 40 years of age at diagnosis and
those who had an initial ECOG PS <1 seemed to receive
the benefit from IFN-B and TMZ combination therapy,
our phase I study revealed that the combination regimen of
IFN-B and TMZ was safe and well tolerated even in
patients with older age and worse PS (Figure 4; manuscript
in submission). In addition, the benefit associated with
IFN-B was shown in patients whose tumors were deep,
who had undergone non-GTR (Figure 4). This finding
suggests that IFN-B might be better for use in cases of com-
plicated tumor removal, i.e., when the tumors were deep,
all the tumors could not be removed because they were, for
example, located in an eloquent area or around essential
structures.

In summary, this study supported the hypothesis
that in cases of newly diagnosed primary GBM, IFN-B
and TMZ combination therapy was significantly associ-
ated with a favorable outcome. To our knowledge, this is
the first study to associate the survival benefits derived
from IFN-B and TMZ combination. These benefits were,
in particular, well correlated in patients with an unmethy-
lated MGMT promoter.

Odur results are limited as opposed to a prospective
clinical trial as retrospective studies might have been influ-
enced by unrecognized biases. However, the subject group
we used was a consecutive series of patients, and this study
provides novel information on the treatment for GBM.
Thus, accumulation of evidence for this treatment will
help further improvement of this disease and hopefully
become a novel therapy. We are planning a prospective
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randomized control trial to compare the clinical outcomes
between TMZ alone and a combination of TMZ and
IFN-B in newly diagnosed GBM patients.
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ABSTRACT

It has been elucidated that cognitive dysfunction following cranial radiotherapy might be linked to the
oxidative stress-induced impairment of hippocampal that is i by i in,

neural stem or progenitor cells. The novel fr dical scavenger (3-methyl-1-phenyl:

2-pyrazolin-5-one) has been clinically used to reduce neuronal damage following ischemic stroke.
Previously, we reported that the free-radical scavenger, edaravone, which is currently used to treat
patients with brain ischemia, protected cultured human neural stem cells (NSCs) from radiation-induced
cell death; the protective effect was observed more significantly in NSCs than in brain tumor cells. Here,
in animal models, we demonstrate that edaravone protects neurons in the subgranular zone (SGZ) of the
dentate gyrus of the hippocampus from cell death after irradiation. Moreover, edaravone protected spa-
tial memory retention deficits as determined by Morris water maze tests. Our study may shed some light
on the beneficial effects of free-radical scavengers in impaired neurogenesis following cranial radiation

therapy.

Cranial radiation therapy is widely used to treat primary and
metastatic brain tumors and head and neck cancers. Patients
who receive radiotherapy that involves the brain frequently
experience a progressive cognitive decline [1,4]. Although white
matter necrosis and vasculopathy are overt pathologies caused by
radiation-induced injury [15], little is known about the underly-
ing mechanism of learning and memory deficits. Several reports
demonstrated the relationship between radiation-induced cogni-
tive dysfunction and apoptosis in hippocampal neurons because of
oxidative stress [12,20]. Furthermore, it was reported that ioniz-
ing radiation delivered in a single 10Gy dose of X-rays to the rat
brain selectively kills a histomorphologically well-defined popu-
lation of proliferating cells in the subgranular zone (SGZ) of the
dentate gyrus [19]. Other researchers reported that SGZ apopto-
sis peaked 12 h after irradiation and then continued for 48 h [13].
Moreover, it has been suspected that the newly generated neurons
in this region contribute to hippocampal function and that adult
hippocampal neurogenesis can be correlated with spatial pattern
separation [3].
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Previously, we demonstrated that a free-radical scavenger,
edaravone, protected human neural stem cells (NSCs) from
radiation-induced cell death [11]. Free radicals are highly reac-
tive chemical species and differ from all other species in that
they possess an unpaired electron; this electron becomes para-
magnetic and relatively reactive [2,5]. It has been observed that
free radicals attack polyunsaturated fatty acids of membrane lipids
in vivo, which results in the oxidative deterioration of mem-
brane lipids; this is known as lipid peroxidation [9,10]. One of the
important radiation-induced free-radical species is the hydroxyl
radical that indiscrimi ly attacks nei ing molecules, often
at near-diffusion-controlled rates [21]. Hydroxyl radicals are gen-
erated by ionizing radiations, either directly by oxidation of water
or indirectly by formation of secondary partially reactive oxy-
gen species, including superoxide, hydroxyl, and nitric oxide (NO)
radicals. Edaravone interacts biochemically with a wide range of
free radicals, donates electrons, and eventually transforms itself to
the stable compound, 2-oxo-3-(phenylhydrazono)-butanoic acid
(OPB). The agent also exerts pharmacological neuroprotective
effects in the case of brain ischemia by decreasing the levels of
inducible NO synthase (iNOS) [22.,23]. Although edaravone has
been reported to inhibit endothelial injury and neuronal damage
in brain ischemia, it remains unclear whether it can effectively
prevent radiation-induced brain injury. The aim of this study was
to investigate whether edaravone can exert protective and anti-
apoptotic effects on neurogenesis and cognitive function in mice

—215—



66 K. Motomura et al. / Neuroscience Letters 485 (2010) 65-70

that were irradiated at young age. Our results show that edaravone
protects the neurons in SGZ of the dentate gyrus in young mice
from radiation-induced cell death.

Male 3-week-old C57BL/J6 mice (SLC, Shizuoka, Japan) were
used in all experiments. All experiments were performed in accor-
dance with the Guidelines for Animal Experiments of Nagoya
University Graduate School of Medicine.

Edaravone was kindly provided by the Mitsubishi-Tanabe
Pharma Corporation (Osaka, Japan). We dissolved 30 mg of edar-
avone in 500 wl of 1N NaOH, added 8 ml distilled water, and then
adjusted the pH to 7 with 1 N HCL. The final concentration of edar-
avone was adjusted to 3.0 mg/ml. Mice were irradiated by using
an X-ray generator (MBR-1520-3; Hitachi) at 125kVp and 20 mA,
with a filter of 0.5 mm aluminum and 0.2 mm copper. The dose rate
was approximately 2.0-2.3 Gy/min. Mice were anesthetized by an
intraperitoneal injection of pentobarbital [50 mg/kg body weight
(BW)]: sham-irradiated mice (control) were only anesthetized. The
cranial X-irradiation beam was directed down onto the head at a
source-to-skin distance of 10 cm, while their bodies were shielded
with 0.6 mm-thick lead. Mice were housed individually after irra-
diation in order to minimize the effect of social influences on
behavioral tests. Furthermore, mice were injected intraperitoneally
with edaravone (3.0 or 6.0 mg/kg BW) 30 min before X-irradiation.

In order to determine the optimal irradiation dose that induces
apoptosis in neurons in the SGZ, irradiation of 0, 5, 7.5, or 10Gy
was given to the mouse brain, and brain tissues were collected 48 h
later. Sham-irradiated mice were also sacrificed at that time. For
tissue collection, mice were deeply anesthetized, and 50 ml of 4%
buffered formalin fixative solution was transcardially infused. After
5min, the brain was removed and immersed in 4% buffered for-
malin solution for 3 days. Fixed brains were cut coronally at the
parieto-occipital junction, thereby providing elongated exposure
of each hippocampus.

Apoptosis-positive cells were stained with the MEBSTAIN Apop-
tosis kit Il according to the instructions of the manufacturer (MBL,
Nagoya, Japan). We used the anti-neuronal-specific beta-III tubu-
lin antibody (TuJ-1; R&D Systems, Minneapolis, USA) and Alexa
Fluor 546 secondary antibodies (Molecular Probes, Eugene, OR,
USA) for counterstaining. Following deparaffinization and antigen
retrieval using proteinase K, sections were incubated for 30 min in
0.25% Triton X-100/PBS, followed by incubation in 1% gelatin/PBS
for 30 min. The sections were washed several times with PBS and
incubated at room temperature for 50 min with Tuj-1 (5 pg/ml).
Thereafter, the TUNEL reaction mixture was added to the sections
and incubated for 10 min at room temperature. The sections were
then incubated with the mixture of FITC-dUTP and Alexa Fluor
546 secondary antibodies (1:500) for 1h in the dark, and then
washed with PBS. The number of TUNEL-labeled cells was counted
and averaged in bilateral blades in the SGZ. The total number of
apoptotic cells was determined by summing the values from all
3 non-overlapping sections for each mouse. All positively labeled
cells within the SGZ of the dentate gyrus were quantified by 2
independent observers. The numbers of TUNEL-positive cells were
represented as the mean + SD, and differences among means were
evaluated by analysis of variance (ANOVA) (SPSS; SPSSInc., Chicago,
IL, USA). A value of p<0.01 was considered statistically significant.

The novel object recognition test was carried out on 3 consecu-
tive days 48 h after X-irradiation as previously described with slight
modifications [7,18). The apparatus consisted of an open plastic box
(30cm x 30cm x 30cm), the outside of which was covered with
a black plastic film. The mice were individually habituated in the
open box (with no object for 5 min) for 2 days. The mice were tested
on the 3rd day. The task consisted of the sample phase and the
choice phase. At the start of the sample phase, 2 identical objects
(A1and A2)were placed in the box, 5 cm from the side wall. Amouse
was then placed in the box. The total time that the mouse spent

exploring the 2 objects was recorded by the experimenter with 2
stopwatches. Exploration of an object was defined as directing the
nose to the object at a distance of less than 1.cm and/or touching
it with the nose. The mouse was placed back in its home cage after
7 min had elapsed. Fifteen minutes after the sample phase, the mice
were reintroduced into the open field for 7 min (choice phase). In
this phase, 1 of the familiar objects (A2) was replaced by a new
object (B). The time that the mouse spent exploring object B was
recorded. The values were represented as percentage time spent
for object B of the total time spent for the objects A2 +B.

Morris water maze test was performed as previously described
[17]. The circular water tank (60 cm in diameter, 25 cm high) had 4
equally spaced quadrants (north, south, east, and west). First, the
mice were trained to locate a visible platform (5cm in diameter,
surface 1cm above the surface of the water; days 1 and 2), and
then a submerged hidden platform (transparent, 5cm in diame-
ter, surface 2-5mm below the surface of the water; days 3-5) in 2
daily sessions (3.5 h apart). Each session consisted of 3 trials (60s
each; 10min intervals). Mice that failed to find the hidden plat-
form within 60s were placed onto the platform for 15s. During
the training with the visible platform, the platform was moved to
a different quadrant in each session. During the training with the
hidden platform, the platform was placed in the center of the target
quadrant and always kept there for each mouse. The starting point
at which the mouse was placed into the water was changed in each
trial. The experimenter recorded the time to reach the platform
(latency) in each trial. Statistical analysis for behavioral studies was
performed using the one-way and two-way analysis of variance
(ANOVA) followed by Bonferroni test. A value of p <0.05 was con-
sidered statistically significant. Data were expressed as means + SD.

We determined the optimal radiation dose that induced apopto-
sis and the timing of observation in the SGZ by exposing 3-week-old
mice to various doses (0, 5, 7.5, and 10Gy) of cranial irradiation.
Coronal sections of the brain (including the hippocampus) were
analyzed for apoptosis using TUNEL staining. While the number of
TUNEL-positive cells observed along the basal layer of the bilat-
eral dentate gyrus (i.e.,, SGZ) was limited in control group (Fig. 1A,
F, 4.8+ 1.0 cells) and the groups that received 5Gy (Fig. 1B, F,
11.2 +2.8 cells), and 7.5Gy (Fig. 1C, F, 13.5+ 2.5 cells), it was sig-
nificantly increased by 10 Gy-irradiation (Fig. 1D, F, 74.9 + 3.9 cells,
p<0.01). However, we could observe few TUNEL-positive cells at
24 h even after 10 Gy-irradiation (Fig. 1E). Therefore, we concluded
that an irradiation dose of 10Gy induced cell death at 48 h in the
SGZ effectively.

In order to assess the effect of edaravone on X-ray-induced
apoptosis, mice were treated with edaravone at a final concentra-
tion of 0, 3.0, or 6.0 mg/kg BW 30 min prior to X-irradiation. TUNEL
staining was performed 48 h after X-irradiation to detect and ana-
lyze apoptosis. There was a statistical significance in the difference
of TUNEL-positive cells between the group that received only irradi-
ation(Fig. 2A, 74.9 + 3.9 cells) and the group that received 3.0 mg/kg
edaravone (Fig. 2B, 53.6 + 6.1 cells) (p<0.05). The difference was
more dramatic between the group that received only irradiation
and the group that received 6.0 mg/kg edaravone (Fig. 2C,40.6 +4.0
cells) (p<0.01). The number of TUNEL-positive cells significantly
decreased in the group that received 6.0 mg/kg edaravone (Fig. 2D).

On the basis of these results on the cell injury assessment, a dose
of 6.0 mg/kg edaravone was given in two behavioral tests; novel
object recognition test and Morris water maze test.

Novel object recognition test was performed to evaluate the
hippocampus- and cortex-dependent non-spatial learning and
memory (Fig. 3). All mice spent more time exploring the new
object (B) than the familiar object (A2), but there was no difference
between the groups (in sample phase, control: 48.9 +3.0%, irra-
diated without treatment: 52.3 + 1.9%, irradiated with treatment
of 6 mg/kg of edaravone: 48.3 +2.3%, in the choice phase, control:
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Fig. 1. Double staining of the dentate gyrus of the hippocampus with TUNEL (green) and neuron-specific beta-1il tubulin antibody (red) before irradiation (A) and 48 h after
X-irradiation with 5Gy (B), 7.5Gy (C), 10Gy (D), and 24 h after 10 Gy-irradiation (E). Occasional TUNEL-positive cells were seen in tissues from non-irradiated mice (control,
A). There were no differences between any 2 groups of control, 5, and 7.5 Gy. Compared with those groups, a significant increase of TUNEL-positive cells was seen in the
SGZ after irradiation with 10Gy (*p <0.01) (F). All micrographs are at 200 < magnification. Values are presented as mean  SEM. The statistical significance of difference was
determined by analysis of variance (ANOVA).
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