Japan) and 82 gliomas were collected at collaborating hospitals.
The study was approved by the Ethics Committee of the Univer-
sity of Tokyo and all patients gave written informed consent.
Histological diagnoses were made on formalm-ﬁxed paraffin-
embedded tissues following the WHO classification'” by a neu-
ropathologist (7.5} for sampleb from the University of Tokyo
hospital and consensus diagnoses were made by four neuropa-
lhO}Ong{b for samples from other hospitals as reported previ-
ously.®” Genomic DNA was extracted for genetic analyses.
Patients with the same grade (2, 3, or 4) glioma were treated
similarly with surgical resection followed by radiotherapy and
alkylating agent chemotherapy.

Genetic analysis. For /Dff gene mutations, the genomic
regions spanning the catalytic domain of IDHI, including codon
132, and of fDHA2, inchuding codon 172, were analyzed by direct
sequencing using the Genetic Analyzer 310 (Applied Biosys-
tems, Foster City, CA, UISA}. An aliquot of DNA was amplified
by PCR using AmpliTaq Gold (Applied Biosystems) with
annealing temperature at S55°C. The primers 5’-TGCCAC-
CAACGACCAAGTCA and 5-TGTGTTGAGATGGACGCC-
TATTTG were uaed for IDHT amplification and sequencing, as
reported pxevmuslv Am lification of IDH2 was carried out
using the primers 5'-CTCTGTCCTCACAGAGTTCAAGC and
5 -CCACTCCTTGACACCACTGCC, and the JDH2 sequencing
reactions were carried out using the primers 5-AAGTCC-
CAATGGAACTATCCG and 5-TCTGTGGCCTTGTACTG-
CAGAG.

Loss of heterozygosity on chromosomes 1p and 19q was deteg—
mined using microsatellite analysis as described previously."
When tmors had no available paired blood DNA or when the
LOH assay was ambiguous because of non-informative microsat-
ellite markers, MLPA assay was carmried out using the SALSA
MLPA kit PO8S (MRC Holland, Amsterdam, the Netherlands)
following the manufacturer’s instructions. 7P53 gene mutation
was determined by direct sequencing following PCR SSCP
screening of exons 5-8 of 7P53, as described previously.©

Methylation-specific PCR. Genonm DNA samples (250 ng
each) were used for bisulfite reactions using the EZ DNA Meth-
ylation Kit (Zymo Research, Irvine, CA, USA) according to the

manufacturer’s protocol. DNA methylation status of the MGMT

promoter was then de’rermmed by methylation-specific PCR as
described by Esteller et al.®

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

Results

Frequency and characteristics of IDH mutations in glioma
samples from lapanese patients. We analyzed 250 homan gli-
oma samples obtained following surgery; these tumors consisted
of 125 GBM, 29 AA, 29 DA, 52 oligodendroglial tumors, 9 PA,
and 6 GGL. Mutations of IDH!I and IDH2 were found in 73
(29%) and 2 (1%) tumors, respectively. All detected mutatlons
were heterozygous, missense mutations. Among the 73 IDHI
mutations, the G395A (RI32H) substitution was the most
frequent mutation {(occurring in 70/73 cases, 96%), C394A
(R13283) substitutions occurred in two cases, and a (3947
(R132C) substitution occurred in one case. Of the two D2
mutations, one was a G515A (R172K) substitution, and the other
was an A514T (R172W) substitution. DA mutations ({DHI or
IDH?2) were found in 13 {10%) of 125 GBM, 8 (28%) AA, 17
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{59%) DA, and in 37 (71%) oligodendroglial tumors {Table 1).
In the 52 oligodendroglial tumers, /DA mutations were found in
19725 (76%) OG, 4/7 (57%) OA, 10/15 (67%) AOG, and 4/5
(80%) ACGA. No mutation was detected in any case of PA or
GGL. A higher rate of IDH mutation was found in secondary
GBM (6/13, 46%) than primary GBM (6/109, 6%). In the three
GBMO cases, there was only one IDHI mutation.

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

The TP53 mutation was more prevalent in DA (45%}) than in
AA (34%) or primary GBM (22%). However, when /DH muta-
tion was present, 7P53 mutation was more frequent, and 7P53
mutations were found in 12/17 (71%) DA, 5/8 (63%) AA, and
3/6 (50%) primary GBMs that also had an JDH mutation. The
rates of /DH mutation in astrocytic tumors with 7P53 mutation
were higher than those with wild-type TP53 (92% vs 31% in
DA, 50% vs 16% in AA, and 13% vs 4% in primary GBM), and
the association between 7P33 and /D2H mutation was significant
in DA (P = 0.0018), but not in AA or GBM. The majority of
DA tumors with TP53 mutation had fDH mutation {12/13,
92%}j; in contrast, only a few primary GBM tumors with TP53
mutation also had an JDH mutation (3/23, 13%).

Of a total 250 gliomas, MGMT promoter methylation status
was analyzed for 132 gliomas (grade 2, 3, and 4) resected at the
University of Tokyo hospital. Methylation was evident in 37/69
GBM (34%), 5/18 AA (28%), 10/17 DA (59%), 8/10
AOG/AOCA (80%), and 13/18 OG/OA (72%) (Table 1}. The
association between DT mutation and MGMT methylation was
significant in grade 2 (P < 0.001) and grade 3 gliomas
(P = 0.02), but not in grade 4 gliomas (¥ = 0.11).

Prognostic wvalue of IDH mutation and other genetic
alterations. We evaluated the potential prognostic value of fDH
mutation and other genetic alterations in WHO grade 2, 3, and 4
gliomas. For patients with grade 2 gliomas, univariate analysis
showed that I/DH mutation was not associated with OS (P = 0.07)
or PFS (P = 0.29). Codeleted 1p/19q and wild-type TP53 each
slightly correlated with increased PFS (P = 0.014 and P = 0.029,
respectively), but they were not correlated with OS, and neither
of these genetic alterations showed significant association with
prognosis in multivariate analysis {Table 2). MGMT promoter
methylation was also not associated with prognosis. Similarly, we
did not observe a significant association of IDI{ mutation with
better prognosis for DA (OS, P = 0.10; PFS, P = 0.38).

In grade 3 gliomas, univariate analysis showed that the associ-
ation between [DH mutation and prolonged survival (OS,
P =0.0004; PFS, P < 0.0001) was significant and that 1p/19¢q
co-deletion was associated with prolonged survival (OS,
P =0.028; PFS, P = 0.0025), but that neither 7P53 mutation
nor MGMT promoter statas was associated with prognosis.
Although IDH mutation and 1p/19q co-deletion were tightly
associated with one another, the multivariate analysis further
indicated that these alterations were independent indicators 0f a
favorable prognosis (Table 2). /DH mutation was present in
almost all tumors with the 1p/ 19q co-deletion.®® Therefore,
grade 3 gliomas were divided into three genetic subgroups: (i)
1p/ 19q codeleted tumors, most of which cairy IDH mutation
and show oligodendroglial phenotype; (i} tumors without
1p/19q co-deletion and with mutant /DH; and (iii} tumors

doiz 10.1111/].1349-7006.2011.02175.x
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Table 1. JDH mutation and common genetic and epigenetic alterations in gliomas from Japanese patients

Tumor patholegy (WHO grade) No. of Frequency of  Median Male 1p/19g P53 Methylated MGMT
IDHT or IDHZ status patients bt or "'DH2 age sex (%) co-deletion routation promoter (%)
mutation years
GBM primary (Gr. 4) 109 6/109 {6%) 62 &1 1 23 {22%) 27/57 {47)
Mutant [ 43 50 1 3 ns. 1/1 {100}
Wild-type 103 62 61 0 20 26/56 (46)
GBM secondary (Gr. 4) 13 6,13 {46%) 47 69 0 2 {15%) 7/9 {78}
Mutant 6 52 S0 0 2ns. 4/5 {80}
Wild-type 7 43 86 0 (] 3/4 {75}
GBMO (Gr.4) 3 1/3 {33%) 80 67 1 0 3/3 {100)
Mutant 1 62 100 1 0 171 {100}
Wild-type 2 80 50 0 0 2/2 {100}
Anaplastic astrocytoma {(Gr. 3} 29 8/29 {28%) 57 55 1 10 (34%) 5718 {28)
Mutant 8 46 50 1 5n.s. 2/5 {40)
Wild-type 22 60 57 0 5 /13 (23)
Anaplastic oligoastrecytema {Gr. 3) 5 4/5 (80%) 43 40 0 4 {80%) 2/3 {66)
Mutant 4 48 25 0 3ns. /2 {100}
wild-type 1 ik 100 0 1 0/1 {0}
Anaplastic cligodendroglioma {Gr. 3} 15 10/15 {67%) 62 56 10 {67%) 0 6/7 {86)
Mutant 10 49 43 g* 0 5/5 {100}
Wild-type 5 66 100 1 0 1/2 {50)
Diffuse astrocytoma {Gr. 2) 29 17/29 {59%) 32 61 3 13 {(45%) 106/17 {59)
Mutant 17 33 59 2 2% 10716 {100)
Wild-type 12 30 84 1 1 0/7 {0}
Oligoastrocytoma (Gr. 2) 7 477 {(57%) 44 71 1 1 5/6 {83)
Mutant 4 37 100 1 1 3/3 {100}
wild-type 3 53 33 0 0 2/3{67)
Oligodendroglioma {Gr. 2) 25 19/25 {76%) 46 52 19 {76%) 3 8712 (66}
Mutant 19 47 53 18+ 1 7710 (70}
Wild-type 6 34 50 1 2 1/2 {50}
Pilocytic astrocytoma {Gr. 1} 9 0% 12 56 0 4] N/A
Mutant 0 N/A N/A 0 0
Wild-type g 12 56 0 0
Ganglioglioma {Gr. 1} 6 0% 22 67 0 0 N/A
Mutant (] N/A N/A 0 ¢}
Wild-type & 22 67 0 0

*P = 0.0037; ¥%P = 0.0001; ***P = 0.0018. The association with /IDH mutation (Fisher’s exact test). GBM, glioblastoma; GBMO, glioblastoma with

oligodendroglioma component; N/A, not analyzed; n.s., not significant.

Table 2. Prognostic vaiue of common genetic alterations for overall survival (0S) and progression-free survival {(PF5) in gliomas (multivariate

analysis})
PFS oS
P-value Hazard ratio 95% I P-value Hazard ratio 895% (I
Grade 2 glioma
{OH mutation 0.4408 0.602 0.1678-2.1535 0.1573 0.329 0.0728-1.5270
1p/ 199 co-deletion 0.3591 0.4895 0.1083-2.2020 0.7988 1.237 0.2353-6.0194
TP53 mutation 0.2904 2.036 0.5526-7.7157 0.4693 4.537 0.0685-2.6350
Grade 3 glioma
IDH mutation <0.0001+ 0.059 0.0086-0.2395 0.0403+ 0.319 0.0985-0.9519
1p/19q co-deletion 0.0016+ 0.055 0.0025-0.3904 0.0170t 0.184 0.0271-0.7567
TP53 mutation 0.4144 0.646 0.2045-1.7994 0.0300t 0.294 0.0786-0.8937
Primary GBM
IDH mutation 0.8456 0.898 0.2575-2.4255 0.8560 0.905 0.2609-2.4203
TP53 mutation 0.1533 0.605 0.2792-1.1944 0.3089 0.705 0.3354-1.3613
Methylated MGMT promoter 0.0031% 0.407 0.2216-0.7375 0.6058+ 0.429 0.2324-0.7820

1Significant value. Cox propoertional hazard modeling for OS or PFS was applied for the major variable for prognostic factors. {I, confidence

interval; GBM, glioblastoma.

without 1p/19q co-deletion and with wild-type /DH. Grade 3
gliomas were assessed with regard to the association between
the genetic alterations and disease course (Fig. 1). In these

Wukasa et al.

genetic subgroups, grade 3 gliomas without 1p/19q co-deletion
and with wild-type IDH were revealed to have markedly worse
OS (P < 0.0001) (Fig. 1C) and PFS (£ < 0.0001) (Fig. 1D}, but
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these lower survival rates were not observed for patients with
grade 2 gliomas lacking 1p/19q co-deletion and IDH mutation
(Fig. 1A,B}. Grade 3 gliomas without 1p/19q co-deletion were
predominantly AA (28 AAs, 5 AOAg, and 5 ADGs), and only 1
A4 had the 1p/19q co-deletion (Table 1}. The IDH mutation
was significantly associated with increased OS (F = 0.0064) and
FFS (P = 0.0001) for patients with AA based on the univariate
analysis. TP53 mutafion was alse correlated with increased
PES (P = 0.013}, but MGMT promoter methylation showed no
significant associaton with PES or OS.

In primary GBM, cur univariate analysis showed that neither
IDH mutation, 1p/19g co-deletion, nor ¥P53 mutation was 4880-
clated with PFS or OS, but MGMYT promoter methylation was
significantly associated with Increased OS (P = 00043} and
PES (P = 0.0038).

Discussion

Here we report that IDH mutation, which was tightly associated
with 1p/19q co-deletion and MGMY promoter methylation, was
common in grade 2 gliomas and also, but to a lesser extent, in
grade 3 ghiomas. Moreover, we found that IDH mutation would
be an especially useful genetic marker for evaluating the malig-
nzney of grade 3 gliomas that do not have a 1p/159q co-deletion
and that thege glicmas were predominantly AA,

The frequencies and pattemns of IDH mutation in our glioma
samnples from Japanese patients were largely comparable to
thase in previous reports.® IDH mutation was found predomi-
nantly in grade 2 ghoma, such as DA, OA, and OG. IDH muata-
ton frequencies were lower in higher-grade gliomas, and less
than 10% of GBM had an fDH mutation; however, nearly half
of secondary GBM, which developed from malignant transfor-
mation of lower-grade glioma, had an Z0H mutation. These
chservations supported the notion that the IDH mutation has
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crucial role in the development of the majority of grade 2 glio-
mas. In grade 3 gliomas, the oligedendroglial tumors had higher
frequency of IDH mutation than astrocytc tumors (06
T6% > DA 59%, P=0.1%; ADG 67% > AA 28%, P < (.05
Pearson's chi-square-test). No IDH mutation was detected in
any grade 1 glioma, PA or GGL; this observation indicated that
these tumors had a different genetic etiology from that of grade
2 and 3 infiltrative astrocytic and oligodendroglhial tumors. This
observation alse supported the usefulness of IDH mutations
along with BRAF alterations for differential diagnosis of PA.®V
However, our results differed from two previous reports that
detected IDHT mutation (8-38%) in GGL.C®® Further studies
are needed to clarify the biclogical and clinical significance of
IDH T mutation in GGL.

As teported previously,” TP53 mutation and co-deletion of
chromosomes 1p and 19q were frequent alterations in grade 2
and grade 3 gliomas. The 1p/19q co-deletions were mostly
found in oligodendroghial lineage gliomas, whereas TPS3 mufa-
tions were more frequent in ghiomas derived from the astrocytic
lineage. IDH mutation is currently beleved to precede 1p/19g
LOH and TP53 mutation during the early stage of gliomagene-
sis,""® and consistent with this hypothesis, most of our grade 2
gliomas that had 1p/19q co-deletion or TP53 mutations also har-
bored an fDH mutation. In one study, all the ghomas with dele-
tions of the entire 1p and 15q anms carded an IDHT or IDH2
mutation; " however, we found a few excepions in which there
was 1p/15q LOH, but no IDH mutation. These apparent excep-
tions might have been artifacts due to our imperfect methods for
detecting the extent of 1p/19q LOH, specifically microsatellite
analysis or MLPA; these methods do not effectively differenti-
ate partial chromosomal loss from typical entire 1p/19q hemizy-
gous deletion, which i3 generally found in OG harthoring iDH
mutation. It would be better to carefully evaluate the extent of
1p-15q LOH in such exceptional cases. TP33 mutation was also
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associated with /DH mutation in DA. However, there was no
association between IDH and 7P53 mutation in AA or primary
GBM. This observation suggested that 7P53 mutation promoted
twmor growth independently of IZH mutation, especially in
higher grade gliomas. Most gliomas with an JDH mutation had
either 1p/19q LOH or 7P53 mutation, further supporting the
hypothesis that combinations of /DH mutation and subsequent
genetic alteration are common pathways leading to low-grade
glioma. However, there were also a few other IDH-mutated glio-
mas that had neither 1p/19q co-deletion nor 7P53 mutation. In
these gliomas, the kind of alterations subsequent to /DH muta-
tion that caused progenitor cells to give rise to low-grade glioma
remains to be elucidated.

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

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

Among patients with grade 2 gliomas, IDH mutation was also
not associated with prognosis. Wild-type TP53 and 1p/19q co-
deletion were each associated with prolonged PES, probably
because these two genetic alterations were mutually exclusive
and tumors with wild-type 7P353 likely have a 1p/19q co-dele-
tion, which is a recognized favorable prognostic factor. The
prognostic value and predictability of temozolomide efficacy
associated with JDH mutation in low-grade ghmna;a haa been
controversial. Consistent with our results, Kim ef al.?” showed
that IDHI and IDH2 mutations are not prognostic in low-grade
gliomas, but that 7P53 mutation is a significant prognostic indi-
cator of shorter survival and 1p/1 9% loss is prognostic of longer
survival. However, Sanson ef al.*” reported a different result,
spemﬁmlly that /DA mutation is associated with a better out-
come in grade 2 gliomas. Dubbink er al® 9 showed that IDH
mutation is associated with better outcomes for relapsed astrocy-
tomas previously treated with radiotherapy, but there was no
relationship between /DX mutation and temozolomide respon-
siveness. Houillier et al. ™ showed that JDHI or IDH2 muta-
tions predict better prognosis of glioma treated with
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temozolomide, but they did not appear to influence the course of
untreated low-grade glioma. Thus, the proguostic value of JDH
mutation is different from that of 1p/19q co-deletion, which is
prognostic as well as predictive for responsiveness to temozolo-
mide in low-grade gliomas. These inconsistent results on the
association between IDH mutation and survival in cases of low-
grade gliomas might be caused by the variable numbers of OG
and DA included in these studies. Almost all oligodendroglial
tumors with 1p/19q co-deletion also have an JDH mutation;*®
therefore, many cases of OG with favorable prognoses may
affect and confound measurements of survival rate in the whole
group of low-grade gliomas with /DH mutations. To avoid the
confounding influence of OG, we also focused on DA with
wild-type IDH; these tumors generally have neither 1p/19q
LOH nor TP33. However, they had outcomes comparable to
those of DA with /DK mutation. This finding indicated that DA
with wild-type JDH was not more malignant than DA with an
IDH mutation. This observation differed from the observation
that AA with wild-type IDH had markedly worse outcomes than
AA with an IDH mutation (OS, P = 0.0064; PES, P = 0.0001).

In contrast with grade 2 and 4 gliomas, the prognostic signifi-
cance of IDH mutation was evident for grade 3 sghomas and this
finding was consistent with previous reports.“>'7* Almost all
gliomas with 1p/19q co-deletion have an JDH mutation,®® and
anaplastic oligodendroglial tumors often harbor 1p/19q co-dele-
tion; therefore, monitoring of /I mutation might have more
clinical significance for patients with grade 3 gliomas with intact
1p/19q, and these mumors are predominantly AA. In fact, as the
hiqtopathological differential diagnosis of AA from GBM or DA
is often qub,lecme and dlacnme% frequently differ between
pathologists,*> a pathologmal diagnosis of AA may not always
indicate sameness between OImmas and similar prognosis. How-
ever, accurate determination of the pathological group of a
tumor is clinically critical for planning adjuvant therapy, such as
radiation and chemotherapy. Therefore, genetic analyses, which
may reflect causative origins of tumors, are expected to reveal
bioclogical traits with less inter-observer variation, as is the case
of 1p/19q co-deletion in oligodendroglial tumors. Because JDH
mutations have a defined role in gliomagenesis and indicate, to
some extent, the nature of the original tumor cell, monitoring
IDH mutational status may allow for accurate assignment of
diagnosed AA to low-grade gliomas that frequently harbor fDH
mutation or to primary GBM that vsually have intact IDH.
Therefore, we believe that monitoring IDH mutation in combi-
nation with 1p/19q co-deletion, which genetically differentiates
oligodendroglial and astrocytic tumors, could be a useful genetic
marker of prognostic value, especially for grade 3 glioma
patients.
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Abbreviations

2-HG 2-hydroxygluiarate

AA anaplastic astrocytoma

ACA anaplastic oligoastrocytoma
AOG anaplastic oligodendroglioma
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DA diffuse astrocytoma
GBM glioblastoma
GBMO glioblastoma with oligodendroglioma component
GGL ganglioglioma
IDH isocitrate dehydrogenase
LCH loss of heterozygosity
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One-third of patients with medulloblastoma die due to recurrence after various treatments including radiother-
apy. Although it has been postulated that cancer stem-like cells are radio-resistant and play an important role
in tumor recurrence, the “stemness” of medulloblastoma cells surviving irradiation has not yet been eluci-
dated. Using a medulloblastoma cell line ONS-76, cells that survived gamma irradiation were investigated on
their “stemness” in vitro. From 10500 cells, 20 radio-resistant clones were selected after gamma ray irradi-
ation (5 Gy xtwo fractions) using the replica micro-well technique. These 20 resistant clones were screened
for CD133 positivity by flow cytometry followed by side population assay, tumor sphere formation assay and
clonogenic survival assay. Results revealed CD133 fractions were significantly elevated in three clones, which
also exhibited significantly increased levels of tumor sphere formation ability and side population fraction.
Clonogenic survival assay demonstrated that their radio-resistance was significantly higher than the parental
ONS-76. This may support the hypothesis that a small number of cancer stem-like cells {CSCs) are the main
culprits in local recurrence after radiotherapy, and disruption of the resistance mechanism of these CSCs is a

critical future issue in improving the outcome of patients with medulloblastoma.

Keywords: medulloblastoma; radiation; CD133; cancer stem-like cell

INTRODUCTION

Medulloblastoma is the most common pediatric central
nervous system (CNS) tumor with an incidence of 0.5 per
100 000 children in Japan, and 0.65 per 100 000 in Europe
[1]. Approximately 75% of medulloblastomas develop in
the cerebellar vermis and it is most commonly seen at ages
6-7 years of age [1]. Although the current standard care for
medulloblastoma consists of maximum surgical removal
followed by conventional radiotherapy and concomitant
chemotherapy [2-3], approximately one-third of patients die
due to tumor recurrence [4]. Recurrence occurs not only

because of the invasive and metastatic nature of the tumor
[2], but also due to the restrictions on radiation doses to the
CNS in children [5-7]. Another biological factor leading to
treatment failure in one-third of patients may be tumor het-
erogeneity; a small mingled cell population survives
chemo-radiotherapy and regenerates the tumor mass al-
though most of the tumor cells are relatively sensitive to
chemo-radiotherapy.

Recently, it has been suggested that the cancer stem-like
cells (CSCs) are radio-resistant and may be involved in ma-
lignant brain tumor recurrence after radiotherapy [8-11].
Among these, CSCs in medulloblastoma have been reported
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to be enriched in CD133-positive cells and to have tumor
sphere formation ability [12-13]. In addition, it was
reported that the side population fraction is closely related
to the stemness of medulloblastoma cells through the Notch
pathway [14]. Thus, to elucidate the mechanism of recur-
rence after chemo-radiotherapy in patients with medullo-
blastoma, it is essential to confirm that the medulloblastoma
cells which survive irradiation contain radio-resistant CSCs.
Based on this background, we recreated the process of
tumor recurrence after X-ray irradiation in vifro to prove the
hypothesis that a small population of survivors is not only
radio-resistant but also has the characteristics of CSCs.

MATERIALS AND METHODS

Cell line and culture condition

A human medulloblastoma cell line, ONS-76, was obtained
from the RIKEN Cell Bank (Tsukuba, Ibaraki, Japan).
ONS-76 was established from a primary culture of tumor
tissue taken from a 2-year-old Japanese girl in 1987 [15]. It
has been reported that ONS-76 possesses the neuronal cell
markers neuron-specific enolase (NSE) and neurofilament
protein (NFP) in the cytoplasm. Also, the ONS-76 line
expresses class I and II major histocompatibility complex
(MHC) following administration of interferon-gamma
(IFN-v). These phenomena suggest that ONS-76 can differ-
entiate into both neural cells and glial cells; thus, ONS-76
may be kept in an undifferentiated or early differentiation
state and may have neural stem cell-like properties [15].
Also, we have previously reported that ONS-76 cells form
clear colonies with high plating efficiency [16], and a
recent report defined that ONS-76 has wild-type p33 [17].
The cells were cultured in minimal essential medium
(MEM) (Sigma-Aldrich Inc., Tokyo, Japan) containing
10% fetal bovine serum (FBS) (Nichirei Biosciences Inc.,
Tokyo, Japan), 100 mg/ml streptomycin and 100 U/ml
penicillin (Sigma-Aldrich). The cells were incubated in a
humidified atmosphere at 37°C with 5% CO, in the air. For
subcultures, cells were rinsed with Ca®* and Mg*-free
phosphate buffered saline (PBS) (Sigma-Aldrich), and were
dispersed with 0.25% trypsin containing 0.5 mM of ethyle-
nediaminetetraacetate (EDTA) (Sigma-Aldrich).

Irradiation and dosimetry

ONS-76 cells in a logarithmic growing phase were irra-
diated with "¥cesium y-rays at a dose rate of approximately
0.9 Gy/min using Gammacell (Atomic Energy, Ottawa,
ON, Canada). Irradiation was performed at room tempera-
ture. Dosimetry at the same position was performed using a
small chip photoluminescence glass dosimeter (PLD)
system (Dose Ace; Asahi Techno Glass Co., Japan).
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Isolation of surviving cells after irradiation

To isolate surviving clones after irradiation, the modified
replica micro-well method was performed {Supplemental
Fig. 1) [18]. First, ONS-76 cells in flasks were irradiated
with 5 Gy of y-rays. Then, the cells were trypsinized and
suspended in MEM, and 350 cells were counted and
seeded into thirty 10-cm dishes (Falcon, Becton Dickinson,
Franklin Lakes, NJ, USA). After two weeks of incubation,
the 96 largest colonies were selected and sampled by
custom-made cloning cylinders, and transferred to three
identical 96-well plates (Falcon, Becton Dickinson). After
incubation for 24 h, one of the three plates was irradiated
with 5 Gy of y-rays again and the three plates were incu-
bated for another 5 days. Finally, the cells in the frradiated
plate and one of two unirradiated plates were fixed and
stained with 0.25% methylene blue (Wako Pure Chemical
Industries Ltd, Osaka, Japan) in 90% ethanol solution.
Comparing the two stained plates macroscopically, the
deep-colored candidates were selected and harvested from
the corresponding wells of the remaining plate.

Immunocytochemistry by flow cytometry

The cells were detached by 0.25% trypsin-EDTA, and
washed in PBS containing 2% FBS. Then, 2 x 10° cells
were suspended in 80 pl of PBS with 2% FBS, and 20 1l of
FcR blocking reagent (Miltenyi Biotec Inc., Tokyo, Japan)
and 10 pl of anti-human CD133/1 mouse IgGl antibody
conjugated to phycoerythrin (PE)} was added (Miltenyi
Biotec). PE-labeled mouse IgG1l (BD Biosciences, Franklin
Lakes, NJ, USA) was used as an isotype control. The cell
suspension supplemented with these antibodies was incu-
bated at 4°C in the dark. After 30 min of incubation, the
cells were washed twice in PBS containing 2% FBS, and

~then propidium iodide (PI) (Sigma-Aldrich) was added at a
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final concentration of 1 pg/ml to eliminate dead cells. The
treated cells were filtered through a 35-um cell strainer
before flow cytometry (BD FACSCalibur; BD Biosciences).

Tumor sphere limiting dilution assay

For limiting dilution assay, ONS-76 cells were dissociated
with 0.25% trypsin-EDTA and suspended in PBS contain-
ing 2% FBS. Then, Pl was added at a final concentration of
1 pg/ml, and Pl-negative cells were sorted by MoFlo
(Beckman Coulter Inc., Brea, CA, USA). The selected cells
were counted and plated at numbers of 2, 5, 8, 10 and 20
cells per well of the ultra low attachment surface 96-well
(Corning Inc., Lowell, MA, USA). The numbers of the
cells were plated in 12 wells each of which contained 200 pl
of serum-free medium (SFM) composed of Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/
F12) medium (GIBCO, Life Technologies, Carlsbad, CA,
USA), 20 ng/ml epidermal growth factor (BGF) (Sigma-
Aldrich), 20 ng/ml basic fibroblast growth factor (bFGF)
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(Sigma-Aldrich) and 20 pl/ml B27 supplement (GIBCO,
Life Technologies). During incubation, the cells in the
wells were fed with 0.025 ml of SFM on Days 2, 4 and
6. Finally, wells that did not contain spheres were selected
macroscopically and their numbers counted on Day 7. The
percentage of wells without tumor spheres was calculated
and plotted against the number of cells plated per well.
From the regression curves, X-intercept values were extra-
polated to represent the number of cells required to form at
least one tumor sphere in each clone.

Side population analysis
The cells were trypsinized, washed and resuspended at 10°
cells/ml in Hank’s balanced salt solution (HBSS) (Lonza
Walkersville Inc., Walkersville, MD, USA) containing 3%
FBS and 10 mM HEPES (GIBCO, Life Technologies).
Then, Hoechst 33342 (Dojindo, Kumamoto, Japan) was
added at a final concentration of 8 ug/ml with or without
15 uM reserpine (Sigma-Aldrich). Reserpine was used here
because it is an adenosine-triphosphate (ATP)-binding cas-
sette (ABC) transporters antagonist. It has been used to
evaluate or confirm the presence of side-populations as it is
able to selectively extinguish side-populations by its specif-
ic function [19]. After incubation at 37°C/5% CQ, for 90
min with gentle agitation every 30 min, cells were washed
twice with ice-cold HBSS containing 3% FBS and 10 mM
HEPES, followed by and addition of PI to a final concen-
tration of 1 pg/ml. Finally, the cells were filtered through a
35-um cell strainer (Falcon, Becton Dickingon) to obtain
single-cell suspensions, and placed on ice until analysis.
Aliquots of 5x10° or more cells were analyzed by
MoFlo (Beckman Coulter). The Hoechst 33342 dye was
excited by a 350-nm laser, and subjected to dual-
wavelength analysis using a 457/50 (Hoechst blue) band-
pass filter and 670/30 band-pass filter (Hoechst red). The

o

PI was excited with a 488-nm laser and measured through
the 670/30 band-pass filter for discrimination of dead cells.

Clonogenic survival assay

The cells in flasks were exposed to y-rays with dose values
of 1,2, 4, 6, 8 and 10 Gy. After irradiation, the cells were
trypsinized and counted, and the predetermined number of
cells was plated onto five 60-mm dishes (Falcon, Becton
Dickinson) at each dose point. After 14 days incubation,
the colonies were fixed and stained with methylene blue so-
lution 0.25% methylene blue (Wako Pure Chemical
Industries) in 90% ethanol solution. The number of surviv-
ing colonies that mclude 50 cells or more was counted and
averaged [20]. The survival curves were fitted to the linear-
quadratic {(LQ) model using DeltaGraph v.5.4 software
(RedRock Software, Inc., Salt Lake City, UT, USA) as pre-
viously described [16].

Growth pattern and CD133-positive cell fraction
analysis

The growth rates and CD133 positivity were analyzed sim-
ultaneously. Before the experiment, 1x 10° cells were
plated in T75 flasks (NUNC) and pre-incubated for 3 days.
Then the cells were trypsinized and plated at a density of
1x10° cells/flask in T75 flasks. The numbers were
counted using a Coulter Counter (Beckman Coulter) every
24 h. The ratios of CDI133-positive cells were analyzed
simultaneously by the above-mentioned method.

Statistical analysis

Experiments were performed three times each. The mean
and standard deviations (SD) were calculated at each data
point. Student’s ¢ test was used to analyze the significance
of differences between groups. A probability (P} value of
less than 0.05 was regarded as statistically significant. In
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Fig. 1.

Results of CD133 positivity analyses on the selected clones and the parental cells by flow cytometry. ONS-76

{A), ONS-F8 (B), ONS-B11 (C) and ONS-F11 (D) are results with CD133-PE antibody. ONS-76 (E), ONS-F§ (F),
ONS-B11 (G) and ONS-F11 (H) are results with an isotype control antibody.
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addition, linear regression analysis and confidence interval
estimation were performed on the results of colony survival
assay in which the 10% survival values (Dgy) were
obtained and surviving fraction at 2 Gy exposure (SF2)
were calculated.

RESULTS

Isolation of surviving cells after irradiation

After y-ray irradiation with 5 Gy, approximately 10500
ONS-76 cells in total number were seeded in 30 dishes.
Consequently, 1440 colonies (13.7%) were formed after 2
weeks of incubation. From these colonies, 96 large colonies
were selected by eye. Then, after another 5 Gy of y-ray ir-
radiation, 20 clones with high proliferative potency were
selected and used in the further analyses (Supplemental
Fig. 2 and Supplemental Fig. 4).

Screening of CD133 positivity

The results of CD133 positivity screening in the 20 clones
are shown in Table 1. Parental ONS-76 contained 3.77% +
0.09% CD133-positive cells (Fig. 1 and Table 1). The iso-
lated clones showed a wide variation of CD133 positivities
ranging from 0.06% to 43.91% (Table 1). Of these 20
clones, 12 clones showed a decreased CD133 positivity
while 8 clones showed an increased CD133 positivity as
compared with the parental ONS-76 cell line. Among 8
clones with increased CDI133 level, 3 clones, namely
ONS-F8, ONS-B11 and ONS-F11, showed significantly
higher CD133-positive ratios of 25.30% +0.41%, 43.91% +
2.08% and 14.19% +0.75%, respectively (Fig. 1 and
Supplemental Fig. 3A). Thus, further analyses were focused
on these three clones and the parental ONS-76 cell line.

Table 1. CD133 positive ratios in 20 isolated clones
Clones  DLEpositne (g, CDISpostive
ONS-76 3.77
ONS-B11 4391 ONS-H1 0.98
ONS-F8 25.30 ONS-B5 0.98
ONS-F11 14.19 ONS-D2 0.43
ONS-C7 7.21 ONS-H7 0.35
ONS-G8 6.34 ONS-C8 0.3
ONS-E10 6.29 ONS-B10 0.3
ONS-A6 5.85 ONS-E4 0.24
ONS-C1 535 ONS-B3 0.23
ONS-C10 3.46 ONS-H8 0.2
ONS-A10 1.06 ONS-C5 0.06
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Fig. 2. Results of the tumor sphere formation assay. Photographs
show tumor spheres from ONS-76 (A), ONS-F§ (B), ONS-B11 (C)
and ONS-F11 (D). The black bar in the panel D indicates 300 ym
in length. The tumor sphere formation abilities in ONS-76 (closed
circles), ONS-F8 (open circles), ONS-B11 (closed squares) and
ONS-F11 {open squares) were determined by the limiting dilution
assay.

Tumor sphere formation ability

The results of tumor sphere formation assay of ONS-76,
ONS-F8, ONS-B11 and ONS-F11 demonstrate that the
calculated numbers of cells required to form at least one
tumor sphere/well were 23.2+£0.9 in ONS-76, 10.8 +0.6
in ONS-F8, 10.3x0.5 in ONS-B1l and 13.2+23 in
ONS-F11 (Fig. 2). Statistical analyses demonstrated that
three isolated clones with high CDI33 positivity have
significantly higher tumor sphere formation ability as
compared with the parental ONS-76 (Supplemental
Fig. 3B).
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Fig. 3. Results of the side-population analysis.

ONS-76 (A), ONS-F8 (B), ONS-B11 (C) and ONS-F11 (D) are results

of flow cytometry with Hoechst 33342, ONS-76 (E), ONS-F8 (F), ONS-Bl1l (G) and ONS-F11 (H) are results after
treatment with reserpine. Note that the side-population disappeared in E, F, G and H.
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Fig. 4. Results of the clonogenic survival assay. {(A) Survival curves of ONS-76 (closed circles) and ONS-F8 (open circles). (B)
Survival curves of ONS-76 (closed circles) and ONS-B11 (closed circles). (C) Survival curves of ONS-76 (closed circles) and
ONS-F11 (open triangles). The survival parameters were calculated by curve fitting with the LQ model. Emor bars indicate

standard deviation.

Percentage of side population cells

As shown in Fig. 3A-D, the percentages of the side
population in ONS-76, ONS-F8, ONS-B11 and ONS-F11
were 0.14% +0.02%, 0.26% + 0.02%, 0.33% +0.05% and
0.24% +0.02%, respectively. In each case, the side popula-
tion was decreased significantly after treatment with reser-
pine (15 mg/ml) (Fig. 3E-H). Statistical analyses demonstrated
that these three isolated clones had significantly higher side
population cell fractions as compared with the parental
ONS-76 (Supplemental Fig. 3C).

Clonogenic survival assay

To validate the radio-resistance of the three clones with
high CD133 positivity, standard clonogenic survival assay
was performed, and the results are shown in Fig. 4. The
mean data points for each radiation treatment were curve-
fitted by the L.Q model. The error bars on the survival
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curves indicate the SD calculated from three independent
experiments. The 10% survival values (D10) were 5.68 =
0.13 Gy in ONS-76, 6.53 +0.15 Gy in ONS-F8, 6.64 +
0.08 Gy in ONS-B11 and 6.26 +0.07 Gy in ONS-F11, and
the survival fractions at 2 Gy (SF2) were 0.64% +0.03% in
ONS-76, 0.82% +0.06% in ONS-F8, 0.90% +0.05% in
ONS-B11 and 0.81% +0.07% in ONS-F11 (Table 2).
Considering a 95% confidence interval (CI}, these three
isolated clones had significantly higher SF2 values as com-
pared with the parental ONS-76 (Table 2).

Growth pattern and CD133-positive cell fraction

As shown in Fig. 5A, the numbers of cells of the three
clones became greater than that of ONS-76 after 96 h of in-
cubation although their growth patterns were similar. Also,
it was shown that compared with CD133-negative cells, the
percentage of CD133-positive cells in the three clones
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Table 2.

L. Sun e al.

Calculated parameters of survival curves of ONS-76, ONS-F8, ONS-B11 and ONS-F11

Gy N 295% CI BGY ) 295% CI R SE2 = 95%CI Dy (Gy) £ 95% CIT
ONS-76 0.13+0.03 0.05 +0.003 0.99 0.64+003 568 +0.13
ONS-Fg ~0.01 +0.05 0.06 +0.005 0.99 0.82+0.06 6.53+0.14
ONS-B11 ~0.07 +0.04 0.06 +0.005 0.99 0.90 +0.05 6.64 +0.08
ONS-F11 -0.016 +0.02 0.06 +0.004 0.99 0.81+0.02 6.26 = 0.07

Values of ¢ and B with +95% confidence interval (CT), and the coefficient of determination (R were calculated by curve fitting
with linear-quadratic (LQ) model. Values of SF2 indicate surviving fractions at dose of 2 Gy. Dy indicates dose corresponding to
10% surviving fraction. Values of 95% CI were calculated from three independent experiments.
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Fig. 5. Chronological changes of cell counts and CD133-positive fractions of the selected clones and the parental cells. (A) Cell
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decreased from O to 48 h, and they increased rapidly from
48 to 72 h (Fig. 5B). The calculated maximum growth rates
of CD133-positive cells were 310% +50% in ONS-76,
768% +96% in ONS-F8, 1338% + 174% in ONS-B11 and
2053% + 323% in ONS-F11 (Fig. 5C), which were signifi-
cantly greater than the growth rates of 300% or less in
CD133-negative cells in every cell line.

DISCUSSION

It has been postulated that a very small number of CSCs in
tumor tissue survive radiotherapy and lead to tumor regen-
eration in various malignant tamors [21-22]. However, it
has not been clarified whether radio-resistant subpopula-
tions possess stemness in medulloblastoma cells. In this
study, we aimed to confirm that medulloblastoma cells that
survived y-ray irradiation contain cells with stem cell-like
characteristics in vitro. Thus, we recreated the process of
tumor recurrence in vitro using y-ray irtadiation followed
by resistant cell selection and characterizing their stemness.

Several attempts have been made to establish radio-
resistant cells after exposure to single or fractionated irradia-
tions, and their radio-resistant nature have been analyzed
[23-24]. Wel et al. selected radio-resistant cells from human
fibrosarcoma HT1080 through exposure to 2 Gy per day,
5 days per week for 7 months. Their radio-resistant cells had
different G-banded karyotypes compared with parental cells
[23]. Also, Tang et al. established two radio-resistant sublines
of human hepatocellular carcinoma HepG2 cells by exposure
to 2 Gy of y-rays for 10 days or 10 Gy for 2 days. They
found radio-resistant cells had a greater extent of potentially
lethal damage repair (PLDR) and over-expression of Raf-1
[24]). More recently, Kuwahara et al established radio-
resistant cells from a human hepatocellular carcinoma cell
line, HepG2, in which the cells were exposed once to 2 Gy
of o-particles with boron neutron capture, followed by
0.5 Gy of X-rays at every 12-h interval for more than 6 years
associated with 2 Gy of X-rays per day for 30 consecutive
days [25-26]. These reported methods were most likely
intended to induce mutations by iradiation over a certain
period of time to produce stably radio-resistant cells. In con-
trast, our purpose here was to recreate tumor recurrence after
radiotherapy and to evaluate stemness in surviving cells.
Thus, we used a modified replica micro-well method to
select clones after 5 Gy of y-irradiation twice, based on our
previous data that 5 Gy corresponded to approximately 20%
survival in ONS-76 (Supplemental Fig. 1) [16]. Although a
comparison between non-irradiated and irradiated clones may
demonstrate the effect of irradiation more clearly, the chances
of harvesting radio-resistant clones from non-irradiated cells
without selection would be very low. Thus we evaluated
steminess only on clones isolated by the method described
above.
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CD133 was originally found as a marker on neural stem-
like cells [27-28]. In addition, CD133-positive cells were
reported to have strong tumor-initiating and multilineage
capacities in glioblastoma and medulloblastoma cells
[12-13, 29]. Therefore, CD133 is recognized as one of the
reliable markers of CSCs in these tumors. In this study, 20
selected radio-resistant clones expressed CD133 with a
range from 0.06 to 44%, and three clones showed predom-
inantly higher levels of CD133 positivity as compared with
parental ONS-76 (Table 1 and Fig. 1). In addition, we con-
firmed that these three clones were stable in maintaining
CD133 positivity even after 10 passages. Since it has been
reported that CD133-negative cells do not spontaneously
become CD133-positive after cell division, and irradiation
itself does not induce CD133 expression in CD133-negative
tumor cells, these three clones were most likely derived from
cells that were originally CD133-positive [8]. Thus, our ob-
servation may indicate that these CD133-positive clones
have strong self-renewal capacity to produce CD133-positive
cells in a symmetric cell division pattern. As for the other 17
clones with CD133-positive ratios ranging from 0.06-7.21%,
some of them may possess radio-resistant features due to
other mechanisms that are not directly related to stemmness,
however, further characterization of these clones is out of the
scope of the present study.

Other characteristics of CSCs in glioblastoma and medul-
loblastoma cells are sphere formation ability in optimum
media [12, 30], and higher Hoechst 33342 effluxes side-
population [19, 31-34]. We demonstrated that the three
clones with high CD133-positive ratios also had signifi-
cantly higher Dy and SF2 values, sphere formation ability
and side-population fractions as compared with the parental
ONS-76 (Figs 2, 3, 4, Supplemental Fig. 3 and Table 2).
These results agree well with the reported data, which have
demonstrated that side-population cells were expressing
high levels of self-renewal-related genes such as notch and
PTEN in brain tumor cells [14, 35]. However, although we
performed double staining of CD133 and side-population
in FACS analysis, we could not find a close correlation
between these in the three isolated radio-resistant clones, in-
dicating that they may contain different subtypes of cells
with regard to stemness.

We observed that CD133-positive cells did not prolifer-
ate during the first 48 h of the incubation period, and they
grew very rapidly thereafter (Fig. 5B). This may demon-
strate that CD133-positive cells proliferated by symmetric
cell divisions after remaining in the resting (GO) state for a
latent period. Furthermore, maximum growth rates of
CD133-positive cells in the three isolated clones were sig-
nificantly higher than those to the parental ONS-76. From
these observations, these three isolated clones possess not
only self-renewal potency but also potentially high prolif-
erative ability in vitro (Fig. 5C).
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As for the mechanism of radio-resistance of CSCs, Bao
et al. reported that the expression levels of checkpoint-related
proteins such as ATM, Radl7, Chkl and Chk2 were highly
up-regulated in CSCs after irradiation, resulting in accumula-
tion of cells in the cell cycle arrest in order to repair
damaged DNA [8]. In addition, Dielm et al demonstrated
that CSCs had lower reactive oxygen species (ROS) levels
with less DNA damages, which may suggest that CSCs had
high radiation-induced free radical scavenge ability and
had lower incidence of radical-induced DNA damages [36].
Also, it has been reported that the self-renewal-related
notch pathway was closely associated with increase of the
CD133-positive cell fractions and increase of radio-resistance
in brain tumor cells [37]. Another self-renewal-related gene,
BMI-1, was also reported to enhance radio-resistance in brain
tumor cells [38]. These molecular analyses of the mechanism
of self-renewal and radio-resistance may add further informa-
tion to the characterization of the three clones isolated in this
study.

To improve tumor control we must initially clarify resist-
ance mechanisms. Elucidating the role of medulloblastoma
stem cells in tumor response to radiation will enhance our
understanding of the current status of radiotherapy against
this pediatric brain tumor, and may help direct our research
to achieving a more favorable outcome. Thus, future studies
should be aimed at defining a specific method to disrupt the
resistance mechanism of CSCs and improve overall tumor
control. As mentioned above, the checkpoint kinases or self-
renewal related genes may be possible molecular targets. At
this point, however, it is mandatory to proceed with studies,
not only to clarify the clinical applicability of these mole-
cules, but also to find other novel molecules that are respon-
sible for both stemness and radio-resistance.

In conclusion, we recreated the phenomenon of medullo-
blastoma recurrence after radiotherapy in vitro, and demon-
strated that at least three clones among 20 survivors with
high proliferative proficiency after y-irradiation possess
cancer stemness. These results should contribute to eluci-
dating the mechanism of recurrence after radiotherapy in
patients with medulloblastoma.
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Keywords: o SLORETA-gm is a reliable quantifiable method without arbitrariness that can be used for analysis of the
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Epilepsy
Interictal spike ABSTRACT
MEG

Objective: To determine whether quantitative modification of a standardised low-resolution brain elec-

tromagnetic tomography (sLORETA-qm) could be used as a reliable too! for quantitative analysis of mag-

netoencephalography (MEG) for analysis of the interictal epileptic spike. To verify the performance of

SsLORETA-qm, magnetic source location and quantity were compared with the equivalent current dipole

(ECD) method.

Methods: A total of 50 sources from 10 patients with epilepsy were obtained. Analyses were performed

after the MEG data were 3-70 Hz band-pass filtered. Time points for analysis were selected referring to

waveform patterns and the isofield contour map. With the same spherical model, source estimation was

conducted with two methods of analysis: ECD and sSLORETA-gm. Distance from the centre of the spherical

model and intensities were compared between the methods.

Results: There were no significant differences between the methods in the distance from the spherical

model (paired t-test, p = 0.8761). Source intensities between the methods were strongly correlated

(Spearman’s Rho = 0.9803, p < 0.001).

Conclusions: sLORETA-qm was closely correlated with ECD concerning point source location and quantity

in analysis of the interictal epileptic spike.

Significance: SLORETA-gm is a reliable quantifiable method without arbitrariness for analysis of the inter-

ictal epileptic spike.

© 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction it is preferable to record the ictal epileptiform discharge in electroen-

cephalography (EEG) or magnetoencephalography (MEG) in order to

An epileptogenic zone is defined as the zone of actual seizure onset detect the epileptogenic zone. Chances to record a seizure from a pa-

that needs to be removed in order to achieve seizure freedom tient are rather low because of limited recording time; so it is impor-

(Penfield and Jasper, 1954). In preoperative evaluation of epilepsy, tant to detect the irritative zone that demonstrates the interictal focal
epileptiform discharge due to paroxysmal neuronal activity.

* Corresponding author. Address: Department of Neurosurgery, Osaka City Paroxysmal interictal epileptiform discharge generates a strong

University Graduate School of Medicine, 1-4-3 Asahi-machi, Abeno-ku, Osaka magnetic ﬂux compared_ to n9rma_l spont?neops magr_zetlc activity
545-8585, Japan. Tel.: +81 6 6645 3846; fax: +81 6 6647 8065. of the brain. For analysis of interictal epileptiform discharge, the

E-mail address: uda@med.osaka-cu.acjp (T. Uda). equivalent current dipole (ECD) estimation method is commonly
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used, especially for clinical evaluation. In this method, a single
source at a single time point is estimated from the surface mag-
netic field distribution, and the location, intensity and orientation
of the source are obtained.

Although the ECD estimation method is a simple and useful
model for solving the electromagnetic inverse problem, it has
two problems concerning objective assessment of the electromag-
netic activity: restricted numbers of current sources and arbitrary
sensor selection.

Spatial filtering techniques are alternative approaches to these
problems. Standardised low-resolution brain electro-magnetic
tomography (SLORETA) is a non-adaptive spatial filtering technique
that has been reported previously (Pascual-Marqui, 2002), and has
no localisation bias under ideal conditions (Greenblatt et al., 2005;
Sekihara et al.,, 2005). This technique can be used to determine the
localisation of magnetic activities, even for multiple sources (Wag-
ner et al,, 2004), unless the sources are located in close proximity to
each other. Furthermore, source reconstruction by sLORETA can be
performed without sensor selection, and therefore arbitrariness of
sensor selection can be avoided. Moreover, SLORETA can also pro-
vide pseudo-statistic values, which can be used as estimates of
the degree of activity. These properties are highly advantageous
for quantitative analysis of MEG in a clinical setting.

To establish SLORETA as a quantifiable method, SLORETA was
modified and named SLORETA-qm (Terakawa et al., 2008). The
use of sLORETA-qgm with the somatosensory evoked field (SEF)
has been reported previously (Terakawa et al,, 2008). According
to that report, the ECD moment and sSLORETA-qm intensity were
highly correlated with the SEF. Moreover, SLORETA-qm was ap-
plied to assess spontaneous neuromagnetic slow wave activity
{Sakamoto et al., 2010). In that report, neuromagnetic slow wave
activity was demonstrated to be distributed in the area of ischae-
mic brain lesions, and the activity intensity decreased after surgery
performed to improve cerebral blood flow. It has been reported
that SLORETA-gm may offer a novel, non-invasive method for iden-
tification and quantification of cerebral ischaemia. However, it re-
mains unclear whether this modification of sLORETA can be
applied to the interictal epileptic spike discharge, in other words,
spontaneous paroxysmal magnetic activity without averaging.

The present study was performed to determine whether
SLORETA-qm spatial filtering could be used as a reliable tool for
quantitative analysis of the MEG interictal epileptic spike dis-
charge. To verify the performance of SLORETA-qm, magnetic source
location and quantity were compared with the conventional ECD
method.

2. Methods
2.1. Patients

All 10 patients (six men and four women, ranging in age from
20 to 55 years) with medically refractory partial epilepsy and dem-
onstrating interictal epileptic spike discharges in EEG and MEG,
who were admitted to Department of Neurosurgery, Osaka City
University Hospital between May 2008 and March 2010 and met
the following inclusion criteria, were retrospectively included in
the study. Patient characteristics are shown in Table 1. They all
had epilepsy surgery at Osaka City University Hospital after MEG,
and were followed up for at least 1 year after surgery. All subjects
gave their informed consent, and the study was approved by the
Ethics Committee of Osaka City University Hospital.

2.2. MEG measurement protocol

MEG was performed in a magnetically shielded room at Osaka
City University Hospital using a 160-sensor helmet-type MEG
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Table 1
Patient characteristics and spike origin.
Case Age (years) Gender Spike origin
1 23 M bil T
2 32 M LtT
3 55 . M LtF
4 38 M RtF
5 28 F LtF
6 24 F Rt T,RtF
7 20 F REF RLT, LtO
8 30 M bil T
9 47 F bil O,RLT
10 34 M Rt T

M, male; F, female; bil, bilateral; R, right; Lt left;T, temporal; F, frontal; O, occipital.

system (Yokogawa Electric Corporation, Tokyo, Japan) with a mag-
netic field resolution of 4 fT/Hz1/2 in the white noise region. Sens-
ing and reference coils in this system are both 15.5mm in
diameter, with a 50-mm baseline and 23 mm of separation be-
tween each pair of sensing coils. The subjects were positioned in
the supine position with their eyes closed, with use of a horizon-
tal-type dewar. MEG data were recorded through a 1- to 200-Hz
band-pass filter with a sampling rate of 1000 Hz. The MEG acquisi-
tion time was 20 min. In addition, 19 electroencephalography
(EEG) leads were recorded simultaneously, according to the inter-
national 10-20 system.

2.3. Data analysis

To reduce noise caused by the surrounding environment, data
from the reference magnetometers, which were located outside
of the dewar and picked up only environmental noise, were sub-
tracted from the obtained MEG data.

As an epileptic spike discharge is defined as having a duration of
20 to less than 70 ms (IFSECN, 1974), the MEG data were band-pass
filtered to cover this duration between 3 and 70 Hz (Papanicolaou,
2009). Time points for analysis were selected referring to the wave-
form patterns of MEG and EEG, and the isofield contour map of MEG.
The following two methods of analysis, ECD and sSLORETA-qm, were
conducted using the same spherical model. Three-dimensional
coordinates, distance from the centre of the spherical model and
intensities were obtained by the two analytical methods and
recorded for analysis.

2.3.1. ECD

Twenty sensors around the centre of the maximum extremum
{the point at which the magnetic flux exits) and the minimum
extremum {where the flux re-enters the head) on the isofield con-
tour map were selected, and a magnetic source was estimated at a
selected time point with the single dipole estimation method (Cuf-
fin, 1985; Scherg and Von Cramon, 1986). Dipoles estimated with
over 90% goodness of fit {GOF) were adopted as successful source
estimations.

2.3.2. SLORETA-gm

MEG data from all sensors {160 sensors) were used for analysis.
The brain area in the spherical model was divided into approxi-
mately 13,000 voxels with a spacing of 5 x 5 x 5 mm?. The actual
voxel count depended on the head size of each subject, and ranged
from 11,668 to 18,796. Voxels in areas with no effect of brain activ-
ities in the cerebral cortex (such as the cerebellum, brain stem, and
in the vicinity of the eyes) were excluded. Voxels within 25% of the
radius of the spherical model were also excluded. These operations
were performed automatically by referring to the spherical model
of each subject. In Fig. 1, adopted voxels are shown in pink. Previ-
ous reports have described how to obtain quantitative multiple
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Fig. 1. Brain area in the spherical model is divided into voxels with a velume of 5 % 5 x 5 mm?. Adopted voxels are shown in pink. Voxels in areas with no effect from brain
activities in the cerebral cortex (such as cerebellum, brain stem, and the vicinity of the eyes) are excluded. Voxels within 25% of the radius of the spherical model are also

excluded.

source estimation using sLORETA-gm (Sakamoto et al, 2010;
Terakawa et al, 2008). In short, the source reconstruction was
performed by sLORETA at each time point as a first step (Pascual-
Marqui, 2002). Subsequently, a voxel with a spatially maximum
or local maximum intensity at each time point was chosen as a
peak source. Finally, on the voxel chosen as the peak source, the
quantified source intensity was estimated by correcting the lead-
field component. The centre of the voxel was used as the three-
dimensional coordinate. Source estimation with SLORETA-qm
was computed with custom software developed using MATLAB
version 7.7 {MathWorks Inc., Natick, MA, USA).

2.4. Evaluation

If the distances between the sources in the two analytical meth-
ods {(a) in Fig. 2] were less than 5 mm (same as the voxel diame-
ter), these sources were considered concordant. In order to
compare the location of the source between the two methods of
analysis, distances from the centre of the spherical model [(b)
and {¢) in Fig. 2] were measured for each spike. A paired sample
t-test was used to identify differences in distance from the spher-
ical centre between the two methods after confirming the data
were normally distributed (assessed by the Shapiro-Wilk test).

Spherical center

Fig. 2. Summary of analysed parameters: (a) distances between sources estimated
by the equivalent current dipole (ECD) and by quantitative medification of
standardised low-resolution brain electromagnetic tomography (SLORETA-qm),
(b) distance from the centre of the spherical medel te the scurce estimated by ECD,
and (c¢) distance from the centre of the spherical medel to the seurce estimated by
SLORETA-gm. Circle indicates the radius of the spherical moedel.

To study the relationships of the intensities between the two
methods, a non-parametric correlation coefficient {Spearman’s
Rho) was used because the intensities of the two methods were
not normally distributed (Shapiro-Wilk test). Probability values
less than 0.05 were considered significant in all statistical analyses.
The software JMP 9.0 for Windows (SAS Institute Inc., Cary, NC,
USA) was used for statistical evaluation.

3. Resulis

A total of 50 concordant sources (five interictal epileptic spikes
for each patient) were used for analysis. The distance between the
corresponding two sources [(a) in Fig. 2] and source intensities
from the two methods are summarised in Table 2.

3.1. Distance from the centre of the spherical model to the estimated
sources

The distances from the centre of the spherical model to the esti-
mated sources were 57.95+12.96 mm (mean+SD) in ECD and
57.99+12.81 mm (mean+SD) in sLORETA-qm [(b) and (c) in
Fig. 2, respectively]. There were no significant differences between
the two distances (paired sample ¢-test, p = 0.8761).

3.2. Source intensities

As a result of correlation analysis, a close correlation was found
between the two source intensities {Spearman’s correlation coeffi-
cient, Rho = 0.9619, p < 0.001) (Fig. 3).

3.3. Representative case

3.3.1. Case 1_23-year-old man

The overlaid waveform of all 160 sensors is shown in Fig. 4A.
High-amplitude magnetic flux was recorded around the time point
of 1597 ms. In Fig. 4B, the isofield contour map at the time point of
1597 ms was depicted. The maximum extremum and the mini-
mum extremum were recognised in the left temporal area. In
ECD, 20 sensors arocund the centre of the maximum extremum
and minimum extremum were selected {blue dots and sensor
numbers in Fig. 4B). Waveforms of the 20 selected sensors are
shown in Fig. 4C. Magnetic sources were estimated with the single
dipole estimation method. The source was estimated with 94.56%
GOF and the intensity of the source was 137.77 nAm. The distance
from the spherical centre was 55.53 mm. In sSLORETA-qm, all 160
sensors were used for source estimation. A total of three sources
could be estimated, and the source intensities were 164.05,
66.19, and 39.80 nAm (Fig. 5). The peak voxel was located in left
temporal lobe [(a) in Fig. 5] and the distance from the spherical
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Table 2

Characteristics of estimated sources determined by equivalent current dipole (ECD)
and quantitative modification of standardised low-resolution brain electromagnetic
tomography (SLORETA-gm).

Distance between Intensity range

the two sources” (nAm)
[median (range)]
(mm)
ECD 3.53(1.28-4.98) 72.35-767.62
SLORETA-gm 62.89-716.54
" (a)in Fig. 1.
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Fig. 3. The correlation between intensities from equivalent current dipole (ECD) and
quantitative meodification of standardised low-resolution brain electromagnetic
tomography (SLORETA-gm) is depicted as a scatter plet. A close correlation is found
between the two values (Spearman’s correlation coefficient, Rho = 0.9803, p < 0.001).

Fig. 4. (A} An overlaid waveform of all 160 sensors between 1000 ms and 2200 ms
is demonstrated. High amplitude magnetic flux was recorded arcund 1597 ms. (B)
Isofield contour map at the time peint of 1587 ms is depicted. The maximum
extremum (red contour) and minimum extremum (green contour) are recognised
on the left temporal area. Blue dots indicate the 20 selected sensors used for
analysis of the equivalent current dipele (ECD). (C)Waveforms of 20 selected
sensors are shown.
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centre was 55.94 mm. Estimated sources from the two analytical
methods were superimposed on the patient’s brain (Fig. 6). In this
figure, the estimated source and orientation by ECD are depicted
with a blue square and tail, respectively. The estimated peak
source by sLORETA-qm is depicted as pink and white ellipse. The
distance between the two sources is 4.33 mm.

4. Discussion

The present study evaluated the relationship between the sLO-
RETA-qm and ECD concerning source location and quantity of the
interictal epileptic discharge. In the analysed range of intensities
(approximately 70-700 nAm), ECD dipole moments and sLORE-
TA-qm intensities were closely correlated. There was no significant
tendency concerning the distance from the centre of the spherical
model between the two methods. To our knowledge, there have
been no previous reports that have compared sLORETA-gm and
ECD point source localisation and quantification during analysis
of the interictal spike discharge in MEG.

ECD is a conventional and widely used approach, especially for
studying the interictal epileptic spike discharge (Assaf et al., 2004;
Iwasaki et al,, 2002; Sakamoto et al., 2003). However, there are sev-
eral problems concerning application of the ECD model to interictal
epileptic spike discharge. The main problem is derived from the
fact that all sensors cannot be taken into account when estimating
the ECD source. In addition, the number of scurces must be as-
sumed by the isofield contour map before fitting the dipole model.
Sensor location and the number of sensors selected depend on the
examiner's experience and preference. Subjective and objective
assessments of the irritative zone from the patient’s ictal symptom
may also affect sensor selection. Consequently, source location and
quantity can be arbitrarily changed by each examiner, especially in
the case of multiple sources. Another problem is that the sources
are estimated as a maximum intensity spot, not a distributed area
as in ECD. Considering that epileptic activities are often associated
with multiple sources, and they are usually distributed in some
areas of the brain, the use of spatial filtering in analysis of epileptic
activities may be appropriate.

One of many kinds of spatial filtering techniques, SLORETA was
adopted in the present report. SLORETA is one of the non-adaptive
beamformer methods. Although non-adaptive beamformer meth-
ods generally have low resolution compared with adaptive beam-
former methods (Sekihara and Nagarajan, 2008), there are two
advantages with this type of technique for analysing the interictal
spike. First, non-adaptive beamformer methods can reconstruct
the source image from a single time point, but beamformer meth-
ods invariably need time course information for weight calculation
in each voxel. Considering that the epileptic spike is instant electri-
cal activity in the brain, non-adaptive beamformer methods may
be more appropriate spatial filtering for interictal spike activity.
Second, SLORETA can provide a quantitative source power with
the unit of current intensity (nAm); otherwise, beamformer meth-
ods only offer a relative statistical value. This is advantageous
when comparing the source power with ECD.

In spatial filtering techniques, including sSLORETA-gm, signals
from deeply located voxels are usually enhanced compared to
signals in superficially located voxels. Therefore, in order to assess
the tendency of source locations, the distance from the spherical
centre was compared between these two methods. As a result,
there were no significant differences between the two distances
(paired sample t-test, p= 0.8761). To prevent false negative (beta)
errors, a post hoc power analysis (using alpha = 5%) was performed
on the data in order to calculate the required sample size for
detecting a relevant difference. A relevant difference was defined
as more than 2.5 mm (half of the voxel size) distance between
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Fig. 5. A total of three sources estimated by quantitative medification of standardised low-resclution brain electromagnetic tomography (SLORETA-qm) are shown in pink
and white ellipses. The scurce intensities are 164.05, 66.19 and 39.80 nAm for (a), (b) and (c), respectively. The peak voxel is located in the left temporal lobe (a), and the

distance from the spherical centre is 55.94 mm.

Fig. 6. Sources estimated by twe analytical metheds superimposed en the patient’s brain. Blue square and tail indicate the estimated source and crientatien by ECD,
respectively. Pink and white ellipses indicate the estimated scurce by standardised low-resolution brain electromagnetic tomography (SLORETA-qm). The distance between

the two sources is 4.33 mm.

the two methods. This analysis showed that the present study had
sufficient power to detect a relevant difference at the 99.9% level.
Consequently, the sample size (n=50) in the present study was
considered to be large enough for detection of a relevant difference
between groups.

In a previous report, SEF intensities determined by ECD and
SLORETA-qm were significantly correlated in the range of approx-
imately 10-70 nAm (Terakawa et al., 2008). The analysed range of
the source intensities in the present study was approximately
70-700 nAm, and close correlation between the intensities deter-
mined by the two methods was demonstrated with the Spearman’s
correlation coefficient. Thus, intensities obtained by sLORETA-qm
may be reliable and quantitative over a wide range of intensities
of paroxysmal interictal epileptic discharge.

A disadvantage of SLORETA-gm is that sources without clinical
significance are often estimated. In the representative case in the
present study, a total of three sources were estimated at the
selected time peint. The peak source amongst the estimated
sources by sLORETA-qm corresponded to the source by ECD, and
it could be distinguished as a clinically significant source. However,
especially in the more complex isofield contour patterns, such as
spatially close or synchronised multiple sources, it may be difficult
to distinguish clinically significant sources among the estimated
sources. This is one of the limitations of the spatial filtering tech-
nique. If the number of estimated sources is limited to one in the
SLORETA-qm analysing process, only one source will be obtained
and that source will be corresponded with the source by ECD.

However, limiting the number of sources in analysis is somewhat
arbitrary. Therefore, the number of estimated sources was not lim-
ited in the present study.

sLORETA-qm has a methodological limitation. The analytical re-
sults of SLORETA-qm depend on voxel size. The estimated localisa-
tion of the MEG sources can be restricted by its lattice, which can
result in some localisation error. In the present study, the voxel
diameter was 5 mm and the possible maximum localisation error
derived from the voxel setting was 4.33 mm (the distance between
the centre and apex of a voxel). This was because concordant
sources were defined as a distance between the two sources of less
than 5 mm, and only the concordant sources were adopted for the
analysis.

In the present study, in order to verify the performance of
SLORETA-qm, time points with typical maximum extremum and
minimum extremum depicted on the isofield contour map were
selected for analysis. For future studies, more complex isofield con-
tour patterns should be analysed with sLORETA-qm. Although
multiple sources are often difficult to analyse using only ECD,
added use of SLORETA-qm may be helpful for evaluation of these
complex epileptic spike discharges.

5. Conclusions

SLORETA-qm showed a close correlation with ECD in point
source location and quantity for analysis of the interictal epileptic
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spike, and is a reliable quantifiable method without arbitrariness
for analysis of the interictal epileptic spike.
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