Malignant transformation-related genes in meningiomas

TABLE 3

Subgroup analysis in the malignant group (Grades Il & I11)
for 1p LOH, p73, and RASSF1A promoter methylation
according to patient age, sex, and tumor location

p73 Promoter RASSF 1A Promoter
Factor 1p LOH (%) Methylation (%) Methylation (%)
age in yrs
<50 4 of 5 (80) 4 of 5 (80) 3 of 5 (60)
=50 11 of 13(84.6) 10 0f 13 (76.9) 7 of 13 (53.8)
p value 0.827 0.8961 0.827
sex
F 9 of 11 (81.8) 9 of 11 (81.8) 5of 11 (45.5)
M 6 of 7 (85.7) Sof 7(71.4) 50f7(71.4)
p value 0.8408 0.6301 0.503
location
convexity 9 of 10 (90) 9 of 10 (90) 3 of 10 (30)
other 6 of 8 (75) 5 of 8 (62.5) 7 of 8 (87.5)
p value 0.4262 0.1829 0.0125*

* Significant according to analysis of variance.

Chromosome 1p36 contains many genes of biological
interest. The p73 gene is a member of the p53 family and is
located on 1p36.33. Loss of p73 expression has been ob-
served at the RNA and protein levels in various human pri-
mary tumors and in cell lines derived from these tu-
mors;'>'” however, mutations or homozygous deletions are
either absent or very rare. Transcription of p73 is regulated
by its promoter and the flanking exon 1, which is rich in
CpG dinucleotides and contains putative binding sites for
Spl, Ap-2, Egr-1, Egr-2, and Egr-3.' Methylation of p73
has been observed in approximately 30% of primary acute
lymphoblastic leukemias and Burkitt lymphomas;’ it may
be implicated in the tumorigenesis and malignant transfor-
mation of meningiomas. In our study, p73 methylation was
detected in 14 (77.8%) of 18 of the malignant tumors,
whereas it was absent in the benign tumors. Of the 15 ma-
lignant meningiomas with the 1p deletion, 14 exhibited p73
methylation. Based on our data, we suggest that menin-
gioma progression from the benign to the atypical state
might be associated with 1p LOH and p73 methylation.

The RASSFI1A gene is a candidate tumor suppressor gene
that was isolated from a 120-kb region of the minimal ho-
mozygous deletion on 3p21.3. The RASSF 1A gene encodes
a 340 amino acid protein that is predicted to contain a dis-
tal Ras-association domain.! Furthermore, this protein is
also predicted to contain an NH,-terminal diacylglycerol-
binding domain and a PEST domain; these domains are
commonly found in proteins that are regulated by ubiqui-
tin-mediated proteolysis.® The PEST domain contains a
phosphoserine residue that is phosphorylated in vitro by
ataxia telangiectasia-mutated and related protein kinases.'
Further studies are definitely necessary to elucidate the
function of RASSFIA, and studies are underway to deter-
mine its role in meningioma tumorigenesis. The RASSFIA
gene is frequently inactivated in various cancers by pro-
moter hypermethylation. It is well known that promoter
hypermethylation prevents RASSFIA expression in glioma
and medulloblastoma cell lines. Horiguchi et al.? used
methylation-specific PCR to analyze the methylation status
of the RASSF]A promoter in 73 primary brain tumors and
four glioma cell lines; they detected RASSF1A methylation
in 25 (54.3%) of 46 gliomas and in all five medulloblas-
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tomas studied. Typically, RASSF]A methylation is more
frequently detected in Grades I and III gliomas than in
glioblastoma multiforme. This relatively high frequency of
RASSF1A promoter methylation observed in lower-grade
gliomas may correspond to an early event during glioma
progression. Glioblastoma multiforme is considered to
manifest as a primary (de novo) or a secondary tumor.”? Al-
though these tumors have a common phenotypic end point,
they are generally believed to arise via different genetic
pathways; thus, primary and secondary glioblastomas are
considered to originate from genetically distinct disease en-
tities. Therefore, RASSF1A methylation may be involved in
the formation and progression of a specific tumor. In our
study, RASSF 1A promoter methylation was detected in four
(18.2%) of 22 of the benign tumors; this was consistent
with a previous report in which RASSF]A methylation was
demonstrated in two (16.7%) of 12 meningiomas.!? Further,
we detected RASSF1A methylation in 10 (55.6%) of 18 of
the malignant tumors. Thus, similar to gliomas, malignant
meningiomas may also arise via several different genetic
pathways.

A unique feature of this study was that it included malig-
nant meningiomas that recurred from Grade I tumors. Of
the 37 meningiomas, nine were recurrent; moreover, eight
(88.9%) of nine belonged to the malignant category and on-
ly one (4.5%) of 22 cases to the benign category. We ana-
lyzed three of the patients with recurrent tumors. An inter-
esting observation in the case that is presented in Fig. 1 was
that 1p LOH was detected in the Grade III recurrent tumor
(number 34R) but not in the primary Grade I tumor (num-
ber 22). These data strongly support our hypothesis that
meningioma progression from the benign to the atypical
state is related to 1p LOH and p73 methylation. Neverthe-
less, the cause of these genetic alterations and the mecha-
nism underlying tumor progression remain unclear. The
study of a larger number of malignantly transformed me-
ningiomas could enable the elucidation of these issues.

Conclusions

Additional genetic alterations following an initial alter-
ation may give rise to a larger number of rapidly growing
tumor cells that are identified by a high MIB-1 index. Tu-
mors progress by a multistep process by the cumulative
acquisition of genetic alterations. Based on the results in
this study, we suggest that meningiomas similarly progress
from the benign to the malignant state by the accumulation
of genetic alterations such as 1p LOH and p73/RASSFIA
promoter methylation. Ultimately, this type of genetic fin-
gerprint may play both diagnostic and therapeutic roles.
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Abstract

Neural stem cell (NSC) transplantation has exhibited considerable therapeutic potential in spinal cord injury. However, most experiments in
animals have been performed by injecting these cells directly into the injured spinal cord. A cardinal feature of NSCs is their exceptional migratory
ability through the nervous system. Based on the migratory ability of NSCs, we investigated whether minimally invasive intravenous delivery of
NSCs could facilitate their migration to the injured spinal cord and identified the chemo-attractants secreted by the lesions. Nude mice were injected
intravenously with labelled human NSCs at 3, 7 and 10 days after the compression of the spinal cord at the T8 level. The migration of NSCs 1o the
lesioned spinal cord was highest at 7 days afier injury; this correlated with the peak of hepatocyte growth factor and stromal cell-derived factor-1
mRNA expressions in the lesion but not with the disruption of the blood-brain barrier. Finally, the grafted NSCs differentiated into neuronal and
glial subpopulations at 21 days after transplantation. Our study suggests that intravenously administered NSCs can be employed as a renewable

source for replacing lost cells for the treatment of spinal cord injuries.
© 2007 Eisevier Ireland Ltd. All rights reserved.

Keywords: Spinal cord injury; Neural stem cells; Intravenous delivery; SDF-1; HGF

Neurogenesis following injury to the human adult central ner-
vous system (CNS) is rare. Important advances have been made
in understanding the conditions that influence the survival and
regrowth of neurons following injury to mature CNS tissue.
These conditions include the presence of neurotrophic factors
or anti-apoptotic agents that promote survival and neuronal
growth and enable the neural tissues to provide cellular scaf-
folds for axonal regeneration. Another approach to addressing
CNS tissue injury is replacing lost cells, particularly neurons,
with differentiating neural stem cells (NSCs). Stem cell ther-
apy has considerable therapeutic potential in spinal cord injury
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[2,19]. However, recent stem cell transplantations have been
performed mainly by direct surgery [20] or lumbar puncture
[3]. The direct injection of stem cells by lumbar puncture into
the central parenchyma of the patient’s injured spinal cord is
difficult to translate into clinical practice [13]. It might cause
further deterioration by damaging the remaining heaithy cord
tissue or producing procedure-related complications in a patient
with spinal cord injury. Furthermore, direct parenchymal cell
transplantation prohibits the delivery of multiple dosages of
therapeutic cells. Intriguingly, a cardinal feature of NSCs is
their exceptional migratory ability. Their migratory capacity is
emerging as a therapeutic paradigm in the treatment of various
animal models of neurodegeneration, stroke and brain tumours
[1,22,24,26]. Previously, in animal models of brain ischemia,
cerebral haemorrhage and brain tumours, our group and others
have reported that intravenously delivered F3 NSCs migrate into
lesion sites, differentiate into neurons and glial cells and thera-
peutically affect functional improvement and tumour reduction
[5,7,14].



70 H. Takeuchi et al. / Neuroscience Letiers 426 (2007) 69-74

Based on NSC migratory ability, we investigated whether
minimally invasive intravenous NSC delivery facilitates their
migration to the injured spinal cord and identified chemo-
attractants secreted by the lesions.

Immortalised human NSCs have been established from
embryonic human telencephalon tissues at 14 weeks gestation
by transfection with a retroviral vector encoding the v-myc onco-
gene, as described previously [10,21]. One of the stable clonal
NSC lines, HB1.F3, carries the normal human karyotype 46XX
and self-renews and differentiates into neuronal and glial cell
lineages [16]. F3 NSCs express the cell-type specific markers
ATP-binding cassette G2 (ABCG?2), Musashi-1 and nestin. The
F3 cells were cultured as described previously [24]. The F3
cell line was infected with a replication-incompetent retroviral
vector encoding B-galactosidase (lacZ) and puromycin-resistant
genes and designated as F3.lacZ. The F3 cells were labelled
with CellTracker CM-Dil (Invitrogen). Immediately before
transplantation, the cells were incubated in 2 uM CellTracker
solution for 5 min at 37 °C and for an additional 15 min at 4 °C.
CM-Dil emits maximum fluorescence at 570 nm; labelled NSCs
can be identified by fluorescence microscopy under which they
appear red.

Firstly, we evaluated whether the Dil-labelled NSCs could
migrate to the injured spinal cord in adult mice after intravenous
transplantation. All surgeries were performed in 8-week-old
female KSN mice (Japan SLC, Shizuoka, Japan) according to
the protocols approved by an animal care and use committee
at our institution. Spinal cord injury (SCI) at the T8 level was
induced in accordance with the moderate weight compression
method [9]. Briefly, under a surgical microscope, after alaminec-

tomy was performed, the spinal cord was compressed by placing
a 10 g-weighted 2 mm x 1 mm rectangular plastic plate on the
dura mater for 5 min. The Basso, Beattie and Bresnahan (BBB)
test was performed to evaluate the hind-limb locomotor func-
tion in an open field [4]. All injured animals showed a mean
BBB score of 5, indicating slight movement of two joints and
extensive movement of the third at 1 day after SCI; spontaneous
improvement to an approximate score of 17 was subsequently
observed. This SCI model produces a reproducible functional
deficit that correlated with the histological findings. At 7 days
after the induction of compressive injury, the injured (n =7) and
uninjured (n = 7) animals were injected intravenously via the tail
vein with 1 x 107 Dil-labelled F3.lacZ cells diluted in 100 pL”
of 0.1 M phosphate-buffered saline (PBS). The control injured
animals (n=7) were injected with PBS alone. Seven days after
NSC transplantation, the animals were euthanised and transcar-
dially perfused with 4% paraformaldehyde (PFA). The removed
spinal cords were fixed further in 4% PFA overnight at 4°C.
The tissues were cryoprotected by serial transfer through solu-
tions of 10%, 15% and 20% sucrose in 0.1 M PBS. Using a
cryostat, 16-um-thick transverse serial sections were cut and
stained with hematoxylin/eosin (H/E) or a solution containing
1 mg/mL X-gal, 5 mM K3Fe(CN)¢, 5 mM K4Fe(CN)g and 2 mM
MgCl; in PBS. H/E staining of the representative sections of the
spinal cord (Fig. 1A and B) indicated that the normal structure
of the spinal cord parenchyma was destroyed, and a number
of inflammatory cells had infiltrated the lesion. Donor X-gal*
cells were observed to be extensively distributed in the contused
area (Fig. 1C). Fluorescence microscopy revealed a large num-
ber of Dil-labelled cells in the lesion (Fig. 1D). All the NSCs

Fig. I. (A) A representative hematoxylin/eosin-stained transverse section of the injured spinal cord 7 days after NSC transplantation; (B) high magnification of the
boxed area in panel A; (C) X-gal-stained transverse section of the injured spinal cord 7 days after NSC transplantation; (D) observation by fluorescence microscopy

at 570 nm. Scale bar: (B-D) 100 um.
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were located in or around the injured parenchyma; no cells were
observed on the ventral, caudal or rostral sides of the injured
sites, indicating that the migratory phenomenon exhibited some
specificity. Conversely, in the control uninjured animals injected
with F3.lacZ cells or in the injured animals injected with PBS,
no Dil-labelled or X-gal* cells were observed in the spinal cord
(data not shown). These findings suggest that the intravenously
transplanted F3 cells can migrate diffusely to the injured spinal
cord.

Secondly, to investigate the optimal timing of NSC transplan-
tation, the injured animals (n=8) were injected intravenously
with 1 x 107 Dil-labelled F3.1acZ cells at 3, 7 or 10 days after the
spinal cord injury. Seven days after F3 cell transplantation, the
spinal cords were removed, and transverse sections were coun-
terstained with the DNA-binding fluorochrome Hoechst 33342
for 30 min at room temperature in the dark. The sections were
mounted in a fluorescent mounting medium (DakoCytomation,
Glostrup, Denmark) and observed under a fluorescence micro-

)

scope. The number of Dil-1abelled cells was counted at the lesion
site in a 0.25 mm? grid in every third serial section. The Dil-
labelled NSCs that were transplanted at 3 days after the injury
migrated to the lesion site at 46 = 6 cells/mm? (Fig. 2A and D).
When injected 7 days after the injury, a greater number of grafted
cells (140 + 10 cells/mm?) were observed (Fig. 2B and D). How-
ever, only a few grafted cells (6 2 cells/mm?) were observed
at the lesion site when human NSCs were injected at 10 days
after the compression (Fig. 2C and D). Additionally, a num-
ber of Dil-labelled grafted cells were trapped in the lung, liver
and spleen at 3 days after injection (Fig. 2E-G). Collectively,
the observations indicated that NSC migration to the lesioned
spinal cord was highest at 7 days and subsequently decreased.
This finding prompted us to define the crosstalk between the
injured spinal cord and NSCs; we thus investigated lesion-
secreting chemo-attractants — stromal-derived factor (SDF)-1,
hepatocyte growth factor (HGF), C3a and leukaemia inhibitory
factor (LIF) — that could potentially regulate NSC trafficking.

D

200
B¢
BE

22 100
58

0

3 7 10
Day of transplantation
after injury

Fig. 2. The injured animals were injected intravenously with 1 x 107 Dil-labelied F3.lacZ cells at 3 (A), 7 (B) or 10 (C) days after spinal cord injury. (D) The number
of Dil-labelled cells at the lesion site. Additionally, a number of Dil-labelled grafted cells were trapped in the lung (E), liver (F) and spleen (G) at 3 days after

injection.
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Fig. 3. (A) The primer sequences used in reverse transcription (RT)-polymerase chain reaction (PCR) and quantitative real-time RT-PCR. (B) RT-PCR. B;-
Microglobulin was used as an internal control. (C) Quantitative real-time RT-PCR. After being normalised by B;-microglobulin expression, values are expressed as
fold-changes compared to the control normal spinal cord. (D) A representative photograph of Evans blue extravasation in the lesion. (E) Quantitative assay of Evans

blue leakage at 3, 7 and 10 days after injury.

Cytokines and chemokines secreted by altered tissues are cru-
cial in directing the mobilization, circulation and homing of stem
cells to the injured organs or cancerous tissues [17]. SDF-1 may
play a central role in the homing process. F3 NSC cells have
recently been reported to express CXCR4 — the receptor for
SDF-1 - on their surfaces [15]. We have demonstrated that the
HGF secreted by brain tumour cells is involved in the brain
tumour tropism of NSCs [24]. Haematopoietic stem cells express
a functional complement C3a receptor, and the C3aR-C3a axis
“plays a role in stem cell recruitment by enhancing the response
of the stem cells to SDF-1 [23]. Similarly, LIF expression is
. up-regulated in an infarcted myocardium and induces the regen-
eration of the myocardium [26]. Therefore, a local increase in
the expression of these chemokines and cytokines may enable
the recruitment of NSCs to the lesioned spinal cord; this increase
was examined in the lesion site 3, 7 and 10 days after injury by
reverse transcription (RT)-PCR and quantitative real-time RT-
PCR. The lesion site was dissected from the spinal cord under
a microscope, and total RNA extracted using the TRIzol kit
(Invitrogen) was subjected to DNase (Invitrogen) treatment prior
to RT that was performed using the Transcriptor First Strand
cDNA Synthesis Kit (Roche, Mannheim, Germany), according
to the manufacturer’s protocol. PCR amplification was per-

formed using GoTaq DNA polymerase (Promega, Madison, WI)
and the primers listed in Fig. 3A. The primers were designed
using the Primer Express software. The PCR products were
loaded on a 3% agarose gel and stained with ethidium bro-
mide (Fig. 3B). Quantitative mRNA levels were detected by
the LightCycler real-time RT-PCR system (Version 3.39) using
the LightCycler FastStart DNA Master SYBR Green I (Roche).
The primers listed in Fig. 3A were also used. The threshold
cycle (Ct), i.e. the cycle number at which the amount of the
amplified gene of interest reaches a fixed threshold, was subse-
quently determined. The relative quantification of SDF-1, C3,
HGF and LIF mRNA expression was calculated by the compar-
ative Ct method. The relative quantification value of the target
normalised to an endogenous control B;-microglobulin gene and
relative to a calibrator is expressed as 2-484C (fold difference),
where ACt=(the Ct of the target genes) — (the Ct of the 3>-
microglobulin gene) and A ACt = (the ACtof the samples for the
target genes) — (the ACt of the calibrator for the target genes).
A dramatic expression of SDF-1 and HGF was observed in the
day 7 SCI but not in the day 3 and day 10 SCI (Fig. 3B). C3aand
LIF were not observed at any of the time points. The quantitative
measurements revealed the expression levels of SDF-1 and HGF
to be 101 & 12-fold and 78 =+ 3-fold of their respective values in
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Fig. 4. (A) In vivo differentiation of the migrated NSCs in the lesioned spinal cord at 21 days. Merged images exhibiting Dil (red) and immunofluorescence (green)
are shown. Sister sections visualised at high power. (B) The Basso, Beattie and Bresnahan (BBB) hind-limb locomotor function test at 21 days in animals treated

with NSCs and conirol injured animals.

the control normal spinal cord (Fig. 3C). Next, in order to exam-
ine whether the SDF-1 and HGF expression that was the highest
at 7 days was correlated with the time course of the disruption
of the blood—brain barrier, quantitative Evans blue analysis was
performed as described previously [8]. In brief, injured mice
were injected intraperitoneally with 50 p.g/g Evans blue dye in
PBS at 3, 7 and 10 days after injury; 24 h after injection, the
mice were perfused with PBS. The injured spinal cord was dis-
sected. Evans blue extravasation was detected in the dorsal side
of the lesioned cord (Fig. 3D). The dissected spinal cord was
then homogenised in 0.5 mL of 50% trichloroacetic acid. The
sample was centrifuged at 13,000 rpm for 10 min. The super-
natant was collected and diluted in 100% ethanol in a 1:4 ratio,
and absorbance (620 nm) was measured using an ELISA plate
reader. These values are plotted on a graph as the amount of
Evans blue leakage (pg)/spinal cord (Fig. 3E). There was no
change in Evans blue leakage (approximately 3 u.g) among any
time points, indicating that the blood-brain barrier was disrupted
by the third day after injury and its time course was minimally
correlated with that of SDF-1 and HGF expression from the
lesion.

Finally, to investigate the in vivo differentiation of the
migrated NSCs and neurobehavioural recovery, the injured
animals (n=28) were injected intravenously with 1 x 107 Dil-
labelled F3.lacZ cells at 7 days after injury. Twenty-one days
after NSC transplantation, the BBB test was performed by
observers blinded to the experimental groups, and the spinal
cords were removed and subjected to immunohistochemistry
with primary antibodies (Abs): mouse anti-neuron-specific class
II1 beta-tubulin Ab (1:50; Genzyme-Techne, Minneapolis, MN)
and rabbit anti-glial fibrillary acidic protein (GFAP) Ab (1:100;
DakoCytomation), followed by the relevant Alexa Fluor 488-

conjugated-secondary Abs. GFAP-immunoreactive (IR) and
beta IlI-tubulin-IR NSCs labelled with Dil were found inter-
mixed in the lesioned spinal cord; the ratio of the GFAP-IR
NSCs to the beia III-tubulin-IR NSCs was approximately 3.2
(Fig. 4A). This finding suggests that during the first 3 weeks,
the NSCs underwent differentiation, which is consistent with
the results of previous reports [6,10]. Once transplanted into the
spinal cord, NSCs adapt to the region of engraftment by differen-
tiating into the appropriate neuronal and glial subpopulations. At
the end of the first 3 weeks, we observed a tendency of remark-
able functional recovery in animals treated with NSCs compared
to control injured animals although it was not statistically sig-
nificant (p =0.062, two-tailed Student’s z-test) (Fig. 4B). Human
NSCs have recently been demonstrated to express significant
amounts of nerve growth factor and brain-derived neurotrophic
factors and facilitate functional recovery in the stroke model
[18). Thus, the differentiated NSCs in the lesioned spinal cord
that we observed may eventually restore neurological function.

Our principal finding is that intravenously transplanted
human NSCs migrate preferentially to the injured spinal cord
and differentiate into neuronal and glial subpopulations. Con-
sistent with a previous report [11], we observed a substantial
number of injected NSCs in the lesion site of the spinal cord.
Moreover, Willing et al. have demonstrated that the intra-
venous delivery of NSCs might be more effective than their
striatal delivery in producing long-term functional benefits to
animals suffering from stroke [25]. This finding supported
our results demonstrating glial and neuronal differentiation of
NSCs, indicating that the intravenous NSC injection activates the
microenvironment of the injured spinal cord to stimulate self-
regeneration. Further, the migration of the transplanted NSCs
to the lesioned spinal cord was highest at day 7 after injury,
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correlating with the peak of HGF and SDF-1 mRNA expres-
sion in the lesion. Recently, we demonstrated that HGF is an
important chemo-attractant for NSCs to brain tumours by using
the migration assay blocked with a neutralizing monoclonal
antibody {24]. These findings may vary following the disrup-
tion of the blood-brain barrier or the number of inflammatory
cells that infiltrated the lesion. In this study, we demonstrated
that the blood-brain barrier was disrupted as early as the third
day after injury. Additionally, we have previously demonstrated
that inflammatory leukocytes infiltrate lesions by 24 h follow-
ing injury, as measured by myeloperoxidase activity [12]. These
findings suggest that NSCs migrate actively, but not passively,
and this is accompanied by extensive crosstalk between lesions
and NSCs. The transplantation of renewable, homogeneous,
multi-potent and well-characterised NSCs into the damaged neu-
ral tissues should enable the replacement of lost cells and restore
the damaged functions. We have demonstrated that the intra-
venous injection of human NSCs is a promising tool that can
be employed as a renewable source for replacing lost cells or
Zoegelivering therapeutic genes for the treatment of spinal cord
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Abstract Cell division is an elemental process, and
mainly consists of chromosome segregation and sub-
sequent cytokinesis. Some errors in this process have
the possibility of leading to carcinogenesis. Aurora-B is
known as a chromosomal passenger protein that reg-
ulates cell division. In our previous studies of giant cell
glioblastoma, we reported that multinucleated giant
cells resulted from aberrations in cytokinesis with
intact nuclear division occurring in the early mitotic
phase, probably due to Aurora-B dysfunction. In this
study, as we determined p53 gene mutation occurring
in multinucleated giant cell glioblastoma, we investi-
gated the role of Aurora-B in formation of multinu-
cleated cells in human neoplasm cells with various p53
statuses as well as cytotoxity of glioma cells to tem-
ozolomide (TMZ), a common oral alkylating agent
used in the treatment of gliomas. The inhibition of
“Aurora-B function by small-interfering (si)RNA led to
an increase in the number of multinucleated cells and
the ratios of G2/M phase in p53-mutant and p53-null
cells, but not in p53-wild cells or the cells transduced
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adenovirally with wild-p53. The combination of TMZ
and Aurora-B-siRNA remarkably inhibited the cell
viability of TMZ-resistant glioma cells. Accordingly,
our results suggested that Aurora-B dysfunction
increases in the appearance of multinucleated cells in
p33 gene deficient cells, and TMZ treatment in com-
bination with the inhibition of Aurora-B function may
become a potential therapy against p53 gene deficient
and chemotherapeutic-resistant human gliomas.

Keywords Aurora-B - siRNA - Temozolomide -
Glioma - Multinucleated cells - p53

Introduction

Cell division plays a fundamental role in bequeathing
accurate genetic information to daughter cells. Malig-
nant neoplastic cells are considered as being unable to
regulate cell division due to genetic alterations. Point
mutation, deletion, translocation, and amplification are
known genetic changes in those cells, and many of
those cells also have an abnormal number of chromo-
somes [1, 2]. It is proposed that the abnormality of
chromosome segregation causes aneuploidy, resulting
in oncogenesis [3]. These abnormalities are associated
with many molecules such as CDK (Cyclin-dependent
kinase)/Cyclin, PLK (Polo-like kinase), and Aurora-
related kinases.

The Aurora kinase family is preserved in the
eukaryote, and is recognized as participating in chro-
mosome segregation and cell division by analyses using
small-interfering (si)RNA and mutants in budding and
fission yeast, drosophila, and C. elegans [4, 5]. Humans
and mice have three kinds of aurora kinases referred to
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as Aurora-A, B, and C; both Aurora-A and -B are
overexpressed in tumor cells, and the peak of activa-
tion of Aurora-A is observed earlier than that of
Aurora-B during the cell cycle, including mitotic phase
which is composed of prophase, prometaphase, meta-
phase, anaphase, telophase, and cytokinesis [6]. Aur-
ora-A is principally associated with prophase through
telophase, and is related to centrosome maturation and
spindle assembly. [4, 6-10] On the other hand, Aurora-
B has been considered to localize in the chromosomes
during the early mitotic phase and move to the mid-

body during anaphase, and then produce postmitotic

bridges during telophase [4-6, 11]. As Aurora-B shows
its migration during the mitotic phase, it is referred to
as a chromosomal passenger protein [12}. The Aurora-
B gene localizes in the human chromosome 17p13.1 in
which the incidence of genomic imbalance and loss of
heterozygosity (LOH) has been detected in many
cancers [13, 14]. Overexpressions of mRNA and pro-
tein of Aurora-B are often detected in some human
cancer cells [15]. Aurora-C is the most unknown kinase
of these Aurora kinases. It has been reported that
higher expression levels of Aurora-C in several cancer
cell lines were observed than in normal fibroblasts.
Aurora-C is localized in the centrosome during mitosis
from anaphase to cytokinesis, and may play a role in
centrosome function at later stages of mitosis [16].
Thus, it is possible to assume that errors in chromo-
some segregation and cytokinesis in the mitotic phase
result in aneuploidy which can lead to cell death or
oncogenesis.

Giant cell glioblastoma is a rare variant of glio-
blastomas, and is characterized by predominance of
large, bizarre, multinucleated giant cells [17]. It has
been reported that this variant indicated a somewhat
more favorable prognosis than typical glioblastomas
[17-21]. Furthermore, large, multinucleated cells have
been reported to be generally non-proliferating in
proliferation studies of glioblastomas [18, 22]. We
previously reported studies of the multinucleated giant
cells in glioblastoma multiforme using site-specific
phosphorylated anti-vimentin antibodies and anti-
Aurora-B antibody [23, 24]. These studies indicated
that multinucleated giant cells resulted from aberra-
tions in cytokinesis with intact nuclear division occur-
ring in the early mitotic phase, probably due to
Aurora-B dysfunction.

In addition, this glioblastoma subtype contains a
high frequency of p53 mutations [17, 18, 21]. It has
been clear that mutations in this gene are demon-
strated in more than 50% of human cancers, and in
29-48% of astrocytic tumors [25]. pS3 plays an
important role in response to genotoxic stress, such as
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DNA damage caused by radiation, drugs, and so on.
DNA damage leads to cell cycle arrest in the G1 or G2
phase mediated by p53. Apoptosis can be also medi-
ated by p53 to prevent inheritance of damaged gene
information [26, 27]. Therefore, in the cells with
mutant p53, the cell cycle arrest and apoptosis cannot
be indicated effectively after exposure of DNA dam-
age, followed by uncontrolled cell divisions and an
increase in the number of the cells with abnormal
chromosomes, such as multinucleated cells.

In the current study, we investigated whether the
formation of multinucleated cells could be associated
not only with dysfunction of Aurora-B but also with
that of p53 using human glioma cells (mutant and wild
type p53) as well as human osteosarcoma cells
(p53-null). As a result, Aurora-B dysfunction induced
multinucleated cells more significantly in tumor cells
with mutant- or null-p53 than with wild-p53. In addi-
tion, we further examined whether such a multinucle- ‘
ated cell-induction by Aurora-B inactivation enhanced
chemosensitivity to an alkylating agent, temozolomide
(TMZ), in glioma cells with or without functional p53.

Materials and methods
Cell culture

Human glioma cell lines (U251MG, T98G, and
U87MG) were derived from the Memorial Sloan-Ket-
tering Cancer Institute (New York, NY), and human
osteosarcoma cell line (Saos-2) were purchased from
American Type Culture Collection (Manassas, VA).
The cells were maintained at 37°C in a humidified
atmosphefe of 5% CQO; in air. U251MG and T98G cells
were maintained in Eagle’s medium, US7MG cells in
RPMI Medium 1640, and Saos-2 in Dulbecco’s Modi-
fied Eagle Medium (Nissui, Tokyo, Japan), respec-
tively. These media were supplemented with 10% fetal
bovine serum (FBS), 5 mM L-glutamine, 2 mM nones-
sential amino acids, and antibiotics (100 U/ml penicillin
and 100 pg/ml streptomycin). It has been reported that
U251MG and T98G cells have a mutant type and non-
functioning pS53, US7MG cells have wild type p53, and
Saos-2 cells show p53-null [28-30].

Reagents and antibodies

TMZ were kindly supplied by the Schering-Plough
Research Institute (Kenilworth, NJ). The following
primary antibodies were used: mouse anti-Aurora-B
monoclonal antibody (xAIM-1; BD Biosciences, San
Jose, CA), mouse anti-p53 monoclonal antibody
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(DO-1; Santa Cruz Biotechnology, Inc, Santa Cruz,
CA), and rabbit anti-actin polyclonal antibody
(Sigma-Aldrich, St. Louis, MO). The secondary anti-
bodies used were horseradish peroxidase (HRP)-con-
jugated anti-mouse or anti-rabbit IgG (Santa Cruz
Biotechnology).

Design of siRNAs

The target region in the human Aurora-B comple-
mentary DNA (cDNA) is 5-AAGGTGATGGA-
GAATAGCAGT-3, as described previously [31]. The
target sequence of non-silencing cDNA is 5-AA-
TTCTCCGAACGTGTCACGT-3". (The cells in which
this non-silencing was transfected were used as a con-
trol in this study.) These synthetic sense and antisense
oligonucleotides were obtained from QIAGEN GmbH
(Hilden, Germany). For the annealing of siRNA oli-
gos, sense and antisense oligonucleotides were incu-
bated in siRNA Suspension Buffer (QIAGEN GmbH)
for 1 min at 90°C, followed by 60 min at 37°C. The day
before transfection, 1 x 10° trypsinized cells were
plated in each well of 6-well plates. After 24 h, siRNA
oligos were mixed with Oligofectamine Reagent
(Invitrogen, Carlsbad, CA) in OPTI-MEM medium
(Invitrogen). Cultured cells were washed with medium
without serum and added to the siRNA-oligofectamine
mixture, of which the final concentration was 200 nM.
The medium containing 10% FBS was replaced 4 h
later.

Adenoviral vectors

- AXCAZ2-F/IK20 and AxCAhp53-F/K20 were used.
The former is an adenoviral vector possessing the
LacZ gene as a reporter and the latter is also an
adenoviral vector expressing the human p53 gene.
Both were kindly provided by H. Hamada, Sapporo
Medical University, Sapporo, Japan [32]. These vectors
were condensed for five days twice using 293 cells,
followed by being transduced into U25IMG, T98G,
and Saos-2 cells for 24 h. The amount of virus was
necessary for the cells to be infected completely.

Molecular genetic analysis of giant cell
glioblastomas

Tumor and blood samples were obtained from three
patients with giant cell glioblastoma treated at the
Nagoya University Hospital, Nagoya, Japan. All tu-
mors were classified and graded according to the
guidelines of the Would Health Organization (WHO).
Previously, all of their paraffin-embedded sections

were immunostained with site-specific phosphorylated
anti-vimentin antibodies (4A4, YT33, TM71, HTA28,
and YG72) and anti-Aurora-B antibody (xAIM-1), and
determined as harboring Aurora-B dysfunction [23}.
Genomic DNA from leukocytes and tumor tissues was
extracted by standard methods. LOH assay and p353
sequencing were performed using ABI PRISM 310
Genetic Analyzer (Applied Biosystems, Foster City,
CA). For the LOH assay, the following microsatellite
markers that are located at the most frequently
deleted sites in gliomas were used: D1S244, D1S199,
and D1S2734 for 1p (1p36); D19S219, D19S412, and
D19S112 for 19q (19q13); and D10S1744, D10S583,
and D10S1680 for 10q (10q22-23). The primer se-
quences for these markers are available from the
Genome Database. The DNA extracted from each
patient’s blood was used as the normal control and
compared with the tumor DNA. In such setting, if at
least one of the three markers is informative, it can
distinguish LOH cases from non-LOH ones. The LOH
result was considered positive if the allelic signal
intensity of the tumor sample was reduced by >50%
compared to the corresponding allele in the patient’s
control DNA. For direct sequencing, exons 5-8 of
p53 were amplified with the previously published pri-
mer pairs [33] and directly sequenced using the
BigDye Terminator Sequencing Kit (Applied Biosys-
tems). We repeated the LOH and p53 mutation
analyses twice. DNA methylation patterns in the pro-
moter region of the MGMT gene (Oﬁ—methylguanine-
DNA methyltransferase: GenBank accession no.
X_61657) were determined by methylation-specific
polymerase chain reaction (PCR), as previously
described [34]. All PCRs were performed with
positive controls for unmethylated and methylated
alleles and negative water control. Human placental
DNA was treated in vitro with excess SssI methyl-
transferase (New England Biolabs, Ipswich, MA),
thereby generating DNA that was completely methy-
lated at the CpG sites; this methylated DNA served as
the positive control for the methylated MGMT. Each
PCR product was loaded onto 3% agarose gel, stained
with ethidium bromide, and visualized under UV
illumination.

Western blot analysis

The cells were collected 48 h after transfection of
siRNA, then lysed in cell lysis buffer (Cell Signaling
Technology, Inc., Beverly, MA) with 1 mM phenyl-
methylsulfonyl fluoride, 10 pg/ml aprotinin, and
50 mM sodium fluoride. Solubilized cell constituents
were centrifuged at 13000 x g for 10 min. Aliquots of
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supernatant were assayed for protein content using
Bio-Rad DC protein assay kit (Bio-Rad Laboratories,
Hercules, CA). Protein samples were denatured in
gel-loading buffer (New England Biolabs) for 5 min
at 99°C. Equivalent amounts of protein were applied
to each well of gel containing sodium dodecyl sulfate
(SDS) and 12.5% (w/v) polyacrylamide (Bio-Rad
Laboratories) for electrophoresis. Subsequently, these
proteins were transferred to polyvinylidene difluoride
membranes (Millipore, Billerica, MA) and blocked
with blocking buffer (0.05M Tris-HCl; pH 7.5,
0.15 M NaCl, 1% skim-milk in T-PBS consisting of
phosphate-buffered saline (PBS) with 0.05% of
Tween20). The membranes were then washed with T-
PBS, and incubated with primary antibodies, followed
by 1:3000 dilution of HRP-conjugated secondary
antibodies. After several washings with T-PBS, pro-
teins were detected using an enhanced chemilumi-
nescence reagent (ECL Western Blotting Detection
System: Amersham Biosciences Corp., Piscataway,
NJ). Where appropriate, membranes were stripped
with a solution containing 2% SDS, 62.5 mM Tris-
HCl; pH 6.8, 0.7% f-mercaptoethanol for 20 min
50°C, washed several times with T-PBS, and then
reblocked with blocking buffer before addition of
another primary antibody.

Morphological study

Approximately 1 x 10* cells were plated on a micro
cover glass (Matsunami Glass Industries Ltd., Osaka,
Japan) in each well of 24-well plates, then transfected
with siRNA as described above. The cells on the micro
cover glasses were fixed with 4% paraformaldehyde
and 0.1% Triton X-100 in PBS 48 h after transfection,
and washed with PBS. For fluorescent labeling of
nuclei, the cells were incubated with Hoechst 33342
(Sigma-Aldrich). After washing with PBS and distilled
water, these micro cover glasses were mounted on glass
slides over a drop of Fluorescent Mounting Medium
(DakoCytomation California, Inc., Carpinteria, CA).
These slides were examined under a Nikon Eclipse
E600 microscope with a Plan Apo 20 x /0.75 oil
immersion lens (Nikon Corp., Tokyo, Japan). The
images were captured with Nikon ACT-1 software.

Flow cytometry (DNA histogram)

The cells were collected 48 h after transfection of
siRNA, and fixed in 70% ethanol for 3 days at -20°C.
These cells were washed with PBS, and resuspended in
250 ul of PBS with 1% RNase A (Roche Diagnostics,
Indianapolis, IN) for 25 min at 37°C, subsequently
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stained in 25 pg/ml propidium iodine (PI) for 20 min at
4°C. Finally, the deoxyribonucleic acid (DNA) content
was. determined by flow cytometry (Coulter EPICS
XL; Coulter Electronics, Hialeah, FL). The percent-
ages of G2/M phase and multinucleated cells were
analyzed and quantified by WinMDI 2.8 software.

Anti-tumor effect of TMZ and/or Aurora-B
inhibition

Approximately 5 x 10* cells were plated in each well of
24-well plates, and transfected at the same ratio of
siRNA as described above. Forty-eight hours after
transfection, TMZ was added to the medium (for a
final concentration of 100 pM). Cell viability was
determined by the trypan-blue exclusion method on
day 5, and each viability ratio (%) was demonstrated as
[a subject of experiment)/[Control (non-silencing-siR-
NA)] x 100.

Statistical analysis

The differences in cell viability were calculated using
Mann-Whitney U-test, and were considered to be
significant if the probability value was less than 0.05.

Results

Molecular genetic analysis of giant cell
glioblastomas

Giant cell glioblastoma is a curious clinicopathologi-
cal variant of glioblastomas. Several studies have
shown that this subtype is associated with a somewhat
better prognosis than typical glioblastoma, and con-
tains a higher frequency of p53 mutation. We re-
trieved three cases of giant cell glioblastoma from our
clinical records; patients’ ages at initial diagnosis
ranged from 19 to 31 years old (median age,
26.3 years). All patients underwent surgical resection
followed by nitrosourea-based chemotherapy and
conventional radiotherapy (60 Gy). Their outcomes
are listed in Table 1. Our previous study using site-
specific phosphorylated antibodies indicated that
multinucleated giant cells in those paraffin-embedded
sections resulted from Aurora-B dysfunction. In this
study, LOH status of chromosomes 1p/19q/10q,
methylation of the MGMT promoter, and exons 5 to
8 of the p53 gene for mutation were examined. None
of the tumors showed 1p/199/10g LOH and MGMT
methylation, whereas p53 mutations were observed in
all tumors tested.
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Table 1 Molecular genetic findings and clinical data in giant cell glioblastomas

Patient Age Surgery CIx RTx TIP os LOH MGMT P53
G months months) ————————
(years) (Gy)  (months)  (months) 1p 199 10q Exon Codon Mutation
1 19 Partial IM 60 30 64 - - - UM 8 273 CGT -» TGT
2 31 Subtotat IM 60 7 24 - - - UM 5 164 AAG - GAG
3 29 Subtotatl IM 60 7 24 - - - UM 8 273 CGT - GGT

CTx = initial chemotherapy; RTx = radiotherapy; TTP = time to progression; OS = overall survival
LOH = loss of heterozygosity; IM = interferon-beta and MCNU (ramunistine); UM = unmethylated

The expression of Aurora-B and p53 in human
glioma cells and human osteosarcoma cells

We transfected siRNA into U251MG, T98G, USTMG,
and Saos-2 cells to inhibit Aurora-B function, and
evaluated the efficacy by western blot analysis. The
results are shown in Fig. 1. The levels of Aurora-B
expression were inhibited in all of the cell lines, but the
levels of p53 expression did not change in the glioma
cell lines. Overexpression of p53 was obtained 48 h
after adenovirus-mediated transduction of p53 gene
into Saos-2 cells.

Morphological changes of human glioma cells and
human osteosarcoma cells by inhibiting Aurora-B
function with or without p53 gene transduction

To investigate the morphological changes of human
glioma cells by inhibiting Aurora-B function, fluores-
cence microscopy was performed 48 h after transfection
of Aurora-B-siRNA. Representative pictures are shown
in Fig. 2a. Increases in the number of multinucleated
cells were detected in Aurora-B-inhibited U251MG and
T98G cells (mutant type p53), but not in Aurora-
B-inhibited US7MG cells (wild type p53). In addition,
we transfected Aurora-B-siRNA 24 h after transduc-
tion of AxCAZ2-F/K20 or AxCAhp53-F/K20 into

U25IMG TI8G USTMG Saos-2
X X X X
$§ x § X § \a § + &
Z & 2 & $ 3 5 &
& § & § & §F $& £ 8
$ 3 F = & 5 s g
$ g £ g < i £ 3
5 & 3 & 3 & 3
§ £ s § & £ §
< v < < & < <
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] — | P

Fig. 1 Expressions of Aurora-B and p53. The expression levels
of Aurora-B were inhibited 48 h after transfection of Aurora-B-
siRNA into all of the cell lines. No change was detected at the
levels of p53 expression in any of these glioma cell lines. The
expression of p53 was induced 48 h after transduction of
AxCAhp53-F/K20 into Saos-2 cells

U251MG and T98G cells. The representative pictures
are shown in Fig. 2b. We observed a remarkable
reduction in the number of multinucleated cells in the
p53 gene-transduced cells. To further investigate whe-
ther multinucleated cells by Aurora-B inhibition are
associated with p53 status, we performed similar
experiments in Saos-2 cell line that is p53-null. In Saos-2
cells, as well as U251MG and T98 cells (mutant type
p53), the inhibition of Aurora-B function increased the
number of multinucleated cells with failure of chromo-
some arrangement. On the other hand, in p53 gene-
transduced Saos-2 cells, no increase in the number of
multinucleated cells was observed after Aurora-B
inhibition (Fig. 2c).

Cell cycle analysis

To confirm our morphological observations, we fur-
ther performed cell cycle analyses. In Fig. 3a and b,
the ratios of multinucleated cells (DNA content
>4N) were increased by transfection of Aurora-B-
siRNA in U251MG (22.7%), T98G (17.1%), and
Saos-2 (8.9%) cells, compared with their controls
(8.7%, 6.0%, and 2.1%), respectively. The ratios of
G2/M phase were also increased by transfection of
Aurora-B-siRNA in U251MG, T98G, and Saos-2
cells. However, we observed no significant differ-
ences in the ratios of multinucleated cells and G2/M
phase in U8TMG cells (wild-type p53) between
transfections of Aurora-B- and control-siRNA.
Moreover, transfection of Aurora-B-siRNA in p53
gene-transduced Saos-2 cells did not increase the
ratios of multinucleated cells significantly as well as
in USTMG cells (Fig. 3b).

Reinforcement of anti-tumor effect of TMZ
by inhibiting Aurora-B function

We investigated the reinforcement of the anti-tumor
effect of TMZ by inhibiting Aurora-B function. The
results are shown in Fig. 4. In U25IMG cells, an
approximately 50% inhibition in cell viability was
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demonstrated by adding TMZ alone. However, signif-
icant inhibition was detected with combined treatment
of Aurora-B-siRNA and TMZ, compared with each
material alone (*P < 0.05). T98G cells also showed a
dramatic inhibition with the combined treatment
compared with each material alone (*P < 0.05). Of the
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three glioma cell lines, US7MG cells were most sensi-
tive to TMZ (approximately 55% inhibition by TMZ
alone), and the combined treatment also demonstrated
sensitive response (approximately 60% inhibition). No
significant differences were detected among the treat-
ments tested in US7TMG cells.
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«Fig. 2 Morphological changes of the nuclei after inhibition of

Aurora-B function. (a) Human glioma cells. An increased
number of multinucleated cells (white arrowhead) was obtained
48 h after transfection of Aurora-B-siRNA in U251MG and
T98G cells, however there was no increase in the number of
them in Aurora-B inhibited USTMG cells. (Magnifications: x200;
wt: wild type; mt: mutant type) (b) Morphological changes of the
nuclei in human glioma cells with mutant type p53. We
transduced AxCAZ2-F/K20 or AxCAhp53-F/K20 for 24 h,
followed by transfection of Aurora-B-siRNA for 48 h into
U251MG and T98G cells with mutant type p53. An increase in
the number of multinucleated cells (white arrowhead) was
observed in the LacZ transduced cells. On the other hand, we
detected a remarkable reduction in the number of them in the
p53 gene-transduced cells. (Magnifications: x200) (¢) Morpho-
logical changes of the nuclei in human osteosarcoma cells with
p53-null. To investigate the multinucleated cells associated with
Aurora-B and p53 dysfunction, we also transduced AxCAhp53-
F/K20 for 24 h, followed by transfection of Aurora-B-siRNA for
48 h into Saos-2 cells with p53-null. An increase in the number of
multinucleated cells (white arrowhead) was shown in Aurora-B
inhibited Saos-2 cells, and the failure of chromosome arrange-
ment was also demonstrated (white circle). However, we
observed no increase in the number of multinucleated cells not
only in the p53 gene-transduced Saos-2 cells, but also in the p53
gene-transduced/Aurora-B inhibited Saos-2 cells. (Magnifica-
tions: X200, I: untreated, 1I: Aurora-B-siRNA, III: AxCAhp53-F/
K20, IV: AxCAhp53-F/K20 and Aurora-B-siRNA)

Discussion

We investigated the relationships among multinucle-
ated cells, p53, Aurora-B and anti-tumor effect of
TMZ in the present study. The principal findings are
that the inhibition of Aurora-B function led to increase
in the number of multinucleated cells and the ratios of
G2/M phase in p53-mutant and p53-null cells, but not
in p53-wild cells or the cells transduced adenovirally
with wild-p53, and that the combination of TMZ and
inhibition of Aurora-B function remarkably induced
the cell death in human glioma cells, even in p53 gene
deficient and TMZ-resistant glioma cells.

Multinucleated cells

Since both U251MG and T98G cells have mutant type
p53 and U8TMG cells have wild type p53, we first
investigated the role of p53 in association with Aurora-
B function in these glioma cells. Our results demon-
strated increases in the number of multinucleated cells
and the ratios of G2/M phase 48 h after transfection of
Aurora-B-siRNA in U251MG and T98G cells, but no
significant differences in US7MG cells. In addition, p53
gene-transduced U251MG and T98G cells showed no
increase in the number of multinucleated cells after
Aurora-B inhibition. To further investigate these
relationships, we used Saos-2 cells with p53-null. After

Aurora-B inhibition, Saos-2 cells showed an increase in
the number of multinucleated cells, while p53 gene-
transduced Saos-2 cells did not. Aurora-B protein is
induced during G2/M phase and its inhibition leads to a
failure of cytokinesis and subsequently no entry
beyond G2/M phase, eventually to the formation of
multinucleated cells [35]. Our results of the cells with
mutant type p53 and p53-null are consistent with these
results, however those with p53 wild type are not.
Additionally, in our clinical samples of giant cell glio-
blastoma, molecular genetic analysis revealed that
multinucleated giant cells showed the dysfunction of
Aurora-B and p53 mutation. Here we focused on p53
that plays an important role in cell cycle. p53 is critical
for G1 arrest in response to DNA damage [36, 37], and
is required to prevent polyploidization following mi-
totic spindle damage [38, 39], and results in participa-
tion in the maintenance of euploidy [40]. On the other
hand, p53 is also associated with G2 arrest mediated by
14-3-3¢. After DNA damage, 14-3-3¢ is activated by
p53 and maintains G2 checkpoint [41]. It has been also
reported that polypoidization and subsequent aneu-
ploidization are prevented by the function of the
mitotic spindle checkpoint, a p53-dependent Gl
checkpoint and an additional G2 checkpoint [42].
Thus, p53 may be a key molecule to maintain euploidy
and to prevent the formation of multinucleated cells.
Consequently, we suggest that the formation of mul-
tinucleated cells requires not only dysfunction of
Aurora-B but also that of p53.

Cell death

TMZ is an alkylating agent that has been commonly
used in treatment of malignant gliomas. Recently, we
have reported that interferon (IFN)-f down-regulates
MGMT mediated by p53 protein, and sensitizes resis-
tant glioma cells to TMZ and down-regulates MGMT
expression. Methylation of the MGMT promotor is a
useful predictor of the sensitivity to alkylating agents
[34]. In the present study, we examined further whether
the anti-tumor effect of TMZ is able to be enhanced
against TMZ-resistant glioma cells using Aurora-
B-siRNA resulting in the formation of multinucleated
cells. U251MG and T98G cells, the human glioma cells
with mutant type p53, demonstrated moderate resis-
tance and severe resistance, respectively. In our previ-
ous study, U251MG cells showed methylated MGMT,
whereas T98G cells had unmethylated MGMT. These
findings may explain the difference in the sensitivity to
TMZ between these two glioma cell lines [34). How-
ever, we detected significant inhibitions in cell viability
in both the human glioma cells with mutant type p33 by
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Fig. 3 Cell cycle analysis. (a) Human glioma cells. Increase in
the number of multinucleated cells and the ratios of G2/M
phase by inhibiting Aurora-B function. These results showed
remarkable increases in both ratios of G2/M phase (A) and
multinucleated cells (B) in U251MG and T98G cells (mutant
type p53) 48 h after transfection of Aurora-B-siRNA. However,
no significant differences between transfections of Aurora-B-
and non-silencing-siRNA were observed in USTMG cells (wild
type p53). (wt: wild type; mt: mutant type) (b) Multinucleated

the combined treatment of TMZ and inhibition of
Aurora-B function. In particular, the combined treat-
ment demonstrated an approximately 60% inhibition in
cell viability even in T98G cells that showed the highest
resistance to TMZ alone (approximately 20% inhibi-
tion). On the other hand, we observed no significant
difference between TMZ alone and the combined
treatment in US7MG cells, the glioma cells with wild
type p53. These results suggest that the inhibition of
Aurora-B function sensitizes resistant glioma cells with
mutant type p53 to TMZ regardless of MGMT meth-
ylation or unmethylation. In the present study, inhibi-
tion of Aurora-B function led to the formation of the
multinucleated cells in mutant type p53 and p53-null
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cells and G2/M phase in human osteosarcoma cells. In Saos-2
cells with p5S3-null, 48 h after transfection of Aurora-B-siRNA,
the number of multinucleated cells and the ratio of G2/M phase
increased. However, we observed no increase in the number of
multinucleated cells not only in the p53 gene-transduced Saos-2
cells, but also in the p53 gene-transduced/Aurora-B inhibited

- Saos-2 cells. (I: untreated, II: Aurora-B-siRNA, III: AxCAhp53-

F/K20, IV: AxCAhp53-F/K20 and Aurora-B-siRNA)

cells, but not in wild type p53 cells. Furthermore, in our
clinical samples of giant cell glioblastomas, all of them
showed p53 mutation and better overall survivals than
typical glioblastomas in spite of MGMT unmethylated
status. Here we considered the relationship between
p33 and cell death; it has been reported that 14-3-3g,
activated by pS53, prevents mitotic death (‘mitotic
catastrophe’) [41]. Moreover, according to the rela-
tionship between multinucleated cells and cell death,
the multinucleated cells are unable to divide further,
followed by cell death in Aurora-B inactivated cells
[35]. In addition, the proliferation studies of glioblas-
tomas have demonstrated that large, multinucleated
cells are generally non-proliferating [18, 22]. In other
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Fig. 4 The reinforcement of anti-tumor effect of TMZ combined
with Aurora-B-siRNA. U251MG (mutant p53): Administration
of TMZ alone resulted in an approximately 50% inhibition in
cell viability. In addition, the combined treatment of Aurora-B-
siRNA and TMZ showed a significant inhibition in cell viability
compared with each material alone (* P < 0.05). T98G (mutant

 p53): The strong resistance against TMZ alone was observed,
however the combined treatment demonstrated a significant
inhibition in cell viability, approximately 60% inhibition,
compared with each material alone (*P < 0.05). USTMG (wild
type p53): USTMG cells showed more sensitivity to TMZ alone
than the other two glioma cells, and the combined treatment
demonstrated sensitivity as well. Aurora-B-siRNA alone also
demonstrated the highest inhibition in cell viability of these
glioma cells. These numbers were expressed as ratios compared
with non-silencing-siRNA control. (A: Aurora-B-siRNA, B:
TMZ (100 uM), C: combined treatment)

clinical cases, the degree of malignancy in giant cell
glioblastoma was determined by the biological behavior
of the mononucleated giant cells and small cells, not by
that of the multinucleated giant cells [43]. In the present
study, TMZ was administered at the time of the increase
in the number of multinucleated cells in U251MG and
T98G cells with mutant type of p53, therefore TMZ may
show higher sensitivity to the multinucleated cells ra-
ther than to the mononucleated cells, under p53 defi-
cient status. In contrast, US7MG cells with wild type p53
showed the highest sensitivity to TMZ alone of these
glioma cells tested and no increase in the formation of
multinucleated cells by inhibiting Aurora-B function,
therefore it is possible that there was no enhancement of
the anti-tumor effect of TMZ in USTMG cells even with
the combined treatment. On the other hand, Aurora-B-
siRNA alone inhibited cell viabilities in U251MG and
USTMG cells, particularly in the latter. Aurora-B is
essential for cell viability and required for proper pro-
gression of cytokinesis in mammalian cells [35], how-
ever its overexpression has been observed in many
human cancer cells [6, 44]. These findings suggest that
proper expression of Aurora-B may be indispensable to
the life of cells. In the present study, US7TMG cells

showed a proper progression of cytokinesis without an
increase in the formation of multinucleated cells.
Therefore, USTMG cells may properly express Aurora-
B to maintain their own cell viabilities, and may have
demonstrated the highest inhibition in cell viability by
Aurora-B inhibition alone.

Conclusions

We suggest that the formation of multinucleated cells
requires not only dysfunction of Aurora-B but also that of
p53, and that multinucleation can lead to cell death. The
combined treatment of TMZ and inhibition of Aurora-B
function indicated a remarkable inhibition in cell viability
even against TMZ resistant glioma cells without p53
function. Consequently, this treatment may be developed
into a crucial therapy for malignant gliomas.
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I. BU®IC

F724F=T (AL y¥®) &, LERERAT
2Rk (EGFR) OFuy v FF—+ (TK) %24F
¥ 3T ENERETHB. 77 1 F=T I,
HAEBML 7275 F F HAl% EUai{LE iR
ahicn UBRET I MAERIEIC N 5 55 2 1O
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YRR XN, BICAAATIE27.5%DEWY
RRAFD LN T L EZF Y, 20024 7 HIZ
S A & D FRARE £ 72 S ERIE N HIRaE
L ThAREIC B THRTHD TEREB SR
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& LTEEN L MG E LRI TREFL S
D, WEDEEL L THAOBEE o728, it
ORI TEZ TS BN L RRER L ZDOHEE
SFsREL L, BELEBERICBOTEE
KEHO—D L LTHAXh TS,

SRR MR RE I AR A RHE 23 6 % BT
BMEETH D, FREEL L MBS HFEE
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i, BRI S B OIRBEHRIC K S IEROZR A
G BB bRIEREL k5T 5, i)y, HUEANA
#1221 Tid blood-brain-barrier (BBB) iZ& -
CHAMBE LI DI LB B0, BRBELH
TWEDRBERTH B2, ZOPT, Y74 F
=T OBIPLI%, EER I L TOFHFISRE
XhBESicnok SHIE, Y74 F=TORK
BMEBREFTTICBLATOAIHRICI OO THh
%, BRI 3 EMMEIC OV TE LV E 2
—AHOICE &0, AR BRI B Y
BEEEH L LT Y A — I B RRO RIS
ST %, EGFR & OB & h.0ic s FEDFH
W2 GO T 5.

I. EGFR&& U571 F=7DEH
wrF |

EGFRIZEAD & $ & Mg THL, Hh
CEOLTEELEHEE L TWASY, L DBEMNE
Edl T RENAL N, EEMIIC BT 5 EM
{t~BE< 5L, ZOBRBRITEARRTT
» %%, EGFROMEE L, My, MiakE
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E1 EGFRIEHE(LICL B TFNREES 7« F = 7tk AEBM
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erbBA/HERA E R EHBVRNATOX A Y —2HH L, BRAEEOTKEISEVOFOL EEEY LBRIEL TEMLENS. B
BMIRTIE, EGFRAU A > FIFEAFEICERICEMIL S h, RAS-MAPKZE, PISK-AKUEES, STATEHEL EICEA SO, BE
MRORE, 7K -2 20EE, OEFE, GEEECEFSL, BMLICES T3, 47« F= 71 EGFROMBIAERD TKIC

BUBATPHEEREWICEAETT 52 & THESHRE 2 R8T 3.

B, B X OTKEN %5 5 Mg, o
5. MAENEBO Y FH A VLA EGF
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RANREO TK EALIZ ATP A3EA LAY Vgl
L THEM b Eh, RASMAPK#&R, PISK-AKT&
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fail& i) 29850, B - EBERAOES | Mm%
FECAPDEFTREPT A b — o 2HHIE

BB LEL RT3,
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NDATPHEE#HANIZAZEL, UTADY &
FNMEEEHET 3 2 & CHESDRERET S
(B1). EGFROTKHEE L WS EHDAT,
MBI IS L TR & SEERSIR BB O N D
ATEEMEAVR &, YR THEHR S h k& i
ERFEEN-ERITH B,
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