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The calcium-binding Mts1/S100A4 protein plays an important role in
motility and metastatic activity of tumor cells. Recently we showed that
Mtst/S100A4 is expressed in white matter astrocytes and influences
their migration in vitro and in vivo. Here, we have investigated the role of
Mts1/S100A4 expression in C6 glioma cells or surrounding astrocyics
for migration of Cé cells on astrecytes, using short interference (si) RNA
to sileace Mts1/S100A4 expression. We find that in vitre, the migration
of Mtst/SI00A4 expressing and silenced C6 cells on astrocytes is
predominantly dependent on the expression of Mist/SI00A4 in
astrocytes, i.e. C6 cells preferably migrate on Mts1/SHI0A4-silenced
astrocytes. In vivo, Mts1/8100 Ad-positive C6 cells preferably migrate in
white matter. In contrast Mts1/SI0DA4-silenced C6 cells avoid white
matter and migrate in gray matter and meninges. Thus, the migration
pattern of C6 cells is affected by their intrinsic Mts1/S100A 4 expression
as well as Mts1/S100A4 expression in astrocytces.

To investigate if Mtst/SE00AS has a significant role on brain tumor
progression, we made quantitative RT-PCR analysis for the expression
of S100A4/Mtst in various grades of astrocytic tumors. Qur data
showed that high-grade glioblastomas e¢xpress higher amount of
S100A4/Mts] than low-grade astrocytic tumors,
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Diffuse astrocytomas are the most common primary intracranial
tumors in humans. The rapid and uncontrolled spread of the tumors
usually leads to the death of the paticnts within a short period after
diagnosis. These tumors invade the brain preferentially along white
matter fiber tracts (Pedersen et al., 1995; Giese et al, 1996;
Kleihues and Cavanee, 1997). It is intriguing that although CNS
myelin is inhibitory for neurite outgrowth (Bandtlow and Schwab,
2000). as well as for spreading and migration of scveral cell types
including astrocytes and fibroblasts (Schwab and Caroni, 1988:
Amberger et al., 1994; Spillmann et al.,, 1997), many cell types.
including malignant cells. migrate readily in white matter arcas
(Amberger et al., 1998; Belien et al., 1999; Guillamo et al., 2001;
Hormigo et al., 2001; Lefranc et al., 2005).

C6 rat glioma cells. a chemically induced highly invasive cell
line (Benda et al., 1968), as well as human glioma cells arc able to
overcome the inhibitory properties of CNS myelin. and spread and
migrate on CNS myelin substrate in culture due to the presence of a
membrane-bound metalloprotease activity (C6-MP) (Paganetti et
al., 1988; Amberger et al., 1994, 1998; Hensel et al., 1998). The
expression of MTI-MMP on the surface. of the C6 cell was
associated with a remodeling of the non-permissive CNS myelin
substrate into a permissive one. thereby allowing spreading,
migration. and infiltration of glioma cells on a CNS myelin
substrate in vitro, and their invasion of myelinated CNS fiber tracts
in vivo (Belien et al., 1999). However, besides MTI-MMP. other
properties of C6 cell< could also be involved in overcommg, the
inhibitory propertics of CNS myelin.

Mts1/S100A4 is a member of the EF-hand family of Ca-binding
proteins, selectively expressed by white matter astrocytes in the
intact CNS (Kozlova and Lukanidin, 1999; Aberg and Kozlova,
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2000). and markedly up-regulated after injury (Kozlova and
Lukanidin, 1999, 2002). Mis1/S100A4 is strongly implicated in
invasion and melastasis ol non-ncural tumors (reviewed in
Helfman et al., 2005). The protein is expressed in C6 glioma
cells, but its function in these cells is unknown. Since Misl/
S100A4 is also expressed in white matter astrocytes in vivo, it is
conceivable that the presence or absence of this protein in these
cells influences how Cé glioma cells interact with white matter
arcas. Here, using siRNA mediated silencing of Mits1/S100A4, we
first investigated the role of intracellular Mts1/S100A4 in C6 cclis-
white matter astrocytes interactions, especially focusing on in vitro
migration of C6 cells. Subsequently, we examined whether Misl/
S100A4-expressing and -silenced C6 glioma cells migrate
differently in CNS white matter in vive,

Material and methods
“Astrocvie cultures

The animal procedures were approved by the Uppsala county
regional committee for rescarch on animals. The detailed procedure
for preparing cultures of astrocytes is described elsewhere
(Kozlova and Takenaga, 2005). Briefly, white maticr astrocytic
cultures were made from 4 days old rat pups. The animals were
anesthetized on icc and decapitated. The brain from 10 pups was
removed. and placed in a Petri dish with cold PBS. A 2 mm thick
coronal slice at the level of the rostral hippocampus was made and
placed in a Petri dish with Dulbecco's modified Eagle’s medium
(DMEM: Gibco. Invitrogen) containing (0% FCS (Gibco.
Invitrogen) supplemented with 100 units/ml penicillin and
100 pug/ml streptomycin. The corpus callosum area was carefully

dissected at high magnification under the dissecting microscope,

and uscd for obtaining white matter astrocytes. The tissues were
rinsed with PBS containing 0.2% glucose (PBS/glucose), resus-
pended in PBS/glucose containing 10 mg/ml trypsin (Sigma-
Aldrich. St. Louis. MQ), l'myml DNase {Worthington Biochem-
icals Co., Lakewood, NJ). and 5 mg/ml MgSOy, incubated for
3 min at 37 °C. and then carefully washed three times with PBS/
glucose. After removing the last wash solution. they were
suspended in DMEM containing 0.5 mg/ml DNasc. Beginning
with the 18-G needle, the tissues and the DNase solution were
drawn up and expelled back for a total of fiftcen times, and this
procedure was repeated with the 20- and 23-G ncedles. The
resulting cell suspension was centrifuged at 1200 g for | min, and
the pellet was resuspended in 1 mi of a 1:] mixture of DNase
solution and PBS/glucose/MgSQO,. The cell suspension was
transferred onto the discontinuous Percoll (Amersham Biosciences,
Piscataway, NJ) gradient that had been made by overlaying 2.5 ml
of 30% Percoll on 2.5 ml of 60% Percoll in PBS/glucose. After
centrifugation at 2000y for 10 min at 4 °C. the astrocyte-enriched
fraction that migrated to the medium/30% Percoll interface was
carcfully aspirated with a Pasteur pipette. and suspended in 10 ml
of PBS/glucose. The cells were centrifuged at 2000xg for 10 min at
4 °C, resuspended in DMEM/10% FCS/3% glutamine glucose.
plated at a concentration of 2 x 10% cells/ml in culture flasks (T25).
and then cultured for 10 days. For subculturing. the cells were
incubated with 0.05% trypsin/0.53 mM EDTA (National Veterinary
Institute, Uppsala, Sweden) for 3 min at 37 °C. After adding an
equal volume of DMEM/10% FCS. the cells were detached from
the culture flasks by smacking the side of the flasks. centrifuged.
and resuspended in DMEM/10%FCS/glucose.
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C6 glioma cell cultres

Rat glioma C6 cells (Namba et al., 2000) were culiured in
Dulbeeco’s modified Eagle’s medium (DMEM) containing 1% FCS
supplemented with 100 units/ml penicilfin and 100 pg/mi streptomy-
cin. Enhanced green fluorescent protein (EGFP) expressing C6 (C6/
EGFP) cells was established by introducing a pCl-neo/EY/EGFP
plasmid with the Lipofectin (Invitrogen) method and sclecting with
400 pg/ml G418 (Sigma-Aldrich) followed by cloning, Cells were
cuftured at 37 °C in a humidified atmosphere with 5% C(),.

SIRNA treatment

SIRNA mediated silencing of endogenous expression of Mis]/
SI00A4 in CO cells and astrocyles was performed using 21
nucleotide siRNA duplexes (Ambion Inc., Austin, TX). The
sequence of sense and antisense oligonucleotide was 5-GGGU-

“GACAAGUUCAAGCUGH-3' and 5-CAGCUUGAACUUGU-

CACCCre-3', respectively. SI00A4 siRNA was transfected with
Lipofectamine 2000 according to the manufacturer’s instructions
(Invitrogen). Brielly, | day before transfection, astrocytes and €6
cells were resuspended in {2-well plates in appropriate growth
medium and then grown overnight. On the day of the experiment,
siRNA-Lipofectamine 2000 complexes were prepared and trans-
fection was performed according to the manufacturer’s instruc-
tions. Medium for astrocytic cultures was changed to Opti-MEM
(Invitrogen) 20 min before transfection. The siRNA complexes
were added dropwise while gently rocking the §2-well plates. Cells
were transfected with Mts1/S100A4 siRNA for at least 5 h at 37 °C
before switching to fresh Opti-MEM containing 20% FCS and
incubated overnight. The medium was then changed to DMEM
supplemented with 3% glutamine, antibiotics (see above). and 10%
FCS. The amounts of siRNA, Lipofectamine 2000 and siRNA
transfection medium werc proportionally scaled up to the surface
area of cell culture. As a control for Mtsl/S100A4 siRNA,
BLOCK-iT Fluorescent Oligo (Invitrogen) or Silencer Negative
Control #1 siRNA (Ambion. Inc.) was used. For co-cuturing with
C6 glioma cells, astrocytes that had been transfected with siRNA 2
days earlier were detached. immediately replated on glass cover-

- slips and incubated for 24 h before C6 cells were plated on the top

of astrocytes. After time-lapse microscopy. the cover slips were
fixed and taken for immunohistochemical staining. Transfection
efficiency was about 90% for astrocytes as well as C6 cells.

Astrocviic tumor specimens

Thirty astrocytic tumors of various grades (1 pilocytic
astrocytomas. 5 diffuse astrocytomas, 10 anaplastic astrocytomas.
14 glioblastomas) were examined. All tissue samples were
abtained from the patients at the Chiba Cancer Center Hospital
under the protocol approved by the institutional review board. The
histopathologic diagnoses of all specimens were confirmed by two
pathologists according to the WHO criteria.

Real-time quantitative PCR analysis

Total RNA was extracted from the tumors according to the
AGPC method (Chomczynski and Sacchi, 1987).

One microgram of each RNA was reverse transcribed using
random primer (Takara Shuzo Co.. Ltd.. Japan) and Super Script 11
(Invitrogen Corp.. Carlsbad, CA). Real-time quantitative PCR was
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donc using the ABI Prism 7700 Sequence Detector (Applicd
Biosystems). The TagMan MGB probes for S100A4/Mts)
(FMA™  dye-labeled) (TagMan(R) Gene Expression  Assays,
Assay ID: HsXXXXX-ml) and TagMan PCR Master Mix were
used for amplification of human S100A4/Mis1. The real-time PCR
condition was: 2 min at 50 °C, 10 min at 95 °C, and then 50 cycles
of amplification for 15 s at 95 °C and | min at 60 °C. For each run,
serial dilutions of human S100A4/Misl plasmids were used as
standards for quantitative measurement of the amount of amplified
DNA. In addition. for nommalization of each sample, TagMan
GAPDIH control reagent kit (Applicd Biosystems) was used for the
detection of GAPDI1 expression as a control. The ratios of

S100A4/Mtsi and GAPDH gene expressions represented ‘the

normalized relative levels of SI00A4/Mtsi expressions and were
expressed as arbitrary expression units (a.c.u.).

Immunoblot

Cells were lysed in 2% Triton X-100. 1% Nonidet P-40, 20 mM
Tris-1ICL pH 7.4, 300 mM NaCl. 2 mM EDTA, and | mM PMSF.
After centrifugation at 10.000xg for 10 min at 4 °C, the supematant
was used for immunoblot analysis. Proteins were scparated by SDS-
PAGE under reducing conditions and transferred to a Hybond-N
membrane (Amersham Biosciences). Primary antibodies used were
against: B-actin (mouse monoclonal, Sigma-Aldrich, 1:1000). GFAP
{rabbit potyclonal. DakoCytomation, Glostrup. Denmark. 1:100),
~ and Mts1/STO0A4 (rabbit polyclonal) (Takenaga et al., 1994). The
membrane was blocked with 5% dry milk in TBS-T, incubated with
the first antibodies. washed extensively with TBS-T, and then with
specics-appropriate Rorseradish peroxidase conjugated” secondary
antibodies. Immunodetections of Mts1/S100A4. GFAP, and B-actin
were made using the enhanced chemiluminescence system (ECL;
Amersham Btosciences Corp.. Piscataway. NJ).

Time-lapse microscopy

Just before the experiment, the C6/EGFP cells were harvested
using 2 mM EDTA/PBS and | x 10° cells were added to a monolayer
of astrocytes that had been cultured on a coverslip (diameter 40 mm)
and placed in the middlc of a 60-mm dish. The cells were kept in an
incubator for 2 h. after which the coverslips with astrocytes and
attached C6 cells were transferred to the closed chamber (Focht Live
Celt Chamber System, Butler, PA) on the stage of a Zeiss 410 invert
laser scanning microscope. The cells were scanned using a 63%/1.4 oil
immersion objective. Fluorescence was excited by the argon laser line
488 nm and emitted fluorescence was detected using a bandpass filter
at 515-525 nm. During the first hour, confocal images were recorded
showing appearance of the attached C6/EGFP cells. Then a series of
non-confocal images was recorded for the next 2 h with 5 min
intervals between the images, to analyze C6 cell migration. The
chamber temperature was kept at 37 °C throughout the experiment.

We analyzed three groups of experiments: (1) C6/EGFP cells
(Mis1/S100A4 positive) cultured on Mtsl/S100A4 positive astro-
cytes (C+W+). (2} C6/EGFP cells treated with Mts1/S100A4
siRNA (Mis1/S100A4 negative) cultured on Mis1/S100A4 posi-
tive astrocytes (C—W+), and (3) C6/EGFP cells (Mtst/S100A4
positive) cultured on astrocytes treated with Mts1/S100A4 siRNA
(astrocytes Mitsi/S100A4 negative) (C+W-). All images were
analyzed with the ImageJ program. We calculated the distance
covered by individual cells during an examination period of 2 h.
The whole distance was calculated by the addition of all distances,

which were recorded every 5§ min during the 2-h experimental
session. The data are presented in graphic form, and analyzed with
the Student’s 7-test.

Quantitative analysis of C6 cell morphology

After time-lapse microscopy, the coverslips were carcfully
removed from the microscope chamber and fixed. Flat and round
CO/EGFP cells in all 3 groups of co-cultures were visualized in the
fluorescence microscope and counted on each coverslip under the
20« objective with the aid of a square ocular frame (side=0.11
mm). The frame was placed systematically across the coverslip. All
together 11 frames were examined for cach coverslip. At least 3
experiments were analyzed for cach group. The data are presented
in graphic form and analyzed with the Student’s r-test.

Transplamation of C6/EGEFP cells

A suspension of CO/EGFP cells was prepared just before
transplantation. The recipient rats were placed in a stereotaxic
holder and 5 il of the suspension containing | x 10° CO/EGFP cells
was injected with a thin metal tube with 50 um diameter to the
white matter arcas with coordinates (0.8 mm back, 1.5 mm right,
3.7 mm down) from bregma. Four days later, the animals were
perfused via the left ventricle with saline (37 “C), followed by a
fixative solution containing 4% formaldehyde (w/v) and 14%
saturated picric (v/v} acid in PBS (4-8§ °C, pll 7.35-7.45). The
brain was removed. postfixed for 4 h, and cryoprotected overnight
in PBS containing 10% sucrose. Coronal sections (14 pm) were
made on a cryostat. All sections through the entire transplant were
collected. and subsequently used to reconstruct the rostro-caudal
and medio-lateral extension of the transplant.

Immunchistochemistry

At the termination of the time-lapse microscopy scssion, all
cultures were rinsed in PBS. fixed in 4% phosphate-buffered
paraformaldchyde for 20 min, washed over night in PBS, and
stained for GFAP and Mts1/S100A4. Cryostat sections from the
brain of transplanted animals were thawed at room temperature
untit water condensations on the slides had disappeared. A
blocking solution (1% bovine scrum albumin [w/v]. 0.3% Triton
X-100, and 0.1% sodium azide in PBS) was gently put on top of
each section for 1 h at room temperature. Afler blocking. the
solution was removed and the sections treated ovemight at 4 °C
in the same solution with antibodies to Mts1/S100A4 (rabbit poly-
clonal. 1:700), or glial fibrillary acidic protein (GFAP: mouse
monoclonal, 1:500, Jackson ImmunoResearch). The slides were
washed three times in PBS (7 min/wash) and then incubated with
secondary antibody. The immune complexes were visualized with
Texas-red conjugated donkey anti-rabbit 1gG (Jackson Immuno-
Research Inc., West Grove, PA) diluted 1:50 in PBS with 0.3%
Triton X-100 and 0.1% sodium azide for 4 h at room temperature.
After another round of washing (three times, 7 min/rinse in PBS),
the slides were mounted in a mixture of PBS and glycerol (1:1; v/v)
containing 0.1 M propyl-gallate.

Microscopic analysis

For reconstruction of the transplants. the distance between the
beginning and the end of each transplant was calculated by

Please cite this article as: Takenaga, K., et al., Modified expression of Mts1/S100A4 protein in C6 glioma cells or surroundm;, astrocytes affects migration
of wmor cells in vitro and in vivo, Neurobiol. Dis. (2006), dui:10.1016/j.nbd.2006.10.021




4 K. Tukenaga et al. 7 Newrobiology of Discase xx (2006} xxv-xox

counting the number of sections containing transplanted celis.
Thereafter. we analyzed the width of the transplant. which was
tocated in corpus callosum or in another parts of the brain, for
example along the blood vessels or the meninges. In addition, we
mcasurcd on transverse sections the maximal extension of cach
lran.#plam to the contralateral side of the brain.

Total RNA preparation and reverse transcription-polvmerase chain
reaction (RT-PCR)

One microgram of total RNA which was prepared with TRIzol
reagent (Invitrogen), was used as a template for cDNA synthesis.
RNA was transcribed into cDNA as described previously (23) and
the resulting cDNA was used for the amplification of the target
cDNAs using the appropriate sense and antisense primers, and
rTag DNA polymerases (TOYOBO). The PCR conditions for
matrix metalloproteinase (MMP)-2, MMP-9, membrane type (MT)
I-MMP, tissue inhibitor of metalloproteinases (TIMP)-1. and
TIMP-2 were 94 “C for 10 s, 55 °C for 5 s, and 72 °C for 1 min.
and the cycles were repeated 30 times except for an internal control
glyceraldehyde 3-phosphate dehydrogenase (GAPDILI; 25 cycles).
Aliquoats of the PCR products were fractionated by clectrophoresis
in 1% agarose gels and visualized on a transilluminator after
staining with cthidium bromide. Oligonucleotide primers used for
RT-PCR were as follows.

MMP-2 Sense 5 -CTGGGTCTATICTGCCAGCACTCTYG-3Y
antisense  5-AGCCAGTCTGATTTGATGCTTCCAA-3
MMP-9 SCRSE S-AGTTTGGTGTCGCGGAGCAC-3!
antiscnse  5-TACATGAGCGCTTCCGGCAC-3
MTI-MMP  sense 5'-GTGCCCTATGCCTACATCCG-3
antisense S-TTGGGTATCCGTCCATCACT-3'
TIMP-1 sense S-CTGGCATCCTCTTGTTGCTA-3!
antisense  5"-AGGGATCGCCAGGTGCACAA-3’
TIMP-2 sense 5-AGACGTAGTGATCAGGGCCA-3!
antisense  5-GTACCACGCGCAAGAACCAT-3
GAPDH SCnse SACCACAGTCCATGCCATCACY
antiscnse 5-TCCACCACCCTGTTGCTGTA-3'
Results

The objectives of our studies were to (i) explore whether the
migration of C6 cells in virro is influenced by astrocytes which
express or do not express Mtsl/S100A4. and (ii) determine
whether intracellufar Mis1/S100A4 in C6 glioma cells regulates
their migratory properties in viva. We produced cultures from the
corpus callosum of postnatal day 4 (P4) old rats. i.c. the stage when
Mts1/S100A4 positive astrocytes appear in vivo (Aberg and
Kozlova, 2000). and used EGFP stably expressing cells established
from a C6 glioma cell line (C6/EGFP) that expresses Misi/
S100A4. Using the siRNA technique to specifically climinate
Mtst/S100A4 protein expression. we were therefore able to

cxamine the role of Mts1/S100A4 for the migratory capacity of

C6 cclls on white matter astrocytes expressing Mis1/S100A4 and
on those with down-regulated expression.

Silencing of Mis1/S100A44 expression in white matter asirocvies
and C6 cells

White matter astrocytes expressed high levels of Mis1/S100A4
and afler transfection of Mts1/S100A4 siRNA an almost complete

climination of Mtsi/S100A4 occurred on day three afler transfec-
tion (Fig. 1A), consistent with our previous report (Kozlova and
Takenaga, 2005). C6 glioma cells also expressed high levels of
Mts1/S100A4, but were negative for GFAP. Transfection of Misi/
S100A4 siRNA into C6 ccells resulted in a gradual depletion of
Mis1/S100A4 immunoreactivity with an almost complete. con-
centration dependent disappearance on day three after transfection
(Fig. 1B). C6 cells wransfected with control siRNA showed no
change in Mts1/S100A4 protein expression.

Morphology of C6 glioma cells on a monolaver of white matter
astroevies in viro

CO/EGFP cells transfected with control or S100A4-specific
5iRNAs were placed on cultures of white matter astracytes for a
period of 4 b, afler which their morphology was analyzcd. Two
distinct types of CO/EGFP cell shapes were observed: round and
flat (extended). Most of the CO/EGFP cclis, regardliess of their
Mts1/S100A4 expression demonstrated round morphology and did
not extend on a monolayer of MtsI/S100A4-cxpressing while
matter astrocytes (Figs. 2A, B). However, some of the C6/EGFP
cells expressing Mis1/S100A4 partly extended on white matter
astrocytes in vitro (Fig. 2A). Intriguingly, when CO/EGFP cells
were sceded on a monolayer of Misl/S100A4-silenced white
matter astrocytes, most of the cells adopted a flat and extended
shape (Figs. 2C. D). This change in C6/EGFP cell shape, induced
by Misl/S100A4-negative white matter astrocytes. occurred
immespective of whether C6 cells were treated with control siRNA
or Mtsl/S100A4 siRNA. These observations were confirmed by
quantification of the number of flat and round C6/EGFP cells on
white matter astrocytes expressing Mts1/S100A4 and white matter
astrocytes with silenced Mts1/S100A4 expression (Fig. 2E). Thus,
Mis1/S100A4 expressing C6/EGFP glioma cells were round on a
monolayer of Misl/S100A4-expressing astrocytes and flat on
Mist/S100A4 siRNA-treated white matter astrocytes.

Time-lapse microscopy
Mts1/S100A4-expressing or -silenced CO6/EGFP cells were

seeded for 2 h before the experiment on a monolayer of cither
Mis1/S100A4-expressing or -silenced white matter astrocytes. The

A B

Controt S100A4
siRNA siRNA

Days after transfection
1 2 3 t+ 2 3

-

- e ey b o aup e  [(-Actin

Control siRNA
S100A4 siRNA

3
3
=

e S100A4 S100A4

e i [-Actin

Fig. 1. The effect of Mis1/SI00A4 siRNA on the expression of Misl/
SHO0A4 in C6 glioma cells. White matter astrocytes were transfected with
100 nM control siRNA or Mts1/S100A4 siRNA by the Lipofectamine 2000
method. Three days later. cell extracts (40 pg of protein) were prepared and
subjected to immunoblot analysis of Mis1/S100A4 (A). C6 glioma cells
were transfected with 100 nM control siRNA or Mts1/S100A4 siRNA. Onc
to three days after the transfection, cell extracts (40 pg of protein) were
prepared and subjected to immunoblot analysis of Mist/S100A4 (B). |-
actin was used as a Joading control.
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Fig. 2. Morphology of C6/EGFP cells on Mts1/S100A4-cxpressing white matter astrocytes (red) in confocal (A, B. and non-confocal (C, D) images. Regardiess
of whether C6 cells expressed Mts1/S100A4 or not. they typically showed a round shape on Mits1/SI00A4 expressing white matter astrocytes (A ~C). However,
some of the C6/EGFP cells expressing Mts1/S100A4 pantly cxtended on white matter astrocytes (A). When sceded on Mits1/S100A4-silenced white matter
astrocytes. most of the C6/EGFP eclls adopted a flat and extended shape (D). Quantitative analysis of the number of flat (gray bar) and round (black bar) Mts1/
S100A4 positive (C+} and negative (C—) CG/EGFP cells on white matter astrocytes expressing Mts1/S100A4 (W+) or white matter astrocytes with sifenced
MisI/ST00AS expression (W-) show that virtually all C6 cells display a round shape on Mtsl/S100A4 expressing white matier astrocytes, whereas thc, vast
majority of C6 cells are flat on Mts1/S100A4-silenced white matter astrocytes (E). Scale bar=10 jm (A, BY: 60 um (C. D).

motility of C6/EGFP cells was recorded during a period of 2 h.
We analyzed 3 difTerent experiments: (1) C6/EGFP cells
expressing Mts1/S100A4 seeded on astrocytes expressing Mtsl/
S100A4 (C+W+), (2) C6/EGFP cells with down-regulated Mist/
S100A4 sceded on astrocytes expressing Mis1/S100A4 (C-W+);

(3) C6/EGFP cells expressing Mts1/S100A4 seeded on astrocytes
with down-regulated Mts1/S100A4 (C+W-). The total distances
of migratory movements for the three groups (C+W+, C-W+, and
C+W=) were calculated in the ImageJ program and a graph was
prepared in Excel using r-test (Fig. 3). Mts1/S100A4 positive C6/
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Fig. 3. Migratory capacity of C6 cells on monolayers of white matter
astrocytes.  Quantitative analysis of the total distinces of migratory
movements of C6/EGFP cells on white matter astrocytes recorded during
a period of 2 h under time-kipse microscopy. MisH/SI00A4 positive (C+)
and negative (C-) €6 cells showed a little migratory movements on Mtst/
SI100A4 cxpressing white matter astracytes (W+). In contrast. migratory
movements of Mts1/S100A4 positive C6 cells (C+) were markedly
increased following silencing of Mts1/S100A4 expression in white matter
astrocytes (W-).

EGFP cells showed signs of motility on astrocytes during a period
of 2 h. C6/EGFP cells treated with Mts1/S100A4 siRNA (2nd
group) displayed changes in their shape on astrocytes. but did not
change their position. Interestingly, however, on Mts1/S100A4-
sitenced whitc matter astrocytes (3rd group), C6/EGFP cells
consistently displayed continuous movements at the cell surface
with processes emerging and withdrawing in different directions.
Thesc results indicate that the migration of C6 cclls, regardless of
Mtsl/S100A4 expression. is restricted and influenced by the
Mtsl/S100A4 expression level of the interacting white matter
astrocytes.

Transplantation to corpus callosum

We analyzed two types of experiments: (1) C6/EGFP cells po-
sitive for Mts1/S100A4 transplanted to corpus callosum (C+W-+),
and (2) C6/EGFP cells with down-regulated Mts1/S100A4 expres-
sion transplanted to corpus callosum (C-W+). Transplantation
experiments were terminated on the fourth day after C6 cell
injection to avoid a post-grafting up-regulation of Mis1/S100A4
expression after siRNA mediated Mts1/S100A4 silencing. Trans-
verse sections through the brain were examined in the fluorescence
microscope and all sections containing EGFP positive cells were
coliected. Thus, we could estimate the rostro-caudal distribution of
C6/EGFP cells in the recipient brains by counting the number of
sections containing C6/EGFP cells. The distribution of the C6/
EGFP cells in medio-lateral direction was estimated by measuring
the distance of C6 ccll distribution from the midline in the section
series through the entire transplant. We also analyzed the
distribution of cach transplant with regard to their location in
white or gray matter arcas. Serial sections were prepared from all
transplants and reconstructed for this analysis. Surprisingly, C6/
EGFP cells expressing Mts1/S100A4 migrated in the brain in the
rostro-caudal direction for shorter distance than C6/EGFP cells
after treatment with Mts1/S100A4 siRNA (Fig. 4A). Furthermore.
all transplants with C6/EGFP cells expressing Mts1/S100A4
preferentially migrated in corpus callosum (Figs. 4B and 5A)
whereas CO/EGFP cells silenced for Mts1/S100A4 avoided white

matier and migruléd in gray matier along meninges and blood
vessels (Figs. 4C and 5B).

Metalloproteinase expression of Ch cells

To investigate whether the difference of the in vivo migration
pattern between Mis]/S100A4-expressing and -silenced Cé cells
could be due 1o any changes of metalloproteinase activitics, we
amalyzed the expressions of MMP-2, MMP-9, and MTI-MMP, or
their inhibitors. TIMP-1 and TIMP-2, at the mRNA level.
However, C6 cells did not change their expression of these
mRNAs in response to the change of Mts1/S100A4 cxpression
(Fig. 6). Consistent with these results, a zymography analysis
showed that C6 cells secreted almost equal amounts of MMP2 and
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Fig. 4. Data from measurements of rostro-caudal migration of C6/EGFP
cells transplanted 1o the rat brain. Misl/SI00A4 expressing €6 cells
migrated for shorter distances in the rostro-caudal direction than C6 cells
treated with SI00A45iRNA (A). However, all Mis1/S100A4 expressing C6/
EGFP cells preferentially migrated in corpus callosum (B), whercas C6/
EGFP cclls silenced for Mis1/S100A4 preferably migrated in gray matter
arcas—along meninges and blood vessels (C).
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Fig. 5. Coronal scations of CO/EGFP cells transplanted to the adult rat corpus callosum. Migration of transplanted Mis1/S100A4 cxpressing C6 cells is mainly
restricted to corpus callosum (A), whereas C6 cells treated with S100A4 siRNA before transplantation, avoided white matter and preferred to migrate in gray
matter (B). Arrowhcead (A)=transplant site; arrow (A)=midline; arrow (8)=meningcal surface of the brain, Scale bar=100 pm.

MMP9 irrespective of Mis1/S100A4 expression level (data not
shown).

Differentiol cxpression of the SI00A4/MisT gene in astrocytic
tumaors

To examine whether there is a diflerence in the expression level
of Mts1/S100A4 mRNA in various grades of astrocytic tumors, we
carried out real-time quantitative PCR. The results clearly show
that the relative Mis1/S100A4 mRNA expression level in
glioblastomas (grade 4) was higher than that in pilocytic
astrocytomas (grade 1), diffuse astrocytomas (grade 2). and

Controf siRNA
S100A4 siRNA

MMP2

MMPS

MT1-MMP

TIMP1

TiMP2

GAPDH

Fig. 6. RT-PCR analysis of the expression of metalloproteinases and their
inhibitors in Mts1/S100A4 siRNA-transfected C6 glioma cells. €6 glioma
cells were transfected with 100 nM control siIRNA or MtsH/S100A4 siRNA.
Three days after the transfection. total RNA was prepared using the TRIzol
method. After reverse transcription, the resulting ¢DNAs were applied to
PCR using rat MMP-2-, MMP-9-, MT1-MMP-, TIMP-1-. and TIMP-2-
specific primer pairs. GAPDH was used as an intermal control to estimate the
expression levels of the genes. No changes are found in the expression of
MMP-2_-9, MT1-MMP, or TIMP} and 2 in Mis1/S100A4 siRNA-trcated
C6 glioma cells,

anaplastic astrocytomas (grade 3) (Fig. 7). Although there was no
significant difference between diffuse astrocytoma and anaplastic
astrocytoma, the difference between glioblastoma and other astro-
cytomas (pilocytic astrocytoma-+diffuse astrocytoma+ anaplastic
astrocytoma) was statistically significant (p<0.03). We conclude
that high-grade glioblastomas express higher amount of S100A4/
Mts! than other low-grade astrocytic tumors.

Discussion

Mist/S100A4 has been strongly implicated in invasion and
metastasis of many non-ncural tumors (reviewed in Helfman et
al., 2005), and is up-regulated also in many brain twmors (Camby
et al., 1999; Heman et al., 2003). In our study, we found that
high-grade glioblastomas indeed express higher amount of
S100A4/Mtst than other low-grade astrocytic tumors. Together
with our in vitro experiments and in vivo transplantation experi-
ments of C6 glioma cells. we found that the level of Mtst/
S100A4 in glioma cells as well as in surrounding astrocytes has a
profound influcnce on the ability of glioma cclls to invade the
central nervous system.

To elucidate the role of Mts1/S100A4 in C6 cells and astrocytes
in their interactions. we analyzed how the morphology and
migratory behavior in virro and in vivo of Mts1/S100A4 positive or
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Fig. 7. Quantitative RT-PCR analysis for the expression of Mts1/S100A4 in
various grades of astrocytic tumors. PA. DA, AA. and GB indicate pilocytic
astrocytomas (1= 1). diffusc astrocytomas (n=35), anaplastic astrocytomas
(n=10). and glioblastoma (n=14), respectively. *Staristically significant
hetween glioblastoma and other astrocytomas (p<0.03). Columns. mean:
Burs, SE.
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negative C6 cells are influenced by contact with Mtst/S100A4
positive or negative astrocytes. For this, cultures of astrocytes were
prepared from the corpus callosum of P4 old rats (Kozlova and
Takenaga, 2005). and Mts1/S100A4 cxpression in these astrocytes
was silenced with siRNA. When C6 cells were seeded on Mis1/
S100A4-positive white matter astrocytes, Cé cells remained round,
imespective of whether they cxpressed Mtsi/S100A4 or not.
However, the majority of C6 cells displayed a flat shape on Misi/
S100A4-silenced white matter astrocytes. These findings show that
the propertics of neighboring astrocytes are the major detenminants
in influencing the shape of C6 cells in vifro, and that Misl/
S100A4-negative astrocytes promote the cmergence of a flat C6
cell shape.

We postulated that the change in cell shape from round to flat
provides an indicator of potential cell motility, although actual
migration may require additional stimuli. To corroborate this. we
recorded the migration of C6 cells in time-lapse microscopy assay
and found that Mtsi/S100A4-silenced astrocytes promote the
migration of C6 glioma cells. We previously showed that siRNA
mediated down-regulation of Mis1/SI00A4 in whitec matter
astrocytes in vitro increascs their motility, changes the organization
of their actin cytoskeleton, and increascs their expression and
activity of MMP-9 and MTI-MMP (23). These changes may
contribute to the ability of Mts1/S100A4-silenced white matter
astrocytes to promote C6 cell migration. Alternatively. astrocyte
Misi/S100A4 may promote astrocyte-C6 cell interactions via one
of its targets, liprin B1. thercby influencing the LAR-liprin al-
liprin B network, which regulates cytoskeletal dynamics and cell
adhesion (Kriajevska et al., 2002). It is also possiblc that
extracellular Mis1/$100A4 released from white matter astrocytes
regulates C6 cell migration, because it has been reported that
cxtraccllular Mis1/S100A4 affects a varicty of biological events
including bone minerlization (Duarte et al,, 1999; Kato et al.,
2005). cell motility (Belot et al., 2002). tumor-stroma interplay
(Schmidt-Hansen et al., 2004a,b). neurite outgrowth {Novitskaya et
al., 2000; Fang et al., 2006). and intraccllular S100 protein
translocations (Hsieh et al., 2004).

A common. although still controversial notion is that white
matter is non-pennissive 1o neurite growth and cell migration due
to its presence of oligodendrocytes and myelin (Bandtlow and
Schwab. 2000; McGee and Strittmatter. 2003; Raisman, 2004).
Previously we have shown that that white but not gray matter
astrocytes expressed Mis1/S100A4 protein in vive (Kozlova and
Lukanidin, 1999; Aberg and Kozlova. 2000). To explore the
possible role of intracellular Mts1/S100A4 in C6 cells. we
compared the migration of Mis1/S100A4-expressing and
-silenced C6 cells after transplantation to corpus callosum.
Although both types of C6 cells demonstrated strong capacity to
migrate in the adult brain, there were marked differences in the
distribution of Mts1/S100A4-expressing and -silenced C6 cells.
Mts1/S100A4-expressing C6 cells migrated preferentially in
corpus callosum where Mts1/S100A4 is strongly expressed,
whereas Mts1/S100A4-silenced C6 cells avoided white matter
areas but displayed strong motility in gray matter areas where
Mts1/S100A4 are negative. These results suggest that interactions
between white matter astrocytes and Mis1/S100A4-expressing C6
cells which tend to maintain these Cécellsinwhite matternolonger
operate in Mis1/S100A4-silenced C6 cells. As a result, C6 cells
become less restricted to white matter.

The underlying molccular mechanisms of the i vivo behavior
of Mis1/S100A4-cxpressing and -silenced C6 cells are presently

obscure. It has been shown that the expression of MT1-MMP on
the surface of the C6 cell was associated with a remodeling of the
non-permissive CNS myelin substrate into a permissive one,
thereby allowing spreading. migration, and infiltration of glioma
cclls (Belien et al., 1999). We previously demonstrated that
intraccllular Mtsi/S100A4 influences the expression levels of
MMP-9 and MT-MMP in white matter astrocytes (Takenaga and
Kozlova, 2006). Thercfore, one possible mechanism was the
changes of metalloproteinase activitics in C6 cells. However, our
data did not support this mechanism. Another possible mechanism
could be the influence of Mts1/S100A4 on transcription of some
particular genes regulating morphology, motility, or adhesion
properties of tumor cells. Indeed, we have demonstrated that Mis!/
S100A4 can modulate the expression of several p53-regulated
genes. The effect of Mist/S100A4 on cellular properties was
dependent on the particular genes and celiular environment
(Grigorian et al., 2001). This implicates that down-regulation of
intracellular Mts1/S100A4 certainly may modify expression of
some genes in (6 glioma cells which could affect C6 cell
migration itself as well as C6 ccll-astrocyte interactions in vivo.
Elucidation of such genes may provide us some clues for
understanding the in vivo invasion pattern of C6 tumor cclls.

Our data implicate Mts1/S100A4 in migration of (6 glioma
cels in vitro as well as in vivo, and emphasizes the possible
significance of the properties of the cellular environment with
which glioma cclls interact. Importantly, intraccliular Misi/
S100A4 cxpression promotes migration of €6 glioma cells in
white matter arcas, whereas silencing of Mts1/S100A4 induces
migration of C6 cclls on blood vessels and meninges. An extension
of this proposal would be that low grade gliomas. which do not
express Mtst/S100A4, preferentially migrate along meninges and
blood vessels. whereas Mts1/S100A4 positive malignant gliomas
tend to spread in white matter arcas. Ms1/S100A4 may thercfore
be an important factor in the pathogenesis of highly malignant
brain tumors.
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Novel risk stratification of patients with neuroblastoma by genomic
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Human neuroblastoma remains enigmatic because it often
shows spontancous regression and aggressive growth. The
prognosis of advanced stage of sporadic ncuroblastomas is
still poor. Here, we investigated whether genomic and
molecular signatures could categorize new therapeutic risk
groups in primary ncuroblastomas. We conducted micro-
array-based comparative genomic hybridization (array-
CGH) with a DNA chip carrying 2464 BAC clones to
examine genomic aberrations of 236 neuroblastomas and
used in-house ¢cDNA microarrays for genc-expression
profiling. Array-CGH demonstrated three major genomic
groups of chromosomal aberrations: silent (GGS), partial
gains and/or losses (GGP) and whole gains and/or losses
(GGW), which well corresponded with the patterns of
chromosome 17 abnormalities. They were further classi-
fied into subgroups with different outcomes. In 112
‘sporadic neuroblastomas, MYCN amplification was
frequent in GGS (22%) and GGP (53%) and caused
serious outcomes in paticnts. Sporadic tumors with a
single copy of MYCN showed the S-year cumulative
survival rates of 89% in GGS, 53% in GGP and 85% in
GGW. Molecular signatures also scgregated patients into
the favorable and unfavorable prognosis groups
(P =0.001). Both univariate and multivariatc analyses
revealed that genomic and molecular signatures were
mutually independent, powerful prognostic indicators.
Thus, combined genomic and molecular signatures may
categorize novel risk groups and confer new clues for
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allowing tailored or even individualized medicine to
patients with neuroblastoma.
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Introduction

Neuroblastoma is onc of the most common solid tumors
in children. However, its clinical behavior is enigmatic
becausce the tumor usually regresses spontincously when
developed in patients under [ year of age. but often
grows rapidly to cause fatal outcomes when developed
as an advanced tumor in paticnts over the age of | ycar
(Brodeur, 2003; Schwab ¢r al., 2003). Recent nationwide
mass screening (MS) in Japan for discovering neuro-
blastoma at the age of 6 months clearly demonstrated
the presence of a large number of asymptomatic tumors
undcrgoing spontancous regression (Woods et al., 2002),
which had been suggested by Beckwith and Perrin
(1963). The involvement of TrkA. a high-affinity
receptor for nerve growth factor. in the regression of
neuroblastoma has been suggested: however, the mole-
cular mechanisms of the regressive event still remain
clusive (Nukagawara er al.. 1993: Nakagawara. 1998).
On the other hand. the majority of sporadic ncuroblas-
tomas are discovered at advanced stages, and their
prognosis is still very poor (Brodeur. 2003; Schwab
ef al.. 2003). Recently advanced cytogenctic analyses
revealed that given subsets of ncuroblastomas with a
favorable prognosis possess the hyperdiploid karyolype
of chromosomes (Look ¢r al.. 1984; Tomioka ¢/ al..
2003) and that the other subsets with an unfavorable
prognosis usually possess the diploid or tetraploid
karyotype and often have M YCN amplification, gains
ol chromosome arms Iq. 2p and 17q. as well as allelic
losses of chromosome arms 1p. 3p and 1lq (Brodeur.
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2003; Schwab ¢r al.,
have previously reported the high accuracy of gene-
cxpression profiling to predict the prognosis of ncuro-
blastoma (Wei er al.. 2004; Ohira et al.. 2005). However,
the prognostic significance of g ;_.Lnomu ﬁl}bndllll'(_s when
using a high-resolution DNA microarray in primary
ncuroblastomas has never been reported. Here, we
applied microarray-based comparative genomic hybri-
dization (array-CGH) to both sporadic and MS-
detected neuroblastomas in order to comprehend their
clinical behavior and found that genomic signatures,
together with moleculur signatures, stratified the novel
risk groups in sporadic ncuroblastomas.

Results

Patterns of genomic \n.{nulmm in ’f6 [n imary
neuroblastomas

The most prominent leature ol' 236 primary ncuroblds-
tomas (I12 sporadic and 124 MS dclected) was the
apparent presence of three genomic groups (GGs)
(Figure la, its magnificd. high-resolution figures are

also indicated in Supplementary Figures Sla and b): the

group of few chromosomal events (silent, GGS; 1 = 29);
the group of partial chromosomal gains/losses (GGP;
n=77) and the group of whole chromosomal gains/
losses (GGW: n = 130) (Supplementary Figures S2a and
b). Corrclation analysis revealed that the global feature
(sce Materials and mecthods) was maximally correlated
with the gain of the long arm of chromosome 17
(R — —0.807) and with the gain of a whole chromosome
17 (R=0.75) (Supplementary Table Sia). therefore the
genomic groups GGP and GGW were defined by the
status of abcrration. by [7q gain and 17 whole
chromosomal gain occurred in chromosome 17, respec-
tively. They were followed by DNA ploidy (R=
—0.642), loss of chromosome Ip (R=—0.521). MYCN
amplification (R = —0.531). loss of chromosome {lq
(R=-0.5). low TrkA expression (R=-047) and
age> l-year old (R = —0.466). Even when tested in 112
sporadic tumors. the correlation coefficient was —0.773
in 17q gain. —0.705 in DNA ploidy, —0.598 in Ip loss.
—0.565 in tumor stages. —0.502 in M YCN amplification,
~0.49 in low TrkA4 expression and. —0.458 in age>
I-year old (Supplementary Table Stb). These suggested
that 17q gain was a characteristic and prognosis-related

event in primary ncuroblastomas. The percentages of

DNA diploidy or lclmploxdv were 83% (15/18). 66%
(33/50) and 18% (17/94) in GGS, GGP and GGW

- tumors. respectively (Supplementary Table S2a).

GGS tumors rarely showed chromosomal aberrations

except MYCN amplification in 5 among 29 tumors

(Figure ib. a high-resolution figure is also indicated in
Supplementary Figure Slc). To date, the presence of the
GGS subgroup with very silent aberrations of the tumor
genome has never been verified definitely. The concern
about the possible dilution of the tumor-ccll DNA
content by contamination of stromal cells was cleared
by the detailed examination of GGS tumor specimens
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2003). We and other investigators’

(scc Supplementary Figure S2b and Supplementary
Information).

Scventy-seven GGP tumors. which had 17q gain, were
further subgrouped computationally according to the
detailed  chromosomul event. the presence andjor
absencee of Ip loss and 11q loss, which are characteristic
and M YCN amplification (s. single copy of MYCN: a.
MYCN amplification) (Figures la and b, and sce
Supplementary Information). GGP1 tumors were char-
acterized by Ip loss and 17q gain as main aberrations.
GGPla (n=23) was onc of the most common GGP
tumors. They showed the diploid karyotype (10/13.
77%) and had MYCN amplification in addition to Ip
loss and 17q gain. Intcrestingly. GGPIls tumors lacking
MYCN amplification (n = 6) showed relatively frequent
2p gain. as well as 14q loss, 1q gain, 4p loss and Tp gain
that were rare in GGPLa tumors with M YON amplifica-
tion. GGP2 tumors were characterized by the presence
of both Ip loss and 11q loss. in addition to 17q gain. In
GGP2a, tumors with MYCN amplification (n=4) also
frequently showed lq gain. GGP3 twumors formed a
group typically characterized by the presence of |1q loss
and 17q gain without 1p loss. Intriguingly. only | of 27
GGP3 tumors had MYCN amplification. All GGP4
tumors cxcept one. which presented neither Ip loss nor
Ilq loss, also had no MYCN amplification. The
percentages of diploidy/tetraploidy in GGPl. GGP2.
GGP3 and GGP4 tumors were 76% (13/17). 75%
(6/8). 76% (13/17) and 13% (1/8), respectively (Supple-
mentary Table S2a).

GGW tumors with whole chromosomal gains and/or
losses, especially with the predominant gain of whole
chromosome 17 (Figure 1b), were mostly the tumors
detected by MS (94/130. 73%: scc Supplementary Table
S2a). The highest incidence of MS-detected ncuroblas-
tomas was obscrved in GGW4s tumors that were purcly
composed of whole chromosomal gains/losses. The
DNA ploidy analysis revealed that 82% (77/94) of
GGW tumors were hyperdiploidy. Similarly to GGP
tumors, GGW tumors were categorized into tumors
with the following aberrations: Ip loss (GGWI, n=35);
both Ip loss and 1lq loss (GGW2. n=2): 1lg loss
(GGW3. n=11) and without any one (GGW4. n=92).
GGWS tumors (n=20) formed a group of tumors with a
low frequency of chromosome 17 on the BAC array.
Like chromosome 7. chromosomes 6 and 7 were
frequently gained in GGW tumors. A YCN amplifica-
tion was observed in only threc tumors bclonyn& to
GGW4 or GGWS (3/112, 2.7%).

Genomic signatures and clinical outcomes

Genomic signatures of neuroblastomas unveiled pre-
viously unknown relationships between genetic sub-
group and patient prognosis (Figure 1b). The greatest
surprisc was the difference in the 3-ycar survival rates
between the GGSa (0%. n=5) and GGSs (91%. n=24)
subgroups (P<0.001). The other A YCN-amplificd
tumor subgroups, GGPla (i71=23), GGP2a (n=4) and
GGWa (n=13). also showed very poor survival rates of
42, 0 and 0%. respectively. On the other hand, GGWs
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ncuroblastomas demonstrated g(.)‘dd‘_oulcomcs (GGWIs: “n= 18). The intermediate ‘5-year cumulative _silrvival
100%, n=5. GGW2s: 100%.-n=2, GGW3s: 100%.  rates were demonstrated in GGPs _tumors (GGPls:
n=1l GGW4s: 97%, n=91 and GGWSs: 89%.  80%, n=6: GGP2s: 57%. n="7. GGP3s: 75%. n=26
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Figure I Genomic signatures of 236 primary neuroblastomas by array-based comparative genomic hybridization tarray-CGlH). (a) Overall
schematic of the genomic signatures of 236 primary neuroblastomas. The left pancl summarizes information about patient diagnostic factors:
survivitl time in months after diagnosis for censored (blue bars) or dead (red bars) patients. stages 1. 2 and 45 (blue) or 3 and 4 (red) (ST),
M YCN amplification (red) or not (blue) (MN), TrkA low (red) or high expression (blue) (TA), age more (red) or less (blue) than 12 months
(Ag). sporadic tumors (red) or tumors detected by mass screening (blue) (Ms). udrenal gland (red) or others (blue) in origin (Or) and
hyperploidy (blue) or diploidy/tetraploidy (red) (P). The central panel shows estimated copy number aberrations of DNA as color matrixes
(blue: loss. red: gain) at chromosome locations complementary to BAC clones in each sample. The right panel shows the important features of
chromosomal events. including M YCN amplification. deletions of chromosomes 1p and 11q. chromosome 179 gain and whole chromosome 17
gain. Furthermore. genomic groups (GGS. silent genomic group:; GGP, partial chromosomal gains/losses genomic group and GGW. whole
gains and/or losses genomic group) are also indicated. (b) Genomic signatures in each genomic group and the S-vear survival rates for all
neuroblustomas including MS detected and sporadic tumors. Regarding each genomic group. the colored histogram represents the rates of gains
and losses for each clone. where the red arcas on the baseline correspond to gain and the blue areas under the baseline to loss. The right panel
indicates the presence of 3 YCN amplification, 1ploss. 11q loss. 17q gain and 17 gain. The S-vear survival rates (SR) of each genomic subgroup
are indicated in the right panel.
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Figure 1 Continued.
and GGP4s: 88%. n=09). Interestingly. in GGPs

tumors. Ip loss (GGPls, n=6) and 11g loss (GGP3s,
n=26) seemed to have a similar cffect on patient

prognosis (S-year survival rdtes: 80 and 75%, respec-.

tively). However. GGP2s tumors with both 1p loss and
tiq loss (n=7) had a poorer prognosis (57%) in an
additive manner. Furthermore, the addition of 11q loss
and 1lg gain to MYCN amplification apparently
afforded absolutely poor outcomes as suggested by the
comparison between GGPla (429%) and GGP2a tumors
(0%). An analysis of 112 sporadic tumors also revealed

a similar tendency except GGPls, in which 2 sporadic

tumors showed 0% survival, whereas all 4 MS-dctected
tumors gave good outcomes (Table 1 and Supplemen-
tary Figurc §3). These suggested that M YCN amplifica-
tion had the most powerful -influence on clinical
outcomes. We next compared- the patterns of whole
genome abnormalitics of M YCN-amplified neuroblas-
tomas between survivors (discasc-free for more than 2
years after initiating treatment) and non-survivors (dead

Oncogene

(28)

S--+- 88 (9)

S+ + 109 (5)
S-+-+ 100 (11)
S - + 97 (91)
S--:-+ B89 (18)

of discase). One of the most striking differences was
frequent loss of 11q (Supplementary Figure S4).

Effects af genomic signatures, MYCN amplification

and age on prognosis in sporadic newroblastonas

Figure 2 shows the Kaplan-Meier cumulative survival

curves in-each genetic group. In sporadic neuroblasto-
mas. the overall survival rates’of GGW. GGS and GGP
were 80% (n1=36). 68% (n1=23) and 43% (n=>753).
respectively (Figure 2a). The prognosis of GGP was
significantly poorer than that of GGW (P =0.002). In
MS-detected tumors. on the other hand, the survival
rates of GGW, GGS and GGP were 100% (n=94).
100% (n=06) and 96% (n=24). respectively (no
significant difference among the groups; Figure 2b).
The main difference between sporadic and MS-detected
tumors was that the latter was detected before 1 year of
age and had very few A YCN amplifications. Therefore.
sporadic tumors were next subcategorized according



to the presence or absence of MYCN amplification.
Figure 3a shows that the S-ycur survivill rates of paticnts
with GGSs (1= 18). GGWs (n=33) and GGPs (n=25)
tumors were 89, 85 and 53%. respectively, whereas those
of patients with GGSa (n—35), GGWa (n=3) and
GGPa (n=28) tumors involving M YCN amplification
were 0, 33 and 34%. respectively (Figure 3b). We then
further cxamined the survival curves of patients with
M YCN-nonamplificd tumors in young (< i-year-old)
and old (> I-year-old) patients. Figure 3c shows the 5-
ycar survival rates of 88, 86-and 67% in GGWs (1 = 24),
GGSs (i~ 7y and GGPs (n - 3) tumors, respectively.
among young paticnts. whercas they were 76. 91 and

Table 1 Five-year overall survival rates of the putients with cach
genomic subgroup of sporadic neuroblastomas
N . ‘ 5-Year OS (% ;
GGS : T _
GGSa 5 0
GGSs I8 .
GG P R
GGPLa 22 - 44
GGPls 2 . i}
GGP2a 4 o 0
GGP2s s : 40
GGPa i : 1]
GGP3s 15 59
GGP4a I 0
GGP4s 3 67
aG W -
GGWia _ [§]
GGWis 0
GGW2a G . .
GGW2s ! 100
GGW3a 1} -
GGW 3y 3 ) L0
GGW4a I 0
GGW4s 23 87
GGW3Sa 2 S0
GGWSs 6 67

Abbreviations: GGP. pdrlidl chromosomal  gains:losses  genomic
group: GGS. silent genomic group: GGW. whole gains andior losses
genomic group: OS, overall survival rate.

a Sporadic neuroblastomas

n=112)

1‘ e
P 08 GGW (n=36 80
= GGs(n=23) |
% - 68"‘c
S 06
g .
S 04 43%
b4
3.
9 02

4]

-0 24 . 48 72 96
Months after diagnosis

Risk stratification of neuroblastoma by microarray
N Tomioka et af

S1% in GGWS (n=9), GGSs (n=11) and GGPs
(n=22) tumors, respectively, among old patients
(Figure 3d). The former pattern was similar to that in

MS-detected tumors, which had high pereentages of

GGW  tumors, whercas the Jatter contained  high
incidences of GGP tumors.

Segregation of the prognasis of sporadic neuroblustomas
with a single copy of MYCN by genomic and molecular
signatures

Recently, we have generated a clinically useful ¢DNA
microarray carrying 200 genes that predicts the prog-
nosis ol ncuroblastomas with an accuracy rate of 89%
(Ohira e al.. 2005). The univariate analysis of 112
sporadic necuroblastomas showed that both genomic
signatures (GGP vs GGW 4+ GGS, P=0.003) and
molecular signatures (posterior value <0.5 vs >0.5,
P <0.001) were highly significant prognostic indicators,
like other variables including age (P=0.006). stage
(P<0.001), tumor origin (P =0.001). TrkA cxpression
(P =0.004). Shimada classification (P<(.001) and
M YCN amplification (P <0.001: Table 2). In addition.
genomic signature was i prognostic factor indcpcndc,nl
from molccular signature, age and tumor origin.
although it showed no prognostic significance when
stage, Shimada classification, or M YCN amplification
was controlled (Table 2). Even in sporadic ncuroblas-
tomas with a single copy of MYCN, the highest
significance according 1o the univariate analysis was
given to molecular signature (£ =0.002). followed by
tumor origin (P=0.006) and genomic signature
(P —-0.010; Table 2). The multivariate analysis also
showed that genomic signature was a  prognostic
indicator independent from molecular signature or
tumor origin (Table 2). ‘As shown in Figure 4, our in-
house expression microarrays scgregated the survival
curves of patients with sporadic tumors lacking MYCN
amplification (GGSs + GGPs + GGWs) into the favor-
able (94%. n—17) and unfavorable (42%. n—~13)
prognosis groups (P =0.001).

b Mass-screening detected

neuroblastomas (n=124)
GGW (n=94) GGS (n=56)

U 105"«:
GGP (n=24) 96%
208
=
3
c 06
[oX
2 04
4
@
0.2
0

0 24 48 72 96
Months after diagnosis

Figure 2 Kaplun Meier survival curves.in three genomic groups (GGS. GGP and GGW) based on array-CGH. (a) Sporadic
neuroblastomas: GGS vs GGP: P=0.109. GGS vs GGW: P=0.320 and GGP vs (.-(JW P=0.002. (b) Muass sgrunmi_‘d:lulcd

neuroblastomas: GGS vs GGP: P = 1.000. GGS vs GGW: P=1.000 and GGP vs GGW:

= 1.000.
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Figure3 Kaplan Meier survival curves in three genomic groups (GGS. GGP and GGW) of sporadic ncuroblastomas based on array-
CGH. (a) Sporadic neuroblastomas with u single copy of MYCN GGS vs GGP: P =0.035. GGS vs GGW: P=1.736 and GGP vs
GGW: P=0.033. (b) Sporadic neuroblastomas with A YCN amplification GGS vs GGP: P=0.104. GGS vs GGW: P =0.156 and
GGP vs GGW: P = 0.642. (¢) Sporudic neuroblustomas with'id single copy of M YCN in patients under | year of age GGS vs GGP:
P=1.000. GGS vs GGW: P=0919 and GGP vs GGW: P =0.412. (d) Sporadic neuroblastomas with a single copy of M YCN in

patients over 1 year of age. GGS vs GGP: P~ 0,063, GGS vs GGW: P=0.478 and GGP vs GGW:

Discussion

The present array-CGH analysis revealed the whole
feature of the genomic abnormality patterns of sporadic
and MS-detecied neuroblastomas. The patterns  of
genomic aberrations in MS-detected neuroblastomas
are similar to those in sporadic tumors, suggesting that
they are genctically genuine neuroblastomas which are

similar to sporadic tumors found in paticnts under | .

year of age. indeed. both of them have a high tendency

to regress spontancously. The cxccplions we found are

that the incidence of GGPs tumors is refatively higher in
MS-detected tumors than in sporadic tumors found
among young paticnts and that their clinical outcome is
very good.

BAC array-based aCGH analyscs have defined
several minimal critical regions of gains and losses in
Ip. 2p and I1g. These included minimal losscs in 10 Mb
regions of 1p36.3 (Ipter to RP11-19901. D/S244) and
i1q23 (from RP11-42L18 to RP11-45N4). The 2Mb
region in 1p36.2--36.3 detected by a BAC clone RP11I-
219F4 (D1S507) exhibited highest deletion frequency of
32%. By combining the cxpression data obtained by the

Oncogene

P = 0481

in-housc microarrays harboring approximatcly 5340
genes derived from primary ncuroblastomas. scveral .
candidate genes including CHDS at 1p36 (Bagchi er al..
2007) as well as Survivin at 17¢25 (Islam er al.. 2000)
were identified as lowly and highly expressed genes in
ncuroblastomas with advanced stages, respectively
(manuscript in preparation). The amplicon surrounding
the MYCN locus was ranged from 2.4 Mb proximal
(G14110) to 5Mb- distal (D25387) of M YCN itsell and
gains were further extended to wider range. from 2pter
to 2pll.

To date. the presence of the GGS subgroup with very
silent aberrations of the tumor genome has never been
verified definitely. The distribution of GGS tumors is
very unique: namely, they are present in both MS

" detected and sporadic tumors removed from the patients

under | year of age. They are also found in tumors
obtained from the patients over | year of age, and some
of them possecss MYCN amplification. Furthermore,
GGS tumors mostly show diploid karyotype. These
facts suggest that GGSs tumors might represent
neuroblastoma at an carly stage of carcinogencsis with
carly oncogenic hit(s). which later develop to GGP or
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Table 2 Univariate and multivariate analvses of genomic and molecular signature as well as other prognostic factors in sporadic nearoblastomas
© Sporadic NBLs tall cases i Sporadic NBLs (M YCN, single m{/):r J
R P HR I N P HR ]
Genomic signature (GGP vs GGW.HGGS) 53 v 59 0003 259 (1.36.4.90)  25vs I 0.010 341 (132 8.8
Molceular signature (posterior <0.5 vs 20.5) 2 vs &8 <0001 1115 (2524935 13vs 17 0.002 1405 (1.72, 114.89)
Age (Z1-vear old vs < l-year oldy 74 vs 38 0.006 267 (124,597 42 vs M 0070 247 (.88 6.96)
Stage (L. 4 vs 1, 2. 45) eI <000t 492 (193 12.54) 38 wvs 37 0.03% 280 (100, 7.88)
Origin (adrenal vs nonadrenal) 72 vs 40 0.001 322 (1.43.7.0%) 41 vs 38 0.006 4.59 (1.33, 15.8%)
TRKA expression (flow vs high) 52 vs 36 0.004 337 (L.36.8.34) 24 vs 36 0.766 1.21 (0.34. 4.31)
Shimada (unfavorable vs Favorable) M vs 37T <0.001 454 (1L71.1207) 14 vs 36 1.668 .37 (.33, 5.7%)
MYON templiication vs single copy)y '~ - vs 75 <0001 198 (2.16.7.35
Genomic sigratare (GGP vs GGW +GGSY 15 vs 25 0.045 289 (1.01.B30)  Rwvs22 1.031 546 (199, 27.40)
Moleculur sigaature (posterior <(1.5 vs =0.5) RV F 0.002 782 (69,3338 13vs 17 0.034 7.41 (.90, 60.87)
Genomic signature (GGP vs GGW 1 GGSY 53 v 59 0048 199 (105,378 25 vs S 0.055 285 (110, 7.36)
Age (= 1-year old vy < l-year old) 74 vs 38 0.132 18R (0L.K7. 4.00) 42vs 34 0.549 144 (0.51. 4.05)
Genomic signature (GGP vs GGW + (x(xS) . S3vs 38 G416 .34 (0.71, 2.54) 25 vs 50 0.098 2.6t (1.01. 6.76)
Stage (3. 4 vs 1,2, 4%) ) ) 73 vs 38 0.005 406 (160, 10.34) 3R vs 37 0.496 1.56 ((0.56, 4.40)
Genomic signature (GGP vs GGWA GGS) .- S3vs 59 0012 233 (1L18.423) 25w Sl 0015 319 (123, 8.26)
Origin {adrenal vs non-adrenat) T T2vs 40 0 0.006 278 (1.24.626) 41wvs 35 Qo008 430 (1.24, 14.88)
Genomic signature (GGP ovs GGW A+ GGS) - . dE vs 47 3.079 207 (0.96. 4.95) 18 vs 42 01.050 3.75 (1.06, 13.33)
TRKA expression (low vs high) o 52 vs 36 [(X1¥} 3 234 (195, 5.79) 24 vs 36 0.727 0.79 (.22, 2.80y -
Genomic signature (GGP vs GGW + GGS) S3vs 5K (1.236 ES3 (081, 2.90)
MYCUN (amplification vs single copy) | - o vs 75 <0001 330 (179, 6.08)

Abbreviations: CL confidence interval; GGP.. partial chromosomal gainsflosses genomic group: GGS. silent genomic group: GGW. whole gains
and;or losses genomic group: MR, hazard ratio; N, sample number; NBLs. neuroblastomas: P. P-value.

Sporadic neurcblastomas with a single copy derived from different progenitor cells. It is interesting

of MYCN (n=30) - that the clinical outcome is very good for patients with

- T . M YCN-nonamplified GGSs tumors. whereas it is very

! ] Posterior20.5 (n=17). ] o4°; bad for paticnts with GGSa tumors possessing M YCN

0.9} 1777 amplification. implying again remarkable impact of
Lo ' M YCN amplification on the paticnt’s outcome.

0.8y 1 The GGP group is characterized by the presence of

> o7t ) ] 17q gain with other chromosomal abnormalities includ-

= ing MYCN amplification, Ip loss and 11q loss. Since

§ 0.6} ‘ . this group of tumors shows multiple chromosomal

G - s aberrations with partial gains and/or losses, unknown

E 0.5 Posterior<0.5 (n=13) ] causcs to induce genomic instability might have

g 04} - ] 42% triggercd genesis of neuroblastoma in progenitor or

« stem cells of sympathetic cell lincage (Maris and

0.3¢ ~ . Matthay, 1999: Nakagawara. 2004). The frequently

o2h =0.001 _ ] - observed GGP tumors are as follows: GGPla tumors

i ‘ with both Ip loss.and M YCN amplification and GGP3s

0.1} , 1 tumors with 11q loss but without M YCN amplification.

) . o . ) ~ The former may belong to a typical M YCN-amplified

00 12 24 36 48 60 72 .. ncuroblastoma (White ef «f. 1995) with a S-year

Months after diagnosis cumulative survival rate of 42% in our serics. whereas

the latter to the so-called intermediate type tumor
(Srivatsan er al.. 1993: Attiych ¢ al.. 2005) with the rate

Figure 4 Kaplan Meier survival curves of sporadic neuroblasto-
mas with a single copy of AFYCN according to the molecular

signature. Gene-expression profiling segregated patients into the of 75_00- In GGP tumors. it is obvious that MYCN
favorable (posterior score20.5) and unfavorable (posterior scor- amplification has the most powerful impact on the
e <0.5) prognosis groups (P =0.001). The posterior score denotes paticnt prognosis. Interestingly. among the GGPs

how likely the patient would show "oud outcome after § years

(Ohira ¢t al.. 3005). tumors lacking M YCN amplification, Ip loss and 1lq

loss seem to similarly affect the prognosis. However.
GGW tumors. Since MS did not decrease the incidence  GGP2s tumors with both™ Ip loss and 11q loss show
of sporadic ncuroblastomas (Brodeur ef al., 2001: Levy, poorer prognosis in an additive manner. The similar
2005). GGSs tumors in young and old patients might be  additive effect has also been observed in GGPla (42%
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survival) and GGP2a (0% survival) with MYCN-
amplified tumors. These suggest. that Ip loss and {lg
loss may independently affect the outcomes of neuro-
blastoma. Interestingly, onc of the main characteristics
of the M YCN-amplified tumors found in"the long-term
survivors is a lack of 11q loss (Supplementary Figure
S4). corresponding to the observation that the high
percentage of S-year survival rate is shown in the
GGP1la group with ip loss but without 11q loss.

GGW ncuroblastoma has a lavorable prognosis, as
reported (Vandesompele ¢r al., 1998). Since the pattern
of chromosomal aberrations is represented by whole
chromosomal gains and/or losses, mitotic dysfunction
during the cell division cycle in progenjtor or stem cells
might have gencrated “ncuroblustoma (Maris and
Matthay, 1999; Nukagawara, 2004). Interestingly. ip
loss or I by loss in a minor population-of GGWs tumors
(GGWIis and GGW3s) scems not to “affect the
prognosis. SR

The presence of different patterns of genomic aberra-
tions likc GGS. GGP and GGW may refleet differences
in stem or progenitor cells targeted to gencerate different

genetic subscts of ncuroblastomas. Although carcino-

genic events 1o cause ncuroblastomas may  occur
sequentially (Tonini, 1993), our scrial analyscs of six
paired primary and recurrent tumors interestingly
suggest that the major genetic events, for example,
MYCN amplification, Ip loss, 11q loss and 17q gain,
could occur not always in order during tumor progres-
sion (Supplcmcnlary Table S3).

Thus. the genomic signatures prcscnlcd here success-
fully categorized new prognostic subgroups of neuro-
blastomas. The rather consistent patterns of genomic

abnormalitics provide reliable information to under-
standing of the genctic bascs which underlic the clinical
phenotypes of neuroblastomas with different survival
rates. However. the pattern of genomic abnormalities
may often lack biological significance affecting the
clinical bchavior of individual tumors. The gene-
expression profile well reflects the biology of individual
tumor. Therefore. cstablishment of the combined
system of both genomic and molccular signatures is
ideal for predicting the prognosis of individual patients
with ncuroblastoma. The present study has clearly
shown that genomic and molccular signatures are
independent prognostic indicators and. suggests that
an expression microarray could compensate for the

relevant lack when used only genomic signature. In.

conclusion. combined genomic and molecular signa-
tures may be clinically uscful for constituting an ideal
system (o categorize and even individualize each tumor,
which may make tailored medicine of ncuroblustoma
possible.

Matcrials and methods

Patients. tissuc specimens and DNAIRNA resources

Tumor specimens were collected from 236 paticnts who had
undergone biopsy or surgery at various institutions in Japan
(sce Supplementary Information). They included 112 sporadic
and 124 MS-detected neuroblastoma specimens. All tumors
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were histopathologically  diagnosed  as  neuroblastoma  or
ganglioncuroblastoma and were stuged according to the
International Neuroblastoma Staging System (Brodeur et «f.,
1993). Informed consent was obtiined at cach institution or
hospital, The procedure of this study was approved by the
Institutional  Review Board of the Chiba Cancer Center
(CCCT817). Patients were treated by the standard protocols
{Kaneko ¢r al., 2002; Iehara ef al.. 2000) in Japan between
1995 and 2003, Al MS-detected tumors were  diagnosed
between 6 and, 8 months after birth by measuring urinary
catecholumine metabolites in Japan (Sawada ¢r al.. 1984).
Fresh ncuroblastoma tissues removed during surgery were
stored at 80 C. MYCN copy number, TrkA mRNA
expression and DNA - ploidy were measured as reported
previously (Islam er al., 2000).

Microarray-hused comparative genomic hybridizarion

A chip currying 2464 BAC clones prepared by ligation-
mediated PCR. which covers the whole human genome at
roughly 1.2-Mb resolution (Snijders ¢ of.. 2001; Albertson
el al.. 2003) was used. The 500-ng aliquots of tumors and
reference DNAs were lubeled by random priming with cach
Cy3-dCTP and Cy5-dCTP (Amersham Pharmacia. Piscat-
away, NJ. USA). Hybridization was performed as previously
reported (Pinkel er ol., 1998). UCSF Spot and UCSF Sproc
programs to analyse values for spotied clones (Jain ¢f al.. 2002)
were used. Al array-CGH data are available at NCBI Gene
Expression Omnibus (GEO. btip:/jwww.ncbi.nim.nih.govigeo; )
with accession number GSE 5784,

cDNA microarrayy

In-housc ¢cDNA microarrays. carrying 5340 ¢DNAs obtained
from the oligo-cupping ¢DNA libraries generated from
anonymous ncuroblastoma tissues (Ohira ¢r «f., 2003, 2005).
were used. Preparation of RNA. hybridization. reading of
spots and  statistical analyses were conducted as reported
previously (Ohira ¢f al.. 2005). Gene-expression profile data
described in this study is available at NCBI GEOQ with
accession number GSE 5779.

Statistical unalysis

The fluorescence ratio for cach array CGH spot was normal-
ized and resculed into estimated copy number aberrations of
cach clone according to the comb-fit method (Oba 7 al.. 2006:
sce also Supplementary Figure S2a). Chromosomal cvents
were detected by locally smoothing variations in copy number
aberrations of clones on a chromosome and by applying
threshold rules (sce Supplementary Figure S2a and Supple-
mentary Information for more detail). The numbers of whole
chromosomal events. Nw and of partial chromosomal cvents.
Np. were counted for 22+ 2 chromosomes in every specimen.
and the scatter plot in the-Nw Np planc exhibited apparent
three clusters: whole differential dominant (Nw > Np). partial
differential dominant {Nw<Np) and silent (Nwx0. Npx0)
(Supplementary Figure §2b). To discriminate whole differen-
tal dominant from partal differential dominant, we defined a
“global’ feature variable z as computationally evaluated as the
ratio between Nw and Np: when 2 was small (large). the
sample was likely to be whole (partial) differential dominant
(scc Supplementary Information for more detail). A differ-
ential analysis of gene expression was made using standard
i-test with the g-value analysis (Storey and Tibshirani. 2003)
for incorporating u false discovery rate (to deal with multiple
statistical tests). A survival analysis was made based on
Kaplan Mcier and log-runk tests. Univariate and multivariate
analyses were made according to the Cox hazard models.



Acknowledgements

We thank institutions and hospitals for providing tumor
specimens (see Supplementary” Information). We also thank
Shigeru Sakiyama. Hiroki Nagase. Iwao-Nozawa. Tadayuki
Koda and technical staff. past dnd prucm at Division of

References

Atbertson DG, Collins C. McCormick F. Gray JW. (2003). Chromo-
some aberrations in solid tumors, Nat Genetr 34: 369 376,

Attiveh EF. London WB. Mosse-YP. Wang Q. Winter C, Khazi D
et al. (2068). Chromosome Ipand: 1Ty deletions and outcome in
neuroblastema. N Eugl J Med 353: 2243 2253,

Bagchi AL l’.nn.l/ul.lu C. Wu Y, Capurso 1), Brodt M, Francis [ ef al.
(2007). CHDS ix a tumor, ~upp1usnr at human Ip36. Cell 128:
459 475,

Beckwith JB. Perrin EV. (1963)7n wlu neuroblastomas: & contribu-
tion to the natural history of ntuml Lrest tumors, At J Puthol 43:
1089 1101,

Brodeur GM. (2003). Neuroblastoma: bmlogm.ll ms:{.ht into a clinical
enigma. Nar Rev Cancer 3: 203 216, ©

Brodeur GM. Look AT, Shimada H, Hamilmn VM. Maris JM,
Hann HW e1 ol (2001). Biologicil © dspcus of neuroblastomas
identified by mass screening in Quehee, Mad Pediatr Oncol 36: 157 159,

Brodewr (GM. Pritchard J. Berthold JF. Carlsen NL., Castel V,
Castefberry RP er al. (1993), Revisions of the international criteria
for neuroblastoma disgnosis. staging, and response to reatment,
J Clin Oneol 11: 1466 1477,

lehara T, Hosoi H, Akazawa K Matsumoto Y, Yamamoto K. Suita S
er al. (2006). MYCN gene amplification is powerful prognostic
factor even in infantile nevroblustoma detected by mass screening.
Br J Cancer 94: 1510 1515, _

Istam A. Kageyama H., Tukada N, Kawamoto T, Takayasu H. [sogai
E ¢r al. (2000). High cxpression of Survivin, mapped to 17¢25. is
significantly associuted with poor prognostic factors and promotes
cell survival in hunin neuroblastoma. Oncogene'19: 617 623,

Jain AN, Tokuyusu TA. Snijders AM. Scgraves R. Albertson DG,
Pinkel D. (2002). Fully automatic quantification of microarray
image data. Genome Res 12: 325 332,

Kaneko M. Tsuchida Y. Mugishima H. Ohnuma N. Yamamoto K.
Kawa K er al. (2002). Intensified chemotherapy increases the
survival rates in patients with stage 4 neuroblastoma with MYCN
amplification. J Pediarr Hematol Oncol 24: 613 621,

Levy 1G. (2005). Neuroblastoma. well-designed evaluations. and the
optimality of research funding: ask not what your country can do
for you. J Nat! Cancer Inst 97: 1105 11H)6.

Look AT, Hayes FA. Nitschke R, McWilliams NB. Green AA. (1984).
Cellular DNA content as a predictor of response to chemotherapy
in infunts with unresectable ncurublmloma N l'nql J Mved 311
231235,

Muaris JM. Matthay KK. (1999). '\1nlucul.xr bIOIO"\’ of mumhlm(om.u
J Clin Oncol 17; 2264 2279,

Nakagawara A, (1998). The NGF story and mumhlasluma Aed
Pediatr Oncol 31: 113 115 '
Nakagawara A. (2004). Neural crest development and neuroblastoma:

the genetic and biological link.”Prog Brain Res 146: 233 242,

Nakagawara A, Arima-Nuksgawara M. Scavarda NJ. Azar CG.
Cantor AB, Brodeur GM. (1993). Association between high levels of
expression of the TRK gene and favorable outcome in human
neuroblastomu. N Engl J Med 328: 847 854,

Risk stratification of neuroblastoma by microarray
N Tomioka et af

Biochemistry. Chiba Cancer Center Rescarch Institute, We
acknowledge Hisamitsu Pharmaceutical Co. Inc., the Ministry

of Education. Culture, Sports. Science and Technology of

Japan. the Ministry of Health, Labour and Welfare of Japan

and the Hamaguchi Foundation for the Advancement of

Biochemistry for funding this work.

Obat 8. Tomioka N. Ohira M. Ishii S. (2006). Combfit: a normalization
method for array CGH data. IPSY Trans Bioinformatics 47: 73 82.

Ohira M, Morohashi A, Inuzuka H, Shishikura T. Kawamoto T.
Kageyama H er al. (2003). Expression profiling and characterizition
of 4200 genes cloned from primary neuroblastomas: identification of
305 genes differentially expressed between favorable and unfavor-
able subsets. Oncogene 22: 5525 5536.

Ohira M. Ohu S, Nukamura Y, Isogai E. Kaneko S, Nakagawi A of of.
(20G3). Expression profiling using a tumor-specific cDNA micro-
array predicts the prognosis of intermediate risk neuroblastomas.
Caneer Cell 7: 337 350. .

Pinkel D). Segraves R, Sudar D, Clark $. Poole I Kowbel D or of.
(1998). High resolution analysis of DNA copy number variation
using comparative genomic hybridization to microarrays. Nar Genet
26 207 211

Sawada T. Hirayama M. Nakata T, Takeda T, Takasugi N, Mori T
et al. (1984). Mass screening for neuroblastoma in infants in Japan.
Interim report of i mass sereening study group. Lancer 2: 271 273,

Schwab M. Westermann F. Hero B, Berthold F. (2003). Neuroblas-
toma: biology and molecular and chromosomal pathology. Lancer 4:
472 4%0.

Saijders AM. Nowak N, Segraves R. Blackwood S, Brown N, Conroy
Feral. (2001). Assembly of microarrays for genome-wide measure-
ment of DNA copy number. Nat Gener 29: 263 264, -

Srivatsan ES. Ying KL. Secger RC. (1993). Deletion of chromosome
Hand of 14q sequences in neuroblastoma. Geses Chromosomes
Cancer T: 32 37.

Storey JD. Tibshirani R. (2003). Statistical significance for genome-
wide studies. Proc Narl Acad Sci USA 100; 9440 9445,

Tomioka N, Kobayashi H. Kageyama H. Ohira M. Nakamura Y.
Sasaki F er al (2003). Chromosomes that show partiat loss or gain in
near-diploid tumors coincide with chromosomes that show whole
loss or gain in near-triploid tumors: evidence suggesting the
involvement of the same genes in the tumorigenesis of high- and
low-risk neuroblastomas. Genes Clhromosomes Caneer 36: 139150,

Tonini GP. (1993). Neuroblastoma: the result of multistep fransforma-
tion? Srem Cells 11: 276 282,

Vandesompele J. Van Roy N. Van Gele M. Laureys G. Ambros P.
Heimann P oer al. (199%). Genetic heterogeneity of neuroblastoma
studied by comparative genomic hybridization. Genes Chromaosomes
Cuncer 23 141- 152,

Wei JS, Greer BT, Westermann F. Steinberg SM. Son CG. Chen QR
et al. (2004). Prediction of clinical outcome using gene expression
profiling and artificial neural networks for patients with neuroblas-
toma. Canicer Res 64: 6883 6891,

White PS. Maris JM. Beltinger C. Sulman E. Marshall HN. Fujimori
M e al. (1995). A region of consistent deletion in neuroblastoma

maps within human chromoseme §p36.2 36.3. Proc Natl Acad Sci
USA 92: 5520 5524,

Woods WG, Guo RN, Shuster J). Robison LL. Bernstein M.
Weitzman S ¢r al. (2002). Screening of infants and mortality due
0 neuroblastoma. N Engl J Med 346: 1041 1046,

Supplementary Information accompanies the paper on the Oncogene web site (http://www.nature.com fonc).

w

Oncogene



ORIGINAL ARTICLE

Oncogene (2008) 27, 741-754
© 2008 Nature Publishing Group Al rights reserved 0950-9232/08 $30.00

@

www.nature.com/onc

Stress via p53 pathway causes apoptosis by mitochondrial Noxa
upregulation in doxorubicin-treated neuroblastoma cells

K Kurata', R Yanagisawa', M Ohira?, M Kitagawa®’, A Nakagawara’ and T Kamijo'?
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In this study, we employed a panel of cell fines to determine
whether pS3-dependent cell death in ncuroblastoma (NB)
cells is caused by apoptotic cellular function, and we
further studied the melecular mechanism of apoptosis
induced via the pS53-dependent pathway. We obtained
evidence that a type of pS3-dependent stress, doxorubicin
(Doxo) administration, causes accumulation of p53 in the
nucleus of NB cells and phosphorylation of several serine
residues in both Doxo-sensitive and -resistant cell lines.
Upregulation of p53-downstream molecules in cells and
upregulation of Noxa in the mitochondrial fraction wcre
observed only in Doxo-sensitive NB cells. Significance of
Noxa in the Doxo-induced NB cell death was confirmed by
Noxa-knockdown experiments. Mitochondrial dysfunc-
tion, including cytochrome-c release and membrane
potential disregulation, occurred and resulted in the
activation of the intrinsic caspase pathway. However, in
the Doxo-resistant cells, the accumulation in the nucleus
and phosphorylation of p53 did not induce pS3-downstream
p21#t™Man expression and the Noxa upregulation, resulting
in the retention of the mitochondrial homeostasis. Taken
together, these findings indicate that the p53 pathway
seems to play a crucial role in NB cell death by Noxa
regulation in mitochondria, and inhibition of the induction
of pS3-downstream effectors may regulate drug resistance
of NB cells.

Oncogene (2008) 27, 741-754; doi:10.1038/sj.onc.1210672;
published online 20 August 2007

Keywords: ncuroblastoma; p53: noxa; mitochondria;
apoptosis

Introduction

Neuroblastoma (NB) is the most common pediatric solid
malignant tumor derived from the sympathetic nervous
system. Unlike the many childhood malignancies for
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which survival has been improved by recent therapies,
high-risk NB is still onc of the most difficult tumors to
cure, with only 30% long-term survival despite intensive
multimodal therapy. New treatments and a better
understanding  of drug resistance  mechanisms  arc
requircd for the improvement of the survival rate. A
noteworthy finding of NB rescarch is that mutations of
p53 tumor suppressor have been reported in less than
2% of NBs out of 340 tested (Tweddle ¢r al., 2001).
Instcad of mutation, cytoplasmic sequestration of p53
has been proposed as an alternative mechanism of
inactivation in NB cells. The sequestration was first
detected in frozen tumor samples using immunohisto-
chemical techniques (Moll ¢r al., 1995) and later in NB
cell lines by immunofluorescence and cell fractionation
experiments (Moll er al., 1996). However, several groups
reported nuclear p53 accumulation in NB cells harboring
wild-type p53 after DNA damage (Tweddle et al., 2003).
After nuclear accumulation, p53 phosphorylation, bind-
ing to targeted sequences and transcriptional transacti-
vation are sequentially induced by DNA damage in p53
wild-type cells (Oren, 1999). However, these processes in
NB cclls harboring wild-type p53 have not been
examined with respect to the role of p53 pathways in
the tumorigenesis of NB. Their examination should also
yicld insights into the molecular mechanisms of p53
inactivation. For instance. upregulation of the p353-
downstream genes encoding p21/¥a" ynd HDM2 in
p33 wild-type NB cell lines was observed in several
studies (Isaacs er al., 2001; Keshelava er al., 2001,
Tweddle ¢r al., 2001) but not all (Wolff er al., 2001).
Reporter gene assays detected p53 transcriptional func-
tion in one study (Keshelava er al., 2001) but not in
another (Wolff e al.. 2001). Together. these facts
indicate that systematic and detailed analysis of the
biological effects of p53-dependent stress on the cell
death of NB cells and of the mechanisms of activation
and signal transduction of p33-related pathways in NB
cells are required for understanding the mechanism of
drug resistance and for the development of new therapies
for high-risk NB patients.

The Bcl-2 family member proteins regulate mitochon-
drial cell death by controlling mitochondrial outer
membrane permeabilization (MOMP). Anti-apoptotic
Bci-2 family members (for example, Bel-2, Bel-xL, Bel-w
and Mcl-1) function to block MOMP, whereas the
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various pro-apoptotic proteins promote it. The pro-
apoptotic proteins fall into two general subfamilies,
bascd on the sharing of Bcl-2 homology domains.
BH123 proteins appear to be effectors of MOMP,
because cells from mice lacking the two major BH123
protcins, Bax and Bak, fail to undergo MOMP in
response 1o a wide runge of apoptotic stresses (Wei
et al, 2001). The other subfamily, the BH3-only
proteins, can act cither to activatc Bax or Bak or to
interfere with the anti-apoptotic Bel-2 fumily members
(Letai er al., 2002). Noxa is a BH3-only member of Bcl-2
family proteins (Oda et al., 2003) and its expression is
induced by DNA damage such as that caused by
ctoposide or doxorubicin in a p53-dependent manner
(Oda et al., 2003; Shibuc er al., 2003). Furthermore,
scveral lines of evidence reported that Noxa is one of the
most important cell death effectors in neuronal cell
death, for example, nuclear factor-kappa B modulated
cell death in mouse cortical neurons (Aleyasin er al.,
2004), axolomized motor necurons of adult mouse
(Kiryu-Sco ¢t al., 2005). sensory ncurons cspecially in
trigeminal ganglia and cervical dorsal ganglia (Hudson
et al., 2005) and arscnitc-induced cortical neurons
(Wong er al., 2005).

These results have led us to study the role and
molecular machinery of p53-dependent cell death in NB
by utilizing several p53 wild-type NB cell lines. We
studied the sensitivitics of NB cell lines to doxorubicin
(Doxo). which is a representative cytotoxic drug against
NB cclls (Matthay er al., 1998) that induces stresses that
are basically dependent on p53 (Lowe et al., 1994), and
transactivates p53 and its downstream cffectors in many
tissues (Komarova er al., 1997). In sensitive NB cells, the
following important findings were observed after Doxo
treatment: (1) accumulation of p53 in the nucleus; (2)
activation of the p53-downstream molecules; (3) pro-
apoptotic BH3-only Bcl-2 family protein Noxa induc-
tion and upregulation in mitochondria resulting in
mitochondrial  dysfunctionfintrinsic  caspase-derived
apoptosis. Although p53 accumulated in the nucleus
before Doxo treatment, the downstream molecules were
not induced and the upregulation of Noxa in mitochon-
dria was not observed in the Doxo-resistant NB cells.
Consequently, the crucial role of the pS3 pathway in
apoptosis in NB cells was indicated by our observations.

Results

Heterogeneiry of response to p53-dependent death signals
in NB cell lines harboring wild-type p53

We chose 0.5ug/ml of Doxo as an appropriate
concentration to assess the effect of Doxo on NB cells
according to the results of the analysis of peak plasma
concentrations of doxorubicin (Hempel ¢r al., 2002).
Similar results were obtained by 0.3-1.0 ug/ml of Doxo
in the following experiments (data not shown). Trypan
blue uptake assays were performed to compare the
Doxo sensitivity of NB cell lines harboring wild-type
p33 (Figure la). More than 60% of cells were Trypan
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blue-positive for the SH-SY35Y, NB9, NB69 and SK-N-
SH NB cell lines 36 h after Doxo stimulation. On the
other hand, less than 40% of cclls were positive in NB-
19 and NBI cell lincs and less than 10% in IMR32 cells
even 36h after Doxo stimulation.

Next, we performed WST-§ assay, a modification of
MTT assay. to cvaluate cytotoxicity on NB cells
(Figure Ib). We confirmed the sensitivity of NB cells
to Doxo by these experiments and also studied the
cffects of ctoposide, the other p53-dependent damage-
inducing reagent, on NB cells. Etoposide was effectively
cytotoxic on the Doxo-sensitive SK-N-SH, SH-SY5Y,
NB-9 and NB-69 cclls. In the Doxo-resistant NB cells,
IMR32 and NB-1 ccells also posscssed drug resistance
against cloposide, whercas NB-19 cells had sensitivity.

FACS analysis of sub-G,/G, cclls showed that
considerable percentages of cells underwent apoptosis
24 h after the Doxo treatment in SH-SY5Y, NB-9, NB-
69 and SK-N-SH (Figure Ic). However, the proportions
of apoptotic cells were significantly lower in NB-19, NB-
I and IMR32 than in the four Doxo-sensitive NB cell
lines. In SK-N-SH and SH-SYS5Y cclls, the increase of
the sub-Gy/G, fraction after Doxo trcatment was
confirmed by the condensation and fragmentation of
nuclei (Figurce 1d). In contrast, almost all of the nuclei
were intact in the resistant IMR32 and NB-1 cells. Thus,
Doxo-induced stresses resulted in apoptosis in some NB
cells, whercas others were resistant (Figure ).

Upregulation and nuclear accumulation of p33 are not
enough to induce apoprosis by Doxo treatment

To study the basis of the different sensitivitics of NB
cells to pS3-dependent stress, we first performed direct
western blot analysis using @ monoclonal antibody
recognizing the p33 N terminus (DO1) to estimate the
total amount of p53. We also used antibodies that
specifically react with phosphorylated serine residucs
(Serl5. Ser20 and Serd6) to examine the modulation of
the stability and/or activity of p53 in response to DNA
damage.

The amount of p53 was clearly increased by Doxo in
the Doxo-sensitive NB cells, as detected with DOl
antibody (Figure 2a). p53 accumulation was observed in
the Doxo-resistant IMR32 and NB-19 cells before
treatment; serinel5 phosphorylation was induced in all
the NB cells after Doxo exposure. Upregulation of
serine46 phosphorylation was also observed in the NB
cell lines, except for IMR32 and SH-SYS5Y cells. On the
other hand, ser20 phosphorylation was not strongly
upregulated in any of the lines. Consistent with previous
reports, RT-PCR analysis showed that the induction of
p353 protein by Doxo treatment in sensitive-NB cells was
not caused at the transcriptional level (Figure 2b). Thus,
it appears that the upregulation of p53 protein in Doxo-
treated NB cells seemed to be caused by protein
stabilization.

Next, we investigated the localization of p53 in NB cclls,
using DO1 as a human p33-specific antibody reacting with
amino acids 21-25, pAb421 as a pan-p53 antibody
reacting with the human p53 amino acids 370-378 and



