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stage 4S infants who receive no {or minimal) treaument based
on the lack of MNA, even though current statistics show that
1 in 10 of these infants will eventually dic of NB. In this pa-
per, we propose that determination of low netrin-1 level
contirms a good prognosis for these infants without therapy,
whereas the infants with high netrin-1 expression should be
considered for more intensive treatment. Regarding infants
or children with high netrin-1—expressing NB tumors, an al-
ternative or supplementary targeted treatment based on dis-
ruption of the netrin-1 autocrine survival loop may iniprove
standard high-dose chemotherapy regimen efficiency. We
propose that a treatment based on inhibition of the interac-
tion between netrin-1 and its dependence receptors, or inhi-
bition of the ability of newrin-1 to multimerize its receptors,
could potentially improve the survival of a large fraction of
the patients suffering from aggressive NB. Moreover, it is in-
teresting to note that no correlation between netrin-1 up-
regulation and molecular signature of apoptosis and invasion
was observed in NB tumors (Fig. S1 D), strengthening the
case for newin-1 as an original target for NB. Future preclini-
cal and clinical studies should assess whether such therapeutic
strategies, which could include small molecules (drugs).
monoclonal antibodies, or the DCC-5Fbn recombinant pro-
tein presented in this paper, used alone or in combination
with standard chemotherapy, could be of therapeutic benefit
for infants and children with NB.

MATERIALS AND METHODS

Cell lines, transfection procedure, and reagents. Hunn NB cell lines
were obuained from the tunor banks at Centre Léon Bérard and ar Institut
Gustave Roussy. More specifically, IMR32 and CLB-Ge2 celf lines were cul-
tured in RPMI 1640 GlueaMAX medium (Invirrogen) containing 10% FBS.
IGR-N-Y1 cell line and its devivatves, as well as HEK293T celks, were cul-
tured in DME medium {Invitrogen) containing 10% FBS. Cell lines were
anstected using Lipofectamine 2000 reagent (Invitrogen) for siRNA or Lipo-
fectamine Plas reagent (Invitrogen) for plasmids, Netrin-1 was obtained from
Axxora and was used at a concentration of 150 ng/mlin all in vicro assays.

Human NB tumor samples and biolegical annotations. According to
parcntal consent, surgical human NB tumaor naterdal was immediately tro-
zen. Macerial and annotations were obtained from the Biological Resources
Centers of both nadonal referent Institucions for NB eanment (Centre Léon
Bérard and ac Institur Gustave Roussy). Protocols using human marerial
were approved by the Jocal ethics Committees of Lyon University and Paris
X1 University. MYCN genomic content was assessed on histologically qual-
ified umons as previously described (32). For immunchistochemistries, 5-
jun sections were prepared and trozen at —80°C.

Plasmid constructs, siRNA, and DCC-5Fbn production. The dowmi-
nant-negative mueant for UNC5H and DCC (pCR-UNCSH2-IC-D412N
and pCR-NCC-IC-D1290N, respectively) and the plasmids encoding Neo-
genin  (PCDNA3-Neogenin) and UNC3HI (pCDNA31-UNCSH1-HA)
have been previously described (1, 2, 3. The plasmids encoding UNC5H2
(pCDNA3.1-UNC3B-HA), UNC5H3 (pCDNA3-UNCS5C-HA), and
UNC3H4 (pCAG3-hU5H 4-His) were gifts from H. Arakawa (Nadonal Can-
cer Institute. Tokyo, Japan), M. Tessier-Lavigne (Genentech, San Francisco,
CA), K.L. Guan (Universicy of Michigan, Ann Arbor, M), and N. Yamamoto
{Osaka Univensity, Osaka. Japan), Hunun netrin-1—encoding plasmid (peak®-
hNTN{-His) was obrained from D.E. Bredesen (The Buck Institute for Age
Research, Novato, CAj. Ps574-DCC-3Fbn allowing bacterial expression of
the fifth fibronecdn type 11 domain of DCC was obtained by inserting a Psel—
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BamH! DNA fragment generated by PCR using pPDCC-CMV-S a5 a tem-
plate. DCC-3Fbn production was periormed using a standard procedure. In
brief, BL21 cells were forced to express DCC-5Fbn in response to imidazole,
and the BL21 lysate was subjected to atfinity chromatography using FLAG-
Scpharase (Sigma-Aldrich). A peptide corresponding to the cctodomain of
IL3R was produced in the same conditions and used as 4 control. For cell cul-
wre use. newin-1, DCC, wnd neogenin SiIRNAs (Santa Cruz Biotechnology,
Incy were designed as 4 pool of three target-specitic 20-25-nt silRNAs.
UNC5HT, UNC5H2, UNCH3, and UNC5H4 siRNAs were designed by
Sigma-Aldrich. MYCN siRNA was designed by Thermo Fisher Scientific.

Cell death assays. 2 X 10° cells were grown in serum-poor medium and
were treated {or noty with | pg/ml DCC-5Fbn or tanstected with siRNA
using Lipofectamine 2000, Cell death was analyzed using trypan blue stin-
ing procedures as previously described (1). The extent of cell death is pre-
sented as the percentage of orypan blue—positive cells in the diferent cell
populations. Apoptosis was monitored by measuring caspase-3 acuvity as
described previously (1) using the Caspase 3/CPP32 Fluorimetric Assay kit
(Gentanr). For detection of DNA fragmentation, treated cells were cyto-
spun, and TUNEL was performed with 300 Usml TUNEL enzyme and
6 uM biotinylated JUTP (Roche) as previously described (33).

Q-RT-PCR. To assay netrin-1, DCC, and UNCSH recepror expres-
sion in NB samples, torl RNA was extracted from histologivally quali-
fied tumor biopsies (>60% immuature neuroblasts) using che NucleoSpin
RINAI kit (Macherey-Nagel), and 200 ng were reverse transeribed using
1U Superscript 1 reverse wanscription (Invitrogen), 1U RNase inhibitor
{Roche), and 230 ng of random hexamer (Roche). Total RNA was ex-
tracted from mouse and human cell lines using the NucleoSpin RNAH
kit and | pg was reverse ranscribed using the iScript ¢DNA Synthesis kit
(Bio-Rad Laboratories). Real-time Q-RT-PCR was performed on a Light-
Cycler 2.0 apparatus (Roche) using the LightCycler FastStart DNA Master
SYBER Green 1 kit (Roche). Reaction conditions for all optimal amplifi-
cations, as well as primer sclection for murine and human newrin-1, DCC,
and UNCS5I1-4, were determined as already deseribed. The ubiquitousty
expressed human HPRT genes showing che least variability in expression
in NB was used as an intermal contral (34). The sequences of the primn-
ens are the following: NTN1, 5-TGCAAGAAGGACTATGCCGTC-Y
and 5'-GCTCGTGCCCTGCTTATACAC-3'; UNC5HL, 53°-CATCAC-
CAAGGACACAAGGTTTGC-3' and 53'-GGCTGGAAATTATCTTCT-
3CCGAA-3": UNC3H2, 5'-GGGCTGGAGGATTACTGGTG-3' and
3 -TGCAGGAGAACCTCATGGTC -3, UNC5H3,5'-GCAAATTGCT-
GGCTAAATATCAGGAA-3 and 3'-GCTCCACTGTGTTCAGGCTA-
AATCTT-3: UNC5H4, 5'-GGTGAACCCAGCCTCCAGTCAG-3 and
S -CTTCCACTGACATCACTTCCTCCC-3": DCC, 3'-AGCCAAT-
GGGAAAATTACTGCTTAC-3 and 3'-AGGTTGAGATCCATGATT-
TGATGAG-3'; and HPRT, 3'~-TGACACTGGCAAAACAATGCA-3’
and 3'-GGTCCTTTTCACCAGCAAGCT-3'.

Genomic DNA quantification. Genomic DNA from IMR32 and CLB-
Ge2 cells was extracted with the NucleoSpin Tissue kit (Macherey-Nagel).
30 ng of genomic DNA was used to perform quantiutive PCR using prim-
ers specific 1o NTNT and MYCN genomic sequences. Real-time quantita-
tve PCR was performed on a LightCycler 2.0 apparatus using the Light
Cycler FastSurt DNA Master SYBER Green 1 kit. NAGK (the N-aceryl-
glucosamine kinase geney, which is located on chromosome 2 similarly to
the MYCN gene but separated from the MYCN amplicon, was used as an
internal control gene o determine the gene dosage (33). For cach pair of
ptimers, genomic DNA amplification was assessed by polymerase activaton
at 95°C for 10 min, followed by 33 cycles at 95°C for 105, 63°C for 30 5,
and 72°C for 10's. The sequences of the primers are the following: NTNT.
3 -CTGTGTCCCCCACTTGTTOT-3 and 3'-CCATGAACCCCAC-
TGACTCT-3;: MYCN, 3'-GTGCTCTCCAATTCTCGCCT-3' and
3'-GATGGCCTAGAGGAGGGCT-3'; and NAGK, 3'-TGGGCAGA-
CACATCGTAGCA-3 and 3'-CACCTTCACTCCCACCTCAAC-Y.
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Immunohistochemistry and immunoblotting analysis. 10 cells were
cenmifigared on covenlips with a cytospinner (Shandon Cytospin 3; Thermo
Fisher Scientific). Tumor slides and cells were fixed in 4% paraformaldehyde.
The slides were then incubated at room temperature for 1 h with an antibody
recognizing the human nemin-1 {1:150; R&D Sysrems), UNC5H1 (1:100; Ab-
cam), UNCSH3 (1:160; R&D system), or UNC5H4 (1:100; Santa Cruz Bio-
technology, Inc.). After rinsing in PBS, the slides were incubated with an Alexa
488 donkey anti-rat antibody (Inviogen), an Alexa 488 donkey anti-rabbit an-
tibody (fnvirogen), a Cy3 donkey anti-mouse antibody (ackson Immuno-
Research Laboracories), or an Alexa 488 donkey anti~goat antibody (Invitrogen),
respectively. For mumor slides, netrin-1 and UNC5H4 signals were amplified us-
ing biotinyl-tyramide (TSA; Thenno Fisher Sciendfic) and Alexa 488-streptavi-
din (lnvirogen). Nuclei were visualized with Hoechst staining, Densitometric
value corresponding to netrin-1 signal was quantified with AxioVision Release
4.6 software. Immunoblows were performed as already described using anti—
phospho-DAPK and ana-DAPK (Sigma-Aldrich) (38), ant-DCC (1:500: Santa
Cruz Biotechnology, Inc), anti-neogenin (1:300; Santa Cruz Biotechnology,
Inc.), ant-HA (1:7,500; Sigra-Aldrich), ana-HIS (1:1.000; QIAGEN), anti-
MYCN (1:1000: BD), or ant-B-actin (1:1,000; Milliporc) antbodics.

Netrin-1 ELISA assay. Detection of netrin-1 protein in IMR32 and CLB-
Ge2 cell culrure medium was perfonned using a modified ELISA assay. In brief,
96-well plates (Nunc-hmmuno plate MaxiSorp; Themno Fisher Scientific) were
coated with 200 ng/well of purified recombinant extracellular domain of DGC
(DCC-Ec-Fe). To minimize aspecific binding, each well was incubated with
100yl of blocking solution, conmining 5% (wt/vol) BSA (Sigma-Aldrich) in

0.05% PBS-Tween. 3 ml FBS fiee cell culture medium was added sequentially *

(300 pl “well) to coated 96-well plates and incubared for 1 h at 37°C. Atter three
washes with 0.5% BSA PBS, 100 pl of mt anti—netrin-1 antibody (diluted 1:500
in blocking solution) was added to cach well and incubated for 30 min at 37°C.
After extensive washing, cach well was incubated with 100 ul HRRP-conjugated
goat and-rat antibody {1:1.000; Jackson hmnunoResearch Laborrtories) for 30
min ag 37°C. After removal of unbound antibody by three washes in 0.5% BSA/
PBS, the plates were incubated for 3 min at room temperature with ECL West-
cm Blotring Substace (Thermo Fisher Scientific). Luminescent signal was mea-
sured using a Luminoskan Ascent apparatus (Thermo Fisher Scientific).

Reporter assay. 10° cells were plated in 12-well plates and wansfected with
the firefly luciferase reporter under the control of the netrin-1 promorer
(PGLA-NetP-Luc) or the pGL3 empty vector. All transfections were done in
triplicate and the Dual-Luciferase Reporter Assay system (Promega) was per-
formed 48 h after manstection according to the manufacturer’s protocal, us-
ing the Luminoskan Ascent apparatus. As an intemal control of transfection
efficiency, the renilla luciferase-encoding plasmid (pRL-CMV: Promega)
was cotransfected, and for cach sample firefly luciferase activity was normal-
ized to the renilla luciferase activity.

Chicken model for NB progression and dissemination. 107 NB cells
suspended in 40 pl of complete medium were seeded on 10-d-old chick CAM.
10 pg DCC-5Fbn or the same PBS volume was injected in the wmor on days
11 and 14, For siRNA weamment, 4 pg of scamble or netrin-1 siRNA was
injected under the same conditions as for DCC-3Fbn. On day 17, tamors were
resected and the area was measured with AxioVision Release 4.6 software (Carl
Zeiss, Inc.). To test the effect of DCC-5Fbn on memstasis regression. 3 e
DCC-5Fbn or PBS was injected on days 14 and 15 in a chorioalluntoic ves-
sel. To assess metastasis, lungs were harvested from the tumor-bearing embryos
and genomic DNA was extracted with a NucleoSpin Tissue kit (Macherey-
Nugel). Metastasis was quantitied by PCR-based detection of the human Aly
sequence wsing the primers 5'-ACGCCTGTAATCCCAGCACTT-3' {sense)
and 3'-TCGCCCAGGCTGGAGTGCA-3' (antisense) with chick GAPDH-
specific primers sense, 3-GAGGAAAGGTCGCCTGGTGGATCG-3'; and-
sense. 5'-GGTGAGGACAAGCAGTGAGGAACG-3') as controls. For boch
couples of primers, metastasis was assessed by polymerase activation at 95°C for
2 min followed by 30 cycles at 95°C for 305, 63°C for 30 s, and 72°C for
30 5. Genomic DNA extracted fiom hungs of healthy chick embryos was used to

JEM VOL 208, April 13, 2008

determine the threshold between NB cell~invaded and ~noninvaded lungs. To
monitor apoptosis in primary rumors, primary tumors and surrounding CAM
were resected and broken up in lysis buffer and caspase-3 activity was measured
using the Caspase 3 CPP32 Fluorimetric Assay kit,

NB metastasis in nude mice. 7-wk-old 20-22 ¢ bady weight) female adhy-
mic nu/nu mice were obtained from Charles River Labotatories. The mice
were housed in sterilized Aleer-topped cages and maintained in a pathogen-tiee
animal tacility. IGR-N-91~derived PTX and Myoc cell lines were implanted by
i.v. injection of 10° cells in 130 pl of PBS into a tail vein (day 0). 20 pg DCC-
5Fbn or PBS with equal volume was i.p. injecred daily during 22 d. Lungs were
harvested on day 23. Lung genomic DNA was extacted with the NucleoSpin
Tissue kit, and quantification of buman mmor cells in lungs was done by PCR-
based detevtion of the human Alu sequence wing the primers 3'-CACCTGTA-
ATCCCAGCACTTT-3' gsense) and 5'-CCCAGGCTGGAGTGCAGT-3"
(antisense), using 25 ng of genomic DNA as previously described (36). PCR was
performed under the following conditions: 95°C for 2 niin, 30 cvcles ar 95°C
for 30 s, 63°C for 20 s, and 72°C for 20 s. Quantification of hwman DNA in
mice lungs was based on a standard curve using human genomic DNA isolated
from PTX and Myac cell fines,

Online supplemental material. Fig. S associates necrin-1 and DCC ex-
pression in NB tumors with their apoptosis and invasion molecular signatures
obtained with microarrays, Fig. S2 presents newrin-1 mRNA and protein ex-
pression in NB cell lines and shows CLB-VolMo netrin-1-high cell line sen-
sitivity to DCC-5Fhn decoy fragment. In Fig. S3. MYCN and neogenin
implication in netrin-1 siRNA-induced cell death is studied, and specificity
and efficiency of UNC3H siR NAs are presented at the mRNA. protein, and
cellular levels. Online supplemental material is available at htep:/ www jem
-org/cgi/content/full jen.20082299/DC1.
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MYCN oncogene is one of the most important regulators affecting the prognosis of neuroblastoma and is
frequently amplified in the high-risk subsets, Despite its clinical significance, it remains unclear how the
MYCN expression is regulated in human neuroblastomas. Here, we found the presence of a positive auto-
regulatory mechanism of MYCN. Enforced expression of MYCN induced endogenous MYCN mRNA expres-

Keywords: sion in SK-N-AS neuroblastoma cells with a single copy of MYCN gene. Luciferase reporter assay revealed
xgcrNbl toma that MYCN protein activates its own promoter activity in a dose-dependent manner and the downstream
uronias

region relative to the transcription start sites is responsible for the activation. Furthermore, ChiP analysis
showed that MYCN is directly recruited onto the intron 1 region of MYCN gene which contains two puta-
tive E-box sites. Intriguingly, in response to all-trans-retinoic acid (ATRA), MYCN was down-regulated in
MYCN-amplified SK-N-BE neuroblastoma celis, and the recruitment of MYCN protein onto its own intron
1 region was reduced in association with an induction of neuronal differentiation. Collectively, our pres-
ent results suggest that MYCN contributes to its own expression by forming a positive auto-regulatory
loop in neuroblastoma cells.

Neuronal differentiation
Ali-trans-retinoic acid (ATRA)
Positive auto-regulation
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Introduction

Neuroblastoma is one of the most common solid tumors in
children and originates from the embryonic neural crest cells
[1,2]. It accounts for about 15% of childhood cancer deaths, and
at least 40% of all neuroblastomas are designated as high-risk
tumors which often occur in patients over one year of age and
show characteristic genomic abnormalities including allelic loss
of the distal part of chromosome 1 and gain of chromosome 2p
[1-3]. MYCN is an oncogene mapped to chromosome 2p, and its
amplification is a strong indicator for poor outcome in patients’
survival [4-6]. Transgenic mice which overexpress MYCN driven
by the tyrosine hydroxylase promoter in sympathetic neurons de-
velop aggressive neuroblastoma, indicating that MYCN has an
intrinsic oncogenic potential in vivo [7]. MYCN protein activates
transcription of the genes that are involved in diverse cellular
function, such as cell growth, apoptosis, and differentiation [8,9].
Recently, by using computational analysis of gene expression pro-
file, Fredlund et al. showed that high transcriptional activity of
MYC family pathway in primary neuroblastomas predicts poor
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outcome of the patients and is correlated with low grade of neu-
ronal differentiation in tumors {10]. These results are consistent
with the notion that MYCN promotes tumor progression via tran-
scriptional activation of the target genes, and that down-regula-
tion of MYCN may be a critical step for the process of neuronal
differentiation. Indeed, in response to differentiation stimuli like
NGF or retinoic acids (RAs), endogenous expression of MYCN is
suppressed [11,12] and enforced expression of MYCN inhibits
NGEF- or retinoic acid-mediated neuronal differentiation {13,14].
Moreover, MYCN silencing alone is enough to induce neuronal dif-
ferentiation in several MYCN-amplified neuroblastoma cell lines
[15.16].

Retinoic acids (RAs) are now being used as one of the tools in
the standard treatment protocols for high risk neuroblastomas,
and demonstrated significant therapeutic effects on event-free sur-
vival {1,17,18]. Although the down-regulation of MYCN by RA was
first reported in 1985 [12], the precise mechanism of its regulation
is still elusive [19]. Previously, E2F family and Sp1/Sp3 were
reported as the transcription factors which regulate basal expres-
sion of MYCN [20-22]. In response to retinoic acid treatment, bind-
ing of E2F-2, -3 and -4 to the core promoter of MYCN gene was
decreased after 12 days of RA treatment [20], whereas Sp1 /Sp3
binding was not affected by RA [23]. However, since RA treatment
represses MYCN transcription at more early stage [12], there might
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be alternative mechanisms which accelerate a decline of MYCN
mRNA in response to RA treatment.

In the present study, we have found the presence of a positive
auto-regulation in MYCN transcription. MYCN protein enhances
its own promoter activity through its direct recruitment onto the
intron 1 region of MYCN gene. Treatment with all-trans-retinoic
acid (ATRA) significantly represses MYCN mRNA expression accom-
panied by a marked decrease of the amount of MYCN protein re-
cruited onto the intron 1 region. These results suggest that the
positive auto-regulation of MYCN is repressed by ATRA, resulting
in the further down-regulation of MYCN mRNA expression.

Materials and methods

Cell culture and transfection. SK-N-AS neuroblastoma cells were
grown in RPMI 1640 medium supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS, Invitrogen) and antibiotic mixture
in a humidified atmosphere of 5% CO, in air at 37 °C. SK-N-BE neu-
roblastoma cells were cultured in a mixture of minimal essential
medium (MEM) and Hanks F12 medium supplemented with 15%
heat-inactivated FBS and antibiotics. For transfection, cells were
transfected with the indicated expression plasmids using Lipofect-
AMINE 2000 according to the manufacturer's instructions
(Invitrogen).

Construction of luciferase reporter plasmids. A luciferase reporter
plasmid containing the region of MYCN promoter encompassing
from —221 to +1312 (where +1 represents the transcription initia-
tion site) was generated by PCR-based amplification using genomic
DNA prepared from human placenta as a template. Oligonucleotide
primers used were as follows: 5'-GAGCTCCAGCTTTGCAGCCTTCTC-3
(forward) and 5'-AACCAGGTTCCCCAATCTTC-3' (reverse). An
underlined sequence in the forward primer indicate the Sacl
restriction site. PCR products were subcloned into pGEMT Easy
plasmid (Promega) according to the manufacturer's protocol. After
sequencing, PCR products were digested with Sacl and subcloned
into Sacl restriction sites of pGL3 basic plasmid (Promega) to give
MYCN(-221/+1312).

RT-PCR and quantitative real-time RT-PCR. Total RNA was pre-
pared using RNeasy Mini Kit (Qiagen) following the manufacturer's
protocol. cDNA was synthesized using SuperScript I with random
primers (Invitrogen). Quantitative real-time RT-PCR using an ABI
PRISM 7500 System (Perkin-Elmer Applied Biosystems) was car-
ried out according to the manufacturer's protocol. Following were
primers used for this analysis: human MYCN 5'-TCCATGACAGCGCT
AAACGTT-3' (forward) and 5'-GGAACACACAAGGTGACTTCAACA-3
(reverse). All the reactions were performed in triplicate. The mRNA
levels of each of the genes were standardized by 8-actin.

Immunoblotting, Cells were washed with ice-cold PBS and lysed
with SDS-sample buffer. After a brief sonication, cell lysates were
boiled for 5 min, resolved by 15% SDS-PAGE, and electrotrans-
ferred onto Immobilon-P membranes (Millipore). The membranes
were blocked with Tris-buffered saline (TBS) containing 0.1%
Tween 20 and 5% nonfat dry milk, and then incubated with mono-
clonal anti-MYCN (AB1, Oncogene Research Products), monoclonal
anti-tTG (AB-3, NeoMarker), anti-TUBBHI (Tuf1, Covance), or with
polyclonal anti-actin (20~33, Sigma) antibody for 1h at room
temperature, followed by an incubation with an appropriate horse-
radish peroxidase-conjugated secondary antibody (Jackson Immu-
noResearch Laboratories) for 1h at room temperature. The
chemiluminescence reaction was performed using the ECL reagent
(Amersham Biosciences).

Luciferase reporter assay. SK-N-AS cells were co-transfected with
the indicated MYCN promoter luciferase reporters, pRL-TK Renilla
luciferase cDNA together with or without the increasing amounts
of the expression plasmid for MYCN. Total DNA per transfection
was kept constant (510 ng) with pcDNA3 (Invitrogen). Forty-eight

hours after transfection, firefly and Renilla luciferase activities were
measured with Dual-luciferase reporter assay system according to
the manufacturer’s instructions (Promega).

Cell counting. Cells were seeded at a density of 10,000 cells/well
in 12-well tissue culture plates. After allowing the attachment of
cells overnight, culture medium was replaced with the fresh med-
ium containing with or without 5 uM of ATRA. At the indicated
time periods after ATRA treatment, the numbers of viable cells
were measured in triplicate under microscopic observation.

Chromatin immunoprecipitation (ChIP) assay. ChIP assay was per-
formed according to the protocol provided by Upstate Biotechnol-
ogy. In brief, SK-N-BE cells were treated with or without 5 UM of
ATRA for 3 days, and cells were cross-linked with 1% formaldehyde
in medium at 37 °C for 8 min. Cells were then washed in ice-cold
PBS and resuspended in 200 ul of SDS lysis buffer containing
protease inhibitor mixture. The suspension was sonicated to an
average length of 200-600 nucleotides, and pre-cleared with pro-
tein G-agarose beads for 30 min at 4 °C. The beads were removed
by centrifugation and the chromatin solution was immunoprecipi-
tated with normal mouse serum (NMS) or with monoclonal anti-
MYCN (AB1, Oncogene Research Products) antibody at 4°C
overnight, followed by incubation with protein G-agarose beads
for an additional 1 h at 4 °C. The immune complexes were eluted
with 100 ul of elution buffer (1% SDS and 0.1 M NaHCOs) and
formaldehyde cross-links were reversed by heating at 65 °C for
6 h. Proteinase K was added to the reaction mixtures and incubated
at 45 °C for 1 h. DNA of the immunoprecipitates and control input
DNA were purified and then analyzed by standard PCR. Primers used
were as follows: MYCN: forward 5'-CTGTCGTAGACAGCTTGTAC-3’,
reverse 5'~-AACCAGGTTCCCCAATCTTC-3'; NLRR1: forward 5'-AAGTT
GGATTTGATGACTGATACG-3, reverse 5'-AGGCAAGAGACCATGTGC
AGGAG-3'. NLRR1 was used as a positive control [24].

Results
MYCN enhances its own promoter activity

To examine whether MYCN could directly regulate its own
expression in neuroblastoma cells, human neuroblastoma-
derived SK-N-AS cells bearing a single copy of MYCN, were tran-
siently transfected with MYCN expression plasmid and the
expression levels of endogenous MYCN mRNA were measured
by semi-quantitative RT-PCR. The primer set used in this study
was designed to detect the 3'UTR region of MYCN mRNA. There-
fore, only the endogenous MYCN mRNA was detectable. As
shown in Fig. 1A, enforced expression of MYCN significantly in-
duced the endogenous MYCN mRNA. Lower panel of Fig. 1A
showed the results obtained from immunoblotting experiments.
Under our experimental conditions, our antibody against MYCN
detected both the endogenous and exogenous MYCN. Similar re-
sults were also obtained from the quantitative real-time RT-PCR
(Fig. 1B), suggesting that MYCN has an ability to transactivate its
own promoter.

To identify the MYCN-responsive region within human MYCN
genomic sequence, we generated a luciferase reporter plasmid con-
taining MYCN genomic fragment encompassing from —-221 to
+1312, where +1 represents the transcriptional initiation site,
termed MYCN(—-221/+1312). SK-N-AS cells were transiently co-
transfected with the constant amount of MYCN(-221/+1312),
Renilla luciferase reporter plasmid together with or without the
increasing amounts of the expression plasmid for MYCN. As shown
in Fig. 1C, enforced expression of MYCN resulted in a significant
enhancement of the luciferase activity driven by MYCN promoter
in a dose-dependent manner. These results strongly suggest that
the genomic fragment of MYCN (at positions —221 to +1312) con-
tains a MYCN-responsive region(s).
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Fig. 1. Enforced expression of MYCN induces the endogenous MYCN mRNA. (A) Expression levels of the endogenous MYCN mRNA. SK-N-AS neuroblastoma cells were
transiently transfected with pcDNA3 or with MYCN expression plasmid. Forty-eight hours after transfection, total RNA and whole cell lysates were prepared and
subjected to semi-quantitative RT-PCR and immunoblotting, respectively. For RT-PCR, p-actin was used as an internal control. For immunobiotting, actin was used as a
loading control. (B) Quantitative real-time RT-PCR. Total RNA were prepared as in (A) and subjected to quantitative real-time RT-PCR to examine the expression levels of
the endogenous MYCN mRNA. (C) Luciferase reporter assay. SK-N-AS cells were transiently co-transfected with the constant amount of the luciferase reporter plasmid
termed MYCN(—221/+1312) (100ng) and Renilla luciferase reporter plasmid (pRL-TK) (10ng) along with or without the increasing amounts of MYCN expression
plasmid (100, 200, or 400 ng). Forty-eight hours after transfection, cells were fysed and their luciferase activities were measured. Firefly luminescence signal was
standardized by the Renilla luminescence signal. Results are shown as fold induction of the firefly luciferase activity compared with control cells transfected with the

empty plasmid.

MYCN is recruited onto the putative E-boxes located within intron 1 of
MYCN to enhance its own promoter activity

During an extensive search for the 5-upstream region and in-
tron 1 of human MYCN, we have found out two canonical E-boxes
within intron 1. We then generated two kinds of 3'-trucated MYCN
promoter luciferase reporter constructs termed MYCN(-1030/+21)
and MYCN(-221/+21) and determined their luciferase activities in
response to ectopic MYCN. As shown in Fig. 2A, the luciferase re-
porter assay demonstrated that both of those luciferase reporter
constructs do not respond to the increasing amounts of MYCN, sug-
gesting that the genomic fragment (at positions +22 to +1312) con-
taining the putative E-boxes but not the 5'-upstream region of
MYCN is required for MYCN-dependent transcriptional activation
of MYCN.

To further confirm this notion, we performed a chromatin
immunoprecipitation (ChIP) assay. The cross-linked genomic DNA
prepared from MYCN-amplified human neuroblastoma-derived
SK-N-BE cells was subjected to ChIP assay using the indicated pri-
mer set (Fig. 2B). NLRR1 which is one of MYCN-target gene {24],
was employed as a positive control for this experiment. As clearly
shown in Fig. 2B, DNA fragment containing the putative E-boxes
was specifically amplified, indicating that the endogenous MYCN
directly binds to the canonical E-boxes.

ATRA induces neuronal differentiation in SK-N-BE cells

All-trans-retinoic acid (ATRA) is one of the well-established
inducers for neuronal differentiation and/or apoptosis in neuro-
blastoma cells. In response to ATRA, a marked reduction in the
expression level of MYCN is detectable in neuroblastoma-derived
cell lines [8]. Consistent with those observations, ATRA treatment
resulted in a significant decrease in growth rate of SK-N-BE cells
(Fig. 3A) in association with their remarkable morphological
changes (Fig. 3B). Close inspection of cell shapes demonstrated that
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Fig. 2. MYCN has an ability to enhance its own promoter activity. (A) Luciferase
reporter assay. SK-N-AS cells were transiently co-transfected with the constant
amount of the indicated luciferase reporter constructs (100ng) and Renilla
luciferase reporter plasmid (pRL-TK) (10 ng) together with the empty plasmid
(pcDNA3) or with the expression plasmid for MYCN. Forty-eight -hours after
transfection, cells were lysed and their luciferase activities were measured as in
Fig. 1C. (B) ChIP assay. SK-N-BE neuroblastoma cells were cross-linked with
formaldehyde and the cross-linked chromatin was sonicated followed by immu-
noprecipitation with normal mouse serum (NMS) or with monoclonal anti-MYCN
antibody. Genomic DNA was purified from the immunoprecipitates and subjected
to PCR using the indicated primer set. The positions of the putative E-boxes and
primer set are also shown, The anti-NLRR1 immunoprecipitates were used as a
positive control.
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Fig. 3. ATRA induces neuronal differentiation in SK-N-BE cells. (A) Growth curves of SK-N-BE cells in the presence (solid diamond) or absence (solid triangle) of ATRA. Cells were
grown in the standard culture medium and treated with 5 uM of ATRA or left untreated. At the indicated time points after the treatment with ATRA, number of viable cells was
measured in triplicate. (B) ATRA-mediated neuronal differentiation in SK-N-BE celis. Cells were exposed to ATRA at a final concentration of 5 pM or left untreated. Four days after
the treatment with ATRA, cells were examined by phase-contrast microscopy. (C) Immunoblotting, SK-N-BE cells were exposed to 5 pM of ATRA. At the indicated time periods

after ATRA treatment, whole cell lysates were prepared and processed for immunoblotting with the indicated antibodies. Actin was used as a loading control.

ATRA treatment induces neurite outgrowth, suggesting that SK-N-
BE cells undergo neuronal differentiation in response to ATRA.
Additionally, ATRA-mediated down-regulation of the endogenous
MYCN and concomitant up-regulation of neuronal markers such
as neuron specific class Il -tubulin (TuJ1) [25] as well as transglu-
taminase Il (tTG) [26] were detected as examined by immunoblot-
ting (Fig. 3C).

A significant decrease in the amounts of MYCN recruited onto the
genomiic region containing the putative E-boxes in response to ATRA

We then examined the expression levels of MYCN mRNA in
ATRA-treated SK-N-BE cells. To this end, SK-N-BE cells were ex-
posed to 5 uM of ATRA. At the indicated time points after ATRA
treatment, total RNA was prepared and processed for quantitative
real-time RT-PCR. In accordance with previous observations [12],
the expression levels of the endogenous MYCN mRNA significantly
decreased in ATRA-treated SK-N-BE cells (Fig. 4A, upper panel).
Similar results were also obtained from semi-quantitative RT-PCR
(Fig. 4A, lower panel). These observations prompted us to examine
whether MYCN could be involved in a decrease in MYCN mRNA lev-
els in response to ATRA. For this purpose, we performed ChIP as-
says using ATRA-treated SK-N-BE cells. As shown in Fig. 4B, ATRA
treatment remarkably reduced the amounts of the endogenous
MYCN recruited onto the genomic region containing the putative
E-boxes. Since MYCN enhanced its own promoter activity, our
present findings indicate that ATRA-mediated decrease in the
expression level of the endogenous MYCN leads to the repression
of the positive auto-regulation of MYCN, and thereby promoting
neuronal differentiation.

Discussion

Similarly to other MYC family members, ¢c-MYC and MYCL, the
MYCN gene is frequently amplified in many types of human can-
cers including neuroblastoma, and its overexpression is signifi-
cantly associated with aggressiveness of the tumors [1,27]. In
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Fig. 4. ATRA-mediated down-regulation of MYCN mRNA. (A) Quantitative real-time
and semi-quantitative RT-PCR. SK-N-BE cells were treated with 5 1M ATRA. At the
indicated time periods after the treatment with ATRA, total RNA were prepared and
subjected to quantitative real-time RT-PCR (upper panel) and semi-quantitative RT-
PCR (lower panel). f-actin was used as an internal control. (B) ChIP assay. SK-N-BE
cells were treated with 5 uM of ATRA or left untreated, Three days after ATRA
treatment, cells were cross-linked with formaldehyde, The cross-linked chromatin
was sonicated and immunoprecipitated with normal mouse serum (NMS) or with
monoclonal anti-MYCN antibody. Genomic DNA was then purified from the
immunoprecipitates and subjected to PCR-based amplification by using the primer
set as shown in Fig. 2B,
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neuroblastoma, MYCN is amplified and closely linked to poor sur-
vival probability of patients {4-6]. However, expression levels of
MYCN in individual tumors are regulated by not only the gene copy
number but also the transcriptional regulation [28,29]. Indeed,
MYCN mRNA is expressed at significantly high levels even in some
subsets of neuroblastoma with a single copy number of MYCN
gene, In the present study, we have demonstrated that MYCN pro-
tein enhances its own promoter activity through direct binding to
the intron 1 region. To our knowledge, this is the first evidence that
MYCN forms a positive auto-regulatory loop through its own tran-
scriptional activation, Since the amplified genomic DNA at MYCN
gene contains the responsive MYCN binding sites (within intron
1), the identified mechanism may explain the reason why tran-
scription of each MYCN gene is activated both in MYCN-amplified
and non-amplified neurcblastoma cells.

In a sharp contrast to c-MYC, the expression of MYCN is strictly
restricted in both human and mouse adult tissues [9,19,30]. To
delineate the essential region of MYCN promoter for the tissue-spe-
cific expression, the previous studies using transgenic mice
showed that the human transgene containing 3.5 kb of upstream
and 3 kb of downstream sequences were, at least in part, responsi~
ble for the expression pattern of the endogenous MYCN gene
[31,32]. Further studies revealed that the downstream region
including exon 1 and intron 1 is required for tissue-specific pro-
moter activity of MYCN, whereas the upstream region regulates ba-
sal promoter activity {19]. In support with this notion, the latter
region includes a sequence with high homology to the second pro-
moter of c-MYC. Furthermore, E2F family proteins bind to enhance
basal transcription activity through these regions in both of the
two genes [19,20]. Our present results have also revealed that
ectopically expressed MYCN activates its own promoter activity
through the intron 1 region but not the upstream region, suggest-
ing that the positive auto-regulation of MYCN may contribute to
maintain tissue-specific expression of MYCN rather than basal tran-
scription of the gene.

We have previously found that endogenous expression level of
Bcl-2 is one of the keys to determine responsiveness to ATRA for
inducing neuronal differentiation or apoptosis in neuroblastoma
cells [33]. Indeed, ATRA treatment repressed MYCN expression
and thereby cells underwent differentiation or apoptotic cell death
[12,19]. However, it has been shown that MYCN mRNA is tran-
siently down-regulated in response to RA and begins to increase
3-4 days after the administration of RA in several RA-resistant
neuroblastoma cell lines [34 and our unpublished observations}.
Therefore, it is likely that there could exist at least two distinct
molecular mechanisms behind MYCN expression in response to
RA. The first one is that MYCN expression is rapidly down-regu-
lated in response to RA in RA-sensitive neuroblastoma cells. The
second one is that RA-mediated repression of MYCN is recovered
in RA-resistant neurcblastoma cells. Considering that MYCN has
an ability to transactivate MYCN gene, it is conceivable that this po-
sitive auto-regulatory mechanism of MYCN expression might be at
least in part involved in both cases. Thus, the disruption of this po-
sitive auto-regulatory mechanism of MYCN expression might pro-
vide a novel strategy for developing anti-cancer treatment. To
date, it remains unclear how ATRA treatment could cause the
down-regulation of MYCN in ATRA-sensitive neuroblastoma cells.
Further studies should be required to address this issue.
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Abstract

We have previously characterized how p53 family proteins
control the transcriptional regulation of the platelet-derived
growth factor B-receptor (PDGFRB) and found that ANp73q,
acting dominant-negatively to p53 and p73, can upregulate
PDGFRB promoter activity. Here, we report that PDGFRB
regulation differs between two neuroblastoma cell lines,
correlating with the actions of ANp73. We found that
PDGFRB was highly expressed in IMR-32 cells, and serum
stimulation of IMR-32 cells did not downregulate PDGFRB
expression, as seen in SH-SY5Y cells. In IMR-32, ANp73 was
found constitutively bound to the PDGFRB promoter, and
silencing of ANp73 resuited in repression of PDGFRB
promoter activity as well as decreased PDGFRB protein
expression. However, the anticancer drug cisplatin, known
to stabilize and activate p53 and p73, downregulated
PDGFRB expression not only in SH-SY5Y but also in IMR-32.
Chromatin immunoprecipitation showed that cisplatin
removed ANp73 from the PDGFRB promoter and recruited
p53 and p73, leading to binding of histone deacetylase 4.
These results suggest a direct role of ANp73 in the
constantly enhanced PDGFRB expression seen in tumors.
{Mol Cancer Res 2009;7(12):2031~-8)

Introduction

The platelet-derived growth factor (PDGF) is known to play
an important role in cellular proliferation (1). To prevent uncon-
trolled proliferation in response to PDGF stimulation, feedback
mechanisms reduce PDGF receptors presented on the cell sur-
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face through ligand-mediated receptor endocytosis, receptor
degradation, and transcriptional repression (2-6). Defective feed-
back mechanisms that cause deregulated PDGF signaling are im-
plicated in various pathologic conditions, including cancer,
where many tumors simultaneously express PDGF and its recep-
tors at high levels (7, 8). This suggests the presence of an auto-
crine or paracrine PDGF stimulation of growth in such tumors.

We previously showed a key role for the p53 family in the
feedback mechanisms that regulate PDGFRB transcription. Via
their sterile a-motif, the p73 isoforms p73c and ANp73a bind
the main wanscriptional regulator of PDGFRB, NF-Y, where
p73a mediates downregulation of PDGFRB and upregulation
of ANp73a (9). Recently, we have reported that p53 as well
as p73a/ANp73a are also able to directly bind the p53 consen-
sus-like sequence on the promoter (10). Moreover, during cell
cycle progression of normal cells, PDGFRB expression de-
creases on growth factor stimulation of G,-Go—arrested cells
to prevent excess growth signals. For this functional regulation,
dynamic interactions of the isoforms p73a and ANp73a with
the PDGFRB promoter are important (11).

It is known that ANp73 isoforms are expressed in a number
of human tumors including the most common solid tumor of
early childhood, neuroblastoma, where ANp73a overexpres-
sion is associated with poor outcome (12-14). The status of
p53 and p73 is also known to be of great importance for cancer
progression, with mutations of p53 found in more than 50% of
analyzed tumors (15). p73, on the other hand. is rarely found to
be mutated, although its chromosomal region 1p36 is often de-
leted in human cancers and is the most common chromosomal
abnormality observed in neuroblastoma (16, 17). The correla-
tion between ANp73a and clinical outcome in neuroblastoma
can be explained by the ability of ANp73 isoforms to act dom-
inant-negatively to p53 and p73. ANp73 either competes with
p33 or p73 for their DNA binding or binds to one of them, there-
by inhibiting their respective transactivation activities (18-20).
In this study, we have examined whether the status and actions
of ANp73 and other p53 family members could explain the de-
fective regulation of PDGFRB found in certain cancers.

To characterize the role of p33 family members in the tran-
scriptional regulation of PDGFRB in neuroblastoma, we used
two cell lines, IMR-32 and SH-SYS5Y, which express both
ANp73 and PDGFRB. We examined whether they respond
similarly to two known stimuli resulting in PDGFRB downre-
gulation (i.e., serum stimulation and cisplatin treatment). Many
of the antitumor drugs used today induce and stabilize p53 and
p73, thereby inducing p21 to arrest the cell cycle or promote
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apoptosis (21, 22). Under these conditions, it is important that
PDGFRB expression is downregulated to prevent continued pro-
liferation. If members of the p53 family are inactivated (i.e.,
through mutations or a stable expression of a dominant-negative
ANp73 isoform), then PDGFRB transcription might not be
regulated normally.

We report here that addition of serum to serum-starved IMR-
32 does not result in a downregulation of PDGFRB expression
when ANp73 is constantly bound to the PDGFRB promoter.
As expected, expression of small interfering RNA (siRNA)
against ANp73 could induce the repression of the promoter ac-
tivity and protein expression in IMR-32. In contrast, cisplatin

treatment is able to remove ANp73 from the PDGFRB promot-
er, downregulating PDGFRB even in IMR-32.

Results
Serum Stimulation of IMR-32, Unlike SH-SY5Y, Does Not
Repress PDGFRB Protein Expression or mRNA Levels
We assumed that the high expression of PDGFRB in neuro-
blastoma might be due to deranged p53 family proteins. Testing
this assumption, we used serum stimulation to induce and/or
activate p53 family proteins to detect changes in PDGFRB ex-
pression in IMR-32 and SH-SY5Y neuroblastoma cell lines. In

A SH.SY5Y IMR32
FBS: Oh 4h 8h 12h 24h 48h Oh 4h 8h 12h 24h 48h
PDGFRE |y - S '
Actin ——p—
B
SH-SYSY IMR-32
FBS: Oh_4h 8h 12h 2ah 48h Oh 4h 8h 12h 2ah 48h
PDGFRB ol i s ) s e
GAPDH
C
SH.SY5Y IMR32
FBS: Oh 4h 8h 12h 24h 48h Oh 4h B8h 12h

GI/GD S GZM

G1GOD § GI/M

FIGURE 1. Dysregulated PDGFRB expression in IMR-32, SH-SY5Y and IMR-32 were serum starved for 48 h, and 10% FBS was added for 0, 4, 8, 12, 24,
and 48 h until harvest. A. Serum stimulation of IMR-32, but not of SH-SY5Y, fails to repress PDGFRB protein expression. Cell lysates were immunoblotted
with antibodies against PDGFRB and with actin as a standard. B. Serum stimulation of IMR-32, but not of SH-SYS5Y, fails to repress PDGFRB mRNA
expression. Reverse-transcribed PCR products of total RNA extracted from SH-SY5Y and IMR-32 are shown for PDGFRB and GAPDH. C. ANp73is induced
at high levels in both SH-SY5Y and IMR-32 on serum stimulation. Cell lysates were immunoblotted with antibodies against p73 (H-79), ANpP73, p53 (DO1),
and actin. D. Serum stimulation induces IMR-32 and SH-SY5Y cells to enter the cell cycle. Cellular DNA content was measured and analyzed with a flow
cytometer. An FL2-H overlay is shown from cells gated to exclude debris and aggregated cells.
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Table 1. Cell Cycle Analysis of SH-SY5Y and IMR32
following Serum Stimulation

G -Gy S G-M
Ch $1.2 0.1 109 = 0.5 56 =0.1
4h 79.3 £ 0.4 1L7+17 6.7 0.5
8h 71.9 + 1.7 20.0 3.2 7.2=27
12h 45.1 £ 5.1 458 £ 0.8 75+ 14
24 h 56.2 4 1.7 28.0x2.7 12.8 £0.3
48 h 69.4 = 2.4 20.8 = 3.8 8309

G-Gy S G»-M
Oh 57.6+ 1.4 262£29 13.8+0.7
4h 56.7 = 3.1 244+ 0.8 14304
8h 551 6.5 248 =04 162 =13
12h 43.7 £ 3.0 316 £ 4.2 203 7.0
24 h 59+ 11 260 =14 201 £ 1.1
48 h 56.6 + 3.8 262+79 13.9= 17

serum-starved SH-SYSY cells, addition of serum led to a 70%
to 80% decrease in PDGFRB protein levels at 4 hours until 24 hours,
which later increased at 48 hours, However, no such decrease
was seen for IMR-32 (Fig. 1 A; Supplementary Fig. S1).

We then examined whether differences in the observed
PDGFRB regulation were reflected at the transcriptional level.
Semiquantitative reverse transcription-PCR showed that
PDGFRB mRNA expression in SH-SY5Y and IMR-32 correlat-
ed with changes in the respective protein level in response to add-
ing serum, suggesting that the decrease of protein is a result of
transcriptional changes rather than other feedback mechanisms
such as protein internalization and degradation (Fig. 1B). Next,
we compared the protein expression of the well-established tran-
scriptional regulators of PDGFRB (p53, p73a, and ANp73«)
between IMR-32 and SH-SY5Y to see if differences in their ve-
sponses to serum stimulation could explain the differences in
transcriptional regulation. As shown in Fig. 1C and Supplemen-
tary Fig. S1, the expression of p53 family members was similar
between the cell lines. In both cell lines, an increase of ANp73a
following serum addition was observed. Supplementary Fig. 52
shows a similar expression pattern of three isoforms of p73 and
ANp73 at the protein levels in SH-SY5Y and IMR-32, although
ANp73c mRNA is much more strongly expressed in IMR-32.

To confirm that serum stimulation induced both cell lines to
leave the G, phase, fluorescence-activated cell sorting was run.
For both cell lines, cells in the G; phase of the cell cycle de-
creased on serum stimulation, and cells in the S and G>-M
phases were increased to around 50% at maximum (Fig. 1D;
Table 1). However, serum-starved IMR-32 cells had roughly
twice as many cells in S and G,-M as that for SH-SYSY
(40% and 16.5%, respectively).

Silencing of ANp73 Downregulates PDGFB Promoter
Activity and Protein Levels in IMR-32, and ANp73 Is
Found Bound to the Promoter Chromatin in IMR-32

We have previously shown that p53 family proteins regulate
transcription of PDGFRB during the cell cycle (10, 11). Be-
cause we did not see any clear differences in p53, p73a, and
ANp73a at protein levels (Fig. 1C), we assessed their ability
to affect PDGFRB transcription. In agreement with our previ-

Mol Cancer Res 2009;7(12). December 2009

ous studies, analysis of PDGFRB promoter luciferase assays
showed that both p53 and p73« repressed the promoter activity
when compared with the vector control in both cell lines, where-
as ANp73a activated the promoter (Fig. 2A). The role of ANp73
was further examined on the activity of PDGFRB promoter fol-
lowing cotransfection of an siRNA targeting ANp73. As shown
in Fig. 2B, silencing of ANp73 reduced PDGFRB promoter ac-
tivity by 60% in IMR-32, but not in SH-SY3Y, suggesting that
the PDGFRB promoter is under the control of ANp73 in IMR-32
in normal condition. The silencing of ANp73 was confirmed for
both cell lines, but only in IMR-32 was PDGFRB protein down-
regulated, thus further supporting that PDGFRB is controlled by
ANp73 in this cell line (Fig. 2C)

To pinpoint differences in the in vive recruitment of p53.
p73, and ANp73 to the PDGFRB promoter, chromatin immu-
noprecipitation assays were done for SH-SY5Y and IMR-32 us-
ing p53, p73, ANp73, and p300 antibodies before and after
addition of serum. The results showed that in IMR-32,
ANp73 was bound constantly at all time points, whereas in
SH-SY5Y, it was only bound in serum-starved cells and grad-
ually decreased to around 20% of the initial level. In agreement
with this, ANp73 was located in the nucleus of IMR-32, where-
as in SH-SYS5Y, it was found in the cytoplasm (result not
shown). In contrast, the level of p73 binding was clearly in-
creased after 4 hours to reach 2.5-fold at maximum after 8 hours
of weatment in SH-SYS5Y, whereas in IMR-32 the increase was
smail. pS3 binding only slightly increased after 4 hours of treat-
ment for SH-SYSY, whereas for IMR-32, a clearly increased
binding was seen at 8 and 24 hours. p300 remained bound to
the promoter before and after serum addition, but with a grad-
ual decrease (Fig. 2D; Supplementary Fig. S3). This suggests
that the main ditference between the two cell lines in PDGFRB
promoter binding of p53 family members is a change in the ra-
tio of ANp73 over total p73. In SH-SY5Y. the ratio of ANp73
over p73 was much smaller and minimal at 8 hours when total
p73 binding increased and PDGFRB expression was repressed.
In IMR-32, the increased binding of p73 after serum stimula-
tiohr was small and the fraction of ANp73 was much larger.
Moreover, the binding pattern observed in SH-SYSY is closer
to that seen in our previous studies of nontumor cell lines (11).
The later increase of p53 binding in IMR-32 might explain the
slight decrease in PDGFRB expression.

Cispiatin Represses PDGFRB Protein and mRNA Levels
and Is Able to Induce p21 in Both SH-SY5Y and IMR-32
to Reduce Proliferation

We next examined the effects of the anticancer drug cis-
platin to sec whether the induced stabilization and modifica-
tions of p53 family members could decrease PDGFRB levels
even in IMR-32. Following cisplatin weatment, PDGFRB
protein levels decreased by about 60% at 24 to 48 hours in
both cell lines. Moreover, both IMR-32 and SH-SY3Y celis trea-
ted for 12 hours with cisplatin showed increased levels of p53
protein and serine-15 phosphorylation (Fig. 3A; Supplementary
Fig. S4). Following the same strategy as in Fig. 1, semiquantita-
tive reverse transcription-PCR showed that PDGFRB mRNA
displayed the same kinetics on cisplatin treatment, with a 40%
decrease at 12 hours. This again showed the importance of
transcriptional regulation as a feedback mechanism of PDGFRB

—287—

2033



2034 Wetterskog et al.

A SH.SY5Y MR 32
30 38 C
f |
251 2> 251
; ; 3
' l 1 H
g 201 wes S 28+ [
£ . l £
$
E =
k 5
L]
o =

p53 pi3 &Np73 p73 ANp73
Transfection Transfection
B SH.SY5Y MR32
3,0 30
2 25+ 2 254
2 2
T k5]
s 204 ns o 201
£} @
: : -
‘-_ -3
2 T 15 |
¢ s
2 2
= s
& &

siRNA siRbA sSiRNA siRNA
Transfection Transfection
C SH.SY5Y IMR32 SH.SY5Y IMR32
Cyl  aANp73 Ctrl aNp73
i si

si si si

FBS:0h  4h 8h 12h 24h up Oh 4h Bh  12h 24h FBS
PDGFRp MW GNNS | o ik ‘ ’

a-ANp73

a-p33
input
SH.SY5Y MR32
FBS:0h 4h 8h 12h  24h Oh 4h  8h i2h  24h FBS
s i —— s e | (GPI3 e
| e Mo s e a.p300
[ RN SN spwsew - wewest | Input Sl e i
PDGFRP promoter PDGFRA promoter
fgG
PDGERS promoter

FIGURE 2. Differences between IMR-32 and SH-SYSY in PDGFRB regulation by p53 family members. A. Cotransfection of ANp73 increases PDGFRB
promoter activity, and p53 and p73 decrease promoter activity in both SH-SY5Y and IMR-32. SH-SY5Y and IMR-32 cells were transfected with PDGFRB
promoter luciferase and LacZ constructs and cotransfected as indicated with a p53, p73, or ANp73 expression vector. Luciferase activity was measured 48 h
later and values were adjusted to §-galactosidase. B. Cotransfection of ANp73 siRNA decreases PDGFRB promoter activity only in IMR-32, SH-SY5Y and
IMR-32 cells were transfected with PDGFRB promoter luciferase and LacZ constructs and cotransfected with ANp73 siRNA as indicated and evaluated as
above. C. Cotransfection of ANp73 siRNA represses PDGFRB protein expression only in IMB-32, SH-SY5Y and IMR-32 cells were transfected with scram-
bled siRNA or with ANp73 siRNA, as indicated, and cell lysates were immunobiotted with antibodies against PDGFRB and ANp73, with GAPDH as a stan-
dard. D. ANp73 binds strongly to the PDGFRB promoter, which is not displaced by p53 and p73 in response to serum stimulation in IMR-32, in contrast to
almost no ANp73 binding in SH-8Y5Y. SH-SY5Y and IMR-32 were serum starved for 48 h before being serum stimulated for the indicated time periods
and chromatin immunoprecipitation assays were done. I9G was used as a negative control. Antibodies used are ANp73, p73 (E-4), p300, and p53 (DO-1) for
IMR-32 or p53 (Ab-1) for SH-SY5Y.
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FIGURE 3. Cisplatin represses PDGFRB expression in both SH-SYS5Y and IMR-32. Cells were treated with 20 umol/L cisplatin for 0, 12, 24, and 48 h
before harvest. A. Cisplatin represses PDGFRB protein expression and induces p53 serine-15 phosphorylation in both SH-SY5Y and IMR-32. Cell lysates
were immunoblotted with antibodies against PDGFRB, p53, and p-Ser15-p53, with actin as a standard. B. Cisplatin represses PDGFRB mRNA expression
and induces p21 in both SH-SY5Y and IMR-32. cDNA was reverse transcribed from cells treated with cisplatin, and the PCR products are shown for
PDGFRB, p21, p53, and GAPDH. C. Cisplatin decreases proliferation of both SH-SY5Y and IMR-32. Cells were treated with 0, 20, or 40 umol/L cisplatin
for 24 h before MTT was added, and 4 h later, absorbance was measured at 570 nm. D. Cisplatin induces IMR-32 and SH-8Y5Y cells to G,-M arrest and
increases the number of cells in sub-G,-phase. Cells treated with cisplatin were run in a flow cytometer as described in the legend to Fig. iD.

regulation. Furthermore, induction of the p33 target p21 mRNA
was detected after cisplatin treatment in both cell lines, verifying
that either p53 or p73 was functional in both cell lines (Fig. 3B;
Supplementary Fig. S4).

Next, we compared the cellular responses of SH-SY5Y and
IMR-32 with regard to proliferation and cell cycle phase distri-
bution on cisplatin treatment to see whether IMR-32 had an in-
creased resistance to cisplatin by its dysregulated PDGFRB
expression, thus providing a prosurvival signal. MTT analysis
showed that both cell lines decreased their metabolic activity,
suggesting diminished proliferation in response to increasing
cisplatin concentration (Fig. 3C). Fluorescence-activated cell
sorting analysis revealed that cisplatin increased the sub-G,
population in SH-SYSY (from 2% to 21%), whereas cells that
accumulated in G,-M-phase decreased (from 11% to 5%). In
contrast, the increase of the sub-G; cells was much smaller in
IMR-32 (from 2% to 6%), which was almost refractory to cis-
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platin with regard to the number of cells in G-M-phase (from
14% to 16%; Fig. 3D; Table 2).

Cisplatin Represses PDGFRB Promoter Activity in Boih
SH-SY5Y and IMR-32, Displacing ANp73, and Recruits
Binding of Histone Deacetylase 4 to the PDGFRB
Promoter in IMR-32

The ability of cisplatin to affect PDGFRB promoter activity
in each cell line was assessed using a luciferase assay of
PDGFRB promoter activity. PDGFRB Sacl/Sacl was trans-
fected and cotreated for 12, 24, or 48 hours with 0, 20, or
40 pmol/L cisplatin. For both cell lines, promoter activity
decreased after 24 and 48 hours (Fig. 4A). In addition, in
response to cisplatin treatment, ANp73a protein level increased
in IMR-32 but remained constant in SH-SY3Y (Supplementary
Fig. 85), in accordance with previous studies (19, 23), and was
thus not the cause for the decreased PDGFRB expression.
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Table 2. Cell Cycie Analysis of SH-SY5Y and IMR32
following CDDP Treatment

Sub-G, GGy S G-M
Oh 20=03 617+ 1.4 28+ 13 13521
12h 29405 $3.6+3.0 323=24 106 % 2.1
24 h 38207 443 £ 102 410 £49 105 + 4.0
481 209 =53 158 443 546+ 5.4 5005

Sub-G, G\-Go S GarM
Oh 162 1) 546+ 28 279:27 164 £33
12h 21+04 535426 327428 1.6 % 0.3
24 h 24+06 404 + 5.4 430+ 48 136+ 2.4
48k 55+ 11 19.6 4 6.3 57.7 %66 155 4.0

Because both cell lines thus far had displayed the same re-
sponse to cisplatin for all experiments, only IMR-32 was inves-
tigated to see¢ whether cotransfection of ANp73 siRNA would
work synergistically with cisplatin to repress PDGFRB promot-
er activity. As seen in Fig. 4B, cotransfection of siRNA against
ANp73 further decreased the promoter activity caused by cis-
platin, indicating that ANp73 is removed from the PDGFRB
promoter on cisplatin treatment,

To examine jn vivo binding of p53, p73, and ANp73, as well
as the binding of p300 and histone deacetylase (HDAC)4 to
the PDGFRB promoter, on cisplatin treatment, chromatin im-
munoprecipitation assays were done. The ANp73 binding 1o
the PDGFRB promoter decreased by about 50% on cisplatin
treatment. In contrast, the binding of p53 and p73 rather in-
creased at 12 to 24 hours, and then decreased at 48 hours, Ini-
tially, p300 was bound to the promoter, but also decreased at 48
hours. HDACH, on the other hand, was only found bound at 24
and 48 hours, indicating a repressed promoter at these time
points (Fig. 4C; Supplementary Fig. S6).

Discussion

In normal cells, the binding of p53 family members to the
PDGFRB promoter changes dynamically during serum-
induced cell cycle progression. After serum stimulation, p73
and ¢-Myc are recruited to the PDGFRB promoter followed
by HDACI, reducing the promoter activity. This leads to a de-
crease in PDGFRB mRNA and protein levels, thereby provid-
ing a feedback mechanism (11). This study shows that the
dysregulation of PDGFRB in IMR-32. as compared with SH-
SYS5Y, is associated with differences in the function of p33
family members, especially of ANp73. The fact that PDGFRB
levels do not change in response to serum stimulation in IMR-
32, whereas in the relatively differentiated neuroblastoma cell
line SH-SYSY, PDGFRB is regulated as in normal cells, under-
lines the importance of transcriptional regulation as a feedback
mechanism.

Concerning the expression of p53 family members on serum
addition, we expected to see differences between the two cell
lines, as has been reported previously (24). However, we found
a similar expression profile of p53 family members, including
ANp73a, which acts as an activator of PDGFRB transcription
in response to serum stimulation. Both p53 and p73 act as po-
tent repressors on the PDGFRB promoter (9, 10), but we did not

see any increase of p53 or p73« on serum treatment. Thus, the
expression of p53 family members was not a factor responsible
for the difference in the regulation of PDGFRB. Cellular con-
text has previously been shown to be important for the different
responses to p53 family members between cell lines (10, 25).

Another possible explanation for why PDGFRB expression
is dysregulated in IMR-32 could be a possible dysfunction of
the endogenous p33 or p73, perhaps as a result of mutation.
However, no mutation of p53 or p73 has been reported in
IMR-32. Interestingly, IMR-32, but not SH-SY5Y, responded
strongly to silencing of ANp73 by repression of PDGFRB pro-
moter activity and protein expression. A similar effect was seen
when IMR-32 was transfected with ANp73-siRNA in addition
to p53 and p73, which could be explained by the well-estab-
lished dominant-negative effect of ANp73« in neuroblastoma.
However, in SH-SY5Y, siRNA silencing of ANp73 did not
yield any effect. This prompted us to investigate the promoter
binding of the p53 family members. In IMR-32, ANp73 is con-
stantly bound to the PDGFRB promoter at all time points fol-
lowing serum stimulation, whereas in SH-SYSY, p73 binding
markedly increases in parallel with the decreased binding of
ANp73. This dynamic kinetics of the ratio of the bound
ANp73/Np73 at different time points seems to correlate with
the expression of the receptor. Thus, a larger fraction of
ANp73 constitutively bound to the promoter in IMR-32 could
explain the lack of downregulation on serum stimulation. The
fact that p53 and p73 still bind the promoter in TMR-32 could
be explained by the notion that ANp73 binds to DNA as an
oligomer that could form heterooligomers with p33 and p73,
inhibiting their activity (12, 20). Thus, increased binding of
p53 and p73 to the PDGFRB promoter does not necessarily
mean that the promoter is being repressed.

No observed significant effect of ANp73-siRNA expression
on PDGFRB in SH-SYSY concords with the weak binding of
ANp73 to the PDGFB promoter (Fig. 2B). However, there is
no clear explanation why the high expression of endogenous
ANp73 does not result in similar binding as was seen for
IMR-32. One possible explanation for this would be the post-
translational modifications such as phosphorylation or acetyla-
tion that affect the capability of p53 family members to bind the
promoter and execute their effects by recruitment of other pro-
teins such as coactivators or repressors.

Because different stimuli can induce various modifications
on p53 family proteins, we used the anticancer drug cisplatin.
Cisplatin is known to activate p33 and p73 by kinase-mediated
phosphorylation, thereby inducing p21 and proapoptotic pro-
teins to result in cell cycle amest and/or apoptosis. In fact, both
neuroblastoma cell lines responded to cisplatin by downregulat-
ing PDGFRB at mRNA and protein levels, again showing the
importance of the transcriptional regulation. Induction of p21
confirmed that either p53 or p73 was functioning in both cell
lines. In agreement, cisplatin was able to repress PDGFRB pro-
moter activity in both cell lines, although the decrease occurred
stower in IMR-32. The small resistance to cisplatin may be due
to ANp73 because the effect increased following the silencing
of ANp73, leading to repression of PDGFRB promoter activity.
Our chromatin immunoprecipitation experiments indeed
showed that cisplatin initially decreased ANp73 binding to the
PDGFRB promoter, whereas p53 and p73 binding increased.
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The binding of p53 with HDAC4 was previously shown to be
associated with the repressed PDGFRB promoter and its expres-
sion in normal fibroblasts (10). Thus, p33-stabilizing cytotoxic
drugs can inhibit the high expression levels of PDGFRB main-
tained on serum stimulation in IMR-32,

It has previously been reported that Adriamycin-induced
DNA damage recruits HDACs to NF-Y—dependent promoters,
and that this recruitment depends on binding of p53 acetylated
at the COOH-terminal lysines (26). This is concordant with
what we have described here, although the PDGFRB promoter
does not contain as many NF-Y binding sites as the G»-M pro-
moters (10). Thus, epigenetic modifications of p53 and/or p73
increase their binding affinities to NF-Y, enabling them to com-
pete with ANp73 binding to NF-Y. It is likely that the modifi-
cation on p53 and p73 on serum stimulation is not strong
enough to repress the PDGFRB transcription in IMR-32.

1t is well recognized that neuroblastoma consists of highly
heterogeneous tumor subtypes with marked differences in

phenotypes, tumor localization, and invasiveness, which are
manifested by varying therapy responses and prognosis, con-
stituting a major problem i clinics. Therefore, identification
of the mechanism responsible for their diversity could help in
improving therapeutic strategy. Our findings indicate that
neuroblastoma with overexpression of ANp73« might not
respond by downregulating PDGFRB expression in a micro-
environment containing PDGF ligands, thereby providing a
constitutive stimulus for cell proliferation. It is necessary to
examine primary neuroblastoma cells to conclude if this is
the case in vivo. It has been shown that ANp73 status cor-
relates with prognosis of patients with different tumors and
responsiveness to cytostatic drugs (13, 27).

It has been shown that the affinities of p33 to different pro-
moters are associated with its epigenetic modification, atfecting
its functional outcome (i.e., cell cycle arrest or apoptosis i
cells; ref. 28). If this is the case, the epigenetic modification
status of ANp73 when binding to different promoters should
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FIGURE 4. Cisplatin displaces ANp73 from the PDGFRB promoter 1o repress its activity. A. Cisplatin decreases PDGFRB promoter activity in both SH-
SY5Y and IMR-32, SH-SY5Y and IMR-32 cells were transfected with PDGFRB promoter luciferase and LacZ constructs and treated with 0, 20, or 40 ymol/L.
cisplatin for 12, 24, and 48 h. Luciferase activity was measured as described in the legend to Fig. 2A, B. Cotransfection of ANp73 siRNA synergistically
represses PDGFRB activity with cisplatin treatment in IMR-32. Cells were transfected with PDGFRB promoter luciferase and LacZ constructs and cotrans-
tected with SIRNA and 20 pmoli cisplatin as indicated. Luciferase activity was measured 48 h later and values were adjusted to f-galactosidase and piotein
concentration. C. Cisplatin displaces ANp73 and recruits binding of HDAC4 to the PDGFRB promoter to repress its activity in IMR-32, Celis were treated with
20 pmolA. cisplatin for 0, 6, 12, 24, and 48 h, and chromatin immunoprecipitation assays were done. PCR products for the PDGFRB promoter are shown. An
aliquot for each lysate was used as.input for the PCR with the antibodies indicated on the right.
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be determined by its competition with modified p33, which
then affects its cellular consequences. In this context, it is also
important to investigate whether cisplatin could dissociate
ANp73 from genes other than the PDGFRB gene that are con-
trolled by the p53 family of umor suppressors.

In summary, results in this report implicate ANp73 binding
to the PDGFRB promoter as a determinant of dysregulated
PDGFRB expression .and as a possible factor that stimulates
autocrine or paracrine PDGF signaling.

Materials and Methods
Cell Lines, Cultures, and Drugs

Neuroblastoma cell lines SH-SY5Y and IMR-32 were main-
tained in DMEM and RPMI 1640, respectively, both supple-
mented with heat-inactivated 10% fetal bovine serum (FBS).
100 units/mL penicillin, and 60 pg/mL streptomycin. Cells
were cultured in a humidified 5% CO, atmosphere at 37°C.
For serum stimulation studies, cells were serum starved for
48 h with 0.5% FBS for SH-SY5Y or with 0.1% FBS for
IMR-32. Thereafter. 10% FBS was added to the media and
cells were harvested after 0, 4, 8, 12, 24, and 48 h. For cisplatin
experiments, cells were incubated with 20 pmol/L cisplatin. un-
less otherwise stated, for the indicated time periods.

Plasmid Consiructs and Antibodies

For luciferase reporter assays, the PDGFRB promoter
cloned into the luciferase expression vector pGL3 (Promega)
was used. p53, p73a, and ANp73a were expressed in pcDNA3
vectors. The antibodies used were PDGFRB (938), p-PDGFRB
(1021), pS3 (DOI), p73 (H-79), p73 (E-4), p300 (N-15), and
HDAC4 (1H-92), all from Santa Cruz; HDAC1 (H-3284) and
fr-actin (AC-40) from Sigma; p33 (Ab-1) from Calbiochem;
and p-Akt (T308) from R&D Systems.

Luciferase Assays

SH-SYSY and IMR-32 cells were wansfected with 0.25 pg
of reporter plasinid, 0.25 g of -galactosidase expression plas-
mid, and 0.5 g of expression plasmids or mock DNA vector.
Transfection of neuroblastoma cell lines was facilitated by the
use of the magnetofectin transfection system (Oz Bioscience).
To each microgram of DNA, 1 L of Combimag cationic mag-
netic beads was added. The DNA-bead complexes were diluted
in serum-free medium and mixed with Fugene6 transfection re-
agent for SH-SYSY cells or with Lipofectamine 2000 for IMR-
32 cells, and then incubated according to the manufacturers’
instructions. Luciferase activity was adjusted to 3-galactosidase
activity, and for luciferase assays in studying the effect of cis-
platin, it was adjusted to protein concentration as well. Mea-
sured values are displayed as means with SDs (n = 3).
ANOVA was used to test significant differences. Between-
group significance was determined with Scheffé’s post hoc test.
P <0.05 was considered statistically signiticant. * indicates P <
0.05, ** indicates P < 0.01, and *** indicates P < 0.001.

Small interfering ANA

siRNA against ANp73 (20 nmol/L; Qiagen) was micropo-
rated into IMR-32 and SH-SY5Y using a microporator (Digital
Bio) according to the manufacturer’s instructions.

Chromatin Immunoprecipitation

SH-SYS5Y and IMR-32 cells were seeded in 10-cm dishes
and cross-linked and harvested when cells were 80% confluent.
DNA and protein were cross-linked with 1% formaldehyde for
15 min at 37°C. Cell lysis, sonication, immunoprecipitation,
and PCR were done as described (11). For the proximal human
PDGFB promoter, primers were 5'-AGCATCCCCTCA-
CATCCTGAGCGA-3' and 5'-CAGGAGCTCACACCAC-
TATGGGCT-3’. Series of dilutions of prepared DNA were
used and amplified for an optimal number of cycles.

Reverse transcription-PCR

SH-SY5Y and IMR-32 cells were seeded in 12-cm dishes at
a density of 5 x 10* per dish. RNA extracted with RNeasy
Minikit (Qiagen) was extracted essentially as described (29).
Total RNA (1-3 pg) was subsequently transcribed into cDNA
with random primers and SuperScriptlll reverse transcriptase
(Invitrogen) according to the manufacturer’s protocol. PCR
was carried out by using Taq polymerase (Invitrogen) using
one-tenth of the cDNA. Primers were designed as follows,
5'-TCAACGTCTCTGTGAACGCAGTGC-3’ and 5'-
GCCCAGGGTGCGGTTGTCTTTGAA-3 for PDGFRB; 5'-
AAGATGACCCAGATCATGTTTGAG-3' and 5'-AGGAG-
GAGCAATGATCTTGATCTT-3 for a-actin; ANp73, p73,
p53, p21, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primers were designed as previously described
(30). PCR products were analyzed on a 2.0% Tris-acetate-
EDTA-agarose gel with ethidium bromide and scanned in a
FLA2000 (Fuji).

Immunoblotting

SH-SYSY and IMR-32 cells were seeded in six-well plates
at 1 x 10° per well. Cells were lysed in lysis buffer [25 mmol/L
Tris-HCI (pH 7.5), 137 mmol/L. NaCl, 2.7 mmol/L KCI, 1%
Triton X-100, and I mmol/L. phenylmethylsulfony! fluoride]
and sonicated 12 times with 0.5-s pulses at 80% power using
a VibraCell (Chemical instruments AB). Proteins were separat-
ed on an 8% SDS-PAGE and transferred onto a Hybond-C ex-
tra polyvinylidene difluoride membrane (Amersham
Biosciences). Membranes were blocked overnight in 5% skim
milk at 4°C. Primary antibodies were diluted in 5% skim milk
and incubated for 1 h at room temperature, followed by incu-
bation for 45 min with secondary antibody. Membranes were
developed using the ECL Advance system according to the
manufacturer’s protocol (GE Healthcare) and scanned using
LAS-1000 Plus (Fuyjifilm).

Flow Cytometry

SH-SYSY and IMR-32 cells were seeded in 10-cm dishes
and harvested at 50% to 80% confluency. Cells were trypsi-
nized and centrifuged at 1,200 rpm for 5 min. Cells were
washed twice with PBS before resuspending the cell pellet in
200 uL of PBS. Thereafter, cells were tixed for 30 min by ad-
dition of ice-cold 70% ethanol. Cells were centrifuged and
washed in PBS before being stained with propidium iodine
(40 pg/mL) in the presence of RNase A (30 pg/mL) for
30 min at 37°C. Cells were washed and cell aggregates were
removed using a mesh. Cell cycle analysis was done on a FACS-
Calibur (Becton Dickinson) using the CellQuest software, FL2-
H, FL2-A, and FL2-W were detected. Using FL2-H against
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FL2-W dot plot, aggregates were gated out, with at least 10,000
events gated and analyzed.

MTT Assay

SH-SY3Y and IMR-32 cells were seeded in 96-well plates at
0.3 x 10° per well. After treatment with drugs, cell proliferation
was measured by adding 20 uL of 5 mg/mL MTT. After 4 h at
37°C, medium was removed and formazan crystals were dis-
solved in DMSQ. Absorbance was measured at 570 nm.
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Abstract

Purpose; Reliable prognostic stratification remains a challenge for cancer patients, especially for dis-
eases with variable dinical course such as neuroblastoma. Although numerous studies have shown that
outcome might be predicted using gene expression signatures, independent cross-platform validation is
often lacking.

Experimental Design: Using eight independent studies comprising 933 neuroblastoma patients, a
prognostic gene expression classifier was developed, trained, tested, and validated. The classifier was es-
tablished based on reanalysis of four published studies with updated dinical information, reannotation
of the probe sequences, common risk definition for training cases, and a single method for gene selection
(prediction analysis of microarray) and dassification (correlation analysis).

Results: Based on 250 training samples from four published microarray data sets, a correlation signa-
ture was built using 42 robust prognostic genes. The resulting classifier was validated on 351 patients from
fourindependent and unpublished data sets and on 129 remaining test samples from the published studies.
Patients with divergent outcome in the total cohor, as well as in the different risk groups, were accurately
classified (log-rank P < 0.001 for overall and progression-free survival in the four independent data sets).
Moreaver, the 42-gene dlassifier was shown to be an independent predictor for survival {odds ratio, >5).

Condusion: The strength of this 42-gene dlassifier is its small number of genes and its cross-platform
validity in which it outperforms other published prognostic signatures. The robustness and accuracy of
the classifier enables prospective assessment of neuroblastoma patient outcome. Most importantly, this
gene selection procedure might be an example for development and validation of robust gene expression

1532

signatures in other cancer entities. Clin Cancer Res; 16(5); 1532-41. ©2010 AACR.

One of the main challenges in dinical cancer research
remains accurate prediction of outcome, enabling better
choice of risk-related therapy. This is particularly true
for neuroblastoma, a pediatric tumor of the sympathetic
nervous system, which is characterized by a remarkably
heterogeneous clinical course. Tumors that are found in
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infants frequently regress spontaneously or show differ-
entiation features on treatment, whereas tumors diagnosed
in children >1 year of age often metastasize, causing accel-
erated cancer-related death despite intensive therapies. Ac-
cordingly, different therapeutic schemes exist ranging from
watch-and-see approaches to multimodal therapies. Four
major risk stratification systems are currently being used
in various parts of the world (Europe, United States, Japan,
and Germany) based on a combination of clinico-
pathologic and genetic parameters, such as age at diagno-
sis, tumor stage, MYCN gene status, histopathologic
dlassification, ploidy, and chromosome 1p and 11q status
(1-8). Clinical experience within these systems indicates
that the stratification is useful, but misclassifications occur,
resulting in overtreatment or undertreatment. Identifica-
tion of more specific and sensitive markers for response
to therapy and outcome prediction is clearly required
and is expected to result in better choice of risk-related
therapy.

As differences in outcome are considered to reflect un-
derlying genetic and biological characteristics that have
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