to the presence or absence of MYCN amplification.
Figure 3a shows that the 5-year survival rates of patients
with GGSs (n= 18), GGWSs (n = 33) and GGPs (n=25)
tumors were 89, 85 and 53%, respectively, whereas those
of pauents 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 examined the survival curves of patients with
M YCN-nonamplified tumors in young (< l-year-old)
and old (= 1-year-old) patients. Figure 3¢ shows the 5-
year survival rates of 88, 86 and 67% in GGWs (n = 24),
GGSs (n=7) and GGPs (n=3) tumors, respectively,
among young patients, whereas they were 76, 91 and

Table 1 Five-year overall survival rates of the patients with each

genomic subgroup of sporadic neuroblastomas

N 3-Year 05 (%)

GGS
GGSa
GGSs
GGP
GGPla
GGPls
GGPa
GGP2s
GGP3a
GGP3s
GGP4a
GGPas
GGW
GGWla
GGWls
GGW2a
GGW2s
GGWi3a
GGW3s
GGWda 0
GGWids L 87
GGW Sa 50
GGW3s 67

Abbreviations: GGP, partial chromosomal gamns/losses genomic
group; GGS, silent genomic group, GGW, whole gains and /or losses
genomic group; OS, overall survival rate.

Sporadic neurcblastomas

0 24 48 72 96
Months after diagnosis
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51% 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 percentages of
GGW tumors, whereas the latter contamned high
incidences of GGP tumors.

Segregation of the prognosis of sporadic neuroblastomas
with a single copy of MYCN by genomic and molecular
signatures

Recently, we have generated a clinically useful cDNA
microarray carrying 200 genes that predicts the prog-
nosis of neuroblastomas with an accuracy rate of 89%
(Ohira er al., 2005). The univariate analysis of 112
sporadic neuroblastomas showed that both genomic
signatures (GGP vs GGW + GGS, P=0.003) and
molecular signatures (posterior value<0.5 vs =0.5,
P<0.001) were highly significant prognostic indicators,
like other vanables including age (P=0.006), stage
(P<0.001), tumor origin (P=0.001), TrkA expression
(P=0.004), Shimada classification (FP<0.001) and

MYCN amplification (P<0.001; Table 2). In addition,
genomic signature was a prognostic factor independent

from molecular signature, age and tumor origin,
although it showed no prognostic significance when
stage, Shimada classification, or MYCN amplification
was controlled (Table 2). Even in sporadic neuroblas-
tomas with a single copy of MYCN, the highest
significance according to the univariate analysis was
given to molecular signature (P =0.002), followed by
tumor origin (P=0006) 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 segregated 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).

Mass-screening detected
neuroblastomas (n=124)

GGW (n=84) GGS (n=6)

-

GGP (n=24)

o
®

2
S

Survival probability
o
[+:]

o
[

0
0 24 48 72 96

Months after diagnosis

Figure 2 Kaplan-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 GGW: P=0.002, (b) Mass screening-detected
neuroblastomas; GGS vs GGP: P = 1.000, GGS vs GGW: P= 1.000 and GGP vs GGW: P = 1.000.

~174-



Risk stratification of neuroblastoma by microarray
N Tomioka el a/

446

a Sporadic neuroblastomas with
a single copy of MYCN (n=76)
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3 Kaplan-Meier survival curves in three genomic groups (GGS, GGP and GGW) of sporadic neuroblastomas based on array-
CGH. (a) Sporadic neuroblastomas with a single copy of MYCN GGS vs GGP: P=0.035, GGS vs GGW: P=0.736 and GGP vs
GGW: P=0.033, (b) Sporadic neurnhl:utomns with M YCN amplification GGS vs GGP: P=0.104, GGS vs GGW: P=0.156 and

GGP vs GGW: P=0.642. (¢) Sp

nas with a single copy of MYCN in patients under 1 year of age GGS vs GGP:

P=1.000, GGS vs GGW: P=0919 and GGP vs GGW: P=0412. (d) Sporadic neuroblastomas with a single copy of MYCN in
patients over 1 vear of age. GGS vs GGP: P=0.063, GGS vs GGW: P=0478 and GGP vs GGW; P=0.48].

Discussion

The present array-CGH analysis revealed the whole
feature of the genomic abnormality patterns of sporadic
and MS-detected neuroblastomas. The patterns of
genomic aberrations in MS-detected neuroblastomas
are similar to those in sporadic tumors, suggesting that
they are genetically genuine neuroblastomas which are
similar to sporadic tumors found in patients under |
vear of age. Indeed, both of them have a high tendency
to regress spontaneously. The exceptions we found are
that the incidence of GGPs tumors is relatively higher in
MS-detected tumors than in sporadic tumors found
among young patients and that their clinical outcome is
very good.

BAC array-based aCGH analyses have defined
several minimal critical regions of gains and losses in
1p. 2p and 11q. These included minimal losses in 10 Mb
regions of 1p36.3 (Ipter to RP11-19901, DIS244) and
11g23 (from RP11-42L18 to RP11-45N4). The 2Mb
region in 1p36.2-36.3 detected by a BAC clone RPI1-
219F4 (D15507) exhibited highest deletion frequency of
32%. By combining the expression data obtained by the

Oncogene

in-house microarrays harboring approximately 5340
genes derived from primary neuroblastomas, several
candidate genes including CHDS at 1p36 (Bagchi et al.,
2007) as well as Survivin at 17925 (Islam et al., 2000)
were identified as lowly and highly expressed genes in
neuroblastomas 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 MYCN itself 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 1 year of age. They are also found in tumors
obtained from the patients over 1 year of age, and some
of them possess MYCN amplification. Furthermore,
GGS tumors mostly show diploid karyotype. These
facts suggest that GGSs tumors might represent
neuroblastoma at an early stage of carcinogenesis with
early oncogenic hit(s), which later develop to GGP or
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Table 2 Univariate and multivariate analyses of genomic and molecular signature as well as other prognostic factors in sporadic neuroblastomas

Sporadic NBLs (all cases) Sporadic NBLs { MYCN, single copy )

N P HR ci N P HR cl

Genomic signature (GGP vs GGW + GGS) 53 vs 59 0.003 2.5 (1.36, 4.90) 25 vs 51 ! 141 (1.32, 8.82)
Molecular signature (posterior <0.5vs 205 22w 18 <0.001 . 252,4935) 13ws17 002 14.05  (1.72, 114.89)
Age (= l-year old vs < l.year old) 74 vs 38 0.006 267 (124,577 42vs 34 ) 247 (0.8, 6.96)
Stage (3, 4wvs |, 2, 45) T3vs 38 <0.001 ; (193, 12.54) 38 vs 37 03 280 (1.00, 7.88)
Origin (adrenal vs nonadrenal) T2wvs 40 0.001 3 (1.43,725) 41w 35 | 4.59 (133, 15.85)
TRKA expression (low vs high) 52 vs 36 0.004 A (1.36, 8.34) 24 vs 36 L 1.21 (0.34,4.31)
Shimada (unfavorable vs favorable) Wvs 37 <0001 " (171, 12.07) 14 wvs 36 ! 1.37 (0.33, 5.75)
MYCN (amplification vs single copy) 36vs 75 <0001 3 (2.16, 7.35) — — o

Genomic signature (GGP vs GGW + GGS) 15 vs 25 0.045 \ (1.01, 8.30) §vs22 03 5.46 (1.09, 27.40)
Molecular signature (posterior <0.5 vs 20.5) 2w I8 0.002 i3 (1.69,3338) 13ws 17 03 741 (0.90, 60.87)

Genomic signature (GGP vs GGW + GGS) 53 vs 59 0.048 (1.05, 3.78) 25 vs 51 055 285 (1.10, 7.36)
Age (= l-year old vs < l-year old) 74 vs 38 0.132 2 (0.87, 4.06) 42 vs 34 H 1.44  (0.51, 4.05)

Genomic signature (GGP vs GGW + GGS) 53 vs 58 0416 : (0.71, 2.54) 25vs SO 1 2 (1.01, 6.76)
Stage (3,4 vs 1, 2, 45) Tivs 38 0.005 4 (1.60, 10.34) 38 vs 37 g ] (0.56, 4.40)

Genomic signature (GGP vs GGW + GGS) 3vs 59 0.012 22 (1.18, 4.23) 25 vs 51 015 v (1.23, 8.26)
Origin (adrenal vs non-adrenal) 72 vs 40 0.006 278 (1L.24, 6.26) 41 vs 35 A N (1.24, 14.58)

Genomic signature (GGP vs GGW + GGS) 4] vs 47 0,079 ; (0.96, 4.95) 18 vs 42 X .75 (1.06, 13.33)
TRKA expression (low vs high) 52 vs 36 0.078 2.3 (095, 5.79) 4 vs 36 2 .79 (0.22, 2.80)

Genomic signature (GGP vs GGW + GGS) 53vs 58 0.236 53 (0.81, 2.90) — —
MYCN (amplification vs single copy) bvs7S <0001 3.3 (1.79, 6.08) — —_

Abbreviations: CI, confid interval; GGP, partial chrommml gains/losses genomic group; GGS, silent genomic group; GGW, whole gains
and/or losses genomic group: HR, hazard ratio; N, pl : NBLs, neuroblastomas; P, P-value.

Sporadic neuroblastomas 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
x MYCN-nonamplified GGSs tumors, whereas it is very
Posterior20.5 (n=17) . bad for patients with GGSa tumors possessing M YCN

bbb

amplification, implying again remarkable impact of
MYCN amplification on the patient’s outcome.

The GGP group is characterized by the presence of
17q gain with other chromosomal abnormalities includ-
ing MYCN amplification, 1p loss and 11q loss. Since
this group of tumors shows multiple chromosomal
] aberrations with partial gains and/or losses, unknown
Posterior<0.5 (n=13) causes to induce genomic instability might have

| 42% triggered genesis of neuroblastoma in progenitor or

stem cells of sympathetic cell lineage (Maris and
Matthay, 1999; Nakagawara, 2004). The frequently
observed GGP tumors are as follows: GGPla tumors
with both 1p loss and M YCN amplification and GGP3s
tumors with 11q loss but without M YCN amplification.
‘ ) ) ) The former may belong to a typical M YCN-amplified
12 24 38 48 B0 72 neuroblastoma (White et al., 1995) with a S5-year
Months after diagnosis cumulative survival rate of 42% in our series, whereas

X the latter to the so-called intermediate type tumor

2::':;:11 ':ag:f;"e N:::; :::-“;}'?,Ig ;r‘;m:d?xrf: 'Thleui:‘:r:;::, (Srivatsan et al., 1993; Auiygh et al., ?._005) with the rate

signature. Gene-expression profiling segregated patients into the of 75%. In GGP tumors, it is obvious that MYCN

favorable (posterior score>0.5) and unfavorable (posterior scor- amplification has the most powerful impact on the
e<0.5) prognosis groups (P=0.001). The posterior scorc denoles patient prognosis. Interestingly, among the GGPs

?Sﬁkrfi'f’és.‘hioﬁii““' e s tumors lacking M YCN amplification, 1p loss and llg

; ' 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 neuroblastomas (Brodeur et 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 1p loss and 11q
loss may independently affect the outcomes of neuro-
blastoma. Interestingly, one 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 3S-year survival rate is shown in the
GGPla group with Ip loss but without 11q loss.

GGW neuroblastoma has a favorable prognosis, as
reported (Vandesompele et al., 1998). Since the patiern
of chromosomal aberrations is represented by whole
chromosomal gains and/or losses, mitotic dysfunction
during the cell division cycle in progenitor or stem cells
might have generated neuroblastoma (Maris and
Matthay, 1999; Nakagawara, 2004). Interestingly, 1p
loss or 11q loss in a minor population of GGWSs tumors
(GGWIs and GGW3s) seems not to affect the
prognosis.

The presence of different patterns of genomic aberra-
tions like GGS, GGP and GGW may reflect differences
in stem or progenitor cells targeted to generate different
genetic subsets of neuroblastomas. Although carcino-
genic events to cause neuroblastomas may occur
sequentially (Tonini, 1993), our serial analyses of six
paired primary and recurrent tumors interestingly
suggest that the major genetic events, for example,
MYCN amplification, 1p loss, 11q loss and 17q gain,
could occur not always in order during tumor progres-
sion (Supplementary Table S3).

Thus. the genomic signatures presented here success-
fully categorized new prognostic subgroups of neuro-
blastomas. The rather consistent patterns of genomic
abnormalities provide reliable information to under-
standing of the genetic bases which underlie the clinical
phenotypes of neuroblastomas with different survival
rates. However, the pattern of genomic abnormalities
may often lack biological significance affecting the
clinical behavior of individual tumors. The gene-
expression profile well reflects the biology of individual
tumor. Therefore, establishment of the combined
system of both genomic and molecular signatures is
ideal for predicting the prognosis of individual patients
with neuroblastoma. The present study has clearly
shown that genomic and molecular 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 useful for constituting an ideal
system to categorize and even individualize each tumor,
which may make tailored medicine of neuroblastoma
possible.

Materials and methods

Patients, tissue specimens and DNAIRNA resources

Tumor specimens were collected from 236 patients who had
undergone biopsy or surgery al various institutions in Japan
(see Supplementary Information). They included 112 sporadic
and 124 MS-detected neuroblastoma specimens. All tumors
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were histopathologically diagnosed as neuroblastoma or
ganglioneuroblastoma and were staged according to the
International Neuroblastoma Staging System (Brodeur et al.,
1993). Informed consent was obtained at each institution or
hospital. The procedure of this study was approved by the
Institutional Review Board of the Chiba Cancer Center
(CCC7817). Patients were treated by the standard protocols
(Kaneko et al., 2002; Iehara er al., 2006) in Japan between
1995 and 2003. All MS-detected tumors were diagnosed
between 6 and 8 months after birth by measuring urinary
catecholamine metabolites in Japan (Sawada er al, 1984).
Fresh neuroblastoma tissues removed during surgery were
stored at —80°C. MYCN copy number, 7rkd mRNA
expression and DNA ploidy were measured as reporied
previously (Islam er al., 2000).

Microarray-based comparative genomic hybridization

A chip carrying 2464 BAC clones prepared by ligation-
mediated PCR, which covers the whole human genome at
roughly 1.2-Mb resolution (Snijders ef al, 2001; Albertson
et al., 2003), was used. The 500-ng aliquots of tumors and
reference DNAs were labeled by random priming with each
Cy3-dCTP and Cy5-dCTP (Amersham Pharmacia, Piscat-
away, NJ, USA). Hybridization was performed as previously
reported (Pinkel er al., 1998). UCSF Spot and UCSF Sproc
programs to analyse values for spotted clones (Jain e al., 2002)
were used. All array-CGH data are available at NCBI Gene
Expression Omnibus (GEQO, hutp://www.ncbi.nim.nih.gov/geo/)
with accession number GSE 5784,

¢DNA microarrays

In-house cDNA microarrays, carrying 5340 cDNAs obtained
from the oligo-capping c¢cDNA libraries generated from
anonymous neuroblastoma tissues (Ohira er al., 2003, 2005),
were used. Preparation of RNA, hybnidization, reading of
spots and statistical analyses were conducted as reported
previously (Ohira et al., 2005). Gene-expression profile data
described in this study is available at NCBI GEO with
accession number GSE 5779.

Statistical analysis

The fluorescence ratio for each array CGH spot was normal-
ized and rescaled into estimated copy number aberrations of
each clone according to the comb-fit method (Oba er al., 2006;
see also Supplementary Figure S2a). Chromosomal events
were detected by locally smoothing variations in copy number
aberrations of clones on a chromosome and by applying
threshold rules (see Supplementary Figure S2a and Supple-
mentary Information for more detail). The numbers of whole
chromosomal events, Nw and of partial chromosomal events,
Np, were counted for 22 + 2 chromosomes in every specimen,
and the scatter plot in the Nw—Np plane exhibited apparent
three clusters: whole differential dominant (Nw > Np), partial
differential dominant (Nw<Np) and silent (Nw=0, Np=0)
(Supplementary Figure S2b). To discriminate whole differen-
tial dominant from partial differential dominant, we defined a
‘global’ feature variable « as computationally evaluated as the
ratio between Nw and Np; when a was small (large), the
sample was likely to be whole (partial) differential dominant
(see Supplementary Information for more detail). A differ-
ential analysis of gene expression was made using standard
t-test with the g-value analysis (Storey and Tibshirani, 2003)
for incorporating a false discovery rate (to deal with multiple
statistical tests). A survival analysis was made based on
Kaplan-Meier and log-rank tests. Univariate and multivaniate
analyses were made according to the Cox hazard models.
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Stress via p53 pathway causes apoptosis by mitochondrial Noxa
upregulation in doxorubicin-treated neuroblastoma cells
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In this study, we employed a panel of cell lines to determine
whether p53-dependent cell death in neuroblastoma (NB)
cells is caused by apoptotic cellular function, and we
further studied the molecular mechanism of apoptosis
induced via the pS3-dependent pathway. We obtained
evidence that a type of p53-dependent stress, doxorubicin
(Doxo) administration, causes accumulation of p53 in the
nucleas of NB cells and phosphorylation of several serine
residues in both Doxo-sensitive and -resistant cell lines,
Upregulation of pS3-downstream molecules in cells and
upregulation of Noxa in the mitochondrial fraction were
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 nuclens
and phosphorylation of p53 did not induce pS3-downstream
p219/¥a0 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 p53-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
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Introduction

Neuroblastoma (NB) is the most common pediatric solid
malignant tumor derived from the sympathetic nervous
system. Unlike the many childhood malignancies for

Correspondence: Dr T Kamijo, Division of Biochemistry, Chiba
Cancer Center Research Institute, 666-2 Nitona, Chuoh-ku, Chiba
260-8717, Japan.

E-mail: tkamijo@chiba-cc.jp

Received 4 December 2006; revised 1 June 2007; accepted 11 June 2007,
published online 20 August 2007

of Bioch y. Chiba
su University School of

which survival has been improved by recent therapies,
high-risk NB is still one 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 are
required for the improvement of the survival rate. A
noteworthy finding of NB research is that mutations of
p53 tumor suppressor have been reported in less than
2% of NBs out of 340 tested (Tweddle et al., 2001).
Instead 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 et al., 1995) and later in NB
cell lines by immunofiuorescence 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 cells 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
yield insights into the molecular mechanisms of p53
inactivation. For instance, upregulation of the p53-
downstream genes encoding p21*'™" and HDM2 in
p53 wild-type NB cell lines was observed in several
studies (Isaacs et al, 2001; Keshelava et al, 2001;
Tweddle et al., 2001) but not all (Wolff er al., 2001).
Reporter gene assays detected p53 transcriptional func-
tion in one study (Keshelava et al, 2001) but not in
another (Wolff et 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 p53-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 Bel-2 family member proteins regulate mitochon-
dnal cell death by controlling mitochondrial outer
membrane permeabilization (MOMP). Anti-apoptotic
Bcl-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,
based on the sharing of Bcl-2 homology domains.
BHI123 proteins appear to be effectors of MOMP,
because cells from mice lacking the two major BH123
proteins, Bax and Bak. fail to undergo MOMP in
response to a wide range of apoptotic stresses (Wei
et al, 2001). The other subfamily, the BH3-only
proteins, can act either to activate Bax or Bak or to
interfere with the anti-apoptotic Bcl-2 family members
(Letai et al., 2002). Noxa is a BH3-only member of Bel-2
family proteins (Oda et al., 2003) and its expression is
induced by DNA damage such as that caused by
etoposide or doxorubicin in a p53-dependent manner
(Oda et al., 2003; Shmibue er al, 2003). Furthermore,
several 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 et al.,
2004), axotomized motor neurons of adult mouse
(Kiryu-Seo er al., 2005), sensory neurons especially in
trigeminal ganglia and cervical dorsal ganglia (Hudson
et al., 2005) and arsenite-induced cortical neurons
(Wong et 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 sensitivities of NB cell lines to doxorubicin
(Doxo), which is a representative cytotoxic drug against
NB cells (Matthay ef al., 1998) that induces stresses that
are basically dependent on p53 (Lowe et al., 1994), and
transactivates p53 and its downstream effectors in many
tissucs (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 Bel-2 family protein Noxa induc-
tion and upregulation in mitochondria resulting in
mitochondrial dysfunction/intrinsic 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 p53 pathway in
apoptosis in NB cells was indicated by our observations.

Results

Heterogeneity 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 er 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-SYSY, NB9, NB69 and SK-N-
SH NB cell lines 36h after Doxo stimulation. On the
other hand, less than 40% of cells were positive in NB-
19 and NB1 cell lines and less than 10% in IMR32 cells
even 36 h after Doxo stimulation.

Next, we performed WST-8 assay, a modification of
MTT assay, to evaluate cytotoxicity on NB cells
(Figure 1b). We confirmed the sensitivity of NB cells
to Doxo by these experiments and also studied the
cffects of etoposide, 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 cells. In the Doxo-resistant NB cells,
IMR32 and NB-1 cells also possessed drug resistance
against etoposide, whereas NB-19 cells had sensitivity.

FACS analysis of sub-Gy/G, cells 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 1c). However, the proportions
of apoptotic cells were significantly lower in NB-19, NB-
1 and IMR32 than in the four Doxo-sensitive NB cell
lines. In SK-N-SH and SH-SYSY cells, the increase of
the sub-Gg/G, fraction after Doxo treatment was
confirmed by the condensation and fragmentation of
nuclei (Figure 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, whereas others were resistant (Figure 1).

Upregulation and nuclear accumulation of p53 are not
enough to induce apoptosis by Doxo treatment

To study the basis of the different sensitivities of NB
cells to p53-dependent stress, we first performed direct
western blot analysis using a monoclonal antibody
recognizing the p53 N terminus (DO1) to estimate the
total amount of p53. We also used antibodies that
specifically react with phosphorylated serine residues
(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 DOI
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-SYSY 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
p53 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 scemed to be caused by protein
stabilization.

Next, we investigated the localization of p53 in NB cells,
using DO1 as a human p53-specific antibody reacting with
amino acids 21-25, pAb42] as a pan-p53 antibody
reacting with the human p53 amino acids 370-378 and
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Figure 1 Sensitivity to doxorubicin (Doxo) is heterogenic in wild-type p353 harboring neuroblastoma (NB) cells. One hundred
thousand cells were plated in a 3-cm-diameter culture dish and cultured in 5% CO; for 24 h. Doxo was added to the dish at 0.5 pg/ml
and the incubation was continued for the indicated times. Mean and standard deviation (5.d.) of the % of cells were calculated for
triplicate samples. (a) Cells were washed with 1 x_phosphate-buffered saline (PBS), collected by | x PBS/0.5mM EDTA, and stained
with Trypan blue. The results are repr ive of four independent experiments. (b) After treatm t of DNA-d cell
vinhilities were analysed by WST-8 assay. The results are representative of at least three mdependent experiments. () Au]ym of the
sub-G,/G, fraction was performed as described in Matenals and methods. The results are representative of three independent
experiments. (d) Staining with 4',6-diamidino-2-phenylindole (DAPI) was performed 24 h after Doxo stimulation. Arrows indicate the
condensed or fragmented nuclei.
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16G8 as an anti-phosphorylated p353ser]lS antibody.
Staining with pAb42] antibody revealed that the punctate
cytoplasmic signal was upregulated in both Doxo-sensitive
and -resistant NB cells after Doxo exposure (Figure 2c).

SHSYSY NBS

NB-62 SK-N-SH NB-12

DOl antibody showed both nuclear and cytoplasmic
staining before treatment, and remarkable accumulation
into the nucleus was induced by Doxo in these four NB
cell lines. Although serl5 phosphorylation was hardly

NB-1 IMR32

_—

p53D01 ——
pS3SeriSp
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detected before treatment, the phosphorylation was  were not modified by Doxo in the NB cells (Figure 3a).
remarkably upregulated by Doxo in SK-N-SH, NB-9 Expression of Puma and p53AIP1 was also not affected
and NB-19 cells. In IMR32 cells, p5S3serl5 phosphoryla- by Doxo treatment (data not shown). It is interesting
tion was modestly upregulated. The serl5-phosphorylated  that Noxa was substantially induced only in the sensitive
P53 accumulated to a much greater degree in the nucleus  cells but not in the resistant cells. Although there was a
than in the cytoplasm after Doxo treatment. The use of  considerable difference in the amount of anti-apoptotic
several different fixation methods and modification of the ~ Bcl-2 among the NB cells, its expression seemed not to
first antibody concentration did not influence the results of  be related to the Doxo sensitivity. The other anti-
immunofiuorescence. Moreover, p53 wild-type MCF7 cells  apoptotic Bel-2 family protein Bel-xL was not detected
showed similar staining results with these antibodies (data  in any of the NB cells (data not shown). To assess
not shown). To investigate the observed discrepancy of  whether the induction of Noxa is regulated at the
p53 localization among the three monoclonal antibodies in =~ transcriptional level, we performed semi-quantitative
the immunofluorescence experiments, we performed cell ~RT-PCR analysis. Consistent with the results of the
fractionation experiments (Figure 2d). All of the p53  western blot analysis, the mRNA amount of Noxa was
signals were detected only in the nucleus before the  clearly upregulated by Doxo treatment in the Doxo-
treatment, and the upregulated signals induced by Doxo  sensitive SK-N-SH cells (Figure 3b). Meanwhile, the
also accumulated in the nucleus rather than in the  accumulation of Noxa mRNA expression was detected
cytoplasm. The controls for fractionation, the nuclear in the resistant cells (Figure 3b) and confirmed by
marker lamin and cytoplasmic marker f-tubulin, were  quantitative real-time PCR analysis (Figure 3c). How-
detected in the proper fractions and the amounts were not  ever, Noxa mRNA was not increased by Doxo treat-
changed by Doxo treatment. These results show that the  ment in the resistant cells (Figure 3b).
p53-dependent Doxo-stress increased the amount of p53
and induced the accumulation of p53 in the nucleus in
both Doxo-sensitive and -resistant NB cells. Noxa accumulation in mitochondria is not sufficient to
induce apoptosis in NB cells
i ; : ; A recent rt demonstrated that Noxa and Bok were
Activity of p53 as a transcriptional factor is required for induicedt b;epDoN Nl dent upon the pS3 pathway
Doxo-induced NB apoptosis . T
X ; in the SH-SYSY cell line (Yakovlev et al, 2004).
We then assessed the induction of p53-downstream § s
e However, only Noxa upregulation was detected in the
molecules by Doxo. As shown in Figure 3a, exposure to - s : x
5 ety : present study in the sensitive NB cell lines. Interestingly,
Doxo induced remarkable p21<% protein accumula- Ia .
A7 i ; . rger amounts of Noxa were observed in the Doxo-
tion in the sensitive cells but not in the resistant cells, ; f -
Ars ¢ D resistant NB lines (IMR32 and NB-19) compared with
and this induction was caused at the transcriptional level Pl -
; e : the sensitive lines (SK-N-SH and NB-9). Since the
(Figure 3b). HDM2 was similarly induced by Doxo . .
: = organelle-specific amounts of the pro-apoptotic Bcl-2
treatment in the sensitive cells. However, HDM2 mRNA % 2 3 3 ; - 7
£ : family protein and its ratio to anti-apoptotic Bcl-2 family
accumulated in the resistant cells before Doxo treatment st . . .
. 3 e proteins in mitochondria are reported to determine cell
and did not change subsequently (Figure 3b), which is 5 : . . x
h g : . : fate in mitochondria-dependent apoptosis (Nakazawa
consistent with its protein accumulation (Figure 3a). al.. 2003: Danial and K. 2004) tudied the
These results indicate that the Doxo-induced cellular  * % : -and Korsmeyer, . we studied
= 5 ‘e amounts of Noxa in mitochondria by cell fractionation/
sr.rqss_ﬁcan_ eﬂ&"wﬂy 191{1:11::”%: 1;'153 bu'tansc:'lquon!hal western blot analysis (Figure 4A). The amounts of Noxa
a“f“m:: “1'13 Lo = cells but mot m 1€ iy mitochondria were apparently upregulated in the
b e sensitive cells. Densitometric analysis revealed that the
Doxo-treatment increased the content of Noxa 10.3-fold
Doxo treatment induces synthesis of pro-apoptotic Noxa  in SK-N-SH cells and 16.6-fold in NB-9 cells compared
in the sensitive NB cells but not in the resistant cells to that before stimulation. On the other hand, Noxa was
Next, we studied the expression of Bel-2 family proteins  accumulated at higher levels in mitochondria of the
in the NB cells, because regulation of the Bel-2 family  resistant cells compared with the sensitive cells before
proteins by p53 is known to be the main component of  Doxo treatment, and was not further increased by Doxo
p53-dependent apoptosis (Shen and White, 2001). The  treatment. There were no significant differences in the
pro-apoptotic Bel-2 family proteins Bax, Bak and Bok  amounts of Bel-2 in the presence or absence of Doxo
o
Figure 2 Upregulation and nuclear accumulation of p53 in neuroblastoma (NB) cells. (a) Cells were collected after Doxo stimulation
at the indicated time points (0, 12 and 24h) and analysed by western blotting with the indicated antibodies (DO-1, pS3serl5p,
p53ser20p, p53serdtp and f-tubulin) as described in Materials and methods. (b) Cells were collected after Doxo stimulation at the
indicated time points (0, 1,2 and 4h); psinMGSPDHmRNAapmnwumﬂymdhyRT PCR as described in the Materials and
methods section. (¢) Cells were analysed by fl ence with the i d antibodies (pAb421, DO-1 and monoclonal anti-
pS3ser] Sp antibody: 16G8) 12h after Doxo stimulation. (d) Cells were collected 12h after Doxo stimulation and subjected to cell
fractionation Is as described in Malerials and methods, Twenty micrograms of the proteins extracted from the organelle was
analysed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE)/western blot experiments using the indicated
antibodies. Lamin was used as a positive control for nuclear localization, and fi-tubulin for cytosolic localization.
Oncogene

—183—




@ Noxa regulates neuroblastoma cell death

K Kurata et a/

746
a SK-N-SH NB-9 IMR32 NB-19

o 12 24 0 12 24 0 12 24 0 12 24 hrs

p21 il —

HDOM2 - N _ [ N ey

BCl-2  omne vl stsesn . S————.

BaK e i cm— — . —

Tubulin SR, S —— A o, B I N

b SK-N-SH NB-8 IMR32 NB-18
e et S e T e T vl el TR L [N, O ST |

921 — o — — — -

Noxa -

Nt S WS W W e o

3

SK-N-SH NB-9 IMR32 NB-19
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unfavorable (stage 3 or 4, with MYCN amplification) NB samples. (D) Quantitative reak-time RT PCR analysis of Noxa mRNA in 84
tumor samples from patients with NBs according (o the tumor stage. The levels of Noxa were normalized to that of G3PDH. Results
are presented as closed circles (Da) and closed squares (Db) with mean +s.d. bars.
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between the sensitive and resistant cells. Bel-xL was not
detected even by the fractionation experiments (not
shown). The localization of trifunctional protein in
mitochondria (Kamijo ez al., 1993) and f-tubulin in the
cytosol confirmed the reliability of the fractionation
procedures. Importantly, similar results on the Noxa
kinetics in mitochondria were observed after the treat-
ment by etoposide, the other p53-dependent damage-
inducing anticancer drug in NB cells (Figure 4B).
Consistent with the results of WST-8 assay (Figure 1b),
Noxa upregulation in mitochondria was observed in
ctoposide-sensitive SK-N-SH, NB-9 and NB-19 cells but
not in IMR32 cells. These results suggest that the ratio of
pro- to anti-apoptotic molecules such as Noxa/Bcl-2 has
a strong impact on the p53-dependent damage-induced
apoptosis in NB cells.

Next, we assessed Noxa mRNA amounts in NB tumor
samples by semi-quantitative RT-PCR (Figure 4C) and
quantitative real-time reverse transcriptional (RT)-PCR
(Figure 4D). Consistent with the upregulation of Noxa
mRNA in the resistant cell lines (Figures 3b and c), some
unfavorable NB samples expressed large amounts of
Noxa mRNA (Figure 4C). Especially, high levels of
Noxa mRNA expression were significantly associated
with INSS3 and TNSS4 samples that were younger than
12 months old (P =0.04) according to the Welch test
(Figure 4D). In the NB samples that were older than 12
months old, no obvious difference was detected, mainly
due to the high expression of Noxa in INSS 1 samples.
Although we checked the correlation of MYCN and
Noxa mRNA expression, there was no significant
correlation (data not shown).

Knockdown of Noxa effectively reduces Doxo-induced cell
death in NB cells

To definitively establish a role of Noxa in Doxo-induced
cell death in NB cells, both of the sensitive SK-N-SH

B
>

Figure 5 Noxa knockd Is Doxo-induced apoptotic cell
death in sensitive neuroblastoma (NB) cells. (a) SK-N-SH cells
were collected 48 h after small interfering RNA (siRNA) treatment
(lane 1: mock; lane 2: control siRNA; lane 3: Noxa siRNAI; lanc 4:
Noxa siRNA2) and subjected to cDNA synthesis/semi-quantitative
RT PCR procedure. (b) SK-N-SH cells (lane 3: mock; lane 4:
control siRNA; lane §: Noxa siRNAI; lane 6: Noxa siRNA2) were
collected 48h after siRNA treatment and 30ug of proteins was
subjected to sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS PAGE)/western blot analysis. Lanes | and 2 were
nontreated IMR32 and NB-19 cells, respectively, as controls. (c)
Forty-eight hours after the siRNA treatment, cells were treated
with 0.5 ug/ml Doxo. Twenty-four hours after Doxo administra-
tion, SK-N-SH (lanes 1 and 2) and IMR32 (lanes 3 and 4) cells
were collected and subjected to cDNA synthesis/semi-quantitative
RT PCR for the analysis of the molecules indicated at the left side
of panel. Lanes | and 3 are control siRNA treated, and lanes 2 and
4 are Noxa siRNAI treated. (d and ¢) Forty-eight hours afler the
siRNA cells were d with 0.5 yg/ml Doxo. Twenty-
four hours after Doxo administration, the cul dish-attached
SK-N-SH and IMR32 cells were stained with 4',6-diamidino-2-
phenylindole (DAPT) and nuclear morphology was analysed. The
floating cells were collected and subjected to Trypan blue uptake
analysis. Trypan blue-positive cells were counted as ‘dead cells."

cells and the resistant IMR32 cells were treated with
Noxa small interfering RNA (siRNA) and then the NB
cells had Doxo administered. Preincubation of the NB
cells with the Noxa siRNA but not control siRNA
effectively reduced the Noxa mRNA and also protein
amounts in SK-N-SH cells (Figures 5a and b). Since the
effectiveness of Noxa siRNAI is better than that of
Noxa siRNA2, we used Noxa siRNA1 for later
experiments. The Noxa siRNAI did not affect the pro-
apoptotic Bcl-2 family molecules (Bax and Bak), an
mmportant inhibitor of apoptosis p21%°¥™" and inter-
feron-a (Figure 5c), suggesting that the knockdown
scems to have a specific effect on Noxa. The ability of
the Noxa siRNA to reduce the Noxa mRNA amounts
was accompanied by a significant reduction in the
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apoptotic morphological change of nuclei (nuclear
condensation and fragmentation, Figure 5¢) and cell
death (Figure 5d) in the Doxo-sensitive SK-N-SH cells
but not in the resistant IMR32 cells.

Doxo-induced stress induces mitochondrial dysfunction
and activates the intrinsic caspase pathway
Next, we evaluated mitochondria homeostasis and
activation of caspase pathways in NB cells. First, we
investigated the role of mitochondrial membrane
potential in Doxo-induced apoptosis. Mitochondrial
membrane potential was assessed 10h after Doxo
stimulation by staining with the mitochondrion-selective
dye, MitoTracker. Doxo-sensitive cells exhibited sub-
stantial mitochondrial depolarization, as evidenced
by the loss of MitoTracker staining (Figure 6a). In
contrast, depolarization was not induced by Doxo in the
resistant cells. Next, immunofluorescence experiments
showed that cytochrome-¢ was clearly released from
mitochondria in the sensitive cells but not in the
resistant cells (Figure 6b, Doxo-treated cells, ‘Cyto. C’
panels). Nuclear condensation was especially observed
in the cells from which large amounts of cytochrome-¢
were released (Doxo-treated cells, “Nuc’ panels). These
results suggest that mitochondrial dysfunction plays a
pivotal role in Doxo-induced apoptosis in NB cells.
The central component of apoptosis is a proteolytic
system involving a family of proteases called caspases
(Green, 2000). As shown in Figure 6c, pro-caspase-9
cleavage was observed in the Doxo-sensitive cells, but
not in the resistant cells 12 h after exposure to Doxo.
The substrates of the activated caspase-9, pro-caspase-3
and -7 were also cleaved in the Doxo-sensitive cells.
These findings suggest that apoptotic signals induced by
Doxo activate the intrinsic caspase pathway via a
mitochondrial pathway in NB cells, resulting in cell
death of the Doxo-sensitive NB cells. Meanwhile, the
resistant cells showed no activation of these initiator
(caspase-9) and effector (caspase-3 and/or -7) caspases.

Discussion

Human Noxa is located on chromosome 18q21 and its
promoter region contains a p33-responsive element
(Oda et al., 2003). The expression of p53 increases
human Noxa mRNA, and ectopic expression of Noxa
effectively induces apoptosis in a BH3-motif-dependent
manner (Oda et al, 2003). In the present study, we
observed that Doxo-sensitive NB cells exhibited the
Noxa mRNA/protein induction and protein localization
into mitochondria after the treatment with Doxo,
leading to an increase in the ratio of pro-/anti-apoptotic
Bcl-2 family proteins. Mitochondrial dysfunction and
intrinsic caspase-mediated apoptosis were also induced
in the sensitive cells. Notably, apoptosis was almost
completely canceled by the knockdown of Noxa by
siRNA, confirming the importance of Noxa in the
Doxo-induced apoptosis of NB cells. Taken together,
these findings indicate that the Noxa upregulation in
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mitochondria may play an important role in Doxo-
induced apoptosis in NB cells. A previous study
described that Noxa and Bok were induced by etopo-
side, and Noxa siRNA treatment reduced etoposide-
induced cell death in SH-SYSY NB cells (Yakovlev
et al., 2004). Furthermore, Obexer et al. (2007) reported
that Noxa and Bim are effectors of FKHRL-1-induced
apoptosis in NB cells. Since we also obscrved the
upregulation of Noxa in mitochondria by Doxo or
etoposide treatment, Noxa seems to be one of the
important effectors of the pro-apoptotic signaling path-
way in NB cell apoptosis.

Whereas Yakovlev er al. (2004) did not use stress-
resistant NB cells, the kinetics of Noxa induction in the
stress-resistant NB cells was evaluated in our study. In
the Doxo-resistant NB cells, exposure to Doxo failed to
increase the expression of Noxa and the other down-
stream molecules in mitochondria, although p53 was
abundant in the nucleus before Doxo exposure and
some of the p53 serine residues that regulate p53
stability and activity (Shiech er al, 1997; Oda er al,
2000) were efficiently phosphorylated in the resistant
cells, as well as in the sensitive cells. These results
suggest that the lack of some p53 function in the
resistant NB cells results in the failure of apoptosis, even
under the pressure of DNA damage, such as Doxo
treatment. It is of interest that the amounts of Noxa
mRNA and protein in the mitochondria were much
larger in the unstimulated resistant cells than in the
sensitive cells but not stimulated by Doxo treatment.
Alternatively, the inability to upregulate Noxa tran-
scription in response to Doxo may be related to
resistance to the anthracycline in some NB cells, Large
amounts of Noxa mRNA in a part of unfavorable NB
primary tumor samples (Figure 4C) supported the
observation of inactivity of accumulated Noxa in the
resistant cells. The accumulation of Noxa in unstimu-
lated NB cells seems to be p53 independent, as it was
suggested by our experiments. Although several findings
suggest that Noxa is induced via a p53-independent
pathway in neuronal cells (Kiryu-Seo ef al., 2005; Wong
et al., 2005), the exact molecular pathway responsible
for the p53-independent Noxa induction in NB remains
to be elucidated. One possibility is the presence of other
p53 family proteins, for example, p63 and p73 proteins
in NB cells. Actually, p73-alpha is expressed in several
NB cell lines, including IMR32 and NB19 cells, and p63,
but not deltaNp63, is highly expressed at the transcrip-
tional level in IMR32 cells (data not shown). The study
of the physiological role of p63 and p73 proteins on
Noxa expression and Doxo-induced NB cell death seems
to be meaningful for research of NB cell death.

A previous report indicated that although Noxa
expression mediated by adenovirus could not induce
apoptosis in either wild-type or p53-knockout MEFs, its
expression effectively enhanced the apoptotic response
to etoposide or UV (Shibue et al., 2003), suggesting that
Noxa induces apoptosis in concert with not only p53-
dependent cellular signals, but also p53-independent
cellular signals. Additionally, we found a significant
increase of Noxa mRNA amounts in the tumor samples
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Figure 6 Milochondnal dysfunction is induced by Doxo in the sensitive neuroblastoma (NB) cells. (a) Mitochondrial membrane
potential was detected using MitoTracker dye 6 h after Doxo stimulation (Doxo). The steady-state potential is shown as a control [{—)].
(b) Cells were stimulated with Doxo for 6h, and then cytochrome.c (Cyto. ¢) signals were d d by i fi
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in the advanced stage (INSS3 and -4, younger than 12
months old) by quantitative real-ume RT-PCR analysis
(Figure 4D), indicating that the inactiveness of Noxa
may relate to the progression in NB tumors. These
observations suggest that reactivation of the accu-
mulated Noxa in the Doxo-resistant NB cells with
pS3-independent stress may provide a new therapeutic
approach to chemotherapy-resistant NB. Moreover,
biochemical analysis of the accumulated Noxa in the
mitochondria of resistant cells, for example, the analysis
of Noxa-binding Bcl-2-family proteins in mitochondria,
may be useful to address the mechanism of the failure of
Doxo-induced apoptosis in those cells.

To address the other potential mechanisms of the
resistances of DNA-damage-induced reagents in the
chosen cell lines, we studied the genomic amplification
of MYCN (Matenials and methods), caspase-8 and
P-glycoprotein mRNA expression by semi-quantitative
RT-PCR (data not shown). Caspase-8 was expressed in
NB-9, NB-69, SK-N-SH and NB-1 cells. However,
caspase-8 seems not to have a significant role in the
Doxo-induced NB apoptosis, since we could not detect
its activation by western blotting (data not shown).
P-glycoprotein was clearly expressed in NB-9, NB-69,
SK-N-SH and NB-1 cells, but not in SH-SYSY, NB-1,
and IMR32 cells (data not shown), suggesting that p-
glycoprotein seems not to relate to the Doxo sensitivity
of NB cells. Regarding M YCN amplification status, all
the three resistant cell lines had M YCN amplification
and three of four sensitive cell lines had single copy
MYCN, suggesting that inactivity of p53 in the resistant
cell lines may relate to the MYCN amplification.
Consistent with our observation, Bell er al. (2006)

that MYCN amplification correlates with
attenuated p219°'™* jnduction in p53 wild-type NB
cells. The analysis of the molecular mechanism between
MYCN amplification and p53 inactivation in NB cells
may be important for NB studies.

Taken together, our findings indicate that the p53
pathway regulates NB cell apoptosis via pro-apoptotic
Noxa kinetics and localization in the mitochondria.
Further study of Noxa in NB may provide an important
approach to develop new therapies for NB and to
improve the prognosis of high-risk NB patients.

Materials and methods

Reagents and antibodies

Anti-p53 mouse monoclonal antibody (clons DO-1), anti-Bel-2
mouse monoclonal antibody (clone C-2), anti-p2]1=wi/™n
mouse monoclonal antibody (clone F-5) and anti-Bad mouse
monoclonal antibody (clone C-7) were from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). Anti-cyto-
chrome-c mouse monoclonal antibody (clone TH8.2C12),
anti-Bcl-xL mouse monoclonal antibody (clone 2H12), anti-
caspase-3 rabbit polyclonal antibody, anti-caspase-7 mouse
monoclonal antibody (clone B94-1) and anu-Bid rabbit
polyclonal antibody were from BD PharMingen (San Diego,
CA, USA). Anti-phospho-p53 rabbit serum (p53serlsp,
p53ser20p and pS53serd46p) and anti-phospho-p53serlS mouse
monoclonal antibody (clone 16G8) were from Cell Signaling
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Technology (Beverly, MA, USA). Anti-Bax and Anti-Bak
rabbit polyclonal antibodies were from Upstate Biotechnology
(Lake Placid, NY, USA). Anti-p53 mouse monoclonal anti-
body (clone pAb421), anti-p53 sheep polyclonal Antisera
(Ab-T) Kit and anti-Noxa mouse monoclonal antibody (clone
114C307, for immunofiuorescence analysis) were from Onco-
gene Research Products (Cambridge, MA, USA). Anti-Noxa
rabbit polyclonal antibody (for western blotting) was from
Abcam (Cambridge, UK). Anti-Bim rabbit polyclonal anti-
body was from Millennium Biotechnology (Ramona, CA,
USA). Anti-Bok rabbit polyclonal antibody was from
ABGENT (San Diego, CA, USA). Anti-caspase-9 mouse
monoclonal antibody (clone 5B4) was from MBL (Nagoya,
Japan). Anti-lamin monoclonal antibody (clone JOL2) was
from Chemicon (Temecula, CA, USA). Anti-f-tubulin mouse
monoclonal antibody (clone KMX-1) was from Roche
Diagnostics (Manheim, Germany). Anti-trifunctional protemn
serum was prepared by rabbit immunization and affinity
selection with purified trifunctional protein (Kamijo et al.,
1993). Anti-HDM2 monoclonal antibody (clone 2A10) was a
generous gift from Dr Arnold J Levine, Pediatrics and
Biochemistry Cancer Institute of New Jersey. Other biochem-
ical reagents were purchased from Sigma-Aldrich Japan, or
Wako (Osaka, Japan).

Cells and cell culture

We collected p53 wild-type NB cell lines to study the role of
the p53 pathway in drug resistance mechanism of NB cells.
SK-N-SH, NB-9, NB-19 and NB69 were obtained from Riken
Cell Bank (Tsukuba, Japan). IMR32 and NB-1 were from Cell
Resource Center for Biomedical Research Institute of Deve-
lopment, Aging and Cancer, Tohoku University. The wild-type
pi3-expressing SH-SYSY line was purchased from ATCC
(Manassas, VA, USA). The wild-type p53 status was demon-
strated in previous reports (IMR32: Hopkins-Donaldson et al.,
2002; SK-N-SH: WollT er al., 2001) and p53 sequencing, which
was performed according to the previous report (Tweddle
et al., 2001), confirmed the wild-type p53 status in these cell
lines. In terms of the copy number of MYCN by Southern blot
analysis, SH-SYSY, SK-N-SH and NB-69 are single-copy NB
cells; NB-9, IMR32, NB-1 and NB-19 cells have 50, > 150,
> 150 and 25 copies, respectively (data not shown). The cells
were routinely maintained with DMEM supplemented with
10% fetal bovine serum (FBS) and 1 x penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA).

Tumor samples

Fresh, frozen tumor tissues were sent to the Division of
Biochemistry, Chiba Cancer Center Research Institute, from
various hospitals in Japan with informed consent from the
patients’ parents. All samples were obtained by surgery or
biopsy and stored at —80°C. More than 70% of tumor cell
contents of the samples were confirmed by pathological
analysis of the adjacent tissues. Studies were approved by the
Institutional Review Board of the Chiba Cancer Center.

Cell proliferation assay

NB cells were seeded in 96-well plates at a density of 10" cells/
well in a final volume of 100ul. Twenty-four hours after
seeding, the medium was removed and replaced with fresh
medium or with medium containing 0.5 ug/ml of Doxo or
20 uM etoposide in a final volume of 100 ul. The culture was
maintained in the 5% CO, for 24h and then 10 ul of WST-8
labeling solution (Cell Counting Kit-8, DOJINDO, Kumamoto,
Japan) was added, and the cells were returned to the incubator
for 4h. The absorbance of the formazan product formed was
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Table 1 Sequence of primers for PCR experiments

Forward primer sequence

Reverse primer sequence Accession number

cagecangicigigactigcacgtac
grraccactggagggtaact

agagetgpaagiegagt
llltgﬂlmu;mml:s‘
gectiigeagtiggactce
ARl RALRRCTICET
fgeacaggadtpgaicicac
gaatciggaggasgacaigace
accacagtccatgecatcac

NM_000546
1.25610
712020
D90070
BCO14175
NM_001188
NM_024013
AF009620
NM_000927
NM_002046

claigicgaaaagigtiicigicaic
ml“ws'_ul_-s-u
gag: w—t glgantigag
cagligaagugecgicaga
EREUEEZAgCaRIgICla
AgagAIgErIgRagrCticly
gecatagatgatgeectigt
lccaatiuglcaccaatics
lccaccaccoigiigoigla

detected at 450nm in a 96-well spectrophotometric plate
reader, as per the manufacturer’s protocol.

Morphological analysis of apoptosis and analysis of sub-GylG,

fraction

Cells were observed using a phase-contrast microscope o assess
apoptotic morphological changes and treated with 4',6-diami-
dino-2-phenylindole (DAPI), a DNA-staining dye, to detect the
morphological characteristics of apoptotic nuclei, namely,
condensation and fragmentation, after fixation with 3.7% (v/
v) formaldehyde/l x phosphate-buffered saline (PBS). Analysis
of sub-Gy/G; fraction was performed by using the method
described in the previous report (Nakazawa er al., 2003).

Immunofluorescence

Fixation was performed with 3.7% (v/v) formaldehyde/
1 x PBS for 30 min and the permeabilization was done with
0.1% (v/v) TritonX-100/1 x PBS for Smin at room tempera-
ture. Cells were then stained for 1h with the first antibody
followed by a 30-min exposure to an approprate second
antibody conjugated with fluorescent dye (Alexa488 or
Alexa594). DNA was visualized with DAPI or propidium
iodide. Analysis by confocal laser microscopy was performed
with an LSM510 system (Carl Zeiss, Oberkochen, Germany).

Cell fractionation and direct western blotting

For the isolation of the heavy membrane faction (Mito) in
Figures 4A and B, 2 x 10* cells were subjected to the fractiona-
tion procedure described previously (Nakazawa er al., 2003),
The resulting supernatant after isolation of Mito was referred to
as the cytosol plus light membrane (Cyto) fractions.

For isolation of the nucleus (Nuc) in Figure 2d, 1 x 10° cells
were suspended in 0.4ml of buffer (10mM HEPES pH 7.9,
10mM KT, 1.5mM MgCly, 0.5mM DTT, 0.4 um PMSF), and
incubated on ice for 20min. After vortexing for 1 min at the
maximum setting, cells were centrifuged at 15000r.p.m. for
105, and then the supernatant was kept as cytosol (Cyto). The
pellet was resuspended in 0.1 ml of buffer (20 mM HEPES pH
79, 420mM NaCl, 1.5mM MgCly, 0.2mM EDTA, 25% (v/v)
glycerol, 0.5mM DTT, 0.4 um PMSF), and incubated on ice
for 20min. Then the cells were centrifuged at 15000 r.p.m. for
2min, and then the supernatant was kept as nucleus (Nuc).
Direct western blotting was performed according to the
previous report (Nakazawa er al., 2003).

Preparation of mRNA and analysis of RNA expression

Total RNA was extracted from NB cells using Isogen (Wako,
Tokyo, Japan), and cDNA was synthesized from 1 ug of total
RNA templates according to the manufacturer’s protocol
(RiverTra-Ace-z- RT-PCR kit, TOYOBO, Osaka, Japan).

Oncogene

PCR amplification of either pS3 or Noxa was performed using
previously reported primers (for p53: Paull and Whikehart,
2005; for Noxa: Ohtani er al, 2004). The other primer
sequences are listed in Table 1. RT-PCR products (~0.5kb)
were detected by direct ethidium bromide staining after
electrophoretic separation on agarose gels. RT-PCR analysis
of G3PDH mRNA expression was performed as a positive
control for these experiments according to the manufacturer’s
protocol (RiverTra-Ace -z- RT-PCR kit). Semi-quantitative
RT-PCR analysis of tumor samples was performed according
to the previous report (Machida er al, 2006). The PCR
amplification was performed using the above-mentioned
primers for Noxa.

Quantitative real-time PCR analysis

For quantification of Noxa in primary NB samples, cDNA was
synthesized with random primers Superscript 11 reverse
transcriptase (GibcoBRL) from 15ug of primary tumor total
RNA. Noxa and GAPDH primers and probes were purchased
from Applied Biosystems (Noxa Assay ID: Hs00560402_ml;
GAPDH: Pre-Developed TaqMan Assay Reagents Human
G3PDH). Quantitative real-time PCR analysis was performed
by ABI7700 Prism sequence detector (Applied Biosystems,
Foster City, CA, USA), according to the manufacturer’s
instructions using 1 x TagMan Universal PCR Master Mix.
After denaturing at 95°C for 10min, PCR amplification was
performed by 50 cycles of denaturation at 95°C for 155 and
annealing/extension at 60°C for 1 min. A quantification of Noxa
mRNA in each sample was performed by comparing with the
standard curve, which was generated by reacting the plasmid
containing human Noxa (Hijikata et al., 1990). Furthermore,
G3PDH mRNA quantification was also performed for a
standardization of the initial RNA content of each sample.

Small interference RNA transfection

Noxa small interference RNAs were synthesized according to
the previous experiments (Noxa siRNAIL, Qin er al,, 2004:
S“TCAGTCTACTGATTTACTGG-3"; Noxa siRNA2, Lee
et al., 2005: 5-AACTTCCGGCAGAAACTTCTG-3'). Con-
trol siRNA (Silencer Negative Control #1 siRNA) was
purchased from Ambion Inc. (Austin, TX, USA). NB cells
were plated at a density of 3 x 10° cells in a 3-cm-diameter dish.
Small interference RNA duplexes (10nM) were transfected
with Lipofectamine™ RNAIMAX in Opti-MEM medium
according to the manufacturer's protocol. After 24h, trans-
fected cells were treated with Doxo for another 24 h.

Statistical analysis

The Welch test was used as a statistical method of parametric
test to explore possible associations between Noxa expression
and other factors, using StatView ver. 4,11 (Abacus Concepts



Inc., Cheltenham, UK). Statistical significance was declared if
the P-value was <0.05.
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A novel HECT-type E3 ubiquitin protein ligase NEDL1 enhances the
p53-mediated apoptotic cell death in its catalytic activity-independent manner

Y Li"*, T Ozaki'’, H Kikuchi', H Yamamoto', M Ohira' and A Nakagawara'

'Division of Biochemistry, Chiba Cancer Center Research Institute, Nitona, Chuou-Ku, Chiba, Japan and * Production Technology
Development Center, the Furukawa Electric Co., Lid., 6 Yawata-Kaigandori, Ichihara, Japan

NEDL1 (NEDD4-like ubiquitin protein ligase-1) is a
newly identified HECT-type E3 ubiquitin protein
ligase highly expressed in favorable neuroblastomas as
compared with unfavorable ones. In this study, we found
that NEDLI cooperates with p53 to induce apoptosis.
During cisplatin (CDDP)-mediated apoptosis in neuro-
blastoma SH-SYSY cells, pS3 was induced to accumulate
in association with an increase in expression levels
of NEDLI. Enforced expression of NEDLI resulted in
a decrease in number of G418-resistant colonies in SH-
SYSY and U20S cells bearing wild-type p53, whereas
NEDLI1 had undetectable effect on p53-deficient H1299
and SAOS-2 cells. Similarly, enforced expression of
NEDLI increased number of U20S cells with sub-G1
DNA content. Co-immunoprecipitation and in vitro
binding assays revealed that NEDL1 binds to the
COOH-terminal region of p53. Luciferase reporter assay
showed that NEDLI has an ability to enhance the
transcriptional activity of p53. Small interfering RNA-
mediated knockdown of the endogenous NEDLI con-
ferred the resistance of U20S cells to adriamycin. It is
noteworthy that NEDL1 enhanced pro-apoptotic activity
of p53 in its catalytic activity-independent manner. Taken
together, our present findings suggest that functional
interaction of NEDLI1 with p53 might contribute to
the induction of apoptosis in cancerouns cells bearing wild-
type p53.

Oncogene (2008) 27, 3700-3709; doi:10.1038/sj.onc.1211032;
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Introduction

NEDLI (NEDD4-like ubiquitin protein ligase-1), which
has been identified as a novel gene expressed signifi-
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cantly at high levels in favorable neuroblastomas
relative to unfavorable ones, encodes HECT-type E3
ubiquitin ligase and is detected specifically in human
neuronal tissues (Mivazaki et al., 2004), suggesting that
NEDL1 might be involved in the regulation of the
spontaneous regression of favorable neuroblastomas
caused by apoptosis and/or neuronal differentiation.
According to our previous findings, NEDLI1 ubiquiti-
nated mutant forms of SODI (superoxide dismutase-1)
as well as Dvl-1 (Dishevelled-1), thereby promoting their
proteasome-dependent degradation (Miyazaki et al.,
2004). SODI1 mutations have been detected in a certain
subset of patients with familial amyotrophic lateral
sclerosis, which is one of the fatal neurological diseases
in human, and mutant SOD] aggregates to form
insoluble macromolecular protein complexes in motor
neurons and astrocytes (Cluskey and Ramsden, 2001),
suggesting that the accumulation of misfolded proteins
generates cellular stresses to induce neuronal cell death.
However, the precise molecular mechanisms behind the
possible contribution of NEDLI to apoptosis in motor
neurons remain elusive.

As described previously (Gonzalez de Aguilar et al.,
2000), pro-apoptotic Bax, which is one of the direct
targets of tumor suppressor p53 (Roos and Kaina,
2006), accumulated in central nervous system regions in
patients with amyotrophic lateral sclerosis. In support of
this notion, p53 was induced in central nervous system
regions in patients and also in model mice with
amyotrophic lateral sclerosis (Martin, 2000), indicating
that pS53-mediated pro-apoptotic pathway plays an
important role in the regulation of neuronal apoptosis.
p53 is a nuclear transcription factor that induces cell
cycle arrest and/or apoptosis. Under normal conditions,
p353 is kept at extremely low level. The expression of p53
1s regulated largely at protein level. For example, E3
ubiquitin ligase MDM2 inhibits transactivation activity
of p53 and also promotes its ubiquitination-mediated
proteasomal degradation (Vousden and Lu, 2002). In
response to genotoxic stresses, p53 is induced to be
converted from the latent form to the active one through
the post-translational modifications such as phosphor-
ylation and acetylation, and thereby transactivating its
direct target genes implicated in cell cycle arrest and/or
apoptosis including p21*4"', MDM2, Bax, Puma, Noxa
and p53AIP] (Vousden and Lu, 2002). Accumulating
evidence strongly suggests that its transactivation




