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neuroblastomas demonstrated good outcomes (GGW1s:  n=18). The intermediate S-year cumulative survival
100%, n=5; GGW2s: 100%, n=2; GGW3s: 100%, rates were demonstrated in GGPs tumors (GGPls:
n=11; GGW4ds: 97%, n=91 and GGWSs: 89%, 80%, n=6; GGP2s: 57%, n=7: GGP3s: 75%. n=26
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Figure 1 Genomic signatures of 236 primary neuroblastomas by array-based comparative ‘genomic hybridization (array-CGH). (1) Overall
schematic of the genomic signatures of 236 primary neuroblastomas. The left panel summarizes information about patient diagnostic factors:
survival time in months after diagnosis for censored (blue bars) or dead (red ban}pauenls.uu;n 1, 2 and 45 (blue) or 3 and 4 (red) (ST),
MYCN amplification (red) or ml (blue) fMN} 'mm low (red) or high expression (blue) (TA), age more (red) or less (blue) than 12 months
(Ag), sporadic tumors (red) o d by mass g (blue) (Ms), adrenal gland (red) or others (blue) in origin (Or) and
hyperploidy (blue) or dlphldyfmmphldy (red) [PI} The central pancl shows estimated copy number aberrations of DNA as color matrixes
{blue: loss, red: gain) at chr lementary to BAC clones in each sample. The right panel shows the important features of
chromosomal events, including MYCN mphﬂmuon deletions of chromosomes 1p and 11g, chromosome 17q gain and whole chromosome 17
gain. Furthermore, genomic groups (GGS, silent genomic group; GGP, partial chromosomal gainsflosses genomic group and GGW, whole
gains uud.fot losses genouu: grwp) are also mdn:und (b) f‘ in w:h ic group and the 5-year survival rates for all
MS d d and ding each g up, the colored hi the rates of gains
andhmfwuchdnne.wh:mﬂi:mdummlh:huﬂ:nc ndlogamsndtbehlueamaundsrlhsbanhnmlmn The right panel
indicates the presence of M YCN amplification, 1p loss, 11q loss, 17q gain and 17 gain. The 5-year survival rates (SR) of each genomic subgroup
are indicated in the right panel.
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Figure 1 Continued.
and GGP4s: 88%. n=29). Interestingly, in GGPs  of disease). One of the most striking differences was
tumors, 1p loss (GGPls, n=6) and 1lg loss (GGP3s,  frequent loss of 11q (Supplementary Figure S4).
n=20) seemed to have a similar effect on patient .
prognosis (5-year survival rates: 80 and 75%, respec-
tively). However, GGP2s tumors with both Ip loss and  Effects of genomic signatures, M YCN amplification
11q loss (n=7) had a poorer prognosis (57%) in an and age on prognosis in sporadic neuroblastomas
additive manner. Furthermore, the addition of 11q loss Figure 2 shows the Kaplan-Meier cumulative survival
and 1q gain to MYCN amplification apparently  curves in each genetic group. In sporadic neuroblasto-
afforded absolutely poor outcomes as suggested by the  mas, the overall survival rates of GGW, GGS and GGP
comparison between GGPla (42%) and GGP2a tumors  were 80% (n=36), 68% (n=23) and 43% (n=7353),
(0%). An analysis of 112 sporadic tumors also revealed  respectively (Figure 2a). The prognosis of GGP was
a similar tendency except GGPls, in which 2 sporadic  significantly poorer than that of GGW (F=0.002). In
tumors showed 0% survival, whereas all 4 MS-detected MS-detected tumors, on the other hand, the survival
tumors gave good outcomes (Table 1 and Supplemen-  rates of GGW, GGS and GGP were 100% (n=94),
tary Figure §3). These suggested that MYCN amplifica- 100% (n=6) and 96% (n=24), respectively (no
tion had the most powerful influence on clinical  significant difference among the groups; Figure 2b).
outcomes. We next compared the patterns of whole  The main difference between sporadic and MS-detected
genome abnormalities of M YCN-amplified neuroblas-  tumors was that the latter was detected before 1 year of
tomas between survivors (disease-free for more than 2 age and had very few M YCN amplifications. Therefore,
years after initiating treatment) and non-survivors (dead  sporadic tumors were next subcategorized according
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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 patients with GGSa (n=5), GGWa (n=3) and
GGPa (n=28) umors involving MYCN amplification
were 0, 33 and 34%, respectively (Figure 3b). We then
further examined the survival curves of patients with
MYCN-nonamplified tumors in young (< l-year-old)
and old (= 1-year-old) patients. Figure 3¢ shows the S-
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 5-Year OS (%)
GGS
GGSa s 1]
GGSs 18 89
GGP
GGPla 2 44
GGPls P 0
GGP2a 4 0
GGP2s 5 40
GGP3a I 0
GGP3s 15 59
GGP4a 1 0
GGPas 3 67
GGW
GGWla ] —
GGW1s 0 -
GGW2a 0 —
GGW2s | 100
GGW3a 0 —
GGW3s 3 100
GGW4a 1 0
GGW4s 23 87
GGW Sa 2 50
GGWSs 6 67

Abbreviations; GGP, partial chromosomal gainsflosses genomic
group, GGS, silent genomic group; GGW, whole gains and/or losses
genomic group; OS, overall survival rate.
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51% m 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 wmors, whereas the latter contained 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 et 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 variables including age (P=0.006), stage
(P<0.001), tumor origin (P=0.001), TrkA4 expression
(P=0.004), Shimada classification (P<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=0.006) and genomic signature
(P=0.010; Table 2). The multivariate analysis also
showed that genomic signature was a prognostic
indicator independent from molecular signature or
tumor origin (Table 2). As shown in Figure 4, our in-
house expression microarrays segregated the survival
curves of patients with sporadic tumors lacking M YCN
amplification (GGSs + GGPs + GGWs) into the favor-
able (94%, n=17) and unfavorable (42%, n=13)
prognosis groups (P=0.001).
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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: = L.000 and GGP vs GGW: F= 1.000.
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Figure 3 Kaplan Meier survival curves in three genomic groups (GGS, GGP and GGW) of sporadic neuroblastomas based on array-
CGH. () 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 neuroblasiomas with MYCN amplification GGS vs GGP: P=0,104, GGS vs GGW: P=0.156 and
GGP vs GGW: P=10.641. (c) Sporadic neuroblastomas with a single copy of MYCN in patients under 1 year of age GGS vs GGP:
P=1.000, GGS vs GGW: P=0.19 and GGP vs GGW: P=0.412. (d) Sporadic neuroblastomas with a single copy of MYCN in
patients over | year of age. GGS vs GGP: F=0.063, GGS vs GGW: P=10478 and GGP vs GGW: P=0.481.

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 1
year 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 1s
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
11923 (from RP11-42L18 to RP11-45N4). The 2Mb
region in 1p36.2-36.3 detected by a BAC clone RP11-
219F4 (D1S85507) 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 Swrvivin at 17q25 (Islam er 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 [rom 2.4 Mb proximal
(G14110) to 5Mb distal (D2S387) 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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Table2 Univariate and multivariate analyses of g ic and molecular sig a3 well as other prognostic factors in sporadic neuroblastomas
Sporadic NBLs (all cases) Sporadic NBLs (MYCN, single copy)
N P HR cr N P HR ct
Genomic signature (GGP vs GGW + GGS) 53vsS9 0003 259 (136,490) 25vs Sl 0.010 341 (132,882)
Molecular signature (posterior <0.5 vs 20.5) 22vs 18 <0001 1115 (252,493%5) 3w 17 0002 1405 (172, 114.89)
Age (= lyear old vs <l.year old) 74 vs 38 0,006 267 (1.24,377) 42vs34 0.070 247 (0.88, 6.96)
Stage (3, 4 vs 1, 2, 45) 73vs38 <0001 492 (193, 1254) 3Bvs3T 0038 280  (1.00, 7.88)
Origin (adrenal vs nonadrenal) 72vs40 0001 322 (143,725) 4lwvs35  0.006 4.59 (133, 1585
TRKA expression (low vs high) 52vs36  0.004 337 (1.36,834) 24vs36 0766 121 (034, 4.31)
Shimada {unfavorable vs favorable) 39vs 37 «0.001 454 (L71,120T) 14wvs36 0.668 1.37 (033, 5.75)
MYCN (amplification vs single copy) 36vs 75 <0.001 398 (216, 7.35) — — — —
Genomic signature (GGP vs GGW + GGS) 15vs 25 0.045 289 (101, 830) 8vs22 0.031 546  (1.09, 27.40)
Molecular signature (posterior<0.5 v =0.5) 2wvslb 0.002 752 (169, 3338) 13vsl7 0.034 741 (0.90, 60.87)
Genomic signature (GGP vs GGW + GGS) 53vs59 0048 199 (105, 378) 25vs Sl 0.055 285 (1.10,7.36)
Age (= l-year old va < 1-year old) T4 vs 38 0.132 1.88  (0.87, 4.06) 42 vs 34 0,349 1.44  [0.51, 4.05)
Genomic signature (GGP vs GGW + GGS) 53 vs 58 0.416 134 (071,254) 25vi50  0.098 261 (101, 6.76)
Stage (3,4 vs 1, 2, 45) 73 vs 38 0.005 406 (160, 1034) 38vs3T 049 1.56 (0,56, 4.40)
Genomic signature (GGP vs GGW + GGS) 53vs$9 0012 223 (118,423) 25vs 5] 0.015 319 (1.23,826)
Origin (adrenal vs non-adrenal) T2vs40 0006 278 (1.24,626) 4lvs3S 0008 430 (1.24, 14.88)
Genomic signature (GGP vs GGW + GGS) 4l vs47 0079 217 (096,495 18vs42 0050 375 (1.06, 13.33)
TRKA expression (low vs high) 52vs36 0078 234 (095,579) 24wvs36  0.727 079 (0.22, 2.80)
Genomic signature (GGP vs GGW + GGS) S3vs 58 0236 153 (0.81,290) - - - —
MYCN (amplification vs single copy) I6vsT5  <0.001 330 (1.79, 6.08) —_ — — —
Abh ions: CI, confid interval; GGP, partial chromosomal gainsflosses genomic group; GGS, silent genomic group; GGW, whole gains
and/or losses genomic group; HR, hazard ratio; N, sample number; 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
v M YCN-nonamplified GGSs tumors, whereas it is very
1 Posterlor20.5 (n=17) R bad for patients with GGSa tumors possessing M YCN
09} amplification, implying again remarkable impact of
MYCN amplification on the patient’s outcome.

0.8 The GGP group is characterized by the presence of
> 67 17q gain with other chromosomal abnormalities includ-
= ing MYCN amplification, 1p loss and 11q loss. Since
8 06 this group of tumors shows multiple chromosomal
a aberrations with partial gains and/or losses, unknown
g 05 Posterior<0.5 (n=13) | causes to induce genomic instability might have
E 0.4 {42% triggered genesis of neuroblastoma in progenitor or
@ stem cells of sympathetic cell lineage (Maris and

0.3 Matthay, 1999, Nakagawara, 2004). The frequently

02} P=0.001 observed GGP tumors are as follows: GGPla tumors

: with both Ip loss and MYCN amplification and GGP3s

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

) ) ) ) . ) The former may belong to a typical MYCN-amplified

Oz 24 3 48 &0 72 neuroblastoma (White er al, 1995) with a S-year

Months alter diagnosis cumulative survival rate of 42% in our series, whereas

Figure 4 Kaplan Mei ivalloirves: o igorad o the latter to the so-called intermediate type tumor
ure p eier survivi radic neuro . . . :

mas with a single copy of MYCN sccording to the molecular (Srwa:san et al., 1993; Attiych et al., 2005) with the rate

ignature. Giene-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

€<0.5) prognosis groups (£ =0.001). The posterior score denotes patient prognosis. Interestingly, among the GGPs

:‘g‘::"tfy d'hsog;;““' would show good: outcome. after S years tumors lacking MYCN amplification, 1p loss and 11q

. il loss seem to similarly affect the prognosis. However,

GGW tumors. Since MS did not decrease the incidence  GGP2s tumors with both 1p 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%

Oncogene
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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 MYCN-amplified tumors found in the long-term
survivors is a lack of 11q loss (Supplementary Figure
S4), corresponding to the observation that the high
percentage of S-year survival rate is shown in the
GGPla group with 1p loss but without 11q loss.

GGW neuroblastoma has a favorable prognosis, as
reported (Vandesompele er al., 1998). Since the pattern
of chromosomal aberrations is represented by whole
chromosomal gains and/or losses, mitotic dysfunction
during the cell division cycle in 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 at 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 er 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; lehara et 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, Trkd mRNA
expression and DNA ploidy were measured as reported
previously (Islam et 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 et 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 CyS5-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 et al., 2002)
were used. All array-CGH data are available at NCBI Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/)
with accession number GSE 5784.

¢DNA microarrays

In-house cDNA microarrays, carrying 5340 cDNAs obtained
from the oligo-capping cDNA libraries generated from
anonymous neuroblastoma tissues (Ohira et al., 2003, 2005),
were used. Preparation of RNA, hybridization, reading of
spots and statistical analyses were conducted as reported
previously (Ohira er 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 evenls
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 2242 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 multivariate
analyses were made according to the Cox hazard models.
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ATM-dependent nuclear accumulation of IKK-x plays an important role in
the regulation of p73-mediated apoptosis in response to cisplatin
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I kappa B kinase (IKK) complex plays an important role
in the regulation of signaling pathway that activates
nuclear factor-kappa-B (NF-xB). Recently, we reported
that cisplatin (CDDP) treatment canses a remarkable
nuclear accumulation of IKK-x in association with
stabilization and activation of p73. However, underlying
mechanisms of CDDP-induced nuclear accumulation of
IKK-x are elusive. Here, we found that ataxia-telangiec-
tasia mutated (ATM) is one of upstream mediators of
IKK-z during CDDP-induced apoptosis. In response to
CDDP, ATM was phosphorylated at Ser-1981, which was
accompanied with nuclear accumulation of IKK-z in
HepG2 cells, whereas CDDP treatment had undetectable
effects on IKK-z in ATM-deficient cells. Indirect immuno-
fluorescence experiments demonstrated that phesphory-
lated form of ATM colocalizes with nuclear IKK-x in
response to CDDP. In vitro kinase assay indicated that
ATM phosphorylates IKK-x at Ser-473. Moreover, IKK-
a-deficient MEFs displayed CDDP-resistant phenotype
as compared with wild-type MEFs. Taken together, our
present resnlts snggest that ATM-mediated phosphoryla-
tion of nuclear 1KK-a, which stabilizes p73, is one of the
main apoptotic pathways in response to CDDP.

Oncogene (2008) 27, 1183-1188; doi:10.1038/sj.onc.1210722;
published online 13 August 2007
ATM; cisplatin; IKK;

Keywords: apoptosis; p73;

ubiquitination

I kappa B kinase (IKK) complex, also known as
‘signalsome’, which includes two highly homologous
catalytic subunits (IKK-x and IKK-f) and one regula-
tory subunit (IKK-y/NEMO), participates in cytoplas-
mic signaling pathway that activates prosurvival nuclear
factor-kappaB (NF-xB) (Hayden and Ghosh, 2004).
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A wide variety of extracellular stimuli triggers activation
of IKK complex, which phosphorylates IxB and induces
its rapid degradation in an ubiquitin/proteasome-
dependent manner. NF-xB is then translocated into
nucleus, where transcription of its target genes is
induced (Karin and Ben-Neriah, 2000). Despite struc-
tural similarity between TKK-z and IKK-f, IKK-x
knockout mice displayed distinct phenotypes from those
of IKK-f-deficient mice (Hu et al,, 1999; Li et al.,
1999a, b; Takeda et al., 1999). IKK-x-deficient mice
exhibited various morphological abnormalities includ-
ing defective epidermal differentiation; however, cyto-
kine-induced activation of NF-xB was not severely
impaired. In contrast, knockout of IKK-f resulted in
embryonic lethality, liver degeneration and inhibition of
NF-xB activation. In support with these results, IKK-f
has an extremely higher activity toward IxB than TKK-x
(Huynh et al., 2000). Thus, IKK-ff has been considered
to be an essential signal transducer in NF-xB activation
(Li er al., 1999). Current studies demonstrated that IKK
complex undergoes changes in subcellular distribution,
suggesting that IKK complex has a novel nuclear
function. In contrast to IKK-ff, IKK-a accumulated in
cell nucleus in response to cytokine exposure and was
directly recruited onto the promoter of NF-xB-regulated
genes in association with histone H3 phosphorylation
(Anest et al., 2003; Yamamoto ef al., 2003). Addition-
ally, Verma et al. (2004) described that IKK-y shuttles
between cytoplasm and nucleus, and interacts with
nuclear co-activator CBP. Wu er al, (2006) demon-
strated that, upon DNA damage, IKK-y is phosphory-
lated by ATM, which encodes a PI3 K family of nuclear
Ser/Thr kinase (Kastan and Lim, 2000), and thereby
promotes its nuclear export. Recently, we have reported
that DNA damage induces nuclear accumulation of
IKK-z and nuclear IKK-z stabilizes tumor suppressor
p73 (Furuya et al., 2007). However, precise molecular
mechanisms behind DNA damage-induced nuclear
accumulation of IKK-x have been unclear. In this
study, we found that ATM is one of the upstream
mediators of nuclear IKK-z in response to DNA
damage.

To examine a possible contribution of ATM to DNA
damage-induced accumulation of IKK-z, human
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Figure 1 Induction of IKK-a is associated with ATM phosphorylation in response to CDDP. (1) CDDP-mediated apoptosis in
HepG2 cells. At the indicated time periods after CDDP treatment (20 uM), cell viability and number of cells with sub-G, DNA content
were examined by MTT (Dajindo) (left panel) and FACS analyses (Becton Dickinson, Oxford, UK) (right panel), respectively, (b)
Immunoblot analysis. At the indicated time periods after CDDP treatment (20 M), lysates from HepG2 cells were subjected to
immunoblotting (IB) with anti-ATM (Calbiochem, San Diego, CA, USA), anti-phospha-ATM (Cell Signaling, Beverly, MA, USA),
anti-IK K-z (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-actin antibody (Sigma, St Louis, MO, USA), Actin expression
served as a control for equal protein loading. For pT3a, lysates were subjected to immunoprecipitation (IP) with anti-p73 antibody
(NeoMarkers, Fremont, CA, USA) followed by IB with anti-p73 antibody. (¢) RT PCR. At the indicated time points after CDDP
treatment (20 uM), total RNA from HepG2 cells was subjected to RT PCR using the indicated primers. GAPDH was used as an
internal control, PCR products were resolved in 2% agarose gels and visualized by ethidium bromide staining.
hepatocellular carcinoma HepG2 cells were exposed to remained unchanged in A-T cells treated with CDDP
CDDP. As shown in Figure la, HepG2 cells underwent (Figure 2d). Additionally, enforced expression of ATM
apoptosis in response to CDDP. Immunoblot analysis  resulted in an induction of nuclear IKK-« (Supplemen-
demonstrated that ATM remains unchanged regardless  tary Figure S2).
of CDDP treatment, whereas phospho-ATM increases Since ecytoplasmic IKK-x remained constant in
in response to CDDP (Figure 1b). Consistent with our  HepG2 cells exposed to CDDP, CDDP-induced nuclear
recent observations (Furuya er al., 2007), CDDP translocation of IKK-z might not occur, To address
treatment resulted in an accumulation of IKK-« as well whether TKK-z could be regulated in a proteasome-
as p73a, whereas it had undetectable effects on JKK-z  dependent manner, human osteosarcoma U20S cells
and p73x mRNAs (Figure 1c¢). Similar results were also were treated with proteasome inhibitor MG-132 and
obtained in p53-deficient human lung carcinoma H1299  then analysed for IKK-z. Immunoblot of p53 was
cells (Supplementary Figure S1). As described (Saito  performed as a positive control. As shown in Figure 3a,
et al., 2002; Kurz et al, 2004), CDDP-induced phos-  MG-132 treatment caused a significant accumulation of
phorylation of ATM and p53 was significantly blocked IKK-a. Similar results were also obtained in U20S cells
by wortmannin (Figure 2a). Of note, wortmannin treated with lactacystin (data not shown). Next, U208
treatment led to a remarkable inhibition of CDDP-  cells were exposed to MG-132 and fractionated into
dependent accumulation of IKK-x and p73a. Expectedly,  nuclear and cytoplasmic [ractions followed by immuno-
CDDP-induced nuclear accumulation of IKK-x was  blotting. As seen in Figure 3b, nuclear and cytoplasmic
strongly blocked in cells exposed to wortmannin  IKK-z were stabilized by MG-132. To examine whether
(Figure 2b), suggesting that ATM might act as one of IKK-z could be regulated by ubiquitin/proteasome
the upstream mediators of IKK-x in response to DNA  system, U20S cells were co-transfected with IKK-«
damage. In support with this notion, CDDP treatment  expression plasmid together with His-tagged ubiquitin.
had negligible effects on IKK-2 and p73x in ATM-  Twenty-four hours after transfection, cells were treated
deficient A-T cells (Figure 2c). JKK-2 and p73a mRNAs  with CDDP for 24h or left untreated followed by an
Oncogene

46



a

I18: (Asr:::;f;} F""hil"“‘"" |« p-aTM

18: Ant-IKK-c. [R5 e 4 - IKK-a

e
‘Gerts | wwemesl[ e ppss

IB: Anti-Actin M Hd— Actin

Time(h) 0 123 01 23
CDDP (50 uM) CDDP (50 pM) +
Wortmannin (30 uM)

c wT AT

% Sorroer) LI O < p-a7w
IB: Anti-IKK-a k.. .-ﬂ[ |- IKK-x
IB: ARHI-PTE ot e | |+ p73a

IB: Antl-Lamin B | fa— < om0 B
1B: Antl-Tubulin-o | ] [ }'- Tubulin-x
Time(h) 0 3 6 0 3 6

CDDP (20 uM)

Figure 2 ATM is required for CDDP-mediated induction of IKK-x and p73. (a) Wort

ATM-mediated accumulation of nuclear IKK-x
K Yosheda et al

b

Nuck Cytopl

IB: ANHKKG [ e ] [ gy (K-

IB: Anti-Lamin B ﬁr'_}. Lamin B

IB: AulI-TubuIIn-u( JM Tubulin-a
0 123 012 3

CDDP ( 50 uM)

1B: Anti-IKK-c | |@+ IKK-
1B: Anti-Lamin B MI |+ Lamin 8
18: Anti-Tubulin-c | IM Tubulin-a

Time(h) 0 1 2 3 0 1 2 3
CDDP( 50 uM) + Wortmannin (30 uM)

Time (h)

A-T

GAPDH
Time (h) 0

12 24 0 12 24
CDDP ( 20 pM)

in inhibits of TKK-z and

P73 in response to CDDP. At the indicaled time periods after CDDP treatment (50 aM) together with (right panels) or without 30 uM
of wortmannin (Sigma) (left panels), lysates from HepG?2 cells were processed for IB with anti-phospha-ATM, anti-IKK-z, anti-
phospho-p53 (Cell Signaling) or anti-actin antibody. For p73a, lysates were IP with anti-p73 antibody followed by 1B with anti-p73
antibody, (h) CDDP-mediated nuclear accumulation of IKK- is inhibited by wortmannin. HepG2 cells were exposed to 50 M of
CDDP in the absence (upper panels) or presence (lower panels) of 30 M of wortmannin. At the indicated time periods after treatment,
cells were fractionated into nuclear and cytoplasmic fractions and then analysed for IKK-z by IB. Anti-Lamin B (Oncogene Research
Products) and anti-tubulin-a (NeoMarkers) IB were performed 1o assess purify of each fraction. (¢) Immunoblot analysis. Wild-type or
ATM-deficient A-T cells were exposed to 20 uM of CDDP, At the indicated time points after CDDP treatment, nuclear extracts were
subjected to IB with the indicated antibodies. (d) RT PCR. At the indicated time periods after CDDP treatment (20 uM), total RNA

was subjected to RT PCR for ATM, IKK-a and p73a.

exposure to MG-132 for 6 h, and ubiquitinated materials
were recovered by nickel agarose and then analysed by
immunoblotting. As shown in Figure 3¢, ubiquitinated
forms of IKK-z were detectable under normal condi-
tions, whereas they were significantly reduced in cells
exposed to CDDP. Taken together, our results suggest
that CDDP treatment stabilizes nuclear IKK-z by
blocking ubiquitin/proteasome-dependent degradation
system.

To investigate whether there could exist a functional
interaction between IKK-x and ATM, we examined
their subcellular localization. U20S cells were trans-
fected with FLAG-IKK-x expression plasmid. Thirty-
six hours after the transfection, cells were treated with
CDDP for 12h or left untreated and simultaneously
stained with anti-phospho-ATM and anti-FLAG anti-
bodies. As shown in Figure 4a, phospho-ATM became

detectable in nucleus in response to CDDP. FLAG-
IKK-x was largely expressed in cytoplasm without
CDDP, whereas CDDP treatment led to an accumula-
tion of FLAG-IKK-z in nucleus. Merged images
indicated nuclear colocalization of phospho-ATM and
FLAG-IKK-2. Immunoprecipitation experiments indi-
cated that the endogenous ATM forms a complex with
IKK-z in cells (Supplementary Figure S3). Next, we
investigated whether ATM could phosphorylate IKK -a.
As described (Kastan and Lim, 2000), ATM phosphor-
ylates Ser/Thr followed by Glu. According to our
extensive search of the amino acid residues of IKK-a,
we found six putative ATM-dependent phosphoryla-
tion sites (Figure 4b). In vitre kinase assay using anti-
ATM mmunoprecipitates from HeLa cells exposed to
CDDP revealed that GST-IKK-z (335-745) but not
GST-IKK-z (2-334) is phosphorylated by anti-ATM
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Figure 3 CDDP treatment impairs ubiguitination of 1KK-x. (a) IKK-x is stabilized by proteasome inhibitor. U208 cells were
exposed to the indicated concentrations of MG-132 !talblu..hcm} Slx huurs aller treatment, lysates were processed for IB with the
indicated antibodies. (b) Nuclear IKK-x is regulated in U205 cells were treated with 50 M of MG-
132 for 6h and then fractionated into nuclear and c:.rlaplnsrmc fractions followed by 1B with the indicated antibodies. (¢) CDDP-
induced reduction in ubiquitination levels of IKK-a. Expression plasmid for IKK-x was introduced into U208 cells along with His-
ubiguitin (His-Ub) and treated with or without CDDP at the indicated concentrations. Ubiguitinated materials were recovered by
nickel agarose (Qiagen, Valencia, CA, USA) and separated by SDS PAGE followed by IB with anti-IKK-x antibody.
immunoprecipitates (data not shown). Thus, we  2007), CDDP-mediated accumulation of IKK-x and
focused on GST-IKK-ax (335-745) and generated  p73x was detectable in wild-type MEFs. In contrast,
the indicated GST-IKK-z (335-745) mutants where  p73x remained constant in IKK-a-deficient MEFs
Ser was substituted to Ala (Figure 4¢). Unfortunately,  exposed to CDDP. Thus. it is likely that ATM transmits
Escherichia coli did not express IKK-x (T659A). Each  apoptotic signal through nuclear TKK-x, and thereby
of these GST fusion proteins except IKK-x (T659A)  promotes the stabilization of pro-apoptotic p73.
was incubated with anti-ATM immunoprecipitates Our results indicated that Ser-473 of TKK-x is at
prepared from CDDP-treated HeLa cells in the least one of the potential targets of ATM-mediated
presence of [p-*PJATP. Reaction mixtures were then  phosphorylation in response to CDDP. Accumulat-
separated by sodium dodecyl sulphate-polyacrylamide  ing evidence suggests that the activation of IKK
gel electrophoresis followed by autoradiography. As  complex is dependent on its phosphorylation (Hayden
shown in Figure 4c, anti-ATM immunoprecipitates  and Ghosh, 2004). Delhase er al. (1999) described
phosphorylated 1KK-« (S351A), IKK-x« (S369A) and  that IKK-ff is autophosphorylated at its C-terminal
TKK-2 (S596A). In contrast, IKK-x (S473A) was labeled  region to regulate its activity. Alternatively, NF-xB-
to a lesser degree. Collectively, our results suggest  inducing kinase (NIK) directly phosphorylates and
that ATM phosphorylates IKK-2 at Ser-473 in response  activates IKK-a (Regnier et al,, 1997). Intriguingly, Li
to CDDP. et al. (2001) reported that ATM is required for DNA
We then asked whether IKK-a could affect CDDP  damage-induced activation of 1KK-z, which supports
sensitivity. At the indicated time points after CDDP  our present results. Another finding of our present study
treatment, cell viability of wild-type MEFs and MEFs  is that CDDP-mediated nuclear accumulation of IKK-a
from IKK-ax knockout mice (Begg et al., 1995) was is regulated in an ubiquitin/proteasome-dependent
examined by MTT assay. As shown in left panel of manner. In response to DNA damage. p53 is phos-
Figure 4d, IKK-a-deficient MEFs displayed CDDP-  phorylated at its N-terminal region, which blocks
resistant phenotype relative to wild-type MEFs, suggest-  MDM2-mediated ubiquitination of p53 (Vousden and
ing that IKK-2 plays a critical role in the regulation of  Lu, 2002), raising a possibility that ATM-mediated
DNA damage response. Immunoblot analysis demon-  phosphorylation of TKK-z might inhibit its ubiquitina-
strated that CDDP-mediated phosphorylation of ATM  tion and subsequent degradation through ubiquitin/
is detectable in both MEFs (right panel of Figure 4d). proteasome pathway. Further work should be necessary
Consistent with our recent observations (Furuya et al., to resolve this issue.
Oncogene
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Figure 4 ATM-mediated phosphorylation of IKK-a. (2) U20S cells were transfected with expression plasmid for FLAG-1IK K-« using
Lipofect AMINE 2000 (Invitrogen, Carlsbad, CA, USA). Thirty-six hours after transfection, cells were treated with 20 v of CDDP for
12h or left untreated and then processed for indirect immunostaining with anti-phospho-ATM and anti-FLAG antibodies (Sigma),
Merged images indicate nuclear colocalization of phospho-ATM and FLAG-IKK-a. (b) Domain structure of IKK-2. KD, kinase
domain; LZ, leucine-zipper domain; HLH, helix loop helix domain, Numbers indicate amino acid position. Putative ATM-dependent
phosphorylation sites of IKK-a are also indicated. (¢) /n vitro kinase assay. cDNA fragments encoding IKK-x (335 745) bearing the
indicated mutations were amplified by PCR (Invitrogen) and then inserted into EcoRIjXhol sites of pGEX plasmid (Amersham
Biosciences, Uppsala, Sweden) to give IKK-x (S351A), IKK-a (8369A), IKK-a (S473A) and 1KK-z (S596A), Upper panel shows
expressions of the indicated GST fusion proteins. For in vitro kinase reaction, lysates from HeLa cells exposed to CDDP (20 um) for
24 h were IP with anti-ATM antibody and anti-ATM immunoprecipi were incubated with the indicated GST fusion proteins in the
presence of [-"PJATP (Amersham Biosciences) at 30°C for 30 min. Reaction mixtures were then processed for SDS PAGE. After
electrophoresis, the gel was dried and exposed to an X-ray film at room temperature (lower panel). (d) IKK=a contributes to CDDP
sensitivity, Wild-type and IKK-a-deficient MEFs were exposed to 30uM of CDDP. At the indicated time periods after
CDDFP treatment, cell viability was examined by MTT assay (left panel). For 1B, lysates from the indicated MEFs treated with
30 v of CDDP for the indicated time periods were subjected to IB with anti-phospho-ATM, anti-IKK-x or anti-actin antibody. For
P73a, the indicated lysates were IP with anti-p73 followed by 1B with anti-p73 antibody (right panel).
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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 p53-dependent pathway. We obtained
evidence that a type of pS3-dependent stress, doxorubicin
(Doxo) administration, causes accumulation of p53 in the
nucleus of NB cells and phosphorylation of several serine
residues in both Doxo-sensitive and -resistant cell lines,
Upregulation of p53-downstream molecules in cells and
upregulation of Noxa in the mitochondrial fraction 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 nucleus
and phosphorylation of p53 did not induce p53-downstream
p2I“®/™ expression and the Noxa upregulation, resulting
in the retention of the mitochondrial homeostasis. Taken
together, these findings indicate that the p33 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.
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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
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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 er al, 1995) and later in NB
cell lines by immunofluorescence and cell fractionation
experiments (Moll er al., 1996). However, several groups
reported nuclear p53 accumulation in NB cells harboring
wild-type p53 after DNA damage (Tweddle er 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 p353-
downstream genes encoding p2197'™" and HDM2 in
p33 wild-type NB cell lines was observed in several
studies (Isaacs er al, 2001; Keshelava et al., 2001;
Tweddle er al.,, 2001) but not all (Wolll er al., 2001).
Reporter gene assays detected p53 transcriptional func-
tion in one study (Keshelava ef al, 2001) but not in
another (Wolff er 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-
drial cell death by controlling mitochondrial outer
membrane permeabilization (MOMP). Anti-apoptotic
Bcl-2 family members (for example, Bel-2, Bel-xL, Bel-w
and Mgcl-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.
BHI23 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 Bcl-2
family proteins (Oda er 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; Shibue 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 er 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 p33 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 er al., 1998) that induces stresses that
are basically dependent on p33 (Lowe er al., 1994), and
transactivates p53 and its downstream effectors in many
tissues (Komarova er al., 1997). In sensitive NB cells, the
following important findings were observed after Doxo
treatment: (1) accumulation of p53 in the nucleus; (2)
activation of the p53-downstream molecules; (3) pro-
apoptotic BH3-only Bcl-2 family protein Noxa induc-
tion and upregulation in mitochondria resulting in
mitochondrial 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 p533 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 p33

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
p53 (Figure la). More than 60% of cells were Trypan
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blue-positive for the SH-SYS5Y, NB9, NB69 and SK-N-
SH NB cell lines 36 h after Doxo stimulation. On the
other hand, less than 40% of cells were positive in NB-
19 and NBI 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
effects 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-Go/G; cells showed that
considerable percentages of cells underwent apoptosis
24 h after the Doxo treatment in SH-SYS5Y, NB-9, NB-
69 and SK-N-SH (Figure Ic). However, the proportions
of apoptotic cells were significantly lower in NB-19, NB-
| and IMR32 than in the four Doxo-sensitive NB cell
lines. In SK-N-SH and SH-SYS5Y 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 p353 are not
enough 1o 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 antbody
recognizing the p53 N terminus (DOI1) to estimate the
total amount of p53. We also used antibodies that
specifically react with phosphorylated serine residues
(Serl$, 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-SY5Y 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 p33 protein in Doxo-
treated NB cells seemed to be caused by protein
stabilization.

Next, we investigated the localization of p53 in NB cells,
using DO as a human p53-specific antibody reacting with
amino acids 21-25, pAb42l 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 pS3 harboring ncuroblastoma (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 ug/ml
and the incubation was continued for the indicated times. Mean and standard deviation (s.d.) of the % of cells were calculated for
triplicate samples. (a) Cells were washed with | x phosphate-buffered saline (PBS), collected by | x PBS/0.5mM EDTA, and stained
with Trypan blue. The results are representative of four independent experiments. (b) After treatment of DNA-damaging reagents, cell
viabilities were analysed by WST-8 assay. The results are representative of at least three independent experiments. () Analysis of the
sub-Giy/Gy fraction was performed as described in Materials 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
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16G8 as an anti-phosphorylated p33serl5 antibody. DOl antibody showed both nuclear and cytoplasmic
Staining with pAb42| antibody revealed that the punctate staining before treatment, and remarkable accumulation
cytoplasmic signal was upregulated in both Doxo-sensitive  into the nucleus was induced by Doxo in these four NB
and -resistant NB cells after Doxo exposure (Figure 2c). cell lines. Although serl5 phosphorylation was hardly
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detected before treatment, the phosphorylation was
remarkably upregulated by Doxo in SK-N-SH, NB-9
and NB-19 cells. In IMR32 cells, pS3ser15 phosphoryla-
tion was modestly upregulated. The serl S-phosphorylated
p53 accumulated to a much greater degree in the nucleus
than in the cytoplasm after Doxo treatment. The use of
several different fixation methods and modification of the
first antibody concentration did not influence the results of
immunofluorescence. Moreover, p53 wild-type MCF7 cells
showed similar staining results with these antibodies (data
not shown). To investigate the observed discrepancy of
p53 localization among the three monoclonal antibodies in
the immunofluorescence experiments, we performed cell
fractionation experiments (Figure 2d). All of the p53
signals were detected only in the nucleus before the
treatment, and the upregulated signals induced by Doxo
also accumulated in the nucleus rather than in the
cytoplasm. The controls for fractionation, the nuclear
marker lamin and cytoplasmic marker f-tubulin, were
detected in the proper fractions and the amounts were not
changed by Doxo treatment. These results show that the
p33-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.

Activity of p53 as a transcriptional factor is required for
Doxo-induced NB apopiosis

We then assessed the induction of p53-downstream
molecules by Doxo. As shown in Figure 3a, exposure to
Doxo induced remarkable p21 <" protein accumula-
tion in the sensitive cells but not in the resistant cells,
and this induction was caused at the transcriptional level
(Figure 3b). HDM2 was similarly induced by Doxo
treatment in the sensitive cells. However, HDM2 mRNA
accumulated in the resistant cells before Doxo treatment
and did not change subsequently (Figure 3b), which is
consistent with its protein accumulation (Figure 3a).
These results indicate that the Doxo-induced cellular
stress can ellectively induce the p53 transcriptional
activities in Doxo-sensitive NB cells but not in the
resistant cells.

Doxo treatment induces synthesis of pro-apoptotic Noxa
in the sensitive NB cells but not in the resistant cells

Next, we studied the expression of Bel-2 family proteins
in the NB cells, because regulation of the Bel-2 [amily
proteins by p53 is known to be the main component of
pS53-dependent apoptosis (Shen and White, 2001). The
pro-apoptotic Bel-2 family proteins Bax, Bak and Bok
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were not modified by Doxo in the NB cells (Figure 3a).
Expression of Puma and p53AIP| was also not affected
by Doxo treatment (data not shown). It is interesting
that Noxa was substantially induced only in the sensitive
cells but not mn the resistant cells. Although there was a
considerable difference in the amount of anti-apoptotic
Bel-2 among the NB cells, its expression seemed not to
be related to the Doxo sensitivity. The other anti-
apoptotic Bel-2 family protein Bel-xL was not detected
in any of the NB cells (data not shown). To assess
whether the induction of Noxa is regulated at the
transcriptional level, we performed semi-quantitative
RT-PCR analysis. Consistent with the results of the
weslern blot analysis, the mRNA amount of Noxa was
clearly upregulated by Doxo treatment in the Doxo-
sensitive SK-N-SH cells (Figure 3b). Meanwhile, the
accumulation of Noxa mRNA expression was detected
in the resistant cells (Figure 3b) and confirmed by
quantitative real-time PCR analysis (Figure 3c). How-
ever, Noxa mRNA was not increased by Doxo treat-
ment in the resistant cells (Figure 3b).

Noxa accumulation in mitochondria is not sufficient to
induce apoprosis in NB cells

A recent report demonstrated that Noxa and Bok were
induced by DNA stress dependent upon the p53 pathway
in the SH-SYS5Y cell line (Yakovlev er al., 2004).
However, only Noxa upregulation was detected in the
present study in the sensitive NB cell lines. Interestingly,
larger amounts of Noxa were observed in the Doxo-
resistant NB lines (IMR32 and NB-19) compared with
the sensitive lines (SK-N-SH and NB-9). Since the
organelle-specific amounts of the pro-apoptotic Bel-2
family protein and its ratio to anti-apoptotic Bcl-2 family
proteins in mitochondria are reported to determine cell
fate in mitochondria-dependent apoptosis (Nakazawa
et al., 2003; Danial and Korsmeyer, 2004), we studied the
amounts of Noxa in mitochondria by cell fractionation/
western blot analysis (Figure 4A). The amounts of Noxa
in mitochondria were apparently upregulated in the
sensitive cells. Densitometric analysis revealed that the
Doxo-treatment increased the content of Noxa 10.3-fold
in SK-N-SH cells and 16.6-fold in NB-9 cells compared
to that before stimulation. On the other hand, Noxa was
accumulated at higher levels in mitochondria of the
resistant cells compared with the sensitive cells before
Doxo treatment, and was not further increased by Doxo
treatment. There were no significant differences in the
amounts of Bcl-2 in the presence or absence of Doxo

A

i

Figure 2 Upregulation and nucl of p53 in neur
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Figure 3 Modulation of pS3-downstream proteins by Doxo treatment. The neuroblastoma (NB) cells were incubated with or without
Doxo and collected at the indicated time points. (a) Extracted total cell lysates were subjected to sodium dodecyl sulfate-
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Figure 4 Noxa is upregulated in mitochondria by Doxo in the sensitive neuroblastoma (NB) cells. (A and B) Cells were collected 12h
after stimulation by Doxo (A, DX) or etoposide (B, VP) and subjected to cell fractionation for mitochondria (heavy membrane
fraction: Mit) and the light membrane/cytosol fraction (Cyto). Samples were analysed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE)/western blotting with the indicated antibodies. Trifunctional protein (Tri E) and tubulin were controls
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experiments. (C) Semi-quantitative RT-PCR analysis of Noxa mRNA in favorable (stage | or 2, with single copy M YCN) and
unfavorable (stage 3 or 4, with MYCN lification) NB ples. (D) Quantitative real-time RT-PCR analysis of Noxa mRNA in 84
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