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Novel risk stratification of patients with neuroblastoma by genomic
signature, which is independent of molecular signature
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Human neuroblastoma remains enigmatic because it often
shows spontaneous regression and aggressive growth. The
prognosis of advanced stage of sporadic neuroblastomas is
still poor. Here, we investigated whether genomic and
molecular signatures could categorize new therapeutic risk
groups in primary neuroblastomas. We conducted micro-
array-based comparative genomic hybridization (array-
CGH) with a DNA chip carrying 2464 BAC clones to
examine genomic aberrations of 236 neuroblastomas and
used in-house cDNA microarrays for gene-expression
profiling. Array-CGH demonstrated three major genomic
groups of chromosomal aberrations: silent (GGS), partial
gains and/or losses (GGP) and whole gains and/or losses
(GGW), which well corresponded with the patterns of
chromosome 17 abnormalities. They were further classi-
fied into subgroups with different outcomes. In 112
sporadic neuroblastomas, MYCN amplification was
frequent in GGS (22%) and GGP (53%) and caused
serions outcomes in patients. Sporadic tumors with a
single copy of MYCN showed the 5-year cumulative
survival rates of 89% in GGS, 53% in GGP and 85% in
GGW. Molecular signatures also segregated patients into
the favorable and unfavorable prognosis groups
(P=0.001). Both univariate and multivariate analyses
revealed that genomic and molecular signatures were
mutually independent, powerful prognostic indicators.
‘Thus, combined genomic and molecular signatures may
categorize novel risk groups and confer new clues for
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allowing tailored or even individualized medicine to
patients with neuroblastoma.
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Introduction

Neuroblastoma is one of the most common solid tumors
in children. However, its clinical behavior is enigmatic
because the tumor usually regresses spontaneously when
developed in patients under 1 year of age, but often
grows rapidly to cause fatal outcomes when developed
as an advanced tumor in patients over the age of 1 year
(Brodeur, 2003; Schwab et al., 2003). Recent nationwide
mass screening (MS) in Japan for discovering neuro-
blastoma at the age of 6 months clearly demonstrated
the presence of a large number of asymptomatic tumors
undergoing spontaneous regression (Woods et al., 2002),
which had been suggested by Beckwith and Perrin
(1963). The involvement of TrkA, a high-affinity
receptor for nerve growth factor, in the regression of
neuroblastoma has been suggested; however, the mole-
cular mechanisms of the regressive event still remain
elusive (Nakagawara et al., 1993; Nakagawara, 1998).
On the other hand, the majority of sporadic neuroblas-
tomas are discovered at advanced stages, and their
prognosis is still very poor (Brodeur, 2003; Schwab
et al., 2003). Recently advanced cytogenetic analyses
revealed that given subsets of neuroblastomas with a
favorable prognosis possess the hyperdiploid karyotype
of chromosomes (Look er al., 1984; Tomioka et al.,
2003) and that the other subsets with an unfavorable
prognosis usually possess the diploid or tetraploid
karyotype and often have MYCN amplification, gains
of chromosome arms 1q. 2p and 17g, as well as allelic
losses of chromosome arms Ip, 3p and 11q (Brodeur,
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2003; Schwab et al., 2003). We and other investigators
have previously reported the high accuracy of gene-
expression profiling to predict the prognosis ol neuro-
blastoma (Wei et al., 2004; Ohira er al., 2005). However.
the prognostic significance of genomic signatures when
using a high-resolution DNA microarray in primary
neuroblastomas has never been reported. Here, we
applied microarray-based comparative genomic hybri-
dization (array-CGH) to both sporadic and MS-
detected neuroblastomas in order to comprehend their
clinical behavior and found that genomic signatures.
together with molecular signatures, stratified the novel
risk groups in sporadic neuroblastomas.

Results

Patterns of genomic signatures in 236 primary
neuroblastomas

The most prominent feature of 236 primary neuroblas-
tomas (112 sporadic and 124 MS detected) was the
apparent presence of three genomic groups (GGs)
(Figure la, its magnified, high-resolution figures are
also indicated in Supplementary Figures Sla and b): the
group of few chromosomal events (silent, GGS; n=29);
the group of partial chromosomal gains/losses (GGP;
n=77) and the group of whole chromosomal gains/
losses (GGW; n=130) (Supplementary Figures S2a and
b). Correlation analysis revealed that the global feature
(seec Materials and methods) was maximally correlated
with the gain of the long arm of chromosome 17
(R=—0.807) and with the gain of a whole chromosome
17 (R=0.75) (Supplementary Table Sla), therefore the
genomic groups GGP and GGW were defined by the
status of aberration, by 17q gain and 17 whole
chromosomal gain occurred in chromosome 17, respec-
tively. They were followed by DNA ploidy (R=
—0.642), loss of chromosome Ip (R=—0.521), MYCN
amplification (R= —0.531), loss of chromosome 1lq
(R=-0.5), low TrkA expression (R=-047) and
age= 1-year old (R =—0.466). Even when tested in 112
sporadic tumors, the correlation coefficient was —0.773
in 17q gain, —0.705 in DNA ploidy, —0.598 in Ip loss,
—0.565 in tumor stages, —0.502 in M YCN amplification,
—0.49 in low TrkA expression and —0.458 in age>
I-year old (Supplementary Table S1b). These suggested
that 17q gain was a characteristic and prognosis-related
event in primary neuroblastomas. The percentages of
DNA diploidy or tetraploidy were 83% (15/18), 66%
(33/50) and 18% (17/94) in GGS, GGP and GGW
tumors, respectively (Supplementary Table S2a).

GGS tumors rarely showed chromosomal aberrations
except MYCN amplification mn 5 among 29 tumors
(Figure 1b, a high-resolution figure is also indicated in
Supplementary Figure Slc). To date, the presence of the
GGS subgroup with very silent aberrations of the tumor
genome has never been verified definitely. The concern
about the possible dilution of the tumor-cell DNA
content by contamination of stromal cells was cleared
by the detailed examination of GGS tumor specimens
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(see Supplementary Figure S2b and Supplementary
Information).

Seventy-seven GGP tumors. which had 17q gain, were
further subgrouped computationally according to the
detailed chromosomal event, the presence and or
absence of 1p loss and 11q loss, which are charactenistic
and MYCN amplification (s, single copy of MYCN: a,
MYCN amplification) (Figures la and b, and see
Supplementary Information). GGP1 tumors were char-
acterized by 1p loss and 17q gain as main aberrations.
GGPla (n=23) was one of the most common GGP
tumors. They showed the diploid karyotype (10/13,
77%) and had MYCN amplification in addition to Ip
loss and 17q gain. Interestingly, GGPIs tumors lacking
MYCN amplification (n=6) showed relatively frequent
2p gain, as well as 14q loss, Iq gain, 4p loss and 7p gain
that were rare in GGPla tumors with M YCN amplifica-
tion. GGP2 tumors were characterized by the presence
of both 1p loss and 11q loss, in addition to 17q gain. In
GGP2a, tumors with M YCN amplification (n=4) also
frequently showed 1q gain. GGP3 tumors formed a
group typically characterized by the presence of 11q loss
and 17q gain without 1p loss. Intriguingly, only 1 of 27
GGP3 tumors had MYCN amplification. All GGP4
tumors except one, which presented neither Ip loss nor
11q loss, also had no MYCN amplification. The
percentages of diploidy/tetraploidy in GGP1, GGP2,
GGP3 and GGP4 tumors were 76% (13/17), 75%
(6/8), 76% (13/17) and 13% (1/8), respectively (Supple-
mentary Table S2a).

GGW wmors with whole chromosomal gains and/or
losses, especially with the predominant gain of whole
chromosome 17 (Figure 1b), were mostly the tumors
detected by MS (94/130, 73%; see Supplementary Table
S2a). The highest incidence of MS-detected neuroblas-
tomas was observed in GGW4s tumors that were purely
composed of whole chromosomal gains/losses. The
DNA ploidy analysis revealed that 82% (77/94) of
GGW tumors were hyperdiploidy. Similarly to GGP
tumors, GGW tumors were categorized into tumors
with the following aberrations: Ip loss (GGWI, n=5);
both Ip loss and 11q loss (GGW2, n=2); 11q loss
(GGW3, n=11) and without any one (GGW4, n=92).
GGWS3 tumors (n= 20) formed a group of tumors with a
low frequency of chromosome 17 on the BAC array.
Like chromosome 17, chromosomes 6 and 7 were
frequently gained in GGW tumors. M YCN amplifica-
tion was observed in only three tumors belonging to
GGW4 or GGWS (3/112, 2.7%).

Genomic signatures and clinical outcomes

Genomic signatures of neuroblastomas unveiled pre-
viously unknown relationships between genetic sub-
group and patient prognosis (Figure 1b). The greatest
surprise was the difference in the 5-year survival rates
between the GGSa (0%, n=15) and GGSs (91%. n=24)
subgroups (P<0.001). The other MYCN-amplified
tumor subgroups, GGPla (n=23), GGP2a (n=4) and
GGWa (n=3). also showed very poor survival rates of
42, 0 and 0%, respectively. On the other hand. GGWs
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n=18). The intermediate S-year cumulative survival
rates were demonstrated in GGPs tumors (GGPls:
80%, n=6; GGP2s: 57%, n=7; GGP3s: 75%, n=26

neuroblastomas demonstrated good outcomes (GGW Is:
n=2, GGW3s: 100%,
and GGW3s:
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100%.
n=9]
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Figure 1 Genomic signatures of 236 primary neuroblastomas by array-based comparative genomic hybridization (array-CGH). (a) Overall
schematic of the genomic signatures of 236 primary neuroblastomas. The left panel summarizes information about patient diagnostic factors:
survival time in months after dingnosis for censored (blue bars) or dead (red bars) patients, stages |, 2 and 4s (blue) or 3 and 4 (red) (ST),
MYCN amplification (red) or not (blue) (MN), TrkA low (red) or high expression (blue) (TA), age more (red) or less (blue) than 12 months
(Ag), sporadic tumors (red) or tumors detected by mass screening (blue) (Ms), adrenal gland (red) or others (blue) in origin (Or) and
hyperploidy (blue) or diploidy/tetraploidy (red) (PI). The central panel shows estimated copy number aberrations of DNA as color matrixes
(blue: Joss, red: gain) at chromosome locations complementary to BAC clones in each sample. The right panel shows the important features of
chromosomal events, including M YCN amplification, deletions of chromosomes 1p and 11q, chromosome 17q gain and whole chromosome 17
gain. Furthermore, genomic groups (GGS, silent genomic group; GGP, partial chromosomal gains/losses genomic group and GGW, whole
gauns and or losses genomic group) are also indicated, (b) Genomic signatures in each genomic group and the S-year survival rates for all
neuroblastomas including MS detected and sporadic tumors. Regarding each genomic group, the colored histogram represents the rates of gains
and losses for each clone, where the red areas on the baseline correspond to gain and the blue areas under the baseline to loss. The right panel
indicates the presence of M YCN amplification, 1p loss, 11q loss, 17q gain and 17 gain. The S-year survival rates (SR) of each genomic subgroup
are indicated in the nght panel

443

&

— 320 -

Oncogene




Risk stratification of neuroblastoma by microarray
N Tomicka ef a/

oafe i el

GGP2a I o
GGP2s

GGP3s

S

S5+ 75 (26

GGP4s

GGW1s

CITe s
GGW3s
GGWas

GGWSs

1 3 5 T 9

Figure 1  Continued.

and GGP4s: 88%, n=29). Interestingly, in GGPs
tumors, 1p loss (GGPls, n=6) and 11q loss (GGP3s,
n=26) scemed to have a similar effect on patient
prognosis (S-year survival rates: 80 and 75%, respec-
tively). However, GGP2s tumors with both 1p loss and
11q loss (n=7) had a poorer prognosis (57%) in an
additive manner. Furthermore, the addition of 11q loss
and 1g gain to MYCN amplification apparently
afforded absolutely poor outcomes as suggested by the
comparison hetween GGPla (42%) and GGP2a tumors
(0%). An analysis of 112 sporadic tumors also revealed
a similar tendency except GGPls, in which 2 sporadic
tumors showed 0% survival, whereas all 4 MS-detected
tumors gave good outcomes (Table 1 and Supplemen-
tary Figure 83). These suggested that M YCN amplifica-
tion had the most powerful influence on clinical
outcomes. We next compared the patterns of whole
genome abnormalities of M YCN-amplified neuroblas-
tomas between survivors (disease-free for more than 2
years after imtiating treatment) and non-survivors (dead
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of disease). One of the most striking differences was
frequent loss of 11q (Supplementary Figure S4).

Effects of genomic signatures, M YCN amplification

and age on prognosis in sporadic neuroblastomas

Figure 2 shows the Kaplan-Meier cumulative survival
curves in each genetic group. In sporadic neuroblasto-
mas, the overall survival rates of GGW, GGS and GGP
were 80% (n=36), 68% (n=23) and 43% (n=33),
respectively (Figure 2a). The prognosis of GGP was
significantly poorer than that of GGW (P =0.002). In
MS-detected tumors, on the other hand, the survival
rates of GGW, GGS and GGP were 100% (n=94),
100% (n=6) and 96% (n=24), respectively (no
significant difference among the groups; Figure 2b)
The main difference between sporadic and MS-detected
tumors was that the latter was detected before 1 year of
age and had very few M YCN amplifications. Therefore,
sporadic tumors were next subcategorized according
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to the presence or absence of MYCN amplification. 51% m GGWs (n=9). GGSs (n=11) and GGPs
Figure 3a shows that the S-year survival rates of patients ~ (n=22) tumors, respectively, among old patients
with GGSs (n=18), GGWs (n=133) and GGPs (n=25)  (Figure 3d). The former pattern was similar to that in
tumors were 89, 85 and 53%. respectively. whereas those MS-detected tumors. which had high percentages of
of patients with GGSa (n=35). GGWa (n=3) and GGW tumors, whereas the latter contained high
GGPa (n=28) tumors involving MYCN amplification  incidences of GGP tumors.
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) Segregation of the prognosis of sporadic neuroblastomas
and old (= l-year-old) patients. Figure 3¢ shows the 5- with a single copy of MYCN by genomic and molecular
year survival rates of 88, 86 and 67% in GGWs (n=24),  signatures
GGSs (n=7) and GGPs (n=3) tumors, respectively, ~ Recently, we have generated a clinically useful cDNA
among young patients, whereas they were 76, 91 and  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
Table 1 Five-year overall survival rates of the patients with each sporadic neuroblastomas showed that both genomic
genomic subgroup of sporadic neuroblasiomas signatures (GGP vs GGW-+GGS. P=0.003) and
N 5-Year 05 (%)  molecular signatures (posterior value<0.35 vs =035,
o P <0.001) were highly significant prognostic indicators,
GGSa 5 0 like other variables including age (P=0.006), stage
GGSs 18 %9 (P<0.001), tumor ongin (P=0.001). TrkA expression
GGP (P=0.004), Shimada classification (P<0.001) and
GGPla 2 44 MYCN amplification (P<0.001; Table 2). In addition,
t’gg: s 3 genomic signature was a prognostic factor independent
GGP2s 5 40 from molecular signature, age and tumor origin,
GGPIa 1 0 although it showed no prognostic significance when
GGP3s 15 59 stage, Shimada classification, or M YCN amplification
Eiill::: : (f; was controlled (Table 2). Even in sporadic neuroblas-
CCW tomas with a single copy of MYCN, the highest
GGWla 0 significance according to the univariate analysis was
GGWls 0 given to molecular signature (P=0.002), followed by
GGW2a 0 = tumor origin (P=0.006) and genomic signature
ggxi: ',‘) 100 (P=0.010; Table 2). The multivariate analysis also
GGW3s 3 100 showed that genomic signature was a prognostic
GGW4a 1 0 indicator independent from molecular signature or
GGW4s 23 87 tumor origin (Table 2). As shown in Figure 4, our in-
GGWSa 2 50 house expression microarrays segregated the survival
S § o7 curves of patients with sporadic tumors lacking M YCN
Abbreviations: GGP, partial chromosomal gains/losses genomic amplification (GGSs + GGPs + GGWs) into ic favor-
group; GGS, silent genomic group; GGW, whole gains andjor losses ~ able (94%, n=17) and unfavorable (42%, n=13)
genomic group; 08, overall survival rate, prognosis groups (P=0.001).
a Sporadic neuroblastomas b Mass-screening detected
(n=112) neuroblastomas (n=124)
GGW (n=94) GGS (n=6) 100%
1 m— | (1)%
GGP {n=24) |96%
Zz £o08
2
: € oo
o =
.E ; 0.4
] 35
? 02 @ b2
0 0
1] 24 48 72 96 0 24 48 72 a6
Months after diagnosis 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. (h) Mass scresning-detected
neurohlastomas: GGS vs GGP. P=1.000, GGS vs GGW: £= |.000 and GGP vs GGW: P=1.000
Oncogene
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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. (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 neuroblastomas with MYCN amplification GGS vs GGP: P=0.104, GGS vs GGW: P=0.156 and
GGP vs GGW: £=(0.642. (c) Sporadic neuroblastomas with a single copy of M YCN in patients under | year of age GGS vs GGP:
P=1.000, GGS vs GGW: P=0.919 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: P=0.063, GGS vs GGW: P =0478 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 spontancously. 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
Ip. 2p and 11q. These included minimal losses n 10 Mb
regions of 1p36.3 (1pter to RP11-19901, DJS244) and
11g23 (from RP11-42L18 to RPI11-45N4). The 2Mb
region in 1p36.2-36.3 detected by a BAC clone RP11-
219F4 (D15507) exhibited highest deletion frequency of
32%. By combining the expression data obtained by the
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in-house microarrays harboring approximately 5340
genes derived from primary neuroblastomas, several
candidate genes including CHDS at 1p36 (Bagchi er al.,
2007) as well as Swrvivin at 17925 (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 from 2.4 Mb proximal
(G14110) to 5MD distal (D2S387) of MYCN itsell and
gains were further extended to wider range, from 2pter
to 2pll.

To date, the presence of the GGS subgroup with very
silent aberrations of the tumor genome has never been
verified definitely. The distribution of GGS tumors is
very unique; namely, they are present in both MS
detected and sporadic tumors removed from the patients
under 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 mght represent
neuroblastoma at an early stage of carcinogenesis with
carly oncogenic hit(s), which later develop to GGP or

3_
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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 Cl N P HR cl
Genomic sigln.m.m: (GGP vs GGW +GGS) 53vs 59 0.003 259 (1.36, 4.90) 25 vs 51 0.010 141 (1.32, 8.82)
Molecular signature (posterior <0.5vs 20.5) 22vs 18 <0001 1115 (252, 4935 13vs 17 0.002 1405 (1.72, 114.89)
Age (= l-year old vs < l-year old) T4 vs 38 0.006 267 (124,577 42 vs 34 0.070 2.47 (0.88, 6.96)
Sta_g: (3,4vs 1,2 45) T3vs38  <0.001 492  (1.93, 12.54) IBwvs 37 0.038 280  (1.00, 7.88)
Origin (adrenal vs nonadrenal) 72 vs 40 0.001 322 (1.43,72%) 41 vs 35 0.006 4,59 (133, 1585
TRKA expression (low vs high) 52 vz 36 0.004 337 (136, 8.34) 24 vs 36 0.766 121 (D.34,4.31)
Shimada (unfavorable vs lavorable) 9vs37 <0001 454 (171, 1207) 14vs 36 0.668 137 (0,33, 5.75)
MYCN (amplification vs single copy) I6vs 75 <0.001 398 (216, 735) — . — .
Genomic signature (GGP vs GGW + GGS) 15 vs 25 0.045 289 (101, 8.30) 8vs22 0.031 546  (L09, 27.40)
Molecular signature (posterior<0.5 vs 205 22vs 18 0002 752 (1.69,3338) 13vs17 0.034 741 (0.90, 60.87)
Genomic signature (GGP vs GGW + GGS) 53vs 59 0.048 1.99  (1.05, 3.78) 25 vs 51 0.055 285 (L.10, 7.36)
Age (= l-year old vs < l-year old) 74 vs 38 0.132 1.88  (0.87, 4.06) 42 vs 34 0.549 1.44 {051, 4.05)
Genomic signature (GGP vs GGW + GGS) 53vs S8 0416 134 (0.71, 2.54) 25ys 50 0.098 261 (1.01, 6.76)
Stage (3, 4 vs 1, 2, 4%) 73 vs 38 0005 406 (1.60,1034) 38 wvs 37 0.496 1.56  (0.56, 4.40)
Genomic signature (GGP vs GGW +GGS)  $3vs$9 0012 223 (1.18,423)  25vs51 0015 319 (1.23,826)
Origin (adrenal vs non-adrenal) 72 vs 40 0,006 278 (1.24, 6.26) 41 vs 35 0.008 430 (1.24, 14.88)
Genomic signature (GGP vs GGW +GGS) 41 vs 47 0,079 217 (0,96, 495) 1B vs 42 0.050 375 (1.06, 13.33)
TREKA expression (low vs high) 52vs 36 0.078 234 (095, 579) 24 vs 36 0.727 079  (0.22, 2.80)
Genomic signature (GGP vs GGW + GGS) 53 vs 58 0.236 1.53 (D.E], 2.90) — — = =—
MYCN (amplification vs single copy) 36vs 75 <0.001 330 (1.79, 6.08) -— = —= ==X
Abbreviations: CI, confidence interval; GGP, partial chromosomal gains/losses genomic group; GGS, silent genomic group; GGW, whole gains
and/or losses genomic group; HR, hazard ratio; N, I ber; NBLs, neurobl ; 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
’ T = . M YCN-nonamplified GGSs tumors, whereas it is very
i 20.5 (n=17) — bad for patients with GGSa tumors possessing M YCN
09 amplification, implying again remarkable impact of
M YCN amplification on the patient’s outcome.
0.8 The GGP group is characterized by the presence of
= o7} 17q gain with other chromosomal abnormalities includ-
3 mg MYCN amplification, 1p loss and 11q loss. Since
§ 0.6 this group of tumors shows multiple chromosomal
& osh aberrations with partial gains and/or losses, unknown
g Posterior<0.5 (n=13) causes to induce genomic instability might have
g 04 42% triggered genesis of neuroblastoma in progenitor or
@ stem cells of sympathetic cell lineage (Mars and
0.3 e Matthay, 1999; Nakagawara, 2004). The frequently
0.2 ) observed GGP tumors are as follows: GGPla tumors
with both 1p loss and M YCN amplification and GGP3s
0.1} tumors with 11q loss but without M YCN amplification.
a X X The former may belong to a typical M YCN-amplified
0 12 24 36 48 60 72 neuroblastoma (White er al, 1995) with a S5-year
Months after diagnosis cumulative survival rate of 42% in our series, whereas
Bigars 4 ki Mnles marvivil:ouines ol sporaiis meuro St tgc_ latter to flm]:t) ;g—callgd hmter}'nezdag;e ly]?:: htumor
mas with a single copy of MYCN according to the molecular (Srivatsan et al., 1993; Altaye_ ‘_3! @iy & ) with the rate'
signature. Gene-expression profiling segregated patients into the of 75%. In GGP tumors, it is obvious that MYCN
favorable (posterior score20.5) and unfavorable (posterior scor- amplification has the most powerful impact on the
}:cl}.i}kp}r&gﬁr}sm groups 'P:iofﬂu The postenior score denoles patient prognosis. Interestingly, among the GGPs
el bs gw";;"’“' Sowid shaw: good onionie siber: YW tumors lacking M YCN amplification, Ip loss and 11q
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
84), corresponding to the observation that the high
percentage of S-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 er al., 1998). Since the pattern
ol 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, Ip
loss or 11q loss in a minor population of GGWs tumors
(GGWIs and GGW3s) seems not to affect the
pPrognosis.

The presence of different patterns of genomic aberra-
tions like GGS, GGP and GGW may reflect differences
m 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

Oncogene

were histopathologically diagnosed as neuroblastoma or
ganglioneuroblastoma and were staged according to the
International Neuroblastoma Staging Svstem (Brodeur ef 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 er al., 2002; lehara 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 al =80°C. MYCN copy number, Trk4A mRNA
expression and DNA ploidy were measured as reported
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 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 Cy5-dCTP (Amersham Pharmacia, Piscai-
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 er al., 2002)
were used. All array-CGH data are available at NCBI Gene
Expression Omnibus (GEO, http://www.nchi.nlm.nih.gov/geo/)
with accession number GSE 5784.

cDNA microarrays

In-house cDNA microarrays, carrying 5340 cDNAs obtained
from the oligo-capping ¢cDNA libraries generated from
anonymous neuroblastoma tissues (Ohira er af., 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 et al., 2006;
see also Supplementary Figure $2a). Chromosomal events
were detected by locally smoothing varations in copy number
aberrations of clones on a chromosome and by applying
threshold rules (see Supplementary Figure $2a 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=x0)
(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 x 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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Expression of TSLCI, a candidate tumor suppressor gene mapped

to chromosome 11q23, is downregulated in unfavorable
neuroblastoma without promoter hypermethylation
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Although it has been well documented that loss of human chromo-
some 11q is frequently observed in primary neuroblastomas, the
smallest region of overlap (SRO) has not yet been precisely identi-
fied. Previously, we performed array<comparative genomic
hybridization (array-CGH) analysis for 236 primary neuroblasto-
mas to search for genomic aberrations with high-resolution. In
our study, we have identified the SRO of deletion (10-Mb or less)
at 11q23. Within this region, there exists a TSLCINGSF4/ICADMI
gene (Fumor suppressor in lung cancer 1/Immunoglobulin super-
Samily 4/Cell adhesion molecule 1), which has been identified as a
putative tumor suppressor gene for lung and some other cancers.
Consistent with previous observations, we have found that 35% of
rimary neuroblastomas harbor loss of heterozygosity (LOH) on
SLCT locus, In contrast to other cancers, we could not detect the
hypermethylation in its promoter region in primary neuroblasto-
mas as well as neuroblastoma-derived cell lines. The clinicopatho-
logical analysis demonstrated thal TSLCI expression levels signifi-
cantly correlale with stage, Shimada's pathological classification,
MYCN amplification status, TrkA expression levels and DNA index
in primary neurobl i histochemical analysis
showed that TSLCI is remarkably reduced in unfavorable neuro-
blastomas. Furthermore, decreased expression levels of TSLCT
were significantly associated with a poor prognosis in 108 patients
with neuroblastoma. Additionally, TSLC1 reduced cell prolifera-
tion in human neuroblastoma SH-SYSY cells. Collectively, our
present findings suggest that TSLC/ acts as a candidate tumor
suppressor gene for neuroblastoma.
2008 Wiley-Liss, Inc.

Key words: TSLCIIGSFA/CADMI; neuroblastoma; 11g23; tumor
SUppressor

Neuroblastoma is one of the most common solid tumors in
childhood and originates from the sympathoadrenal lineage of
neural crest, lts biological as well as clinical behavior is highly
heterogeneous in differemt prognostic subsets, Tumors found in
patients under | year of age ofien regress spontaneously or differ-
entiate and result in a favorable prognosis,’ In a sharp contrast o
these favorable neuroblastomas, tumors found in patients over |
year of age are often aggressive with an unfavorable prognosis de-
spite an intensive therapy. A large number of multiple genomic
aberrations including DNA index, MYCN amplification status,
allelic loss of the distal pant of chromosome Ip and the gain of
chromosome 17q have been identified in neuroblastoma.”*

Alternatively. allelic loss of 11q has been frequently observed
in advanced stage of neuroblastoma with single copy of MYCN.
Indeed, 30% of umors harbor allelic loss of 11g, and it might be
an independent prognostic indicator for clinically high-risk
patients without MYCN amplification.** Aberrant deletions of 11q
oflen oceur in a distal pan of its long arm. Although several lines
of evidence delineated the smallest region of overlaps (SRO) of
deletions at 11g. it remains unclear whether there could exist a
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candidate umor suppressor gene(s) |m1plicmed in biological and
clinical behaviors of neuroblastoma.”” Recently, we have per-
formed an array-comparative genomic hybridization (array-CGH)
analysis using 236 pnmary neuroblastomas and finally defined the
SRO (10-Mb or less) at 11q23."* During our extensive search for
the already identified candidate tumor suppressor gene(s) within
this region, we have found that TSLCIIGSF4ICADMI gene is
localized within this region.

TSLCI gene has been oniginally identified as a putative tumor
suppressor for non-small-cell lung cancer (NSCLC) located at
chromosome |1q23 by functional complementation strategy of a
human lung cancer cell line. The downregulation of TSLC/ gene
was frequently detected in various human cancers including
NSCLC, prostate cancers, hepatocellular carcinomas and pancre-
atic cancers through its allehic loss as well as hypermethylation of
its promoter region. In spite of an extensive mutation search, only
2 inactivating TSLC! gene mutations were detected in 161 pri-
mary tumors and tumor-derived cell lines, suggesting that TSLC!
is rarely mutated in human cancers.” TSLCT encodes a single
membrane-spanning glycoprotein involved in cellcell adhesion
through homophilic trans interaction.'" Accumulating evidence
indicates that TSLCI is significantly associated with h'mlogical
aggressiveness and metastasis of cenain types of cancer,'''®
whereas the functional significance of TSLCI in neuroblastoma
remains elusive.

In the present study, we have funther delineated the SRO of | 1q
deletion in primary neuroblastoma by array-CGH analysis and
finally identified TSLC/ gene within this region. In contrast to the
other cancers, hypermethylation of TSLC/ promoter region was
undetectable in neuroblastoma. Intriguingly. the expression levels
of TSLC! gene were highly associated with clinical stage, Shima-
da's pathological classification, MYCN amplification status. TrkA
expression levels and DNA index in primary neuroblastoma,

Additional Supporting Information may be found in the online version
of this article,

Ahbreviations: srray-CGH, array-comparative genomic hybridization;
BAC, bacterial anificial chromosome; LOH. loss of heterozy gosity : PARP,
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Material and methods
Patients, tumor specinens and cell lines

One hundred and eight tumor specimens used in the present
study were kindly provided from various institutions and hospitals
in Japan (see Supplementary Information), Informed consent was
obtained at each nstitution or hospital. All tumors were diagnosed
chnically as well us pathologically as neuroblastoma and staged
according to lhe International Neuroblastoma Staging Sysltm
(INSS) cniteria.'” Twenty-seven patiemts were Stage 1, 15 Stage 2,
36 Stage 3, 23 Stage 4 and 7 Stage 45. The patients were treated
by the standard protocols as described previously.'™'” MYCN
copy number, TrkA mRNA expression levels and DNA index
were measured as reporied previously,™ Our presemt study was
approved by the Institutional Review Board of the Chiba Cancer
Center (CCCT817).

Human wmor-derived cell lines were cultured in RPMI 1640
medium (Nissui, Tokyo, Japan) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Invitrogen, Carlsbad, CA)
and 50 pg/ml penicillin/streptomycin (Invitrogen) in an incubator
with humidified air at 37°C with 5% CO.,

Array-comparative genomic hybridization

Armay-CGH analysis was performed using UCSF BAC array
(2464 BACs, =1 Mb resolution) with 236 primary neuroblasto-
mas. Detailed experimental proccdum and the critenia for losses
and gains were described previously.’

LOH analvsis

Genomic DNA prepared from neuroblastomas and bloods was
amplified by PCR-based strategy using the primer set, one of
which was labeled with fuorescent dye CYS. The amplified frag-
ments including 3 polymorphic STS markers encompassing
TSLCI, D1i54111, D11§S2077 and 21151885, were separated by
6% polyacrylamide gels containing 6 M urea using an automated
ALF express DNA sequencer.

Semig itative and g fve reverse
transcription-PCR analysis

Total RNA was prepared from the indicated pnmary neuroblas-
tomas, various human normal tissues and tumor-derived cell lines
were subjected to semiquantitative RT-PCR using SuperScript I
reverse transcriptase and random primers (Invitrogen), according
to the manufacturer's instructions. Oligonucleotide primer set used
to amplify TSLC/ by semiquantitative RT-PCR was as follows: 5'-
CATTTTGGAATTTGCCTGCT-3 (sense) and §'-GGCAGCAG-
CAAAGAG TTTTC-3' (antisense). Quantitative real-time PCR
was carried out using TagMan(R) Gene Expression Assay S}sicm
(Applied Biosystems, Foster City, CA) as described previously. 4
In brief, expression levels were calculated as a ratio of mRNA level
for a given gene relative 1o mRNA for GAPDH in the same cDNA.
The oligonucleotide primers and TagMan probes, labeled at the 5'-
end with the reporter dye 6-carboxyfluorescein (FAM) and at the
3-end with 6-carboxytetramethylrthodamine (TAMRA), were pro-
vided by Applied Biosystems (Hs00942508_m ).

Immunohistochemistry

A 4-pm-thick section of formalin-fixed, paraffin-embedded tis-
sues were stained with hematoxylin and eosin and the adjacent
sections were immunostained for TSLCI using polyclonal anti-
TSLCI antibody (CC2) as described previously." The Bench-
Mark XT immunostainer ( Ventana Medical Systems, Tucson, AZ)
and 3-3' diaminobenzidine detection kit (Ventana Medical Sys-
tems) were used 1o visualize TSLCI, Appropriate positive and
negative control experiments were also performed in parallel for
each immunostamning.

ANDO ET Al

Small interfering RNA

TSLC1 siRNA  (GUCAAUAAGAGUGACGACUUU)  and
Stealth RNAi Negative Control Duplex were purchased from
Sigma-Aldnch (S1. Louis, MO} and Invitrogen, respectively.

Transfection

Neuroblastoma-derived SH-SY5Y cells were transfected with
the indicated combinations of expression plasmids or with sSIRNA
against TSLC1 using Lipofect AMINE 2000 or Lipofect AMINE
RNAIMAX transfection reagent (Invitrogen), according to the
manufacturer’s recommendations.

Colony formation assav

SH-SYSY and SK-N-AS cells (1 % 10° cells/plate) were seeded
in 6-well cell culture plates and transfected with or without the
increasing amounts of the expression plasmid for TSLC1 (0, 250,
750 or 1,000 ng). Total amounts of plasmid DNA per transfection
were kept constant (1 pg) with the empty plasmid (pcDNA3.1-
Hygro (+); Invitrogen). Forty-eight hours after transfection, cells
were transferred into the fresh medium containing hygromycin (a
a final concentration of 200 pg/ml) and maintained for 14 days.
Drug-resistant colonies were then stained with Giemsa's solution
and bers of drug-resi colonies were scored.

Cell growth assay

SH-SYSY cells (6 % 10° cells/dish) were seeded in 10-cm di-
ameter cell culture dish and transiently transfected with siINA
agamst TSLC1 (240 pmol). Thirty-six hours afier transfection, 2
% 10" cells were transferred into 6-well plates and masfeaed
with 60 pmol of siRNA against TSLCI. At the indicated time
points after transfection, number of viable cells was measured
using a Coulter Counter (Coulter Electronics, Hialeah, Finland),

Bisulfite-sequencing
Sod bisulfite ation of g DNA was
performed using BisulFast Methylated DNA Detection Kit
{Tnyobo Osaka, Iap:n]. according to the manufacture’s instruc-
tions, Modified genomic DNA was subjected to PCR- bns:d ampli-
fication with a primer set as described previously.”* The PCR
products containing the promoter region of TSLC! gene were puri-
ﬁed by PCR Purification Kit (Qiagen, Valencia, CA) and their nu-
es were d ined by using a 3730 DNA Ana-
Iy:cr{Apphcd Biosystem).

3 1 T

Statistical analysis

Fisher's exact tests were employed 1o examine possible associa-
tions between TSLC/ expression and other prognostic indicators
such as age, The difference between high and low expression lev-
els of TSLC! was based on the mean value obtained from quantita-
tive real-time PCR analysis. Kaplan-Meier survival curves were
calculated, and survival distributions were compared using the
log-rank test. Cox regression models were used 1o investigate the
associations between TSLC! expression levels, age, MYCN ampll-
fication status, INSS and survival, Diff: were consid
significant if the p-value was less than 0.05.

Results
Array-comparative genomic hybridization analysis identifics the
smallest region of overlaps of deletion in neuroblastoma at 11923
We have previously performed armay-CGH anmalysis using
UCSF BAC army (‘!464 BACSs, =1-Mb resolution) and 236 pri-
mary neuroblastomas.’ In our array-CGH study. 66 tumors were
revealed to have partial deletion of 11q as shown in Figure la,
whose SRO were approximately 10-Mb long at 11q23 (from phys-
ical location of 110,979 to 119,806 kb in UCSC database, May
2006). To date, the data base analysis demonstrated that there
could exist approximately 100 genes within this region. Of inter-
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Identification of the SRO of deletion ar 11q in pimary neuroblastoma. (@) Amay

CGH analysis. Blue color indicates the position

of the deleted area in each case. The smallest region of overlaps (SRO) of deletion at 11q is also shown. (b) The schematic drawing of the rela

tive positions of 3 independent polymorphic markers at 11923 used in

the present study and TSLC/ gene on human chromaosome 1 1. (¢) Repre-

sentative electropherograms obtained from LOH analysis. Genomic DNA prepared from primary wmors (T) and their comesponding blood (Cy
was subjected to LOH analysis. Allelic losses are indicated by arrowheads. NI, not informative

est, TSLC/ gene which has been considered as a puiative tumor
suppressor for human lung as well as other cancers locates within
this region (Fig. |1b). These observations prompted us to perform
loss of heterozygosity (LOH) as well as expression studies of
TSLC! gene in primary neuroblastoma.

LOH at the TSLC! locus is frequently detected in primary
neuroblastoma

According to the previous observations,™* tumor-speciiic
downregulation of TSLC/ gene might be largely anributed 1o loss
of one allele in association with the hypermethylation of its pro-
moter region in the remaining allele. To address whether LOH of
TSLC ! locus could be frequently detectable in primary neuroblas-
toma, we carried out LOH analysis using 3 independent Auores-
cently labeled polymorphic microsatellite markers (27151885,
D]152077 and D/ 184111) surrounding TSLC! gene (Fig. 1h). In
accordance with the previous results,””® the incidence of 11¢23
LOH was 22% (7 of 32) and 45% (18 of 40) in favorable neuro-
blastomas (Stage | or 2) and unfavorable ones (Stage 3 or 4),
respectively (data not shown). Statistical Fisher's exact test analy-
sis revealed that the presence of LOH at this locus is associated
with unfavorable neuroblastomas (p = 0.0493; data not shown). It
is worth noting that LOH is detectable at DJJSIS&S but not at
DJIS#111 in Case 3 wmor (Fig. l¢), indicating that a putative
chromosome breakpoint might exist between these loci,

Downregulation of TSLC! expression is frequently observed in
unfavorable newreblastomas

Based on the previous observations,'' ™" the expression levels

of TSLC! were significantly reduced in advanced stages of tumors
as compared with those in early stages of tumors. We then exam
ined the expression levels of TSLCT in 16 favorable neuroblasto-
mas without MYCN amplification and 16 unfavorable ones with
MYCN amplification. As clearly shown in Figure 2a, TSLC] was
expressed at lower levels in unfavorable neuroblastomas relative
to favorable ones as examined by semiquantitative RT-PCR. To
ask whether there could exist a possible relationship between
downregulation of TSLC! and MYCN amplification, we examined
the expression levels of TSLC/ in various neuroblastoma-derived
cell lines bearing single copy of MYCN or MYCN amplification.
As shown in Supplementary Figure la, a significant downregula-
tion of TSLCT expression was detected in 2 of 6 neuroblastoma
cell lines carrying single copy of MYCN (OAN and CNB-RT) and
in 4 of 21 (CHP134, KP-N-NS, SK-N-DZ and NMB) bearing
MYCN amplification as examined by semiguantitative RT-PCR. In
addition, there was no obvious correlation between the expression
levels of TSLC! and loss of 11q except O SK-N-DZ and
NMB. Next, we checked the expression levels of TSLC/ in various
human adult and fetal tissues. As seen in Supplementary Figure
1b, TSLCT was highly expressed in normal neuronal tissues, adre-
nal gland, testis, prostate and liver. Our present results suggest
that TSLC 1s expressed in normal neuronal tissues and ils expres-
sion levels might be regulated in a MYCN-dependent manner in




