Prognostic Multigene Classification in Neuroblastoma

Translational Relevance

Prognostic classification of heterogeneous diseases
such as neuroblastoma remains challenging..In this
study, a unique data-mining approach was applied
for establishment of an accurate and robust gene ex-
pression classifier to predict clinical outcome of neuro-
blastoma patients. Using both published and
unpublished microarray expression data of 933 prima-
ry neuroblastomas, a 42-gene classifier was developed
and successfully validated. The powerful and inde-
pendent prognostic value of the 42-gene classifier is
shown using several lines of evidence. First, patients
with divergenit outcome were accurately classified. Sec-
ond, multivariate analysis showed that the classifier is
an independent prognostic factor; contributing ‘to
more accurate assessment of prognosis when consider-
ing the conventional risk factors alone. This was further
confirmed within a subgroup of high-tisk patients.
Moreover, the excellent performance of the classifier
across different expression. platforms clearly shows its
robustness. The presented ‘gene selection procedure is
suitable for the development of gene expression signa-
tures in other cancer entities. .

their effect on mRNA gene expression profiles, several mi-
croarray expression profiling studies have been undertaken
to predict patient outcome in different cancer entities.

An important limitation of many published gene ex-
pression profiling studies is the lack of statistical power
to identify markers and lack of independent validation.
Typically, around 30,000 to 40,000 transcripts are tested,
generating hundreds of thousands of data points for a rel-
atively small subset of tumors (between 20 and 100).
When such a high number of genes are evaluated as prog-
nostic markers, there is a substantial chance that a random
association between a gene and the prognostic classes is
observed (9, 10). Consequently, many published studies
do not classify patients better than chance due to lack of
internal validation by repeated random sampling of train-
ing sets or external validation on independent samples. As
such, there are a few inherent but often overlooked statis-
tical issues, such as data overfitting, unstable gene lists,
and lack of study power (11).

In this study, we established a prognostic 42-gene dlas-
sifier for children with neuroblastoma by reanalysis of
four published gene expression studies from four different
microarray platforms comprising 582 patients in total
{(12-15). To facilitate data comparison across different
platforms, probe annotations were updated with respect
to the original publications. When available, clinical fol-
low-up information was updated. All these aspects critical-
ly contribute to the success of our multigene signature.
Successful validation of the multigene signature in four in-

dependent unpublished data sets shows its robust perfor-
mance and platform independence.

Materials and Methods

Gene expression data sets. Four published studies were
used for selecting the genes and building the prognostic
classifier (phase 1 data sets), and four unpublished data
sets were used as independent validation sets (phase 2
data sets).

The phase 1 data sets were downloaded either from the
National Center for Biotechnology Information Gene Ex-
pression Omnibus (GSE2283 and GSE3960; refs. 14, 15)
or from the European Bioinformatics Institute ArrayEx-
press database (E-TABM-38; ref. 13), or from the authors’
Web site'® (12).

A trained multigene correlation signature was validated
on the four independent phase 2 data sets from which the
42 genes (when present) were extracted and standardized
(per gene, the median value across the samples was sub-
tracted followed by division by the SD of the gene):
{a) hgu95av2 Affymetrix gene expression data from 106
neuroblastoma patients {validation set 1; 40 genes pres-
ent), (b) hgul33plus2 Affymetrix gene expression data
from 53 neuroblastoma patients (validation set 2; 40 genes
present), {c) data set for 91 neuroblastoma patients ob-
tained using an 11K custom Agilent oligonucleotide micro-
array (validation set 3; 41 genes present), and (d) Human
Exon 1.0 ST Affymetrix expression data from 101 neu-
roblastoma patients (validation set 4; 42 genes present;
standardized data of the 42-gene selection as well as clin-
ical data are available in Supplementary Tables S1 and S2;
Fig. 1).

For the remainder of the article, we will label the data
sets according to the first author for the published phase
1 studies [Oberthuer (13), Wang (15), Berwanger (12),
and Obhira (14)] and as validation sets 1, 2, 3, and 4 for
the unpublished phase 2 studies.

Data preprocessing. To make the data from the different
microarray platforms maximally comparable, annotation
information of the probes was updated using the Match-
Miner tool (16) for the custom-made cDNA or oligonucle-
otide arrays (12-14) and using the latest version of the R
packages hgu95av2 and hgu133plus2 for the Affymetrix
array data (15). Probe identification numbers were con-
verted into gene symbols to enable straightforward com-
parison of the gene lists between the different studies.
Throughout the text, the number of unique gene symbols
(represented by one or more array probes) in each study is
indicated.

Updated clinical information with regard to progres-
sion-free survival (PFS) and overall survival (OS} times
was obtained from the authors (14, 15) or was publicly
available (13). For the Berwanger and Ohira studies and
validation set 1, only OS data were available.

19 hup://www.imt.uni-marburg.de/microarray/download.htm!
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Patients were divided in two clearly defined risk groups.
The low-risk subgroup was defined by stage I, I, or IVS
without MYCN amplification, and the high-risk subgroup
comprised patients with age of diagnosis >1 y with stage
IV tumors (irrespective of MYCN status) or with stage Il
and HI tumors with MYCN amplification. To develop
our classifier, as many patients as possible from the four
phase 1 data sets were divided in the two risk groups with
maximally divergent dlinical course (Table 1), that is, low-

risk patients with PFS time (or OS time for Berwanger and
Ohira data sets) of at least 1,000 d and high-risk patients
that died from the disease. The patients that did not be-
long to the above-mentioned low- or high-risk subgroups

were used as independent test set.

Statistical analysis. 1dentification and validation of prog-
nostic classifiers (for each single phase 1 data set) were
done by prediction analysis of microarray (PAM) classifi-
cation with 10-times repeated 10-fold cross-validation in

Oberthuer

Wang

Ohira

Berwanger

T4

10x-repeated 10-fold 10x-repeated 10-fold
cross validation (PAM)

cross validation (PAM)
y

estimaton of \
f parformance

10x-repeated 10-fold
cross validation (PAM)

10x-repeated 10-fold
cross validation (PAM)

ashmation of \
performance

eslimaton of
perdormance
330 genes 82 genes 81 genes 35 genes
0 65% of i 65% of n 65% ol in 65% of
Crosg-vidl CroSs-vii cross-val crass-val
L 42 genes present in at least 2 of the 4 lists ]

Oberthuer

| vaii&ation dataset 1 (106)

validation dataset 2 (53)

validation dataset 3 (91)

validation dataset 4 (101)

Fig. 1. Outline of the strategy used for prioritization of the 42 prognostic gene list (A) and construction of a 42-gene correlation signature and validation on

independent test samples from phase 1 studies and phase 2 validation data sets (B). m, months.
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Table 1. Published phase 1 studies used for training the classifier, with indication of the number of (train-
ing) samples, median OS or PFS (in months), and estimation of the performance of the study-specific
PAM classifier for prediction of unfavorable outcome (OS)

Berwanger Oberthuer Ohira Wang
No. patients 94 251 136 101
No. low-risk training samples 22 87 43 18
No. high-risk training samples 13 25 20 22
Median OS/PFS (mo) 0S8 =43 PFS = 55 0S = 46 PFS = 48
Specificity 0.955 0.977 0.814 1.000
Sensitivity 1.000 0.960 0.950 0.773
Negative predictive value 0.929 0.923 0.704 1.000
Positive predictive value 1.000 0.988 0.972 0.783
Accuracy 0.971 0.973 0.857 0.875
Performance (AUC) 0.977 0.869 0.882 0.886

the R statistical language using the Bioconductor package
MCRestimate (Fig. 1A; refs. 13, 17). Forty-two genes were
present in at least two of the four resulting gene lists.

A cross-platform gene signature was built using stan-
dardized expression data of the 42 genes (if present on
the respective arrays, see Supplementary Data 2) from four
published phase 1 studies. The correlation method was
used to build and test a cross-platform prognostic signa-
ture (Fig. 1B). Log-transformed data were merged in one
file (if more than one probe was present for a certain gene,
the probe with the highest expression value was selected),
and for each of the 42 genes, the mean expression value
in low-risk neuroblastoma patients with PFS of at least
1,000 d was subtracted from the mean expression value
in high-risk neuroblastoma patients that died of disease.
For dlassification, the Pearson’s correlation coefficient of
the signature with the standardized expression values of
independent test patients was calculated. Patients with a
correlation coefficient below 0 were predicted to have
good prognosis, whereas the other patients were predicted
to have bad prognosis {according to Liu et al. (18)].

Kaplan-Meier survival analysis was done with the R sur-
vival package (R version 2.6.1). The area under the receiver
operating characteristic curve (AUC) was used as a mea-
sure for the accuracy of the classifiers (ROCR R-package).
Multivariate forward conditional logistic regression analy-
sis was done using SPSS version 16.

Results

Gene prioritization for inclusion in a robust prognostic
classifier. A complete 10-times repeated 10-fold cross-val-
idation using the PAM algorithm (13, 19) was done on the
training patients belonging to one of the two dearly de-
fined risk groups from the four published phase 1 studies
separately to identify robust prognostic markers (Fig. 1).
This process was accompanied by determination of the
classification accuracy, providing a first estimation of the
utility of the expression data to predict outcome (Table 1).

For each data set, we selected the probes that were in-
cluded in at least 65 of the 100 cross-validation gene lists,
as these genes are likely to be the ones with the highest
prognostic value as determined by Oberthuer et al. (13).
The resulting prognostic gene lists from the four studies
showed significant overlap (Table 2; Supplementary Data 1).
Two genes were in common between three lists (i.e., MYCN
and NTRK1), whereas 40 genes were in common between
two lists. Thirty-two were previously reported in at least 1 of
10 published prognostic gene lists, of which only 10 were
found in 2 or more published prognostic lists (12-14,
20-26). The occurrence of the 42 genes in at least two of
the four lists makes them robust, platform-independent,
prognostic markers.

Classification performance of the 42-gene list. Next, we
investigated whether the 42-gene list is able to predict
prognosis across different data sets. The classification per-
formance was estimated in the different phase 1 data
sets using a complete 10-times repeated 10-fold cross-val-
idation method using all patients from the two dearly de-
fined risk groups. For this analysis, it is important to note
that not all 42 genes are present on all platforms; hence,
the performance test was inherently done with a different
number of genes for the different data sets (Supplement-
ary Data 2). As already indicated, the 10-times repeated
10-fold cross-validation provides a good estimate for the
classification performance using the expression data of the
selected gene list.

As a reference, the 35-, 330-, 81-, and 82-gene lists ob-
tained through single PAM analysis of each of the four
phase 1 data sets were evaluated in the same way as the
42-gene list. The dlassification performance was also tested
for a subset of 11 genes (from the 42-gene list) that were
present on all four platforms. This analysis showed that all
performance parameters for the 42-gene list are best or sec-
ond best for all studies compared with the other gene lists,
whereby the overall accuracy is highest for the 42-gene list
subset (AUC = 0.935; Supplementary Data 2). This analy-
sis also shows that the performance of a classifier built for
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a given data set is not always best, which indicates the
power and utility of our meta-analysis for the identifica-
tion of a prognostic gene list by using expression data of
250 training samples (170 low risk and 80 high risk).
When only 11 genes of the 42-gene list were selected that

are present on all four platforms, the overall accuracy
was lower due to loss in sensitivity and positive predictive
value. The 42-gene classifier was also compared with two
published dlassifiers (13, 27) and showed that the 42-gene
classifier performs best.

Berwanger (10/35) Oberthuer (38/330)

Table 2. Genes that are in common between the 42-gene list and the different individual classifier gene
lists (number of common genes in list/total number of genes in list)

Ohira (12/81) Wang (26/82) published lists

AHCY -
AKR1C1 +
ARHGEF7 +
BIRCS -

CADM1 +
CAMTA2
CDCA5 - -
CDKN3

CLSTN1

DDC

DPYSL3

ECEL1

EPB41L3

EPHAS +
EPN2

FYN

GNB1

HIVEP2 +
INPP1 +

MAP7 + +
MAPT +
MCM2 -
MRPL3 -
MYCN - -
NCAN -
NMET - -
NRCAM +
NTRK1 +
obDcC1 -

PAICS -
PLAGL1 +
PMP22

PRKACB

PRKCZ

PTN

PTPRN2

SCG2

SLC25A5 -
SNAPC1
TYMS -
ULK2 +
wsB1 + +

+

+ o+ o+ o+ o+ o+

+

+ 4+ 4+ o+ o+

+

2
1
2
1
0
o
2
2
1
1
1
0
0
1
0
1
1
1
1
1
1
- 0
1
4
0
2
2
4
1
1
1
1
2
1
1
0
1
1
0
1
0
4

NOTE: The number of published prognostic gene lists (other than the four reanalyzed studies) in which these genes are found is
indicated in the last column. —, associated with poor outcome; +, associated with favorable outcome,
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Fig. 2. Kaplan-Meier and log-rank analysis of 129 test patients (OS) and 70 test patients (PFS) from the four published phase 1 studies classified using
the prognostic correlation signature. Legend, number of patients in predicted subgroups; between brackets, number of patients with event (relapse,

progression, or death).

Validation of a cross-platform prognostic 42-gene correla-
tion signature for neuroblastoma. A major disadvantage of
the PAM dassification method is the need for a training set
of samples that are analyzed on the same gene expression
measurement platform as the one used to evaluate the
test samples. We therefore applied an alternative method
to build a classifier based on the 42-gene list that can be
used for completely independent data sets even on other
platforms.

The prognostic signature is determined using 250 train-
ing samples from the four phase 1 studies. A 42-gene clas-
sification vector was created and tested using the
correlation method (see Materials and Methods; Fig. 1).

First, the correlation signature was tested on the 129 test
samples (patients not belonging to the low- and high-risk
subgroup) from the four phase 1 studies and revealed a very
high predictive power for OS (log-rank P = 2.41E-4) and
PFS (log-rank P = 3.40E-7; Fig. 2).

Next, this correlation signature was evaluated on the
four independent phase 2 data sets (351 patients), where-
by the patients could be clearly separated into groups with
significant differences in OS (log-rank P = 2.17E-23) and
PFS (log-rank P = 2.03E-21; Fig. 3A). Kaplan-Meier anal-
ysis of patients stratified using known risk factors (i.e., age,
stage, and MYCN gene status) showed that the correlation
signature outperforms these risk factors (P < 0.001, except
for MYCN-amplified samples; Supplementary Fig. S2).
This was confirmed using multivariate logistic regression
analysis evaluating age, stage, MYCN status, and the gene
classifier, indicating that the 42-gene signature is an inde-
pendent predictor for PFS and OS in the four phase 2 data
sets as well as in the test samples of the phase 1 data sets
(Table 3). Of note, whereas phase 2 data sets are represen-

tative of the general neuroblastoma population, test sam-
ples from the phase 1 data sets only represent intermediate
risk patients.

As the different validation data sets include patients
stratified using different risk stratification systems (Eu-
rope, United States, and Germany), we defined a com-
mon low- and high-risk group (Supplementary Data 3).
As there was only 1 patient of 50 that died of disease
within the common low-risk group of patients, we did
not do Kaplan-Meier analysis. However, we could show
that this single patient was classified in the high-molec-
ular risk group using our classifier. Most interestingly, the
correlation signature could partition patients within the
common high-risk subgroup into groups with significant
differences in OS and PFS (Fig. 3B) and was an indepen-
dent prognostic marker (odds ratios, >4; Supplementary
Table $4). To exclude that the significant survival differ-
ences in high-risk tumors is solely due to the effect of the
MYCN amplification and related downstream MYCN sig-
naling, we also tested the survival in high-risk tumors
without MYCN amplification and could show that the
classifier also significantly discriminates these patients
with respect to outcome (Fig. 3C; Supplementary Table
$4). In line with this, inspection of the 42-gene list indi-
cated that not all 42-genes are related to MYCN amplifi-
cation (Supplementary Data 4).

Discussion

In this study, we developed and validated a 42-gene
prognostic classifier for children with neuroblastoma
through a reanalysis strategy of published data comple-
mented with gene expression data from 351 patients from

www.aacrjournals.org

Clin Cancer Res; 16(5) March 1, 2010

—299—

1637



De Preter et al,

A prediction OS (p=2.17¢-23) prediction PFS (p=2.03e-21)
<
@« g
o
@ J
o
g
o
™
(=3
..... - 175 (13) w119 (11)
S — 163(89) S — 11203
0 2000 4000 6000 [¢] 1000 2000 3000 4000 5000 6000
days days
B prediction OS (p=1.49E-3) prediction PFS (p=2.13E-4)
ol 24 (8) ol 15 (4)
s1= "?(78) T T T T T s —731(54) T T T ¥ ¥
o] 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
days days
C prediction OS (p=2.64E-3) prediction PFS (p=1.78E-4)
<
©
(=]
- @
(=]
< 4
o
N
(=3
e 22470y ] e 15 (4)
31— 5709 24— a2
T ¥ T ¥ T T ¥ L T ¥ L] ¥
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

days days

Fig. 8. Kaplan-Meier and log-rank analysis of the patients from four independent unpublished phase 2 validation data sets classified using the prognostic
correlation signature for all patients together {5-y OS of 93.9% [95% confidence interval (95% Cl), 90.2-97.6] for low molecular risk versus 43.1%

(95% Cl, 35.6-52.2) for high molecular risk and 5-y PFS of 91.1% (85% Ci, 86.0-96.6) for low molecular risk versus 30.4% (35% Cl, 22.1-41.8) for high
molecular risk; A}, for the common high-risk subgroup (B), and for the common high-risk subgroup without MYCN amplification (C). Legend, number of
patients in predicted subgroups; between brackets, number of patients with event (relapse, progression, or death).
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data sets

A

Table 3. Multivariate logistic regression analysis (with correlation signature classification, MYCN status,
International Neuroblastoma Staging System stage, and age at diagnosis; A) and sensitivity, specificity,
and accuracy (AUC with 95% Cl) results (follow-up time of at least 36 mo; B) for correlation signature
prediction in the independent test samples from the phase 1 data sets and in the phase 2 validation

Test samples from
phase 1 data sets

Correlation signature
MYCN amplification

Stage (IV versus other)
age{<lor>1y)
Phase 2 validation Correlation signature
data sets

MYCN amplification
Stage (IV versus other)

age (<1 or>1y)

os PFS
[ OR (95% Cl) P OR (95% Cl)

3.16E-2 5.11 3.12E-4 54.00
(1.16-22.58) (6.17-472.41)

7.80E-5 21.50 1.26E~1 —
(4.69-98.54)

1.80E-1 — 2.65E-1 —

1.52E-1 — 8.65E~1 —

9.07E-7 7.02 1.1E-14 16.45
(3.23-15.28) (8.09-33.48)

419E-2 2.23 3.13E-1 —
(1.03-4.84)

1.35E-2 2.50 2.16E-1 -
(1.21-5.16)

1.45E~4 4.14 1.1E-4 4.18
(1.99-3.66) (2.03-8.64)

Test samples from phase 1 data sets

Phase 2 validation data sets

Sensitivity OS 17/20 = 0.85 89/102 = 0.87
Specificity OS 41/67 = 0.61 140/185 = 0.72
Performance, AUC (85% Cl), OS 0.731 (0.612-0.850) 0.795 (0.742-0.849)
Sensitivity PFS 16/17 = 0.94 93/110 = 0.85
Specificity PFS 27/35 = 0.77 95/119 = 0.80

Performance, AUC (95% Cl), PFS 0.856 (0.748-0.964) 0.822 (0.764-0.879)

NOTE: —, not analyzed.
Abbreviation: OR, odds ratio.

four unpublished data sets (Fig. 1). To accomplish this,
four published microarray studies comprising >500 neuro-
blastoma patients were reanalyzed generating four new
prognostic gene lists with a high overlap of genes between
them. Comparison of the genes in the dassifiers showed
that 42 unique genes were present in at least two of the
four lists. Not surprisingly, this set of 42 predictor genes
contains numerous genes that have been reported in the
context of neuroblastoma (e.g.,, MYCN, NTRK1, NME1,
CADM1, FYN, ODC1, and WSBI1). The finding of these
genes in at least two independent studies indicates their
robustness as prognostic markers. Comparison of the per-
formance of the 42-gene list with the lists that were gener-
ated on the individual phase 1 studies and with two
published prognostic gene lists (13, 27) showed that the
classifier based on the 42-gene list has the highest overall
accuracy while using the lowest number of genes. How-

ever, we have to keep in mind that this observed superior-
ity of the 42-gene set might in part be due to the fact that,
for some of the other gene lists, a large proportion of
genes were not present on the platform (Supplementary
Table 83).

The high prognostic dlassification performance of the
42-gene list is undoubtedly due to our unique reanalysis
approach. First, annotations of the probes on the different
platforms were updated according to the latest genome
build. Second, a uniform risk definition was applied to se-
lect training patients across the different studies. Only pa-
tients with maximally divergent courses were used for
training. Third, the same powerful algorithm with built-
in cross-validation was used for identification of prognos-
tic genes in four major published data sets, enabling the
generation of relatively stable prognostic gene lists with
high overlap.
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This list of 42 prognostic genes was used to build a
cross-platform classification signature. As the PAM algo-
rithm is not suitable for cross-platform classification, we
used a more intuitive, alternative method for building a
42-gene classifier. In this study, we generated a prognostic
correlation signature based on expression data of the 42
genes in 250 training samples of the four phase 1 data sets.
The signature was subsequently applied on independent
test samples from the phase 1 data sets and on four inde-
pendent and unpublished phase 2 data sets, generated on
different expression profiling platforms, totaling 480 pa-
tients. The excellent prognostic performance of the 42-
gene list (Table 3) further shows the validity of our
meta-analysis approach and the utility of the recognized
prognostic markers for neuroblastoma. The classifier pre-
dicts overall (OS) and PFS for the patients from the four
phase 2 studies as well as for the test patients from the
phase 1 studies (which could not be unequivocally classi-
fied in the low- or high-risk subgroups using known risk
factors) with high sensitivity and specificity (Table 3). Im-
portantly, the classifier was shown to be an independent
predictor for both PFS and OS when stratifying for known
risk factors such as age, stage, and MYCN status. Indeed,
the 42-gene list does not only contain MYCN-regulated
genes and, thus, not only reflects the MYCN copy number
status of the samples. This is further substantiated by the
excellent performance of the classifier in the high-risk neu-
roblastoma patients without MYCN amplification.

Thus far, this is the largest prognostic meta-analysis
study in neuroblastoma, totaling >900 patients, including
351 patients from four independent and unpublished val-
idation data sets. In contrast to other studies on neuroblas-
toma gene expression classifiers (13, 14, 21, 25, 27, 28),
we could show an excellent performance of our dassifier
on these four independent data sets involving patients
from different risk protocols from Germany, Europe, and
United States by using a smaller gene set and a more intu-
itive classification method.

This survival classifier will definitely help to identify
patients with increased risk in the current risk groups
and to make a better choice of risk-related therapy. For
example, low-risk patients with high molecular risk
might benefit from more aggressive treatment protocols,
whereas more intensive follow-up and new experimental
therapies might be considered for high-risk patients with
high molecular risk.

In condusion, we applied a unique meta-analysis strat-
egy for the identification of a robust set of 42 prognostic
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Prolonged low-dose administration of the
cyclooxygenase-2 inhibitor celecoxib enhances the
antitumor activity of irinotecan against
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Michio Kaneko,' Setsuko Kaneko and Kenshi Suzuki

Department of Pediatric Surgery, Graduate School of Comprehensive Human Sciences, University of Tsukuba, Tsukuba, Japan

(Received February 18, 2009/Revised June 30, 2009/Accepted July 02, 2009/Online publication August 6, 2009)

Cyclooxygenase (COX)-2 is overexpressed in many human tumors
including neuroblastoma (NB) and promotes tumor progression.
We evaluated the antitumor effect of irinotecan (CPT-11) treat-
ment combined with prolonged very low-dose administration of
celecoxib, a selective COX-2 inhibitor, against three human NB
xenografts, TNB9, TS-N-2nu, and TS-N-5nu. In addition, the effects
of the celecoxib-combined treatment were examined on tumor cell
proliferation, apoptosis, angiogenesis, and expression of vascular
endothelial growth factor and apoptosis-related proteins in xeno-
grafts. Celecoxib administered daily at 5 mg/kg body weight/day
could not prevent the growth of any of the NB xenografts. How-
ever, the combination of daily low-dose CPT-11 (5.9 mg/kg body
weight/day) and simultaneous very low-dose celecoxib resulted in
highly significant suppression of tumor growth in all three xeno-
grafts (P < 0.001) compared not only with low-dose CPT-11 ther-
apy alone but also with the combination therapy of intermittent
conventional-dose CPT-11 (59 mg/kg body weight) and celecoxib
accompanied by decreased proliferation and increased induction
of apoptosis in tumor cells. Induction of apoptosis by CPT-11 with
and without celecoxib was associated with the up-regulation of
Bax expression and the down-regulation of Bcl-2 expression. The
enhanced antitumor effect of the combination of the two drugs
against the NB xenografts might be partially COX-2-independent
and was probably mediated through multiple factors including
diminished expression of VEGF and activation of the caspase-
dependent mitochondrial apoptosis pathway. These findings dem-
onstrate that prolonged low-dose CPT-11 treatment combined
with very low-dose celecoxib shows promising antitumor activity
through the blockage of multiple critical targets related to NB
tumor cell survival and proliferation. (Cancer Sci 2009; 100: 2193
2201)

N euroblastoma (NB) is one of the most common malignant
childhood solid tumors. There have been significant
advances in the treatment of NB with intensive induction and
consolidation chemotherapy regimens. However, the treatment
results for patients aged 1 year or older with disseminated dis-
ease and for those with MYCN-amplified NB are still unsatisfac-
tory. Among the antitumor drugs with therapeutic activity,
irinotecan (CPT-11), a semisynthetic derivative of camptothe-
cin, is promising for NB treatment."™* Recently, phase II stud-
ies of CPT-11 in children with refractory solid tumors including
NB and with relapsed or refractory NB concluded that CPT-11
treatment was well tolerated, but not effective as a single agent,
with the possible exception of its use against medulloblas-
toma.”® We have previously shown that CPT-11 is highly
effective against human NB xenografts when administered at a
conventional dose (LDsp x 1/3 per dose) at 4-day intervals
according to the protocol of Battelle Columbus laboratories, and
that a daily low-dose (LDsg x 1/30 per dose) administration is

doi: 10.1111/).1349-7006.2009.01280.x
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equally or more effective than conventional-dose intermittent
CPT-11 treatment.”” However, treatment with CPT-11 alone
could not eradicate the tumor in mice.

Cyclooxygenases (COXs) catalyze the conversion of arachi-
donic acid to prostaglandins and consist of two isoenzymes,
the constitutive COX-1 and the inducible COX-2. COX-1 is
constitutively and ubiquitously expressed in most tissues,
whereas COX-2 is induced by various inflammatory and
mitogenic stimuli such as cytokines and growth factors.'®
Recent studies suggest that COX-2 promotes tumorigenesis by
stimulating cancer cell proliferation, increasing tumor angiogen-
esis, preventing cancer cell apoptosis, and enhancing tumor
metastasis. ' COX-2 is overexpressed in various human
tumors including NB."*'¥ Besides its anti-inflammatory and
analgesic effects, selective COX-2 inhibitors have been shown
to exert antitumor activity through many mechanisms, especially
via anti-angiogenic and pro-apoptotic effects.">~'® We evalu-
ated the inhibitory effect of very low-dose celecoxib, a selective
COX-2 inhibitor, on tumor growth combined with prolonged
low-dose or intermittent conventional-dose CPT-11 treatment
against three neuroblastoma xenografts in mice. We further
investigated the in vivo effects of combined treatment involving
low-dose CPT-11 and celecoxib on tumor cell proliferation,
apoptosis, angiogenesis, and the expression of vascular endothe-
lial growth factor (VEGF) and apoptosis-related proteins in
xenografts, as well as the in vitro effects of low concentrations
of celecoxib on cytotoxic activity of SN-38, an active metabolite
of CPT-11, and expression of caspases in NB cell lines.

Materials and Methods

Animals and human NB xenografts. Human NB xenografts
designated TNB9, TS-N-2nu, and TS-N-5nu were derived from
stage 4 NBs with 80, 13, and more than 100 copies of the MYCN
amplification developed in the adrenal gland of a 15-month-old
boy, the adrenal gland of a 4-year-old girl, and the retroperito-
neal region of a 13-month-old boy, respectively. Among the
three xenografts, TNB9 and TS-N-2nu are chemosensitive and
multidrug-resistant, respectively.”” Small pieces of minced
tumor were implanted subcutaneously with trochars into the uni-
lateral or bilateral flanks of 5-week-old male Balb/cAlJcl-nu
mice (Clea Japan, Tokyo, Japan). After tumor implantation, the
mice were randomized into groups of three to five and moni-
tored for tumor growth. Tumor weight was calculated according
to the formula: tumor weight (mg) = the length of the tumor
(mm) X the width of the tumor (mm)* x 1/2. Drug treatment
was initiated when the tumors weighed approximately 150 mg,
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Tumor size and mouse body weight were measured every
4 days. The mean relative tumor weight was calculated as fol-
lows: the mean tumor weight on day x/the mean tumor weight
on day O (the initiation of treatment). Animal experiments were
carried out in a humane manner after receiving approval from
the Institutional Animal Experiment Committee of the Univer-
sity of Tsukuba and in accordance with the University’s Regula-
tions for Animal Experiments as well as the Fundamental
Guidelines for the Proper Conduct of Animal Experiments and
Related Activities in Academic Research Institutions set forth
by the Ministry of Education, Culture, Sports, Science, and
Technology of Japan.

Treatment with celecoxib and CPT-11. Celecoxib, which was
supplied by Pfizer (Groton, CT, USA), was dissolved in
dimethyl sulfoxide at 5 mg/mL, further diluted 10 times in
0.5% methylcellulose with 0.025% Tween 20, and administered
intraperitoneally (i.p.) at a dose of 5 mg/kg body weight.
CPT-11 (Tokyo Chemical Industry, Tokyo, Japan) was injected
i.p. at a dose of 5.9 mg/kg body weight (low dose) or 59 mg/kg
body weight (conventional dose) in 5% glucose. Celecoxib
alone, low-dose CPT-11 alone, or celecoxib in combination with
low-dose CPT-11 was each given once daily for 20 consecutive
days. Conventional-dose CPT-11 was administered three times
at 4-day intervals with or without celecoxib, which was given
daily for 12 consecutive days from day 0. Six to eight xenograft-
ed tumors for each treatment were used.

Neuroblastoma (NB) cell lines and cell viability assay.
MYCN-unamplified SK-N-AS and SK-N-SH, and MYCN-ampli-
fied SK-N-DZ, TGW, and CHP134 cells, were maintained in
RPMI-1640 medium supplemented with 10% fetal bovine
serum (BioWest, Nuaille, France) and antibiotics at 37°C in a
humidified 5% CO, atmosphere. Among the five cell lines,
SK-N-AS showed chromosome 1p loss, 11q loss, and 17q gain;
SK-N-SH demonstrated 17q gain; SK-N-DZ had 11q loss;
TGW showed 1p gain, probable 11q loss, and 17q gain; and
CHP134 demonstrated 1p loss and 17q gain. Cell viability was
determined by a colorimetric 2-(4-indophenyl)-3-(4-nitrophe-
nyl)—5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) (Dojindo,
Kumamoto, Japan) assay. The cells were plated at a density of
5000 cells/well in 96-well tissue culture plates (Becton Dickin-
son, Franklin Lakes, NJ, USA). After attachment overnight, the
cells were incubated with six-step concentrations of celecoxib,
SN-38 (an active metabolite of CPT-11) (Yakult Honsha,
Tokyo, Japan) or SN-38 combined with 10 uM or 20 uM of
celecoxib for 72 hours. The absorbance was measured at
450 nm. All experiments were performed in quadruplicate and
repeated three times.

Evaluation of the adverse effects of treatment using the
incidence of diarrhea and white blood cell count. Daily diarrheal
stool passages were counted for each animal administered with
celecoxib and low-dose CPT-11 from days 0 to 19, and for those
administered with conventional-dose CPT-11 with or without
celecoxib from days 0 to 8. The white blood cell count in the tail
vein was performed at 1, 7, and 14 days after the cessation of
each therapy.

immunohistochemistry and detection of apoptotic cell. To
detect the Ki-67 nuclear antigen, which is present throughout
the cell cycle but absent in the dormant Gy phase,“g) turmnors
were fixed in 10% neutral buffered formalin for 24-48 h prior
before being embedded in paraffin. After deparaffinization, the
tissue sections were heated at 121°C for 15 min in 10 mM Tris-
HC1 with 1 mM EDTA (pH 9.0). Endogenous peroxidase was
blocked with 3% hydrogen peroxide in methanol for 5 min at
room temperature. The samples were incubated with anti-Ki-67
antigen, clone MIB-1 (DakoCytomation, Carpinteria, CA,
USA), for 60 min at room temperature. To detect CD31, an
endothelial cell marker, the tumors were fixed in 0.1 M Tris-
HCl (pH 7.4) with 0.05% calcium acetate, 0.5% zinc acetate,
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and 0.5% zinc chloride for 8 h. After deparaffinization, the tis-
sue sections were covered with 20 pg proteinase K (Wako Pure
Chemical Industries, Osaka, Japan)/mL PBS(-) for 30 min at
37°C, followed by incubation with anti-CD31, clone MEC 13.3
(BD Biosciences Pharmingen, Franklin Lakes, NJ, USA), over-
night at 4°C. The bound antibodies were amplified using
the standard streptavidin-biotin complex immunoperoxidase
(ABC) technique (Vector Laboratories, Burlingame, CA, USA).
For the coloring reaction, 3,3"-diaminobenzidine (DAB) (Sigma,
St Louis, MO, USA) was used as the chromogen, and nuclear
counterstaining was carried out with hematoxylin. To assess
protiferation, the number of pixels with Ki-67 positively stained
nuclei per total number of nuclear pixels was calculated using
image analysis software (ImageJ) (NIH, Bethesda, MD, USA) in
15 fields per treatment group at X150 magnification. The results
are expressed as a percentage of the untreated control tumor.
The number of CD31 positively stained blood vessels was
counted in 20 fields per treatment group at x300 magnification.

Apoptotic cells in tumor tissues were detected using the T UN-
EL assay. After deparaffinization, the tissue sections were cov-
ered with 20 pg proteinase K/mL PBS(-) for 15 min at room
temperature, followed by blocking of endogenous peroxidase
activity. The samples were then incubated with TdT enzyme
(Takara Bio, Shiga, Japan) and biotin-16-dUTP (Roche Applied
Science, Mannheim, Germany) in TdT buffer (Takara Bio) con-
taining 0.01% bovine serum albumin for 1.5 h at 37°C in a
humidity chamber. Biotin-16-dUTP nucleotides that had been
incorporated into DNA fragments were detected using the ABC
method with DAB as the chromogen. The number of TUNEL-
positive cells was counted in 20 fields per treatment group at
%150 magnification.

immunoblotting. Frozen tumor samples were crushed in
liquid nitrogen and homogenized in a sample buffer consisting
of 125 mM Tris-HCl (pH 6.8), 20 mM dithiothreitol, 4% SDS,
10% glycerol, and 0.5% protease inhibitor cocktail (Complete
Mini; Roche Applied Science). The extracts were sonicated for
10 s and centrifuged at 17 000g for 10 min at 4°C to remove
debris. NB cells were lysed in the sample buffer. The protein
concentrations were determined using the Bio-Rad DC protein
assay (Bio-Rad Laboratories, Hercules, CA, USA). Samples
containing the same amounts of protein were separated by
12.5% or 15% SDS-PAGE, electroblotted on polyvinylidene
fluoride membranes (Millipore, Bedford, MA, USA), and probed
with antibodies. The primary antibodies used were against
COX-2 (Rockland, Gilbertsville, PA, USA), VEGF clone A-20
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), Bcl-2 clone
8C8, Bax clone 2D2, p53 clone DO-1 (Calbiochem, Darmstadt,
Germany), caspase-8 clone E7 (Epitomics, Burlingame, CA,
USA), caspase-9 clone 5B4 (Medical & Biological Laboratories,
Nagoya, Japan), cleaved caspase-3 (Aspl75) clone 5Al, phos-
pho-p53 (Serl5) clone 16G8, caspase-7 clone C7 (Cell Signal-
ing Technology, Danvers, MA, USA), and B-actin clone AC-74
(Sigma). Horseradish peroxidase—conjugated antimouse (Amer-
sham Biosciences, Buckinghamshire, UK) or antirabbit antibody
(Stressgen, Victoria, BC, Canada) served as secondary antibod-
ies. An enhanced chemiluminescence system (PerkinElmer Life
Sciences, Boston, MA, USA) was used for detection.

statistical analysis. The responses of NB xenografls to celec-
oxib alone, CPT-11 alone, and CPT-11 in combination with cel-
ecoxib were evaluated with respect to tumor growth delay by
measuring the mean interval in days required to reach twice the
original tumor weight for individual tumors (TD,). The incidence
of diarrhea, the white blood cell count in mice, the proportion of
Ki-67 positively stained cells, the number of TUNEL-positive
apoptotic cells, and the number of CD31 positively stained blood
vessels in tumor sections were expressed as the mean x SD. The
Student's t-test or Welch’s r-test was used to assess the signifi-
cance of differences between the treatment groups.

doi: 10.1111/.1349-7006.2009.01280.x
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Results xenografts, despite the fact that very low-dose celecoxib admin-
. . istration alone has no significant antitumor effect.

Antitumor effects of celecoxib and CPT-11. Celecoxib adminis- Effects of celecoxib and SN-38 on the survival of SK-N-AS,
tered i.p. once daily for 20 consecutive days at 5 mg/kg body SK-N-DZ, and TGW cells in vitro. The IC50s of celecoxib were
weight did not prevent the growth of any of the NB xenografts 5 pM for SK-N-AS, 52 uM for SK-N-DZ, and 60 pM for
tested (Fig. 1a, Table 1). Treatment with low-dose or conven-  TGw (Fig. 2, left panels). Combined treatment with 10 uM or
tional-dose CPT-11 alone demonstrated significant tumor 50 uM celecoxib did not enhance cell killing by SN-38 in any

growth inhibition against the three NB xenografts (n =6 in  ce|] line irrespective of MYCN amplification status and pattern
each) (P < 0.01 compared with the untreated control, Student’s  of chromosome gains and losses (Fig. 2 right panels).

r-test). Furthermore, administration of low-dose daily CPT-11 Effects of celecoxib and CPT-11 on body weight gain, incidence
combined simultaneously with very low-dose celecoxib resulted  of diarrhea, and white blood cell count. The body weight of the
in highly significant suppression of tumor growth in all three  jude mice did not fall below that at the initiation of treatment
xenografts compared not only with low-dose CPT-11 therapy  for any treatment schedule (Fig. 3). Celecoxib alone caused no
alone but also with the combination therapy of conventional-  djarrhea in the mice (Table 2). CPT-11 induced slight diarrhea
dose CPT-11 and celecoxib (P < 0.001) (Fig. 1, Table 1). In  with wet and soft stools within 2 h of the injection irrespec-
combination therapy involving low-dose CPT-11 and celecoxib,  tiye of the administered dose. The diarrhea stopped within
one of six TNB9 tumors, one of six TS-N-5nu tumors, and tWo g b, No CPT-1l-induced late diarthea was observed. The
of eight TS-N-2nu tumors weighed less than their original tumor percentage of incidence of acute diarrheal episode after the
weight at the end of the experiment, at day 100 in TNB9 and  administration of CPT-11 with or without celecoxib was calcu-
TS-N-2nu and at day 70 in TS-N-5nu. These results demonstrate  Jated for each animal. Interestingly, daily co-treatment with
that prolonged very low-dose administration of celecoxib  celecoxib significantly suppressed the incidence of diarrhea
enhances the antitumor activity of low-dose CPT-11 against NB  jnduced by daily low-dose CPT-11 (P = 0.033 compared with

--0-- No treatment --0-- No treatment

— o - Celecoxib

— ¢— Conventional-dose CPT-11

(a) —o— Low-dose CPT-11 (b) —b— Conventional-dose CPT-11 + Celecoxib
—&— Low-dose CPT-11 + Celecoxib 100 E
F .. 2
< 10 -2
g s 4 .fli"?
: - d ?
TNBS 3 B . R
- b ’
2 01 : T/
] E P
2
5 001 k \T
B LN
0001 aa ki 0.001 nahanhaaN tew o . Days
) 0 4 8 12 16 20 24 28 32 36 40 44
100 g 100 ¢
- 3 i N Q
5 ol 4 5
3 L T ?
TS-N-5nu 3 1 ;.-&& . ¥
E ] ot
M
= 3
& 001 |
8 oot
gop Tustiastessssaninas, | L , 0001 XL 4 L+ . Days
0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20 24 28 32
100 € 100
5 1ol 42 10k g
3 -5 4 -4 -3
3 Py g A ](;&.%'i 2
z - A x
TS-N-2nu & 1S= 8 : 8-804 -¢
=1 E L
2 0lE 0.1 £
K] F
2 o001k 0.01 £
A A A
fasa JYYYVYYVIY POROOSOROOX .
P L T T T N | 0.001 Days
0 4 B 12 16 20 24 28 32 36 40 44 48 52 56 60 4 8 12 16 20 24 28 32 36 40

Fig. 1. Responses of TNB9, TS-N-5nu, and TS-N-2nu xenografts to celecoxib and (a) low-dose irinotecan (CPT-11) and (b) conventionai-dose CPT-
11. Treatment was initiated on day 0, when the tumors weighed approximately 150 mg. Tumors were measured every 4 days. The results are
presented as mean relative tumor weight + SD to that on day 0. Celecoxib administered i.p. once daily for 20 consecutive days at 5 mg/kg body
weight did not significantly prevent the growth of any neuroblastoma (NB) xenograft. Each treatment schedule for CPT-11 alone demonstrated
significant tumor growth inhibition against the three NB xenografts. Administration of low-dose daily CPT-11 combined simultaneously with
celecoxib resulted in highly significant suppression of tumor growth in all three xenografts compared not only with low-dose CPT-11 therapy
alone but also with the combination therapy of conventional-dose CPT-11 and celecoxib. The arrowheads and crosses indicate drug
administration.

Kaneko et al. Cancer Sci | November2009 | vol. 106 | no. 11 | 2195
© 2009 Japanese Cancer Association

—306—



Table 1. Tumor doubling times of TNB9, TS-N-5nu, and TS-N-2nu xenografts treated with irinotecan (CPT-11) and celecoxib

Neuroblastoma

CPT-11 Celecoxib TD, (days) P-value
xenograft
TNB9 - - 8919
= 0.
+ 9.0+37 :l P=0.993
Low dose - 31627 P < 0.0001
* >70.9 P < 0.0001
Conventional dose - 253 +3.8 P < 0.001 ’
+ 373+ 48 :
TS-N-5nu — - 71211
= 0.075
+ 89+ 21 :‘ P
Low dose - 3?; + 1.2 ] P < 0.0001 -
) M >t P < 0.0001
Conventional dose - 258+ 1.9
P=0.272
+ 24422 -
T5-N-2nu - - 10226 ] P=0767
+ 9.6 + 4.7
Low dose - :;; +4.3 ] P < 0.0001 -+
. + Zoe P < 0.001
Conventional dose - 23.0+ 24
P =0.0155
+ 36078 -
1D, mean interval in days required to reach twice the original tumor weight for individual tumors.
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Fig. 2. Effects of celecoxib and SN-38 on the survival of SK-N-AS, SK-N-DZ, and TGW cells in vitro. The 1Csos of celecoxib were 50 pM for SK-N-AS,
52 uM for SK-N-DZ, and 60 pM for TGW (left panels). Combined treatment with 10 uM or 20 M celecoxib did not enhance cell killing by SN-38
in any cell line (right panels). The cells were incubated with six-step concentrations of celecoxib, SN-38, or SN-38 combined with 10 pM or 20 uM
of celecoxib for 72 hours. Cell viability was ‘determined by the 2-(4-indophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1)

assay. The results are presented as the mean = SD.
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Fig. 3. Body weight changes of mice during the treatments. The body
weight of the mice did not fall below that at day 0 for any treatment
schedule. The body weights of five untreated mice without tumors
were measured every 7 days. Data are presented as the mean body
weight relative to that at 6 weeks of age. The mean relative body
weight (RBW) for tumor-bearing mice was calculated as follows:
RBW = Bx/Bo, where Bx and Bo are the mean values of observed
body weight minus the calculated tumor weight of animals that
received the same treatment of celecoxib and CPT-11 on days x and
day O, respectively. The results are presented as the mean body
weight relative to that on day 0. For simplicity, SD bars are not
shown,

low-dose CPT-11 alone, Student’s r-test) (Table 2). The white
blood cell count was significantly reduced 24 h after the ces-
sation of intermittent conventional-dose therapy with CPT-11
with or without celecoxib (P < 0.01 compared with the
untreated control, Student’s t-test). No mice died during the
experiments.

Tumor cell proliferation in NB xenografts. Tumors from
untreated mice and from animals treated with celecoxib alone
showed no significant difference in tumor cell proliferation in
each NB xenograft (Fig. 4a, Fig 5A, panels a and b). Daily
administration of low-dose CPT-11 alone for 10 consecutive
days significantly inhibited cell proliferation in both TNB9
and TS-N-5nu  compared with the untreated control
(P < 0.0001, Student’s r-test). TNB9 is sensitive to many anti-
tumor drugs including CPT-11. At 24 h after the cessation of
the therapy, there was no significant difference in proliferation
inhibition between TNB9 tumors treated with CPT-11 alone

and those treated with CPT-11 and celecoxib (data not
shown). At 96 h after the cessation of the therapy, TNB9 from
mice administered with CPT-11 alone was in its re-growth
phase and showed increased proliferation of tumor cells. In
contrast, in TNB9 treated with CPT-11 and celecoxib, tumor
cell proliferation was significantly inhibited compared with
CPT-11 treatment alone, even at 96 h after the removal of the
drugs (P < 0.0001, Welch’s r-test) (Fig. 4a, Fig. 5A, panels ¢
and d). Tumor cell proliferation in TS-N-3au tumor was sig-
nificantly decreased by the combination therapy of CPT-11
and celecoxib compared with CPT-11 alone (P < 0.0001 Stu-
dent’s r-test) (Fig. 4a, Fig. 5A, panels e and f). In TS-N-2nu,
a multidrug resistant xenograft, no significant decrease in
tumor cell proliferation was observed in spite of the longer
administration of low-dose CPT-11 (once daily for 15 consec-
utive days) (P = 0.780, Welch’s t-test). On the other hand, the
combination therapy of CPT-11 and celecoxib resulted in a
significant inhibition of TS-N-2nu tumor cell proliferation
when compared not only to the untreated control (P < 0.0001,
Welch’s  r-test), but also to CPT-11 therapy alone
(P = 0.00036, Student’s r-test) (Fig. 4a, Fig. 5A, panels g and
h). These findings show that prolonged very low-dose adminis-
tration of celecoxib enhances the inhibitory effect of low-dose
CPT-11 on tumor cell proliferation.

Apoptotic cells and blood vessels in NB xenografts. There
was no significant difference between the untreated control
tumors and those administered with celecoxib alone in both
the number of TUNEL-positive apoptotic cells (Fig. 4b) and the
number of CD31-positive blood vessels (Fig. 4c) for any of the
NB xenografts. The combination of low-dose CPT-11 and celec-
oxib significantly induced apoptosis in TS-N-5nu compared with
CPT-11 therapy alone (P < 0.0001, Student’s #-test) (Fig. 4b,
Fig 5B). Apoptotic cell number was significantly different
between TNBY tumors treated with CPT-11 alone and those
treated with CPT-11 and celecoxib 96 h after the cessation of
the therapy (P < 0.0001, Student’s r-test). Tumor vascularity
was significantly decreased in all xenografts treated with CPT-
11 alone compared to the untreated control (P = 0.0046 for
TNBY, P = 0.0092 for TS-N-5nu, and P = 0.012 for TS-N-2nu).
There was no significant difference in the number of blood ves-
sels between the tumors treated with CPT-11 alone and those
treated with CPT-11 and celecoxib in any of three xenografts
(Fig. 4c, Fig. 5C). These results demonstrate that prolonged very
low-dose celecoxib augments CPT-1l-induced apoptosis, but
may not be associated with the inhibitory effects of CPT-11 on
angiogenesis in NB xenografts.

Table 2. Effects of celecoxib and irinotecan (CPT-11) on the incidence of diarrhea and white blood cell count

Incidence of acute

White blood cell count x 102/l

Treatment nt diarrhea (%) Days after the cessation of the therapy
1 7 14
No treatment 4 0 71+ 13 NA NA NA
Celecoxib, qd x 20 3 0 102+ 24 89+9 8714
Low-dose CPT-11, qd x 20 3 82 + 11 ] P=0033 93 + 33 73 £ 20 73 x 16
Low-dose CPT-11 + Celecoxib, qd x 20 3 52 = 11 102 £ 13 619 99+ 6
Conventional-dose CPT-11, g4d x 3 3 78 £ 19 ] P=0.230 30 = 6% 52 %16 84 + 16
Conventional-dose CPT-11, g4d x 3 3 56 + 19 28 + 6% 737 63 = 11

+ Celecoxib, qd x 9

CPT-11 induced slight diarrhea with wet and soft stools within 2 h of the injection irrespective of the administered dose. The diarrhea stopped
within 6 h. No CPT-11-induced late diarrhea was observed. The percentage of incidence of acute diarrheal episode after the administration of
CPT-Il with or without celecoxib was calculated for each animal. tn, the number of nude mice tested; P < 0.01 compared with the untreated
control by the Student's t-test; qd x 9 and qd x 20, administration once daily for 9 and 20 consecutive days, respectively; g4d x 3, administration

three times at 4-day intervals. The results are presented as the mean = SD.
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Fig. 4. Prolonged very low-dose administration of celecoxib enhanced the inhibitory effect of low-dose irinotecan (CPT-11) on (a) tumor cell
proliferation and (b) CPT-11-induced apoptosis, but might not be associated with (c) its anti-angiogenic effects. Celecoxib alone, low-dose CPT-
11 alone, or low-dose CPT-11 in combination with celecoxib were given once daily for 10 consecutive days to mice with the TNBJ or TS-N-5nu
xenografts and for 15 consecutive days to mice with the T5-N-2nu xenograft. To assess tumor cell proliferation, the number of pixels with Ki-67
positively stained nuclei per total number of nuclear pixels was calculated for 15 fields per treatment group at %150 magnification. The results
are expressed as the mean percentage = 5D of the untreated control tumor. The numbers of TUNEL-positive apoptotic cells and CD31-positive
blood vessels in the tumor sections were counted in 20 fields per treatment group at x150 magnification and x300 magnification, respectively.

The results are presented as the mean + SD.

Protein expression analysis in NB xenografts and NB cells.
Protein expression was analyzed in xenografts that had been
untreated or treated with CPT-11 and celecoxib once daily for
10 consecutive days for TS-N-2nu and for 7 consecutive days
for TNBY and TS-N-5nu. The proteins were also analyzed in NB
cells untreated or treated in vitro with 2 nM SN-38 (for
CHP134), 5 nM SN-38 (for SK-N-SH), and 20 pM celecoxib
for 72 h. COX-2 protein expression was down-regulated in TS-
N-2ny administered with CPT-11 and celecoxib, a selective
COX-2 inhibitor (Fig. 6a). In the SK-N-AS cells and the TNB9
and TS-N-3nu tumors, the expression level of COX-2 protein
was low. Caspase-8, which represents the apical caspase in the
death receptor pathway, was inactivated during apoptosis in all
three xenografts (Fig. 6b). We then investigated the expression
of VEGF and apoptosis-related proteins in the mitochondrial
pathway in the chemosensitive TNB9 and the multidrug resistant
TS-N-2nu. VEGF protein expression, which may contribute to
tumor angiogenesis, was inhibited by the combination of CPT-
11 and celecoxib (Fig. 6¢). Administration of CPT-11 with and
without celecoxib caused up-regulation of Bax, one of the pro-
apoptotic members of Bcl-2 family, and marked down-regula-
tion of Bcl-2, an inhibitor of apoptosis. Combination therapy
involving low-dose CPT-11 and celecoxib induced caspase-9
and -7 activation in TNB9 and caspase-9, -7, and -3 activation in
TS-N-2nu. p53 seemed to be independent of the observed apop-
tosis. Combined treatment with low concentrations of SN-38
and celecoxib activated caspase 9/7- and 9/3-dependent path-

2198

ways in the SK-N-SH and CHP134 cells, respectively (Fig. 6D).
These results demonstrate that the enhanced antitumor effects
of combination therapy involving low-dose CPT-11 and very
low-dose celecoxib against NB xenografts may be partially
COX-2-independent and are probably mediated through multiple
mechanisms including diminished VEGF expression, and activa-
tion of the caspase-dependent mitochondrial apoptosis pathway.

Discussion

This is the first in vivo report that demonstrates that the antitu-
mor effects of combination therapy involving prolonged
low-dose CPT-11 and very low-dose celecoxib against NB
xenografts are apparently synergistic without substantial side
effects in mice, i.e. much greater than the sum of the effects of
each drug administered alone. Daily celecoxib alone adminis-
tered at a very low dose could not prevent the growth of any of
the NB xenografts tested. However, the combination of pro-
longed low-dose CPT-11 and simultaneous very low-dose celec-
oxib resulted in highly significant suppression of tumor growth
in all three xenografts compared not only with low-dose CPT-11
therapy alone, but also with the combination therapy of intermit-
tent conventional-dose CPT-11 and celecoxib accompanied by
decreased proliferation and increased induction of apoptosis in
tumor cells. A number of studies have shown additive antitumor
efficacy when celecoxib was used in combination with CPT-11
in mouse and rat tumor models.*™*" In each of these studies,

doi: 10.1111/].1349-7006.2009.01280.x
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Fig. 5. Immunohistochemistry for Ki-67 antigen,
TUNEL, and CD31. (Original magnification, x150
for A and B; x300 for C.) (A) (a,b) TNB9 tumors
from wuntreated mice and from animais
administered with celecoxib alone showed. no
difference in tumor cell proliferation. (c;d) At
96 h after the cessation of the therapy, TNB9

tumors from mice administered with low-dose (B)
irinotecan  (CPT-11) alone  were in their -)
regrowth phase and showed increased : RS

proliferation of tumor cells. In contrast, in TNB9
treated with low-dose CPT-11. combined with
celecoxib, tumor celi proliferation remained
inhibited at 96 h after the removal of the drugs.
(e,f and g,h) The Ki-67-positive cells in TS-N-5nu
and TS-N-2nu were fewer in number after the
combination therapy of low-dose CPT-11 and
celecoxib compared with after CPT-11 alone. (B)
There. was no. difference in the number of
TUNEL-positive apoptotic cells between “the
untreated. control TS-N-5nu tumors and those
administered with celecoxib alone. The number
of apoptotic _ cells induced. by combined
treatment  involving  low-dose “CPT-11 " and
celecoxib was increased compared with that for
CPT-11 alone. (C) Blood vessels in TS-N-5nu
tumors treated with low-dose CPT-11 were
fewer in“number:than those: in: untreated.and
celecoxib-treated ... tumors. ... There .. was... no
difference in the number. of blood vessels
between the tumors treated with CPT-11 alone
and those treated with CPT-11 and celecoxib.

Celecoxib

—
£y

celecoxib alone administered daily ‘at-doses five: to-10 times:as
high as that we used caused tumor growth inhibition. Our results
indicate that the administration of prolonged low-dose CPT-11
is essential for achieving enhanced antitumor effects against NB
xenografts, and that it is sufficient for celecoxib to be adminis-
tered-daily at'a very low dose when combined with prolonged
low-dose- CPT-11. The in-vitro WST-1 cell viability- assay
revealed that low  concentrations ‘of celecoxib did not enhance
the cytotoxic activity of SN-38 in any of the three cell lines irre-
spective of their MYCN amplification status, patterns of chromo-
some - gains ‘and 1osses, - and- COX-2 expression levels. The
findings obtained from human NB xenografts in nude mice indi-
cate realistic preclinical data: and-may be useful in developing
treatment-for NB. The in vivo relationship between- genetic
background: of the NB xenografts-and sensitivity to the com-
bined therapy with CPT-11-and-celecoxib should: further be
investigated.

Celecoxib, the first COX-2 specific inhibitor approved for use
against- osteoarthritis - and rheumatoid arthritis, - has similar
efficacy to conventional nonsteroidal anti-inflammatory drugs in
relieving pain and improving functional status, but is associated
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with a lower incidence of upper’ gastrointestinal ulceration and
complications.***®  Recently, data suggesting an increased
cardiovascular risk associated with the use of celecoxib have
been reported.®**> However, other papers have demonstrated
that both COX-specific and non-specific inhibitors may:increase
the risk of serious cardiovascular events, but that celecoxib ther-
apy 'is associated with increased cardiovascular risk-only when
used- at. doses substantially higher than those recommended
for - the treatment of arthritis.“**?" COX-2. is overexpressed
in- many human. tumors and promotes. tumor-: progression,
suggesting that COX-2 inhibition may be:beneficial for cancer
treatment, while recent studies have demonstrated that dimethyl-
celecoxib, a derivative of celecoxib that lacks its COX~2-inhibi-
tory function; potently mimics the antitumor effects of celecoxib
on Burkitt’s: lymphoma, -multiple myeloma, and- glioblastoma
in vitro and in vivo.®*>? The sensitivity of NB cells to celecoxib
in vitro seemed to be independent of their COX-2 protein expres-
sion levels. The combination of low-dose CPT-11 and very low-
dose celecoxib highly suppressed tumor growth irrespective of
the expression level of COX-2 protein compared with. CPT-11
therapy alone. The enhanced antitumor effect of the combination
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Fig. 6. Immunoblot analysis in neuroblastoma (NB) xenografts and NB cell lines. Tumors that had been untreated or treated with drugs once
daily for 10 consecutive days for TS-N-2nu and for 7 consecutive days for TNB9 and TS-N-5nu were crushed in liquid nitrogen and lysed in a
sample buffer. NB cells were lysed in the sample buffer. Western blot analysis was performed as described in "‘Materials and Methods".
immunoblotting for p-actin demonstrated equivalent protein loading. (a) Cyclooxygenase (COX)-2 protein expression in NB cells and NB
xenografts. The expression of COX-2 in SK-N-DZ cells was used as a positive control. (b) Caspase-8 protein expression in TNB9, TS-N-5nu, and
T$-N-2nu xenografts. (c) Expression of VEGF and apoptosis-related proteins in the mitochondrial pathway in the chemosensitive TNB9 and the
multidrug resistant T5-N-2nu. VEGF, vascular endothelial growth factor; Bax, Bcl-2-associated X protein; Bcl-2, B cell lymphoma/leukemia-2;
p-p53 (Ser15), phospho-p53 at Ser15. {d) Protein expression of caspase-8, -9, -7, and -3 in SK-N-SH and CHP134 cells. The cells were incubated
with 5 nM SN-38 (for SK-N-SH), 2 nM SN-38 (for CHP134), and 20 uM celecoxib for 72 h.

of the two drugs against NB xenografts is at least partially COX-
2-independent and is probably mediated through multiple factors
including diminished expression of VEGF and activation of the
caspase-dependent mitochondrial apoptosis pathway.

Treatment with low-dose CPT-11 alone resulted in signifi-
cantly decreased tumor vascularity, whereas the combination of
low-dose CPT-11 and very low-dose celecoxib led to no more
inhibition of angiogenesis. Eggert e? al.®® showed that high
gene expression levels of seven angiogenic factors, including
VEGF, are strongly correlated with advanced-stage NB. They
suggested that the inhibition of VEGF bioactivity alone might
not be sufficient for anti-angiogenic therapy for human NB.
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