Genome-Wide Genotype and Copy Number from FFPE DNA

Nsp, and 250K Sty arrays

Table 1. Performance of normal, fresh frozen, and FFPE samples on Affymetrix GeneChip Mapping 10K v2, 50K Xba, 250K

Type Array PCRyield* Callrate' AAcall ABcall BB call Signat MCR' (%) MDR! (%) Overall
(ng) (%) (%) (%) (%)  detection’ (%) concordance® (%)

Fresh tumor 10K v2 20.4 93.44 3796 2350 3854 99.82 - -~ 96.20

FFPE tumor 10K v2 192 86.30 3977 1983  404) 97.49 — —

Fresh tumor 50K Xba 483 90.07 4028 2024 3948 — 8765 . 98.57 56.95

FEPE tumor 50K Xba 46,0 31.86 47.30 676 4594 - 1525 2215

Normal 250K Nsp 115.1 95.86 3795 2554 3650 - 94.22 98,60

Fresh tumor 250K Nsp 144 93.99 41.81 1809 4010 - 88.26 98.52 94.74

FFPE tumor 250K Nsp 716 79.84 4342 1489 4w — 65.60 8032

Normal 250K Sty 1211 93.05 3887 2428 3685 - 90.90 97.45

Fresh tumor 250K Sty 1144 92.96 4238 1759 4003 - 87.95 9838 9207

FFPE tumor 250K Sly 95.4 75.17 4366 1668 3966 - 62.57 79.37

t Percentage of SNPs able to be genotyped.
¥ Signal detection used to assess 10K arrays.

IMPAM detection rale used to assess 100K and 500K arrays.

“For the 250K arrays, this is the totu yield of DNA obtained after combining tiree PCRs according to protocol. For the 10K v2 and 50K arrays, the PCR
yield for the FFPE tissues was increased by increasing either the number of reactions or the number of PCR cycles.

“Moadified partitioning around medoids (MPAM: a genotyping algorithm: ref. 17) call rate used to assess 100K and 500K arrays,

Percentage of SNPs genotyped in hoth fresh frozen and FFPE samples that are given the same genotype.

platform. Importantly, it indicates the need to exclude SNPs on
larger fragments for reliable genotype data. Because SNP fragment
size is distributed randomly across the genome, the general effect
of excluding larger fragment sizes is to reduce the overall resolution
without preferentially losing extensive coverage in specific regions
(see Supplementary Fig. S1). The effect of fragment size on concor-
dance was specific to FFPE samples and is not observed in
comparisons between frozen samples (data not shown).

LOH and copy number assessment. The reliability of genotype
assignments using paraffin samples suggests their suitability for
LOH predictions. In fact, FEFPE and fresh tumor pairs produced
similar LOH profiles when including SNPs on fragments sizes
<700 bp (Fig. 24). Regions of inconsistent LOH predictions between
paired samples (for example, see Fig. 24, boxes) were predicted
independently by both Nsp and Sty arrays and appeared along
concentrated regions, rather than being sporadically distributed
across the genome, suggesting that they reflected true biological
differences between the samples. We assessed several discordant
regions of LOH using conventional microsatellite marker analysis
and in all cases, the microsatellite analysis confirmed that the array
predictions were genuine (data not shown).

The ability to associate copy number estimates with SNP
genotypes relies on quantitation of SNP probe intensities (14).
Because larger fragment SNPs were inadequately amplified during
WGSA, these SNPs were noninformative for copy number analysis
of FFPE samples (Supplementary Fig, §2A). Exclusion of these large
fragment SNPs significantly increased the amplitude (signal) of
copy number shifts and at the same time reduced the SD (noise)
associated with the copy number estimates for all FFPE samples
but not the fresh frozen samples (Supplementary Fig. S2B). This
increase in signal to noise ratio justifies the use of such a filter,
which maintained 308.788 SNPs for FFPE copy number analysis
(Table 2). Probe intensities from the remaining smaller fragment
SNPs predicted copy number profiles for FFPE samples consistent
with those from matching fresh frozen material (Fig. 2B).

Equivalent copy number changes were predicted between FFPE
and fresh frozen pairs both across different chromosomes and
different sample sets (Fig. 2C).

In addition to limiting fragment size. compensation against
fragment size bias was necessary to produce reliable copy number
predictions. Although bias due to amplicon size can be negligible
when using high-quality DNA, it becomes exaggerated when the
DNA sample is degraded (Fig. 3, top). For FFPE samples, the mean
copy number was grossly affected by the size of the amplicon
carrying the SNP, such that smaller amplicons SNPs predicted gains
and larger amplicons SNPs predicted losses in copy number,
Quadratic regression helped to neutralize this fluctuation in mean
copy number (Fig. 3, middle). Exclusion of SNPs on amplicons >700
bp before regression effectively removed the fragment size bias from
copy number detection (Fig. 3, bottom). Copy number analysis of
FFPE samples was done using the freely available CNAG_v2.0
software'? (15), which automatically uses compensation against
fragment size bias and includes an option to exclude SNPs based on
fragment size. Alternate software tools that lack this compensation
produced copy number estimates from FFPE samples that were
noisier even with exclusion of large fragment sizes (data not shown).

Comparison of Mapping 10K, 100K, and 500K array
performance. Although the various Mapping arrays all use the
same technology and similar assays for genotype and copy number
analysis, they each have differences that may influence their
compatibility with FFPE samples. Particularly, the Mapping 500K
and 10K arrays share the sume amplicon distribution during the
PCR step of WGSA, but the Mapping 100K assay relies on a wider
amplicon size distribution (250-2,000 bp). Consequently, Mapping
100K data are more significantly affected by DNA degradation: for
example. there are only 59 SNPs on fragment sizes <500 bp on the
Mapping 50K Hind array. Previously, we showed the application of
FFPE DNA to the 10K arrays (3) although without the analytic tools
applied here. Now, we compared performance of FFPE samples on
all Mapping arrays. As expected, call rates and concordances were
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poor when FEPE DNA was applied to the Mapping 100K assay,
whereas performance was similar for the Mapping 500K and 10K
arrays (Table 1; Supplementary Fig. §3). Furthermore, both the
Mapping 500K and the 10K arrays, but not the Mapping 100K
arrays, provided correct copy number predictions from FIPE DNA,
whereas the Mapping 500K arrays best accommodated SNP filters
to retain high genomic resolution (Supplementary Fig. $3).
Prediction of mapping array performance for a range of

FFPE samples. DNA from FFPE sumples can vary in quality as a.

result of the fixation protocol, years of storage, the extraction
protocol, tissue source, and several other uncontrollable and
controllable variables. To both identify a method for qualifying
FFPE DNA samples for array analysis and test our guidelines for
FIFPE DNA extraction and data analysis, we measured the
performance of an additional 25 FFPE tissue sources processed
at separate institutes and stored for I to 17 years (Supplementary
Table S1). These samples were not prescreened nor selected based
on expected performance. Experiments were done without

matched fresh frozen or nontumor samples. In a small test set,
we found that application of 90 pg PCR product from FFPE
samples increased call rates by several percentage points (data not
shown); therefore, we assayed these samples using 90 jig whenever
possible, even if this required pooling extra PCRs.

For cach sample, we noted the largest amplicon size produced
during RAPD-PCR as well as the size range of PCR products during
the Mupping assay. Call rates were calculated for SNPs on fragment -
size €200 bp, 250 bp, 300 bp, and so on to determine the size at
which call rates dropped <90%. This call rate drop-off value was
used to indicate genotyping cfficiency and relinbility becuuse
frugment sizes with high call rates provided high concordance as
well. Call rate drop-off values ranged from 250 to 750 bp compared
with 700 to 850 bp for the five FFPE ovarian tumors. Therefore, most
of these samples would provide reduced resolution for genotype and
LOH. Copy number detection was more robust than genotype, and
those cutoffs runged from 300 bp up to no filter requirement at all.
Plots of copy number versus fragment size were evaluated to
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Figure 2. Genome-wide plots of LOH and copy number for fresh frozen and FFPE samples. A, genome-wide display of inferred LOH for fresh frozen and FFPE
samples, including SNPs on fragments sizes <700 bp. Biue regions, LOH; yellow regions, retention of heterozygosity. Chromosome numbers are indicated below.
Three discordant LOH predictions specific to either fresh frozen or FFPE samples were confirmed by microsatellite analysis of DNA (brown boxes, regions). B, raw
single SNP log 2 ratios indicate gains and losses for fresh frozen (above) and FFPE (below) sources of sample 151 across the genome. Ratios represent copy number
of tumor DNA over copy number of nontumor, non-FFPE lymphocytic DNA. Each color represents a different chromosome. SNPs were filtered for fragments

<700 bp for the FFPE sample. C, raw single SNP log 2 ratios for fresh frozen (orange) and FFPE (blue) DNA are plotted across single chromosomes of muitiple
samples. SNPs were filtered for fragments <700 bp for FFPE data only. Highlighted copy number changes were confirmed by quantitative PCR.
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Table 2, SNP numbers per fragment size filters
Fragment sizes 250K Nsp 250K Sty 500K array
inctuded (bp) array array set
<300 13.636 15,845 29481
=100 39492 15473 84.965
<500 74372 82489 156,471
<600 113.687 120,025 233,712
<650 133,748 138,282 272,030
<70 153,198 155,590 308,788
<80 190,899 187,687 378,586
<850 209,017 201,004 410,021
<900 222316 213,300 435,616
<1000 244,644 230,527 475,171
Total 262256 238,300 500,568

determine the optimal fragment size filter for copy number analysis.
These plots can be viewed in CNAG_v2.0, and various fragment size
filters can be applied until the mean copy number for the SNPs
retained in analysis are consistent across fragment size (Fig. 4C,
lefl ). An example of this entire workflow is shown in Fig 44 to C and
results are listed in Supplementary Table S1. As shown for a 733-kb

- hemizygous loss highlighted in this example, the fragment size filter
suggested by this process was able to increase the signal to noise
ratio by preferentially removing the noisy SNPs instead of the
informative SNPs and at the same time was also able to retain
higher resolution by not overfiltering (Fig. 4C, right).

Years of storage und overall call rates displayed some correlation
to copy number and call rate drop-off values, but PCR-based
analyses had higher predictive power for these performance
metrics (Fig, 402). 'The Pearson's correlation of median RAPD-PCR
values to copy number drop-off was 0.93, indicating high predictive
power. Comparison of array performance to PCR-based DNA
quality tests gave #* values above 08, In contrast, R? values were
<0.7 when comparing performance with years of storage or
comparing copy number drop-off with overall call rate. These
results indicate that a PCR-based test of DNA quality is a
reasonable method for predicting whether a FFPE DNA sample
will be amenable to array analysis.

Six of the 25 samples (two breast and four colorectal) were not
applied to the arrays because no RAPD-PCR products were pro-
duced, Sample 0588 also failed RAPD-PCR, but it was still applied
to the array. Consistent with the RAPD-PCR prediction, this sample
was the only example, in which call rales broken up by fragment
size never exceeded 90%, and data from even the smallest fragment
SNPs were Loo noisy for copy number analysis.

Discussion

There exists a large and growing deposit of archived clinical
tissues, yet DNA extracted from these samples is usually degraded,
contaminated, and of general low quality. This study expands the
usefulness of the Mapping 500K arrays to DNA derived from FFPE
samples, showing that the limiting factor for FFPE application
is the size distribution of PCR amplicons during WGSA. The
maximum amplifiable fragment size, which is correlated to array
performance, varied between samples and may be influenced by
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Figure 3. Compensation against fragment
size bias enables effective copy number
analysis of FFPE samples. Raw predicted
copy number (Y-axes) is influenced by
fragment size (X-axes) in fresh frozen
(right) and FFPE (left) samples, although
the effect is exaggerated in the latter

(see blue solid lines, middie). This causes
an overestimate of copy number for
fragments below ~ 500 bp and an
underestimate for those above ~ 500 bp.
Compensation against fragment size
corrects this bias such that the mean
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Figure 4. Prediction of FFPE sample performance. A, display of RAPD-PCR and Mapping assay PCR for a single breast tumor sample (1873). Maximum size
amplicons from RAPD-PCR varied from 275 to 450 bp, with dilution factors (DF) of 1, 10, and 100. Although high-quality DNA had a maximum upper fragment size
of ~1.100 after PCR during the Mapping assay, this sample was well amplified only up to ~ 400 bp. B, call rate by fragment size was monitored for the same
sample, using a stringent confidence value threshold of 0.26. Call rates dropped <80% when excluding SNPs on fragment sizes >400 bp. C, copy number versus
fragment size plots in CNAG_v2.0 show a strong influence by fragment size on copy number predictions before correction (left). Regression corrects this bias
somewhat, and more and more stringent filters further correct this bias (middle). With a filter excluding SNPs on fragment sizes >600 bp. the mean copy number
(blue line) is consistent regardless of fragment size, indicating that this sample requires a copy number filter at 600 bp. Log 2 ratios produced using various fragment
size filters are displayed for a region containing a 733-kb deletion on part of chromosome X. Under “Informative SNPs,"” the number of SNPs predicting a deletion
with a log 2 ratio below -0.3 (considered to be “informative™) are listed to the left of the number of total SNPs within the deletion region that were retained during the
fragment size filter. Below these values is the percentage of SNPs included in the analysis that were informative of the deletion. D, R? regression values when the
fragment size at which call rates drop <90% or the maximum fragment size that can be included in copy number analyses are compared with median maximum
RAPD-PCR amplicon size, maximum Mapping PCR amplicon size, years of storage, or overall call rate (P < 0.26) are displayed. PCR tests better predicted copy

number performance than years of storage or overall call rate, and they were better predictors of genotype performance than years of storage was.

both extent of DNA degradation and modification as well as the
amount of inhibitors remaining in the sample. Use of a suitable
DNA extraction protocol, such as the DNeasy Tissue kit, is
important for obtaining DNA amenable to Lhe assay, but other
factors, such as years of storage and fixation process, will be harder
to control. This underscores the necessity for a pre-WGSA quality
control step that includes PCR of larger fragment sizes, such as
RAPD-PCR or multiplex PCR (16). This study attempts to outline
guidelines for qualifying FFPE DNA samples and analyzing qualified

samples, but not all FFPE blocks will yield DNA suitable for the
Mapping arrays.

FFPE DNA that is applied to the arrays may still vary in quality
and therefore require more or less stringent fragment size filters.
Despite reduction in coverage to accommodate loss of larger
fragments, high resolution for genotype, LOH, and copy number
assessment can still be maintained (Table 2 Supplementary
Fig, 81). This is true because of the large number of SNPs on small
fragments and because fragment size seems to be the only limiting
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factor. For example, with exclusion of SNPs on amplicons >700 bp,
as was required for the first set of five FFPE samples, 308,788 SNP’s
were retained for analysis, providing a median and mean inter-SNP
distance of 4.3 or 9.5 kb, respectively. Although the 10K array is also
suitable for analysis of degraded DNA (3), the large SNP coverage
and the small fragment emphasis of the Mapping 500K arrays make
it ideal for FFPE sample analysis.

The percentage of FFPE samples archived in banks that could be
applied to the arrays with limited loss. in genomic resolution would
be influenced by the methods of fixation and extraction used at
various institutes. Importantly, all samples stored for 6 years or
fewer provided copy number data for a minimum of 234K SNPs in
this study. Some of the samples applied to the arrays required
extremely stringent filters aguinst fragment size, resulting in
significantly decreased resolution of genomic data. Potentially,
researchers may choose only to analyze DNA samples of such low
quality when the FFPE sample is considered 1o be particularly
precious. Importantly. RAPD-PCR results predicted that these
samples would display decreased performance on the array and a
PCR screen could be applied to avoid application of poosly doing
samples. With the advent of more standardized protocols for sample
processing in the future and with advances in DNA extraction, a
higher proportion of FFPE samples may be applicable to the arrays.

Despite the large banks of FFPE samples available for
retrospective studies that include follow-up analysis of patient
outcome, most of these studies currently focus on frozen samples
because of the limited options available for paraffin samples.
Additionally, FFPE processing holds advantages for tissue storage
during prospective studices, in which many biopsies are collected but
only a fraction of them are applied to downstream assays with
selection based on clinical outcome. These results outline guide-
lines for the application of FFPE samples to Lhe sume genome-wide
platform already available to high-quality DNA samples, thus
enabling widespread retrospective and prospective analysis of
tumor samples in their most common form of storage.
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Abstract

p53 is a key modulator of a variety of cellular stresses. In human neuroblastomas, pS3 is rarcly mutated and aberrantly expressed in
cytoplasm. In this study. we have identified a novel p33 mutant lacking its COOH-terminal region in neuroblastoma SK-N-AS cells.
p53 accumulated in response to cisplatin (CDDP) and thereby promoting apoptosis in neuroblastoma SH-SYS5Y cells bearing wild-type -
133, whereas SK-N-AS cells did not undergo apoptosis. We found another pS3 (p5S3AC) lacking a part of oligomerization domain and
nuclear localization signals in SK-N-AS cells. pS3AC was expressed kargely in eytoplasm and lost the transactivation function. Further-
more, a 3-part of the p53 locus was homozygously deleted in SK-N-AS cells. Thus. our present findings suggest that p5S3 plays an
important role in the DNA-damage response in certain neuroblastoma cells and it scems 1o be important to search for P33 mutations

outside DNA-binding domain.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Apoptosis; Cisplating Homozygous deletion: Neuroblastoma: p33

p33 plays a pivotal role in the regulation of cell cycle
arrest and apoptosis. p33 is one of the most frequently
mutated genes in human tumors {1.2] and p53-deficient
mice developed spontancous tumors [3). Upon a variety
of ccllular stresses, p53 accumulates in nucleus through
post-translational modifications including phosphorylation
and acetylation and thereby exerting its function [4].
Pro-apoptotic function of p53 is closely linked to its
DNA-binding activity. p53 acts as a transcription factor
to transactivate a variety of its target genes. Indeed, 95%
of p33 mutations in human tumors occur within its
DNA-binding region and these mutations inactivate pro-
apoptotic function of p53 [4).

Alternatively, p53 is inhibited by various mechanisms.
MDM2 acts as an E3 ubiquitin ligase for p53 and promotes

* Corresponding author. Fax: +81 43 265 4459,
E-mail address: akiranak@@chiba-ce jp (A. Nakagawara).
' These authors contributed cqually 10 this work.

D006-291X/8$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doiz 10.1016/).bbre.2007.04.057

its proteolytic degradation through ubiquitin-protcasome
pathway [5.6]. Subcellular distribution of p53 also plays a
key role in the regulation of pS3 [4). p53 contains three
nuclear localization signals (NLS I. H. and HI) in its
COOH-terminal region [7.8]. In contrast to other humun
tumors, p33 is rarely mutated in neuroblastomas [9].
Neuroblastoma cells showed a cytoplasmic localization of
wild-type p53 and exhibited an impaired p53-mediated cell
cycle arrest in response to DNA damage. suggesting that
there exists a mutation-independent mechanism of p53 inac-
tivation [10-12]. Intriguingly, Nikolaev et al. demonstrated
that Parkin-like ubiquitin ligase termed Parc serves as an
anchor protein that tethers p53 in cytoplasm and thereby
regulating subcellular localization and function of p53 [13].

In this study. we have identified a novel p53 mutant
(p53AC) homozygously deleted in neuroblastoma SK-N-
AS cells and our current studies suggest that p53 status
plays an important role in the cell fate determination of
certain neuroblastoma cells in response to DNA damage.
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Materials and methods

Cell culrure and transfection. Neuroblastoma cells were grown in RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine serum
(KBS, Invitrogen) and antibiotic mixture in a humidified atmosphere of
5% COn in air at 37 °C. For transfection, cells were trunsfected with the
indicated expression plasmids using Lipofect AMINE 2000 uccording to
the manulacturer's instructions (Invitrogen).

Construction of p33 mutani. cONA encoding pS3 mutant was amplificd
by PCR using cDNA from SK-N-AS cells. Forward and reverse primers
were S-AATATITCACCCTICAGGTACTAAG-Y (forward) und 5'-
CTCGAGTCACTGCCCCCTGATGGC-Y (reverse). Sspl and Mol sites
shown in boldface type were introduced into forward and reverse primers,
respectively. PCR products were gel-purified and subcloned into pGEM-T
plasmid (Promegaj. Constructs were conlirmed by sequencing und then
digested with Sspland Xhol. The digested fragment was again gel-purified
and then ligated with the Sspland BumH1 (ragment of FLAG-p33 to give
pcDNAZ-FLAG-p33CA.

RNA preparation and RT-PCR analysis. Total RNA was prepared
using R Neasy Mini kit (Qiagen) following the manufucturer’s protocol.
¢DNA was synthesized using SuperSeript 1 with random  primers
(Invitrogen) and amplificd by PCR using primers as deseribed: p53: for-
wird, S-CTGCCCTCAACAAGATGTTTTG-3. and reverse. 5-CTA
TCTGAGCAGCGCTCATGG-3: p2i" 7 forward, S-ATGAAATT
CACCCCCTTTCC-¥, and reverse, -CCCTAGGCTGTGCTCACTTIC-
32 Bax: forward, S -TTTGCTYCAGGGTTTCATCC-Y. and reverse. 5'-
CAGTTGAAGTTGCCGTCAGA-3": ps3AIPI: forward, -CCAAGTT
CTCTGCTTTC-3" and reverse, S-AGCTGAGCTCAAATGCTGAC-3":
PUMA: forward, 5'-TATGGATCCCGCACCATGGACTACAAGGA
CGACGATGACAAGGCCCGCGCACGCCAG-3 and reverse, 5'-TAT
GGATCCCTACATGGTGCAGAGAAAGTCCCCC-3": und GAPDH:
forward, - ACCTGACCTGCCGTCTAGAA-Y, and reverse, 5-TCCA
CCACCCTGTTGCTGTA-3.

Southern bloring. Genomic DNA was digested with Purl, separated by
Y agarose gel electrophoresis. and transferred onto nylon membranes.
Hybridization was performed at 65 °C in a solution containing § M NuCl.
19 N-lauroyl sarcosine. 7.5% dextran sulfate. 100 pe of heut-denatured
salmon sperm DNA/mL. and radio-lubeled DNA. After hybridization.
membranes were washed twice with 2x SSC/0. 1% N-lauroyl sarcosine at
50 °C and exposed to an X-ray film at --70 C.

Immunoblowing. Cells were lysed in lysis buffer containing 25 mM
Tris- HCIL, pH 8.0, 137 mM NuaCl, 2.7 mM KCL % Triton X-100. and
protease inhibitor mixture (Sigma). Lysates were separated by SDS.
PAGE and transferred onto  Immobilon-P membranes  (Millipore).
Membranes were probed with anti-p53 (DO-1, Calbiochem). anti-pS3
(PAbI22. BD Pharmingen}, anti-phosphorylated p33 at Ser-15 (Cell Sig-
naling) or with anti-uctin (20 33, Sigma} followed by incubation with
HRP-conjugated gout anti-mouse or anti-rabbit 1gG secondury antibody
(Cell Signaling). Immunoreactive hands were detected using chemilumi-
neseence (ECL. Amersham Biosciences).

Subcellular fractionarion. Cells were lysed in lysis buffer containing
10 mM Tris HCLL pH 7.5 1 mM EDTA. 0.3% NP-40, und protease
inhibitor mixture (Sigma). Lysates were centrifuged to separate soluble
(cytosolict from insoluble (nuclear) fractions. The nuclear and cytosalic
fractions were subjected to immunoblotting using anti-pS3. anti-Lamin B
(Ab-1. Oncogene Research products) or with anti-tubulin-a (Ab-2.
NeoMarrkers).

Array-hased  comparative  genomic hybridization  ( CGIJ analvsis.
Whole genome arriys of 2464 bacterial artificial chromosome (BAC)
clones were hybridized simultancously with 500 ng of target DNA (SK-N-
AS.RTBMI. and SH-SY5Y} and reference DNA (normal female genomic
DNA} Target DNAs were tabeled with Cy3-dCTP and reference DNAs
with Cy5-dCTP by random priming. Hybridization. scanning. and data
processing were conducted as described previously {1415}

Cell survival assavs. Cells were plited a1 a density of 3000 cells/well in
96-well tissue culture plates. After attachment overnight. medium was
rephiced wnd treated with CDDP for 24 h. Cell viability was measured by
MTT assay.

Flow cytometry. Floating and adherent cells were pooled and fixed in
ice-cold 704, cthanol for 4h a1t =207C. Cells were then stained with
10 mg/mi of P (Sigma) in the presence of 250 mg/ml of RNase A at 37 “C
for 30 min in the dark. Number of celts with sub-G1 DNA content wus
measured by flow cytometry (FACScan. Becton Dickinson).

TUNEL assay. Apoptatic cells were idemtified using an in sitn cell
detection. peroxidase kit (Roche Applicd Sciencel. Briefly. cells were fixed
in 4% puraformaldehyde and permeabitized with 0.1% Triton X-100. The
lubeling reaction wus performed using TMR red-labeled dUTP together
with other nucleotides by terminal deoxynucleotidyl transferase for | b in
the durk at 37 “C. Then. cells were mounted and the incorporated TMR
red-fubcled dUTP was iunalyzed using o Fluoview kaser scanning confocal
microscope (Ofvmpusy.

Luciferase reporter assay. HI299 cells were  co-transfected - with
pcDNAJZ, FLAG-p33 or FLAG-pS3AC expression plasmid. pS3-respon-
sive lucifesase reporter (p2177 MDM2 or Buxy. and pRL-TK Renifla
luciferuse ¢CDNA. Forty-cight hours after transtection, firefly and Renitla
luciferase activities were meisured with dual-luciferase reporter assay
system gecording to the manufacturer’s instructions (Promega).

Colony formation assay. Vorty-cight hours after transfection, SK-N-AS
cells were transferred to fresh medium containing G418 (400 pg/ml). After
16 duys of selection, drug-resistang colonies were fixed in methanol and
stained with Giemsa's solution.

Results
DNA-damage response in human neuroblastoma colls

To determine the cflects of genotoxic agents on neurobl-
astomas, human ncuroblastoma. SH-SYSY and SK-N-AS
cells were exposed to cisplatin (CDDP) and their viabilities
were examined by MTT assays. As shown in Fig. 1A, their
viabilitics were significantly decreased in response (o
CDDP. To address whether CDDP could induce apoptosis,
we performed TUNEL assay. As shown in Fig. 1B. we
observed @ higher number of TUNEL-positive SH-SY5Y
cells exposed to CDDP. whereas CDDP had undetectable
effects on SK-N-AS cells. We further determined apoptotic
cells as sub-GI population by flow cytometry. As seen in
Fig. 1C. a significant increase in number of SH-SY5Y cells
with sub-G 1 DNA content was observed after CDDP treat-
ment. whercas CDDP treatment of SK-N-AS cells resulted
in an increase in S-phase cells but not in G2/M-phase cells.
Consistent with these results, thyvmidine kinase (S-phase
marker) [16]was increased in CDDP-treated SK-N-AS cells,
whereas Plk! (M-phase marker) {17] remained unchanged
regardless of CDDP treatment {data not shown).

We then examined whether pS3-dependent apoptotic
pathway could be activated in response to CDDP. As
shown in Fig. ID. p53 was phosphorylated at Ser-15 in
SH-SY5Y cells exposed to CDDP. p53 remained
unchanged regardless of CDDP treatment, whereas p53
target genes including p21"" Bux, and PUMA were
transactivated in response to CDDP. In contrast, CDDP-
mediated phosphorylation of p53 at Ser-15 was undetect-
able in SK-N-AS cells. p2/" """ was induced in response
to CDDP. however, CDDP-mediated up-regulation of
pro-apoptotic Bux and PUMA was undetectable, suggest-
ing that p53 pro-apoptotic function might be lost in
SK-N-AS cells.
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Fig. | Differential eflects of CDDP on neuroblastoma cells. (A) Cell survival assavs. Twenty-four hours after CDDP treatment. cell viability was analyzed
by MTT assays. (B) TUNEL staining. Twenty-four hours after CDDP treatment 20 M), apoptotic cells were detected by TUNEL staining. Cell nuclei
were stained with DAPL {C) FACS analysis. SH-SY3Y und SK-N-AS cells were treated as in (B). Twenty-four hours after CDDP treatment. cell cycle
distributions were analyzed by FACS. Shown are the representatives of three independent experiments. () CDDP-induced accumulation of ps3 in
neuroblastoma cells. Twenty-four hours after CDDP treatment. lysates and totul RNA were subjected to immunoblotting (upper punels) and RT-PCR
tlower panelsh. respectively. For protein loading control. actin levels were checked by immunoblotting. For RT-PCR. GAPDH was used as a loading
controb. (£} Subeellular localization of p52. The indicated neuroblustoma cells were fractionated into cytoplasmic (C) and nuclear (N) fractions and
subcellular distribution of pS3 was analyzed by immunoblotting. Tubulin-% and Lumin B were used as cytoplasmic wnd nuclear markers, respectively.

To investigate molecular mechanism(s) behind p53
dysfunction in SK-N-AS cells. we examined subcellular
localization of p53 in various neuroblastoma cells. As
shown in Fig. IE. p53 was detected in cyloplusm and

nucleus of RTBM1. LA-N-5. and IMR-32 cells bearing
wild-type p53 (data not shown). OF note, p33 was
abundantly expressed in cytoplasm of SK-N-AS cells
and its molecular mass was smaller than those of other
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cells, indicating that it might be due to certain structural
aberrations.

Structural aberration of p53 in SK-N-AS cells

To address whether p53 could have any aberrations in
SK-N-AS cells: we amplified the indicated genomic regions
of p53 using genomic DNA from SK-N-AS cells. RTBM|
cells were used as a positive control. As shown in Fig. 2A.
PCR-based amplification using primer sets including Pl,
P2, P6, and P7 successfully gencrated cstimated sizes of
PCR products, whereas remaining primer scts (P3-P5)
did not, suggesting that the genomic region containing
cxons 10 and 11 of p33 might be lost in SK-N-AS cells.

To confirm genomic aberrations within p53 locus in SK-
N-AS cells, we performed Southern analysis. Radio-labeled
P53 ¢cDNA probe failed to detect Psrl fragment (2.0 kb in
length) which contains exons 10 and H in SK-N-AS cells
(Fig. 2B). Our array-based comparative genomic hybrid-
ization (CGH) analysis demonstrated that there exists a
large range of allelic deletion of chromosome |7p where
P33 is located in SK-N-AS cells (Fig. 2C). Furthermore,

895

anti-pS3 antibody which recognizes p53 extreme COQH-
terminal portion could not detect p53 in SK-N-AS cells
(Fig. 2D). Collectively, our results suggest that p53
COOH-terminal region is homozygously deleted in SK-
N-AS cells. We then cloned p53 ¢cDNA. As shown in
Fig. 2E, 4 newly identified p53 (pS3AC) wids composed of
369 amino acids. including unique COOH-terminal struc-
ture (estimated molecular mass of 49 kDay), lacked a part
of oligomerization domain, and completely lost NLS 1}
and I1L The 3'-side of intron 9 and the downstream region
containing exons 10 and 11 were deleted in SK-N-AS cells.
Its unigue COOH-terminal amino acids were derived from
intron 9. suggesting that accurate splicing event might be
abrogated and thereby gencrating p33AC.

Dysfunciion of p53AC

To ask whether p53AC could have functional differences
as compared with wild-type p53, FLAG-p53 or FLAG-
pS3AC was expressed in SK-N-AS cells and their subcellu-
lar localization was cxamined. As shown in Fig. 3A,
FLAG-p53 was detectable in cytoplasm and nucleus,
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Fig. 2. pS3 COOH-terminal region is deleted in SK-N-AS cells. (A) Genomic structure of human p53 locus and positions of PCR primers ¢P1- P7) are
shown. ATPIB2 encodes ATPase. Na'/K ' transporting B2 (upper puncl). Genomic DNA from RTBMI and SK-N-AS cells was subjected to PCR using
the indicated primers (fower pancls). (B) Southern blot unalysis. Genomic DNA was digested with Pszl. separated by 1% agirose gel. transferred onto
nylon membrane, and probed with the radio-lubeled p33 ¢cDNA. Schematic dingram of human p33 and positions of Psi sites are also shown. (C) Array-
based comparative genomic hybridization (CGH) analysis. Hybridization was performed as described under Manterials and methods. Arritys were scanned
and images processed using custom software. We normalized relative ratios of tumor and normal signals by setting the value of the median refative rutio
equal to 1. The data were then transformed into log 2 space and plotted as a histogram to determine cutofls for scoring loss or gain. Three Gaussian
distribution curves were fitted to the histogram. and values =3 SD from the central Gaussian were scored as losses or gains for that wmor. (D)
Immunoblotting. Lysates from RTBM1 and SK-N-AS were processed for immunoblotting with the specific antibody against p33 extreme COOH-terminal
portion. () Amino acid sequence atignment of wild-tvpe p33 and pS3AC. The different amino acid residues between them are boxed.
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Fig. 3. Loss of function of p5S3AC. (A} Subcellular localization of exogenously expressed wild-type ps3 and pS3AC. SK-N-AS cells were transfected with
the indicated expression plasmids. Forty-cight hours after transfection. cells were fractionated into cytoplasmic (C) and nuclear (N} fractions followed by
immunoblotting with anti-p53 antibody. (B) Possible effects of COOH-terminal deletion of P33 on its trunseriptional activity. SK-N-AS cells were
transfected with the indicated expression plasmids. Forty-cight hours after transfection. lysates and total RNA were subjected to immunoblotting and RT-
PCR. respectively (left pancl). (Right panely Luciferase reporter assavs. pid-deficient H1299 cells were co-transfected with pcDNA3. FLAG-pS3 or
FLAG-p33AC expression plasmid, pS3-responsive luciferase reporter (p21% " MDM2 or Bux) und Renille luciferase cDNA. Forty-cight hours after
transfection. luciferase activities were measured. (C) Colony formation assay. Forty-cight hours after trunsfection. SK-N-AS cells were transterred to fresh
medium containing G418 (400 pg/mi). Sixteen days alter selection with G418, drug-resistant colonies were stained with Giemsa®s solution (left panet) and

the number of colonies was scored (right panct).

whereas FLAG-p53AC was largely expressed in cytoplasm.
Next, we examined transcriptional potential of p53AC in
SK-N-AS cells. As scen in left panel of Fig. 3B. FLAG-
p33 but not FLAG-p53AC was phosphorylated at Ser-15.
Consistent with these results, FLAG-p53 transactivated
p21" " and pS3AIPI. In contrast, FLAG-p53AC failed
to transactivate p21" " and p53 41P1. Similar results were
also obtained by luciferase reporter assays (Fig. 3B, right
panel). To examine cffects of COOH-terminal deletion on
pro-apoptotic activity of p53, we performed colony forma-
tion assays. SK-N-AS cells were transfected with empty
plasmid. FLAG-p53 or FLAG-p53AC expression plasmid
and maintained in medium containing G418 for 16 days.
As shown in Fig. 3C. number of drug-resistant colonies
was significantly reduced in cells expressing FLAG-p33.
Intriguingly, enforced expression of FLAG-p53AC resulted
in a decrease in number of drug-resistant colonies but to a
lesser degree as compared with that in cells expressing
FLAG-p53. These observations suggest that COOH-termi-
nal deletion reduces transcriptional and pro-apoptotic
activities of p53.

Discussion

In this study, we have identified p53AC in SK-N-AS
cells. Consistent with the recent report [13]). p53 was

predominantly expressed in cytoplasm of SK-N-AS cells.
According to their results, Parc inhibited p53 nuclear trans-
location through the direct interaction with its COOH-ter-
minal region. Since pS3 contains three NLSs in its COOH-
terminal region, Parc might inhibit its nuclear access by
masking its NLSs [13]. In accordance with thesc findings,
p53 COOH-terminal peptide inhibited its cytoplasmic
retention [12]. Based on our immunoprecipitation experi-
ments, wild-type p53 but not p53AC was co-immunopre-
cipitated with the endogenous Parc in SK-N-AS cells
{data not shown), suggesting that cytoplasmic retention
of p53AC is regulated in a Parc-independent manner.
p53AC lacks NLS H and I but retains NLS I. Although
Kim et al. described that importin-~ interacts with NLS [
of p53 and mediates its nuclear import [18]. NLS II
and/or 111 might play a major role in nuclear import of
p53 in SK-N-AS cells.

P33 phosphorylation is significantly associated with its
pro-apoptotic function [4]. Exogenously expressed wild-
type p33 but not p53AC was phosphorylated at Ser-15 in
SK-N-AS cells without DNA damage and transactivated
p21" " and p3341P1. Rodicker and Putzer described that
exogenously expressed pS3 is phosphorylated at Ser-135
without DNA damage [19]. Although it is unknown why
exogenously expressed pS3 but not p53AC is phosphory-
lated at Serl5 without DNA damage, it might be at least
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in part due to its cytoplasmic retention. Colony formation
assays demonstrated that wild-type p53 markedly reduces
number of drug-resistant colonies in SK-N-AS cells, sug-
gesting that there might not exist functional disruptions
of downstream mediators of p53 in SK-N-AS cells. In
response to CDDP. SH-SYSY cells underwent apoptosis
in association with a significant induction of p53. On the
other hand. SK-N-AS cells did not undergo apoptosis in
response to CDDP, suggesting that p33 status might deter-
mine neuroblastoma cell fate to survive or to die. Intrigu-
ingly. CDDP treatment of SK-N-AS cells induced an
accumulation of S-phase cells accompanicd with up-regula-
tion of p2/"""". Since p53AC failed to transactivate
P21 and CDDP had undetectable cffects on p73 and
p63 (other members of pS3 family) (data not shown),
CDDP-mediated up-regulation of p2/""" in SK-N-AS
cells is regulated in a pS53 family-independent manner.
Knudsen et al. reported that CDDP-mediated DNA
damage induces an intra-S-phase cell cycle arrest. which
is correlated with a protection against apoptosis [20] Thus,
the gecnome maintenance system might delay the onsct of
mitosis. and thereby providing time to complete DNA
repair and/or DNA replication before cell division in
SK-N-AS cclls. Further cfforts should be necessary to
address this issue.

Majority of p33 mutations is detected within its DNA-
binding region {21] SK-N-AS cells have been believed to
express wild-type p53 [22]. Much of information regarding
p33 mutations was derived from sequence analysis of exons
5-8 which encode its DNA-binding domain [4]. Indeed,
there exist missense mutations in p53 oligomerization
domain [23). According to their results, Leu to Pro substi-
tution at 344 inhibited the oligomerization of p53 and abol-
ished its DNA-binding activity. Since p53AC lacks a part
of oligomerization domain including Leu-344. p53AC
might exist as a4 monomeric latent form. Recently, Bourdon
et al. described that human p33 is expressed as multiple iso-
forms including p33f and p53y [24]. Based on amino acid
scquence comparison, pS3AC was distinct from p53f and
p53y (data not shown). During the preparation of our
manuscript. Goldschneider et al. reported that SK-N-AS
cells express p53B [25] This discrepancy might be attribut-
ed to co-expression of p53f and p53AC in SK-N-AS cells
and/or due to the acquired heterogeneity of SK-N:-AS cells
during culture. Additionally, murine p53 expresses an alter-
native splicing isoform termed ASp53 with different
COOH-terminus from that of wild-type p53 [26]. ASp53
displays an enhanced transcriptional activity as compared
with wild-type p53. indicating that p53AC is distinct from
human counterpart of ASpS3.
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Abstract

Purpose  Amplification of the MYCN gene strongly
correlates with advanced stage. rapid tumor progres-
sion and poor prognosis in neuroblastoma (NB). Sev-
eral genes in the MYCN amplicon, including the
DEAD box polypeptide | (DDX!) gene, and neuro-
blastoma-amplified gene (NAG gene). have been
found to be frequently co-amplified with MYCN in
NB. The aim of this study was to clarify the prognostic
significance of the co-amplification or overexpression
of DDXI and NAG with MYCN.

Procedure  The gene copy numbers and mRNA expres-
sion levels of MYCN. DD X1, and NAG in 113 primary
NBs were determined by the real-time quantitative poly-
merase chain reaction or quantitative reverse transcrip-
tase/polymerase chain reaction assay. The relationships
between gene co-amplification/overexpression status and
stage. age at diagnosis, and overall survival were analyzed.
Results For evaluating the frequency of DDX/ and
NAG co-amplification, it proved appropriate to discrimi-
nate NBs with <40 copies of MYCN amplification from
those with >40 copies of MYCN (DDXI. p =0.00058:;
NAG. p=0.0242, ¥* for independence test). In patients
with MYCN-amplified NB aged >18 months, those with
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tumor with enhanced DDX]/ expression and low-NAG
expression showed a significantly better outcome than
those with low-DDX/ expression or enhanced NAG
expression (p =(1.0245, log-rank test). None of the gene
expression statuses had a significant relation to disease
stage or survival for patients <18 months old. No relation-
ship between any gene co-amplification status and disease
stage. age at diagnosis. or overall survival was found.
Conclusions  Our findings suggest that there may be a
subsct of NB in which enhanced DD X/ and low-NAG
expression consequent to DD X/ co-amplification with-
out NAG amplification contributes to susceptibility to
intensive therapy. A larger study using an age cut-off of
18 months will be required.

Keywords Neuroblastoma - MYCN - DDXI - NAG

Abbreviations

NB Neuroblastoma

DDX1 DEAD box polypeptide | gene

NAG Neuroblastoma-amplified gene

hnRNP K Heterogeneous nuclear
ribonucleoprotein K

q-PCR Quantitative polymerase chain reaction

q-RT-PCR  Quantitative reverse transcriptase/
polymerase chain reaction

BCM B-cell maturation factor gene -

GAPDH Glyceraldehyde 3-phosphate
dehydrogenase

Introduction

Neuroblastoma {(NB) is one of the most common
malignant solid tumors in childhood. It presents with
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wide aggression from spontancous regression or tumor
maturation to rapid progression and fatality in most
metastatic tumors diagnosed in children more than
I 'year old. MYCN amplification occurs in about 25%
of NB and is one of the most important markers in
determining the aggressiveness of NB. Amplification
of MYCN strongly correlates with advanced discase
stage. rapid tumor progression and poor prognosis
(Brodeur ct al. 1984; Sceger ct al. 1985; Brodeur and
Seeger 1986). The size of the MYCN amplicon can
span from 100 to 1,500 kb (Amler and Schwab 1989).
Conscquently. it is possible to suggest that additional
genes being present in the amplicon and co-amplified
with MYCN may contribute to the tumor phenotype.
So far. several genes including the DDXI1 (DEAD box
polypeptide 1) gene and NAG (NB-amplified gene)
gene have been found to be frequently co-amplified
with MYCN in NB (Bcheshti et al. 2003; Scott ¢t al.
2003a).

The DDX] is one of a family of genes that cncode
DEAD (asp-glu-ala-asp) box proteins. This gene maps
to chromosome band 2p24 and 340 kb 5’ of MYCN
(Godbout and Squire 1993; Kuroda et al. 1996). Pro-
teins with the DEAD box motif are putative ATP-
dependent RNA helicases and more than 30 proteins
have been identified from bacteria to humans (De
Valoir et al. 1991: Kitajima et al. 1994). By altering the
RNA sccondary. structure, they are implicated in
diverse cellular processes such as RNA splicing. ribo-
some assembly. and translation initiation (Tanner and
Linder 2001). Some members of the family are differ-
entially expressed during embryogenesis. cellular
growth, and division (Schmid and Linder 1992: lost
and Dreyfus 1994: Godbout et al. 2002). The biologi-
cal function of DDXI1 remains unknown. In recent
studies, DDXI1 was found to associate with factors
involved in 3’-end cleavage and polyadenylation of
pre-mRNAs (Bleoo etal. 2001). DDX1 was also
shown to have protein~protein interaction with heter-
ogeneous nuclear ribonucleoprotein K (hnRNP K),
and to have poly(A) RNA binding activity (Chen et al.
2002).

The DD X1 gene has been known to be co-ampli-
fied with MYCN in 40-70% of NBs. There are reports
showing a trend toward a worsc clinical outcome with
MYCN and DDX! co-amplification (Squire et al.
1995: George et al. 1997). Others have reported no
significant difference in the clinical outcome or sur-
vival between patients with or without DDX/ co-
amplification (Manohar et al. 1995; De Preter et al.
2002). In a recent study of 98 MYCN-amplifiecd NBs. a
significant correlation of DD X/ co-amplification with
a better prognosis and improved patient survival was
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shown by using semiquantitative mulitiplex PCR
(Weber ct al. 2004). In contrast to the observations by
Weber ctal.. De Preter etal. have concluded that
DDX1 co-amplification had no significant prognostic
value in MYCN-amplified tumors by re-evaluating
their data (Dc Preter et al. 2005). The prognostic sig-
nificance of MYCN and DDX/ co-amplification has
not been determined.

Recently. Scott etal. reported that the 5'end of
NAG is located 30 kb telomeric to DNX!. with the
two genes lying in opposite orientations (Scott et al.
2003b). They found a significant association between
low-disease stage in MYCN-amplified tumors and
NAG co-amplification. The function of NAG is as yet
unclear.

To date, there have been no reports of measuring
and analyzing accurate copy numbers and precise
mRNA expression levels of MYCN. DDXI, and NAG
genes in NB. In order to clarify the prognostic signifi-
cance of the co-amplification or gene expression of
DDXI and NAG with MYCN, we determined gene
copy numbers and mRNA expression levels of MYCN,
DDXI.and NAG genes in 113 primary NBs using the
real-time quantitative polymerase chain reaction (g-
PCR) or quantitative reverse transcriptase/polymerase
chain reaction (q-RT-PCR) assay. The results were
analyzed in relation to stage, age at diagnosis and over-
all survival.

Materials and methods
Tumor samples

One hundred and thirteen primary NBs were obtained
from the Department of Pediatric Surgery. University
of Tsukuba. and the Division of Biochemistry. Chiba
Cancer Center Research Institute. Japan. Tumors
detected by mass screening were excluded. Patients
were aged between () months and 14 years at diagnosis
(median 18 months). All 52 nonsurvivors died of pro-
gressive disease. while 59 of 61 survivors are free of the
disease.

Tumors with the haploid MYCN gene copy number
of more than five and less than two by the g-PCR assay
were considered as MYCN amplified and unamplified,
respectively.

DNA or RNA extraction
Tumor DNA was isolated by proteinase K/SDS diges-

tion followed by phenol-chloroform extraction accord-
ing to the standard protocol. DNA from human
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placenta and a NB cell line CHP 134 were used as tem-
plates for the reference B-cell maturation factor
(BCM) gene and test genes, respectively. The CHP 134
cell was found to have multiple copics of MYCN,
DDX], and NAG genes by preliminary g-PCR.

Total RNA was prepared from frozen tumor tissue
according to the Acid Guanidinium-Phenol-Chloro-
form method (Chomczynski and Sacchi 1987). One
microgram of cach RNA was incubated with random
primers and Superscript 1l reverse transcriptase (Invi-
trogen, Carishad, CA, USA) to yield cDNA.

Real-time g-PCR

Reai-time ¢-PCR was carried out using the ABI Prism
7700 Sequence Detection System (Applied - Biosys-
tems, Foster City, CA, USA) as described by De Preter
ctal. with modification (De Preter et al. 2002). For
quantification of the gene copy number, TagMan
probe assay was performed. The nucleotide sequences
of the primers used are MYCN-f 5'-CGCAAAAGCC
ACCTCTCATTA-3 and MYCN-r 5'-TCCAGCAG
ATGCCACATAAGG-3' . DDXI-t5-TAGGAGGAG
GTGATGTACTTATGGTAA-3 and DDXI-r5'-AG
CCTATGCAATTCTTAGAGTGTGT-3'. NAG-f 5'G
ACCAAGAACTTCTTTCCCTGC-3' and NAG-r 5'-
GGTCAACAATACGTGGATAGAAGG-3, and
BCM-f 5'-CGACTCTGACCATTGCTTTCC-3' and
BCM-r 5'-AAGCAGCTGGCAGGCTCTT-3".

The sequences of the TagMan probes are MYCN
S-FAM-TTCTGTAAATACCATTGACACATCCG
CCTT-TAMRA-3'. DDX! 5'-FAM-CCCAGCTACC
AATCACCTCACCAAATT-TAMRA-3'. NAG 5'-F
"AM-CAAGCTGCTGGTGAAGTGTGTCTCCA-T
AMRA-3 and BCM 5'-FAM-CAACCATTCTTGTC
ACCACGAAAACGAA-TAMRA-3'. Twenty micro-
liter of PCR reaction mixture for copy number deter-
mination consisted of template DNA, 1x ¢-PCR
Mastermix (EUROGENTEC, Liege. Belgium). 300 nM
of each primer and 200 nM of TagMan probe. MYCN,
DDXI or NAG gene assay was performed containing
no-template control. standard CHP 134 DNA of five
serial tenfold dilutions ranging from 100 ng to 10 pg.
10 ng of human placental DNA as a calibrator and
~10 ng of tumor DNA. The reference BCM gene assay
included no-template control. standard human placen-
tal DNA of four serial tenfold dilutions ranging from
200 to 0.2 ng, 10 ng of human placental DNA as a cali-
brator and ~10ng of tumor DNA. BCM gene is
mapped to 16pi3.1 and is located in a chromosomal
region that rarely shows genetic abnormality (Vande-
sompele et al. 2001). Experiments were carried out in
triplicate. The thermal cycling conditions for q-PCR

and ¢-RT-PCR were: 50°C for 2 min. 95°C for 10 min,
45 cycles at 95°C for 15 s and 60°C for 1 min.

Real-time ¢-RT-PCR

Expression levels of MYCN, DDXJ, and NAG genes
were measured in cDNA by the ABI Prism 7700
Sequence Detection System (Applied Biosystems).
Human glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal control gene. cDNA
from one of the 113 sumples examined was usced as the
standard template because of its appropriate expres-
sion levels of MYCN. DDXI, NAG. and GAPDH
mRNA by preliminary g-RT-PCR. The specific prim-
ers used are MYCN-f 5'-CACAAGGCCCTCAGTA
CCTC-3" and MYCN-r 5- CAGTGACCACGTCGA
TTTCTT-3', DDXI-f ¥-TGGAAGAGATGGATT
GGCTC-3" and DDXI-r 5'-CCTGTTTCTGCAGCC
ATAAGTAC-3, NAG-f 5'-CAAATCACGGCAGT
CACTACG-3' and NAG-r 5'-ACACACTTCACCA
GCAGCTTG-3', and GAPDH-f 5-GAAGGTGAA
GGTCGGAGTC-3" and GAPDH-r 5-GAAGATGG
TGATGGGATTTC-3". The sequences of the TagMan
probes are MYCN 5'-FAM-AGAGGACACCCTGA
GCGATTCAGATG-TAMRA-3', DDXI 5-FAM-C
CAACTGATATCCAGGCTGAATCTATCCCA-T
AMRA-3'", NAG 5'-FAM-TGTGACCAAGAACTTC
TTTCCCTGCTCCT-TAMRA-3' and GAPDH 5'-F
AM-CAAGCTTCCCGTTCTCAGCC-TAMRA-3'.
The primers and probes were designed to be located on
exons 2-3 for MYCN mRNA, exons 24 for DDX]/
mRNA. exons 51-52 for NAG mRNA, and exons 4-6
for GAPDH mRNA.

Twenty microliter of the PCR reaction mixture for
quantification contained template ¢cDNA. 1x qPCR
Mastermix (EUROGENTEC), 300 nM of each primer
and 200 nM of TagMan probe. Each assay consisted of
no-template control. standard cDNA of five serial ten-
fold dilutions ranging from 1 pg to 0.1 ng. and ~5 ng of
tumor cDNA.

Statistical analysis

The relation of DDX/! or NAG gene amplification to
MYCN gene copy number was tested using ¥° for an
independence test. Correlations between the gene
amplification/expression status and disease stage or age
at diagnosis were compared by ¥* for an independence
test or Fisher's exact probability test. Mann—Whitney's
U-test was used to evaluate the relationship between the
gene expression level in tumors with or without gene
amplification. Survival analysis was performed according
to the Kaplan-Meier method and the log-rank test.
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Results

The haploid MYCN, DD X! and NAG gene copy
number

Seventy-two of 113 tumors examined had MYCN amplifi-
cation. Forty-one tumors were MYCN-unamplified; 17 in
stages 1,2 or4S, ninc in stage 3, and 15 in stage 4. Twenty-
five and 16 patients were aged <18 and > 18 months at
diagnosis, respectively. Seven of 41 patients died of dis-
ease, while all 34 survivors are free of disease. Patients
with MYCN-amplified NB included four with stage 1, two
with stage 2, two with stage 4s, 12 with stage 3, and 52
patients with stage 4 discase. Of 72 patients with MYCN-
amplified tumor, 45 patients died of discase, while 25 of
27 survivors are [ree of disease. The follow-up period for
MYCN-amplified survivors ranged from 17 10 93 months,

In 72 MYCN-amplified NBs, DDXI. and NAG
genes were found to be co-amplified in 49 (68.1%) and
19 (26.4%) tumors, respectively (Fig.1a, b). All 19
tumors with NAG amplification had also DD X/ ampli-
fication. Forty-one tumors without MYCN amplifica-
tion were unamplified for DDX! and NAG. By
plotting precise gene copy numbers of MYCN and
DDXI, and MYCN and NAG of each tumor on the
same graphs, we found for the first time that NB with
lower copies of MYCN amplification tended to a more
frequent DD X! and NAG co-amplification than those
with higher copies of MYCN. For evaluating the fre-
quency of DD X/ and NAG co-amplification, it proved
appropriate to discriminate NBs with <40 copies of
MYCN amplification from those with =40 copies of
MYCN (DDXI. p=0.00058; NAG. p =0.0242, %> for
independence test) (Fig. 1a. b).

Opverall survival of patients with MYCN-amplified NB
with or without DD X1 and NAG co-amplification

For the 72 patients with MYCN-amplified NB, no sta-
tistically significant difference in survival probability
was found among three gene co-amplification statuses,
patients with tumor with MYCN amplification alone
(MYCN alone). those with DDX/ co-amplification
alone (MYCN + DDX1), and those with both DDX/
and NAG co-amplification (MYCN + DDXI + NAG)
(MYCN alone versus MYCN + DDXI, p=0.465;
MYCN alone versus MYCN + DD X1 + NAG.p =0.719;
MYCN + DDXI  versus  MYCN + DDX1 + NAG.,
p = 0.148. log-rank test) (Fig. 2). We found no signifi-
cant difference in overall survival between patients
with tumor with MYCN amplification alone and those
with DD X/-co-amplified NB regardless of NAG co-
amplification (p = 0.763. log-rank test).
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MYCN amplification (11 = 27); cross. nonsurvivors with MYCN
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amplification (1 = 41)

Relation of gene co-amplification status to discase
stage or age at diagnosis

Table 1 shows the gene co-amplification status. disease
stage and age at diagnosis of 72 patients with MYCN-
amplified NB. Recently, an age cut-off higher than
12 months has been proposed as a prognostic predictor
for comparison of survival rate in NB. suggesting an
appropriate age cut-off of 18 months (London et al.
2005).

None of the gene co-amplification statuses had a sig-
nificant correlation with disease stage (stages 1. 2. 3.
and 4s versus stage 4) or age at diagnosis (<18 months
versus >18 months) (data not shown), with the excep-
tion of NAG. which tended toward a more frequent co-
amplification with MYCN in stage 4 (17/52. 32.7%)
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Fig. 2 Overall survival for patients with MYCN-amplified NB
with or without DDX/ and NAG co-amplification. No statisti-
cally significant difference in survival probability was found
among three gene co-amplification statuses (MY CN alone versus
MYCN+ DDXI. p=0405. MYCN alonc versus MYCN +
DDXI + NAG, p=0.7190 MYCN+DDXI! versus MYCN
+ DDXI + NAG. p =148 Jog-rank test)

Table 1 Gene co-amplification status. discase stage and age at
diagnosis of 72 patients with M YCN-amplified NB. There was no
significant correlation between any gene co-amplification status
and diseasc stage (stages 1, 2, 3. and 4s versus stage 4) or age at
diagnosis among 72 patients with MY CN-amplified NB. with the
exception of NAG. which tended toward a more frequent co-
amplification with MYCN in stage 4 compared with stages 1. 2. 3,
and 4s (p = 0.0504, xl for independence test)

Stage Age
(months)
1,2 3 4 <8 >i8
and 4s
MYCN alone 4 4 I5 10 13
MYCN+DDXI1 4 [{] 20 Il 19
MYCN+ DDX1+NAG 0 2 17 10 Y
Total 8 12 52 R} 41

compared with stages 1. 2. 3, and 4s (2/20. 10.0%)
(p = 0.0504. %* for independence test).

The expression level of MYCN. DD X!, and NAG

We determined the precise expression levels of
MYCN. DDXI. and NAG in 10§ of 113 NBs. Sixty-
seven of 108 tumors had MYCN amplification. The
MYCN-amplified tumors had a significantly higher
expression level of MYCN compared with MYCN-
unamplified tumors (p = 8.22 x 107", Mann-Whitney's
U-test). None of the M YCN-unamplified tumors showed
an overexpression of MYCN, DDXI. and NAG {data
not shown). We classified DD X! or NAG gene expres-
sion levels higher than the highest in MY CN-unampli-
fied tumors as enhanced.

In general. DD XT expression increased according to
the DDX1 copy number (Fig. 3a). The expression level
of DDXI in tumors with MYCN amplification alone

was as low as that without MYCN amplification.
Enhanced DDXI1 expression had no significant correla-
tion with prognosis (p = 0.925, log-rank test). -

The expression level of NAG in NAG co-amplified
tumors was significantly higher than that in tumors
without NAG co-amplification (p = 5.77 x 107", Mann-
Whitney's U-test); however. NAG amplification was
not necessarily accompanied with cenhanced NAG
expression (Fig. 3b). Enhanced NAG expression had no
significant relation to discase stage (stage 1,2, 3, and 4s
versus stage 4) (p=0.462, Fisher's exact probability
test) or clinical outcome (p = 0.0915, Jog-rank test).

Relation of DD X1 and NAG gene expression statuscs
to survival probability for patients with MYCN-
amplified NB

None of the gene expression statuses had a significant
correlation with disease stage and with survival for
patients aged <18 months (data not shown).

In 41 patients with MYCN-amplified NB aged
>18 months. those with tumor with enhanced DDX/
expression and low-NA G expression had a significantly
better outcome than those with low-DDX/ expression
or enhanced NAG cxpression (p =0.0245, log-rank
test) (Fig. 4a, b). The 16 tumors with enhanced DD X1
and low-NAG expression included one with stage 2.
four with stage 3. and |1 tumors with stage 4. All 16
tumors had MYCN and DD X/ co-ampiification with-
out NAG amplification.

Discussion

Amplification of the MYCN gene is strongly associated
with the rapid progression of NB and advanced disease
stage (Brodeur etal. 1984: Sceger et al. 1985). The
prognosis of patients with stage 4 tumors with MYCN
amplification had been extremely poor. In 1999,
Kaneko etal. reported (treatment results with
improved survival rate of patients with advanced NB
aged 1 year or older treated with an intensive induction
and consolidation chemotherapy regimens (Kaneko
et al. 1999). With the use of a more intensive induction
regimen followed by hematopoictic stem cell trans-
plantation for MYCN-amplified stage 4 patients, sur-
vival curves for those with or without MYCN
amplification appeared similar. In other words, the
prognosis of patients with stage 4 NB without MYCN
amplification remained poor (Kaneko etal. 2002).
Their assessment of MYCN amplification status was
based on the Southern blot technique. Measuring an
accurate MYCN copy number in tumors is essential in
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vors with MYCN amplification (11 = 26): cross. nonsurvivors with
MYCN amplification (n = 41): doned line. the highest expression
level of DDXT (a) or NAG (b) in MYCN-unamplificd NBs

order to select the optimal treatment and improve sur-
vival for patients with advanced NB. Assays for the
rapid and accurate quantification of MYCN copy num-
ber and MYCN expression level in NB have been
developed by real-time q-PCR or q-RT-PCR method
with TagMan probe (Raggi et al. 1999; Tajiri et al.
2001: De Preter et al. 2002). Tanaka et al. reported that
in their highly sensitive analysis by a ¢-PCR method
combined with FISH. cases with more than two MYCN
gene dosages (MYCN/p53 >2.0) were significantly
associated with unfavorable prognostic factors
(Tanaka et al. 2004). In our study. we did not investi-
gate NBs with a haploid MYCN gene copy number of
between two and five.
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Fig. 4 a Expression level of DDX1 and NAG mRNA in 41
MYCN-amplified NBs from patients aged =18 months. Open cir-
dle.survivors with MY CN amplification (1 = 12): cross. nonsurvi-
vors with MYCN amplification (1 = 29): dotted lines. the highest
expression levels of DDX/ and NAG in MYCN-unamplificd
NBs. b In the 41 patients with MYCN-amplificd NB aged
> 18 months. those with tumor with enhanced DDX/ expression
and low-NAG expression showed a significantly better outcome
than those with low-D DX/ expression or enhanced NAG expres-
sion (p = (L0245, log-rank test)

Recently. Scott et al. found that the 7.3 kb transcript
of the NAG gene with 52 exons, which is predomi-
nantly expressed in NB, covers 420kb of genomic
DNA. They proposed that probes for Southern blot or
FISH studies, or primers used for PCR-based methods.
should include the 3’ end of the NAG gene over 400 kb
away from DD X1 (Scott et al. 2003b). The primers and
TagMan probe we designed were located on the 3’ end
of the NAG gene, on exon 52. and the frequency of
NAG co-amplification with MYCN was in accordance
with that reported by Scott et al.

It is thought that a low copy number of MYCN in
MYCN-amplified human NB cells is correlated with a
low degree of recombination and large amplicon size
(Amler and Schwab 1989). Consistent with the findings
by Amler and Schwab, we found for the first time that
NB with lower copies of MYCN amplification tended
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to a more frequent DDX/! and NAG co-amplification
than those with higher copies of MYCN. For evaluat-
ing the frequency of DDX1 and NAG co-amplification,
it proved appropriate to discriminate NBs with <4()
copies of MYCN amplification from those with >40
copies of MYCN. The information obtained from these
obscrvations may be different from a recent suggestion
by De Preter et al. that the process of co-amplification
within the MYCN amplicon occurs coincidentally, and
is not subject to selection (De Preter et al. 2005).

The prognostic significance of DDX1 co-amplifica-
tion with MYCN has remained unclear. Squire et al.
analyzed 13 MYCN-amplified patients and showed a
trend toward a worse clinical outcome with DDX/ co-
amplification  (Squire etal. 1995). George clal
reported that with the exclusion of patients with 48 dis-
casc. those with DD X/ co-amplification had a signifi-
cantly shorter mean disease-free interval compared
with MYCN amplification alone (George ct al. 1997).
However, they described that there was no significant
difference in the proportion of survivors in these two
groups. In contrast, Weber ct al. reported that DDX/
co-amplification correlated with an improved patient
survival in 98 MYCN-amplified NB (Weber ctal.
2004). In our study of 72 patients with MYCN-ampli-
fied NB. there was no significant difference in survival
probability between patients with DD X/-co-amplified
NB and those with tumor with MYCN amplification
alone. The result was similar to those reported by
Manohar etal. and De Preter et al. (Manohar et al.
1995: De Preter et al. 2002, 2005).

The NAG tended toward a more frequent co-ampli-
fication with MYCN in stage 4 compared with other
stages, in contrast to the result of a significant associa-
tion of NAG co-amplification with low-stage disease by
Scott etal. (2003b). The difference was probably
caused by the lower frequency of NAG co-amplifica-
tion with MYCN. Amplification of NAG was not nec-
essarily accompanied with enhanced NAG expression,
and NAG expression level in MYCN-amplified tumors
showed no significant relation to disease stage. The
relationship between RNA expression levels of DD X/
or NAG and clinical outcome for patients with MYCN-
amplified NB has hardly been studied. Weber et al.
rcported that a high cxpression level of DDXI was
associated with a trend toward a better survival proba-
bility while NAG expression was not correlated with
prognosis (Weber et al. 2004). They drew the result
using RNAs from 19 MYCN-amplified NB samples.
We analyzed DD X/ and NAG gene expression in 67
MYCN-amplified NB. Enhanced DDX/ and NAG
expression liad no significant correlation with progno-
sis, respectively.

For the discrimination of prognosis for patients with
NB, an age cut-off of 12 months was adopted world-
wide. However, the [International Neuroblastoma
Pathology Classification, established for the prognostic
evaluation of patients with ncuroblastic tumors, has
incorporated age factor of 18 months in the system
(Shimada et al. 2001; Sano et al. 2006). The Children's
Cancer Group in the USA has already chosen the
18 months as an age cut-off (Schmidt et al. 2005).
Recent evidence supports the age cut-off ranging 15—
18 months based on the results from the German anal-
ysis and two Children’s Oncology Group analyses
(London ctal. 2005). In our study, the DDXI and
NAG gene expression status in MYCN-amplified NBs
revealed an age cut-off of 18 months to be an appropri-
ale prognostic predictor of survival. We found that
older patients with enhanced DDX/ expression and
fow-NAG cxpression had a significantly better progno-
sis than those with low-DD X1 expression or enhanced
NAG expression. These findings indicate that, for
MYCN-amplified NB from patients aged >18 months,
both cnhanced DDXI  expression and low-NAG
expression may be associated with a betler response to
intensive therapy. It is also possible to suggest a subset
of NB in which enhanced DD X1 and low-NAG expres-
sion consequent to MYCN and DD X/ co-amplification
without NAG amplification contributes to patient sur-
vival.

A larger cohort of patients and longer follow-up
period ‘using an age cut-off of 18 months will be
required to clarify the clinical and prognostic signifi-
cance of the expression status of both DD X/ and NAG
genes with MYCN.
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