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hematopoietic cells from the bone marrow with retroviral vec-
tors encoding either PAXS-C200rf112S or PAXS5-C200r{112L.
GEFP-positive infected bone marrow cells were sorted by FACS
and plated in media containing cytokines that are know to
stimulate B cell differentiation (Fig. 3F). Murine hematopoietic
cells infected with the empty vector showed abundant colonies
(Fig. 3G Lefi), and 797 of the cells were B220 positive B cells
(Fig. 3G Upper Right). In contrast, murine hematopoietic cells
infected with either PAXS-C200rf1128 or PAXS5-C20orf112I.
formed very few colonies (Fig. 3G Left). Most of these colonies
were GFP-negative (data not shown), suggesting that these
PAXS-fusion proteins impaired B cell development from murine
hematopoietic cells.

Discussion

In this study, we describe a paradigm for discovering fusion genes
in malignancy by taking advantage of samples with unbalanced
translocations and using high density SNP-chip analysis. This tech-
nique allows us to identify genes involved in translocations even if
chromosomal analysis is not available, especially in solid tumors.

Steps to identify novel {usion genes using SNP chip analysis
include (i) identify cither a deletion or duplication that occurs
within two genes; (#) determine whether transcription of both
genes is in the same direction; (iif) take advantage of ancillary
tests such as standard chromosomal analysis or spectral karyo-
typing (14), which can grossly show that two chromosomes are
fused; and (iv) design primers of candidate genes and perform
RT-PCR to clone fusion genes. Rapid amplication of cDNA ends
(RACE) (15) or long-distance PCR (12) also help the cloning of
genes involved in translocations. In our SNP-chip data, a number
of regions of segmental deletions or duplications were detected
(9). Although some of them are simple deletions or duplications
at the original sites of the chromosomes, the others are deletions
that occurred during chromosomal translocations or when du-
plicated fragments were inserted into chromosomal sites other
than the original region (data not shown). Therefore, data of
chromosomal analysis help to define translocations, leading to
identification of candidate genes in novel fusion genes.

Recently, Tomlins ef al. found the fusion genes TMPRSS2/
ERG and TMPRSS2/ETVI in prostate cancers by using expres-
sion microarray data (16). They focused on the genes ERG and
ETVI, which are highly expressed in this cancer and examined
levels of individual exons of these two genes (16). They found
differences in expression of 5' and 3’ regions of the gencs,
suggesting that these genes are fused to each other (16). In these
fusion genes, the 5 regions were replaced by the TMPRSS2 gene,
resulting in the differences in the expression of the 5 and 3’
region of the ERG/ETVI genes (16). They also used SNP-chip
analysis to identify these fusion genes and found a deletion of a
genomic region between TMPRSS2 (21q22.3) and ERG
(21922.2), leading to fusion of these two genes (17). These new
technologies, based on oligonucleotide microarrays and bioin-
formatics, will help to identify fusion genes in cancers.

Our study found that the PAXS gene was frequently fused to
one of a variety of partner genes. PAXS is a key transcription
factorin the development of B cells (18, 19). We found that these
PAXS fusion proteins suppressed the function of wild-type
PAXS in a dominant-negative fashion and suppressed expression
of downstream target genes of wild-type PAXS in leukemic cells.

We found that when PAXS was joined to one of its fusion
partner genes, its C-terminal end was replaced by one of the
partner genes. Elimination of the C-terminal end of PAXS may
play an important role in generation of a dominant negative form
of mutated PAXS. In in viro assays, PAXS-fusion proteins
showed a similar affinity as wild-type PAXS for the PAXS
recognition sequences. Although expression of several down-
siream targets of wild-type PAXS was repressed by expression of
PAXS-fusion proteins, others were not affected. Binding of
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transcription factors to DNA can be modulated by cofactors
and/or neighboring (ranscription factors (20). Compared to
PAXS, PAXS-fusion proteins may bind more strongly to some
target genes and more weakly to others, depending on the
contextual environment of the target genes.

Further, our data showed that PAXS-fusion protein inhibited
B cell development of hematopoietic cells in a colony formation
assay. This result may suggest that PAXS fusion protein blocked
differentiation of hematopoietic cells into mature B cells. PAXS-
deficient mice have impairment of B cell differentiation (18).
These data suggest that PAX5-fusion proteins may contribute to
leukomegenesis by blocking B cell differentiation. It has been
suggested that two distinct genetic abnormalities contribute to
leukemogenesis in acute myelogenous leukemia (AML); one is
mutations promoting cellular proliferation, for example FLT3 or
RAS mutations, and the other is mutations blocking differenti-
ation, for example PML-RARA or RUNXI-ETO (21, 22). PAXS-
fusion proteins may cooperate with unidentified mutations
promoting cellular proliferation in the ALL cells.

Recently, Mullighan ef «l. have analyzed pediatric ALL sam-
ples by high density SNP-chips and found frequent abnormalities
of PAXS gene (23). Their data also showed that PAXS fusion
products suppressed transcriptional activity of PAXS in a dom-
inant-negative fashion (23). In addition, other researcher have
reported PAXS fusion genes, including PAXS fused to ETV6
(12p13)(23,24), FOXPI1 (3p14) (23), ZNF321 (18q11) (23), ELN
(7q11.23) (25), and PML (15q24) (26). We have found PAXS
fused to either ETV6, FOXPI, C200rf112 (20q11), or AUTS2
(7q11.22).

In our study, the function of PAXS was attenvated by the
dominant-negative forms of the fusion products in B cell lineage
ALL, suggesting that PAXS behaves as a tumor suppressor in
early B cells, and that impairment of its function can be
associated with the development of ALL. In contrast, translo-
cation of the PAXS gene to the enhancer region of the Ig heavy
chain gene [1(9;14)(p13.2;q32)] or point mutations of the 5’
regulatory region of the PAXS gene leads to its overexpression,
which is associated with B cell lineage lymphomas (27-29). Also,
experimental overexpression of wild-type PAXS can transform
lymphocytes (30, 31). Therefore, an aberrant PAXS may behave
in a dominant-negative fashion at the pre-B stage of B cell
development, resulting in ALL; its forced expression in a more
mature B cell can lead to lymphoma. Our study showed that
PAXS5-fusion proteins blocked differentiation of B cells but did
not transform them. B cells at different stages of differentiation

- may need alteration of distinct sets of pathways to transform.

Why PAXS can act as a tumor suppressor in ALL and as an
oncoprotein in lymphoma is unclear. Further studies are needed
to clarify the mechanism of this paradoxical phenomenon in
carcinogenesis.

In summary, we identified multiple fusion genes in ALL by
SNP-chip analysis, leading to the exploration of a B cell differ-
entiation block as a contributing factor to the development of
ALL. This methodology should help researchers to identify
oncogenic fusion genes and explore the mechanism of tumori-
genesis in other types of cancers as well.

Materials and Methods

Samples and DNA/RNA Preparation. SNP-chip was performed on 399 pediatric
ALL patients consecutively enrolled in the ALL-BFM 2000 trial of the Berlin-
Frankfurt-Manster (BFM) study at diagnosis and during remission (350 cases
were B cell lineage ALL and 49 cases were T cell lineage ALL) (9). Detailed
results of the SNP-chip analysis are published separately (9). The ALL-BFM 2000
study was approved by the local ethics committee. DNA and RNA were
extracted from the ALL samples and cell lines by using standard techniques
(32). Nalm 6, a human pre-B ALL cell line, was generously provided by Dr. G.
Crook (Los Angeles Childrer’s Hospital, Los Angeles, CA) and maintained in
RPMI medium 1640 with 10% FBS.
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SNP-Chip Analysis. SNP-chip of GeneChip Human mapping 50k array Xbal 240
and/or 250k Nsp were used for this study (Affymetrix Japan). Preparation of
samples was reported previously (4, 5). The data were analyzed by CNAG
program as previously described (4, 5). All 399 ALL samples and their matched
control samples were analyzed by using S0K-SNP chip; selected cases with
genomic abnormalities were also analyzed by using 250K SNP-chip.

RT-PCR. RT-PCR was performed by using ThermoScript RT-PCR Systems (In-
vitrogen) according to the manufacturer's protocol. The primers used for
detection of PAX5 fusion transcripts are listed in Table 52. Expression of PAX5
downstream target genes in Nalm 6 cells after transfection was examined by
semiquantitative RT-PCR. The gene names and their primer sequences are
listed in Table $3.

Reporter Gene Constructs and Expression Vectors. The PAX5 reporter gene
construct with the ludferase gene and PAX5 binding region of the CD19 pro-
moter, as well as the human PAX5 cDNA constructs, were kindly provided by Dr.
M. Busslinger (Research Institute of Molecular Pathology, Vienna, Austria). PAX5-
fusion constructs were generated by using PCR. All coding regions were ligated
into the pcdDNA3.1 vectors (Stratagene). Wild-type PAX5 cDNA was ligated into
pMSCV vector (Clontech), and EGFP cDNA was ligated under the control of pGK
promoter as a marker (pMSCV-GFP-wtPAX5). PAX5-C200rf112S and PAX5-
C200rf112L cDNA sequences were also ligated into pMSCV-GFP vectors.

Transfection and Reporter Gene Assay. For reporter gene assays, pMSCV-GFP-
WtPAXS5 and pcDNA vectors encoding PAX5-fusion genes were cotransfected
with the PAXS reporter construct and pRL (Renilla luciferase) vector into 293T
cells by using the Effecten transfection kit (Qiagen). Firefly and Renilla lucif-
erase activities were measured with the Dual-Luciferase Reporter Assay Sys-
tem (Promega). Transfection into Nalmé human pre-B cell ALL cell line was
performed with Amaxa nucleofector. GFP-positive cells were sorted by using
the MoFlo cell sorter (Dako). Detailed information about the procedure is
described in S/ Text.

Retrovirus Transduction into Murine Hematopietic Cells. Retrovirus containing
pMSCV-GFP (empty), pMSCV-GFP-PAX5-C200rf112S, and pMSCV-GFP-PAX5-
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C200rf112L was generated. The retrovirus was transfected into murine bone
marrow cells as previously reported (33). After the transfection, GFP-positive cells
were sorted and plated into methylcellulose cultures (M3231; Stem Cell Technol-
ogies) as previously described (33). Surface antigens (CD43, B220, c-kit, and
CD11b) of these GFP-positive cells were examined by using FACScan (Becton—
Dickinson). Detailed information of the procedure is described in the S/ Text.

Subcellular Fractionation of Proteins and EMSA. Forty-eight hours after trans-
fection of vectors into 293T cells, the cells were subjected to subcellular
fractionation with the CelLytic NUCLEAR Extraction Kit (Sigma-Aldrich). De-
tailed information of the procedure is described in the S/ Text.

Purified nuclear proteins from the cells were also subjected to EMSA as
previously reported (34). Detailed information of the procedure is described
in the S/ Text.

Chromatin Immunopredipitation (ChIP) Assay. ChIP assay was performed with
the Magna ChIP A kit from Millipore according to the manufacturer’s proto-
col. pMSCV-GFP or pMSCV-GFP-C200rf112S were transfected into Nalm 6 cells
as described above, and GFP-positive cells were sorted by MoFlo (Dako).
Precipitated DNA was recovered and subjected to PCR to amplify the BLK
promoterregion and the 3’ end of the BLK gene (internal control). The primer
sequences used for ChlP assay are listed in Table S4. Detailed information of
the procedure is described in the S/ Text.
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Pediatric acute lymphoblastic leukemia
(ALL) is a malignant disease resuiting
from accumulation of genetic alterations.
A robust technology, single nucleotide
polymorphism oligonucleotide genomic
microarray (SNP-chip) in concert with
bioinformatics offers the opportunity to
discover the genetic lesions associated
with ALL. We examined 399 pediatric ALL
samples and their matched remission
marrows at 50 000/250 000 SNP sites us-

ing an SNP-chip platform. Correlations
between genetic abnormalities and clini-
cal features were examined. Three com-
mon genetic alterations were found: dele-
tion of ETV6, deletion of p716INK4A, and
hyperdiploidy, as well as a number of
novel recurrent genetic alterations. Unipa-
rental disomy (UPD) was a frequent event,
especially affecting chromosome 9. A co-
hort of children with hyperdiploid ALL
without gain of chromosomes 17 and 18

had a poor prognosis. Molecular allel-
okaryotyping is a robust tool to define
small genetic abnormalities including
UPD, which is usually overlooked by stan-
dard methods. This technique was able to
detect subgroups with a poor prognosis
based on their genetic status. (Blood.
2008;111:776-784)

© 2008 by The American Society of Hematology

Introduction

Pediatiic acute lymphoblastic leukemia (ALL) is the most common
malignant disease in children.! ALL is a genetic disease resulting from
accumulation of mutations of tumor suppressor genes and oncogenes. '
Knowledge of these mutations can be of use for diagnosis, prognosis,
and therapeutic clinical purposes, as well as to provide an overall
understanding of the pathogenesis of ALL.! Identification of mutated
genes in ALL has evolved with improvement in technology. A recent
approach is single nucleotide polymorphism (SNP) analysis using an
array-based technology™ that allows identification of amplifications,
deletions, and allelic imbalance, such as uniparental disomy (UPD
[represents the doubling of the abnormal allele due to somatic recombi-
nation or duplication and loss of the other normal allele ]).® However,
since this technique detects allelic dosage, it cannot detect balanced
translocations.

According to the HapMap publication, 9.2 million SNPs have
been reported, and of these, 3.6 million have been validated.”
Global genomic distribution of SNPs and its easy adaptability for
high throughput analysis make them the target of choice to look for

genomic abnormalities in ALL and other cancers.>7

Recently, higher resolution SNP-chip (50 000-500 000 probes)
has been developed for large-scale SNP typing. 19 With a large
number of SNP probes, in combination with the algorithms
specifically developed for copy number calculations, these SNP-
chips enable genomewide detection of copy number changes.!!"2
The combination of SNP-chip technology, nucleotide sequencing,
and bioinformatics allows the investigator to view the entire
genome of ALL in an unbiased, comprehensive approach. Using
SNP-chips, the chromosomal abnormalities can be evaluated at a
very high resolution (molecular level: average distances of each
probe are 47 kb and 5.8 kb in the 50 k/500 k arrays, respec-
tively*19), and allele-specific gene dosage level (gene dosage of
paternal and maternal alleles) also can be analyzed in the whole
genome.'12 Hence, we name this new technology ‘‘molecular
allelokaryotyping.”'? In this study, we performed molecular allel-
okaryotyping on a very large cohort (399) of pediatric ALL samples
to examine genomic abnormalities at high resolution. Further, we
examined correlations between the genomic abnormalities detected
by SNP-chip and clinical features, including prognosis.
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Methods

Clinical samples and DNA/RNA preparation

The ALL-BEM 2000 trial of the Berlin-Frankfurt-Miinster (BFM) study group
on treatment of childhood ALL enrolled patients from ages 1 year to 18 years at
diagnosis.

From September 1999 to January 2002, 566 patients were consecu-
tively enrolled in this trial. The ALL-BFM 2000 study was approved by
the ethics committees of the Medical School Hanover and the Cedar
Sinai Medical Center. Informed consent was obtained in accordance
with the Declaration of Helsinki.

Of the 566 patients (nos. 299-854), 399 patients, representing 70% of
the entire patient population, had additional DNA available and could be
included in the present SNP-chip study. The 167 patients not available for
this analysis did not differ from the 399 patients in this study with regard to
their clinical and biological characteristics (data not shown).

Complete remission (CR) was defined as the absence of leukemia
blasts in the peripheral blood and cerebrospinal fluid, fewer than 5%
lymphoblasts in marrow aspiration smears, and no evidence of localized
disease. At day 29, bone marrows were examined. and all patients in this
SNP-chip analysis study obtained a CR at that time. The remission
marrows were collected and used as matched control for the SNP-chip
analysis.

Prednisone response was defined based on numbers of peripheral blood
blasts per microliter on day 8. and patients were classified into good
(< 1000 blasts/ptL) and poor responders (= 1000 blasts/juL).'** Relapse was
defined as recurrence of lymphoblasts or localized leukemic infiltrates at any site.

DNA index, immunophenotyping, molecular analysis of
chromosomal abnormalities

Leukemic or normal bone marrow cells were stained with propidium
iodide. and cellular DNA contents were measured by cytometric analysis as
previously reported.'®!” DNA index was defined as the DNA content of
leukemic cells compared with normal GO/G1 cells. When the DNA index of
leukemic cells was the same as or greater than 1.16, it was defined as
hyperdiploid ALL by DNA index as previously reported.!®!7
Immunophenotyping of ALL was examined using anti-CD2, -CD3,
-CD4, -CD10, -CD19, and -CD20 antibodies by FACS.!*15 ETV6/RUNX 1,
BCR/ABL, and MLL/AF4 were examined by interphase fluorescence in
situ_hybridization (FISH) analysis using specific probes and by reverse
transcriptase—polymerase chain reaction (RT-PCR) using specific primers

for these fusion transcripts as described previously.'*13

Molecular allelokaryotyping of leukemic cells

DNA from the 399 ALL samples as well as their paired normal DNA from
remission samples were analyzed on Affymetrix GeneChip human mapping
50 K Xbal or 250 K Nsp arrays (Affymetrix Japan, Tokyo, JTapan) according
to the manufacturer’s protocol. Microarray data were analyzed for determi-
nation of both total and allelic-specific copy numbers using the CNAG
program as previously described!™!? with minor modifications, where the
status of copy numbers as well as UPD at each SNP was inferred using the
algorithms based on Hidden Markov Models.!1?

For clustering of ALL samples with regard to the status of copy number
changes as well as UPD, entire genome was divided into contiguous
sub-blocks of 100 kb in length, and according to the inferred copy numbers
(CNs) and the status of UPD, one of the 4 conditions was assigned to the ith
sub-block (Si); CN gain, CN loss, normal CN. and UPD. For a given 2-copy
number data, A and B, distance (@] A,B])was simply defined as

dAB) = D I(S5SH
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where S/ and S are the status of the ith sub-block (Si) in data A and B,
respectively, and sum is taken for all sub-blocks. Clustering was initiated by
finding a seed cluster of 2 samples showing the minimum distance and
replacing them with the cluster data having the mean Si value of the two.
This procedure was iteratively performed until all samples were converged
to one cluster based on this distance using a program developed for this
purpose (GNAGraph), which was followed by manual revisions focusing
on particular genetic lesions selected by their frequencies within the sample
set. CNAG and CNAGraph are available on request.

Quantitative genomic PCR and direct sequencing

Quantitative genomic PCR (qPCR) was performed on a real-time PCR
machine, iCycler (Bio-Rad Laboratories, Hercules, CA) using iQ cyber-
green supermix (Bio-Rad Laboratories) according to the manufacturer’s
protocol. Primer sequences used for the qPCR are listed in Table S2
(available on the Blood website: see the Supplemental Materials link at the
top of the online article). Gene dosage at the 2p allele was used as an
internal control. Allelic gene dosage of 9p and 9¢ was measured, and these
were compared with the levels in respective matched control DNA. SNP
sites were amplified and directly sequenced on Autosequencer 3000
(Applied Biosystems, Foster City, CA). Primers used for SNP site
amplification are listed in Table S2. Exons 12 and 14 of JAK2 gene were
amplified as previously reported.’® PCR products were purified and
subjected to direct sequencing.

Data preparation

Proportional differences between groups were analyzed by either chi-
squared (x°) or Fisher exact tests. The Kaplan-Meier method was used to

Table 1. Characterization of clinical features of 399 ALL cases

Cases, no. (%)

Sex

Male 230 (57)

Female 169 (43)
Age

1to9yrs 307 (77)

Older than 10 yrs 92 (23)
WBC

Below 102 10%/L 362 (91)

Over 102+ 109%/L 37(9)
Immunophenotype

Tcell 49 (12)

B-cell 339 (85)

Unknown 11(3)
CNS involvement

Yes 11(3)

No 358 (90)

unknown 30(7)
BCR/ABL

Yes 6(2)

No 379 (95)

Unknown 14(3)
ETV6/RUNX1

Yes 96 (24)

No 270 (68)

Unknown 33(8)
PDN response

Good 360 (90)

Poor 35 (9)

Unknown 4(1)

WBC indicates white blood cell count (.~ 10%/L) in peripheral blood at diagnosis;
CNS involvement, central nervous system involvement at diagnosis; BCR/ABL and
ETV6/RUNX1, BCR/ABL or ETV6/RUNX1 fusion was examined by RT-PCR and/or
FISH analysis; PDN, prednisone; and PDN response, blast cell countwas 1000/p.L or
greater in peripheral blood after a 7-day exposure to prednisone and one intrathecal
dose of methotrexate.
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Figure 1. Result of SNP-chip analysis. (A) Results of normal and abnormal chromosomes visualized by CNAG software. Blue lines above each chromosome show total gene
dosage; level 2 indicates diploid (2N) amount of DNA, which is normal. Green bars under each chromosome indicate the SNP sites showing heterozygosity in leukemic cells.
When heterozygosity is not detected in the leukemic cells but is detected in matched normal controls, the result suggests that the leukemic cells have allelic imbalance (Al) in
that region. Pink bars that replaced green ones suggest Al. The bottom lines (green and red lines) in each panel show allele-specific gene dosage levels (one indicates the gene
dosage of patemal allele, the other indicates the gene dosage of matemal allele). Level 1 is nommal for each gene dosage. (i) Pattem of normal chromosome 9. Blue line is at
level 2 (2N DNA). Large number of SNP sites shows normal heterozygosity (green bars under the chromosomes), and no pink bars are detected. Allele-specific gene dosage is
atlevel 1. Panel ii shows the pattem of whole chromosome 9 uniparental disomy (UPD) detected by SNP-chip. Total gene dosage (blue line) is normal (level 2). A number of
pink bars (Al) are detected. Allele-specific gene dosage data show that one allele is deleted (level 0) and the other allele is duplicated (level 2). Paneliii shows the pattern of
pattial UPD. Left half shows the pattem of UPD as described above. Right half shows the pattem of a normal chromosome as described above. This case also has homozygous
deletion of p16INK4A gene (see that both allele-specific dosage lines [green and red lines] and total gene dosage line [blue line] are at zero). Paneliv shows nondominant UPD.
Total gene dosage (blue line) indicates 2N. Allele-specific gene dosage lines (arrows, green and red lines) on left half show that one allele (greenline) is lower than normal, and
the other allele (red line) is higher than normal. Allele-specific gene dosage on right half show that each allele has same level. (B-D) Validation of SNP-chip data by direct
nucleotide sequencing of SNP sites and qPCR. Top panels: direct nucleofide sequencing of SNP sites in ALL samples with matched controls. ALL indicates leukemic samples;
N, matched control samples. Heterozygous SNP sites are indicated by arrows. Middle panels: results of SNP-chip data (see Figure 1 legend). Bottom panels: qPCR at each
chromosome location. Gene dosage levels were examined using qPCR at indicated chromosomal region. Gene dosage was determined relative to the levels at the 2p21
region. Gene dosage in leukemic cells (ALL) was compared with the matched normal control DNA (N). (B) ALL with 9p hemizygous deletion; homozygous deletion of 9p21 is
also detected. (C) ALL with whole chromosome UPD. (D) ALL with 9p UPD.
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Table 2. Detection of hyperdiploidy ALL by DNA-index and SNP-
chip analysis

SNP-chip
HD non-HD
DNA index
HD 44 cases 4 cases
non-HD 30 cases 200 cases

DNAindex was measured by FACS as described in “DNA index, immunopheno-
typing, molecular analysis of chromosomal abnormalities” and DNAindex of 278 ALL
samples were available. Normal diploid cells have a DNA index of 1.0. When DNA
indexis the same as or greater than 1.16, the leukemia is defined as hyperdiploid ALL
by DNA index. Hyperdiploid ALL detected by SNP-chip analysis had more than
50 chromosomes, which were counted manually.

HD indicates hyperdiploid ALL; and non-HD, nonhyperdiploid ALL.

estimate survival rates. Differences were compared with the 2-sided
log-rank test. Event-free survival (EFS) was calculated from diagnosis to
the time of the first event (relapse, secondary malignancy, or death from any
cause) or to the date of last follow-up.

Results
Features of samples

Clinical features of 399 pediatric ALL patients are shown in Table
1. Infant ALL ( < lyears of age) were excluded from this study,
and 77% (307 cases) of the patients were from 1 to 9 years old.
Forty-nine cases of T-cell lineage ALL and 339 cases of B-cell
lincage ALL were examined. Ninety-six samples (24%) had
ETV6/RUNXI fusion, and 6 cases had the BCR/ABL fusion gene.

Validation of SNP-chip data

Gene dosage, heterozygous SNPs, allele-specific gene dosage,
and allelic composition (loss of heterozygosity [LOH]) was
visualized as shown in Figure 1 using our novel analysis
software, CNAG for SNP-chip.'"!? Duplication/amplification,
deletion, and UPDs of chromosomes were easily detected
(Figure 1A). To validate abnormalities found by SNP-chip,
genomic quantitative PCR and direct sequencing of SNP sites at
duplicated, amplified, deleted, and UPD regions were performed
including chromosome 9. Representative results of validation
are shown in Figure 1B-D.

Also, hyperdiploid (HD) ALL defined by DNA index and
SNP-chip analysis was compared for selected cases (Table 2).
Number of total chromosomes was counted manually in SNP-chip
analysis, and ALL with more than 50 chromosomes was defined as
HD-ALL by SNP-chip. When DNA index of leukemic cells was
same as or greater than 1.16, the sample was defined as HD-ALL
by DNA index.!®!” DNA index of 278 ALL samples were available,
and 200 cases were defined as non-HD ALL by both methods.
SNP-chip detected more cases of HD-ALL (74 cases) than DNA
index. As shown in Figure [Aiv, SNP-chip can precisely detect
gene dosage, and this high sensitivity of SNP-chip analysis
permitted more accurate detection of HD-ALL than by the DNA
index method. Results of these analyses validated that the abnormali-
ties detected by SNP-chip were reliable.

Three common abnormalities in pediatric ALL

Figure 2A summarizes molecular allelokaryotyping profiles of
the 399 ALL cases after clustering with regard to the status of
copy number alterations as well as copy number neutral LOH,
so-called UPD, showing a number of clusters having common
genetic lesions.
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Among these clusters, 3 genetic abnormalities were frequently
detected: hyperdiploidy (HD, > 50 chromosomes), deletion of the
9p region, and deletion of 12p (Figure 2A,B). The common deleted
region (CDR) on 9p involved the pI6INK4A gene (called p16Del,
Figure 2B), and the CDR on 12p involved the ETV6 gene (called
ETV6Del, Figure 2B). Concurrent abnormalities of pl6Del and
HD were rare (P < .001); concurrent abnormalities of ETV6Del
and HD also were rare (P < .001; Figure 2B). No case had all
3 common abnormalities.

The clinical features of cases with each of these 3 genetic
abnormalities were analyzed (Table 3). Individuals with pl6Del-
ALL frequently were older (P = .017), had higher WBC (P < .001).
and T-cell lineage ALL (P <.001). Those with ETV6Del-ALL
were more often younger (P = .009), non—T-cell lineage (P = .014),
and ETV6/RUNX1 fusion gene positive (P << .001). Patients having
HD-ALL were more frequently younger (P < .001), showed lower
WBC (P <.001), non=T-cell lineage (P < .001), and ETV6/
RUNX1 negative (P < .001).

Numerical chromosomal abnormalities in pediatric ALL

Numerical chromosome changes were frequently detected in pediatric
ALL samples, as summarized in Figure 3A. Numerical change of
chromosome 21 (trisomy, tetrasomy, and pentasomy) was the most
frequent (134 [34%] cases). We had 8 cases with Down
syndrome who had trisomy 21 in their leukemic cells and their
matched controls. These 8 cases are excluded in Figure 3A.
Most of the numerical abnormalities were detected in HD-ALL
cases (Figure S1A) except for those with trisomy 21 (Figure
S1B). As for trisomy 21, half (21 cases) occurred in patients
with subtypes other than HD (Figure S1B). In HD-ALL, gain of
chromosomes was restricted to particular chromosomes, involv-
ing chromosomes 4, 6, 8, 10, 14, 17, 18, 21, and X (Figures 2A, 3A).

Nonrandom genetic abnormalities in pediatric ALL detected by
SNP-chip

All copy number changes (deletions and duplications/amplifica-
tions) detected by SNP-chip analysis are shown in Figure 2A
and Figure S2. Small deletions that could not be detected by
conventional cytogenetics were sensitively identified, including
deletions of 3p14.2 (500 kb), 3¢26.32 (700 kb), and Xp21.1 (1
Mb) (Table 4 and Figure S2). Nonrandom chromosomal abnor-
malities (frequency > 1.5% of all cases) are listed in Table 4.
Besides the 3 common genetic abnormalities, duplication of 1q
(11%) and deletion of 6q (11.5%) were often detected. In 13
cases with 1q duplication, the duplication began at the PBX/
gene (Figures 2A, S2). Since gain of the entire or part of either
chromosome 21 or X was frequently found in non-HD-ALL,
these abnormalities were grouped separately (Table 4).

Recently, other groups of investigators performed SNP-chip
analysis on pediatric ALL and found deletions of several
transcriptional factors associated with B-cell development includ-
ing PAX5 (9p13), EBF (5q33), Ikaros (Tp12.2), Aiolos (17q12),
LEF1(4q25), RAGI(11p12), and RAG2 (11p12).120 We also
have found deletion of these genes in our study. However, the
frequency of deletion of these genes, except for PAXS, was low
(fewer than 2%) and/or the deleted regions contained multiple
genes (Table 4; Figure S2 and data not shown).

UPD

One of the major advantages of SNP-chip analysis is capability of
sensitive detection of UPD, even in samples suffering from small



From www.bloodjournal.org by on March 4, 2009. For personal use only.
780 KAWAMATAetal BLOOD, 15 JANUARY 2008 - VOLUME 111, NUMBER 2

A 399 Cases of Pediatric ALL

) £ i 5
_L—PBXI ; . '

qQp ap ¢ q
ERERR, p

— ST RIEEEE R - - N I e R T YO R O TR
-
.
e

q 0

wl
iy
w_

*u‘.ul.n' Ip.g;i——-q Il‘rulyk L— p]6 ‘ I s
.. L AI i 3~ i . . .

©
Qpap geqp opap qr

' * ETVé _’l'.‘*-1!'l'~‘-‘" e L

>
q

2 1 A ek e L1 Y

=
[

o

-
©
¢ D0QqQpapapqpap ¢

|| B S T e e e
M CN=3/4 WICN=1 CN=2
W CN>=5 HECN=0 M UPD or LOH without CN loss

Chr.9 _— = = Chr. 12

I

t pI6INK44 ETV6Del 86 - pléDel 114
i L \
( 55 23 ) 84 ;
- 2 8 - ¥ 7
e \\ ot

101
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Table 3. Clinical features of ALL cases associated with one of three
common genetic abnormalities

Genetic abnormality, no. (%) Others, no. (%) P

pi16Del-ALL
Age
1109y 76 (68) 231 (80) —
Olderthan 9y 35 (32) 57 (20) 017
WBC
Below 102 % 10%L 85 (77) 277 (96) —
Over 102 = 10°/L 26 (23) 11(4) .001
Non-T lineage 71 (62) 263 (96) —
T-lineage 83(38) 11(4) .001
ETV6Del-ALL
Age
1to9y 75 (87) 232 (74) —
Olderthan 9y 11 (13) 81 (26) .009
Non-T lineage 89 (95) 261 (85) —
T-lineage 4 (5) 45 (15) .015
ETV6/RUNX1
Positive 53 (66) 43(15) —
Negative 27 (34) 243 (85) .001
HD-ALL
Age
1109y 101 (89) 206 (72) =
Older than 9 13(11) 79 (28) .001
WBC
Below 102 > 10%/L 112 (98) 250 (88) —
Over 102 = 10°L 2(2) 35(12) .001
Non-T lineage 110(100) 229 (82) —
T-lineage 0(0) 49 (18) .001
ETV6/RUNX1 HD-ALL Others
Positive 8(8) 88 (34) —
Negative 97 (92) 173 (66) .001

p16Del-ALL indicates ALL with deletion of p16INK4A gene; ETV6Del-ALL, ALL
with deletion of ETV6 gene; HD-ALL, ALL with hyperdiploidy (chromosomes >>50); —,
not applicable; WBC, white blood cell countin peripheral blood (- 10%/L) at diagnosis;
and ETV6/RUNX1, ETV6/RUNX1 fusion was examined by RT-PCR and/or FISH
analysis.

tumor content; UPD in samples with as low as 20% of tumor
contents are clearly identified (Figure 1Aiv). Whole and partial
chromosome UPDs were observed in 95 cases; 6 cases showed
both whole and partial chromosome UPD (Figure 3B). Most of
the whole chromosome UPD was detected in HD-ALL (Figure
3C). UPD of whole chromosome 9 was the most common whole
chromosome UPD (Figure 3B). In contrast, UPD involving part
of chromosomes was most often found in non-HD-ALL cases
(Figure 3C). Recurrent partial chromosome UPD was detected
in many chromosomal regions (Figure 3B). We frequently found
whole chromosome 9 UPD (18 cases) and 9p UPD (30 cases)
(Figure 3B). INK4A deletion was often found in 9p UPD (23 of
30, 77%), while it was rare in whole chromosome 9 UPD (1 of
18, 6%) (Figure 3D).

Relationship between genetic abnormalities

Recurrent abnormalities described above were compared with each
other (3 common abnormalities and 26 nonrandom alterations) to
detect relationships between these abnormalities (Table S1). Strong
correlations between abnormalities of 12p and 21q were detected,
duplications of 12p and 21q often occurred simultancously, and
duplications of 21¢q were accompanied by deletion of the ETV6
gene that was localized on 12p. ETV6Del ALL frequently had
additional changes, including duplications (21q and 1q) and
deletions (3p21. 1q, FHIT, 15q, and 4q). Abnormalities involving
chromosome X, including DMD (Xp21.2) deletion, were fre-
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quently accompanied by deletions of 8p. 4q. and 6¢. Deletion of
20q often occurred with either p 76INK4A deletion or duplication of
21q (Figure 2A and Table S1).

Impact of nonrandom genetic abnormalities on prognosis

We analyzed prognosis of cases showing nonrandom abnormalities
listed in Table 4 and found that the recurrent abnormalities had no
impact on the event-free survival (EFS; data not shown) except for
amplification/duplication of chromosome 9q. Our initial, early
analysis found that EFS of pediatric ALL patients was not impacted
by ETV6 deletion cither with or without ETV6/RUNXI. Nine cases
with 9q amplification/duplication showed a poor prognosis
(6 patients relapsed within 3 years; Figure S3A), although the
number of cases having this abnormality is too small to reach a
significant conclusion. Of these cases, 3 also had duplication of part
of chromosome 22 (Figure S3B), suggesting that duplication of 9q
is part of an extra copy of the Philadelphia chromosome. These
3 cases showed BCR/ABL positively by FISH/RT-PCR analysis
(data not shown). Two other cases showed high copy number
amplification that encompassed ABL and NUP214 genes (Figure
S3C), suggesting these cases had a NUP214/ABL fusion.?! The
ALL cells of these 2 cases were steroid-resistant and ‘T-cell lineage
phenotype.

Children with HD-ALL without gain of either chromosome
17 or 18 had a worse prognosis (Figure 4). Furthermore, children
with HD-ALL and no extra copies of chromosomes 17 and 18 had a
significantly worse prognosis (P < .001), with 53% EFS at § years
compared with a 90% S-year EFS in the other HD-ALL cohort
(Figure 4).

Discussion

SNP-chip analysis is a reliable method to detect gene dosage,
which was validated by direct sequencing of SNP sites and
quantitative PCR in this study. To detect HD-ALL, DNA index is
not a sensitive method since contaminated normal cells (DNA
index 1.0) decrease the levels of DNA index of hyperdiploid
leukemic cells. Although karyotyping is a good method to detect
HD-ALL, sufficient number of high-quality chromosomal met-
aphases is not always obtained from the leukemic cells. SNP-chip
analysis may be a more useful and reliable method to detect this
subtype of ALL.

Molecular allelokaryotyping of a large series of pediatric ALL
samples showed 3 major abnormalities: deletion of p I6INK4A, deletion
of ETV6, and hyperdiploidy. Besides these 3 common abnormalities, a
number of novel, nonrandom changes were found in ALL. Some of
them showed a very narrow commonly deleted region. which was
limited to one target gene, including FHIT (3p14.2). TBLIXR1 (3q26.3),
and DMD (Xp21.2). DMD is the causative gene for Duchenne-type
muscular dystrophy.”> While germ-line inactivating mutations of this
gene cause the disease, no association has been made between this
disease and cancers, including ALL. Since DMD is an extremely large
gene (24 Mb), deletion of it may occur as a result of instability of
genomic DNA in ALL cells.

Other investigators and we have found in pediatric ALL a number of
deleted genes, including transcriptional factors involved in B-cell
differentiation.!*?° However, since no point mutations of those genes,
except PAXS, were detected." it is unclear that these transcriptional
factors associated with B-cell development are target genes of these
deletions. Mullighan et al' and we have found that PAXS gene is
frequently involved in deletions and translocations (N.K., S.0., M.Z, et
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Figure 3. Numerical chromosomal changes and uniparental disomy in pediatric ALL. (A) Frequency of pentasomy/tetrasomy/trisomy affecting each chromosome. ForX
chromosome, trisomy (105 cases) contains trisosomy X in male pateints (67 cases) and disomy X in female patients (38 cases). All tetrasomy X were female patients.
(B) Frequency of uniparental disomy (UPD). Whole: cases with whole chromosome UPD; p aim: cases with UPD of short arm; and q am: cases with UPD of long aim. Chr:
chromosome. UPD involving X chromosome was detected only in female cases. (C) Distribution of whole and partial chromosome UPD in HD and non-HD-ALL. Whole
chromosome UPD is frequently detected in HD-ALL. Thirty-four cases with whole chromosome UPD were HD-ALL. Partial UPD is frequently detected in non-HD-ALL. Fifteen
of 63 cases with partial UPD were HD-ALL. (D) Frequency of deletion of p16/NK4A gene in whole chromosome 9 UPD and 9p UPD. Twenty-three cases showed deletion of
p16INK4A, out of a total of 30 cases with 9p UPD. One case had p16/NK4A deletion from a total 18 ALL samples with whole chromosome 9 UPD.

al, manuscript submitted), suggesting that impairment of PAXS is
associated with leukomogenesis.

This study showed that numerical chromosomal changes and
UPD were common genomic abnormalities in pediatric ALL.
Interestingly, whereas trisomy 21 was the most common numeri-
cal chromosomal abnormality, UPD of chromosome 21 was not
detected in our study. Even in 8 cases with Down syndrome who
had trisomy 21 in their constitutional DNA, UPD of chromo-
some 21 was not detected. Although UPD of chromosome 21 in
leukemic cells of patients with Down syndrome has been
reported,? it may be a rare event in pediatric ALL.

Chromosomal mis-segregation occurs when duplicated chro-
mosomes separate improperly during cell division,?® leading to
numerical chromosomal changes in leukemic cells, including
HD-ALL. Most of the whole chromosome UPD was detected in
HD-ALL, suggesting that whole chromosome UPD is due also
to chromosomal mis-segregation. In contrast, UPD involving
part of chromosomes was most often found in non-HD-ALL
cases. This may suggest that these partial UPDs are not caused
by mis-segregation, but by mitotic recombination, which can
usually cause chromosomal exchange.?

UPD involving chromosome 9 or 9p is a very common
abnormality in pediatric ALL. INK4A gene may be a target gene
of 9p UPD since most of the cases with 9p UPD had deletion of

INK4A (23 of 30 cases with 9p UPD). For UPD involving whole
chromosome 9, INK4A is not a target gene, since only one case
with whole chromosome 9 UPD had deletion of this gene (1 of
18, 6%). Which gene is the target of whole chromosome 9 UPD
is unclear. Furthermore, 7 cases with 9p UPD had intact INK4A,
and the target gene of 9p UPD in these cases is also unknown.
This is the first report showing that whole chromosome 9 UPD
and 9p UPD are common abnormalities in pediatric ALL.
Although Mullighan et al also analyzed a large number of
pediatric ALL patients by SNP-chip,'? they did not report this
abnormality.

UPD on 9p is associated with activating point mutations of
JAK2 in myeloproliferative disorders (MPDs).2**® However,
point mutation of JAK? in ALL is very rare.23 We examined
for JAK2 mutations at “hot-spots” (exons 12 and 14)'8:26-28 jp
these 7 cases of ALL with 9p UPD in which deletion of INK4A
was not detected. We found no mutations of JAK2 in these cases.
Another unidentified gene(s) in the region may be mutated in
these cases.

In this study, we found that absence of gain of chromosomes 17
and 18 had an adverse impact on the prognosis of children with
HD-ALL. Another large-scale study found that gain of chromo-
some 17 was associated with a better prognosis in HD-ALLJ3!
Although this previous study reported that gain of chromosomes 4
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Table 4. Recurrent genetic abnormalities detected by SNP-chip
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Chromosomal sites Type of abnormality No. of cases (%) Candidate genes
1q Duplication 44 (11) —
1q Deletion 11(3) —
3p21 Deletion 6(2) —
3p14.2 Deletion 6(2) FHIT
3q26.3 Deletion 10(3) TBL1XR1
4q31 Deletion 7(2) —
6q Deletion 46 (11) —
7p Deletion 10(3) —
7q34 Deletion 7(2) —
8p Deletion 13(3) —
8q Duplication 9(2) -
9q Dup/amp 9(2) ABL
10p Duplication 7(2) —
10924 Deletion 12 (3) —
11q Deletion 24 (6) —
12p Duplication 13 (3) -
13q14.2 Deletion 14 (4) RB1
15q Deletion 7(2) —
17p Deletion 8(2) TP53
17q Duplication 10(3) —
17q11.2 Deletion 7(2) NF1
20p12.2 Deletion 6(2) —
20q Deletion 13(3) —
Xp21.2 Deletion 8(2) DMD
Gain of Chr. 21 or21qinnon-HD ALL cases — 37/283 (13) —
Gain of Chr. X or Xq in non-HD ALL cases — 23/283 (8) —

Nonrandom chromosomal abnormalities (frequency >1.5% of all cases) are listed. 9p deletion and 12p deletions are separately shown in Figure 2B.
HD indicates hyperdiploid (50 chromosomes); dup/amp, duplication and amplification of the region; and —, not applicable.

and 10 also was associated with a better prognosis, our study
showed that change in number of these chromosomes did not have
an impact on prognosis. Even though the size of our study is
relatively large, it might not be able to detect some important
factors associated with survival because the number of cases of this
ALL subtype enrolled in our study was too small or advances in
treatment of pediatric ALL may have eliminated several factors that
previously influenced prognosis.

One of the limitations of SNP-chip analysis is that it cannot
detect balanced translocations, which are common abnormali-
ties in ALL, since this technique can detect only allelic dosage.
In our correlation study of genomic abnormalities, a strong
correlation was found between abnormalities involving 12p and

HD-ALL (114 cases)

HD-ALL (114 casces)

21q as described above. This, in part, reflected translocations of
chromosome 12p and 21q (ETV6/RUNXI fusion). Another
correlation that we found between pl6Del (on 9p) and deletion
of 20q, may reflect dic(p13:q11).9203233 These strong correla-
tions of gains or loss of genetic materials may, therefore,
sometimes suggest unbalanced translocations in ALL. Combina-
tion of SNP-chip and karyotyping will be a very strong
technique to examine all genomic abnormalities in malignant
cells.

Molecular allelokaryotyping of a series of 399 pediatric ALL
samples has defined the range of genetic changes that occur in
childhood ALL, including those associated with a poor prognosis.
SNP-chip analysis is a novel technique that allows a thorough

HD-ALL (114 cases)
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Figure 4. Prognostic impact of chromosomes 17 and 18. Absence of a gain of either chromosome 17 (left panel) or chromosome 18 (middle panel) is associated with poor
prognosis in patients with HD-ALL; concurrent absence of a gain of both chromosomes 17 and 18 (right panel) is associated with very poor prognosis. Tri/tetra 18 and 17:
HD-ALL with trisomy or tetrasomy 18 or 17. Others: HD-ALL without gain of chromosomes 17 and/or 18.
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interrogation of the genome in ALL and identification of clinically
significant subgroups of patients.
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Stress via pS3 pathway causes apoptosis by mitochondrial Noxa
upregulation in doxorubicin-treated neuroblastoma cells
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In this study, we employed a panel of cell lines to determine
whether p53-dependent cell death in neuroblastoma (NB)
cells is caused by apoptotic cellular function, and we
further studied the molecular mechanism of apoptosis
induced via the pS53-dependent pathway. We obtained
evidence that a type of p53-dependent stress, doxorubicin
(Doxo) administration, causes accumulation of p53 in the
nucleus of NB cells and phosphorylation of several serine
residues in both Doxo-sensitive and -resistant cell lines.
Upregulation of pS3-downstream molecules in cells and
upregulation of Noxa in the mitochendrial fraction were
observed only in Doxo-sensitive NB cells. Significance of
Noxa in the Doxo-induced NB cell death was confirmed by
Noxa-knockdown experiments. Mitochondrial dysfunc-
tion, including cytochrome-c release and membrane
potential disregulation, occurred and resulted in the
activation of the intrinsic caspase pathway. However, in
the Doxo-resistant cells, the accumulation in the nucleus
and phosphorylation of p53 did not induce pS3-downstream
p21€eV¥anl expression and the Noxa upregulation, resulting
in the retention of the mitochondrial homeostasis. Taken
together, these findings indicate that the p53 pathway
seems to play a crucial role in NB cell death by Nexa
regulation in mitochondria, and inhibition of the induction
of p53-downstream effectors may regulate drug resistance
of NB cells.
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Introduction

Neuroblastoma (NB) is the most common pediatric solid
malignant tumor derived from the sympathetic nervous
system. Unlike the many childhood malignancies for
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which survival has been improved by recent therapies,
high-risk NB is still one of the most difficult tumors to
cure, with only 30% long-term survival despite intensive
multimodal therapy. New treatments and a better
understanding of drug resistance mechanisms are
required for the improvement of the survival rate. A
noteworthy finding of NB research is that mutations of
p53 tumor suppressor have been reported in less than
2% of NBs out of 340 tested (Tweddle er al., 2001).
Instead of mutation, cytoplasmic sequestration of p53
has been proposed as an alternative mechanism of
inactivation in NB cells. The sequestration was first
detected in frozen tumor samples using immunohisto-
chemical techniques (Moll ef al., 1995) and later in NB
cell lines by immunofluorescence and cell fractionation
experiments (Moll er al., 1996). However, several groups
reported nuclear p53 accumulation in NB cells harboring
wild-type p53 after DNA damage (Tweddle ef al., 2003).
After nuclear accumulation, p53 phosphorylation, bind-
ing to targeted sequences and transcriptional transacti-
vation are sequentially induced by DNA damage in p53
wild-type cells (Oren, 1999). However, these processes in
NB cells harboring wild-type p53 have not been
examined with respect to the role of p53 pathways in
the tumorigenesis of NB. Their examination should also
yield insights into the molecular mechanisms of p53
inactivation. For instance, upregulation of the p53-
downstream genes encoding p21¥/V+ and HDM2 in
p53 wild-type NB cell lines was observed in several
studies (Isaacs et al., 2001; Keshelava er al., 2001;
Tweddle et al., 2001) but not all (Wolff er al., 2001).
Reporter gene assays detected p53 transcriptional func-
tion in one study (Keshelava er al.,, 2001) but not in
another (Wolff er al., 2001). Together, these facts
indicate that systematic and detailed analysis of the
biological effects of pS53-dependent stress on the cell
death of NB cells and of the mechanisms of activation
and signal transduction of p53-related pathways in NB
cells are required for understanding the mechanism of
drug resistance and for the development of new therapies
for high-risk NB patients.

The Bcl-2 family member proteins regulate mitochon-
drial cell death by controlling mitochondrial outer
membrane permeabilization (MOMP). Anti-apoptotic
Bcl-2 family members (for example, Bcl-2, Bel-xL, Bel-w
and Mcl-1) function to block MOMP, whereas the
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various pro-apoptotic proteins promote it. The pro-
apoptotic proteins fall into two general subfamilies,
based on the sharing of Bcl-2 homology domains.
BHI123 proteins appear to be effectors of MOMP,
because cells from mice lacking the two major BH123
proteins, Bax and Bak, fail to undergo MOMP in
response to a wide range of apoptotic stresses (Wei
et al, 2001). The other subfamily, the BH3-only
proteins, can act either to activate Bax or Bak or to
interfere with the anti-apoptotic Bcl-2 family members
(Letai et al., 2002). Noxa is a BH3-only member of Bcl-2
family proteins (Oda et al., 2003) and its expression is
induced by DNA damage such as that caused by
etoposide or doxorubicin in a p53-dependent manner
(Oda et al., 2003; Shibue et al., 2003). Furthermore,
several lines of evidence reported that Noxa is one of the
most important cell death effectors in neuronal cell
death, for example, nuclear factor-kappa B modulated
cell death in mouse cortical neurons (Aleyasin et al.,
2004), axotomized motor neurons of adult mouse
(Kiryu-Seo et al., 2005), sensory neurons especially in
trigeminal ganglia and cervical dorsal ganglia (Hudson
et al., 2005) and arsenite-induced cortical neurons
(Wong et al., 2005).

These results have led us to study the role and
molecular machinery of p53-dependent cell death in NB
by utilizing several p53 wild-type NB cell lines. We
studied the sensitivities of NB cell lines to doxorubicin
(Doxo), which is a representative cytotoxic drug against
NB cells (Matthay et al., 1998) that induces stresses that
are basically dependent on p53 (Lowe et al., 1994), and
transactivates p53 and its downstream effectors in many
tissues (Komarova et al., 1997). In sensitive NB cells, the
following important findings were observed after Doxo
treatment: (1) accumulation of p53 in the nucleus; (2)
activation of the p53-downstream molecules; (3) pro-
apoptotic BH3-only Bcl-2 family protein Noxa induc-
tion and upregulation in mitochondria resulting in
mitochondrial dysfunction/intrinsic  caspase-derived
apoptosis. Although p53 accumulated in the nucleus
before Doxo treatment, the downstream molecules were
not induced and the upregulation of Noxa in mitochon-
dria was not observed in the Doxo-resistant NB cells.
Consequently, the crucial role of the p53 pathway in
apoptosis in NB cells was indicated by our observations.

Results

Heterogeneity of response to p53-dependent death signals
in NB cell lines harboring wild-type p53

We chose 0.5ug/ml of Doxo as an appropriate
concentration to assess the effect of Doxo on NB cells
according to the results of the analysis of peak plasma
concentrations of doxorubicin (Hempel er al., 2002).
Similar results were obtained by 0.3-1.0 yg/ml of Doxo
in the following experiments (data not shown). Trypan
blue uptake assays were performed to compare the
Doxo sensitivity of NB cell lines harboring wild-type
p53 (Figure 1a). More than 60% of cells were Trypan
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blue-positive for the SH-SYS5Y, NB9, NB69 and SK-N-
SH NB cell lines 36 h after Doxo stimulation. On the
other hand, less than 40% of cells were positive in NB-
19 and NBI cell lines and less than 10% in IMR32 cells
even 36 h after Doxo stimulation.

Next, we performed WST-8 assay, a modification of
MTT assay, to evaluate cytotoxicity on NB cells
(Figure 1b). We confirmed the sensitivity of NB cells
to Doxo by these experiments and also studied the
effects of etoposide, the other p53-dependent damage-
inducing reagent, on NB cells. Etoposide was effectively
cytotoxic on the Doxo-sensitive SK-N-SH, SH-SYS5Y,
NB-9 and NB-69 cells. In the Doxo-resistant NB cells,
IMR32 and NB-1 cells also possessed drug resistance
against etoposide, whereas NB-19 cells had sensitivity.

FACS analysis of sub-Gg/G, cells showed that
considerable percentages of cells underwent apoptosis
24 h after the Doxo treatment in SH-SY5Y, NB-9, NB-
69 and SK-N-SH (Figure lc). However, the proportions
of apoptotic cells were significantly lower in NB-19, NB-
1 and IMR32 than in the four Doxo-sensitive NB cell
lines. In SK-N-SH and SH-SYS5Y cells, the increase of
the sub-G¢/G, fraction after Doxo treatment was
confirmed by the condensation and fragmentation of
nuclei (Figure 1d). In contrast, almost all of the nuclei
were intact in the resistant IMR32 and NB-1 cells. Thus,
Doxo-induced stresses resulted in apoptosis in some NB
cells, whereas others were resistant (Figure [).

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

To study the basis of the different sensitivities of NB
cells to pS3-dependent stress, we first performed direct
western blot analysis using a monoclonal antibody
recognizing the p53 N terminus (DOI) to estimate the
total amount of p53. We also used antibodies that
specifically react with phosphorylated serine residues
(Serl5, Ser20 and Serd6) to examine the modulation of
the stability and/or activity of p53 in response to DNA
damage.

The amount of p53 was clearly increased by Doxo in
the Doxo-sensitive NB cells, as detected with DOl
antibody (Figure 2a). p53 accumulation was observed in
the Doxo-resistant IMR32 and NB-19 cells before
treatment; serinel5 phosphorylation was induced in all
the NB cells after Doxo exposure. Upregulation of
serine46 phosphorylation was also observed in the NB
cell lines, except for IMR32 and SH-SYS5Y cells. On the
other hand, ser20 phosphorylation was not strongly
upregulated in any of the lines. Consistent with previous
reports, RT-PCR analysis showed that the induction of
p53 protein by Doxo treatment in sensitive-NB cells was
not caused at the transcriptional level (Figure 2b). Thus,
it appears that the upregulation of p53 protein in Doxo-
treated NB cells seemed to be caused by protein
stabilization.

Next, we investigated the localization of p53 in NB cells,
using DOI as a human p53-specific antibody reacting with
amino acids 21-25, pAb42l as a pan-p53 antibody
reacting with the human p53 amino acids 370-378 and
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Figure 1 Sensitivity to doxorubicin (Doxo) is heterogenic in wild-type p53 harboring neuroblastoma (NB) cells. One hundred
thousand cells were plated in a 3-cm-diameter culture dish and cultured in 5% CO; for 24 h. Doxo was added to the dish at 0.5 ug/ml
and the incubation was continued for the indicated times. Mean and standard deviation (s.d.) of the % of cells were calculated for
triplicate samples. (a) Cells were washed with 1 x phosphate-buffered saline (PBS), collected by 1 x PBS/0.5mM EDTA, and stained
with Trypan blue. The results are representative of four independent experiments. (b) After treatment of DNA-damaging reagents, cell
viabilities were analysed by WST-8 assay. The results are representative of at least three independent experiments. (c) Analysis of the
sub-Go/G; fraction was performed as described in Materials and methods. The results are representative of three independent
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condensed or fragmented nuclei.
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16G8 as an anti-phosphorylated p53serlS antibody. DOI antibody showed both nuclear and cytoplasmic
Staining with pAb421 antibody revealed that the punctate  staining before treatment, and remarkable accumulation
cytoplasmic signal was upregulated in both Doxo-sensitive  into the nucleus was induced by Doxo in these four NB
and -resistant NB cells after Doxo exposure (Figure 2c). cell lines. Although serl5 phosphorylation was hardly
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detected before treatment, the phosphorylation was
remarkably upregulated by Doxo in SK-N-SH, NB-9
and NB-19 cells. In IMR32 cells, pS3serl5 phosphoryla-
tion was modestly upregulated. The ser15-phosphorylated
p53 accumulated to a much greater degree in the nucleus
than in the cytoplasm after Doxo treatment. The use of
several different fixation methods and modification of the
first antibody concentration did not influence the results of
immunofluorescence. Moreover, p53 wild-type MCF7 cells
showed similar staining results with these antibodies (data
not shown). To investigate the observed discrepancy of
p53 localization among the three monoclonal antibodies in
the immunofluorescence experiments, we performed cell
fractionation experiments (Figure 2d). All of the p53
signals were detected only in the nucleus before the
treatment, and the upregulated signals induced by Doxo
also accumulated in the nucleus rather than in the
cytoplasm. The controls for fractionation, the nuclear
marker lamin and cytoplasmic marker f-tubulin, were
detected in the proper fractions and the amounts were not
changed by Doxo treatment. These results show that the
p53-dependent Doxo-stress increased the amount of p53
and induced the accumulation of p53 in the nucleus in
both Doxo-sensitive and -resistant NB cells.

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

We then assessed the induction of p53-downstream
molecules by Doxo. As shown in Figure 3a, exposure to
Doxo induced remarkable p21“F'™*" protein accumula-
tion in the sensitive cells but not in the resistant cells,
and this induction was caused at the transcriptional level
(Figure 3b). HDM2 was similarly induced by Doxo
treatment in the sensitive cells. However, HDM2 mRNA
accumulated in the resistant cells before Doxo treatment
and did not change subsequently (Figure 3b), which is
consistent with its protein accumulation (Figure 3a).
These results indicate that the Doxo-induced cellular
stress can effectively induce the pS5S3 transcriptional
activities in Doxo-sensitive NB cells but not in the
resistant cells.

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

Next, we studied the expression of Bcl-2 family proteins
in the NB cells, because regulation of the Bcl-2 family
proteins by p53 is known to be the main component of
p53-dependent apoptosis (Shen and White, 2001). The
pro-apoptotic Bcl-2 family proteins Bax, Bak and Bok
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were not modified by Doxo in the NB cells (Figure 3a).
Expression of Puma and p53AIP1 was also not affected
by Doxo treatment (data not shown). It is interesting
that Noxa was substantially induced only in the sensitive
cells but not in the resistant cells. Although there was a
considerable difference in the amount of anti-apoptotic
Bcl-2 among the NB cells, its expression seemed not to
be related to the Doxo sensitivity. The other anti-
apoptotic Bel-2 family protein Bel-xL was not detected
in any of the NB cells (data not shown). To assess
whether the induction of Noxa is regulated at the
transcriptional level, we performed semi-quantitative
RT-PCR analysis. Consistent with the results of the
western blot analysis, the mRNA amount of Noxa was
clearly upregulated by Doxo treatment in the Doxo-
sensitive SK-N-SH cells (Figure 3b). Meanwhile, the
accumulation of Noxa mRNA expression was detected
in the resistant cells (Figure 3b) and confirmed by
quantitative real-time PCR analysis (Figure 3c). How-
ever, Noxa mRNA was not increased by Doxo treat-
ment in the resistant cells (Figure 3b).

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

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

<

Figure 2 Upregulation and nuclear accumulation of p53 in neuroblastoma (NB) cells. (a) Cells were collected after Doxo stimulation
at the indicated time points (0, 12 and 24h) and analysed by western blotting with the indicated antibodies (DO-1, p53serlSp,
p53ser20p, p53serd6p and f-tubulin) as described in Materials and methods. (b) Cells were collected after Doxo stimulation at the
indicated time points (0, 1, 2 and 4 h); p53 and G3PDH mRNA expression was analysed by RT-PCR as described in the Materials and
methods section. (¢) Cells were analysed by immunofiuorescence with the indicated antibodies (pAb421, DO-1 and monoclonal anti-
p53serlSp antibody: 16GR) 12h after Doxo stimulation. (d) Cells were collected 12h after Doxo stimulation and subjected to cell
fractionation experiments as described in Materials and methods. Twenty micrograms of the proteins extracted from the organelle was
analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)/western blot experiments using the indicated
antibodies. Lamin was used as a positive control for nuclear localization, and f-tubulin for cytosolic localization.
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Figure 3 Modulation of p53-downstream proteins by Doxo treatment. The neuroblastoma (NB) cells were incubated with or without
Doxo and collected at the indicated time points. (a) Extracted total cell lysates were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)/western blot analysis using the antibodies against the indicated molecules as
described in Materials and methods. (b) Total RNA was subjected to semi-quantitative RT-PCR analysis as described in the Materials

and methods section. (¢) Quantitative real-time PCR analysis of Noxa mRNA amounts in NB cells as described in the methods section.
Total RNA was extracted from unstimulated NB cells.
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Figure 4 Noxa is upregulated in mitochondria by Doxo in the sensitive neuroblastoma (NB) cells. (A and B) Cells were collected 12h
after stimulation by Doxo (A, DX) or etoposide (B, VP) and subjected to cell fractionation for mitochondria (heavy membrane
fraction: Mit) and the light membrane/cytosol fraction (Cyto). Samples were analysed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)/western blotting with the indicated antibodies. Trifunctional protein (Tri E) and tubulin were controls
for the mitochondrial fraction and cytosolic/light membrane fraction, respectively. This is a representative result of three independent
experiments. (C) Semi-quantitative RT-PCR analysis of Noxa mRNA in favorable (stage | or 2, with single copy MYCN) and
unfavorable (stage 3 or 4, with MYCN amplification) NB samples. (D) Quantitative real-time RT-PCR analysis of Noxa mRNA in 84
tumor samples from patients with NBs according to the tumor stage. The levels of Noxa were normalized to that of G3PDH. Results
are presented as closed circles (Da) and closed squares (Db) with mean+s.d. bars.
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between the sensitive and resistant cells. Bel-xL was not
detected even by the fractionation experiments (not
shown). The localization of trifunctional protein in
mitochondria (Kamijo et al., 1993) and S-tubulin in the
cytosol confirmed the reliability of the fractionation
procedures. Importantly, similar results on the Noxa
kinetics in mitochondria were observed after the treat-
ment by etoposide, the other p53-dependent damage-
inducing anticancer drug in NB cells (Figure 4B).
Consistent with the results of WST-8 assay (Figure 1b),
Noxa upregulation in mitochondria was observed in
etoposide-sensitive SK-N-SH, NB-9 and NB-19 cells but
not in IMR32 cells. These results suggest that the ratio of
pro- to anti-apoptotic molecules such as Noxa/Bcl-2 has
a strong impact on the p53-dependent damage-induced
apoptosis in NB cells.

Next, we assessed Noxa mRNA amounts in NB tumor
samples by semi-quantitative RT-PCR (Figure 4C) and
quantitative real-time reverse transcriptional (RT)-PCR
(Figure 4D). Consistent with the upregulation of Noxa
mRNA in the resistant cell lines (Figures 3b and c), some
unfavorable NB samples expressed large amounts of
Noxa mRNA (Figure 4C). Especially, high levels of
Noxa mRNA expression were significantly associated
with INSS3 and INSS4 samples that were younger than
12 months old (P=10.04) according to the Welch test
(Figure 4D). In the NB samples that were older than 12
months old, no obvious difference was detected, mainly
due to the high expression of Noxa in INSS I samples.
Although we checked the correlation of MYCN and
Noxa mRNA expression, there was no significant
correlation (data not shown).

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

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

>

Figure 5 Noxa knockdown cancels Doxo-induced apoptotic cell
death in sensitive neuroblastoma (NB) cells. (a) SK-N-SH cells
were collected 48 h after small interfering RNA (siRNA) treatment
(lane 1: mock; lane 2: control siRNA; lane 3: Noxa siRNA1; lane 4:
Noxa siRNA2) and subjected to cDNA synthesis/semi-quantitative
RT-PCR procedure. (b) SK-N-SH cells (lane 3: mock; lane 4:
control siRNA; lane 5: Noxa siRNAI; lane 6: Noxa siRNA2) were
collected 48 h after siRNA treatment and 30 ug of proteins was
subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE)/western blot analysis. Lanes 1 and 2 were
nontreated IMR32 and NB-19 cells, respectively, as controls. (¢)
Forty-eight hours after the siRNA treatment, cells were treated
with 0.5 ug/ml Doxo. Twenty-four hours after Doxo administra-
tion, SK-N-SH (lanes 1 and 2) and IMR32 (lanes 3 and 4) cells
were collected and subjected to cDNA synthesis/semi-guantitative
RT-PCR for the analysis of the molecules indicated at the left side
of panel. Lanes 1 and 3 are control siRNA treated, and lanes 2 and
4 are Noxa siRNAI treated. (d and e) Forty-eight hours after the
siRNA treatment, cells were treated with 0.5 ug/ml Doxo. Twenty-
four hours after Doxo administration, the culture dish-attached
SK-N-SH and IMR32 cells were stained with 4',6-diamidino-2-
phenylindole (DAPI) and nuclear morphology was analysed. The
floating cells were collected and subjected to Trypan blue uptake
analysis. Trypan blue-positive cells were counted as ‘dead cells.’
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cells and the resistant IMR32 cells were treated with
Noxa small interfering RNA (siRNA) and then the NB
cells had Doxo administered. Preincubation of the NB
cells with the Noxa siRNA but not control siRNA
effectively reduced the Noxa mRNA and also protein
amounts in SK-N-SH cells (Figures 5a and b). Since the
effectiveness of Noxa siRNALI is better than that of
Noxa siRNA2, we used Noxa siRNAI1 for later
experiments. The Noxa siRNA1 did not affect the pro-
apoptotic Bcl-2 family molecules (Bax and Bak), an
important inhibitor of apoptosis p219°¥/¥aM and inter-
feron-a (Figure 5c), suggesting that the knockdown
seems to have a specific effect on Noxa. The ability of
the Noxa siRNA to reduce the Noxa mRNA amounts
was accompanied by a significant reduction in the
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