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In the present study, to identify the novel genomic alterations
in sporadic HBL cases, we performed high-resolution analyses
of genome-wide CN alterations such as gains, losses, allelic
imbalances, and amplifications of small chromosomal regions.
Due to the high resolution of the SNP arrays and the new algorithm
AsCNAR, we could systematically identify several amplifications,
deletions, and allelic imbalances, including the UPD.

Materials and Methods

Patients and samples. We obtained 17 primary HBL samples
at the time of diagnosis from five patients treated at the Gunma
Children’s Medical Center and 12 patients treated at different
institutes in Japan, including Saitama Children’s Medical Center.
No patient had received chemo- and/or radiotherapy before the
biopsy of the primary tumors. After obtaining informed consent
from the parents and approval for the study from the institutional
review board of each institute, all the HBL samples were
subjected to genomic DNA extraction using the QlAamp DNA
Mini Kit (Qiagen, Chatsworth, CA, USA) according to the
manufacturer’s instructions. Total RNA was extracted from the
frozen stocked tumors using the Isogen reagent (Nippon Gene,
Osaka, Japan), according to the manufacturer’s instructions: The
total RNA was reverse transcribed to synthesize cDNA using
the Ready-To-Go T-Primed First-Strand Kit (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA).

SNP array analysis. The array experiments were performed
according to the standard protocol of Affymetrix® GeneChip®
Mapping 50K Xbal Array (Affymetrix, Inc., Santa Clara, CA,
USA). In brief, the total genomic DNA (250 ng from each
sample) was first digested with a restriction enzyme (Xbal).
The digested DNA was then ligated to an appropriate adapter
that recognized the four cohesive base pair (bp) overhangs, and
polymerase chain reaction (PCR) amplification was performed
using a single primer that recognized the adapter sequence.

Table 1. Primers used for polymerase chain reaction (PCR) analyses

After fragmentation with DNase I, the PCR products were
labeled with a biotinylated nucleotide analog using terminal
deoxynucleotidyl transferase, and the labeled products were
hybridized to the GeneChip® Human Mapping 50K Array for
17 h. Subsequently, the arrays were washed, stained, and scanned.

The genotype calls and the intensity of the SNP probes were
determined using GeneChip Operation software (GCOS;
Affymetrix, Inc.). The SNP CN and chromosomal regions with
gains or losses were individually evaluated using the CNAG®
and AsCNAR algorithms,®® which enabled an accurate determi-
nation of allele-specific CN as well as the sensitive detection of
LOH even in the presence of normal cell contamination of up
to 70-80% without requiring constitutive DNA (Fig. 1; http://
wWww.genome,umin.jp).

Validation of CN alterations using the interphase ASH. We performed
FISH to validate the CN status obtained using the SNP array
analysis. FISH probes were prepared using the BAC clones
RP11-185M22, RP11-80P10, and RP11-86M15. Each BAC
DNA was purified, and 100 ng of the clone was labeled with
digoxigenin-dUTP using random primers; these labeled clones
were used - as probes for FISH analysis by following the
established protocols.®3"

Quantitative real-time PCR and reverse transcription (RT)-PCR. Real-
time quantitative PCR (RQ-PCR) and real-time quantitative RT-PCR
(RQ-RT-PCR) analyses were camried out to quantify the relative
CN of several amplifications in the HBL samples and the
expression levels of the defender against cell death 1 (DADI),
EPH receptor B6 (EphB6), ErbB4, insulin-like growth factor II
(IGF2), and HI9 genes using a Power SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA, USA) with an ABI
prism 7700 real-time PCR detection system (Applied Biosystems).
The primer pairs were designed using PrimerExpress software
(Applied Biosystems) and synthesized by Invitrogen (Carlsbad,
CA, USA).The primer sets used for the RQ-PCR experiments
are listed in Table 1. Data were captured using Sequence Detection

Gene Primer forward Primer reverse
(Genomic RQ-PCR)

EphB6 GGACTGCAACTGAACGTCAA TCTGGAAAGGAAGCAAAGGA
DAD1 GTTATGTCGGCGTCGGTAGT GTCCCCACGAGGAGACAGTA
(RQ-RT-PCR)

ERBB4 AACAGCAGTACCGAGCCTTG CCAGAGGCAGGTAACGAAAC
DAD1 CGAGCCTTTGCTGATTTTCT TCCAATAAGCTGCCATCTCC
IGF2 CTCTCCGTGCTGTTCTCTCC TATCGGGAAATGAGGTCAGC
H19 GAAGGAGGTTTAGGGGATCG TTGCTCTTTCTGCCTGGAAC
(Bisulfite PCR/RQ-PCR) ’

H19DMR (Methylated) GGTACGGTTTTTTTAGGTTTATGTC ACCCCTACAACCTCCTTACTACG
H19DMR (Unmethylated) TATGGTTTTTITAGGTTTATGTTGG ACCCCTACAACCTCCTTACTACAC

Primers and probes were designed using Primer Express software and MethPrimer software. RQ-PCR, real-time quantitative PCR; RQ-RT-PCR,
real-time quantitative reverse transcription-PCR.
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Fig. 2. Overview of the DNA copy number (CN) gains and losses detected in 17 hepatoblastoma (HBL) samples. A gain is indicated by the red bar
above the chromosome ideogram, and a loss Is indicated by the green bar under the chromosome ideogram. Each horizontal line represents an

aberration detected in a single tumor.

software (version 1.7a; Applied Biosystems). For each primer pair,
a standard curve was generated from five-fold serial dilution
from approximately 50-80 pg of control DNA from a healthy
individual. The amounts of genomic DNA and ¢cDNA used in
each test and the reference marker for all HBL samples were
calculated using the appropriate standard curve. Normalization
was performed using the B-actin gene as the internal control.

Sodium bisulfite modification and methylation-specific PCR. The
genomic DNA from the tumor samples was treated with sodium
bisulfite as described previously.®? Briefly, 1 ug of DNA was
denatured with sodium hydroxide and modified with sodium
bisulfite. The modified DNA was then purified with the Wizard®
DNA Clean-Up System (Promega, Madison, WI, USA), pre-
cipitated with ethanol, resuspended in Tris-EDTA (TE) buffer
(pH 8.0), and either used immediately or stored at —20°C until
use. The bisulfite-modified DNA was amplified with primer
pairs for the methylated and unmethylated complete sequences
upstream of the HI19 promoter CpG islands in the HBL samples
with UPD in 11pl5. The primer pairs were designed using
MethPrimer software,*? and synthesized by Invitrogen. The primers
for methylation-specific DNA and unmethylation-specific primers
are listed in Table 1. Normal lymphocyte DNA was used as the
control. PCR was carried out in a 25 pL reaction volume using
Ex Taq Hot Start Version (TaKaRa Bio Inc., Kyoto, Japan). The
PCR conditions were as follows: 1 cycle at 95°C for 10 min;
followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for
2min; and a final extension at 72°C for 5Smin. The PCR
products were separated on 3% agarose gels and visualized
under UV illumination after ethidium bromide staining. To
quantify the ratio of the methylation status, we also carried out
the methylation-specific RQ-PCR analysis.

Results

Detection of CN alterations in HBL samples. We investigated 17
HBL samples obtained from the sporadic cases of HBL by using
the Affymetrix® GeneChip® 50K Xbal Mapping Array. Although
these specimens did not contain paired control DNA and had
varying degrees of normal tissue contamination, the genomic
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alterations were accurately determined in most specimens by
our CNAG/AsCNAR program (Fig. 1). The real CN and LOH
status was inferred from the observed signal ratios of the tumor
to the reference, based on the hidden Markov models implemented
in the CNAG/AsCNAR program; these are summarized in
Fig. 2. The CN data were validated at a number of SNP sites
using FISH analysis of the cell nuclei extracted from the HBL
samples (Fig. 3). The CN data obtained using the FISH analyses
were consistent with those obtained using SNP mapping.
Numerical chromosomal abemrations were observed in 15 HBL
samples (88%), excluding two HBL samples (HBL,_22 and HBL,_250).
These 15 cases had variable degrees of CN gains and losses;
however, the gains including the amplifications were more frequent
than the losses (Table 2 and Fig. 2). Total or partial gains in
chromosomes 1q and 2 were the most frequent aberrations detected
in eight of the 17 patients (47%). The gain in chromosome 8
was the second most frequent aberration detected in five of the
17 samples (29%). The gains in chromosomes 17q and 20 were
observed in 24% of the cases (four of 17 cases). The LOH in
chromosomes 4q and 11q was observed in three (18%) and two
(12%) of the 17 samples, respectively. However, these regions
were usually large, and we could not determine the presence or
absence of alterations in specific genes within these regions.
High-grade amplification and common deletion. High-grade amplifi-
cations are of particular interest because they may indicate the
loci of oncogenes. The regions with high-grade amplification
were defined as segments with at least five SNP loci with an
inferred CN of >5. High-grade amplifications of 7q34 and 14q11.2°
were observed in five (29%) and nine (53%) HBL samples,
respectively. For the validation of the amplifications observed
using the SNP array, FISH analysis and genomic RQ-PCR were
performed. To determine the genes that are potentially affected
at 14q11.2, several genes localized at the 14q11.2 chromosomal
region with overlap or proximity to the BAC-RP11-85M16 were
examined using the UCSC browser (www.genome.ucsc.edu).
Genes that map to these regions include EphB6 and DADI,
which are identified as the negative regulators of apoptosis. These -
two genes were subjected to RQ-PCR. FISH analysis with-
RP11-85M16 BAC clone probe showed multiple signals, confirming
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Fig. 3. Representative results of array analysis

of hepatoblastoma (HBL) samples (HBL_184 and
HBL_231). Fluorescent in situ hybridization 2

analysis with BAC probes confirmed the detected
changes. We detected three signals from chromo-

somes 2q and 8q. At the high-amplification region

4
A rP11-85M16 (12q11.2)

of chromosome 14q, three and more signals were 0
detected.

Table 2. Chromosomal aberrations in 17 primary hepatoblastoma (HBL) samples

Sample Copy number gain Copy number loss Uniparental disomy
HBL_4 1q, 2934, 5p13.1, 17q23.3-qter 3p13-pter, 3q13.11, 6q14.1-gter, 11g23.1-gter Not detected
HBL_7 1q, 2, 8, 14q11.2, 20 not detected 11p15.4-pter
HBL_8 7934 not detected Not detected
HBL_9 1q, 2q14.1-qgter, 6p, 7, 14q11.2 6p12.1, 9p21.1 Not detected
HBL_12 8q11.23, 10g21.3, 10q26.13, 14q11.2, 22q13.31 7q35 Not detected
HBL_14 2p16.3-p22.3, 2p23.1, 2q11.2-q14.1, 2q33.1-q34, 1q31.1-qter, 2p12-14, 3, 4q, 5p14.1-pter, Not detected

3p21.33-p22.1, 3p24.2, 3p25.1, 3p25.2, 4q32.2-q32.3, 5q32-qter, 6p12.13-pter, 6q11.1, 6g25.1-qter,

5p13.2, 6q14.3-q16.1, 7q, 11p15.1, 10p13-pter, 8,9, 12p11.1-13.1, 17q24 3, 18p11.21-11.32,

11q22.2-q22.3, 12p13.2-pter, 14q23.3-q31.1, 18q21.1-qter, 19, 22

15922.31-q26.2, 16p12.3, 20p11.23
HBL_22 Not detected Not detected Not detected
HBL_27 19, 2q24.2-24.3, 7q34, 14gq11.2 4q32.3-qter, 16p12.1 Not detected
HBL_28 3p26.1, 7q34, 14q11.2, 20 2p24.1 11p14.3-pter
HBL_34 1q, 2, 7934, 14q11.2, 17 4q34.1-qter Not detected
HBL_36 1gq32.1-qgter 1p13.3-pter, 4q21.22-gter, 5p13.1 Not detected
HBL_37 1q, 2, 5, 6, 7q34, 8, 10, 12, 14, 14q11.2, Not detected 11p15.2-pter,

15, 16922.1-pter, 17, 19, 20 16q22.2-qter
HBL_184 2q14.2-qter, 3p24.3, 4933, 10p14, 11p14.3, 14q11.2 Not detected Not detected
HBL_185 6p, 21q21.2 Not detected Not detected
HBL_231 8, 14q11.2, 19, 20 Not detected 11p15.4-pter
HBL_246 19, 2,5, 6, 8, 10, 12, 13, 16, 17, 19, 20, 21, 22 Not detected 49
HBL_250 Not detected Not detected Not detected

CN gains at 14q11.2 (Fig. 3). Further, in RQ-PCR analysis, the
CN gain of EphB6 and DADI was evident in all samples that
showed high-grade amplification in SNP array (data not shown).
Other high-grade amplifications are listed in Table 3. The size of
these amplicons was typically less than 1 Mb, and the possible
genes present in these regions are summarized in the same table.
All these candidate genes, except MMP7, have not been reported
previously with regard to HBL.®®

Homozygous deletions are also of particular interest because
they may indicate a tumor suppressor gene. However, homozygous
deletions were not identified in any sample.

CN neutral LOH (UPD). LOH can be more sensitively detected
with the CNAG/AsCNAR algorithms by evaluating the allele-specific
CN than from the grossly reduced heterozygous SNP calls,

Suzuki et al.

particularly when the SNP shows no CN losses. The UPD
regions were identified in five of the 17 samples. In four samples
(HBL_7, HBL_28, HBL_37, and HBL_231), 11p15 was the
common UPD region (Fig. 4a). Other UPD regions were observed
within chromosomes 4, 9, and 16q22 (Table 2). The candidate
target genes that map to the UPD region located within 11p15
include IGF2 and HI9. Methylation-specific PCR analysis was
performed for the four HBL samples having UPD within 11p15
to identify the origin of the amplified allele. The methylation
status of the differential methylated region (DMR) of HI9 is
shown in Fig. 4b. Hypermethylation of the H19 DMR was detected
in all HBL samples having UPD within 11p15; however, normal
lymphocyte -'DNA showed the mosaic methylation pattern. In
general, the H/9 DMR is hypermethylated on the patemal allele
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Table 3. High-grade amplifications in hepatoblastoma (HBL) samples

Implicated region (base pairs)

Cytoband Candidate target genes in the region
Start-end Size
2q34 211 193 864-212 239 181 1045 318 ErbB4
3p25.2 11888 124-12876 175 988 052 RAF1
7q34 141 721 559-142 076 238 354 680 EphB6
11q22.2-q22.3 101 394 973-102 830 195 1435223 MMP1, 7, 20
14qi1.2 21 426 631-22 130 392 703 762 DAD1
(a) HBL 7 HBL_37
N $ e (CN 3
9 4
tCN % - : — . t{CN %'-_m-.. e e — e e
N I -~ RTINS Nem——
JYCVIE g— : AscN § S
L— LS —
‘HBL_231 HBL_28
tCN % ACN 2 7o o commmmssne e e e e e st
N 3 N N &N ng_“_____‘ e Fig. 4. (a) Copy numbers (CN) of chromosome
0 ° 11p in four hepatoblastoma (HBL) samples with
D — SRR SR T — uniparental disomy (UPD). Although complete
AsCN 2 2 e CN alterations are not observed, UPD is clearly
O AsCN ,1, S e e e predicted based on the allele-specific CN alterations
(green lines). (b) Methylation-specific polymerase
chain reaction (PCR) analysis of the H19 differential
®) HBL_7 HBL_28 HBL_37 HBL_231 Control methylated region (DMR). Modified DNA was
Marker — . amplified with primer pairs for methylated and
M U M U MU MU M u unmethylated complete sequences of the H19
DMR. H19 DMR hypermethylation was detected
in all HBL samples; however, normal lymphocyte
155bp DNA exhibited the mosaic methylation pattern.
The results of quantitative real-time methylation-
Ratio of . specific PCR analysis are shown below the image
Methylation (%) €6.6 78.9 728 9.8 445 depicting the results of electrophoresis.
and hypomethylated on the matemnally expressed allele in humans.
This indicates that the UPD within this region is considered to
be derived from the patemal allele. Furthermore; a low expression
level of the non-methylated allele was also observed; methylation- 3r

specific RQ-PCR analysis revealed that the ratio of the methylation
status ranged from 66.6% to 91.8%. i

Expression analyses using RQ-RT-PCR. In order to examine the
impact of the abovementioned amplifications and UPD on gene
expression, we measured the expression levels of four genes
(DADI, ErbB4, IGF2, and HI19) through RQ-RT-PCR (Fig. 5).
Normal liver total RNA served as the non-neoplastic reference
and control. HBL_184 and HBL_231 for which RNA were
available showed a high expression of the ErbB4 gene. However,
the expression of DADI was down-regulated in both these
samples. The /GF2 and HI19 genes were oppositely expressed
between HBL_184 and HBL_231, having UPD within 11p15.

Discussion

The present study represents the application of the SNP array
technology for the genome-wide analysis of CN aberrations
in HBL. Several recent studies and our previous research have
demonstrated that this technology provided a unique opportunity to
assess the DNA CN alterations and LOH simultaneously throughout
the entire genome.®2"? As shown in the present analysis, the
use of high-resolution SNP amrays improved the ability to identify
structural chromosomal aberrations in cancer cells and detect
genes affected by these aberrations. Additionally, high-density
SNP array analysis with the CN analyzer software can also

568
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Fig. 5. The results of the expression levels of four genes (defender
against cell death 1 [DADT], EPH receptor B6 [EphB6], Erb84, insulin-like
growth factor Il [/GF2], and H19 genes) through real-time quantitative
reverse transcription-polymerase chain reaction (RQ-RT-PCR) analyses.
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facilitate the identification of allelic imbalances such as copy-
neutral LOH in the absence of a paired normal DNA reference.
The aberrations in chromosomes 1q, 2, 8, and 20 have been
noted as the most commonly occurring aberrations in all previous
reports,??? as well as in the present study. In the present study,
the most frequently detected aberrations were gains in chromosomes
1q and 2 (or 2q), observed in approximately 50% of the cases.
Trisomy in chromosome 1q is a well-known alteration in HBL..®%
Similar 1q imbalances have also been described in other pediatric
neoplastic disorders such as lymphoma,®® Wilms’ tumor,®® and
sarcoma,®? indicating that these aberrations are related to tumor
progression. The candidate genes in 1q included the NTRKI,
ABL2, CD34, DAP3 (death receptor protein-3), and caspase-3
genes.®® The anomalies in chromosome 2, which almost always
result in gains in 2q, are also common in HBL. These imbalances
are also commonly found in embryonal rhabdomyosarcoma and
other pediatric tumors related to BWS. Translocation involving
the PAX3 gene located in 2935 has been suggested to play a cru-
cial role in the pathogenesis of alveolar rthabdomyosarcoma.®
Based on this, a genetic link has been suggested between HBL
and alveolar rhabdomyosarcoma. The role of the PAX3 gene in

the pathogenesis of HBL is yet to be determined. Additionally,

the 2q24-32 region contains several genes that may also have an
oncogenic potential. These include a serine/threonine kinase
receptor, ITRAF, FRZB, a secreted antagonist of WNT signal-
ing, and BRCA1-associated RING domain 1 (BARDI) genes.
However, no specific gene has been identified in the previous,®??
and present studies.

The losses in chromosomes 4q and 11q were comprehen-
sively observed. In hepatocellular carcinoma (HCC) cells, Wong
et al. demonstrated a growth advantage following the loss in the
4q arm.“? In HCC, 4q21—q22 and 4935 have been identified as
commonly deleted regions, and allelic losses in 4935 have been
associated with a larger tumor size and an aggressive histological
tumor type.“? Previous studies have not reported a significant
correlation between HBL with loss in the distal 4q arm and
prognosis, but the underlying oncogenic event might be due to
the loss of a gene on the distal 4q arm.

Many minimal regions of amplification and deletion were
detected using high-density SNP arrays, although homozygous
deletion was not identified in any sample. The SNP loci located
in 7q34 and 14q11.2 were found to be highly amplified in sporadic
HBL samples. The candidate genes at these loci are EphB6, DADI,
and BCL-like 2 (BCL2L2) genes that encode the proteins asso-
ciated with the execution of cell apoptosis. Gains as well as high
amplifications in this region have not been reported previously;
however, such an observation will be of particular interest for
the discovery of oncogenes involved in the pathogenesis of HBL.

The:UPD regions were identified in five of the 17 samples.
This is chiefly important because UPD is being particularly con-
sidered as a possible mechanism of tumor initiation. During
tumorigenesis, UPD is believed to arise due to a mitotic recom-
bination caused by a rare crossover event during mitotic cell
division. The products of mitotic recombination are the regions
of the genome exhibiting UPD, and both the genomic regions
originate from the same parent. We could identify a common
UPD on chromosome 1lp that is reminiscent of BWS with
paternal UPD; in this case, the loss of function of the 11p15
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Oncogenic mutations of ALK kinase in neuroblastoma
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Hiroyuki Mano™" & Seishi Ogawa

Neuroblastoma in advanced stages is one of the most intractable
paediatric cancers, even with recent therapeutic advances'.
Neuroblastoma harbours a variety of genetic changes, including a
high frequency of MYCN amplification, loss of heterozygosity at
1p36 and 11q, and gain of genetic material from 17q, all of which
have been implicated in the pathogenesis of neuroblastoma®?,
However, the scarcity of reliable molecular targets has hampered
the development of effective therapeutic agents targeting neuro-
blastoma, Here we show that the anaplastic lymphoma kinase
(ALK), originally identified as a fusion kinase in a subtype of
non-Hodgkin’s lymphoma (NPM-ALK)** and more recently in
adenocarcinoma of lung (EML4-ALK)™'", is also a frequent target
of genetic alteration in advanced neuroblastoma. According to our
genome-wide scans of genetic lesions in 215 primary neuroblas-
toma samples using high-density single-nucleotide polymorphism
genotyping microarrays'™", the ALK locus, centromeric to the
MYCN locus, was identified as a recurrent target of copy number
gain and gene amplification. Furthermore, DNA sequencing of
ALK revealed eight novel missense mutations in 13 out of 215
(6.1%) fresh tumours and 8 out of 24 (33%) neuroblastoma-derived
celllines. All but one mutation in the primary samples (12 out of 13)
were found in stages 34 of the disease and were harboured in the
kinase domain. The mutated kinases were autophosphorylated and
displayed increased kinase activity compared with the wild-type
kinase. They were able to transform NIH3T3 fibroblasts as shown
by their colony formation ability in soft agar and their capacity to
form tumours in nude mice. Furthermore, we demonstrate that
downregulation of ALK through RNA interference suppresses pro-
liferation of neuroblastoma cells harbouring mutated ALK We
anticipate that our findings will provide new insights into the
pathogenesis of advanced neuroblastoma and that ALK-specific
kinase inhibitors might improve its clinical outcome.

To identify oncogenic lesions in neuroblastoma, we performed a
genome-wide analysis of primary tumour samples obtained from 215
neuroblastoma patients using high-density single-nucleotide poly-
morphism {SNP) arrays (Affymetrix GeneChip 250K Nspl) (Supple-
mentary Table 1). Twenty-four neuroblastoma-derived cell lines were
also analysed (Supplementary Table 2). Interrogating over 250,000
SNP sites, this platform permits the identification of copy number
changes at an average resolution of less than 12 kilobases (kb)™',

Analysis of this large number of samples, consisting of varying
disease stages, permitted us to obtain a comprehenswe registry of
genomic lesions in neuroblastoma (Supplementary Figs 1 and 2). A
gain of chromosomes, often triploid or hyperploid (defined by mean
copy number of >2.5), was a predominant feature of neurcblastoma
genomes in the lower stages. Ploidy generally correlated with the

clinical stage, where non-hyperploid cases were significantly assoc-
iated with stage 4 disease (P=4.13 X 1077, trend test) (Supple-
mentary Fig. 3 and Supplementary Table 3). 17q gains, frequently
in multiple copies (3= copy number <5), were a hallmark of the
neuroblastoma genome* and were found in most neuroblastoma
cases. Copy number gains tended to spare chromosomes 3, 4, 10,
14 and 19 (Supplementary Figs 2 and 3). Notably, these chromo-
somes often had copy number losses including 1p (22.8%), 3p
(8.8%), 4p (5.1%), 6q (7.0%), 10q (9.8%), 1lq (19.5%), l4q
(3.7%), 19p (7.4%) and 19q (5.1%), implicating the pathogenic role
of ‘relative’ gene dosages.

After excluding known copy number variations, we identified a
total of 28 loci undergoing high-grade amplifications (copy number
=35) (Supplementary Table 4). These lesions fell into relatively small
genomic segments, having a mean size of 361 kb, which accelerated the
identification of gene targets in these regions (Supplementary Table 4
and Supplementary Fig. 4). The candidate gene targets included TERT
(5p15.33), HDAC3 (5q31.3), IGF2 (11p15.1), MYEOV (11q13.3),
FGF7(15g21.1) and CDH13(16q23.3). However, many of them were
not recurrent but found only in a single case. Although the recurrent
lesions were mostly explained by the amplification of MYCN at 2p24,
as found in 50 out of 215 (23%) of the primary cases, we identified
another peak of recurrent amplification at 2p23 (Fig. 1a), which con-
sisted of amplicons in five primary cases and in one neuroblastoma-
derived cell line, NB-1 (Supplementary Fig. 5). This peak was located
at the centromeric margin of the common copy number gains in
chromosome 2p, which was created by copy number gains in 109
samples mostly from non-hyperploid stage 4 cases. The minimum
overlapping amplification was defined by the amplicons found in
the NB-1 cell line (Supplementary Fig. 5) and contained a single gene,
the anaplastic lymphoma kinase (ALK), which has previously been
reported to be overexpressed in neuroblastoma cases™. Although five
of the six samples showing ALK amplification also had MYCN amp-
lification, one primary case (NT056) lacked a MYCN peak and the
amplification was confined to the ALK-containing locus. In inter-
phase tluorescent in situ hybridization (FISH) analysis of NB-1,
MYCNand ALK loci were amplified in separate amplicons (Fig. 1b),
indicating that the 2p23 amplicons containing ALK were unlikely to
represent merely ‘passenger’ events of MYCN amplification but act-
ively contributed to the pathogenesis of neuroblastoma.

Because an oncogene can be activated by gene amplification and/
or mutation, to search for possible mutations we performed DNA
heteroduplex formation analysis’ and genomic DNA sequencing for
the exons 20 to 28 of ALK, which encompass the juxtamembrane and
kinase domains (Supplementary Table 5). In total, we identified eight
nucleotide changes in 21 neuroblastoma samples, 13 out of 215
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Figure 1| Common 2p gains/amplifications and ALK mutations in
neuroblastoma samples. a, Recurrent copy number gains on the 2p arm.
High-grade amplifications are shown by light-red horizontal lines, whereas
simple gains are shown by dark-red lines. Two common peaks of copy
number gains and amplifications in the MYCN and ALK loci are indicated by
arrows. The cytobands in 2p are shown at the bottom. b, Interphase FISH
analysis of NB-1 showing high-grade amplification of MYCN (red) and ALK
loci (green). The amplified MYCN locus appears as a single large signal.

¢, Distribution of the eight ALK mutations found in 21 neuroblastoma
samples. The positions of the mutated amino acids are indicated by black
(primary samples) and red (cell lines) arrowheads. The number of mutations
at each site is shown at the top of the arrowheads. TM, transmembrane.
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Table 1| ALK mutations/amplifications in neuroblastoma samples
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(6.1%) primary samples and 8 out of 24 (33%) cell lines, which
resulted in seven types of amino acid substitutions at five different
positions (Table 1 and Supplementary Fig. 6). They were not found in
either the genomic DNA collected from 50 healthy volunteers or in
the SNP databases at the time of preparing this manuscript. In fact,
somatic origins of missense changes were confirmed in 9 out of 13
primary cases, for which DNA was obtained from the peripheral
blood or the tumour-free bone marrow specimens (Supplementary
Fig. 6). On the other hand, T10871 (ACC>ATC), found in case
NT126, had a germline origin and thus it could not be determined
whether the T10871 change was a rare non-functional polymorphism
or represented a pathogenic germline mutation. For other changes
found in three primary cases (NT128, NT217 and NT218) and cell
lines, normal DNA was not available but they were likely to represent
oncogenic mutations because they were identical to common so-
matic changes (F1174L or R1275Q) or shown to have oncogenic
potential in functional assays (K1062M).

Most mutations occurred within the kinase domain (20 out of 22
or 91%), which clearly showed two mutation hotspots at F1174 and
R1275 (Fig. 1c). A neuroblastoma-derived cell line, SNB-2, had a
homozygous ALK mutation of R1275Q, which was probably due to
uniparental disomy of chromosome 2 (Supplementary Fig. 7a).
Another case (NT074) harboured two different mutations, F1174L
and R1275Q, but it remains to be determined whether both are on the
same allele. ALK mutations within the kinase domain occurred at
amino acid positions that are highly conserved across species and
during molecular evolution (Supplementary Figs 8 and 9). According
to the conserved structure of other insulin receptor kinases we pre-
dicted that F1174 is located at the end of the Cal helix, whereas the
other two are on the two B-sheets: before the catalytic loop (B6,
F1245) and within the activation loop (9, R1275) (Supplementary
Fig. 7b, ¢)". Thus, conformational changes due to amino acid sub-
stitutions at these positions might be responsible for the aberrant
activity of the mutant kinases.

Sample Age Stage MYCN* Clinical Mutations/ Nucleotide substitution Origin of mutations
(months) outcome amplifications
NT126 99 4 Dead T10871 ACC>ATC Germ line
NT218 8 1 = Alive F1174L TTC>TTG ND
NT074 34 3 4 Dead F1174L TTC>TTA Somatic
R1275Q CGA=>CAA
NT160 12 4 + Dead F1174L TTC>TTA Somatic
NT217 24 4 + Dead F1174L TTC>TTA ND
NT190 48 4 + Alive F1174L TTC>TTA Somatic
NT060 163 3 = Alive F1174C TTC>TGC Somatic
NT162 28 4 + Dead F1174V TTC>GTC Somatic
NT195 24 4 + Alive F1245L TTC>TTG Somatic
NTO55 6 3 — Alive R1275Q CGA>CAA Somatic
NT128 8 4 - Dead R1275Q CGA>CAA ND
NT164 54 4 + Dead R1275Q CGA>CAA Somatic
NT200 133 4 = Dead R1275Q CGA>CAA Somatic
SCMC-N5+ - - + - K1062M AAG>ATG ND
SINB-47% - - + - F1174L TTC>TTA ND
LAN-1t - 4 - F1174L TTC>TTA ND
SCMC-N2 - - At - F1174L TTC>TTA ND
SK-N-SHt = - - - F1174L TTC>TTA ND
SJNB-ZTI - - <k - R1275Q CGA>CAA ND
LAN-5t - - t - R1275Q CGA>CAA ND
TGW+ - - * R1275Q CGA>CAA ND
NT204 12 1 + Alive Amplification -
NTO56 11 3 - Dead Amplification -
NTO71 36 3 & Alive Amplification - -
NT165 19 4 + Dead Amplification - -
NT169 7 4 + Dead Amplification - -
NB-1f - - + - Amplification - -

ND, not determined.

*Presence (+) or absence (—) of MYCN amplification in FISH analysis. All cases where there was an absence of MYCN amplification (=) were also checked for possible MYCN mutations by

sequencing of all MYCN exons, but no MYCN mutations were identified
tCell lines.
I Homozygous mutation.
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ALK mutation highly correlated with MYCN amplification
(P=1.55 %10 ", Fisher’s exact test; Supplementary Table 6) where
14 out of 21 mutations coexisted with MYCN amplification.
Regardless of the status of MYCN amplification, 12 of the 13 muta-
tions were found in patients with advanced stage neuroblastoma
(Table 1). However, whereas MYCN amplification and stage 4 were
significant risk factors for poor survival, the mutation/amplification
status of ALK was not likely to have a major impact on survival
(Supplementary Fig. 10 and Supplementary Table 7), although the
statistical power of the current analysis was largely limited in order to
detect a marginal hazard.

To evaluate the impact of ALK mutations on kinase activity, we
generated Flag-tagged constructs of ALK and its mutants, F1174L
and K1062M, which were stably expressed in NIH3T3 cells, and
examined their phosphorylation status and in vitro kinase activity.
The ALK mutants stably expressed in NIH3T3 cells were phosphory-
lated according to western blot analysis using an antibody specitic for
phosphorylated ALK (anti-pY1604) and a PY20 blot after anti-Flag
immunoprecipitation of the mutant kinases (Fig. 2a), whereas the
wild-type kinase was not phosphorylated. The immunoprecipitated
ALK mutants also showed increased tyrosine kinase activity in vitro
when compared with wild-type ALK. This was shown using both
a universal substrate for tyrosine kinase (poly-GluTyr) and the
synthetic YFF peptide'®, which was derived from a sequence of the
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. N § 1001 P =0.027"
§ -
< $ RS X 807
s "= | Anti-pALK =y 60
(anti-pY1604) £
; 401
B PY20 o
E 20
. 0-
s s W | Anti-ALK “\od' @ (\b}’ ‘15&
, & oF
IP: anti-Flag
b ¥ & d S & &
§ S F L
F L8 F &8
i 0 SRS i
Anti-Fla
b~ =] [e=e—ea] A
15
| |pERK1/2
£ =
" - ey —— -~
B o o o= | ERKi/2
[
[}
& [ s ]
c TAT3
& pS

Figure 2 | Kinase activity of ALK mutants and their downstream signalling.
a, Stably expressed ALK and its mutants (F1174L and K1062M) were
immunoprecipitated with an anti-Flag antibody and subjected to western
blot analysis with anti-pY1604 (upper panel) or PY20 (middle panel). An
anti-ALK blot of precipitated kinases is also displayed (bottom panel). b, In
vitro kinase assay for wild-type ALK kinase and its mutants using the
synthetic YFF peptide as a substrate, where kinase activity is expressed as
relative values to that for wild-type kinase based on the densities in the auto-
radiogram. ¢, Kinase activity was also assayed for the poly-GluTyr peptide.
Significantly different measurements are indicated by asterisks with P
values. Bars show mean (*s.d.) in three independent experiments.

d, Western blot analyses of NIH3T3 cells expressing wild-type and mutant
ALK for phosphorylated forms of AKT (pAKT), ERK (pERK1/2) and STAT3
(pSTAT3). The total amount of ecach molecule is also displayed (AKT, ERK1/
2, and STAT3) together with an anti-ALK blot (ALK).
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activation loop of ALK (Fig. 2b, ¢). In accordance with these findings,
downstream molecules of ALK signalling including AKT, STAT3 and
ERK" were activated in cells expressing mutant ALK, as shown by
their increased phosphorylation (Fig. 2d).

Next, we investigated the oncogenic potential of these mutants.
NIH3T3 cells stably expressing mutant kinases showed increased
colony formation in soft agar compared with the wild-type protein
(Fig. 3a and Supplementary Fig. 11). The tumorigenicity of these
ALK mutants was further assayed by injecting 1.0 X 10" NIH3T3 cells
into nude mice. The NIH3T3 cells transfected with the ALK mutants
showed focus-forming capacity and developed subcutaneous
tumours (6 out of 6 inoculations) 21 days after inoculation, whereas
the mock and wild-type ALK-transtected cells did not (0 out of 6
inoculations) (Fig. 3b, c). Finally, we examined the effect of ALK
inhibition on the proliferation of neuroblastoma-derived cell lines.
RNA interference (RNAi)-mediated ALK knockdown resulted in
reduced cell proliferation of SK-N-SH cells harbouring the F1174L
mutation, but the effects were less clear in wild-type ALK-expressing
LAN-2 cells (Fig. 3d, e). Of particular interest is a recent report that 5
out of 17 neuroblastoma-derived cell lines, including SK-N-SH and
NB-1, frequently showed high sensitivity to the specific ALK inhib-
itor TAE684 (ref. 19).
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Figure 3 | Oncogenic role of ALK mutations. a, Colony assays for NIH3'T3
cells stably expressing wild-type as well as mutant ALK (F1174L and
K1062M). The average numbers of colonies in triplicate experiments are
plotted and standard deviation is indicated. Results showing statistically
significant differences as compared with experiments using wild-type ALK
are indicated by asterisks with P values. b, ¢, NIH3'I'3 cells were transfected
with wild-type and mutant ALK (F1174L, K1062M and EML4-ALK) and
subjected to a focus forming assay (b) as well as an in vivo tumorigenicity
assay in nude mice (c). d, Effect of RNAi-mediated ALK knockdown on cell
proliferation in neuroblastoma cell lines expressing either the F1174L
mutant (SK-N-SH) or wild-type ALK (LAN-2). Cell growth was measured
using the Cell Counting Kit-8 after knockdown experiments using ALK-
specific siRNAs (siRNA ALK), control siRNAs (siRNA luc), or mock
experiments, where absorbance was measured in triplicate and averaged for
cach assay. To draw growth curves, the mean = s.d. of the averaged
absorbance in three independent knockdown experiments is plotted.

e, Successful knockdown of ALK protein was confirmed by anti-ALK blots
(ALK) using Coomassie brilliant blue G-250 (CBB) staining as loading
controls. NG, control siRNA; siRNA, ALK siRNA.
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Through the genome-wide analysis of genetic lesions in neuroblas-
toma, we identified novel oncogenic ALK mutations in advanced
neuroblastoma. Combined with the cases having a high-grade amp-
lification of the ALK gene, aberrant ALK signalling was likely to be
involved in 11% (16 out of 151) of the advanced neuroblastoma
cases. Because ALK kinase has been shown to be deregulated only
in the form ot a fusion kinase in human cancers, including lymphoma
and lung cancer, the identification of oncogenic mutations in ALK
not only increases our understanding of the molecular pathogenesis
of advanced neuroblastoma, but also adds a new paradigm to the
concept of ‘ALK-positive human cancers’ in that the mutated ALK
kinases themselves might participate in human cancers. Our results
again highlight the power of genome-wide studies to clarify the gen-
etic lesions in human cancers®™ ™. Given that ALK mutations are
preferentially involved in advanced neuroblastoma cases having a
poor prognosis, our findings implicate that ALK inhibitors may
improve the clinical outcome of children suffering from intractable
neuroblastoma.

METHODS SUMMARY

Genomic DNA from 215 patients with primary neuroblastoma and 24 neuro-
blastoma-derived cell lines was analysed on GeneChip SNP genotyping micro-
arrays {(Affymetrix GeneChip 250K Nspl). After appropriate normalization of
mean array intensities, signal ratios were calculated between tumours and
anonymous normal references in an allele-specific manner, and allele-specific
copy numbers were inferred from the observed signal ratios based on the hidden
Markov model using CNAG/AsCNAR software'™', ALK mutations were exam-
ined by DNA heteroduplex analysis and/or genomic DNA sequencing™. Full-
length ¢cDNAs for mutant ALK were isolated by high-fidelity PCR and inserted
into pcDNA3 and pMXS. The expression plasmids were transfected into
NIH3T3 cells using Effectene Transfection Reagent (Qiagen) or by calcium
phosphate methods’. Western blot analysis of mutant ALK kinases, in vitro
kinase assays, and tumour formation assays in nude mice were performed as
previously described’. This study was approved: by the ethics boards of the
University of Tokyo and of the Chiba Cancer Center Research Institute,

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature,
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METHODS
Specimens. Primary neuroblastoma specimens were obtained during surgery or
biopsy from patients who were diagnosed with neuroblastoma and admitted toa
number of hospitals in Japan. In total, 215 primary neuroblastoma specimens
were subjected to SNP array analysis after informed consent was obtained from
the parents of each patient. The patients were staged according to the
International Neuroblastoma Staging System™. The clinicopathological findings
are summarized in Supplementary Table 1. Twenty-four neuroblastoma-derived
cell lines were also analysed by SNP array analysis (Supplementary Table 2). The
SCMC-N2, SCMC-N4 and SCMC-N5 cell lines were established in our labor-
atory™ . The SJNB series of cells and the UTP-N-17 cell line were gifts from A,
T. Lookand A. Inoue, respectively. The other cell lines used were obtained from
the Japanese Cancer Resource Cell Bank (hrtp://cellbank.nibio.go.jp/).
Microarray analysis. High molecular mass DNA was isolated from tumour
specimens as well as from the peripheral blood or the bone marrow as described
previously™. The DNA was subjected to SNP array analysis using Affymetrix
GeneChip Mapping 50K and/or 230K arrays (Affymetrix) according to the
manufacturer’s suggested protocol. The scanned array images were processed
with Gene Chip Operation software (GCOS)', followed by SNP calls using
GTYE. Genome-wide copy number measurements and loss of heterozygosity
detection were performed using CNAG/ASCNAR algorithms"™, which enabled
an accurate determination of allele-specific copy numbers.
Confirmation of SNP array data. FISH and/or genomic PCR analysis confirmed
the resuits of SNP array analyses as described previously’. PCR primer sets were
designed to amplify several adjacent fragments inside and outside of the homo-
zygously deleted regions in tumour samples.
Mutation analysis. Mutations in the ALK gene were examined in 239 neuro-
blastoma samples, including 24 cell lines, by denaturing high-performance liquid
chromatography (DHPLCY using the WAVE systemn (Model 4500,
Transgenomic) according to the manufacturer’s suggested protocol'®. The sam-
ples showing abnormal conformations were subjected to direct sequencing ana-
lysis using an ABI PRISM 3100 Genetic Analyser (Applied Biosystems). Using
direct sequencing, mutation analysis of MYCN was also performed in seven cases
with ALK alterations but not MYCN amplification. The primer sets used in this
study are listed in Supplementary Table 5.
Transforming potential of ALK mutants. Total RNA was extracted from SJNB-
1 (wild type), SCMC-N2 (F1174L) and SCMC-N5 (K1062M) cells as described
previously™. First-strand ¢cDNA was synthesized from RNA using Transcriptor
Reverse Transcriptase and an oligo (dT) primer (Roche Applied Science). The
resulting cDNA was then amplified by PCR using the KOD-Plus-Ver.2 DNA
polymerase {Toyobo) and the primers sense 5'-TCAGAAGCTTTACCAA-
GGACTGTTCAGAGC-3" and antisense 3" -AATTGCGGCCGCTACTTGTCA-
TCGTCGTCCTTGTAGTCGGGCCCAGGCTG GTTCATGC-3', thereby intro-
ducing a Hindill site at the 5" terminus and a Notl site and a Flag sequence at the
3’ terminus. The HindlI1-Notl fragments of ALK ¢DNA were subcloned into
pcDNA3 to generate expression plasmids, After resequencing to confirm that
they had no other mutations, the ALK plasmids were used for transfection into
NIH3T3 cells using Effectene Transfection Reagent (Qiagen) according to the
suggested manufacturer’s protocol. The transfected NIH3T3 cells were selected
in 800pgmi~' G418 for 2 weeks to obtain stably expressing clones.

To evaluate the phosphorylation status of ALK mutants, the cell lysates of
stable clones were immunoprecipitated with antibodies to Flag (Sigma) and the
resulting precipitates were subjected to western blot analysis with the antibody

nature

specific to pTyr 1604 {Cell Signaling Technology) of ALK and the generic anti-
phosphotyrosine antibody {PY20). The in vitro kinase activity of ALK mutants
was measured using a non-radioactive isotope solid-phase enzyme-linked
immunosorbent assay using the Universal Tyrosine Kinase Assay kit (Takara)
according to the manufacturer’s suggested protocol. We also performed the in
vitro kinase assay with the synthetic YFF peptide (Operon Biotechnologies) as
described previously™. For anchorage-independent growth analysis, 1 X 107 sta-
bly transfected NIH3T3 cells were mixed in 0.3% agarose with 10% FBS-DMEM
and plated on 0.6% agarose-coated 35-mm dishes. After culture for 28 days, the
colonies of 2>0.1 mm in diameter were counted. The quantification of the col-
onies was from three independent experiments. To investigate the downstream
signalling of ALK, western blot analysis was performed using the anti-ERK1/2,
anti-phospho-ERK1/2, anti-AKT, anti-phospho-AKT, anti-STAT3 and anti-
phospho-STAT3 antibodies (Cell Signaling Technology)*®.

The cDNA mutant of ALK was also inserted into the pMXS plasmid and the
constructs were introduced into NIH3T3 cells by the calcium phosphate method
as described previously’. The cells were then either cultured for 21 days or
injected subcutaneously at six sites in three nude mice.

Inhibition of ALK through RNAi-mediated knockdown. To suppress the
expression of the ALK protein, two different pairs of ALK siRNAs (ALK
SiRNAT and ALK siRNA2) were obtained (Qiagen)". The sequences were 5'-
GAGUCUGGCAGUUGACUUCATAT-3" for ALK siRNA1 and 5'-GCUCC-
GGCGUGCCAAGCAGATAT-3" for ALK siRNA2. A siRNA, targeting a sequence
in firefly (Photinus pyralis) luciferase mRNA (Juc siRNA), was used as a negative
control (Qiagen)”. The sequences of luc siRNA were as follow: sense 3'-
CGUACGCGGAAUACUUCGAdTAT-3 and antisense 5'-UCGAAGUAUU-
CCGCGUACGATAT-3. Gene knockdown was achieved in SK-N-SH and
LAN-2 cells using HiPerFect transfection reagent following the manufacturer’s
suggested instructions (Qiagen). To assess the effect of ALK knockdown on cell
growth, these cells were seeded in 96-well plates at a concentration of 8.0 X 107
cells per well 24 h before transfection and assayed using the Cell Counting Kit-8
(Wako).

Statistical analysis. The significance of the correlation between MYCN amp-
lification and ALK mutation was tested according to the conventional 2X 2
contingency table using Fisher’s exact test. The significance of the differences
in kinase activity between wild-type and mutant ALK kinases was examined by
the Mann—Whitney U-test based on the measured percentage activity of kinases
in the precipitates of the corresponding samples. The significance of the differ-
ences in colony formation between wild-type and mutant ALK kinases was also
examined by the Mann-Whitney U-test. The size of the hazards from possible
risk factors, including International Neuroblastoma Staging System stages,
MYCN status and ALK mutation/amplification were estimated by Cox regres-
sion analysis assuming a proportional hazard model using Stata software.
Correlation between ploidy and clinical stage was tested by nptrend test.
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25. Takita, J. et al. Absent or reduced expression of the caspase 8 gene occurs
frequently in neuroblastoma, but not commonly in Ewing sarcoma or
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Abstract Patients with infant acute myeloid leukemia (AML) who carry a 1(7;12)(q36;p13) translocation

have been reported to have a poor clinical outcome. MNXI—ETV6 fusion transcripts (previously
HLXB9—ETV6) were rarely detected in AML patients having t(7;12)(q36;p13). A 23-month-old girl
with acute megakaryoblastic leukemia (AMKL) exhibited chromosome abnormalities, including
add(7)(q22), and del(12)(p12p13). Southem blot analysis of bone marrow cells showed an ETV6
gene rearrangement. Reverse transcriptase-polymerase chain reaction (RT-PCR) followed by
sequence analysis revealed the presence of an MNXI—ETVG6 fusion gene. The patient responded
well to chemotherapy, achieved complete remission, and at writing had been in complete remission
for 60 months. The MNXI expression by RT-PCR was significantly more frequent in Epstein—Barr
virus—transformed B-cell lines derived from normal adult lymphocytes than in leukemic cell Lines.
This represents a novel case of an AMKL patient with MNXI—ETV6 fusion transcripts who had
a good prognosis. © 2008 Elsevier Inc. All rights reserved.

1. Introduction

Many recurrent chromosomal translocations are
involved in acute myeloid leukemia (AML) [1]. AML with
12p13 translocations have been reported to involve the ETS
variant gene 6 (TEL oncogene) (ETV6) [2]. In cases of
AML carrying 12p13 abnormalities, a recurrent transloca-
tion (7;12)(q36;p13) is found in 20%—30% of infant cases
[3-—5]. Fluorescence in situ hybridization assay is needed to
evaluate this translocation, because it is difficult to detect
by conventional karyotyping [3—5]. AML patients with this

translocation are characterized by age under 20 months at -

diagnosis, thrombocytosis, high percentage of CD34-
positive cells, presence of additional chromosomal abnor-
malities, including trisomy 19 or trisomy 8 (or both), and
a poor prognosis [3—5]. An MNX1—ETV6 fusion gene (pre-
viously HLXB9—ETV6) was identified in two pediatric

* Corresponding author. Tel.: 4+81-279.52-3551, ext. 2200; fax: +81-
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AML patients having t(7;12)(q36;p13) [6]; however, het-
erogeneity of the 7q36 and 12pl13 translocations was
reported [5,7,8]. Thus, MNXI—ETV6 fusion gene in AML
patients having t(7;12) is infrequently reported [7.81.

We describe the case of a 23-month-old AML patient
with add(7)(q22), del(12)(p12p13), and MNXI—ETV6 fu-
sion transcript; the child has remained alive for 5 years.
We also report the expression of the MNXI gene in several
leukemic and normal Epstein—Barr virus-transformed cell
lines.

2. Case report

A 23-month-old girl was admitted to Osaka City General
Hospital because of appetite loss and pallor. Blood exami-
nation showed a white blood cell count of 10,520/uL. with
55.5% blasts, a hemoglobin level of 7.0 g/dL, and a platelet
count of 164,000/pL. She had a mediastinal mass, but no
hepatosplenomegaly. Bone marrow examination revealed
a nuclear cell count of 30,000/pL with 71.2% blasts. The
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blasts were negative for myeloperoxidase staining and
platelet peroxidase staining electron-microscopically. Flow
cytometric analysis showed that the blasts expressed CD41,
CD36, CD13, CD33, CD15, and CD7 antigens, suggesting
megakaryoblastic origin. Conventional G-banding chromo-
somal analysis revealed a karyotype of 46,XX,add
(7)(q22),del(12)(p12p13) in all 20 bone marmrow cells
examined (Fig. 1).

The patient was diagnosed as having AMKL (M7 sub-
type, based on the French—American—British classifica-
tion), and was treated on the Japanese Childhood AML
Cooperative Study Group Protocol, AML99 [9]. She ob-
tained complete remission with induction chemotherapy
(cytarabine, etoposide, and mitoxantrone). Thereafter, she
was treated with five additional courses of intensive chemo-
therapy (high-dose cytarabine, etoposide, idarubicin, and
mitoxantrone). As of writing, she had been in complete
remission for 60 months after diagnosis.

3. Materials and methods
3.1. Southern blot analysis

High molecular weight DNA was extracted from bone
marrow cells of the patient by proteinase K digestion and
phenol—chloroform extraction [10]. Ten micrograms of
DNA was digested with EcoRl, subjected to electropho-
resis on 0.7% agarose gels, and transferred to nylon mem-
brane, and hybridized to cDNA probes *2P-labeled by the
random hexamer method [10]. The probes used were
a 516-bp MNXI cDNA fragment (nucleotide nt598 to
nt1114; GenBank accession no. NM_005515; previously
HLXB9). :

Ay RE

Fig. 1. G-banding karyotype of the leukemic cells in a pediatric patient with acute megakaryoblastic leukemia: 46,XX,add(7)(q22),del(12)(p12p13).
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3.2. Expression of WTI mRNA and mutation of FLT3

WT1 mRNA was examined for detection of minimal re-
sidual disease as previously reported [11]. Internal tandem
duplication and mutation of FLT3 were examined as previ-
ously reported [10].

3.3. Reverse transcriptase—polymerase chain reaction
and nucleotide sequencing

MNX1—ETV6 chimeric mRNA was detected by reverse
transcriptase—polymerase chain reaction (RT-PCR) as de-
scribed previously [12]. Total RNA was extracted from
the leukemic cells of the patient using the acid guanidine
thiocyanate—phenol chloroform method [12]. Total RNA .
(4 png) was reverse-transcribed to cDNA, using a cDNA
synthesis kit (GE Healthcare Bio-Science, Piscataway,
NJ) [12]. PCR was performed with AmpliTaq Gold DNA
polymerase (Applied Biosystems, Foster City, CA; Tokyo,
Japan), using the reagents recommended by the manufac-
turer. The primers used and PCR conditions were as de-
scribed previously [6]. The PCR products were subcloned
into pCR2.1 vector (Invitrogen, Carlsbad, CA) and se-
quenced by the fluorometric method using the BigDye Ter-
minator cycle sequencing kit (Applied Biosystems).

3.4. Expression of the MNXI gene by RT-PCR
in leukemic cell lines

To analyze the expression pattern of the MNX] gene in
leukemic cell lines, RT-PCR was performed. Fifty-nine cell
lines were examined, as follows [12]; 10 B-precursor ALL
cell lines (1.C4-1, NALM-6, NALM-24, NAL.M-26, UTP-2,
RS4;11, SCMC-L10, KOCL-33, KOCL-45, KOCL-69), 9
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C MNXT1 ETV6
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Fig. 2. Detection of the MNXI—ETV6 fusion gene (previously HLXB9—ETV6). (A) Rearrangement of the MNX/ gene by Southern blotting with EcoRI di-
gestion. The arrow indicates a rearranged band of the MNXI gene; C, control; Pt, patient. (B) The MNXI—ETV6 fusion transcript identified by reverse tran-
scriptase—polymerase chain reaction (RT-PCR). Lanes 2 and 3, MNX1—ETV6 fusion transcript; lanes 4 and 5, ETV6—MNX]! fusion transcript. C, control; M,
size marker; Pt, patient; (C) Nucleotide and amino acid sequencing of two MNXI—ETV6 fusion transcripts.

B-ALL cell lines (BALM-1, BALM-13, BALM-14, BJAB,
DAUDI, RAJI, RAMOS, BAL-KH, NAMALLA), 9 T-ALL
cell lines (RPMI-8402, MOLT-14, THP-6, PEER, H-SB2,
HPB-ALL, L-SAK, L-SMY, KCMC-T), 8 AML cell lines
(YNH-1, ML-1, KASUMI-3, KG-1, inv-3, SN-1, NB4,
HEL), 6 acute monocytic leukemia cell lines (THP-1,
IMS/M1, CTS, P31/FUJ, MOLM-13, KOCL-48), 5 chronic
myelogenous leukemia cell lines (MOLM-1, MOLM-7,
TS9;22, §§9;22, K-562), 2 acute megakaryoblastic leuke-
mia cell lines (CMS, CMY), and 10 Epstein-Barr virus
transformed B lymphocyte (EBV-B) cell lines derived from
normal adult peripheral lymphocytes. Five normal BM
samples were also examined. RT-PCR mixtures and condi-
tions were the same as described {10]. The primers used for
RT-PCR were HLXB9-658F (5'-GGCATGATCCTGCC-
TAAGAT-3") (sense primer) and HLXB9-1092R (TGCT
GTAGGGGAAATGGTCGTCG) (antisense primer) [6].

" 4. Results and discussion

The karyotype of the patient’s leukemic cells was
46,XX,add(7)(q22),del(12)(p12p13), suggesting’ that both
ETV6 and MNX1 were involved in this chromosomal abnor-
mality. With informed consent from the patient’s parents,
DNA and total RNA were extracted from bone marrow cells
of the patient. Southern blot analysis of DNA from leuke-
mic cells of the patient using the MNX1 probe showed a re-
arranged band (Fig. 2A). We performed RT-PCR for
MNXI1—ETV6 chimeric mRNA and obtained two RT-PCR
products, of 311 bp and 181 bp (Fig. 2B). Sequence analy-
sis of these PCR products showed that one product was an

in-frame fusion transcript of exon 1 of MNXI to exon 3 of
ETV6, and the other was an out-of-frame fusion transcript
of exon 1 of MNXI to exon 2 of ETV6 (Fig. 2C). These
transcripts were the same as previously reported [6]. The
reciprocal ETV6—MNXI transcript was not detected
(Fig. 2B).

The WT'1 mRNA level was 3,400 copies/ug RNA at di-
agnosis, but decreased to <50 copies/ug RNA after remis-
sion. Neither internal tandem duplication nor mutation of
FLT3 were found in this patient, suggesting that the prog-
nosis is not poor [1].

Table 1

Expression of the MNX1 gene in leukemia and EBV-B cell lines by reverse
transcriptase—polymerase chain reaction

Cells expressing

Cell line Cells examined, no. MNX1, no. (%)
ALL 28 - 50179
B precursor 10 LI ()]

B 9 2(22.2)
T 9 3(33.3)
AML 16 3 (18.8)
AML 8 1(12.5)
AMoL 6 2 (33.3)
AMKL 2 0(0)
CML 5 120
EBV-B 10 7(70)
normal BM 5 0(0)

Abbreviations: ALL, acute lymphoblastic leukemia; AMKL, acute
megakaryoblastic leukemia; AML, acute myeloid leukemia; AMoL, acute
monocytic leukemia; B, B-cell; BM, bone marrow; CML, chronic myelo-
genous leukemia; EBV-B, Epstein—Barr virus-transformed human B lym-
phocytes; T, T-cell.



Table 3. High-grade amplifications in hepatoblastoma (HBL) samples

Implicated region (base pairs)

Cytoband Candidate target genes in the region
Start—end Size
2q34 211 193 864-212 239 181 1045 318 ErbB4
3p25.2- 11888 124-12 876 175 988 052 RAF1
7q34 141 721 559142 076 238 354 680 EphB6
11q22.2-q22.3 101 394 973-102 830 195 1435223 MMP1, 7, 20
14q11.2 21 426 631-22 130 392 703 762 DAD1
(a) HBL_7 HBL_37
N f— 1N 3
— 4 ~
N 2. e CNz- - SN
RN T TR TR - N—
AsCN i ACN § ooz ——
‘HBL_231 s HBL,_28
tCN %-* {CN %
BN 3 e e N Fig.4. (a) Copy numbers (CN) of chromosome
° ° 11p in four hepatoblastoma (HBL) samples with
R e W ENERRGERESS RGN T M—— uniparental disomy (UPD). Although complete
AsCN % R— e CN alterations are not observed, UPD is clearly
0" . AsCN a e e - e s predicted based on the allele-specific CN alterations
(green lines). (b) Methylation-specific polymerase
chain reaction (PCR) analysis of the H19 differential
(b) HBL_7 HBL_28 HBL_37 HBL_231 Control methylated region (DMR). Modified DNA was
— amplified with primer pairs for methylated and
unmethylated complete sequences of the H19
DMR. H19 DMR hypermethylation was detected
in all HBL samples; however, normal lymphocyte
155 bp P DNA exhibited the mosaic methylation pattern.
The results of quantitative real-time methylation-
Ratio of specific PCR analysis are shown below the image
Methylation (%) 666 789 728 s 445 depicting the results of electrophoresis.
and hypomethylated on the maternally expressed allele in humans.
This indicates that the UPD within this region is considered to
be derived from the patemal allele. Furthermore, a low expression
level of the non-methylated allele was also observed; methylation- 3r

specific RQ-PCR analysis revealed that the ratio of the methylation
status ranged from 66.6% to 91.8%.

Expression analyses using RQ-RT-PCR. In order to examine the
impact of the abovementioned amplifications and UPD on gene
expression, we measured the expression levels of four genes
(DADI, ErbB4, IGF2, and H19) through RQ-RT-PCR (Fig. 5).
Normal liver total RNA served as the non-neoplastic reference
and control. HBL_184 and HBL_231 for which RNA were
available showed a high expression of the ErbB4 gene. However,
the expression of DADI was down-regulated in both these
samples. The IGF2 and HI9 genes were oppositely expressed
between HBL_184 and HBL_231, having UPD within 11p15.

Discussion

The present study represents the application of the SNP array
technology for the genome-wide analysis of CN aberrations
in HBL. Several recent studies and our previous research have
demonstrated that this technology provided a unique opportunity to
assess the DNA CN alterations and LOH simultaneously throughout
the entire genome.®#) As shown in the present analysis, the
use of high-resolution SNP arrays improved the ability to identify
structural chromosomal aberrations in cancer cells and detect
genes affected by these aberrations. Additionally, high-density
SNP array analysis with the CN analyzer software can also

568

Expression level

DAD

ErbB4
HBL_184

1GF2
W HBL_231 -

Fig. 5. The results of the expression levels of four genes (defender
against cell death 1 [DAD1), EPH receptor B6 [EphB6], ErbB4, insulin-like
growth factor Il [/GF2), and H19 genes) through real-time quantitative
reverse transcription-polymerase chain reaction (RQ-RT-PCR) analyses.

H19

doi: 10.1111/j.1349-7006.2007.00710.x
© 2008 Japanese Cancer Association
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High-resolution single nucleotide polymorphism genomic microar-
ray (SNP-chip) is a useful tool to define gene dosage levels over the
whole genome, allowing precise detection of deletions and dupli-
cations/amplifications of chromosomes in cancer cells. We found
that this new technology can also identify breakpoints of chromo-
somes involved in unbalanced translocations, leading to identifi-
cation of fusion genes. Using this technique, we found that the
PAX5 gene was rearranged to a variety of partner genes including
ETV6, FOXP1, AUTSZ, and C200rf112 in pediatric acute lympho-
blastic leukemia (ALL). The 3’ end of the PAX5 gene was replaced
by the partner gene. The PAX5 fusion products bound to PAX5
recognition sequences as strongly as wild-type PAX5 and sup-
pressed its transcriptional activity in a dominant-negative fashion.
In human B cell leukemia cells, binding of wild-type PAX5 to a
regulatory region of BLK, one of the direct downstream target
genes of PAXS5, was diminished by expression of the PAX5-fusion
protein, leading to repression of BLK. Expression of PAX5-fusion
genes in murine bone marrow cells blocked development of
mature B cells. PAX5-fusion proteins may contribute to leukemo-
genesis by blocking differentiation of hematopoietic cells into
mature B cells. SNP-chip is a powerful tool to identify fusion genes
in human cancers.

chromatin immunoprecipitation | dominant negative | fusion gene |
PAXS | SNP-chip

Pcdialric acute lymphoblastic leukemia (ALL) is the most
common malignant disease in children (1-3). It is a genetic
abnormality resulting from accumulation of mutations in tumor
suppressor genes and oncogenes (1-3). Fusion genes including
ETV6/RUNXT and I24/PBX1 are frequently detected in pedi-
atric ALL (1). Deletion of the INK4A/ARF gene (9p21) is also
a common abnormality in ALL (1). However, other genetic
changes remain to be elucidated in this disease.

Identification of mutated genes in ALL has evolved with
improvements in technology. A very recent approach is single
nucleotide polymorphism (SNP) analysis using an array based
technology (4-6) that allows identification of amplifications,
deletions, and allelic imbalances, such as uniparental disomy
(represents doubling of the abnormal allele due to somatic
recombination or duplication, and loss of the other normal
allele) (7, 8). However, SNP-chip analysis is only able to detect
changes of gene dosage and is unable to identify balanced
translocations, which commonly occur in ALL.

Previously, we analyzed 399 pediatric ALL cases by SNP-chip
analysis and found a number of genomic abnormalities, in
addition to well known common alterations (9). This technique
is sensitive enough to identify genes involved in start sites of

www.pnas.org/cgi/doi/10.1073/pnas.0711039105

deletions/duplications. Indeed, this method allowed us to iden-
tify that the PBX1 gene was involved in start sites of duplication
of 1423 generated by der(19)t(1;19)(q23;p13) (9). Furthermore,
correlation analysis of the individual genomic abnormalities
suggested the presence of der(12)t(12;21)(p13;q22) and
der(21)1(12;21)(p13;q22), as well as dic(9;20)(p13;q11) (9).

In this study, we found that this new technology permitted us
to identify genes involved in well known unbalanced transloca-
tions including ETV6/RUNXI. Further, we found previously
undetected fusion genes between PAXS and a number of other
partner genes by using this technique.

Results

Genes Involved in Unbalanced Translocations Were Identified by
SNP-Chip Analysis. Because SNP-chip analysis can only detect
changes of gene dosage including deletions, duplications, and
amplifications (Fig. 1A4), this technique is unable to identify
balanced translocations (Figs. 14i). However, when one of a
pair of reciprocally translocated chromosomes is lost, SNP-chip
analysis can detect this abnormality as partial deletions of
involved chromosomes (Fig. 14iif). Similarly, when one of a pair
of reciprocally translocated chromosomes becomes duplicated,
SNP-chip can also detect this abnormality as partial duplication
of the involved chromosomes (Fig. 1A4iv). Furthermore, high
resolution SNP-chip analysis allows us to identify the genes
involved in these unbalanced translocations.

To prove that SNP-chip analysis can detect unbalanced trans-
locations and the genes involved in these (ranslocations, we
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Fig. 1.  SNP-chip analysis detected genes involved in unbalanced transloca-
tions. (A) SNP-chip analysis can identify breakpoints of translocations when
one of the paired translocated chromosomes is either lost or duplicated/
amplified. (Left) Chromosomal status. Gene dosages are indicated either
above or beneath the chromosomes. (Right) Results of SNP-chip analysis. (Ai)
Normal chromosomes; gene dosage is normal. (Aii) Reciprocal translocation;
gene dosage is normal. (Aiii) One of the paired translocated chromosomes is
lost; gene dosage is lower than normal on the left side of the upper chromo-
some and the right side of the lower chromosome. Arrow heads indicate the
breakpoint of the translocation in each chromosome. (Aiv) One of the paired
translocated chromosomes is duplicated; gene dosage is higher than normal
on the right side of the upper chromosome and the left side of the lower
chromosome. Arrow heads indicate the breakpoint of this translocation in
each chromosome. (B) Representative cases with unbalanced translocation of
der(21)t(12;21)(p13;922). (Lef?) Start sites of duplication at 12p13 involving
the ETV6 gene. (Right) Start sites of duplication at 21q22 involving the RUNXT
gene. SNP-chip data of representative cases with dup(12)(p13) and
dup(21)(q22) are shown. These abnormalities were validated by FISH and/or
RT-PCR (data not shown). Results of SNP-chip data were visualized by CNAG
software. Lines above each chromosome show total gene dosage; level 2
indicates diploid (2N) amount of DNA, which is normal. (C) Magnified view of
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analyzed cases having extra copies of ETV6/RUNX1I fusion genes
generated by der(21)t(12;21)(p13;q22) (Fig. 1B), which were
initially identified by FISH and/or RT-PCR (data not shown).
SNP-chip was clearly able to identify this abnormality as dupli-
cations involving chromosome 12 and 21 (Fig. 1B). Further, the
result of high-resolution (250k) SNP-chip clearly identified E7V6
(12p13) and RUNXT (21q22) as the target genes involved in this
unbalanced translocation (Fig. 1C).

PAX5 Gene Is Frequently Fused to Partner Genes. Our previous data
showed the presence of dic(9;20)(p13;q11) in 11 cases of ALL
(9), 5 of which had deletion 9p13.2-pter. These 5 cases had start
sites of this deletion at 9p13.2 mapping to the PAX3 gene (Fig.
24 and data not shown). This prompted us to reexamine all cases
of B-ALL that had deletion of 9p [supporting information (SI)
Table S1]. We found a total of 9 cases with similar start sites
(9p13.2), mapping to the PAXS5 gene (Fig. 24 and data not
shown). In 2 of these cases, simple abnormalities were detected
by SNP-chip: case 514 had only del9p13.2-pter and del7q11.2-
pter; case 458 had only del9p13.2-pter and dup3p13-pter (Table
S1 and Fig. 24). Three cases (536, 543, 572) had complex
abnormalities including del9p13.2-pter and del20q11.21-qter, all
with the C200RF112 gene within the start site of del20q (Table
S1 and Fig. 24). The other 2 cases (659, 767) had complex
abnormalities that included ETV6 on 12p13 (Table S1 and
Fig. 24).

Thus, we found four candidate partner genes fused to PAXS
in seven cases by SNP-chip analysis; ETV6 on 12p13 (two cases)
(12), C200rf112 on 20q11.1 (three cases), AUTS2 on 7q11.1 (one
case) and FOXPI on 3p13 (one case) (Fig. 24). Because these
translocations could lead to fusion transcripts between PAXS
and different partner genes, the presence of the predicted fusion
transcript was examined by RT-PCR using the mapping infor-
mation from the SNP-chip data. RT-PCR and nucleotide se-
quencing data of the PCR products confirmed that the PAXS
gene was fused to either the ETV6 (two cases), C200rf112 (three
cases), AUTS2 (one case), or FOXP1 (one case) gene and
transcribed into aberrant fusion messages (Fig. 2 B and C). Each
fusion gene was mutually and exclusively detected in the samples
studied. In one case with dic(9;20), exon 5 of PAXS5 was fused to
exon 8 of C200rf112, and in two cases with dic(9;20), exon 8 of
PAXS was fused to exon 3 of C200rf112. PAXS/ETV6 involved
exon 4 of PAXS and exon 3 of ETV6.

Cellular Localization and DNA Binding Affinity of PAX5 Fusion Prod-
ucts. In the PAX5/FOXPI fusion transcript, the amino acid
coding frame of the FOXPI gene was not identical to that of
PAXS, leading to a frame-shift and an early termination codon
after the fusion point of these two genes (Fig. 2D). However, all
other fusion genes were in frame and were predicted to encode
chimeric proteins. Two proteins (a short and long form) with
different breakpoints were predicted from the PAX5/C200rf112
fusion genes (Fig. 2D).

To confirm cellular localization of PAXS5-fusion proteins, we
transfected vectors encoding wild-type PAX5 and PAXS fusion
genes (PAXS-ETV6, PAXS5-FOXPI, PAX5-C200RF112S, and
PAXS5-C200RF112L) into 293T cells, fractionated the cytoplas-
mic and nuclear proteins, and examined the wild-type PAXS and
PAXS5-fusion proteins by Western blot analysis (Fig. 2E). PAXS-
ETV6 protein was detected in both the cytoplasm and nucleus;
PAXS5-FOXP1 and PAXS5-C200RF112L proteins were predom-

SNP-chip data. (Upper) Start sites of duplications at 12p13 and 2122 are
magnified. Signals of individual probe signals are shown. Vertical lines indi-
cated the positions of start sites of duplications. (Lower) Genesinvolved in the
start sites of duplications.
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Fig.2. PAX5geneisfusedto partner genes. (A) Startsites of deletion at 9p13.2 involving the PAXS gene. (Left) SNP-chip data of representative cases with 9p13.2
deletions. A vertical arrow indicates the start sites of 9p deletion that involves the PAX5 gene. A horizontal arrow shows the direction of transcription of the
PAX5 gene. (Right) Chromosomal abnormalities of partner chromosomes. Arrow heads indicate the start sites of duplication or deletions. Genes involved in the
start sites are shown. (8) Result of RT-PCR. The ALL samples suggesting the presence of PAX5 fusion genes by SNP-chip analysis were examined by RT-PCR using
the primers of PAX5 and the respective partner genes. (C) Fusion sequences of the PAX5 and partner genes. Joining sequences of fused transcripts are shown
from the indicated exon of the fused gene. (D) Schematic structure of wild-type and mutant PAXS5. Amino acid positions (aa) of each protein are indicated.
PAX5/FOXP1 fusion construct has an early termination codon caused by a frame-shift. PD, paired domain; TA, transcription activation domain; O, octapeptide
H, homeodomain-like; I, inhibitory domain. (£) Subcellular fractionation of PAX5-fusion proteins. pcDNA vector encoding wild-type PAX5, PAX5-ETV6,
PAX5-FOXP1, PAX5-C200RF1125, or PAX5-C200RF112L was transfected into 293T cells. Nuclear and cytoplasmic proteins were separated and electrophoresed
inthe gel. Localization of PAX5-fusion proteins was examined by PAX5 N-terminal specificantibody. Purity of cytoplasmic protein wasexamined with anti-GAPDH
antibody and purity of nuclear proteins with the anti-PARP antibody. C, cytoplasmic fraction; N, nuclear fraction.

inantly localized in the nucleus; and 20% and 80% of PAXS5-
C200RF112S proteins were localized in the cytoplasm and the
nucleus, respectively (Fig. 2E). Localization of the fusion pro-
teins was also confirmed by immunohistochemical staining (data
not shown).

Because PAXS-fusion proteins were localized in the nucleus,
we analyzed DNA binding affinity of these PAXS-fusion proteins
in vitro. DNA binding affinity of the PAXS wild-type and fusion
proteins expressed in 293T cells was analyzed by electrophoretic
mobility shift assay (EMSA), and signals of probes bound to the
proteins were plotted graphically (Fig. 34). Binding activity of
each protein in the absence of cold competitor oligonucleotide
probe was regarded as 1.0, and the binding activity in the
presence of cold competitor oligonucleotide probes was mea-
sured. All PAXS-fusion proteins showed similar binding activity
to the PAXS recognition sequences as the wild-type PAXS
(Fig. 34).

PAX5 Fusion Products Suppressed Transcriptional Activity of Wild-
Type PAXS in a Dominant Negative Fashion, Leading to Inhibition of
B-Cell Development. To examine the effect of PAXS-fusion pro-
teins on (ranscriptional activity of wild-type PAXS, we per-
formed a reporter gene assay using 293T cells. Cotransfection
reporter gene assays using wild-type and fusion PAXS expression
vectors along with a reporter gene driven by the murine CD19
promoter (which contains three repeats of PAXS binding se-
quences) showed that the PAXS fusion products suppressed
transcriptional activity of PAXS in a dominant-negative fashion
(Fig. 3B). Expression of wild-type PAXS proteins was minimally
affected by coexpression of PAXS-fusion proteins (Fig. 3C),
suggesting that PAXS-fusion proteins competed with wild-type
PAXS for the PAXS binding sequences on the reporter gene.

Kawamata et al.

FFurther, we transfected vectors encoding either PAXS5-
C200rf112S or PAXS5-C200r{1121., each coexpressing the GFP
marker, into Nalm 6 cells (a human B cell ALL cell line, which
expresses endogenous PAXS) (data not shown). After transfec-
tion, GFP-positive cells were sorted by FACS and expression of
PAXS-downstream genes was examined by semiquantitative
RT-PCR (Fig. 3D and data not shown). We examined 10
downstream target genes (seven positively regulated direct tar-
get genes and three negatively regulated genes) of PAXS (10-12)
and found that four, including ATPIBI, BLK, NEDDS and
TCF7L2, were down-regulated by induction of either PAXS5-
C200rf1128 or PAX5-C200rf112L protein. However, expression
of other reported PAXS downstream target genes, including
three positively regulated direct target genes (IRF8, BSTI,
CD19) and three negatively regulated genes (CCR2, CCR3,
NOTCIHI) were not affected by the induction of expression of
the fusion proteins in these cells.

To examine the effect of PAXS fusion protein on binding of
wild-type PAXS to the direct target gene BLK in the leukemic
cells, we performed chromatin-immunoprecipitation (ChIP) as-
say using Nalm 6 cells transfected with either an empty vector or
a construct encoding PAXS5-C200r{112S. We used a PAXS
antibody detecting the C-terminal region of the protein, which
could detect wild-type PAXS, but not PAX5-C200rf112S, as the
C-terminal end of PAXS was replaced by C200rf112S in this
fusion protein. Although wild-type specific PAXS antibody
precipitated the promoter region of BLK after transfection of the
emply vector, the amount of DNA of the BLK promoter region
bound to wild-type PAXS was reduced after transfection of the
PAXS-C200rf1128 gene (Fig. 3 I and F).

To examine the effect of PAXS-fusion proteins on B cell
development in murine hematopoietic cells, we infected murine
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Fig.3. PAX5-fusion proteins suppress transcriptional activity of PAX5 in a dominant-negative fashion and block the growth of B cells. () Result of EMSA: Wild-type
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double-strand oligonudleotide DNA, in either the presence or absence of cold competitor oligonucleotides (5-, 25-, and 50-fold cold competitor probes). Intensity of
each shifted band indicating DNA-protein complex was measured and plotted graphically. Intensity of shifted bands in the absence of cold competitor probes was
regarded as 1.0. (B) Reporter gene assay. Wild-type and mutant PAX5 were mixed at a various ratios (1:0, 1:0.3, 1:1, 1:3, respectively, 1 = 500 ng of construct) and
transfected. Forty-eight hours later, relative activity of firefly luciferase was measured and plotted. Results represent the mean values of the three experiments. CD19,
PAXS5 luciferase reporter construct having PAXS binding region of CD19 promoter; PAXS, wild-type PAX5; PAXS/ETV6, PAXS/ETV6 fusion; PAX5/C20L, long form of
PAX5/C200rf112 fusion in which PAXS5 exon 8is fused to C200rf112 exon 3; PAX5/C20S, short form of PAX5/C200rf112 fusionin which PAX5 exon 5is fused to Q0orf112
exon 8: PAXS/FOXP1, PAXS/FOXP1 fusion with an early termination codon caused by a frame-shift after the site of fusion. (C) Results of expression of wild-type PAX5
and PAX5-fusion proteins. After cotransfection of equal amounts of vector encoding either wild-type or fusion PAX5 genes into 293T cells, the expresion of respective
proteins was examined by Western blot. Levels of expression of wild-type PAX5 protein were minimally affected by coexpression of the PAX5-fusion proteins. (D)
Semiquantitative RT-PCR of downstream target genes of PAXS. Expression of PAX5 downstream target genes was examined by semiquantitative RT-PCR. Nalm 6, a
human B cell ALL cell line expressing endogenous PAXS, was transfected with pMSCV-GFP (Empty), pMSCV-GFP-PAX5-C200rf1125 (PAX5-C205), or pMSCV-GFP-PAXS-
C200rf112L (PAX5-C20L). GFP-positive cells were sorted and subject to semiquantitative RT-PCR. Optimal cycle numbers to semiquantify the expression of respective
genes are as follows; BLK: 25 cydles; Nedds5; 25 cycles; TCF7L2: 25 cycles; ATP1B1: 25 cycles; f-actin: 22 cycles; CCR2: 25 cycles; CCR8: 30 cycles; IRF8: 30 cycles. (E) Structure
of human BLK gene. Structure of BLK and primers used for ChIP assay within the 5’ regulatory region (Promoter-PCR) and 3’ end (Control-PCR) of the BLK gene is
schematically shown. PAXS binding site in the promoter region is indicated. (F) ChIP analysis of the PAX5 binding site in the BLK gene promoter. pMSCV-GFP (empty
vector) or pMSCV-GFP-PAX5-C20S (PAX5-C20S) was transfected into human Nalm 6 B cell leukemia cells expressing endogenous PAX5. GFP-positive cells were subject
to ChIP assay. The cells were fixed in formaldehyde solution and sonicated by ultrasound. DNA-protein complex was incubated with wild-type PAXS specific antibody,
which detected the C-terminal region of PAX5 but not the PAX5-C200rf112S protein (Upper). As a control, the DNA-protein complex was reacted with isotype
nonspecific antibody (Lower). Immnoprecipitated DNA was subjected to PCR to amplify either the BLK promoter region containing PAXS binding sequence (P) or, as
an internal control, the 3’ end of the BLK gene (C). (G) Retrovirus infection experiments. Murine bone marrow cells were collected at 5 days after injection of 5FU. The
hematopoietic cells were infected by retrovirus containing pMSCV-GFP empty vector (GFP), pMSCV-GFP-C200rf112L (PAX5/C20L), or pMSCV-GFP-C2001f112S (PAXS/
€205). GFP-positive murine hematopoietic cells were sorted and plated at 5 < 104 cells per plate in methylcellulose containing mSCF, miL7, and hFL. At8 days after the
plating, the colony numbers were counted (Left; results represent means and SD of three experiments). Cell surface antigens on the GFP-positive cells infected with
pMSCV-GFP (GFP) at Day 11 were examined by FACS using antibodlies against CD43 and B220 (Upper Right), c-kitand CD1 1b (Lower Right) antibodies, to confirm the
development of B cells.
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