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Abstract
The prognosis of adult normal karyotype (NK) precursor B cell acute lymphoblastic leukemia (B-
ALL) has not improved over the last decade mainly because separation into distinct molecular subsets
has been lacking and no targeted treatments are available. We screened the genome of blasts from
ten adult NK B-ALL patients for novel genomic alterations by array comparative genomic
hybridization and verified our results with fluorescent in situ hybridization and gene expression
profile using the same probes. The results demonstrate cryptic deletions of 9q34 involving SET,
PKN3, NUP188, ABL1 and NUP214 in three of the samples. The smallest deletion resulted in the
likely juxtaposition of the SET and NUP214 genes. This aberration has not been described before in
adult NK B-ALL. Larger number of samples is warranted to determine the prognostic significance
of this cryptic deletion.
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Introduction
The outcome of adult normal karyotype (NK) precursor B cell acute lymphoblastic leukemia
(B-ALL) has not improved over the last decade [1,2]. In addition, our ability to stratify these
patients into prognostically different subgroups and develop targeted therapies is lacking.
Identifying new molecular aberrations could help both in risk stratification and in finding new
therapeutic targets. Using genome-wide analysis of genetic alterations, five groups [3-7]
demonstrated hidden gene dose changes in a total of 64 NK B-ALL cases of whom only four
were adults. We therefore screened the genome of blasts from ten consecutive adult NK B-
ALL patients admitted to Roswell Park Cancer Institute (RPCI) for novel genomic alterations
by array comparative genomic hybridization (array CGH).

Materials and Methods
Patient samples

Cryopreserved bone marrow samples from three females and seven males with a median age
at diagnosis of 56.5 (range, 21-70) years were studied. All patients underwent induction
treatment on or off protocol with a five-drug containing regimen followed by intensive
consolidation and maintenance regimens [8]. Six patients achieved complete remission (CR).
Three patients relapsed at a median of 21 (range 6-25) months. After a median follow-up of
85 months for the living patients, three are alive in continuous first CR. None of the patients
underwent allogeneic transplantation in first CR. The study was approved by RPCI’s Scientific
Review Committee and the Institutional Review Board.

Cytogenetic analysis
Standard cytogenetic analysis was performed on Giemsa banded metaphase chromosomes
from ALL bone marrow aspirates as previously described [9]. Twenty metaphases were
reviewed in each case; none harbored t(9;22)(q34;q11).

Cell Sorting
Two samples with <60% blasts were sorted according to the diagnostic immunophenotypic
pattern. The following antibodies were used: anti-CD19 (clone J4.119) phycoerythrin (PE)
cyanine 5-conjugated monoclonal antibody (mAb), anti-CD34 (clone D3HL60.251) PE-
conjugated mAb, anti-CD38 (clone T16) fluorescein isothiocyanate-conjugated mAb and anti-
CD45 (clone J33) allophycocianin-conjugated mAb (Beckman Coulter, Miami, FL). In the
bivariate display of forward vs. side scatter, a generous mononuclear sorting region was drawn
to exclude debris and aggregates and the leukemic cells were further selected as CD45 negative
to dim, and expressing CD19 and CD34 or CD38. Dead cells were excluded with violet fixable
live dead reagent (Invitrogen, Carlsbad, CA). Cells were sorted using FACSAria (BD
Bioscience, San Jose, CA) and the percentage of blasts following sorting exceeded 95% in the
two samples with a viability >90%.

BAC Array CGH
Array CGH was performed on the RPCI bacterial artificial chromosome (BAC) array
containing ~19,000 BAC clones as previously described [10-12].

CNV/SNP array analysis
Sample 05-1528 carried the smallest deletion of the 3 samples exhibiting 9q34 rearrangements.
In order to refine the breakpoints in this sample a high resolution copy number variation (CNV)/
single nucleotide polymorphism (SNP) analysis was performed using the Infinium Human1M-
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Duov3 (Illumina, Inc., San Diego, CA) as per manufacturer instructions, and analyzed in
Genome Studio (Illumina, Inc.).

Interphase Fluorescence in situ hybridization (FISH) validation
DNA from BAC clones was labeled with SpectrumOrange or SpectrumGreen (Abbott
Molecular,Inc., Des Plaines, IL) by nick translation using a kit from Abbott Molecular Inc., as
per the manufacturer’s instructions. Labeled DNA was then hybridized to archived cytogenetic
preparations from the appropriate patients as previously described [13]. Slides were visualized
and analyzed on a Nikon Microscope using the CytoVision Program (Applied Imaging, Inc.,
Monroe Twp, NJ).

Gene expression array analysis
Based on material availability, total RNA was extracted and paired with Human Universal
Reference Total RNA (Clontech, Inc., Mountain View, CA) for two color gene expression
analysis using Agilent Technology 44k Whole Genome Oligo microarrays (Foster City, CA)
as per manufacturers’ instructions. The expression data were extracted and processed with
BGsub (background correction), Dyenorm (dye normalization) and Ratio (log ratio calculation)
algorithms implemented in Agilent Feature Extraction Software.

Results and Discussion
Three samples (Table 1) were found to have cyclin-dependent kinase inhibitor 2A (CDKN2A)
deletions and these were confirmed by FISH (Figure 1). Specifically, 99-1069 carried a
hemizygous deletion in 35% (35/100), and a homozygous deletion in 9/100 of the interphase
nuclei examined while sample 00-307 harbored biallellic or homozygous deletions for
CDKN2A in 93% (186/200) of the interphase nuclei examined. This latter sample also
demonstrated a 2.0-fold decrease in CDKN2A mRNA expression (Figure 1). Deletions of
CDKN2A have been previously reported in adolescents and young adults [14]. In that study,
46% of adolescents and young adults carried CDKN2A deletions, while in our sample set this
loss was detected in 33%. Due to the small numbers in our series this difference does not seem
to be significant.

Three samples were found to have overlapping deletions of 9q34 based on BAC array CGH
results (Figure 2A). These deletions included two nucleoporin NUP188 and NUP 214. Sample
99-350 exhibited a hemizygous deletion of NUP214 in 27% (27/100) nuclei and 1.7 and 1.9-
fold decrease in NUP188 and NUP214 gene by expression profiling. Further, sample 05-1528
carried hemizygous deletions in 181/200 nuclei for NUP188 and a hemizygous deletion of
NUP214 in 17% (17/100) nuclei (Figure 3). A 1.3- and 1.2-fold decrease in NUP188 and
NUP214 mRNA was detected in this sample. A comparison of the gene expression data also
revealed increased gene expression of the HOXA gene family in 05-1528 which has been
previously observed in pediatric T cell ALL [15] and one case of adult acute myeloid leukemia
(AML) [16] with deletions of 9q34 that result in a fusion gene from the juxtaposition of the
telomeric region of the SET gene with NUP214 (Figure 4).

Sample 05-1528 defined the smallest region of overlap for the recurrent 9q34 deletion. The
region in 05-1528 extends from 9q34 centromere-130517102-133053582 base pairs (bp)
telomere. The deleted region was further validated and refined using high resolution 1 million
element CNV/SNP arrays (Figure 2B and C). This analysis revealed that the 9q34 breakpoints
in this sample occur in regions of homozygosity positioned centromerically at 9q34.4.11 from
130,080,000-130,522,000 bp and telomerically at 9q34.13 from 132,936,000-133,125,000 bp.
The deletion breakpoints reside within these regions of homozygosity and extend from
centromere-130,499,000 -133,020,000 bp-telomere. The breakpoints for the adult NK B-ALL
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deletion can best be positioned based on the CNV/SNP array data in the untranslated region
of SET or within exon 8 and between exon 17 and 18 of NUP214. This is in agreement with
the breakpoints described for T cell ALL [15,16].

Cryptic deletions, such as MLL and ETV6/CBFA2 [17] in B-ALL, resulting in the formation
of oncogenic fusion genes have been described for a subset of hematologic malignancies. While
there are several genes within the 9q34 region, SET, PKN3, ABL1 and NUP214 have
previously been implicated for a role in malignancy with SET, ABL, and NUP214 being
implicated in leukemogenesis. An oncogenic SET/NUP214 fusion gene has been reported in
a case of NK adult AML as a result of a cryptic deletion of 9q34 [18]. This same cryptic deletion
has been identified to also occur in pediatric T cell ALL with the centromeric breakpoint lying
in SET with deletion of PKN3 just distal telomerically to SET [15]. Similarly, ABL1 and
NUP214 have also been shown to create an oncogenic fusion gene in T-ALL [19]. NUP188
like NUP214 is a nucleoporin, and this family of proteins allows the transport of
biomacromolecules such as mRNA across the nuclear membrane [20]. Recent studies have
shown that the SET-NUP214 fusion gene results in upregulation of the HOXA gene cluster,
and this is reflected in the current case [15]. Functional studies resulting in down regulation of
the SET-NUP214 fusion gene have shown a decrease in HOXA gene cluster expression, and
differentiation of cells carrying the fusion gene [15]. Thus it appears that SET-NUP214 blocks
hematopoietic cells from proceeding through the process of differentiation. The remaining two
deletions cover larger genomic distances: 99-350 (125088354 – 133756224 bp); 00-947
(127908459 – 139926251 bp). Their exact role is still to be discovered.

In summary, we describe, for the first time, recurrent deletion of 9q34 in adult NK B ALL. We
did not attempt to correlate our results with outcome due to the small number of cases. Further,
we concentrated on 9q34 as the only recurrent aberration in three of ten cases and presented
our data on CDKN2A to illustrate our ability to replicate what is already known in the literature
about this aberration. Finally, a larger number of cases is needed to assess the prognostic
significance of this deletion.
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Figure 1.
A. BAC array CGH results of three NK B-ALL samples with recurrent deletion on chromosome
9. The yellow region is the minimal critical region of the deletion. Each plot represents the
log2 test/control value for each BAC (in blue) as well as the segmented value (in red). This
value is equivalent to the LogR ration in panel B.
B. CNV/SNP array (Illumina 1M Duo) results defining the breakpoints in sample 05-1528.
Top plot is the B Allele Frequency (BAF). The BAF is the percent of the sample that has the
B Allele for a given SNP. A BAF of 0 indicates the SNP is AA and BAF of 1 means the SNP
is BB and a BAF of 0.5 is AB. Note, the BAF in 05-1528 deviates from the normal three band
pattern at 9q34.11. The double heterozygous band is indicative of a deletion with ~25% normal
cell DNA contamination, and is supported by the decrease in the LogR ratio in panel B. The
Log R ratio value is the log2 of test/normal for each SNP. Note the loss of material at 9q34.11.
The two sets of red lines indicate regions of uniparental disomy (UPD) observed as loss of
heterozigosity flanking the rearrangement. The lack of contaminating normal suggests that
these UPD regions are in the germline. The yellow highlighted region defines the region of
copy number loss. C. Genomic description of the deleted area.
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Figure 2.
CDKN2A/p16 homozygous deletion by array CGH and concordance of gene expression
illustrated by an overlay of array CGH profiles and gene expression profiles (GEP) at
CDKN2A. Red arrows point to CDKN2A.
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Figure 3.
FISH analysis demonstrating deletion of NUP188 (left panel) and NUP214 (right panel) in NK
B-ALL. FISH was performed using the same BAC probe used in the array CGH.
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Figure 4.
Activation of HOXA gene cluster. The figure demonstrates an increased expression of genes
in the HOXA cluster in sample 05-1528. Note that nine of the 16 HOXA genes with probes in
Agilent Platform show at least 1.5-fold increased expression; in contrast to that only two are
at least 1.5-fold down-regulated.
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