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Abstract
Childhood leukemia, which accounts for > 30% of newly diagnosed childhood malignancies, is one
of the leading causes of death for children with cancer. Genome-wide studies using microarray chips
to identify copy number changes in human cancer are becoming more common. In this pilot study,
45 pediatric leukemia samples were analyzed for gene copy aberrations using novel molecular
inversion probe (MIP) technology. Acute leukemia subtypes included precursor B-cell acute
lymphoblastic leukemia (ALL) (n = 23), precursor T-cell ALL (n = 6), and acute myeloid leukemia
(n = 14). The MIP analysis identified 69 regions of recurring copy number changes, of which 41
have not been identified with other DNA microarray platforms. Copy number gains and losses were
validated in 98% of clinical karyotypes and 100% of fluorescence in situ hybridization studies
available. We report unique patterns of copy number loss in samples with 9p21.3 (CDKN2A) deletion
in the precursor B-cell ALL patients, compared with the precursor T-cell ALL patients. MIPs
represent an attractive technology for identifying novel copy number aberrations, validating
previously reported copy number changes, and translating molecular findings into clinically relevant
targets for further investigation.

1. Introduction
Childhood leukemia is the most common cancer among persons under 15 years of age,
accounting for > 30% of all childhood malignancies [1]. In developed countries, 8 of 10 children
diagnosed with acute lymphoblastic leukemia (ALL) will survive 5 years or longer due to
treatment assignments based on presenting age, white blood cell count, extramedullary disease,
blast cytogenetics, and initial treatment response [2]. These risk stratification categories for
ALL are still evolving, however, and treatment failures occur in 10–15% of lower risk patients
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[3]. Like-wise, acute myeloid leukemia (AML) patients are often risk-stratified based on
molecular cytogenetics and treatment response; nonetheless, the most recent Children’s
Oncology Group trial reported a 5-year survival of 58% for pediatric AML [4]. Even with
aggressive retrieval therapy, most children for whom leukemia treatment fails will die [5], and
relapsed leukemia remains one of the leading causes of mortality for children with cancer.
Robust biomarkers for risk of relapse are needed, so that children with leukemia can be risk-
stratified as accurately as possible at the time of diagnosis [3,6].

Aneuploidy and translocation events are gross indicators of genomic instability events
associated with ALL. Array comparative genomic hybridization methods have significantly
higher resolution in identifying copy number aberrations (CNAs), compared with conventional
cytogenetic analysis, and as a result their application in ALL have led to the discovery of CNAs
within specific intervals of the genome [7–9]. Single nucleotide polymorphism (SNP) mi-
croarrays have even higher resolution of CNAs in pediatric leukemia. Mullighan et al. [10]
reported multiple deletions, amplifications, point mutations, and structural rearrangements in
genes regulating B lymphocyte development and differentiation in 40% of B-precursor ALL,
and two other studies [11,12] also reported successful use of SNP arrays to characterize
recurring CNAs in childhood ALL. All three of these SNP array studies identified the well-
described loss of 9p21.3, encompassing CDKN2A and CDKN2B, genes that are known to be
frequently deleted in ALL. The CDKN2A gene encodes two distinct proteins, p16INK4a and
p14ARF which are involved in cell cycle regulation. This region is more frequently deleted in
precursor T-cell than precursor B-cell ALL [13], with variable prognostic significance [14–
16].

To survey CNAs in childhood leukemia at the resolution of individual gene sequences, we
applied a novel genomic technology (molecular inversion probes, or MIPs) that has been
adapted for gene copy analysis in cancer [17,18]. In this technology, the probe is a single
oligonucleotide that recognizes and hybridizes to a specific genomic target sequence with two
recognition sites [19]. After the probe hybridizes to the target DNA, a single base-pair gap
exists in the middle of the two recognition sequences. This gap can be either a SNP or a
nonpolymorphic nucleotide. The reaction is split into four tubes, with each tube containing
polymerase, ligase, and a single nucleotide. In the presence of the appropriate nucleotide and
with specific annealing to the target sequence, a circularization event occurs, making the probe
amplifiable in subsequent steps. The amplified probes are ultimately detected and quantitated
on microarrays that have barcode sequences complementary to those in the individual MIP
probes. Because a barcode intermediate is used instead of direct genomic DNA hybridization
to an array, it is possible to query any unique sequence without the hybridization constraints
of array comparative genomic hybridization or oligonucleotide arrays. Thus far, MIPs have
been validated and used for CNA detection in breast [18], ovarian [20,21], and colorectal cancer
[22].

Here, we report on use of MIPs to detect novel areas of gene CNAs and allelic imbalance in
childhood leukemia. For this analysis, we used a MIP cancer panel with a resolution of specific
gene sequences for > 1,000 cancer genes. We identified a number of novel deletions and
amplifications of specific genes, including unique patterns of loss of heterozygosity in
precursor B-cell ALL, compared with precursor T-cell ALL. This pilot study demonstrates the
feasibility of using MIP technology to analyze childhood leukemia specimens.
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2. Materials and methods
2.1. Patients and samples

All patient material was obtained with informed consent from the Lucile Packard Children’s
Hospital at Stanford University. The study was previously approved by the institutional review
board at Stanford University School of Medicine.

Genomic DNA was extracted from 45 pediatric leukemia samples obtained at diagnosis in the
form of bone marrow aspirates, pheresis products, or peripheral blood with blasts > 85%.
Normal genomic DNA was extracted from 20 of the same patients, from peripheral leukocytes
obtained after documented remission that included negative bone marrow studies. Samples
were collected from patients diagnosed and treated between April 1999 and June 2007. See
Table 1 for characteristics of patients analyzed in this study.

2.2. Genomic DNA preparation
Genomic DNA was isolated from leukemia samples and peripheral leukocytes using a genomic
DNA preparation kit (Gentra Systems, Minneapolis, MN). The DNA quantitation was done
using a double-stranded assay (PicoGreen, P7589; Invitrogen, Carlsbad, CA).

2.3. Molecular inversion probe design
A cancer panel of 24,037 SNPs was chosen for the MIP panel synthesis (Affymetrix, CA).
Each probe required genomic sequences of ~20 nucleotides on either flank of the SNP position,
which were incorporated into the molecular inversion probe design. In addition to probes across
the genome, extra probes were chosen from intragenic sequences of > 1,000 genes that have
been reported to be involved in cancer development (Supplemental Table 1). Each gene was
represented on average by three to six probes. SNP locations for each probe refer to human
genome build NCBI 35.1 (hg17; May 2004).

2.4. Molecular inversion probe assay
The MIP assay was performed as described previously [17,18]. The initial step involved an
overnight annealing of 4.7 µL of DNA samples (75 ng total) in a pool containing 24,037 probes
(200 amol/µL per probe) and 0.045 µL of enzyme A mixed in a 384-well plate on ice. The
reaction was incubated at 20°C for 4 minutes, at 95°C for 5 minutes, and then at 58°C overnight.
The MIP probes were circularized with the addition of 4 µL of the appropriate nucleotide at
58°C for 10 minutes. The uncircularized probes and genomic DNA were eliminated by addition
of 4 µL of exonucleases and incubation at 37°C for 15 minutes, followed by heat inactivation.
The circularized probes were linearized by restriction enzyme digest at 37°C for 15 minutes,
followed by universal primer amplification for 18 cycles at 95°C for 20 seconds, 64°C for 40
seconds, and 72°C for 10 seconds. For the labeling reaction, the product was further amplified
with the label primers for 10 cycles.

For barcode array hybridization, MIP polymerase chain reaction (PCR) products were mixed
with hybridization cocktail, denatured, and hybridized to 30 k universal tag arrays (Affymetrix,
Santa Clara, CA) at 39°C for 16 hours with two arrays for each allele. The overnight hybridized
arrays were washed on a standard Affymetrix fluidic station and stained with streptavidin–
phycoerythrin at 5 ng/mL (Invitrogen). Copy number estimation was obtained from the barcode
hybridization signals as described previously [17].

2.5. Statistical analysis
To facilitate the identification of recurrent CNAs in pediatric leukemia, we relied on cross-
sample segmentation, a generalization of the circular binary segmentation (CBS) method of
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Olshen et al. [23] for performing a simultaneous segmentation of multiple samples. The CBS
method, which is widely used for segmentation of single samples, works through the recursive
application of a chi-square statistic for change-point detection. The multisample segmentation
method sums the chi-squared statistics from each sample at each location of the chromosomal
breakpoints and scans the genome using the summed chisquare statistics for the optimal
location of breakpoints across all of the samples (Zhang et al, Technical Report no. 2008-1,
available at http://stat.stanford.edu/reports/papers2008.html). The cross-segmentation method
avoids the ad hoc post-processing steps required to summarize the segmentation results of
individual samples into a sparse multisample summary.

Cross-sample segmentation was separately applied to the leukemia and to the matched normal
germline samples. A prefilter was then applied by deleting any CNA intervals reported in the
normal samples that had overlap with intervals reported in the leukemia sample set. The
remaining intervals (present in leukemia samples only) were further restricted after
segmentation using the following criteria: > 1 SNP and copy number cutoff of > 0.8 deviation
from baseline (loss = smoothed value < 1.2 and gain = smoothed value > 2.8). The absolute
deviation value of > 0.8 was chosen to detect true CNAs with greater stringency. There was
no minimum basepair restriction length on classifying gain or loss, but instead each region had
a minimum two-probe restriction (i.e., ≥2 consecutive MIPs needed to make the call). Finally,
only those regions were called that contained individual probes with a quality control call rate
of > 90% or relative standard deviation of < 20% [18].

2.6. Clinical associations
Significant associations between CNAs and clinical parameters were identified using the
computer program PaGE5.1, which relies on a modified two-tailed t-statistic for class
comparisons with random permutations of class labels to estimate a false discovery rate [24].
P-values were calculated on the identified significant genes using Student’s t-test with two-
tailed distribution. Clinical parameters were based on current Children’s Oncology Group risk
features and included age at presentation, sex, white blood cell count at diagnosis, central
nervous system disease, leukemia subtype, risk category, initial treatment response, and relapse
status.

2.7. G-banding karyotype and FISH analysis
Clinical cytogenetic findings were extracted from the medical records for each patient and were
compared with the MIP findings. Karyotyping was performed on leukemia sample metaphase
chromosome preparations with slide preparations stained and analyzed by a modified G-
banding method using Wright’s stain. Interphase FISH analysis was performed on cell
preparations using a dual-color probe combination specific for centromeres of chromosomes
4 and 10 (CEP4 and CEP10; Abbott Molecular, Des Plaines, IL) and with the TEL/AML1
dual-color fusion probe for ETV6/RUNX1 (Abbott Molecular), designed for identification of
the ALL-associated cryptic translocation t(12;21).

2.8. Quantitative PCR
Quantitative PCR was performed in triplicate on 1 ng of genomic DNA from our clinical
samples using Platinum SYBR Green qPCR Supermix-UDG with ROX (Invitrogen) or
Taqman universal PCR master mix (Applied Biosystems, Foster City, CA). RNase P, was used
to normalize copy number. Human genomic DNA (0.05 ng to 12.8 ng, Roche Diagnostics,
Indianapolis, IN) was used to generate standard curves for each primer set from which the
quantity of each gene was calculated. Quantitative analysis was performed on a sequence
detection system (ABI PRISM 7900-HT; Applied Biosystems). Copy number was determined
by the formula Quantitygene/QuantityRNaseP. Primers were designed for CDKN2A and for
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exons 3, 6, and 8 of PAX5 (Supplemental Table 2), genes involved in two of the most common
deletions in childhood ALL.

3. Results
In 45 childhood leukemia samples, 69 genomic regions of recurring amplifications or deletions
were identified in at least 2 samples each (Table 2; Supplemental Table 3–4). Also identified
were 13 regions of gain or loss that were unique to a single sample. Among the 24,000 loci
analyzed, the ALL samples (pre-B and pre-T) averaged a total of 15 copy number changes (7.7
amplifications and 7.3 deletions per sample) and the AML samples averaged a total of 12.5
copy number changes (6.5 amplifications and 6 deletions per sample). See Table 3 for mean
number of recurring copy number changes per individual leukemia subcategory. Ninety-eight
percent of our ALL and AML samples had at least one recurring deletion and 77% of our
samples had at least one recurring gain detected by MIPs.

3.1. Clinical cytogenetics comparison
Of the 43 leukemia samples with available karyotype data, , 42 (98%) matched the
chromosomal gains and losses identified by MIPs. Three of three samples with trisomy or
tetrasomy reported by FISH (trisomies 4 and 10, tetrasomy 21) matched the whole-
chromosome amplification reported by MIPs (100%). Additionally, nearly every sample
reported a multitude of micro-CNAs and macro-CNAs not reported by karyotype and FISH in
the clinical cytogenetics (Figs. 1A and 1B). As expected, MIPs did not detect copy-neutral,
balanced translocations reported by FISH. In some cases, unidentified chromosomal material
(i.e., marker chromosomes) on the karyotype analysis could be identified as originating from
a specific region, as suggested by MIP amplification in that specific location; for example, the
sample with extra, unidentified chromosomal material on karyotype and gain in Xq by MIPs
most likely has a marker for this extra region of Xq (Fig. 1A).

3.2. Deletion of PAX5
This childhood leukemia cohort exhibited PAX5 deletions in 4 of 29 pre-B and pre-T ALL
samples (14%), confirmed by real time (RT) PCR. One sample had a deletion only in PAX5
exon 8, two samples had deletions only in PAX5 exons 3 and 6, and the one remaining sample
had deletions in all three measured PAX5 exons (i.e., 3, 6, and 8). MIP copy number compared
with PCR copy number values are displayed in Supplemental Table 5.

3.3. Deletion of 9p21 (CDKN2A)
Using a definition of homozygous deletions (CN < 0.5) and hemizygous deletions (CN = 0.8–
1.5), 13.8% hemizygous and 37.9% homozygous 9p21 deletions were identified in 29 pediatric
ALL samples (precursor B- and T-ALL). The majority of 9p21 deletions were homozygous
(11 of 15, 73.3%), and also involved either upstream or downstream hemizygous loss of
adjacent 9p regions (9 of 15, 60%). The majority of samples with extended 9p hemizygous
loss were from patients with pre-B ALL. Of the six remaining samples with isolated 9p21
deletion and no other associated 9p hemizygous deletion, 5 of 6 (83.3%) were in pre-T ALL
samples (Fig. 2). The length of the 9p hemizygous deletions varied considerably from several
thousand base pairs to the entire 9p region, with one sample containing deletion of the entire
chromosome. The 9p21 deletion consistently encompassed 9 probes, 15 kb in length
(chr9:21962445–21977472; NCBI Build 35.1). Fully 100% of the CDKN2A homozygous and
hemizygous deletions were confirmed by RT-PCR (Supplemental Table 6).
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3.4. Clinical associations for ALL
Clinical associations were determined to be significant, with an false discovery rate of < 0.05.
The clinical features significantly associated with gene-specific CNAs included age at
presentation (pre-B and pre-T ALL), leukemia subtype (pre-B vs. pre-T ALL), relapse (pre-B
and pre-T ALL), and central nervous system disease (CNS 1 vs. CNS 2,3) (Table 4).

4. Discussion
Originally designed for large-scale SNP genotyping, MIP has recently been adapted to detect
allelic CNAs [17]. Although MIPs have detected CNAs in other types of cancer [18,20–22],
the present study represents, to our knowledge, the first report of MIPs being used on leukemia
samples. This technology can identify sequence allele and sequence-specific deletions and
amplifications, gene recombination events, and uniparental disomy on minute amounts of
genomic DNA template (in the nanogram range), including from paraffin-embedded samples
[18]. The MIP cancer panel used for this study comprises 24,037 SNPs from intragenic
sequences of > 1,000 genes involved in cancer development (oncogenes, tumor suppressors,
DNA repair genes, cell growth genes, and metabolism genes). The MIP cancer panel contains
a mean spacing of 100 kb between probes for the entire genome; however, each cancer gene
is represented by at least 3–6 probes, which often translates to < 5 kb of sequential coverage
within the targeted cancer genes. The traditional 500 k SNP arrays offer denser whole-genome
coverage on average (5 kb coverage), but these platforms contain SNPs optimized for
microarray hybridization performance and adequate coverage for genome-wide association
studies of human disease. Thus, SNP arrays often have very large gaps in specific gene
coverage. The targeted MIP approach can be considered a complementary candidate gene
approach, for identifying gene-specific CNAs that may be missed by these other methods of
varying resolution. Several studies already have taken advantage of this targeted MIP approach
to identify CNAs in cancer genes in colon, breast, and ovarian cancer [18,20–22].

4.1. Comparison with other SNP arrays
With the MIP cancer panel, 69 recurring regions of CNAs were identified in 45 pediatric
leukemia samples (including pre-B, pre-T, and AML), which is a number similar to data from
other published SNP array studies. Notably, Mullighan et al. [10] reported 63 recurring CNAs
in 242 childhood ALL samples; Kuiper et al. [11] reported 31 recurring CNAs in 40 childhood
ALL samples; and Kawamata et al. [12] reported 23 recurring CNAs (with many more
nonrecurring regions identified) in 399 childhood ALL samples.

Combining the primary and supplemental data from these three SNP array studies [10–12], we
found that 15 common regions of recurring CNAs were reported in at least two of the three
publication: 1q, 20q, 3p14.2, 5q33.3, 6q23.3, 7 p, 9p13.2, 9p21.3, 9q, 10 p, 11q23.3, 12p13.2,
12q21.33, 13q14.2, and 17q11.2 (Supplemental Fig. 1). Our MIP analysis identified 11 CNA
regions identical to findings from at least one of the three SNP studies: 1p22.2, 2p21, 7q34,
9p13.2, 9p21.3, 11q13.1, 12q21.33, 14q24.2, 16p13.3, 18q12.2, and 21q22.2 (Figs. 3A and
3B). The number of CNA regions in common increases to 28 when larger ranges of overlap
are considered in addition to identically reported but limited chromosome locations; for
example, the MIP panel identified a 7,673-bp copy number change in 17q21.32 (ITGA2B) and
Kawamata et al. [12] reported a gain in a much larger region spanning 17q21.2~q25.3).

The present MIP analysis validates these overlapping regions of CNAs in childhood leukemia
reported by other genome-wide studies, in addition to describing new CNAs in cancer-related
genes not previously identified. Given our targeted candidate gene approach and the potential
gaps in coverage of the 500 k platforms, it is not surprising that we detected CNAs in regions
that were not previously reported (and not covered by the 500 k platform). However, the
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concordance of similar findings between all three data sets of the identical Affymetrix 500 k
SNP platforms is unexpectedly low (much less than 50%). Some of the differences in recurring
CNAs between different platforms (or even among identical platforms) may be due to
differences in analysis methods or even to differences in the pediatric patients included in each
study. This highlights the need for larger studies with alternative methods (such as MIPs) to
help complement current childhood leukemia studies and to validate the few loci found in
common using the same platforms.

One example of sample selection affecting differences in results between microarray platforms
may be the relatively large number of amplifications that we found in our pre-BALL study
cohort, compared with previous genome-wide SNP studies. The increased average number of
gains in our group of patients may be explained by the number of high-hyperdiploid samples
included in our study (13% of our pre-B ALL samples). The inherently large number of gains
in the high-hyperdiploid group of patients (average of 19 gains per sample) increases the overall
average of pre-B ALL gains and thereby skews our results. As more subtypes are included in
future analyses,we expect to find greater CNA overlap with previously published studies and
overall decreased number of gains, with smaller confidence intervals. Again, this emphasizes
the need for more studies with large patient sizes in order to determine the true rate and location
of CNAs in childhood leukemia.

4.2. Deletion of CDKN2A
The CDKN2A locus at 9p21 encodes p16INK4A and p14ARF, which act as tumor suppressors.
The p14ARF protein functions as a stabilizer of the tumor suppressor protein p53 and can
sequester MDM1, a protein responsible for p53 degradation. The p16INK4A protein is a cyclin-
dependent kinase inhibitor that works upstream of the retinoblastoma (RB) protein to control
cell cycle arrest. Thus, the deletion or mutation of CDKN2A leads to the removal of proteins
essential to controlling tumor suppression. The clinical significance of CDKN2A deletion in
childhood leukemia remains both conflicting and controversial [13,16,25]. In fact, the current
Children’s Oncology Group risk stratification system does not include 9p21 deletions
(p16INK4A) when assigning treatment regimens to children with ALL. However, the frequent
finding of CDKN2A deletions in repeated CNA studies of childhood leukemia argues in favor
its importance. In 2008, Yang et al. [26] reported significantly shorter remission times in
children with relapsed ALL and CDKN2A deletions at diagnosis, and Mullighan et al. [27]
reported that nearly 30% of ALL patients acquired new CNAs in CDKN2A at relapse.

Homozygous and hemizygous deletions of 9p21 have been described in pediatric ALL, using
a variety of methods. The reported prevalence of 9p21 deletion varies by ALL subtype (5–34%
in precursor-B ALL and 60–80% in T-cell ALL), which is consistent with our MIP data (35%
in precursor B-ALL and 100% in precursor T-cell ALL). The reported prevalence of
hemizygous (6–13%) vs. homozygous (14–35%) 9p21 deletions in pediatric ALL is also
consistent with our MIP data (18.5% hemizygous deletions vs. 40.7% homozygous deletions)
(Supplemental Table 6). Most importantly, we discovered a unique pattern of 9p loss of
heterozygosity deletions (hemizygous) encompassing the 9p21 deletion in the majority of
precursor B-ALL samples but rarely seen in the precursorT-ALL samples. The clinical
significance of this flanking 9pCNA, which we found in most of our precursor B-ALL samples
with CDKN2A deletions, is unknown; however, the isolated deletion of CDKN2A with no other
surrounding loss of heterozygosity in almost exclusively precursor T-ALL may reflect lineage-
specific leukemogenesis, or perhaps the inherently poor treatment response of precursor T-
ALL. Bungaro et al. [28] recently reported their finding of SMAD1 downregulation in
CDKN2A homozygous deleted pre-B ALL cases, compared with nondeleted cases, which may
also contribute to the clinical behavior of patients harboring CDKN2A loss in their leukemic
blasts.
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4.3. Recurring CNAs
The allelic quantitation of intragenic SNPs in our MIP cancer panel allowed for precise
identification of very small regions of CNAs. The smallest recurring micro-scale copy number
changes was just 270 bp in length and was defined by 3 sequential probes within chromosome
14q24.2, whereas the largest recurring CNA was 170 Mb in length and defined by 1,466
individual probes that encompassed all of chromosome 6 (i.e., 6p25.3~q27). Notably, nearly
two thirds of recurring CNAs identified by the MIP cancer panel occurred in all three subtypes
of leukemia: precursor B-cell, precursor T-cell, and AML. In 21 regions, the CNA was found
in the ALL samples but not in the AML samples. There were no regions unique to AML alone
in our analysis. This overlap of common recurring CNAs among different leukemia subtypes
may reflect a common mechanism of leukemogenesis between both lymphoblastic and myeloid
leukemias. Furthermore, these common CNAs may explain the efficacy of some of the same
therapeutic agents used to treat both types of leukemia. Finally, common CNAs found in both
ALL and AML may represent potential shared targets for future drug development. These
findings of recurring CNAs will need to be replicated in larger studies.

4.4. Clinical associations
Four clinical characteristics in our analysis were significantly associated with CNAs in specific
genes. The clinical features associated with CNAs in our sample set included age from 1 to 10
years old versus ≥ 10 years old (part of the U.S. National Cancer Institute [NCI]/ Rome risk
stratification criteria), leukemia subtype, relapse status, and central nervous system disease.
Among these statistically significant clinical correlations, children ≥ 10 years of age (i.e.,
children in the higher risk NCI/Rome group) were more likely to possess a homozygous
CDKN2A deletion in our study cohort. Patients with precursor T-cell ALL are often older, are
more likely to have the same homozygous CDKN2A deletion, and require more intensive
chemotherapy to achieve remission. However, our findings of increasedCDKN2Adeletions in
older ALL patients cannot be explained by subtype alone, because 3 of these 5 older children
(60%) in our cohort had precursor B-cell leukemia. Perhaps the increased prevalence of
homozygous CDKN2A deletions that we observed in older children relates to its known
increase in the traditionally older precursor T-cell ALL patients, and the older age in both these
groups somehow contributes to their increased risk of treatment failure. This association may
help to explain some of the biological connections among age, phenotype, and outcome. A
much larger study reported the same significant association between CDKN2A deletions in
children ≥10 years old with precursor B-cell ALL from a cohort of 864 children [29]. Further
investigation may offer more biological explanations and so help to determine the currently
disputed prognostic significance of 9p21 deletions in childhood ALL.

Not surprisingly, we also found a statistically significant association between this same
homozygous CDKN2A deletion and leukemia subtype (when not accounting for age). As
previously discussed, 9p21 deletions have been described for many years as associated with
precursor T-cell ALL. In our study cohort, 100% of the precursor T-ALL samples had
CDKN2A deletions.

5. Conclusions
Here we have reported initial use of novel MIP technology in a cohort of 45 pediatric leukemia
patients, which identified unique patterns of 9 p loss of heterozygosity in precursor B-cell
versus precursor T-cell ALL samples. Findings were validated using reported clinical
cytogenetics for each sample and RT-PCR on CDKN2A and PAX5 deletions (two of the most
common deletions in ALL). Both novel CNAs and previously reported CNAs were detected,
and equal overlap was demonstrated in recurring loci between MIPs and other SNP 500 k
microarray platforms. The MIP analysis also detected specific regions of amplification or
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deletion with significant clinical correlations, including an increase in CDKN2A deletions in
older children. The present application of MIP technology is based on a small number of
leukemia samples and will need to be replicated on a larger sample size. We are currently
expanding our analysis to include other leukemia cohorts and are adding more loci to the MIP
cancer panel.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Molecular inversion probe analysis of pre-B ALL samples with customized 24 k cancer panel
reveals additional allelic imbalance, compared with conventional karyotyping or fluorescence
in situ hybridization (FISH) analysis. Chromosomes 1–22 and X are sequentially labeled in
color, with copy number (linear scale) along the y-axis. (A) Karyotype 46,XY,−13, +mar;
ETV6/RUNX1 fusion detected with TEL-AML1 FISH probe. The MIPs identified further
allelic imbalance information (circled in green and blue) not described in the clinical karyotype.
The chromosome 13 deletion (circled in red) was described as an entire deletion in the
karyotype (red box, below graph), but was identified by MIPs as an isolated 13q deletion (13p
remains intact). The unidentified marker (blue box, below graph) likely represents gain in Xq.
(B) Karyotype 46,XX; trisomy 4 and tetrasomy 21 detected with FISH analysis. The MIPs
identified further allelic imbalance information (circled in blue) not detected with karyotyping
or FISH analysis and validate FISH findings (red boxes, below graph) of trisomy 4 and
tetrasomy 21 (circled in red). Abbreviations: LOH, loss of heterozygosity; Tetra, tetrasomy;
Tri, trisomy.
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Fig. 2.
Isolated 9p21.3 (CDKN2A) deletion associated with precursor T-cell ALL and full or partial
9p loss of heterozygosity (LOH) associated with precursor B-cell ALL. The x-axis shows 890
probes ordered by location on chromosome 9, from the short arm (left) to the long arm (right),
with linear copy number (CN) along the y-axis. Every sample with 9p21.3 deletion (circled in
red) is shown. Areas of LOH are circled in blue. Note that even in samples with 9p LOH (copy
number 1), homozygous CDKN2A deletions (copy number < 0.5) are still present. The inset
table summarizes findings.
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Fig. 3.
Venn diagram of recurring copy number aberrations (CNAs) detected by single-nucleotide
polymorphism arrays vs. molecular inversion probe arrays (SNP vs. MIP). Top: Comparison
of recurring CNAs reported in supplemental data of previously published Affymetrix SNP 500
k arrays on childhood leukemia cohorts vs. those detected by MIP analysis. Bottom: Recurring
CNAs in the SNP studies vs. the MIP platform overall. Note equivalent overlap between
platforms in the two diagrams. Sources: The SNP(Nature) data are from Mullighan et al., 2007
[10], published in Nature; the SNP(Leuk) data are from Kuiper et al., 2007 [11], published in
Leukemia; and the SNP(Blood) data are from Kawamata et al., 2008 [12], published in
Blood. MIP (24 k) indicates MIP cancer panel data with 24,000 probes; SNP (500 k) indicates

Schiffman et al. Page 14

Cancer Genet Cytogenet. Author manuscript; available in PMC 2009 November 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



data from the three combined Affymetrix 500 k studies. Figures created using: Oliveros, JC.
(2007) VENNY. An interactive tool comparing lists with Venn Diagrams.
http://bioinfogp.cnb.csic.es/tools/venny/index.html.
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Table 3

Mean number recurring copy number aberrations, by leukemia subtype

CNA,a mean no.

Leukemia subtype Sample size Loss GainTotal CNAs

t(12;21) n = 6 8.5 ± 4.8 2.2 ± 2.410.7 ± 3.7
Hyperploid (47–50) n = 2 7.5 ± 6.4 3.0 ± 4.210.5 ± 2.1
Hyperploid ( > 50) n = 3 6.7 ± 6.4 18.7 ± 8.525.3 ± 14.0
Hypoploid ( < 46) n = 1 8.0 ± 0.0 20.0 ± 0.028.0 ± 0.0
Miscellaneousb n = 10 5.4 ± 3.5 9.5 ± 6.314.9 ± 8.1
    None n = 3 6.0 ± 1.7 8.3 ± 1.514.3 ± 3.1
    Other n = 4 14.3 ± 3.1 10.8 ± 8.716.8 ± 12.9
    Pseudodiploid n = 3 4.0 ± 2.6 9.0 ± 7.513.0 ± 5.3
t(9;22) n = 1 4.0 ± 0.0 1.0 ± 0.05.0 ± 0.0
Pre-T ALL n = 6 9.8 ± 5.9 5.5 ± 8.815.3 ± 13.5
Pre-B ALL n = 23 6.6 ± 4.3 8.3 ± 7.814.9 ± 9.1
AML n = 14 6.0 ± 3.3 6.5 ± 7.912.5 ± 9.1

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CNA, copy number aberration.

a
Loss is defined as copy number ≤ 1.2. Gain is defined as copy number ≥ 2.8.

b
Of the miscellaneous sub types, “none” refers to samples with undetected cytogenetic abnormalities and “other” includes samples with less commonly

reported cytogenetic abnormalities.
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Table 4

Clinical correlation with recurring copy number aberrations in childhood leukemia

Mean CNAa Region Cancer genesb P-value

By age, yr (pre-B ALL + pre-T ALL)
    <10yr (n = 24) ≥10yr (n = 5)
    3.14 2.17 21q22.2 ETS2, FLJ45139, PSMG1c 0.00893
    1.34 0.51 9p21 CDKN2A 0.00338
By leukemia type (pre-B ALL vs. pre-T ALL)
    Pre-B (n = 23) Pre-T (n = 6)
    1.41 0.36 9p21 CDKN2A 0.00037
Relapse? (pre-B ALL + pre-T ALL)
    No (n = 21) Yes (n = 6)
    2.13 3.26 6p22.1 none known 0.01255
CNS disease type (pre-B ALL + pre-T ALL)
    CNS 1 (n = 17) CNS 2, 3 (n = 12)
    2.12 2.88 4p16.3 TACC3 0.01068
    1.74 1.11 7q21.13 FZD1 0.00151
    2.26 2.72 14q11.2~q32.33 >20 genes 0.01060

a
Significant gain or loss is highlighted in bold italic type.

b
Based on > 1,000 genes involved in cancer development: oncogenes, tumor suppressors, DNA repair genes, cell growth genes, and metabolism genes.

c
The PSMG1 gene was previously described as DSCR2.
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