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The search for target genes involved in unbalanced acquired
chromosomal abnormalities has been largely unsuccessful, be-
cause the breakpoints of these rearrangements are too variable.
Here, we use the example of dicentric chromosomes in B cell
precursor acute lymphoblastic leukemia to show that, despite this
heterogeneity, single genes are targeted through a variety of
mechanisms. FISH showed that, although they were heteroge-
neous, breakpoints on 9p resulted in the partial or complete
deletion of PAX5. Molecular copy number counting further delin-
eated the breakpoints and facilitated cloning with long-distance
inverse PCR. This approach identified 5 fusion gene partners with
PAX5: LOC392027 (7p12.1), SLCO1B3 (12p12), ASXL1 (20q11.1),
KIF3B (209q11.21), and C200rf112 (20911.1). In each predicted fusion
protein, the DNA-binding paired domain of PAX5 was present.
Using quantitative PCR, we demonstrated that both the deletion
and gene fusion events resulted in the same underexpression of
PAX5, which extended to the differential expression of the PAX5
target genes, EBF1, ALDH1A1, ATP9A, and FLT3. Further molecular
analysis showed deletion and mutation of the homologous PAX5
allele, providing further support for the key role of PAX5. Here, we
show that specific gene loci may be the target of heterogeneous
translocation breakpoints in human cancer, acting through a va-
riety of mechanisms. This approach indicates an application for the
identification of cancer genes in solid tumours, where unbalanced
chromosomal rearrangements are particularly prevalent and few
genes have been identified. It can be extrapolated that this
strategy will reveal that the same mechanisms operate in cancer
pathogenesis in general.

ALL | breakpoint cloning | molecular copy number counting

hromosomal rearrangements are recurrent findings in hu-

man cancer and result in aberrant restructuring of the
genome (1). Reciprocal (balanced) translocations may lead to
abnormal gene function by direct disruption of coding se-
quences, such as the formation of chimaeric fusion genes. To
date, 358 fusion genes have been identified in human malig-
nancy, the majority of which are the result of balanced chromo-
somal rearrangements (2). However, the majority of transloca-
tions described in human cancer are unbalanced (3), suggesting
that other cancer genes remain to be identified. The analysis of
unbalanced translocations has largely failed to identify target
genes because of the heterogeneity of the chromosomal break-
points and the multiplicity of partner chromosomes. Thus, it has
been assumed that these rearrangements affect gene function
through the loss or gain of chromosomal material. Identification
of the key molecular events resulting from unbalanced rear-
rangements would be a significant step toward understanding
their role in cancer pathogenesis.
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Examples among which both breakpoint heterogeneity and
multiplicity of partners are found are dicentric chromosomes:
one of the cytogenetic features found in patients with B cell
precursor acute lymphoblastic leukaemias (BCP-ALL). The
breakpoints principally target the short arm of chromosome 9,
which predominantly rearranges with chromosomes 7, 12, and
20, giving rise to the dic(7;9)(pll;pl1~13) (4), dic(9;
12)(p11~13;p13) (5), and dic(9;20)(p11~13;qll), respectively
(6). These dicentric chromosomes can coexist with established
chromosomal changes, for example, dic(7;9) is found in associ-
ation with t(9;22)(q34;q11) (BCR-ABLI fusion) (7), and
dic(9;12) occurs with t(12;21)(p13;q22) (ETV6-RUNX]I fusion)
(8), suggesting that they are important cooperating events. A
fusion between the PAX5 and ETV6 genes on chromosomes 9
and 12, respectively, was reported to define the dic(9;12) (7). In
contrast, array-based comparative genomic hybridization failed
to identify consistent breakpoint within genes in small numbers
of patients with the dic(7;9) and dic(9;20) (8, 9).

Using a variety of classical and innovative molecular tech-
niques, we investigated a large cohort of BCP-ALL patients with
dicentric chromosomal abnormalities. This approach identified
a new subtype of BCP-ALL with genomic disruption of PAX5.
This showed that specific gene loci may be the target of
heterogeneous translocation breakpoints in human cancer, act-
ing through a variety of mechanisms. The application of this
strategy to the analysis of solid tumours, in which unbalanced
chromosomal rearrangements are prevalent and relatively few
genes have been identified, will lead to the identification of novel
cancer genes, expanding our understanding of the genetic basis
of cancer pathophysiology.

Results and Discussion

Diagnostic cytogenetic and FISH data were collected on a series
of 110 BCP-ALL patients with dic(7;9) (n = 13), dic(9;12) (n =
38), and dic(9;20) (n = 59) [supporting information (SI) Table
S1]. To define the breakpoints of these translocations, fluores-
cence in situ hybridization (FISH) was performed on fixed cell
suspension from 54 of these patients, using clones identified
from the National Center for Biotechnology Information map
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Fig. 1.  FISH and sequence analysis of BCP-ALL patients with dicentric chromosomal abnormalities. (A) FISH data for chromosome 9 from patients with dicentric
chromosomes. A partial idiogram of the short arm of chromosome 9 is shown on the left with the position of the PAX5-specific FISH clone shown in black. Each
column shows an individual patient with the position and extent of the deleted region represented by the vertical black box. In several cases, it was not possible
to refine the position of the deletion breakpoint (shown by the thin vertical line). This was due either to the lack of uniquely binding FISH clones in the
polymorphic region of 9p11-13.1 or lack of material. (B) Representative MCC and sequence analysis of PAX5 disruption in dicentric chromosome translocations.
The results from 3 rounds of MCC on patient 20-4551 are shown above, where each round further delineates the position of the breakpoint. The x and y axes
show the genomic position and degree of copy number change, respectively. The size and position of the area with the copy number change is shown by the
dashed box. Below is the sequence data from the same patient. The fusion sequence is shown between normal sequence for chromosome 9 and 20, where the
chromosome 20 sequence is underlined. (C) Schematic of PAX5 genomic breakpoints and partner genes. The exons for PAX5 and the partner genes are shown
by the white and gray boxes, respectively. The gene orientation is shown by the horizontal arrow. Below each genomic schematic is the corresponding predicted
protein structure and domains. PD, paired; O, octapeptide; H, homeodomain-like; TA-A, transactivation, activating; I, inhibitory; HLH, helix-loop-helix; ETS, Ets;

OATP, organic anion transporter polypeptide; KAZAL-ALC21, azal-type serine protease inhibitor; SMC, structural maintenance of chromosomes.

for chromosomes 9. Breakpoints on 9p were heterogeneous (Fig.
1A4). Fourteen patients exhibited breakpoints within the highly
polymorphic region close to the centromere (9p11), whereas the
remaining 40 showed breakpoints within 9p13.2. All breakpoints
resulted in loss of a large number of genes on 9p, including the
tumor suppressor gene, CDKN2A (10). Apart from 2 cases with
dic(9;20) (20-06897 and 20-10401), all showed either deletion of
the entire PAX5 gene (n = 29, 53.7%) or a breakpoint within the
gene (n = 23, 42.6%). PAX5 is essential for B-lineage commit-
ment and maintenance (11), has been shown to be deleted in
>30% of childhood ALL samples (10) and is involved in the
formation of chimaeric fusion genes: Fusions to ETV6, FOXPI,
ZNF521, ELN, and PML were reported in refs. 7, 10, 12, and 13.
In this study, intragenic PAX5 breakpoints were shown to be
involved in translocations of chromosome 9 with chromosomes
7 =1),12 (n = 19), and 20 (n = 3). Using FISH with clones
specifically targeting the gene, ETV6 was implicated as the
partner in 18/19 (95%) dic(9;12) cases. A nested PCR followed
by direct sequencing showed that the breakpoints were located
within intron 4 of PAX5 in 8 cases, whereas 7 were within ETV6
intron 2 as reported in ref. 7. A single case (12-02398) displayed
a breakpoint within intron 1 (Fig. S1), which resulted in the
retention of the entire N-terminal (SAM) domain of the pre-
dicted fusion protein, potentially altering its protein—protein
interactions (14).

An et al.

Molecular copy number counting (MCC) was carried out on
DNA from 5 patients (dic(7;9) (n = 1), dic(9;12) (n = 1), and
dic(9;20) (n = 3]) (Fig. 1B). MCC allows the progressive
delineation of unbalanced copy number breakpoints to within a
few hundred base-pairs and facilitates rapid sequence analysis.
With the use of subgenome quantities of DNA distributed into
a 96-well plate, the frequency of PCR well positivity for any given
primer pair is a direct reflection of the genomic copy number at
that site (15). Based on the final round of MCC, PCR primers
were selected that amplified the translocation breakpoint from
chromosome 9 into the unknown sequence. Using this approach,
5 fusion sequences were identified in which PAX5 partnered the
LOC392027 (7pl2.1), SLCOIB3 (12p12), ASXL1 (20ql11.1),
KIF3B (20q11.21), and C200RF112 (20q11.1) loci (Fig. 1C and
Fig. S1). The PAX5-ASXLI and PAX5-KIF3B fusion sequences
were in opposing orientation; the remaining 3 fusions were in the
same orientation but out of frame, suggesting that the biological
consequence of these fusion events was loss of gene function
(Fig. 1C). The identification of the PAX5-SLCOIB3 fusion
indicated that the dic(9;12) is not universally defined by the
PAXS-ETV6 fusion described in ref. 7. In agreement with the
reports in refs. 7, 10, 12, and 13, all of the predicted fusion
proteins retained the DNA-binding paired domain of PAXS5. In
contrast, a number of the partner genes were predicted to lose
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Fig. 2.

Quantitative PCR analysis of expression and copy number and sequence analysis of BCP-ALL patients with dicentric chromosomes. (A) Quantitative

RT-PCR for PAX5 expression exons 1/2 and 4/5. The patient subgroup and fold change in expression are shown in the x and y axes, respectively. Patients with a
dicentric chromosome resulting in either fusion or deletion of PAX5 [dic (fused/del)] and with a high-hyperdiploidy karyotype [HeH (retained)]. (B) Quantitative
RT-PCR expression of PAX5 target genes. (C) Quantitative genomic PCR for exon 6 of PAX5. Based on a series of control patients (n = 180) with 2 normal copies
of PAX5 a minimal ratio for a normal copy number was defined and is shown by the horizontal dashed line. Each patient is shown as a vertical bar on the x axis,
where N1-N8 are patients with 2 copies of PAX5, 12-4443 and 20-10061, have homozygous, and 20-4887 has heterozygous loss of PAX5. (D) PAX5 mutation
analysis in patients with dicentric chromosomes. The DHPLC traces are shown above for a normal and patient 20-4887, where the x and y axes show retention
time and spectrophotometrical detection at 253 nM, respectively. Below are the sequence traces for 2 patients with mutations of PAX5. The box shows the
mutation in each case. Patient 20-4887 contained a DelG1450 frame-shift mutation in exon 8, which translates to a truncated protein composed of the original
334 AA of PAX5 then asequence of 19 AA followed by a premature stop. Patient 20-6789 harboured an insG525 frame-shift mutation in exon 2, which translates
to a truncated protein with 25 intact AA followed by a sequence of 48 AA then a premature stop.

the capacity to bind DNA, providing further evidence for the
importance of the disruption of normal PAXS5, rather than the
gain of functional elements to be the consequence of the fusion
event.

However, in those cases without a PAX5 fusion, alternative
genes may be involved. FISH and molecular evidence implicates
PAXS disruption through deletion as the key mechanism in these
patients. To confirm the importance of PAXS5 disruption, quan-
titative PCR (qRT-PCR) was used to assess the expression of
PAXS in cases with dicentric chromosomes compared with a
control cohort. Patients with high hyperdiploid ALL (HeH)
were used as the control cohort, because PAX5 inactivation
events are rare in this cytogenetic subtype (10). FISH analyses
confirmed the presence of 2 copies of chromosome 9 in all
patients from the HeH control cohort. Initial gRT-PCR analysis
showed that the expression of exons 1 and 2 (P < 0.04), and 4
and 5 (P < 0.04) were significantly underexpressed in the
patients with dicentric chromosomes compared with the control
cohort (Fig. 24 and Table S2), clearly demonstrating that both
deletion and gene fusion result in the same reduced expression
of wild-type PAX5. The same approach was applied to measure

17052 | www.pnas.org/cgi/doi/10.1073/pnas.0803494105

the expression of the PAX5 downstream target genes, EBFI,
FLT3, ALDHIAI, and ATP9A (10). Differential inactivation of
gene expression in the presence of PAX5 alterations was appar-
ent for EBFI (P < 0.001), ALDHIAI (P < 0.001), and ATP9A4
(P <0.01), whereas FLT3 (P < 0.006) showed the reverse: gene
activation in the presence of PAX5 alteration (Fig. 2B and Table
S2). These results further supported the hypothesis that PAXS
was the target in patients with dicentric chromosomes, even in
the absence of a PAX5 fusion gene.

The intact PAX5 allele was examined for deletions and
mutations. Sixteen patients were screened for submicroscopic
deletions, using genomic quantitative PCR. The heterozygous
loss of PAXS5 as a result of dicentric chromosome formation was
confirmed, whereas homozygous deletions of PAX5 were ob-
served in 2 patients (Fig. 2c). The same exons were screened for
mutations by denaturing high-performance liquid chromatogra-
phy (DHPLC) in 20 patients. Direct sequencing revealed that
cases 20-4887 and 20-6789 harbored a single base pair deletion
of exon 8 (delG1450 frame-shift mutation) and a single base pair
insertion in exon 2 (insG525 frame-shift mutation), respectively.
Both mutations would translate into a truncated PAXS protein

An et al.
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(Fig. 2D). This suggested that the formation of the dicentric
chromosome provided leukemic potential by abrogating normal
PAXS function in these cases.

Here, we have shown that specific gene loci may be the target
of heterogeneous breakpoints in human cancer, acting through
avariety of mechanisms. Although several small investigations
had failed to identify the key molecular events in patients with
dicentric chromosomes (8, 9), this large study, using compre-
hensive molecular analysis, identified PAX5 as the key target
gene on chromosome 9 as a consequence of its involvement in
multiple fusion genes and by deletion. This approach has
considerable application to the identification of cancer genes
in solid tumours, where unbalanced chromosomal rearrange-
ments are particularly prevalent and relatively few genes have
been identified. It has wider application in cases with deletions
and amplifications, in which target genes are often involved
through the formation of fusion genes (16). Unbalanced
derivative chromosomes may result from an unstable balanced
translocation which occurs at much higher frequency (14).
Cytogenetic data from the Mitelman Database of Chromo-
some Aberrations in Cancer (http://cgap.nci.nih.gov/
chromosomes/mitelman) showed >80 recurrent unbalanced
translocations in breast and lung cancer alone. This number is
certainly an underestimation of the true frequency of unbal-
anced translocations, because many remain unidentified. This
was indicated by the frequent cytogenetic description, using
“add.” To conclude, we have shown an efficient strategy for
the identification of cancer genes, supported by the identifi-
cation of PAX5 as a key genetic target of dicentric chromo-
somes in patients with ALL. In the absence of a dicentric
chromosome, PAX5 is also targeted by interstitial deletions
and copy number neutral LOH events (10, 17), further sup-
porting the importance of investigating the underlying molec-
ular basis of unbalanced translocations. There are now exciting
high-throughput sequencing strategies emerging that will
surely enhance the discovery of aberrant genes in cancer cells
(18, 19). However, the approach described here offers a
simple, cost-effective and accessible approach to the identifi-
cation of cancer genes. From the expansion of this approach
into other tumor types, a large number of novel genes will
surely emerge, expanding our understanding of carcinogenesis
and ultimately leading to improved management of patients
with cancer.

Materials and Methods

Patients. All patients had a confirmed diagnosis of BCP ALL. They were entered
onto a Medical Research Council/National Cancer Research Institute Child-
hood or Adult ALL treatment trial and registered on the Leukaemia Research
United Kingdom Cancer Cytogenetics Group Karyotype Database in Acute
Leukaemia (20). Informed consent was obtained in accordance with the
Declaration of Helsinki. Diagnostic cytogenetic and FISH analysis of bone
marrow or peripheral blood was carried out in the U.K. regional genetic
laboratories and described according to the International System for Human
Cytogenetic Nomenclature (21). The presence of a dicentric chromosome was
confirmed with chromosome painting and locus-specific probes according to
the studies in ref. 22. In total, 110 patients harboured a dicentric chromosome
involving the short arm of chromosome 9 with 3 different partner chromo-
somes; dic(7;9)(p11;p11~13) (n = 13), dic(9;12)(p11~13;p13) (n = 38) and
dic(9;20)(p11~13;q911) (n = 59) (Table S1).

FISH. The position of deletion breakpoints were investigated with clones from
the National Center for Biotechnology Information map for chromosomes 7,
9, 12, and 20. DNA was extracted, labeled, hybridized, and visualized using
standard methodologies. Probes located to the long arm of each chromosome
were used as controls. The involvement of PAX5 was determined with a
dual-color break-apart probe constructed from clones position proximal
(RP11-297B17) and distal (RP11-344B23) to the gene.

An etal.

Molecular Copy-Number Counting (MCC) and Long-Distance Inverse PCR (LDI-
PCR) Cloning. MCC was carried out as described in refs. 15 and 23, using
markers within PAX5 (SI Materials and Methods). Three PCR primers (external
forward, internal forward, and common reverse) were designed to amplify
each marker (Table S3). LDI-PCR was carried out as described in ref. 23. Briefly,
1 ng of genomic DNA was digested with the relevant restriction enzyme (New
England BioLabs), ligated at 4 °C, and purified using QIAquick PCR Purification
Kit (Qiagen). For the first round of PCR, LDI-PCR primers were used to amplify
the ligated DNA, whereas the product from the second round nested PCR was
gel purified for direct sequence analysis. Further experimental detail and the
sequences of MCC and LDI-PCR primers along with their genomic positions are
shown in S/ Materials and Methods and Table S4.

Genomic Breakpoint Cloning with PCR. A seminested PCR was carried out to
amplify the fusion sequences in 5 dic(9;12) cases with good quality genomic
DNA available (cases 2616, 3742, 4662, 8952, and 10630) (S/ Materials and
Methods). Two oligonucleotides spanning PAX5 exon 4 and the beginning of
intron 4 were chosen as the common first-(AGCCACCCAACCAACCAG) and
second-forward (GTCACAGCATAGGTAAGAGG) primers. A set of 4 scattering
oligonucleotides in ETV6 intron 2 (base pairs 11833587-11859330) were cho-
sen as reverse primers. The sequences of reverse primers are as follows:
GAGGAGAGTGAGGCAGG (base pairs 11833587-11833603), CTTACAG-
GAATCTTTATGG (base pairs 11835721-11835739), GCACCCTCCATACCTAAG
(base pairs 11854626-11854643) and CACTAAGTCCTAAGTAGG (base pairs
11859313-11859330). PCR was performed using GoTaq Flexi DNA polymerase
(Promega) according to the manufacturer’s recommendation, and the PCR
products were purified for direct sequencing.

Fusion Protein Sequences Prediction. Sequences of chimeric proteins were
predicted using the online program GENSCAN (http:/genes.mit.edu/genscan).

Quantitative Analysis of PAX5 and Target Gene Expression. gRT-PCR was carried
out to assess the expression of PAX5 (exon boundaries 1/2 and 4/5) and
PAX5-targetgenes EBF1, FLT3, ALDH1A1,and ATP9A genes, using the Tagman
gene expression assays (Applied Biosystems) as described in ref. 24 (S/ Mate-
rials and Methods). Seven patients with dicentric chromosomes were com-
pared with 6 cases with a high-hyperdiploidy karyotype (where chromosome
9 was diploid). The comparative C; method was used for quantitation of
relative gene expression. The average C; value of the endogenous control
gene, GAPDH, was subtracted from the average experimental gene C; value to
give the AG; value. Differences between control and test were carried out by
using AAG;. Differences in gene expression between the 2 groups was per-
formed using a standard t test.

PAX5 Copy Number Analysis with Quantitative Genomic PCR. This assay was
performed as described in ref. 10 but using ATP10A as the control gene (S/
Materials and Methods). Briefly, 5-point standard curves ranging from 150 ng
to 1 ng/reaction were constructed using normal human genomic DNA (Roche)
and amplified for the 3 target PAX5 exons (exons 3, 6, and 8) and control
ATP10 gene (Table S5). Assays were performed in duplicate on 2 separate
occasions with 50 ng of sample DNA per 20 uL of reaction using a Tagman 7500
Real-Time PCR System (Applied Biosystems). PAX5 gene dosage for each exon
was calculated by dividing the value obtained for PAX5 by the corresponding
value for ATP10A.

Mutation Analysis of PAX5. PAX5 exons, previously identified to house muta-
tions in childhood ALL, were amplified by PCR using genomic or whole
genome amplified DNA from dicentric cases (S/ Materials and Methods). The
amplicons were then screened for mutations by DHPLC using a transgenomic
wave machine (Crewe). Primer sequences were those previously cited (10), and
the DHPLC parameters used are available on request. For those amplicons with
chromatographic profiles that differed from wild type, direct sequencing was
performed by purifying 100 uL of PCR product using a Qiaquick PCR purifica-
tion kit (Qiagen) with a final elution volume of 30 uL and then sequenced
using both forward and reverse primers with the ABI Version 3 BigDye
terminator cycle sequencing kit and analyzed on an ABI prism DNA sequencer
(Applied Biosystems). Sequence alignments were carried out using DS gene
software (Accelrys).
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