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ABSTRACT
In the Philadelphia positive bcr negative acute leukemias (PhI+bcr- AL), the chromosomal
breakpoints on chromosome 22 have been shown clustered within 10.8kb (bcr2) and 5kb (bcr3)
fragments of the first intron of the BCR gene. We previously reported that the breakpoints were
localized in Alu repeats on chromosomes 9 and 22 in a Phl +bcr- acute lymphoblastic leukemia
with a rearrangement involving bcr2. Molecular data of two other PhI translocations, one a
Phl+bcr- acute myeloblastic leukemia in the bcr2 region, and the other an acute lymphoblastic
leukemia in the bcr3 region are presented. In the former, the breakpoints on chromosomes 9 and
22 are localized in Alu repeats, in regions with two inverted Alu sequences, as in our previously
reported case. In the second leukemia, the breakpoints are not located in Alu sequences, but such
repeats are found in their vicinity. The implications of these findings are discussed.

INTRODUCTION
The Philadelphia chromosome (Phi), hallmark of chronic myelogenous leukemia, is present
in 5 to 20% of acute lymphoblastic leukemias (ALL) and in rare cases (1 to 2%) of acute
non lymphoblastic leukemias (ANLL) (1). About 50 percent of the Phi + acute
lymphoblastic and nonlymphoblastic leukemias display rearrangements of the classical
breakpoint cluster region (bcr), that is situated in the middle of the BCR gene, and associated
with chronic myelogenous leukemia (CML). No bcr rearrangements are detected in the
other half of the cases (also called Phl+, bcr- ALL and ANLL) (1,2). The 5' part of
the BCR gene which mainly includes the very large (68kb) first intron of the BCR gene,
has recently been cloned (3-5). In Phi +bcr- acute leukemias, it has been shown that
the leukemic cells express a 7 kb chimeric mRNA encoding a 190 kb abnormal ABL protein
displaying overt tyrosine kinase activity. In most of the cases studied either by molecular
cloning or by polymerase chain reaction (PCR), the first exon of the BCR gene is spliced
to the second exon of the ABL gene. The absence of bcr rearrangement in these cases
has suggested that the BCR-ABL gene recombination must be located in a region more
5' to the classical bcr and most probably in first intron of the BCR gene. This was confirmed
by recent reports on genomic BCR gene rearrangements in Phl +bcr- acute leukemias,
as a BCR gene first intron rearrangement was detected (3-8). Interestingly, the breakpoints
in these cases are not randomly distributed, as they are all located in the 3' half of the
first BCR intron, and two clusters, previously named bcr-2 and bcr-3, separated by about
10 kb, are visible (9).
The clustering of breakpoints within the BCR gene in Phl+bcr- acute leukemias

suggests particular DNA features favoring the recombination event. In a recent report of
a Phi +bcr- ALL case having a bcr-2 rearrangement (10), we showed that the human
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repetitive Alu sequences were directly implicated in the chromosome recombination and
that inverted Alu sequences were found in close vicinity to the involved Alu sequences.
We suggested that the possibility that a tertiary DNA configuration associated with some
Alu repeats may be important to mediate the recombination process. Interestingly, in a
Phl+bcr- ALL case reported by others (7), the breakpoint on chromosome 9 was
localized in one of the reverted Alu repeat as described in our report. To go further, we
analysed the breakpoints in two other cases with rearrangements located in bcr2 and bcr3,
respectively. Again, particular Alu repeat structures were observed adjacent to the
breakpoints, thus, providing further evidence to our initial hypothesis. We have also
demonstrated that the abnormal DNA recombination took place between the first intron
of the BCR gene and the first intron of the c-ABL gene in these two cases. We suggest
that the first intron of the c-ABL gene is probably the major target of the translocations
found in Phl + bcr- acute leukemias, as it is in CML.

MATERIALS AND METHODS
Patients
The clinical data of the two adult patients studied in this paper were described in detail
elsewhere (SA, case No.6 and NA, case No. 11 in 2). It is worth noting that the patient
SA was a morphologically typical acute non-lymphoblastic leukemia (M4 in the FAB
classification) with involvement of both myeloid and monocytic lineages. The patient
NA(case No.11) was diagnosed as having typical ALL-L2. The cytogenetic study at the
presentation of the disease showed the presence of a typical t(9;22)(q34;ql 1) translocation
in both cases.
DNA analysis
The standard Southern technique was performed as described previously (11).
Molecular cloning
Genomic DNA libraries were established in EMBL3 phage clones according to the standard
protocols (12) for patient NA and for the cloning of the chromosome 9q+ in patient SA.
Due to the shortage of material, we have adopted another strategy to clone the breakpoint
on chromosome 22q- in patient SA. Twenty jig DNA were digested with BglII to
complete digestion and size-fractionationed on agarose gel. The region containing DNA
from 6.5 to 8 kb was cut and DNA were recovered with the Geneclean Kit (Bio 101 Inc.,
La Jolla) and ligated with EMBL3 arms. The libraries were screened with appropriate
molecular probes and the restriction maps of the selected phage clones established with
a series of double digestions.
DNA sequence analysis
Relevant DNA fragments were subcloned into the M13 vectors and the DNA sequences
were established according to Sanger et al. (13) using the T7 sequenase kit (United States
Biochemical Corporation Inc., Cleveland). The universal M13 sequencing primer and
sometimes the specific oligonucleotide primers were used to drive the DNA synthesis.
Most of the DNA sequences, in particular those which are discussed in detail below, were
obtained in both orientations.
Probes
DNA probes specifically recognizing the different regions of BCR gene, including bcr-2,
bcr-3 and probes covering the c-ABL gene second intron and the 3' end of the first intron
were used. The precise positions and sizes of these probes are shown in figures 1 and
3. New probes for a previously non described c-ABL first intron region were generated
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Figure 1. Restriction maps of the phage clones corresponding to chromosomes 9q + (B) and 22q- (C) in patient
SA, and to their normal counterparts chromosomes 9 and 22, 9N (D) and 22N (A). The positions of the probes
used (P55B1, P76BS and S30ABg-Bg) are indicated by black bars. The DNA regions subcloned for sequence
analysis are bracketed under the restriction maps. B: BamHl; Bg: BglII; E: EcoRI; H: HindIII.

during the molecular cloning of the normal chromosome 9 counterpart in patient SA, as
shown in figure 1. Probes were 32P-labelled by random priming (14) to obtain a specific
activity of 1-2 x 109 cpm per itg DNA.

RESULTS
1. Molecular analysis ofthe chromosomal breakpoints in a Phi +bcr- ANLL (patient SA)
with bcr2 rearrangement
The breakpoint on chromosome 22 was previously mapped within a 3.0kb BamHI-HindIl
fragment within the bcr2 region in patient SA (4,9). To clone the reciprocal translocation
on chromosomes 9q+ and 22q-, two probes, namely P55B1 and P76BS, located on
chromosome 22 either side of the breakpoint, were used to screen the genomic DNA library.
A positive EMBL3 phage clone (S30A) was selected, which hybridized only with the probe
P76BS located downstream of the breakpoint on chromosome 22 (Figure 1). Restriction
map analysis showed that its 3' portion was identical to the corresponding unrearranged
region while its 5' portion, upstream of the Hind HI site flanking the 3kb BamHI-HindlI
fragment, diverged from the normal counterpart. This clone was thus very likely issued
from the chromosome 9q+. A 0.7kb BgII-BglII fragment, subcloned from S30A (shown
at the bottom of Figure 1), detected the well known amplified signal in DNA of the CML
cell line K562 on Southern blot (data not shown), further supporting its chromosome 9
origin. As no rearrangement was detected in DNA from SA with probes covering about
20kb of the 3' end of the first intron, the second intron and the common exon regions
of the c-ABL gene, this breakpoint must be located in the first intron of this gene. Moreover,
it should be situated in a region downstream of the breakpoint in the K562 cell line, recently
mapped to the 5' half of the first intron, and at least 20kb upstream of the exon la. The
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A 120A6ATCTCCAtTCCATTGCTAAT6CTTAT66AA6ATTTT6tCACTTTCTTAMAAATATTkCCAA66CC666ACA6T66CTCACACCTATAATCCCA6CACTTT666A66CT6A66C666
:. ~~~~~~~~~~~~~~~~~~240A66ATCACT;6A6CCCA66i6TTT6A6CtA6CCT666CAACAT66AA6ACTCCATCTCTACAAAAATT6APAAAaAAAATAAATTATCCA66T6T66T66T6CAC6CC;6T6TTTCCCAG

360

YY~~~~~ 460

CTACTT666A66TTAAA6A66AA6TCACTTCA6CCCA66A66TT6A66CT6CATT6A6CCAT6ATT6T6CCAC66CAcTCc6CT66AcCAac6A6CCCT6ACTcAA.MAAAA
.i..

AATACATATTATATATTATATATATATAThTATCCAAMTiTAA6TATATACTTA6A66T666CT66TAAA66CTTTTTCiTTAT66ATTtTTCA6TTTA;TTCTTCTAA6TTTT6TCA69T
1080

T6AACA6TA666ATAAATTAAA6A66A66AAAXAAAAATCCCCATCATCCTTCCTTCCCTCCTTCCCTCCTTCCCTTCCTCCCTCCCTCCCTCCCTCCCTCCCTCCCTCCCTCCCTCCTTT
720

CCTCACTCCCTTTCTTTT Ti6ACA6A6TCtCACT6T6TTcCCCA66CTAiA6T6CA6TSiCST6ATCTT66CTTACT6ChAACCTCCCCATCCT66TTChAAATSATTCT'CA66CCTT66C
840CTCCTEAATA6CT666ATTACA6ACAT6A6CACCTGACCtAACAT66TTCTTTTTCTTTiTTTCTTTTTCtTTTCTTTTTTiTTTTTTTTTiTTTA6A6CA6A6TCTCACTC'T6TT6CCCAGG

CT66A6TSCaAT66cACAACTCTSc6TCACTSCAACCTCTGccTCCT666TTCAA6TSATTCTTCTGCCTCAGCCTCCC6A6TAGCT666ATTACA66T6CTC6CCACCATGCCT66CTA

1560

ATTTTTATAtTT TTATTA6ACACA666TTTCACCATSTTA6CAC66C9TCTCSAACTC CT GACCTCAi6T6ATCTSdCC TCA6CCTCCAAA TGCt66ATTCCA66TST6A6CCA

1680

CCAC6CCC66CCTACAT66CTCTTTTTCTiTTCA6CTTTTiTT66TA66ATT6A66TA6T;6TA6A66A6;6TT6ATAS66TA6T6AA6AAATTTTAACCiTT6CTAAAAAhCAT6CAA6AC

: * 19206TTSCCCA66CT66A6TACA6T66C6C6AtCTC66CTCACT6CAACCTCt6CCTCCCC66TTCAA6T6ATTCTTCT6CCTCAACCTCCC6A6TA6CT66TA66CrACA6T6CCAC6A

1260

CACCCA6CTAAATTTTT6ThTTTTTA6TA6A6AA6CATtTCACCAT6Ct66CCA66CTA6TCrTTAAC;CCT6ACCTC666T6ATCCACCT6CCTT66CCTCCCAAA6;T6CT666ATTA

CA66CAT6AiCCACC6C6CCT66CCAAACTACTAT TTTtAAT666AA6666TTTATTA;A6ATATTATATA6CTAACA6TTAT6666A666CT6AAAAA6CA66TTC Tt66TTr666CTT

CAMAGT6AtTCCCA6AT66AAC66CCTCA'TAGAKCTSS6CCACT6A66AAGCT6CASCCTCTTCA66AATT666GA66T TCA6CT6TASAATCTCTGCCACAATCAAA6CCTTACT6C

TCCT66CTCCA6A6CCA6TAT66TCA6CCi6CAAAATT6ATATCCT6CACTCT6CTCCTEAACACCCAT6AA6CCA6T6eCT66AACA66ACT6CTC6;CCTGCCTCA'6AAAACCAAAT

20400

6CT TCTCA6CG66TTSdACA6CAAC6iCA6WCAAGAT6T6TT6CT666CCTC CATCT6CTTtCCAAATCTCiT6TAATTST TCCAACTT6CA6ACCCTAAATCACAT TTAA

ACTSTA66TkA&666GA6 t66TSAT6TGtCT GTTASAOTTCA6CCTCtSCACTATTA6AAAA6AA6V6ACCCT66AA66A66AT66AAT66CTAT66ATTAT CATC'CACCATATTCS
2260

CTCCAAATTCTTAACT6AATA6AA6AT6rAT666TATAATr6TA666AT6CTTTV66ACCC T6TAATTTTAT6CACACTT666AAT6 T6CACCA6AACAT TTTTCTTTCA'TTA6ATTCTCA

AA6666AC6AT6ACCC6ACi6A66CTAA6ACCATTAACtA6ATAA6TTiA6T6AT6AA6T6CCCA6ArTiCTS6AA66C A66CCTA6AT6TrAATCtTT6CTCT6C;TCATA6CT6T

T6TGA6ATCT

120
66ATCCTTA;A66T66CA6;TTTCAA6TTCACAT6ACAT;CTCCCTATA;6CCA6ACT6; ATCCAAATTCCACCCACCCACCCCCACTTTTTTTTAA6A6ACA6C6TCTCCCTCTG6CITC

*... . .... -.....

.1 240
CA6TCCCA66CT6CA6T6CA6T66C6CA6TCATA6CTCACT6TA6CCTCA6CCTCCT666CTCAA6T6ATCCTCCCACCTCASCCTCCCAA6TASCT6AAAACTACACTT6ACCACCATA

360CCT66CTAAtTTTTATATTtTTTT6TAA6A CAC6TTCrT6TTAT6TT6tCCA66CTA6tCTC8AACTCCT66CCT6AA6T6ATCCT6CCTCCCAAA6T6CT666ATTACA66CAT6A6C
480CACCAC6CCA66CCACCTCtTTTTTAAA66ACACA6TCACATT66ATTA66ACCTAACC;AAT6ACCTCiTTTTAACTT66TAAA6ACCCTArTTTTCAaATAA6TTTA6i66TTA66ACT
600

TCA6CATAT6AATTTA66A666AACACAATTTA6CCCCTAAAACT6TACTTCTATTCTTTT6TTTTAAATTTCA6A6CCT66CT6ATC66T6TT6T6T66T6T6TTCT6TCTAT6T6T6A
720AAATATACATA66CC666C6C66T66CTCAC6CCTSTAATCCCA6CACTtT666A66CT6A66C666T66ATCAC6A66tCA6"6ATC6A6ACCATCCT6ACTAACACi6T6AAAC7CCC~~~~~~~~*... 72

840
GTCTCTACTaAAAATACAAAAAATCA6CC666C6T66T66C666C6CCT6TA6TTCCA6CTAATC666A66CT6A66CA66A6AAT66C6T6AACCCA66A66C66A6CTTiCA6T6A6C

960C6A6ATA6T6CCACTT6CACTCCA6CCT666T6ACA6A6C6A6ACT6TCTCAAAAA6AAAAAAAAAA6AAAAA6AAAAAAAG6AAAATATACATAACATGTACT6TTTTA6CCATTTT9Ta

6T6T6C66TTCA6T66TATTCA6TACATCCACATTATCAT

22N CCCAGGCTGCAGTGCAGTGGCGCAG .-CATAGCTCACTGTAGCCTCAGCCTCCTGGGC * *TCAAGTGATCCTCCCACCTCAGCCTCCCAAGTAGCT--AAAACTACACTTGA

22q- CCCAGGCTGCAGTGCAGTGGCGCAGTCATAGCTCACTGTAGCCTCAGCC.CCTGGGCtgcaacctctgcctcctgggttcaagtgattcttctgcctcagcctcccgagt

9q+ agacagagt tcactctgttgcccaggctggtgcaatggcacaatctcggctcactgTCAGTGATCCTCCCACCI-CAGCCTCCCAAGTAGCTGAAAACTACAc.TGA
9N agacagagtcw cactctgttgc ccaggctggagtqcaatqgcacaatctcggctcactgcaacctctgcct cctgggttcaagtgattcttctgcctcagcct cccgaqt
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0.7kb BglIH-BglII fragment was subsequently used as probe for screening another human
genomic library. Four positive clones were obtained as shown in Figure 1.
The reciprocal translocation on chromosome 22q- was obtained in a genomic library

with BglII DNA fragments as described in Materials and Methods. Six positive clones
were obtained by screening this DNA library with the probe p55BI. The restriction map
of this 7.2kb fragment is shown in Figure 1. Since the restriction maps of all clones showed
perfect overlapping at the regions upstream and downstream of the breakpoints, we

concluded that we have cloned the reciprocal translocations on both chromosomes 9 and
22.
DNA sequencing of the reciprocal translocation showed the following results. On

chromosome 22, the breakpoint was located in the bcr2 region (4). In this region, there
is a pair of inverted Alu repeats, 5' to 3' belonging to families J and Sb respectively (15,16)
and separated by 210bp (Figure 2B). The breakpoint is within the 5' Alu sequence. On
chromosome 9, the breakpoint is located in a 2.4kb BglII-BglII fragment containing three
Alu repeats in tandem. The first Alu sequence corresponds to family J and the two others
to family Sa. These three Alu repeats contain two intervening sequences of 400bp and
160bp. Interestingly, the orientation of the most 5' Alu sequence is opposite to that of
the middle and the 3' Alu sequences while the rearrangement is included in the middle
Alu sequence (Figure 2A).
Examination of the DNA sequence immediately flanking the breakpoints revealed no

obvious homology when the sequence from chromosome 9 and 22 are aligned (Figure
2C), because the breaks are not situated in the same portion of Alu sequence. Moreover,
no heptamer-nonamer like sequences are present in close vicinity to the breakpoints. Analysis
of the chromosome junctions showed no deletion of nucleotides. The dinucleotides TG
were repeated, indicating a duplication mechanism.
2. Molecular analysis of the reciprocal breakpoints in a Phi +bcr- ALL with a bcr3
rearrangement (patient NA).
As already described (9), the breakpoint on chromosome 22 in patient NA was located
in a region designated bcr3, 16kb upstream of bcr2. In addition, by use of a genomic
DNA probe specific for the second intron of the c-ABL gene, the breakpoint on chromosome
9 has been approximately mapped to the 3' end of the first intron of the c-ABL gene,
immediately upstream of exon la (9). Two DNA probes flanking the bcr3 region, namely
N26B1 and N26B2 (Figure 3), were used to screen the EMBL3 library established from
DNA of patient NA. A total of 19 positive clones were obtained of which eight encompassed
the expected breakpoint on chromosome 22. Three clones (Na34, Na63, and Na72) could

be revealed by both probes and were therefore derived from the normal chromosome 22.

Indeed, their restriction maps are identical to our previously published one. Clones Na88
and NalO5 had in their 3' parts the same restriction map as the corresponding normal

region, while their 5' parts differed from it. Clones Na7l, Na78A, and Nal10, on the

Figure 2. DNA sequences from normal chromosomes 9 (A) and 22 (B) flanking the breakpoints (arrows) in

patient SA. The open arrow in B indicates the chromosome 22 breakpoint previously described in patient BON
(see text). Two black arrows indicating the breakpoints represent the alternative 3' or 5' staggered cutting. Alu

sequences are underlined and their direct repetitive sequences marked by dots. C. DNA sequences from the reciprocal
translocation, chromosomes 22q- and 9q+, are aligned with their normal counterparts and the breakpoints
indicated by arrows. Note that the nucleotides TG from chromosome 9 are present in both 22q- and 9q+
chromosomes. A gap of two nucleotides is introduced (**) on normal chromosome 22 sequence in order to respect
the alignment of the sequences.
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C II I ]I Na71 (22q-)
H BH E E Eg BBg B B9

I It Na78A(22q-)
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Figure 3. Molecular cloning of the reciprocal translocation, 9q+ (B) and 22q- (C), in patient NA and the
corresponding normal 22 and 9 chromosomes, 22N (A) and 9N (D). DNA probes used for library screening
(N26B2, N26B1 and B7ES) are shown as black bars. The DNA regions subcloned for sequence analysis are
shown under each restriction map. B: BamHl; Bg: BgIH; E: EcoRI; H: HindHI.

contrary, exhibited the normal restriction map in their 5' portion whereas the 3' extremities
diverged from the normal map. With a probe generated from the previously reported clone
B7 (10) containing the exon la of the c-ABL gene, we have obtained a group of phage
clones from another genomic DNA library established from normal fibroblasts (designated
F). This allowed us to extend the published restriction map of the 3' end of the ABL first
intron about 19kb 5', and this map should include the breakpoint on chromosome 9 in
patient NA. In fact, the 5' portion of clones Na88 and Na 105 and the 3' end of clones
Na71, Na78A, and Nal 10 reconstitute exactly the same restriction map as the corresponding
normal region. Moreover, the probe B7ES could hybridize to the 3' ends of clones Na7 1,
Na78A and Nal 10 (data not shown). These results taken as a whole show unequivocally
that we have cloned the reciprocal translocations in patient NA, with the breakpoint on
chromosome 9 being precisely localized 3 kb upstream of exon la of the c-ABL gene.
To explore the possible molecular mechanism responsible for this abnormal DNA

recombination, the sequences were established for the 4kb bcr-3 region containing the
breakpoint on chromosome 22, and the 1.8kb BglIH-BglII fragment containing breakpoint
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on chromosome 9 as well as the reciprocal chromosome translocations (Figure 4). The
breakpoints on both chromosomes correspond to relatively precise fusion, as only a stretch
of six bases (GGAATT) and of four bases (CACA) were deleted from chromosomes 9
and 22, respectively. No nucleotides were added at the junction. When the sequences
flanking the breakpoints are aligned for homology comparaison, no apparent homology
can be observed (Figure 4C). Research for heptamer-nonamer signals also revealed a
negative result. On the other hand, we found Alu repeats near the breakpoints. There are
two identically oriented Alu sequences both belonging to the family Sa, 5' of the breakpoint
on chromosome 9, and separated from the breakpoint by a distance of approximately 220bp
whereas no Alu sequence is observed 3' of the breakpoint. While the first one is a complete
Alu sequence, the second contains only one of the two subunits. In addition, this truncated
Alu sequence is flanked by two inverted complementary sequences of 22bp
(ATTTTTTTTTTTITTTGAGATGG and CCATCTCAAAAAAAAAAAAAAT) (Figure
4A). On chromosome 22, an Alu sequence is located 3' of the breakpoint, with a distance
of about 150bp. This Alu sequence belongs to family Sa and is also flanked by
complementary sequences (TTTCTGTCTCTTC------TCGGGAGGG and
AAAGAGAGAGAAG---AGCCCTCCC) (Figure 4B).

In the course of cloning chromosome 9q+ in patient NA, we have obtained a phage
clone, Nal9, which encompasses a region between bcr3 and bcr2. The first EcoRI site
5' to bcr2 is absent and it corresponds to a 0.7kb deletion. This polymorphism is the same
as recently described (5).

DISCUSSION
In Phl+ acute leukemias, three chromosomal breakpoint cluster regions have been
described, bcr in the middle of the BCR gene, bcr2 and bcr3 in its first intron. As already
described in CML, the clustering of the breakpoints in bcr may be biologically driven,
because only the exons 13 and 14 of the BCR gene (i.e. the bcr exons 2 and 3 can) be
joined to C-ABL 'common' exons to maintain the open reading frame (17). The BCR
first intron is of huge size. Thus, any rearrangement in any region of this first intron should
not interfere with the open reading frame formed by its joining with the c-ABL 'common'
exons. The striking clustering of the breakpoints within the 3' half of the BCR gene first
intron in PhI + bcr- AL suggested that particular DNA sequences may be present in these
regions facilitating the abnormal somatic DNA rearrangement.

Recently, we have analyzed the chromosomal rearrangement in one PhI+bcr- ALL
(case BON, 10) with a breakpoint on chromosome 22 in the minor cluster bcr-2. Two
inverted Alu repeats are present in the vicinity of the breakpoints on both chromosomes
9 and 22, and the breakpoints are within Alu repeats. This structural organization led us
to propose a model with a double hairpin accessible to an enzymatic complex, capable
of DNA cutting and ligation (6). Interestingly, in another case (FY) reported by van der
Feltz et al. (7), although no Alu sequence was found around the breakpoint on chromosome
22, the breakpoint on chromosome 9 was in one of the two inverted Alu repeats implicated
in the case BON. In order to test the proposed model we have analyzed in the present
study two other cases (SA and NA) with chromosome 22 rearrangements in bcr2 and bcr3,
respectively.
1. Particular Alu sequences mediating chromosomal translocation
Comparison of the sequences flanking the breakpoints in four cases of Phi + bcr- AL
demonstrated the presence of relatively conserved sequences, i.e Alu sequences in or
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120
66TC7CCT6M CTWSTA6CA6CT T1CA6CT6C6CC0 CTCCUTT5A66T476CTEC6TCAC0CCCTT6CATT66TCTCA0hhACTCTMCICT6ATCT0 CI

20

TCTCCU66TCAC66AAT66T7CCCT6A61T6CATCC^C C6~CTCCGTCTCT6ACCT66'6TC^TT6TT7CAT6TCT6TCTT4C6TCTT6 TTTCC TTCACCTTCC us
410

TTCA6670T65A6 TT6MMf T6VMTCC T4A6CACMCA66cT6T6CTA66C6A66T66f6CA66CTTCMC TCT6 6aTCC76T6t6TIM
CTTCTCCACCCATT6CAA6CTCA6CTCACTTccTT^*TcTTCTC"CMYATIUMTRATCAiCATCCTT6CA6CAT6CTcTC7666AT AT6T6 AAAATCAc6TCTET6TTTcAT TC6

720
6A6CT66CCC6ATC CTCCTT66ACEC6CAC^TCCCATCT6TC6ATC6666TACT-CTCCACUC^CTCACTKT CCTV6^ATTCTT6ATCTCA66TAC4_CC TTTCaCT6

T666C TTCCA666A6ATTT ATTTCAT6CC T6TTCCTCUC TTT66;ATAA6666CTA6A ITT6CTYT CTTCATCAATI6TCCCC46MCACTCAC6A7TCTCTCACCTC TTTCCC*S0
TCTT66T ATCITTTAC 161C7lT TA6ACCC6CCTCTTTCAT66T 66C AATC CTTT6A6C6T6T66C6TTACTTT 66TMAT7CTCACTCCCCAT CACTC TACCnTTT100

lo".
6 TT CCTCCT66TTCACTTCCTT6ACAACAAM CTMACTTKTTCACTTTCATTCTTCCT6T6A6TMTTCATATCCACTATT6CT7CC1CTTT0ACAATTG6

1200
A6CT6A6T6CK6AT6&CAUT66M 6CCT6CTCATT6CACA66CCMATTCAC6CTTCC6A66CACAT67T76hiTTWAACTCCCTAc666A6AT66u6TCACCTTT6CnTTTK

1320
A66ACCA6666ACCAT6TCTCA6CACCTCT6AAATTTCT6CCACCCC67C76CT6CTICTCTCCCCTCCCTCCTTCACCTCT6TCCCCTTTCACTCA66TATATATCCTU

CTTCCT6TCTTCCCAT6CACTCCCITT6ACCA66A6T66A6AT6TCTTCKAC6A667TCC66AT GATA6TTTT66C6CAAA666CT66CTTCT66666CCC CCCTC
V. ... 30

T6CACCTCCAT6CT6IUAr6AA6A66CCAC^UTCTCACA6CTCloCTCA6^T6CTTCTTMAIA6CTCT6TCTC6CTTA66TCT66TAT666CCCTCCTTATTTCTCA6C
TTCAA6ACAATCCTAAT6ClATVCAA6TCATrT TT6rTTTCCC6CCA6CTCACTAC&TTTCT6TCTCTTCCCACTTTTCTTsT6T66ACA6CnTT 6666776nTCM

1800
6TTAT61sAA T6AC6CCCAFT6AT6WTCS66CTCACACCT6TAAICCCWCTTT6_C T6C6ACC6K6ATCTC66CA666TCS6CCAACCT6CTKT6T

..............

1t20
6AAACCCT6TTTTTACTAA6Cr5AAAT_AC T66C6UT66T6CA6CCCCT6TM TTCCSGCTACTT666C66CT6A66CVA CATTACC*6ACT6TC TT6

2040
CA6T6A6CT6A6ATCAT6CCACT6X7CA6CAcTT666CAACA6A6TW Ac4TCTTcT6T- AAAAAWAr16RTCCC TCMTC=TC tT TCT A TACTCCT

2108
C T T667CTCCCC T6T6GA6CAA6TTTCCT6CA6ICKACT66CTTT6T7CACTTCT ACAT MACA6T6CCTUAAACACM76;A6CAC6TM7A6TCTCA6TTMT6 TT6CCA6ATU A

22m0
CA66T68CAC0CCCT6TC6C6TCTT66CCCCTTATTA6C0C4AM VC6UTA6AAMT T6TCTCAT96CC6C06TTTCCA66CCTAC6T6A6TV.UAC01CATAT6A

2400
b6ATTAAAAT6AAAT^AA6T6ATA6TTUCACT6^T6TT66T666MAA6TT6ATAC6ATT6TC*CATAAATT6CACA6T6CTAA6T6CT6-A6ACTTCACA666AA6T66T

2520
TCCC TTAAT T674AUT66 71i6M6 TA6A6W6AT6T66CA 66liC6AA666TA6A6AACAT6ACCT6VA6666ACT6KA6

2644
CCAT666CT7CA666CT6T6ACCAAC06CAT6C766T6MCA686C6T666CTAT6T76TCT6066CCT1T6AGCT646TTCM6A&CCCCCC77CCTCCCTTCTSUT6CI

2720
6TTr66AACCTT6A66r66TTACCT666CA6AATTCCT6TCCT66TCTCT6VCACATCTCTMT6CCTTCT6ATAAA6ACTAACAA66T6TCTTA6TCT6TTU66CT6CCATA&AA^A

200
T6CCA66CT666C76T7TArTAAACA6AArATTT66TC6CACA6TTCT66ATTT6666S6WTT76A6ATCA6CACCTAC6T4A*T6TTA6ATAAn6 TCCCT6CTTCAIA6

380
** 3~~~~~~~~~~~000

TC6CATCTTCCT6CT6TTTTTCAT76TNA666CC6ACT 6TCCTT6 66CTTCTTATT6T AA6CATTAATTTUATTCAT6XC6 TTCCACCCTTIA6C6CCTCATCACTCCC

46CA6CCCCACC TCTTA6 ATTAT CACATT6C66TTA6C^CTTTAATAA- CTTTC6T6CC6C6T ACA6TAfTTA6TCCAT̂ 6CAC116666T 6ACACCTT66"6T666T766AC6T
3240

6ACCAC CTA6CA6T6T6AAA6AACTCCAC T^^666ATT6666CT6T6A6T6TW6CAT6T6T6A6TA TTT6T T6T6CACACT6T6T66T6TACAT6CATATcTCCAA6T6TCCAT6TA
G6C TST6 T6A6T6CA T i7iCC TiT76T6'66CMAT T6i666lA6 CM T T6A66CT666CT T666CT TT6TiGTACATT TCTTA6UCTCTT6T AC6A6T6CVT6CT6CT C

.,46
CCTCCTAT66T6CCTCTCAA6ATGAAAT6A6^6UTATCCAA^6CCCT676T6CACA6TCGCTCCCTTCT TCCCTCT TCTCCT66TATCACCCUC;TATTCT66CTV6CTA6CCCT66
*¢ i~~~~~~~~~~~~~~~~~~200

6CT6CEC6, 6CA66666TACTCA66EA66A6 6CTCA6CA6C6CA6A6CCT6C6A66CCT66CTCT6T666ATCT6T6ACCTTCTCCACTCCA6TT6CC6C6WTCCU66T6A6TCT
3770CCCACCCTCCCA6T6CACA6CS6A6^7TTCAi66TT T .T6TTCTA6ACCCT6ATT6CCAT6T66TT TTCACACC6CCTCTCTCTCT6CCAT76ACAT666666CTTT6ATT6CT;TCCCC;c
2040

T6T̂ AT666AACACTTTr6CT6ACC!T TTTCCrT7CC T TCCCC6C TATAATTACCT66CCAAAfC CT6CCCCCrcCcA66566MCC6CC-TCTTCCT6C T TTCCCAAA66XA66C CT

8A0TCC 0-A66ACCCC6 T6 CrT6 80ACA666AC40ACA66A6T0C3.CTTAoCTCACCCC160TTTT66A66ACA6T--ATCTrcTCrTTT3CACAoT6TCTMAA66AAC7T66TUCA
A8TG6CA6A6ACA66600TAC TCCACAACA60406ACA66CTC6664C;A6ATCT

A6ATCTrTTCT6TTCCCCCCtCTAAA6CTACTA6CTAT6Ct66AA6AT6S66TCA6CCABACCT666TCACCTT6TCCT666TtCCAA6CC6CCTCCT6TCA6TTCATCT6
240TCTCT6TTCCACCT6CACTACACCCCAWTTT6CTCT6iW^6T66^6CATCCACATCtT6ATCCT6CCTCCTTCCCtT6KACAUCTtCTAT66T66iT6CCT6cCCCACTTTTTCTT
240AATA66ACTiAATTCCAAA;T AW;TTCA6TCTTCTCCTCTATCATMAC^TCCTCCTCtTTT66TMCtT6TTCTACTATBCCTA;CTTAMTTCATT6tTT

490

TCAAAT6AATAAATTTnT"TcA;TMtTCSTTC6tCCTATTCsCA6T6MTAiAANcACTCTTtCCTTrTCC& MTt6AtnTTCT"TCTtTTTTTTCTtTTTHUT6T
.................

A6TCT7TCTBCT6CTCCACCCTU6T6'CStATST6CTCTT6r-CACTtCAACCTCUbCTCMAi$TTCAICICUTCTCCTKtCTCA6CTCTC6TAliOCT66gATU
6TTlC ACTliCCT66CtAA nTTTTTITi TAT6TTA;JTC TCCCCAT$T;6 MASC KTiCTn CT"ACTtCCTUMCNTIBATCtCCbMTTAiCCT ACC T6

BUTAM 7~~~~~~~~~~~~~~~~~~~~~~~~~~~200CT66 CTTACA6KCT6AiCTACT6T6TC;"6 CCAA T66TTtCCATCTTATATCATACkTCTCT TCATCCA6CAtT CCATATtCT6ATTCTA6
ACTA6AC MTCC6c ATTTTA6PCAA6MCui ATTTC AAAT6TT6TCCATS"ATnT6CTE A6AACATT6TTCA6 ATC MATBCTTTAAT@TT666"6ATTTATCC
TTTCCTTCTiAAFTATTTTtTTTTTTTT6;AT66^6TC;CKCTCTOTT6ECCC166CT6ST6T66T66TKCCTCCTCCTCACT6CAtCCTCCACCTCCC66TCAiATTCT'CT
6CCTCA6CCtCCC6A6TA 6CT6aTTACi* T6C 6tACCCACCCa~KAATTTTSTCTTTtA6TACTT OTTSTCACtAT6TCTCCAMA TrT 1AT 00

TCTA6TTCCCT6MATTATTtTCTCCTAA6ACAT6TTTTCtCC6TAiT6TTACTTAtTTCATC"Ct6ATCTTACTCATATTATCT'XCCTTTCACTtAAATT"ATTTTCT6CC
TTTTACAAATTCAA6ACT tTCCTACCITTCTACCTCCTiT6ST6TT6&ACTT6ttACUTAC"CCCCCTCTCCCTCC^6TCA6TTTTCTTCTTT6T6AAABMTAA^ACTAtTACA
AAATCATTA66TTACT6T6A66CTTAA6A6T6CCTWSCACTATTACAT6CACATT - T6TATTTCtTCCCAAACTiAT6CAACATiA6CXCAAGTTA6TTCACA6TCTTTAATTT
CTTTCC TTTtCCTTTCTTtTTA16CTMATi6CTTT666TCTTA66T6iTTA6A6iTCCTTCTT6666T6TTC7TtTC6TAlAiTT6AA6CTtTCCTTTATTt6CTTSTIAAC
6AAT6CTCTtC6TATCTTTC AAA6C6TCiA 6T66AtAT66AA6TiTA66CCA66tTT6ATACA646T6TA6TTt66CA6TTTTtTC1W6TATCCATT6CCACT^ATTCA6TATTT
T6TTA6ATCt
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v
C 22N GGGGGCTTCTGGGGAGCCCCATTCCTGCACCTCCATGCTGAATG;AAGAG;GCCACACGAGGATGCTCACACTGCTCAGTGCTTCTTAGAGAAAGCTGCTGGCTCTGATTAG

22q- GGGGGCTTCTGGGGAGCCCCATTCCTGCACCTCCATGCTGAATGAAGAGGC- --aaactatacaaatcattaggttactgtgaggcttaagaqtgcctggcacata

9q+ ggacagaatacttccccc tctccctccagtcagttttcttacttgtgaaat----CGAGGATGCTCACACTGCTCAGTGCTTCTTAGAGAAAGCTGC-,GGCTCTGATTAG

911 ggacagaatacttccccctctccctccagtcagttttct tacttgtgaaat7ggaattaaactatacaaaatcat taggttactgtgaggct taagagtgcctggcacata

Figure 4. DNA sequence of the 4.0kb bcr3 region on chromosome 22 (A) and the 1.8kb BglII-BglII region
on chromosome 9 (B), including the breakpoints (arrows) in patient NA. The Alu sequences are underlined and
the direct repetitive sequences dotted. The complementary sequences flanking the Alu repeats adjacent to breakpoints
on both chromosomes 9 and 22 are marked by double lines. The four bases deletion on chromosome 22 and
the six bases deletion on chromosome 9 are indicated by lines above the sequences. The alignment of rearranged
sequences (22q- and 9q+) and their normal counterpart are shown in C. Deleted nucleotides have been replaced
by dashes to permit the alignment.

adjacent to the breakpoints in 7 out of 8 chromosomes. On the only chromosome where
no AMu repeat was noted (case FY), a sequence of only 230bp was available in the vicinity
of the breakpoint.

In patient SA, the rearrangement on chromosome 22 resides in the same region, namely
bcr2, as that in the case BON. As shown in Figure 2B, this region is characterized by
the presence of two inverted Alu sequences and the breakpoint in case SA was within
the first Alu sequence, whereas it was located in the second Alu repeat in case BON.
Strikingly, the breakpoint on chromosome 9 also resides within inverted Alu repeats although
it took place in a different region from that in case BON. The distribution of the Alu
sequences in AMu families shows a certain symmetry in case SA (3' Aluj 5'-5' AIuSb
3' on chromosome 22, 5' A1uJ 3'-3' Alusa 5'-3' Alusa 5' on chromosome 9). This result
thus extends our initial hypothesis of hairpin structures surrounding breakpoints and is
reminiscent of the structure found in case FY (7).

Breakpoints in AMu repetitive sequences on chromosomes 9 and 22 have already been
reported to occur in CML (17 - 19) and two inverted sequences have also been found on
chromosome 9 in a recently published case (20). Because recombinations between AMu
sequences have also occurred in non CML recombination events, the authors suggested
that AMu repetitive sequences could be hot spots for recombination.
The situation in case NA, with a bcr3 rearrangement is somewhat different, as the

breakpoints on both chromosomes did not occur within Alu sequences but in their vicinity.
One Alu sequence is present 3' of the breakpoint on chromosome 22, and two are 5' of
the break on chromosome 9. These sequences are orientated in a rather symmetric fashion
(5' Alu& 3' on chromosome 22 and 3' Alu& 5'-3' truncated AMusa 5' on chromosome
9). Interestingly, the Alu repeats adjacent to the breakpoints are flanked by some
complementary motifs (Figure 4). We speculate that these motifs may facilitate the site
specific formation of the hairpin structure and change the tertiary DNA structure in the
vicinity. The presence of these structures at one side of each chromosome breakpoint might
provide some symmetrical topology recognized by the enzymatic complex involved in DNA
recombination. With regard to this model, the Alu sequences may be important to form
a 'pocket' that accommodates the protein complex, but are not always themselves the target
of DNA excision. The confirmation of this hypothesis needs the characterization of this
protein complex and illustration of its mode of action.
2. Characteristics of the DNA joining
A constant feature of the chromosome joining in the four Phl+bcr- acute leukemias
currently analyzed, is the almost perfect conservation of the original DNA sequences. This
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is however not always verified in CML in that frequent large DNA deletions of the classical
bcr (21 -23) have been reported. Therefore, the mechanism of translocation may be
somewhat different between CML and Phi +bcr- acute leukemias.

It has been claimed that chromosomal rearrangements of some lymphoid malignancies
resulted from the recombinase activity physiologically involved in the normal V-(D)-J
assembly of the immunoglobulin superfamily genes (24). This hypothesis was based on
the finding of hepatamer-nonamer recombination signal sequences in the vicinity of
chromosomal breakpoints and of the presence of N sequences. This mechanism seems
not to be responsible for the chromosomal translocations associated with the PhI +
leukemias since no characteristic heptamer-nonamer signal sequences have been identified.
The sequence GAGG, adjacent to the c-myc-IgH gene translocation in some rat
plasmacytomas has been found at the breakpoint in case FY (7). This sequence is however
not present in all breakpoints examined in our cases. This sequence has also been claimed
to be involved in immunoglobulin gene switching and its implication in the chromosome
translocation seems to be correlated with a relatively mature differentiation stage of B cell
tumors. As Phl positive acute leukemias represent a malignant proliferation of cells of
very early lymphoid or pluripotent hematopoietic stem cell origin, implication of IgH
switching as the mechanism of chromosomal translocation seems unlikely.

In case SA, the duplication of two nucleotides (TG) at chromosome junction is noticeable.
This addition is apparently different from the N region addition during the V-(D)-J gene
assembly of the immunoglobulin superfamily genes, as the two TG bases added exist in
the normal chromosome 9 sequence. A similar situation was observed in the case FY(7)
where a stretch of six bases was duplicated. A plausible explanation for this duplication
is the staggered cutting of the double-stranded DNA chain, with the extruding extremities
being filled before or even after ligation (25). It should be pointed out that patient SA
had a Ph +bcr- ANLL while patient FY had a Ph +bcr- ALL. This similarity regarding
the molecular basis of the illegitimate DNA recombination further supports the notion that
the PhI +bcr- ALL and ANLL are very closely related diseases, as suggested previously
by phenotypic data, localization of breakpoints and production of p9lbcr-abI fusion
protein (1,2).

In case NA, deletion of six base pairs from chromosome 22 and of four from chromosome
9 was detected. Loss of some base pairs has also been reported in CML (20).
3. c-ABL gene first intron as the major target of chromosome translocation in Ph] +bcr-
acute leukemias.
The mapping of the breakpoints in the c-ABL gene is often difficult, due to its very large
size (230 kb), and especially that of its first intron (200 kb). In the few CML patients
and the two CML-derived cell lines (K562 and BV173) studied (26), the breakpoints were
located in the second intron, in the first intron, or even in a region upstream of exon lb
of the ABL gene. As a consequence, a long-range splicing mechanism is responsible for
the fusion of the BCR exon 13 or 14 with the common exons of ABL (26). In Phl +bcr-
acute leukemias, the BCR gene exon 1 is consistently spliced to the ABL gene exon 2.
This may be explained by a preferential clustering of the breakpoints in the ABL second
intron, 5' to exon 2 of the ABL. Although the breakpoints on chromosome 9 of three
recently reported Phi +, bcr- ALL were all localized in the second intron of the ABL
gene, the breakpoints of the two cases characterized in the present report reside in the
first intron of the gene. In case NA, the rearrangement was mapped just at the 3' end
of the first intron, and in case SA, it was localized in a considerably further 5' region
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in the same intron. Finally, only one out of eight Phi+ bcr acute leukemia cases studied
in our laboratory, had the breakpoint in the ABL second intron (9), while the translocation
mapped in the first intron in at least three other cases. In the remaining cases, no

rearrangement was detected in the second intron or the more 3' part of the c-ABL gene,

and the breakpoints were probably also located in the first intron, or in a more 5' part

of the gene. We conclude that, as in CML, there is a wide distribution of breakpoints
in the ABL gene in PhI+ bcr acute leukemias, and the ABL gene first intron represents

the major target for the translocations. It follows that, in these cases, the long range splicing
mechanism observed in CML which eliminates exon la of ABL, should also be applicable.

It has been claimed that the chromosomal breakpoints are preferentially located in the
BCR intron1 in childhood Phl+bcr- ALL, while in adults, the breakpoints are

predominantly located in the bcr segment. This difference in breakpoint distribution within
the BCR gene in Phi + AL in the two classes of age is not satisfactorily explained, and
it has been postulated that Phi+bcr+ AL may represent acute-stage CML (27). On the

contrary, some Phi + leukemias with breakpoints in the bcr segment have been classified
as genuine acute leukemias on the basis of their clinical evolution and of their cytogenetic

patterns (2). Nevertheless the localization of breakpoints inAlu repeats occurs in both

bcr+ and bcr- leukemias. Sequencing of the breakpoints in more cases of leukemias is

obviously needed to estimate their frequency. Furthermore, the identification of the

enzymatic system responsible forillegitimate recombination resulting in the PhI translocation
will constitute a significant advance to understand the mechanism of its genesis.
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