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Abstract

The t(5;14)(q35;q32) chromosomal translocation is specifically observed in up to 20% of
childhood T-cell acute lymphoblastic leukemia (T-ALL). It aftects the BCL1/B/CTIP2 locus
on chromosome 14 and the RANBP17-TLX3/HOX111.2 region on chromosome 5. It leads to
ectopic activation of 72.X3/HOXI1L2. To investigate the reasons of the association between
t(5;14) and T-ALL, we isolated the translocation breakpoints in 8 t(5;14) patients. Sequence
analyses did not involve recombinase activity in the genesis of the translocation. We used
DNAsel hypersensitive experiments to locate transcriptional regulatory elements downstream
of BCLIIB. By transient transfection experiments, 2 of the 6 regions demonstrated cis-
activation properties in T cells and were also effective on the 77.X3 promoter. Our data
indicate that the basis of the specific association between t(5;14) and T-ALL lies on the
juxtaposition of 77.X3 to long-range cis-activating regions active during T-cell differentiation.

Introduction

Maturation of immunoglobulin (7g) and T-cell receptor (7CR) genes is associated with
somatic V(D)J recombinase rearrangements occurring during lymphoid development.! A
protein complex containing both ubiquitously expressed and lymphoid-specific proteins
(RAGI1, RAG2, and TdT) catalyzes this process. The complex interacts with recombination
sequences (RSs) that limit the segments to be rearranged. During the recombination process,
the extremities are nibbled, and additional nucleotides (Ns) are added without template by the
TdT.! During this process, which includes double-strand DNA break, the /g and TCR genes
are prone to illegitimate rearrangements and chromosomal translocations observed in human
T-cell acute lymphoblastic leukemia (T-ALL) often involve the site of the TCR genes.?
Molecular analyses of the chromosomal breakpoints of these translocations often showed



hallmark of recombinase activity and allowed the characterization of numerous T-ALL
oncogenes.

Many of the oncogenic events specific for T-cell leukemogenesis result in the
activation of transcription factors, such as HOX11/T1.X1, IMO?2, or TALI/SCL** A frequent
event in T-ALL is the occurrence of a 90-kb deletion of chromosome 1 sequences,
juxtaposing the first exon of the SIL gene, to the 5' part of the 7AL/ gene.> This rearrangement
is observed in up to 20% of childhood T-ALL samples, and not in other ALL subtypes. The
fusion points of the deletion bear the hallmarks of recombinase activity, which is therefore
thought to be responsible for this rearrangement and provides the grounds for its specific
association with T-ALL. Illegitimate recombinase activity is also responsible for at least some
of the deletion affecting the P/6-ARF tumor-suppressor locus observed in a T-ALL .

Ectopic expression of the homeobox transcription factor 77.X3 was recently reported in
childhood T-ALL, virtually always in association with genomic rearrangement of its locus. 22
It is mainly associated with a cryptic t(5;14)(q35;q932) chromosomal translocation that
recombines the RANBPI17-TLX3 and BCLIIB loci2 To uncover the mechanisms
responsible for the translocation and ectopic expression of 77.X3, and the reason for the
specific association between t(5;14) and T-ALL, we analyzed the nucleotide sequence at the
breakpoint of 8 examples of t(5;14). In addition, we identified cis-transcriptional regulatory
elements lying downstream of BCL/ /B, which could be involved in the up-regulation of 77.X3

following the translocation.

Materials and Methods

Samples were obtained with informed consent, in accordance with the Declaration of
Helsinki. Approval for this study was given by the INSERM review board. The hematologic
and immunophenotypic characteristics and conventional karyotypes of the 8 T-ALL patients
with t(5;14)(q35;q32) are listed in Table S1, available on the Blood website (see the
Supplemental Materials link at the top of the online article). The procedure for DNAsel
experiments is described in Figure S2. DNA analyses were performed using standard
techniques. DND41, HPB-ALL, and Jurkat are T-ALL—derived cell lines; DND41 and HPB-
ALL bear variant t(5;14).2%12 The primers used are listed in Table S2. Inverse polymerase
chain reaction (PCR) was performed as described previously,’ and classical PCR was then
used to confirm breakpoint location and sequence. Sequence analyses were performed locally
or at http://genome.ucsc.edu or http://www.ncbi.nlm.nih.gov.gatel .inist.fr. Appropriate
fragments were cloned in pGL3 backbone (Promega, Madison, WI). Cells (2.5 x 10°) were
transfected with 0.5 to 2 pg reporter gene constructs using Lipofectine (Invitrogen, Frederick,
MD), and the luciferase activity was determined using luciferase assay system (Promega) after
24 hours. A representative experiment is shown, but every experiment was repeated at least 3
times in duplicate. The results were similar with or without normalization (using a thymidine

kinase promoter—driven -galactosidase reporter).

Results and Discussion

Cloning of the chromosomal translocation breakpoints

Approximate mapping of the breakpoints was done by fluorescence in situ
hybridization (FISH), analyses and more precise localization was achieved by Southern
blotting analysis using single-copy probes (data not shown and Figure 1A). The translocation
breakpoints were amplified from patient's genomic DNA using an inverse PCR approach and



analyzed by direct sequencing. Both translocation breakpoints (derS and der14) could be
analyzed in 7 cases and the fusion points exhibited complex features in only patient 1 (Figure
S1). Most of the fusion points exhibited N nucleotides. In patients 3 and 7, no N nucleotides
were observed, suggesting that the translocation could have occurred in a cell that did not
express the TdT. Of importance, no convincing RS-like sequences were observed at the
translocation breakpoints, suggesting that the recombinase activity is not involved in the
occurrence of the translocation.

DNAsel hypersensitive site (HSS) mapping
It has been proposed that the transcriptional activation of 77.X3 could result from cis-
activation of the gene by a BCL/IB transcriptional regulatory element, juxtaposed to 77.X3

following the translocation. 22 Within the hematopoietic system, expression of the BCL/IB

gene is restricted to the T-cell differentiation pathway.”!® It encodes a transcription factor
essential to thymocyte differentiation.Z The location of the translocation breakpoints in
patients 1 and 6 pinpointed to a 120-kb region of chromosome 14 susceptible to contain this
putative minimal region. A previously described breakpoint’® allowed us to narrow down this
region to 58kb lying more than 920-kb downstream of BCL /B polyadenylation site. We used
DNAsel hypersensitive experiments to identify active regulatory elements in this region. As
shown in Figure 1B, 5 HSSs were observed in T-ALL cell lines (DND41 and Jurkat), but were

absent or weaker in the non—T-cell lines Nalm6 and K562 (Figure S2).

To investigate for cis-activating properties, 1.5-kb fragments encompassing the HSSs
were subcloned in pGL3-luciferase vector and tested for activation of the SV40 promoter.
Only 2 regions (H3 and H4) showed enhancement of SV40 promoter activity in HPB-ALL
(Figure 2A). Fine mapping of the HSS and luciferase reporter assays allowed us to map the
active sequences within 464-bp (H3*) and 482-bp (H4*) fragments (data not shown and
Figure 2B). As expected, cis-activation was observed in T-cell lines, but not in B-cell or
myeloid cell lines. We next wanted to ensure the activity of these sequences on the 77.X3
promoter. A 504-bp fragment within the 5' side of 77.X3 was subcloned in promoter-less
pGL3-luciferase vector (Figures S3 and S4). As shown in Figure 2C, H3* and H4* sequences
stimulated the 77.X3 promoter, which exhibited only a weak activity on its own in T-cell lines.
Taken as a whole, our results identify T-lymphoid-restricted (within the hematopoietic
system) cis-activating elements downstream of BCL/ /B that are juxtaposed to the 77.X3 locus
as a result of the t(5;14).

Our observations suggest that the recombinase activity is not responsible for the
occurrence of the t(5;14) in contrast withthe S/Z-7AL 1 deletion. They rather suggest that the
reason for the association between t(5;14) and T-ALL is the juxtaposition of cis-
transcriptional regulatory elements that are specifically active during T-cell differentiation. In
keeping, murine Bcl/ 1bis very highly expressed at starting from DN2 (and latter) stage of
thymic development (data not shown).

The t(5;14) situation is the most frequent example observed in T-ALL that results in
bona fide cis-activation due to enhancer juxtaposition. The frequent S//.-7AL [ fusion leads to
transcription of TAL/ from the SIZ promoter.” The breakpoints of chromosomal translocation

affecting the TCR locus frequently affect the 5' part of the oncogene on the partner
chromosome, and result in the transcription from diversity region or cryptic promoters close to
the translocation breakpoints.2¥%! We provide here only qualitative notions, and additional

work will be necessary to fully characterize the BCL11B gene cis-regulating elements 2*%



However, it is tempting to speculate that the activity of these transcriptional regulatory regions
represents a therapeutic target in t(5;14) patients.

Authorship

Contribution: X.-Y.S., V.D.-V.,LLA-S,, C.L., and LR -W. performed research and analyzed
the data; P.B., M.L.,, M.L.-P., and F.M. provided vital reagents; R.B. and S.P.R. analyzed the
data and reviewed the paper; O.A.B. and V.P.-L. designed research, analyzed data, and wrote
the paper.

Acknowledgements

This work was supported in part by INSERM and the Ligue Nationale Contre le Cancer—
Comité de Paris (équipe labellisée; O.A.B.). X.-Y.S. was a recipient of successive fellowships
from the Fondation pour la Recherche Médicale (FRM), the Association pour la Recherche
contre le Cancer (ARC), and the Programme de Recherches Avancées Franco-Chinois.

We thank M. Busson for valuable help.

"'Dr Su's current address is the Shanghai Institute of Hematology, Rui Jin Hospital, Shanghai,
People's Republic of China.

Footnotes
Submitted July 5, 2006; accepted August 1, 2006.
The online version of this article contains a data supplement.

Correspondence: Virginie Penard-Lacronique, INSERM E0210, IRNEM; Hépital Necker-
Enfants Malades, 149 rue de Sévres, 75015, Paris, France; e-mail: penard@necker.fr.

References

1. Jung D, Giallourakis C, Mostoslavsky R, Alt FW. Mechanism and control of V(D)J
recombination at the immunoglobulin heavy chain locus. Annu Rev Immunol.
2006;24: 541-570.

2. Tycko B, Sklar J. Chromosomal translocations in lymphoid neoplasia: a reappraisal of
the recombinase model. Cancer Cells. 1990;2: 1-8.

3. Armstrong SA, Look AT. Molecular genetics of acute lymphoblastic leukemia. J Clin
Oncol. 2005;23: 6306-6315.

4. Grabher C, von Boehmer H, Look AT. Notch 1 activation in the molecular
pathogenesis of T-cell acute lymphoblastic leukaemia. Nat Rev Cancer. 2006;6: 347-
359.



10.

11

12.

13

14.

15.

16.

17.

. Begley CG, Green AR. The SCL gene: from case report to critical hematopoietic

regulator. Blood. 1999;93: 2760-2770.

Cayuela JM, Gardie B, Sigaux F. Disruption of the multiple tumor suppressor gene
MTS1/p16(INK4a)/CDKN2 by illegitimate V(D)J recombinase activity in T-cell acute
lymphoblastic leukemias. Blood. 1997;90: 3720-3726.

Bernard OA, Busson-LeConiat M, Ballerini P, et al. A new recurrent and specific
cryptic translocation, t(5;14)(q35;q32), is associated with expression of the Hox11L.2
gene in T acute lymphoblastic leukemia. Leukemia. 2001;15: 1495-1504.

Ferrando AA, Neuberg DS, Staunton J, et al. Gene expression signatures define novel
oncogenic pathways in T cell acute lymphoblastic leukemia. Cancer Cell. 2002;1: 75-
87.

Cave H, Suciu S, Preudhomme C, et al. Clinical significance of HOX11L2 expression
linked to t(5;14)(q35;932), of HOX11 expression, and of SIL-TAL fusion in
childhood T-cell malignancies: results of EORTC studies 58881 and 58951. Blood.
2004;103: 442-450.

Ballerini P, Blaise A, Busson-Le Coniat M, et al. HOX11L2 expression defines a
clinical subtype of pediatric T-ALL associated with poor prognosis. Blood. 2002;100:
991-997.

. Berger R, Dastugue N, Busson M, et al. t(5;14)/HOX11L2-positive T-cell acute

lymphoblastic leukemia: a collaborative study of the Groupe Francais de
Cytogenetique Hematologique (GFCH). Leukemia. 2003;17: 1851-1857.

Su XY, Busson M, Della Valle V, et al. Various types of rearrangements target TLX3
locus in T-cell acute lymphoblastic leukemia. Genes Chromosomes Cancer. 2004;41:
243-249.

. MacLeod RA, Nagel S, Kaufmann M, Janssen JW, Drexler HG. Activation of

HOX11L2 by juxtaposition with 3'-BCL11B in an acute lymphoblastic leukemia cell
line (HPB-ALL) with t(5;14)(q35; q32.2). Genes Chromosomes Cancer. 2003;37: 84-
ol.

Nagel S, Kaufmann M, Drexler HG, MacLeod RA. The cardiac homeobox gene
NKX2-5 is deregulated by juxtaposition with BCL11B in pediatric T-ALL cell lines
via a novel t(5;14)(q35.1;q32.2). Cancer Res. 2003;63: 5329-5334.

Su XY, Drabkin H, Clappier E, et al. Transforming potential of the T-cell acute
lymphoblastic leukemia-associated homeobox genes HOXA13, TLX1, and TLX3.
Genes Chromosomes Cancer. 2006;45: 846-855.

Cismasiu VB, Ghanta S, Duque J, et al. BCL11B participates in the activation of
interleukin-2 gene expression in CD4+ T lymphocytes. Blood. 2006; 108: 2695-2702.

Wakabayashi Y, Watanabe H, Inoue J, et al. Bcl11b is required for differentiation and
survival of alphabeta T lymphocytes. Nat Immunol. 2003; 4: 533-539.



18.

19.

21.

22.

23.

Kennedy MA, Gonzalez-Sarmiento R, Kees UR, et al. HOX11, a homeobox-
containing T-cell oncogene on human chromosome 10q24. Proc Natl Acad Sci U S A.
1991,88: 8900-8904.

Dube ID, Kamel-Reid S, Yuan CC, et al. A novel human homeobox gene lies at the
chromosome 10 breakpoint in lymphoid neoplasias with chromosomal translocation
t(10;14). Blood. 1991;78: 2996-3003. Boehm T, Foroni L, Kaneko Y, Perutz MF,
Rabbitts TH. The rhombotin family of cysteine-rich LIM-domain oncogenes: distinct
members are involved in T-cell translocations to human chromosomes 11p15 and
11p13. Proc Natl Acad Sci U S A. 1991;88: 4367-4371.

Bernard O, Azogui O, Lecointe N, et al. A third tal-1 promoter is specifically used in
human T cell leukemias. J Exp Med. 1992;176: 919-925.

Arlotta P, Molyneaux BJ, Chen J, Inoue J, Kominami R, Macklis JD. Neuronal
subtype-specific genes that control corticospinal motor neuron development in vivo.
Neuron. 2005;45: 207-221.

West AG, Fraser P. Remote control of gene transcription. Hum Mol Genet.
2005;14(spec no 1): R101-R111.



—"
A RANSPTT
GOkb
& 8 2 B T35 1
1 T L L [
eon § pe e T T g e
1R 08 Frfa '] sy TLXKI
BlZkh
-+ -
1TRE 5 7 28 4 3 +
ek YY¥Y VY VYV ¥ 4 e AL
Td Akt
B grTTaTI2
8TTITME  HS51 HES52 HE33 HESd HES55 kb
T R [, R | v
ot e —iaat T
B - - - - -
A o 5 E [+
DMAsy Te— — — —— — ——
; ;
wal ;oo o] oo oyl .
HE5 W ® Fl i
:'h P & i >
e L |5 " HER *) = Ak
HES = .
&
A-EV B-EV B-EH1 C-BH1 D-BH1 E-EV

Figure 1.. Structural analyses of the loci involved in t(5;14) identify putative
transcriptional cis-regulatory elements. (A) Localization of the translocation breakpoints
on chromosome 5 (top) and on chromosome 14 (bottom). Vertical arrows indicate the location
of the breakpoints. The number refers to the patient's number. The majority of chromosome 5
breakpoints is located in a 69-kb area between exons 20 to 25 (shown by vertical lines) of
RANBPI17. A horizontal arrow indicates the sense of transcription of the genes. The
chromosome 14 breakpoints are spread over 842 kb downstream of BCL/IB, in a region
devoid of any obvious gene.Z™* The nucleotide sequences of the breakpoints are presented in
Figure S1. Note that the breakpoint of patient 1 is located in the 3' untranslated region of
TL.X3. The chromosome 14 region that is juxtaposed in cis to the TLX3 gene in every t(5;14)
patient characterized here is located between the breakpoints of patients 1 and 6. F1 indicates
the breakpoint of a complex t(7;14;15) reported previously™ that allows the breakpoint to
narrow the "critical" region to a 58-kb area indicated by a black rectangle. (B) DNAsel
mapping experiments in the chromosome-14 region predicted to contain transcriptional
regulatory elements. (Top) Map of the 58-kb chromosome-14 area analyzed in this
experiment, showing £coRV (EV) and BamHI (BHI) sites and the probes used. The numbers
refer to chromosome 14 genomic sequences (NCBI Build36; NCBI, Bethesda, MD). (Bottom)
Southern blot analysis of DNAsel hypersensitivity experiments using DND41 cells.
Increasing concentrations of DNAsel reveal 5 hypersensitive sites (the corresponding
fragments are shown by arrows). The sizes of the germ-line fragments are indicated.
Additional experiments are presented in Figure S2.
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Figure 2.. Identification of cis-regulator elements active on the TLX promoter active in
T-cell lines. (A) Transcriptional regulatory activity of HSSs 1 to 5. Fragments encompassing
the HSSs were subcloned in pGL3 (S-pGL3: containing an SV40 promoter) and tested by
transient transfection in HPB-ALL. Luciferase activities are in arbitrary units (AU) and not
normalized. (B) Fragments from H3 and H4 were tested for transcriptional activity using S-
pGL3 luciferase reporter vector in HPB-ALL (T-ALL; left panel) and Nalm6 (BCP-ALL;
right panel) cell lines. Three different concentrations of vector were used. Values are
indicated as fold of activation with respect to 0.5 pg S-pGL3 vector independently in each cell

line. Data were normalized using a -galactosidase reporter. (C) H3* and H4* are active
on SV40 (left panel) and 77.X3 (right panel) promoters. Normalized values are indicated as
fold of activation with respect to 0.5 pg S-pGL3 vector (left panel) or 0.5 ng T-pGL3 (right
panel). The nucleotide sequence of fragments H3* and H4* is shown in Figure S5. Error bars
indicate standard deviations.






