AQA

AQ:B

AQ: C

AQ:D

Fn1

| balt4/zpq-pnas/zpq-pnas/zpg-orig/zpq9104d05g | harringt | S=4 | 7/12/05 | 10:12 | Art: 05-05196 | Input-be |

Deficiency of Bruton’s tyrosine kinase in B cell

precursor leukemia cells

Niklas Feldhahn*, Paula Rio*¥, Bonaventure Ndikung Bejeng Soh*, Stefanie Liedtke*, Mieke Sprangers*, Florian Klein*,
Peter Wernet*, Hassan Jumaa$, Wolf-Karsten Hofmann?, Helmut Hanenberg®, Janet D. Rowley/,

and Markus Muschen*-**

*Laboratory for Molecular Stem Cell Biology, Institute for Transplantation Diagnostics and Cell Therapeutics, and *Department of Pediatric Hematology and
Oncology, Children’s Hospital, Heinrich-Heine-Universitat, 40225 Dusseldorf, Germany; *Hematopoietic Gene Therapy Program, Centre de Investigaciones
Energéticas Medioambientales y Tecnolégicas/Marcelino Botin Foundation, 28040 Madrid, Spain; SMax Planck Institute for Inmunobiology, 79108 Freiburg,
Germany; 1Department of Hematology and Oncology, University Hospital “Benjamin Franklin,” 12200 Berlin, Germany; and |Hematology and Oncology,
Department of Medicine, Division of Biological Sciences, University of Chicago, Chicago, IL 60637

Contributed by Janet D. Rowley, June 21, 2005

Brutan’s tyrosine kinase (BTK) deficiency results in a differentiation
block at the preB cell stage. Likewise, acute lymphoblasticleukemia
cells are typically arrested at early stages of B cell development. We
therefore investigated BTK function in B cell precursor leukemia
cells carrying a BCR-ABL1, E2A-PBX1, MLL-AF4, TEL-AML1, or TEL-
PDGFRB gene rearrangement. Although somatic mutations of the
BTK dena ara rare it B cell precursor leukamia cells, we identified
kinate=rleficiant splice variants of BTK throughout all leukemia
subtypes. Unlike infant leukemia cells carrying an MLL-AF4 gene
rearrangement, where expression of full-length BTK was detect-
able in only four of eight primary cases, in leukemia cells harboring
other fusion genes full-length BTK was typically coexpressed with
kimase-deficient variants. Az shown by overexpressiod experi-
ments, kinase-deficient splice variants can eet as a donibant-
negative BTK in that they suppress BTK-dependent differentiation
and preB cell receptor responsiveness of the leukemia cells. On the
other hand, induced expression of full-length BTK rendered the
leukemia cells particularly sensitive to apoptosis. Comparing BTK
expression in surviving or preapoptotic leukemia cells after 10-Gy
+ radiation, we observed selective survival of leukemia cells that
exhibit exprezsion of dominant-negative BTK farms. These Find-
ings indicate that lack of BTK expression or expression of domi-
nant-negative splice variants in B cell precursor leukemia cells can
(7 inhibit differentiation beyond the preB cell stage and (i) protect
from radiation-induced apoptosis.

pre-B cell receptor

Recent findings by us and others (1, 2) suggested a role for the
preB cell receptor and related signaling molecules as a tumor
suppressor to prevent the development or limit the proliferation
of leukemic cells. BCR-ABL1 preB lymphoblastic leukemia
cells frequently exhibit defective expression of the preB cell
receptor related signaling molecule SLP65 (1) and acquire
independence from preB cell receptor-dependent survival sig-
nals (2). The analysis of mouse mutants of the preB cell
receptor-related signaling molecules SLP65 and Bruton’s ty-
rosine kinase (BTK) demonstrated that SLP65 and BTK coop-
erate to suppress leukemic transformation (3).

PreB lymphoblastic leukemia cells typically exhibit a differ-
entiation block at the preB cell stage of development (2);
likewise, BTK deficiency in humans leading to X-linked agam-
maglobulinemia results in a breakdown of preB cell receptor
signals and a differentiation block at the preB cell stage (4). To
elucidate a possible role for BTK in leukemic transformation of
human B cell precursors, we investigated BTK function in preB
acute lymphoblastic leukemia cells.

Materials and Methods

Patient Samples, Cell Lines, and Cell Purification. Normal CD19
p~chain proB cells and CD19 VpreB' preB cells were sorted
from human bone marrow from four healthy donors (purchased
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from Cambrex, Baltimore) by using immunomagnetic beads
against CD19 (Miltenyi Biotech, Bergisch Gladbach, Germany)
and cell sorting using antibodies against CD19, VpreB (BD
Biosciences, Heidelberg, Germany), and the wp-chain (Jackson
ImmunoResearch). Similarly, CD5' CD19 B1 cells, IgD'
CD27 nuive B cells, CD19 CD27 memory B cells, and
CD19 CD138' plasma cells were sorted from peripheral blood
of four healthy donors by using antibodies against CD5, CD19,
CD27, CD138, and IgD (BD Biosciences).

In total, 29 B cell precursor leukemias including 12 cell lines
and 17 primary cases were studied. Eleven cases of B cell
precursor leukemia with MLL-AF4 gene rearrangement [¢ (4,
11)(q21;923)] including eight primary cases (I-VIII, Table 1,
which is published as supporting information on the PNAS web
site) and three cell lines (BEL1, RS4;11, and SEM) were
analyzed. Eleven samples carrying a BCR-ABL1 gene rearrange-
ment [t (9, 22)(q34;q11)] including seven primary cases (IX-XV,
Table 1) and four cell lines (BV173, Nalm1, SD1, and SUP-B15)
were studied. In addition, three leukemia cell lines carrying an
E2A4-PBX] gene rearrangement [t (1, 19)(q23;p13); 697, Ka-
sumi2, and MHH-CALLZ3], three cases of preB lymphoblastic
leukemia with TEL-AML]1 fusion gene [t (12, 21)(p12;q22)]
including two primary cases (XVIII and XIX, Table 1), and the
cell line REH and one preB lymphoblastic leukemia cell line
harboring a TEL-PDGFRB gene rearrangement [Nalme6; ¢ (5,
12)(q33.2;p13.2)] were studied. For all cases, fusion transcripts
resulting from oncogenic gene rearrangements were detected by
PCR as described (5). Clinical data for all primary cases were
described previously (2).

Western Blotting. For the detection of tyrosine-phosphorylated
BTK by Western blot, a phosphotyrosine-specific antibody
against BTKY?? and EIF4E (Cell Signaling Technology, Bev-
erly, MA) were used. Western blot experiments were carried out
as described (6).

Inhibitors of BCR-ABL1 and BTK. For inhibition of BCR-ABLL1
kinase activity, the antileukemic drug STI571 (Novartis, Basel)
was used at a concentration of 10 umol/liter. For inhibition of
BTK, cells were incubated with «-cyano-fi-hydroxy-/>-methyl-N-
(2,5-dibromophenyl) propenamide (LFM-A13; Calbiochem) ata
concentration of 50 pg ml for the times indicated.

Abbreviations: BTK, Bruton’s tyrosine kinase; RSS, recombination signal sequence; IRES,
internal ribosome entry site.

Data deposition: The sequences reported in this paper have been deposited in the Gen-
Bank-EMBL database (accession nos. w=),

**To whom correspondence should be addressed. E-mail: markus.mueschen@
uni-duesseldorf.de.

© 2005 by The National Academy of Sciences of the USA

PNAS Early Edition | 10of6

Medical Sciences

A
o
]
w
a
i
3
[=]
[
=

AQ:E

AQ:L



AQ:F
AQ: G

AQ:H

balt4/zpq-pnas/zpq-pnas/zpq-orig/zpq9104d05g | harringt | S=4 | 7/12/05 | 10:12 | Art: 05-05196 | Input-bc |

Measurement of PreB Cell Receptor Responsiveness. Primary human
bone marrow preB cells were enriched by using immunomag-
netic MACS beads, as described (7). PreB lymphoblastic leuke-
mia cells were cultured with 10% FCS in RPMI medium 1640 for
the times and under the conditions indicated. After preincuba-
tion, cells were washed and stained with Fluo-3 dye (Calbio-
chem) for 30 min. Changes of cytosolic Ca? were measured by
laser scans by using confocal microscopy (8, 9). After 10-30 sec
of measurement, antibodies against human u-chains (Jackson
ImmunoResearch) were added to bone marrow preB cells or
preincubated preB lymphoblastic leukemia cells (in the presence
or absence of LFM-A13). Cytosolic Ca?' concentrations were
determined as described (8).

Flow Cytometry. Surface expression of Ig*l and CD19 on preB
lymphoblastic leukemia cell lines and primary leukemia cells was
monitored by using antibodies from BD Biosciences after the
incubation times indicated. Preapoptotic or dead cells were
identified by staining with Annexin V and propidium iodide (BD
Biosciences).

Sequence Analysis of BTK and Semiquantitative RT-PCR. In a search
for BTK isoforms and somatic mutations of the BTK gene, BTK
cDNA fragments covering the entire coding region or genomic
DNA fragments of the BTK gene were amplified by using
5'-ATCCCAACAGAAAAAGAAAACAT-3* (BTK exon 2
forward), 5'-GTTGCTTTCCTCCAAGATAAAAT-3’ (BTK
exon 8 reverse), 5-ATCTTGAAAAAGCCACTACCG-3'
(BTK exon 8 forward), 5'-TGATACGTCATTATGTTGTGT-
GTT-3" (BTK exon 12 forward), 5-TGATACGTCATTATGT-
TGTGTGTT-3" (BTK exon 13 forward), 5'-ATCATGACTTT-
GGCTTCTTCAAT-3" (BTK exon 14 reverse), 5'-
CTCAAATATCCAGTGTCTCAACA-3' (BTK exon 14
forward), 5'-CTTTAACAACTCCTTGATCGTTT-3" (BTK
exon 17 reverse), and 5'-GGATTCTTCATCCATGA-
CATCTA-3" (BTK exon 19 reverse) were used. For normaliza-
tion of cDNA and genomic DNA amounts, 5'-TTAGCAC-
CCCTGGCCAAG-3" (GAPDH forward), 5-CTTACT-
CCTTGGAGGCCATG-3" (GAPDH reverse), 5'-AACTA-
CAAGACCGCCCCTTT-3* (COX6B forward), and 5°-
GCAGCCAGTTCAGATCTTCC-3" (COX6B reverse) were
used.

BTK amplification products were sequenced as described (6).
Sequences of BTK isoforms are available from GenBank ‘EMBL
(accession nos. #w),

Retroviral Expression of a Kinase-Deficient BTK Splice Variant. All
aberrant BTK splice variants identified lack a functional kinase
domain (see Fig. 6, which is published as supporting information
on the PNAS web site). Therefore, we generated a cDNA
fragment of human BTK comprising the entire coding region but
lacking the C-terminal portion of the kinase domain (exons
15-19; BTK-2K). After digestion with NotI (New England
Biolabs), the PCR product was ligated into the retroviral S11IN
expression vector (10). This vector is based on the retroviral
plasmid SF{#11 (kindly provided by Christopher Baum, ###,
Hannover, Germany) in which a multicloning site with NotI,
EcoRI, and BamHI restriction sites was introduced, followed by
an internal ribosome entry site (IRES) NEO cassette.

293T cells were cultured in DMEM (Invitrogen) supple-
mented with 10% FCS (Invitrogen), 2 mM L-glutamine (Invitro-
gen), penicillin G (100 units,/ml), and streptomycin (100 ug:ml)
(Invitrogen). 293T cells were cotransfected with 10 ug of the
helper plasmid pHIT60, 10 pg of pczVSV-G envelope (11), and
10 pg of S11IN (as a control vector) or S11-BTK-2K-IN by using
Fugene 6 (Roche, Basel), following the manufacturer’s instruc-
tions. Both vectors are based on SF11 (10) with the 3° LTR of
the spleen focus-forming virus and internal ribosome entry site

20f6 | www.pnas.org.cgi doi.10.1073 pnas.0505196102

(IRES). Alternatively, the MIG-GFP (12) and MIG-BTK-
IRES-GFP vectors were used for retroviral delivery of full-
length BTK. For construction of the MIG-BTK-IRES-GFP
vector, the cDNA encoding human full-length BTK was cloned
into the MIG vector (12). Twenty-four hours after transfection,
the medium was changed for Iscove’s modified medium. Forty-
eight hours after transfection, supernatants were filtered
through a 0.45-um filter and used to infect preB acute lympho-
blastic leukemia cell lines on plates coated with 2 pg:cm?
retronectin (Takara Shuzo, Otsu, Japan; ref. 13). Plates were
preloaded three times with fresh supernatant (14), and subse-
quently 2.5 ¥ 10° cells were added to each well. Forty-eight hours
after infection, cells expressing the S11IN vector were selected
by using G418 to a final concentration of 0.5 mg ml.

Cell Sorting. GFP-expressing cells or Annexin V. and Annexin
V~ cells were sorted by using a FACStar 440 cell sorter. Cells
were sorted under sterile conditions and either kept under cell
culture conditions or subjected to RNA isolation and RT-PCR
analysis.

Amplification of Double-Strand Recombination Signal Sequence
Breaks by Ligation-Mediated PCR. Genomic DNA was isolated
from 2.5 = 10° leukemia cells carrying retroviral expression
vectors for either GFP alone or GFP and BTK and ligated to a
blunt-end linker using T4 DNA ligase (Invitrogen) at 14°C
overnight. The linker was constructed by annealing the oligo-
nucleotides 5-TTTCTGCTCGAATTCAAGCTTCTAAC-
GATGTACGGGGACATG-3' and 3’ amino (C7)- GAC-
GAGCTTAAGTTCGAAGATTGCTACATGCCCCT-5', and
protruding 3" overhangs were removed by 3'— 5’ exonuclease
activity of the Klenow fragment of Escherichia coli DNA poly-
merase I (Invitrogen). Ligation-mediated PCR (15) was carried
out with modifications as described (16). In two seminested
rounds of amplification at an annealing temperature of 59°C,
recombination signal sequence (RSS) intermediates with a DNA
double-strand break at the 5' heptamer of J«x1 gene segments
were amplified (see Fig. 7, which is published as supporting
information on the PNAS web site) by using 5'-GTAATTAA-
CATTCAGTCTACTTTC-3' as external forward primer and
5'-TAACATTCAGTCTACTTTCTAAAA-3’ as internal for-
ward primer together with 5'-TCCCCGTACATCGTTA-
GAAG-3’ as reverse primer specific for DNA-ligated linker
molecules. To amplify RSS intermediates with a DNA double-
strand break at the 5' heptamer of J47 gene segments, 5'-
TTCTCACTTCTTCCATGGTGAC-3" and 5'-ACTTCTTC-
CATGGTGACAGTCT-3" were used in two rounds of PCR
amplification as described above.

+ Radiation. PreB lymphoblastic leukemia cells were irradiated
with 10-Gy - radiation at the Clinic for Radiotherapy and
Radiological Oncology, Heinrich-Heine-Universitit. Twenty-
four hours after radiation, leukemia cells were stained with
Annexin V and propidium iodide to separately sort preapoptotic
or surviving cells.

Results and Discussion

Rare Occurrence of Somatic Mutations of the BTK Gene in B Cell
Precursor Leukemia Cells. PreB lymphoblastic leukemia cells fre-
quently exhibit defective expression of the preB cell receptor-
related linker molecules SLP65 (1). Comparing single slp65 /

and slp65 / btk / double mutant mice, Btk was identified as
a critical cofactor in preventing leukemic transformation of
murine B cell precursors (3). We therefore searched for somatic
mutations of the BTK gene in 12 cases of B cell precursor
leukemia including four cases with MLL-AF4, three cases with
E2A-PBX1, four cases with BCR-ABLI, and one case with a
TEL-AML]I gene rearrangement. Because the majority of the
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BTK gene mutations in the germline leading to X-linked agam-
maglobulinemia have been found in the BTK kinase domain (see
http:/ /bioinf.uta.fi BTKbase /BTKbasebrowser.html), we fo-
cused our analysis on this region using PCR primers for BTK
exons 12-19. Deleterious somatic mutations of the BTK gene
were found in 1 of 12 cases. In this case, the leukemia cells in a
female patient carry an MLL-AF4 gene rearrangement and
deleterious mutations of the BTK gene on both alleles (both X
chromosomes). One BTK allele is inactivated by a mutation
Lys—Stop at codon 420 (AAA—TAA), whereas the second
allele harbors a frameshift mutation due to a 1-bp deletion in
codon 386. In the 11 other cases studied, no clonal replacement
mutations of the BTK gene were detected. This analysis does not
exclude deleterious mutations in other regions of the BTK gene,
yet it indicates that inactivation of the BTK gene by somatic
mutation is rare in B cell precursor leukemia cells.

Expression of Kinase-Deficient Splice Variants of BTK in PreB Lym-
phoblastic Leukemia Cells. We next examined BTK mRNA ex-
pression in 29 human leukemias, including 12 cell lines and 17
primary cases. In a PCR strategy covering the entire coding
region of BTK, we identified 14 aberrant mRNA splice variants
(Table 1). As a control, BTK cDNA fragments were amplified
from normal human pro- and preB cells (isolated from bone
marrow) and mature B cell subsets isolated from peripheral
blood (Fig. 1). At least one aberrant splice variant was coam-
plified with full-length BTK in 21 of 29 cases (Table 1). In only
4 of 29 cases, full-length BTK was exclusively expressed. Of note,
absence of BTK expression was found in 4 of 29 cases, which all
harbor an MLL-AF4 rearrangement. In the remaining cases of
primary B lymphoid leukemia carrying an MLL-AF4 gene
rearrangement, three exhibit very low expression of full-length
BTK or high expression of aberrant splice variants, whereas one
shows exclusive expression of full-length BTK (Fig. 1). In
contrast, full-length BTK could be detected (not shown) in all
three leukemia cell lines with an MLL-AF4 fusion gene (BEL1,
RS4;11, SEM).

The aberrant BTK splice variants all have in common that they
encode a truncated BTK kinase domain (Table 1, Fig. 6). From
in vitro kinase assays of BTK mutants derived from BTK-
deficient X-linked agammaglobulinemia patients, it is known
that truncation of the BTK kinase domain at amino acid 520 and
even replacement mutations in the distal portion of the kinase
domain result in a complete loss of BTK kinase activity (4).
Hence, only full-length BTK but none of the truncated BTK
splice variants identified here should exhibit BTK kinase activity
(Table 1, Fig. 6). We conclude that BTK function is compro-
mised at least in the B cell precursor leukemias that either
express only kinase-deficient BTK or no BTK at all. In all these
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cases, the leukemia cells harbor an MLL-AF4 gene
rearrangement.

In many leukemia cases with other gene rearrangements,
however, concomitant expression of full-length BTK was also
detected. Among the 14 splice variants, 3 were recurrently
amplified, and two previously described variants of BTK (17)
were also detected in this analysis. Although a splice variant
lacking exon 15 was consistently and specifically amplified from
leukemia cells carrying a BCR-ABL] fusion gene (Table 1), the
expression of other recurrent splice variants was not linked to a
specific chromosomal rearrangement (Table 1). Of note, aber-
rant splicing of BTK in the leukemia cells not only leads to the
expression of defective BTK transcripts. The splice mechanism
itself also seems to be deranged as cryptic splice sites were
frequently used (9 of 29 cases), and splice site slippage leading
to small nucleotide insertions or deletions was observed in 4 of
29 cases (Table 1).

Because BTK activity is mainly regulated by tyrosine phos-
phorylation, we investigated the expression of tyrosine-
phosphorylated BTK protein in B cell precursor leukemia cell
lines carrying MLL-AF4, E2A-PBX1, BCR-ABL1, TEL-AMLI,
and TEL-PDGFRB gene rearrangements. Constitutive tyrosine
phosphorylation of full-length BTK was observed only in BCR-
ABL] ' preB lymphoblastic leukemia cells (three of the four cell
lines tested; Fig. 2). Whereas BTK lacking exon 15 alone (52
kDa) was heavily phosphorylated specifically in BCR-ABLI'
preB lymphoblastic leukemia cells, another recurrent BTK vari-

TEL- TEL-
MLL-AF4 BCR-ABL] E2A-FBRT AML1 POGFRE
o =

= g £ 5 £+ @

-4 v = o = . R &= I B

# F B 5 F 3 ®m B 85 § 3
BTKpT2E - e — 5 — kD
sl = 1 kD
E — - — E2hD

BIF-4E - g . G i i ——
Fig. 2. Tyrnsine phanphcrglation of BT and kinass detrient splics sariants

in B cell precursor leukemia cells. Using an antibody against phosphorylated
BTKY233, tyrosine-phosphorylation of BTK (77 kDa), and BTK isoforms was
analyzed by Western blot in 12 B cell precursor leukemia cell lines. The
drdiniing grene rearrangernents aftha B oecll prosurser loukomia rases analyrad
are indicated. Western analysis of EIFAE expression was used as a loading
control.
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Fig.3. Expressionofkinase-deficient BIE suppresses
preB cell receptor-dependent Ca? signals and differ-
entiation. Normal preB cells were sorted from bone
marrow of four healthy donors using antibodies
against CD19 and VpreB. Sorted preB cells were incu-
bated in cell culture medium in the presence or ab-
sence of the BTK kinase inhibitor LFM-A13 for 12 h (A
Left). The preB lymphoblastic leukemia cell line 697
transduced with a retroviral expression vector for ki-
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# Right). Using an anti-.«-chain antibody (arrows), Ca2~
release in response to preB cell receptor engagement
was measured by laser-scanning microscopy (A). To
elucidate the fundicn of dnose-deficient BIE §p 0o
variants (BTK-2K), BCR-ABL1 preB lymphoblastic leu-
kemia SUP-B15 cells were transduced with either a
control vector or a BTK-&K expression vector. In both
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cases, SUP-B15 cells were induced to differentiate by
inhibition of BCR-ABL1 kinase activity through 10
nmol ‘liter STI571 for 4 days. Thereafter, leukemia cells
were stained by using antibodies against CD19 and
IgM (B). To clarify the effect of BTK- K expression on
STI571-induced differentiation, outgrowth of differ-
entiating subclones in the presence or abscence of
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ant lacking exons 15 and 16 (65 kDa) was also tyrosine-
phosphorylated in other leukemias (Fig. 2).

Expression of Kinase-Deficient BTK Prevents PreB Cell Receptor-
Driven Differentiation of B Cell Precursor Leukemia Cells. BTK kinase
deficiency in humans leading to X-linked agammaglobulinemia
results in a breakdown of preB cell receptor signals and a
differentiation block at the preB cell stage (4). In normal preB
cells, engagement of the preB cell receptor using a p-chain-
specific antibody (arrows, Fig. 34 Left) induces a strong Ca?
signal, which is sensitive to BTK kinase inhibition by LFM-A13
(Fig. 34 Left).

Because BTK kinase activity is required for the transduction
of preB cell receptor-dependent Ca? signals, the kinase-
deficient BTK splice variants (BTK-iK) expressed in preB
lymphoblastic leukemia cells likely cannot contribute to preB
cell receptor-dependent Ca? ' signals. However, kinase-deficient
forms of BTK may also act as a linker in the signal transduction
of B lymphocytes (6, 18). To investigate the function of BTK-aK,
we expressed kinase-deficient BTK using a retroviral expression
system in 697 cells that exhibit active preB cell receptor signaling
(Fig. 34 Right). Six hundred ninety-seven cells transduced with
a control vector responded by vigorous Ca? release upon preB
cell receptor engagement. However, 697 cells carrying the
BTK-1K expression vector entirely lost preB cell receptor
responsiveness (Fig. 34 Right). We conclude that expression of
BTK-2K suppresses Ca?' signals in response to preB cell
receptor stimulation.

We next tested whether BTK-2K also interferes with preB cell
receptor-driven differentiation. As shown by us and others (16,
19), inhibition of oncogenic kinase activity in BCR-ABLI
leukemia cells by STIS71 induces differentiation in a minor
population of cells that survive in the absence of BCR-ABL1
kinase activity. Therefore, STI571-induced differentiation in
BCR-ABL1~ preB lymphoblastic leukemia cells was used as a
model to study the effect of kinase-deficient BTK on differen-
tiation. To this end, BCR-ABLI~ preB lymphoblastic leukemia
cells were transduced either with a retroviral control vector or a
retroviral expression vector for BTK-2K. Inhibition of BCR-
ABL1 kinase activity in BCR-ABLI~ preB lymphoblastic leu-

40f6 | www.pnas.org.cgi doi."10.1073pnas.0505196102
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kemia cells carrying a control vector induced the outgrowth of
a small fraction of differentiating IgM ' subclones (5% after 2
days; Fig. 3B). However, upon forced expression of BTK-2K,
+70.5% of BCR-ABLI1 ' preB lymphoblastic leukemia cells dif-
ferentiated into IgM ' subclones (Fig. 3B).

We conclude that BTK-2K can act as a dominant-negative
form of BTK with respect to (i) Ca2~ release in response to preB
cell receptor engagement and (if) to preB cell receptor-driven
differentiation.

Reconstitution of Functional BTK Expression Induces Differentiation
and Confers Propensity to Apoptosis in B Cell Precursor Leukemia
Cells. Given that kinase-deficient BTK splice variants can act in
a dominant-negative way, we next investigated whether induced
expression of functional BTK can rescue normal B cell differ-
entiation in B cell precursor leukemia cells. To this end, B cell
precursor leukemia cells carrying an MLL-AF4, E2A-PBX1, or
TEL-PGFRB gene rearrangement were transduced with a ret-
roviral vector expressing functional BTK together with GFP or
GFP alone as a control. GFP-expressing cells carrying either the
control or the BTK expression vector were sorted and analyzed
separately. We tested whether BTK-transduced preB cell leu-
kemia cells initiated Ig light-chain gene rearrangement. Rear-
rangement of Ig ~ and A light-chain genes and subsequent
replacement of surrogate light chains with conventional « or *
light chains represent a hallmark of preB cell differentiation into
mature B cells. Genomic DNA was isolated from GFP' or
GFP /BTK' leukemia cells and subjected to ligation-mediated
PCR for DNA double-strand break intermediates at RSS within
the IGK or IGL loci (Fig. 7). Locus-specific DNA double-strand
break intermediates were amplified at RSS flanking J«1 and JA7
gene segments, which would indicate ongoing Vr-Jx1 or VA-JA7
gene rearrangement, respectively. Although J«1-RSS and
JAT-RSS breaks can be detected at low levels in two preB
lymphoblastic leukemia cell lines transduced with the control
vector, the frequency of J+1-RSS and J47-RSS DNA double-
strand breaks was increased in leukemia cells transduced with
the BTK-IRES-GFP expression vector (Fig. 44). This indicates
that overexpression of functional BTK can partially relieve the
differentiation block of acute lymphoblastic leukemia cells that
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were arrested at the preB cell stage. However, MLL-AF4 acute
lymphoblastic leukemia cells, which are arrested at the proB cell
stage do not initiate Ig light-chain gene rearrangement in
response to BTK overexpression. This might indicate that the
initiation of Ig light-chain gene rearrangement requires expres-
sion not only of functional BTK but also of a functional preB cell
receptor, which is present in preB lymphoblastic leukemia but
missing in proB lymphoblastic leukemia cells carrying an MLL-
AF4 gene rearrangement (Fig. 4A4). Although reconstitution of
BTK expression initiated Ig light-chain gene rearrangement in
three of four cell lines tested, we could not detect « or 4 light
chains on the surface of BTK-GFP-transduced leukemia cells
(not shown). Attempting to establish permanent lines from the
control GFP- or BTK-GFP-transduced leukemia cells, we noted
that reconstitution of expression of functional BTK substantially
increases sensitivity of the leukemia cells to apoptosis. Compar-
ing acute lymphoblastic leukemia cells carrying control-GFP or
BTK-GFP vectors, the BTK-transduced cells underwent apo-
ptosis spontaneously after 6 days in cell culture (Fig. 4B).

Dominant-Negative BTK Splice Variants Can Protect PreB Lymphoblas-
tic Leukemia Cells Against Radiation-Induced Apoptosis. BTK-
mediated propensity to apoptosis was observed in MLL-AF4 ,
E2A4-PBX1', and TEL-PDFRB' acute lymphoblastic leukemia
cells irrespective of preB cell receptor expression (Fig. 4).
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b § 4 i GFP-expressing leukemia cells were
hadi T T "f_.i:"l'-'_l' also kept under cell culture condi-
L 1 — tionsfor 3,4, and 6 days, and preapo-
1 ¥ ptotic cells were labeled with An-

I\

'

b

transduced leukemia cells
oh— underwent apoptosis, whereas via-

g

ﬂ._ nexin V. After 6 days, almost all BTK-

bility of leukemia cells transduced
with the GFP-control vector re-
mained unchanged (B).

An earlier study invoked BTK kinase activity as a sensitizer to
~radiation-induced apoptosis in chicken DT-40 lymphoma cells
(20). Therefore, kinase-deficient dominant-negative BTK splice
variants may have a protective effect against ¥ radiation-induced
apoptosis in human acute lymphoblastic leukemia cells. To test
this hypothesis, we irradiated E24-PBX1 acute lymphoblastic
leukemia cells with 10 Gy. Twenty-four hours after irradiation,
:+90% of the cells had already undergone apoptosis, as assessed
by propidium iodide uptake. Among the remaining cells, we
sorted Annexin V* preapoptotic cells and Annexin V- viable
cells and compared BTK splice variant expression between
preapoptotic and surviving leukemia cells. In two different PCR
approaches, the entire kinase domain (using primers for exons
12-19) and at a higher level of resolution, a hotspot region of
aberrant splicing comprising exons 14-17 was amplified. Con-
sistent with a protective effect against » radiation-induced
apoptosis, surviving leukemia cells exhibit preferential expres-
sion of kinase-deficient dominant-negative BTK splice variants
(Fig. 54). Sequence analysis of these splice variants revealed that
some of the BTK splice variants identified here in the context of
resistance to 7 radiation-induced apoptosis were recurrently
amplified from various leukemia subentities (see Table 1).
However, BTK splice variants were also amplified (Fig. 5B),
which again all have in common their lack of a functional kinase
domain.
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Conclusion

Taking these findings together, we conclude that somatic mu-
tation of the BTK gene is rare in B cell precursor leukemia cells.
However, in the majority of cases, the leukemia cells exhibit
deranged expression of BTK. Although in four of eight primary
cases with an MLL-AF4 gene rearrangement BTK expression is
missing, B cell precursor leukemia cells typically exhibit coex-
pression of full-length BTK with kinase-deficient dominant-
negative BTK splice variants. These dominant-negative BTK
splice variants can interfere with preB cell receptor-dependent
signal transduction, induce a differentiation block, and prevent
Ig » or * light-chain gene rearrangement. Although overexpres-
sion of full-length BTK in B lymphoid leukemia cells induces
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propensity to apoptosis, expression of dominant-negative BTK
splice variants can protect against radiation-induced apoptosis.
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