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Abstract

c-Abl is a widely expressed Src family protein tyrosine kinase that is activated by chromosomal
translocation in certain human leukemias. While shown in various experimental systems to regulate
cell division and stress responses, its biological functions remain poorly understood. Although
expressed at similar levels throughout B cell development, we found that the fraction of
phosphorylated, active c-Abl peaks at the pro-B stage. We went on to perform a detailed analysis of B
cell development in c-Abl-deficient mice. We confirmed a striking but variable decrease in pro- and
pre-B cell numbers, a decrease in pre-B cell growth and an increase in pre-B cell apoptosis. This
phenotype was not rescued by transgenic expression of a functional IgHC transgene and only
partially rescued by the anti-apoptosis gene Bcl-x. Unlike their wild-type counterparts, c-Abl-deficient
pre-B cells show a defect in Ca21 flux upon cross-linking of CD19, a co-receptor known to be involved
in pre-B cell receptor signaling and failed to express CD25 on the cell surface. Despite these pre-B
cell-signaling defects, selection for in-frame heavy-chain rearrangements was intact in the mutant
mice. Remarkably, we were able to rescue the proliferative defect by culturing cells in vitro with large
amounts of rIL-7. We conclude that c-Abl is required for normal B cell differentiation and survival.

Introduction

c-Abl and its homolog ARG comprise a unique subgroup of
the Src family of non-receptor protein tyrosine kinases (1).
c-Abl has been implicated in growth factor responses (2),
the regulation of cell proliferation and survival, cytoskeletal
organization, cell migration and responses to oxidative
stress and DNA damage (1). Alteration of c-Abl structure
and function as a consequence of chromosomal transloca-
tion (Bcr-Abl, Tel-Abl) results in the production of fusion pro-
teins that bypass the usual stringent regulation of its kinase
activity and accounts for a large majority of cases of human
chronic myelogenous leukemia and a fraction of acute lym-
phocytic leukemia (3).

Abl-family kinases are highly conserved in structure and
function. They share conserved kinase, actin-binding and
DNA-binding domains and proline-rich sequences (4–8).
However, c-Abl contains nuclear localization and exports
signals in its C-terminus. This distinction suggests critical
differences in function involving the shuttling of c-Abl be-
tween cytoplasm and nucleus (7, 9). Mice with null mutations
in both c-Abl and ARG display embryonic lethality due to

high levels of apoptosis and hemorrhage in many tissues
(10). However, homozygous disruption of either gene alone
results in viable animals, albeit far fewer for c-Abl-deficient
mice (10–12). c-Abl-deficient mice are runted, lymphopenic
and exhibit thymic and splenic atrophy due to reduced
B and T cell populations. c-Abl deficiency also results in ab-
normal osteoblast maturation, increased susceptibility to in-
fection and post-natal lethality that appears to be partially
background strain dependent (13).

Despite being the focus of many studies, the precise
physiologic functions of c-Abl remain poorly understood. We
have chosen to approach this issue by characterizing the
role of c-Abl in the development of B cells in the bone mar-
row of young adult mice. Developing B cells depend upon
a series of growth and survival-promoting membrane recep-
tors while they undergo V(D)J recombination and maturation
in the bone marrow. IL-7 is a necessary growth and survival
factor for early-B cell development (14, 15). Developing pro-
B cells first assemble an Igl heavy-chain gene by recombi-
nation of V, D and J gene segments (16). Productive
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(in-frame) joins encode clonotypic Igl heavy chains, which
are assembled into the pre-B cell receptor (BCR). In con-
junction with the IL-7 receptor, the pre-BCR drives prolifera-
tion, survival and maturation of these cells to the small
pre-B cell stage (17). It is at this stage where Ig light-chain
gene assembly (j and k) occurs, leading to IL-7 indepen-
dence and eventually allowing the BCR to be expressed on
immature and mature B cells. CD19, a co-receptor for the
pre-BCR and BCR, modulates signaling thresholds at multi-
ple stages of development (18). The BCR remains neces-
sary for B cell survival throughout the subsequent stages of
development.

There have been a number of observations implicating
a role for c-Abl in lymphocyte function. Transformation of
pro-B cells by the v-Abl oncogene results in cells that prolif-
erate indefinitely without growth factor (IL-7) stimulation, but
remain arrested in a late-pro-B/early-pre-B-like stage of de-
velopment. Recently, we demonstrated that inhibition of
v-Abl by the small molecule inhibitor, STI-571 (Gleevec),
drives partial maturation of these cells to a small pre-B cell-
like stage in which RAG expression is up-regulated and Ig
light-chain gene rearrangement occurs (19). c-Abl is also
phosphorylated downstream of BCR/CD19 and TCR/LAT sig-
naling and loss of c-Abl hampers optimal antigen receptor
signaling (20, 21). Previous studies of B cell development in
the c-Abl null mouse showed a significant but highly variable
decrease of cells at the pro-B and pre-B stages, increased
rates of apoptosis in vitro and in vivo and a potential defect
in IgHC gene assembly (22–24). This phenotype was shown
to be cell autonomous since adoptive transfer of adult bone
marrow from mutant mice into irradiated wild-type mice reca-
pitulated the defect in B cell development (23). Interestingly,
transfer of fetal liver progenitors in a similar experiment
failed to show any defect.

Here, we confirm that c-Abl is required for normal progres-
sion to the pre-B cell stage of development. Although we
find that c-Abl protein is expressed at similar levels through-
out B cell development, kinase activity is maximal at the
pro-B cell stage. Using pharmacologic inhibition and c-Abl-
deficient mice, we observed dramatic reduction of the small
pre-BII cell population in vivo. These included far fewer intra-
cellular l+ pre-B cells. Transgenic expression of an IgHC
fails to rescue this defect, however. Early- (large) and late-
pre-B cells exhibited reduced fractions of IL-7 receptor a
(IL-7Ra)-expressing cells and absent CD25 expression.
c-Abl-deficient pre-B cells display reduced proliferation and
increased levels of apoptotic cells in vivo. However, when
c-Abl-deficient cells are cultured in vitro with exogenous
IL-7, they hyperproliferate and become large in size. We ar-
gue based on our results that mutation of c-Abl interferes
with multiple overlapping receptor signaling pathways that
might account for many aspects of the mutant phenotype.

Methods

Mice

c-Abl m1/m1 mice (B6/129 background) (11) were the kind
gift of Anthony Koleske (Yale University). Human Igl trans-
genic (25) mice were from Michel Nussenzweig and p53�/�

mice (26) were the gift of David Raulet. Mice were used at

6–10 weeks of age and were housed in the sterile barrier
facility at University of California, Berkeley. All animal experiments
were done in accordance with the University of California, Ber-
keley Animal Care and Use Committee guidelines.

Reagents

rIL-7 was obtained from the culture supernatant of an IL-7
cDNA-transfected B lymphoma cell line (a gift from Barbara
Kee). Cells were cultured for 5 days at high density then re-
moved by centrifugation. Culture supernatants were filtered
using a 0.2-lM filter and this IL-7 supernatant was used at
between 1:10 and 1:500 dilutions. The c-Abl inhibitor, STI-
571 (Gleevec) (Novartis, East Hanover, NJ, USA), was pre-
pared as a 10 mM stock solution by dissolving 5 mg of
STI-571 per ml of PBS and filtering through a 0.2-lM filter
for sterilization. Control and p53�/� mice were injected
intraperitoneally with 45 mg kg�1 STI-571 twice per day for
7 days.

PCR fragment length polymorphism assay

Pro-B and pre-B cells were sorted from IgM-depleted wild-
type and c-Abl-deficient bone marrow using a MoFlo (Dako,
Baar, Switzerland) cell sorter. Genomic DNA was isolated and
two sequential PCRs were performed using primers hybridiz-
ing to VH558 family gene segments and JH2. The first round
PCR used primers VH558-FR1 and JHA. One microliter of the
first round reaction was used in a second round reaction with
internal primers VH558-FR3 and JHB3 which was 32P labeled.
Cycling conditions were 94�C for 1 min, 66�C for 2.5 min
(20 cycles) and 72�C for 10 min. Primer sequences include
the following: JHA 5#-TGCAGACTTCAAGCTTCAGTTCTGG-3#,
VH558-FR1 5#-ARGCCTGGGRCTTCAGTGAAG-3#, VH558-FR3
5#-CTGACWTCTGAGRACTCYGCRGTCYATT-3# and JHB3
5#-ACACACATTTCCCCCCCAACAAA-3#. Genomic DNA from
wild-type whole spleen was used as a control.

Flow cytometry

Bone marrow was harvested from the femurs and tibiae of
c-Abl m1/m1 and control mice. Red blood cells were removed
by ACK lysis and cells were re-suspended in staining buffer
(1% BSA, 13 PBS). Monoclonal antibodies B220-PE, Cyc
(RA3-6B2), B220-PETR (RM217), IgM–FITC (II/41), IgM-PE
(1B4B1), CD43-biotin (S7), 5-bromo-2-deoxyuridine (BrdU)–
FITC, CD25-PE, IL-7Ra-PE (SB/14), c-kit-TriColor, Sca-1-FITC
(D7), HSA (M1/69) Lineage panel biotin [B220, Ly-6G (GR-
1), CD3e, CD11b (MAC-1), TER-119/Ly-76], AA4.1-FITC,
SA-Cyc, SA-613, CD19-PE, CD19 F(ab)2 and E47-PE were
from BD Biosciences and Caltag. Expression on progenitor
populations was monitored by Coulter XL FACs machine
and analyzed using FlowJo software. Phosphorylated c-Abl
was detected using anti-phospho-cAbl (Y245 and Y412)
antibodies (Cell Signaling Technologies) with an anti-rabbit
IgG F(ab#)2-PE secondary. Bone marrow cells were har-
vested and immediately re-suspended in sodium vandate
and sodium fluoride to inhibit phosphatase activity. Cells
were then fixed in 2% PFA, permeabilized in 0.05% saponin
and then stained with appropriate antibodies or controls
(normal rabbit serum).
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In vitro culture

Short-term bone marrow culture. Control and c-Abl m1/m1
bone marrow cells were isolated as above from four hind
leg and two front leg bones. Red blood cells were removed
by ACK lysis, and cells were then cultured in RPMI supple-
mented with 10% FCS, antibiotics, 50 lM b-ME, IL-7 super-
natant (1:50) for 3–4 days. Cells were then stained for
developmentally regulated markers and anti-BrdU or phos-
phatidylinositol (PI) for proliferation and cell cycle analysis.

Ca2+ flux

Bone marrow cells were harvested as above. IgM+ B cells
were depleted by using anti-IgM-PE and anti-PE paramag-
netic beads (Miltenyi). Cells were then loaded with Indo-1
dye (Molecular Probes, Invitrogen) and then stained with
anti-B220, anti-CD43 and anti-CD19 [F(ab#)2] biotin. Follow-
ing 2–3 min of baseline fluorescence readings, cells were re-
moved from the Coulter Flow Cytometer and CD19 was
cross-linked using streptavidin (10 lg ml�1) or cells were
treated with ionomycin (1 lM) before replacing the cells in
the cytometer and monitoring them for a total of 10–15 min.
Calcium flux was then analyzed using FlowJo software by
gating on the pre-B cell population in each sample (B220+

CD43�).

Apoptosis assays

Bone marrow was harvested as above. Cells were stained
using the cell-permeable APO LOGIX Carboxyfluorescein
caspase-3 detection kit (FAM-DEVD-FMK) from Cell Technol-
ogy (Mountain View, CA, USA). Cell populations were detected
using the cell surface marker reagents outlined above.

Proliferation assays and cell cycle analysis

In vivo proliferation was monitored by peritoneal injection of
BrdU (1 mg). Bone marrow cells were harvested 4 h later
and prepared for flow cytometry. Briefly, cells were fixed in
2% PFA, permeabilized in 0.25% Tween 20/13 PBS and
then treated with DNaseI (50 U ml�1) in DNaseI buffer [40 mM
Tris–HCl (pH 7.9), 10 mM NaCl, 6 mM MgCl2 and 10 mM
CaCl2]. Cells were then stained with anti-BrdU–FITC (BD
Biosciences) and anti-B220, CD43 and IgM antibodies (out-
lined above). In vitro proliferation was monitored by treating
cultured cells with 10 lg ml�1 BrdU for 10 min on day 4 of
IL-7 culture and then cells were prepared as described
above. For cell cycle analysis, cultured cells were fixed and
permeabilized as above and then stained with PI (10 lg
ml�1) to determine DNA content after 4 days in culture with
IL-7.

Results

c-Abl expression and activity during early-B cell development

c-Abl is ubiquitously expressed but its kinase activity is tightly
regulated by phosphorylation. As a first approach to under-
standing c-Abl’s role in lymphopoiesis, we used multiparame-
ter flow cytometry to measure c-Abl expression and activity at
various stages of B cell development. While c-Abl protein is
expressed at similar low levels throughout B cell develop-

ment, we observed high levels of c-Abl Y245 phosphorylation
in small pro-B cells that are actively performing V-to-DJ rear-
rangement (Fig. 1). Phosphorylation at Y245 was shown to
be required for full activation of c-Abl kinase activity (27).
Phosphorylation decreased to levels just above control in all
later stages of development when c-Abl is thought to be re-
sponsive to Ig and growth factor signaling (20).

Early-lymphoid commitment and the pro-B to pre-B transition
are impaired in the bone marrow of c-Abl m1/m1 mice

In an attempt to identify specific processes dependent upon
c-Abl, we used flow cytometry to compare bone marrow
B cell progenitor populations in wild-type and c-Abl m1/m1
mice. This targeted mutant expresses a small amount of
a truncated version of c-Abl (11). Common lymphoid pro-
genitors (CLPs) and AA4.1+ Fraction A pro-B cells are two
of the earliest progenitor fractions preceding classic B cell
development as defined by the rearrangement of heavy-
and light-chain Ig loci (28). We observed a dramatic reduc-
tion in CLP (Fig. 2A, Supplementary Figure 1C is available
at International Immunology Online) and AA4.1+ Fraction A
pro-B cells (Fig. 2B, Supplementary Figure 1D is available
at International Immunology Online) in c-Abl-deficient mice.
A similar defect in Fraction A cells defined using different
markers was reported previously (23). These results suggest
that c-Abl plays an important role in the division, survival or
differentiation of these cell populations early in development.
Hematopoietic stem cell levels were relatively normal (Sup-
plementary Figure 1A and 1B is available at International
Immunology Online).

Previous analyses of c-Abl-deficient mice noted defects in
pro-B and pre-B cell numbers (11, 12, 23). Pro-B and pre-B
cells are most clearly distinguished by the expression of
CD43 and intracellular Igl heavy-chain (icl). As pro-B cells
(B220+ IgM� CD43+ icl�) successfully rearrange the Ig
heavy-chain locus, heavy-chain l protein is expressed in
a complex with the surrogate light chain on the cell surface
as the pre-BCR (17). Subsequent signaling from this recep-
tor in part drives proliferation and differentiation to the pre-B
cell stage (B220+ IgM� CD43� icl+).

In agreement with earlier studies, we found that c-Abl m1/m1
and STI-571-treated wild-type bone marrow exhibit re-
duced pre-B cellularity (Fig. 2C and D; Supplementary Fig-
ure 2 is available at International Immunology Online). This
deficiency is most pronounced at the late small pre-B cells
stage (B220+ CD43�icl+ FSClo) (Fig. 2C, lower) but is highly
variable for unknown reasons (Fig. 2D). Although a few pre-
B cells (CD43� icl+) do emerge, they are abnormal in that
they do not up-regulate CD25 (Fig. 3, top), a marker of pre-
B cell maturation (29). In addition, fewer c-Abl m1/m1 cells
express high levels of IL-7Ra at each stage across the pro-
to-pre-B cell transition (Fig. 3, bottom). Thus, there are both
quantitative and qualitative defects in the pro-to-pre-B cell
transition.

A recent report suggested that IgHC V-to-DJ rearrange-
ment may be defective in c-Abl null mice (24). To address
the possibility that the c-Abl m1/m1 phenotype is due solely
to inefficient IgHC gene assembly, we crossed an Igl trans-
gene onto the c-Abl m1/m1 background (25). We observed
the same pre-B cell deficit even in the setting of heavy-chain
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transgene expression (Fig. 4A). Therefore, the primary de-
fect in c-Abl-deficient mice occurs irrespective of Ig heavy-
chain expression. To determine whether c-Abl is required for
normal pre-BCR-dependent Ig heavy-chain gene selection,
we isolated genomic DNA from sorted pro- and early-pre-B
cells (IgM� CD19+ CD43+) and performed a PCR CDR3
fragment length polymorphism assay using primers hybridiz-
ing to VH558-family gene segments and JH2. If this popula-
tion has undergone selection for IgHC expression, pre-B
cell proliferation or selective survival enriches the population
for in-frame alleles (over-representation of every third nucleo-
tide in the distribution of CDR3 lengths) as shown by the
splenic B cell DNA control (Fig. 4B, left). Enrichment for in-
frame heavy-chain alleles was observed in both control and
c-Abl m1/m1 pro-B/early-pre-B cell populations suggesting
that the c-Abl defect does not interfere with the ability of
pre-B cells to assemble a functional pre-BCR or for the pre-
BCR to promote either proliferation or survival.

In addition to activating early-pre-B cell proliferation, as-
sembly of a pre-BCR increases the expression of anti-
apoptosis factors such as Bcl-xL (30). To determine whether
decreased pre-B cell numbers might be due to failure to ac-
tivate anti-apoptosis gene expression, we bred a Bcl-xL
transgene onto the c-Abl m1/m1 genetic background (30).
As shown in Fig. 4(C), transgenic Bcl-xL expression partially
rescues the quantitative defect in B cell development
expressed by c-Abl m1/m1 mice. Since the numbers of
wild-type developing B cells are also increased due to
forced Bcl-xL over-expression, the partial rescue of cell num-
bers observed in c-Abl m1/m1 mice might not reflect an as-
pect of the mutant phenotype.

c-Abl m1/m1 progenitor B cells exhibit proliferative and
apoptotic defects in vivo

To test whether c-Abl m1/m1 mice have a defect in pre-BCR-
mediated proliferation, we injected mice with BrdU and har-
vested bone marrow 4 h later to monitor the extent of prolif-
eration at the pro-to-pre-B cell transition in vivo by flow
cytometry. Wild-type pro-B (B220+ IgM� CD43+) and pre-B
(B220+ IgM� CD43�) cells incorporated BrdU to expected
levels; however, BrdU incorporation in c-Abl-deficient pro-B
and pre-B cells was dramatically reduced (Fig. 5A). Since
we observed normal heavy-chain selection in c-Abl m1/m1
mutants, it remains possible that significant proliferation is
occurring in vivo in c-Abl m1/m1 mice, but BrdU+ cells might
not be observed if dividing cells are frequently undergoing
apoptosis, as apoptotic cells are cleared quickly from the
bone marrow microenvironment. Alternatively, heavy-chain
selection may be due to an intact survival signal in c-Abl
m1/m1 mice.

We assayed apoptosis occurring in vivo by analyzing pro-
and pre-B cells immediately ex vivo for their levels of active
caspase-3 using a fluorogenic substrate. c-Abl m1/m1 mice
displayed a modest increase in apoptosis at the pro-B stage
and a striking increase at the pre-B cell stage where the pri-
mary defect is observed (Fig. 5B). Since c-Abl has been im-
plicated in the cellular response to DNA damage and pre-B
cells contain double-stranded DNA (dsDNA) breaks in rear-
ranging IgLC genes (31), we went on to ask whether pre-B
cell apoptosis in the absence of c-Abl depends upon p53
activity. Since c-Abl m1/m1 p53�/� mice exhibit embryonic
lethality (32), we treated p53�/� mice with STI-571. Interest-
ingly, we found that the c-Abl null phenotype was not

Fig. 1. c-Abl expression and phosphorylation state during early-B cell development. (A) Intracellular flow cytometric analysis of active (Y245,
upper) and total (lower) c-Abl in bone marrow pro- (B220+ CD43+ sIg�), pre- (B220+ CD43� sIg�), immature (IgMhi IgDlo) and mature (IgDhi IgMlo)
bone marrow B cells. The dashed line in each histogram represents control antibody staining. (B) Staining for active c-Abl (Y245) gated on small
pro-B (B220+ CD43+ FSlo), large pro-B (B220+ CD43+ FShi), large pre-B (B220+ CD43� FShi) and small pre-B cells (B220+ CD43� FSlo). Numbers
indicate percentages of cells above the background established by control antibody staining in each case (dashed lines). This data are
representative of at least three experiments on a total of six mice.
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dependent on p53 (Supplementary Figure 3 is available at
International Immunology Online).

c-Abl m1/m1 pre-B cells fail to flux calcium in response to
anti-CD19 cross-linking

c-Abl has been shown to interact with and phosphorylate
CD19 after BCR cross-linking (21). Cross-linking of CD19
induces calcium flux in pre-B and mature B cells and is
thought to contribute to the magnitude of pre-BCR/BCR sig-
naling (33, 34). To investigate the role of c-Abl in pre-B cell
signaling, we cross-linked CD19 on the surface of bone mar-
row pre-B cells and examined the ability of cells to flux cal-
cium. Both control and c-Abl m1/m1 cells responded
similarly to ionomycin demonstrating equal loading and ca-
pacity to flux calcium (Fig. 6, right). As expected, non-B
cells (CD19�) did not respond to anti-CD19 cross-linking
(Fig. 6, bottom left) while a significant percentage of

wild-type pre-B cells (B220+ IgM� CD43�) cells responded
with a prolonged calcium flux. c-Abl-deficient pre-B cells,
however, did not respond to CD19 cross-linking (Fig. 6, top
left). The inability to flux calcium was not due to the absence
of CD19 expression since CD19 was detected on c-Abl-
deficient pro-B and pre-B cells (data not shown). Interestingly,
CD19 expression was generally higher in c-Abl-deficient
small pre-B cells than control. We have observed that CD19
is down-regulated following pre-BCR signaling; however, this
was often not the case in the absence of c-Abl (data not
shown) (33).

IL-7 causes hyperproliferation, partial differentiation and
increased apoptosis in cultured c-Abl-deficient B cell
progenitors

To assess the extent to which saturating amounts of IL-7 might
rescue the c-Abl m1/m1 phenotype, we used a short-term

Fig. 2. Flow cytometric analysis of B cell development in c-Abl m1/m1 mice. (a and b) The indicated reagents and gates were used to compare
the numbers of CLPs (Lin�, IL7Ra+, c-kitlo, sca-1lo) and Fraction A pro-B cells (B220lo, IgM�, HSA�, AA4.1+) in wild-type and c-Abl m1/m1 mouse
bone marrow. The numbers indicate average percentage and standard deviation of displayed cells from sets of eight mice. (c) Analysis of pro-
and pre-B cells in bone marrow cells from wild-type and c-Abl m1/m1 mice and a wild-type mouse treated with STI-571 for 7 days prior to
analysis. Data were gated on forward and side scatter and sIgM+ cells were excluded. Numbers indicate percentage of cells in pro-B (B220+

CD43+) and pre-B (B220+ CD43�) fractions. (d) Total number of bone marrow cells in the indicated populations from wild-type and c-Abl m1/m1
mice and from wild-type mice treated for 7 days with STI-571. Each symbol represents data from an individual mouse and the numbers below
each pair indicate P-values of the differences in each set (WT versus c-Abl m1/m1 or WT versus STI-571 treated).
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primary cell culture system in which wild-type and c-Abl-
deficient bone marrow cells were cultured with rIL-7 superna-
tant (35). Using a slightly different culture system, a previous
study showed a highly variable response of mutant cells to
rIL-7 (23). We found that c-Abl m1/m1 progenitor B cells pro-
liferated to a significantly greater extent than wild-type pro-

genitors in vitro as assessed by BrdU incorporation after 3–4
days in culture with rIL-7 (Fig. 7A and B). c-Abl deficiency
may relieve a certain level of control on pre-B cell-cycle pro-
gression resulting in hyperproliferation in response to mito-
genic stimuli such as IL-7. Early-pre-B cells become large
in response to pre-BCR signaling correlating with cell

Fig. 3. CD25 (upper) or IL-7Ra (lower) expression on the surface of wild-type and c-Abl m1/m1 bone marrow pro- and pre-B cells (defined as in
Fig. 1B). CD25 or IL-7Ra, unfilled; isotype control, gray. Numbers denote the percentage of cells in the indicated gate. The chart to the right
indicates the mean and standard deviation of a set of three to four mice of each genotype.
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proliferation. Interestingly, c-Abl-deficient pre-B cells were sig-
nificantly larger than the control after 3–4 days in IL-7 culture
(Fig. 7C) suggesting a defect in the regulation of cell growth
or cell cycle exit. In similar experiments, we observed a subtle
hyperproliferative response of mature B cells to anti-IgM stim-
ulation, which was also accompanied by higher levels of cell
death in the absence of c-Abl (data not shown). Although the
c-Abl m1/m1 phenotype is variable, consistent hyperprolifera-
tion was observed in five independent experiments. Thus,
IL-7 receptor signaling is intact in c-Abl null pro- and pre-B
cells but is abnormal.

Discussion

Despite a large number of studies, a clear delineation of the
physiological roles of the proto-oncogene c-Abl remains

Fig. 4. Partially defective pre-BCR function in c-Abl m1/m1 mice. (a)
Flow cytometric comparison of pro- (B220+ CD43+ sIgM�) and pre-B
(B220+ CD43� sIgM�) cell populations in c-Abl +/m1 hl transgenic
and m1/m1 hl transgenic mice. The numbers indicate percentages
and standard errors of total IgM� cells in the indicated gates from
a set of four mice of each genotype. (b) PCR fragment length
polymorphism assay. Analysis of reading frame selection in VH558 to
JH2 rearrangements in sorted pro-/early-pre-B cells (IgM� CD43+

CD19+) from two control (c) and two c-Abl m1/m1 (Abl) mice. Wild-
type spleen is shown for comparison. A phosphorimage of a de-
naturing polyacrylamide gel is shown with the horizontal lines
indicating positions of in-frame V(D)J junctions. (c) Numbers of pro-
(B220+ CD43+ sIg�), pre- (B220+ CD43� sIg�), immature (IgMhi IgDlo)
and mature (IgDhi IgMlo) bone marrow B cells in groups of individual
mice of the indicated genotypes. A, control; B, c-Abl m1/m1;
C, Control Bcl-xL transgenic and D, c-Abl m1/m1 Bcl-xL transgenic.

Fig. 5. c-Abl m1/m1 pro-B and pre-B cells exhibit diminished
proliferation and increased apoptosis in vivo. (a) Mice were injected
with BrdU and bone marrow cells were harvested 4 h later. Pro-B and
pre-B cell populations (defined as in Fig. 1A) were analyzed for BrdU
incorporation. A representative analysis is shown and numbers
represent the average percentage of cells that have incorporated
BrdU and the standard deviation from a set of six or seven mice of
each genotype. (b) Bone marrow cells were stained with cell surface
markers and caspase-3 detection reagent (DEVD-FITC) to assess the
percentage of pro- and pre-B cells (defined as in Fig. 1A) undergoing
apoptosis. The data are representative of three mice of each
genotype with the numbers representing average percentage of cells
in the indicated gate and standard deviation.
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elusive. c-Abl can either increase or inhibit cell proliferation
depending upon the stimulus and cellular context (1). Over-
expression of c-Abl in fibroblasts induces cell cycle arrest,
an effect that requires its kinase activity, nuclear localization
signal, p53 and Rb (8, 36, 37). Over-expression of kinase-
dead c-Abl (K290R) results in increased cell cycle re-entry
with addition of serum to the culture (37), while over-expression
of wild-type c-Abl inhibited S-phase entry (38). These results
suggest that in some contexts, c-Abl acts as a negative reg-
ulator of growth and proliferation. However, other studies
suggest that c-Abl enhances cell proliferation. Inhibition of
c-Abl via knockout or anti-sense oligonucleotides resulted in
diminished numbers of hematopoietic cells in S phase (39),
a 4-h delay in S-phase entry in response to platelet-derived
growth factor (PDGF) (2) and a reduced growth rate of
c-Abl anti-sense-treated NIH-3T3 cells (40). Of particular in-
terest with regard to B cell development, c-Abl also plays
a role in the cellular response to DNA damage (38, 41).

c-Abl is expressed widely in hematopoietic, neural and
many other cell types. Initial characterization of targeted
c-Abl mutations in mice revealed runting, shortened lifespan,
splenic atrophy and variable degrees of hematopoietic pan-
cytopenia (11–13, 23). In the B lineage, defects were noted
in the numbers and viability of pre-B cells and earlier pro-
genitors but the phenotype was of variable penetrance (23).
The B cell defect was found to be independent of any
effects the mutation might have on stromal elements since
c-Abl null bone marrow transplanted into wild-type mice re-
capitulated the mutant B cell phenotype (23).

c-Abl has been reported to play a role in signaling by both
the TCR and the BCR. In T cells, c-Abl activity was shown to
be required for tonic TCR signaling which was necessary to
maintain the inactivity of RAG gene expression (20) and for
pre-TCR signaling required for developmental progression
from the double-negative to the double-positive stage (42).
In B cells, c-Abl is required for normal proliferation following

BCR cross-linking, perhaps due to its ability to bind and
phosphorylate the cytoplasmic tail of the BCR co-receptor
CD19 (21).

We detected a previously unreported defect in c-Abl
mutant mice at the earliest stages of B cell development.
Mutant mice showed decreased numbers of CLPs in addition
to Fraction A pro-B cells that had been reported previously
[Fig. 2 and (23)]. This is noteworthy also because our analy-
sis of c-Abl kinase activity in wild-type mice (assessed by
staining with a phosphorylation state-specific anti-c-Abl anti-
body) showed the greatest fraction of active Abl kinase at
the early-pro-B stage of development (Fig. 1). It is possible
that c-Abl may function downstream of either the IL-7 recep-
tor or some other growth factor receptor necessary to sup-
port the growth or viability of pro-B cells. Previous studies
have shown that c-Abl is activated during epidermal growth
factor and PDGF signaling (2). Perhaps, c-Abl is down-
stream of a similar growth factor receptor in CLPs or pro-B
cells accounting for this early-lineage defect. It was shown
previously that RAG expression and V(D)J recombination oc-
cur in cells during the Go/G1 phase of the cell cycle (31, 43).
As noted above, active c-Abl can prevent cell division. Thus,
it is possible that c-Abl plays a role in suppressing the
induction of cell division by IL-7 while enhancing its anti-
apoptotic activity during the period of IgHC gene assembly.

We found that c-Abl mutant pre-B cells undergo less pro-
liferation and more apoptosis than their wild-type counter-
parts, particularly at the pre-B cell stage (Fig. 4). This was
previously observed by other groups (23, 24, 44). Develop-
ing pro-B and early-pre-B cells depend in large part on
IL-7 for their viability and normal numbers (15). Upon suc-
cessful IgHC gene assembly, early-pre-B cells express
a clonotypic IgHC along with surrogate lightchains in a sig-
naling complex known as the pre-BCR. Pre-BCR signaling
results in both a burst of proliferation and a diminished
requirement for IL-7 (15). This is accompanied by

Fig. 6. c-Abl m1/m1 pre-B cells fail to flux calcium in response to anti-CD19 cross-linking. (a) IgM-depleted bone marrow was stained with anti-
B220, anti-CD43 and biotinylated anti-CD19 antibody [F(ab#)2 fragment]. Cells were then stimulated with streptavidin and calcium flux was
monitored for up to 15 min within the population of B220+ CD43� pre-B cells. Ionomycin treatment was used as a control for Indo-1 loading and
overall responsiveness of the cells. Wild-type, solid line; c-Abl m1/m1, dotted lines. Data are representative of three independent experiments on
individual pairs of mice.
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a decreased level of IL-7Ra expression at the small pre-B
cell stage. CD19 also plays an important role during the
pro-to-pre-B cell transition presumably through its interac-
tion with the pre-BCR (34).

We suggest that the defect in pre-B cells in c-Abl mutant
mice may be a consequence of diminished or defective
pre-BCR signaling due at least in part to a defect in CD19
function. As shown in Fig. 6, we found that while anti-
CD19 cross-linking results in robust Ca2+ mobilization in
wild-type pre-B cells, there is little or no Ca2+ response to
cross-linking in c-Abl mutant pre-B cells. This CD19 signal-
ing defect may be related to c-Abl’s ability to bind to and
phosphorylate CD19’s cytoplasmic domain (21) or perhaps
to compete with other factors for binding. It is interesting to
note that both CD19 knockout and c-Abl-deficient B cells
have been reported to exhibit reduced BCR responses
in vitro (18, 21). Pre-BCR function is not completely absent
in the setting of c-Abl mutation since we observed selec-
tion for in-frame IgHC V(D)J rearrangements (Fig. 4) but
we failed to observe the activation of CD25 expression nor-
mally dependent on pre-BCR expression [Fig. 3; (29)].
CD25 expression in T lineage cells is regulated by NF-AT,
NF-jB, HMG-I(Y) and STAT5 among other factors (45).
Experiments are currently underway to test whether these
factors are appropriately regulated in pre-B cells in the
absence of c-Abl. We are also using gene expression
microarrays to probe the breadth of the disruption in the
pre-B cell transcriptional program in the setting of c-Abl
deficiency.

In addition, there may be a qualitative or quantitative de-
fect in IL-7 receptor signaling. We suggest this for two rea-
sons. First, we observed increased heterogeneity in IL-7Ra
expression levels in the c-Abl mutant cells at the pro- and
pre-B cells stages (Fig. 3). Normal IL-7 receptor signaling is
known to increase receptor levels (15). Second, we were
able to induce enhanced proliferation in c-Abl m1/m1 pro-B
cells in an in vitro bone marrow cultures in the presence of
high doses of rIL-7 (Fig. 7). Despite a striking increase in
pre-B cell numbers, these cells were not normal in that they
frequently underwent apoptosis and they may have failed to
properly exit the cell cycle based on their large size and in-
creased BrdU incorporation (Fig. 7). Early-pre-B cells are
very sensitive to and require low levels of IL-7 for prolifera-
tion (46). Pro-B cells unable to assemble a pre-BCR can be
rescued by high doses of IL-7, much the same way high
doses of rIL-7 can rescue pre-B cell numbers in c-Abl m1/
m1 cultures (data not shown). Thus, if c-Abl-deficient pre-B
cells show diminished pre-BCR-signaling activity due to

Fig. 7. c-Abl m1/m1 pro-B/pre-B cells hyperproliferate and fail to exit
the cell cycle when cultured with rIL-7 in vitro. (a) Representative data
from analysis of pro-B and pre-B proliferation by BrdU incorporation.
At the end of 3–4 days in culture, BrdU was added to the culture of
either wild-type or c-Abl m1/m1 bone marrow for 10 min prior to cell
harvest and analysis. (b) Variability of BrdU incorporation. Data are
plotted from the analysis in A of a series of six individual control and
c-Abl m1/m1 mice. Bars indicate mean values and corresponding
symbols denote individual littermate mice. Averages and standard
deviations are shown from data derived from six pairs of mutant and
wild-type mice. (c) Size of pro-B and pre-B cells before (START) and
following culture in IL-7 for 3 days as monitored by forward scatter.
Wild-type, left panels; c-Abl m1/m1, right panels. Pro-B cells were
B220+ CD43+ IgM� and pre-B cells were B220+ CD43� IgM�. The
data are representative of six pairs of mice.
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a CD19-signaling defect, they might require super-physio-
logical levels of IL-7 for proliferation.

c-Abl has been linked to many well-characterized regula-
tors of B cell development. c-Abl phosphorylates Btk and
PLCc which have documented roles in pre-B cell prolifera-
tion and survival (47, 48). Interestingly, Btk�/� BLNK�/� mice
have a similar reduction in pre-B cells and a hyperprolifera-
tive phenotype (49, 50). It is possible that c-Abl plays an
important role in the pathway suppressing inappropriate
pro- or pre-B cell proliferation. It is interesting to note, how-
ever, that while Btk�/� BLNK�/� mice develop B lymphoid
malignancy, no such observation has been made with the
c-Abl-deficient mice. The vast majority of c-Abl-deficient
mice do not live past 8 weeks; however, so malignancy
might not be observed due to early lethality.

We tested two other potential mechanisms for the c-Abl
mutant phenotype. First, we asked whether c-Abl, perhaps
because of its involvement in the DNA damage response,
was required for efficient IgHC gene assembly. Ineffective
V(D)J recombination or unrepaired dsDNA breaks intro-
duced by the recombinase might result in increased cell
death and thus diminished pre-B cell numbers. We bred an
IgHC transgene onto the c-Abl mutant background and
found that it failed to rescue the phenotype (Fig. 4). This re-
sult is in conflict with a recent report which suggested that
ineffective V-to-DJ joining might be involved in the c-Abl mu-
tant phenotype (24). We were unable to reproduce this result
(data not shown). This together with the failure of a complete
IgHC transgene to complement the c-Abl mutant phenotype
makes a V(D)J recombination defect an unlikely explanation
for the c-Abl m1/m1 phenotype.

Increased susceptibility to apoptosis as a result of c-Abl
deficiency in cell lines is well documented (22, 38). In addi-
tion, we observed a striking and rapid decrease in pre-B
cell numbers in the bone marrow of mice treated with the
Abl kinase inhibitor, STI-571, again indicative of apoptosis
(Fig. 2). Therefore, we went on to test the idea that failure
to activate Bcl-2 family anti-apoptosis genes might contrib-
ute to diminished pre-B cell numbers in c-Abl mutant mice.
Since we found that c-Abl mutant pre-B cells failed to acti-
vate other developmentally regulated genes such as CD25
(Fig. 3), this was a worthwhile possibility to consider. Bcl-
xL is the family member normally expressed at the pro-to-
pre-B cell transition (30). Using a transgenic approach, we
found that enforced Bcl-xL expression increased pre-B cell
numbers in c-Abl mutant as well as wild-type mice (Fig. 4).
Thus, it remains uncertain whether anti-apoptosis gene ex-
pression is directly related to the c-Abl m1/m1 phenotype.

Therefore, we suggest that c-Abl may exert its effects on
developing B cell proliferation, survival and differentiation by
interfering with IL-7, CD19 and pre-BCR signaling. A previ-
ous study showed that while a wild-type c-Abl transgene
could rescue the c-Abl null B cell phenotype, a kinase-dead
c-Abl mutant transgene could not (51). Further work is un-
derway to identify the direct targets of c-Abl kinase activity
in primary pro- and pre-B cells. In addition, we think it likely
that some aspects of c-Abl function during B cell develop-
ment may be independent of its kinase activity since that ac-
tivity peaks at the pro-B stage (Fig. 1) while pre-B cells
display markedly increased rates of apoptosis.

Supplementary data

Supplementary Figures 1–3 are available at International
Immunology Online.
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