
Abstract. The Bcr/Abl oncogene is responsible for the
development of Ph-chromosome positive acute lymphoblastic
leukemia and chronic myelogenous leukemia in humans.
Previous studies demonstrated that Bcr/Abl expression is
associated with elevated levels of activated Rap1, a small
GTPase. Levels of activated Rap1 are determined by a balance
between GTPase activating and G-nucleotide exchange factor
activity. We show that Bcr/Abl forms a protein-protein
complex with Spa-1, a GTPase activating protein for Rap1,
both in COS-1 cells as well as in primary lymphoblastic
leukemia cells from a transgenic P190 BCR/ABL mouse model.
The interaction between Spa-1 and P190 did not affect the
tyrosine kinase activity of P190, nor did Spa-1 become
phosphorylated on tyrosine as a result of the interaction. P190
and Spa-1 co-localized to peripheral actin structures in primary
lymphoblasts and expression of Spa-1 in the leukemic
lymphoblasts decreased the migration of these cells. The
binding of Bcr/Abl to Spa-1 may cause aberrant subcellular
location of Spa-1 and affect migration of these cells.

Introduction

BCR was discovered as a gene that becomes aberrantly fused
to the ABL proto-oncogene during a specific chromosomal
translocation t(9;22) that generates the Ph-chromosome.
The resulting Bcr/Abl fusion protein that is produced from
the translocated chromosome causes chronic myelogenous
leukemia (CML) and a subclass of Ph-positive acute lympho-
blastic leukemia (ALL) (1,2). The two main forms of Bcr/Abl
called P190 and P210 differ in their Bcr moiety but share the

same Abl segment. P190 is mainly associated with Ph-positive
ALL, whereas P210 is predominantly found in CML. The
Bcr/Abl proteins have deregulated tyrosine kinase activity.
Currently, the tyrosine kinase inhibitor Imatinib/Gleevec is
the standard treatment for CML, with long-term remission
achieved for the majority of patients. However, patients with
Ph-positive ALL do not obtain a durable remission with
Imatinib alone, and the prognosis for patients with this type
of leukemia remains poor (3,4).

The signal transduction pathways perturbed by Bcr/Abl
remain a focus of research. Small GTPases such as Ras, Rac
and Rap are of special interest since they act as molecular
switches and regulate numerous properties relevant to leukemic
cells such as proliferation, differentiation, migration and
adhesion.

The activation and deactivation cycle of Rap1 is regulated
by guanine nucleotide exchange factors (GEFs) and GTPase
activating proteins (GAPs). We previously showed that Bcr/
Abl elevates GTP-Rap1 levels through tyrosine phospho-
rylation and activation of C3G, a key GEF for Rap (5). Using
Ton.B cells transduced with a regulatable Bcr/Abl construct,
Mizuchi et al (6) showed that Bcr/Abl induction resulted in
Rap1 activation. Similarly, Jin et al (7), using the same system,
demonstrated that Bcr/Abl induction causes Rap1 activation
and further downstream effects. The exact mechanism by
which Bcr/Abl induces Rap1 activation was not described.

The small GTPase Rap1 appears to be of general signifi-
cance to leukemogenesis. Although it was originally isolated
as a small GTPase that antagonizes Ras transformation, more
recent investigations indicate that Rap1 regulates integrin-
mediated adhesion (8). A first report linking Rap1 to leukemia
was one that showed that acute myeloid leukemia in some
BXH-2 mice is caused by activation of a GEF for Rap1 (CAL-
DAG-GEF1) by retroviral insertion (9). Ishida et al (10)
generated a null mutant for Spa-1, a principal GAP for Rap1
in hematopoietic progenitors. Remarkably, Spa-1 knockouts
develop a spectrum of myeloid disorders resembling chronic
and blast crisis CML (10,11). Recently, using bone marrow
progenitor cells from wild-type and Spa-1-/- mice transduced
with a Bcr/Abl P210 retrovirus, Kometani et al (12) showed
that Spa-1 is involved in regulating expansion or survival of
Bcr/Abl progenitors. Wang et al (13) also provided further
evidence for the importance of regulation of GTP-Rap1
levels in hematopoietic cell types. They showed that Spa-1-/-
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mice developed a lethal T-cell ALL when they were also
transgenic for a farnesylated C3G construct. Therefore, there is
compelling evidence that non-regulated increases in the levels
of activated Rap1 cause the development of leukemia in mice.

Since we found that Bcr/Abl affects levels of activated
Rap1 through C3G, and Spa-1 null mutants develop myelo-
proliferative disorders and frank leukemia associated with
increased levels of GTP-Rap, we considered the possibility
that activities of Bcr/Abl and Spa-1 are linked. Surprisingly,
we found that Bcr/Abl co-localizes with Spa-1 in primary
transgenic BCR/ABL P190 leukemic cells and forms a stable
protein complex with it that is mediated through the Abl part.

Materials and methods

Constructs and antibodies. pCDE-Bcr/Abl p190, pCDE-
Bcr/Abl p210 and pSG5-Abl have been described previously
(14). We obtained the pCMV6-XL6-Spa-1 plasmid from
Origene Technologies, Inc. (Rockville, MD). The Spa-1 insert
was subcloned as a NotI x SspI fragment into pSK digested
with NotI x SmaI. For the experiments shown in Fig. 3, Spa-1
was subcloned into the pCCL-cppt-MNDU3 vector. For the
experiments shown in Fig. 4, the insert of Spa-1/pSKII was
removed as a 3.3-kb EcoRI fragment and subcloned into
pCCL-c-MNDU3-PGK-EGFP digested with EcoRI. Anti-Bcr
(N-20) and anti-Bcr (C-20) antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Spa-1 anti-
bodies and anti-Rap1 antibodies were obtained from BD Bio-
sciences (Franklin Lakes, NJ). Anti-c-Abl antibodies (Ab-3)
for immunoprecipitation were purchased from Calbiochem
(San Diego, CA) and anti-Abl (3F12) was a gift from Ravi
Salgia (Department of Medicine, University of Chicago,
Chicago, IL).

Cell culture, immunoprecipitation, determination of GTP-Rap1
levels. COS-1 cells were grown in DMEM supplemented with
10% FBS, penicillin (100 U/ml) and streptomycin (100 μg/ml),
1 mM sodium pyruvate, and 2 mM L-glutamine. Transfections
were performed using Lipofectamine and PLUS according to
the manufacturer's instruction (Invitrogen, Carlsbad, CA).
After 48 h, lysates were prepared in Triton-lysis buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA,
50 mM NaF, 1 mM Na3VO4, 1 mM PMSF, 10 μg/ml aprotinin,
10 μg/ml leupeptin, 1 μg/ml pepstatin). Precleared cell lysates
were incubated with antibodies for 2 h or overnight at 4˚C
followed by adding protein G or protein A-conjugate agarose
beads for 1 h at 4˚C. The PLC1 cell line has been previously
described (15). Cells were isolated from the lymphomas
of BCR/ABL P190 transgenic mice (16,17) and grown in
McCoy's 5A modified medium (Invitrogen, Carlsbad, CA)
supplemented with 15% FBS, penicillin (100 U/ml) and
streptomycin (100 μg/ml), 1 mM sodium pyruvate, 2 mM
L-glutamine, freshly added 50 μM ß-mercaptoethanol and
10 ng/ml IL-3 on irradiated mouse embryonic fibroblasts.
Lymphoma lysates were prepared in Triton lysis buffer (25 mM
sodium phosphate, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1%
Triton X-100, 50 mM NaF, 10 μg/ml aprotinin and leupeptin,
1 mM Na3VO4 and 1 mM PMSF). The lysates (1.5 mg of
protein) were precleared with protein A agarose beads
(Invitrogen, Carlsbad, CA) before immunoprecipitation with

antibodies. Nalm-6 cells obtained from the ATCC were
grown in RPMI containing 10% FBS, penicillin (100 U/ml)
and streptomycin (100 μg/ml), 1 mM sodium pyruvate, and
2 mM L-glutamine. For measurement of active GTP-Rap1
levels, the GST-RalGDS-Rap binding domain was purified
from E. coli (5) and GTP-Rap1 levels were measured as
previously described (18).

Immunofluorescence microscopy. Cells were cultured for 48 h
prior to fixation. For microscopy, cells were washed twice with
PBS and fixed in 4% paraformaldehyde (Electronic Scientific
Co., Hatfield, PA) [15 min at room temperature (RT)],
followed by permeabilization in 0.2% Triton X-100 (15 min,
RT). Cells were blocked in 1% bovine serum albumin (BSA)
in PBS and stained with anti-Spa-1 antibodies (2.5 μg/ml; 2 h;
1% BSA), followed by incubation with Cy3-conjugated anti-
mouse IgG (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA). After mounting in Vectashield containing
4',6'-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA), cell images were obtained with a Leica
TCS SP confocal microscope.

Lentiviral transduction of PLC1 cells and Nalm-6 cells. Viral
packaging was performed by the CHLA vector core. Re-
combinant Spa-1 lentivirus was added to 2x105 PLC1 cells at
a multiplicity of infection (MOI) of 50. After 6-h incubation,
infected cells were plated on culture dishes containing
mitotically inactivated mouse embryonic fibroblast feeder
cells. For migration assays, PLC1 cells were infected with
lentivirus supernatant including pCCL-c-MNDU3-PGK-EGFP
or pCCL-c-MNDU3-Spa-1-PGK-EGFP at an MOI of 50 for
6 h. Nalm-6 cells were transduced at a MOI of 10 overnight.
After 5 days, GFP-positive cells were sorted using FACS
(BD, Franklin Lakes, NJ).

Migration assays. For Nalm-6 cells, 2x105 cells in 100 μl
were placed in the upper compartment of Transwell inserts
(6.5 mm diameter, 8 μm pore size) (Coaster, Cambridge, MA).
The lower compartment contained 600 μl culture medium with
or without SDF-1α (10 ng/ml). For PLC1 cells, 2x105 cells in
100 μl were placed in the upper compartment of Transwell
inserts (6.5 mm diameter, 5 μm pore size). The lower compart-
ment contained 600 μl culture medium with or without SDF-1α
(100 ng/ml). Cells were allowed to migrate for 1.5 h at 37˚C.
The cells migrated into the lower compartment were collected,
stained with Trypan blue, and counted using a hemocytometer.
Each migration assay was performed in triplicate.

Results

We transfected COS-1 cells with Bcr/Abl and with Spa-1 to
investigate whether we could detect an interaction between
these two proteins. As shown in Fig. 1A, when we immuno-
precipitated Bcr/Abl P190 or P210 using Abl antibodies from
lysates in which they were co-transfected with Spa-1, Spa-1
was co-precipitated. Conversely, when Spa-1 was precipitated
from such lysates, both the Bcr/Abl P210 protein and the
shorter P190 protein were detected in complex with it (Fig. 1B).

Bcr/Abl consists of a Bcr and an Abl segment. We have
previously shown that the Bcr GAP domain forms a complex
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with Spa-1 (Yi et al, unpublished data). The Bcr/Abl proteins
lack the Bcr GAP domain, but Bcr and Bcr/Abl proteins can
form a stable complex that is mediated through the α-helix of
the Bcr N-terminal oligomerization domain. Therefore, the
interaction of Bcr/Abl with Spa-1 could possibly be mediated
by a trimolecular complex consisting of Bcr/Abl, endogenous
Bcr, and Spa-1.

To investigate if the Abl part of Bcr/Abl could also interact
with Spa-1, we co-transfected normal c-Abl with Spa-1 and
performed an immunoprecipitation with Abl antibodies. As
shown in Fig. 1A, the two proteins formed a complex and
Spa-1 immunoprecipitates also contained Abl (Fig. 1B).

Kometani et al (12) reported that expression of Bcr/Abl
down-regulates Spa-1 levels when Bcr/Abl P210 is introduced
into Lin-c-kit+ progenitor cells, suggesting that Spa-1 levels
are very low in Bcr/Abl Ph-positive leukemias. To examine
this, we performed Western blot analysis on lysates made
from primary cells. As shown in Fig. 2A, Spa-1 was expressed
in all primary leukemia cell lysates tested including samples
from human patients with both Ph-positive and negative
leukemias. Also, there was no difference in the level of Spa-1
protein between lysates made from BaF3 cells induced or
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Figure 1. Bcr/Abl P190, P210 and normal c-Abl co-immunoprecipitate with
Spa-1. COS-1 cells were transfected with the DNA constructs indicated above
the lanes. The locations of the proteins detected in the Western blots with anti-
Spa-1 antibodies or anti-Abl antibodies are indicated with arrows to the right.
(A), Immunoprecipitation with anti-Abl antibodies. (B), Immunoprecipitation
with anti-Spa-1 antibodies. Each asterisk indicates Bcr/Abl P210, Bcr/Abl
P190, or Abl.

Figure 2. Spa-1 forms a complex with Bcr/Abl P190 in primary leukemia/
lymphoma cells. (A), Expression of Spa-1 protein in leukemia cell lines and
primary samples. Total cellular lysates were blotted with anti-Spa-1 anti-
bodies. Samples include BMM, murine bone marrow derived macrophages;
TonB(-) murine lymphoid BaF3 cells not induced to express Bcr/Abl P210;
TonB(+) BaF3 cells induced to express Bcr/Abl P210; K562, Ph-positive
erythroleukemic cell line; Bcr/Abl P190 lymphoma, acute lymphoblastic
leukemia/lymphoma cells from a transgenic Bcr/Abl mouse; CPAE, cow
pulmonary endothelial cells; HBMEC, human brain microvascular endo-
thelial cells; A0018, non-Ph-positive ALL; A0055, Ph-positive ALL; B15,
Ph-positive ALL; C1797, CML blast crisis; C2283, CML; C2288, CML;
S0240, CLL. (B), Lysates prepared from the lymphoma of a BCR/ABL P190
transgenic mouse were used for immunoprecipitation using the antibodies
shown above lanes 2-4. Antibodies used for Western blotting are shown to
the left. A sample of the total lysate was also included (lane 1).
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non-induced for Bcr/Abl P210 expression [Fig. 2A, TonB(+)
and (-)]. We have previously generated a mouse model for
acute lymphoblastic leukemia caused by Bcr/Abl P190 (17).
These mice, which are transgenic for human BCR/ABL P190,
consistently develop leukemia or lymphoma/leukemia. Lysates
from such primary leukemic cells also expressed Spa-1
(Fig. 2A). Finally, although Kurachi et al (19) reported that
Spa-1 is selectively expressed in lymphoid tissues, we also
clearly detected Spa-1 protein in bone marrow-derived
macrophages and in human and bovine endothelial cell lines
(Fig. 2A).

To investigate whether Spa-1 and Bcr/Abl P190 form a
complex in these primary cells, we immunoprecipitated Spa-1
from these lysates using Spa-1 antibodies. As shown in Fig. 2B,
Bcr/Abl P190 clearly formed a complex with it and was co-
immunoprecipitated (upper panel, lane 4) and conversely,
Bcr/Abl precipitates contained Spa-1 (lower panel, lane 4).

Since Bcr/Abl is a deregulated tyrosine kinase, we per-
formed immunocomplex kinase assays using transfection in
COS-1 cells and co-precipitation to investigate if Bcr/Abl could
phosphorylate Spa-1. Also, the N-terminal domain of Bcr
encodes a serine/threonine kinase, which potentially could
utilize Spa-1 as a substrate. However, we did not obtain any
evidence that Spa-1 becomes phosphorylated by either Bcr/Abl
or Bcr (results not shown).

We next wished to investigate where in the cell these
proteins interact. The subcellular location of Bcr/Abl P190 in
the BCR/ABL transgenic lymphoblastic leukemia cells has
not been determined. We standardly culture such cells on
mitotically inactivated murine embryonic fibroblasts (15).
When such lymphoblasts are plated on the stromal feeder
layers, they attach to these cells and also migrate underneath
them. The fibroblasts were clearly distinguishable from the
lymphoblasts by their larger nucleus, the prominent presence
of actin stress fibers and their different shape. As shown in
Fig. 3A, immunostaining for the Bcr/Abl P190 protein using
antibodies against Bcr or against Abl showed two different
locations, depending on the cell. Rapidly dividing PLC1
lymphoblasts showed very little polarization or cell surface
protrusions. In these cells, anti-Bcr N20 antibody immuno-
staining showed a concentration of signal at the cell periphery,
some of which co-localized with cortical actin. Z-sections of
one of these confirmed the concentration of signal for Bcr/
Abl P190 and actin at the edge of the cell (Fig. 3A, upper
panel). Staining with an anti-Abl monoclonal antibody, 3F12,
showed a similar result and confirmed the peripheral location
of P190 in such cells (Fig. 3A, lower panel). There were also
cells that were more loosely interconnected and showed signs
of polarization. Some of these Bcr/Abl P190 expressing cells
had a clear leading edge and a uropod (the trailing edge) and
migrated rapidly (not shown). Immunostaining of these cells
for F-actin and with an Abl antibody showed a more diffuse
cytoplasmic staining for Bcr/Abl, but with a clear concentration
of the oncoprotein in the uropod (Fig. 3A, lower panel, arrows).

The antibodies used for Spa-1 on Western blots are not
sensitive enough to allow detection of endogenous Spa-1 in
these lymphoblasts using immunocytochemistry. Therefore,
we constructed a lentiviral vector expressing Spa-1 and used
this to transduce Spa-1 into the Bcr/Abl P190 leukemic cells.
Western blotting of lysates prepared from such cells showed

YI et al: INTERACTION OF Bcr/Abl P190 WITH Spa-1456

Figure 3. Localization of Bcr/Abl and Spa-1 in Bcr/Abl P190 lymphoblastic
leukemia cells. All images are confocal. (A), PLC1 lymphoblastic leukemia
cells were stained for F-actin (left panels) or for Bcr/Abl (middle panels).
The right panels show the merged images. Top panel, Z-section of four
lymphoblasts in between fibroblasts, showing the co-localization of Bcr/Abl
signal with F-actin at the cell edges, including the interface between the
cells. Bottom panel, polarized cells that develop a leading edge and a uropod
(arrows). (B), Spa-1-transduced PLC1 cells were stained for Spa-1. Arrows
point to the prominent signal of Spa-1 at the membrane of two newly divided
cells. (C), Co-localization of Bcr/Abl P190 and Spa-1 in Spa-1-transduced
PLC1 cells. Cells transduced with Spa-1 were immunostained for Spa-1 (left
panel) or Bcr/Abl P190 (middle panel). The merged image is shown to the
right. The bar represents 10 μm. (D), Western blot analysis of endogenous
Spa-1 protein levels in PLC1 cells (control) or in the same cells transduced
with a Spa-1 expressing lentivirus (Spa-1).

453-458  13/9/08  12:08  Page 456



that there was an increase in Spa-1 levels of about 3- to 5-fold
above endogenous Spa-1 (Fig. 3D, upper panel). In non-
polarized, rapidly dividing cells, the Spa-1 signal concentrated
mostly at the cell periphery (Fig. 3B) where it co-localized
with F-actin (not shown). In polarized cells, Spa-1 protein
was located at the trailing edge of the cell, at the cell periphery,
and also in punctate structures inside the cell (Fig. 3C, left
panel). Double staining of cells for Spa-1 and Bcr/Abl P190
showed that there was a large degree of overlap between
the two signals (Fig. 3C, merge), in dividing cells at the cell
periphery, and in polarized cells in part of the uropod.

Kometani et al (12) reported that hematopoietic progenitor
cells lacking Spa-1 and transduced by Bcr/Abl P210 showed
premature mobilization from the bone marrow. Also, Salgia
et al (20) previously published that Bcr/Abl alters the chemo-

tactic response to SDF-1α. Since SDF-1α is an important
cytokine involved in migration and homing of lymphoblastic
leukemia cells (21), we also measured the effect of Spa-1
expression on SDF-1α-directed chemotaxis of B-lineage
lymphoblasts. Transduction of Spa-1 into Nalm-6 cells
confirmed that the lentiviral construct had significant Rap1
GAP activity (Fig. 4A). In comparison with GFP-transduced
Nalm-6 cells, Spa-1 transduced cells had reduced chemotaxis
towards SDF-1α in a Transwell assay after 1.5 h (Fig. 4B).
Expression of Spa-1 in PLC1 cells reduced GTP-Rap1 levels
dramatically, regardless of the presence of Bcr/Abl P190
(Fig. 4C). Spa-1 expression also reduced the migration of the
transgenic Bcr/Abl lymphoblasts towards SDF-1α (Fig. 4D).

Discussion

In this study, we have shown that Bcr/Abl and Spa-1 form a
protein complex that is present in leukemic cells from a Bcr/
Abl transgenic mouse model. In other experiments, we found
that the normal Bcr protein forms a complex with Spa-1. This
interaction is mediated by the GAP domain of Bcr, which is
missing in Bcr/Abl (Yi et al, unpublished data) and thus cannot
be responsible for the Bcr/Abl-Spa-1 interaction. However, the
normal Bcr protein forms a complex with the Bcr/Abl protein
through the N-terminal oligomerization domains present in
Bcr, and in this manner Spa-1 could be recruited into this
complex. Surprisingly however, we found that the normal Abl
protein can also bind to Spa-1, making it likely that the Bcr/
Abl-Spa-1 complex is mediated by the Abl moiety of Bcr/Abl.

We visualized endogenous Bcr/Abl P190 in lymphoblastic
leukemia cells. These cells are very small with scant cytoplasm,
hence it is difficult to distinguish subcellular features. Never-
theless, P190 was clearly visualized using both anti-Bcr and
anti-Abl antibodies. A number of other studies have looked
at the subcellular location of Bcr/Abl (22-24), some of which
used cells transfected with Bcr/Abl, including NIH 3T3 fibro-
blasts. The most informative study was by Skourides et al (23),
who performed a detailed analysis on myeloid 32D cells trans-
duced with a retrovirus expressing Bcr/Abl P210. Skourides
et al (23) reported that in migrating cells, most of the Bcr/Abl
protein was found in the trailing edge where it co-localizes
with F-actin. In our primary cells, we also localized Bcr/Abl
at the uropod of migrating cells. Skourides et al also found
Bcr/Abl at the cleavage furrow, a site containing polymerized
actin. In addition, they reported that some of the Bcr/Abl was
located in vesicle-like structures, which did not stain for endo-
cytic or lysosomal markers. Interestingly, we also observed
immunostaining of both Bcr/Abl and Spa-1 on intracellular
punctuate structures and in the uropod.

Kometani et al (12) reported that Bcr/Abl P210 expression
mediated by retroviral transduction reduces Spa-1 levels.
Although it remains a possibility that this happens in the
leukemic lymphoblasts of the Bcr/Abl transgenic mice, we
could not find evidence to support an effect of Bcr/Abl on
Spa-1 protein levels. We have previously shown that Bcr/Abl
activates C3G, leading to increased GTP-Rap levels. In the
leukemic cells, it is therefore difficult to distinguish the roles
of activation of C3G from other possible effects such as de-
gradation of Spa-1 on the overall GTP-Rap1 levels. Because
Spa-1 co-localized with Bcr/Abl, it is also possible that Bcr/Abl
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Figure 4. Spa-1 expression in B-lineage lymphoblastic leukemia cells
negatively regulates migration. (A), Nalm-6 cells were transduced with
lentiviral vectors expressing either EGFP (GFP) or Spa-1 and EGFP in a
bicistronic vector (Spa-1) followed by flow sorting for GFP. Rap1 activation
assays on endogenous Rap1 present in 1 mg of lysate were performed as
described in Materials and methods. (B), Cells (2x105 in 100 μl) were placed
in the top chamber of a Transwell (8 μm pore size) and assayed for their
chemotaxis towards 10 ng/ml SDF-1α in the bottom well for 1.5 h. Control
wells contained no SDF-1α in the bottom well. The result shown is one of
two independently performed experiments with similar results. Error bars
indicate the standard deviation of mean. (C), PLC1 cells were transduced with
lentiviral vectors expressing either EGFP (GFP) or Spa-1 and EGFP in a
bicistronic vector (Spa-1) followed by flow sorting for GFP. Rap1 activation
assays on endogenous Rap1 were performed as described in Materials and
methods. (D), Cells (2x105 in 100 μl) were placed in the top chamber of a
Transwell (5 μm pore size) and assayed for their chemotaxis towards
100 ng/ml SDF-1α in the bottom well for 1.5 h. Control wells contained no
SDF-1α in the bottom well. The result shown is one of two independently
performed experiments with similar results. Error bars indicate the standard
deviation of mean of triplicate wells.
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interferes with Spa-1 activity by mislocalizing it to a sub-
cellular location where it aberrantly deactivates GTP-Rap1. The
consequences of the Bcr/Abl Spa-1 interaction are currently
under investigation.

Finally, our studies support the concept that Spa-1 is an
important regulator of Bcr/Abl leukemic cell movement, since
its expression in the lymphoblastic leukemia cells decreased
their chemotaxis. These results are in concordance with
Kometani et al (12) who found that progenitor cells lacking
Spa-1 and expressing Bcr/Abl prematurely exit the bone
marrow and are associated with extramedullary hemato-
poiesis. This indicates that the Rap1 signal transduction
pathway should be considered an important factor in and a
possible target for drug development against Ph-positive
leukemias.
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