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ABSTRACT The ubiquitously expressed nonreceptor ty-
rosine kinase c-Abl contains three nuclear localization signals,
however, it is found in both the nucleus and the cytoplasm of
proliferating fibroblasts. A rapid and transient loss of c-Abl from
the nucleus is observed upon the initial adhesion of fibroblasts
onto a fibronectin matrix, suggesting the possibility of nuclear
export [Lewis, J., Baskaran, R., Taagepera, S., Schwartz, M. &
Wang, J. (1996) Proc. Natl. Acad. Sci. USA 93, 15174–15179].
Here we show that the C terminus of c-Abl does indeed contain
a functional nuclear export signal (NES) with the characteristic
leucine-rich motif. The c-Abl NES can functionally complement
an NES-defective HIV Rev protein (RevD3NI) and can mediate
the nuclear export of glutathione-S-transferase. The c-Abl NES
function is sensitive to the nuclear export inhibitor leptomycin B.
Mutation of a single leucine (L1064A) in the c-Abl NES abrogates
export function. The NES-mutated c-Abl, termed c-Abl NES(2),
is localized exclusively to the nucleus. Treatment of cells with
leptomycin B also leads to the nuclear accumulation of wild-type
c-Abl protein. The c-Abl NES(2) is not lost from the nucleus
when detached fibroblasts are replated onto fibronectin matrix.
Taken together, these results demonstrate that c-Abl shuttles
continuously between the nucleus and the cytoplasm and that the
rate of nuclear import and export can be modulated by the
adherence status of fibroblastic cells.

Protein tyrosine kinases play important roles in the transduction
of extracellular signals. A majority of the known protein tyrosine
kinases are localized at or near the plasma membranes, e.g., the
receptor-tyrosine kinases or the cytoplasmic tyrosine kinases, Src,
JAK, and FAK. The c-Abl tyrosine kinase is unusual in that it is
also found in the nucleus (2). The nuclear localization of c-Abl is
driven by three nuclear localization signals (NLS) (3). Mutation
of all three NLS is required to inhibit the nuclear import of this
tyrosine kinase.

Nuclear c-Abl has been implicated in the regulation of gene
expression. The c-Abl protein contains three high mobility group-
like domains that bind to A1T-rich DNA in a cooperative
manner (4). While c-Abl does not select DNA sequences, it can
be recruited to specific DNA-binding complexes through protein-
protein interactions. For example, c-Abl is shown to interact with
the transcription factor RXF1, which binds to the palindromic EP
sequence in the hepatitis virus B enhancer (5). Through a direct
interaction with the retinoblastoma protein (RB), c-Abl can also
be recruited to an E2F-DNA binding complex, both in vitro and
in vivo (6). Binding of c-Abl by RB results in the inhibition of
c-Abl kinase activity (7). This c-AblyRB interaction is disrupted
at the G1yS transition by the cell cycle-regulated phosphorylation
of RB (7), allowing the nuclear c-Abl kinase to become activated
as cells commit to S phase (7, 8). In S phase cells, nuclear c-Abl

activity is further increased when cells are exposed to DNA
damaging agents such as methymelthane sulfonate and ionizing
radiation (9). The ionizing radiation-induced activation of c-Abl
requires a functional ataxia telangiectasia mutated-kinase, en-
coded by the gene mutated in the human disease Ataxia telangi-
ectasia (10). The activated nuclear c-Abl tyrosine kinase phos-
phorylates the C-terminal repeated domain of RNA polymerase
II (11–13). Increased tyrosine phosphorylation of RNA polymer-
ase II is observed upon treatment of cells with methymethane
sulfonate or ionizing radiation, and this increase in phosphoryla-
tion is dependent on c-Abl as well as ataxia telangiectasia mutated
(9, 14). Tyrosine phosphorylation of the C-terminal repeated
domain can be correlated with increased transcription from sev-
eral different promoters (13). Taken together, these observations
suggest that nuclear c-Abl may participate in the regulation of cell
cycle-dependent and DNA damage-induced gene expression.

Although c-Abl contains three NLS, it is not exclusively
localized to the nucleus (2, 15). The cytoplasmic pool of c-Abl is
not regulated by the cell cycle progression, as RB is nuclear (7, 8).
The cytoplasmic c-Abl does associate with F-actin (15, 16). An
F-actin binding consensus sequence has been identified at the C
terminus of c-Abl, and this sequence has been shown to function
in the binding of c-Abl to F-actin (16). The c-Abl protein also
contains a G-actin binding site (17). Several cytoplasmic sub-
strates of c-Abl have been identified. These include the SH2ySH3
adaptor protein Crk (18, 19) and the Crk binding protein p130cas
(20). Tyrosine phosphorylation of the p130cas protein is depen-
dent on cellular adhesion to the extracellular matrix (ECM) (21).
Interestingly, adhesion to the ECM also regulates the c-Abl
tyrosine kinase activity (1).

In fibroblasts, detachment from the ECM leads to a loss of
c-Abl tyrosine kinase activity, which can be re-activated upon
adhesion to fibronectin matrix (1). In addition to the regulation
of kinase activity, adhesion to the ECM also affects the subcel-
lular localization of c-Abl. In attached or detached cells, c-Abl is
detected in both the cytoplasm and the nucleus, as determined by
immunostaining and cell fractionation. When detached cells are
replated onto a fibronectin matrix, a transient loss of c-Abl from
the nucleus is observed during the first 20 minutes of replating,
followed by a rapid reappearance of c-Abl in the nucleus (1).
When cells are plated onto poly-L-lysine, which does not stimulate
integrin receptors, this effect on the c-Abl localization is not
observed. The transient loss of nuclear c-Abl can be explained by
two possible mechanisms: either the nuclear c-Abl is rapidly
degraded upon reattachment to the ECM, or the nuclear c-Abl
is rapidly exported from the nucleus.

The export of macromolecules from the nucleus is an active
process. To date, three types of nuclear export signals (NES) in
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the form of primary amino acid sequences have been identified
(22, 23). Among them is the leucine-rich NES first identified in
the cellular protein, protein kinase A inhibitor (PKI) (24) and the
HIV protein Rev (25). This leucine-rich NES has since been
found in other cellular proteins including MEK (26), FxMR1
(27), and zyxin (28). The leucine-rich NES-mediated export is
energy dependent and saturable, indicating that specific receptors
recognize NES signals and mediate the active export of NES-
containing proteins to the cytoplasm. A putative NES-receptor
has recently been identified as the CRM1, or exportin-1, protein
(29, 30, 40, 41).

In this report, we present evidence that c-Abl does indeed
contain a functional NES. We show that c-Abl is exported from
the nucleus in response to attachment of cells to the ECM. We
also show that c-Abl is continuously shuttling between the nucleus
and the cytoplasm. Thus, the subcellular localization of c-Abl is
determined by a balance of nuclear import and export, and the
dynamic equilibrium between these two processes may determine
the biological effects of the c-Abl tyrosine kinase.

MATERIALS AND METHODS
DNA Constructs. The chloramphenicol acetyltransferase

(CAT) reporter plasmid pDM128 has been described (31, 32).
The CAT gene is placed within the first intron of the HIV genome
next to the RRE sequence. Export of intronic RNA is essential
to the expression of CAT activity. The NES-deficient RevD3NI
construct was described (33). The RevD3NI fusions with Abl
sequences were generated by PCR-based recombinant DNA
methods. The c-Abl NLS(2) was described in (3). The lysine and
arginine residues in the three NLS were substituted with glu-
tamine and the c-Abl NLS(2) mutant was shown to be exclusively
cytoplasmic (3). The c-Abl NES(2) mutant was constructed by a
two-step PCR mutagenesis strategy. The L1064 was changed to
alanine through the use of mutagenic primers. Two overlapping
PCR fragments spanning the L1064A mutation were combined
by a final PCR reaction. The resulting PCR product was fully
sequenced and then subcloned into the wild-type (wt) murine
c-Abl IV. The c-Abl wt, c-Abl NLS(2), and c-Abl NES(2) were
expressed with a retroviral vector pMSCVhyg (34).

Rev Complementation Assay. 293 cells were grown at 37°C in
DMEM supplemented with 10% FCS and grown in 10% CO2 293
cells were transfected according to standard protocol for CaPO4-
mediated transfection of adherent cells. Assays were done in
triplicate in six-well plates. Briefly, a total of 2 mg plasmid DNA
in 44 ml of 0.13 TE buffer (13 TE, 10 mM TriszHCly0.1 mM
EDTA) was mixed with 50 ml of 23 HBS buffer (50 mM Hepes,
pH 7.05y10 mM KCly12 mM dextrosey280 mM NaCly1.5 mM
Na2HPO4). CaCl2 (6.8 ml of 2 M) was added dropwise while
vortexing the mixture. The mixture was incubated at room
temperature for 30 min prior to application to the cells. Approx-
imately 48 hr after transfection the cells were harvested using
calcium- and magnesium-free PBS containing 5 mM EDTA.
Harvested cells were used for the quantitative b-galactosidase
assay and CAT assay. Each transfection typically contained 1 mg
of reporter pDM128 DNA, 0.2 mg transactivator DNA, 0.2 mg
pCH110 (b-galactosidase internal control) and pUC118 to a total
of 2 mg. CAT assays were performed as described (35). All
extracts were normalized for b-galactosidase activity.

Microinjection of NIH 3T3 Cells. One day prior to injection
NIH 3T3 cells were plated on 1.0-cm coverslips at 50% conflu-
ency. The coverslips were placed in a 3-cm dish containing
CO2-deficient medium (GIBCO). LMB-treated cells were cul-
tured with 20 nM LMB for 6 hr before and during injection.
Glutathione S-transferase (GST)-Abl NES was made by fusing
GST to the c-Abl fragment 1052-EAINKLESNLRELQICPAT-
1070. Approximately 50 fl of a mixture of GST-AblNES ('2
mgyml) and rhodamine-dextran (Sigma, 1.5 mgyml) was injected
into the nuclei of NIH 3T3 cells using an Eppendorf microinjec-
tion system. During injections, cells were incubated at 37°C
utilizing a heated stage. After 30 min of incubation at 37°C in an

incubator without CO2 the cells were fixed with 4% paraformal-
dehyde in PBS. GST-AblNES was analyzed by indirect immuno-
fluorescence using a monoclonal anti-GST antibody (Santa Cruz
Biotechnology) and confocal microscopy.

Reconstitution of Abl-Deficient 3T3 Cells with c-Abl Localiza-
tion Mutants. Bosc23 cells were transfected with the murine stem
cell virus (MSCV) c-Abl wt, MSCV c-Abl NLS(2), and MSCV
c-Abl NES(2) plasmids using the HBS calcium phosphate
method in the presence of 25 mM chloroquine (36). Approxi-
mately 48 hr after transfection an infection mixture was made
using the retroviral supernatant, fresh DMEM and polybrene (4
mgyml) and used to infect Abl-deficient 3T3 cells. Stable trans-
fectants were selected for 10 days in media containing 200 mgyml
hygromycin.

Immunofluorescence. Cells were plated onto coverslips over-
night. LMB-treated cells were cultured with 5 nM LMB for 6 hr
prior to fixation. Cells were washed 13 PBS and fixed with 3%
formaldehyde in Pipes buffer (PB; 100 mM Pipes, pH 6.8y1 mM
MgCl2y1 mM EGTA). Cells were permeabilized with 0.5%
Nonidet P-40 in PBS and blocked with 10% normal goat serum
in PBS. Primary and secondary antibody incubations were for 90
min at room temperature, and antibodies were diluted into the
blocking solutions. The antibodies used to visualize c-Abl were
the mouse anti-c-Abl, 8E9 (used at 30 mgyml) and the fluores-
cein-conjugated sheep anti-mouse secondary antibody (ICN;
used at 20 mgyml). Cells were counterstained with rhodamine-
conjugated phalloidin (Molecular Probes) at 0.4 unitsyml to label
the actin cytoskeleton. For confocal analysis, immunofluorescent
samples were scanned with a Bio-Rad MRC 600 laser confocal
microscope equipped with a Zeiss 403 objective.

Fibronectin (FN) Attachment Assay. The FN attachment
assays were performed as described (1). Briefly, glass coverslips
were coated with FN at 25 mgyml in PBS for 1 hr at 37°C. Cells
were detached with trypsin, washed in defined minimal media
(DMEMyHans F12 mediumy0.075% bovine serum albuminy50
mgyliter insuliny50 mgyliter transferniny0.05 mgyliter sodium
selenitey30 mgyml histidiney0.02mgymL Mn C12) containing
soybean trypsin inhibitor at 250 mgyml, and plated onto the
FN-coated coverslips in defined minimal media containing tryp-
sin inhibitor. At the appropriate timepoints, cells were washed
once with PBS and prepared for immunofluorescence as de-
scribed above.

RESULTS
To determine if a functional NES was present in c-Abl, we utilized
a complementation assay based on the HIV Rev protein. Rev
requires a NES to perform its function of exporting unspliced
RNA out of the nucleus. We have previously shown that the
function of a NES-mutated Rev can be restored by the fusion of
a heterologous NES (32, 37). A related complementation assay
has been utilized to identify the NES in the transcription factor
TFIIIA (38) and the Fragile-X Mental Retardation Protein
(FxMR1) (27). If c-Abl did contain a functional NES, we would
be able to demonstrate this by fusing a c-Abl sequence to the
NES-mutated Rev (RevD3NI). The pDM128 reporter, which
contains an intron-disrupted CAT gene (31), was used to assay for
Rev function (Fig. 1A). A series of fragments containing c-Abl
sequences were fused to the C terminus of RevD3NI and tested
for their ability to functionally complement the NES-deficiency
(Fig. 1B). Among the fusions tested, only the C-terminal region
of c-Abl, encompassing amino acids 998-1097 could restore the
function of RevD3NI, suggesting that an NES may be present at
the C terminus of c-Abl.

Extensive mutagenesis analysis of the NES of human T-
lymphotropic virus I Rex has shown that the Rev-like, or leucine-
rich NES, are composed of four hydrophobic amino acids with
variable spacing (32, 33). Comparison of the sequence of the
complementing region of c-Abl identified a potential leucine-rich
sequence at position 1057–1067 of c-Abl (Fig. 1C). To determine
the potential role of this putative NES, a mutant was generated
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where the leucine at position 1064 was mutated to an alanine
(L1064A). This type of mutation is known to abrogate the NES
function in the Rev complementation assay. The wt and mutant

fusion derivatives were then assayed using the pDM128 reporter
(Fig. 1D). As a positive control, RevD3NI fused to the NES of
human T-lymphotropic virus I Rex, which restores the function of
RevD3NI to Rev NES wt levels, was included in this analysis. The
fusion of wt c-Abl 998-1079 efficiently complemented RevD3NI
to levels seen when RevD3NI is fused with the human T-
lymphotropic virus I Rex NES (33). The single point mutation
(L1064A) completely abrogates the complementation activity of
the c-Abl 998-1079 region. This result strongly suggests that the
identified leucine-rich sequence is a functional NES.

To further demonstrate the function of the c-Abl-NES, c-Abl
amino acids 1052–1070 were fused to GST (GST-Abl-1052–
1070). The GST-Abl-1052–1070 fusion protein was purified using
glutathione affinity chromatography, concentrated and mixed
with rhodamine-labeled dextran (rhodamine-dextran), which was
used as an injection site marker as it is too large to diffuse through
nuclear pores. The GST-Abl-1052–1070yrhodamine-dextran
mixture was injected into the nuclei of NIH 3T3 cells (as described
in Material and Methods). After a 30-min incubation, the cells
were fixed and the GST-Abl-1052–1070 fusion protein was visu-
alized by indirect immunofluorescence using anti-GST antibod-
ies. Thirty minutes after nuclear injection, the GST-Abl-1052–
1070 fusion protein was detected in the cytoplasm (Fig. 2A),
whereas the rhodamine-dextran microinjection marker remained
nuclear (Fig. 2B). Fig. 2C is the merged image of the GST-Abl
and rhodamine-dextran, showing little colocalization. This data
indicates that the c-Abl NES is capable of exporting a heterolo-
gous protein. Pretreatment of cells with LMB, which has been
shown to disrupt NES-mediated export by blocking the formation
of the NESyCRM1yRan-GTP complex (29, 39–41), prior to
micoinjection inhibited the export of the GST-Abl-1052–1070
protein (Fig. 2 D and F). This result indicates that the c-Abl NES
uses the CRM1-mediated nuclear export pathway.

As c-Abl contains three NLS (3), it was unclear why nearly half
of the c-Abl is found in the cytoplasm at steady state. To
determine if the cytoplasmic localization of c-Abl is the result of
nuclear export, we introduced the L1064A mutation into the full
length c-Abl protein, with this mutant being designated c-Abl
NES(2). The previously described NLS mutant (3) with amino
acid substitutions at all three NLS, designated c-Abl NLS(2), was
included as a comparison. The wt c-Abl (designated c-Abl wt),
c-Abl NLS(2) and c-Abl NES(2) proteins were stably expressed

FIG. 2. The C-terminal region of c-Abl can function as an NES
when fused to GST. The fusion protein GST-Abl-1052–1070 (labeled
GST-Abl) was purified, mixed with the rhodamine-labeled dextran
injection marker (rhodamine-dextran), and microinjected into the
nuclei of NIH 3T3 cells. After a 30 min incubation at 37°C, cells were
fixed and processed for indirect immunofluorescence, and analyzed by
confocal microscopy (as described in Materials and Methods). The
GST-Abl-1052–1070 fusion protein was visualized using anti-GST
antibodies (A and D). (B and E) rhodamine microinjection marker; (C
and F) the merged image of GST-Abl and rhodamine-dextran, with
yellow indicating colocalization. Cells in D–F were pretreated for 6 hr
with 20 nM LMB prior to microinjection.

FIG. 1. Identification of a domain in c-Abl capable of complementing
NES-mutated Rev (RevD3NI). The Rev activity of exporting unspliced
RNA out of the nucleus requires a functional NES. (A) The pDM128
reporter, which contains an intron-disrupted CAT gene, is used to assay
for Rev function. (B) A series of fragments of c-Abl were fused to the C
terminus of RevD3NI and tested for their ability to complement the Rev
NES-deficiency. The relative export activity of each derivative is shown.
(C) Alignment of selected leucine-rich NES sequences with the c-Abl
NES. The core tetramer is shown in boldface type and critical upstream
leucines are underlined. Important hydrophobic amino acids, typically
leucines, can occupy variable positions upstream of the core tetramer, and
these functional positions are indicated with shaded areas. The leucine to
alanine substitution at position 1064 is shown in the c-Abl (L1064A)
mutant. (D) CAT assay results comparing the function of RevD3NI
complemented with either the wt c-Abl or the mutated c-Abl (L1064A)
NES fragments. Controls include the RevD3NI alone or RevD3NI
complemented with the NES of human T-lymphotropic virus I Rex
(amino acids 79–95), representing a positive control. Results shown are
CAT activity presented as percent acetylation from a triplicate transfec-
tion of 293 cells that was normalized to a cotransfected b-galactosidase
internal control. Bars 5 SEM.
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in 3T3 cells derived from an Abl-deficient mouse embryo through
retroviral-mediated gene transfer. The subcellular localization of
the various c-Abl proteins was determined by indirect immuno-
fluorescence analysis (Fig. 3). Cells were costained with the
Hoechst dye to label DNA (shown in blue) and rhodamine-
conjugated phalloidin to label F-actin (shown in red). In prolif-
erating 3T3 fibroblasts, c-Abl wt was found in the nucleus and the
cytoplasm (Fig. 3A). Colocalization of c-Abl with F-actin was
detected at the cell periphery (Fig. 3 A and C). The c-Abl NLS(2)
was excluded from the nucleus, with a majority of the c-Abl
NLS(2) localizing to the perinuclear region and actin filaments
(Fig. 3D). Interestingly, the c-Abl NES(2) mutant was found
exclusively in the nucleus, with no detectable association with
cytoplasmic F-actin (Fig. 3G). These results indicate the NES is
functional in the full-length c-Abl protein, and that this NES is
required for the cytoplasmic localization of c-Abl.

To determine if nuclear export was indeed required for the
cytoplasmic localization of c-Abl, cells expressing c-Abl wt were
treated with LMB, which blocks CRM1-mediated nuclear export
(29, 40, 41, 39), and cycloheximide (CHX), a protein synthesis
inhibitor (Fig. 4). CHX is included to eliminate any new c-Abl wt
synthesis, allowing the monitoring of the movement of preexisting

protein. Without LMB treatment, c-Abl wt is found in the nuclear
and cytoplasmic compartments of the cell (Fig. 4A). After a 6-hr
incubation with LMB and CHX, c-Abl wt becomes predomi-
nantly nuclear (Fig. 4D) and c-Abl wt no longer localizes to the
actin filaments (Fig. 4F). As a control, cells expressing c-Abl
NLS(2) were similarly treated with LMB in the presence or
absence of CHX. LMB treatment did not cause the nuclear
accumulation of c-Abl NLS(2) (Fig. 4 G and I), demonstrating
that the active nuclear import is required for LMB to alter the
subcellular localization of c-Abl. Additionally, LMB treatment,
either in the absence (Fig. 4G) or presence (Fig. 4I) of CHX, did
not have a significant effect on the overall levels of c-Abl NLS(2)
in the cytoplasm. Therefore, the combined treatment with LMB
and CHX did not cause a degradation of cytoplasmic c-Abl. The
combined results from Figs. 3 and 4 show that the cytoplasmic
c-Abl originates from the nucleus as a result of export and that
cytoplasmic c-Abl undergoes continuous re-import into the nu-
cleus. Therefore, c-Abl shuttles between the cytoplasm and
nucleus in proliferating fibroblasts.

We have previously shown that c-Abl is transiently lost from the
nucleus when detached cells were replated onto ECM compo-
nents such as FN (1). To determine the role of nuclear export in

FIG. 3. Subcellular localization of c-Abl wt, c-Abl NLS(2) and c-Abl NES(2). The c-Abl proteins were expressed in Abl-deficient 3T3 cells.
Cells were plated onto coverslips, fixed and prepared for indirect immunofluorescence. The c-Abl protein was detected using the monoclonal
anti-Abl 8E9 antibody (A, D, and G). Cells were counterstained with the Hoechst DNA dye (B, E, and H) and rhodamine-conjugated phalloidin
to label actin filaments (C, F, and I). Cells were analyzed by confocal microscopy. C, F and I show a merged image of the c-Abl and actin.
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integrin-induced translocation of c-Abl, we performed an attach-
ment assay using cells expressing c-Abl wt or c-Abl NES(2) (Fig.
5). Five minutes after plating onto FN-coated coverslips, the
majority of c-Abl wt was found in the cytoplasm. In contrast, the
c-Abl NES(2) protein remained nuclear, showing no colocaliza-
tion with actin. By 20 min, cells that had started spreading showed
nuclear c-Abl wt. By 40 min, most cells completed spreading and
returned to the adherent fibroblastic morphology. In these cells,
the c-Abl wt protein was almost exclusive nuclear. The c-Abl
NES(2) mutant remained nuclear throughout this attachment
timecourse. Because the c-Abl NES(2) was maintained in the
nucleus, adhesion to the ECM is not likely to induce the degra-
dation of nuclear c-Abl protein. In addition, the c-Abl NES must
be functional for integrin to induce the translocation of c-Abl.
Indeed, pretreatment with LMB also blocked the FN-induced
transient translocation of c-Abl wt (data not shown). Thus, a
functional export machinery as well as a functional export signal
are required for integrin-induced c-Abl movement.

DISCUSSION
c-Abl Contains a Functional NES. This study has identified a

functional NES in the C-terminal region of c-Abl. The NES of
c-Abl is capable of restoring nuclear export function to the
NES-defective RevD3NI protein. A GST-Abl-1052–1070 fusion
protein also undergoes active transport out of the nucleus,
demonstrating that the c-Abl NES can promote export of heter-
ologous proteins. As shown with the Rex NES (33), mutation of

a single hydrophobic amino acid (L1064) in the core tetramer of
the c-Abl NES is sufficient to abrogate export activity. We have
also found that c-Abl NES function can be blocked by an excess
of Rex NES (data not shown), indicating that c-Abl NES likely
uses the same export pathway as the Rev-like proteins. Recent
work has shown that these Rev-like NES interacts directly with
the nuclear export receptor, CRM1 (29, 40, 41). Indeed, LMB,
which inhibits the function of CRM1 by blocking formation of the
NESyCRM1yRan-GTP complex, is shown to block the function
of the c-Abl-NES. These results suggest that the c-Abl NES is
capable of interacting directly with the nuclear export machinery.

Nuclear Export Required for the Cytoplasmic Localization of
c-Abl. The c-Abl NES contributes to the cytoplasmic localization
of c-Abl. In proliferating fibroblasts, c-Abl is in both the nuclear
and cytoplasmic compartments. A single point mutation within
the c-Abl NES results in the exclusive nuclear localization of the
c-Abl protein. This result shows that most, if not all, of the c-Abl
protein synthesized in the cytoplasm is imported into the nucleus
in adherent fibroblasts. Additionally, this result shows that nu-
clear export is critical for maintaining the cytoplasmic pool of
c-Abl. That nuclear export is required for c-Abl to appear in the
cytoplasm is also supported by treating cells with the export
inhibitor LMB. By treating cells with LMB and the protein
synthesis inhibitor CHX, we showed that the cytoplasmic c-Abl
can be reimported to the nucleus. Thus, both the import and
export processes are required for the observed distribution of
c-Abl in the nuclear and cytoplasmic compartments.

FIG. 4. Treatment of cells with LMB and CHX results in a nuclear accumulation of c-Abl. wt c-Abl expressing cells (panels A–F) were pretreated
with CHX for 30 min and then further incubated with (D–F) or without (A–C) 5 nM LMB for 6 hr. Cells were then fixed and stained with the
anti-Abl 8E9 antibody (A, D), Hoechst dye (DNA, B and E) and phalloidin (actin). The merged images of the 8E9 and phalloidin staining are shown
in C and F. Comparison of D and A or F and C shows that cytoplasmic c-Abl is lost in LMB-treated cells. To test whether CHX1LMB treatment
caused a nonspecific loss of cytoplasmic c-Abl, c-Abl NLS(2) expressing cells were similarly treated with 5 nM LMB for 6 hr, either in the presence
(G and H) or absence (I and J) of CHX. The anti-Abl stain (G and I) and the Hoechst stain (H and J) were shown. The intensity of Abl stain was
not diminished after CHX-LMB treatment, showing that the cytoplasmic pool of Abl is stable under the experimental conditions.
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While our results indicate that a majority of c-Abl shuttles
between the nucleus and cytoplasm, this data does not exclude the
possibility that c-Abl localization may also be regulated by
retention mechanisms. For example, binding to F-actin may
anchor c-Abl and prevent nuclear import. Alternatively, recruit-
ment of c-Abl into specific DNA-binding complexes may prevent
nuclear export. Nevertheless, the bulk of c-Abl appears to shuttle
between the nuclear and cytoplasmic compartments of prolifer-
ating 3T3 fibroblasts.

Biological Implications of the Shuttling of c-Abl. The c-Abl
tyrosine kinase has both nuclear and cytoplasmic functions. As
discussed in the Introduction, nuclear c-Abl is likely involved in

the regulation of gene expression and the cytoplasmic c-Abl is
likely involved in the transduction of adhesion signals. The
shuttling of c-Abl between the two compartments may allow the
cell to rapidly alter the subcellular locations of c-Abl to emphasize
either the nuclear or the cytoplasmic function. For example, the
initial adhesion of cells to the extracellular matrix induces the
rapid relocalization of nuclear c-Abl into the cytoplasm. Specif-
ically, the translocated c-Abl has been found to localize to early
focal adhesions (1), suggesting that c-Abl may be required during
the initial formation of focal contacts. The cell may therefore
export nuclear c-Abl to increase the cytoplasmic pool size during
the early stages of adhesion and cell spreading. Another possible
reason for the continuous shuttling of c-Abl may be that c-Abl has
the additional function of a carrier that can transport macromol-
ecules between the two subcellular compartments. In this capac-
ity, c-Abl can conceivably carry molecules from the cytoplasm to
the nucleus and also in the other direction, from the nucleus to
the cytoplasm. The identification of nuclear import as well as
export signals within the c-Abl protein suggests that the nuclear-
cytoplasmic shuttling of this tyrosine kinase may play a critical
role in the regulation of c-Abl biological function.
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FIG. 5. Mutation of the c-Abl NES prevents the cytoplasmic
accumulation of c-Abl induced by cell adhesion. The wt c-Abl (wt) and
c-Abl NES(2) proteins were expressed in Abl-deficient 3T3 cells. The
cells were trypsinized and plated onto FN-coated coverslips in serum-
free medium in the presence of trypsin inhibitor. Cells were fixed at
the indicated times and stained with the anti-Abl antibody 8E9 (shown
in green), and counterstained with the DNA dye Hoechst (shown in
blue) and rhodamine-labeled phalloidin (shown in red). The c-Ably
actin panels show the c-Abl and actin staining patterns merged.
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