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ABSTRACT We previously demonstrated that the Bcr-
Abl oncogene, p210bcr-abl, through its unique GEF domain,
specifically activates RhoA and induces spontaneous
amoeboid motility. We intend to study the pathways
downstream RhoA controlling amoeboid motility. Mouse
prolymphoblastic cells (Ba/F3 cell line) expressing differ-
ent forms of Bcr-Abl were embedded in 3-dimensional
(3D) Matrigel to study motility and explore the effects of
inhibiting Rho pathway (inhibitors and siRNAs). The
phosphorylation levels of cofilin-1 and destrin were ana-
lyzed by 2-dimensional electrophoresis. Composition of
Bcr-Abl signalplex in different conditions was determined
by coimmunoprecipitation. Ba/F3p190 and Ba/F3 ex-
pressing a mutant form of p210bcr-abl (unable to activate
RhoA) cells presented a spontaneous motility, but not an
amoeboid type. p210bcr-abl-induced amoeboid motility in a
3D matrix requires isoform-specific RhoA/ROCK-1/
destrin signaling. Next to the conventional Rho/ROCK/
MLC/myosin pathway, this pathway is a crucial determi-
nant for amoeboid motility, specific for the destrin
isoform (and not its coexpressed homologue cofilin-1).
Also, the presence of destrin (and not cofilin-1) in the
p210bcr-abl complex is dependent on ROCK1, and this
signalplex is required for amoeboid motility. This under-
scores isoform-specific function within the ADF/cofilin
family and provides new insight into Bcr-Abl signaling to
amoeboid motility and possible impact on understanding
chronic myeloid leukemia progression.—Rochelle, T.,
Daubon, T., Van Troys, M., Harnois, T., Waterschoot,
D., Ampe, C., Roy, L., Bourmeyster, N., Constantin, B.
p210bcr-abl induces amoeboid motility by recruiting
ADF/destrin through RhoA/ROCK1. FASEB J. 27,
123–134 (2013). www.fasebj.org
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The bcr-abl oncogene is generated by a reciprocal
translocation between chromosomes 9 and 22 (Phila-
delphia chromosome, Ph�) that leads to the fusion of
the 5= region of the bcr gene with the 3= region of the abl
gene. Among the Bcr-Abl variants (1), p210bcr-abl is
usually responsible for chronic myeloid leukemia
(CML; ref. 2) whereas p190bcr-abl is responsible for a
subset of acute lymphoblastic leukemia (3). Both pro-
teins exhibit enhanced and constitutive tyrosine kinase
activity, which is the main mechanism of leukemogen-
esis (4, 5). Expression of Bcr-Abl has been shown to
induce abnormal actin cytoskeleton remodeling lead-
ing to altered cytoskeleton function, such as increased
motility, altered adhesion (6–8), and decreased re-
sponse to SDF-1�, a chemokine constitutively secreted
by bone marrow stromal cells (9–11). This may contrib-
ute to the premature release of lymphoid and myeloid
progenitors (12) from bone marrow, which can spill
into the blood and evolve outside the niche.

The Bcr-Abl forms p190bcr-abl and p210bcr-abl structur-
ally differ in a Dbl homology (DH) or guanine ex-
change factor (GEF) domain and a pleckstrin homol-
ogy (PH) domain that are only present in p210bcr-abl and
not in p190bcr-abl. The functional consequences of these
supplemental domains on specific signaling paths in
Bcr-Abl cells have not been fully explored.
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In a previous study we showed that ectopic expression of
Bcr-Abl in Ba/F3 cells triggers spontaneous motility, and in
particular that p190bcr-abl-expressing Ba/F3 cells adopt a
rolling-type motility, whereas p210bcr-abl-expressing cells dis-
play amoeboid motility (13). Moreover, we demonstrated
that RhoA is specifically activated by the GEF domain of
p210bcr-abl (13, 14), promoting amoeboid movements. This is
supported by the absence of amoeboid motility in Ba/F3
cells expressing p210S509Abcr-abl, containing a mutation in
the Rho-GEF domain, which, similar to p190bcr-abl, does not
activate RhoA.

A central role for Rho GTPases has been described in
the molecular processes driving actin remodeling (15–
18). Initially, most studied models of cell motility have
relied on 2-dimensional (2D) mesenchymal motility
that can be summarized by the following sequence of
events: filopodial and lamellipodial membrane projec-
tions allow polarization, extension, and adhesion of the
leading edge, then contraction of stress fibers in the
cell body and rear detachment lead to a global forward
movement (17, 18). Recently, based on 3-dimensional
(3D) observations, amoeboid motility came back into
focus as a main migration mode for a large variety of
cells (19). Classically, amoeboid motility consists of
deformation of the cell body generated by coordinated
focal depolymerization and global contraction of the
cortical actin (20), but the underlying molecular mech-
anisms are still far from clear. Although many epithelial
or mesenchymal tumor cells have recently been shown
to undergo amoeboid transition under specific condi-
tions, amoeboid motility is assumed to be mainly used
by hematopoietic cells (21, 22). However, few hemato-
poietic models have been described, and our previous
data (13, 14) prove p190bcr-abl- or p210bcr-abl-expressing
Ba/F3 cells to be suitable models. Amoeboid motility in
a 3D matrix is currently mainly attributed to the
activation of the RhoA/ROCK/myosin light chain
(MLC)/myosin II pathway (23–25); however, the role
of other effectors downstream of RhoA/ROCK, such as
the actin depolymerizing factor (ADF)/cofilin family of
actin modulators, is less understood.

In the present work, we unravel a second main amoeboid
motility signaling pathways in Bcr-Abl-expressing cells: down-
stream of RhoA, ROCK1 and not ROCK2 specifically define
this motility type. We show that the commitment to amoe-
boid motility renders the cell motility more efficient and
show it crucially requires the specific recruitment of the
ADF/cofilin family member ADF/destrin (and not cofilin-1)
to the Bcr-Abl complex.

MATERIALS AND METHODS

Cells

The Ba/F3 cell line (ACC 300) was purchased from DSMZ
(Braunschweig, Germany) and maintained in RPMI contain-
ing 10% FBS (Gibco BRL; Fisher Scientific, Illkirch, France)
and recombinant mouse IL-3 (Miltenyi Biotech, Paris,
France) at a final concentration of 2.5 ng/ml.

Cell line generation and cell cloning

The stable Bcr-Abl-expressing cell lines Ba/F3p190, Ba/
F3p210, and Ba/F3p210S509A were generated previously
(13) and maintained in Ba/F3 medium without IL-3. For
Ba/F3p210myc-CFL1 and Ba/F3p210myc-ADF cell line gener-
ation, Ba/F3p210 were transfected using an Amaxa Nucleo-
fector device (Lonza AG, Basel, Switzerland)with the appro-
priate plasmid DNA. After a 48-h cell expansion, 15 �g/ml of
blasticidinS (Invivogen; Cayla, Toulouse, France) was added
in medium for 2 wk of selection. Cell lines used in this study
were all clonally selected and chosen on the basis of protein
expression.

Plasmids

For myc-ADF/destrin and myc-CFL1, mouse cDNA encoding
ADF/destrin and cofilin-1 were cloned in pcDNA6 myc/His
vector (Invitrogen; Life Technologies, St Aubin, France)
using the HindIII/EcoRI sites.

Transfections

All transfections have been performed using the Amaxa
Nucleofector Kit-V with the X-005 program (Lonza), follow-
ing the manufacturer’s protocol. Small interfering RNA
(siRNA; 2–4 �g) or plasmid DNA (2 �g) was used for RNAi
experiments and (stable) transfection, respectively. SiRNA
transfection efficiencies (�90%) were controlled using the
siRNA-associated dyes by FACS analysis with BD-FacsCanto-II
(BD Biosciences, Pont-de-Claix, France). Decrease in protein
expression level was followed for 48 h for ROCKs and 96 h for
ADFs. All experiments were performed 48 h post-transfection
at the point of maximal down-regulation.

Antibodies and reagents

Antibodies

The following antibiodies were used: anti-Abl (clone 8E9) was
obtainted from Becton Dickinson (Pont-de-Claix, France);
anti-Myc (clone 9E10), anti-ADF/destrin (GV-13), and anti-
actin were from Sigma-Aldrich (Saint-Quentin Fallavier,
France); anti-RhoA (clone 26C4), anti-ROCK1 (H-85), anti-
ROCK2 (C-20), and anti-cofilin-1 (5) were from Santa-Cruz
Biotechnology (Heidelberg, Germany); anti-MLC2 and anti-
phospho-MLC2 (Ser19) were from Cell Signaling Technology
(Ozyme, Montigny-Le-Bretonneux, France); and anti-MYPT1
and anti-phospho-MYPT1 (Thr696) were from Millipore
(Molsheim, France). Secondary HRP-conjugated goat anti-
mouse IgG and goat anti-rabbit IgG were obtained from GE
Healthcare (VWR International, Strasbourg, France). Sec-
ondary HRP-conjugated rabbit anti-goat was purchased from
Santa Cruz Biotechnology.

Reagents

The ROCK inhibitor Y27632 and the myosin II inhibitor blebbista-
tin were purchased from Sigma-Aldrich. Calf intestinal alkaline
phosphatase was acquired from New England Biolabs (Evry,
France). Labeled siRNAs corresponding to the target sequences of
mouse mRNA of ROCK1, 5=(FI)-GCAAAGAGAUUGUUAGAAU-
3=, ROCK2, 5=(DY547)-CAAUGAAGCUUCUUAGUAA-3=, ADF/
Destrin, 5=(FI)-GUGAUUGCAAUCCGUGUAU-3= from ref. 26,
and cofilin-1, 5=(DY547)-CCAAGGAGAGCAAGAAGGA-3=, were
ordered from Dharmacon (Abgene, Epsom, UK). Control 5=Cy5-
labeled siRNA was purchased from Eurogentec (Angers, France).

124 Vol. 27 January 2013 ROCHELLE ET AL.The FASEB Journal � www.fasebj.org

www.fasebj.org


Inhibitor studies

Cells were treated with ROCK inhibitor Y-27632 (10 �M) or
with the myosin II inhibitor blebbistatin (25 �M) over 1
to 5 h.

Lysis, immunoprecipitations, SDS-PAGE, and immunoblots

Lysis, immunoprecipitation, SDS–PAGE, Western blotting,
and immunodetection were performed as described previ-
ously (14). Absolute quantification of cofilin-1 and ADF in
Ba/F3 cells was done using purified recombinant GST-mouse-
cofilin-1 and GST-mouse-ADF as standards. Signals on West-
ern blot on which a specific amount of protein (20–40 �g) of
cell lysate and a concentration series of the purified protein
(standards) migrated were compared.

Two-dimensional electrophoresis

Cells (1.5–2�106) grown in tissue culture plates were washed
and directly lysed in 190 �l of Destreak buffer (7-6003-19; GE
Healthcare) supplemented with 2 mM orthovanadate, 5%
IPG buffer NL (pH 3–10; 17-6000-88, GE Healthcare), and a
phosphatase inhibitor cocktail. The prepared lysates were
passed several times through a syringe with a 25G5/8 needle
before being clarified at 10,000 g for 10 min at room
temperature (RT). Supernatants were then loaded onto 7 cm
immobiline DryStrip 3-10NL (GE Healthcare) and allowed to
rehydrate overnight. Isoelectric focusing was performed on a
Multiphor II Electrophoresis system (GE Healthcare) for 156
min (1 min at 200 V, 90 min at 200-3500 V, and 65 min at 3500
V). The buffer was then exchanged twice on the strips by two
15-min soakings in 1) 50 mM Tris (pH 8.8), 6 M urea, 30%
glycerol, 2% SDS, 2 mg/ml DTT (Sigma-Aldrich), and 0.01%
bromphenol blue buffer and 2) 50 mM TrisHCl (pH 8.8), 6 M
urea, 30% glycerol, 2% SDS, 5 mg/ml iodoacetamide (Sigma-
Aldrich), and 0.01% bromphenol blue buffer. Strips were
layered horizontally on 1-mm thickness 13% acrylamide SDS
gels with a 0.4% agarose stacking gel for electrophoresis in
the two dimensions. Immunoblotting was performed as de-
scribed previously for 1-dimensional SDS-PAGE (14). For 2D
immunoblots, the acid end of the pH gradient is positioned
to the left, so the furthermost left spot corresponds to the
phospho form as demonstrated by alkaline phosphatase treat-
ment (Supplemental Fig. S2).

Time-lapse recordings in 3D Matrigel

Cells in RPMI 1640 supplemented with 10% FBS were mixed
in liquid Matrigel (growth factor reduced; BD Biosciences) at
1 � 106 cells/ml in a 2 mg/ml final concentration of
Matrigel. The mixture was cast into a 1-cm-diameter 2-mm-
high Teflon ring on a 30-mm coverslip and incubated for 30
min at 37°C in a 5% CO2 incubator. For inhibition studies,
cells were pretreated for 1 h with 10 �M Y27632 or 25 �M
blebbistatin before embedding into Matrigel. Cell imaging
was done as described earlier (13). During the 30-min record-
ing, cells were maintained in a controlled environment
chamber (temperature, CO2, H2O), and 1 frame was taken
every 5 s. Movies presented were shrunk to 1 min by a 60-fold
acceleration (12 frames/s). For motility-type scoring, 200 to
600 cells for each cell type and condition were observed on
the time-lapse recordings. The motility studies were first
analyzed by T.R., who recorded the movies, then analyzed
blindly and separately by B.C. and N.B. The final result
presented in the figures is the average of the 3 analyses.

Immunofluorescence microscopy

Cells in Matrigel (3D)

Cells (1�105) were embedded in pure Matrigel in glass-
bottom 3-cm dishes (MatTek Corp., Ashland, MA, USA) and
allowed to polymerize for 30 min at 37°C. RPMI medium was
then added, and the Matrigel-embedded cells were kept at
37°C for 24 h. The in-gel fixation was achieved by immersion
(30 min, RT) in PBS containing 4% paraformaldehyde. Cells
were permeabilized with 0.5% Triton X-100 for 1 h, and
blocking was performed with 3% fetal bovine serum for 30
min (RT). The gels were incubated with primary antibodies
(overnight, RT), then with the appropriate secondary Alexa
Fluor-488 conjugated antibodies (3 h, RT). F-actin was stained
at this step with phalloidin conjugated to Alexa Fluor-546.
The gels were mounted by adding Fluoromount mounting
medium and a coverslip on top.

To make 3D images, serial optical sections of cells were
captured with the software’s automatic scanning mode. Z-
stack digital images were collected optically at every 0.2-�m
depth, and saved and used for 3D reconstruction using the
Imaris software (Bitplane, Zurich, Switzerland).

Cells in suspension

Ba/F3 cells were seeded in a 24-well plate at 5 � 105 cells/ml
in RPMI. After sedimentation of the cells, 800 �l of medium
was removed and replaced by PBS containing 4% paraformal-
dehyde. Fixation was performed for 20 min, then cells were
collected and centrifuged, and the pellet was recovered in
150 �l of 1% PBS/BSA. A 35-�l drop was placed on a
superfrost slide and dried under laminar flow. Cells were
permeabilized with 0.3% Triton X-100 for 5 min, and block-
ing was performed with 3% fetal bovine serum for 15 min.
Slides were incubated with primary antibodies (1 h), and then
with the appropriate secondary Alexa Fluor-488 conjugated
antibodies (3 h, RT). F-actin was stained at this step with
phalloidin conjugated to Alexa Fluor-546. Slides were
mounted by adding Mowiol mounting medium (Sigma) and
a coverslip on top.

Cells were analyzed by confocal imaging using a Zeiss
LSM 510 inverted laser scanning fluorescence microscope
equipped with LSM 510 acquisition software (Carl Zeiss,
Oberkochen, Germany) and a �63, numerical aperture (NA)
1.4 oil-immersion objective. Double color imaging using
Alexa 488-labeled secondary antibodies and Alexa 546-phal-
loidin was obtained using selective laser excitation at 488 and
543 nm, respectively. Each channel was imaged sequentially
using the multitrack recording module before merging.

Statistical analysis

Results are expressed as means � se of n observations. Sets of
data were compared with a Student’s t test. Differences were
considered statistically significant at values of P � 0.05.
Densitometry was performed using Scion software (Scion
Corp., Frederick, MD, USA).

RESULTS

p210bcr-abl-induced amoeboid motility is driven
through ROCK1 activation

We previously showed that p190bcr-abl and p210bcr-abl

both induce spontaneous motility of Ba/F3 cells but
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displayed differential motility modes. Ba/F3p190 cells
present a crawling or rolling motility. The latter modes
are characterized by an absence of cell body deforma-
tion and use short filopodia to displace the cell body. In
the case of crawling motility, cell projections (some-
times lamellipodia-like) are at the leading edge and
seem to pull at the cell body, with the latter remaining
round during translocation (Fig. 1A). It is important to
note that during recording, a defined Ba/F3p190 cell
can first use a rolling mode, then crawling, or vice versa.
For this reason, we grouped both types in one category
(see below), since cells migrate using both mobility
processes. In contrast, Ba/F3p210 cells mainly display
amoeboid motility characterized by the presence of one
large pseudopodial protrusion at the leading edge that
directs the movement, and a cell body that is continu-
ously deforming mobilized through contraction (refs.
19, 27 and Fig. 1A). In absence of chemokines like
SDF-1�, parental Ba/F3 cells are strictly nonmotile (28,
29). Tracking analysis of time-lapse recordings of
Ba/F3 cells in 3D Matrigel demonstrates the absence of
spontaneous motility of these cells (Fig. 1B). In con-
trast, both Ba/F3p190 and Ba/F3p210 cells display
spontaneous motility, as previously shown (13). During
the recording time (30 min), �60% of Ba/F3p210 cells
displayed spontaneous motility, compared to �30% for
Ba/F3p190 cells (Fig. 2C). For both migrating Ba/
F3p190 and Ba/F3p210 cells, the mean net displace-
ment is lower than the mean total track length, suggest-
ing a nondirectional motility (Fig. 1B, C). Nevertheless,
migrating Ba/F3p210 cells presented significantly lon-
ger tracks and net displacement than Ba/F3p190 in 3D
Matrigel, suggesting a more efficient and persistent
migration (Fig. 1B, C). The other major difference is
that none of the motile Ba/F3p190 cells used amoe-
boid motility, whereas �70% of the Ba/F3p210 cells
displayed this form of motility (Fig. 2D).

Amoeboid cell body deformation is typically associ-
ated with RhoA and ROCK activity. Our data are in
accordance with previous results showing that RhoA is
directly activated by the GEF domain of p210bcr-abl,

which is not present in p190bcr-abl (13). Interestingly, as
monitored by MyPT1 phosphorylation, ROCK activity
was detected only in Ba/F3p210 cells (Fig. 2A). We thus
probed the presence of RhoA and ROCK family mem-
bers in the Bcr-Abl complexes. RhoA and ROCK1 were
observed only in complexes with p210bcr-abl and not with
p190bcr-abl (Fig. 2B and Supplemental Fig. S1A). The
presence of RhoA and ROCK1 requires a functional
GEF domain in p210bcr-abl (Supplemental Fig. S1A).
Intriguingly, ROCK2 was not detected in complex with
p210bcr-abl, although it is expressed in Ba/F3 cells (Fig. 2B and
Supplemental Fig. S1A). As expected, neither ROCK1 nor
ROCK2 was found in complexes with p190bcr-abl or p145abl

(Fig. 2B and Supplemental Figs. S1A and S3D).
On treatment with the ROCK inhibitor Y27632, we ob-

served in time-lapse recordings a clear diminution of the
percentage of motile cells for Ba/F3p210 cells, while no
modification of this parameter was observed for Ba/F3p190
cells (Fig. 2C). The changed motility in Ba/F3p210 cells was
associated with a total loss of amoeboid movements and an
almost complete conversion into the rolling- or crawling-type
motility characteristic of Ba/F3p190 cells (Fig. 2D and Sup-
plemental Movie S1). Using ROCK1 or ROCK2 isoform-
specific siRNA (Supplemental Fig. S1B), we showed that the
amoeboid motility of the p210bcr-abl-expressing cells is specif-
ically dependent on ROCK1, but not on ROCK2 (Fig. 2E).
Based on time-lapse recordings and quantification of motil-
ity types, only 1.4% of Ba/F3p210 cells presented amoeboid
motility after depletion of ROCK1 (vs. 68% in control cells),
whereas knockdown of ROCK2 induced only a mild reduc-
tion of �20% in amoeboid movement (Fig. 2E). Neither
ROCK1-siRNA nor ROCK2-siRNA modified the motility
mode of Ba/F3p190 cells (not shown). Taken together,
these results demonstrate that the Bcr-Abl-induced amoe-
boid movements are specifically controlled by RhoA-
ROCK1-activation.

We further explored the signaling pathways downstream
of ROCK1. Most publications focusing on amoeboid motility
describe the central role of myosin II activation through
ROCK-induced MLC phosphorylation enhancement (30).
Accordingly, we observed a high phosphorylation level of

Figure 1. Morphological and physical characteristics of the different spontaneous motilities induced by p190bcr-abl and p210bcr-abl.
A) Morphological characterization of rolling-type (top panel), crawling-type (middle panel) or amoeboid-type (bottom panel)
motilities using differential interference contrast (DIC) microscopy and track analysis. B, C) Cell-tracking analysis: Multiple
tracks of individual Ba/F3wt, Ba/F3p190, and Ba/F3p210 cells were recorded by time-lapse video microscopy over 30 min using
DIC microscopy. For each track, the net displacement between initial and final positions (B) and the total track length (C) were
analyzed.
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MLC in the Ba/F3p210 cells (dependent on a functional
Rho GEF domain), compared to that in Ba/F3p190 cells
(Fig. 3A). Treatment with Y27632 induced total inhibition of
this MLC phosphorylation (Fig. 3B). In accordance with
results presented above (Fig. 2) demonstrating that only
ROCK1 was involved in p210bcr-abl signal transduction, siRNA
knockdown of ROCK1 induced a strong inhibition of MLC
phosphorylation, whereas ROCK2 depletion had no effect
(Fig. 3C). Blebbistatin treatment did not affect the rolling/
crawling-type motility of the p190bcr-abl cells (not shown), but
it drastically reduced amoeboid motility of the Ba/F3p210
cell population (Fig. 3D and Supplemental Movie S2). My-
osin II activity thus strongly contributes to the amoeboid
motility phenotype. However, other effectors downstream
of RhoA-ROCK1 may also be involved. Since ADF/cofilins
are the other main effectors regulated by Rho-ROCK
(31), we decided to investigate this pathway.

ROCK1 controls cofilin-1 and ADF/destrin
phosphorylation only in Ba/F3p210 cells

Cofilin-1 and ADF/destrin, two highly similar members
of the ADF family, are coexpressed in most cells, and
little is known on their specific roles in cell motility.
Until now they have been usually considered as redun-
dant (26, 31). Their actin-binding activity is regulated
by phosphorylation and dephosphorylation of Ser3,
with the dephosphorylated form being the active one.
The upstream signaling of cofilin/ADF regulation is
complex, with multiple kinases and phosphatases in-
volved (31). Using specific antibodies, we first explored

by Western blotting the expression levels of LIMK 1 and
2 , major cofilin and ADF kinases, and their phosphor-
ylation levels in Ba/F3p190 and Ba/F3p210 cells. No
statistical difference could be observed for any of these
isoforms between p190bcr-abl- and p210bcr-abl-expressing
cells (not shown). Cofilin-1 and ADF/destrin are both
expressed at similar levels in Ba/F3p190 and Ba/
F3p210 cells (Fig. 4A, B). Since the cofilin-1/ADF ratio
is reported to vary depending on cell type (32), we
quantified the protein ratio of ADF to cofilin-1 in
Bcr-Abl-expressing Ba/F3 cells, using purified bacteri-
ally produced cofilin-1 and ADF/destrin as standards
(see Materials and Methods). This revealed that the
ratio of cofilin-1 over ADF was �1.5 � 0.23 in both
Ba/F3p190 and Ba/F3p210 cells.

In the absence of reliable and specific anti-phospho-
ADF antibodies, we used 2D electrophoresis to explore
cofilin-1 and ADF/destrin phosphorylation (see Sup-
plemental Fig. S2 for identification of phosphorylated
spots). Interestingly, whereas the cofilin-1 phosphory-
lated form is predominant in Ba/F3 parental cells a
clear inhibition of cofilin-1 phosphorylation was ob-
served in Ba/F3p190 and Ba/F3p210 cells (Fig. 4C).
This was recently demonstrated to be a consequence of
Bcr-Abl expression in Ba/F3 cells (29, 33). In contrast,
the ADF/destrin phosphorylated form was present in
Ba/F3wt, Ba/F3p190, and Ba/F3p210 cells (Fig. 4C).
The ADF/destrin phosphorylation level is slightly de-
creased by 15% (P�0.0027) in Ba/F3p210 cells in
comparison to Ba/F3p190 cells (Fig. 4C). The level of
unphosphorylated ADF/cofilin family proteins was

Figure 2. p210bcr-abl-induced amoe-
boid motility is driven through
ROCK1 activation. A) Rock activa-
tion was analyzed by probing MyPT1
phosphorylation (Thr696). Actin
was used as loading control. B) Co-
immunoprecipitation of RhoA and
ROCK1, but not ROCK2, with
p210bcr-abl. Ba/F3p190 and Ba/
F3p210 cell lysates were immunopre-
cipitated with anti-Abl IgG, and im-
munoblotted as indicated. C, D)
ROCK inhibition suppresses amoe-
boid motility of p210bcr-abl expressing

cells. Analysis of the proportion of motile cells (C) and of the motility type within motile cells (D) of time-lapse recordings of control
and 10 �M ROCK Inhibitor Y27632 treated Ba/F3p190 and Ba/F3p210 cells in 3D Matrigel. E) ROCK1- or ROCK2-siRNA-transfected
Ba/F3p210 cells. At 48 h after transfection with the indicated siRNA, Ba/F3p210 cells were embedded in 3D Matrigel, and time-lapse
recording was performed using DIC microscopy. Phenotype of motile cells was analyzed and cells sorted in amoeboid or
crawling/rolling motility type. Data are expressed as percentage of motile Ba/F3p190 and Ba/F3p210 cells with a specific motility type;
200-600 cells/condition were observed.
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demonstrated to be responsible for efficient migration
and invasion of a mammary carcinoma cell line (34).
Although statistically significant, this slight difference
in ADF phosphorylation state is unlikely to explain the
presence of an amoeboid motility mode only in Ba/
F3p210 cells.

Using the ROCK inhibitor Y27632, we explored the
ROCK dependency of the phosphorylation of cofilin-1
and ADF/destrin. In line with the fact that no ROCK
activity was present in Ba/F3p190 cells, modification of
the phosphorylation level of cofilin-1 and ADF/destrin
was not observed in these cells on ROCK inhibition. In
contrast, in Ba/F3p210 cells, Y27632 treatment induced
an increase in cofilin-1 phosphorylation and a decrease
in ADF/destrin phosphorylation (Fig. 5A, B). Similar
results were obtained using ROCK1-siRNA in Ba/F3p210

cells, whereas ROCK2-siRNA induced no modification in
the level of phosphorylation of cofilin-1 or ADF/destrin in
this cell line (Fig. 5C, D). These results highlight an
isoform specificity of ROCK1 toward ADF/cofilin family
proteins. Moreover, they indicate that ROCK1 activity is
responsible for ADF/destrin phosphorylation in Ba/
F3p210 cells that display amoeboid motility.

ADF/destrin is present in complex with p210bcr-abl only

The results presented above do not strongly support a
determinant role of phosphorylation of ADF/destrin or
cofilin-1 in the commitment to the different modes of
motility. We thus explored the differential interactions
of these protein isoforms in the context of macromo-
lecular complexes organized around Bcr-Abl. We

Figure 3. A) Phosphorylation state of MLC in Bcr-Abl-express-
ing cells. Ba/F3p190, BaF3p210, and Ba/F3p210S509A cells
were lysed, and the levels of phospho-MLC and total MLC were
detected by immunoblotting. Total actin was used as loading
control. Results are representative of 1 experiment out of 3. B)
Phosphorylation state of MLC in Bcr-Abl-expressing cells after 5
h of 10 �M Y-27632 treatment. Left panel: total proteins from
Ba/F3p190, BaF3p210, and Ba/F3p210S509A were extracted
and immunoblotted as indicated. Total actin was used as

loading control. Right panel: P-MLC/MLC ratio. Histogram shows mean � se values of 3 independent experiments. C)
Phosphorylation state of MLC in Bcr-Abl-expressing cells after ROCK1 or ROCK2 down-regulation; 48 h post-transfection with
scramble or ROCK1 or ROCK2 siRNA, Ba/F3p190, BaF3p210 and Ba/F3p210S509A were lysed and phosphorylation state of
MLC was determined by immunoblotting. Total actin was used as loading control. D) Myosin inhibition decreases amoeboid
motility. Analysis of time-lapse recordings of control or blebbistatin-treated Ba/F3p210 cells. At 1 h after treatment with 25 �M
blebbistatin, Ba/F3p210 cells were embedded into 3D Matrigel, and time-lapse recordings were performed using DIC
microscopy. Motile cell phenotype was analyzed, and cells were sorted in amoeboid or crawling/rolling motility type. Data are
expressed as percentage of motile Ba/F3p210 cells (200–300 cells/condition were observed).
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showed above (Fig. 2B and Supplemental Figs. S1A and
S3D) that the complex around p210bcr-ablspecifically
contained activated RhoA and ROCK1. We explored
the presence of either cofilin-1 or ADF/destrin in
complex with p210bcr-abl using coimmunoprecipitation
assays with anti-Abl, anti-cofilin-1, or anti-ADF/destrin
antibodies. Cofilin-1 was not present in complex with
any form of Bcr-Abl. In contrast, we found that ADF/
destrin is present in complex with p210bcr-abl and absent
in complex with p190bcr-abl (Fig. 6A). We performed 2D
gel electrophoresis experiments to determine whether
phosphorylated and/or unphosphorylated ADF/destrin was
present in complex with p210bcr-abl. Interestingly, 2D
electrophoresis of anti-Abl immunoprecipitation from
Ba/F3p210 cells revealed that both forms of ADF/
destrin were present in complex with p210bcr-abl (Fig.
6B). The phospho-ADF/ADF ratio in the whole-cell
lysate and in the immunoprecipitated complex was
highly similar.

Interestingly, the presence of ADF/destrin in com-
plex with p210bcr-abl was dependent on the presence of
ROCK but not on its activity, as demonstrated by
coimmunoprecipitation assays after treatment with the
ROCK inhibitor Y27632 (Fig. 6C) or ROCK1 siRNA
(Fig. 6D). As a control, ROCK2 knockdown did not
change the presence of ADF/destrin in complex with
p210bcr-abl (Fig. 6D).

ADF/destrin is responsible for amoeboid motility

To further analyze the consequences of the isoform-
specific recruitment of ADF for amoeboid motility, we

modulated ADF/cofilin protein levels in Ba/F3p210
cells (Supplemental Fig. S3A, B). Myc-ADF/destrin-
overexpressing Ba/F3p210 cells kept the same level of
amoeboid motility (Fig. 7A). In the same way, Myc-
cofilin-1 overexpression did not affect the amoeboid
motility of Ba/F3p210 cells (Fig. 7A). We subsequently
explored the role of ADF and cofilin in p210bcr-abl

induced amoeboid motility using siRNA (Supplemental
Fig. S3C). Cofilin-1 silencing did not change the pro-
portion of p210bcr-abl cells using amoeboid motility vs.
control condition (Fig. 7B and Supplemental Movie
S3). In contrast, ADF/destrin siRNA induced a com-
plete loss of amoeboid motility type and a conversion to
crawling and rolling type (Fig. 7B and Supplemental
Movie S3). Using Ba/F3p210 cells embedded in 3D
Matrigel, we studied the localization of cofilin-1 and
ADF/destrin in addition to F-actin phalloidin labeling
(Fig. 7C). We observed that cofilin-1 is relatively ho-
mogenously distributed in the cytoplasm, without po-
larization or clustering. In contrast, ADF/destrin con-
centrates in the leading edge and at a lower level in the
tail of amoeboid cells. Interestingly, colocalization in-
dex of cofilin-1 with F-actin was lower (max: 0.60) than
for ADF/destrin (max: 0.97), pointing out that ADF/
destrin seems to interact more tightly with actin in this
model. It has to be noted that disruption of the cortical
actin in the cell body where contraction occurs, corre-
sponds to ADF/destrin labeling. Notably, cells not
embedded in Matrigel, which also display amoeboid
phenotype, present a distribution of ADF/destrin and
cofilin similar to that observed in 3D Matrigel (Fig. 7D).
These results indicate a fundamental role for ADF/

Figure 4. Protein levels of ADF/cofilins are not modified downstream of Bcr-Abl, but phosphorylation levels vary. A, B) Cofilin-1
(A) and ADF/destrin (B) protein level in Bcr-Abl-expressing and WT Ba/F3 cells. Total proteins from Ba/F3wt, Ba/F3p190, and
Ba/F3p210 were extracted and immunoblotted as indicated. Actin was used as loading control. C) 2D-PAGE followed by Western
blot analysis of Ba/F3wt, Ba/F3p190, and Ba/F3p210 cell extracts. Phosphorylated and unphosphorylated forms of cofilin-1 and
ADF/destrin were detected by immunoblotting. Right panels show densitometric analysis of immunoblots (n	4).
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destrin in amoeboid motility. It has to be noted that the
phospho-MyPT1 level is not modified by silencing
cofilin-1 or ADF/destrin, suggesting the loss of amoe-
boid motility on ADF/destrin siRNA-treatment is not
caused by altered myosin signaling (Fig. 7E). Together
with data in Figs. 2 and 3, this indicates that the
RhoA-ROCK-ADF pathway and the RhoA-ROCK-myo-
sin pathway are both necessary but individually not
sufficient to obtain amoeboid motility.

DISCUSSION

Amoeboid motility represents a major type of cell motility,
largely used by hematopoietic cells and to some extent by
tumor cells in dense matrices in vivo (21, 22). Despite its
importance in vivo, the molecular mechanisms leading to
amoeboid movements are still poorly understood, except it is
generally accepted to be mediated by pathways downstream
of Rho (21, 22). Using Bcr-Abl-expressing Ba/F3 cells, we

unravel a new Rho-induced mechanism required for amoe-
boid motility. This consists in a specific regulation and
function for the ADF/destrin in p210bcr-abl complex, distinct
from its highly similar paralog cofilin-1 (31), complementary
to the classical myosin II pathway.

We previously showed that Ba/F3p190 and or Ba/
F3p210 display spontaneous motility but do so in
different modes with the latter displaying amoeboid
motility. We demonstrated that the DH/PH domain of
p210bcr-abl specifically activates RhoA, and this activation
is necessary for amoeboid motility (13). The central
role of RhoA in amoeboid motility is generally accepted
to act through actomyosin-based contraction (24, 35,
36). The exclusive ROCK-dependent MLC phosphory-
lation in Ba/F3p210 cells and nearly complete blockage
of amoeboid motility on myosin inhibition (Fig. 3D)
confirm this is also the case here. Intriguingly, we show
this activation is exclusively dependent on ROCK1
signaling.

ROCK is a generally accepted key molecule in cell

A

B

C D

Figure 5. ROCK1 controls cofilin-1 and ADF/destrin phosphorylation only in Ba/F3p210 cells. A, B) Phosphorylation state of
ADFs in p210bcr-abl-expressing cells are dependent on ROCK1. 2D-PAGE followed by Western blot analysis of Ba/F3p190 and
Ba/F3p210 cell extracts after 5 h of 10 �M Y-27632 treatment. Phosphorylated and unphosphorylated forms of cofilin-1 (A) and
ADF/destrin (B) were detected by immunoblotting. C, D) 2D-PAGE followed by Western blot analysis of Ba/F3p210 cell extracts,
48 h after transfection with the indicated Rock isoform-specific siRNA. Phosphorylated and unphosphorylated forms of cofilin-1
(C) and ADF/destrin (D) were detected by immunoblotting. 2D results are expressed as mean � sd values of 3 independent
experiments (n	3). ns, nonsignificant. *P � 0.05, **P � 0.01, ***P � 0.001; unpaired Student’s t test.
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migration, but a specific role for a ROCK isoform in a
motility mode is not yet reported. ROCK1 (and not
ROCK2) was shown to be a prime determinant in
leukocyte recruitment after vascular injury in mice
(37). Mouse genetics and isoform-specific down-regula-
tion are starting to provide evidence for nonredundant
functions and differential upstream and downstream
partners (reviewed in ref. 38). Since ROCK1 and 2 are
highly similar, and most commonly used ROCK inhib-
itors target both isoforms (39), insight into isoform-
specific effects is only slowly emerging.

In Ba/F3p210 cells presenting constitutive Rho/
ROCK1 activation, the presence of the actin binding
protein ADF/destrin (and not cofilin 1) is also required
for amoeboid motility, even on MLC activation. This
makes ADF/destrin and myosin equally important to
establish amoeboid movement. With myosin exerting
contraction, and in line with the actin filament depo-
lymerising activity of ADF/destrin, this suggests a spe-
cific and crucial role for ADF/destrin in actin disassem-
bly and/or actin filament turnover in these cells.
Although both signaling from Rho-ROCK to members
of the ADF/cofilins (40, 41) and a role of ADF/cofilin
members in motility are well documented (25, 31, 42),
the determining role of ADF/destrin in amoeboid
motility mode and the isoform-specificity hereof is
novel. In general, Rho/ROCK signaling results in in-
creased ADF/cofilin phosphorylation (40, 41) by acti-
vating cofilin kinases. In Ba/F3p210 cells, ROCK1
inhibition similarly results in a lower level of ADF/
destrin phosphorylation. Importantly, the ADF/destrin
phosphorylation level appears similar in Ba/F3p190
cells and ROCK inhibitor-treated Ba/F3p190 cells, in-

dicating that ADF/destrin phosphorylation is under
the control of different pathways in each cell type.

Within the ADF/cofilin family, isoform-specific func-
tion or regulation is even less understood. The 2
nonmuscle isoforms ADF (destrin) and cofilin-1 (n-
cofilin) have been until now mostly considered func-
tionally redundant (42). They indeed have very similar
properties in relation to their main function, i.e., mod-
ulating actin dynamics (43, 44), and this is likely the
basis for reported compensatory role in cells (26) or
mice (45, 46). They display tissue-specific expression
levels during development and in adult organisms (43)
with cofilin-1 most widely expressed and predominant
in embryonic stages (43, 47). Cofilin-1 knockout is
consequently embryonic lethal (47), whereas a destrin-
null-mice has only mild phenotypes (32). Together this
has led to the assumption that ADF/destrin is a minor
isoform, and the role of its coexpression with cofilin-1
in multiple cell types remains largely unknown and
little studied. To our knowledge, only 1 report previ-
ously described a nonredundant function for mamma-
lian ADF/destrin and cofilin-1 in migration (32).

We identified ROCK1 and ADF/destrin as two new
and specific components of the p210bcr-abl “signalplex”
and the existence of RhoA-ROCK1-ADF/destrin signal-
ing with high isoform specifity. Indeed, these two
proteins are not associated with p190bcr-abl, nor was
cofilin-1 or ROCK2 present in the p210bcr-abl complex.
The recruitment of these partners is probably linked to
the Rho-GEF activity of p210bcr-abl since ROCK1 is not
present in complex with the p210S509A mutant of
p210bcr-abl (Supplemental Fig. S1A and ref. 13). Bcr-Abl
has been extensively described as a scaffolding protein,
the number and qualities of partners increasing regu-

Figure 6. ADF/destrin is present in complex with p210bcr-abl

only, and this is dependent on the presence of ROCK1. A)
ADF/destrin but not cofilin-1 is recruited to the p210bcr-abl

complex. Ba/F3p190 and Ba/F3p210 cell lysates were immuno-
precipitated with anti-Abl IgG and immunoblotted as indicated.
B) Both phosphorylated and unphosphorylated forms of ADF/
destrin are present in complex with p210bcr-abl. Anti-Abl-immu-
noprecipitates from Ba/F3p210 cells, and the corresponding
total lysates were subjected to 2D-PAGE followed by Western
blot analysis as indicated. C) Complex of ADF/destrin with
p210bcr-abl is independent of ROCK activity. Ba/F3p210 cell
extracts after 5h of 10 �M Y-27632 treatment were immunopre-
cipitated with anti-Abl IgG, and immunoblotted as indicated. D)
Complex of ADF/destrin with p210bcr-abl is ROCK1-dependent;

48 h after transfection with indicated siRNA, Ba/F3p210 cell extracts were immunoprecipitated with anti-Abl IgG and
immunoblotted as indicated.
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larly (48). Intriguingly, the presence of ADF/destrin in
the p210bcr-abl complex requires ROCK1, but not its
activity (Fig. 6C). Indeed, only knockdown of ROCK1
prevented the anchorage of ADF/destrin to the com-
plex (Fig. 6D). In addition, the presence of both ADF/
destrin and phosphorylated ADF/destrin in the complex
suggests that its association to the p210bcr-abl complex is
independent of ADF/destrin phosphorylation status, further
suggesting its activity may cycle within the complex. It re-
mains to be shown whether the recruitment of ADF/destrin
to the p210bcr-abl complex is controlling local vs. global
ADF/destrin activity ratios, as, e.g., shown in ref. 49.

Our main observation is that p210bcr-abl cells lose
amoeboid motility only when the level of ADF/destrin,
and not that of cofilin 1, is down-regulated. Together
with the exclusive recruitment of ADF/destrin to the
p210bcr-abl complex and the observation of a similar
phosphorylation level of ADF/destrin in p210bcr-abl vs.
p190bcr-abl cells, this suggests the p210bcr-abl complex
(implying spatially enriched Rho-ROCK1 signaling)
may be able inducing a (local) response on actin
dynamics that is crucial for establishing the amoeboid
motility mode. Amoeboid movement is characterized
by a protruding cell front, accompanied with contrac-

tions of the cell body, and, in contrast to the mesen-
chymal mode of migration, myosin-mediated contrac-
tion of the cell rear and actin flowing at the leading
edge are spatiotemporally uncoupled (19, 50). This
uncoupling may explain why both myosin and ADF/
destrin activity are required for amoeboid motility.
Ba/F3p210 cells, like normal hematopoietic motile
cells, extrude a large and dynamic pseudopod, which
plays the role of a leading edge for the cell body to
move in the same direction. Amoeboid translocation is
then the result of contraction of the cell body toward
the membrane protrusion via actomyosin activity and
actin remodelling (19), and we suggest that ADF/
destrin participates in this. Interestingly, we found
ADF/destrin clustered in these protrusions, and it is
also more cortical in the cell body than cofilin-1,
suggesting that ADF/destrin concentrates in the sites of
actin flowing and of acto-myosin contraction. Of note,
this appears different from amoeboid motility based on
membrane blebbing (21, 51), characteristic of Dictyoste-
lium discoideum (20) or some solid tumor cells under-
going amoeboid transition (36, 52, 53).

Despite the determining role of ADF/destrin, the func-
tion of cofilin-1 in the amoeboid moving p210bcr-abl cells

Figure 7. ADF/destrin is strongly required for amoeboid motility in p210bcr-abl -expressing cells. A) Overexpression of myc-tagged
ADF or myc-tagged cofilin-1 does not modify the motility type of motile p210bcr-abl cells. Analysis of time-lapse recordings in 3D
Matrigel of Ba/F3p210 stably transfected with either myc-ADF or myc-cofilin-1. Motile cells were sorted in amoeboid or
crawling/rolling motility type and expressed as percentage of motile Ba/F3p210 cells; 200-600 cells/condition were observed.
B) ADF/destrin but not cofilin-1 down-regulation abrogates the amoeboid motility of p210bcr-abl-expressing cells. Analysis of
time-lapse recordings of control, ADF, or cofilin-1 siRNA-transfected Ba/F3p210 cell; 48 h after transfection with the indicated
siRNA, Ba/F3p210 cells were embedded into 3D Matrigel, and time-lapse recordings were performed using DIC microscopy. C)
Localization of ADFs in Matrigel-embedded Ba/F3p210 cells. Ba/F3p210 cells were embedded in Matrigel for 12 h, then fixed,
stained for F-actin with phalloidin-alexa-546 and for cofilin-1 or ADF/destrin with specific antibody coupled with secondary
antibody-alexa-488. Representative confocal images obtained with epifluorescence for cofilin-1 or ADF/destrin (green), actin
(red), or a combination of the two (merge) are shown. D) Localization of ADFs in adhesion-free Ba/F3p210 cells. Ba/F3p210
cells in suspension were fixed, stained for F-actin with phalloidin-alexa-546 and for cofilin-1 or ADF/destrin with specific
antibody coupled with secondary antibody-alexa-488. Representative confocal images obtained with epifluorescence for cofilin-1
or ADF/destrin (green), actin (red), or a combination of the 2 (merge) are shown E) Myosin II pathway is still activated in
siRNA-ADF expressing cells. P-MYPT level on ADF and CFL-1 siRNA knockdowns probed by immunoblotting total proteins from
indicated extracts. ADF and cofilin-1 siRNA-knockdowns show no cross-reactivity 48 h post-transfection. Scale bars 	 5 �m.
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should also be explored. Cofilin-1 has already been shown
to play an important role during leukocyte chemotaxis
(54–56). The global activity level of cofilin-1 is similar in
p190 and p210 cells, and cofilin-1 is not recruited to either
Bcr-Abl complex. Surprisingly, cofilin-1 phosphorylation
is increased on ROCK1 inhibition in p210 cells, empha-
sizing ADF/cofilin isoform specificity. Further work on
ADF/destrin and cofilin-1 localization studies may pro-
vide answers on how these isoforms differ in spatial and
temporal regulation of actin reorganization.

Evidence has been raised that amoeboid transition of
mesenchymal cells is the consequence of a shift from a
Rac-induced (mesenchymal) motility to a RhoA-in-
duced mode of motility (23, 52, 57). The originality of
the p210bcr-abl model lies in the fact that we observe Rho
activation on top of Rac activity, and both are necessary
to obtain migration through amoeboid motility (13). It
will be of interest to further determine to what extent
these pathways interact and employ isoform-specific
activities in function of changing motility modes.

Bcr-Abl-expressing cells have been shown to be inde-
pendent from chemotaxis, particularly SDF-1�-induced
ones (11). Together with the loss of chemokine regula-
tion, the spontaneous motility of Bcr-Abl-expressing cells
may favor the escape from stromal regulation. This may
contribute to the oncogenicity of Bcr-Abl through a
prominent role of Rho-GTPases. Recent literature has
focused on Rac in CML leukemogenesis (58). Also, the
hyperactivation of Cdc42 by p210bcr-abl has been involved
in the loss of directionality of these cells (9). Our data
finally demonstrate that RhoA triggers spontaneous
amoeboid motility in Bcr-Abl-transformed cells. Alto-
gether, these elements indicate a major role for Rho-
GTPases in Bcr-Abl-induced leukemias, positioning them
as interesting targets for alternative treatments.

In summary, a main contribution of this work is the
identification of ADF/destrin, together with ROCK1, as
specific components of the p210bcr-abl complex, and as
determinants that drive amoeboid motility in an hemato-
poietic cell model. This effect is isoform specific, and
ADF/destrin acts in conjunction with RhoA-ROCK1-
MLC-myosin activity to induce amoeboid motility. This
study also underscores the need for a closer study of the
specific activities of cofilin/ADF members in other cellu-
lar functions and systems. Moreover, the effect of sponta-
neous migration through amoeboid motility may be im-
portant in chronic myelogenous leukemia pathogenesis,
particularly in the context of an altered crosstalk of
hematopoietic cells with the microenvironment.
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