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Background: ELMO and DOCK180 synergize to promote Rac-dependent cell migration.
Results: ELMO synergize with a novel interacting protein, ACF7, to promote cytoskeletal changes.
Conclusion: ELMO recruits ACF7 at the membrane and impacts on the microtubule network to increase the persistence of
membrane protrusion.
Significance: ELMO controls protrusion stability by acting at the interface between the actin cytoskeleton and themicrotubule
network.

ELMO and DOCK180 proteins form an evolutionarily con-
served module controlling Rac GTPase signaling during cell
migration, phagocytosis, and myoblast fusion. Here, we identi-
fied themicrotubule and actin-binding spectraplakin ACF7 as a
novel ELMO-interacting partner. AC-terminal polyproline seg-
ment in ELMO and the last spectrin repeat of ACF7 mediate a
direct interaction between these proteins. Co-expression of
ELMO1 with ACF7 promoted the formation of long membrane
protrusions during integrin-mediated cell spreading. Quantifi-
cation of membrane dynamics established that coupling of
ELMO and ACF7 increases the persistence of the protruding
activity. Mechanistically, we uncovered a role for ELMO in the
recruitment of ACF7 to the membrane to promote microtubule
capture and stability. Functionally, these effects of ELMO and
ACF7 on cytoskeletal dynamics required the Rac GEF
DOCK180. In conclusion, our findings support a role for ELMO
in protrusion stability by acting at the interface between the
actin cytoskeleton and the microtubule network.

Rho GTPases are central proteins controlling cytoskeletal
dynamics in a plethora of biological processes including cell
motility (1, 2). Guanine exchange factors (GEFs)3 are involved
in spatiotemporal activation of Rho proteins and therefore are
involved in controlling the coupling of Rho GTPases to specific
effectors including kinases and actin nucleators that are princi-

pally involved in cytoskeleton remodeling (3). Approximately
85 Rho GEFs have so far been identified in mammals, and they
are classified into two subfamilies according to the sequence
homology and structural features of their exchange domains:
the Dbl and DOCK GEFs (4–6). Among the DOCK GEFs,
DOCK180 is a specific activator of Rac GTPases (7, 8).
In Drosophila, the ortholog of DOCK180, MBC (myoblast

city), functions downstream of the PDGF/VEGF receptor or
muscle fusion receptors to control the activity of Rac during
border cellmigration andmyoblast fusion (9–12). Likewise, the
Caenorhabditis elegans ortholog of DOCK180, Ced-5, controls
the engulfment of apoptotic cells and the migration path of the
gonad distal tip cells by modulating Rac signaling (13, 14). In a
mammalian context, the activation of Rac by DOCK180, via
recruitment to the p130Cas-CrkII complex, is regarded as a
triggering event for integrin-dependent cell migration (15–17).
Recent studies usingmouse and cellularmodels uncovered evo-
lutionarily conserved roles for DOCK180 in mammalian myo-
blast fusion and engulfment of apoptotic cells (18–20). Further
analyses of mice lacking DOCK180 revealed a role for this GEF
during the development of the cardiovascular system including
a contribution to the migration of endothelial cells through the
Sdf1/CXCR4 cytokine/receptor pathway (21). In addition, the
close homologs of DOCK180, DOCK2, andDOCK5 play essen-
tial roles in cell migration of various blood cell types and oste-
oclast-mediated bone resorption, respectively (22, 23).
ELMO (engulfment and motility) proteins physically engage

with DOCK180 to form an evolutionarily conserved complex
that regulates Rac biological effects (5, 24–26). ELMO proteins
are themselves tightly regulated by autoinhibitory interactions
between an ELMO inhibitory domain and ELMO-autoregula-
tory domain (27). Such closed conformation ELMO remains
bound to DOCK180 and prevents promiscuous recruitment of
the complex to the membrane. Although the molecular mech-
anisms involved in releasing the inhibitory intramolecular con-
tacts in ELMO remain to be completely defined, engagement of
the Ras-binding domain of ELMO toRhoG andArl4AGTPases
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facilitates membrane recruitment of the ELMO-DOCK180
complex and Rac-mediated cytoskeletal changes (27–30).
Biologically, several studies now converge to suggest an evo-

lutionarily conserved function for ELMO-DOCK at the leading
edge. InDrosophila, ELMO-MBC is known to activate Rac dur-
ing border cell migration and dorsal closure (10, 11, 31, 32). In
particular, when border cells initiate their collective movement
toward the egg chamber, ELMO-MBC activity is required for
the leader cell of the cluster to adopt an elongated morphology
and, as such, to drive a mesenchymal-like mode of migration
(31). In agreement with a role in leading edge establishment,
DOCK2-deficient neutrophils fail to orient a migration front
when subjected to a migration cue (33). Overexpression and
structure/function studies also suggest that ELMO-DOCK can
promote the formation of a leading edge in a phosphatidylino-
sitol 3,4,5-phosphate- and Rac-dependent manner (24, 27,
34–38). Expression of an open conformation and activemutant
of ELMO1 is sufficient to promote cell elongation leading to
DOCK180-Rac-dependent directed cell motility (27). Con-
versely, RNAi knockdown of ELMO or DOCK180 impaired
leading edge formation in various cellular models (15, 39, 40).
ACF7, also known as MACF1, is a spectraplakin and a �TIP

protein that interacts withmicrotubules and allows their cross-
linking to the actin cytoskeleton (41–46). Within the microtu-
bule-binding region of ACF7, a Gas2-related domain and gly-
cine-serine-arginine repeat domain are involved in glycogen
synthase kinase 3� (GSK3�) binding and also serve as sub-
strates for this kinase (44, 46). ACF7 displays a conserved role in
membrane protrusion formation during evolution. InDrosoph-
ila and mice, respectively, Short Stop and ACF7 regulate filo-
podia formation and axon extension by regulating the growth of
neuronal microtubules (47). ACF7 was recently reported to
work downstream of HER2 by promoting microtubule capture
in the lamellipodia, and as such, in facilitating the persistence of
cell migration (44, 48). Mechanistically, HER2 activation was
found to inhibit GSK3� activity at the forming leading edge,
inducing local ACF7 desphosphorylation and its subsequent
association with microtubules (48). In a similar model, condi-
tional ablation ofACF7 in follicular stem cells disruptedmicro-
tubules trajectory, cell polarity, and the efficiency and persis-
tency of migration (44).
Here, we report that ELMO directly interacts with ACF7 to

promote persistence in membrane protrusive activity. This
interaction contributes to the recruitment of ACF7, where it is
involved in microtubule capture and stabilization. We demon-
strate that the protrusion formation process by ELMO-ACF7
requires DOCK180 and that active Rac is localized in space and
time at the growing protrusions enriched with ELMO and
ACF7. This work supports a role for ELMO in protrusion for-
mation by acting at the interface between the actin cytoskeleton
and the microtubule network.

EXPERIMENTAL PROCEDURES

Antibodies, Cell Culture, and Transfections—A rabbit poly-
clonal antibody against ELMO1 was previously described (28).
An aliquot of a rabbit polyclonal antibody recognizingMACF1-
ACF7, used in immunofluorescence,was kindly provided byDr.
Ronald Liem (Columbia University). The following reagents

were obtained commercially: anti-Myc (9E10), anti-HA (Y-11),
anti-DOCK180 (H-70) (Santa Cruz Biotechnologies); anti-
ELMO2 (Novus Biologicals); and anti-GST (GE Healthcare).
The anti-GFP magnetic beads immunoprecipitation kit was
from Miltenyi Biotec. Anti-�-tubulin antibody was from the
Developmental Studies Hybridoma Bank (The University of
Iowa). HEK293T and MDA-MB-231 cells were cultured in
DMEM supplemented with 10% fetal bovine serum, penicillin,
and streptomycin (Invitrogen) and transfected by calcium
phosphate precipitation method or Lipofectamine 2000 (Invit-
rogen) using standard procedures. The CHO cell line, subclone
LR73, was maintained in �-minimum essential medium sup-
plemented with 10% fetal bovine serum, penicillin, and strep-
tomycin (Invitrogen) and transfected using Lipofectamine 2000
(Invitrogen). Nocodazole was from Sigma.
Plasmids and siRNAs—pEGFP-C1A ACF7 and pKH3 ACF7

(isoform 2) were kindly provided by Dr. E. Fuchs (Rockefeller
University) and were previously described (43, 44). Raichu-
Rac1 was from Dr. M. Matsuda (Kyoto University). The fol-
lowing pcDNA3.1 Myc-ELMO plasmids were previously
described: Myc-ELMO1, Myc-ELMO2, Myc-ELMO3, Myc-
ELMO11–315, Myc-ELMO1315–727, Myc-ELMO1�N, Myc-
ELMO1PxxP, Myc-ELMO1�N/PxxP, and Myc-ELMO1I204D (8,
27, 28). pDsRed-ELMO1 and pDsRed-ELMO1I204D were gen-
erated by subcloning BamHI�XhoI fragments from the
pcDNA3.1 Myc-ELMO1 and Myc-ELMO1I204D into the same
sites of pDsRed-C1. pEBG GST-ACF74700–4945 was generated
using human ACF7 as a template. To generate pJG4–5alt
ACF74700–4945, a fragment of human ACF74700–4945 was
amplified by PCR and cloned in the pJG4–5alt vector. pEG202
LexA-ELMO, LexA-ELMO1–495, and LexA-ELMO315–727 con-
structs were previously described in Ref. 28. All cloning was
verified by DNA sequencing. siRNA against human ELMO2
was generated using the target sequence 5�-gcuaugacuuuguc-
uauca-3� (Thermo Scientific). siRNA targeting human
DOCK180 was generated using the following sequence:
5�-guaccgagguuacacguuauu-3� (Dharmacon).
Yeast Two-hybrid Screen—The yeast two-hybrid screen that

identified ACF7 as a putative ELMO1 interacting protein was
conducted byHybrigenics Services (Paris, France) and was pre-
viously described (28). Additional yeast two-hybrid assays were
performed exactly as described in Ref. 27.
Immunoprecipitation and GST Fusion Protein Pulldowns—

GST fusion protein pulldowns and immunoprecipitation
experiments were performed exactly as previously described
(35). In some conditions, the cells were incubated in 2 �M

nocodazole prior to lysis.
Cell Spreading and Microtubule Stability Assays—CHO

LR73 cells were transfected with the indicated plasmids and
subjected to cell morphology analysis as previously described
(34). 40,000 cells were allowed to spread on fibronectin (10
�g/cm2) in 4-well LabTek chambers (Falcon). For cell spread-
ing assays, the cells were incubated 45min before fixing. Immu-
nofluorescence was performed, and Feret’s diameters of �50
cells were analyzed using the threshold function of Fiji software
(National Institutes of Health) (n � 3 for each condition). In
some conditions, 2 �M nocodazole was included during cell
spreading. For microtubule depolymerization assays, the cells
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were allowed to spread for 2 h and then incubated or not on ice
for 25 min prior to fixation.
Immunofluorescence—The cells were fixed with 4% parafor-

maldehyde, permeabilized with 0.2% Triton X-100 in PBS, and
blocked in PBS-1% BSA. The cells were incubated with anti-
ELMO1, anti-�-tubulin, or anti-HA antibodies (1:200, 1:25 and
1:100 dilution respectively) for 45 min. After three washes in
PBS, the cells were incubated with chicken anti-mouse Alexa
488, donkey anti-goat Alexa 568, or goat anti-rabbit Alexa 633
(Invitrogen) (all at 1:1,000 dilutions) for 30min. After one wash
in Tween 0.2% (Sigma) in PBS and three in PBS alone, the
chambers slides were mounted with coverslips using a 1:1 PBS-
glycerol solution. Fluorescence images were captured with a
Zeiss LSM510 or LSM710 confocal microscope, as indicated,
and the quantitative cell morphology analysis was performed
using images taken with a Leica DM4000 epifluorescence
microscope (Deerfield, IL) equipped with a Retiga EXi (QImag-
ing, Burnaby, Canada) camera. In some cases, the microtubule
fluorescence images were inverted in photoshop (black to
white, white to black) to appreciate the details of the network.
Cell Migration Assay—Cell migration assays were per-

formed using modified Boyden chambers as previously
described (34). The cells were prepared as described above
for spreading assays, and 100,000 cells were seeded in 6.5-
mm-diameter Transwell inserts with 8-�m pores polycar-
bonate membranes (Corning, Union City, CA) precoated
with fibronectin (90 �g/cm2) on the underside. The cells
were allowed to migrate for 4 h prior to fixation in 4% para-
formaldehyde. Migratory cells were stained with anti-Myc
and anti-mouse Alexa 488 antibodies (1:200 and 1:1,000
dilution, respectively). Fluorescence images of 15 random
fields/insert were acquired with a Leica (Deerfield, IL)
DM4000 epifluorescence microscope equipped with a Retiga
EXi (QImaging) camera using a 10� lens. The number of
positive cells was counted using the threshold function of Fiji
software (National Institutes of Health). Migration was nor-
malized to ACF7 expression, which was quantified by immu-
nofluorescence, and the ELMO1 condition was arbitrarily
set at 100%. Expression levels of the exogenous proteins were
verified by Western blotting using the remaining cells (not
shown). All of the measurements were done in duplicate
(n � 3 independent experiments).
Time Lapse Microscopy Assay—To generate time lapse mov-

ies of spreading cells, pictures were taken immediately after cell
seeding and every minute for 45 min using a LSM710 confocal
microscope equipped with environmental control (37 °C, 5%
CO2, humidity; Zeiss). The final dimensions of the field of view
were 90 � 90 �m. For each of the indicated conditions, more
than eight cells were analyzed. Movies were recorded using Fiji
software (National Institutes of Health).
Membrane Velocity and Autocorrelation Coefficient Matrix—

Cell segmentation was performed using the noVel code under
Matlab (MathWorks) as described in Ref. 49. Centroids of seg-
mented objects were found and identified as the origin. Objects
periphery coordinates r(�,t) were used to calculate membrane
velocity as follows.

v��,t� �
r��,t � �t� � r��,t�

�t
(Eq. 1)

The coordinate r(�,t) is the cell periphery distance position at
angle � and time t, relative to the segmented object centroid.
Distance positions r(�) were calculated for each periphery
object points. Points closest to a five-degree angle were used to
create a velocity map at angles (varying from 0 to 360) and time
(from 0 to 40 min). The matrix v�(�,t) is defined as follows.

v���,t� � �
v�� � ��,t � �t�
0 � �� � �� � � 360
0 � �t � �t� � 40
0elsewhere

(Eq. 2)

Membrane velocity was scored into three categories (protrud-
ing � 2 �m/10 min; 	2 �m/10 min 
 static 
 2 �m/10 min;
retracting 
	2 �m/10 min) as described in Ref. 50. A mini-
mum of eight cells were analyzed for each condition.
The autocorrelation coefficient matrix R(��,�t) is calculated

from the Pearson correlation coefficient value using the Matlab
function corr2 formatrices v(�,t) and v�(�,t). Temporal autocorre-
lation analysis of �cell periphery � 0 degree from �time � 0–40
min in the different conditions was performed. A minimum of
eight cellswereanalyzed for eachcondition.Acolor-codedscaleof
this matrix was generated and is provided in the figure.
FRET Measurements—The cells were transfected with GFP-

ACF7, pDsRed-ELMO1I204D, and the Raichu-Rac1 biosensor
(51). To map Rac activation, live FRET imaging was performed
using a Zeiss LSM710 confocal microscope equipped with a
temperature and CO2-controlled chamber (Zeiss). Acquisi-
tions on 15 cells were performed in each independent experi-
ment (n � 3). Donor (CFP), acceptor (YFP), and FRET pictures
were taken using identical settings, with the laser power
adjusted to the lowest possible (4%) setting to avoid bleaching/
phototoxicity. CFP and FRET channels were acquired simulta-
neously, and YFP images were acquired separately at the same
plane of view. ForCFP, the excitation sourcewas at 405 nm, and
the emission bandpass filter was at 470–500 nm; for YFP, the
excitation source was at 514 nm, and the emission bandpass
filter was at 530–600 nm (52–54). Only cells expressing mod-
erate levels of CFP and YFP were studied. The FRET efficiency
image was generated using the FRET and co-localization ana-
lyzer plugin of Fiji (National Institutes ofHealth) using an equa-
tion described in Ref. 55: FRET efficiency(t) � FRET(t) 	
�*CFP(t)-�*YFP(t), where � and � are the mean of bleed-
through coefficients, determined in each run, for both donor
and acceptor, respectively. The ratio fluorescence intensity
range of FRET efficiency, YFP-Rac, GFP-ACF7, and DsRed-
ELMO1I204D expression was displayed using a color spectrum.
Positive signals in images typically appear in yellow to red.
Statistical Analysis—Statistical differences between groups

of data were evaluated using the ANOVA test and Bonferroni’s
multiple comparison procedures (minimum of n � 3).

RESULTS

ACF7 Is a Novel Interacting Partner of ELMO—ELMO pro-
teins are found constitutively bound to DOCK180 and
DOCK2–5GEFs and are important regulators of their signaling
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activity (5). The mechanism whereby ELMOs cooperate with
DOCK180 during Rac-dependent cytoskeleton remodeling is
still poorly understood. To further elucidate the contribution of
ELMO in regulating cytoskeletal remodeling, we sought to
identify novel proteins that could connect ELMO-DOCK180 to
regulators of cytoskeletal dynamics.We used ELMO1 as bait in
a yeast two-hybrid screen against a murine brain cDNA library.
Here, we decided to focus our efforts on characterizing the
interaction of ELMO with the actin- and microtubule-binding
protein ACF7 because of the emerging functions of this spec-
troplakin in the control of cell motility.
Both clones of ACF7 identified in the yeast two-hybrid

screen coded for a protein fragment encompassing amino acids
4700–4945 of ACF7 (isoform 2) corresponding to a region sur-
rounding the 17th spectrin repeat (Fig. 1A). To validate this
novel interaction and to reveal the region of ELMO1 involved in
ACF7 binding, we conducted a yeast interaction assay using
LexA-tagged ELMO1 fragments (wild type and amino acids
1–495 and 315–727) and a B42-tagged ACF4700–4945. As
shown in Fig. 1B, both full-length LexA-ELMO1 and LexA-
ELMO1315–727, but not LexA-ELMO11–495, allowed for yeast
growth in selective conditions when expressed with B42-
ACF4700–4945. To further confirm the interaction in the context
of full-length proteins, we expressed Myc-ELMO1 with or
without GFP-ACF7 and carried out anti-GFP immunoprecipi-
tation. Our results demonstrate that Myc-ELMO1 co-immu-
noprecipitated with GFP-ACF7, whereas it was not detected in
the control anti-GFP immunoprecipitate (Fig. 1C). Unfortu-
nately, none of the commercial antibodies againstACF7 thatwe
tested were capable of immunoprecipitating endogenous or
exogenous ACF7. To circumvent this problem, we used a mass
spectrometry approach to assay whether endogenous ACF7
can interact with exogenous Myc-ELMO1 expressed at low
level in HEK293T cells. We detected endogenous ACF7 bound
to both ELMO1WT and an ELMO1mutant lacking DOCK180
binding activity (ELMO1�N) (supplemental Fig. S1 and Supple-
mental Materials and Method). In contrast, ACF7 was not
detected in a control Myc IP (supplemental Fig. S1). As a inter-
nal control, we detected endogenousDOCK180 bound toMyc-
ELMO1WT but not to ELMO1�N orMyc alone (supplemental
Fig. S1). Finally, we investigated the cellular distribution of
endogenous ACF7 and ELMO in MDA-MB-231 cells. We
found that a pool of ACF7 and ELMO accumulated and co-lo-
calized at the cortical membrane (Fig. 1D). Collectively, these
data support a direct interaction between ELMO1 and ACF7
and point to a region in the C terminus of ELMO1 to contain
the ACF7 binding activity.
Because it is challenging to express, purify, and detect full-

length ACF7 (�600 kDa) biochemically, we generated a con-
struct for mammalian cell expression coding for GST-
ACF74700–4945, i.e., the fragment harboring the ELMO-binding
site, to further characterize the interaction between ACF7 and
ELMO proteins. Using this tool, we determined that ACF7 also
interacts with ELMO2 and ELMO3 (Fig. 1E). Using a similar
pull-down assay, we aimed to define the essential region of
ELMO1 implicated in ACF7 binding. We found that GST-
ACF74700–4945, but not GST alone, efficiently precipitated the
C terminus of ELMO1, Myc-ELMO1315–727 (Fig. 1F). This

interaction is specific because an N-terminal fragment of
ELMO1, namelyMyc-ELMO11–315, did not co-precipitate with
GST-ACF74700–4945. Within the C terminus of ELMO1, we
previously implicated a �-helix flanking the PH domain as the
major DOCK180-binding site (35), and we therefore suspected
that the polyproline regionmight be responsible for interacting
with ACF7. Experimentally, we found that full-length Myc-
ELMO1 with mutations in this region, Myc-ELMO1PxxP, is
impaired in its ability to bind GST-ACF74700–4945 (Fig. 1F).
Together, our results demonstrate that ELMO andACF7 inter-
act directly, using the proline-rich domain of ELMO and a
region of ACF7 encompassing the 17th spectrin repeat.
The ELMO-ACF7 Interaction Regulates Membrane Protru-

sion Dynamics—We investigated whether the ELMO1-ACF7
complex can functionally contribute to cytoskeletal rearrange-
ments in a cellular context. CHOLR73 cells have proven to be a
good cellular model to dissect the activity of the ELMO-
DOCK180 complex (7, 27, 34–36).We found that upon plating
of CHO LR73 cells on fibronectin, endogenous ELMO is
enriched in discretemembrane areas in control cells expressing
an empty vector (data not shown) or in cells expressing HA-
ACF7 (Fig. 2A). In this cell type, expression of HA-ACF7 did
not affect cell shape, but the proteinwas found to accumulate at
the membrane where it co-localized with endogenous ELMO
(Fig. 2A).We could also detect a punctate staining of HA-ACF7
in the cytoplasm of these cells in agreement with its ability to
bind the plus end of microtubules (Fig. 2, A, C, and D). As
previously observed, exogenousMyc-ELMO1did not affect cell
shape but localized at themembrane similar to the endogenous
protein (Fig. 2B). Strikingly, asmuch as 70%of the cells express-
ing both Myc-ELMO1 and HA-ACF7 harbored multiple long
membrane protrusions upon plating on fibronectin (Fig. 2C,
arrows). This increase in membrane protrusion activity is
dependent on the formation of a physical complex between
ACF7 and ELMO1 because co-expression of HA-ACF7 with
Myc-ELMO1PxxP failed to promote morphological changes
(Fig. 2D). We previously reported that a conformation mutant
of ELMO1 (ELMO1I204D) promotes polarized cell elongation
(27). We found that co-expression of HA-ACF7 with Myc-
ELMO1I204D increased protrusion elongation (data not
shown). Toprovide a quantitative overviewof the effect of over-
expression of ELMO1 and ACF7 proteins on cell shape, we
measured the Feret’s diameter, i.e., the longest distance
between any two points of the cell membrane (Fig. 2E). These
analyses confirmed that expression of Myc-ELMO1 or Myc-
ELMO1I204D with HA-ACF7 andMyc-ELMO1I204D alone pro-
moted cell shape changes (Fig. 2E). These results suggest that
ACF7 and ELMO1 synergize to facilitate membrane protru-
sions during integrin-mediated cell spreading.
The ELMO1-ACF7 Complex Temporally Stabilizes Protru-

sion Elongation to Promote Haptotactic Cell Migration—To
gain insight on how long membrane protrusions are formed
upon co-expression of ACF7 and ELMO1 (as seen in Fig. 2C),
we used time lapse microscopy to characterize their dynamics.
CHO LR73 cells expressing either GFP-ACF7 or DsRed-
ELMO1 alone adhered to fibronectin and spread by sending
random cellular protrusions (Fig. 3A and supplemental Videos
1 and 2 for Fig. S3). Co-expression of GFP-ACF7 with DsRed-
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ELMO1 led to the robust formation of multiple growing pro-
trusions (Fig. 3A and supplemental Video 3 for Fig. S3). In con-
trast, cells co-expressing GFP-ACF7 with DsRed-ELMO1PxxP

adhered on fibronectin but failed to extend long protrusions
(Fig. 3A and supplemental Video 4 for Fig. S3). The open con-
formation mutant DsRed-ELMO1I204D promoted cell elonga-

E

FIGURE 1. ELMO proteins directly interact with ACF7. A, schematic representation of ELMO1 and ACF7 constructs used in this study. B, a spectrin repeat of
ACF7 interacts with the C terminus of ELMO1. Yeasts transformed with LexA fusion constructs of ELMO1 together with a B42 fusion construct of ACF7 were
grown in nonselective (	histidine, 	tryptophan) and selective (	histidine, 	tryptophan, 	leucine) conditions. C, ELMO1 co-immunoprecipitates with ACF7.
Lysates from HEK293T cells transfected with the indicated plasmids were subjected to immunoprecipitation using anti-GFP (ACF7) antibody. Immunoblots
were analyzed with anti-Myc (ELMO1) and anti-GFP (ACF7) antibodies. D, endogenous ACF7 and ELMO co-localize at the cell cortex. MDA-MB-231 cells were
allowed to spread on fibronectin. Fixed cells were stained with a rabbit polyclonal antibody recognizing ACF7, a goat polyclonal antibody against ELMO and
DAPI. Scale bars, 10 �M. E, ACF7 interacts with ELMO proteins. Lysates of HEK293T cells transfected with GST alone or GST-ACF74700 – 4945 together with ELMO1,
ELMO2, or ELMO3 were subjected to GST pulldown assays. Immunoblots were analyzed using anti-Myc (ELMO proteins) and anti-GST (GST or GST-ACF74700–4945)
antibodies. F, ACF7 interacts with the polyproline region of ELMO1. Lysates of HEK293T cells transfected with GST alone or GST-ACF74700 – 4945 together with
ELMO1, ELMO11–315, ELMO1315–727, or ELMO1PxxP were subjected to GST pulldown assays. Immunoblots were analyzed using anti-Myc (ELMO1) and anti-GST
(GST or GST-ACF74700 – 4945) antibodies. TCL, total cell lysate.
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tion (supplemental Fig. S1, including Video 1). Co-expression
of GFP-ACF7 with DsRed-ELMO1I204D likewise promoted the
formation of polarized membrane protrusions (supplemental
Fig. S1, including Video 2).

To gain quantitative insights on protrusion activity during
the different experimental conditions described in Fig. 3A, we
used the time lapse videos tomeasure plasmamembrane veloc-
ities. From these analyses, we generated membrane velocity

FIGURE 2. ELMO1 and ACF7 cooperate to promote the formation of membrane protrusions. A–D, CHO LR73 cells transfected with: HA-ACF7 (A), Myc-
ELMO1 (B), Myc-ELMO1 and HA-ACF7 (C), and Myc-ELMO1PxxP and HA-ACF7 (D). Following serum starvation, the cells were plated on fibronectin-coated
chambers for 45 min. The cells were stained for ELMO1 (anti-ELMO1) and ACF7 (anti-HA). The arrows indicate membrane protrusions. Scale bar, 10 �m.
E, quantification of the effects of the ELMO1-ACF7 interaction on cell elongation. CHO LR73 cells were prepared as in A–D. For each condition, the Feret’s
diameter of �40 cells were measured. ANOVA tests and Bonferroni’s multiple comparison were performed to compare each condition (***, p 
 0.001; error bars
represent 10 –90 percentiles, n � 3).
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maps and a color scale to represent the spatiotemporal mem-
brane velocity (Fig. 3B). Co-expression of GFP-ACF7 and
DsRed-ELMO1 increased the plasmamembrane velocity, com-

pared with the GFP-ACF7 alone or GFP-ACF7 together with
DsRed-ELMO1PxxP conditions (Fig. 3B). These analyses also
revealed that cells expressing DsRed-ELMO1 alone had more
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dynamic protrusions when spreading on fibronectin (Fig. 3B).
Expression of DsRed-ELMO1I204D alone or together with GFP-
ACF7 promoted dynamic protrusive activity (supplemental Fig.
S2).
Tomore precisely examine the behavior of these protrusions,

we classified them in three categories: retracting, static, and
protruding as previously done (50). In cells expressing GFP-
ACF7, DsRed-ELMO1PxxP or GFP-ACF7 together with DsRed-
ELMO1PxxP, themembrane behaviorswere very similar (Fig. 3C).
Co-expression of GFP-ACF7 with DsRed-ELMO1 significantly
increased the formationof protrudingmembrane area (�11% ver-
sus DsRed-ELMO1 alone) at the expense of static membrane
edges (	36% versusDsRed-ELMO1 alone) (Fig. 3C).
These results suggested that co-expression of ELMO1 and

ACF could increase the duration of membrane extension. To
test this, autocorrelation maps of the membrane velocity maps
were generated as previously done (50) (Fig. 3D). An increase in
the autocorrelation coefficient was observed in the conditions
where the cells are expressing GFP-ACF7 together with either
DsRed-ELMO1 or DsRed-ELMO1I204D (Fig. 3D and supplemen-
tal Fig. S1). Interestingly, despite the fact that DsRed-ELMO1 can
increasemembranevelocity (Fig. 3B), nopersistence inmembrane
protrusionswasobservedbyexpressionofELMO1alone (Fig. 3D).
We conclude that the ELMO1-ACF7 complex promotes the tem-
poral persistence of membrane protrusions.
We rationalized that persistence in membrane protrusions

may favor directional cell migration. To test this hypothesis, we
investigated whether the ACF7-ELMO1 complex can promote
directional cell motility (haptotaxis) in Boyden’s chambers. Co-
expression of HA-ACF7 with either MycELMO1 or Myc-
ELMO1I204D induced a significant increase of 155 and 147%,
respectively, in cell migration in comparison with the Myc-
ELMO1 condition (Fig. 3E). Expression of Myc-ELMO1PxxP,
alone or together with HA-ACF7, failed to promote directed
cell movement (Fig. 3E). Taken together, these results demon-
strate that the formation of an ELMO1-ACF7 complex pro-
motes haptotaxis.
ELMO Recruits ACF7 to the Membrane—Recruitment of

ACF7 at the membrane is important for in situ capture of
microtubules and to support directed cell migration (48, 56).
We next aimed to gain mechanistic insight on how ELMO and
ACF7 are stabilizing membrane protrusions. A function of
ELMO could be to localize a pool of ACF7 at the plasma mem-
brane. A siRNA approach to deplete ELMO2 in theMDA-MB-
231 human carcinoma cell line was used to test this hypothesis
(Fig. 4A). RT-PCR experiments demonstrated that this cell line

expresses ELMO2 and not ELMO1 or ELMO3 (supplemental
Fig. S3), making it a good cellular model to assay ELMO pro-
teins functions. Likewise, RT-PCR analyses demonstrated that
ACF7 is expressed in these cells (data not shown). Following
plating on fibronectin, HA-ACF7 localized to themembrane in
control siRNA-treated cells (Fig. 4B, arrow). In contrast, such a
membrane recruitment of HA-ACF7 was completely abolished
in ELMO2 siRNA-treated cells (Fig. 4B). We next performed
rescue experiments to confirm the importance of ELMO in the
recruitment of HA-ACF7 to the membrane. We found that
expression ofMyc-ELMO1 in ELMO2-depleted cells was suffi-
cient to restore the recruitment of HA-ACF7 at the membrane
(Fig. 4C, arrow). In contrast, the rescue of ELMO2 silenced cells
by the ACF7-binding deficient ELMO1PxxP mutant failed to
relocalize HA-ACF7 to the membrane (Fig. 4D). Although this
ELMO-mediated recruitment of ACF7 to the membrane was
detectable by immunofluorescence, we were unable to detect
ELMO-mediated membrane/cytoskeleton enrichment of
ACF7 in biochemical cell fractionation assays (data not shown).
ELMO Is Required for EfficientMicrotubule Outgrowth at the

Membrane—ACF recruitment at the membrane is required for
capture of microtubules downstream of HER2 activation (48).
Whether the ACF7-ELMO complex contributes to microtu-
bule capture in MDA-MB-231 cell spreading on fibronectin
was tested. In spreading, cells transfectedwith a control siRNA,
microtubules were found to reach the cell cortex (Fig. 5A). In
contrast, depletion of ELMO2 by siRNA abolished the capture
of microtubules at the cortex (Fig. 5A). Expression of
HA-ACF7 alone in ELMO2 depleted cells did not rescue the
microtubule capture defect, suggesting that ACF7 must first
be recruited by ELMO at the plasma membrane to exert its
effect on microtubules (Fig. 5B). Rescue of ELMO2-depleted
cells with Myc-ELMO1 restored microtubule capture at the
cell cortex (Fig. 5C). However, Myc-ELMO1PxxP failed at res-
cuing the microtubule defects of ELMO2-depleted cells (Fig.
5D). This phenotype is quantified in Fig. 5E. These results
highlight an unexpected role for ELMO in recruiting ACF7
at the membrane to promote efficient microtubule capture
in cells spreading on fibronectin.
The ELMO1-ACF7 Interaction and Biological Function

Depend onMicrotubule Integrity—Because ACF7 is a microtu-
bule-binding protein, we investigated whether integrity of the
microtubule network is required for efficient ACF7-ELMO1
coupling. First, we found that the isolated ELMO-binding frag-
ment of ACF7, which lacks the microtubule interacting region,
can precipitate Myc-ELMO1 in both control condition and

FIGURE 3. The ELMO1-ACF7 complex increases the persistence of membrane protrusions. A, live imaging reveals that cells expressing both ELMO1 and
ACF7 develop long membrane protrusions. Serum-starved CHO LR73 cells expressing pDsRed-ELMO1 or pDsRed-ELMO1PxxP, with or without pEGFPC1-ACF7,
were visualized by live laser-scanning microscopy upon plating on fibronectin-coated plates. A selection of time lapse acquisitions from a representative
experiment is shown (see Videos 1 and 4 for supplemental Fig. S3 for the complete video sequences). Inset, overlay of DsRed�GFP. Scale bars, 20 �m.
B, expression of ELMO1 and ACF7 increases membrane velocity. Membrane velocity was measured on the representative acquisitions shown in A to derive
membrane velocity maps. The pseudocolor scale provides a reference for the membrane velocity across time shown in the maps. C, the membrane
velocities determined in B were classified in three categories (protruding, static, or retracting) and quantified for each of the indicated conditions.
ANOVA tests and Bonferroni’s multiple comparison were performed to compare each category for the different conditions (**, p 
 0.01; error bars
represent S.E., minimum of eight cells/condition). D, the ACF7-ELMO1 complex increases the persistence of membrane protrusions. Autocorrelation
maps for the indicated conditions are shown. The maps were cropped from �cell periphery (	180 to 180 degree) and from �time (0 – 40 min). The
dashed arrow indicates the temporal correlation function at �cell periphery � 180 °. A pseudocolor scale provides a reference for the autocorrelation
coefficient (A.C.). E, the ELMO1-ACF7 interaction promotes cell motility. Migration of CHO LR73 cells, transfected with the indicated plasmids, was
evaluated by Transwell migration assays. The ELMO1 condition was arbitrarily set at 100% (**, p 
 0.005; ***, p 
 0.001; by ANOVA test and Bonferroni’s
multiple comparison; error bars represent S.E., n � 3).
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whenmicrotubules are disturbed by nocodazole treatment (Fig.
6A). In contrast, we found that an intactmicrotubule network is
necessary for GFP-ACF7-Myc-ELMO1 complex formation
(Fig. 6B). Functionally, we investigated whether membrane
protrusions elongation induced by co-expression ofGFP-ACF7
andMyc-ELMO1 is dependent on themicrotubule network. As
reported above in Fig. 2, GFP-ACF7-Myc-ELMO1 co-express-
ing cells formed multiple membrane extensions (Fig. 6C). In
contrast, when cells were allowed to spread in the presence of
nocodazole, no ACF7-ELMO1 co-expressing cells formed pro-
trusions (Fig. 6C). These results suggest that the ELMO-ACF7
complex forms and functions on microtubules.
The ELMO1-ACF7 Interaction Stabilizes Microtubules—

Whether the formation of an ACF7-ELMO complex can pro-
mote microtubule stability was directly tested. Kodama et al.
(42) reported a cold treatment assay to measure microtubule
stability in the presence/absence of ACF7. In CHO LR73 cells
spreading on fibronectin, we found that microtubules are cap-
tured at the cell cortex in all conditions tested (t� 0; Fig. 7A and
supplemental Fig. S4). In control cells expressing Myc alone,
microtubules completely depolymerized upon incubation on
ice (t � 25; supplemental Fig. S4; quantified in Fig. 7B). In cells
expressing either Myc-ELMO1, HA-ACF7, Myc-ELMO1PxxP,
or Myc-ELMO1I204D, microtubules depolymerized following

incubation on ice, although not as completely as in Myc-alone
control cells (Fig. 7, A and B, and supplemental Fig. S4). How-
ever, co-expression of Myc-ELMO1 with HA-ACF7 protected
the cells from cold-induced microtubule depolymerization
(Fig. 7, A and B). In contrast, co-expression of HA-ACF7 with
Myc-ELMO1PxxP failed to protect against cold-induced micro-
tubule depolymerization (Fig. 7, A and B). Co-expression of
HA-ACF7 with Myc-ELMO1I204D promoted microtubule sta-
bility upon cold treatment to the same extent as co-expression
withMyc-ELMO1 (Fig. 7B and supplemental Fig. S4). We con-
clude that the ACF7-ELMO complex contributes toward
microtubule stability.
DOCK180 Is Required for Signaling by the ELMO1-ACF7

Complex—ELMO proteins are found in a complex with DOCK
GEFs at the basal state. At least two models can be envisioned:
(i) ELMO-ACF7 forms an independent module that signals
autonomously or (ii) ELMO-DOCK180 complex recruits ACF7
at the membrane to stabilize microtubules, and the DOCK180
GEF activity toward Rac is required at these sites to mediate
protrusion elongation. To discriminate between these mecha-
nisms, a siRNAapproachwas used to knock downDOCK180 in
MDA-MB-231 cells (Fig. 8A). Cells treated with the DOCK180
specific siRNA displayed a modest decrease in spreading on
fibronectin in comparison with cells expressing a control

FIGURE 4. ELMO recruits ACF7 to the membrane. A, down-regulation of ELMO2 expression by siRNA was verified by Western blotting. B–D, ELMO2 is required
for ACF7 recruitment to the membrane: MDA-MB-231 cells transfected with HA-ACF7 (B), Myc-ELMO1 and HA-ACF7 (C), and Myc-ELMO1PxxP and HA-ACF7
plasmids (D) together with either a siRNA targeting ELMO2 or a nonspecific siRNA were serum-starved. The cells were plated on fibronectin-coated chambers
for 2 h and stained for ELMO1 (anti-ELMO1 for endogenous or anti-Myc for exogenous ELMO1), ACF7 (anti-HA) and DAPI. The arrows represent recruitment of
ACF7 at the membrane. TCL, total cell lysate.
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siRNA, as judged by measuring the cells Feret’s diameter (Fig.
8B). As expected, co-expression of HA-ACF7 with Myc-
ELMO1 increased cell spreading in control siRNA-treated cells
(Fig. 8B). In contrast, silencing DOCK180 expression com-
pletely blocked the activity of this complex (Fig. 8B). Individual
expression of HA-ACF7, Myc-ELMO1, Myc-ELMO1PxxP, or

their co-expression with HA-ACF7 in DOCK180-silenced cells
failed to enhance cell spreading (Fig. 8B). These results demon-
strate that DOCK180 is required downstream of ACF7-ELMO
to promote membrane dynamics.
In support of a model where DOCK180 is acting in concert

with ELMO-ACF7, a prediction would be that Rac activity

FIGURE 5. ELMO2 knockdown impairs microtubule capture at the membrane during integrin-mediated cell spreading. A–D, MDA-MB-231 cells trans-
fected with Myc alone (A), HA-ACF7 (B), Myc-ELMO1 and HA-ACF7 (C), and Myc-ELMO1PxxP and HA-ACF7 plasmids (D) together with either a siRNA targeting
ELMO2 or a nonspecific siRNA were serum-starved. The cells were plated on fibronectin-coated chambers for 2 h and stained for �-tubulin, Myc, HA, and DAPI.
The main panels show the �-tubulin staining, whereas the insets are the overlays of the staining for ELMO1, ACF7, and DAPI. Scale bar, 20 �m. E, quantification
of the percentage of cells with microtubule reaching the cellular cortex in the various conditions (**, p 
 0.005; by ANOVA test and Bonferroni’s multiple
comparison; error bars represent S.E., n � 3).
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should be higher where ELMO and ACF7 accumulate. We
tested whether ELMO1 and ACF7 spatiotemporally co-local-
ized with Rac activation during protrusion establishment; to do
this, we co-expressed DsRed-ELMO1I204D that we previously
characterized to induced polarized protrusion elongation (27).
Using a Raichu-Rac1 FRET approach coupled to DsRed-
ELMO1I204D and GFP-ACF7 expression, we mapped the local-
ization of DsRed-ELMO1, GFP-ACF7, YFP-Rac1 (total Rac1),

and activated Rac1 (FRET signal) in CHO LR73 cells. Upon
examining multiple cells (total of 15 cells/experiment, n � 3),
we found that ACF7, ELMO, and the Rac biosensor character-
istically co-localize in the protruding membrane area (Fig. 8C).
Importantly, Rac activation is also maximal in the membrane
area where ACF7 and ELMO1I204D accumulate. These results
demonstrate that, in addition to acting as amicrotubule capture
complex, the ELMO-ACF7 complex coordinates microtubule

FIGURE 6. Microtubules are required for ELMO1-ACF7 complex formation and function. A, the spectrin 17 region of ACF7 interacts with ELMO1 in a
microtubule-independent manner. The cells were treated with 2 �M nocodazole, as indicated, for 30 min. Lysates of HEK293T cells transfected with GST alone
or GST-ACF74700 – 4945 together with ELMO1 were subjected to GST pulldown assays. Immunoblots were analyzed using anti-Myc (ELMO proteins) and anti-GST
(GST or GST-ACF74700 – 4945) antibodies. B, microtubule integrity is required for ELMO1-ACF7 coupling. The cells were treated with 2 �M nocodazole for 30 min,
as indicated. Lysates from HEK293T cells transfected with the indicated plasmids were subjected to immunoprecipitation using anti-GFP (ACF7) antibody.
Immunoblots were analyzed with anti-Myc (ELMO1) and anti-GFP (ACF7) antibodies. C, microtubule integrity is essential for GFP-ACF7-Myc-ELMO1-induced
membrane protrusions. Following serum starvation, the cells were plated on fibronectin-coated chambers for 60 min in the presence or not of 2 �M nocodazole. The
cells were stained for ELMO1 (anti-ELMO1) and ACF7 (GFP signal). The arrows indicate membrane protrusions. IP, immunoprecipitation; TCL, total cell lysate.
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dynamics with Rac activation via the co-recruitment of
DOCK180.

DISCUSSION

Membrane polarization is essential in the establishment of
directed cell migration. Typically, high Rac activity at the lead-
ing edge sets a positive feedback loop together with PI3K that
results in signal amplification and accumulation of both GTP-
loaded Rac and phosphatidylinositol 3,4,5-phosphate at the

front of the cell (57, 58). Several studies established that activa-
tion of the Rac GTPase by the evolutionarily conserved com-
plex composed of ELMO and DOCK contributes to leading
edge formation and consequently to collective or single cell
movement (31, 33, 34, 36). The ELMO-DOCKprotein complex
functions in lamellipodia formation by initiating this critical
positive feedback loop through its Rac GEF activity and its
phosphatidylinositol 3,4,5-phosphate binding activity (33, 34),
yet it is now accepted that membrane protrusions are highly

FIGURE 7. The ELMO1-ACF7 interaction stabilizes the microtubule network. A, serum-starved CHO-LR73 cells transfected with the indicated plasmids were
serum-starved and plated on fibronectin-coated chambers for 2 h. Control cells were fixed (t � 0 min), whereas the rest of the cells were subjected to a cold
treatment to destabilize microtubules. The cells were stained for �-tubulin, DAPI, ELMO1, and ACF7. Left inset of each panel, overlay of the staining for ELMO1,
ACF7, and DAPI to depict transfected cells. Right inset of each panel, magnification of the dashed area. Scale bar, 10 �m. B, quantification of cells with
microtubule reaching the cell cortex after cold treatment. �120 cells were analyzed for each condition (***, p 
 0.001, by ANOVA and Bonferroni’s multiple
comparison; error bars represent S.E., n � 3).
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dynamic and prone to spontaneous retraction (59). Therefore,
formation of a protrusion is not necessarily sufficient to pro-
mote sustained and directional cell migration, and it is there-
fore expected that additional signaling events be required to
stabilize the polarized edge (60). One such stabilization signal
has been attributed to the microtubule network, and the work
presented here suggests that ELMO recruits the actin- and
microtubule-binding protein ACF7 at sites of nascent protru-
sions to promote microtubule capture and stabilization. Our
results therefore highlight a novel mechanism whereby mem-
brane protrusions initiated by the ELMO-DOCK180-Racmod-

ule can have persistence over time through cross-talk with the
microtubule network.
Because of their highly conserved sequence and repetitive

organization, little is known on how spectrin repeats achieve
specificity in ligand binding (61). Our mapping studies suggest
that a fragment of ACF7 encompassing the 17th spectrin repeat
acts as a novel ELMO-binding domain. Although no consensus
sequence has emerged as a canonical spectrin-binding domain,
it was unexpected that the C-terminal polyproline region of
ELMOwould act as a binding site for ACF7. To our knowledge,
this would be the first report of a spectrin repeat interacting

FIGURE 8. DOCK180 is required for signaling by ELMO1-ACF7. A, MDA-MB-231 cells were treated with a control siRNA or a DOCK180-specific siRNA. The
knockdown of DOCK180 was verified by Western blotting using a DOCK180-specific antibody. B, ELMO1-ACF7-mediated cell elongation is impaired in
DOCK180 knockdown MDA-MB-231 cells. The cells were transfected with the indicated plasmids and siRNAs and plated on fibronectin-coated chambers for
2 h. Their morphology was analyzed by fluorescence microscopy using anti-ELMO or anti-HA antibodies. For each condition, the Feret’s diameter of �40 cells
was measured. ANOVA tests and Bonferroni’s multiple comparison were performed to compare each condition (***, p 
 0.001; error bars represent 10 –90
percentiles, n � 3). C, ELMO and ACF7 co-localize with active Rac in membrane protrusions. Serum-starved CHO-LR73 cells transfected with pDsRed-
ELMO1I204D, pEGFPC1A-ACF7, and Raichu-Rac1 were imaged using laser-scanning microscopy upon plating on fibronectin-coated plates. The ratio fluores-
cence intensity range of FRET efficiency is displayed using a color scale. The arrows indicate the area of the cell where the proteins co-localize and the Rac activity
is enriched. TCL, total cell lysate.

An ELMO-ACF7 Complex Regulates Protrusion Dynamics

1196 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 2 • JANUARY 11, 2013



with a polyproline motif. Interestingly, we previously identified
two regions in ELMO mediating contact to DOCK180: (i) an
atypical�-helical extension of the ELMOPHdomain providing
a high affinity interaction site and (ii) the C-terminal polypro-
line region of ELMO that allowed for stabilization of the com-
plex in vitro (35). However, mutation of the proline residues in
full-length ELMO or a mutation/deletion of the SH3 domain
had no deleterious effect on the formation of an ELMO-
DOCK180 complex, whereas mutations in the �-helical region
fully abrogated the interaction (35, 36). In contrast to these bio-
chemical results, functional migration and spreading assays led to
the puzzling conclusion that simultaneous inactivation of both
DOCK180-binding sites onELMO1wasnecessary to abrogate the
activity of this complex in cells (35, 36). In agreement with these
observations, it was noted that Ced-12 lacking its proline-rich
region was 40% less efficient at rescuing engulfment defects in
comparisonwith its wild-type counterpart (26). Our findings here
that the proline-rich region of ELMO carries ACF7 binding activ-
ity explains, at least inpart, theprevious reports suggesting that the
polyproline region of ELMO is likely to recruit additional factors
critical for motility and engulfment.
Recent studies uncovered roles for ACF7 in cell migration. In

response to a wound-induced migration cue, keratinocytes
deficient in ACF7 can initially orchestrate signals such as
CDC42 GTP loading and recruitment of PKC	 at the leading
edge (42), yet they fail tomigrate efficiently because of the tran-
sient nature of the polarizedmembrane, implying an important
role for ACF7-mediated microtubule remodeling in the persis-
tence of protrusions (42). Mechanistically, GSK3� constitu-
tively phosphorylates ACF7 to negatively control its microtu-
bule binding activity, whereas signals leading to inhibition of
GSK3�, such as migration cues, are in contrast promoting
ACF7-microtubule interactions by preventing its phosphoryla-
tion (44). Similarly, it was found that activation of HER2 by
heregulin, a potent migration signal, inhibits GSK3� via a
MEMO-mDia1 complex to facilitate ACF7 recruitment at the
membrane, microtubule capture, and cell migration in breast
cancer cells (48, 56). Our results add to these mechanisms by
providing a novel way of recruiting ACF7 to the membrane
through binding of ELMO proteins during integrin-mediated
cell spreading. Knockdown of ELMO2 expression in MDA-
MB-231 strikingly prevented microtubule capture at the mem-
brane.Our rescue experiments in this system suggest an impor-
tant role for ELMO-ACF7 in the stabilization of microtubule at
themembranebecauseELMO1,butnotanELMO1mutantdefec-
tive in ACF7 binding, can restore both ACF7 localization and
microtubule capture.Our overexpression studies in the context of
a cold-inducedmicrotubuledepolymerizationassay alsopoint to a
role for the ELMO-ACF7 complex in microtubule stabilization.
Further characterization will be required to identify the mecha-
nismwherebyACF7becomes competent formicrotubule capture
whenrecruitedbyELMOat themembrane.Negative regulationof
GSK3� activity during integrin-mediated cell spreading, poten-
tially via amechanism implicating ELMOorDOCK180, would be
a logical pathway facilitating the microtubule binding activity of
ACF7 in a spatiotemporal manner.
Consistent with this notion, GSK3� was found to interact

with members of the DOCK-B family of DOCK GEFs, namely

DOCK3 andDOCK4, although the conclusions of these studies
are opposite in termof the regulation ofGSK3� activity (62, 63).
One study highlights that DOCK4 enters in the �-catenin deg-
radation complex via direct interaction with APC, axin, and
GSK3� (62). Within this complex, DOCK4 is a substrate of the
kinase activity of GSK3� where it mediates Rac activation and
contributes to �-catenin release downstream ofWnt-3. In con-
trast, formation of a DOCK3-GSK3� complex was proposed to
repress the kinase activity of GSK3� (63). Functionally, this
DOCK3-mediated inhibition ofGSK3� controlled the accumu-
lation of nonphosphorylated CRMP-2 that is available to pro-
mote microtubule assembly. Further investigations will be
important to determine whether DOCK-A GEFs
(DOCK180,2,5) interact with and modulate the activity of
GSK3�. An attractive model would be that the ELMO-DOCK
complex could spatiotemporally promote the simultaneous
accumulation of inactiveGSK3� andnonphosphorylatedACF7
to set up ideal conditions for microtubule capture and stability
at sites of leading edge formation.
Our quantification of membrane protrusions induced by

ELMO-ACF7 is in agreement with a role for this complex in the
persistence of protrusive activity. We attribute this phenotype to
the spatiotemporal capture and stabilization of microtubules by
ACF7 through its recruitment at nascent protrusions through a
direct interactionwith ELMO.Nevertheless, DOCK180 depletion
experimentsunderscore that thisRacGEF is essential for theeffect
of ELMO-ACF7.The simplestworkingmodelwould be that upon
stabilization of nascent protrusions by ACF7-ELMO, Rac activa-
tionbyDOCK180contributes toactinpolymerizationandremod-
eling, for example, by activating the Arp2/3 complex. Neverthe-
less, it is possible that Rac activation also directly impinges on the
microtubules network. It has been reported that activated Rac, in
part via p21-activated kinase signaling, controls both actin and
microtubule dynamics (64). In agreement with such findings, Van
Aelst and co-workers (65) previously reported that DOCK7-me-
diated activation of Rac is critical for stabilization of the neurite
that is selected to become an axon. Interestingly, Rac activation by
DOCK7 does not regulate the actin cytoskeleton but instead
appears to stabilize the microtubule network via an uncharacter-
ized pathway that promotes stathmin/Op18 phosphorylation.
Because phosphorylation negatively regulates the microtubule
catastrophe activity of stathmins, DOCK7-Rac-mediated phos-
phorylation of thismicrotubule regulator provides stabilization of
themicrotubule network (65). Further investigation is required to
determine whether DOCK180-mediated activation of Rac also
stabilizes the microtubule network by a complementary pathway
targeting stathmins.
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10. Duchek, P., Somogyi, K., Jékely, G., Beccari, S., and Rørth, P. (2001) Guid-
ance of cell migration by the Drosophila PDGF/VEGF receptor. Cell 107,
17–26

11. Erickson, M. R., Galletta, B. J., and Abmayr, S. M. (1997)Drosophilamyo-
blast city encodes a conserved protein that is essential formyoblast fusion,
dorsal closure, and cytoskeletal organization. J. Cell Biol. 138, 589–603

12. Rushton, E., Drysdale, R., Abmayr, S. M., Michelson, A. M., and Bate, M.
(1995) Mutations in a novel gene, myoblast city, provide evidence in sup-
port of the founder cell hypothesis for Drosophila muscle development.
Development 121, 1979–1988

13. Wu, Y. C., and Horvitz, H. R. (1998) C. elegans phagocytosis and cell-
migration protein CED-5 is similar to human DOCK180. Nature 392,
501–504

14. Reddien, P. W., and Horvitz, H. R. (2000) CED-2/CrkII and CED-10/Rac
control phagocytosis and cell migration in Caenorhabditis elegans. Nat.
Cell Biol. 2, 131–136

15. Smith, H.W.,Marra, P., andMarshall, C. J. (2008) uPAR promotes forma-
tion of the p130Cas-Crk complex to activate Rac through DOCK180.
J. Cell Biol. 182, 777–790

16. Cheresh, D. A., Leng, J., and Klemke, R. L. (1999) Regulation of cell con-
traction and membrane ruffling by distinct signals in migratory cells.
J. Cell Biol. 146, 1107–1116

17. Kiyokawa, E., Hashimoto, Y., Kurata, T., Sugimura, H., and Matsuda, M.
(1998) Evidence that DOCK180 up-regulates signals from the CrkII-
p130(Cas) complex. J. Biol. Chem. 273, 24479–24484

18. Laurin, M., Fradet, N., Blangy, A., Hall, A., Vuori, K., and Côté, J. F. (2008)
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Meno, C., Côté, J. F., Nagasawa, T., and Fukui, Y. (2010)DOCK180 is a Rac
activator that regulates cardiovascular development by acting down-

stream of CXCR4. Circ. Res. 107, 1102–1105
22. Fukui, Y., Hashimoto, O., Sanui, T., Oono, T., Koga, H., Abe,M., Inayoshi,

A., Noda,M., Oike, M., Shirai, T., and Sasazuki, T. (2001) Haematopoietic
cell-specific CDM family protein DOCK2 is essential for lymphocyte mi-
gration. Nature 412, 826–831

23. Vives, V., Laurin, M., Cres, G., Larrousse, P., Morichaud, Z., Noel, D.,
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