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Introduction

Cell migration plays key roles in embryonic development, im-
munity, angiogenesis, and tumor metastasis. Efficient cell lo-
comotion requires polarized processes: membrane protrusions 
at the front side and retraction at the trailing side. This occurs 
through the coordinated regulation of actin dynamics and inte-
grin-mediated adhesion to the substratum. At the leading edge, 
the actin-based protrusions lamellipodia and filopodia, respec-
tively, flattened protrusions and microspikes, contribute to cell 
movement (Ridley, 2011). Downstream of membrane-bound 

receptors, the RhoGTPases have emerged as major regulators 
of the formation of F-actin–rich protrusions. RhoGTPases as-
sociate with plasma membrane under their GTP-bound form 
and function by facilitating the formation of effector com-
plexes at the right time and place. Spatiotemporal analysis of 
the process revealed that RhoA plays a role in the onset of the 
protrusion, whereas Rac1 and Cdc42 are involved in the rein-
forcement and stabilization of the newly expanded protrusion 
(Machacek et al., 2009). In addition, the reciprocal balance 
between these GTPases activity determines cell movement. 
Indeed, Rac1 promotes cellular protrusion, which counteracts 
RhoA signaling. RhoGTPase activation is tightly regulated by 
the coordinated action of guanine nucleotide exchange factors 
(GEFs), which facilitate GTP loading and GTPase-activat-
ing proteins (GAPs), which promote GTPase inactivation by 
enhancing GTP hydrolysis.

p190RhoGAP (also known as ARH GAP35 or GRLF1 and 
hereafter called p190A) is an important regulator of RhoA ac-
tivity involved in the antagonism between RhoA and Rac1 at 
cell protrusions (Herbrand and Ahmadian, 2006; Bustos et al., 
2008). p190A was first described as a tyrosine phosphorylated 
protein in v-Src–transformed cells (Ellis et al., 1990; Settleman 
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et al., 1992). This phosphorylation promotes the association of 
p190A with p120RasGAP and its recruitment to the plasma 
membrane (McGlade et al., 1993; Bryant et al., 1995; Hu and 
Settleman, 1997; Roof et al., 1998). p190A is responsible for 
RhoA inactivation upon integrin signaling in fibroblasts (Naka-
hara et al., 1998; Arthur et al., 2000; Bradley et al., 2006; Bass 
et al., 2008). It also plays a central role in axon outgrowth and 
neural development (Brouns et al., 2000, 2001) and is a mech-
anosensitive master switch to determine lineage-type specifica-
tion in the cardiac tissue (Kshitiz et al., 2014).

To date, only few studies are available on the function of 
p190A in cancer. Early studies demonstrated that p190A inhibi-
tion results in transformation of NIH/3T3 fibroblasts, whereas 
the overexpression of its GAP domain inhibits Ras-dependent 
transformation (Wang et al., 1997). This tumor-suppressor 
function was confirmed in oligodendroglioma and pancre-
atic cancer (Wolf et al., 2003; Kusama et al., 2006). However, 
high expression of p190A mRNA is associated with advanced 
state of lung carcinoma, and its expression in lung adenocarci-
noma and breast carcinoma correlates with cell proliferation, 
migration, and invasion, arguing for an oncogenic role (Shen 
et al., 2008; Notsuda et al., 2013). Recently, ARH GAP35, the 
gene encoding p190A, was reported highly significantly mu-
tated in 15% of endometrial tumors and 2% of global cancers 
(Lawrence et al., 2014). In this large-scale study, the nonsense 
mutations support a tumor suppressor function of p190A. Sur-
prisingly, among the large number of missense mutations, none 
of them target the phosphorylated amino acids implicated in 
the regulation of p190A (Roof et al., 1998; Tatsis et al., 1998; 
Haskell et al., 2001; Jiang et al., 2008; Lévay et al., 2009). To 
get insight into the impact of cancer-associated mutations on 
p190A function, we performed a structure/function analysis of 
the protein. This approach led to the identification of a sequence 
sufficient to ensure p190A targeting to cell protrusions, such 
as lamellipodia. Moreover, a construct of p190A deleted of the 
identified protrusion localization sequence (p190AΔPLS) is 
mislocalized and cannot target to these actin-based structures. 
Functional characterization of p190AΔPLS revealed that dele-
tion of the PLS increased the RhoGAP activity of p190A in 
cells. We further identified cortactin as a binding partner of the 
PLS and demonstrated its requirement for p190A targeting to 
lamellipodia’s edge. Finally, we identified and characterized 
cancer-associated mutations in the PLS that affect p190A in a 
similar way to PLS deletion, unveiling a new regulatory mecha-
nism of this RhoGAP in tumor pathophysiology.

Results

Identification of the PLS, the domain 
responsible for the localization of p190A 
to actin-based protrusions
In human hepatocellular carcinoma Huh7 cells, endogenous 
p190A localizes to cell edges such as membrane ruffles and 
lamellipodia (Fig.  1  A), as previously described in other cell 
types (Tsubouchi et al., 2002; Bass et al., 2008; Guegan et 
al., 2008). In standard conditions in which cells were plated 
overnight on glass coverslips, p190A colocalizes with cortical 
F-actin at the cell periphery. To unambiguously show the local-
ization of p190A to actin-rich protrusions, we induced lamel-
lipodium outgrowth by short-term spreading on fibronectin or 
by chemical treatment with the lamellipodial growth promoter 

C8N6-branched polyamine (BPA; Nedeva et al., 2013). Endog-
enous p190A colocalizes along lamellipodium’s edge with actin 
and α-actinin, an F-actin cross-linking protein found at the lead-
ing edge of migrating cells (Langanger et al., 1984; Knight et 
al., 2000). When expressed in cells, wild-type (WT) HA-tagged 
p190A (HA-p190AWT) localized similarly to the endogenous 
protein in standard and stimulated conditions (Fig. 1 B). More-
over, costaining with anti–vasodilator-stimulated phosphopro-
tein (VASP) antibodies revealed that HA-tagged p190A 
localized at the very edge of lamellipodia (Fig. 1 C).

p190A is a large multidomain protein including an N-ter-
minal GTP-binding segment (GBD) followed by four FF do-
mains (protein–protein-interacting modules harboring two 
strictly conserved phenylalanine residues), a middle domain 
(MD), a p120RasGAP binding domain (p120BD), and the 
C-terminal RhoGAP domain (GAP). To functionally character-
ize p190A domains, we generated 12 HA-tagged truncated ver-
sions of p190A overlapping the different domains as described 
in Table S3. Each construct was then transfected into Huh7 cells, 
and actin remodeling and recombinant protein localization were 
analyzed by immunofluorescence microscopy (Fig. S1). Due to 
its RhoGAP activity, overexpression of HA-p190AWT in cells 
induces stress fiber loss (Ridley et al., 1993). The same pattern 
was observed for each construct containing the GAP domain 
(Fig. S1; p120BD-GAP, GAP, ΔGBD, and ΔGBD-2F). On the 
contrary, all of the constructs without this catalytic domain left 
the stress fibers unaffected (Fig. S1; Δp120BD-GAP, GBD-4F, 
4F, 4F-MD, 2F-MD-p120BD, p120BD, 2F-MD, and 2F), con-
firming that the GAP domain alone is sufficient to promote 
actin cytoskeleton reorganization. This analysis also led to the 
identification of a construct composed of the two last FF do-
mains and the MD of p190A (2F-MD) as the minimal p190A 
protein that colocalizes with F-actin at membrane protrusions 
(Fig. 2 A; Fig. S1; and Table S3). This enrichment at actin-rich 
edges was not observed for many other soluble HA-tagged trun-
cated constructs, ruling out artifactual staining attributable to 
an increased membrane thickness in this region (Fig. S1). To 
determine the minimal PLS, N- and C-terminal truncations of 
the 2F-MD construct were performed (Fig. 2 B). A deletion of 
90 aa from the C-terminal end of the 2F-MD construct did not 
alter its membrane targeting (2F-MD3; Fig. 2, C and D). How-
ever, further C-terminal truncation dramatically decreased its 
localization to actin-rich edges (Fig. 2, B and D; and Fig. S2). 
Furthermore, truncation from the N-terminal end (1F-MD2 and 
MD2) altered the specificity of the localization (Fig. S2). In-
deed, the suppression of the FF domains led to the nonspecific 
localization of p190A mutants to all F-actin structures, includ-
ing stress fibers and focal adhesions (Fig. S2). We can therefore 
hypothesize that the MD mediates the localization of p190A 
to polymerized actin, whereas the FF domains coupled to the 
MD specify actin-rich protrusion targeting. Hence, our results 
demonstrate that the 2F-MD3 construct, corresponding to aa 
380–971, is the minimal domain sufficient to target p190A to 
membrane protrusions and is therefore p190A PLS.

PLS is necessary and sufficient to target 
p190A to actin-based protrusions
Considering this domain as a functional PLS would imply its 
ability to target irrelevant proteins to cell leading edges. To test 
this, the PLS of p190A was fused to GFP, and the localization 
of the fusion protein was determined by confocal microscopy. 
Compared with GFP alone, which showed cytoplasmic and 
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nuclear localizations, GFP-PLS chimera was strongly targeted 
to actin-rich edges (Fig. 2, E and F). Hence, the PLS of p190A is 
sufficient to target proteins to the cell periphery where ruffles and 
lamellipodia are formed. To demonstrate that the PLS domain 
is required for p190A localization to membrane protrusions, 
a p190AΔPLS mutant, corresponding to the protein lacking 
the PLS domain, was constructed and expressed in Huh7 cells 
(Fig. 2, G and H). Although HA-p190AWT strongly localized to 
cell edges (mean 91.3 ± 1.1%), the HA-p190AΔPLS mutant was 
not targeted to these structures (mean 7.7 ± 1.8%; Fig. 2, I and J).

We next investigated whether p190A constructs localize 
to Rac1-induced lamellipodia. To this end, we used porcine 

aortic endothelial (PAE) cells expressing a constitutively active 
form of Rac1 (Rac1G12V) in an IPTG-inducible manner (PAE-
V12Rac1; Welch et al., 1998). As expected, IPTG-driven ex-
pression of V12Rac1 induced spreading of the majority of PAE 
cells (Fig. S3, A and B). These cells form continuous lamelli-
podia covering the entire cell periphery, where p190AWT co-
localizes with F-actin (Fig. S3 C). The expression of PLS and 
p190AΔPLS in these cells confirmed that the PLS localized to 
the lamellipodia, whereas p190A devoid of this domain did not 
(Fig. S3 C). Overall, our results demonstrate that the PLS is the 
minimal domain necessary and sufficient for p190A localiza-
tion to ruffles and lamellipodia.

Figure 1. p190A localizes to membrane 
protrusions in Huh7 cells. (A) As a standard 
condition, Huh7 cells were plated on glass cov-
erslips and then fixed after overnight culture. 
Lamellipodium growth was either stimulated by 
spreading on fibronectin for 30 min (top) or by 
treatment with 100  µM C8N6-BPA (middle). 
Huh7 cells were transfected with α-actinin–GFP 
used as a lamellipodium marker, fixed, and 
stained for p190A (green), F-actin (red), and 
nuclei (blue). Bottom panel shows enlargement 
of C8N6-BPA condition. (B) Huh7 cells were 
transfected with HA-p190AWT and α-actinin–
GFP, fixed, and stained for HA tag (green), 
F-actin (red), and nuclei (blue). (C) Huh7 cells 
were transfected with HA-p190AWT, fixed, 
and stained for HA tag (green), VASP (red) or 
F-actin (red), and nuclei (blue). Bottom panel 
shows enlargement of C8N6-BPA condition. 
(A and B) Arrowheads show membrane ruffles 
with p190A/HA-p190AWT localization.
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Figure 2. Identification of a domain targeting p190A to cell protrusions. (A) A region of p190A containing the two last FF motifs and the MD (2F-MD, 
380–1,060 aa) was generated (see Table S3). Huh7 cells were transfected with HA-2F-MD, fixed, and stained for HA (green) and F-actin (red). Bottom 
panels show membrane outgrowth at higher magnification. Arrowheads show cell edge where p190A constructs and F-actin colocalize. (B) Schematic 
representation of N and C terminus truncations of 2F-MD. (C) Immunostaining of Huh7 cells transfected with HA-2F-MD3, fixed, and stained as in A. (D) 
Quantification of the number of cells presenting a localization of p190A constructs at actin-rich edges. Values are expressed as the mean ± SEM (n > 200 
for each construct; three to four independent experiments). ****, P < 0.0001 when compared with p190AWT condition, by ANO VA followed by Tukey’s 
multiple-comparison test. (E) Huh7 cells were transfected with GFP or GFP-PLS, fixed, and stained for actin. Arrowheads point out colocalization of p190A 
constructs and F-actin. (F) Quantification of cells showing localization of GFP or GFP-PLS at actin-rich edges. Values are expressed as the mean ± SEM (n =  
360; three independent experiments). P-value from the unpaired t test is indicated. ****, P < 0.0001. (G) Schematic representation of the p190AΔPLS 
protein compared with the full-length p190A protein (p190AWT). (H) Western blot analysis of Huh7 cells transiently expressing the recombinant proteins 
HA-p190AWT and HA-p190AΔPLS. (I) Huh7 cells were transfected with HA-p190AWT or HA-p190AΔPLS, fixed, and immunostained for HA (green) and 
F-actin (red). Arrowheads show actin-rich edges with construct localization; * indicates the cytoplasmic localization of p190AΔPLS. (J) Quantification of 
(I), indicating percentage of cells showing HA-p190AWT or HA-p190AΔPLS at actin-rich edges. Values are expressed as the mean ± SEM (n = 715; three 
independent experiments). P-value from the unpaired t test is indicated. ****, P < 0.0001.
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p190A interacts with cortactin via the PLS
To further characterize the molecular mechanisms responsi-
ble for PLS function, we searched for PLS binding partners. 
As PLS targets proteins to membrane protrusions, we first 
tested a potential interaction of the PLS with phospholipids. 
Phospholipid binding assays were performed using purified 
GST-PLS on PIP strip membranes. Unlike PLC-γ1–PH, which 
corresponds to the pleckstrin homology domain of the PLC-γ1 
and Rgd1, a yeast RhoGAP protein (Prouzet-Mauléon et al., 
2008), PLS was not able to interact with phospholipids (Fig. S4 
A). We then performed GST pulldown assays using GST-PLS 
as bait in Huh7 cell lysates. Candidate partner proteins were 
screened by immunoblotting based on shared characteristics 
with p190A, such as association with F-actin and localization 
to membrane protrusions. This approach successfully identified 
cortactin as a specific partner of PLS, contrary to the actin-re-
lated protein 2 (Arp2), which did not bind to GST-PLS (Fig. 
S4 B). Cortactin is a crucial regulator of actin cytoskeleton dy-
namics involved in lamellipodial persistence through the bind-
ing of the Arp2/3 complex and F-actin (Bryce et al., 2005). We 
confirmed this interaction in Huh7 cells by coimmunoprecipi-
tating transiently expressed mcherry-cortactin with HA-tagged 
PLS and p190AWT. In the same conditions, p190AΔPLS dis-
played a dramatically reduced binding to cortactin (Fig. 3 A). 
The interaction between p190A and cortactin was also con-
firmed on endogenous proteins by coprecipitating cortactin 
using anti-p190 antibody in Huh7 cells (Fig. 3 B). To visual-
ize the interaction between cortactin and p190A in the cell, 
we used the proximity ligation assay (PLA). As shown in 
Fig. 3 (C and D), PLS-containing constructs HA-p190AWT 
and GFP-PLS displayed dots of interaction with cortactin in 
the whole cell body with an increased density at the plasma 
membrane. α-Actinin–GFP used as negative control and HA-
p190AΔPLS displayed only background dots (Fig. 3, C and 
D). To avoid any potential artifact from expression difference 
between constructs, PLA was then tested using antibodies 
directed against endogenous p190A and cortactin. As posi-
tive and negative controls, antibodies directed, respectively, 
against two epitopes of cortactin or two noninteracting pro-
teins present at the cell periphery, cortactin and vinculin, 
were used. As expected, the positive control produced many 
dots in the whole cell with a greater density at membrane 
ruffles where cortactin localizes, whereas the negative con-
trol produced only few background dots (Fig. 3 E). PLA per-
formed with endogenous p190A and cortactin revealed dots 
in the whole cell but preferentially at the cell edges (Fig. 3 E, 
left). Quantification of dots density (Fig. 3 D) confirmed the 
close association of p190A and cortactin and the requirement 
of PLS in this association.

Cortactin is required for p190A targeting 
to actin-based protrusions
To test whether cortactin is required for p190A targeting to 
membrane protrusions, we studied the impact of cortactin 
silencing on p190A subcellular localization. To study this 
mechanism in a well-defined structure, we induced lamellipo-
dia with C8N6-BPA in Huh7 cells. Silencing cortactin with 
two different siRNAs produced a similar and dramatic de-
crease of cortactin expression without affecting p190A level 
(Fig.  4  A). Lamellipodia induced in Huh7 cells transfected 
with control siRNA presented both cortactin and p190A 
at their edge (Fig.  4  B). When siRNA targeting cortactin is 

transfected, cells exhibiting the most efficient silencing of 
cortactin displayed a defect in p190A staining at lamellipo-
dia’s edge. We quantified the effect of cortactin knockdown 
on the localization of p190A at the cell periphery (Fig. 4, C 
and D; and Fig. S4 C). Arp3, a known interacting partner of 
cortactin, and α-actinin were used as positive and negative 
controls, respectively. Measurement of relative staining in-
tensities in cells treated with control siRNA showed peaks of 
actin, cortactin, Arp3, and α-actinin–GFP at the lamellipodi-
um’s edge, as expected. Downregulation of cortactin erased 
the peak of cortactin without affecting actin or α-actinin–GFP 
expression at the cell edge. However, it reduced the peak 
of Arp3 and p190A. These results, together with the highly 
significant correlation found between cortactin staining and 
both Arp3 and p190A at lamellipodium’s edge (Fig. 4 D and 
Fig. S4 C), confirm the role of cortactin in Arp3 recruitment 
(Weaver et al., 2002) and reveal the requirement of cortactin 
for p190A targeting (Fig. 4 C).

PLS is required for the autoinhibition of 
p190A GAP activity
To functionally characterize the PLS domain, we analyzed 
the impact of its deletion on the RhoGAP activity of p190A. 
Because RhoA activity controls stress fibers and focal adhe-
sion maturation and disassembly (Binamé et al., 2010), we 
analyzed the effect of p190A constructs expression on actin 
cytoskeleton (Fig. 5 A). 3 h after plating on a highly adhesive 
substrate of fibronectin, untransfected cells displayed many 
stress fibers, cells expressing HA-p190AWT less fibers, and 
cells expressing HA-p190AΔPLS no fibers at all (Figs. 5 A 
and 6 D for quantification), suggesting that the expression of 
this latter construct resulted in a higher RhoGAP activity in 
cells. We thus analyzed RhoA activation using a GST-Rhotekin 
pulldown assay in p190AWT- or p190AΔPLS-transfected cells 
(Fig. 5 B). The expression of both constructs resulted in the in-
hibition of RhoA, with a more important effect observed for the 
p190AΔPLS mutant, arguing for an enhanced GAP activity in 
cells. Hence, deletion of the PLS increases the protein capacity 
to inhibit cellular RhoA and remodel actin cytoskeleton. The 
strong effect of ΔPLS may result from increased intrinsic GAP 
catalytic activity toward RhoA. To analyze the level of activa-
tion of p190AWT and -ΔPLS, we performed an affinity precip-
itation assay with the activated form of RhoA (RhoAQ63L) that 
binds with high affinity to activated GAPs and effectors in the 
cell (García-Mata et al., 2006). Recombinant GST-RhoAQ63L 
was incubated with protein extracts of Huh7 cells express-
ing either HA-p190AWT or HA-p190AΔPLS. Interestingly, 
p190AΔPLS exhibited a higher affinity for active RhoA than 
p190AWT (Fig. 5 C), indicating that the GAP domain is more 
inclined to interact with active RhoA in the ΔPLS version of 
the protein. As cortactin is a partner of the PLS responsible for 
p190A localization, we then tested whether cortactin interac-
tion affects the binding capacity of p190A to active RhoA. Sur-
prisingly, we found that overexpression of cortactin decreases 
the ability of p190A to bind active RhoA (Fig. 5 D). Overall, 
our results show that besides its role in targeting p190A to cell 
protrusions, the PLS domain is important for the regulation of 
p190A interaction with active RhoA. Moreover, these data sug-
gest that the PLS is committed in an autoinhibited conforma-
tion of p190A that is relieved upon PLS deletion and promoted 
by cortactin interaction.
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Cancer-associated mutations present in 
the PLS impact on p190A properties
In a recent study (Lawrence et al., 2014), the somatic point 
mutations in exome sequence from 4,742 tumor-normal pairs 
across 21 cancer types were analyzed. This large-scale genomic 
analysis identified the p190RhoGAP-encoding gene ARH GAP35 
as highly significantly mutated in 2% of global cancers and 
more specifically in 15% of endometrial tumors (data available 
at http ://www .tumorportal .org /). Among the mutations found 
in tumors, a high frequency of nonsense mutations such as the 
recurrent R997* were detected, arguing for a loss of function. In 
light of our study, we focused on mutations located in the PLS 
domain of p190A (i.e., three point mutations: Y742H, R832Q, 
and S866F) and the intriguing in-frame deletion Δ(865–870), 
all found in endometrial tumors (Fig.  6  A and Table S1). In 

addition, we also selected the R997* nonsense mutation (lacking 
the GAP domain) and the R997Q point mutation, both localized 
in the MD of p190A outside the PLS, but, respectively, found 
in six endometrial tumors and in colon cancer (Fig.  6  A and 
Table S1). HA-tagged constructs of p190A bearing these 
mutations were generated by site-directed mutagenesis, and 
their consequences on p190A functionality were analyzed in 
Huh7 cells. We first studied the localization of the mutated 
proteins in cells plated on fibronectin. Interestingly, whereas 
most mutants localized to actin protrusions similar to the WT 
protein, p190A-S866F and Δ(865–870) failed to reach the cell 
edge and displayed mainly a cytoplasmic staining (Fig.  6, B 
and C). As described earlier, actin remodeling (i.e., alteration of 
stress fibers) is a consequence of the RhoGAP activity of p190A 
expression (Fig. S1 and Table S3). We then classified stress 

Figure 3. p190A interacts with cortactin via 
the PLS domain. (A) Huh7 cells transfected 
with both mcherry-cortactin and indicated HA-
tagged p190A plasmids were used to perform 
immunoprecipitation (IP) with anti-HA beads. 
Presence of cortactin is analyzed by immuno-
blot using an anti-cortactin antibody. (B) Co-
immunoprecipitation was performed on Huh7 
lysates with IgG control (Ctl), anti-p190A, and 
anti-cortactin antibodies. PLA was performed 
on Huh7 cells transfected (C) or not (E) with 
the indicated constructs. Cells were stained 
for nuclei (Hoechst, blue). The green staining 
represents, as shown on each panel, the HA 
staining, GFP tag, or F-actin staining. The dots 
in the PLA panel represent locations where in-
teraction between indicated proteins (stained 
using primary antibodies from mouse [m] or 
rabbit [rb] species) occurs; dots density is 
quantified in D. Values are expressed as the 
mean ± SEM of three independent experiments 
(n = 9 cells per condition). P-value from the 
ANO VA test is indicated. **, P < 0.01.
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Figure 4. Cortactin recruits p190A to the lamellipodium’s edge. Huh7 cells were transfected with control siRNA (siControl) or siRNA targeting cortactin 
(siCortactin1 and 2) and treated with 100 µM C8N6-BPA to induce lamellipodia growth. (A) The expression of endogenous p190A and cortactin was 
assayed by immunoblotting with an anti-p190A antibody and two antibodies from different species (mAb from mouse and rbAb from rabbit) against cort-
actin. β-Actin is used as a loading control. (B) Immunofluorescence staining of cortactin (red) and endogenous p190A (green) was performed on Huh7 cells 
transfected with siControl or siCortactin1. Asterisk indicates cells with absence of cortactin staining. (C) Huh7 cells transfected with siControl or siCortactin1 
were immunostained as indicated on each panel. Graphs under each panel represent the quantification of the relative staining of cortactin (red), actin 
(gray), and p190A, Arp3, or α-actinin–GFP (green) determined inside the white rectangle of 2 × 5 µm. Results are expressed as mean value of the height. 
(D) Correlation of cortactin staining with p190A, Arp3, and α-actinin–GFP at the lamellipodium edge. Mean values of membrane areas of 2 × 0.28 µm 
are plotted on the graph. Closed and open circles represent measurement in cells transfected with control siRNA and siCortactin1, respectively (n = 30/
condition). Linear regression is presented when Spearman correlation is significant. ***, P < 0.001; n.s, not significant. 
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fibers into two phenotypes: stress fibers crossing the entire cell 
body and short stress fibers (Fig. S5 A and Fig. 6 D). Whereas 
p190A-R997* expression showed no impact on stress fibers, 
confirming its lack of GAP activity, p190A-Y742H, R832Q, 
and R997Q expression decreased the number of stress fibers as 
observed upon expression of p190AWT (Fig. 6, B and D). Of 
interest, cells expressing p190A-S866F and Δ(865–870) showed 
very few stress fibers, suggesting a stronger RhoGAP activity 
of these mutants. We further measured the affinity of the mutant 
proteins toward active RhoA and demonstrated that S866F and 
Δ(865–870) mutations increase the affinity of p190A for active 
RhoA (Fig.  6  E), as previously described for p190AΔPLS. 
p190A-Y742H, R832Q, and R997Q showed similar affinity for 
active RhoA to p190AWT, and the absence of binding of R997* 
to active RhoA is explained by its lack of GAP domain. These 
results suggest that S866F and Δ(865–870) mutations mimic the 
effect of PLS deletion on both p190A GAP activity and cellular 
localization. We then addressed whether these p190A mutants 
present a defective interaction with cortactin. Surprisingly, 
unlike p190AΔPLS, the cancer-associated mutants of p190A 
remain able to interact with cortactin (Fig. S5 B), demonstrating 
that these amino acids are not involved in cortactin–p190A 
interaction. As their leading edge localization is impaired, this 
result also indicates that cortactin binding is necessary but not 
sufficient to target p190A to actin-rich protrusions.

To get more insights into the function of cancer- 
associated p190A mutations, we then used mouse embryonic 

fibroblasts (MEFs), which display a spindle shape with a ruf-
fling cell process easier to identify and measure than that of 
Huh7 cells. Moreover, tension applied by stress fibers induces 
focal adhesion formation in this model. HA-tagged versions 
of p190A were expressed in p190A knockout MEFs to avoid 
additive effect of endogenous p190A, and the number of focal 
adhesions was evaluated. A decreased focal adhesion area was 
observed in p190A−/− MEFs transfected with HA-p190AWT 
compared with nontransfected cells after overnight plating on 
fibronectin (Fig. 7, A and B). Expression of the mutants with 
predicted high GAP activity led to an even more dramatic de-
crease of focal adhesion area and a marginal decrease of the 
number of focal adhesions per cell. Focal adhesions regulate 
ruffles and lamellipodia stability (Schwarz and Gardel, 2012). 
Because persistent membrane ruffling favors cell process 
growth, we hypothesized that p190A mutants may affect cell 
process length. To test this, we measured the distance between 
the nucleus and ruffle edges of spindle shape MEFs plated 
overnight on fibronectin (Fig.  7  C). MEFs transfected with 
p190AWT displayed a cell process length similar to nontrans-
fected cells, arguing that overexpression of p190AWT does not 
disturb cell process stability in MEFs. However, p190AΔPLS, 
S866F, and Δ(865–870) significantly decreased the cell pro-
cess length, indicating that their higher GAP activity reduces 
lamellipodial persistence, a mechanism involving cortactin. As 
a consequence, we found that p190AΔPLS, S866F, and Δ(865–
870) expression in MEFs increase random cell migration in 

Figure 5. Regulation of p190A GAP activity. (A) Huh7 cells expressing p190AWT or p190AΔPLS were plated for 3 h on fibronectin and stained for HA 
(green), F-actin (red, phalloidin), and nuclei (blue, Hoechst). # indicates a cell without stress fibers. (B) Huh7 cells transfected with p190AWT or p190AΔPLS 
were used for a RhoA GTPase pulldown assay using GST-Rhotekin. RhoA is detected using an anti-RhoA antibody. Quantification of RhoA activity is 
represented as a histogram. (C) Huh7 cells were transfected with p190AWT or p190AΔPLS. Affinity purification of Huh7 cell lysate was performed with 
GST-RhoAQ63L and analyzed by immunoblot using anti-HA antibodies. Quantification of the affinity between p190A and active RhoA is represented as a 
histogram. (D) Huh7 cells were transfected or not (NT) with mcherry-cortactin. Affinity purification on Huh7 cell lysate was performed with GST-RhoAQ63L 
and analyzed with anti-p190A antibodies. Quantification of the affinity between endogenous p190A and active RhoA is represented as a histogram. On 
graphs, values were calculated by measuring the band intensity of pulldown/input and are represented as the mean ± SEM of three independent experi-
ments. P-values from the ANO VA (B) or the unpaired t test (C and D) are indicated. *, P < 0.05; **, P < 0.01.
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Figure 6. Analysis of p190A mutations found in tumors. (A) Schematic representation of the different p190A mutants. Point mutations, deletion, and the 
PLS domain are indicated on the protein. (B) Huh7 cells transfected with p190AWT or p190A mutants were plated for 3 h on fibronectin, fixed, and stained 
for HA (green), F-actin (red), and nuclei (blue). NT, nontransfected cells. Arrowheads show localization of mutants at cell protrusions; * shows cytoplasmic 
localization of mutants; and # points out absence of stress fibers. (C) Localization of p190A mutants is analyzed by quantification of membrane staining 
intensity/cytoplasmic staining intensity ratio. The graph presents the mean ± SEM of three independent experiments (n = 20 cells per condition). **, P < 
0.01; ***, P < 0.001. (D) Quantification of cells bearing stress fibers in the experiment described in B. Statistical significance was calculated relative to 
the control (p190WT) condition. ***, P < 0.001. (E) Huh7 cells were transfected with indicated constructs or mutants, and their affinity for active RhoA 
was tested by pulldown using recombinant GST-RhoAQ63L and revealed by immunoblot with anti-HA antibodies. Quantification of the affinity between 
p190A mutants and active RhoA is represented as a histogram in which values were calculated by measuring the band intensity of pulldown/input and 
are represented as the mean ± SEM of three independent experiments. *, P < 0.05; **, P < 0.01.
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chemokinesis assays when compared with untransfected or 
p190AWT-expressing cells (Fig. 7 D).

Finally, we tested the impact of these p190A mutations 
on cancer cell migration using MDA-MB-231 breast carcinoma 
cells plated on gelatin-coated dishes. Time-lapse microscopy 
experiments were performed after cotransfection of the cells 
with p190A- and EGFP-expressing constructs (Videos 1–5). 
Analysis of the transfected cell paths revealed that the direc-
tionality of the cells expressing p190A mutants is altered com-
pared with their WT counterpart (Fig. 8, A and B), whereas the 
speed of migration remains unaffected (Fig.  8  C). Thus, this 
result demonstrates that the S866F and Δ(865–870) cancer-as-
sociated mutations may favor turning behavior, which reflects 
exploration of cancerous cells.

Discussion

To timely and spatially regulate RhoA, the localization of p190A 
is itself tightly controlled. In the present study, we investigated 
the mechanisms by which p190A is recruited to cell edges. We 
demonstrated that the region comprising aa 380–971 corre-
sponds to its PLS. The PLS is the minimal domain necessary 

and sufficient for p190A localization to ruffles and lamellipo-
dia in migrating cells. This PLS-based localization was also 
observed in fibronectin-, C8N6-BPA–, or V12Rac1-induced 
lamellipodia. Because lamellipodia induced by constitutively 
active Rac1 are devoid of active RhoA (Pertz et al., 2006), it is 
unlikely that membrane-bound RhoA mediates p190A recruit-
ment to protrusion. This is further emphasized by the fact that 
the PLS does not contain the RhoA-binding GAP domain of 
p190A. In addition, the PLS lacks the p120BD, which was de-
scribed to mediate p190A recruitment to the plasma membrane 
upon stimulation by integrins during cell attachment and subse-
quent tyrosine phosphorylation of p190A by Src or Arg (Hu and 
Settleman, 1997). It was previously shown that p190A has to be 
released from p120RasGAP to efficiently access and inactivate 
RhoA at the cell periphery. This mechanism occurs through a 
competition between the phosphorylated forms of p190A and 
paxillin for p120RasGAP binding during cell adhesion (Tsub-
ouchi et al., 2002). We thus describe PLS as a novel functional 
domain involved in the targeting of p190A.

It is striking that the identified PLS almost corresponds to 
the region (aa 382–1,007) defined as the Rnd3-binding domain 
of p190B isoform (Wennerberg et al., 2003; Bustos et al., 2008). 
However, silencing of Rnd3 does not alter p190A targeting to 

Figure 7. Mutations in PLS affect cell process 
growth. (A) p190A−/− MEFs expressing the 
indicated HA-tagged p190A constructs were 
plated overnight on fibronectin, fixed, and 
stained for nucleus (Hoechst, blue), cortactin 
(red), focal adhesions (vinculin, gray), and 
HA (green). Arrowheads show cortactin-rich 
edges, and arrows show focal adhesions. (B) 
Quantification of focal adhesion area in cells 
transfected as described in A (n = 15 cells 
per condition). Inset represents the number 
of focal adhesions (FA) per cell in the same 
experiment. (C) Quantification of ruffling cell 
process length. Graph presents the mean dis-
tance between nucleus and ruffle edges in cells 
transfected as described in A (n = 15 cells per 
condition). (D) Transfilter chemokinesis of cells 
transfected as described in A. Results are ex-
pressed as a percentage of basal migration 
without chemoattractant (n > 100 cells). For 
all graphs, values are expressed as the mean 
± SEM of three (B and C) or five (D) indepen-
dent experiments. Statistical significance was 
calculated relative to p190AWT condition. 
*, P < 0.05; **, P < 0.01; ***, P < 0.001. 
NT, nontransfected cells. 
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membrane protrusions in Huh7 cells (unpublished data), sug-
gesting that Rnd3 is not involved in p190A localization. The 
Rnd3-binding domain was further restricted to an aa 382–607 
fragment sufficient to promote the interaction between activated 
Rac1 and p190B and subsequent p190B membrane recruitment 
(Bustos et al., 2008). However, authors failed to detect a GTP-de-
pendent association between activated Rac1 and p190A, sug-
gesting a different targeting mechanism between both isoforms.

By affinity purification assays, we identified cortactin as a 
binding partner of the PLS. siRNA-mediated silencing of cort-
actin revealed that cortactin is necessary for p190A targeting 
to membrane ruffles and lamellipodia. Cortactin is an F-actin 
regulating factor that allows directional migration by stabiliz-
ing lamellipodia (Krause and Gautreau, 2014). Although not 
essential for the formation of the lamellipodia, cortactin regu-
lates migration by increasing lamellipodial persistence through 
the binding of the Arp2/3 complex and F-actin (Bryce et al., 
2005). We documented the p190A/cortactin interaction through 
four types of experiments: GST-pulldown, coimmunoprecipi-
tation, indirect immunostaining, and PLA. Although a strong 
colocalization between p190A and cortactin was found by in-
direct immunostaining, only few dots could be seen by PLA. 
This difference may be because of a technical caveat of the 
PLA. Indeed, considering that p190A and cortactin are rel-
atively large proteins, the Fc part of the antibodies used may 
be often too far to allow annealing. Another possible explana-
tion may be that the proteins are located at the same place but 
only interact in a stimuli-dependent (i.e., regulation of RhoA 
activity or F-actin elongation) and tightly regulated manner. 
This hypothesis is supported by the fact that an increased in-
teraction between p190A and cortactin inhibits p190A GAP 
accessibility (Fig. 5 D). Hence, a dynamic regulation of p190A 
activity by cortactin likely occurs at the leading edge, implying 
transient binding/dissociation events while the proteins remain 
in proximity. Cortactin redistribution from the cytoplasm to 

the membrane ruffles and lamellipodia is controlled by Rac1 
activation (Weed et al., 1998). Beyond its role in F-actin po-
lymerization, cortactin controls the cell shape by interacting 
with GTPase regulators such as Fgd1 and Dock4, respectively, 
GEFs of Cdc42 and Rac1 (Hou et al., 2003; Ueda et al., 2013). 
Cortactin-mediated control of lamellipodial persistence could 
therefore be driven by both the stimulation of Rac1 and Cdc42 
activity by GEFs and the inhibition of RhoA activity by p190A. 
Furthermore, Rac1-mediated recruitment of the cortactin–
p190A complex to the lamellipodia and subsequent RhoGAP 
domain activation could account for the negative regulation 
of RhoA by Rac1 observed in various cell lines (Kozma et al., 
1997; Leeuwen et al., 1997; Sander et al., 1999; Zondag et al., 
2000; Nimnual et al., 2003). Recent spatiotemporal analyses of 
lamellipodia formation revealed that RhoA is activated directly 
at the leading edge, but is switched off to allow Rac1 and Cdc42 
activation during the protrusion phase (Machacek et al., 2009). 
Therefore, as suggested for p190B, p190RhoGAP proteins may 
be involved in the local antagonistic cross talk between these 
GTPases. We believe that the PLS of p190A is functionally im-
plicated in this mechanism.

Accordingly, in addition to the involvement of the PLS in 
p190A localization, we found that the same sequence is required 
to inhibit p190A RhoGAP activity. Indeed, RhoA activity de-
crease is more pronounced in cells expressing p190AΔPLS than 
p190AWT. However, we were not able to demonstrate a modi-
fication of Rac1 activity upon expression of either p190AWT or 
p190AΔPLS in Huh7 cells (unpublished data). It has to be noted 
that the PLS excludes the poly basic region identified in p190A 
as crucial for its RacGAP activity (Lévay et al., 2013). The low-
est RhoA activity observed with p190AΔPLS has phenotypic 
consequences (e.g., loss of stress fibers, a process controlled by 
RhoA; Chrzanowska-Wodnicka and Burridge, 1996). The non-
specific localization of the mutant may provide more RhoA sub-
strate and explain this discrepancy. However, affinity purification 

Figure 8. Mutations in PLS affect MDA-MB-231 directed cell migration. MDA-MB-231 cells were cotransfected with p190A- and EGFP-expressing con-
structs, spread on gelatin coating, and visualized by epifluorescence and contrast time-lapse microscopy for 16 h. Frames were collected every 10 min. (A) 
Representative tracings of paths traveled over 16 h by MDA-MB-231 cells transfected with p190A mutants. (B) Quantification of movement directionality 
represented as a ratio of the distance between the start and end point over the total path traveled. (C) Cell velocity is calculated by length of the path trav-
eled divided by time. Values are expressed as the mean ± SEM (n = 20 cells per condition). Statistical significance was calculated relative to nontransfected 
(NT) condition. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s, not significant.
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of p190A with the active form of RhoA (RhoAQ63L), a method 
already used to detect p190A RhoGAP activity upon cadherin 
engagement (Noren et al., 2003), demonstrated that the strong 
effect of p190AΔPLS arises from a drastic increase of its affin-
ity toward active RhoA, in accordance with an enhanced GAP 
activity in cells. Even if we cannot exclude the possibility that 
this stronger binding titrates out active RhoA, making the lat-
ter unavailable for effector binding and resulting in the same 
phenotype (i.e., loss of stress fibers), these results account for a 
PLS-mediated cis-inhibition of the GAP domain. This hypothe-
sis is consistent with previous studies showing that p190B lack-
ing the Rac1-binding sequence, described above, also exhibited 
enhanced RhoGAP activity (Bustos et al., 2008). Collectively, 
these data indicate that the same region in both p190 isoforms 
accounts for a similar autoinhibitory function. Autoinhibition 
due to protein folding that controls the GAP activity has been 
described for several GAPs such as p50RhoGAP, oligophrenin, 
Abr, and chimerins (Ligeti et al., 2012). Thus, this reinforces the 
model proposed earlier by S.H. Hansen and colleagues (Wenner-
berg et al., 2003; Bustos et al., 2008), in which p190 is present 
in a “closed” conformation in the cytoplasm that may be opened 
upon stimuli, leading to the translocation and full activation of 
p190 restricted to membrane ruffles and lamellipodia, thus pro-
moting cell protrusion and migration. Whereas for p190B it was 
proposed that Rac1 or Rnd3 could relieve its autoinhibition, the 
mechanism for p190A remains to be established. We found that 
cortactin is not involved in this mechanism and in contrast favors 
the closed conformation of p190AWT. Thus, another additive 
signal may be necessary to locally activate p190A by competing 
with cortactin antagonism. Interestingly, our data pointed out 
serine 866 as an important amino acid for p190A regulation. 
Indeed, the cancer-associated S866F missense mutation and the 
Δ865–870 deletion phenocopy the absence of PLS, affecting 
both p190A localization and GAP activity regulation. Because 
phosphorylation is frequently involved in functional regulation, 
it is tempting to hypothesize that phosphorylation of serine 866 
keeps p190A in its closed conformation and that its dephosphor-
ylation activates the protein.

Our study also highlights that mutations found in tumors 
may have opposite effects on the activity of the protein. Indeed, 
whereas p190A-R997* mutant has no GAP activity, p190A-
S866F and Δ865–870 showed a high RhoGAP activity. Our data 
further demonstrated that p190AΔPLS, S866F, and Δ(865–870) 
significantly decreased cell process length, indicating that their 
higher GAP activity reduces lamellipodia persistence. Thus, 
as demonstrated earlier by the polarized cell migration defect 
of p190A−/− cells (Jiang et al., 2008), the RhoGAP activity of 
p190A must be tightly regulated to allow for proper cell migra-
tion. As a consequence, we found that gain-of-function muta-
tions such as S866F and Δ865–870 favor random cell migration 
and decrease the ability of cancer cells to migrate in a directed 
manner. Hence, acquisition of p190A mutations may result into 
an enhanced exploratory behavior of tumor cells. Given the high 
prevalence of ARH GAP35 mutations in tumors, these data open 
up a new path of investigations with clinical implications.

Materials and methods

Cell lines
Huh7 and MDA-MB-231 cell lines were purchased from American 
Type Culture Collection. p190−/− MEFs were a gift from A. Koleske 

(Yale University, New Haven, CT). Huh7 cells and MEFs were cultured 
in DMEM containing Glutamax and 4.5 g/l glucose (Gibco), supple-
mented with 10% FCS, 100 U/ml penicillin, and 100 µg/ml streptomy-
cin (Invitrogen). MDA-MB-231 cells were maintained in L-15 medium 
and Glutamax-I (Invitrogen) supplemented with 10% FCS and peni-
cillin–streptomycin. PAE expressing EE-tagged V12Rac1 under the 
control of an IPTG-inducible promoter were established previously 
(Welch et al., 1998). They were cultured in Ham F12 medium sup-
plemented with 10% heat-inactivated FCS, penicillin-streptomycin, 
100 µM hygromycin B, and 500 nM puromycin. V12Rac1 expression 
was achieved by adding 1 mM IPTG to the culture for 15 h. All cells 
were maintained at 37°C in a 5% CO2 humidified atmosphere.

Antibodies and reagents
Monoclonal mouse anti-p190A (clone 30) and anti-VASP (clone 43) 
antibodies were purchased from BD; mouse anti-p190A (clone D2D6), 
mouse anti-vinculin (clone hVIN1) antibodies, and IgG1 isotype 
control from mouse myeloma were purchased from Sigma-Aldrich, 
mouse anti-Rac1 (clone 23A8) and anti-cortactin (clone 4F11) were 
purchased from Millipore; and mouse anti-GFP and anti-RhoA were 
purchased from Santa Cruz Biotechnology, Inc. Monoclonal rat an-
ti-HA (clone 3F10) and mouse anti-HA (clone 12CA5) were obtained 
from Roche. Polyclonal rabbit anti-cortactin (H222) antibodies were 
obtained from Cell Signaling Technology. Alexa Fluor 546–phalloidin 
and Alexa Fluor 488–labeled secondary antibodies were purchased 
from Molecular Probes. IPTG, puromycin, and hygromycin B were 
obtained from EMD Millipore.

Transfection
DNA transfections in Huh7, MEFs, and PAE cells were realized with 
promofectin-hepatocyte transfection reagent (Promocell) according 
to the manufacturer’s protocol. MDA-MB-231 cells were transfected 
using Lipofectamine 3000 (Thermo Fisher Scientific) according to the 
manufacturer’s protocol. siRNA oligos were purchased from Eurofins 
Genomics and transfected into Huh7 cells with Lipofectamine RNAi-
Max Reagent (Thermo Fisher Scientific) according to the manufactur-
er’s protocol. siCortactin1 targets human cortactin mRNA at 5′-CCC 
AGA AAG ACU AUG UGA AAG GGUU-3′ and siCortactin2 targets at 
5′-GGA GAA GCA CGA GUC ACA GAG AGAU-3′ (Jia et al., 2008). 
The nonsilencing siRNA siControl 5′-AAT TCT CCG AAC GTG TCA 
CGT-3′ was used as a control.

Plasmid constructs
All of the truncated p190A constructs were engineered using PCR 
with the rat full-length p190RhoGAP (GenBank under accession 
no. M94721) as matrix and subcloned into pKH3 expression vec-
tor using BamHI and EcoRI restriction sites. The ΔPLS mutant 
was constructed as followed: two PCR fragments corresponding to 
N-terminal part (aa 1–380) and C-terminal part (aa 800–1,513) were 
amplified from pKH3-p190WT and subcloned into pGEM-T easy 
vectors. Both fragments were then purified and ligated. This ΔPLS 
fragment was finally inserted into the BamHI-EcoRI sites of pKH3 
vector. All primers used for these constructs are listed in Table S2. All 
constructs were verified by DNA sequencing. pKH3-p190AWT was 
a gift from I. Macara (Vanderbilt University, Nashville, TN). pGEX-
RhoAQ63L was a gift from K. Burridge (University of North Caro-
lina at Chapel Hill, Chapel Hill, NC). Cortactin-pmCherryC1 was a 
gift from C. Merrifield (Institut de Biologie Intégrative de la Cellule, 
Gif-sur-Yvette, France; plasmid 27676; Addgene; Taylor et al., 2011).  
α-Actinin–GFP construct was a gift from G.  Giannone (Interdisci-
pliniary Institute for Neuroscience, Bordeaux, France; Giannone et 
al., 2004). pGEX-2T-Rgd1 and pGEX-PH–PLC-γ1 were gifts from 
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F. Doignon (Bordeaux University, Bordeaux, France) and M. Lem-
mon (University of Pennsylvania, Philadelphia, PA), respectively. 
pEGFP-C1 was purchased from Takara Bio Inc.

Western blot analysis, immunoprecipitation, and pulldown assay
Cells were scraped off on ice and homogenized in Tris-HCl lysis buffer 
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.6% NP-40) with pro-
tease and phosphatase inhibitors. Cell lysates were cleared of cellular 
debris and nuclei by a 10,000 g centrifugation step for 10 min. Lysates 
were denatured with Laemmli loading buffer containing 2.5% 2-β-mer-
captoethanol, analyzed by SDS-PAGE, and blotted onto nitrocellulose 
membranes. Blots were incubated overnight at 4°C with primary an-
tibodies, and then incubated with infrared fluorescent dye-conjugated 
secondary antibodies (LI-COR Biosciences), and activity was visual-
ized with the Odyssey infrared imaging system (LI-COR Biosciences).

Immunoprecipitation was performed with anti-HA affinity matrix 
beads (Roche) according to the manufacturer's instructions. In brief, cells 
were extracted with Tris-HCl lysis buffer and centrifuged for 10 min at 
10,000 g. The supernatant was incubated for 30 min with the beads. Bead 
pellets were washed three times with Wash Buffer (50 mM Tris-HCl, pH 
7.4, 150 mM NaCl, and 0.1% NP-40), resuspended in loading buffer, and 
analyzed by SDS-PAGE. Recombinant GST-proteins were expressed in 
bacteria, purified on GSH-coated sepharose beads (Sigma-Aldrich), and 
incubated with protein extracts of Huh7 cells. Bacteria lysis was per-
formed with Tris-HCl lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 5 mM MgCl2, 1% Triton X-100, and 1 mM DTT) with protease 
and phosphatase inhibitors. GST-RhoAQ63L pulldown was performed 
as previously described (García-Mata et al., 2006). pGEX-2T construct 
containing Rhotekin-Rho binding domain was provided by Martin 
Schwartz (University of Virginia, Charlottesville, VA). Transfected Huh7 
cells were lysed, and protein extracts were used for RhoA pulldown 
assays as previously described (Ren et al., 1999). The lysis buffer for 
RhoA GTPase pulldown assay consists of 50 mM Tris, pH 7.2, 500 mM 
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 10 mM MgCl2, 
1 mM PMSF, and a mixture of protease inhibitors. In brief, cleared cell 
lysates were incubated with Rhotekin-RBD beads (Cytoskeleton, Inc.), 
and then the beads were washed and suspended in 5× Laemmli loading 
buffer. The whole-cell lysate was also used to examine the total amount 
of Rho GTPase in the cells. Samples were analyzed by Western blot-
ting with anti-RhoA antibody. Immunoprecipitation of endogenous pro-
teins was performed with anti-p190A (clone D2D6) and anti-cortactin 
(clone 4F11). In brief, cells were extracted with Tris-HCl lysis buffer 
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.6% NP-40, and 0.2% Triton 
X-100) and centrifuged for 10 min at 10,000 g. The supernatant was in-
cubated overnight with control IgG and specific antibodies for 3 h with 
Dynabeads Protein G (Invitrogen). Bead pellets were washed three times 
with Wash Buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.1% 
NP-40), resuspended in loading buffer, and analyzed by SDS-PAGE.

Immunofluorescence and confocal imaging
Glass coverslip–plated cells were prepared for immunofluorescence 
microscopy as previously described (Moreau et al., 2003). Coverslips 
were mounted on slides with Fluoromount G mounting medium. Cells 
were imaged using an SP5 confocal microscope (Leica Biosystems) 
using a 63×/NA 1.4 Plan Neofluor objective lens and the LAS-AF-Lite 
2.4.1 acquisition software (Leica Biosystems). To prevent contami-
nation among fluorochromes, each channel was imaged sequentially 
using the multitrack recording module before merging. Images were 
processed using LAS-AF-Lite 2.4.1 (Leica Biosystems), Gimp 2.0, 
or ImageJ software (National Institutes of Health). Quantification of 
protrusion localization was performed in a double-blinded manner by 

comparing actin and HA signal at the plasma membrane on 30–200 
transfected cells per condition.

PLA (Sigma-Aldrich) is an immunofluorescence-based method 
allowing the visualization of protein interaction with a distance <16 nm. 
Antigens were immunolabeled with two primary antibodies from dif-
ferent species and then specific secondary antibodies conjugated to 
complementary oligonucleotides. Close proximity of the antibodies al-
lows the ligation, amplification, and hybridization of fluorescent probes 
appearing as distinct puncta. Quantification of dots was performed in 
ImageJ (National Institutes of Health) with the “analyze particles” com-
mand. The staining intensities at the membrane were measured inside a 
2 × 0.28-µm rectangle, of which the longest dimension follows the mem-
brane. 60 measurements were made for each condition. Cytoplasmic 
staining intensities were measured on the same surface parallel to the 
rectangle used for membrane measurement 6 µm behind the membrane. 
Cell process length measurement was performed in three independent 
experiments. For each experiment, mean size was calculated from 15 
cells with spindle shape. The measurement was done from a line starting 
from the nucleus edge on the side of the ruffling process and ending at 
the most distant part of the ruffling edge. Focal adhesion area was mea-
sured as previously described (Horzum et al., 2014). In brief, using Im-
ageJ software (National Institutes of Health), we sequentially subtracted 
background, enhanced contrast, minimized background, and adjusted 
brightness and contrast automatically, ran LOG3D filter, thresholded the 
image, and then executed the “analyze particles” command.

Cell migration assays
Migration of MEFs was performed with Boyden chambers (8-µm pore 
size filter; BD). 105 cells were seeded per chamber on top of the filter. 
Chemokinesis assays were performed with 10% serum on both sides 
of the filter. Migration was performed for 6 h, and membranes were 
then fixed with 4% PFA. Nonmigrated cells were removed from the 
top compartment with a cotton swab. Cells that had migrated to the 
lower side of the filter were stained with Hoechst 33258 and counted. 
Data are expressed as a percentage of basal migration without serum. 
Time-lapse microscopy experiments were performed with transfected 
MDA-MB-231 cells plated on gelatin-coated six-well dishes. The cells 
were placed in a 37°C chamber equilibrated with humidified air con-
taining 5% CO2 throughout the experiment. Time-lapse microscopy 
was performed using a microscope composed of an inverted DMI 6000 
microscope (Leica Biosystems) equipped with a resolutive HQ2 cam-
era (Photometrics). The objective used was an HCX PL Fluotar 10× dry 
0.3 NA PH1. The 37°C atmosphere was created with an incubator box 
and an air heating system (Life Imaging Services). This system was 
controlled by MetaMorph software (Molecular Devices). Images were 
taken every 10 min during 16 h. The videos were created from the time-
lapse series using ImageJ (National Institutes of Health). Movements 
of cells expressing the green EGFP plasmid reporter were tracked in 
ImageJ with MtrackJ plugin.

Phospholipid binding assays
GST-PLS, GST-Rgd1, and GST expressions were induced in BL21 
bacterial strains with 0.1 mM IPTG overnight at 20°C. The proteins 
were eluted from Glutathione Sepharose beads (Sigma-Aldrich) just 
before the experiments and quantified by SDS-PAGE. The PIP Strip 
membranes (Echelon Biosciences) were used according to the man-
ufacturer’s instructions. GST-PLC-γ1-PH and GST-Rgd1 were used 
as positive controls (Prouzet-Mauléon et al., 2008). Each GST fusion 
protein was incubated overnight at 4°C with the PIP Strip membranes 
at 1 µg/ml and revealed by a rabbit anti-GST antibody (EMD Mil-
lipore) used at 1:2,500.
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Site-directed mutagenesis
All p190A point mutations and the Δ(865–870) deletion were 
generated in the parental vector pKH3-p190A using site-directed 
mutagenesis with the QuikChange II XL kit according to the man-
ufacturer’s protocol (Agilent Technologies). All primers used for 
these constructs are listed in Table S2. Point mutations and de-
letion were verified by sequencing. Note that the aa R997 found 
mutated in human tumors corresponds to the amino acid R998 in 
the rat p190A sequence.

Statistical analysis
Statistical analysis was performed with Prism software (GraphPad 
Software). Data are presented as mean ± SEM of at least three indepen-
dent experiments. Comparisons between groups were analyzed by t test 
or one-way analysis of variance (ANO VA) followed by Bonferroni’s 
posttest when the number of conditions was higher than two, Mann–
Whitney test to compare two conditions, and Spearman test when spec-
ified. Significance was accepted for values where *, P < 0.05; **, P < 
0.01; ***, P < 0.001; and ****, P < 0.0001.

Online supplemental material
Fig. S1 shows the localization of all truncated versions of p190A. 
Fig. S2 shows the localization of the different truncated versions of 
the 2F-MD construct. Fig. S3 demonstrates that PLS is necessary and 
sufficient for Rac1-induced lamellipodia targeting in PAE cells. Fig. 
S4 reveals that PLS does not interact with phospholipids in vitro, but 
interacts with cortactin. Fig. S5 shows the interaction of p190A can-
cer-associated mutations with cortactin. Table S3 summarizes the local-
ization and impact on the actin cytoskeleton of the truncated versions of 
p190A. Table S1 describes the cancer-associated mutations in p190A 
from patients. Table S2 contains the list of primers used to generate 
p190A constructs and mutants. Video  1 shows MDA-MB-231 cells 
transfected with an EGFP-expressing construct. Videos 2, 3, 4, and 5 
show MDA-MB-231 cells cotransfected with an EGFP-expressing con-
struct and with, respectively, WTp190A, p190AΔPLS, p190AS866F, 
and p190AΔ(865–870) constructs.
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