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Introduction

Invadosome are acto-adhesive structures composed of a dense 
F-actin core surrounded by a ring of adhesion molecules, partic-
ularly β1 and β3 integrins (Destaing et al., 2010; Schmidt et al., 
2011). All models of invadosomes, including invadopodia and 
podosomes, have been implicated in cellular invasion (Linder, 
2007, 2009; Albiges-Rizo et al., 2009; Destaing et al., 2011; 
Murphy and Courtneidge, 2011; Saltel et al., 2011; Boateng 
and Huttenlocher, 2012). Expression of the constitutively ac-
tive mutant of c-Src (SrcY527F) induces isolated invadosomes 
that can autoassemble into circular metastructures called inva-
dosome rings (Tarone et al., 1985; Chen, 1989; Destaing et al., 
2003, 2010; Albiges-Rizo et al., 2009). Invadosomes are char-
acterized by an antagonist behavior, combining intense actin 
polymerization and adhesion to the ECM with local degradation 
caused by the delivery of metalloproteases such as membrane 
type 1 metalloproteinase (MT1-MMP; Poincloux et al., 2009). 

The activation of the adhesion machinery leads to invadosome 
stabilization and consequently improves its ability to digest the 
ECM (Branch et al., 2012; Sharma et al., 2013). One of the 
mechanisms involved in degradation is the control of local de-
livery of MT1-MMP at the plasma membrane by the exocyst 
complex, through its recruitment by IQG​AP1, a CDC42 effec-
tor (Sakurai-Yageta et al., 2008; Branch et al., 2012). However, 
little is known about the molecular basis of the coupling be-
tween acto-adhesion and ECM degradation.

Paxillin family members are molecular adaptors known 
to interact with integrins and regulate the dynamics of adhesion 
sites. In mammals, the paxillin family is represented by three 
members: paxillin, Hic-5, and leupaxin. Little is known about 
the relationship between paxillin family members and their re-
spective roles in invadosomes. Structurally, all members of the 
paxillin family are characterized by two domains involved in 
protein–protein interactions. The N-terminus part is composed 
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of five LD motifs (consensus LDXLLXXL) that form amphip-
athic α-helices that are important for the binding of multiple 
adhesive regulators (Sattler et al., 2000; Tumbarello et al., 
2002). LD1 and LD2/4 motifs are the binding sites for vinculin, 
and LD2 and LD4 interact with focal adhesion kinase (FAK; 
Turner and Miller, 1994; Brown et al., 1996). Although the in-
teractors of some LD motifs are well characterized, the part-
ners of the LD3 and LD5 motifs of paxillin are not well known. 
The C-terminal half of paxillin is composed of four LIM do-
mains (LIM1–LIM4) known to form double zinc-finger motifs 
(Pérez-Alvarado et al., 1994; Schmeichel and Beckerle, 1994). 
The LIM2 and LIM3 domains are essential for targeting paxil-
lin to focal adhesions (Brown et al., 1996), and all LIM domains 
are essential for the recruitment of paxillin to stress fibers under 
tension (Smith et al., 2013; Watanabe-Nakayama et al., 2013).

In invadosomes, live imaging monitoring in osteoclasts 
has shown that the recruitment of paxillin is an early event in 
the formation of these acto-adhesive structures (Luxenburg et 
al., 2012), but it also regulates their disassembly when phos-
phorylated by Src and FAK (Brown and Turner, 2004; Webb et 
al., 2004; Zaidel-Bar et al., 2007; Badowski et al., 2008; Zou et 
al., 2012). Whereas the role of paxillin regulates adhesion site 
dynamics, Hic-5 has been implicated in the activation of ECM 
degradation. Hic-5 up-regulation induced by TGF-β in epithe-
lial cells promotes elevated ECM proteolysis through invado-
some formation (Pignatelli et al., 2012).

We addressed the question of whether the coupling be-
tween the acto-adhesive activity and ECM degradation activity 
of invadosomes might be regulated by the cooperation between 
paxillin family members. Genetic approaches were used to deci-
pher the family members’ respective functions in invadosomes. 
Our results show that paxillin and Hic-5 have both redundant 
and specific functions in invadosome formation. Structure–
function studies revealed that paxillin LIM-containing domains, 
in contrast to focal adhesions, were not important in localizing 
paxillin in invadosomes but were essential in regulating their 
morphology, and each LD motif was essential for inducing 
their formation. In addition to their redundant functions, pax-
illin preferentially regulates invadosome assembly, and Hic-5 
appears to be more important for invadosome disorganization 
and the coupling between ECM degradation and acto-adhesive 
functions. Mass spectrometry analysis of the paxillin interac-
tome identified new binding partners of paxillin as being impli-
cated in regulation of the acto-adhesive machinery (janus kinase 
1 [JAK1]) and ECM degradation (IQG​AP1). Considering both 
their redundancy and their specificities, our study reveals that 
paxillin and Hic-5 form a functional complex important for the 
coupling between the acto-adhesive and ECM-degradation ma-
chineries in invadosomes.

Results

Functional redundancy of paxillin and Hic-5 
in the formation of invadosomes
Despite the fact that loss-of-function strategies can reveal the 
function of a protein role in a cellular process, it is not so clear 
when related proteins of the same family exert similar activities. 
Therefore, we considered the functions of all paxillin family 
members (paxillin, Hic-5, and leupaxin) in the regulation of 
the complex structure as invadosomes. The preliminary results 
showed that invadosomes formed in pax−/− cells after expression 

of the constitutively active form of the proto-oncogene c-Src 
(SrcY527F; Fig. 1, A and C). The fact that pax−/− cells express-
ing SrcY527F could form isolated and ring-shaped invadosomes 
(Fig. 1, A–C) can be explained by either a compensatory mecha-
nism mediated by Hic-5 and leupaxin or by both proteins having 
an essential function in invadosome formation. To discriminate 
between the potentially redundant functions of each protein, 
compensatory mechanisms, and essential functions of leupaxin/
Hic-5 in these structures, invadosomes were analyzed in pax−/− 
cells expressing SrcY527F treated with nonspecific shRNA or 
shRNA targeting Hic-5. Hic-5 silencing dramatically reduced 
the formation of both isolated and ring-shaped invadosomes in 
the pax−/− genetic background (Fig. 1, A–C). Thus, it appeared 
that the remaining expression of leupaxin in SrcY527F pax−/− 
shHic-5 cells could not compensate for the loss of paxillin and 
Hic-5 in the regulation of invadosome formation. The low level 
of remaining Hic-5 in SrcY527F pax−/− shHic-5 cells (Fig. 1 B) 
was not sufficient to maintain invadosome assembly (Fig. 1, A 
and C). Other adhesive structures, such as focal adhesions, were 
still present, indicating that invadosomes were more sensitive 
to paxillin and Hic-5 depletion (Fig. 1 A). These data suggest 
that Hic-5 is an essential protein for invadosome formation. 
To confirm this hypothesis, reverse genetics was performed by 
reintroducing either paxillin wild-type (pax-WT)-Flag or Hic-
5-WT-Flag in these SrcY527F pax−/− shHic-5 cells. Surpris-
ingly, both paxillin and Hic-5 reexpression perfectly restored 
invadosome formation (Fig.  1, A–C). Therefore, Hic-5 is not 
the only central protein for invadosome formation; paxillin and 
Hic-5 have shared functions in the formation of these acto- 
adhesive structures. Thus, it appears that invadosomes are highly 
dependent on paxillin-like activity (paxillin and/or Hic-5). It is 
also important to note that the reexpression of paxillin-WT-Flag 
largely increased the efficiency of Hic-5 silencing in SrcY527F 
pax−/− shHic-5 cells (Fig. 1 B), which shows that paxillin reex-
pression directly affected Hic-5 stability in this context. This 
finding suggests that cells can sense and maintain paxillin-like 
activity (paxillin or Hic-5). Integrating genetic and reverse- 
genetic data suggests that the balance between paxillin and 
Hic-5 functions is important for invadosome formation.

To further examine the redundancy of paxillin and Hic-5 
functions, their localization and dynamics were investigated in 
invadosomes. GFP-tagged versions of paxillin and Hic-5-WT 
forms were used to localize each protein in invadosome rings 
of mouse embryonic fibroblast (MEF)–SrcY527F cells. Both 
proteins were localized across the invadosome ring (Fig. 1 D). 
More specifically, GFP-paxillin and GFP-Hic-5 were localized 
in two different regions of the invadosome ring, as shown by 
fluorescence intensity scans along the ring axis (Fig. 1 D): (a) 
as a thin line surrounding the invadosome ring and (b) as an 
increasing gradient from the outer rim to the inner rim of the 
ring (Fig. 1 D). Paxillin and Hic-5 did not present different mo-
lecular mobility, whereas the mean characteristic time of recov-
ery of GFP-tagged paxillin and Hic-5, as measured by FRAP, 
was not significantly different (Fig. 1 E). Thus, the functional 
redundancy of paxillin and Hic-5 in invadosome formation is 
supported by their identical localization and mobility.

Cooperation of paxillin LD motifs and  
LIM domains in invadosome formation  
and morphology
The absence of isolated invadosomes or invadosome rings in  
SrcY527F-pax−/− shHic-5 cells led us to use this cellular model 
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to explore the molecular basis of the paxillin-like activity in inva-
dosome regulation. Based on paxillin’s and Hic-5’s redundancy 
and structural homology, truncated mutants of paxillin were re-
expressed to determine for the first time the functions of the LD 
and LIM domains in invadosomes. Because LIM-containing 
proteins are known to be important for focal adhesion maturation 
(Brown et al., 1996; Smith et al., 2013), we examined whether 
paxillin’s LIM domains were necessary to induce invadosome 
formation. To address this question, the number of invadosomes 
was quantified in SrcY527F pax−/− shHic-5 fibroblasts rescued 
by pax-WT-Flag or pax-ΔLIM-Flag (deleted for the four LIM 
domains; Fig. 2 A). Surprisingly, expression of pax-ΔLIM-Flag 
mutant in SrcY527F-pax−/− shHic-5 cells efficiently rescued 
invadosome formation (Fig.  2, B and C). However, these in-
vadosome rings are larger (Fig. 2 B) while presenting a higher 
surface area and a larger perimeter, whereas their thickness is 
not changed (Fig. S1 A). Cells transfected with pax-ΔLIM pre-
sented invadosomes displaying a slow turnover compared with 
SrcY527F-pax−/− shHic-5 cells rescued with pax-WT (Fig. 
S1 B). Moreover, this decrease in invadosome dynamics was 
associated with a significant reduction of the net flux of actin  

(Fig. S1 C). Finally, these larger invadosomes formed in cells 
rescued with pax-ΔLIM presented a significant decrease in ma-
trix degradation (Figs. 2 D and S2 A), showing that paxillin’s 
LIM domains are essential for invadosomes’ proteolytic activ-
ity. In contrast to their function in focal adhesion, LIM domains 
are not essential for paxillin targeting in invadosomes but are 
important in regulating their acto-adhesive properties (assem-
bly, morphology, and dynamics) and their degradative function.

Because the N-terminal part of paxillin was sufficient to 
restore invadosome formation, the contribution of each paxillin 
LD motif (LD1–LD5) was further explored in the regulation 
of invadosome formation. For that purpose, multiple pax-Flag 
mutants depleted for each LD sequence (ΔLD1–ΔLD5) were 
expressed in SrcY527F pax−/− shHic-5 cells (Fig. 2, A and E). 
Surprisingly, each LD-depleted paxillin mutant showed poorly 
rescued formation of invadosome rings. Isolated invadosomes 
and a limited number of semicircular structures still formed but 
did so to a lesser extent than in SrcY527F pax−/− shHic-5 cells 
that reexpressed the pax-WT-Flag form. All LD motifs are im-
portant in invadosome ring assembly (Fig. 2, E and F), which 
suggests that cooperativity between LD motifs is necessary for 

Figure 1.  Functional redundancy of paxillin 
and Hic-5 in invadosome formation. (A) Pax-
illin depletion in MEF-SrcY527 cells does not 
affect invadosome formation. The reexpression 
of either pax-WT-Flag or Hic-5-WT-Flag rein-
duces the formation of invadosomes easily rec-
ognized by their ring shape (arrowheads). (B) 
Western blot analysis of pax−/− cells express-
ing or not expressing Hic-5 or pax-WT-Flag. 
shRNA treatment efficiently decreased the 
endogenous protein levels of Hic-5, whereas 
expression of pax-WT-Flag reinforced the ef-
fects of Hic-5 silencing. (C) Quantification of 
the percentage of cells forming invadosomes 
in MEF-SrcY527F pax−/− cells rescued or not 
rescued with Hic-5 or pax-WT-Flag shows the 
redundancy of both proteins (n = 4; 500 cells 
per condition). ***, P < 0.001. (D) Repre-
sentative analysis of the fluorescence intensity 
profile of paxillin-GFP or Hic-5-GFP and Life-
Act-RFP over the yellow lines going through 
the invadosome revealed the same distribution 
of both proteins as a crescent-shaped gradi-
ent from the inner to the outer rims (n = 4). 
au, arbitrary unit. (E) FRAP experiments (n = 
3) performed on MEF-SrcY527F cells express-
ing either paxillin-GFP or Hic-5-GFP revealed 
that both proteins presented the same mobility 
in invadosomes. Red rectangles show where 
the photobleaching is induced. All graphs 
presented as means ± SD. Differences with 
a probability level P < 0.05 were considered 
significant in one-way ANO​VA. Bars: (A) 10 
µm; (D) 2 µm; (E) 4 µm.
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Figure 2.  Structure–function studies revealed the properties of LIM and LD domains in invadosomes. (A) Schematic representation of the pax-Flag-WT 
and pax-Flag mutants missing the LIM domains and pax-Flag mutants deleted for the LD1, LD2, LD3, LD4, or LD5 motifs used for structure–function studies.  
(B) MEF-SrcY527F pax−/− shHic-5 cells expressing pax-Flag-WT induced very compacted invadosomes, whereas pax-ΔLIM-Flag expression resulted in large 
rings. (C) Quantification of the percentage of cells forming invadosomes revealed that pax-ΔLIM-Flag mutants rescued invadosome formation as well as pax-
Flag-WT (n = 3; 300 cells counted per condition). (D) Quantification of the normalized degraded area of fluorescent gelatin per cell revealed that expres-
sion of the pax-ΔLIM-Flag mutant poorly restored ECM degradation in comparison to pax-Flag-WT (n = 3; 200 cells counted per condition). au, arbitrary 
unit. (E) Immunofluorescence experiments showing the absence of invadosome rings caused by the absence of LD1, LD2, LD3, LD4, or LD5 motifs, whereas 
some isolated invadosomes were still visible. The expression of either pax-LD3_ΔLD3-Flag or pax-LD5_ΔLD5-Flag completely abolished the formation of 
isolated invadosome rings. (F) Quantification of the percentage of cells forming invadosomes showed that deletion of each LD poorly restored invadosome 
ring formation in comparison to pax-WT-Flag (n = 3; 300 cells counted per condition). (G) Quantification of the normalized degraded area of fluorescent 
gelatin per cell shows that the decrease of invadosome formation induced by each mutant was associated with low ECM degradation. ***, P < 0.001. All 
graphs presented as means ± SD. Differences with a probability level P < 0.05 were considered significant in one-way ANO​VA. Bars: (B) 8 µm; (E) 20 µm.
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the proper function of paxillin in invadosome formation. More-
over, decreased ring formation in the cells rescued with the 
pax-ΔLD mutants was directly associated with low levels of 
ECM proteolytic activity (Figs. 2 G and S2 A). Supplementing 
what is known about paxillin functions in focal adhesions, we 
showed that the poorly characterized LD3 and LD5 domains 
were essential in the restoration of invadosome ring formation 
(Fig. 2, E and F). Therefore, we focused our work on these mo-
tifs by investigating whether paxillin LD3/LD5 function in ring 
assembly was dependent on their ability to recruit and coordi-
nate multiple partners. To test this hypothesis, the LD3 and LD5 
motifs were reintroduced at the N-terminus of the pax-ΔLD3-
Flag and pax-ΔLD5-Flag mutants, respectively (Fig.  2  A). 
The reexpression of these new mutants (pax-LD3_ΔLD3-Flag 
and pax-LD5_ΔLD5-Flag) did not restore the formation of 
invadosome ring formation; rather, it blocked the formation 
of the rare isolated invadosomes present in cells that reex-
pressed pax-ΔLD3-Flag and pax-ΔLD5-Flag mutants (Fig. 2, 
E and F). Similarly, cells rescued by pax-LD3_ΔLD3-Flag and 
pax-LD5_ΔLD5-Flag displayed decreased ECM degradation 
activity (Figs. 2 G and S2 A). These data show that the position 
of LD domains is a key element in cooperativity, which is likely 
dictated by a specific tertiary structure induced by different LD 
domains. Collectively, our results reveal that paxillin is not a 
linear adaptor protein in which each LD separately recruits in-
teracting proteins; rather, its LD motifs cooperate, thereby facil-
itating paxillin’s proper function.

In addition to their redundancy, paxillin and 
Hic-5 have specific functions in invadosomes
Reverse genetics revealed that paxillin and Hic-5 have redun-
dant functions. However, their specific functions in invadosome 
assembly and activity might be masked by compensatory mech-
anisms and cell adaptation. To explore the specific functions of 
paxillin and Hic-5 in invadosomes, a silencing strategy that indi-
vidually or simultaneously targeted paxillin and Hic-5 was used 
to induce their rapid depletion in MEF-SrcY527F cells. siRNA 
treatment was efficient, leading to 90% and 85% decreases in 
paxillin and Hic-5 protein levels, respectively (Fig. 3 A). No-
tably, paxillin silencing induced a significant increase in Hic-5 
protein levels, whereas the targeting of Hic-5 by siRNA resulted 
in increased protein levels of paxillin (Fig. 3 A, left). This com-
pensatory mechanism between paxillin and Hic-5 occurred at 
the protein level and not at the mRNA level (Fig. 3 A, right). 
This confirmed that the reexpression of pax-WT-Flag largely 
increased the efficiency of Hic-5 silencing in SrcY527F pax−/− 
shHic-5 cells (Fig. 1 B). Thus, it appears that cells can adapt the 
functions of paxillin–Hic-5 balance by modulating the stability 
of each of these proteins.

Next, we assessed whether invadosome dynamics might 
be affected by the depletion of one of the paxillin members. 
Notably, the rapid depletion of paxillin led to a decrease in inva-
dosome rosette formation, which is associated with an increase 
in rosette thickness and suggests a perturbation in the assem-
bly–disassembly rate of this structure (Fig. 3 B). Surprisingly, 
Hic-5 silencing significantly increased the mean number of in-
vadosome rings per cell (Fig. 3 B), correlating with an increase 
in paxillin expression (Fig.  3  A). Finally, the simultaneous 
paxillin and Hic-5 silencing was characterized by small invado-
some aggregates and a larger decrease in invadosome formation 
than paxillin depletion alone (Fig. 3 B), confirming our genetic 
approach (Fig. 1, A and C). Altogether, our results show that 

although paxillin and Hic-5 have redundant functions, paxillin 
represents a key molecule that is necessary for ring assembly.

Then the precise function of paxillin and Hic-5 in the 
acto-adhesive functions of invadosomes was explored. Live 
imaging revealed that MEF-SrcY527F cells expressing Life-
Act-GFP silenced for paxillin exhibited very thick rings that 
persisted over time (Fig. 3 F, red arrowheads) compared with 
rings in control cells (Fig. 3 F, multicolored arrowheads). The 
stabilization of invadosomes induced by paxillin depletion was 
not associated with a change in the net flux of GFP-actin, as 
measured by FRAP (Fig.  3  E). Instead, Hic-5–silenced cells 
formed invadosome rings with no obvious change in their dy-
namics compared with control cells (Fig. 3 F). The subsequent 
question was to determine whether the depletion of paxillin or 
Hic-5 might affect the degradative activity of invadosomes.

Paxillin silencing was associated with a decrease in 
ECM-degradation activity, as revealed by the inefficiency in 
fluorescent ECM layer digestion (Figs. 3 D and S2 B), which 
was likely caused by reduced invadosome numbers (Fig. 3 C). 
Surprisingly, Hic-5 silencing strongly reduced the ECM- 
degradation activity (Fig. 3 D) despite the elevated invadosome 
numbers (Fig. 3 C). No supplemental effects were observed in 
ECM degradation when both paxillin and Hic-5 were depleted 
simultaneously (Figs. 3 D and S2 B). In conclusion, paxillin 
and Hic-5 have a complementary function in a fully active inva-
dosome, whereas paxillin preferentially activates the adhesive 
activity of invadosome, and Hic-5 is more specialized in the 
regulation of the ECM degradation of invadosomes.

Identification of specific interactors of 
paxillin and Hic-5 in MEFSrcY527F
To explore the molecular basis of their respective functional 
specificity, partners of paxillin and Hic-5 were identified in the 
context of cells expressing SrcY527F. For that purpose, pax-
WT-Flag and Hic-5-WT-Flag were expressed in SrcY527F- 
expressing cells depleted of the respective endogenous proteins 
(Fig. 4 A). The coimmunoprecipitated binding partners of each 
Flag-tagged protein were identified through mass spectrome-
try analysis. A Venn diagram analysis showed that paxillin and 
Hic-5 shared 10 common proteins; 41 specific binding part-
ners were copurified for pax-WT-Flag; and 23 specific inter-
actors were determined for Hic-5-WT-Flag (Fig. 4 B and Table 
S1). Well-known paxillin interactors such as GIT1, GIT2, and 
tyrosine phosphatase MPTP-PEST were sorted out. A sig-
nificant enrichment of actin-nucleating proteins and the actin- 
depolymerization factor cofilin were also found for paxillin 
(Fig. 4 B and Table S2). It appeared that paxillin interacted with 
numerous signaling molecules and cytoskeleton regulators. 
Moreover, only paxillin was able to bind cytoskeletal motors 
such as myo1D/E, myo5, and myo6 and a novel regulator of 
cell contractility, JAK1. Among the numerous Hic-5 interactors, 
it is particularly interesting to note the specific recruitment of 
IQG​AP1, a CDC42 effector.

To investigate the poorly known specific interactors of 
LD3 and LD5 motifs, a semiquantitative mass spectrometry 
approach was applied on complexes copurified with pax-WT-
Flag, pax-ΔLD3-Flag, pax-ΔLD5-Flag, pax-LD3_ΔLD3-Flag, 
or pax-LD5_ΔLD5-Flag. Numerous interactors of pax-WT-
Flag, such as Arp2 and 3, JAK1 (interaction regulated by both 
LD3 and LD5), and GIT1, were either absent or exhibited less 
binding (as revealed by a decrease in the number of peptides 
specific to these proteins and coimmunoprecipitated with the 
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indicated flag mutants; Table S3) compared with the pax-
WT-Flag form. Thus, the repositioning of the LD3 and LD5 
domains at the N-terminal part of the pax-ΔLD3-Flag or the 
pax-ΔLD5-Flag did not restore the binding of specific pax-WT-
Flag interactors but even decreased the number of other paxil-
lin interactors (Table S3). Therefore, it appears that the correct 
positioning of LD domains is a key element to control paxillin 
interactions, which most likely occur on a characteristic tertiary 
structure. Moreover, this approach allowed us to determine 
the interactors of pax-WT-Flag dependent on the presence of 
the poorly known LD3 and LD5 domains (Fig. S3). Because 

recent studies have highlighted the importance of JAK1 in 
tumor cell invasion (Sanz-Moreno et al., 2011; Albrengues et 
al., 2014; Orgaz et al., 2014) and the role of IQG​AP1 in ma-
trix remodeling (Sakurai-Yageta et al., 2008), we focused on 
these binding partners.

JAK1 is associated with the acto-adhesive 
function of paxillin
JAK1 as a potential new paxillin interactor was particularly in-
teresting, because this kinase has recently been associated with 
tumor invasion and contractile machinery (Sanz-Moreno et al., 

Figure 3.  Paxillin- and Hic-5–specific functions in invadosome formation and activity. (A) Representative Western blot of cell lysates from MEF-SrcY527F 
cells treated with control, paxillin, Hic-5, or both paxillin and Hic-5 siRNA (left). Quantification of paxillin and Hic-5 revealed that the acute depletion of 
each protein led to an adaptation response by increasing the protein levels of its related protein (n = 5; middle). Quantification by quantitative real-time 
PCR showed that the siRNA treatment affected only the targeted mRNA without affecting the counteract protein mRNA (n = 3; right). (B) MEF-SrcY527F cells 
treated with control, paxillin, Hic-5, or paxillin and Hic-5 siRNA were spread on fibronectin-coated glass coverslips and stained with anti-paxillin antibody 
(green) and F-actin (red). (C) Quantification of the normalized number of invadosome rings per cell revealed that paxillin silencing decreased the number 
of invadosome rings per cell, whereas silencing of Hic-5 significantly increased it (n = 3, 300 cells counted per condition). (D) Quantification of the mean 
degradation area per cell revealed that all siRNA treatments decreased the degradation activity compared with the control (n = 3; 200 cells counted per 
condition). **, P < 0.01. (E) Quantification of the GFP-actin characteristic time of recovery showed that the depletion of both paxillin and Hic-5 did not 
affect actin mobility in invadosomes (n = 3). (F) Representative images extracted from a time series of MEF-SrcY527F cells stably expressing LifeAct-GFP 
and transfected with specific siRNAs (control, paxillin, or Hic-5). Paxillin depletion resulted in very thick and hyperstable invadosome rings, whereas  
Hic-5-knockdown cells exhibited normal dynamics, as in the control siRNA-treated cells. All graphs presented as means ± SD. Differences with a probability 
level P < 0.05 were considered significant in one-way ANO​VA. Bars: (A) 6 µm; (F) 15 µm.
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2011; Albrengues et al., 2014; Orgaz et al., 2014). In HEK293 
cells transfected with JAK1-GFP and pax-WT-Flag, JAK1-GFP 
coimmunoprecipitated with pax-WT-Flag (Fig. 5 A), confirm-
ing the interaction seen by mass spectrometry. Moreover, en-
dogenous paxillin was coimmunoprecipitated with endogenous 
JAK1 from MEF cells overexpressing SrcY527F (Fig. 5 B). We 
addressed the question of whether the paxillin/JAK1 complex 
serves to recruit JAK1-GFP into invadosomes. Total internal re-
flection fluorescence (TIRF) imaging showed the accumulation 
of JAK1-GFP into invadosome structures labeled by the specific 
marker RFP-cortactin (Fig. 5 D). Endogenous JAK1 was also 
localized in invadosome rings as validated by the decrease of 

JAK1 staining after JAK1 silencing or Jak1 inhibitor treatment 
(Figs. 5 D and S4, A and B). A JAK1–paxillin interaction was 
confirmed by the colocalization of JAK1-RFP and paxillin-GFP, 
as imaged by confocal microscopy (Fig. 5 C). To understand 
the function of JAK1 in the invadosome, MEF-SrcY527F cells 
were treated with Jak inhibitor I (also called P6) for a few hours. 
This treatment led to a specific decrease of its substrate, signal 
transducer and activator of transcription 3 (STAT3; Fig. 5 E). 
It also induced a significant decrease in the number of invado-
some rings per cell (Fig. 5 E). The invadosome dynamics were 
reminiscent of that observed in SrcY527F paxillin-depleted 
MEF cells (Fig. 3 F), as revealed by the decrease in their turn-
over and size (Fig. 5 E). As Jak inhibitor I is not specific for 
JAK1 but targets several members of Jak family, we specifically 
silenced JAK1. We validated three siRNAs that efficiently si-
lenced JAK1, leading to a decrease in the phosphorylation of its 
substrate, STAT3 (Fig. 5 F). In MEF-SrcY527F cells, JAK1 de-
pletion induced a significant decrease of invadosome formation, 
confirming our pharmacologic approach, and an increase of 
stress fibers (Fig. 5 F). The remaining invadosomes presented a 
slow turnover in comparison to control cells like those observed 
in SrcY527F paxillin-depleted MEF or in SrcY527F-pax−/− 
shHic-5 cells expressing paxillin-ΔLIM (Fig. 5 G). Importantly, 
JAK1 phosphorylation increased after invadosome induction 
upon SrcY527F expression (Fig. 5 H) and was dependent on 
the presence of paxillin but not Hic-5, as observed in SrcY527F 
pax−/− shHic-5 cells reexpressing either pax-WT-Flag or Hic-
5-WT-Flag (Fig. 5  I). Thus, paxillin controls invadosome dy-
namics through its ability to interact with the kinase JAK1 and 
regulates its activation.

Hic-5 controls the recruitment of exocyst 
regulator IQG​AP1 in invadosomes
The interaction of Hic-5 with IQG​AP1 supports the preferen-
tial role of Hic-5 in the degradative function of invadosomes 
(Fig.  4  B). Indeed, IQG​AP1 is required for the exocyst- 
dependent delivery at the cell surface of MT1-MMP and for 
the ECM degradation activity of invadosomes (Sakurai-Yageta 
et al., 2008). In HEK293 cells expressing both IQG​AP-GFP 
and Hic-5-WT-Flag or pax-WT-Flag, Hic-5-WT-Flag interacted 
more strongly with IQG​AP1-GFP than pax-WT-flag (Fig. 6 A), 
confirming IQG​AP1–Hic-5 interaction. Moreover, endogenous 
Hic-5 coimmunoprecipitated with endogenous IQG​AP1 from 
MEF cells overexpressing SrcY527F (Fig. 6 B). IQG​AP1-GFP 
colocalized with Hic-5-Flag in invadosomes (Fig. 6 C), validat-
ing the Hic-5/IQG​AP1 interaction found by mass spectrometry 
and coimmunoprecipitation. TIRF imaging showed the accumu-
lation of IQG​AP1-GFP into invadosome structures labeled by 
the specific marker RFP-cortactin (Fig. 6 D). Similarly, endoge-
nous IQG​AP1 was immunodetected in invadosomes (Fig. 6 D). 
The loss of signal upon IQG​AP1 silencing in MEF-SrcY527F 
cells confirmed the specificity of the antibody used (Fig. S4 C).

Next, we addressed the question of whether Hic-5 af-
fects IQG​AP1 recruitment in invadosomes. Hic-5 depletion 
significantly decreased IQG​AP1 recruitment to invadosomes 
compared with control conditions (Fig.  6  E), a decrease that 
was rescued by reexpression of Hic-5-WT-Flag in SrcY527F 
Hic-5−/− cells (Fig. 6 E). Therefore, Hic-5 is required to localize 
IQG​AP1 in invadosomes. As shown previously (Sakurai-Yageta 
et al., 2008), IQG​AP1 silencing led to a decrease of matrix 
degradation (Fig. S5 A) caused by a decrease in the accumula-
tion of endogenous MT1-MMP at the surface of invadosomes  

Figure 4.  Specific paxillin and Hic-5 interactors. (A) SDS-PAGE (10% 
gel) and silver staining analysis of paxillin and Hic-5 binding partners 
copurified with either pax-WT-Flag or Hic-5-WT-Flag. The control condition 
corresponds to cell lysates of paxillin- and Hic5-deficient cells (pax−/− and 
hic−/− cells) with nonspecific IgG but with the same isotype as anti-Flag 
M2. (B) Cytoscape visualization of the specific and shared interactors be-
tween paxillin and Hic-5 (dark blue). In these cellular and purification con-
ditions, paxillin interacts with numerous acto-adhesive regulators and the 
newly contractile regulator JAK1. Hic-5 interacts with less acto-adhesive 
regulators but can bind specifically to exocyst regulator IQG​AP1.
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Figure 5.  JAK1 interacts and colocalizes with paxillin in invadosome rings and regulates their assembly. (A) The specific coimmunoprecipitation of 
pax-WT-Flag and JAK1-GFP, transfected in HEK 293 cells, showed the interaction of these two proteins. (B) Immunoprecipitation of endogenous JAK1 in 
MEF-SrcY527F cells is associated with a specific coimmunoprecipitation of paxillin in comparison to rabbit polyclonal IgG control. (C) Confocal imaging 
of MEF-SrcY527F cells expressing paxillin-GFP and JAK1-RFP showed their colocalization. (D) TIRF imaging of MEF-SrcY527F cells expressing RFP-cortactin 
and JAK1-YFP showed the localization of this kinase in invadosome (top). Confocal imaging of endogenous JAK1 (total JAK1 or phospho-JAK1) revealed 
its accumulation in invadosomes (bottom). (E) Treatment with 25 µm Jak inhibitor I (P6) induced a decrease in STAT3 phosphorylation (left) associated with 
a significant decrease in invadosome formation (middle; n = 3; 350 cells counted per condition). Representative images extracted from a time series of 
MEF-SrcY527F cells expressing LifeAct-GFP and treated with 25 µm Jak inhibitor I (right). (F) Western blot of cell lysates from MEF-SrcY527F cells treated 
with control or JAK1 siRNA (left). F-actin staining of cells treated by these different siRNAs shows that JAK1 silencing significantly reduces invadosome 
formation (middle), as quantified at the right (n = 4, 500 cells counted per conditions), and induces the formation of stress fibers (middle). ***, P < 0.001. 
(G) Representative images extracted from the time series of MEF-SrcY527F expressing LifeAct-GFP revealed long-lasting large rings (red arrowhead) after 
JAK1 silencing in comparison to dynamic invadosome (multicolored arrowheads) in control condition. (H) Western blot analysis revealed the increase in 
JAK1 phosphorylation in response to the expression of constitutively activated mutant of Src, Src Y527F. (I) Western blot analysis of MEF-SrcY527F pax−/− 
shHic-5 cells expressing Hic-5 or pax-WT-Flag increases JAK1 phosphorylation. All graphs presented as means ± SD. Differences with a probability level 
P < 0.05 were considered significant in one-way ANO​VA. Bars: (C) 3 µm; (D) 5 µm; (F and G) 10 µm.
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Figure 6.  Hic-5 interacts specifically with IQG​AP1 and controls its recruitments to invadosomes. (A) The specific coimmunoprecipitation of Hic-5-WT-Flag and 
IQG​AP1-GFP, transfected in HEK 293 cells, showed the specific interaction of these two proteins. (B) Immunoprecipitation of endogenous IQG​AP1 or Hic-5 in 
MEF-SrcY527F cells is associated with the respective specific coimmunoprecipitation of Hic-5 and IQG​AP1, in comparison to IgG control. (C) Confocal imaging of 
MEF-SrcY527F cells expressing Hic-5-Flag and IQG​AP1-GFP showed their colocalization. (D) TIRF imaging of MEF-SrcY527F cells shows IQG​AP1-GFP localization 
in invadosome revealed by RFP-cortactin (left). Confocal imaging of endogenous IQG​AP1 also revealed its accumulation in invadosomes (right). (E) Quantitative 
confocal imaging showed that Hic-5 silencing is associated with a decrease in endogenous IQG​AP1 recruitment in invadosomes (left; n = 3; 60 invadosomes per 
condition). Moreover, MEF-SrcY527F Hic-5−/− cells presented a representative decrease in IQG​AP1 recruitment in invadosomes, in comparison with MEF-SrcY527F 
Hic-5−/− cells reexpressing Hic-5-WT-Flag (n = 3; 55 invadosomes per condition). *, P < 0.05; **, P < 0.01. (F) Western blot of cell lysates from MEF-SrcY527F cells 
treated with control or IQG​AP1 siRNA (top). Quantitative confocal imaging shows that IQG​AP1 silencing decreases plasma membrane accumulation of MT1-MMP 
in invadosomes (n = 3; 60 to 70 invadosomes per condition; bottom). ***, P < 0.001; **, P < 0.01. (G) Quantitative confocal imaging shows that Hic-5 silencing 
mimics IQG​AP1 silencing in MT1-MMP accumulation at the surface of invadosomes (n = 3; 50 invadosomes per condition). All graphs presented as means ± SD. 
Differences with a probability level P < 0.05 were considered significant in one-way ANO​VA. Bars: (C–E) 8 µm; (F and G) 5 µm.
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(Figs. 6 F and S5 B). Hic-5 depletion also significantly de-
creased the accumulation of MT1-MMP in invadosomes 
(Fig. 6 G). Therefore, in addition to its redundant activity with 
paxillin in invadosome formation, by recruiting IQG​AP1, Hic-5 
is a new molecular link that couples adhesion with the exocytic 
delivery of MT1-MMP. Our results show that Hic-5 participates 
in the coupling between acto-adhesive and ECM-degradation 
activities occurring in fully functional invadosomes.

Discussion

An optimal balance of paxillin or Hic-5 signaling controls the 
invasive migration of breast cancer cells (Deakin and Turner, 
2011). To explore the role of each paxillin family member, 
a combination of loss-of-function and silencing strategies 
showed the redundancy of paxillin and Hic-5 in the formation 
of invadosomes. In addition to this redundancy, we demon-
strated their specific functions. Paxillin primarily regulates 
the acto-adhesive properties of invadosomes through the reg-
ulation of its new interactor, JAK1. Hic-5 preferentially regu-
lates ECM degradation by interacting with IQG​AP1. Finally, 
redundant and specific paxillin and Hic-5 functions support new 
insights into the coupling between the acto-adhesive machin-
ery and ECM degradation.

Essential and redundant functions of 
paxillin and Hic-5 in invadosomes
The yeast model, devoid of integrins, revealed the mechano-
regulatory role of the paxillin yeast homologue, Pxl-1p, while 
coordinating Rho activity and the acto-myosin ring during cy-
tokinesis (Ge and Balasubramanian, 2008; Pinar et al., 2008). 
In mammals, numerous studies have shown that paxillin-like 
activity (from paxillin, Hic-5, or leupaxin) regulates the life-
span of adhesive structures (Webb et al., 2004; Zaidel-Bar et al., 
2007; Badowski et al., 2008), whereas its implication during the 
formation process is poorly understood. By coupling genetic 
and reverse-genetic approaches, our data show that paxillin and 
Hic-5 are also essential for the assembly, acto-adhesive, and 
ECM-degradation functions of invadosomes.

Integrating paxillin and Hic-5 redundancy could explain 
previous discrepancies in paxillin functions in invadosomes. In-
deed, paxillin silencing disorganizes the invadosome belt into 
small clusters in osteoclasts (Badowski et al., 2008). Pax−/− os-
teoclasts are characterized by highly organized peripheral inva-
dosome belts but are poorly functional in supporting efficient 
bone-degrading activity (Zou et al., 2012). This discrepancy 
could be explained by the fact that acute depletion mediated 
by siRNA could not allow an adaptive response and instead 

changed the paxillin/Hic-5 ratio (Fig. 3 A). It has been shown 
that paxillin and Hic-5 have distinct functions in breast can-
cer cell morphology but without excluding cooperative action 
(Deakin and Turner, 2011). The paxillin–Hic-5 redundancy 
suggests that these proteins can work cooperatively and thus 
form a functional complex. Therefore, the question of the mo-
lecular basis of this complex is raised. No direct interaction in 
vitro between these two proteins has been reported despite their 
potential ability to homodimerize through their LIM domain 
(Feuerstein et al., 1994). However, paxillin and Hic-5 can be 
purified in the same complex in response to mechanical load 
(Guignandon et al., 2006). Paxillin and Hic-5 redundancy based 
on the same molecular mobility, partners, and sites of action 
supports this concept of functional complex (Fig. 1). Then, ex-
change of paxillin by Hic-5 will induce differential functions in 
the same site of action (Fig. 7). The integration of both the re-
dundancy and specificities of paxillin and Hic-5 in a functional 
complex supports a new model of the coupling between acto- 
adhesive machinery and ECM degradation in invadosomes.

Functions and cooperativity of LIM and LD 
domains in invadosomes
Based on paxillin–hic-5’s redundancy, their high level of ho-
mology, and the absence of invadosomes in cells depleted of 
paxillin and Hic-5, a large structure–function study was pos-
sible to determine the different functions of the LD and LIM 
domains that were poorly known in invadosomes. The function 
of paxillin LIM domains was first related to localizing paxillin 
to focal adhesions (Brown et al., 1996) in response to mechan-
ical constraints (Smith et al., 2013; Watanabe-Nakayama et al., 
2013). The fact that LIM domains are important for paxillin’s 
recruitment to invadosomes, their morphology, dynamics, and 
ECM degradation is reminiscent of the effect of the myosin 
II inhibitor blebbistatin, which affects invadosome morphol-
ogy and decreases ECM proteolytic activity (Alexander et al., 
2008). This finding suggests that the LIM domains could affect 
the mechanical properties of the acto-adhesive machinery that 
regulates ECM degradation.

Even in the absence of LIM domains, all LD domains were 
sufficient to localize paxillin in invadosomes and restore their 
formation. These LD motifs have been implicated in numerous 
interactions with adhesion components or regulators such as 
FAK/Pyk2, Src, p130Cas, talin, and vinculin (Deakin and Turner, 
2008). We showed that all LD domains are important in restoring 
invadosome ring formation, even the less-characterized LD3 and 
LD5 domains, whereas focal adhesion dynamics has been shown 
to be mostly dependent on LD2 and LD4, which bind FAK. The 
subsequent question was to determine whether the LDs presented 
coordinated binding activity. Surprisingly, repositioning of LD3 

Figure 7.  Scheme of the functional coop-
eration of paxillin and Hic-5 in the coupling 
of acto-adhesive and ECM-degradation ac-
tivities of invadosomes.
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and LD5 negatively affected paxillin’s ability to restore invado-
some formation, indicating the cooperative function of LD motifs 
and confirming previous models suggesting that the LD motifs 
create a ternary structure that supports interaction with specific 
proteins (Bertolucci et al., 2005).

Paxillin preferentially regulates invadosome 
formation and dynamics
A comparison of reverse-genetic and siRNA approaches re-
vealed that paxillin preferentially acts on the regulation of the 
acto-adhesive machinery in invadosomes (Fig. 3). Surprisingly, 
Hic-5 silencing increased the mean number of invadosome 
rings per cells. As shown by the rescued expression of Hic-5 
in SrcY527F pax−/− shHic-5 cells, this was not because of a 
potential negative role of Hic-5 in invadosome formation but 
was rather caused by an increase in the paxillin/Hic-5 ratio 
(Fig. 3 A). The function of paxillin on assembly and disassem-
bly of invadosomes is reminiscent of the pleiotropic activity of 
its main kinase c-Src in podosomes (Luxenburg et al., 2007; 
Destaing et al., 2008). The preferential activity of paxillin on 
invadosome dynamics is supported by the identification of its 
specific interactors, such as cytoskeleton regulators and myosin 
motors (myo1D/E, myo5, and myo6). A major surprise of this 
paxillin interactomics is the interaction with JAK1, a new regu-
lator of cell contractility. Although this kinase modulates acto- 
myosin contractility during tumor progression (Sanz-Moreno 
et al., 2011; Albrengues et al., 2014; Orgaz et al., 2014), the 
precise link between acto-adhesive structures and JAK has not 
been explained. The identification of a paxillin–JAK1 interac-
tion is the first molecular mechanism supporting Jak functions 
in invasive adhesive structures.

Hic-5 regulates ECM degradation by 
controlling IQG​AP1 recruitment in 
invadosomes
We showed that Hic-5 plays a key role in ECM degradation, 
which is in line with results from previous studies that have 
demonstrated that Hic-5 promotes increased ECM degrada-
tion in TGF-β–induced invadopodia formation (Pignatelli et 
al., 2012). The identification of the IQG​AP1 as a specific in-
teractor of Hic-5 seems to be a critical element in explaining 
the functional relationship between Hic-5 and ECM degrada-
tion. Indeed, Sakurai-Yageta et al. (2008) have shown that the 
CDC42 effector IQG​AP1 is an important player in the coor-
dination between actin polymerization and MT1-MMP secre-
tion in invadosomes. In invadosomes, IQG​AP1 can directly 
bind two subunits of the exocyst complex, sec3 and sec8, and 
it therefore drives MT1-MMP relocalization in invadopodia 
(Sakurai-Yageta et al., 2008).

Collectively, our work suggests that the integration of 
paxillin and Hic-5 redundancy and specificities in a functional 
complex support new molecular insights that explain the cou-
pling between the acto-adhesive machinery and ECM deg-
radation in invadosomes.

Materials and methods

Antibodies and reagents
Mouse monoclonal antibodies against paxillin (clone 349) and Hic-5 
(clone 34) were obtained from BD. Rabbit monoclonal anti-Src (32G6), 
rabbit polyclonal anti-JAK1, anti–phospho-JAK1 (1022/1023), anti- 

STAT3, and anti–phospho-STAT3 antibodies were purchased from 
Cell Signaling Technology. For immunolocalization of endogenous 
proteins, the goat polyclonal antibody anti-JAK1 was purchased from 
R&D Systems (AF602). Mouse monoclonal anti-leupaxin (clone 
Leu133), mouse monoclonal anti-actin and anti-Flag (clone M2), and 
rabbit polyclonal anti-vinculin antibodies were obtained from Sigma- 
Aldrich. The rabbit polyclonal antibody against MT1-MMP was pur-
chased from Abcam (Ab51074). The different IgG controls were ob-
tained from Abcam. A rabbit polyclonal antibody against IQG​AP1 was 
purchased from Santa Cruz Biotechnology, Inc. HRP-conjugated goat 
anti–mouse and goat anti–rabbit antibodies were purchased from Bio-
Rad Laboratories and Jackson ImmunoResearch Laboratories, Inc., 
respectively. Alexa Fluor 488–, 546–, and 647–labeled phalloidin and 
Alexa Fluor 488–, 546–, and 647–conjugated secondary antibodies 
(goat anti–mouse and goat anti–rabbit) were purchased from Invitro-
gen. JAK inhibitor I (Insolution JAK Inhibitor I or P6), which inhibits 
multiple members of the JAK family, was used at 25 µM and was pur-
chased from EMD Millipore.

siRNAs (ON-TAR​GETplus) targeting paxillin (L-042346-00), 
Hic-5 (L-041105-01), and IQG​AP1 (L-040589-01) were purchased 
from Thermo Fisher Scientific and transfected with Lipofectamine 
RNAiMAX (Invitrogen) following the standard protocol. Knockdown 
was performed via two rounds of siRNA transfection at 24-h inter-
vals. The following siRNA (Dharmacon) sequences were used: control  
(5′-UGG​UUU​ACA​UGU​CGA​CUAA-3′); on target-SMA​RT pool Pax-
illin (ref. 19303: 5′-GGC​AAA​GCG​UAC​UGU​CGUA-3′; 5′-GUG​UAC​
AGC​UCC​AGU​GCUA-3′; 5′-UGG​CGU​CAC​UGU​CAG​AUUU-3′;  
5′-GAA​CUU​GAC​CGG​CUG​UUAC-3′); on target-SMA​RT pool Hic-5 
(ref. 21804: 5′-UCU​GUG​AGC​UAG​ACC​GUUU-3′; 5′-GGG​AAU​
GCC​UUG​CGC​CCC​UU-3′; 5′-AGU​GCU​ACU​UUG​AGC​GCUU-3′;  
5′-GGG​ACA​AGG​AUC​AUC​UAUA-3′); on target JAK1 set (ref. 
16451: #1, 5′-GAA​AAU​GAA​UUG​AGU​CGAU-3′; #2, 5′-GAA​AUC​
ACC​CAC​AUU​GUAA-3′; #3, 5′-CGC​AUG​AGG​UUC​UAC​UUUA-
3′); and on target IQG​AP1 set (ref. 29875: #1, 5′-AGA​CAG​GAG​AGG​
CGA​GCAA-3′; #2, 5′-CUA​UGA​UUG​UGG​UCC​GAAA-3′; #3, 5′-
CAA​GAU​GAC​AAA​CGC​UAAA-3′).

Plasmids
pBabe-Flag paxillin (WT and mutated forms ΔLD1, ΔLD2, ΔLD3, 
ΔLD4, ΔLD5, and ΔLIM) vectors were provided by S.  Vande Pol 
(University of Virginia, Charlottesville, Virgina; Wade et al., 2011). 
For the pBABE-Flag LD3_ΔLD3 and pBABE-Flag LD5_ΔLD5 con-
structs, linkers (Eurofins) with the coding sequences of LD3 (forward: 
5′-AAT​TCA​GTG​TGG​AGA​GCC​TGC​TGG​ATG​AGC​TGG​AGA​GCT​
CTG​TGG-3′; reverse: 5′-AAT​TCC​ACA​GAG​CTC​TCC​AGC​TCA​TCC​
AGC​AGG​CTC​TCC​ACA​CT-3′) and LD5 (forward: 5′-AAT​TCC​AGC​
TGG​ACA​CCA​TGC​TGG​GAA​GTC​TGC​AGT​CTG​ACC​TGG-3′; re-
verse: 5′-AAT​TCC​AGG​TCA​GAC​TGC​AGA​CTT​CCC​AGC​ATG​GTG​
TCC​AGC​TGG-3′) were inserted into an EcoRI site located at the 
N-terminal end of the pBABE-Flag ΔLD3 and pBABE-Flag ΔLD5 
vectors, respectively, using EcoRI restriction enzyme and T4 DNA li-
gase. For the pBabe Hic-5 construct, a linker (Eurofins) with the coding 
sequence of the FLAG epitope (forward: 5′-GAT​CCA​TGG​ACT​ACA​
AAG​ACG​ATG​ACG​ACA​AGG-3′; reverse: 5′-AAT​TCC​TTG​TCG​TCA​
TCG​TCT​TTG​TAG​TCC​ATG-3′) was inserted into the N-terminal end 
of Hic-5 using EcoR1 and BamH1 restriction enzymes and T4 DNA 
ligase. For the pBabe Hic-5-GFP construct, the GFP coding sequence 
was PCR-amplified (forward: 5′-CAA​GGA​TCC​ATG​GTG​AGC​AAG​
GGC​GAGG-3′; reverse: 5′-CGT​GAA​TTC​CTT​GTA​CAG​CTC​GTC​
CAT​GC-3′) from the original pEGFP-C1 vector (BD) and inserted into 
the N-terminal of Hic-5 using EcoR1 and BamH1 restriction enzymes 
and T4 DNA ligase. Mus musculus SrcY527F mutant was cloned into 
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pMX retroviral vector (Destaing et al., 2010). JAK1-YFP and IQG​
AP1-GFP were gifts from C. Lamaze (Institute Curie, Paris, France) 
and P. Chavrier (Institute Curie, Paris, France), respectively. The pBabe 
paxillin-GFP vector was previously described (Badowski et al., 2008).

Cell culture, infection, and silencing experiments
Fibroblasts were isolated from mice from the age of embryonic day 12 
to postnatal day 1 as described recently (Destaing et al., 2010). Cells 
were grown in DMEM (containing glutamine) + 10% FBS + 1% peni-
cillin/streptomycin supplement. cDNAs were delivered via a retroviral 
transduction after packaging in Phoenix-Eco cells or Phoenix-Ampho 
cells (ATCC). Supernatant containing viral particles from such cells 
was harvested and filtered, and after addition of 8 µg/ml polybrene 
(Sigma-Aldrich), was used to transduce fibroblasts. MEF cells express-
ing a constitutively active mutant of Src, SrcY527F, were produced as 
described previously (Destaing et al., 2010).

Pax−/− shCT and pax−/− shHic-5 cells were provided by S. Vande 
Pol (University of Virginia, Charlottesville, VA). To summarize, fibro-
blasts that are derived from paxillin-null ES cells (Wade et al., 2002) 
were stably transduced with shRNA against HIC5 delivered retrovirally, 
to obtain a stable knockdown of HIC5 by >95% (Wade et al., 2011). 
As previously described, Hic-5−/− cells were obtained from Hic-5−/− 
embryos (Kim-Kaneyama et al., 2012) and were provided by J.R. Kim-
Kaneyama (Showa University School of Medicine, Shinagawa-ku, 
Tokyo, Japan). The cell lines and the HEK293 cells were maintained in 
DMEM supplemented with 10% FCS and 1% penicillin/streptomycin.

Reexpression experiments with pax-WT, Hic-5-WT, and the other 
paxillin’s mutated forms in pax−/− shHic-5 cells were performed via 
retroviral infection using pBabe vectors. In most experiments, cDNAs 
were delivered via retroviral transduction after packaging in Phoe-
nix-Eco or Phoenix-Ampho cells. For transient transfections, constructs 
were delivered with Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions. MEF-SrcY527F (105) cells were plated 
24 h before transfection in two-well cell culture Lab-Tek chambers.

Immunofluorescence microscopy, live-imaging, and FRAP
Cells were fixed for 10 min with 4% PFA in PBS, permeabilized for 10 
min (0.2% Triton X-100), and blocked for 10 min in 4% BSA in PBS. 
Cells were then incubated for 1 h at RT with primary antibodies. For 
specific staining of MT1-MMP at the plasma membrane, cells were 
incubated with primary antibody without any previous permeabiliza-
tion. Secondary antibodies were then added for 1 h at RT. Coverslips 
were permanently mounted in Mowiol (EMD Millipore) containing 
4′,6-diamidino-2-phenylindole.

Imaging of fixed cells was performed on a confocal microscope 
(LSM510 3.2 software; ZEI​SS) equipped with a Plan Neo-Fluor 40× 
(NA 1.2, oil) or Plan-Apochromat 100× (NA 1.4, oil, DIC) objective. 
The images were then processed with ImageJ software. For quantitative 
confocal imaging, all images were acquired with the same optical path 
and setup detection and quantified without any ImageJ processing.

For live imaging, LifeAct-TagRFP–expressing cells were seeded 
overnight at subconfluent densities in serum-coated Lab-Tek coverglass. 
During imaging, cells were placed on a heated 37°C stage (ZEI​SS), 
with a CO2-independent medium (Life Technologies) and imaged with 
an Axiovert 200M microscope (ZEI​SS) equipped with a Coolsnap HQ2 
camera (Photometrics) and a Plan Neo-Fluor 40× (NA 1.2) objective. 
Images were sampled with MetaMorph software (Molecular Devices). 
Time-lapse videos were then processed with ImageJ software.

TIRF microscopy was performed with an Axiovert 200M microscope 
equipped with a Coolsnap HQ2 camera (Photometrics), 100× (NA 1.4, oil) 
Plan Apochromat objectives, and a TIRF 1 slider (ZEI​SS). Images were 
acquired with MetaMorph software and processed with ImageJ software.

For fluorescence recovery after photobleaching experiments 
(FRAP), a confocal microscope (LSM 510; ZEI​SS) equipped with a 
Plan Neo-Fluor 40× (NA 1.2, oil) objective was used. To analyze and 
compare recovery kinetics, FRAP measurements were fitted to a single 
exponential curve, I(t) = I(0) + k1e−k2t (performed with ZEN software; 
ZEI​SS) to determine the characteristic time of recovery.

ECM degradation assays
Coverslips were coated with 1 mg/ml gelatin-Oregon green, fixed with 
4% paraformaldehyde/0.5% glutaraldehyde for 30 min at 4°C, washed 
with 30 mg/ml sodium borohydride in PBS, sterilized with 70% etha-
nol, and washed with PBS. The cells were seeded on these coverslips for 
15 h, fixed, and observed with an Axiovert 200 M microscope equipped 
with a MicroMax 5-MHz and LD plan 10× (NA 0.25) objective. The 
quantification of cells’ degradation ability was established by calcu-
lating the total degradation area per field of view after setting a low- 
intensity threshold on gelatin-captured images with ImageJ software.

Western blotting
Whole cell lysates were prepared in buffer containing 50 mM Tris-HCl, 
pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.5% (wt/vol) sodium de-
oxycholate, 1 mM NaF, 2 mM MgCl2, 1 mM orthovanadate (Na3VO4), 
and 4% (vol/vol) protease inhibitor cocktail (complete EDTA-free; 
Roche Diagnostics). 30 µg of proteins from each cell lysate was sub-
jected to SDS-PAGE, transferred to nitrocellulose membranes, and 
probed with primary antibodies. Immunologic detection was achieved 
with HRP-conjugated goat anti–mouse or goat anti–rabbit secondary 
antibody. Peroxidase activity was visualized by ECL (West Pico Sig-
nal; Thermo Fisher Scientific) using a ChemiDoc MP imaging system 
(Bio-Rad Laboratories). Densitometric quantification of the bands was 
performed using Image Lab (Bio-Rad Laboratories). As a control, de-
tection of actin was also performed. Stripping was performed in 60 mM 
Tris, pH 6.8, 2% SDS, and 100 mM β-mercaptoethanol solution and in-
cubated at 50°C for 30 min, washed three times, and resaturated before 
probing with anti-Src and anti-STAT3. For quantification of different 
experiments, each quantified protein was normalized to actin, and then 
all values were normalized to the control values.

Quantitative real-time PCR
Total RNA was isolated using the NucleoSpin RNA II kit (MAC​HER​EY- 
NAG​ELl) according to the manufacturer’s instructions. 1 µg RNA was 
reverse-transcribed using the SuperScript VILO kit (Thermo Fisher Sci-
entific). PCR amplification of the cDNA from the reverse transcription 
reaction was performed using specific primer pairs for mouse paxillin 
(forward: 5′-GAG​CAG​TCC​GCA​GCG​AGT​CA-3′; reverse: 5′-ACG​
GCC​GCT​CTC​CAT​CCA​CTC-3′), mouse Hic-5 (forward: 5′-CGA​TGT​
GGC​TTC​TGT​AAC​CAAC-3′; reverse: 5′-ACC​CTC​TTC​TCC​AAA​
AGG​CTC-3′), and mouse leupaxin (forward: 5′-TGC​CTC​CCA​AAA​
CCT​CAG​CAGC-3′; reverse: 5′-TCC​TGC​TGG​TCT​GGC​AAG​GGT-3′). 
Quantitative real-time PCR was performed with GoTaqR QPCR Master 
Mix (Promega) in a 25-µl reaction on a thermal cycler (C-1000 Touch; 
Bio-Rad Laboratories). Ct values were determined with the same soft-
ware, and normalization was conducted with housekeeping genes actin, 
RanBP1, GAP​DH, and ATP50, which yielded similar results. The ex-
pression levels of each target gene in the siRNA-treated cells were calcu-
lated with GAP​DH as a reference gene and compared with the controls.

Immunoprecipitation
Cells that stably expressed Flag fusion proteins were lysed with a buffer 
containing 50 mM Hepes, pH 7.5, 120 mM NaCl, 5% (vol/vol) glycerol, 
1 mM Na3VO4, 1 mM DTT, and 4% (vol/vol) protease inhibitor cock-
tail (complete EDTA-free; Roche) and were incubated under rotation  
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for 30 min at 4°C. The cell debris was removed by centrifugation at 
1,000 rpm for 10 min at 4°C. Cell lysates were precleared using IgG 
Sepharose beads (GE Healthcare) for 30 min under rotation at 4°C. The 
supernatant was collected and incubated with anti-Flag M2 affinity gel 
under rotation for 2.5 h at 4°C. Beads that contained Flag proteins were 
washed three times with the lysis buffer. After centrifugation, the pel-
lets were subjected to SDS-PAGE and silver staining for protein detec-
tion. The same samples were also used for proteomic analyses.

To validate paxillin’s interaction with JAK1 and Hic-5 binding to 
IQG​AP1, HEK293 cells were cotransfected (Lipofectamine 2000; In-
vitrogen) with constructs encoding pax-WT-Flag/JAK1-WT-YFP and 
IAG​AP1-WT-GFP/Hic-5-WT-Flag or pax-WT-Flag. Their interactions 
were analyzed by immunoprecipitation as previously described, using 
anti-Flag M2 bound to G-protein Dynabeads (Invitrogen). Interactions 
were confirmed with endogenous proteins. MEF-SrcY527F cells were 
lysed with a buffer containing 20 mM Hepes, pH 7.5, 0.5% IGE​PAL, 
100  mM NaCl, 1  mM Na3VO4, and 4% (vol/vol) protease inhibitor 
cocktail (complete EDTA-free; Roche). 500 µg of lysates was incu-
bated under rotation for 20 min at 4°C, passed a few times through 
a syringe, and centrifuged at 10,000 rpm for 15 min at 4°C. Cell ly-
sates were precleared using IgG Sepharose beads (GE Healthcare) for  
30 min under rotation at 4°C. The supernatant was collected and in-
cubated with rabbit polyclonal anti-JAK1 (Cell Signaling), rabbit 
polyclonal anti-IQG​AP1 (Santa Cruz Biotechnology, Inc.), mouse 
monoclonal anti–Hic-5, or the same amount of the rabbit IgG control 
(Abcam) or mouse IgG1 isotype control (Abcam) under rotation over-
night at 4°C before adding protein G Sepharose beads. After 1-h incuba-
tion under rotation at 4°C, beads were washed four times for 5 min each.

Proteomic analyses
After solubilizing in Laemmli buffer, eluted proteins were separated by 
SDS-PAGE (NuPAGE; Invitrogen) and stained with Coomassie blue 
R-250 (Bio-Rad Laboratories). Bands corresponding to heavy and light 
chains of immunoglobulin were separated, and the remaining parts of the 
lane were pooled. Proteomic analyses were then performed with liquid 
chromatography/tandem mass spectrometry (LC-MS/MS) as previously 
described. After in-gel digestion of protein using trypsin, the resulting 
peptides were analyzed by nano-LC-MS/MS (Ultimate U3000, Dionex, 
and LTQ-Orbitrap Velos pro; Thermo Fisher Scientific). Peptides were 
sampled on a 300 µm × 5 mm PepMap C18 precolumn and separated 
on a 75 µm × 250 mm C18 column (PepMap; Dionex). The nano-LC 
method consisted of a 120-min gradient at a flow rate of 300 nl/min. 
Mass spectrometry and tandem mass spectrometry data were acquired 
using Xcalibur (Thermo Fisher Scientific): survey full-scan MS spectra 
(m/z = 400–1,600) were acquired in the Orbitrap with a resolution of 
60.000 after accumulation of 106 ions (maximum filling time, 500 ms), 
and the 20 most intense ions from the MS scan were fragmented by 
collision-induced dissociation (collision energy 35%) in the LTQ after 
accumulation of 104 ions (maximum filling time, 100 ms). Peptides and 
proteins were identified through concomitant searches against the Uni-
prot databank (Mus musculus taxonomy) using Mascot software (version 
2.5). IRMa software (Dupierris et al., 2009; version 1.31.1) was used to 
filter the results: conservation of rank 1 peptides, peptide identification 
false discovery rate <1% (as calculated on peptide scores by using the re-
verse database strategy), and minimum of one specific peptide per iden-
tified protein group. Filtered results were then uploaded into a relational 
mass spectrometry identification database before performing a compila-
tion, grouping, and comparison of the protein groups from the different 
samples using a homemade tool (hEIDI, version 1.14.3). To discriminate 
between potential binding partners and unspecific background, results 
obtained from cell lysates containing the pax-WT, Hic-5-WT, or mu-
tant forms were compared with those obtained with a negative control 

that contained only IgG (negative control). Proteins were considered 
to be significantly enriched with the bait protein if (a) they exhibited a 
spectral count ≥2 in the positive immunoprecipitation and (b) they were 
not identified in the negative control or at least enriched five times in 
the positive immunoprecipitation when proteins were identified in the 
negative control. The spectral count values were calculated as the mean 
values of three different experiments analyzed by mass spectrometry.

Statistical analysis
Quantitative data (characteristic time of recovery, ECM proteolytic ac-
tivity, and Western blot quantifications) are presented as means ± SD and 
statistically analyzed with NCSS 2004 software by one-way analysis of 
variance (ANO​VA). Differences with a probability level P < 0.05 were 
considered significant. All graphs include standard deviation error bars.

Online supplemental material
Fig. S1 shows morphometric, dynamic, and molecular mobility 
analyses of invadosomes induced by either pax-Flag-WT or mutant 
pax-ΔLIM-Flag in SrcY527F pax−/− shHic-5 MEF cells to analyze 
the function of the paxillin LIM domain in invadosome morphometry 
and dynamics. Fig. S2 examines the impact of expression of various 
paxilin mutant proteins on ECM degradation patterns. Fig. S3 analyses 
the partners of paxillin and in particular the proteins binding to its LD3 
and LD5 domains. Fig. S4 shows the localization of endogenous JAK1 
and IQG​AP1 at invadosomes with or without specific knockdown via 
siRNA. Fig. S5 presents data on the effects of IQG​AP1 silencing on 
ECM degradation and MT1-MMP presence at the plasma membrane in 
SrcY527F MEFs. Tables S1, S2, and S3 show the numbers of specific 
peptides identified for each partner of Hic-5, paxillin, and paxillin 
mutants, respectively. Online supplemental material is available at  
http​://www​.jcb​.org​/cgi​/content​/full​/jcb​.201510036​/DC1.
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