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Intersection of TKS5 and FGD1/CDC42 signaling
cascades directs the formation of invadopodia

Anna Zagryazhskaya-Masson*, Pedro Monteiro'™, Anne-Sophie Macé'?, Alessia Castagnino?, Robin Ferrari!, Elvira Infante!@®, Aléria Duperray-Susinit,
Florent Dingli*®, Arpad Lanyi*, Damarys Loew?®, Elisabeth Génot>*@, and Philippe Chavrier'®

Tumor cells exposed to a physiological matrix of type I collagen fibers form elongated collagenolytic invadopodia, which differ
from dotty-like invadopodia forming on the gelatin substratum model. The related scaffold proteins, TKS5 and TKS4, are key
components of the mechanism of invadopodia assembly. The molecular events through which TKS proteins direct
collagenolytic invadopodia formation are poorly defined. Using coimmunoprecipitation experiments, identification of bound

proteins by mass spectrometry, and in vitro pull-down experiments, we found an interaction between TKS5 and FGD1, a
guanine nucleotide exchange factor for the Rho-GTPase CDC42, which is known for its role in the assembly of invadopodial
actin core structure. A novel cell polarity network is uncovered comprising TKS5, FGD1, and CDC42, directing invadopodia
formation and the polarization of MT1-MMP recycling compartments, required for invadopodia activity and invasion in a 3D
collagen matrix. Additionally, our data unveil distinct signaling pathways involved in collagenolytic invadopodia formation

downstream of TKS4 or TKS5 in breast cancer cells.

Introduction

Migration of cells through tissues is essential during embryonic
development, tissue repair, and immune surveillance (Madsen
and Sahai, 2010). Deregulated invasive migration is also a key
event in diseases, including cancer dissemination. Because of
a high degree of intra- and intermolecular covalent cross-links
in type I collagen in native tissues that prevent physical ex-
pansion of preexisting ECM pores and cell invasion, proteolytic
degradation is indispensable for ECM penetration by cancer
cells (Rowe and Weiss, 2008; Sabeh et al., 2009; Wolf et al.,
2013). Several studies based on both in vitro and in vivo as-
says revealed that invasive cancer cells negotiate tissue barriers
by forming specialized F-actin-based protrusions called in-
vadopodia, which focally degrade the ECM, enabling cell pene-
tration (Castro-Castro et al., 2016; Gligorijevic et al., 2014; Leong
et al., 2014; Linder et al., 2011; Murphy and Courtneidge, 2011).
MTI1-MMP, a trans-membrane matrix metalloproteinase, is con-
centrated at invadopodia and is essential for pericellular matrix
degradation and carcinoma cell invasion across the basement
membrane and dense collagen tissues (Feinberg et al., 2018;
Hotary et al.,, 2006; Lodillinsky et al., 2016; Perentes et al., 2011;
Wolf et al., 2007).

Studies using tumor cells plated on a thin layer of gelatin
revealed that invadopodia formation is a multistep process ini-
tiated by the assembly of F-actin and cortactin-positive in-
vadopodia precursors (Eddy et al., 2017). Precursors are
progressively stabilized and gain matrix degradative capacity as
MTI1-MMP accumulates during invadopodia maturation (Artym
et al,, 2006; Branch et al.,, 2012; Eddy et al., 2017; Mader et al.,
2011; Oser et al., 2009; Sharma et al., 2013). Although the complete
sequence of events involved in invadopodia maturation is
missing, recruitment of the scaffold protein TKS5 (tyrosine
kinase substrate with five SH3 domains; aka SH3PXD2A,
FISH) is a key step for the maturation of short-lived actin-
based precursors into matrix degradation-competent in-
vadopodia (Eddy et al., 2017; Sharma et al., 2013). The related
scaffold proteins, TKS4 (aka SH3PXD2B) and TKSS5, have been
identified as c-Src substrates and as critical regulators
of invadopodia and podosome formation and function
(Buschman et al., 2009; Diilk et al., 2018; Seals et al., 2005). In
addition, several studies have highlighted key roles for TKS4
and TKS5 proteins in tumor growth and metastasis in vivo
(Blouw et al., 2015; Eckert et al., 2011; Iizuka et al., 2016;
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Leong et al., 2014). TKS proteins harbor four (TKS4) to five
(TKS5) SH3 domains involved in interactions with P-rich
motifs on partner proteins, and a phox homology (PX) do-
main that binds the plasma membrane phosphoinositide,
phosphatidylinositol-bisphosphate (PI(3,4)P,; Abram et al.,
2003; Buschman et al., 2009; Lanyi et al., 2011; Saini and
Courtneidge, 2018). TKS5 interacts with N-WASP (neuronal
Wiskott-Aldrich syndrome protein) through its SH3 do-
mains, and c-Src-phosphorylated TKS5 interacts with Nck,
linking TKS5 to invadopodial F-actin assembly and ECM
degradation (Oikawa et al., 2008; Seals et al., 2005; Stylli
et al., 2009). It remains to be established whether TKS5
(and TKS4) may be linked to other key invadopodia regula-
tory signaling modules, such as the CDC42 pathway, which
plays a central role in invadopodial actin assembly and in-
vadopodia function (Ayala et al., 2009; Chander et al., 2013;
Di Martino et al., 2014; Pichot et al., 2010; Sakurai-Yageta
et al., 2008; Yamaguchi et al., 2005; Yamamoto et al., 2011).

Recent work revealed that invadopodia structure and activity
differ depending on the composition and mechanical properties
of the matrix environment (Artym et al., 2015; Juin et al., 2012;
Parekh et al.,, 2011). In the classic model used to study in-
vadopodia formation, cancer cells are plated on a thin (quasi-2D)
substratum of denatured collagen (i.e., gelatin) where degrada-
tive activity is concentrated in 0.1-0.5-um-diameter, actin-rich
puncta (Linder et al., 2011). By contrast, when exposed to more
physiological matrix construct of type I collagen fibers, cancer
cells assemble cortactin- and F-actin-positive, collagenolytic
invadopodia in association with the collagen fibers, which can
be several micrometers in length (Castagnino et al., 2018; Infante
et al,, 2018; Juin et al., 2012; Monteiro et al., 2013). Whether and
how the related TKS4 and TKS5 proteins play a role in the as-
sembly of collagenolytic invadopodia is currently unknown. Here,
we set out to characterize the contribution and mechanisms of
action of TKS proteins in the formation of collagenolytic in-
vadopodia in breast cancer cells. Using a proteomic approach, we
immunoprecipitated and identified a set of TKS5 interactors, in-
cluding faciogenital dysplasia protein 1 (FGDI1), a highly specific
CDC42 guanine exchange factor (CDC42-GEF; Zheng et al.,
1996). We validated the interaction between FGD1 and TKS5
by coimmunoprecipitation and GST pull-down assays and
further mapped their interacting domains. We found that
TKS5 and FGDI colocalize in collagenolytic invadopodia and
are required for invadopodia formation and activity in inva-
sive MDA-MB-231 triple-negative breast cancer (TNBC) cells
and HT-1080 fibrosarcoma cells. We further identified a sig-
naling module comprising TKS5 and FGDI1 and its target Rho
GTPase, CDC42, in the polarization of MTI-MMP storage
compartments required for collagenolytic invadopodia activ-
ity and 3D collagen invasion. In addition, in Hs578T TNBC
cells, we found that TKS4 localized to collagenolytic in-
vadopodia, but in contrast to TKS5, TKS4 does not interact
with FGD1 and operates through a CDC42-independent
mechanism. Our data unveil distinct signaling pathways in-
volved in collagenolytic invadopodia formation and cell polarity
downstream of the scaffolding TKS4 and TKS5 proteins in
cancer cells.
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Results
TKSS is required for the formation of

collagenolytic invadopodia

Invasive MDA-MB-231 breast tumor cells cultured on a layer of
fibrillar type I collagen for 60-90 min formed curve-shaped
structures, up to several micrometers in length, in association
with the underlying fibers (Fig. 1 A). These structures were
enriched in cytoskeletal components including F-actin, cortac-
tin, and the invadopodia scaffolding protein, TKS5 (Fig. 1 A and
Fig. S A). Staining with Coll-3C antibody that detects the
collagenase-cleaved fragment of collagen I showed a robust
collagenolytic activity associated with TKS5¢FF-positive struc-
tures (Fig. S1 B). Correlation of TKS5 and cortactin pixel fluores-
cence intensity along elongated invadopodia based on linescan
analysis revealed a strong association of the two markers
(Fig. 1 B). In addition, the collagenolytic activity of MDA-MB-
231 cells strongly increased upon TKS5SFF overexpression
(Fig. 1, C and D). In contrast, TKS5 silencing impaired in-
vadopodia formation and led to an ~70% inhibition of collagen
cleavage by MDA-MB-231 cells, comparable to the loss of MTI-
MMP itself (Fig. S1, C-E; and Fig. S2, A and B). Decreased col-
lagenolysis activity correlated with a drastic ~75% reduction of
the capacity of TKS5-silenced cells to invade through a 3D col-
lagen gel, similar to the effect of MT1-MMP knockdown (Fig. 1, E
and F). Altogether, these observations confirmed that elongated
TKS5-positive structures were bona fide collagenolytic invadopodia
consistent with the strong proinvasive and prometastatic potential
of TKS5 (Ferrari et al., 2019b; Juin et al., 2012; Monteiro et al., 2013;
Saini and Courtneidge, 2018).

FGD1 is a novel TKS5 partner in invadopodia

To characterize TKS5 downstream signaling pathways involved
in invadopodia function, we generated MDA-MB-231 cells stably
expressing TKS5°FF, and lysates were prepared from cells cul-
tured for 90 min on a layer of fibrillar type I collagen to induce a
robust invadopodial response. A biological triplicate of anti-GFP
immunoprecipitation followed by tandem mass spectrometry
(MS) analysis was performed using MDA-MB-231 cells that did
not express TKS5%F as a negative control. Several proteins that
were specifically identified in the immunoprecipitates from
TKS55FP-expressing cells had been already identified as TKS5
partners, some with known invadopodia localization and/or
function, validating our approach (Table S1). Among the po-
tential TKS5 partners identified by this approach, FGD1, a
CDC42-specific GEF (Zheng et al., 1996), was an interesting hit,
as it is known to be required for podosome and invadopodia
function using the gelatin substratum model (Ayala et al., 2009;
Daubon et al., 2011). Of note, these findings confirmed a previ-
ously identified TKS5/FGD1 interaction by a global human in-
teractome study (Hein et al., 2015).

We initially confirmed the interaction of TKS5F® with en-
dogenous FGD1 by immunoprecipitation followed by immuno-
blotting analysis (Fig. 2 A). Reciprocally, FGD16*? could be
coimmunoprecipitated with endogenous TKS5 (Fig. 2 B). A GST
pull-down assay was used to narrow down the TKS5-binding
domain of FGDI to its amino-terminal P-rich domain (PRD;
Fig. 2 C). Finally, we found that the PRD domain of FGD1 pulled
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Figure 1. TKSS is required for collagenolysis and for 3D collagen invasion by breast cancer cells. (A) MDA-MB-231 cells were cultured on a fibrillary layer
of type | collagen (gray) for 60 min and stained for cortactin (red), TKS5 (green), and DAPI (blue). Scale bar, 10 pm; zoom-in of boxed region, 5 um. (B) Upper
panel: Fluorescence (Fluo) intensity profiles for cortactin and TKS5 were recorded along the invadopodium (cyan dashed line in the insets) and normalized to
the maximum fluorescence intensity set to 100. Lower panel: Correlation of cortactin (x axis) and TKS5 (y axis) pixel fluorescence intensity along 28 in-
vadopodial structures. inv, number of invadopodia analyzed; pix, total number of pixels analyzed for both markers. (C) Representative images of pericellular
collagenolysis detected with Col1-34C antibody (black signal in the inverted images). Nuclei were stained with DAPI (red). Scale bar, 50 pm. (D) Pericellular
collagenolysis by the indicated MDA-MB-231 cell populations measured as mean intensity of Col1-/4C signal per cell + SEM. Values for control cells were set to
100%. Mann-Whitney U tests. (E) siRNA-treated cells were allowed to invade type | collagen plugs in an inverted invasion assay. After 48 h of invasion, nuclei
were stained with DAPI (green), and serial optical sections (10-um interval) were acquired. Scale bar, 100 um. (F) Relative invasion of cells penetrating 3D

collagen to depths =30 um (see E). Data represent mean + SEM normalized to invasion of mock-treated cells from three independent experiments.

Kruskal-Wallis test. **** P < 0.0001.

down a TKS5 truncated construct encompassing the fourth and
fifth carboxy-terminal SH3 domains of TKS5 (Fig. 2 D).
Immunofluorescence analysis revealed extensive colocaliza-
tion of TKS5SFP or FGD1%? with their endogenous FGD1 or TKS5
partner in invadopodia, respectively (Fig. 3, A and B). In addi-
tion, FGD1 colocalized with the invadopodial protein marker,
cortactin (Fig. 3 C). Live-cell imaging confirmed the strong co-
localization of overexpressed TKS5 and FGD1 proteins in nu-
merous highly dynamic invadopodial structures forming in
association with the underlying collagen fibril network (Fig. 3 D
and Video 1). TKS5- and FGD1-positive invadopodia had a strong
capacity to remodel and clear the underlying collagen fibrils
away from the cell body (Video 1). The expression of several key
invadopodia components was analyzed in MDA-MB-231 cells in
comparison with two additional invasive cell lines, Hs578T
TNBC cells and HT-1080 fibrosarcoma cells. Immunoblotting
analysis revealed similar expression profiles for the invadopodia
markers in MDA-MB-231 and HT-1080 cell lines, whereas
Hs578T cells expressed two lower molecular weight TKS5 iso-
forms (Fig. 3 E and see below). Similar to MDA-MB-231 cells,
collagenolytic invadopodia enriched in cortactin, TKS5, and
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FGD1 were observed in association with the collagen fibers in
HT-1080 fibrosarcoma cells (Fig. 3, F-H). Collectively, our
findings identified FGD1 as a novel interacting partner of TKS5
in matrix-degradative invadopodia in different cancer cell lines.

Interaction of FGD1 with TKS5 is required for collagenolytic
invadopodia formation and function

We went on investigating whether FGD1 contributed to the as-
sembly and/or function of collagenolytic invadopodia in MDA-
MB-231 cells. FGD1 knockdown (Fig. S2 C), induced a partial, but
significant, 35-50% reduction of TKS5-positive invadopodia as-
sembly (Fig. 4, A and I; and Fig. S3 A). Using identical knock-
down conditions, reduction of FGD1 levels strongly inhibited the
collagenolytic activity of MDA-MB-231 cells, similar to TKS5
knockdown (Fig. 4 B and Fig. S3, B and C).

As shown above, the PRD domain of FGD1 interacts with the
carboxy-terminal region of TKS5 containing two SH3 domains
known to interact with P-rich motifs (Fig. 2). Therefore, a W-to-
A mutation in a conserved W residue known to be critical for
binding to P-rich motifs was introduced in the SH3** (W861A)
and SH3*% (W1092A) domains of TKS5 (Fig. 4 C; Tanaka et al.,
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Figure 2. The carboxy-terminal SH3 domains of TKS5 interact with the
PRD domain of FGD1. (A) Lysates of MDA-MB-231 cells expressing TKS56FP
or not (Ctrl) were immunoprecipitated with GFP antibodies. Bound proteins
were analyzed with TKS5 and FGD1 antibodies (immunoprecipitation, IP). 5%
of total lysate was loaded as a control (input). Equal loading was controlled
using GAPDH antibody. (B) Lysates of MDA-MB-231 cells expressing FGD15FP
or not (Ctrl) were analyzed by immunoprecipitation as in A. (C) GST or in-
dicated GST-FGD1 constructs on beads were incubated with MDA-MB-231
cell lysates. TKS5 protein was identified by immunoblotting analysis with
TKS5 antibody. 5% of total lysates was loaded as a control (input). A sche-
matic representation of FGD1 and GST constructs is shown. The endogenous
TKS5 protein pulled down by GST-FGD118-33> represents ~1.5% of the input.
(D) Pull-down assays of indicated TKS58"P constructs from MDA-MB-231 cell
lysates with GST-FGD1'#-335 protein immobilized on beads. Bound material
was analyzed with GFP antibody. 5% of total lysates was loaded as a control
(input). A schematic representation of the TKS5 constructs is shown on the
upper part. The GFP-tagged TKS5 and TKS5_324-1118 proteins pulled down
by GST-FGD1'®-3% represent 1.35% and 2.85% of the input, respectively.
Molecular weights are in kD.

1995). Binding of the W861A mutant of TKS5 to FGD1 was
comparable to wild-type TKS5. In contrast, the SH3*5 (W1092A)
mutant retained only 10% of the wild-type TKS5 binding ca-
pacity (Fig. S4). MDA-MB-231 cells were silenced for endoge-
nous TKS5, resulting in reduced invadopodia formation and
activity (Fig. S1, C-E), and cells were transfected with
TKS5 wild-type or SH3 domain mutant constructs to assess
their rescue potential. Wild-type and W861A TKS5 proteins
localized to classic elongated invadopodia structures, in which
they colocalized with cellular FGD1 (Fig. 4, D-G). In contrast, the
W1092A substitution in the SH3#5 domain (as well as the double
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W861A/W1092A mutation) severely affected the colocalization
of TKS5 with FGD1 (Fig. 4, D-F) and strongly reduced the for-
mation of FGDI-positive invadopodia in association with the
matrix fibers (Fig. 4 G). Altogether, these data demonstrated
that the integrity of the SH3*® domain of TKS5 and its capacity
to interact with FGD1 were required for FGD1 recruitment and
invadopodia formation. In reciprocal experiments, we observed
that overexpression of FGDI®F? could partially rescue the ab-
sence of endogenous FGD1 protein in silenced cells based on the
quantification of TKS5-positive elongated structures (Fig. 4, H
and I). In contrast, a truncated FGD1 protein with a deletion of
the amino-terminal PRD region did not rescue TKS5 recruit-
ment (Fig. 4, H and I). Collectively, these data demonstrated
that the interaction of TKS5 with FGDI is required for in-
vadopodia formation and function.

Identification of a polarity TKS5/FGD1/CDC42 axis required for
the 3D collagen invasion program of breast tumor cells

FGD1 is a GEF specific for the Rho GTPase, CDC42. Silencing of
CDC42 with two independent siRNAs strongly impaired the
formation of invadopodia and collagen degradation by MDA-
MB-231 cells (Fig. 5, A and B; Fig. S2 D; and Fig. S3 D), confirming
that CDC42 is a master regulator of invadopodia formation and
activity in cancer cells (Ayala et al., 2009; Di Martino et al., 2014;
Sakurai-Yageta et al., 2008; Yamaguchi et al., 2005).

We recently reported that MT1-MMP localizes in late endo-
somal/lysosomal (LE/Lys) compartments, which congregate near
the centrosome located ahead of the nucleus during the invasion
of MDA-MB-231 cells in a dense 3D collagen fibrillary matrix
(Infante et al., 2018). In addition, we found that the defective
polarization of MT1-MMP-positive LE/Lys impairs the degrada-
tive and invasive potential of breast cancer cells in 3D collagen,
probably by interfering with MT1-MMP recycling from storage
LE/Lys compartments to the invadopodial plasma membrane
(Infante et al., 2018). Live-cell real-time confocal spinning disk
microscopy of MDA-MB-231 cells expressing mCherry-tagged
MTI1-MMP and H2BS*? in a 3D collagen gel confirmed the po-
larization of MT1-MMP-positive LE/Lys in front of the nucleus in
the direction of movement (Fig. 5 C). Next, we investigated the
consequences of TKS5, FGD1, or CDC42 silencing on MTI-
MMP-containing LE/Lys distribution by automatic tracking
over the time as previously described (Infante et al., 2018). We
confirmed that MT1-MMP™C—containing LE/Lys were highly
polarized in front of the nucleus in MDA-MB-231 cells invading
through a dense collagen gel (Fig. 5, C-F). In addition to the
strong impairment of invadopodia formation and collagenolysis
along with decreased invasion capacity described above, silenc-
ing of TKS5 completely disrupted the polarity of MTI1-
MMP-positive LE/Lys, which were randomly distributed rela-
tive to the direction of nuclear movement (Fig. 5, E and F). In
addition, the speed of nuclear (cell) movement was strongly
reduced in TKS5-depleted cells (Fig. 5 G), in agreement with the
observed requirement for TKS5 during 3D invasion (Fig. 1, E and
F). Thus, we concluded that TKS5 was required for LE/Lys and
cell polarity that was indispensable for 3D invasion. Similarly,
silencing of FGDI led to a strong defect of polarization of MT1-
MMP-containing LE/Lys (Fig. 5, H and I). Noticeably, tracking
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Figure 3. FGD1is enriched in collagenotytic invadopodia. (A) Upper panel: Cells transfected with TKS567P (green) were seeded on type | collagen (gray) for
60 min and stained with FGD1 antibody (red) and DAPI (blue). Scale bar, 10 um; zoom-in of boxed region, 5 um. Lower panel: Correlation of FGD1 (x axis) and
TKS5CFP (y axis) pixel normalized fluorescence (Fluo) intensity along 16 invadopodial structures. inv, number of invadopodia analyzed; pix, total number of
pixels analyzed for both markers. (B) Cells transfected with FGD15"P (green) were seeded on type | collagen (gray) and stained with TKS5 antibody (red), and
nuclei were stained with DAPI (blue). Scale bar, 10 um; zoom-in of boxed region, 5 um. The lower panel shows the correlation of TKS5 and FGD1%F" pixel
fluorescence intensity as in A. (C) Cells seeded on type | collagen (gray) were stained for FGD1 (green) and cortactin (red) and with DAPI (blue). Scale bar,
10 pm; zoom-in of boxed region, 5 um. The lower panel shows the correlation of cortactin and FGD1 pixel fluorescence intensity as in A. (D) The gallery shows
nonconsecutive frames from a representative video of a MDA-MB-231 cell expressing FGD1%FP and TKS5mC"e"™y on a type | collagen fibrillary layer. The time-
lapse sequence was started 45 min after plating the cells on type | collagen (see Video 1). Scale bar, 10 um. (E) Immunoblotting analysis of MDA-MB-231,
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Hs578T and HT-1080 cell lysates with the indicated antibodies. Loading was controlled using actin antibody. (F-H) HT-1080 fibrosarcoma cells were plated on
type | collagen (gray) and stained for the indicated invadopodia components. Scale bars, 10 pm; zoom-in of boxed regions, scale bars, 5 um. The lower panels
show the correlation of normalized fluorescence intensity for the indicated markers along the invadopodial structures as in A.

of FGDI-depleted cells revealed that although nuclear (cell)
speed was not significantly reduced compared with control
cells, cells were unable to maintain their direction of motion
(reduced cell persistence), indicative of a lack of polarity and
effective cell movement (Fig. 5, J and K). Finally, we ob-
served that silencing of CDC42 also disrupted the polarity of
MT1-MMP-positive LE/Lys (Fig. 5, L and M) and globally
reduced cell speed, although some of these effects were de-
pendent on the siRNA used (Fig. 5 N). Altogether, our data
implicated a TKS5/FGD1/CDC42 axis in the polarization of
MT1-MMP storage vesicles required for the persistent and
efficient migration of breast cancer cells in a dense 3D matrix
environment.

TKS4 invadopodia in Hs578T breast cancer cells function
independently of the FGD1/CDC42 cascade

As mentioned above, immunoblotting analysis revealed distinct
TKS5 expression profiles in invasive MDA-MB-231 and HT-1080
versus Hs578T cancer cells (Fig. 3 E; Hughes et al., 2008).
Whereas MDA-MB-231 and HT-1080 cells predominantly ex-
pressed a high molecular weight TKS5 isoform (designated
TKS5a), Hs578T cells mainly expressed two lower molecular
weight species previously designated TKS5pB and TKS5s (“short”)
isoforms, which do not contain the amino-terminal PX domain
and have lost functionality associated with membrane localiza-
tion (Fig. 3 E; Saini and Courtneidge, 2018). In addition, MDA-
MB-231 and HT-1080 cells expressed low levels of the related
TKS4 protein. In contrast, high TKS4 levels were expressed by
Hs578T cells, whereas expression of other key invadopodial
proteins, including MT1-MMP, cortactin, FGD1, and CDC42,
were similar in all three cell lines (Fig. 3 E). Interestingly, it has
been reported that only the PX domain-containing TKS5a can
contribute to metastasis and invadopodia formation in lung
adenocarcinoma (Li et al., 2013), raising the questions whether
and how Hs578T cells can form functional invadopodia in the
absence of the highest molecular weight TKS5a isoform, and
whether TKS4 could substitute. To answer these questions, we
first investigated whether TKS4, similar to TKS5, could interact
with FGD1. All endogenously expressed TKS5 isoforms in the
two cell lines were coimmunoprecipitated with overexpressed
FGD1¢F?, whereas TKS4 was not (Fig. 6 A). Similarly, FGD1 was
coimmunoprecipitated with TKS5SF? but not with TKS4S*® (Fig.
S5 A). Thus, these data demonstrated that Hs578T cells express
high levels of the TKS4 protein, which does not interact with
FGD1.

Immunofluorescence labeling of MDA-MB-231 cells revealed
that TKS4 was associated with cortactin-positive invadopodia
forming in association with collagen fibrils (Fig. 6 B), similar to
TKS5. However, knockdown of TKS4 did not interfere with the
formation of (TKS5-positive) invadopodia in these cells (Fig. 6 C
and Fig. S2 E). In Hs578T cells, expressing high levels of TKS4,
this protein localized to cortactin-positive structures that

Zagryazhskaya-Masson et al.
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formed in association with the collagen fibrils (Fig. 6 D). How-
ever, cortactin- and TKS4-positive structures were usually
shorter and straighter compared with typical curvilinear cor-
tactin- and TKS5-positive invadopodia in MDA-MB-231 cells.
Quantification of the area covered by TKS4- or TKS5-positive
structures over the whole cell surface revealed that TKS4-
positive invadopodia in Hs578T cells represented only ~40%
of the area of TKS5-positive invadopodia in MDA-MB-231 cells
(not depicted). In addition, TKS5B/s isoforms were barely de-
tectable in cortactin-positive structures in Hs578T cells (Fig. 6
E), suggesting that PX domain-truncated isoforms of TKS5 do
not contribute to invadopodia formation in this cell line.
Moreover, we observed that silencing of CDC42 significantly
affected neither collagen degradation nor TKS4 accumulation
in linear structures forming in association with collagen fi-
brils in Hs578T cells (Fig. 6, F and G; and Fig. S2 F). Of note, we
could not analyze the effect of TKS4 knockdown in Hs578T cells
owing to high expression level and resistance to TKS4 mRNA si-
lencing. Therefore, we concluded that although all cell lines used
in this study could degrade type I collagen (Fig. S5 B), they did so
by deploying different mechanisms: MDA-MB-231 and HT-1080
cells relied on a TKS5/FGD1/CDC42 axis, whereas Hs578T cells
used a TKS4-dependent, TKS5-, CDC42-, and FGDl1-independent
mechanism to assemble collagenolytic invadopodia.

Discussion

In the podosome/invadopodia protease-dependent program
of tissue invasion, actin polymerization is instrumental in
generating protrusive forces as a means of maintaining a tight
apposition of the MT1-MMP-based pericellular proteolytic
machinery with the surrounding ECM fibers and of widening
preexisting matrix pores (Dalaka et al.,, 2020; Ferrari et al.,
2019a, 2019b; Infante et al., 2018; Wolf et al., 2013). In addi-
tion, direct binding of MT1-MMP to invadopodial F-actin
through its 20-aa-long cytosolic tail is thought to anchor
MTI1-MMP to the invadopodial plasma membrane domain
(Yu et al.,, 2012). The assembly of the invadopodial actin core
structure requires the Rho GTPase CDC42, which controls
the actin nucleating Arp2/3 complex by activating the Arp2/3
activator, N-WASP (Desmarais et al., 2009; Eddy et al., 2017;
Juin et al., 2012, 2014; Monteiro et al., 2013; Yamaguchi et al.,
2005; Yu et al., 2012). Similarly, the CDC42/N-WASP/Arp2/3
branched actin assembly module is implicated in the formation
of invadopodia-related podosomes, which are required for tis-
sue infiltration by cells of the innate immune system and in
endothelial cells during blood vessel remodeling (Linder et al.,
2011; Varon et al., 2006). Additionally, the related scaffold TKS5
and TKS4 proteins are indispensable for invadopodia assembly
and function (Buschman et al., 2009; Seals et al., 2005). Earlier
work has established that TKS5 can interact with cortactin
and N-WASP, linking TKS5 to regulation of the branched actin
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Figure 4. TKSS5 interaction with FGD1 is required for invadopodia formation. (A) Quantification of TKS5-positive invadopodia in siRNA-treated MDA-MB-
231 cells. The y axis is the ratio of the TKS5 area to the total cell area normalized to the mean value of control siNT-treated cells (as percentage + SEM). siNT,
n =127 cells; siFGD1, n = 146 cells, from three independent experiments. Mann-Whitney test. (B) Pericellular collagenolysis by MDA-MB-231 cells treated with
the indicated siRNAs measured as mean intensity of Col1-3/4C signal per cell. Values for control cells were set to 100%. siNT, n = 34 cells; siFGD1, n = 30 cells;
SiTKS5, n = 28 cells, from three independent experiments. Kruskal-Wallis test. (C) Position of W-to-A substitutions in TKS5 SH3#* (W861A) and SH3*°
(W1092A) domains. (D) MDA-MB-231 cells were knocked down for endogenous TKS5 upon siRNA treatment, and transfected with the indicated TKS56FP
constructs. Cells were plated on type | collagen (gray) and stained for GFP tag (green) and FGD1 (red) and nuclei were stained with DAPI (blue). Scale bar,
10 um; zoom-in of boxed region, scale bar, 5 pm. (E) TKS55FP/FGD1 colocalization map (magenta) in the different cell populations as in D. The underlying
collagen network is shown in blue. Scale bar, 10 um. (F) TKS56F?/FGD1 Manders correlation coefficient in the different cell populations as in D. Tukey’s multiple
comparisons test. (G) Quantification of FGD1-positive invadopodia in cells silenced for endogenous TKS5 as in D and transfected with the indicated TKS56FP
constructs as in D. The y axis is the ratio of the FGD1 area to the total cell area normalized to the mean value of control siTKS5/TKS5SFP-treated cells (as
percentage = SEM). TKS5FP, n = 47 cells; W861A, n = 50 cells; W1092A, n = 53 cells; W861A+W1092A, n = 43 cells from three independent experiments.
Tukey’s multiple comparisons test. (H) MDA-MB-231 cells were knocked down for endogenous FGD1 upon siRNA treatment, and transfected with the indicated
FGD1G"P constructs. Cells were plated on type | collagen (gray) and stained for Tks5 (red) and nuclei were stained with DAPI (blue). Scale bar, 10 um.
(1) Quantification of TKS5-positive invadopodia in the different cell populations. The y axis is the ratio of the TKS5 area to the total cell area normalized to the
mean value of control siNT-treated cells (as percentage + SEM). siNT, n = 75 cells; siFGD1, n = 74 cells; siFGD1/FGD1%%P, n = 98 cells and siFGD1/FGD1SFPAPRD,
n = 67 cells from three independent experiments. Tukey’s multiple comparisons test. ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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Figure 5. A TKS5/FGD1/CDC42 axis is required for cell polarization during 3D collagen invasion. (A) Quantification of TKS5-positive invadopodia in
siRNA-treated MDA-MB-231 cells as indicated. siNT, n = 238 cells; siCDC42#04, n = 88 cells; siCDC42#07, n = 48 cells and siMT1-MMP, n = 68 cells from three
independent experiments. (B) Pericellular collagenolysis by MDA-MB-231 cells treated with the indicated siRNAs. siNT, n = 50 cells; siCDC42#04, n = 21 cells;
siCDC42#07, n = 25 cells and siMT1-MMP, n = 16 cells from three independent experiments. Statistical analysis in A and B was based on Kruskal-Wallis test.
(C) MDA-MB-231 cells expressing MT1-MMP™ (red) and H2BFP (green) were embedded in the 3D collagen gel (blue) and analyzed by real-time spinning disk
confocal microscopy. The gallery shows nonconsecutive frames from a representative video obtained from three independent experiments (time in hour:
minute). Arrows show the direction of movement from the previous image. The cyan dotted lines represent the cell track over time. The position of the nucleus
in the previous image is shown by a yellow dotted line with an arrow representing the nucleus movement. Scale bar, 10 pm. (D) MDA-MB-231 cell expressing
MT1-MMP™C" (red) and H2BSFP (green) embedded in the 3D collagen gel (blue). The cell is divided in 30° sectors, with the 0° axis representing the direction of
nucleus movement. (E, H, and L) Rose plots showing the percentage of MT1-MMP™h-positive LE/Lys in 30° sectors relative to the direction of nucleus
movement (0°) scored from time-lapse sequences of MT1-MMP™C"/H2BE"P-expressing MDA-MB-231 cells or cells treated with TKS5 or FGD1 siRNA or control
sINT siRNA invading in the 3D collagen gel. ¢, number of cells; e, number of endosomes analyzed from three independent experiments. P values for circular
uniformity Rao’s spacing tests are shown. (F, I, and M) Percentage of MT1-MMP™"-positive LE/Lys in a 120° sector in front of the nucleus in the direction of
movement (as in D). Data were analyzed using t test (F and 1) or one-way ANOVA (M). (G, J, and N) H2BSFP-positive nuclei were automatically tracked from the
time-lapse sequences obtained from three independent experiments, and the plots show the distribution of nuclei speed. Data were analyzed using t test
(G and ) or one-way ANOVA (N). (K) Persistence of nucleus movement computed from the H2BSP-positive nuclei trajectories. Data were analyzed using t test.
***, P < 0.00L; ****, P < 0.0001; ns, not significant.
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Figure 6. The mechanism of invadopodia formation directed by TKS4 is independent of FGD1 and CDC42. (A) Schematic representation of TKS5 and
TKS4 domains and percentage of identity in the different domains (Saini and Courtneidge, 2018). Lysates of Hs578T or MDA-MB-231 human breast cancer cells
expressing FGD1FP or not (Ctrl) were immunoprecipitated with GFP antibodies. Bound proteins were analyzed with FGD1, TKS4, and TKS5 antibodies (IP). 5%
of total lysate was loaded as a control (input). Equal loading was controlled using GAPDH antibody. Molecular weights are in kD. (B) MDA-MB-21 cells seeded
on type | collagen (gray) were stained for TKS4 (green) and cortactin (red), and nuclei were stained with DAPI (blue). Scale bar, 10 um; zoom-in of boxed region,
5 um. Lower panel: Correlation of cortactin (x axis) and TKS4 (y axis) pixel normalized fluorescence intensity along the invadopodial structures. inv, number of
invadopodia analyzed; pix, total number of pixels analyzed for both markers. (C) Quantification of TKS5-positive invadopodia in MDA-MB-231 cells silenced for
TKS4. The y axis is the ratio of the TKS5 area to the total cell area normalized to the mean value of control siNT-treated cells (as percentage + SEM).
Mann-Whitney U test. (D and E) Hs578T cells seeded on type | collagen (gray) were stained for TKS4 (green, D) or TKS5 (green, E), cortactin (red), and DAPI
(blue). Boxed regions highlight cortactin-positive invadopodia. Scale bar, 10 um; zoom-in of boxed regions, 5 um. The lower panels show the correlation of pixel
normalized fluorescence intensity for the indicated markers along the invadopodial structures as in B. inv, number of invadopodia analyzed, pix, total number of
pixels analyzed for both markers. (F) Quantification of pericellular collagenolysis by Hs578T cells treated with CDC42 or MT1-MMP siRNAs measured as mean
intensity of Col1-3/4C signal per cell. Values for control cells (siNT) were set to 100%. siNT, n = 53 cells; siCDC42#07, n = 40 cells; and siMT1-MMP, n = 53 cells
from three independent experiments. Kruskal-Wallis test. (G) Quantification of TKS4-positive invadopodia in Hs578T cells silenced for CDC42. siNT, n = 266
cells; siCDC42#07, n = 125 cells from three independent experiments. Statistical analysis is based on a Kruskal-Wallis test. ****, P < 0.0001; ns, not significant.

meshwork (Lynch et al., 2003; Stylli et al., 2009). However, little
is known about signaling pathways that lead to invadopodia as-
sembly downstream of TKS proteins. In addition, interrelation
between the TKS and CDC42 signaling modules is not known.
Here, we show that TKS5 is required for the assembly and
matrix-degradative function of elongated F-actin/cortactin-
positive invadopodia forming in association with type I colla-
gen fibers. Our coimmunoprecipitation and MS experiments

Zagryazhskaya-Masson et al.
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identify an interaction between TKS5 and the CDC42-GEF,
FGD1 (Pasteris et al., 1994; Zheng et al., 1996). The TKS5/FGD1
interaction, which was initially reported in a global human
interactome study (Hein et al., 2015), is now validated by the
present work in the context of stromal remodeling by tumor
cells. We show that the carboxy-terminal region of TKS5 (aa
505-1118), encompassing two of five SH3 domains (SH3** and
SH3%5), interacts with the amino-terminal proline-rich domain
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of FGD1 (aa 1-335). Specifically, we found that mutation of a
critical W residue in SH3*5 (Tanaka et al., 1995) abolishes
binding of TKS5 to FGD1 and inhibits FGD1 recruitment and
invadopodia formation in cells deleted for the endogenous
TKS5 protein. In contrast, the related TKS4 protein, although it
also localizes to invadopodia, is unable to interact with FGD1. Of
note, while the identity between the conserved PX and SH3 amino-
terminal domains of TKS5 and TKS4 is relatively high (~68-84%;
Fig. 6 A), the overall identity drops to ~55% between the FGD1-
binding region of TKS5 (aa 505-1118) and the corresponding
carboxy-terminal region of TKS4, probably accounting for the
lack of interaction between TKS4 and FGD1. Therefore, in
MDA-MB-231 (and HT-1080) cells, TKS5a drives invadopodia
formation in association with FGD1/CDC42, whereas in Hs578T
cells that express shorter, PX domain-truncated, isoforms of
TKSS5 (TKS5B/s), TKS4 directs the formation of collagenolytic
invadopodia in a CDC42- and FGD1-independent manner. We
noticed that Hs578T breast cancer cells formed relatively
straight TKS4-positive invadopodia, in contrast to the typical
curvilinear TKS5-positive invadopodia in MDA-MB-231 cells
(compare Figs. 1 A and 6 D). Whether these differences in TKS5/
FGD1/CDC42 dependence and invadopodia morphology under-
lie functional and/or biomechanical disparities of TKS4- versus
TKS5-positive invadopodia is an intriguing possibility. Along
this line, we recently proposed a critical contribution of the
curvature of TKS5-positive invadopodia to the mechanism of
force production. Our model is that frictional forces can ap-
pear in the invadopodial actin meshwork owing to the curved
geometry of the invadopodia/collagen fiber ensemble, thus
allowing growing actin filaments to push back on neighbor-
ing filaments and push forward the collagen fiber for matrix
pore widening (Ferrari et al., 2019b). This model may not
apply in the case of TKS4-positive, TKS5-negative cells such
as Hs578T cells, which form straight invadopodia with a re-
duced pushing capacity and are endowed merely with col-
lagenolytic function.

Loss-of-function mutations in the gene encoding FGD1 cause
faciogenital dysplasia, a rare X-linked disorder that manifests in
defects of bone development, craniofacial abnormalities, and
mental retardation (Pedigo et al., 2016). FGDI is also essential for
CDC42-dependent podosome and invadopodia assembly (Ayala
et al., 2009; Daubon et al., 2011). Our data demonstrate that the
essential function of TKS5 in directing the formation of collag-
enolytic invadopodia in breast cancer cells requires FGD],
probably through the direct modulation of CDC42 activity. FGD1,
which interacts with cortactin, may also regulate Arp2/3 complex-
mediated actin assembly independently of its catalytic activity
(Kim et al., 2004). Remarkably, an interaction between acti-
vated CDC42 and TKS5 was recently reported based on a
proximity-dependent biotinylation approach, identifying TKS5
as a novel bona fide CDC42 effector protein (Bagci et al., 2020).
In addition, we identified the CDC42 effector proteins, formin-
binding protein 17 (FBP17) and formin-binding protein 1-like
(TOCAL1), as TKS5 partners in our coimmunoprecipitation ex-
periments (Table S1). Both FBP17 and TOCALI interact with and
activate the N-WASP/WASP-interacting protein complex, which
is competent for Arp2/3 activation and thus may potentiate the
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induction of invadopodial branched actin assembly downstream
of TKS5 (Suetsugu and Gautreau, 2012). Also of note is the recent
finding that FBP17 interacts with and recruits the 5’'-inositol
phosphatases SHIP1 and SHIP2, the main enzymes involved in
PI(3,4)P, production from plasma membrane phosphatidylino-
sitol (3,4,5)-trisphosphate (Chan Wah Hak et al., 2018; Xiong
et al,, 2016). In addition, SHIP2 binds to the mechanosignaling
protein p130¢4S (Prasad et al., 2001), which can interact with the
cytosolic tail of MT1-MMP (Gingras et al., 2008; Gonzalo et al.,
2010). We observed that SHIP2 and p130SAS accumulated to-
gether with cortactin in invadopodia in association with the
collagen fibers (Fig. 7, A and B). In addition, overexpressed
FLAG-tagged inositol polyphosphate 4-phosphatase type II, an
enzyme that catabolizes PI(3,4)P, into PI(3)P, was enriched in
TKS5-positive invadopodia, probably by binding to its PI(3,4)P,
substrate (Fig. 7 C). Thus, a network of interactions is emerging
that potentially link surface-exposed MT1-MMP, at contact sites
with collagen fibers in the matrix, to an early and local pro-
duction of (SHIP2-mediated) PI(3,4)P,, which may recruit TKS5
(through its PX domain) and insert more MT1-MMP in the in-
vadopodial plasma membrane in a feed-forward invadopodia
maturation loop (Fig. 7 D). Along this line, SHIP2 was shown to
promote invadopodia formation and maturation (Eddy et al.,
2017; Hoshino et al., 2012; Sharma et al., 2013). Collectively,
these data suggest that a MT1-MMP/p130<AS/SHIP2 interaction
network may position MT1-MMP as an initiator of the in-
vadopodial response by ensuring PI(3,4)P, production at early
contact sites between surface-exposed MT1-MMP and type I
collagen fibrils, preceding the expansion and stabilization phase
of invadopodia structures (Fig. 7 D). The recently uncovered role
of MT1-MMP in directing invadopodia assembly independent of
its proteolytic activity goes along this line (Ferrari et al., 2019b).

Our study also unveils a novel cell polarity module com-
prising the TKS5/FGD1 complex and activated CDC42. Loss of
function of any of these components drastically prevents the
polarization of recycling MT1-MMP-containing vesicles ahead
of the nucleus in cancer cells invading through the confining
matrix meshwork. Consequently, assembly of collagenolytic
invadopodia and matrix degradation are prevented, and the di-
rectionality and speed of tumor cell invasion through the ECM
are reduced. Interestingly, TKS5 shares a conserved domain
organization with the PX and SH3 domain-containing protein,
Bemlp, a scaffold protein essential for the establishment of cell
polarity in Saccharomyces cerevisiae. Similar to TKS5, which in-
teracts with active CDC42 (Bagci et al., 2020) and with its GEF,
FGD1 (this study), Bemlp interacts with GTP-bound Cdc42p, and
it binds the CDC42 GEF, Cdc24p, thus serving as platform for
local self-amplification of CDC42 activity (Martin, 2015). Dis-
ruption of the Beml interaction module abolishes polar bud
growth in S. cerevisiae (Martin, 2015), similar to the loss of TKS5
that prevents the formation of collagenolytic invadopodia. Thus,
an intriguing possibility to be tested in the future is that tumor
cells may use an ancient conserved polarity module for the
amplification of small initial stimuli resulting from cell/ECM
recognition and mechanosignaling to promote the formation of
self-assembling mature matrix-degrading invadopodia through
positive feedback mechanisms (Fig. 7 D; McCusker, 2020).
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Figure 7. A TKS5/FGD1/CDCA42 signaling module directs the assembly of collagenolytic invadopodia in breast cancer cells. (A) Upper panel: Cells were
plated on a layer of fibrillary collagen (gray) and stained for SHIP2 (red) and cortactin (green), and nuclei were stained with DAPI (blue). Scale bar, 10 um; zoom-
in of boxed region, 5 um. Middle panel: Fluorescence (Fluo) intensity profiles for SHIP2 and cortactin were recorded along an invadopodium (boxed region in
upper panel) and normalized to the maximum fluorescence intensity set to 100. Lower panel: Correlation of SHIP2 (x axis) and cortactin (y axis) fluorescence
intensity along the invadopodial structures. inv, number of invadopodia analyzed; pix, total number of pixels analyzed for both markers. (B) Correlation of
p130AS (red) and cortactin (green) as in A. (C) Correlation of TKS5 (blue) and overexpressed FLAG-tagged inositol polyphosphate 4-phosphatase type Il (green)
as in A. (D) Model of feed-forward loop self-assembly mechanisms for invadopodia formation and maturation. Surface-exposed MT1-MMP in association with
the collagen fibers within the matrix may contribute to the early production of PI(3,4)P, the phosphoinositide ligand of the TKS5 PX domain, by interacting
with a p130°AS/SHIP2 complex. Accumulation of PI(3,4)P, at collagen-cell contact sites leads to the recruitment of TKS5 to the forming invadopodial plasma
membrane. The carboxy-terminal SH3 domains of TKS5 interact with and recruit the highly specific CDC42-GEF, FGD1. GTP-bound active CDC42 interacts with
several downstream effectors, which are known to contribute to invadopodia assembly and function including TKS5 itself, N-WASP, the polarity protein,
IQGAPL, and FBP17. Arp2/3 complex activation by N-WASP leads to the assembly of the invadopodia branched actin core structure. FBP17 also positively
influences branched actin assembly and may lead to PI(3,4)P, production by interacting with SHIP2. Recruitment of IQGAP1 at invadopodia contributes to the
polarized recycling of MT1-MMP from endolysosomal compartments (Sakurai-Yageta et al., 2008). In addition, IQGAP1 scaffolds a network of phosphoinositide
kinases, potentially leading to further phosphatidylinositol (3,4,5)-trisphosphate and PI(3,4)P, accumulation (Choi et al.,, 2016). This network of interactions
further promotes invadopodia assembly and function in a feed-forward loop with contributions of actin assembly and membrane trafficking. Cat, catalytic
domain; Hpx, hemopexin domain; PIPK, phosphoinositide kinase; PM, plasma membrane. The PX and SH3 domains #1 to #5 of TKS5 are depicted.

Altogether, our work highlights a new, potentially druggable,
molecular polarity feed-forward loop framework based on the
interplay of TKS5, FGD1, and CDC42 function in the regulation of
invadopodia activity as an essential axis of the MT1-MMP-based
metastatic program of breast cancer cells.

Zagryazhskaya-Masson et al.
TKSS5 and FGD1 control collagenolytic invadopodia

Materials and methods
Antibodies and reagents

The source and working dilution of commercial antibodies used
for this study are listed in Table S2. Hepatocyte growth factor
(HGF) was purchased from PeproTech and used at 20 ng/ml.
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DNA constructs

Plasmids used for this study and sources are listed in Table S3.
For the cloning of TKS5 truncated constructs, fragments were
generated by PCR and inserted in the Sacl and Sall sites of the
PEGFP-N1 vector. The following primers were used: TKS5_1-
1396FP forward, 5'-CCGGACTCAGATCTCGAGCTCAAGCTTCG-
3’, and reverse, 5'-TTTTTGTCGACTGCAGAATTCTCCTCTTGG
AACTGCC-3'; TKS5_1-323GFP reverse, 5'-TTTTTGTCGACTGCA
GAATTCTCACTGGGCCGGC-3’; TKS5_1-5056FP reverse, 5'-TTT
TTGTCGACTGCAGAATTCTGGGCCGGGTCAG-3'; TKS5_324-
1118SFP forward, 5'-AAAAAGAGCTCAAGCTTCGAATTATGGAGA
TCATTGG-3’, and reverse, 5'-TTTTTGTCGACTGCAGAATTCTGT
TCTTTTTCTCAAGG-3'. Point mutations were created in the
fourth and fifth SH3 domains of TKS5 by site-directed muta-
genesis (QuickChange II, Stratagene) such that the first in a
conserved pair of W residues was converted to A to generate
TKS5CFPW861A, TKS5SFPW10924A, and TKS5FPW861A/W1092A
(the position of the mutations is based on human TKS5 con-
taining the PX domain). TKS5 SH3* forward primer: 5'-GAA
GCAGGAGAGAGCGGGGCGTGGTATGTGAGGTTT-3’, and re-
verse primer: 5'-AAACCTCACATACCACGCCCCGCTCTCCTG
CTTC-3'; TKS5 SH3*5 forward primer: 5'-GAGGAACCCTAATGG
CGCGTGGTACTGCCAGATC-3', and reverse primer: 5'-GGCAGT
ACCACGCGCCATTAGGGTTCCTCTCCAG-3'. The TKS4SF? con-
struct was obtained by cloning the insert in the Sacl and BamH]1
sites of the pEGFP-NI vector. The sequences corresponding to
three regions of FGD1 encompassing the entire FGD1 protein
were prepared from the pEGFP-C1-FGD1 construct and cloned
into pET-MCn-His-GST vector to make GST-FGD1 fusion pro-
teins. The N-term domain (PRD, aa 18-335; forward primer,
5'-CGAATTACCATATGTCAGCGGCAAATACCCCCG-3’, and re-
verse primer, 5'-CCGCTCGAGAACCTCCTGGGAGCCAG-3') was
cloned into Ndel and Xhol sites, the middle (DH-PH, aa 335-717;
forward, 5'-CTTTACTTCCAGGGCCATATGGTTGACAGTGACCTG
GAA-3', and reverse, 5'-TCTAGACTATTAGGATCCCACGTTTGG
AGAGTTAGGG-3') was cloned into Ndel and BamHI sites, and
the carboxy-terminal domain (FYVE+PH, aa 717-920; forward,
5'-CTTTACTTCCAGGGCCATATGGTGGATCTTGGGAAGAGG-
3’, and reverse, 5'-TCTAGACTATTAGGATCCACGGCCCGCCCT
GCCGAGAAC-3’) was cloned into Ndel and BamHI sites of the
receiving vector. The GFP-tagged FGDI1 construct deleted of
the PRD domain (PRD, aa 1-335) was obtained by site-directed
mutagenesis of the pEGFP-C1-FGD1 plasmid by PCR using the
following primers: forward, 5'-CTCAAGCTTCGAATGACAGTG
ACCTGG-3', and reverse, 5'-GGTCACTGTCATTCGAAGCTTGAG
C-3'. PCR products were digested by Dpnl followed by trans-
formation into XL1-Blue cells. Plasmids isolated from the re-
sulting colonies were screened for the desired modification by
digestion with AfIII and Xhol. All constructs were verified by
sequencing before use.

Cell culture, transient transfection, and siRNA treatment

MDA-MB-231 cells (ATCC; HTB-26) were grown in L15 medium
supplemented with 15% FCS and 2 mM glutamine at 37°C in 1%
CO,. Hs578T cells (kindly provided by Dr. C. Lamaze, Institut
Curie, Paris, France) were grown at 37°C under 5% CO, in
DMEM GlutaMAX (Gibco; Life Technologies) supplemented
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with 10% FCS (Gibco; Life Technologies), 5 mM pyruvate (Gibco;
Life Technologies), and 1% penicillin-streptomycin (Gibco; Life
Technologies). HT-1080 fibrosarcoma cells (ATCC; CCL-121)
were grown in DMEM GlutaMAX supplemented with 10% FCS.
Cells were routinely tested for mycoplasma contamination.
MDA-MB-231 cells stably expressing TKS5¢F? were generated by
lentiviral transduction (Ferrari et al., 2019b). For transient ex-
pression, cells were transfected using Lipofectamine 3000
(Thermo Fisher Scientific) for 20 h before analysis according to
the manufacturer’s instructions, with minor modifications.
Briefly, cells were trypsinized, and 1.5 x 10° cells were plated ina
24-well plate. The transfection mixture containing Lipofect-
amine 3000 together with P3000 reagent (Thermo Fisher Sci-
entific) and 0.5-1 pg of a plasmid was added immediately after
cell plating, and the transfection mixture was replaced with
fresh growth medium 15 h later. For RNA interference, MDA-
MB-231 cells were treated with the indicated siRNAs (50 or 100
nM) using Lullaby (OZ Biosciences) and analyzed after 72 h of
treatment. Hs578T cells were treated with indicated siRNAs
using Lipofectamine 3000 for 72 h before analysis according to
the manufacturer’s instructions, with minor modifications.
Briefly, the cells were trypsinized, 40,000 cells were plated per
well of 24-well plate, and the Lipofectamine 3000 mixture
containing 100 nM of siRNA was added immediately. The
transfection mixture was replaced with fresh growth medium
15 h later. siRNAs used for this study are listed in Table S3. For
rescue experiments, cells were first seeded and treated with the
indicated siRNAs (50 nM) using Lullaby. 24 h later, medium
was changed, and cells were transfected with the indicated
constructs in a transfection mixture containing Lipofectamine
3000 together with P3000 reagent and 0.5-1 ug of plasmid. The
transfection mixture was replaced with fresh growth medium
15 h later. Cells were analyzed 72 h after siRNA transfection.

GST pull-down assay

Cells were transfected with plasmids encoding the indicated
constructs using Lipofectamine 3000 (two 100-mm dishes per
condition, 3.7 x 107 cells per dish), and 20 h later, cells were lysed
in NP-40 buffer as described for the immunoprecipitation pro-
cedure. GST or GST-tagged FGD1 protein fragments (2 uM) were
immobilized onto Glutathione Sepharose 4B beads (GE Health-
care; 25 pl of beads per condition) in binding buffer (50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 10 mM MgCl,,
10% glycerol, 0.7% NP-40, 0.5% BSA, and cocktails of protease
and phosphatase inhibitors) for 1 h at 4°C under constant agi-
tation. The beads were washed three times with the washing
buffer and incubated with the cell supernatants for 2 h at 4°C
under constant agitation. At the end of the procedure, the beads
were washed twice with the washing buffer and then twice with
the binding buffer. The bound proteins were eluted in Laemmli
buffer by heating to 95°C for 10 min and analyzed by SDS-PAGE.

Immunoisolation of TKS5¢FP-bound proteins

Cells stably expressing TKS56FF (MDA-MB-231/TKS5%FF) or not
(MDA-MB-231) were plated on a layer of rat collagen type I for
90 min (four 100-mm dishes for each replicate, 3.7 x 107 cells per
dish), and cells were collected, lysed in NP-40 buffer (50 mM
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Tris-HCl, pH 7.5, 150 mM NacCl, 0.5 mM EDTA, 10 mM MgCl,,
10% glycerol, 60 mM B-glucoside, and 1% NP-40) for 30 min at
4°C under constant agitation. The lysate was centrifuged at
15,000 g for 10 min at 4°C, and the supernatant was incubated
with 25 pl of equilibrated control magnetic agarose beads
(ChromoTek) for 1 h at 4°C under constant agitation. The pre-
cleared lysate was then incubated with 25 pl of equilibrated
magnetic agarose beads coupled to anti-GFP nanobodies (GFP-
Trap; ChromoTek) for another 1 h at 4°C. At the end of the pro-
cedure, GFP-Trap beads were washed three times with washing
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NacCl, 0,5 mM EDTA,
10 mM MgCl,, 10% glycerol, and 0.7% NP-40), followed by four
washes with dilution buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, 10 mM MgCl,, and 10% glycerol) and col-
lected in 200 pl of dilution buffer for overnight storage at 4°C
before MS analysis. In immunoprecipitation experiments fol-
lowed by immunoblotting analysis, after the final wash, the beads
were immediately heated at 95°C for 10 min under constant ag-
itation in Laemmli buffer and stored at -20°C before immuno-
blotting analysis.

MS analysis

Proteins on magnetic beads were washed twice with 100 ul of
25 mM NH,HCO;, and on-beads digestion was performed with
0.2 pg trypsin/LysC (Promega) for 60 min in 100 pl of 25 mM
NH,HCO;. Sample were then loaded onto a homemade C18
StageTips for desalting. Peptides were eluted using 40/60
MeCN/H,0 + 0.1% formic acid and vacuum concentrated to
dryness.

Online chromatography was performed with an RSLCnano
system (Ultimate 3000, Thermo Fisher Scientific) coupled on-
line to an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Fisher Scientific). Peptides were trapped on a C18 column (75-
pm inner diameter x 2 cm; nanoViper Acclaim PepMapTM 100;
Thermo Fisher Scientific) with buffer A (2/98 MeCN/H,0 in
0.1% formic acid) at a flow rate of 4.0 ul/min over 4 min. Sep-
aration was performed on a 50 cm x 75 pm C18 column (nano-
Viper Acclaim PepMapTM RSLC, 2 pm, 100 A, Thermo Fisher
Scientific) regulated to a temperature of 55°C with a linear
gradient of 5-25% buffer B (100% MeCN in 0.1% formic acid) at a
flow rate of 300 nl/min over 100 min. Full-scan MS was ac-
quired in the Orbitrap analyzer with a resolution set to 120,000,
and ions from each full scan were fragmented by high-energy
collisional dissociation and analyzed in the linear ion trap.

For identification, the data were searched against the human
SwisProt database (February 2017) using Sequest™ through
Proteome Discoverer (v2.1). Enzyme specificity was set to trypsin,
and a maximum of two missed cleavage sites were allowed.
Oxidized methionine, amino-terminal acetylation, and carba-
midomethyl cysteine were set as variable modifications. Maxi-
mum allowed mass deviation was set to 10 ppm for monoisotopic
precursor ions and 0.6 D for MS/MS peaks.

The resulting files were further processed using myProMS
v3.6 (Poullet et al., 2007). False discovery rate calculation used
Percolator and was set to 1% at the peptide level for the whole
study. The label-free quantification was performed by peptide
extracted ion chromatograms (XICs) computed with MassChroQ
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v2.2 (Valot et al., 2011). For protein quantification, XICs from
proteotypic peptides shared between compared conditions
(TopN matching) with no missed cleavages were used. Median
and scale normalization was applied on the total signal to correct
the XICs for each biological replicate. To estimate the signifi-
cance of the change in protein abundance, a linear model (ad-
justed on peptides and biological replicates) was performed, and
P values were adjusted with a Benjamini-Hochberg false dis-
covery rate procedure with a control threshold set to 0.05. The
MS proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository (Vizcaino et al.,
2016), with the dataset identifier PXD011632.

Western blot analysis

Cells were lysed in SDS sample buffer, separated by SDS-PAGE,
and detected by immunoblotting analysis with the indicated
antibodies. Antibodies were visualized using the ECL detection
system (GE Healthcare).

Immunofluorescence analysis of cells plated on fibrillar type

I collagen

Coverslips were layered with 200 pl ice-cold 2.0 mg/ml acidic
extracted collagen I solution (Corning) in 1x MEM mixed with
4% Alexa Fluor 647-conjugated type I collagen. The collagen
solution was adjusted to pH 7.5 using 0.34 N NaOH, and Hepes
was added to 25 pM final concentration. After 3 min of poly-
merization at 37°C, the collagen layer was washed gently in PBS,
and cells in suspension were added for 60-90 min at 37°C in 1%
CO, before fixation. Cells were preextracted with 0.1% Triton
X-100 in 4% PFA in PBS during 90 s, fixed in 4% PFA in PBS for
20 min, and stained for immunofluorescence microscopy with
indicated antibodies.

Quantification of TKS5- or FGD1-positive invadopodia

5 x 10* cells were plated on type I collagen-coated coverslips,
fixed after 60 min, and stained with TKS5 or FGD1 pAbs and
counterstained with cortactin mAb. Images were acquired with
a wide-field microscope (Eclipse 90i Upright; Nikon) using a
100x Plan Apo VC 1.4 oil objective and a highly sensitive cooled
interlined charge-coupled device camera (CoolSNAP HQ2; Roper
Scientific). A z-dimension series of images was taken every 0.2
pm by means of a piezoelectric motor (Physik Instrumente). For
quantification of TKS5 or FGD1 associated with invadopodia,
three consecutive z-planes corresponding to the plasma mem-
brane in contact with collagen fibers were projected using
maximal-intensity projection in Fiji, and TKS5 or FGD1 signal
was determined using the thresholding command excluding
regions <8 px to avoid noninvadopodial structures. Surface
covered by TKS5 or FGD1 signal was normalized to the total cell
surface, and values were normalized to those of control cells.

Linescan-based correlation of pixel fluorescence intensity of
invadopodia markers

For quantification of the colocalization between the in-
vadopodial markers the along collagen fibers, linescans were
performed using Fiji software. Briefly, a segmented line (6-pixel
width) was drawn along collagen fibers that were associated
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with the invadopodial markers (such as TKS5, TKS4, cortactin,
or FGD1). The fluorescence intensity signal of each pixel was
measured, normalized to the maximal-intensity signal set to
100, and plotted on an x-y graph where the x axis represents
the length of the invadopodia (in pixels) and the y axis rep-
resents the normalized fluorescence intensity of the markers.
Correlation between the two markers was observed by plot-
ting the normalized values of each invadopodial marker on a
graph in which the x axis represents the normalized fluo-
rescence intensity of one marker and the y axis represents
the normalized fluorescence intensity of the other marker.
Linear regression line was calculated using GraphPad Prism
software.

Quantification of Manders colocalization coefficient
Colocalization analyses were performed on Fiji software based
on two tools (Schindelin et al., 2012). First, the Manders coloc-
alization coefficient (Manders et al., 1993) gives a quantitative
analysis of colocalization, since it indicates the proportion of one
signal coinciding with the other signal, and is relatively insen-
sitive to difference in signal intensities in both channels. Be-
cause thresholding is important by defining what is “significant”
signal in both channels to compute the coefficient only on those
pixels, it was performed manually on each image. The value of
this coefficient was obtained using JaCOP plugin (Bolte and
Cordeliéres, 2006). Second, we used the Plugin “Colocalization
Colormap,” encoding Jaskolski’s algorithm (Jaskolski et al., 2005),
which gives a spatial information about colocalization. For each
pixel, a correlation between its value in one channel image and
its value in the second channel image was computed based on
normalized mean deviation product, which is represented on
the collagen signal as a 2-color image (as in Fig. 4 E). This map
enabled detection and comparison of the presence of colo-
calized pixels on the collagen fibers.

Quantification of pericellular collagenolysis

Cells treated with indicated siRNAs were trypsinized and re-
suspended (2.5 x 10° cells/ml) in 200 pl of ice-cold 2.0 mg/ml
collagen I solution prepared as previously described. 40 pl of the
cell suspension in collagen was added on a glass coverslip, and
collagen polymerization was induced for 30 min by incubation
at 37°C. L-15 complete medium was then added, and cells em-
bedded in collagen were incubated for 16 h at 37°C in 1% CO,.
After fixation for 30 min at 37°C in 4% PFA in PBS, samples were
incubated with anti-Col1-*4C antibodies for 2 h at 4°C. After
extensive washes, samples were counterstained with Cy3-
conjugated anti-rabbit IgG antibodies and Phalloidin-Alexa
Fluor 488 to visualize cell shape and mounted in DAPI. Image
acquisition was performed with an AIR Nikon confocal micro-
scope with a 40x NA 1.3 oil objective using a high-sensitivity 455-
nm GaASP PMT detector and a 595 + 50-nm bandpass filter.
Quantification of degradation spots was performed as previously
described (Monteiro et al., 2013). Briefly, maximal projection of
10 optical sections with 2-pm interval from confocal microscope
z-stacks (20 pm depth) were preprocessed by a Laplacian-of-
Gaussian filter using a homemade Image] macro 15. Detected
spots were then counted and saved for visual verification. No
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manual correction was done. Degradation index was the number
of degradation spots divided by the number of cells present in
the field, normalized to the degradation index of control cells set
to 100.

Live-cell imaging in 3D type | collagen

Glass-bottom dishes (MatTek Corp.) were layered with 10 pl of a
solution of 5 mg/ml unlabeled type I collagen mixed with 1/25
volume of Alexa Fluor 647-labeled collagen. Polymerization was
induced at 37°C for 3 min as described above, and the bottom
collagen layer was washed gently in PBS. 1 ml of cell suspension
(105 cells/ml) in complete medium was added and incubated for
30 min at 37°C. Medium was gently removed, and two drops of a
mix of Alexa Fluor 647-labeled type I collagen/unlabeled type I
collagen at 2.0 mg/ml final concentration were added on top of
the cells (top layer). After polymerization at 37°C for 90 min as
described above, 2 ml of medium containing 20 ng/ml HGF was
added to the culture. Z-stacks of images were acquired every
10 min during 16 h by confocal spinning disk microscopy (Roper
Scientific) using a CSU22 Yokogawa head mounted on the lateral
port of an inverted TE-2000U Nikon microscope equipped with
a 40x 1.4-NA Plan-Apo objective lens and a dual-output laser
launch, which included 491- and 561-nm, 50-mW DPSS lasers
(Roper Scientific). Images were collected with a CoolSNAP
HQ2 charge-coupled device camera (Roper Scientific). The sys-
tem was steered by Metamorph 7 software. Kymographs were
obtained with Fiji software along a line spanning the invadopodia
diameter.

Automated tracking of endosome angular distribution

A homemade Matlab program (available on demand) was de-
veloped to track nuclei based on nuclear staining and create a
velocity-dependent coordinate system to analyze MT1-MMP
endosomes relative to the direction of displacement of the nu-
cleus (Infante et al., 2018). Nuclei were automatically segmented
from maximal z-stack projection of sequential time frames (see
previous section) based on smoothing and thresholding, and
then were tracked based on the distance from their previous
position. From the trajectory of each nucleus, speed (um/min)
and directionality (persistence) were computed for each con-
secutive pair of frames. A new polar coordinate system was
defined such that the gravity center of the nucleus became the
position (0,0) for all time points, and the velocity direction had
an angle of 0°. This coordinate system then changed for each
time point and was different for each nucleus. Endosomes
around each nucleus were automatically segmented by Lap-
lacian of Gaussian spot enhancement and marker-controlled
watershed segmentation based on regional maxima. The coor-
dinates of the positions of the center of gravity of all endosomes
were then converted to this nucleus velocity-dependent coor-
dinate system. Endosomes exactly in front of the nucleus in the
direction of movement are then at 0°, and endosomes exactly at
the rear of the displacement vector are at 180°. All data created
for endosomes for all processed nuclei and all videos for one
condition were then pooled to create a polar histogram (radar
plot), showing the distribution of endosomes relative to the di-
rection of nuclear movement.
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Inverted 3D collagen invasion assay

200 pl of 2.0 mg/ml collagen I was allowed to polymerize in
Transwell inserts (Corning) for 2 h at 37°C as above. Cells were
seeded on top of the collagen gel in complete medium, and
20 ng/ml HGF was added to the medium in the bottom chamber
of the Transwell as chemoattractant. After 48 h of seeding, cells
were fixed and stained with DAPI and visualized by confocal
microscopy with serial optical sections captured at 10-pm in-
tervals with a 10x objective on a Zeiss LSM510 confocal micro-
scope. Invasion was measured by dividing the sum of DAPI
signal intensity of all slides beyond 30 pm (invading cells) by the
sum of the intensity of all slides (total cells).

Statistics and reproducibility

All results were presented as mean + SEM of three independent
experiments. GraphPad Prism was used for statistical analysis.
Statistical significance was defined as *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ***, P < 0.0001; and ns, not significant. Data were
tested for normal distribution using the D’Agostino-Pearson
normality test, and nonparametric tests were applied otherwise.
One-way ANOVA, Kruskal-Wallis, and Mann-Whitney U tests
were applied as indicated in the figure legends.

Online supplemental material

Fig. S1 shows additional evidence that TKS5 is required for in-
vadopodia formation and function in collagenolysis. Fig. S2
documents the silencing of the proteins of interest upon siRNA
treatment in MDA-MB-231 and Hs578T breast cancer cells. Fig. S3
shows the effect of FGD1 knockdown on TKS5-, cortactin-positive
invadopodia formation and the consequence of TKS5, FGDI, or
CDC42 silencing on collagenolysis by MDA-MB-231 cells in a 3D
collagen gel. Fig. S4 shows that the integrity of the fifth SH3 do-
main of TKS5 is required for its coimmunoprecipitation with
FGDI1. Fig. S5 shows the absence of coimmunoprecipitation be-
tween TKS4SF and FGDI1, while coimmunoprecipitation is de-
tected between TKS5%FF and FGDJ, as well as a comparison of the
collagenolysis activity of MDA-MB-231 and Hs578T cells in a 3D
collagen gel. Video 1 shows a representative example of MDA-MB-
231 cells coexpressing FGDI®* and TKS5™Cherry plated on a fi-
brillary type collagen layer, documenting the dynamics of the
double-positive invadopodia structures. Table Sl lists the proteins
interacting with TKS5¢pp identified by coimmunoprecipitation
and MS analysis. The interactions of TKS5 with disintegrin
and metalloproteinase domain-containing protein 15, mon-
ocarboxylate transporter 4, 14-3-3 family proteins, and FGD1 were
previously reported (Abram et al., 2003; Couzens et al., 2013; Hein
et al., 2015). Table S2 lists the antibodies used in this study. Table
S3 lists the siRNAs and plasmids used in this study.

Acknowledgments

We thank Drs. S. Courtneidge (Oregon Health & Science Uni-
versity, Portland, OR), L. Cantley (Weill Cornell Medical College,
New York, NY), and C. Lamaze for providing reagents for this
study, Sabrina Rousseau and T. Dakhli for cloning the GST-FGD1
fusion proteins, and Dr. A. El Marjou and K. Niort for the pu-
rification of the GST-FGD1 proteins.

Zagryazhskaya-Masson et al.
TKSS5 and FGD1 control collagenolytic invadopodia

TR
(: k(J
IV

We thank the Nikon Imaging Centre at Institut Curie-Centre
National de la Recherche Scientifique and Cell and Tissue
Imaging Facility of Institut Curie, member of the France Bio
Imaging national research infrastructure (Agence Nationale de
la Recherche, ANR-10-INBS-04), for help with image acquisi-
tion. A. Zagryazhskaya-Masson and A. Duperray-Susini were
supported by a grant from Institut Curie (PIC3i InvadoROS) and
a postdoctoral fellowship from Ligue Contre le Cancer (to A.
Zagryazhskaya-Masson). A. Castagnino was supported by World-
wide Cancer Research (grant 16-1235). A.-S. Macé was supported
by a grant from Labex (CelTisPhyBio ANR-11-LABX-0038), part of
the IDEX PSL no. ANR-10-IDEX-0001-02. E. Infante was supported
by a postdoctoral fellowship from Ligue Contre le Cancer. R. Ferrari
was supported by a fellowship from Fondation ARC pour la Re-
cherche sur le Cancer. This work was supported by grants from
Ligue Contre le Cancer (Comité de la Gironde) to E. Génot, “Région
Ile-de-France” and Fondation pour la Recherche Médicale to D.
Loew, Fondation ARC pour la Recherche sur le Cancer (PGAl
RF20170205408), and core funding from Institut Curie and Centre
National de la Recherche Scientifique to P. Chavrier.

The authors declare no competing financial interests.

Author contributions: A. Zagryazhskaya-Masson and P.
Monteiro designed and performed most of the experiments and
analyzed and interpreted the data. P. Monteiro helped P.
Chavrier write the manuscript. A.-S. Macé wrote Image] macros
for image analysis. A. Castagnino and R. Ferrari performed en-
dosome tracking experiments and interpreted the data. E. In-
fante performed the inverted invasion assay and interpreted the
data. A. Duperray-Susini and P. Monteiro conducted the mo-
lecular biology experiments necessary for the generation of the
TKS5 constructs. F. Dingli generated and analyzed the MS data
under D. Loew’s supervision. A. Lanyi and E. Génot provided
essential reagents for the study. E. Génot helped design and
interpret some of the experiments. A. Zagryazhskaya-Masson, P.
Monteiro, E. Infante, E. Génot, and P. Chavrier actively engaged
in discussions throughout the study. A. Zagryazhskaya-Masson,
E. Infante, and E. Génot edited the manuscript. P. Chavrier su-
pervised the study, designed the experiments, interpreted the
data, and wrote the manuscript.

Note added in proof. During the final revision of the present
article, Thuault et al. (2020) identified an interaction between
TKS5 and FGD1 using the BioiD proximity biotinylation
technology.

Submitted: 18 October 2019
Revised: 24 April 2020
Accepted: 29 May 2020

References

Abram, C.L., D.F. Seals, I. Pass, D. Salinsky, L. Maurer, T.M. Roth, and S.A.
Courtneidge. 2003. The adaptor protein fish associates with members of
the ADAMs family and localizes to podosomes of Src-transformed cells.
J. Biol. Chem. 278:16844-16851. https://doi.org/10.1074/jbc.M300267200

Artym, V.V., S. Swatkoski, K. Matsumoto, C.B. Campbell, R.J. Petrie, E.K.
Dimitriadis, X. Li, S.C. Mueller, T.H. Bugge, M. Gucek, et al. 2015. Dense
fibrillar collagen is a potent inducer of invadopodia via a specific sig-
naling network. J. Cell Biol. 208:331-350. https://doi.org/10.1083/jcb
201405099

Journal of Cell Biology
https://doi.org/10.1083/jcb.201910132

620z Jequiada( 90 U0 3sanb Aq 4pd-zeL0L610Z aol/SLE9191/Z€ L0161 0Z8/6/61Z/pd-8lomie/qol/Bio ssaidni//:dny woy pepeojumoq

15 of 18


https://doi.org/10.1074/jbc.M300267200
https://doi.org/10.1083/jcb.201405099
https://doi.org/10.1083/jcb.201405099
https://doi.org/10.1083/jcb.201910132

Artym, V.V, Y. Zhang, F. Seillier-Moiseiwitsch, K.M. Yamada, and S.C.
Mueller. 2006. Dynamic interactions of cortactin and membrane type
1 matrix metalloproteinase at invadopodia: defining the stages of in-
vadopodia formation and function. Cancer Res. 66:3034-3043. https://
doi.org/10.1158/0008-5472.CAN-05-2177

Ayala, 1., G. Giacchetti, G. Caldieri, F. Attanasio, S. Mariggio, S. Tete, R. Pol-
ishchuk, V. Castronovo, and R. Buccione. 2009. Faciogenital dysplasia
protein Fgd1 regulates invadopodia biogenesis and extracellular matrix
degradation and is up-regulated in prostate and breast cancer. Cancer
Res. 69:747-752. https://doi.org/10.1158/0008-5472.CAN-08-1980

Bagci, H., N. Sriskandarajah, A. Robert, J. Boulais, L.E. Elkholi, V. Tran, Z.Y.
Lin, M.P. Thibault, N. Dubé, D. Faubert, et al. 2020. Mapping the
proximity interaction network of the Rho-family GTPases reveals sig-
nalling pathways and regulatory mechanisms. Nat. Cell Biol. 22:120-134.
https://doi.org/10.1038/541556-019-0438-7

Blouw, B., M. Patel, S. lizuka, C. Abdullah, W.K. You, X. Huang, ].L. Li, B. Diaz,
W.B. Stallcup, and S.A. Courtneidge. 2015. The invadopodia scaffold
protein Tks5 is required for the growth of human breast cancer cells
in vitro and in vivo. PLoS One. 10. e0121003. https://doi.org/10.1371/
journal.pone.0121003

Bolte, S., and F.P. Cordeliéres. 2006. A guided tour into subcellular colocal-
ization analysis in light microscopy. J. Microsc. 224:213-232. https://doi
.0rg/10.1111/j.1365-2818.2006.01706.x

Branch, K.M., D. Hoshino, and A.M. Weaver. 2012. Adhesion rings surround
invadopodia and promote maturation. Biol. Open. 1:711-722. https://doi
.org/10.1242/bi0.20121867

Buschman, M.D., P.A. Bromann, P. Cejudo-Martin, F. Wen, I. Pass, and S.A.
Courtneidge. 2009. The novel adaptor protein Tks4 (SH3PXD2B) is
required for functional podosome formation. Mol. Biol. Cell. 20:
1302-1311. https://doi.org/10.1091/mbc.e08-09-0949

Castagnino, A., A. Castro-Castro, M. Irondelle, A. Guichard, C. Lodillinsky, L.
Fuhrmann, S. Vacher, S. Agiiera-Gonzélez, A. Zagryazhskaya-Masson,
M. Romao, et al. 2018. Coronin 1C promotes triple-negative breast
cancer invasiveness through regulation of MT1-MMP traffic and in-
vadopodia function. Oncogene. 37:6425-6441. https://doi.org/10.1038/
541388-018-0422-x

Castro-Castro, A., V. Marchesin, P. Monteiro, C. Lodillinsky, C. Rossé, and P.
Chavrier. 2016. Cellular and Molecular Mechanisms of MT1-MMP-De-
pendent Cancer Cell Invasion. Annu. Rev. Cell Dev. Biol. 32:555-576.
https://doi.org/10.1146/annurev-cellbio-111315-125227

Chan Wah Hak, L., S. Khan, I. Di Meglio, A.L. Law, S. Lucken-Ardjomande
Hasler, L.M. Quintaneiro, A.P.A. Ferreira, M. Krause, H.T. McMahon,
and E. Boucrot. 2018. FBP17 and CIP4 recruit SHIP2 and lamellipodin to
prime the plasma membrane for fast endophilin-mediated endocytosis.
Nat. Cell Biol. 20:1023-1031. https://doi.org/10.1038/541556-018-0146-8

Chander, H., P. Truesdell, J. Meens, and A.W. Craig. 2013. Transducer of Cdc42-
dependent actin assembly promotes breast cancer invasion and metasta-
sis. Oncogene. 32:3080-3090. https://doi.org/10.1038/0nc.2012.317

Choi, S., A.C. Hedman, S. Sayedyahossein, N. Thapa, D.B. Sacks, and R.A.
Anderson. 2016. Agonist-stimulated phosphatidylinositol-3,4,5-tri-
sphosphate generation by scaffolded phosphoinositide kinases. Nat. Cell
Biol. 18:1324-1335. https://doi.org/10.1038/nch3441

Couzens, A.L., ].D. Knight, M.J. Kean, G. Teo, A. Weiss, W.H. Dunham, Z.Y.
Lin, R.D. Bagshaw, F. Sicheri, T. Pawson, et al. 2013. Protein interaction
network of the mammalian Hippo pathway reveals mechanisms of
kinase-phosphatase interactions. Sci. Signal. 6:rs15. https://doi.org/10
.1126/scisignal 2004712

Dalaka, E., N.M. Kronenberg, P. Liechm, ].E. Segall, M.B. Prystowsky, and M.C.
Gather. 2020. Direct measurement of vertical forces shows correlation
between mechanical activity and proteolytic ability of invadopodia. Sci.
Adv. 6. eaax6912. https://doi.org/10.1126/sciadv.aax6912

Daubon, T., R. Buccione, and E. Génot. 2011. The Aarskog-Scott syndrome pro-
tein Fgd1 regulates podosome formation and extracellular matrix remod-
eling in transforming growth factor B-stimulated aortic endothelial cells.
Mol. Cell. Biol. 31:4430-4441. https://doi.org/10.1128/MCB.05474-11

Desmarais, V., H. Yamaguchi, M. Oser, L. Soon, G. Mouneimne, C. Sarmiento,
R. Eddy, and J. Condeelis. 2009. N-WASP and cortactin are involved in
invadopodium-dependent chemotaxis to EGF in breast tumor cells. Cell
Motil. Cytoskeleton. 66:303-316. https://doi.org/10.1002/cm.20361

Di Martino, J., L. Paysan, C. Gest, V. Lagrée, A. Juin, F. Saltel, and V. Moreau.
2014. Cdc42 and Tks5: a minimal and universal molecular signature for
functional invadosomes. Cell Adhes. Migr. 8:280-292. https://doi.org/10
.4161/cam.28833

Diilk, M., B. Szeder, G. Glatz, B.L. Merd, K. Koprivanacz, G. Kudlik, V. Vas,
S. Sipeki, A. Cserkaszky, L. Radnai, et al. 2018. EGF Regulates the

Zagryazhskaya-Masson et al.
TKSS5 and FGD1 control collagenolytic invadopodia

TR
(: k(J
IV

Interaction of Tks4 with Src through Its SH2 and SH3 Domains. Bio-
chemistry. 57:4186-4196. https://doi.org/10.1021/acs.biochem.8b00084

Eckert, M.A., T.M. Lwin, A.T. Chang, ]. Kim, E. Danis, L. Ohno-Machado, and
J. Yang. 2011. Twistl-induced invadopodia formation promotes tumor
metastasis. Cancer Cell. 19:372-386. https://doi.org/10.1016/j.ccr.2011.01
.036

Eddy, R.J., M.D. Weidmann, V.P. Sharma, and J.S. Condeelis. 2017. Tumor Cell
Invadopodia: Invasive Protrusions that Orchestrate Metastasis. Trends
Cell Biol. 27:595-607. https://doi.org/10.1016/j.tcb.2017.03.003

Feinberg, T.Y., H. Zheng, R. Liu, M.S. Wicha, S.M. Yu, and S.J. Weiss. 2018.
Divergent Matrix-Remodeling Strategies Distinguish Developmental
from Neoplastic Mammary Epithelial Cell Invasion Programs. Dev. Cell.
47:145-160.e6. https://doi.org/10.1016/j.devcel.2018.08.025

Ferrari, R., E. Infante, and P. Chavrier. 2019a. Nucleus-Invadopodia Duo
During Cancer Invasion. Trends Cell Biol. 29:93-96. https://doi.org/10
.1016/j.tcb.2018.11.006

Ferrari, R., G. Martin, O. Tagit, A. Guichard, A. Cambi, R. Voituriez, S. Vas-
silopoulos, and P. Chavrier. 2019b. MT1-MMP directs force-producing
proteolytic contacts that drive tumor cell invasion. Nat. Commun. 10:
4886. https://doi.org/10.1038/s41467-019-12930-y

Gingras, D., M. Michaud, G. Di Tomasso, E. Béliveau, C. Nyalendo, and R.
Béliveau. 2008. Sphingosine-1-phosphate induces the association of
membrane-type 1 matrix metalloproteinase with p130Cas in endothelial
cells. FEBS Lett. 582:399-404. https://doi.org/10.1016/j.febslet.2007.12
.029

Gligorijevic, B., A. Bergman, and J. Condeelis. 2014. Multiparametric classi-
fication links tumor microenvironments with tumor cell phenotype.
PLoS Biol. 12. €1001995. https://doi.org/10.1371/journal.pbio.1001995

Gonzalo, P., M.C. Guadamillas, M.V. Hernandez-Riquer, A. Pollan, A. Grande-
Garcia, R.A. Bartolomé, A. Vasanji, C. Ambrogio, R. Chiarle, ]. Teixid6,
et al. 2010. MT1-MMP is required for myeloid cell fusion via regulation
of Racl signaling. Dev. Cell. 18:77-89. https://doi.org/10.1016/j.devcel
.2009.11.012

Hein, M.Y., N.C. Hubner, I. Poser, ]. Cox, N. Nagaraj, Y. Toyoda, I.A. Gak, 1.
Weisswange, J. Mansfeld, F. Buchholz, et al. 2015. A human interactome
in three quantitative dimensions organized by stoichiometries and
abundances. Cell. 163:712-723. https://doi.org/10.1016/j.cell.2015.09.053

Hoshino, D., J. Jourquin, S.W. Emmons, T. Miller, M. Goldgof, K. Costello, D.R.
Tyson, B. Brown, Y. Lu, N.K. Prasad, et al. 2012. Network analysis of the
focal adhesion to invadopodia transition identifies a PI3K-PKCa inva-
sive signaling axis. Sci. Signal. 5:ra66. https://doi.org/10.1126/scisignal
.2002964

Hotary, K., X.Y. Li, E. Allen, S.L. Stevens, and S.J. Weiss. 2006. A cancer cell
metalloprotease triad regulates the basement membrane transmigra-
tion program. Genes Dev. 20:2673-2686. https://doi.org/10.1101/gad
.1451806

Hughes, L., C. Malone, S. Chumsri, A.M. Burger, and S. McDonnell. 2008.
Characterisation of breast cancer cell lines and establishment of a novel
isogenic subclone to study migration, invasion and tumourigenicity.
Clin. Exp. Metastasis. 25:549-557. https://doi.org/10.1007/s10585-008
-9169-z

lizuka, S., C. Abdullah, M.D. Buschman, B. Diaz, and S.A. Courtneidge. 2016.
The role of Tks adaptor proteins in invadopodia formation, growth and
metastasis of melanoma. Oncotarget. 7:78473-78486. https://doi.org/10
.18632/oncotarget.12954

Infante, E., A. Castagnino, R. Ferrari, P. Monteiro, S. Agilera-Gonzalez, P.
Paul-Gilloteaux, M.]. Domingues, P. Maiuri, M. Raab, C.M. Shanahan,
et al. 2018. LINC complex-Lisl interplay controls MT1-MMP matrix
digest-on-demand response for confined tumor cell migration. Nat.
Commun. 9:2443. https://doi.org/10.1038/s41467-018-04865-7

Jaskolski, F., C. Mulle, and O.J. Manzoni. 2005. An automated method to
quantify and visualize colocalized fluorescent signals. J. Neurosci.
Methods. 146:42-49. https://doi.org/10.1016/j.jneumeth.2005.01.012

Juin, A., C. Billottet, V. Moreau, O. Destaing, C. Albiges-Rizo, J. Rosenbaum, E.
Génot, and F. Saltel. 2012. Physiological type I collagen organization
induces the formation of a novel class of linear invadosomes. Mol. Biol.
Cell. 23:297-309. https://doi.org/10.1091/mbc.e11-07-0594

Juin, A., J. Di Martino, B. Leitinger, E. Henriet, A.S. Gary, L. Paysan, ]. Bomo,
G. Baffet, C. Gauthier-Rouviére, J. Rosenbaum, et al. 2014. Discoidin
domain receptor 1 controls linear invadosome formation via a Cdc42-
Tuba pathway. J. Cell Biol. 207:517-533. https://doi.org/10.1083/jcb
.201404079

Kim, K., P. Hou, ].L. Gorski, and J.A. Cooper. 2004. Effect of Fgd1 on cortactin
in Arp2/3 complex-mediated actin assembly. Biochemistry. 43:2422-2427.
https://doi.org/10.1021/bi036173t

Journal of Cell Biology
https://doi.org/10.1083/jcb.201910132

620z Jequiada( 90 U0 3sanb Aq 4pd-zeL0L610Z aol/SLE9191/Z€ L0161 0Z8/6/61Z/pd-8lomie/qol/Bio ssaidni//:dny woy pepeojumoq

16 of 18


https://doi.org/10.1158/0008-5472.CAN-05-2177
https://doi.org/10.1158/0008-5472.CAN-05-2177
https://doi.org/10.1158/0008-5472.CAN-08-1980
https://doi.org/10.1038/s41556-019-0438-7
https://doi.org/10.1371/journal.pone.0121003
https://doi.org/10.1371/journal.pone.0121003
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1242/bio.20121867
https://doi.org/10.1242/bio.20121867
https://doi.org/10.1091/mbc.e08-09-0949
https://doi.org/10.1038/s41388-018-0422-x
https://doi.org/10.1038/s41388-018-0422-x
https://doi.org/10.1146/annurev-cellbio-111315-125227
https://doi.org/10.1038/s41556-018-0146-8
https://doi.org/10.1038/onc.2012.317
https://doi.org/10.1038/ncb3441
https://doi.org/10.1126/scisignal.2004712
https://doi.org/10.1126/scisignal.2004712
https://doi.org/10.1126/sciadv.aax6912
https://doi.org/10.1128/MCB.05474-11
https://doi.org/10.1002/cm.20361
https://doi.org/10.4161/cam.28833
https://doi.org/10.4161/cam.28833
https://doi.org/10.1021/acs.biochem.8b00084
https://doi.org/10.1016/j.ccr.2011.01.036
https://doi.org/10.1016/j.ccr.2011.01.036
https://doi.org/10.1016/j.tcb.2017.03.003
https://doi.org/10.1016/j.devcel.2018.08.025
https://doi.org/10.1016/j.tcb.2018.11.006
https://doi.org/10.1016/j.tcb.2018.11.006
https://doi.org/10.1038/s41467-019-12930-y
https://doi.org/10.1016/j.febslet.2007.12.029
https://doi.org/10.1016/j.febslet.2007.12.029
https://doi.org/10.1371/journal.pbio.1001995
https://doi.org/10.1016/j.devcel.2009.11.012
https://doi.org/10.1016/j.devcel.2009.11.012
https://doi.org/10.1016/j.cell.2015.09.053
https://doi.org/10.1126/scisignal.2002964
https://doi.org/10.1126/scisignal.2002964
https://doi.org/10.1101/gad.1451806
https://doi.org/10.1101/gad.1451806
https://doi.org/10.1007/s10585-008-9169-z
https://doi.org/10.1007/s10585-008-9169-z
https://doi.org/10.18632/oncotarget.12954
https://doi.org/10.18632/oncotarget.12954
https://doi.org/10.1038/s41467-018-04865-7
https://doi.org/10.1016/j.jneumeth.2005.01.012
https://doi.org/10.1091/mbc.e11-07-0594
https://doi.org/10.1083/jcb.201404079
https://doi.org/10.1083/jcb.201404079
https://doi.org/10.1021/bi036173t
https://doi.org/10.1083/jcb.201910132

Lanyi, A., M. Barath, Z. Péterfi, G. Bogel, A. Orient, T. Simon, E. Petrovszki, K.
Kis-T6th, G. Sirokmany, E. Rajnavolgyi, et al. 2011. The homolog of the
five SH3-domain protein (HOFI/SH3PXD2B) regulates lamellipodia
formation and cell spreading. PLoS One. 6. €23653. https://doi.org/10
.1371/journal.pone.0023653

Leong, H.S., A.E. Robertson, K. Stoletov, S.J. Leith, C.A. Chin, A.E. Chien, M.N.
Hague, A. Ablack, K. Carmine-Simmen, V.A. McPherson, et al. 2014.
Invadopodia are required for cancer cell extravasation and are a ther-
apeutic target for metastasis. Cell Rep. 8:1558-1570. https://doi.org/10
.1016/j.celrep.2014.07.050

Li, C.M., G. Chen, T.L. Dayton, C. Kim-Kiselak, S. Hoersch, C.A. Whittaker,
R.T. Bronson, D.G. Beer, M.M. Winslow, and T. Jacks. 2013. Differential
Tks5 isoform expression contributes to metastatic invasion of lung
adenocarcinoma. Genes Dev. 27:1557-1567. https://doi.org/10.1101/gad
.222745.113

Linder, S., C. Wiesner, and M. Himmel. 2011. Degrading devices: invadosomes
in proteolytic cell invasion. Annu. Rev. Cell Dev. Biol. 27:185-211. https://
doi.org/10.1146/annurev-cellbio-092910-154216

Lodillinsky, C., E. Infante, A. Guichard, R. Chaligné, L. Fuhrmann, ]. Cyrta, M.
Irondelle, E. Lagoutte, S. Vacher, H. Bonsang-Kitzis, et al. 2016. p63/
MT1-MMP axis is required for in situ to invasive transition in basal-like
breast cancer. Oncogene. 35:344-357. https://doi.org/10.1038/onc.2015
.87

Lynch, D.K.,, S.C. Winata, R.J. Lyons, W.E. Hughes, G.M. Lehrbach, V. Wa-
singer, G. Corthals, S. Cordwell, and R.J. Daly. 2003. A Cortactin-CD2-
associated protein (CD2AP) complex provides a novel link between
epidermal growth factor receptor endocytosis and the actin cytoskel-
eton. J. Biol. Chem. 278:21805-21813. https://doi.org/10.1074/jbc
.M211407200

Mader, C.C., M. Oser, M.A. Magalhaes, ].J. Bravo-Cordero, J. Condeelis, A.].
Koleske, and H. Gil-Henn. 2011. An EGFR-Src-Arg-cortactin pathway
mediates functional maturation of invadopodia and breast cancer cell
invasion. Cancer Res. 71:1730-1741. https://doi.org/10.1158/0008-5472
.CAN-10-1432

Madsen, C.D., and E. Sahai. 2010. Cancer dissemination--lessons from leu-
kocytes. Dev. Cell. 19:13-26. https://doi.org/10.1016/j.devcel.2010.06.013

Manders, E.M.M., F.J. Verbeek, and J.A. Aten. 1993. Measurement of co-
localization of objects in dual-colour confocal images. J. Microsc. 169:
375-382. https://doi.org/10.1111/j.1365-2818.1993.tb03313.x

Martin, S.G.. 2015. Spontaneous cell polarization: Feedback control of Cdc42
GTPase breaks cellular symmetry. BioEssays. 37:1193-1201. https://doi
.org/10.1002/bies.201500077

McCusker, D.. 2020. Cellular self-organization: generating order from the
abyss. Mol. Biol. Cell. 31:143-148. https://doi.org/10.1091/mbc.E19-04
-0207

Monteiro, P., C. Rossé, A. Castro-Castro, M. Irondelle, E. Lagoutte, P. Paul-
Gilloteaux, C. Desnos, E. Formstecher, F. Darchen, D. Perrais, et al. 2013.
Endosomal WASH and exocyst complexes control exocytosis of MT1-
MMP at invadopodia. J. Cell Biol. 203:1063-1079. https://doi.org/10
.1083/jcb.201306162

Murphy, D.A., and S.A. Courtneidge. 2011. The ‘ins’ and ‘outs’ of podosomes
and invadopodia: characteristics, formation and function. Nat. Rev. Mol.
Cell Biol. 12:413-426. https://doi.org/10.1038/nrm3141

Oikawa, T., T. Itoh, and T. Takenawa. 2008. Sequential signals toward po-
dosome formation in NIH-src cells. J. Cell Biol. 182:157-169. https://doi
.0rg/10.1083/jcb.200801042

Oser, M., H. Yamaguchi, C.C. Mader, ].J. Bravo-Cordero, M. Arias, X. Chen, V.
Desmarais, J. van Rheenen, A.J. Koleske, and J. Condeelis. 2009. Cor-
tactin regulates cofilin and N-WASp activities to control the stages of
invadopodium assembly and maturation. J. Cell Biol. 186:571-587.
https://doi.org/10.1083/jcb.200812176

Parekh, A., N.S. Ruppender, K.M. Branch, M.K. Sewell-Loftin, J. Lin, P.D.
Boyer, ].E. Candiello, W.D. Merryman, S.A. Guelcher, and A.M. Weaver.
2011. Sensing and modulation of invadopodia across a wide range of
rigidities. Biophys. J. 100:573-582. https://doi.org/10.1016/j.bpj.2010.12
.3733

Pasteris, N.G., A. Cadle, L.J. Logie, M.E. Porteous, C.E. Schwartz, R.E. Ste-
venson, T.W. Glover, R.S. Wilroy, and J.L. Gorski. 1994. Isolation and
characterization of the faciogenital dysplasia (Aarskog-Scott syndrome)
gene: a putative Rho/Rac guanine nucleotide exchange factor. Cell. 79:
669-678. https://doi.org/10.1016/0092-8674(94)90552-5

Pedigo, N.G., D. Van Delden, L. Walters, and C.L. Farrell. 2016. Minireview:
Role of genetic changes of faciogenital dysplasia protein 1 in human
disease. Physiol. Genomics. 48:446-454. https://doi.org/10.1152/physiolgenomics
.00101.2015

Zagryazhskaya-Masson et al.
TKSS5 and FGD1 control collagenolytic invadopodia

TR
(: k(J
IV

Perentes, ].Y., N.D. Kirkpatrick, S. Nagano, E.Y. Smith, C.M. Shaver, D. Sgroi,
1. Garkavtsev, L.L. Munn, R.K. Jain, and Y. Boucher. 2011. Cancer cell-
associated MT1-MMP promotes blood vessel invasion and distant me-
tastasis in triple-negative mammary tumors. Cancer Res. 71:4527-4538.
https://doi.org/10.1158/0008-5472.CAN-10-4376

Pichot, C.S., C. Arvanitis, S.M. Hartig, S.A. Jensen, ]. Bechill, S. Marzouk, J.
Yu, J.A. Frost, and SJ. Corey. 2010. Cdc42-interacting protein 4 pro-
motes breast cancer cell invasion and formation of invadopodia through
activation of N-WASp. Cancer Res. 70:8347-8356. https://doi.org/10
.1158/0008-5472.CAN-09-4149

Poullet, P., S. Carpentier, and E. Barillot. 2007. myProMS, a web server
for management and validation of mass spectrometry-based pro-
teomic data. Proteomics. 7:2553-2556. https://doi.org/10.1002/pmic
.200600784

Prasad, N., R.S. Topping, and S.J. Decker. 2001. SH2-containing inositol 5'-
phosphatase SHIP2 associates with the p130(Cas) adapter protein and
regulates cellular adhesion and spreading. Mol. Cell. Biol. 21:1416-1428.
https://doi.org/10.1128/MCB.21.4.1416-1428.2001

Rowe, R.G., and S.J. Weiss. 2008. Breaching the basement membrane: who,
when and how? Trends Cell Biol. 18:560-574. https://doi.org/10.1016/j
.tcb.2008.08.007

Sabeh, F., R. Shimizu-Hirota, and S.J. Weiss. 2009. Protease-dependent ver-
sus -independent cancer cell invasion programs: three-dimensional
amoeboid movement revisited. J. Cell Biol. 185:11-19. https://doi.org/10
.1083/jcb.200807195

Saini, P., and S.A. Courtneidge. 2018. Tks adaptor proteins at a glance. J. Cell
Sci. 131. jes203661. https://doi.org/10.1242/jcs.203661

Sakurai-Yageta, M., C. Recchi, G. Le Dez, ].B. Sibarita, L. Daviet, J. Camonis, C.
D’Souza-Schorey, and P. Chavrier. 2008. The interaction of IQGAPI1
with the exocyst complex is required for tumor cell invasion down-
stream of Cdc42 and RhoA. J. Cell Biol. 181:985-998. https://doi.org/10
.1083/jcb.200709076

Schindelin, J., I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T.
Pietzsch, S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid, et al. 2012. Fiji:
an open-source platform for biological-image analysis. Nat. Methods. 9:
676-682. https://doi.org/10.1038/nmeth.2019

Seals, D.F., E.F. Azucena, Jr., L. Pass, L. Tesfay, R. Gordon, M. Woodrow, J.H.
Resau, and S.A. Courtneidge. 2005. The adaptor protein Tks5/Fish is
required for podosome formation and function, and for the protease-
driven invasion of cancer cells. Cancer Cell. 7:155-165. https://doi.org/10
.1016/j.ccr.2005.01.006

Sharma, V.P., R. Eddy, D. Entenberg, M. Kai, F.B. Gertler, and ]J. Condeelis.
2013. Tks5 and SHIP2 regulate invadopodium maturation, but not ini-
tiation, in breast carcinoma cells. Curr. Biol. 23:2079-2089. https://doi
.0rg/10.1016/j.cub.2013.08.044

Stylli, S.S., T.T. Stacey, A.M. Verhagen, S.S. Xu, I. Pass, S.A. Courtneidge, and
P. Lock. 2009. Nck adaptor proteins link Tks5 to invadopodia actin
regulation and ECM degradation. J. Cell Sci. 122:2727-2740. https://doi
.org/10.1242./jcs.046680

Suetsugu, S., and A. Gautreau. 2012. Synergistic BAR-NPF interactions in
actin-driven membrane remodeling. Trends Cell Biol. 22:141-150.
https://doi.org/10.1016/j.tcb.2012.01.001

Tanaka, M., R. Gupta, and B.J. Mayer. 1995. Differential inhibition of signaling
pathways by dominant-negative SH2/SH3 adapter proteins. Mol. Cell.
Biol. 15:6829-6837. https://doi.org/10.1128/MCB.15.12.6829

Thuault, S., C. Mamelonet, J. Salameh, K. Ostacolo, B. Chanez, D. Salaun, E.
Baudelet, S. Audebert, L. Camoin, and A. Badache. 2020. A proximity-
labeling proteomic approach to investigate invadopodia molecular
landscape in breast cancer cells. Scientific Reports. 10:6786. https://doi
.org/10.1038/541598-020-63926-4

Valot, B., O. Langella, E. Nano, and M. Zivy. 2011. MassChroQ: a versatile tool
for mass spectrometry quantification. Proteomics. 11:3572-3577. https://
doi.org/10.1002/pmic.201100120

Varon, C., F. Tatin, V. Moreau, E. Van Obberghen-Schilling, S. Fernandez-
Sauze, E. Reuzeau, I. Kramer, and E. Génot. 2006. Transforming growth
factor beta induces rosettes of podosomes in primary aortic endothelial
cells. Mol. Cell. Biol. 26:3582-3594. https://doi.org/10.1128/MCB.26.9
.3582-3594.2006

Vizcaino, J.A., A. Csordas, N. del-Toro, J.A. Dianes, J. Griss, L. Lavidas, G.
Mayer, Y. Perez-Riverol, F. Reisinger, T. Ternent, et al. 2016. 2016
update of the PRIDE database and its related tools. Nucleic Acids Res.
44(D1):D447-D456. https://doi.org/10.1093/nar/gkv1145

Wolf, K., M.. Te Lindert, M. Krause, S. Alexander, ]. Te Riet, A.L. Willis, R.M.
Hoffman, C.G. Figdor, S.J. Weiss, and P. Friedl. 2013. Physical limits of
cell migration: control by ECM space and nuclear deformation and

Journal of Cell Biology
https://doi.org/10.1083/jcb.201910132

620z Jequiada( 90 U0 3sanb Aq 4pd-zeL0L610Z aol/SLE9191/Z€ L0161 0Z8/6/61Z/pd-8lomie/qol/Bio ssaidni//:dny woy pepeojumoq

17 of 18


https://doi.org/10.1371/journal.pone.0023653
https://doi.org/10.1371/journal.pone.0023653
https://doi.org/10.1016/j.celrep.2014.07.050
https://doi.org/10.1016/j.celrep.2014.07.050
https://doi.org/10.1101/gad.222745.113
https://doi.org/10.1101/gad.222745.113
https://doi.org/10.1146/annurev-cellbio-092910-154216
https://doi.org/10.1146/annurev-cellbio-092910-154216
https://doi.org/10.1038/onc.2015.87
https://doi.org/10.1038/onc.2015.87
https://doi.org/10.1074/jbc.M211407200
https://doi.org/10.1074/jbc.M211407200
https://doi.org/10.1158/0008-5472.CAN-10-1432
https://doi.org/10.1158/0008-5472.CAN-10-1432
https://doi.org/10.1016/j.devcel.2010.06.013
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.1002/bies.201500077
https://doi.org/10.1002/bies.201500077
https://doi.org/10.1091/mbc.E19-04-0207
https://doi.org/10.1091/mbc.E19-04-0207
https://doi.org/10.1083/jcb.201306162
https://doi.org/10.1083/jcb.201306162
https://doi.org/10.1038/nrm3141
https://doi.org/10.1083/jcb.200801042
https://doi.org/10.1083/jcb.200801042
https://doi.org/10.1083/jcb.200812176
https://doi.org/10.1016/j.bpj.2010.12.3733
https://doi.org/10.1016/j.bpj.2010.12.3733
https://doi.org/10.1016/0092-8674(94)90552-5
https://doi.org/10.1152/physiolgenomics.00101.2015
https://doi.org/10.1152/physiolgenomics.00101.2015
https://doi.org/10.1158/0008-5472.CAN-10-4376
https://doi.org/10.1158/0008-5472.CAN-09-4149
https://doi.org/10.1158/0008-5472.CAN-09-4149
https://doi.org/10.1002/pmic.200600784
https://doi.org/10.1002/pmic.200600784
https://doi.org/10.1128/MCB.21.4.1416-1428.2001
https://doi.org/10.1016/j.tcb.2008.08.007
https://doi.org/10.1016/j.tcb.2008.08.007
https://doi.org/10.1083/jcb.200807195
https://doi.org/10.1083/jcb.200807195
https://doi.org/10.1242/jcs.203661
https://doi.org/10.1083/jcb.200709076
https://doi.org/10.1083/jcb.200709076
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.ccr.2005.01.006
https://doi.org/10.1016/j.ccr.2005.01.006
https://doi.org/10.1016/j.cub.2013.08.044
https://doi.org/10.1016/j.cub.2013.08.044
https://doi.org/10.1242/jcs.046680
https://doi.org/10.1242/jcs.046680
https://doi.org/10.1016/j.tcb.2012.01.001
https://doi.org/10.1128/MCB.15.12.6829
https://doi.org/10.1038/s41598-020-63926-4
https://doi.org/10.1038/s41598-020-63926-4
https://doi.org/10.1002/pmic.201100120
https://doi.org/10.1002/pmic.201100120
https://doi.org/10.1128/MCB.26.9.3582-3594.2006
https://doi.org/10.1128/MCB.26.9.3582-3594.2006
https://doi.org/10.1093/nar/gkv1145
https://doi.org/10.1083/jcb.201910132

tuning by proteolysis and traction force. J. Cell Biol. 201:1069-1084.
https://doi.org/10.1083/jcb.201210152

Wolf, K., Y.I. Wu, Y. Liu, J. Geiger, E. Tam, C. Overall, M.S. Stack, and P.
Friedl. 2007. Multi-step pericellular proteolysis controls the transition
from individual to collective cancer cell invasion. Nat. Cell Biol. 9:
893-904. https://doi.org/10.1038/ncb1616

Xiong, D., S. Xiao, S. Guo, Q. Lin, F. Nakatsu, and M. Wu. 2016. Frequency and
amplitude control of cortical oscillations by phosphoinositide waves.
Nat. Chem. Biol. 12:159-166. https://doi.org/10.1038/nchembio.2000

Yamaguchi, H., M. Lorenz, S. Kempiak, C. Sarmiento, S. Coniglio, M. Symons,
J. Segall, R. Eddy, H. Miki, T. Takenawa, et al. 2005. Molecular mech-
anisms of invadopodium formation: the role of the N-WASP-Arp2/3
complex pathway and cofilin. J. Cell Biol. 168:441-452. https://doi.org/10
.1083/jcb.200407076

Zagryazhskaya-Masson et al.
TKSS5 and FGD1 control collagenolytic invadopodia

« [
5.

Yamamoto, H., M. Sutoh, S. Hatakeyama, Y. Hashimoto, T. Yoneyama, T.
Koie, H. Saitoh, K. Yamaya, T. Funyu, T. Nakamura, et al. 2011. Re-
quirement for FBP17 in invadopodia formation by invasive bladder
tumor cells. J. Urol. 185:1930-1938. https://doi.org/10.1016/j.juro.2010
12.027

Yu, X., T. Zech, L. McDonald, E.G. Gonzalez, A. Li, I. Macpherson, J.P.
Schwarz, H. Spence, K. Futé, P. Timpson, et al. 2012. N-WASP coor-
dinates the delivery and F-actin-mediated capture of MT1-MMP at in-
vasive pseudopods. J. Cell Biol. 199:527-544. https://doi.org/10.1083/jch
.201203025

Zheng, Y., D.J. Fischer, MLF. Santos, G. Tigyi, N.G. Pasteris, ].L. Gorski, and Y.
Xu. 1996. The faciogenital dysplasia gene product FGD1 functions as a
Cdc42Hs-specific guanine-nucleotide exchange factor. J. Biol. Chem. 271:
33169-33172. https://doi.org/10.1074/jbc.271.52.33169

Journal of Cell Biology
https://doi.org/10.1083/jcb.201910132

620z Jequiada( 90 U0 3sanb Aq 4pd-zeL0L610Z aol/SLE9191/Z€ L0161 0Z8/6/61Z/pd-8lomie/qol/Bio ssaidni//:dny woy pepeojumoq

18 of 18


https://doi.org/10.1083/jcb.201210152
https://doi.org/10.1038/ncb1616
https://doi.org/10.1038/nchembio.2000
https://doi.org/10.1083/jcb.200407076
https://doi.org/10.1083/jcb.200407076
https://doi.org/10.1016/j.juro.2010.12.027
https://doi.org/10.1016/j.juro.2010.12.027
https://doi.org/10.1083/jcb.201203025
https://doi.org/10.1083/jcb.201203025
https://doi.org/10.1074/jbc.271.52.33169
https://doi.org/10.1083/jcb.201910132

« [
5.

Supplemental material

A B

F-actin/TKS5/Col1/DAPI TKS5¢F°/Col1-*“C/Col1/DAPI

TKS5/Col1

F-actin/TKS5/Col1/DAPI

a siTK/S5 F-actin

s 1001 c
3 S
o ©
e — g
ob ®
T = =
s 'n 50 =
> =
£ o & o=
+ X * S
0 < S
g7 o¥M o
>
N

Figure S1.  TKSS5 is required for invadopodia formation and function. (A) MDA-MB-231 cells were cultured on a fibrillary layer of type | collagen (gray) for
60 min and stained for TKS5 (red), F-actin (green), and DAP!I (blue). (B) MDA-MB-231 cells expressing TKS56FP (green) were cultured on a collagen layer (gray)
for 60 min. Cleaved collagen was stained with the Col1-*/*C antibody (red). Cell nuclei were stained with DAPI (blue). Scale bar, 10 pm; zoom-in of boxed
region, 5 um. (C) Cells depleted for TKS5 were analyzed as in A. (D) Quantification of TKS5-positive invadopodia in siRNA-treated MDA-MB-231 cells. The y axis
is the ratio of the TKS5 area to the total cell area normalized to the mean value of control siNT-treated cells (as percentage + SEM). siNT, n = 73 cells; siTKS5,
n = 66 cells from three independent experiments. Data were analyzed using t test. (E) Pericellular collagenolysis by the indicated MDA-MB-231 cell populations
measured as mean intensity of Col1-3/4C signal per cell + SEM. Values for control cells were set to 100%. siNT, n = 61 cells; sSIMT1-MMP, n = 63 cells; and siTKS5,
n = 42 cells from three independent experiments. Kruskal-Wallis test. ****, P < 0.0001.
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Figure S2. Analysis of protein expression in siRNA-treated cells. (A-G) MDA-MB-231 or Hs578T human breast cancer cells were treated with the indicated
siRNAs for 72 h and analyzed by immunoblotting analysis with the indicated antibodies. Equal loading was controlled using GAPDH antibody. Molecular weights

are in kD.
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Figure S3. Pericellular collagen degradation requires the components of the TKS5/FGD1/CDC42 axis. (A) MDA-MB-231 cells treated with FGD1 siRNA
were cultured on a fibrillary layer of type | collagen (gray) and stained for TKS5 (green) and cortactin (red). (B) Cells as in B stained for cortactin (red). Cleaved
collagen was stained with the Coll-¥4C antibody (red). Cell nuclei were stained with DAPI (blue). Scale bars, 10 pm. (C and D) Representative images of
pericellular collagenolysis detected with Col1-3C antibody (black signal in the inverted images). Nuclei were stained with DAPI (pseudo-colored in red). Scale

bar, 50 pm.
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Figure S4. The fifth SH3 domain of TKS5 is required for binding to FGD1. Lysates of MDA-MB-231 cells expressing the indicated GFP-tagged constructs
were immunoprecipitated with anti-GFP nanobody. Bound proteins were analyzed with FGD1 antibodies (IP). 1% of total lysate was loaded as a control (input).
The binding capacity of the different TKS5 constructs to FGD1 is indicated in percentage of wild-type TKS5.
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Figure S5. TKS4 does not interact with FGD1. (A) Lysates of MDA-MB-231 cells expressing TKS4SFP, TKS56FP, or GFP (Ctrl) were immunoprecipitated with
GFP antibodies. Bound proteins were analyzed with TKS4, TKS5, GFP, and FGD1 antibodies (GFP-Trap). Note that TKS4%F? and TKS56FP signals correspond to a
longer exposure than that of the GFP signal. In addition, in the immunoprecipitated materials (GFP-Trap), two different exposure times are shown for the FGD1
signal, indicating that there is no detectable binding of FGD1 to TKS4%"P. 5% of total lysates was loaded as a control (input). Equal loading was controlled using
GAPDH antibody. Molecular weights are in kD. (B) MDA-MB-231 or Hs578T cells were embedded in 3D type | collagen gel (magenta) for 16 h and then stained
for cytoskeletal F-actin (green). Pericellular collagenolysis was detected with the Col1-**C antibody (red). Nuclei were stained with DAPI (blue). Scale bar, 50 pm.

Video 1. TKS5 and FGD1 colocalize in dynamic collagen-remodeling invadopodia. Left panel: MDA-MB-231 cells expressing FGD1"P (green) and
TKS5MChery (red) were plated on top of a thin type | collagen layer (gray). A time-lapse sequence was started after 45 min by confocal spinning-disk mi-
croscopy. Images were taken every min during 45 min. The right panel shows the active remodeling of the collagen fibers by the TKS5 FGD1 double-positive cell
that can be compared with collagen remodeling by two nontransfected cells visible on the upper and lower right corners. Frame rate of the video is 6 frames/s.

Three tables are provided online. Table S1 lists proteins corresponding to the peptides quantified by LC-MSMS in GFP-Trap
immunoprecipitates from TKS5GFP-expressing MDA-MB-231 cells versus wild-type MDA-MB-231 cells. Table S2 lists antibodies
used in this study. Table S3 lists siRNAs and plasmids used in this study.
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