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Cross-talk between the calcium channel TRPV4 and
reactive oxygen species interlocks adhesive and
degradative functions of invadosomes
Sanela Vellino1, Christiane Oddou1*, Paul Rivier1*, Cyril Boyault1, Edwige Hiriart-Bryant1, Alexandra Kraut2, René Martin3, Yohann Coute2,
Hans-Joachim Knölker3, Miguel A. Valverde4, Corinne Albigès-Rizo1**, and Olivier Destaing1**

Invadosomes support cell invasion by coupling both acto-adhesive and extracellular matrix degradative functions, which are
apparently antagonistic. β1-integrin dynamics regulate this coupling, but the actual sensing mechanism and effectors involved
have not yet been elucidated. Using genetic and reverse genetic approaches combined with biochemical and imaging
techniques, we now show that the calcium channel TRPV4 colocalizes with β1-integrins at the invadosome periphery and
regulates its activation and the coupling of acto-adhesive and degradative functions. TRPV4-mediated regulation of podosome
function depends on its ability to sense reactive oxygen species (ROS) in invadosomes’ microenvironment and involves
activation of the ROS/calcium-sensitive kinase Ask1 and binding of the motor MYO1C. Furthermore, disease-associated TRPV4
gain-of-function mutations that modulate ECM degradation are also implicated in the ROS response, which provides new
perspectives in our understanding of the pathophysiology of TRPV4 channelopathies.

Introduction
Numerous cell invasion processes rely on the ability to digest
the basal membrane, which is supported by invadosomes. In-
vadosomes are acto-adhesive structures composed of an F-actin
core surrounded by a ring of integrins and adhesion molecules
that promote normal protrusions to the ECM (Labernadie et al.,
2014). This acto-adhesive activity is dynamically coupled to the
ability of the invadosome to locally digest the ECM. We refer to
this coupling by the abbreviation ADC (acto-adhesion and deg-
radation coupling). ECM degradation is sustained by the local
exocytosis of activated MT1-MMP at the plasma membrane
(Sakurai-Yageta et al., 2008; Branch et al., 2012). However, the
physical or biochemical cues regulating ADC are poorly under-
stood. Some studies have highlighted a few molecular mecha-
nisms regulating this coupling, such as the phosphorylation of
Tks4, the functional equilibrium between paxillin family
members, the localized activation of Rac3 recruited by Ca2+-
dependent calcium and integrin-binding protein 1 (CIB1), and
the dynamics of activation of the tyrosine kinase SRC and β1-
integrins (Buschman et al., 2009; Destaing et al., 2010; Kelley

et al., 2010; Petropoulos et al., 2016; Donnelly et al., 2017). For
these adhesive proteins, ADC is better supported by oscillation
between active/inactive states than when these proteins are
simply maintained in active conformations. However, the
sensing mechanism linking all these molecular machineries is
still unknown. Perturbation of Ca2+ signaling could fine-tune
functional coupling in invadosomes. Indeed, the nonspecific
perturbation of Ca2+ entry decreases invadosome formation
(Siddiqui et al., 2012; Nagasawa and Kojima, 2012). Moreover,
pharmacological inhibition of store-operated calcium entry
reduces invadosome formation and seems to also reduce the
degradative activity of invadosomes (Sun et al., 2014). These
observations led us to consider the functions of other Ca2+-
specific channels in the sensing and regulation of ADC.

In addition, to confirm the importance of Ca2+ in invadosome
functions, elucidating which of the numerous structurally dif-
ferent Ca2+ ion channels are implicated in different adhesion
responses remains challenging. Indeed, the roles of specific Ca2+

channels associated with invadosomes and their downstream

.............................................................................................................................................................................
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signaling pathways in multiple integrin-based adhesion pro-
cesses are currently poorly understood. To date, only the cati-
onic channels transient receptor potential melastatin subfamily
member 7 (TRPM7; Clark et al., 2006), TRPV2 (Nagasawa and
Kojima, 2012), and Piezo2 (Pardo-Pastor et al., 2018) have been
implicated in the regulation of invadosomes or invasion. β1-
integrins are key regulators of invasion, as they are essential
for the formation and activation of different models of in-
vadosomes (Destaing et al., 2010; Poincloux et al., 2011; Beaty
et al., 2013), and the specific relationship of β1-integrins with
calcium channel TRPV4 led us to investigate its function in in-
vadosomes. Indeed, TRPV4 is localized at the plasma membrane,
sensitive to mechanical modulation, and ultra-rapidly gated
following β1-integrin activation (Matthews et al., 2010). Modu-
lation of TRPV4 ion permeation by physiological stimuli is suf-
ficient to regulate focal adhesion size and cell force production at
the rear edge of migrating cells (Mrkonjić et al., 2015). More-
over, the invadosome-derived sealing zone should be partially
controlled by TRPV4 since the bone digestive activity of
TRPV4−/− osteoclasts is highly decreased (Masuyama et al.,
2012).

The observed importance of mechano/osmosensitive ion
channels (transient receptor potential melastatin subfamily
member 7, Piezo2, and TRPV4) in adhesion structures raises a
question about the nature of the stimuli they sense and the
specificity of their downstream Ca2+-dependent signaling path-
ways in the regulation of these dynamic structures. TRPV4 is
broadly expressed, polymodally gated, and sensitive to osmotic,
mechanical, thermal, and chemical cues (Moore and Liedtke,
2017). Interestingly, some TRPVs (e.g., TRPV1 and TRPV4) are
also sensitive to reactive oxygen species (ROS) production and
signaling (Kishimoto et al., 2011; Kozai et al., 2014; Hong et al.,
2016). The discovery of 70 mutations within the TRPV4 channel
leading to severe skeletal and neuromuscular diseases calls for
improved understanding of new aspects of its biology (White
et al., 2016).

Based on the functional link between β1-integrin and TRPV4,
we investigated TRPV4-specific functions involved in the cou-
pling of ADC activities in invadosomes. In addition to the specific
accumulation of β1-integrin and TRPV4 at the outer rim of in-
vadosomes, the specific role of TRPV4 in ADC through its ability
to assemble specific biochemical complexes controlled by lo-
calized Ca2+ entry was shown through combined genetic and
reverse genetic approaches. TRPV4 mutants implicated in hu-
man diseases showed impaired ADC in invadosomes. Identifi-
cation of TRPV4-binding partners revealed the substantial
involvement of ROS-sensitive proteins such as ASK1 kinase.
These results led us to investigate ROS sensing and signaling in
ADC. By combining Ca2+ and ROS live imaging, we report that
ROS participates in ADC through the modulation of TRPV4 ac-
tivity. This ROS-dependent regulatory activity of TRPV4 is bi-
directional, since it is supported by either extracellular or
intracellular stretches of cysteines. This work provides new
molecular evidence to describe how ADC is regulated through
synergic ROS and Ca2+ signaling and opens a new direction in
the field of invadosomes and clinical approaches to TRPV4
channelopathies.

Results
TRPV4 at the invadosome periphery sustains normal ADC
To test the functional role of TRPV4 in invadosomes, we first
determined TRPV4 localization at the invadosome ring. tagRFP
(TgRFP)-TRPV4WT and LifeAct-GFP were coexpressed in mouse
embryonic fibroblasts (MEF) cells stably expressing the consti-
tutively active Src mutant SrcY527F (mouse embryonic fibro-
blast rc Y527F, MYF cells), leading to the formation of functional
invadosomes (Destaing et al., 2010; Boateng and Huttenlocher,
2012; Petropoulos et al., 2016). TgRFP-TRPV4WT was localized at
the periphery of the invadosome ring (Fig. 1 a), reminiscent of
β1A-integrin localization in the invadosome, where other ad-
hesive proteins such as paxillin-GFP and talin-GFP accumulated
(Fig. S1, a and b). This localization was highly specific to TRPV4
and was not observed for other members of the TRP superfamily
(its closest homologues TRPV1, TRPV2, TRPA1, TRPM5, and
TRPM8; Fig. 1 a and Fig. S1 c). Live imaging of TgRFP-TRPV4WT

and the F-actin marker LifeAct-GFP revealed a significant as-
sociation between an increase in TRPV4 and the disorganization
of the invadosome ring (Fig. 1 b and Fig. S1 d).

To confirm the role of TRPV4 in invadosome disorganization,
we investigated how the loss of endogenous TRPV4 affects in-
vadosome functions. TRPV4 silencing in MYF cells increased the
number, thickness, and average ring diameter of invadosome
rings (Fig. 1 c) and at the same time decreased F-actin intensity
(Fig. S1 e). To confirm these data, invadosomes were analyzed in
MYF-TRPV4−/− cells that did or did not stably reexpress tgRFP-
TRPV4WT. Consistent with the results of the TRPV4 silencing
experiment, the rescued expression of tgRFP-TRPV4WT in MYF-
TRPV4−/− cells significantly reduced the number, thickness, and
average ring diameter of invadosomes (Fig. 1 d). siRNA experi-
ments in MYF-TRPV4−/− cells did not affect invadosome for-
mation and confirmed the specificity of our silencing approach
(Fig. S1, f and g).

The TRPV4-dependent modulation of invadosome thickness
and ring diameter suggested possible changes in invadosome
dynamics. Indeed, these structures have a lifespan of 2–20 min
that can organize into round metastructures called rings
through the coordinated assembly of new invadosome units at
the outer rim and the disassembly of older invadosome units at
the inner rim (Destaing et al., 2003). The rescued expression
of tgRFP-TRPV4WT in MYF-TRPV4−/− cells increased the in-
vadosome ring life span and thus slowed the displacement of
invadosome rings, as measured by live imaging (Fig. S2 a). In-
deed, the average invadosome ring life span in MYF-TRPV4−/−

mice did not exceed 15 min, while the reexpression of tgRFP-
TRPV4WT stabilized invadosome rings for >60 min (Fig. S2 a).
Additionally, the overexpression of GFP-TRPV4WT in MYF cells
stabilized invadosome rings and increased their degradative
activity (Fig. S2, b and c). Genetic and reverse genetic data
clearly confirmed the importance of TRPV4 in regulating in-
vadosome dynamics by regulating invadosome disassembly and
stability.

Since TRPV4 clearly plays a role in the regulation of in-
vadosome size and dynamics, we aimed to investigate whether
TRPV4 also affects MT1-MMP–dependent ECM degradation. In
addition, to induce the formation of large invadosomes, TRPV4
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Figure 1. TRPV4 is an essential regulator of ADC in invadosomes. (a) Representative images of YFP-TRPV4 specifically accumulated at the periphery of
invadosomes with its closest family member, TRPV1-RFP, in MYF cells expressing an invadosome marker (LifeAct fused to RFP or GFP). Analysis of the
fluorescence intensity profile over the white lines indicating the invadosome thickness confirmed the specific accumulation of TRPV4 at the invadosome
periphery. (b) Representative images extracted from a time series of MYF cells expressing LifeAct-RFP and YFP-TRPV4. The red arrowhead indicates YFP-
TRPV4 accumulation that preceded invadosome disorganization (white arrowhead). The dynamics of 16 invadosomes were followed in order to determine that
their disorganization was more correlated with an increase in TgRFP-TRPV4WT at the invadosome periphery (75%, 12/16) than with no apparent change (25%,
4/16). (c) Representative images of MYF cells stably expressing LifeAct-GFP treated with control or TRPV4 siRNA (zoom on single invadosome ring in white
boxes). TRPV4 silencing induced a significant increase in the number of invadosome rings per cell (SEM; n = 3; >100 cells per condition; unpaired t test) and
thickness (SE; n = 3; >40 rings per condition; unpaired t test). (d) Representative images of MYF-TRPV4−/− cells stably expressing LifeAct-GFP with or without
TgRFP-TRPV4WT (zoom on single invadosome ring in white boxes). Exogenous TgRFP-TRPV4WT specifically decreased the formation of invadosome rings (SEM;
n = 3; >100 cells per condition; unpaired t test) and their thickness (SEM; n = 3; >40 rings per condition; unpaired t test) in MYF-TRPV4−/− cells. (e) Rep-
resentative images of MYF cells treated with control or TRPV4 siRNA spread on digestible gelatin tagged with Alexa Fluor 647. Invadosomes were observed
through phalloidin–Alexa Fluor 488 staining. Quantification of the average degradation area per cell confirmed that TRPV4 silencing induced a specific decrease
in invadosome-mediated gelatin degradation (SEM; n = 3; >70 cells per condition; unpaired t test), which was associated with a decrease in MMP14 surface
expression of treated MYF cells (SEM; n = 3; >30 cells per condition; unpaired t test). (f) Representative images of MYF-TRPV4−/− cells that express or not

Vellino et al. Journal of Cell Biology 3 of 19

TRPV4 in cell invasion https://doi.org/10.1083/jcb.201910079

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/220/2/e201910079/1407816/jcb_201910079.pdf by Biblioteca D

e La U
niversitat Pom

peu Fabra user on 17 M
arch 2022

https://doi.org/10.1083/jcb.201910079


silencing in MYF cells clearly reduced their efficiency in di-
gesting fluorescently labeled ECM (Fig. 1 e). This effect was
supported by a decrease in the surface expression of endogenous
MT1-MMP following TRPV4 silencing (Fig. 1 e, right). Moreover,
reexpression of tgRFP-TRPV4WT drastically increased both the
efficiency of ECM degradation by invadosomes and the surface
expression of MT1-MMP in MYF-TRPV4−/− invadosomes, con-
firming TRPV4 function in the coupling of acto-adhesion and
ECM degradation activities (Fig. 1 f). Silencing of TRPV4 in the
mouse macrophage cell line RAW264.7 induced an increase in
cells forming a high number of podosomes and a general de-
crease in their degradative activity (Fig. S3). Thus, the function
of TRPV4 in regulating ADC appears to be general rather than
limited to the MYF cell model.

By positively regulating ECM degradation and negatively
regulating acto-adhesion, the plasma membrane Ca2+ channel
TRPV4 is a new and important regulator of ADC.

TRPV4 regulates the acto-adhesive functions of invadosomes
by modulating β1-integrin activation
The dynamic modulation of β1-integrin activity is essential for
invadosome-induced ECM digestion (Destaing et al., 2010). Since
TRPV4 can regulate invadosome size, dynamics, and ADC, we in-
vestigated whether TRPV4 regulates the activation of β1-integrin
since both colocalize at the periphery of the invadosome (Fig. 2 a).
Thus, the correlation between transient TRPV4 activation and level
of active β1-integrin at the plasma membrane was investigated.
TRPV4 activation after 15min of treatmentwith the specific TRPV4
activator GSK1016790A (100 nM) led to a significant decrease in
the surface expression of β1-integrin in its active conformation
(revealed by 9EG7 antibody) without affecting the total amount of
β1-integrin at the cell surface (revealed by MB1-2 antibody stain-
ing; Fig. 2 b). Considering that active TRPV4 is correlated with
decreased β1-integrin activation, we hypothesized that the loss of
TRPV4was associatedwith the activation of β1-integrin. Consistent
with the results of TRPV4 activation experiments, TRPV4 silencing
resulted in a significant increase in the level of active β1-integrin at
the cell surface (Fig. 2 c).

Therefore, activation of TRPV4 can regulate β1-integrin ac-
tivation, which is essential for invadosome functions. This led us
to determine the molecular mechanism by which TRPV4 regu-
lates ADC and invadosomes.

Intact and functional TRPV4 is required for proper invadosome
assembly and ADC
Not only is TRPV4 a simple Ca2+-selective pore controlling the
local entry of Ca2+, but it also is characterized by the presence of
numerous intracellular interaction domains, such as the proline-
rich domain (PRD; Garcia-Elias et al., 2008), a domain that in-
teracts with PI(4,5)P2 (PH-like domain; Garcia-Elias et al., 2013),
ankyrin domains, and a calmodulin-binding domain (Garcia-

Elias et al., 2008) proximal to a gain-of-function E797K muta-
tion that induces a human TRPV4–dependent channelopathy
(Loukin et al., 2015). A reverse genetic approach was used to
restore the stable expression of four characterized TRPV4 mu-
tants, and the importance of Ca2+ release and the adaptor
functions of these channels in invadosomes were tested sepa-
rately (Fig. 3 a). To test the importance of Ca2+ entry downstream
of TRPV4 in invadosomes, the pore mutant tgRFP-TRPV4M680D

(loss of Ca2+ permeation) and the gain-of-functionmutant tgRFP-
TRPV4E797K (constitutive Ca2+ permeation) were expressed in
MYF-TRPV4−/− cells. All mutants tagged with tgRFP were stably
expressed in MYF-TRPV4−/− cells that were subsequently sorted
by FACS in order to have the same tgRFP fluorescence intensity
as that observed in the MYF-TRPV4−/−+tgRFP-TRPV4WT cells.
MYF-TRPV4−/−+tgRFP-TRPV4M680D cells formed the same num-
ber of invadosome rings as MYF-TRPV4−/−+tgRFP-TRPV4WT cells,
but their digestion of the ECM was inefficient (Fig. 3, b–d). The
inability of TRPV4 to permeate Ca2+ therefore strongly perturbs
efficient ECM degradation. Interestingly, expression of the gain-
of-function mutant tgRFP-TRPV4E797K did not rescue either acto-
adhesion or ECM degradation functions of MYF-TRPV4−/− cells
(Fig. 3, b–d). These results highlight the need for regulated and
optimal Ca2+ entry through TRPV4 to establish efficient ADC.

However, the difference in phenotypes between MYF-
TRPV4−/−+TagRFP-TRPV4M680D and MYF-TRPV4−/− cells suggests
additional regulatory activity of this channel on invadosome
functions beyond simple Ca2+ modulation. Therefore, we hy-
pothesized that TRPV4 acts as a protein adaptor through a specific
protein domain. We focused our investigations on the PI(4,5)P2-
binding domain and PRD of TRPV4. The PRD of TRPV4 is espe-
cially interesting since it is not present within other members of
the TRP vanilloid family (Hellmich and Gaudet, 2014; Huynh et al.,
2014). Interestingly, expression of tgRFP-TRPV4121AAWAA, a mu-
tant in which PI(4,5)P2 binding is abolished (Garcia-Elias et al.,
2013), dysregulated ADC since tgRFP-TRPV4121AAWAA expression
increased the formation of invadosomes without increasing ECM
degradation in MYF-TRPV4−/− cells (Fig. 3, b–d). In contrast, the
expression of tgRFP-TRPV4ΔPRD rescued invadosome formation
but did not improve ECM degradation in MYF-TRPV4−/− cells
(Fig. 3, b–d). Thus, the PRD seems more important for regulating
ECM degradation than the acto-adhesive activity of invadosomes.
The impact of each mutation of tgRFP-TRPV4WT on invadosome
number was also associated with changes in invadosome perim-
eter (Fig. S4 a). Interestingly, while tgRFP-TRPV4121AAWAA showed
the same localization at the periphery of the invadosome as tgRFP-
TRPV4WT, tgRFP-TRPV4ΔPRD was poorly localized at invadosome
rings, showing the essential role of the PRD in targeting of TRPV4
to invadosomes (Fig. S4 b). Contrary to all tested mutants, only
reexpression of tgRFP-TRPV4WT can both negatively regulate the
surface expression of active β1-integrin in MYF-TRPV4−/− cells (re-
vealed by FACS analysis of large cell populations; Fig. S4 c) and

tgRFP-TRPV4WT spread on digestable gelatin taggedwith Alexa Fluor 647. Invadosomeswere observed through phalloidin–Alexa Fluor 488 staining. Quantification
of the average degradation area per cell confirmed that TgRFP-TRPV4WT expression induced a specific increase in invadosome-induced gelatin degradation (SEM;
n = 3; >70 cells per condition; unpaired t test), which was associated with an increase in MMP14 surface expression in treated MYF cells (SEM; n = 3; >30 cells per
condition; unpaired t test). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. Scale bars: 5 µm (a and b), 15 µm (c and d), and 10 µm (e and f).
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decrease rapid spreading on the β1-integrin–associated substrate fi-
bronectin (Fig. S4 d). Thus, these rescued experiments confirm that
both adaptor and calcium-pore functions of TRPV4have complex and
important roles in the dynamic regulation of β1-integrin activation.

A structure–function study highlighted the necessity of cou-
pling Ca2+ permeation and PI(4,5)P2- or PRD-associated protein
complex formation to support full TRPV4 activity in efficiently
regulating invadosomes.

Identification of specific interactors of TRPV4 in invadosomes
reveals new ADC regulatory pathways downstream of TRPV4
The importance of the coupling between Ca2+ permeation and
TRPV4 adaptor functions led us to characterize protein com-
plexes associated with TRPV4 in the specific environment of the

invadosome. Rescued expression of tgRFP-TRPV4WT and tgRFP-
TRPV4 mutants in MYF-TRPV4−/− cells was used for coimmu-
noprecipitation (coIP) of both tgRFP-TRPV4 and their associated
proteins (Fig. 4 a). Since Ca2+ permeation can affect binding of
TRPV4 partners, we decided to pool label-free semi-quantitative
mass spectrometry analyses of the coIP of tgRFP-TRPV4WT with
the nonpermissive tgRFP-TRPV4M680D mutant and the consti-
tutively active tgRFP-TRPV4E797K mutant (Data S1). Several
known TRPV4 interactors, such as CTPS1, SRC, DDX1, and AUF1,
were sorted out, validating our approach. Several sorted pro-
teins were found to be involved in vesicular trafficking (e.g.,
SEC13 and MYO1C) and stress granule formation (DDX1); in-
terestingly, most of the proteins (>70%) were involved in redox
signaling as they were ROS-related or ROS-sensitive proteins

Figure 2. TRPV4 is accumulated with β1-integrin and regulates its activation in invadosomes. (a) Representative TIRF images of MYF-TRPV4−/− cells
stably expressing TgRFP-TRPV4WT stained for active β1-integrin (9EG7–Alexa Fluor 488) and F-actin (phalloidin–Alexa Fluor 647). (b) Representative images of
MYF cells treated with DMSO or the specific TRPV4 activator GSK1016790A (100 nM) for 15min, then stained for either active β1-integrin (Ab 9EG7) or total β1-
integrins (Ab MB1-2) and F-actin (phalloidin–Alexa Fluor 543). Quantification of the average intensity of surface expression per cell confirmed that TRPV4
activation specifically decreased the activation of β1-integrins (SEM; n = 3; >40 cells per condition; unpaired t test). (c) Representative images of MYF cells
treated with control or TRPV4 siRNA stained for active β1-integrin (9EG7–Alexa Fluor 488) and F-actin (phalloidin–Alexa Fluor 543). Quantification of the
average intensity of surface expression per cell confirmed that TRPV4 silencing specifically increased active β1-integrin staining (SEM; n = 3; >40 cells per
condition; unpaired t test). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. Scale bars: 7 µm (a) and 15 µm (b and c).
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(such as the mitogen-activated kinases ASK1 and ASK2; Fig. 4 a).
As expected, our approach also revealed several Ca2+-related
proteins (such as unconventional MYO1C and ASK1). To confirm
the validity of our coIP approach, Flag-ASK1 and tgRFP-

TRPV4WT constructs were cotransfected into HEK293 cells that
were subjected to immunoprecipitation assays. Both proteins
were coimmunoprecipitated with an antibody against tgRFP,
confirming the interaction between TRPV4 and ASK1 (Fig. 4 b).

Figure 3. Synergy between calcium permeation and adaptor activities of TRPV4 sustains ADC in invadosomes. (a) Schematic of TRPV4 organization in
the plasma membrane. The different mutations used are indicated, and the results of their investigation are detailed. (b) Representative images of MYF-
TRPV4−/− cells stably expressing TgRFP-TRPV4WT or the indicated TgRFP-TRPV4 mutant spread on digestible gelatin–Alexa Fluor 488. Invadosomes were
observed through phalloidin–Alexa Fluor 647 staining. (c) Quantification of the average number of invadosome rings per MYF-TRPV4−/− cell stably expressing
TgRFP-TRPV4WT or the indicated TgRFP-TRPV4 mutant (SEM; n = 3; >150 cells per condition; unpaired t test). (d) Quantification of the average degradation
area per cell in MYF-TRPV4−/− cells stably expressing TgRFP-TRPV4WT or the indicated TgRFP-TRPV4 mutant (SEM; n = 3; >150 cells per condition; unpaired
t test). The expression of only TgRFP-TRPV4WT induced the formation of efficient invadosomes able to digest ECM. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001;
****, P ≤ 0.0001. Scale bar: 15 µm (b). n.s., not significant.
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Figure 4. The TRPV4-binding partners ASK1 and MYO1C regulate ADC in invadosomes. (a) Silver staining analysis of TRPV4 partners copurified with
TgRFP-TRPV4WT expressed in MYF-TRPV4−/− cells using anti–TgRFP antibody (# corresponds to the TgRFP-TRPV4WT band). Direct protein–protein interaction
network was used to show that the majority of these potential TRPV4 partners were known to interact between each other in a public database. Proteins not
known to interact between each other in the database were left on the right side of the network and directly connected to TRPV4. GO and literature analysis
highlighted proteins exhibiting an association with ROS signaling (green), Ca2+ signaling (dark frame), or both (green and dark frame). (b) The specific coIP of
ASK1-Flag and TgRFP-TRPV4WT overexpressed in HEK293 cells shows the specific interaction between these two proteins, which confirmed the mass
spectrometry data. (c) Representative images of MYF cells stably expressing LifeAct-RFP transfected with the indicated potential TRPV4 partners identified by
mass spectrometry. As ASK1 binds tgRFP-TRPV4WT, only MYO1C-YFP accumulates at the invadosome periphery, in contrast with the control GFP-GIT1.
(d) Representative images of MYF cells treated with control or the indicated siRNAs and stained with phalloidin–Alexa Fluor 488 and DAPI. ASK1 silencing
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To confirm it, we coimmunoprecipitated ASK1 and tgRFP-
TRPV4WT (or the indicated mutant) and showed that tgRFP-
TRPV4ΔPRD, tgRFP-TRPV4E797K, and tgRFP-TRPV4121AWA were
still binding ASK1. Thus, the PRD domain of TRPV4 is not fully
mediating the interaction with ASK1 (Fig. S5 a).

To easily confirm the relevance of numerous other potential
TRPV4 partners at the invadosome, we determined the localiza-
tion of these TRPV4 partners in the invadosome ring and com-
pared the results with the characteristic localization of TRPV4 at
the invadosome periphery. ASK1 and unconventional MYO1C
were specifically localized at the invadosome periphery in contrast
to the control GFP-GIT1 (Fig. 4 c). Specific staining of endogenous
MYO1C confirmed its accumulation at the invadosome periphery
(Fig. S5 b) and confirmed that reexpression of each TRPV4mutant
used in MYF-TRPV4−/− cells did not drastically perturb this spe-
cific localization (Fig. S5 c). The specific localization of ASK1 and
MYO1C highlighted their possible functional link with TRPV4.

To test the functional relevance of ASK1 and MYO1C down-
stream of TRPV4, we investigated whether these proteins could
also regulate ADC as TRPV4, indicated by an increase in the
number of invadosomes that poorly degrade ECM. Invadosome
formation and ECM degradation were quantified following ASK1
and MYO1C silencing. The siRNA efficiency was confirmed by
quantitative PCR (qPCR; Fig. S5 d). Interestingly, ASK1 silencing
in MYF cells reduced ADC since it dramatically increased the
formation of invadosome rings (Fig. 4 d) and significantly de-
creased ECM degradation (Fig. 4 f), which mimicked the effects
of TRPV4 KO. In addition, overexpression of ASK1-WT kinase
and the kinase-dead ASK1R256C mutant confirmed the essential
role of ASK1 kinase activity in invadosome morphology (Fig. S5
e). Finally, the essential regulatory role of ASK1 on ADC seems
specific since the effects of ASK2 silencing were minor. Inter-
estingly, MYO1C silencing increased ADC since it decreased in-
vadosome formation and increased ECM degradation (Fig. 4, d
and f). To confirm the importance of the negative effect of
MYO1C on ADC, we used a pharmacological approach to specif-
ically inhibit MYO1C ATPase activity with pentachloropseudilin
(PCIP) at 100 µM (Martin et al., 2009; Chung et al., 2018). 14 h of
PCIP treatment induced a strong increase in the degradative
activity of MYF cells, which mimicked MYO1C silencing (Fig. 4 f
and Fig. S5 g). ADC induced by ASK1 or MYO1C silencing high-
lights the important dynamic range of potential ADC responses.

Considering that ASK1 silencing phenocopied TRPV4 loss of
function in invadosomes and that ASK1 requires Ca2+ to function,
we determined whether Ca2+ entry through TRPV4 regulates
ASK1 activation. To this end, both tgRFP-TRPV4 and Flag-ASK1

were expressed in HEK293 cells, which were treated with the
TRPV4 activator GSK1016790A, following monitoring of ASK1
phosphorylation (Thr845, ASK1 active state) by Western blot-
ting. 10 min of incubation with the TRPV4 activator was suffi-
cient to activate ASK1, as indicated by an increase in the phospho
(p)ASK1/ASK1 ratio (Fig. 4 e and Fig. S5 f). Since TRPV4 is able to
activate ASK1, we tested whether ASK1 is functionally downstream
of TRPV4. ASK1 silencing affected invadosome ring formation only
when tgRFP-TRPV4 was expressed in MYF-TRPV4−/− cells, indi-
cating that ASK1 is functionally downstream of TRPV4 (Fig. 4 g).
Interestingly, MYO1C silencing also affected invadosome ring for-
mation (Fig. 4 g) and its degradative activity (Fig. S5 h) only when
tgRFP-TRPV4 was expressed inMYF-TRPV4−/− cells. All these data
support the role of ASK1 and MYO1C as important downstream
elements of the TRPV4-dependent signaling pathway implicated in
the regulation of ADC in invadosomes.

The identification of TRPV4 partners in invadosome-forming
cells reveals a novel TRPV4–ASK1–MYO1C functional complex
that dynamically regulates the coupling of acto-adhesion and
ECM degradation in invadosomes.

TRPV4 senses ROS that are essential to regulate ADC
in invadosomes
The dynamic regulation of ADC raised the question of which
stimuli can modulate the functions of the TRPV4-associated
complex. Since we identified many ROS-sensitive proteins in
our analysis of the TRPV4-associated complex (Fig. 4 a), such as
ASK1 (a mitogen-activated protein kinase [MAPK] activated by
ROS; Hattori et al., 2009; Nishida et al., 2017), we decided to
revisit ROS functions in invadosome biology and ADC in par-
ticular. Indeed, ROS signaling was reported to be essential for
invadosome function since the general antioxidant N-acetyl
cysteine inhibited both invadosome formation and ECM degra-
dation (Diaz et al., 2009). Therefore, we hypothesized that lo-
cally produced ROS (extra- and/or intracellular) are sensed by
TRPV4 to regulate downstream proteins associated with TRPV4,
such as ASK1, and thus control the efficiency of ADC.

To investigate the potential activity of ROS in ADC, MYF cells
were first treated with increasing doses of the cell-permeable
oxidant H2O2 (from 10 µM to 1,000 µM). Surprisingly, in-
creasing H2O2 treatment led to a transient increase in the for-
mation of invadosome rings (which peaked at 100 µM H2O2

treatment) associated with a constitutive decrease in ECM
degradation (Fig. 5, a and b; and Fig. S6 a). Treatment with high
concentrations of H2O2 inhibited both invadosome formation
and ECM degradation. Thus, ROS induction mimicked by H2O2

induced a strong increase in invadosome formation, while MYO1C depletion decreased invadosome ring formation (SEM; n = 3; >150 cells per condition;
unpaired t test). (e) Treatment of HEK cells transfected with ASK1-Flag and tgRFP-TRPV4WT with DMSO or the specific TRPV4 activator GSK1016790A (100
nM) for 15 min induced the specific activation of ASK1 (measured in Western blot by the P-T845ASK1/total ASK1 ratio; SEM; n = 3; unpaired t test).
(f) Representative images of MYF cells treated with control or the indicated siRNAs spread on digestible gelatin–Alexa Fluor 647. The cell number was de-
termined through DAPI staining. Quantification of the average degradation area per cell upon treatment with different siRNAs confirmed that ASK1 silencing
strongly decreased ECM degradation, while MYO1C depletion increased the efficiency of invadosome-induced degradation (SEM; n = 3; >100 cells per con-
dition; unpaired t test). Thus, the TRPV4-associated proteins ASK1 and MYO1C antagonistically regulate ADC. (g) Quantification of the average number of
invadosomes per cell in MYF-TRPV4−/− cells that were or were not rescued with TgRFP-TRPV4WT treated with the indicated siRNA. The ability of ASK1 and
MYO1C to increase invadosome formation is downstream of TRPV4 activity (SEM; n = 3; >150 cells per condition; unpaired t test). *, P ≤ 0.05; **, P ≤ 0.01; ***,
P ≤ 0.001; ****, P ≤ 0.0001. Scale bar: 8 µm (c), 15 µm (d), and 20 µm (f). n.s., not significant.
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treatment regulates ADC in a biphasic dose-dependent manner
and shows the importance of optimal ROS signaling in ADC rather
than the simple binary dependence of invadosomes on ROS.

To discern the role of intra- versus extracellular ROS activities
in ADC, MYF cells were treated with an impermeable cysteine
oxidant (5,59-dithiobis(2-nitrobenzoic acid) [DTNB]). Mimicking
extracellular ROS with 4 µM DTNB treatment also perturbed ADC
since DTNB treatment induced an increase in invadosome ring
formation and a decrease in ECMdegradation (Fig. 5 c). These data
clearly support the ability of extracellular ROS to regulate ADC.

To further evaluate the role of ROS in the dynamics and function
of invadosomes, we visualized ROS locally at the invadosome. To
that end, we fused the genetically encoded redox ratiometric H2O2

biosensor Hyper3 (Bilan et al., 2013) with the adhesive protein
paxillin, which is localized in invadosomes (Petropoulos et al., 2016).
Ratiometric total internal reflection fluorescence (TIRF) imaging at
488 nm/405 nm and 561 nm allowed us to simultaneously follow
the dynamics of the invadosome (LifeAct-monomeric RFP) and the
local production of ROS in the vicinity of paxillin-Hyper3 in MYF
cells. Live imaging showed an increased ROS signal at the periph-
eries of forming invadosomes (Fig. 5 d). Interestingly, subsequent
treatment with the activator GSK1016790A strongly decreased the
increase in ROS signal following H2O2 treatment in the vicinity of
paxillin-Hyper3 in invadosomes (Fig. S6 b).

To confirm that TRPV4 can sense and regulate the ROS signaling
implicated inADC,we first applied increasing doses of H2O2 toMYF
cells in which TRPV4 expression was silenced. The loss of TRPV4
abolished the biphasic dose-dependent response of invadosome
formation to H2O2 treatment (Fig. 5 e). In addition, we applied in-
creasing doses of H2O2 to MYF-TRPV4−/− cells that did or did not
express tgRFP-TRPV4WT, the pore mutant tgRFP-TRPV4M680D (no
Ca2+ permeation), and the disease-inducingmutant tgRFP-TRPV4E797K

(constitutiveCa2+ permeation). Expression of tgRFP-TRPV4WT rescued
the biphasic dose-dependent response of invadosome formation in
MYF-TRPV4−/− cells to H2O2 treatment. Consistently, the tgRFP-
TRPV4M680D pore mutant failed to rescue the response of MYF-
TRPV4−/− cells, confirming the essential role of Ca2+ permeation in the
ROS signaling pathway controlled by TRPV4. In contrast, expression
of the gain-of-function disease-inducing mutant tgRFP-TRPV4E797K

rescued the activity of the biphasic dose-dependent response of in-
vadosome formation in MYF-TRPV4−/− cells to H2O2 treatment
(Fig. 5 f). Interestingly, mimicking extracellular ROS production with
DTNB did not affect ring formation in MYF-TRPV4−/−+tgRFP-
TRPV4E797K cells (Fig. S6 c). The discrepancy between DTNB and
H2O2 responses in the presence of the tgRFP-TRPV4E797K mutant
suggests that ROS regulatory activity of TRPV4 is different in the
presence of extra- and intracellular ROS. Therefore, TRPV4 is an
important sensor in the ROS signaling pathway that controls in-
vadosome formation and ADC. This led us to determine themolecular
basis of this potential bidirectional ROS-sensing function of TRPV4 in
invadosome regulation.

Identification of cysteine residues that support ROS sensing by
TRPV4 in ADC
Our data suggest that TRPV4 senses and regulates ROS signaling
in invadosomes. We aimed to determine whether ROS can reg-
ulate TRPV4 activity in MYF cells. To measure Ca2+ entry at the

vicinity of TRPV4, we fused TRPV4WT with the genetically en-
coded calcium indicator GCamp-GFP (Nakai et al., 2001) and
expressed the fusion protein in MYF-TRPV4−/− cells. H2O2

treatment clearly increased the fluorescent signal in MYF-
TRPV4−/−–Gcamp-TRPV4WT cells, specifically the signal around
invadosome rings (Fig. 6 a and Fig. S7 a).

Cysteines are susceptible to ROS-dependent oxidization,
leading to disulfide bridges, and play an important role in the
folding and activity of proteins, including ion channels (Tang et al.,
2004). To determine the molecular basis of the ROS-sensing ac-
tivity of TRPV4, we focused on cysteine residues in both the ex-
tracellular and the intracellular loops of TRPV4 that share high
homology with cysteine residues of the ROS-sensitive TRPV1
channel. Moreover, our interest in identifying important regula-
tory cysteines was reinforced since several mutations that cause
human channelopathies involve the addition of extra- and intra-
cellular cysteines (e.g., R232C, R269C, R316C, Y602C, and R232C;
Fig. 6 b; Nilius and Voets, 2013). Therefore, we hypothesized that
these mutations increase the formation of additional disulfide
bridges with proximal cysteines in the presence of ROS, which
then affects TRPV4 structure and activity. Thus, perturbation of
the ROS sensitivity of TRPV4 could be an essential mechanism
shared by both channelopathies and ADC in invadosomes. First, we
targeted extracellular cysteines that share high homology with
cysteine residues of the ROS-sensitive TRPV1 channel (Ogawa
et al., 2016) and mutated them to alanines (Gcamp-TRPV4eCyst

containing C639A, C645A, C652A, and C660A mutations). In ad-
dition, we mutated several intracellular cysteines (Gcamp-
TRPV4iCyst containing C294A, C353A, and C427A mutations) based
on their proximity to arginine 269, since its mutation to a cysteine
(R269C; Fig. 6 b) induces Charcot-Marie-Tooth (CMT) disease.
These TRPV4 mutants are functional in terms of ion permeation
since the TRPV4-Gcamp-GFP signal increased in the same range in
response to the TRPV4 activator GSK (Fig. S6 a). Expression of both
Gcamp-TRPV4eCyst and Gcamp-TRPV4iCyst in MYF-TRPV4−/− cells
increased the formation and size of invadosome rings without in-
creasing their ECM degradative activity (Fig. 6, c and d; and Fig.
S7 b). Thus, the simple perturbation of several extra- or intracel-
lular cysteines is sufficient to abolish the regulatory role of TRPV4
in ADC. Interestingly, the significant differential effect of Gcamp-
TRPV4eCyst and Gcamp-TRPV4iCyst on invadosome functions con-
firmed that the regulation of ROS by TRPV4 activity is different in
the presence of extra- and intracellular ROS (Fig. 6, c and d).

The importance of TRPV4 cysteines on invadosome regula-
tion led us to determine whether the pathological Gcamp-
TRPV4R269C mutant, which induces CMT disease in humans,
can regulate ADC. Surprisingly, the expression of Gcamp-
TRPV4R269C in MYF-TRPV4−/− cells strongly increased ADC
since it reduced invadosome ring formation (Fig. 6, c and d; and
Fig. S7 b) and was highly efficient in degrading the ECM
(Fig. 6 d). We used this disease-associated TRPV4 mutant to test
the importance of the cysteine environment in ADC regulation
by TRPV4. The R269C mutation was introduced in Gcamp-
TRPV4iCyst (Fig. 6 b). Interestingly, mutation of the cysteines
surrounding the R269C mutant into alanines completely res-
cued changes in the formation of invadosome rings and re-
stored normal ECM degradative activity (Fig. 6, c and d). Thus,
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Figure 5. ROS negatively regulate ADC through TRPV4 activity. (a) Quantification of the average number of invadosome rings per cell in MYF cells treated
with increasing doses of H2O2, which induced a transient increase in invadosome ring formation (SEM; n = 3; >150 cells per condition; unpaired t test).
(b) Quantification of the average degradation area per MYF cell upon treatment with increasing doses of H2O2 showed that increased ROS concentration
reduced constitutive invadosome-induced ECM degradation (SEM; n = 3; >70 cells per condition; unpaired t test). Since they uncouple invadosome formation
and ECM degradation, ROS are newly identified negative regulators of ADC. (c) Quantification of the average number of invadosomes (SEM; n = 3; >150 cells
per condition; unpaired t test) and degradation area (SEM; n = 3; >70 cells per condition; unpaired t test) per MYF cell treated with the extracellular oxidant
DTNB. Mimicking extracellular ROS activity also negatively regulated ADC by increasing invadosome formation and decreasing invadosome-induced degra-
dation. (d) Representative images of MYF cells expressing both LifeAct-RFP and paxillin-Hyper3 to observe the dynamics of intracellular ROS (visualized by the
488 nm/405 nm ratio) in the vicinity of invadosomes. The formation of invadosome rings (white arrowheads) is associated with an increase in the 488 nm/405
nm ratio (red arrowheads). (e) Quantification of the average number of invadosomes per cell in MYF cells treated with control and TRPV4 siRNAs with in-
creasing doses of H2O2 (SEM; n = 3; >150 cells per condition; unpaired t test). TRPV4 silencing abolished sensitivity to ROS in the regulation of invadosome
formation. (f) Quantification of the average number of invadosomes per cell in MYF-TRPV4−/− cells that were or were not rescued with TgRFP-TRPV4WT, the
permeation mutant TgRFP-TRPV4M680D, and the disease-associated mutant TgRFP-TRPV4E797K treated with increasing doses of H2O2 (SEM; n = 3; >150 cells
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reducing the possibility of forming disulfide bridges around the
R269C mutant abolished the biological ADC activity of this
pathological mutant.

The impact of the mutations that were sufficient to modulate
ADC without affecting calcium permeation (Fig. 6 a) led us to
determine whether the ROS sensitivity of TRPV4 is supported in
these mutants. Thus, MYF-TRPV4−/− cells expressing Gcamp-
TRPV4eCyst and Gcamp-TRPV4iCyst mutants were treated with
increasing doses of H2O2 or the extracellular cysteine–specific
oxidant DTNB. The biphasic dose-dependent response following
H2O2 treatment was perturbed in MYF-TRPV4−/− cells express-
ing the Gcamp-TRPV4eCyst or Gcamp-TRPV4iCyst mutants. This
result clearly shows that both groups of cysteines are directly
involved in ROS sensing. In addition, the effects of DTNB treat-
ment on invadosome formation were reduced in the presence of
the Gcamp-TRPV4eCyst and Gcamp-TRPV4iCyst mutants (Fig. 6 c).
This result suggests that TRPV4 is more sensitive to intracellular
ROS signaling than extracellular ROS signaling.

The mutated cysteines appear to be the core of TRPV4 ROS
sensitivity. Both intra- and extracellular ROS sensitivity affected
ADC to the same extent. This result confirmed the participation
of TRPV4 in bidirectional ROS signaling. Finally, the link be-
tween specific TRPV4 mutations leading to CMT channelopathy
and ROS signaling suggests a novel general molecular mecha-
nism essential in TRPV4 functions and therapeutic approaches.

Discussion
Investigating the role of the calcium permeation and adaptor
functions of the TRPV4 channel in invadosome biology showed
its essential role in controlling the coupling between acto-
adhesion and ECM degradation (ADC; Fig. 7). Identification of
its partners revealed the essential activity of TRPV4 in sensing
and regulating the newly described functions of ROS in ADC.

Essential role of TRPV4 in mechanotransduction
Our data emphasize the functions of TRPV4 at invadosomes.
Among all TRP family proteins, only TRPV2 has been shown to be
associated with podosomes (Nagasawa and Kojima, 2012). Thus,
TRPV4 appears now as a ubiquitous regulator of most adhesive
structures. The functions of TRPV4 in invadosome confirmed its
generic role in the mechanotransduction processes associated
with cell migration of multiple cell types (Alessandri-Haber et al.,
2008). In the mechanoresponse of osteoblastic cells, a recent re-
port even suggested that TRPV4 could bemore important than the
calcium channel Piezo1, thought to be themain channel implicated
in mechanotransduction (Yoneda et al., 2019).

The mechanotransduction function of TRPV4 is mainly asso-
ciated with factors downstream of β1-integrin (Schiller and
Fässler, 2013; Milloud et al., 2017). Indeed, the application of
force on β1-integrin induced mechanosensitive calcium influx
through TRPV4 channel activation and relocalization at the plasma
membrane (Matthews et al., 2010). Thus, the perturbation of

TRPV4 activity or expression affects cell shape, adhesion, and
spreading, alters cell contractility, and decreases directional mi-
gration (Thodeti et al., 2009; Mrkonjić et al., 2015). The activity of
TRPV4 appears essential even in regulating the assembly of col-
lagen fibers, the main ECM target of β1-integrins, through regu-
lating mechanical forces (Gilchrist et al., 2019). Interestingly,
TRPV4 activity at invadosomes appeared essential to negatively
regulate β1-integrin activation (Fig. 2; and Fig. S4, c and d). Thus,
the importance of TRPV4 in invadosomes explains molecularly
why β1-integrin should not be constitutively active but should
oscillate between active and inactive states to sustain efficient
ADC (Destaing et al., 2010). However, the precise mechanism by
which TRPV4-dependent Ca2+ entry negatively regulates β1-
integrins remains unknown. We hypothesize that TRPV4 could
be important for regulating calpain activity, which inhibits β1-
integrins through calcium-sensitive cleavage of the β1-integrin
activator talin1 (Franco et al., 2004).

TRPV4 assembles calcium- and ROS-sensitive complexes in
adhesive structures
TRPV4 interacts with β1-integrins and adhesion regulators, such
as the tyrosine kinase c-SRC (Alessandri-Haber et al., 2008).
Considering the multiple domains implicated in its activity,
TRPV4 is associated with regulating calcium release and the
recruitment of large protein complexes. The identified TRPV4-
binding partners in invadosome-forming cells were not only
enriched in invadosome regulators, such as the calcium-
dependent AnnexinA1, the mechanosensitive- and ROS-
dependent caveolin1, and the ROS- and calcium-dependent
c-SRC (Mallawaaratchy et al., 2015; Bizzarro et al., 2012; Yang
et al., 2016; Yoo et al., 2012) but also included numerous Ca2+-
sensitive proteins implicated in ROS signaling, such as the ASK
kinases.

At steady state, ASK1 is an MAPK that oligomerizes and is
maintained in an inactive form by the ROS-sensitive protein
thioredoxin and CIB1 (Hattori et al., 2009; Leisner et al., 2016).
Like TRPV4, ASKs are activated by osmotic, chemical, thermal,
and mechanical cues and ROS (Hattori et al., 2009). With the
exception of a voltage-dependent calcium channel, the source of
the calcium that activates ASK1 has been poorly investigated
(Hattori et al., 2009). Our data suggest that TRPV4 is a new
source of Ca2+ that activates ASK1 (Fig.4 e). In cancer, the gene
encoding ASK1 harbors a recurrent somatic mutation, ASK1R256C

(Prickett et al., 2014), that perturbed invadosome morphology in
MYF cells (Fig. S2 b). In addition to containing numerous ROS-
sensitive cysteines, TRPV4 is now known to be heavily involved
in ROS signaling through its essential downstream partner ASK1.

We also identified the CIB1-binding partner MYO1C as a
TRPV4 interactor. MYO1C is a calcium-sensitive short-tailed
myosin characterized by its slow ATPase rate. Thus, MYO1C
has been implicated in cargo transport and the cross-linking of
stress-bearing actin filament barriers close to the plasma
membrane (Bond et al., 2013). MYO1C is an essential myosin in

per condition; unpaired t test). These results show the importance of calcium permeation regulation through TRPV4 in the regulation of ROS-dependent
invadosome formation. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. Scale bar: 5 µm (d). n.s., not significant.
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Figure 6. The ROS-sensing function of TRPV4 in ADC is bidirectional and mediated by extra- and intracellular stretches of cysteines that can rescue
the activity of pathological cysteinemutations (TRPV4R269C). (a) Representative images of MYF-TRPV4−/− cells stably expressing Gcamp-TRPV4WT treated
with 100 µm H2O2 for 15 min. Zoom of invadosome rings in white boxes. Increasing ROS concentrations induced calcium permeation in the vicinity of TRPV4
and directly showed its ROS-sensitive activity. (b) Schematic of TRPV4 organization and disposition of the extra- and intracellular cysteines mutated into
alanines to avoid the formation of disulfide bridges. Mutated intracellular cysteines were chosen based on their structural proximity to R269, which, when
mutated into cysteine, leads to CMT disease and potentially affects ROS sensitivity. (c) Quantification of the average number of invadosomes per cell in MYF-
TRPV4−/− cells rescued with Gcamp-TRPV4WT and the indicated Gcamp-TRPV4 mutants affecting disulfide bridge formation. Mutation of both the extra- and
intracellular cysteines increased invadosome formation. Mutation of the intracellular stretch of cysteines rescued the ability of the disease-associated Gcamp-
TRPV4R269C mutant to decrease invadosome formation (SEM; n = 3; >150 cells per condition; unpaired t test). (d) Quantification of the average degradation
area per cell of MYF-TRPV4−/− cells rescued with Gcamp-TRPV4WT and the indicated Gcamp-TRPV4 mutants that affect disulfide bridge formation. Only the
mutation of extracellular TRPV4 cysteines decreased ECM degradation and invadosome formation. In addition, the mutation of an intracellular stretch of
cysteines rescued the ability of the disease-associated Gcamp-TRPV4R269C mutant to increase invadosome formation (SEM; n = 3; >150 cells per condition;
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mechanoresponses since its actin-attachment lifetime in an
environment that inhibits its working stroke is increased.
Moreover, MYO1C is able to enter the nucleus to regulate
transcription in response to calcium (Greenberg et al., 2012;
Maly and Hofmann, 2016). The negative impact of MYO1C on
ADC suggests that it could affect invadosome functions by reg-
ulating the endocytosis/exocytosis of key factors such as MMP14
and β1-integrins. The activation of this process could be regu-
lated by the CamKII–ASK1 pathways since CamKII perturbation
affects MYO1C trafficking activity (Kashiwase et al., 2005; Yip
et al., 2008).

Even though the activity of ASK1 and MYO1C depends on the
presence of TRPV4 (Fig. 4 g), the molecular interplay between
them is not clear. Our work did not provide evidence that these
three proteins form a stable complex, since MYO1C is still able to
be localized in invadosomes without TRPV4 (Fig. S5 c). How-
ever, the binding of TRPV4 and ASK1 seems constitutive since it
was observed for all mutants (Fig. S5 a). Further biochemical
and proximity-labeling assays will be needed to quantify these
interactions and to determine the precise sequence of bio-
chemical events downstream of ROS-sensing by TRPV4.
Identification of both ASK1 and MYO1C downstream of TRPV4

strongly suggests the importance of the protein CIB1 in the
regulation of their interactions. Interestingly, silencing of CIB1
also induces perturbation of ADC, as indicated by the regular
invadosome formation associated with poor ECM degradative
activity (Donnelly et al., 2017). In this functional complex, it is
clear that extracellular ROS activation of TRPV4 will lead to
ASK1 activation (Fig. 4 e) and thus probably amplify a general
intracellular ROS response, the magnitude of which could de-
pend on the integration of both ASK1-phosphorylation activity
and TRPV4-dependent calcium release. Identifying new spe-
cific substrates of ASK1 in the context of invadosomes such as
MYO1C or its partner should deeply improve our understand-
ing of the TRPV4–ASK1–MYO1C pathway.

Functions of ROS in ADC
The characterization of TRPV4 partners in invadosomes led us
to reconsider the importance of ROS signaling in ADC. In-
vadosomes are essential for cancer metastasis (Paterson and
Courtneidge, 2018), and ROS have been described as protumor
factors in tumor progression (Marengo et al., 2016). During in-
vasion, extracellular ROS sensed by TRPV4 can have many ori-
gins since they can be induced by integrins (Taddei et al., 2007;
Chiarugi et al., 2003), acidic lysosome exocytosis, or acidization
with an Na+/H+ exchanger associated with nonspecific degra-
dation of the ECM (Stock and Pedersen, 2017). However, the
detection of local ROS levels could be very important to deter-
mine why invadosomes do not digest ECM at all times. This
could explain why the regulation of ADC or digestion on demand
is essential for efficient invasion, since these processes favor
passage of the nucleus through the pores in 3D collagen networks
(Infante et al., 2018). The striking ability of Gcamp-TRPV4eCyst to
induce large invadosome rings (Fig. S7 b) reminiscent of the
podosome belt/sealing zone in osteoclasts suggests the potential
importance of ROS sensing by TRPV4 in bone resorption. This is
in line with both functions of TRPV4 and ROS within the cyto-
plasm and extracellular medium in the regulation of the late
stage of osteoclastogenesis and bone degradation (Masuyama
et al., 2012; Agidigbi and Kim, 2019).

The relationship between ROS and invadosome functions
was first described through characterizing Tks protein functions
in invadosomes. Tks proteins and integrin activation favor ROS
production through the regulation of Nox proteins (Gianni et al.,
2009, 2010). ROS are generated extra- and intracellularly and
then support a bidirectional signaling process. Previously, the
perturbation of endogenous ROS with a general antioxidant was
shown to inhibit ECM degradation (Diaz et al., 2009). By re-
visiting the effects of ROS on both functions, we were able to
show that ROS have a more subtle function, since their optimal
concentrations both increase invadosome formation and de-
crease ECM degradation, thus negatively regulating ADC (Fig. 6).

unpaired t test). Thus, modulating the potential to form extra- or intracellular disulfide regulates ADC. (e)Quantification of the average number of invadosomes
per cell in MYF-TRPV4−/− cells rescued with Gcamp-TRPV4WT or the indicated Gcamp-TRPV4 mutants that affect disulfide bridge formation treated with
increasing doses of H2O2 (SEM; n = 3; >150 cells per condition; unpaired t test). The mutation of both the extra- and intracellular cysteines abolished the ROS-
dependent transient increase in invadosome formation, implicating TRPV4 in bidirectional ROS signaling. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤
0.0001. Scale bar: 7 µm (a). n.s., not significant.

Figure 7. Schematic of the central role of TRPV4, which regulates both
acto-adhesion and ECM degradation in invadosomes, in regulating ADC
downstream of ROS sensing.
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These data could explain why the phosphorylation status of Tks4
affects ADC (Buschman et al., 2009). Moreover, the newly de-
scribed importance of ROS in ADC clearly now supports the
importance of HIC-5 (meaning Hydrogen Peroxide–Inducible
Clone-5) rather than its homologue paxillin in the activation of
matrix degradation in invadosomes (Petropoulos et al., 2016).

The new importance of ROS in regulation of the mechanor-
egulator TRPV4 raises the question of this specific secondary
messenger in mechanotransduction. Even if we cannot provide
clear elements to explain this relationship, it is important to
consider that activation of the membrane phosphatase RPTPα,
another important mechanoregulator in adhesive sites, is also
fully dependent on ROS (von Wichert et al., 2003; Groen et al.,
2008). Thus, our work highlights the importance of reconsidering
the global impact of ROS in mechanotransduction.

ROS induce the formation of disulfide bonds that change
protein conformations and activate proteins. Other proteins
implicated in ADC are also ROS sensitive. In addition to Tks
proteins, the β1-integrins (de Rezende et al., 2012) and the
kinases c-SRC and c-LYN are especially ROS sensitive (Giannoni
et al., 2005, 2010; Kemble and Sun, 2009; Yoo et al., 2011).

TRPV4 and ROS in diseases
TRP channels are universal cell sensors of changes in redox
status that integrate ROS and calcium signals (Garcia-Elias et al.,
2014). However, the relevant context for this sensing function is
far from clear. Interestingly, some TRPVs (e.g., TRPV1 and
TRPV4) have been associated with ROS signaling (Kozai et al.,
2014; Hong et al., 2016). Most TRPs sense ROS through extra-
cellular cysteines in the loop between transmembranes 5 and 6,
but the specific roles of each cysteine residue remain unknown.
In addition, the use of point mutants and permeable or extra-
cellular ROS treatment clearly indicates that TRPV4 integrates
ROS sensing bidirectionally (Fig. 6, Fig. S6, and Fig. S7). In ad-
dition, to the best of our knowledge, our data support the role of
transient TRPV4 activation in protecting against oxidative stress
through ASK activation for the first time.

Characterization of the link between integrins and TRPV4
activity in ROS signaling led us to revisit this link in the context
of TRPV4-associated diseases. Indeed, point mutations in the
TRPV4 gene cause several human diseases that affect the skeletal
and peripheral nervous systems (Nilius and Voets, 2013). Sev-
eral reports showed that TRPV4 activation can increase ROS in
cultured human coronary artery endothelial cells and human
coronary arterioles (Bubolz et al., 2011). How mutations in a
single gene (here, TRPV4) can cause phenotypically distinct
diseases, such as skeletal dysplasias and peripheral neuropa-
thies, remains puzzling and unclear. Based on the data in this
report, we suggest that apparently different diseases are linked
by the ability of TRPV4 to sense and adjust ROS signaling. ROS
production is known to play a role in both the pathophysiology
of neurodegenerative diseases and the regulation of bone re-
modeling (Knowles et al., 2014; Banfi et al., 2008). We provide
evidence that both mutants (TRPV4E797K and TRPV4R269C; Fig. 5
and Fig. 6) that cause severe skeletal phenotypes in patients
exhibit different sensitivity to ROS (Nilius and Voets, 2013).
Therefore, ROS sensitivity and regulation by TRPV4 could be the

missing piece of the puzzle to explain why and how patients
with a single TRPV4 point mutation manifest both skeletal and
neurodegenerative diseases.

Due to the availability of specific drugs that target the TRPV4
ion channel, this protein is an attractive therapeutic target for
TRPV4-associated diseases, cancer metastasis, neurodegenera-
tive diseases, and ASK1-dependent diseases due to the involve-
ment of ADC in these pathologies.

Materials and methods
Antibodies and reagents
Mouse monoclonal antibody against ASK1 (clone H-2) was ob-
tained from Santa Cruz. Rat monoclonal antibody against active
β1-integrin (9EG7) and mouse monoclonal antibody against
paxillin (clone 394) were obtained from BD PharMingen. Rat
monoclonal antibody against total β1-integrin (MB1.2) was ob-
tained from EMD Millipore. Rat monoclonal antibody against
integrin β 3 (LucA5) was obtained from Emfret. Rabbit mono-
clonal antibody against MMP14 (EP1264Y) was obtained from
Abcam. Rabbit monoclonal antibody against phospho-ASK1 was
obtained from Cell Signaling. The different IgG controls were
obtained from Abcam. All antibodies are detailed in Data S1.
Alexa Fluor 488–, 546–, and 647–labeled phalloidin and Alexa
Fluor 488–, 546–, and 647–conjugated secondary antibodies (goat
anti–mouse and goat anti–rabbit) were purchased from In-
vitrogen. Alexa Fluor 647 succinimidyl ester (NHS) was obtained
from Life Technologies (#A20006) and was used to color gelatin.
TRPV4 channel agonist GSK1016790A was obtained from Sigma-
Aldrich (reference G0798), and it was used at 100 nM over
15 min. Hydrogen peroxide solution 30% (wt/wt) was also ob-
tained from Sigma-Aldrich (reference H1009) and was used
in a range from 50 to 1,000 µM over 30 min. The DTNB cell-
impermeable reagent used to induce cysteine oxidation was
obtained from Sigma-Aldrich (#D218200) and was used at
100 µM over 30min. Cell-impermeable Amplex red reagent (10-
acetyl-3,7-dihydroxyphenoxazine) was obtained from Thermo
Fisher Scientific (#A22188) and was used to detect extracellular
H2O2. Gelatin was prepared using Bio-Gel P-30 Gel (Bio-Rad;
#150-4154) and gelatin from porcine skin (Sigma-Aldrich;
#G2500). The siRNAs ON-TARGETplus SMARTpool were pur-
chased from Dharmacon and are detailed in Data S1. All siRNAs
were transfected by Jet prime (Polyplus transfection) following
the standard protocol. Knockdown was performed via two
rounds (three for MYO1C) of siRNA transfection at 24-h
intervals.

Plasmids
pcDNA-YFP TRPV4 and pcDNA-TRPM5-GFP, pcDNA-TRPM8-
YFP, pcDNA-TRPA1-GFP, and pcDNA-TRPV2-CFP vectors were
provided by Prof. Dr. M.A. Valverde (Laboratory of Molecular
Physiology, Department of Experimental and Health Sciences,
Universitat Pompeu Fabra, Barcelona, Spain). pBabeTagRFP
vector was used to subclone the human TRPV4WT and mutated
forms E797K, 121AAWAA, ΔPRD, and M680D. Genetically en-
coded calcium indicator pN1 Lck-GCaMP5G was a gift from
Baljit Khakh (Addgene plasmid #34924). The latter was used to

Vellino et al. Journal of Cell Biology 14 of 19

TRPV4 in cell invasion https://doi.org/10.1083/jcb.201910079

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/220/2/e201910079/1407816/jcb_201910079.pdf by Biblioteca D

e La U
niversitat Pom

peu Fabra user on 17 M
arch 2022

https://doi.org/10.1083/jcb.201910079


produce the following plasmids: pBabe-TRPV4-Gcamp5-GFP,
pBabe-TRPV4-R269C-Gcamp5-GFP, pBabe-TRPV4-Cys294-353-
457Ala-GCamp5, pBabe-TRPV4-R269C/Cys294-353-457Ala-
GCamp5, pBabe-TRPV4-Cys639-645-652-660Ala-GCamp5, and
pBabe-TRPV4-R269C-Cys639-645-652-660Ala-GCamp5. The ra-
tiometric, genetically encoded H2O2 sensor pC1-HyPer-3 was a
gift from Vsevolod Belousov (Addgene plasmid #42131), and it
was used to clone pC1-Hyper-3-Paxillin and pC1-Hyper-3-GPI.
pEGFP-GIT1 was a gift from Rick Horwitz (Addgene plasmid
#15226), Unconventional MYO1C YFP was a gift from Primal de
Lanerolle (Addgene plasmid #60241), and pcDNA3.1-MAP3K5
(WT) was a gift from Yardena Samuels (Addgene plasmid
#47104). Mus musculus SrcY527F mutant was cloned into a pMX
retroviral vector (Destaing et al., 2010). MT1-MMPmCherry and
MT1-MMPpHluorin constructswere kindly provided by Prof. Dr.
P. Chavrier. The detailed primers used for cloning in listed in
Data S1.

Cell culture, infection, and silencing experiments
TRPV4−/− MEF cells and TRPV4+/+ were kindly provided by Prof.
Dr. M.A. Valverde. Fibroblasts were isolated from mice from the
age of embryonic day 12 to postnatal day 1 as described recently
(Destaing et al., 2010). Cells were grown in DMEM (containing
glutamine) + 10% FBS + 1% penicillin/streptomycin supplement.
cDNAs were delivered via a retroviral transduction after pack-
aging in Phoenix-Eco cells or Phoenix-Ampho cells (American
Type Culture Collection). Supernatant containing viral particles
from such cells was harvested and filtered and, after the addition
of 8 µg/ml polybrene (Sigma-Aldrich), was used to transduce
fibroblasts. MEF cells expressing a constitutively active mutant
of Src, SrcY527F, were produced as described previously
(Destaing et al., 2010). The cell lines and the HEK293 cells were
maintained in DMEM supplemented with 10% FCS and 1%
penicillin/streptomycin. In TRPv4−/− MEF-YF cells, re-
expression experiments were performed via retroviral infec-
tion using pBabe vectors to express TRPV4WT and mutated forms
E797K, 121AAWAA, ΔPRD, and M680D; and TRPV4-Gcamp5-GFP,
TRPV4 R269C-Gcamp5-GFP, TRPV4-Cys294-353-457Ala-GCamp5,
TRPV4-R269C/Cys294-353-457Ala-GCamp5, TRPV4-Cys639-645-
652-660Ala-GCamp5, and TRPV4-R269C-Cys639-645-652-660Ala-
GCamp5 mutants. In most experiments, cDNAs were delivered
via retroviral transduction after packaging in Phoenix-Eco or
Phoenix-Ampho cells. For transient transfections, constructs
were delivered with Jet prime (Polyplus) according to the man-
ufacturer’s instructions. MEF-SrcY527F (105) cells were plated
24 h before transfection in 2-well cell culture Lab-Tek chambers
or in 24-well plates with 12-mm coverslips.

Immunofluorescence microscopy, live-imaging, and FRAP
Cells were fixed for 10 min with 4% PFA in PBS, permeabilized
for 10 min (0.2% Triton X-100), and blocked for 10 min in 4%
BSA in PBS. Cells were then incubated for 1 h at RTwith primary
antibodies. For specific staining of MT1-MMP and β-integrins
1 and 3 at the plasma membrane, cells were incubated with
primary antibody without any previous permeabilization. Sec-
ondary antibodies were then added for 1 h at RT. Coverslips were
permanently mounted in Mowiol (EMD Millipore) containing

DAPI. Imaging of fixed cells was performed on an Apotome
microscope (semi-confocal, Zeiss AxioImager Z1, AxioCamMRm
camera, and AxioVision software) equipped with Plan-
Apochromat (63×, NA 1.4, oil, Ph3, WD 190) objective. The im-
ages were then processed with Fiji software. For quantitative
confocal imaging, all images were acquiredwith the same optical
path and setup detection and were quantified without any Im-
ageJ processing. For live imaging, LifeAct-TagRFP–expressing
cells were seeded overnight at subconfluent densities in a
serum-coated Lab-Tek coverglass. During imaging, cells were
placed on a heated 37°C stage (Zeiss) with a CO2-independent
medium (18045–088; Life Technologies) and imaged with an
Axiovert 200M microscope (Zeiss) equipped with a Coolsnap
HQ2 camera (Photometrics) and a Plan Neo-Fluor (40X, NA 1.2)
objective. Images were sampled with MetaMorph software
(Molecular Devices). Time-lapse videos were then processed
with ImageJ software. TIRF microscopy was performed with an
Axiovert 200M microscope equipped with a Coolsnap HQ2
camera, Plan Apochromat (100×, NA 1.4, oil) objective, and a
TIRF 1 slider (Zeiss). Images were acquired with MetaMorph
software and processed with Fiji software. To quantify in-
vadosome speed, surfaces delimited by invadosome rings were
threshold based on the fluorescence intensity of F-actin content
(fluorescent LifeAct). Then, the center of mass of this surface
was defined by ImageJ (National Institutes of Health), and the
process was repeated on our live-imaging data in order to
measure the time necessary to observe the displacement of at
least the equivalent of two identical surfaces (defining a full
cycle of assembly/disassembly of a ring).

FACS analysis
Cells were quickly washed with cold PBS and scrapped before
being fixed for 10 min with 4% PFA in PBS. After a 10-min block
in 4% BSA in PBS, cells were then incubated for 1 h at RT with
primary antibodies without any previous permeabilization.
Secondary antibodies were then added for 1 h at RT. Cells were
then postfixed for 10 min with 4% PFA in PBS in order to sta-
bilize the indicated surface staining. Fluorescence of cells was
analyzed with ACCURI-C6 (BD Biosciences) in order to quantify
the median of fluorescence for each condition through the
software C-flow (BD Biosciences). On average, 8,000 cells were
analyzed per condition in three to six different experiments.

ECM degradation assay
The ECM degradation assay was performed as described previ-
ously (Sharma et al., 2013). Briefly, 12-mm coverslips in 24-well
plates were coated with 50 µg/ml Poly L lysine for 20 min at RT,
than with 0.25% glutaraldehyde for 15 min at 4°C, and finally
with mix of 0.2% unlabeled gelatin dissolved in PBS and Alexa
Fluor 647–gelatin in a 4:1 ratio for 10 min at RT and washed with
PBS, medium with serum, and 70% ethanol. The cells were
seeded on these gelatin-coated coverslips for 6 or 24 h, fixed, and
observed with a semi-confocal microscope (AxioImager Z1, Ax-
ioCam MRm (N/B) camera, and AxioVision software) equipped
with Plan-Apochromat (63×, NA 1.4, oil, Ph3, WD 190 objective).
The quantification of cells’ degradation ability was established
by calculating the percentage of total degradation area per field
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of view after setting a low-intensity threshold on gelatin-
captured images and dividing by the number of cells using Fiji
software.

Western blotting
Whole-cell lysates were prepared in buffer containing 50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.5% (wt/
vol) sodium deoxycholate, 1 mM NaF, 2 mM MgCl2, 1 mM or-
thovanadate (Na3VO4), and 4% (vol/vol) protease inhibitor
cocktail (complete EDTA-free; Roche Diagnostics). 30 µg of
proteins from each cell lysate was subjected to SDS-PAGE,
transferred to nitrocellulose membranes, and probed with pri-
mary antibodies. Immunological detection was achieved with
HRP-conjugated goat anti–mouse or goat anti–rabbit secondary
antibody. Peroxidase activity was visualized by ECL (West Pico
Signal; Thermo Fisher Scientific) using a ChemiDoc MP imaging
system (Bio-Rad Laboratories). Densitometric quantification of
the bands was performed using Image Lab (Bio-Rad Labora-
tories). As a control, detection of actin was also performed.
Stripping was performed in 60 mM Tris, pH 6.8, 2% SDS, and
100 mM β-mercaptoethanol solution and incubated at 50°C for
30 min, washed three times, and resaturated before probing
with anti-Src and anti-STAT3. For quantification of pASK1, the
values were normalized to the total ASK1 band.

Real-time qPCR
Total RNA was isolated using the NucleoSpin RNA II kit (MA-
CHEREY-NAGEL) according to the manufacturer’s instructions.
1 µg RNA was reverse-transcribed using the SuperScript VILO
kit (Thermo Fisher Scientific). PCR amplification of cDNA from
the reverse transcription reaction was performed using specific
primer pairs for mouse trpv4 (forward: 59-CGTCCAAACCTGCGA
ATGAAGTTC-39; reverse: 59-CCTCCATCTCTTGTTGTCACTGG-
39); mouse ASK1 (forward: 59-AGCCTGTGCTAATGACTTGCT-39;
reverse: 59-CTGCTGGTGTCTTCTACCAGG-39); mouse Ataxin1like
(forward: 59-GTTTATTGGGTCTCCATACAGCC-39; reverse: 59-
ACAAAGTGTGGAAGGTGAGTG-39); mouse Zo1 (forward: 59-GAG
CGGGCTACCTTACTGAAC-39; reverse: 59-GTCATCTCTTTCCGA
GGCATTAG-39); mouse MYO1C (forward: 59-TAGTCTCTGTCA
ATCCCTACCG-39; reverse: 59-GACGCTCAGTACGAAGTGC-39);
and mouse MMP14 (forward: 59-CTTCGTGTTGCCTGATGAC-39;
reverse: 59-GTTATTCCTCACCCGCCAGA-39). Real-time qPCR
was performed with GoTaq QPCRMaster Mix (Promega) in a 25-
µl reaction on a thermal cycler (C-1000 Touch; Bio-Rad Labo-
ratories). Ct values were determined with the same software,
and normalization was conducted with the housekeeping genes
actin, RanBP1, GAPDH, and HPRT, which yielded similar results.
The expression levels of each target gene in the siRNA-treated
cells were calculated with GAPDH as a reference gene and
compared with the controls.

Immunoprecipitation
MEF-SrcY527F TRPV4−/− stably expressing or not tgRFP-
TRPV4WT were washed with cold PBS, passed six times
through the GA26 syringe, incubated 20 min on ice in lysis
buffer containing 100 mMNaCl 1% NP-40, 0.5% Na DOC, 50 mM
Tris, pH7.4, 1X proteases inhibitors (Roche Diagnostics), 1 mM

Na orthovanadate, 10 mM Na fluoride, and 10 mM glycero-
phosphate, and then incubated under rotation for 30 min at 4°C.
The cell debris was then removed by centrifugation at 5,000 rpm
for 10 min at 4°C. Cell lysates were precleared using IgG Se-
pharose beads (GE Healthcare) for 30 min under rotation at 4°C.
The supernatant was collected and incubated with α-Tag RFP
(Evrogen; 5 µg of antibody for 0.5 mg protein) under rotation for
2 h at 4°C. Beads that contained tag-RFP proteins were washed
three times with the lysis buffer. After centrifugation, the pellets
were subjected to SDS-PAGE and silver staining for protein de-
tection. The same samples were also used for proteomic analyses.
The interaction of endogenous ASK1 and TRPV4 was confirmed
byWestern b lot staining using α-ASK1 (mouse; Santa Cruz), and
the expression of tag-RFP TRPV4 was confirmed in the same
blots using α-tagRFP.

Mass spectrometry–based proteomic analyses and network
analysis
Proteins eluted from coIP using Laemmli buffer were separated
by SDS-PAGE (NuPAGE 4%–12%; Invitrogen) before being
stained with Coomassie blue R-250 (Bio-Rad Laboratories).
Proteins were then in-gel digested using modified trypsin (se-
quencing grade; Promega) as previously described (Salvetti
et al., 2016). Resulting peptides were analyzed by online nano-
liquid chromatography coupled to tandem mass spectrometry
(UltiMate 3000 and LTQ-Orbitrap Velos Pro; Thermo Fisher
Scientific). Peptides were sampled on a 300 µm × 5 mm PepMap
C18 precolumn and separated on a 75 µm × 250 mm C18 column
(PepMap; Thermo Fisher Scientific) using a 120-min gradient.
Mass spectrometry and tandem mass spectrometry data were
acquired using Xcalibur (Thermo Fisher Scientific). Peptides and
proteins were identified using Mascot (version 2.6) through
concomitant searches against Uniprot (M. musculus taxonomy),
classical contaminants database (homemade), and the corre-
sponding reversed databases. Proline software was used to filter
the results: conservation of rank 1 peptides, peptide identifica-
tion false discovery rate <1% as calculated on peptide scores by
using the reverse database strategy, and minimum of one spe-
cific peptide per identified protein group. Proline was then used
to perform compilation, grouping, and spectral counting-based
comparison of the protein groups identified in the different
samples. Proteins from the contaminant database and keratins
were discarded from the final list of identified proteins. Only
proteins identified with at least two specific spectral counts only
in Trpv4 coIP or enriched at least three times in Trpv4 coIP
compared with negative control (KO) coIP were considered as
potential Trpv4-binding partners.

We reconstructed the protein–protein interaction network
by gathering BIOGRID, INTACT, and MINT protein–protein in-
teraction data from Homo sapiens with PSIQUIC retrieval
(07122017) and cytoscape environment. To acknowledge protein
functions, gene ontologies (GOs) were gathered for ROS signal-
ing in the Quickgo platform (https://www.ebi.ac.uk/QuickGO/;
GO IDs: GO:0006979 and GO:1901700 and their respective child
terms), as well as from the literature. On the other hand, due to
their large number of referring terms, proteins involved in
calcium signaling were instead collected from the Uniprot

Vellino et al. Journal of Cell Biology 16 of 19

TRPV4 in cell invasion https://doi.org/10.1083/jcb.201910079

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/220/2/e201910079/1407816/jcb_201910079.pdf by Biblioteca D

e La U
niversitat Pom

peu Fabra user on 17 M
arch 2022

https://www.ebi.ac.uk/QuickGO/
https://doi.org/10.1083/jcb.201910079


database, selecting human proteins according to “calcium”

keyword, as well as from a thorough literature survey.

Statistical analysis
Quantitative data are presented as means ± SEM and were sta-
tistically analyzed using a two-sided unpaired t test (PRISM
software). Based on the numerous measurements for each
condition, data distributions were assumed to be normal, but
this was not formally tested each time. Differences with a
probability level <0.05 were considered significant. All graphs
include SD or SEM error bars.

Online supplemental material
Fig. S1 localizes TRPV4 and other TRPs in invadosomes. Fig. S2
shows that TRPV4 regulates the dynamics of the acto-adhesive
functions of invadosomes and their ability to digest ECM. Fig. S3
demonstrates that TRPV4 is also a regulator of acto-adhesion and
ADC in podosomes of the macrophage cell line RAW264.7. Fig. S4
shows structure-function studies that revealed the importance
of calcium permeation and the adaptor functions of TRPV4 on
TRPV4 localization and its regulation of invadosomes. Fig. S5
characterizes the effects of ASK1 and MYO1C on invadosomes.
Fig. S6 illustrates invadosome responses to the cell-permeable
oxidant H2O2 and the extracellular oxidant DTNB. Fig. S7 char-
acterizes Gcamp-TRPV4WT and Gcamp-TRPV4 mutants of extra-
and intracellular stretches of cysteines that rescue the activity of
a pathological cysteine mutation (TRPV4R269C). Data S1 de-
scribes the constructs, siRNA mixes, and antibodies used in this
study. It also contains additional controls, localization, rep-
resentation of time series, and characterization of TRPV4
mutants used.
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Figure S1. Localization of TRPV4 and other TRPs in invadosomes. (a) Representative images of MYF-TRPV4−/− cells stably expressing TgRFP-TRPV4WT

and transfected with the following adhesive proteins: paxillin-GFP, talin-GFP, and β3–integrin–GFP on digestible gelatin–Alexa Fluor 488. Invadosomes were
observed through phalloidin–Alexa Fluor 647 staining. The yellow arrowheads indicate TgRFP-TRPV4WT with the indicated adhesive proteins. (b) Repre-
sentative images extracted from a time series of MYF-TRPV4−/− cells stably expressing TgRFP-TRPV4WT and transfected with paxillin-GFP. The red arrowheads
indicate invadosome ring formation that is strictly associated with peripheral TgRFP-TRPV4WT accumulation. (c) Representative images of MYF cells (zoom on
an invadosome ring in red or white boxes) expressing different calcium channels (fused to fluorescent tags) close to TRPV4 or implicated previously in in-
vadosome biology and the F-actin marker LifeAct-TgRFP. All these channels accumulated in invadosomes but did not accumulate at the invadosome periphery
like TRPV4 did. (d) Kymograph analysis along red (LifeAct-RFP) and orange (YFP-TRPV4) lines in MYF cells show the transient accumulation of TRPV4 co-
inciding with invadosome disorganization (as shown by measuring fluorescence intensities over time; blue line). (e) Quantification of the mean intensity of
F-actin of invadosomes shows that TRPV4 silencing induced a small and significant decrease in F-actin content in this structure (SEM; n = 3; >70 cells per
condition; unpaired t test). (f) Quantification of the efficiency of TRPV4 siRNA treatments by qPCR (SEM; n = 2). (g) TRPV4 silencing in MYF-TRPV4−/− cells did
not induce a significant change in the number of invadosome rings per cell (SEM; n = 3; >400 cells per condition; unpaired t test) and showed the specificity of
our siRNA approach. Scale bar: 5 µm (a and b), 10 µm (c), and 5 µm (d). n.s., not significant.
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Figure S2. TRPV4 regulates the dynamics of the acto-adhesive functions of invadosomes and their ability to digest ECM. (a) Representative images
extracted from a time series of MYF-TRPV4−/− cells expressing LifeAct-GFP with or without TgRFP-TRPV4WT. In the absence of TRPV4, invadosomes exhibited
a high rate of turnover (multicolored arrowheads), whereas the rescued expression of TgRFP-TRPV4WT induced long-lasting and less dynamic rings (red
arrowheads). (b) Quantification of the average speed of invadosome ring formation in MYF cells expressing LifeAct-RFP with or without GFP-TRPV4WT (SEM;
n = 3; >25 rings per condition; unpaired t test). (c) Quantification of the percentage of invadosomes in MYF cells that do or do not express GFP-TRPV4WT

directly associated with the degradation of gelatin–Alexa Fluor 647 (SEM; n = 3; >70 rings per condition; unpaired t test). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤
0.001; ****, P ≤ 0.0001. Scale bar: 2 µm (a).
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Figure S3. TRPV4 is also a regulator of ADC in podosomes of the macrophage cell line RAW264.7. Representative images of the RAW264.7 cell line in
which podosomes (red arrows) are visualized by phalloidin-TRITC staining and treated with control or TRPV4 siRNA. TRPV4 silencing induced a significant
increase in the number of macrophages forming a high number of podosomes (SEM; n = 3; >200 cells per condition; unpaired t test) and a decrease in the
average degradation area per cell (SEM; n = 2; >40 cells per condition; unpaired t test). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. Scale bar: 5 µm. n.s., not
significant.
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Figure S4. Structure–function studies revealed the importance of calcium permeation and the adaptor functions of TRPV4 on TRPV4 localization
and its regulation of invadosomes. (a) Quantification of the diameter of invadosome rings in MYF-TRPV4−/− cells expressing TgRFP-TRPV4WT and the
indicated TgRFP-TRPV4 mutants (SEM; n = 3; >35 rings per condition; unpaired t test). (b) Quantification of the percentage of invadosome rings that ac-
cumulated TgRFP-TRPV4WT or the indicated TgRFP-TRPV4 mutants (expressed in MYF-TRPV4−/− cells) mostly at the outer rim, at the inner rim, or directly
inside invadosomes (SE; n = 3; >40 rings per condition; unpaired t test). This quantification was associated with representative images of MYF-TRPV4−/− cells
stably expressing TgRFP-TRPV4WT or the indicated TgRFP-TRPV4 mutant stained with phalloidin-Alexa Fluor. (c) Quantification of the fold change of the
normalized values (on the values of MYF-TRPV4−/− cells expressing TgRFP-TRPV4WT) of the mean intensity per cell of either active β1-integrin (Ab 9EG7) or
total β1-integrins (Ab Mb1-2) in MYF-TRPV4−/− cells rescued with indicated TRPV4 mutants or not. Reexpression of TgRFP-TRPV4WT induced a significant
decrease in β1-integrin activation (SEM; n = 3–6; >8,000 cells per condition; unpaired t test). (d) Representative epifluorescence images of MYF-TRPV4−/− cells
stably expressing or not TgRFP-TRPV4WT, stained with DAPI (blue) and active β1-integrin (9EG7–Alexa Fluor 488) and shortly spread (4 h) on the β1-
integrin–ligand fibronectin (10 µg/ml). MYF-TRPV4−/− cells spread and assembled active β1-integrin structures faster than when reexpressing TgRFP-
TRPV4WT. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. Scale bars: 4 µm (b), 8 µm (d). n.s., not significant.
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Figure S5. Characterization of the effects of ASK1 and MYO1C on invadosomes. (a) The coIP of Flag-ASK1 and TgRFP-TRPV4WT (appearing as doublet,
double black arrowhead) or the indicated TgRFP-TRPV4mutant overexpressed in HEK293 cells with tgRFP antibody confirmed the specific interaction between
these two proteins independently of the different TRPV4-functions modified by mutation. (b) Representative epifluorescence images of MYF cells stained for
F-actin (phalloidin–Alexa Fluor 647) and endogenous MYO1C (M3567 antibody). The green arrowhead indicates MYO1C accumulation at the invadosome
periphery. (c) Representative epifluorescence images of MYF-TRPV4−/− cells stably expressing or not TgRFP-TRPV4WT or indicatedmutants, stained for F-actin
(phalloidin–Alexa Fluor 647) and endogenous MYO1C. In each case, MYO1C is globally observed at the periphery of the invadosome (green arrows).
(d) Quantification of the efficiency of different siRNA treatments by qPCR (SEM; n = 3; unpaired t test). (e) Quantification of the thickness of invadosome rings
in MYF cells expressing control plasmid (GFP), ASK1-Flag, or the kinase dead mutant ASK1R256C-Flag (SEM; n = 3; >25 rings per condition; unpaired t test).
(f) Treatment of HEK cells transfected with ASK1-Flag and tgRFP-TRPV4WT with DMSO or the specific TRPV4 activator GSK1016790A (100 nM) for 15 min
induced the specific activation of ASK1; observed by Western blotting P-T845ASK1, total ASK1, and actin. (g) Representative images of MYF cells treated with
DMSO or the specific MYO1C inhibitor PCIP (used at 100 µM) for 14 h after being spread on digestible gelatin–Alexa Fluor 647. The cell number was quantified
through DAPI staining. (h) Quantification of the average degradation area per cell of MYF-TRPV4−/− cells rescued with tgRFP-TRPV4WT treated with the
indicated siRNA. The ability of MYO1C silencing to increase degradation appears dependent on the expression of TRPV4 (SEM; n = 3; >80 cells per condition;
unpaired t test). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. Scale bar: 10 µm (b and c), 10 µm (g).
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Figure S6. Invadosome responses to the cell-permeable oxidant H2O2 and the extracellular oxidant DTNB. (a) Representative images of invadosomes
(zoom of invadosome rings in dashed boxes) in MYF cells treated with increasing doses of H2O2 and DMSO for 6 h (stained with phalloidin–Alexa Fluor 488 and
DAPI) after being spread on digestible gelatin-647. (b) Representative images extracted from a time series of MYF cells expressing paxillin-Hyper3 that ex-
hibited an increase in the 488 nm/405 nm ratio in response to H2O2 addition (50 µM for 5 min), which then decreased after the addition of the TRPV4 activator
GSK1016790A (100 nM for 5 min). (c) Quantification of the percentage of cells with invadosome rings in MYF-TRPV4−/− cells that were or were not rescued
with TgRFP-TRPV4WT, the permeation mutant TgRFP-TRPV4M680D, and the disease-associated mutant TgRFP-TRPV4E797K treated with the extracellular
oxidant DTNB at 4 µM for 1 h (SEM; n = 3; >150 cells per condition; unpaired t test). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. Scale bars: 10 µm (a), 4 µm (b). n.s.,
not significant.
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Figure S7. Characterization of Gcamp-TRPV4WT and Gcamp-TRPV4 mutants of extra- and intracellular stretches of cysteines that rescue the ac-
tivity of a pathological cysteine mutation (TRPV4R269C). (a) FACS analysis of the fluorescence intensity of the Gcamp signal in MYF-TRPV4−/− cells rescued
with Gcamp-TRPV4WT or the indicated Gcamp-TRPV4 mutants affecting disulfide bridge formation (SEM; n = 3; >10,000 cells per condition; unpaired t test).
(b) Representative images of invadosomes in MYF-TRPV4−/− cells (stained with phalloidin–Alexa Fluor 488 and DAPI) rescued with Gcamp-TRPV4WT or the
indicated Gcamp-TRPV4 mutants affecting disulfide bridge formation. (c) Quantification of the percentage of cells with invadosome rings in MYF-TRPV4−/−

cells rescued with Gcamp-TRPV4WT or the indicated Gcamp-TRPV4 mutants affecting disulfide bridge formation, treated with the extracellular oxidant DTNB
at 4 µM for 1 h (SEM; n = 3; >150 cells per condition; unpaired t test). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. Scale bar: 10 µm (b). n.s., not significant.
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Provided online is Data S1, an Excel dataset that describes the constructs, siRNA mixes, and antibodies used in this study.
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