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Low-intensity pulsed ultrasound promotes cell maotility through
vinculin-controlled Rac1 GTPase activity

Paul Atherton’, Franziska Lausecker!, Andrew Harrison? and Christoph Ballestrem®*

ABSTRACT

Low-intensity pulsed ultrasound (LIPUS) is atherapy used clinically to
promote healing. Using live-cell imaging we show that LIPUS
stimulation, acting through integrin-mediated cell-matrix adhesions,
rapidly induces Rac1 activation associated with dramatic actin
cytoskeleton rearrangements. Our study demonstrates that the
mechanosensitive focal adhesion (FA) protein vinculin, and both
focal adhesion kinase (FAK, also known as PTK2) and Rab5
(both the Rab5a and Rab5b isoforms) have key roles in regulating
these effects. Inhibiting the link of vinculin to the actin-cytoskeleton
abolished LIPUS sensing. We show that this vinculin-mediated link
was not only critical for Rac1 induction and actin rearrangements, but
was also important for the induction of a Rab5-dependent increase in
the number of early endosomes. Expression of dominant-negative
Rabb, or inhibition of endocytosis with dynasore, also blocked LIPUS-
induced Rac1 signalling events. Taken together, our data show that
LIPUS is sensed by cell matrix adhesions through vinculin, which in
turn modulates a Rab5-Rac1 pathway to control ultrasound-mediated
endocytosis and cell motility. Finally, we demonstrate that a similar
FAK-Rab5-Rac1 pathway acts to control cell spreading upon
fibronectin.
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INTRODUCTION

Low-intensity pulsed ultrasound (LIPUS) is an externally applied
therapeutic intervention used clinically to promote fracture healing
(Gebauer et al., 2005; Heckman et al., 1994; Kristiansen et al., 1997;
Nolte et al., 2001). LIPUS therapy consists of 20 min of daily
stimulation targeted at the site of injury, with an unfocussed ultrasound
transducer delivering 200 ms bursts of 1.5 MHz ultrasound pulsed at
1 kHz (Fig. S1A), to an intensity of 30 mW/cm? spatial average-
temporal average (SATA), with a power of 117 mW (Harrison et al.,
2016). LIPUS shows particular efficacy in treating bone nonunion
fractures (Nolte et al., 2001; Rutten et al., 2007; Zura et al., 2015a),
and has been approved by the US FDA for treating both fresh fractures
and nonunion fractures, and by NICE in the UK for treating nonunion
fractures (Higgins et al., 2014).

Many in vivo studies have demonstrated that LIPUS can be
beneficial in improving healing in several other tissue types,
including the skin wounds of diabetic and aged mice by increasing
fibroblast migration into the wound site (Roper et al., 2015),
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ischemic heart disease by increasing angiogenesis (Hanawa et al.,
2014), tendon repair (Jeremias Junioretal.,2011; Luetal., 2016) by
increasing collagen synthesis (Fu et al., 2010), and muscle repair
after injury by increasing myofibre regeneration (Chan et al., 2010).

Despite this, little is known about the underlying molecular
mechanisms. The ultrasound intensities used in LIPUS therapy are
sufficiently low to prevent thermal effects (Mizrahi et al., 2012),
suggesting that any cellular changes are caused by nonthermal
effects. Previous studies, the majority of which have looked at the
medium- to long-term (448 h) effects of LIPUS stimulation, have
implicated integrin signalling pathways (Cheng et al., 2014; Sato
et al., 2014; Xia et al., 2015; Zhou et al., 2004), ERK/MAPK
signalling (Kusuyama et al., 2014) and GTPase activation
(Mahoney et al., 2009). However, the precise mechanism by
which cells sense LIPUS and the early signalling events (i.e. within
minutes of stimulation) have yet to be clarified.

LIPUS stimulation can be considered to generate a type of
external force acting upon cells (Padilla et al., 2014). The pulse
modulation of the LIPUS signal produces motion occurring at a
frequency of 1kHz, and has been shown to produce tissue
movement in the nanometre range (Harrison et al., 2016);
replication of this motion has been shown to generate the same
phenotype in chondrocytes as stimulation with LIPUS (Argadine
et al., 2005). More recently, Veronick et al. (2016) showed that
LIPUS stimulation induces movement of fluorescent beads
encapsulated within a collagen hydrogel.

We aimed to investigate how the physical stimulation of cells
with LIPUS is converted into biochemical signalling. The
conversion of extracellular forces to intracellular signalling events
is termed mechanotransduction; focal adhesions (FAs), which link
the intracellular actin cytoskeleton to the ECM via integrins, are
implicated as mechanosensitive cellular organelles (Puklin-Faucher
and Sheetz, 2009; Schwarz and Gardel, 2012), capable of sensing
forces and generating signalling events in response (Goldmann,
2012). The FA protein vinculin has been shown to be particularly
important for mechanotransduction (Atherton et al., 2016); the link
between vinculin and actin is required for cell polarization and Racl
activation in response to cyclic stretching (Carisey et al., 2013), and
vinculin is involved in generating cellular responses to different
ECM rigidities (Holle et al., 2013; Rubashkin et al., 2014;
Yamashita et al., 2014).

The GTPase Racl is an important regulator of the actin
cytoskeleton, driving its polymerization and reorganization to
facilitate cell migration (Ridley, 2011). Efficient wound healing
requires cells to migrate into the injured site, requiring changes to
cell motility; primary fibroblasts from patients with chronic wounds
show reduced cell motility compared to healthy fibroblasts (Brem
et al., 2008).

Here, we use live-cell imaging to show that LIPUS stimulation
leads to dramatic rearrangement of the actin cytoskeleton and
increased endocytosis, coupled with activation of Racl and Cdc42,
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driving increased cell motility. Furthermore, we demonstrate that
cell-ECM adhesions are critical for these responses, and that
mechanosensing of LIPUS is mediated via the FA protein vinculin.
We identify a novel role for vinculin in regulating Rab5 (both the
Rab5a and Rab5b isoforms) and the recruitment of Racl to Rab5-
positive vesicles, driving Racl activation to promote cell migration.

RESULTS

LIPUS induces circular ruffling and cell edge protrusions,
and enhances cell motility

LIPUS promotes healing, which we hypothesized is likely caused
by changes in actin dynamics, resulting in increased cell migration.
To examine whether LIPUS affects actin dynamics, we used B16
melanoma cells stably expressing GFP-actin. These cells are ideal
for actin-related studies as they are highly sensitive to changes in
intracellular signalling, and undergo fast actin rearrangements

Control

(Ballestrem et al., 2000, 1998). LIPUS stimulation of these cells
promoted the formation of actin-based circular dorsal ruffles (CDRs)
which are associated with macropinocytosis (Dharmawardhane et al.,
2000; Dowrick et al., 1993) and cell motility (Krueger et al., 2003;
Sero et al., 2011; Suetsugu et al., 2003). CDR formation increased
almost immediately upon stimulation, with the greatest number seen
10 min after the end of LIPUS stimulation (Fig. 1A; Movie 1). To
determine if the actin-cytoskeletal response was limited to this cell
type, we tested LIPUS on mouse embryonic fibroblasts (MEFs)
expressing RFP-LifeAct for live-cell imaging. In these cells, which
rarely form CDRs, LIPUS significantly increased the formation of
cell membrane protrusions (Fig. 1B; Movie 2), resulting in cell shape
reorganizations to a more polarized form with directional cell edge
protrusions (Fig. 1C). These changes persisted until the end of
imaging (20 min after the end of stimulation). Ultrasound stimulation
increased the velocity of B16 cells and MEFs by 80% and 50%,
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Fig. 1. LIPUS stimulation leads to rapid cytoskeleton rearrangement and increased cell motility. (A) B16 GFP-actin cells were fixed after receiving no
LIPUS stimulation (control), immediately after the end of the 20 min stimulation (LIPUS) or 10 min after the end of the stimulation (LIPUS+10 min). Scale bar:
20 ym. Quantification of 60 randomly selected XY positions. Data are meanzts.e.m. from three independent experiments. Note the marked increase in CDRs after
LIPUS (see also Movie 1). (B) MEFs expressing LifeAct were imaged for 1 h (Movie 2); LIPUS was started after 20 min. Scale bar: 50 ym. LIPUS stimulation
increased the formation of small membrane protrusions, quantified by manual counting. Data are meanzts.e.m. from three independent movies; n=31 (control)
and n=27 (LIPUS). (C) Automated detection of the cell periphery and quantification of membrane velocity using QuimP (Bosgraaf et al., 2009). The colour-coded
shape outlines indicate representative protrusive activities recorded before (red), during (green), and after (yellow) LIPUS application. Note that the spacing
between lines increases due to increases in protrusion velocity of LIPUS-stimulated MEFs compared to nonstimulated controls. Data are mean+s.e.m from three
independent movies; n=69 (control) and n=63 (LIPUS). (D) Tracking of LIPUS-stimulated or nonstimulated control cells shows that LIPUS stimulation increases
the velocity, but not persistence, of B16 and MEF cells (results are representative of three independent experiments and are presented as described in the
Materials and Methods; n numbers are indicated below the plots). **P<0.01, ***P<0.001.
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respectively (Fig. 1D). However, the persistence of migration
(Euclidean distance divided by accumulated distance) remained
unchanged. The change in velocity occurred regardless of fibronectin
concentration (Fig. S1B). Overall, we conclude that LIPUS induces
actin rearrangements that lead to increased cell migration.

LIPUS induces the rapid activation of the Rho GTPases Rac1
and Cdc42

The Rho-family GTPases Racl and Cdc42 regulate actin
protrusions and cell motility (Ridley, 2011), and are involved in
CDR formation (Dharmawardhane et al., 2000). We used
fluorescence resonance energy transfer (FRET)-based activation
probes (Itoh et al., 2002) and live-cell imaging to measure the
activation kinetics of these two GTPases following LIPUS
stimulation. Temporal changes in FRET were monitored before,
during and after LIPUS stimulation. LIPUS stimulation of B16 cells
resulted in an almost immediate increase in Racl activation
(Fig. 2A) with a slightly delayed activation of Cdc42 (Fig. 2B).

To determine whether Racl or Cdc42 activation is required for
the LIPUS-induced formation of CDRs, we measured CDR
formation in cells pretreated with either the Racl inhibitor
EHT1864 (Onesto et al., 2008) or the Cdc42 inhibitor ML-141
(Surviladze et al., 2010). Although the Cdc42 inhibitor had no effect
on the LIPUS-induced fourfold increase in CDR formation seen in
control cells, this change was blocked by the Racl inhibitor
EHT1864 (Fig. 2C). Similarly, LIPUS-induced migration of both
B16 cells and MEFs was blocked by Racl inhibition (Fig. 2D). As
LIPUS is primarily used clinically to promote the healing of bone
injuries, we also tested the ability of LIPUS to stimulate the
migration of MC3T3 cells, sourced from mice calvaria (Sudo et al.,
1983). In these cells, similar to B16s and MEFs, LIPUS enhanced
migration by ~60%, an increase that was readily blocked by
pretreatment with EHT1864 (Fig. S1D). Taken together, these data
show that LIPUS rapidly induces Racl and Cdc42 activation, and
it is Racl that mediates the observed LIPUS-induced actin
cytoskeleton rearrangements and increased cell motility.
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Fig. 2. LIPUS stimulates rapid GTPase activation and endocytosis. (A,B) B16 cells expressing (A) Rac1 or (B) Cdc42 FRET-based activity reporters were

imaged before, during and after LIPUS stimulation. Images and quantifications

of ratiometric FRET (normalized between 0 and 100 over time) analysis

show that LIPUS stimulation leads to rapid activation of both GTPases, and that elevated GTPase activation persists after the stimulation ends. Scale bars: 10 ym.
Data are meanzs.e.m. from three independent experiments; n=26 in A and n=17 in B. (C) Pretreatment of B16 cells with the Rac1 inhibitor EHT1864 (10 uM),
but not with the Cdc42 inhibitor ML141 (10 uM), blocked LIPUS-induced CDR formation. Measurements are from the indicated numbers of XY positions,
representative of three independent experiments. (D) Pretreatment with EHT1864 (10 uM) also blocked LIPUS-induced motility increases in both B16 and
MEF cells. Cells were tracked over 16 h to assess cell motility (results are representative of three independent experiments and are presented as described in the

Materials and Methods). *P<0.05, ***P<0.001.
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LIPUS increases the number of early endosomes in a
Rac1-dependent manner

While induction of CDRs and increased protrusive activity were the
most striking effects of LIPUS, we also observed the formation of
actin-positive ‘comet-tail” structures during live imaging in B16 GFP-
actin cells. These structures were particularly evident in cells that had
previously been serum starved (Fig. 3A; Movie 3). Comet tails have
previously been linked with the movement of endocytic vesicles
(Merrifield et al., 1999), which led us to investigate whether LIPUS
stimulation alters the number of endosomes within cells. LIPUS
increased the number of early endosome antigen 1 (EEA1)-positive
structures by ~35% in nontransfected or wild-type Racl-expressing
B16 cells (Fig. 3B,C; Fig. S2A), supporting previous observations
(Hauser et al., 2009). However, this increase in the number of early
endosomes was inhibited by the expression of either dominant-negative
(DN) (RacIN') (Fig. 3C) or constitutively active (CA) (Racl™0!)
(Fig. 3D) Racl, suggesting that a stimulus leading to changes in Racl
activity levels is required to trigger endosome formation.

LIPUS-induced CDRs and early endosomes are dependent

on cell interaction with the ECM

How cells sense LIPUS is unclear. As LIPUS has the potential to act
as a physical force on cells (Argadine et al., 2005; Padilla et al.,
2014), and FAs are known to be involved in mechanosensing
(Geiger et al., 2009; Shemesh et al., 2005), we tested the possibility
that FAs are involved in LIPUS sensing. B16 GFP-actin cells were
seeded for 1 h on either fibronectin (an integrin ligand) or Cell-Tak
(a substrate to which cells attach and spread in an integrin-
independent manner) (Hwang et al., 2007). B16 GFP-actin cells on
fibronectin, but not Cell-Tak, developed large FAs associated with

actin stress fibres (Fig. 4A). Quantification of CDR formation
showed that these dynamic actin structures were strongly induced by
LIPUS in cells plated on fibronectin, but not in the cells on Cell-Tak
(Fig. 4B). Although some cells on Cell-Tak did form CDRs, this
only occurred in a fraction of cells that had begun to form adhesions
(Fig. 4C), through de novo deposition of ECM proteins (Fig. S2B).
Nevertheless, the adhesions present in these cells were not sufficient
to induce a response to LIPUS, given that we observed no difference
in the number of CDRs formed within this population. These data
demonstrate that integrin-mediated adhesions are critical for
LIPUS-induced formation of CDRs. As for CDR formation, we
found that an increase in the number of EEA 1-positive endosomes
after LIPUS stimulation only occurred in cells on fibronectin and
not in those on Cell-Tak (Fig. 4D,E) Interestingly, after 1 h of
spreading, the cells on Cell-Tak had ~50% fewer EEA1-positive
vesicles than those on fibronectin. Taken together, these data show
that integrin-mediated adhesions are essential for sensing LIPUS.
Furthermore, our results suggest a link between cell-ECM
adhesions and both CDR formation and endocytosis.

Sensing of LIPUS is mediated through vinculin and its link

to actin

The above experiments show that integrin-associated signals are
involved in the sensing of LIPUS. The adapter protein vinculin is an
important protein involved in the transduction of mechanical signals
(Carisey et al., 2013; Humphries et al., 2007; Thompson et al.,
2014). To test the role of vinculin in LIPUS sensing, we first
examined whether LIPUS can activate Racl in vinculin knockout
MEFs (vin”~ MEFs). Interestingly, cells lacking vinculin showed
no increase in Racl activity during or after LIPUS stimulation
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Fig. 3. LIPUS increases the number of early endosomes in a Rac1-dependent manner. (A) LIPUS stimulation in serum-starved B16 GFP-actin cells leads to
the formation of actin comet-tails (arrowheads). The inset is shown in higher magnification in the right-hand panels at the indicated times (min). Data are
meanzs.e.m. from three independent movies; n=17. Scale bar: 20 ym. (B) Immunofluorescence images (colour inverted) of B16 cells with or without LIPUS
stimulation, stained for actin or EEA1. Scale bar: 20 ym. (C) Quantification of the number of endosomes in B16 control cells or cells expressing WT Rac1 or DN
Rac1. Note that the expression of DN Rac1 blocks the LIPUS-induced increase in early endosomes. (D) Expression of CA Rac1 also prevents any change in the
number of EEA1-positive early endosomes after LIPUS stimulation. Data in C and D are from three independent experiments and are presented as described in
the Materials and Methods. **P<0.01.
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Fig. 4. Cell-ECM adhesions are required for LIPUS-induced CDR formation and increases in early endosomes. (A,B) Cells were seeded on fibronectin
or Cell-Tak coated glass and stained for actin and the FA marker paxillin. Cells on fibronectin form FAs (yellow arrowheads), connected to actin stress fibres
(red arrowheads), whereas the majority of cells on Cell-Tak did not form any adhesions. In some cases, cells on Cell-Tak were able to form adhesions.

Scale bar: 20 um. (C) LIPUS stimulation of cells on fibronectin (FN) produced an increase in the number of cells with CDRs, but LIPUS stimulation had no effect on
CDR formation in cells on Cell-Tak, including those that had formed some small adhesions. (D) Control and LIPUS-treated cells on either fibronectin or Cell-Tak and
stained for paxillin and EEA1 (colour inverted). Scale bar: 10 um. (E) Quantification of the number of early endosomes in LIPUS-stimulated and control

cells on FN- or Cell-Tak-coated glass. Note that LIPUS-stimulation had no effect on the number of early endosomes in the cells on Cell-Tak. Data in C and E are
from three independent experiments and are presented as described in the Materials and Methods; n numbers are indicated below the plots. **P<0.01, ***P<0.001.

(Fig. 5A). This response was rescued by expressing a wild-type
vinculin (vinFL) construct (Fig. SA). These data show that LIPUS-
induced Racl activation requires vinculin.

Next, we assessed the motility of vin’~ MEFs or vin’~ MEFs
expressing GFP-vinculin with or without LIPUS stimulation.
LIPUS stimulation caused a 30% increase in migration speed
(0.2 to >0.3 pm/min) in cells expressing GFP-vinculin compared to
untreated cells, which was readily blocked by the Racl inhibitor
EHT1864 (Fig. 5B). As reported previously, vin /" cells migrated
faster than those expressing vinculin (Saunders et al., 2006), but
LIPUS caused no further increase in migration speed in these cells
(Fig. 5B). This was observed even at very low fibronectin
concentrations (Fig. S3A). Interestingly, the absence of vinculin
not only blocked LIPUS-induced Rac1 activation and increased cell
velocity, but also blocked the LIPUS-induced increase in early
endosomes, which was rescued in cells expressing vinFL (Fig. 5C).
This increase was also Racl dependent, as it was readily blocked by
EHT1864 (Fig. S2C,D).

To investigate whether LIPUS stimulation directly affects the
dynamics of vinculin within the FA, we used fluorescence loss after
photoactivation (FLAP) (Atherton et al., 2015) to investigate the
turnover of photoactivatable GFP (PAGFP)-vinculin before and
during LIPUS stimulation. For these experiments, we used NIH3T3
fibroblasts. NIH3T3 fibroblasts are an ideal cell line for photokinetics
experiments as they have large, prominent FAs, better transfection
efficiency (than vin "~ MEFs) and ideal expression levels of PAGFP

constructs. The results showed that vinculin turnover is strongly
reduced in cells undergoing stimulation (Fig. 5D; Fig. S3C).

The link between vinculin and actin has been shown to be critical
for the function of vinculin as a transducer of mechanical stimuli
(Carisey et al., 2013; Thompson et al., 2014). To test whether this
link is also critical for sensing LIPUS, we performed rescue
experiments with vin™~ MEFs expressing vinFL'?74, a point
mutant with reduced actin binding (Thievessen et al., 2013). LIPUS
could not increase Racl activity in these cells (Fig. SE), nor could it
increase their migration speed (Fig. 5F) or the number of EEA1-
positive endosomes (Fig. S3D). Taken together, these results
indicate that vinculin, and its actin-binding tail, is a critical
mechanosensor of the LIPUS signal.

Focal adhesion kinase regulates the cellular response to
LIPUS after the initial mechanosensing by vinculin

Focal adhesion kinase (FAK, also known as PTK2) is as an
important component of cellular mechanotransduction, capable of
generating intracellular signalling events in response to mechanical
stimuli (Bae et al., 2014; Swaminathan et al., 2016). Therefore, we
hypothesized that FAK signalling, downstream of the initial sensing
of LIPUS by vinculin, is involved in Racl activation. First, we
assessed levels of phosphorylated FAK (pFAK-Y397) in whole cell
lysates of B16 cells stimulated with LIPUS for different periods of
time, and found that pFAK-Y397 levels increased over time,
peaking after 10 min of stimulation (Fig. 6A).
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Fig. 5. Vinculin and its actin-binding potential are required for sensing LIPUS stimulation. (A) FRET measurements from vin~~ MEFs expressing the
Raichu Rac1 FRET probe without (upper row) or with (lower row) vinFL. An increase in FRET signal in response to LIPUS is only seen in cells coexpressing
mCherry-vinFL. Scale bars: 10 um. Data are meanzs.e.m. from four independent experiments; =26 (vin~"-) and n=46 (vinFL). (B) LIPUS-stimulated vin~'~ MEFs
show no change in migration speed. Expression of vinFL rescues LIPUS-enhanced motility, which is blocked by pretreatment with the Rac1 inhibitor EHT 1864
(10 yM). (C) The increase in the number of early endosomes after LIPUS stimulation is blocked in vin~"~ MEFs, but rescued by expression of vinFL. (D) The
turnover of PAGFP-vinculin was assessed using FLAP, before or during LIPUS stimulation. Data are mean+s.e.m. from at least three independent experiments.
(E) FRET measurements from vin~/~ MEFs coexpressing Raichu Rac1 and mCherry-vinFL'%97A, Note the lack of increase in FRET signal in response to LIPUS.
Data are meanzs.e.m. from three independent experiments; n=32. (F) Vin™~ MEFs expressing vinFL'**’A show no change in motility after LIPUS stimulation.
Results in B and F are representative of three independent experiments; results in C are from three independent experiments. Data are presented as described in
the Materials and Methods; n numbers are indicated below the plots. **P<0.01, ***P<0.001.

We hypothesized that FAK inhibition would block the cellular
response to LIPUS. Cells were pretreated with a recently
characterized FAK inhibitor (AZ13256675, referred to as FAKi),
which dramatically reduced levels of pFAK-Y397 and blocked
the LIPUS-induced increase in levels of pFAK-Y397 seen in
DMSO-treated cells after 10 min of stimulation (Fig. 6B). We and
others have recently shown that pretreatment with 3 uM FAKi
for 1 h reduces tyrosine phosphorylation at FAs in NIH3T3
and HFF cells, without affecting the molecular composition
of FAs or vinculin turnover (Horton et al., 2016; Stutchbury
etal., 2017).
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Pretreatment with 3 pM FAKi for 1 h blocked Racl activation in
response to LIPUS stimulation (Fig. 6C), as well as the increase in the
number of EEA 1-positive early endosomes (Fig. 6D) and the increase
in cell velocity after LIPUS stimulation (Fig. 6E). In accordance with
previously published results, FAK inhibition reduced cell velocity
(Horton et al., 2016). FAK inhibition also blocked the increased
migration seen after LIPUS stimulation in MC3T3 cells, suggesting
that this is a universal mechanism (Fig. S3E).

Finally, we aimed to determine whether FAK signalling occurs
before or after the initial mechanosensing of LIPUS by vinculin.
FLAP experiments repeated in cells pretreated with FAKi
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Fig. 6. FAK signalling regulates the cellular responses following mechanosensing of LIPUS by vinculin. (A) B16 cells were stimulated with LIPUS for 0, 2,
50r 10 min and then lysed. The western blots show an increase in the amount of pFAK-Y 397 relative to total FAK, with the maximum increase seen after 10 min of
stimulation. The bar graph shows pFAK/FAK ratios from four independent experiments. *P<0.05 (one-way ANOVA). (B) Pretreatment with 3 uM FAK:i for 1 h
dramatically reduces FAK phosphorylation levels, and also blocks the LIPUS-induced increase in pFAK-Y397 levels (cells were lysed after 10 min of
stimulation). The western blots shown are representative of three independent experiments. (C) Raichu Rac1 FRET experiments were performed in cells
pretreated with 3 uM FAKIi or an equivalent volume of DMSO. FAK inhibition blocks the LIPUS-dependent increase in Rac1 activation. Data are meants.e.m. from
three independent experiments; n=32 (DMSO) and n=26 (FAKIi). (D) FAK inhibition also blocked the increase in the number of EEA1-positive endosomes
after LIPUS stimulation (data are from three independent experiments), and (E) blocked the increase in cell velocity seen after LIPUS stimulation (data are
representative of three independent experiments). Results are presented as described in the Materials and Methods, n numbers are indicated below the plots).
(F) The turnover of PAGFP-vinFL was assessed using FLAP, before or during LIPUS stimulation, in the presence of 3 yM FAKi. In cells undergoing stimulation,
the turnover of vinculin is reduced, even when FAK signalling is suppressed. Results are representative of at least three independent experiments. (G) Western

blots of pFAK-Y397 and FAK in vin~~ MEFs stimulated with LIPUS for the indicated amount of time. Note that there is no increase in FAK phosphorylation
in these cells (blots are representative of four independent experiments). o-Tubulin was used as a loading control. *P<0.05, ***P<0.001.

demonstrated that LIPUS stimulation reduced the turnover of
vinculin even in the presence of FAKi (Fig. 6F; Fig. S3F).
Furthermore, an increase in levels of pFAK-Y397 was not seen in
vin/~ MEFs after LIPUS stimulation (Fig. 6G). Taken together,
these results show that LIPUS promotes Racl activation in a FAK-
dependent manner, thereby increasing cell motility. FLAP
experiments show that the initial ‘sensing’ of LIPUS occurs
independently of FAK and Racl, resulting in altered turnover of
vinculin.

Integrin internalization contributes to Rac1 signalling in
response to LIPUS

Recycling of integrins from cell-ECM adhesions to the leading edge
is one important facet of cell migration (Paul et al., 2015). To
determine whether the EEA1-positive vesicles seen after LIPUS

stimulation contained integrins, we expressed GFP-a5 integrin in
vin™~ MEFs with or without CFP-vinculin coexpression.
Immunostaining for EEA1 revealed that many of the EEAIl-
positive early endosomes colocalized with GFP-05 integrin
(Fig. 7A). This colocalization was only seen in cells seeded on an
o5 ligand (i.e. fibronectin); it was not observed in cells on collagen
(Fig. S3G). The number of GFP-a.5 positive vesicles increased upon
LIPUS stimulation (Fig. 7B). This increase was not seen in vin~"
MEFs, which interestingly had more GFP-o5-positive vesicles
under control conditions than vinFL-expressing cells.

Since integrin trafficking has also been linked to Racl activation
(Sandri et al., 2012), we examined whether the observed integrin
internalization and endocytosis contributes to Racl signalling.
Integrin internalization is dynamin dependent, and can be blocked
by the dynamin inhibitor dynasore (Alanko et al., 2015). Pretreating
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Fig. 7. Vinculin modulates Rab5-mediated Rac1 activation in response to LIPUS. (A) Confocal images of vin~~ MEFs rescued with CFP-vinculin and

coexpressing GFP-o5 integrin, without (top row) or with (bottom row) LIPUS stimulation, fixed and stained for EEA1. Arrowheads indicate colocalization between GFP-
o5 and EEA1. Scale bar: 10 ym. (B) Colocalization between GFP-05 and EEA1 in cells fixed 10 min after the end of LIPUS stimulation. ***P<0.001 against the control;
***P<0.001 against the vinFL control. (C) LIPUS stimulation has no effect on Rac1 activity in B16 cells expressing DN Rab5 (Rab5534V) (data are meanzs.e.m.; n=37
from three independent experiments). (D) Confocal images of GFP-Rac1 and RFP-Rab5 expressed in B16 cells, with a line profile showing the colocalization of Rac1
and Rab5-positive vesicles. Scale bar: 10 ym. (E) Percentage of Rac1-positive Rab5 vesicles in control (white) and LIPUS-stimulated (red) B16 cells. (F) The

recruitment of Rac1 to Rab5-positive vesicles in LIPUS-stimulated MEFs is only seen in vinculin-expressing cells (i.e. is vinculin dependent). Data are meants.e.m.

from three independent experiments; n numbers are indicated below the plots. ***P<0.001 against the control; ***P<0.001 against the vinFL control. (G) Vesicle

dynamics. Note that Rab5-positive vesicles move faster in vin®~ MEFs compared
expressing RFP-Rab5 (WT). Arrowheads indicate large, circular vesicles. Scale ba
percentage of vin~'~

to vin@~ MEFs rescued with vinFL (see Movie 4). (H) Image of a vin"~ MEF
r: 10 ym. The bar graph shows the (meanzs.e.m., three independent experiments)

and vinFL cells with large, circular vesicles. Results in B, E and F are from three independent experiments; results in G are representative of

three independent experiments. Data are presented as described in the Materials and Methods; n numbers are indicated below the plots. **P<0.01, ***P<0.001.

cells with dynasore (80 uM) prevented LIPUS-induced EEA1
vesicle formation (Fig. S4A), as well as Racl activation (Fig. S4B)
and the associated increase in cell motility (Fig. S4C). We therefore
conclude that the LIPUS-induced internalization of the integrin-
associated complex contributes to Rac1 activation and regulation of
cell motility.

Rac1 activation requires functional Rab5

Upon internalization, integrins enter Rab5-positive endosomes
(Ezratty et al., 2009; Pellinen et al., 2006; Roberts et al., 2001),
before undergoing either recycling (back to the membrane) or
degradation. Rab5 is a GTPase that regulates endocytosis,
previously shown to associate vinculin (Hagiwara et al., 2014;
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Mendoza et al., 2013); RabS-positive vesicles also act as platforms for
Racl trafficking to promote CDR formation (Lanzetti et al., 2004;
Palamidessi et al., 2008). Since our results demonstrate that LIPUS
promotes the formation of both endosomes and CDRs, we
hypothesized that Racl activation after LIPUS stimulation may
require RabS. LIPUS was unable to increase Racl activation in cells
expressing DN Rab5 (Fig. 7C), confirming that Racl activation
requires functional Rab5. Similarly, LIPUS was unable to increase the
number of endosomes present in cells expressing DN Rab5 (Fig. S4D).

Similar to cells stimulated with growth factors (Palamidessi et al.,
2008), we found that GFP-Racl and RFP-Rab5 colocalized in
B16 cells (Fig. 7D) (Pearson’s R 0.731£0.01 s.e.m, »=20), and
that LIPUS stimulation increased the number of Racl- and
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Rab5-positive vesicles (Fig. 7E; Fig. S4E). A reporter for active
Racl localization (YFP-CRIB-CFP) localized to RabS-positive
vesicles (Fig. S4F), demonstrating that Racl at endosomes is active,
which is in agreement with the findings of Palamidessi et al. (2008).
Surprisingly, vin”~ cells showed an increase in the localization of
Racl to Rab5-positive endosomes compared to vin™~ cells rescued
with CFP-vinFL (Fig. 7F; Fig. S4G). Moreover, LIPUS stimulation
had no effect on Rac1-Rab5 colocalization in vin™~ cells, compared
with the increased colocalization seen in cells expressing vinFL
(Fig. 7F), suggesting that this colocalization occurs after the initial
sensing of LIPUS by vinculin. Consistent with this hypothesis, the
increased colocalization seen between Racl and Rab5 in LIPUS-
stimulated cells was blocked by pretreatment with FAKi (Fig. S4H).

Adhesion signalling has previously been linked to the endosomal
compartment (Mendoza et al., 2013; Sandri et al., 2012); therefore
we sought to determine whether the absence of vinculin affects
Rab5 wvesicles. Live-cell imaging revealed that RabS5-positive
vesicles moved significantly faster (Fig. 7G; Movie 4) in vin™~
cells than in cells rescued with GFP-vinFL, suggesting that vinculin
acts to suppress Rab5-positive vesicle motility. Furthermore, Rab5
endosomes had a markedly different morphology in vin™~ cells,
with an increase in enlarged vesicles reminiscent of later endosomal
compartments (Fig. 7H), suggestive of aberrant early endosomal
maturation in the absence of FA signalling. Moreover, we confirmed
previous observations that RFP-Rab5 localizes in proximity to FAs
(Mendoza et al., 2013) (Fig. S4J).

Taken together, these results demonstrate that the behaviour of
Rab5-positive vesicles is modulated by vinculin and that LIPUS-
induced activation of Racl requires functional Rab5. Furthermore,
LIPUS stimulation promotes the recruitment of Racl to Rab5-
positive vesicles, and we wondered whether this is a phenotype that
could be mimicked by integrin internalization. Interestingly,
similarly to LIPUS, the addition of soluble fibronectin (10 pg/ml)
increased Racl-Rab5 colocalization (Fig. S4I). The amount of
internalisation was dependent on the presence of vinculin; in
vinculin™~ cells, Rac1-Rab5 colocalization was high independently
of the presence of soluble fibronectin. These data suggest that
vinculin contributes in a similar manner to the regulation of both
LIPUS and fibronectin-induced receptor internalization and
downstream Racl activation.

FAK, Rac1 and Rab5 are required for efficient cell spreading
Our results outline a pathway involving FAK, Racl and Rab5 acting
downstream of cell-ECM adhesions in response to LIPUS to
generate changes in the actin cytoskeleton and cell motility. We
aimed to investigate whether a similar mechanism exists for an
alternative FAK-dependent process: cell spreading on fibronectin
(Owen et al., 1999). B16 cells were cotransfected with different
combinations of wild-type (WT) or DN Racl and Rab5, and treated
for 1 h in suspension with either DMSO or FAKi. Cell area was
measured 45 min after plating onto fibronectin-coated (10 pug/ml)
glass. FAKi-treated cells coexpressing both WT Racl and WT Rab5
were ~40% smaller than DMSO-treated control cells, and were
significantly rounder (Fig. 8A,B). Expression of either DN Racl or
DN Rab5 also reduced cell area in DMSO-treated cells, indicating
that both GTPases are required for cell spreading downstream of
FAK activation after engagement of integrins with fibronectin
(Fig. 8A).

To determine whether Rab5 acts upstream or downstream of
Racl, these experiments were repeated in cells coexpressing CA
Racl with either WT or DN Rab5 (Fig. 8C). In cells coexpressing
CA Racl and WT Rab5, FAK inhibition had no effect on cell area or

circularity (Fig. 8D). Interestingly, cells coexpressing CA Racl and
DN Rab5 were significantly smaller, suggesting that functional
Rab5 supports cell spreading on fibronectin, which occurs in a
Racl-dependent manner. Finally, we also tested whether dynamin
inhibition would mimic coexpression of DN Rab5. Cells
coexpressing WT Racl and WT Rab5, or CA Racl and WT
Rab5, were pretreated with dynasore in suspension before being
plated onto fibronectin-coated plastic. As with expression of DN
Rab5, dynasore treatment reduced cell spreading in both WT and
CA Racl-expressing cells (Fig. 8E).

Taken together, these results outline a mechanism whereby
integrin-mediated FAK activation activates Racl in a Rab5-
dependent manner, leading to actin rearrangements and cell
spreading. To determine how these results fit with our observations
of'the effects of LIPUS on cells, we assessed whether LIPUS was able
to induce an increase in the levels of pFAK-Y397 when either Rac1 or
dynamin were inhibited. Interestingly, treatment with either
EHTI1864 or dynasore (Fig. 8F) prevented FAK phosphorylation
after 10 min of LIPUS stimulation. Given that Racl activation in
response to LIPUS stimulation was also blocked by dynasore
treatment (Fig. S4B), we propose that a similar mechanism occurs
downstream of the initial sensing of the LIPUS signal by vinculin
(Fig. 8G). The finding that Rac1 inhibition prevented LIPUS-induced
FAK phosphorylation suggests that there are feedback mechanisms
driving this response to the stimulus.

DISCUSSION

The clinical benefits of LIPUS therapy are well documented (Gebauer
et al., 2005; Heckman et al., 1994; Zura et al., 2015a,b), but the
underlying molecular mechanisms remain poorly defined. Here, we
show that LIPUS leads to an increased number of early endosomes,
actin remodelling and, ultimately, enhanced cell migration.
Mechanistically, these are all dependent on the activation of Racl,
which occurs rapidly upon the application of LIPUS. These LIPUS-
induced effects are dependent on integrin-mediated adhesions and the
associated FA protein vinculin and its interaction with actin.

Promotion of cell motility by LIPUS stimulation

Enhanced cell migration is a widely reported response to LIPUS
stimulation, occurring in several cell types including mesenchymal
stem cells (Wei etal., 2014), chondrogenic progenitor cells (Jang et al.,
2014), primary human endothelial cells (Katano et al., 2011), human
chondrocytes (Uddin et al., 2016) and MC3T3 mouse osteoblasts
(Fig. S1C) (Sawai et al., 2012). Our finding that LIPUS stimulation
enhances the Rac1-dependent migration of fibroblasts (Fig. 2D) is in
accordance with in vivo data showing that daily LIPUS stimulation
enhances fibroblast recruitment to skin wounds to promote healing in
mice in a Racl-dependent manner (Roper et al., 2015).

Mechanical stimulation by LIPUS is sensed by vinculin at FAs
How cells sense LIPUS stimulation to induce healing was one of the
fundamental unknowns of the therapy. Previous reports showed that
the 200 ms pulses produce nano-vibrations (Argadine et al., 2005;
Harrison et al., 2016) as well as acoustic pressure (Fung et al., 2014),
exposing cells to rapid mechanical stimuli.

In accordance with the proposed mechanism for how LIPUS
stimulation works in vivo (Harrison et al., 2016), we show that
integrin-mediated cell-ECM adhesions are essential for the cellular
responses to LIPUS (Fig. 4), and that vinculin has a critical role in
this process (Fig. 5). In the absence of vinculin, LIPUS fails to
increase Racl activity, cell migration or endocytosis, all of which
are cellular responses induced by LIPUS in WT cells (Fig. 5). Given
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Fig. 8. A FAK-Rab5-Rac1 pathway mediates cell spreading and the response to LIPUS. (A) Representative images of B16 cells coexpressing the indicated
constructs pretreated in suspension with either DMSO or FAKi for 1 h before being plated onto fibronectin and fixed after 45 min. Scale bar: 20 um.

(B) Measurements of mean cell area and mean cell circularity show that FAKi treatment reduces cell spreading, similar to expression of either Rac1N'” (DN) or
Rab5N34 (DN). Data are meants.e.m. from three independent experiments; n=46-78. ***P<0.001 against the DMSO control; ***P<0.001 against WT Rac1 and
WT Rab5-expressing DMSO control. (C) Representative images of B16 cells expressing Rac1-¢" (CA) with either WT Rab5 or Rab5N3*. Scale bar: 20 ym.
(D) Quantification of the cell area shows that CA Rac1 expression rescues the defects in cell spreading associated with FAKi treatment. Coexpression of Rab5N34
with Rac1“%" reduces cell spreading to a similar extent to FAKi treatment. Data are meanzs.e.m. from three independent experiments; n=50-72. ***P<0.001
against CA Rac1 and WT Rab5-expressing DMSO control. (E) Mean cell area of B16 cells coexpressing the indicated Rac1 and Rab5 constructs, treated in
suspension with either DMSO or dynasore. Note that dynasore treatment has a similar effect on cell area as coexpression of Rab5N34, Data are meants.e.m. from
three independent experiments; n=21-40. ***<0.001 against DMSO control. (F) B16 cells treated with either EHT1864 (10 uM) or dynasore (80 uM)

were stimulated for 10 min with LIPUS to assess pFAK-Y397 levels. Western blots show that inhibition of either Rac1 or dynamin blocks the LIPUS-induced
increase in pFAK levels (blots are representative of at least three independent experiments; o-tubulin was used as a loading control). (G) Model of how cells sense
and respond to LIPUS: LIPUS stimulation is ‘sensed’ by vinculin at integrin-mediated cell-ECM adhesions, requiring the link between vinculin and the actin
cytoskeleton. FAK signalling leads to Rab5-dependent activation of Rac1. Once Rac1 is active, a feedback mechanism promotes further FAK phosphorylation,
thereby propagating Rac1 activity. Active Rac1 localizes at Rab5-positive vesicles to facilitate trafficking, promoting rearrangements of the actin cytoskeleton and
increased cell motility.

its known role in cellular mechanotransduction (Atherton et al., mechanosensor of the small forces generated by LIPUS. The
2016; Schwarz and Gardel, 2012), and the finding that the actin  inability of cells lacking functional vinculin to respond to LIPUS
binding potential of vinculin is essential for LIPUS sensing and the  stimulation resembles previous observations of cells subjected to
subsequent effects of enhanced endosome formation and cell cyclic stretching, where cells lacking vinculin, or expressing a tail-
motility (Fig. 5), our data suggest that vinculin acts as a less vinculin construct, did not respond to the stimulus (Carisey
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etal., 2013). LIPUS reduced vinculin mobility even in the presence
of FAK inhibition (Fig. 6F), and we observed no increase in FAK
phosphorylation upon LIPUS stimulation in vin™~ cells (Fig. 6G),
suggesting that FAK acts downstream of vinculin. This is consistent
with our recent findings that vinculin acts as a mechanosensor by
changing its turnover rate in response to mechanical stimuli (in the
form of different stiffnesses of the ECM substrate), independently of
FAK activity (Stutchbury et al., 2017). Similarly, one cellular
response to cyclic stretching is increased FAK phosphorylation (Sai
etal., 1999; Wang et al., 2001), which likely occurs downstream of
the initial sensing of the stimulus by vinculin. Precisely how this
crosstalk between the mechanosensing protein vinculin and the
signalling protein FAK occurs remains to be fully elucidated.

The finding that integrins colocalize with many of the endosomes
(Fig. 7A,B) has put forward a model whereby the LIPUS-induced
forces lead to internalization of the whole integrin-associated
complex that proceeds to maintain a signalling function on the
endosome, as has been suggested previously (Alanko et al., 2015;
Palamidessi et al., 2008). This model is supported by our findings
that many Rab5-positive endosomes contained activated Racl
(Fig. S4F). MC3T3 cells cultured on collagen also showed an
increase in motility after LIPUS stimulation (data not shown). That
we did not observe any colocalization between GFP-0.5 integrin and
EEA1 in MEFs on collagen (Fig. S3G) suggests that integrin
internalization after LIPUS stimulation only occurs when the
receptor is bound to its ligand.

Rac1 activation occurs downstream of FAK signalling in a
Rab5-dependent manner

Our finding that Rac1 activation occurs downstream of vinculin is in
accordance with reports that vinculin controls localized Racl
activity (Carisey et al.,, 2013). FAK is also involved in Racl
activation in response to LIPUS, since pretreatment with a FAK
inhibitor blocks Racl activation (Fig. 6A). Furthermore, we
observed an increase in levels of pFAK-Y397 upon LIPUS
stimulation (Fig. 6A). It is likely that FAK signalling to activate
Racl occurs initially at FAs, rather than at integrin-containing
endosomes, which have been reported to contain pFAK-Y397
(Alanko et al., 2015). However, pFAK-Y397 at this compartment
could act to sustain Racl signalling once LIPUS stimulation has
ended.

Cell spreading on fibronectin is both FAK dependent (FAKi
treatment reduced cell area) (Fig. 8A,B) and Racl dependent
(expression of RacIN!'7 reduced cell area) (Fig. 8A,B). However,
cells expressing Racl™®! were unaffected by FAKi treatment,
indicating that Racl activation occurs downstream of FAK
signalling during cell spreading. Interestingly, coexpression of
Rab5N** with Racl™®! reduced cell area, indicating that Rab5 is
required for Racl activation in this FAK-mediated process, similar to
what we find for Racl activation in response to LIPUS stimulation
(Fig. 7C). Indeed, Rab5 has been shown to become activated upon
integrin engagement with fibronectin during cell spreading (Torres
et al., 2010).

In addition to expression of Rab5™3* Rac1 activation in response
to both LIPUS and cell spreading on fibronectin could be blocked
by dynamin inhibition (Fig. 8E; Fig. S4A-C), suggesting that
integrin internalization plays a role in activating Racl to facilitate
cell spreading. Knockdown of the Rab5 GEF RIN2 reduces integrin
internalization and Racl activation by ~50% (Sandri et al., 2012).
Conversely, knockout of the Rab5 GAP RN-Tre (also known as
USP6NL) increases integrin internalization and cell migration
(Palamidessi et al., 2013). These studies, together with our results

presented here, clearly demonstrate a requirement for Rab5 in
activating Racl.

Interestingly, cells treated with the Racl inhibitor EHT1864 did
not show any changes in pFAK-Y397 levels after 10 min of LIPUS
stimulation (Fig. 8F). This suggests that although Racl activation
occurs downstream of FAK signalling (Fig. 6C), this signalling is
required to further increase FAK activation. Therefore, it may be the
case that the initial activation of FAK in response to LIPUS occurs at
focal complexes, which then activates Racl (indeed, we observed a
small increase in pFAK-Y397 levels after 2 min of stimulation)
(Fig. 6A). This then perpetuates further FAK signalling throughout
the cell, thereby driving the response to LIPUS, and would explain
why cells continue to migrate faster even when LIPUS stimulation
has ended.

The link between adhesion proteins and Rab5

Interestingly, in nonstimulated cells, we observed greater Racl-
Rab5 colocalization in vin”~ MEFs than in cells expressing vinFL
(Fig. 7F). Similarly, vin”"~ MEFs had more EEA 1-positive vesicles
containing GFP-a5 integrin than cells rescued with vinculin
(Fig. 7A,B). This is further evidence that integrin internalization
and Rab5-mediated Racl activation or trafficking may contribute to
cell migration, since vinculin-deficient cells also migrate faster
than vinFL-expressing cells (Fig. 5B) (Saunders et al., 2006).
Furthermore, our data suggest that vinculin has a role in controlling
this process. Precisely how this occurs remains to be elucidated, but
one possibility is that vinculin regulates Rab5 indirectly through
Rab5-specific GEFs or GAPs. Both RIN2 (Sandri et al., 2012) and
RN-Tre (Palamidessi et al., 2013) have been shown to localize to and
regulate FAs. Importantly, RIN2 colocalizes with vinculin at
adhesions and with vesicles containing both Rab5 and Racl
(Sandri et al., 2012). Moreover, RIN2 regulates adhesion-dependent
activation of Racl through the Racl GEF Tiaml (Sandri et al., 2012),
which is implicated in LIPUS-induced Racl activation (Roper et al.,
2015) and the activation of Racl at Rab5-positive early endosomes
(Palamidessi et al., 2008). This is particularly interesting, given
that LIPUS stimulation promoted an increase in the number of
Rab5-positive endosomes containing GTP-bound Racl (Fig. 7D,E;
Fig. S4F).

The finding that Rab5 is proximal to FAs (Fig. S4J) is in
agreement with a previously published report, which highlighted a
role for Rab5 in modulating FA turnover (Mendoza et al., 2013).
The same study demonstrated that cell migration promotes the
formation of a complex of Rab5 with B1 integrin, FAK, paxillin and
vinculin, and that FAs are enriched with GTP-bound Rab5
(Mendoza et al., 2013). Furthermore, associations between 1
integrin and Rab5 (Pellinen et al., 2006), and vinculin and Rab5
(Hagiwara et al., 2014), have been observed, pertinent to our
findings that Rac1 activation requires both vinculin and Rab5, and
that vinculin appears to regulate the behaviour and morphology of
Rab5-positive vesicles (Fig. 7G,H; Movie 4). Further work is
required to fully elucidate precisely how cell-ECM adhesion
components regulate the Rab5-dependent activation of Racl.

MATERIALS AND METHODS

Cell culture and transfections

Cells were cultured at 37°C with 5% CO,, in Dulbecco’s modified Eagle
medium (DMEM) (Bl16s and MEFs) or o-MEM (MC3T3s),
supplemented with 10% FCS, 1% L-glutamine and 1% nonessential
amino acids. Transient transfections were performed using Lipofectamine
and PLUS reagents (Life Technologies) as per the manufacturer’s
instructions.
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Live imaging experiments were performed in Ham’s F-12 medium
(Sigma-Aldrich) lacking Phenol Red and riboflavin, supplemented with 1%
glutamine, 1% penicillin/streptomycin and 25 mM HEPES.

Antibodies, reagents and plasmids

Bovine fibronectin (Sigma-Aldrich) was diluted in PBS to 10 pg/ml
(unless indicated otherwise). Cell-Tak (BD Biosciences) was diluted in
0.1 M NaHCOs to a final concentration of 3.5 mg/cm?, and coverslips
were coated according to the manufacturer’s instructions. When seeding
onto Cell-Tak, cells were centrifuged twice in PBS with 10 mM EDTA
to remove integrin-activating ions, and then seeded in serum-free
medium.

EHT1864 (R&D Systems) was used at 10 uM with 4 h pretreatment. This
concentration blocks the induction of PDGF-induced Racl activation
(Shutes et al., 2007), suggesting that Racl activation is suppressed
without affecting basal levels GTP-Racl. This treatment was sufficient
to block serum-induced actin reorganizations and motility (Fig. S1B).
ML-141 (Sigma-Aldrich) was used at 10 uM with 1h pretreatment.
The FAK inhibitor AZ13256675 [Astra Zeneca; available from the
pharmacology toolbox (http:/openinnovation.astrazeneca.com/what-we-
offer/pharmacology-toolbox/)] was diluted in DMSO and used at 3 uM
with 1 h pretreatment.

Primary and secondary antibodies were diluted in 1% BSA (Sigma-
Aldrich) before use. Antibodies used were as follows: rabbit anti-EEA 1
(C45B10, 1:200, New England Biolabs), mouse anti-paxillin (clone 349,
1:400, BD Transduction Laboratories), Dylight 594 donkey anti-mouse IgG
(1:500, Jackson ImmunoResearch) and Dylight 594 donkey anti-rabbit IgG
(1:500, Jackson ImmunoResearch).

Stimulation with LIPUS

Cells were stimulated using an Exogen LIPUS device (Bioventus), emitting
acoustic energy at a frequency of 1.5 MHz and pulse duration of 200 ms,
pulsed at 1kHz (Fig. S1A), giving an overall SATA of 30 mW/cm?.
Stimulation occurs for 20 min until the device automatically switches off.
For fixed-cell experiments, cells seeded on glass coverslips in plastic wells
were coupled to the device using a water-based gel and stimulated from
below. For live-cell imaging, a single ultrasound transducer sterilized with
70% ethanol was placed into the medium, delivering LIPUS stimulation
from above. Tracking of membrane protrusions was performed using the
QuimP plugin for ImageJ (version 11b).

Circular dorsal ruffle assay

B16 GFP-actin cells were cultured overnight on fibronectin-coated glass
coverslips. Cells were stimulated with LIPUS and fixed with 4%
paraformaldehyde. To quantify CDR formation, images of randomly
chosen XY positions were acquired using a Zeiss AxioObserver Z1
microscope with a 10x/0.3 NA objective. The total number of cells and the
number of cells with CDRs in each image were counted manually, and used
to calculate the percentage of cells with CDRs. For live-cell assays, cells
were imaged using a Nikon TE2000 PFS microscope using a 40%/0.60 NA
Plan Fluor objective and the Sedat Quad filter set (89000, Chroma). Images
were acquired using a Cascade Il EMCCD camera (Photometrics) every 60 s
for 2 h, with LIPUS stimulation started at the end of the first hour. The
number of CDRs formed by each cell in the first (control) and second
(LIPUS) hour was counted.

Endosome quantification

Fixed cells were stained for EEA1. Images of the basal plane of cells
were acquired using a Coolsnap HQ camera (Photometrics) on a
DeltaVision (Applied Precision) microscope using a 60%/1.42 NA Plan
Apo objective and the Sedat Quad filter set. Images were processed
using Imagel: first, background was subtracted using a rolling ball
shape-based filter with an appropriate radius to isolate endosomes.
Background-subtracted images were thresholded based on intensity to
select endosomes (Fig. S2A). The number of early endosomes was
quantified using the Particle Analysis function of ImageJ, set to detect
structures between 0.1 and 0.3 um?.
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Western blot quantification of FAK phosphorylation

Cells cultured overnight on fibronectin-coated plastic (10 pg/ml) in
DMEM with 1% FCS were stimulated with LIPUS for the indicated
amount of time, then washed with ice-cold PBS and lysed in RIPA buffer.
30 pg protein was loaded onto a 4-12% gradient gel. Protein was
transferred to a nitrocellulose membrane and blotted for either FAK
(rabbit polyclonal, AHO0502, 1:1000, Invitrogen), pFAK-Y397 (rabbit
monoclonal, clone 141-9, 1:1000, Invitrogen) or o-tubulin (mouse
monoclonal, clone DM1A, 1:1000, Sigma-Aldrich). Immunodetection
was performed using an Odyssey imaging system using IRDye antibodies
diluted 1:5000 (LI-COR Biosciences).

To determine levels of pFAK-Y397, samples were split and run on
separate blots; one blot was stained for tubulin and total FAK, the other for
tubulin and pFAK. Levels of both total FAK and pFAK were normalized to
their respective tubulin stainings. Once normalized, a ratio was calculated to
determine the amount of pFAK-Y397 relative to the amount of total FAK
present in each lysate.

Cell spreading

B16 cells coexpressing the indicated GTPases were trypsinized and treated
in suspension with either FAKi/DMSO (for 1 h) or dynasore/DMSO (for
10 min) as described above, then seeded onto glass coated with 10 pg/ml
fibronectin. Cells were fixed 45 min after plating. Images were acquired
using a Zeiss AxioObserver Z1 microscope with a 20%x/0.4 NA objective;
cell area and circularity measurements were performed using Imagel.

Rac1 and Rab5 imaging and analysis

Cells coexpressing GFP-Racl and RFP-Rab5 were imaged using a spinning
disk confocal microscope (CSU-X1, Yokogawa) supplied by Intelligent
Imaging Innovations, equipped with a 60x/1.42 NA Plan Apo oil immersion
objective (Zeiss). A 488-nm and a 561-nm laser were used to excite the GFP
and RFP fluorophores, respectively. Images were captured using an Evolve
EMCCD camera, and analysed using the JaCoP plugin for ImageJ (Bolte
and Cordelieres, 2006). Colocalization analysis for GFP-a.5 and EEA1 was
performed the same way.

Live-cell movies of Rab5 were obtained using the above setup. Images
were acquired every second for 60 s. To quantify vesicle speed, images were
first corrected for bleaching using the Histogram Matching method, then
background subtracted and auto-thresholded using the Otsu method to
generate binary images, which were automatically tracked using the
MTrack2 plugin for Imagel.

FRET microscopy

Cells expressing the indicated Raichu FRET probe (Itoh et al., 2002;
Yoshizaki et al., 2003) were cultured overnight on fibronectin-coated glass
dishes (IBL). Images were acquired on a Nikon TE2000 PFS microscope
with a heated stage and CO, supply using a 60x/1.40 NA Plan Apo objective
with the Sedat Quad filter set and a Cascade II EMCCD camera
(Photometrics). Donor images were acquired using a CFP excitation filter
and a CFP emission filter; FRET images were acquired using a CFP
excitation filter and a YFP emission filter.

Images were background subtracted using the ‘Subtract from ROI’ plugin
of ImagelJ, with an ROI drawn at the cell edge. Ratio images (FRET/Donor)
were generated using the Image Calculator plugin of ImageJ, and the mean
intensity over time of the resulting 32-bit float image was measured. Ratio
measurements of each cell were normalized over time between 0 and 100
(% of total), and data were pooled. Bar graphs show the normalized values
grouped from the indicated time points.

FLAP

FLAP experiments were performed as described previously (Atherton et al.,
2015) in NIH3T3 cells cotransfected with the required PAGFP-tagged
construct and mCherry-zyxin as a marker for FAs. Postactivation images
were acquired every 10 s for 3 min. Images were acquired using the spinning
disk confocal system described above. Photoactivation of PAGFP was
achieved using a 405-nm laser for 5 ms; a 488-nm and a 561-nm laser were
used to excite the GFP- and RFP-tagged proteins, respectively. Images were
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analysed using a custom MATLAB algorithm as described previously
(Atherton et al., 2015).

Cell migration

Cells were grown overnight on fibronectin-coated plastic in a medium
supplemented with 1% FCS (limiting cell division). After LIPUS stimulation,
cells were transferred to a preheated microscope chamber with a heated stage
supplied with CO,. For each condition, 5-10 XY positions were imaged
every 10 min for 16 h using a Zeiss AxioObserver Z1 microscope equipped
with a 10x/0.3 NA objective (Zeiss). Healthy, nondividing cells were tracked
manually using ImagelJ, and analysed using the Chemotaxis and Migration
Tool plugin (Ibidi) for ImagelJ to calculate velocity and directionality.

Graphs and statistical analysis

Statistical analyses were performed using Prism 6.0 (GraphPad).
Differences between means were tested for significance using either a
t-test (between two groups only), or a one-way ANOVA (between multiple
groups) with a Tukey’s posthoc test. Graphs were created using either Prism
6.0 or R 3.1.1 (R Foundation for Statistical Computing, Austria). Box plots
show interquartile range, minimum and maximum values, median value and
95% confidence intervals of the median (notches); » numbers are indicated
beneath box plots.
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