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ABSTRACT Human fibroblasts can switch between lamellipodia-dependent and -indepen-
dent migration mechanisms on two-dimensional surfaces and in three-dimensional (3D) matri-
ces. RhoA GTPase activity governs the switch from low-pressure lamellipodia to high-pressure
lobopodia in response to the physical structure of the 3D matrix. Inhibiting actomyosin con-
tractility in these cells reduces intracellular pressure and reverts lobopodia to lamellipodial
protrusions via an unknown mechanism. To test the hypothesis that high pressure physically
prevents lamellipodia formation, we manipulated pressure by activating RhoA or changing
the osmolarity of the extracellular environment and imaged cell protrusions. We find RhoA
activity inhibits Rac1-mediated lamellipodia formation through two distinct pathways. First,
RhoA boosts intracellular pressure by increasing actomyosin contractility and water influx but
acts upstream of Rac1 to inhibit lamellipodia formation. Increasing osmotic pressure revealed
a second RhoA pathway, which acts through nonmuscle myosin Il (NMII) to disrupt lamellipo-
dia downstream from Rac1 and elevate pressure. Interestingly, Arp2/3 inhibition triggered a
NMil-dependent increase in intracellular pressure, along with lamellipodia disruption. To-
gether, these results suggest that actomyosin contractility and water influx are coordinated
to increase intracellular pressure, and RhoA signaling can inhibit lamellipodia formation via
two distinct pathways in high-pressure cells.
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INTRODUCTION

Single cells rely on a diverse array of molecular mechanisms to move  gration often manifest through the formation of distinct cellular pro-

efficiently across two-dimensional (2D) surfaces and through three-
dimensional (3D) matrix environments (Yamada and Sixt, 2019;
Bodor et al., 2020). These unique mechanisms or modes of cell mi-
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trusions at the leading edge of moving cells (Petrie and Yamada,
2012). For example, the small GTPase Rac1 directs actin polymeriza-
tion to form flat, low-pressure lamellipodia at the front of cells crawl-
ing across 2D surfaces (Chung et al., 2000; Kraynov et al., 2000).
Ad(ditionally, inhibition of the Arp2/3 actin nucleating protein in cells
on 2D results in lamellipodia disassembly and a slower, filopodia-
driven cell migration (Suraneni et al., 2012; Wu et al., 2012). In 3D
environments, cells can activate the GTPase RhoA to increase intra-
cellular pressure and produce blunt, cylindrical lobopodia (Petrie
et al., 2012), small blebs (Poincloux et al., 2011), or large stable
blebs (Liu et al., 2015; Logue et al., 2015). Remarkably, an individual
cell can switch rapidly from these high-pressure protrusions to low-
pressure lamellipodia following inhibition of RhoA signaling (Sahai
and Marshall, 2003; Bergert et al., 2012; Petrie et al., 2014). It is
unclear, however, how RhoA activity governs lamellipodia formation
as cells change their mode of migration on 2D surfaces and in 3D
matrices.
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During the initial stages of lamellipodia assembly, Rac1 activates
the actin-binding protein cortactin, which then recruits the Arp2/3
complex to the sides of preexisting filamentous actin (F-actin) to
nucleate the branched F-actin filament network that ultimately
drives membrane protrusion (Amann and Pollard, 2001; Helgeson
and Nolen, 2013). In contrast, RhoA acts through the formin family
of actin nucleators to help generate the actomyosin stress fibers re-
quired for focal adhesion maturation and the generation of traction
forces (Chrzanowska-Wodnicka and Burridge, 1996; Pelham and
Wang, 1999). Importantly, subcellular cross-talk between the Rac
and RhoA signaling pathways within the leading lamella coordinates
the timing of protrusion and retraction during 2D migration (Mach-
acek et al., 2009). During 3D primary fibroblast migration, RhoA
controls the actomyosin contractility required to pull the nucleus
through tight spaces within the extracellular matrix (ECM; Petrie
et al., 2017; Sao et al., 2019). This forward movement causes the
nucleus to act like a piston to pressurize the anterior cytoplasmic
compartment and generate lobopodial protrusions. Critically, inhib-
iting RhoA, or its effectors ROCK or nonmuscle myosin Il (NMII),
decreases intracellular pressure and switches cells back to a less ef-
ficient lamellipodia-based migration mechanism (Petrie et al., 2012,
2014). These findings reveal a critical role for the RhoA pathway in
regulating lamellipodia assembly via an unknown mechanism that is
downstream from NMIL.

NMII activity is known to inhibit Rac1 activation to suppress la-
mellipodia formation and maintain bleb-based amoeboid cancer cell
migration. Specifically, NMII helps activate Rac1 GTPase activating
proteins (GAPs) to turn off Rac1 and prevent lamellipodia formation
(Sanz-Moreno et al., 2008). In addition, NMII can bind and sequester
Rac1 guanine exchange factors (GEFs) to prevent Racl activation
(Even-Ram et al., 2007; Kuo et al., 2011; Vicente-Manzanares et al.,
2011). Actomyosin contractility can also prevent lamellipodia forma-
tion by increasing membrane tension (Katsumi et al., 2002; Martinelli
et al., 2013). Finally, actin nucleating mechanisms can compete for
limiting actin monomers (Lomakin et al., 2015; Rotty et al., 2015;
Suarez et al., 2015) and actin regulatory proteins (Kumari et al., 2020)
to form contractile networks and prevent the generation of lamelli-
podia. Thus, it is not clear whether RhoA activity is disrupting lamel-
lipodia through inhibitory biochemical signaling, competition for
actin monomers, or an NMll-dependent increase in cytoplasmic
pressure and tension within the plasma membrane.

Here we test the hypothesis that an increase in intracellular pres-
sure is sufficient to explain how lamellipodia are disassembled in
motile cells switching to lamellipodia-independent protrusions. We
find that both actomyosin contractility and water influx are required
to maintain pressure following RhoA activation. We establish that
high-intracellular pressure is not sufficient to trigger lamellipodia
disassembly. Finally, we determine there are at least two cross-talk
pathways leading from RhoA activation to the inhibition of down-
stream Rac1 signaling. The first pathway acts upstream of Rac1 to
prevent lamellipodia formation. The second pathway relies on recip-
rocal cross-talk between the downstream effectors NMIl and Arp2/3
activity to govern intracellular pressure and protrusion identity. Ulti-
mately, both cross-talk pathways could play important roles in gov-
erning intracellular pressure and migratory plasticity during 2D and
3D cell migration.

RESULTS

To determine whether increasing osmotic pressure is sufficient to
control protrusion identity, we manipulated the osmolarity of the
media surrounding cells plated on 2D glass in the absence of a 3D
matrix. While cortactin-positive lamellipodia were abundant in
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Increasing intracellular osmotic pressure is sufficient to
trigger disassembly of lamellipodia. (A) Primary human dermal
fibroblasts plated on 2D glass surfaces were treated with isosmotic,
hyperosmotic, or hypo-osmotic media and stained for F-actin
(magenta) and cortactin (green) to visualize lamellipodial protrusions
(LM, yellow arrowheads). While lamellipodia are abundant under iso-
and hyperosmotic conditions, treatment with hypo-osmotic media
prevented cortactin-positive lamellipodia formation (n > 28, N = 3).
Bars, 10 um. Quantified in B. (C) Direct measurement of intracellular
cytoplasmic pressure (P) in cells treated as in A reveals pressure
significantly increases upon exposure to hypo-osmotic media (n = 30,
N=3).*, P<0.0001 vs. control.

control cells and cells treated with hyperosmotic media to promote
water efflux, exposure to hypo-osmotic media to cause water influx
triggered lamellipodia disassembly (Figure 1, A and B). Importantly,
placing the treated cells back into regular media restored normal
lamellipodia formation, indicating the treated cells remained viable
(Supplemental Figure 1, A and B). The loss of cortactin-positive la-
mellipodia following treatment with hypo-osmotic media corre-
sponded with an increase in intracellular pressure from approxi-
mately 800 to 2000 Pa (Figure 1C; n = 18, P < 0.05). These results
demonstrate that increasing osmotic pressure by reducing media
osmolarity in the absence of an ECM is sufficient for cells to dis-
mantle lamellipodial F-actin networks.
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Because RhoA activity and actomyosin contractility are strongly
implicated in governing pressure and protrusion identity in 3D (Sahai
and Marshall, 2003; Petrie et al., 2014), we directly tested the role of
these pathways in controlling protrusion formation and pressure in
fibroblasts on 2D glass. To determine whether RhoA activity can gov-
ern pressure and lamellipodia formation in the absence of a 3D ma-
trix, we expressed constitutively active RhoA (RhoA-CA) fused to
green fluorescent protein (GFP) in primary fibroblasts and measured
cortactin-positive lamellipodia. All transfected cells were imaged
with identical acquisition settings to ensure that equivalent exoge-
nous GTPase expression levels were compared across experiments.
Relative to untransfected control cells, human foreskin fibroblast
(HFFs) expressing RhoA-CA had less cortactin-positive lamellipodia
around the cell perimeter (Figure 2, A and B). Expression of RhoA-CA
was also sufficient to increase intracellular pressure (Figure 2C). Inter-
estingly, inhibiting NMII with blebbistatin treatment reduced this
RhoA-dependent pressure by ~50% and did not restore lamellipodia
formation. This finding was confirmed by treating RhoA-CA express-
ing cells with 50 and 100 pM blebbistatin (Supplemental Figure 2).
Together, these data suggest that RhoA activity can elevate cytoplas-
mic pressure and disassemble lamellipodia on 2D surfaces, consis-
tent with its central role in governing migratory plasticity.

Given the phenotypic similarities between activating RhoA and
increasing osmotic pressure, we theorized that RhoA signaling could
be governing intracellular pressure, in part, by increasing the flow of
water into the cell. To test this hypothesis, we treated cells with ac-
etazolamide to inhibit carbonic anhydrase Il (Fisher et al., 2012), a
protein demonstrated to help govern water flow across the plasma
membrane (Zhang et al., 2012; Vilas et al., 2015). The pressure in
control cells was unaffected by acetazolamide treatment (Figure
2D). In contrast, intracellular pressure was significantly elevated
upon expression of RhoA-CA, as expected, and treatment of the
RhoA-CA expressing cells with acetazolamide significantly reduced
the intracellular pressure without affecting cell volume (Figure 2E).
Together, these data suggest that elevated RhoA activity increases
water influx and actomyosin contractility to help increase intracellu-
lar pressure.

Having established that RhoA activity and osmotic pressure are
each sufficient to remove lamellipodia in primary fibroblasts, we
characterized the signaling cross-talk between the Rac1 and RhoA
pathways that govern intracellular pressure and protrusion identity.
To test the hypothesis that inhibitory cross-talk upstream of Rac1
activation could be responsible for eliminating lamellipodia, we co-
expressed Rac1-CA and RhoA-CA and measured lamellipodia for-
mation. Based on our hypothesis, we predicted Rac1-CA would
overcome the upstream inhibition by RhoA-CA and restore lamelli-
podia formation. As expected (Ridley and Hall, 1992), expression of
RhoA-CA formed robust stress fibers and small blebs consistent
with elevated intracellular pressure, and Rac1-CA triggered exten-
sive lamellipodia formation around the cell perimeter (Figure 3A).
Cells coexpressing Rac1- and RhoA-CA formed abundant actin
stress fibers and F-actin—rich lamellipodia around the perimeter of
the cotransfected cells. We confirmed that Rac1- and RhoA-CA
were expressed at similar levels when transiently transfected alone
and together, suggesting any potential cross-talk was not due to
changes in expression of the GTPase fusion proteins (Supplemental
Figure 3). Quantifying the intensity of rhodamine-phalloidin in
these cells revealed a significant increase in F-actin content in the
cotransfected cells (Figure 3B), suggesting that actin monomer
abundance was not limiting under these conditions. The presence
of lamellipodia in the cotransfected cells was confirmed by measur-
ing the extent of cortactin-positive lamellipodia (Figure 3, C and D).
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We also verified that cells moving through 3D cell-derived matrix
(CDM), an environment that normally activates RhoA and generates
high-pressure lobopodia protrusions (Petrie et al., 2012), can also
form lamellipodia upon expression of Rac1-CA (Supplemental
Figure 4, A and B). Intracellular pressure was significantly elevated
in cells forming stress fibers and blebs on 2D glass when expressing
RhoA-CA (Figure 3E), as expected (Figure 2C). Interestingly, cells
coexpressing Rac1- and RhoA-CA had significantly reduced intra-
cellular pressure compared with cells expressing RhoA-CA alone,
suggesting that Rac1 signaling could be partially inhibiting RhoA-
dependent intracellular pressure generation. To compare the dy-
namics of the lamellipodia in high- versus low-pressure cells, we
measured their rates of protrusion and retraction (Figure 4, A-C,
and Supplemental Movie 1). Both the mean protrusion and retrac-
tion velocities were reduced by approximately 50% upon coexpres-
sion of RhoA-CA with Rac1-CA. Together, these results suggest that
RhoA can disrupt lamellipodia formation by inhibiting signaling
upstream of Rac1. Further, elevated intracellular pressure may slow
lamellipodia dynamics, and Rac1 signaling can inhibit RhoA-depen-
dent pressure generation without significantly reducing the expres-
sion of RhoA-CA.

We next determined how osmotic pressure was triggering the
disassembly of lamellipodia. Specifically, we hypothesized that wa-
ter influx required RhoA signaling to inhibit Rac1 activity, leading to
lamellipodia disassembly. We treated cells expressing Rac1-CA with
hypo-osmotic media to test the prediction that lamellipodia would
persist under these conditions. Instead, hypo-osmotic treatment re-
moved the cortactin-positive lamellipodia, suggesting that water
influx acts downstream from Rac1 activation to disrupt lamellipodia
formation (Figure 5, A and C). To determine whether the mechanism
disrupting lamellipodia in response to hypo-osmolarity required
RhoA signaling, we tested whether the expression of dominant-
negative RhoA (RhoA-DN) would prevent the loss of lamellipodia
following treatment with hypo-osmotic media. Interestingly, the dis-
ruption of cortactin-positive lamellipodia was prevented in hypo-
osmotic cells expressing RhoA-DN (Figure 5, B and C). We indepen-
dently confirmed this finding by showing that hypo-osmolarity
removes lamellipodia in untransfected cells and the expression of
Rac1-CA dramatically increases lamellipodia formation when ex-
pressed alone or in combination with RhoA-CA or RhoA-DN. Criti-
cally, treatment of all of these cells with hypo-osmotic media signifi-
cantly reduces lamellipodia formation except in the case of
coexpression of Rac1-CA and RhoA-DN (Supplemental Figure 5).
Together, these data show the RhoA pathway can also act down-
stream from Rac1 activation to disrupt lamellipodia formation.

We next wanted to identify which effectors could mediate inhibi-
tory cross-talk downstream from Rac1 and RhoA to control lamelli-
podia formation. Given that NMII activity is critical to remove lamel-
lipodia in cells migrating in 3D matrices (Petrie et al., 2012) and
Arp2/3 function is essential for the branched actin formation within
lamellipodia (Amann and Pollard, 2001), we tested their roles in this
effector cross-talk. As expected, control and blebbistatin (an NMII
inhibitor) treated cells formed extensive lamellipodia around the cell
perimeter (Figure 6, A and B). Treating cells with the Arp2/3 inhibitor
CK-666 led to a loss of lamellipodia, as reported previously (Wu
et al., 2012). However, coinhibition of CK-666 treated cells with
blebbistatin prevented the loss of lamellipodia (Figure 6, A and B).
Further, sequential treatment of the cells first with CK-666 followed
by a combination of CK-666 and blebbistatin allowed the cortactin-
positive lamellipodia to reform (Supplemental Figure 6, A and B).
We also demonstrated that blebbistatin was not chemically inacti-
vating CK-666 by showing that CK-666 disrupted lamellipodia
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RhoA signaling increases intracellular pressure and can act upstream of Rac1 to inhibit lamellipodia
formation. (A) Expression of constitutively active GFP-RhoA (RhoA-CA) in primary human dermal fibroblasts prevents
cortactin-positive lamellipodia (LM, yellow arrowheads) from forming on 2D glass surfaces. Treatment with 25 uM
blebbistatin to inhibit myosin Il activity did not restore lamellipodia formation in RhoA-CA expressing cells (n > 20,

N = 3). Bars, 10 pm. Quantified in B. *, P < 0.0001 vs. untransfected. (C) The intracellular pressures of cells treated as in
A. Expression of RhoA-CA was sufficient to significantly increase the cytoplasmic pressure in cells on glass in a manner
partially dependent on NMII activity (n> 17, N = 3). *, P < 0.0001 vs. control. **, P < 0.04 vs. RhoA-CA. (D) Direct
measurements of intracellular pressure from untransfected and GFP-RhoA-CA transfected cells plated on 2D glass
either untreated or treated with 1 mM acetazolamide. The increased pressure in cells expressing RhoA-CA is
significantly reduced following treatment with AZ (n =30, N = 3). *, P<0.0001 vs. control. **, P<0.0001 vs. RhoA-CA.
(E) Cell volume measurements from untransfected and GFP-RhoA-CA transfected cells plated on 2D glass either
untreated or treated with 1 mM acetazolamide (n =30, N = 3). *, P < 0.0001 vs. control. **, P < 0.0001 vs. RhoA-CA.

formation when combined with the inactive enantiomer (+)-blebbi-
statin (Supplemental Figure 7). These results demonstrate that NMII
activity can help to prevent lamellipodia formation by acting down-
stream from Rac1.

To test whether inhibition of Arp2/3 could be activating an NMiII-
dependent pathway to help remove lamellipodia, we measured the
intracellular hydraulic pressure following treatment with CK-666. In-
tracellular pressure significantly increased upon inhibition of Arp2/3
(Figure 6C), consistent with a previous report (Cartagena-Rivera
et al., 2016). Critically, this increase in pressure was dependent on
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NMII activity. Interestingly, the resting intracellular pressure of cells
on 2D glass was not affected by NMII inhibition but did require the
presence of F-actin (Figure 6, C and D). Before measuring intracel-
lular pressure, the efficacy of the blebbistatin treatments was con-
firmed visually by the presence of the elongated cellular tails
(unpublished data) that indicate the successful inhibition of NMII
(Even-Ram et al., 2007). Together, these data suggest that reciprocal
inhibitory cross-talk between Arp2/3 and NMII can govern intracel-
lular pressure and the formation of lamellipodia in primary human
fibroblasts migrating on 2D glass.

Molecular Biology of the Cell
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were plated on glass and transiently transfected with GFP-tagged Rac1-CA, CFP-tagged RhoA-CA, or both together
and then fixed and stained with rhodamine-phalloidin to visualize F-actin. While Rac1-CA and RhoA-CA solitary
expression induced lamellipodia (LM, yellow arrowheads) and stress fibers, respectively, expression of both together
generated abundant lamellipodia and stress fibers (n= 15, N = 3). (B) Mean F-actin intensity was highest in the
cotransfected cells suggesting actin monomer availability is not limiting under these conditions. *, P < 0.003 vs.
Rac1-CA. (C) The extent of lamellipodia formation (LM, yellow arrowheads) in control and cells transiently transfected as
indicated was verified by staining fixed cells for the lamellipodial marker cortactin (n > 7, N = 3). Quantified in D.

*, P<0.007 vs. control. (E) Intracellular pressure measurements of control cells or cells transiently transfected as
indicated. Expression of RhoA-CA significantly increases cytoplasmic pressure and coexpression of Rac1-CA with
RhoA-CA reduces pressure (n= 18, N = 3). *, P<0.0001 vs. control. **, P < 0.0001 vs. RhoA-CA. Bars, 10 pm.

It was unexpected that lamellipodia would form in cells treated
with a combination of CK-666 and blebbistatin. We therefore exam-
ined the F-actin networks within these cortactin-positive protrusions
to confirm they contained the branched F-actin networks consistent
with Arp2/3-mediated nucleation. Platinum replica electron micros-
copy (PREM) of the protrusions formed by cells treated with both
CK-666 and blebbistatin revealed abundant branched actin fila-
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ments (30.0 + 2.2 branches/pm?) with approximately 70° branch
angles (Figure 7, A-C), consistent with Arp2/3 nucleated F-actin net-
works (Amann and Pollard, 2001). Finally, we measured cell velocity
and protrusion dynamics in control cells and cells treated with the
combination of CK-666 and blebbistatin. The loss of cortactin-posi-
tive lamellipodia and branched actin protrusions following CK-666
treatment corresponded with reduced velocity of 2D cell migration
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FIGURE 4: Lamellipodia dynamics are slowed in high-pressure cells. (A) Fluorescent images of a
lamellipodium found in primary fibroblasts transiently transfected with either GFP-tagged
constitutively active Rac1 alone (Rac1-CA) or in combination with mScarlet constitutively active
RhoA (RhoA-CA; top panels). Kymograph analysis (bottom panels) of protrusion dynamics in
these cells reveals that lamellipodia protrusion and retraction are both significantly slowed in
cotransfected cells (n > 95, N = 3). Bars, 5 pm. Quantified in B and C. *, P < 0.009.

(Figure 7D and Supplemental Movie 2), as expected (Wu et al.,
2012). Further, coinhibition of Arp2/3 and NMll increased cell veloc-
ity almost back to control values. In contrast, the protrusion rate in
cells treated with both CK-666 and blebbistatin was significantly
slower compared with control cells (Figure 7, E and F, and Supple-
mental Movie 3). Together, these data suggest that Arp2/3 is nucle-
ating branched F-actin networks following treatment with blebbi-
statin and CK-666, but the rate of actin polymerization and thereby
membrane protrusion in these cells could be reduced.

DISCUSSION

Activation of the RhoA pathway dictates whether cells use high-
pressure protrusions or low-pressure lamellipodia to move through
cross-linked 3D matrices (Sahai and Marshall, 2003; Petrie et al.,
2014). We now show that RhoA activity is sufficient to increase acto-
myosin contractility and water flow into cells to generate intracellu-
lar pressure and disrupt lamellipodia formation. Further, our results
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dramatically increase intracellular pressure
in the absence of a confining extracellular
3D matrix. Intriguingly, this increase in
RhoA-dependent cytoplasmic pressure is
only partially dependent on NMII activity.
Intracellular pressure is also dependent on
water influx that helps contractile cells to
maintain their shape (Stewart et al., 2011).
Further, RhoA-mediated contractility has
been found to drive the flow of water from
the cell posterior into the nucleus to pro-
mote nuclear rupture (Mistriotis et al., 2019).
Thus, there may be a fundamental link be-
tween RhoA-triggered actomyosin contrac-
tility and water influx (Perez-Gonzalez et al.,
2019). This relationship may be most appar-
ent in motile cells when actomyosin contrac-
tility is high, such as during confined migra-
tion through microfluidic channels (Mistriotis
et al., 2019) or when cells are pulling their
nuclei through 3D matrices (Petrie et al.,
2014).

Interestingly, we find both RhoA activity
and water influx are each sufficient to in-
crease intracellular pressure and cause dis-
solution of lamellipodia. While both manip-
ulations result in a global inhibition of
lamellipodia formation across the entire cell,
how they trigger lamellipodia disassembly appears to be distinct.
Activating downstream RhoA signaling by expressing RhoA-CA in-
creases intracellular pressure and blocks lamellipodia formation by
acting upstream of Rac1. While this mode of Rac1 and RhoA cross-
talk controls the 3D migratory plasticity of certain cancer cells (Sanz-
Moreno et al., 2008), it has not been directly linked to the control of
intracellular pressure and lamellipodia formation. It remains unclear
which Rac1 GEFs or GAPs are either inhibited or activated, respec-
tively, by RhoA signaling in primary human fibroblasts to suppress
lamellipodia formation and maintain elevated intracellular pressure.
It will be important to determine whether these inhibitory cross-talk
pathways upstream of Rac1 are conserved in diverse cell types and
modes of 2D and 3D cell migration.

In contrast, NMII activity acts downstream from Rac1 to block
lamellipodia formation. Importantly, this cross-talk is reciprocal, with
both Rac1 and Arp2/3 activity able to suppress NMll-generated
pressure while promoting lamellipodia formation. Arp2/3 activity

Molecular Biology of the Cell
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can suppress RhoA- and NMiIl-dependent cellular mechanisms
(Chan etal., 2019; Huang et al., 2019; Pal et al., 2020), but this is the
first demonstration that Arp2/3 is linked to the control of intracellu-
lar pressure through NMIL. It will be important to resolve the mole-
cular details of this mechanism and whether it is occurring through
direct or indirect interactions. How NMI| activity synergizes with the
Arp2/3 inhibitor CK-666 to prevent lamellipodia formation is un-
clear. While previous studies have found that CK-666 is sufficient to
prevent Arp2/3-dependent actin nucleation in cells (Wu et al., 2012),
the rate of actin polymerization in vitro is slowed but not stopped in
the presence of CK-666 (Nolen et al., 2009; Hetrick et al., 2013). We
speculate that NMII activity is required to block Arp2/3-mediated
branched actin formation in cells treated with CK-666. Further, it is
possible that when NMII activity is inhibited along with Arp2/3, re-
sidual Arp2/3 activity could nucleate branched F-actin, but at a re-
duced rate. This speculation is consistent with our findings that
branched F-actin networks can form in cells treated with both NMII
and Arp2/3 inhibitors, but the rate of lamellipodia extension is sig-
nificantly reduced. Additionally, previous work shows that cells lack-
ing Arp2/3 expression do not form lamellipodia when treated with
blebbistatin (Wu et al., 2012), which also suggests Arp2/3 is required
to form lamellipodia when Arp2/3 and NMII activity are inhibited
together.

An important question is how does NMII activity prevent the
generation of Arp2/3-dependent lamellipodia? It will be important
to understand the molecular details of this interaction and whether
it is occurring through indirect or direct interactions. While our work
does not resolve this question, we speculate it could occur through
competition between actin nucleating pathways as described previ-
ously for Rac1- and RhoA-mediated actin remodeling (Lomakin
et al., 2015; Rotty et al., 2015; Suarez et al., 2015). Alternatively,
NMII activity and water influx could cooperate to increase mem-
brane tension to inhibit Rac1 signaling and thereby the nucleation of
branched F-actin networks (Katsumi et al., 2002; Martinelli et al.,
2013). An additional possibility is that NMIll-generated tension
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within the branched network could be preventing Arp2/3 from act-
ing effectively (Cai et al., 2010).

In summary, RhoA signaling can increase intracellular hydraulic
pressure and disassemble lamellipodia through two distinct path-
ways. Investigating these modes of inhibitory cross-talk will be im-
portant for understanding how cells sense and respond to their ex-
tracellular environment to form the diverse array of protrusions
associated with eukaryotic cell motility.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Reagents, antibodies, and cell culture
The following reagents and antibodies were used in this study: acet-
azolamide (Sigma), sorbitol (Sigma), succinimidyl Alexa 647 (Thermo
Fisher Scientific), rhodamine-phalloidin (Thermo Fisher Scientific),
4,6-diamidine-2’-phenylindole  dihydrochloride (Thermo Fisher
Scientific), CK-666 (EMD Millipore), (+)-blebbistatin (EMD Millipore),
(-)-blebbistatin  (EMD  Millipore), mouse anti-cortactin (EMD
Millipore), goat anti-mouse 1gG Alexa 488 (Thermo Fisher Scien-
tific), and goat anti-rabbit IgG Alexa 568 (Thermo Fisher Scientific).
HFFs were used at passages 6-22 and maintained in phenol red-
free DME (HyClone) containing 7.5% fetal bovine serum (FBS;
Sigma), 4.5 g/I glucose, 100 U/ml penicillin, 100 pg/ml streptomy-
cin, and 2 mM I-glutamine (Life Technologies) at 37°C and 10% CO,.
To produce CDMs, 4 x 10° HFFs were plated on 35-mm glass-bot-
tom dishes (World Precision Instruments) that had been coated with
0.2% porcine skin gelatin (Sigma), washed and then treated with 1%
glutaraldehyde (Electron Microscopy Sciences). Cultures were main-
tained for 10 d in DME 10% FBS, with new media with 50 pg/ml
ascorbic acid (Sigma) replacing the old media every other day, as
described (Petrie et al., 2012). Cells were removed from the matri-
ces by adding extraction buffer (20 mM NH4OH [Sigma] and 0.5%
Triton X-100 [Sigma] in phosphate buffered saline [PBS]) for 10 min
at room temperature and then washing with PBS.
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Arp2/3 inh.

A Control

Cortactin

F-actin

Intracellular
pressure

*

B Lamellipodia C
formation

NMII activity is required to increase intracellular pressure and prevent lamellipodia
formation following Arp2/3 inhibition. (A) Primary fibroblasts on 2D glass were either untreated
(control) or treated with 25 uM blebbistatin (NMII inh.), 100 uM CK-666 (Arp2/3 inh.), or both
together (NMIl inh. + Arp2/3 inh.) for 60 min before fixing and staining for actin (magenta) and
cortactin (green). Arp2/3 inhibition removes lamellipodia (LM, yellow arrowheads), while
inhibiting both Arp2/3 and NMII prevented the removal of lamellipodia from the cell periphery
(n>12, N = 3). Bars, 10 pm. Quantified in B. *, P < 0.0001 vs. control. (C) Intracellular pressure
measurements of live cells treated as in A (n =30, N = 3). Arp2/3 inhibition increases intracellular
pressure through myosin Il activity. *, P < 0.0001 vs. control. (D) Primary human fibroblasts were
plated on 2D glass and treated as indicated for 60 min at 37°C. Latrunculin-A (Lat-A) treatment
significantly reduced intracellular pressure compared with control cells, while treatment with 50
and 100 pM blebbistatin (BS) had no effect (n=30, N = 3). *, P=0.0001 vs. control.

cDNA constructs and cell transfection

PERFP-C1, pECFP-RhoAL63 (CA), pECFP-RhoAN19 (dominant neg-
ative), pEGFP-RhoAL63, and pEGFP-Rac1V12 (CA) were described
previously (Petrie et al., 2012). pERFP-RhoAL63 was generated by
subcloning the full-length sequence into the EcoRl/BamH1 sites of
PERFP-C1. cDNAs were transfected into cells using Lipofectamine
3000 (Thermo Fisher Scientific) according to the manufacturer’s in-
structions. Transfected cells were incubated overnight at 10% CO,
and 37°C before being used in fixed and live-cell imaging experi-
ments the next day.

Cell treatments and immunofluorescence labeling

of fixed cells

To manipulate osmotic pressure, cells were treated with 300 mM
sorbitol in regular media (hyperosmotic) or media diluted 1:5 with
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800

NMII+Arp2/3 inh. H2O (hypo-osmotic) for 1 h (Petrie et al.,
7 2014). Acetazolamide (1 mM) was used for 1
h to inhibit water flux through aquaporins
(Gao et al., 2006). One-hour treatment with
25 pM blebbistatin and 100 pM CK-666
were used to inhibit NMIl and Arp2/3, re-
spectively. All incubations were performed
in the dark at 37°C to prevent the light-me-
diated inactivation of blebbistatin (Saka-
moto et al., 2005).

Following the indicated treatments,
cells were fixed with 4% paraformalde-
hyde (Electron Microscopy Sciences), per-
meabilized with 0.25% Triton X-100, and
blocked with 0.2% bovine serum albumin
(BSA) in PBS. All antibodies and reagents
were diluted in the 0.2% BSA in PBS block-
ing buffer before being incubated with the
fixed cells. Coverslips were mounted on
glass slides using Cytoseal 60 (Thermo
Scientific) before imaging. CDMs were la-

Intracellular
pressure

E

8 600 ; i

© _ —_ beled with 20 pg of the succinimidyl ester
3 éi g N of Alexa 647 (Thermo Fisher Scientific) in 2
% e 52 400 ml of 50 mM NaHCOj for 10 min. The la-
£ beled matrices were washed with PBS and
3; 2004 any remaining unreacted Alexa 647 dye
5

was quenched with 200 mM Tris, pH 7.4
for 20 min and then washed with PBS.

0 5.6 © HFFs (5 x 10%) were plated on the Alexa

&Q@QQ?\/& 647-labeled CDMs and the experiments
OOQ\?Q\?® were performed the following day. The
® ’\QQ,QQ following antibodies were used: mouse

anti-cortactin (EMD Millipore), goat anti-
mouse Alexa 488 (Thermo Fisher Scien-
tific), and goat anti-mouse Alexa 568
(Thermo Fisher Scientific). Cells were im-
aged using a scanning confocal micro-
scope (Olympus FluoView 1000 laser
scanning confocal microscope with multi-
line argon [458 nm, 488 nm, 515 nm], he-
lium-neon [543 nm], and diode [405 nm,
635 nm] lasers) with a 60x, 1.42 NA oil
objective. Cells that were transfected or
cotransfected with the indicated fluores-
cent Rho family constructs were selected
and imaged using identical acquisition
settings across each experiment. This ap-
proach ensured the phenotypes of cells with equivalent GTPase
expression were compared. For example, the mean 12-bit,
0-4096 fluorescence intensity (arbitrary units) of these images
were typically between 800 and 1600. Brightness and contrast
were linearly adjusted using Image J 1.52s (National Institutes of
Health [NIH]) for display purposes. Cell volume was measured
from confocal image stacks with a slice thickness of 0.57 pm us-
ing the 3D object counter plugin on Image J.

The extent of lamellipodia formation (% lamellipodia per cell)
was quantified by measuring the extent of the cell perimeter that
was cortactin positive (considered positive when the cortactin signal
at the cell edge was >1.5x brighter than the adjacent cytoplasm)
and then dividing that number by the total perimeter of the cell. Cell
spread area was measured using linearly adjusted F-actin or cortac-
tin images with Image J 1.52s (NIH).
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FIGURE 7: The lamellipodia formed during the coinhibition of Arp2/3 and NMII contain branched actin networks but
are slower to protrude and retract. (A) Platinum replica electron microscopy (PREM) images of untreated primary
fibroblasts, or cells treated with 25 uM blebbistatin (NMII inh.), 200 pM CK-666 (Arp2/3 inh.), or both together (NMII
inh. + Arp2/3 inh.) for 60 min before fixation (n =27, N = 3). Bars, 500 nm (top panels) and 50 nm (bottom panels).
Networks of F-actin branching at 70° (pseudocolored orange) were abundant in all conditions except following solitary
Arp2/3 inhibition. Quantified in B and C. *, P < 0.0001 vs. control. (D) Quantification of fibroblast velocity on 2D glass
when treated as in A. NMIl inhibition partially rescued cell velocity in CK-666 treated cells (n =40, N=3). *, P<0.03.
(E) Fluorescent images of a lamellipodium found in primary fibroblasts transiently transfected with lifeact-mScarlet and
either untreated (control) or treated simultaneously with CK-666 and blebbistatin (top panels). Kymograph analysis
(bottom panels) of protrusion dynamics in these cells reveals that lamellipodia protrusion is significantly slowed when
Arp2/3 and myosin Il are inhibited together (n > 114, N = 3). Bars, 5 pm. Quantified in F. *, P < 0.04.

Imaging and measuring lamellipodial dynamics

Time-lapse images of transfected HFFs in media at 10% CO; and
37°C were captured using a spinning disk confocal microscope
(Olympus iX83 base with a Yokagawa CSU-W1 scan head and an
iXon Life 888 EM-CCD camera) with a 60x, 1.3 NA silicon oil ob-
jective. Lasers, 488 nm and 561 nm, excited GFP- and RFP-tagged
proteins, respectively. One-hour treatments with 25 uM
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blebbistatin and/or 100 uM CK-666 were used to inhibit NMIl and
Arp2/3, respectively, in these live-cell imaging studies. Image
stacks were imported into ImageJ 1.52s (NIH) to generate the
kymographs for subsequent analysis. Three equally spaced
measurements of protrusion dynamics were made for each kymo-
graph analyzed using the KymographBuilder (v1.2.2) plugin in
Imaged.
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FIGURE 8: RhoA signaling can govern lamellipodia formation by acting both upstream of and
downstream from Rac1. The switch between lamellipodia-dependent and -independent
protrusions is governed by at least two cross-talk pathways connecting RhoA activation to the
inhibition of Rac1 signaling. RhoA activity can act upstream of Rac1 to prevent the activation of
Rac1 and the formation of lamellipodia. This inhibitory cross-talk may activate or inhibit a Rac1
GAP or GEF, respectively, as demonstrated for the RhoA-Rac1 cross-talk governing the
amoeboid-mesenchymal transition (Sanz-Moreno et al., 2008). The second pathway prevents
Rac1-mediated lamellipodia formation through reciprocal cross-talk between Arp2/3 and NMIL.
Both pathways lead to the generation of intracellular hydraulic pressure and the formation of

lamellipodia-independent protrusions downstream from RhoA activity.

Cell motility assays

HFFs (1 x 10% were plated onto glass-bottom dishes (World Preci-
sion Instruments). The following day, time-lapse movies were cap-
tured at 37°C and 10% CO, using an Incucyte S3 live-cell analysis
system (Sartorius) inside a dedicated tissue culture incubator using a
10x objective. Cells were treated with media, 25 uM blebbistatin
and/or 200 uM CK-666. Cells were tracked every 20 min for 12 h
using the Manual Tracking plugin (F. Cordelieres, Institut Curie,
Paris, France) with ImageJ 1.52s (NIH). The ImageJ Chemotaxis and
Migration Tool plugin (Ibidi) was used to calculate cell velocity from
the tracking data.

Micropressure measurements

Direct measurements of intracellular pressure were made using the
900A micropressure system (World Precision Instruments), as de-
scribed previously (Petrie and Koo, 2014). Briefly, a 0.5-pym micropi-
pette (World Precision Instruments) was filled with 1 M KCl solution
and the resistance of the circuit was set to zero or null. The micropi-
pette was positioned with an MPC-325 micromanipulator (Sutter
Instrument) within an environmental chamber (10% CO, and 37°C)
on a Zeiss LSM700 laser scanning microscope using a 32x, 0.4 NA
Ph1 objective. To make an intracellular pressure measurement, the
microelectrode was inserted through the plasma membrane at a 45°
angle, maintained in the cytoplasm for 25 s, and then removed. The
pressure was measured perinuclearly, between the nucleus and the
leading edge. The cytoplasmic hydraulic pressure was calculated as
the mean pressure over this time interval.

PREM

Sample preparation for regular and immunogold PREM was per-
formed as described previously (Svitkina, 2016). After 1-h treatment
with media, or media supplemented with 25 pM blebbistatin, 200 pM
CK-666, or 25 puM blebbistatin and 200 pM CK-666, cells were
extracted for 5 min with 1% Triton X-100, 2% PEG (MW 7000-9000),

588 | S. Patel etal.

) — o — e

10 pM unlabeled phalloidin, and 2 pM taxol
in PEM buffer (100 mM PIPES, pH 6.9, 1 mM
EGTA, 1 mM MgCly). Extracted cells were
rinsed with PEM buffer containing 0.5 mM
unlabeled phalloidin and taxol three times
and then incubated in wash buffer for 1 min.
The extracted cells were then fixed with 2%
glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.3) for 20 min. Fixed cells were
sequentially treated with 0.1% tannic acid
and 0.2% uranyl acetate in water, critical-
point dried, coated with platinum and car
bon, and after removal of the coverslip trans-
ferred onto EM grids for imaging.

PREM samples were imaged using a
JEM 1011 transmission electron microscope
(JEOL) operated at 100 kV. An ORIUS
832.10W charge-coupled device camera
(Gatan) captured images of the extracted
cells and the subsequent images were pre-
sented in inverted contrast. Color labeling
of actin branches was performed using Pho-
toshop. For quantification of branch orienta-
tion, actin filament branches were identified
and colorized by first using 3D glasses to
view pseudocolored overlaid images of the
same high magnification field of view taken
at different tilt angles to distinguish bona
fide branches from juxtaposed filaments or separating bundled fila-
ments. Branch angles of the positively identified branches were
measured using ImageJ v.1.52s (NIH).

Statistical methods

Results are presented as the mean £ SEM. One-way analysis of vari-
ance with Tukey post-hoc tests were used to compare three or more
variables; otherwise, unpaired, two-tailed Student’s t tests were per-
formed. All comparisons were performed with Prism 8 (GraphPad Soft-
ware). Differences were considered statistically significant at P < 0.05.
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