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ABSTRACT Two-dimensional (2D) substrate rigidity promotes myosin Il activity to increase
traction force in a process negatively regulated by tropomyosin (Tpm) 2.1. We recently dis-
covered that actomyosin contractility can increase intracellular pressure and switch tumor
cells from low-pressure lamellipodia to high-pressure lobopodial protrusions during three-
dimensional (3D) migration. However, it remains unclear whether these myosin ll-generated
cellular forces are produced simultaneously, and by the same molecular machinery. Here we
identify Tpm 1.6 as a positive regulator of intracellular pressure and confirm that Tpm 2.1 is
a negative regulator of traction force. We find that Tpm 1.6 and 2.1 can control intracellular
pressure and traction independently, suggesting these myosin ll-dependent forces are
generated by distinct mechanisms. Further, these tropomyosin-regulated mechanisms can be
integrated to control complex cell behaviors on 2D and in 3D environments.
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INTRODUCTION

Single human cells have the remarkable ability to generate forces in
response to their physical environment to move efficiently. Classi-
cally, cells can sense and respond to the relative rigidity of a two-
dimensional (2D) surface by increasing their actomyosin contractility
(Pelham and Wang, 1997; Engler et al., 2006; Prager-Khoutorsky
et al, 2011). Actomyosin contractility can increase tension on
focal adhesion complexes to strengthen the traction applied to the
extracellular environment. This traction can control adhesion
size (Chrzanowska-Wodnicka and Burridge, 1996), cell velocity
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(Even-Ram et al., 2007), and gene expression (Dupont et al., 2011).
Cells moving through three-dimensional (3D) extracellular matrices
(ECMs) can also respond to physical and chemical signals to gener-
ate significant traction forces to align and stiffen adjacent matrix
fibers and increase cell motility (Provenzano et al., 2008; Calvo
et al.,, 2013; Riching et al., 2014; Erdogan et al., 2017).

Cells in 3D environments can also respond to the degree of ma-
trix cross-linking by increasing actomyosin contractility to pull the
nucleus forward and increase intracellular pressure (Petrie et al.,
2014). This increase in cytoplasmic pressure controls migratory plas-
ticity by switching cells from using low-pressure lamellipodia to
high-pressure lobopodial protrusions (Petrie et al., 2012, 2017).
Critically, even though the regulation of intracellular pressure and
traction forces are both required for efficient cell migration, it is un-
clear whether these two forces can be generated simultaneously, by
the same molecular machinery. Determining the molecular mecha-
nisms generating these cellular forces will be essential to under-
stand how cells are able to move efficiently through the structurally
diverse 3D environments found in the body (Fried! et al., 2012).

Both traction force and intracellular pressure are governed by
the RhoA-Rho kinase (ROCK)-myosin Il signaling axis (Chrzanowska-
Wodnicka and Burridge, 1996; Pelham and Wang, 1999; Stewart
et al., 2011; Petrie et al.,, 2014; Chengappa et al., 2018). Upon
activation, RhoA can bind and activate Rho kinase (ROCK; Leung
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etal., 1995). Activated ROCK phosphorylates the myosin regulatory
light-chain 2 (MLC2), which can then bind and enhance NMII heavy-
chain activity to generate actomyosin contractility and increase
tension within the cytoskeleton (Mizutani et al., 2006; Vicente-
Manzanares and Horwitz, 2010). Increased tension on the dorsal and
ventral stress fibers connected to focal adhesions can lead to the
enlargement and maturation of focal adhesion complexes (Pasapera
et al., 2010) to allow the cell to exert greater traction on the ECM
(Plotnikov et al., 2012). Contractile actomyosin fibers can also be
connected to the nucleus where increased tension facilitates
the translocation of the transcriptional regulators YAP/TAZ into the
nucleus (Dupont et al., 2011; Elosegui-Artola et al., 2017).

In 3D matrices, actomyosin contractility and the nucleus are both
required for efficient cell movement (Doyle et al., 2015; Graham
et al., 2018). Contractility overcomes matrix porosity as the rate-
limiting factor of cell movement by pulling the nucleus forward,
generating intracellular pressure, and sustaining lobopodia-based
motility (Wolf et al., 2013; Petrie et al., 2017). Thus, measuring trac-
tion force, the localization of YAP/TAZ, and intracellular pressure
represent three distinct approaches to quantify intracellular mecha-
notransduction in response to the physical environment.

The mammalian actin cytoskeleton consists of several distinct
actomyosin structures that could have unique force-generating func-
tions (Tojkander et al., 2011; Burnette et al., 2014; Murrell et al., 2015).
These morphologically distinct filamentous actin (F-actin) networks,
including dorsal and ventral stress fibers, transverse arcs, and den-
dritic networks within lamellipodia, can also be partially distinguished
by their associated tropomyosin proteins. Tropomyosins (Tpm) are a
large family of actin-binding proteins that form coiled-coil polymers
following each side of adjacent helical actin filaments (for a recent
review, see Gunning et al., 2015). For example, Tpm 1.8/9 are associ-
ated with the dendritic F-actin network to enhance the conversion of
lamellipodial to lamellar actin to enable the sustained Arp2/3-medi-
ated actin polymerization necessary for lamellipodia protrusion (Bray-
ford et al., 2016). In contrast, Tom 2.1 is localized to dorsal and ventral
stress fibers in cells on 2D, where it can control the application of
myosin ll-generated forces to nascent and mature focal adhesions
(Tojkander et al., 2011; Wolfenson et al., 2016).

Here, we test the hypothesis that cellular traction against the
ECM and intracellular pressure are generated by distinct mecha-
nisms by searching for the specific Tom isoforms responsible for
governing these two cellular forces. We show that Tpm 1.6/7 ex-
pression helps to generate intracellular pressure in cells on 2D and
in 3D matrices. In contrast, Tpm 2.1 expression negatively regulates
traction force, but has no effect on the generation of intracellular
pressure. Although both force-generating machineries can govern
the recruitment of YAP/TAZ to the nucleus and are required for
efficient 3D migration, we conclude that the force exerted onto the
intracellular and extracellular environment can be generated by dis-
tinct, Tpm-dependent mechanisms. These distinct force-generating
mechanisms are distinguished by their associated Tpm isoform and
can independently control cell velocity and migratory plasticity in
structurally diverse 3D environments.

RESULTS

To establish whether 2D matrix stiffness can increase focal adhesion
size and cytoplasmic pressure at the same time, responses both
known to require myosin Il activity, we plated human foreskin fibro-
blasts (HFFs) on relatively soft (Young's modulus, 5 + 2 kPa) and stiff
(Young's modulus, 71 £ 17 kPa) 2D surfaces and measured the aver-
age adhesion size and intracellular pressure (P,) of each cell. We
used our previously established micropressure assay (Petrie and Koo,
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FIGURE 1: 2D matrix rigidity reciprocally regulates pressure and
adhesion size. (A) Primary human dermal fibroblasts were plated on
relatively soft or stiff 2D surfaces and transiently transfected with
YFP-paxillin to visualize focal adhesions. Fibroblasts form larger
focal adhesions on stiff (Young's modulus 71 kPa) compared with
soft (5 kPa) 2D surfaces, quantified in B (n > 630, N = 3). Bars,

10 pm. *, P<0.0001. (C) In contrast, intracellular cytoplasmic
pressure (P;) significantly increases on soft 2D surfaces (n > 25,
N=23).* P<0.02.

2014; Petrie et al., 2014, 2017) to directly measure intracellular hy-
draulic pressure by inserting a calibrated, pressure-sensitive 0.5-um
electrode through the plasma membrane into the cytoplasm (see
Materials and Methods). We found a significant decrease in adhe-
sion size on soft 2D surfaces (Figure 1, A and B), as expected (Pelham
and Wang, 1997; Plotnikov et al., 2012). In contrast to adhesion size,
we determined that intracellular pressure is increased on soft com-
pared with stiff surfaces (Figure 1C), demonstrating that intracellular
pressure and adhesion size can be independently regulated.

Given that Tom 2.1 negatively regulates the traction force
applied to focal adhesions on 2D surfaces (Wolfenson et al., 2016),
we searched for a corresponding pressure-regulating tropomyosin
isoform. We transiently overexpressed a panel of tropomyosins
individually in HFFs on 2D glass and measured their intracellular
pressure (Supplemental Figure 1). Of the tropomyosins we tested,
only tGFP-Tpm1.6 expression consistently increased the intra-
cellular pressure relative to control cells. Importantly, expression of
CFP-Tpm 2.1 did not significantly affect the intracellular pressure of
human fibroblasts on 2D glass compared with tGFP-Tpm 1.6 (Figure
2A), despite its established role in regulating traction force
(Wolfenson et al., 2016). Treatment with the myosin Il inhibitor
blebbistatin significantly reduced the tGFP-Tom 1.6-mediated
pressure increase (Figure 2B), indicating actomyosin contractility is
required for this response. To determine whether the Tpm
1.6—dependent pressure increase corresponded with an increase in
cellular traction force, Tpm transfected cells were plated on flexible
microposts to measure the traction force-dependent displacement
of the posts (Figure 2C). Expression of GFP-Tpm 1.6 or CFP-Tpm 2.1
both decreased traction stress (Figure 2D). Together, these data
show that Tpm 1.6 and 2.1 expression can control distinct cellular
mechanisms leading to independent changes in intracellular
pressure and traction.

To test directly whether intracellular pressure and traction are
generated by distinct mechanisms, we compared the ability of the
endogenous Tpm isoforms to control pressure and traction in HFFs.
Using the Tpm isoform-specific small interfering RNA (siRNA)

1171

Tropomyosins and nonmuscle myosin Il |



Intracellular c
pressure

A Intracellular B
pressure

*

20004

1500+
1500 =

©

©
o o
= = 1000
o o
500
0 0
A
R o d® SN
) & Q8
N S
L A
SRS {GFP-Tpm1.6

elolole

Flexible micropost D

traction assay Trac
raction

1.0

0.5

Force per unit area (nN)

0.0

Q .0
S

FIGURE 2: Tpm 1.6 expression in HFFs increases intracellular pressure and decreases traction stress. (A) Expression
of tGFP-Tpm 1.6 in HFFs on 2D glass surfaces causes a significant elevation of intracellular pressure compared with
GFP expressing control cells (n > 15, N = 3). *, P < 0.0001. (B) The increase in pressure due to tGFP-Tpm 1.6
expression is reduced by treatment with the myosin Il inhibitor blebbistatin (n =18, N=3). *, P<0.03.

(C) Measuring the cell (outlined in green) -dependent displacement (red arrows) of flexible microposts of known
elasticity and position allows traction stress to be calculated. (D) Expression of both GFP-Tpm 1.6 and CFP-Tpm 2.1
decrease the traction stress produced by HFFs on the flexible microposts, despite the Tpm-1.6-dependent increase

in pressure measured in A (n>18, N=3). *, P < 0.02.

sequences previously validated (Tojkander et al., 2011; Wolfenson
et al., 2016), we significantly reduced the expression of Tom 1.6/7
and Tpm 2.1 in HFFs (Figure 3, A and B). There was a slight reduc-
tion in Tpm 2.1 expression following transfection of cells with the
Tpm 1.6/7 siRNA. Importantly, this nonspecific knockdown of Tpm
2.1 following Tpm 1.6/7 siRNA treatment was not sufficient to affect
mechanotransduction because Tpm 2.1 siRNA generated several
distinct cellular phenotypes compared with Tpm 1.6/7 siRNA
(Figure 3, C and D, and later in the article, Figures 6 and 7, C and D).
Tpm 1.6/7 knockdown was associated with a specific reduction in
MLC2 expression compared with control and Tpm 2.1 siRNA-
treated cells (Figure 3, A and C), suggesting that the stability of
MLC2 could be sensitive to Tpm 1.6/7 expression. In contrast, non-
muscle myosin A (NMIIA) heavy-chain expression was not signifi-
cantly affected by loss of either Tom 1.6/7 or 2.1.

Having established the efficacy and specificity of our Tpm knock-
downs, we next measured the ability of the siRNA-treated cells to
generate traction stress and intracellular pressure on a 2D surface.
Tpm 2.1 knockdown significantly increased the average traction
stress (2.4 + 0.8 nN) compared with control (1.4 + 0.6 nN) and Tpm
1.6/7 (1.3 £ 0.6 nN) siRNA-treated cells (Figure 3D), as expected
(Wolfenson et al., 2016). The role of Tom 2.1 in negatively regulating
traction was confirmed in a knockdown-rescue experiment per-
formed with independent single siRNAs (Supplemental Figure 2, C,
D, and G). Itis not clear why the overexpression of Tom 1.6 decreases
traction stress (Figure 2D), while its knockdown has no effect (Figure
3D). Measuring the relative endogenous concentrations of Tpm 2.1
and Tpm 1.6 in these cells may help to explain this discrepancy. Criti-
cally, similarly treated cells on 2D glass exhibited no increase (P> 0.5,
n = 17, where n is the total number of measurements and N corre-
sponds to the number of independent experiments) in intracellular
pressure upon loss of Tom 2.1 or Tpom 1.6/7 (Figure 3E). Together
with the Tpm overexpression studies presented in Figure 2 and
Supplemental Figure 1, these data suggest that traction force can be
increased without increasing intracellular pressure.

1172 | K.Sao etal.

To establish a potential mechanism by which Tpom 1.6/7 and 2.1
positively and negatively regulate actomyosin contractility, respec-
tively, we investigated the degree of Tpm association with F-actin in
response to 2D substrate stiffness. On the basis of the increase in
intracellular pressure (Figure 1C) and the established reduction in
traction (Discher et al., 2005), on softer 2D substrates, we predicted
both Tpm 1.6/7 and 2.1 would be more associated with F-actin in
cells on soft versus stiff surfaces. To test this prediction, we plated
HFFs on soft (0.5 kPa) or stiff (64 kPa) 2D surfaces and measured the
relative change to the F-actin—dependent insolubility of Tpm 1.6
and 2.1 (Meiring et al., 2018). Although GAPDH was detected only
in the soluble, cytoplasmic fraction isolated from cells on 2D glass,
as expected (Cao et al., 1999), actin, Tpm 1.6/7, and Tpm 2.1 were
found in both the soluble and insoluble fractions (Figure 4, A and B).
This distribution is consistent with the separation of distinct cellular
pools of soluble G-actin and insoluble F-actin (Zicha et al., 2003). To
confirm that the insolubility of the actin and Tpms were due to the
presence of polymerized actin, cells were treated with the actin
depolymerizing drug latrunculin-A (Coue et al., 1987). Latrunculin-A
treatment significantly reduced the abundance of actin and Tpm
1.6/7 and 2.1 in the insoluble fraction, confirming that F-actin was
required to maintain these proteins in the insoluble fraction.

We next compared the solubility of Tom 1.6/7, Tom 2.1, and the
actomyosin machinery on the same relatively soft and stiff 2D sur-
faces. As predicted, we detected a significant reduction of Tpm
1.6/7 and 2.1 in the F-actin, insoluble fraction isolated from cells
grown on 64 kPa (stiff) versus 0.5 kPa (soft) surfaces (Figure 4, C and
D). In contrast, actin and NMIIA solubility was unaffected by the
relative rigidity of the 2D surface (Figure 4, C and E). Interestingly,
the insolubility of MLC2 was also decreased on stiffer surfaces,
similar to Tpm 1.6/7 and 2.1. Together, these data suggest that the
regulated association of Tpm 1.6/7 and Tpm 2.1 with actomyosin
filaments in response to 2D matrix stiffness could be required for
both the generation of intracellular pressure and the suppression of
traction force, respectively.

Molecular Biology of the Cell
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FIGURE 3: Tpm 2.1 is not required for generating intracellular pressure but is critical for governing traction stress.
(A) Representative Western blots of specific tropomyosin isoforms knockdown probed with antibodies to TPM1
(0/9d mAB), Tm1 (CG1 mAB), MLC2, NMIIA, and GAPDH. (B) Quantification of specific Tpm 1.6/7- and Tpm
2.1-siRNA show reduction of specific tropomyosin isoform level with corresponding knockdown (N = 6).

*, P<0.001. (C) Quantification of MLC2 and NMIIA shows that only Tem 1.6/7 siRNA results in reduction of MLC2
but not NMIIA (N = 6). *, P < 0.001. (D) Specific Tpm 2.1 siRNA results in an increase in traction force compared with
control siRNA-treated cells (n > 15, N = 3). *, P < 0.005. (E) The treatment of HFFs plated on 2D glass with either
Tpm 1.6/7 or Tpm 2.1 siRNA did not affect the generation of intracellular pressure compared with control cells

(h=17, N=3). P>0.5.

We next examined the subcellular localization of Tpm 1.6 and
Tpm 2.1 in HFFs on 2D glass surfaces. We hypothesized that a dif-
ference in their localization could help to identify the population of
F-actin uniquely responsible for generating either traction or intra-
cellular pressure. HFFs moving on a 2D glass surface can possess
the three dominant types of actin stress fibers (Tojkander et al.,
2011; Burnette et al., 2014), namely, dorsal stress fibers, transverse
arcs, and ventral stress fibers (Figure 5A and Supplemental Figure
3A). Despite their differential control of pressure and traction, we
were unable to distinguish GFP-Tpm 1.6 and CFP-Tpm 2.1 on the
basis of their subcellular localization in HFFs on 2D glass imaged
using scanning confocal microscopy (Figure 5B and Supplemental
Figure 3B). Both CFP-Tpm 2.1 and GFP-Tpm1.6 were found in ven-
tral stress fibers (Tpm 2.1, 100%, n=30; Tpm 1.6, 100%, n = 30) and
dorsal stress fibers (Tpm 2.1, 68%, n = 22; Tpm 1.6, 100%, n = 27).
This distribution was consistent with endogenous Tpom 1.6 and 2.1
in HFFs on 2D glass (Supplemental Figure 4) and is similar to their
localization in U20S osteosarcoma cells (Tojkander et al., 2011). We
then more carefully investigated their colocalization in ventral stress
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fibers using total internal reflection fluorescence (TIRF) microscopy.
Compared to F-actin costained with two colors of phalloidin, Tpm
1.6 and 2.1 are not as colocalized, appearing to have a partially
nonoverlapping distribution within large bundles of F-actin (Figure
5, C-G, and Supplemental Figure 5). Together, these results suggest
that these two tropomyosin isoforms can mediate their distinct
effects on intracellular pressure and adhesion size while associated,
but not colocalized, within the same F-actin structure.

Given that Tpm 2.1 and Tpm 1.6/7 expression could help distin-
guish two myosin ll-dependent force-generating mechanisms, we
next determined whether these mechanisms contributed to unique
cell migration phenotypes in 2D and 3D environments (Wolf et al.,
2003; Petrie et al., 2012; Liu et al., 2015). Knockdown of Tpm 1.6/7
expression significantly slowed cells moving across 2D glass sur-
faces, whereas the velocity of the Tom 2.1 knockdown cells was not
as consistently reduced (Figure 6, A and B). The reduced migration
in response to Tpm 1.6/7 knockdown across rigid surfaces
corresponded with a significant decrease in the amount of the
mechanosensitive YAP/TAZ transcriptional regulators recruited into
1173
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FIGURE 4: Tpm 1.6/7 and Tpm 2.1 mediate their positive and negative regulation of pressure and traction force
when associated with F-actin. (A) Representative Western blots of soluble and insoluble fractions from HFFs cultured
on rigid, plastic tissue culture dishes for 24 h followed with 20 pM latrunculin-A (Lat-A) treatment for 1 h before

lysing. Blots were probed with antibodies to B-actin, TPM1/2 (TM311 mAB), and GAPDH. (B) Quantifications
represent the ratio of the insoluble to soluble fractions of B-actin, GAPDH, and tropomyosin isoforms in control
compared with Lat-A-treated cells (N = 6). ***, P<0.001; *, P < 0.05; **, P < 0.01. (C) Representative Western blots of
the soluble and insoluble fractions from HFFs cultured on 0.5 and 64 kPa 2D substrates. Blots were probed with
antibodies to myosin light-chain 2 (MLC2), nonmuscle myosin heavy-chain Il A (NMIIA), along with the B-actin,
TPM1/2, and GAPDH antibodies described in A. (D, E) Quantifications represent relative change in the insoluble
protein levels of the tropomyosin isoforms, B-actin, MLC2, and NMIIA; all are normalized to B-actin (N = 6). *, P < 0.01.

the nucleus (Figure 6, C and D). Importantly, myosin Il activity is
required for the nuclear localization of YAP/TAZ (Figure 6, C and
D). This suggests the efficient migration of cells across rigid, 2D
surfaces requires mechanotransduction downstream from Tpm 1.6.

1174 | K.Sao etal.

In contrast, the role of Tom 2.1 in maintaining 2D cell velocity is
less clear.

We next determined the role of Tom 1.6/7 and Tpm 2.1 during
migration in 3D environments. Because Tpm 2.1 is important for

Molecular Biology of the Cell
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organizing actomyosin contractility during rigidity sensing on soft
materials (Wolfenson et al., 2016), we specifically looked for dis-
rupted migration through soft (15 Pa, range of 11-21 Pa; Petrie
et al., 2012) type | collagen 3D gels (Figure 6E). In contrast to 2D
glass surfaces, in the softer 3D collagen, Tpm 2.1 knockdown
significantly reduced cell velocity relative to control and Tpm 1.6/7
siRNA-treated cells (Figure 6F). This reduced velocity corresponded
to an increase in the recruitment of YAP/TAZ into the nucleus on soft
(0.5 kPa) 2D surfaces (Figure 6, G and H). The role of Tom 2.1 in
regulating YAP/TAZ localization on soft surfaces was confirmed in a
knockdown-rescue experiment performed with independent single
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siRNAs (Supplemental Figure 2). This increase of YAP/TAZ in the
nucleus in cells on soft surfaces is consistent with the increase in
traction stress measured in Tpm 2.1 knockdown cells on the flexible
microposts (Figure 3D) and suggests increased contractility can slow
cell movement in 3D collagen.

To determine whether endogenous Tpm 1.6 is required for high-
pressure, lobopodia-based 3D migration, as suggested by its ability
to increase pressure in cells on 2D glass (Figure 2A), we measured
the velocity of siRNA-treated HFFs in a 3D cell-derived matrix (CDM).
In contrast to soft, nonlinearly elastic 3D collagen, linearly elastic
CDMs tend to be more rigid and trigger the pressure-generating,
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FIGURE 6: Migration in soft material requires Tpm 2.1. (A) Morphology of control primary human foreskin
fibroblast (HFF) migrating on glass. Bar, 10 pm. (B) Velocity of Tpm 1.6/7 siRNA HFFs migrating on glass is
significantly decreased compared with Tpm 2.1 and control siRNA cells (n =36, N = 3). *, P< 0.05 vs. control cells.
(C) Representative images of YAP distribution in Tpm-KD HFFs; cells were cultured on glass for 24 h before fixing
and immunostaining. Bars, 10 pm. (D) Quantification of nuclear to cytoplasmic ratio of YAP in maximum projection
shows a decrease in nuclear YAP in Tpm 1.6/7 siRNA or when myosin Il activity is inhibited (n = 30, N = 3).

*, P<0.001 vs. control cells. (E) Morphology of control HFF in 1.7 mg/ml rat-tail collagen. Bar, 10 pm. (F) Decreased
Tpm 2.1 expression decreases velocity in cells migrating in collagen compared with control cells (n =45, N = 3).

*, P<0.05 vs. control cells. (G) Specific Tpm-KD HFFs were cultured on 0.5 kPa (soft) of stiffness for 24 h before
fixing and immunostaining; shown are representative maximum projections of confocal z-stack immunofluorescence
images of YAP. Bars, 10 pm. (H) Quantification of the nuclear to cytoplasmic ratio of YAP in maximum projections in
cells on soft substratum shows a significant increase in nuclear YAP when Tpm 2.1 expression gets reduced

compared with control (n = 30 total, N=3). *, P<0.001 vs. control cells.

nuclear piston mechanism of 3D migration in HFFs (Figure 7A; Petrie
etal., 2012, 2014). Tpm 1.6/7 or Tpm 2.1 siRNA-treated cells both
moved significantly slower through 3D CDM compared with control
cells (Figure 7B). Similarly, Tom 1.6/7 and Tpm 2.1 were both re-
quired for targeting YAP/TAZ to the nucleus in cells in the 3D CDM
(Supplemental Figure é). In contrast, reducing Tpm 1.6/7 expression
specifically switched cells from blunt, cylindrical lobopodia to lamel-
lipodia-based migration, whereas Tpm 2.1 siRNA treatment did not
affect protrusion identity (Figure 7, C and D, and Supplemental
Figure 7). The role of Tom 1.6/7 in maintaining lobopodia-based
migration in 3D CDM was confirmed with an independent pool of
four siRNAs (Supplemental Figure 8, A-D). These results suggest that
Tpm 1.6/7 is responsible for regulating pressure in response to 2D
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matrix stiffness (Figure 1C) and 3D matrix elastic behavior (Petrie
etal., 2012), given HFFs also switch to lamellipodia in 3D when acto-
myosin contractility is inhibited and intracellular pressure is reduced
(Petrie et al., 2014).

To confirm the reduction in intracellular pressure suggested by
the switch to lamellipodia-based migration (Figure 7, C and D, and
Supplemental Figure 7), we treated cells in 3D CDM with the inde-
pendent siRNA sequences and measured the intracellular pressure
in front of the nucleus in the anterior cytoplasmic compartment
(Petrie et al., 2014). Knockdown of Tpm 1.6/7 reduced the anterior
pressure in cells in 3D CDM (Figure 7E), demonstrating that Tpm
1.6/7 is required to generate pressure in cells migrating in 3D CDM.
The role of Tpm 1.6/7 in regulating intracellular pressure in cells
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FIGURE 7: Tpm 1.6/7 is required for the nuclear piston mechanism of 3D migration and the generation of high-
pressure lobopodial protrusions. (A) Representative phase image of primary human dermal fibroblast migrating in
3D CDM. Bar, 10 um. (B) Velocity assessment of specific tropomyosin knockdown cells show Tpm1.6/7- and Tpm
2.1-siRNA-treated cells are unable to migrate efficiently in CDM compared with control cells (n =54, N = 3).

*, P<0.001. (C) Tpm 1.6/7 knockdown results in an increase of lamellipodia (yellow arrowheads) indicated by an
enrichment of cortactin (green) and F-actin (magenta) in leading protrusions. Bars, 10 um. (D) Morphometric analysis
of lamellipodia formed in specific tropomyosin knockdown cells (n > 23, N =4). *, P < 0.001. (E) Knockdown of Tpm
1.6/7 significantly decreases anterior intracellular pressure in cells in 3D CDM (n > 35, N = 3). *, P < 0.005.

(F) Representative images of 2D and 3D fibroblasts on and in 3D CDM transfected with GFP-Tpm 1.6, respectively.
Bars, 10 pm. (G) Quantification of Tpm 1.6/7 fluorescence density in both 2D and 3D cells shows a significant
increase in Tpm 1.6/7 expression in front of the nucleus in 3D lobopodial cells (n > 15, N=3). *, P < 0.05.

migrating through 3D CDM was confirmed in a knockdown-rescue
experiment performed with independent single siRNAs (Supple-
mental Figure 2, A and B, and Supplemental Figure 8E). Consistent
with this function in generating pressure in front of the nucleus, GFP-
Tpm 1.6 was concentrated in front of the cell, between the nucleus
and the leading edge (Figure 7, F and G). In contrast, GFP-Tpm 1.6
was not polarized in cells moving on the 2D surface of the CDM,
consistent with their previously established low-pressure, lamellipo-
dia based on the unconfined surface of the matrix (Petrie et al.,
2014). Together, these results suggest that Tom 2.1 and 1.6/7 con-
trol two distinct myosin ll-dependent mechanisms responsible for
unique functions in migrating cells.

DISCUSSION

On the basis of our results, we propose the association of Tpm 1.6/7
and 2.1 with F-actin is required for their positive and negative regu-
lation of myosin Il-dependent force production, respectively
(Figure 8). The increased traction force resulting from dissociation of
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Tpm 2.1 from actomyosin fibers on stiff surfaces leads to the trans-
location of YAP/TAZ into the nucleus. On soft surfaces, both tropo-
myosin isoforms become associated with actomyosin fibers. Tpm
1.6/7—positive actomyosin fibers could help to recruit MLC2 to pre-
bound myosin Il heavy chains (Behrmann et al., 2012) to increase
contractility, compress the cytoplasm, and increase intracellular
pressure. Taking the results together, we conclude that Tom 1.6/7
and Tpm 2.1 can distinguish the actomyosin machineries responsi-
ble for controlling the myosin ll-dependent generation of intracel-
lular pressure and traction force, respectively.

Given that changing the expression of Tpm 1.6/7 and 2.1 is suf-
ficient to manipulate traction force and intracellular pressure in cells
moving on 2D surfaces, comparing their subcellular localization in
cells could help to identify where these pathways are found. Our
results suggest that at the resolution of TIRF imaging, Tpm 1.6/7
and Tpm 2.1 can be found closely associated on ventral stress
fibers. Because these large actin stress fibers represent bundles of
individual actin filaments (Tojkander et al., 2012), we speculate that
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Tpm 2.1 and 1.6/7 are bound to distinct actin filaments within these
bundles. In support of the concept that pressure- and traction-gen-
erating filaments may be bundled together, it has been observed
that Tom 1.6/7 and 2.1 do not overlap on the same actin filaments
in vitro (Gateva et al., 2017) and they can have distinct effects on F-
actin elongation and stability (Janco et al., 2016). Further, different
Tpms can profoundly impact the functional characteristics of NMII
(Barua et al., 2014; Pathan-Chhatbar et al., 2018). Future superreso-
lution imaging approaches may be able to discriminate between
bundled or coassembled Tpm 1.6/7 and 2.1 on actin filaments
based on its previous use in determining distinct myosin Il isoforms
coassemble on actin filaments (Beach et al., 2014) for subsequent
sorting to spatially distinct actomyosin structures (Shutova et al.,
2017).

Although the normal regulation of traction force and intracellular
pressure is required for efficient 3D cell migration (Provenzano et al.,
2008; Petrie et al., 2014; Mekhdjian et al., 2017, Owen et al., 2017),
our work suggests that the necessity of these pathways in migrating
cells can depend on the cell's physical environment. Tom 2.1 is
specifically required for the 3D migration of HFFs through soft,
randomly aligned collagen gels. Classically, myosin Il activity func-
tions to increase traction to align collagen fibers and limit the num-
ber of off-axis protrusions to enhance cell velocity (Riching et al.,
2014; Mekhdjian et al., 2017; Owen et al., 2017). We speculate that
Tpm 2.1 knockdown increases cellular traction with soft materials,
such as collagen and CDM (Petrie et al., 2012), as evidenced by the
increased recruitment of YAP/TAZ into the nucleus of cells on soft
2D surfaces, and this increased traction can act to slow 3D cell
migration (Bangasser et al., 2013). Crucially, Tom 1.6/7 knockdown
did not reduce cell velocity through 3D collagen gels but did slow
the velocity and pressure of cells moving through 3D CDM, sug-
gesting Tpm 1.6/7 is an integral component of the nuclear piston
mechanism of high-pressure motility in CDM (Petrie et al., 2014).
Interestingly, Tom 2.1 knockdown also reduced cell velocity through
3D CDM, indicating that the proper control of traction force and
pressure may both be required for the nuclear piston mechanism.
This is consistent with the observation that the nuclear piston
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mechanism also requires robust cell-matrix adhesion to generate
pressure (Petrie et al., 2017) and maintain velocity (Petrie et al.,
2012).

Together, these results suggest that intracellular pressure is not
simply a by-product of the increased intracellular tension due to an
elevation of actomyosin contractility. Rather, our data demonstrate
that the machinery responsible for generating intracellular pres-
sure can be controlled independently of traction force. Further, the
mechanisms responsible for the generation of intracellular pressure
and traction force may be activated by distinct structural features of
the extracellular matrix, such as matrix rigidity and cross-linking,
respectively. Ultimately, establishing the molecular details of these
two tropomyosin-dependent pathways will provide an enhanced
understanding of how cells respond to their physical environment to
move efficiently and could lead to new therapeutic strategies to
control the movement of normal and abnormal cells in the body.

MATERIALS AND METHODS

Reagents and cell culture

The following reagents were used in this study: succinimyidyl Alexa
647 (Thermo Fisher Scientific), rhodamine phalloidin (Thermo Fisher
Scientific), Acti-stain 488 phalloidin (Cytoskeleton), latrunculin-A
(Thermo Fisher Scientific), 4’,6-diamidine-2"-phenylindole dihydro-
chloride (DAPI; Thermo Fisher Scientific), and blebbistatin (EMD
Millipore).

HFFs (used at passages 8-20) were maintained in phenol red-
free DMEM (HyClone) containing 10% fetal bovine serum (FBS;
Sigma), 4.5 g/l glucose, 100 U/ml penicillin, 100 pg/ml streptomy-
cin, and 2 mM L-glutamine (Life Technologies) at 37°C and 10%
CO;. Collagen gels (3D; 1.7 mg/ml) and CDM were prepared as
follows (Petrie et al., 2012). To generate CDM, 4 x 10° HFFs were
plated on gelatin-coated and glutaraldehyde-treated 35-mm glass-
bottom dishes (World Precision Instruments). Cultures were main-
tained for 14 d, adding new media with 50 pg/ml ascorbic acid
(Sigma) every other day. The matrices were denuded of cells 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 washed with PBS. Collagen (1.7 mg/ml) was
prepared by adding 10x reconstitution buffer (0.26 M NaHCO3 and
0.2 M HEPES) and 10x DMEM (Invitrogen) to 10.6 mg/ml rat-tail
type | collagen (BD) at a 1:1:8 ratio. The pH of the collagen mixture
was adjusted to 7.5, and then diluted to 1.7 mg/ml with tissue
culture medium.

siRNA sequences, cDNA constructs, and cell transfection
Knockdowns were performed using transiently transfected targeting
and negative control siRNAs (Qiagen): FlexiTubeTpm 2.1 (5-GCA
CAU CGC UGA GGA UUC ATT-3") and Tpm 1.6/7 (5-GCU GGA
GCU GGC AGA GAA ATT-3). The specificity of the Tpm 1.6/7
siRNA was additionally confirmed using the following independent
siRNA pool: (5-CGA CGU AGC UUC UCU GAA C-3’, 5-AGA GGU
CAG UAA CUA AAU U-3', 5-GCA GAA GGA AGA CAG AUA U-3,
and 5-GAA AGU CAU UGA GAG UCG A-3). Tpm 1.6/7 ON-
TARGETplus SMARTpool siRNAs, along with a nontargeting siRNA
control pool, were purchased from GE Healthcare. Knockdown
rescues were performed using siRNAs (Qiagen) targeting the
untranslated regions of the Tpm 2.1 and 1.6/7 mRNA: Tpm 1.6/7
(5-GGA AAG UAC AUA UCU GGG ATT-3) and Tpm 2.1 (5"-GGU
GCA CCC AGU CCG CUC ATT-3).

HFFs (2 x 10%) were transfected with a 20 nM solution of the indi-
cated siRNA preparation using Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer’s instructions. After 48 h,
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5 x 10* siRNA-treated cells were replated on 3D CDM or glass-bot-
tom dishes for pressure measurements or measuring adhesion size
the next day, respectively. After 72 h, 1 x 10° siRNA-treated cells
were plated onto flexible microposts for traction stress measure-
ments 4 h later. YFP-paxillin was described previously (Petrie et al.,
2012). GFP-Tpm 1.6/7, CFP-Tpm 2.1, and GFP-Tpm 3.1 were
described previously (Tojkander et al., 2011). tGFP-Tom 1.6 was
purchased from Origene. mRFP-Tom 2.1 was generated by sub-
cloning the mammalian Tpm 2.1 into the Xho1-BamH1 sites of
mRFP-C1 (Petrie et al., 2014). GFP-Tpm 1.8 and 1.9 were generated
by subcloning the sequences encoding the mammalian tropomyo-
sins into the BspEl-Sall sites of pEGFP-C1 (Clontech; Brayford,
2016). All cDNAs were transfected into cells using Lipofectamine
3000 (Thermo Fisher Scientific) according to the manufacturer’s
instructions. All cDNAs were transfected into siRNA-treated HFFs
48 h post-siRNA treatment with the Nucleofector system (Lonza) us-
ing the P2 primary cell kit (Lonza) according to the manufacturer’s
instructions. The fluorescence intensity (arbitrary units) of the tropo-
myosin-transfected cells that were selected for live-cell measure-
ments of intracellular pressure or traction force, was typically at the
75th percentile of all transfected cells.

Immunofluorescence labeling and imaging of fixed cells
Cells were fixed with 4% paraformaldehyde (Electron Microscopy
Sciences), permeabilized with 0.25% Triton X-100, and blocked with
0.2% bovine serum albumin (BSA) in PBS. For staining with the
CGP6 antibody, cells were permeabilized on ice with chilled metha-
nol as described (Schevzov et al., 2011). All antibodies and reagents
were diluted in the 0.2% BSA in PBS blocking before applying to
cells. Coverslips were mounted on glass slides using Cytoseal 60
(Thermo Scientific). The following antibodies were used: mouse
anti-cortactin (EMD Millipore), mouse anti-YAP (Santa Cruz), mouse
anti-vinculin (Sigma), mouse anti-GAPDH (Fitzgerald), rabbit anti-
MLC2 (Cell Signaling Technology), rabbit anti—-B-actin (Sigma),
mouse anti-TPM1 (TM311; Sigma), and rabbit anti-NMIIA (Covance).
Mouse 0/9d, v/9d, CG1, and CGB6é6 were described previously
(Schevzov et al., 2011). Cells were imaged using either a Zeiss scan-
ning confocal microscope (510 NLO META AxioObserver Z1; Zeiss)
with a Plan Apochromat 63x, 1.4 NA oil objective or an Olympus
FV1000 confocal microscope with a Plan Apochromat 60x, 1.42 NA
oil objective. Brightness and contrast were linearly adjusted using
ImageJ 1.52b (National Institutes of Health).

For total internal reflection fluorescence (TIRF) imaging, 5 x 10
cells were seeded in 35-mm glass-bottom dishes (World Precision
Instrument) with a glass thickness of 170 pm. Acti-stain
488-phalloidin and rhodamine phalloidin-labeled control cells and
GFP-Tpm 1.6 and mRFP-Tpm 2.1 cotransfected cells were fixed and
permeabilized as above. Cells were imaged using a DeltaVision
OMX V4 inverted microscope (GE Healthcare) equipped with
60x/1.49 NA TIRF oil immersion objective lens (Olympus), 488 and
568 nm laser lines, and a sSCMOS pco.edge camera (PCO). Images
were acquired and aligned using softWoRx software (Version 6.1.1),
before deblurring using the enhanced ratio method.

Generating flexible 2D substrates

Polydimethylsiloxane substrates of varying rigidities were prepared
using a Sylgard 184 silicone elastomer kit (Dow Corning) as de-
scribed (Prager-Khoutorsky et al., 2011). Briefly, the silicone elasto-
mer component was mixed with the curing agent and added to
35-mm glass-bottom dishes (Mattek). Calibrations of the substrata
were performed by placing a steel ball (diameter = 0.3-0.4 mm,
density = 14.95 g/cm?; Hoover Precision, East Gramby, CT) on the
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substratum and measuring the resulting surface indentation (Lo
etal., 2000). Cross-linking of the elastomer was performed for 4 h at
70°C. Curing agent to elastomer ratios of 10:1 and 100:1 corre-
sponded to Young's moduli 70 and 5kPa, respectively, was used.
Cross-linked elastomers were incubated with 10% FBS for 12 h at
37°C and then washed with tissue culture media. Untransfected or
YFP-paxillin transfected cells (1 x 10%) were plated on the flexible 2D
substrates with pressure and adhesion size measurements per-
formed the next day. YFP-paxillin was imaged using a spinning-disk
confocal microscope equipped with a confocal scanning unit
(CSU-X1; Yokogawa), an EM-CCD camera (C9100; Hamamatsu
Photonics), a Plan Apochromat 63x, 1.4 NA oil objective (Carl Zeiss),
and an environmental chamber to maintain 37°C and 10% CO,.
Focal adhesion area was measured based on thresholded YFP-
paxillin images using Volocity (Perkin Elmer).

Motility assays

HFFs (1 x 10%) were seeded in tissue culture media onto CDM or
1.7 mg/ml collagen gels. The following day, time-lapse movies
were captured at 10% CO, and 37°C using a 32%, 0.4 NA Ph1 objec-
tive on a 510 NLO META AxioObserver Z1 (Zeiss). Cells were tracked
every 20 min for 12 h using the Manual Tracking plug-in (F. Corde-
lieres, Institut Curie, Paris, France) with ImageJ 1.52b. Velocity was
calculated from the tracking data using the ImageJ Chemotaxis and
Migration Tool plug-in (Ibidi).

Micropressure measurements

The 900A micropressure system (World Precision Instruments) was
used to make direct measurements of intracellular pressure as de-
scribed previously (Petrie and Koo, 2014; Petrie et al., 2017). Briefly,
the micropressure system was connected to the house compressed
air and vacuum lines in the Papadakis Integrated Sciences Building
whose stability was monitored using a pressure manometer (World
Precision Instruments). Each electrode was calibrated by immersing
the tip of a 0.5-pm micropipette (World Precision Instruments) filled
with 1 M KCl solution in a low-conductivity 0.1 M KCl solution within
the calibration chamber (World Precision Instruments) and adjusting
the resistance of the system to null or zero. The calibration chamber
permits the accuracy of the 900A system to be measured by apply-
ing known pressures (established using a pressure manometer) to
the side port of the chamber and monitoring the pressure detected
by the system. The calibrated micropipette was then positioned
using an MPC-325 micromanipulator (Sutter Instrument) within an
environmental chamber (10% CO, and 37°C) on an AxioObserver
Z1 microscope (Zeiss). To measure intracellular pressure, the micro-
electrode was inserted at a 45° angle into the cytoplasm, main-
tained in place for 25 s, and removed. The intracellular pressure was
calculated as the average pressure reading during this time interval.
For cells on 2D surfaces, the pressure was measured perinuclearly,
between the nucleus and the leading edge. In 3D cells, each pres-
sure measurement was immediately in front of the nucleus in the
anterior cytoplasmic compartment (Petrie et al., 2014).

Measurement of traction stress

Flexible microposts coated with an equimolar mixture of type |
collagen and fibronectin were obtained from MicroDuits GmbH.
The grid size, micropost diameter, and post spring constant were
individually established for each of the micropost dishes used. The
grid size was 12 um, the micropost diameter ranged from 4.3 to
5.7 pm, and the spring constants ranged from 1.8 to 3.5 nN/pm
between the individual dishes. Transfected fibroblasts (1 x 10°) were
plated per dish. The cells and posts were imaged 4 h after plating,
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using a scanning confocal microscope (510 NLO META AxioOb-
server Z1; Zeiss) with a Plan Apochromat 63x, 1.4 NA oil objective
to capture cell shape and post position. Because the diameter, posi-
tion, and spring constant of the unstressed microposts were known,
traction stress was calculated based on the cell-mediated changes
to post position using beam theory (Tan et al., 2003). Traction stress
(presented as the average force per cell-contacted post) was calcu-
lated with the open source software Mechprofiler using beam the-
ory (Goedecke et al., 2015).

For the knockdown-rescue siRNA experiments we prepared sili-
cone gels (CY 52-276 A:B = 1:1; Dow Corning) as described previ-
ously (Style et al., 2013). Briefly, the silicone gels were prepared at
room temperature with a Young’s modulus of ~0.3 kPa and v = 0.5.
The substrates were then conjugated to 0.1 pm, yellow-green fluo-
rescent (505/515) carboxylate-modified microspheres (Thermo
Fisher Scientific) at room temperature, diluted 1:25,000 in 1x PBS.
The final bead solution was prepared by mixing 200 pg/ml EDC
(1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride;
Thermo Fisher Scientific) with the 1:25,000 bead solution diluted in
1x PBS. The 0.3 kPa substrates were coated with 2% APTS
([3-aminopropyl] triethoxysilane; Sigma-Aldrich) diluted in 1x PBS
for 5 min at room temperature and then allowed to dry for 15 min at
room temperature. The final bead solution was added to the surface
for 2-3 h at room temperature for uniform bead density. To minimize
cytotoxicity, the entire surface was the immersed in PBS for ~1 h at
room temperature (Gutierrez et al., 2011).

Before seeding cells, the substrates were coated with 200 ug/ml
rat-tail collagen (Corning) for 1 h at 37°C. 2.5 x 10* siRNA-trans-
fected HFFs or 1 x 10° cDNA-transfected knockdown rescue cells
were plated per well and incubated for 12 h before imaging. Initial
images were obtained before manually trypsinizing cells. Images
were then obtained once the cells were completely detached
from the surface (~10 min). Data analysis was performed using the
Traction Force Microscopy plug-in for ImageJ (Tseng et al., 2012).

Tropomyosin-actin association assay

HFFs (1.2 x 10%) were grown on plastic 10-cm (56 cm?) dishes as
control, and HFFs (4 x 10° cells/well) were grown on a six-well plate
with stiffness of 0.5 or 64 kPa (Advanced BioMatrix) for 24 h before
lysing. Cells were washed briefly with warm PBS, and lysed with
500 pl of lysis and F-actin stabilization buffer (50 mM PIPES, pH 6.9,
50 mM NaCl, 5 mM MgCl,, 5 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid [EGTA], 5% glycerol, 0.1% Triton
X-100, 0.1% Tween-20, 0.1% B-mercaptoethanol [BME], 0.1% Igepal
CA-630, with the addition of fresh 1x protease inhibitor cocktail and
1 mM ATP) for 30 min at room temperature (RT). Cells were collected
by scraping, followed by 2000 rpm centrifugation for 5 min at 37°C
to pellet unbroken cells. Supernatants were then centrifuged at
50,000 rpm or 100,000 x g for 1 h at 37°C to separate detergent-
insoluble (F-actin) and soluble (G-actin) fractions, as described previ-
ously (Meiring et al., 2018). Insoluble F-actin was depolymerized
with an 8 M urea solution. A 4x reducing sample buffer was added
to samples to make both fractions at 1x of identical volume. Soluble
samples were boiled at 95°C and insoluble samples were warmed at
37°C for 5 min, and an equal volume was loaded for SDS-PAGE.

Western blotting

72 h after siRNA transfection, HFFs were lysed using RIPA buffer (1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl,
and 50 mM Tris, pH 8) supplemented with 1x protease inhibitors
without EDTA (Roche). Cleared lysates collected were combined with
an equal volume of 2x reducing sample buffer, heated to 95°C for
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5 min, resolved on 4-12% Tris-glycine polyacrylamide gel (Thermo
Fisher Scientific), and then transferred to nitrocellulose (0.45-pm
pores). Secondary antibodies: goat anti-rabbit immunoglobulin G
(IgG) Alexa 680 and goat anti-mouse IgG Alexa 680 (Thermo Fisher
Scientific). Western blots were quantified by normalizing the signal
intensity of the band of the protein of interest to the corresponding
GAPDH signal and determining the change in expression of the
siRNA-mediated protein knockdown relative to the control.

Statistical methods
Results are presented as the mean + SEM. One-way analysis of
variance with Tukey post hoc tests were used to compare three or
more variables. All comparisons were performed with Prism 7
(GraphPad Software). Differences were considered statistically
significant at P < 0.05.
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