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SUMMARY

Contractile force generated in actomyosin stress fibers (SFs) is transmitted along
SFs to the extracellular matrix (ECM), which contributes to cell migration and
sensing of ECM rigidity. In this study, we show that efficient force transmission
along SFs relies on actin crosslinking by a-actinin. Upon reduction of a-actinin-
mediated crosslinks, the myosin II activity induced flows of actin filaments and
myosin II along SFs, leading to a decrease in traction force exertion to ECM.
The fluidized SFs maintained their cable integrity probably through enhanced
actin polymerization throughout SFs. A computational modeling analysis sug-
gested that lowering the density of actin crosslinks caused viscous slippage of
actin filaments in SFs and, thereby, dissipated myosin-generated force transmit-
ting along SFs. As a cellular scale outcome, a-actinin depletion attenuated the
ECM-rigidity-dependent difference in cell migration speed, which suggested
that a-actinin-modulated SF mechanics is involved in the cellular response to
ECM rigidity.

INTRODUCTION

The actomyosin system serves as a major force generator in mammalian cells, contributing to cell migra-

tion,1 cell differentiation,2,3 cell division,4–6 and muscle contraction.7 Adherent cells form the actomyosin

cables called stress fibers (SFs) whose tips are connected to focal adhesions (FAs), sites for cell adhesion

to the extracellular matrix (ECM).8,9 SFs generate a contractile force and transmit it along SFs to

FAs,10–14 which is essential for regulation of cell adhesion to ECM and cellular sensing of extracellular me-

chanical cues.15 Molecular mechanisms for the regulation of contractile force generation have been exten-

sively studied; phosphorylation of myosin regulatory light chain, which is regulated by myosin light-chain

kinase, Rho kinase, and myosin light chain (MLC) phosphatase, activates non-muscle myosin II to induce

ATP hydrolysis and force generation by myosin II.16–18 From the mechanical point of view, SF acts not

just as a passive elastic string but also as an active viscoelastic matter.19–21 SFs are composed of sarco-

mere-like contractile units (CUs) in series that contain F-actin and myosin II; in each unit, 10–30 actin fila-

ments are bundled by actin crosslinking proteins.22–24 Akin to the case of crosslinked synthetic polymer net-

works, the viscoelastic property of the actin cytoskeleton is affected by actin crosslinkers; increasing the

density of actin crosslinking proteins makes the actin cytoskeleton more elastic and solid-like.25,26 While

viscoelastic cytoskeletal networks exhibit non-linear behaviors in strain-stress relationship both in vitro

and in cells,27–29 it has been largely obscure how viscoelastic properties of SFs contribute to force transmis-

sion along SFs and cellular functions.

a-Actinin is a well-conserved and ubiquitously expressed actin crosslinking protein.30–32 An a-actinin mole-

cule consists of an actin-binding domain, a CaM-like domain, and a rod domain composed of four consec-

utive spectrin repeats and forms antiparallel homodimers.33,34 Studies have shown that a-actinin is involved

in SF maturation and mechanical resilience of the cytoskeleton network35–37 and can serve as a molecular

‘‘shock absorber’’ in the actin cytoskeleton by changing folding states of its spectrin repeat domains in

response to the cytoskeletal tension.33 An increase in the affinity of a-actinin for actin has been shown to

increase the elasticity of actin filament gels in vitro,38 to reduce diffusive mobilities of cytoplasmic particles,

suggesting solidification of the cytoplasmic environment in cells,39 and to elevate cellular traction stress

exerted to ECM.39 Based on these results, Ehrlicher et al. discussed that a-actinin-mediated crosslinks of
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Figure 1. SFs are fluidized by inhibiting a-actinin crosslinks

(A) C2C12 cells expressing shRNA against a-actinin (sh a-actinin) or non-targeting shRNA (non-target) were subjected to the western blotting analysis for

a-actinin and b-actin.

(B) Representative images of a-actinin KD and non-target (control) C2C12 cells stained for F-actin with phalloidin.White arrowheads indicate ‘‘foci’’ observed

in a-actinin KD cells. Scale bars, 20 mm.

(C) Line scan profiles of fluorescence intensities of phalloidin-stained F-actin across SFs in non-target (control) and a-actinin KD cells. Black arrowheads

indicate local peak intensities that correspond to SFs. Fluorescence intensities were measured along the yellow lines in inset images of F-actin.

(D) Number densities of SFs in non-target and a-actinin KD cells, which were calculated from line scan profiles (5–12 mm in length each) of fluorescence

intensities of phalloidin-stained F-actin. Horizontal bars represent means. n.s., no significant difference; unpaired Student’s t-test (N = 27–30 places from 9 to

10 cells).

(E) Time-lapse images of LifeAct-mCherry in non-target (control) and a-actinin KD cells. Elapsed time is shown as h:min. Scale bars, 10 mm.

(F) Representative time-lapse fluorescence images and kymographs of myosin IIA-GFP on SFs in a-actinin KD and non-target cells. Scale bars of distance,

3 mm. Scale bars of time in kymographs, 5 min.

(G and H) Velocities of myosin IIA-GFP (G) and LifeAct-mCherry (H) along SFs in non-target and a-actinin KD cells. The velocity was quantified from time-

lapse measurements longer than 5 min. Horizontal bars represent means. ****p < 0.0001; Welch’s t-test (N = 30–35 SFs in 10–12 cells).

(I) Velocities of myosin IIA-GFP along SFs in a-actinin KD and non-target cells treated with DMSO (vehicle), blebbistatin (Blebb, 25 mM), or calyculin A (Calyc,

1 nM) for 5 min. The velocity was quantified from time-lapse measurements longer than 5 min. Horizontal bars represent means. *p < 0.05, **p < 0.01,

***p < 0.001; Tukey’s test (N = 20–30 SFs in 6–10 cells).

(J) The velocity of LifeAct-mCherry along SFs was plotted against the fluorescence intensity of GFP for each cell expressing DABD-GFP (N = 31 cells) or GFP

(N = 22 cells). The velocity value of each dot represents the averaged velocity of LifeAct-mCherry along 3 SFs. Regression lines of linear fitting and

Spearman’s correlation coefficients (R2) are also shown. See also Figures S1 and S2.
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actin filaments might reduce sliding between actin filaments and, thereby, permit efficient transmission of

myosin-generated force to ECM.39 However, this idea has not been tested experimentally or theoretically,

and intracellular machineries responsible for a-actinin-regulated transmission of myosin-generated force

to ECM have been unclear.

In the present study, we demonstrate that a-actinin-mediated crosslinks of actin filaments solidify SFs to

ensure efficient force transmission along SFs to ECM. Time-lapse imaging and atomic force microscopy

(AFM) measurement reveal that inhibition of a-actinin-mediated actin crosslinks reduces elasticity of SFs

and fluidizes them. Decreasing the a-actinin crosslink density attenuates traction force exertion to ECM

without reducing SF and FA formations and the myosin activity, which suggests that transmission of a con-

tractile force along SFs is diminished. Mathematical model analyses of SF suggest that a reduction in the

crosslinker density mobilizes actin filaments along an SF, leading to dissipation of myosin-generated force

in an SF through viscous friction of actin filaments against surroundings. At a cellular scale, while cells

migrate faster on a softer ECM, fluidization and force dissipation in SFs upon a-actinin depletion attenuate

ECM-rigidity-dependent changes in cell migration speed.

RESULTS

SFs fluidize as actin crosslinks are reduced

To examine how actin crosslinkers affect the mechanical properties of SFs, we depleted expression of the

major actin-crosslinking protein a-actinin in mouse C2C12 myoblasts using short hairpin RNA (shRNA) tar-

geting all four isoforms of murine a-actinin. C2C12 cells expressed Actn1 (encoding a-actinin 1) and Actn4

(encoding a-actinin 4) dominantly and Actn3 (encoding a-actinin 3) in a lower extent (Figure S1A). Expres-

sion of these isoforms was reduced at both mRNA and protein levels by 70%–90% upon pan a-actinin

knockdown (KD) (Figures 1A and S1A).

Although a-actinin KD cells sometimes formed SFs thicker than those formed in cells expressing non-tar-

geting shRNA (non-target cells) (Figure 1B), the number density of SFs in individual cells was not altered by

a-actinin depletion (Figures 1C and 1D). Furthermore, evaluated by immunostaining the FA marker protein

vinculin, the number and size of FAs associated with tips of SFs were not significantly different between

a-actinin KD cells and non-target ones (Figures S1B and S1C). However, when we observed dynamics of

F-actin and myosin II on SFs in cells expressing myosin IIA-GFP and LifeAct-mCherry, they ‘‘flowed’’ appar-

ently along SFs in a-actinin KD cells without shortening of SFs (Figures 1E and 1F, Videos S1, S2, S3, and S4).

Speeds of F-actin and myosin II movements along SFs were approximately 1.7 and 2.2 times faster, respec-

tively, in a-actinin KD cells than those in cells expressing non-targeting shRNA (Figures 1G and 1H). Asso-

ciated with this, sarcomere organization in SFs was disturbed upon a-actinin depletion; while myosin II and

a-actinin were periodically distributed in an alternate manner in non-target cells, myosin II in a-actinin KD

cells showed more irregular distribution along SFs (Figures S1D and S1E). We further noticed that a-actinin
iScience 26, 106090, March 17, 2023 3



Figure 2. Fluidized SFs are less elastic

(A) Phase-contrast images of non-target and a-actinin KD cells and elastic modulus maps of the boxed regions in the

phase-contrast images. The elastic modulus at each point in a 20 3 20-mm area (128 3 128 points) was derived from a

force-indentation curve obtained at that point. Scale bars in phase contrast images, 20 mm.

(B) Elastic moduli of SFs in a-actinin KD cells and non-target (control) cells. Horizontal bars represent means.

****p < 0.0001; unpaired Student’s t-test (N = 30 cells). See also Figure S3.
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KD cells formed ‘‘foci’’ of actomyosin on SFs, especially at points where multiple SFs were merged

(Figures 1B and S2A). These ‘‘foci’’ were observed in 21 of 27 a-actinin KD cells, while only in 7 of 30

non-target cells (Figure S2B). The formation of actomyosin foci was associated with rapid movements of

F-actin and myosin II toward the foci-forming sites on SFs (Figure S2C). These results demonstrate that

SF components are fluidized upon depletion of a-actinin. When we inhibited the ATPase activity of myosin

II with blebbistatin, the speed of the myosin II flow along SFs was significantly lowered both in non-target

and a-actinin KD cells (Figure 1I). By contrast, the flow speed became faster by increasing the myosin ac-

tivity with calyculin A (Figure 1I) that inhibited dephosphorylation of MLC,40,41 indicating that the flow of SF

components along SF was driven by a myosin-generated force.

We further analyzed the effect of a-actinin-mediated actin crosslinking on the mobility of SF components.

To this end, we utilized a deleted form of a-actinin 1 lacking the actin-binding domain (DABD); DABD forms

a dimer with endogenous a-actinin 1, thus interfering with a-actinin 1–mediated crosslinks of actin filaments

in a dominant-negative fashion,42 even though it is not clear whether DABD forms dimers efficiently with

other a-actinin isoforms. When GFP-fused DABD (DABD-GFP) was expressed, the flow speed of F-actin

along SFs was increased with increasing the expression level of DABD-GFP (R2 = 0.51), while the expression

of GFP alone did not affect the F-actin flow (R2 = �0.02) (Figure 1J). These results show that actin crosslinks

by a-actinin are essential for averting fluidization of SFs.

To assess the mechanical status of SFs in a more direct way, we measured their elasticity using AFM. When

we constructed elasticity maps of apical surfaces of cells by obtaining a force-indentation curve in each

pixel, SFs were characterized as having a linear pattern with high elasticity (Figures 2A and S3).43–46 The

elasticity of individual SFs was significantly lower in a-actinin KD cells than that in non-target cells (Fig-

ure 2B), indicating that SFs became less elastic upon depletion of a-actinin.

Our hypothesis that actin crosslinkers affected the fluidity of SFs was further tested by developing a math-

ematical model of an SF that consisted of dynamically crosslinked actin filaments andmyosin II motors (Fig-

ure 3A). Based on a simple mathematical insight, effects of repeated associations and dissociations of a-ac-

tinin crosslinkers were formulated as a frictional force between actin filaments (see STAR Methods). This

friction force was implemented into a practical model of an SF, where a 1-dimensional density field of actin

filaments along an SF is defined in a continuummanner, and the density of filaments at both ends was fixed

as being adhered to FAs. Here, the force balance along the SF was assumed, i.e., myosin II–induced tension
4 iScience 26, 106090, March 17, 2023



Figure 3. Mathematical modeling analysis of the effect of the crosslinker density on the fluidic property of SFs

(A) A schematic of our mathematical model.

(B) Time evolution of the SD of actin filament density along an SF under different concentrations of a-actinin andmyosin II.

Blue, red, and green lines represent results obtained under conditions (i), (ii), and (iii), respectively.

(C) Spatial profiles of actin filament density along an SF under different concentrations of a-actinin and myosin II. The

profiles were obtained after each simulation reached a steady state. Blue, red, and green lines represent results obtained

under conditions (i), (ii), and (iii), respectively.

(D) The SD of actin filament density along an SF is represented by a heatmap in a matrix of different concentrations of

a-actinin and myosin II. SD values were calculated after each simulation reached a steady state. (i), (ii), and (iii) in the

heatmap correspond to the conditions denoted in (B) and (C).

(E) The averaged maximum velocity of actin filaments along an SF is plotted against the a-actinin concentration in the SF

under different myosin II concentrations.
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was balanced with inter-filament friction via crosslinkers as well as friction of filaments against the surround-

ing solvent. Moreover, the mass conservation of filaments was assumed, where filaments flowed along the

SF by flux with turnover. The differential equation for the mass conservation was numerically integrated us-

ing a Euler scheme to solve the time evolution of the filament density field (see the details in STARMethods).
iScience 26, 106090, March 17, 2023 5



Figure 4. Myosin II–generated force is dissipated in fluidized SFs

(A) Phase-contrast (upper panels) and traction stress (lower panels) images of a-actinin KD and non-target C2C12 cells on

fibronectin-coated 16.3-kPa polyacrylamide gel substrates. Yellow lines indicate outlines of cells. The heatmap scale of

traction stress is common between non-target and a-actinin KD cells. Scale bars, 10 mm.

(B) Traction stress exerted by non-target (N = 25) and a-actinin KD (N = 22) cells. Horizontal bars represent means.

**p < 0.01; unpaired Student’s t-test.

(C) Traction stress exerted by C2C12 cells expressing GFP (N = 38) or DABD-GFP (N = 51). Horizontal bars represent

means. **p < 0.01; unpaired Student’s t-test.

(D) Traction stress exerted by a-actinin KD and non-target cells treated with either blebbistatin (5, 10, 25, or 50 mM) or

vehicle (DMSO). Traction stress was measured 10 min after blebbistatin or DMSO was added. Horizontal bars represent

means. **p < 0.01, ***p < 0.001; Tukey’s test (N = 13–31 cells each).

(E) Traction stress exerted by a-actinin KD and non-target cells treated with either calyculin A (1 nM) or vehicle (DMSO).

Traction stress was measured 10 min after calyculin A or DMSO was added. The data for DMSO treatment are the same

as those in (D). Horizontal bars represent means. n.s., no significant difference; **p < 0.01; unpaired Student’s t-test

(N = 24–28 cells each).
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Figure 4. Continued

(F) Traction force acting on FAs at the ends of an SF was simulated in our mathematical model and plotted against the

a-actinin concentration in the SF under different myosin II concentrations.

(G) The effect of substrate stiffness on traction stress in a-actinin KD and non-target cells. Cellular traction stresses of cells

measured on fibronectin-coated 2.3-kPa, 4.1-kPa, 8.6-kPa, and 16.3-kPa polyacrylamide gel substrates are shown. Each

plot indicates mean G SEM (N = 22–35 cells each). See also Figure S4.
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Our model successfully captured the flow of actin filaments in an SF. The resulting filament density field

along an SF converged to either a homogeneous or heterogeneous distribution, depending on the con-

centrations of myosin II and a-actinin (Figures 3B and 3C). The heterogeneity of the filament distribution

was found to increase with increasing myosin II concentration and especially drastically with decreasing

crosslinker concentration below a certain level (Figure 3D). This feature is consistent with the experimental

results that local increases in the actin filament density (F-actin foci) were observed along SFs in a-actinin-

depleted cells (Figure S2). Furthermore, the velocity of actin flow increased with increasing myosin II con-

centration and drastically with decreasing crosslinker concentration (Figure 3E), again suggesting a critical

role of actin crosslinkers in determining the fluidic property of SFs.

Fluidized SFs fail to transmit myosin-generated force to FAs

In polymer networks with a viscoelastic nature, force transmitting in the network potentially dissipates

through viscous friction.47 Thus, we reasoned that fluidization of SFs with a reduced crosslinker density

might cause dissipation of myosin-generated force transmission in SFs. To test this hypothesis, we

measured force transmitting along SFs to FAs by using traction force microscopy.48–50 Traction stress ex-

erted by a-actinin KD cells (101 G 14 Pa) was smaller than that exerted by non-target cells (176 G 17 Pa)

(Figures 4A and 4B). Moreover, cells expressing DABD-GFP exerted smaller traction stress than cells ex-

pressing GFP (Figure 4C). These results demonstrate that depletion of a-actinin crosslinks lowers traction

stress exertion to ECM.

A reduction in traction force upon a-actinin depletion would be caused by a reduction in either force gen-

eration or force transmission. To discriminate these two potential causes, we examined the effect of a-ac-

tinin depletion on myosin force generation by evaluating the phosphorylation status of MLC. When we

investigated phosphorylation of MLC at Thr18 and Ser19, an essential step for myosin activation,51 the rela-

tive fluorescence intensity levels of total MLC and MLC di-phosphorylated at Thr18 and Ser19 (PP-MLC) in

SFs, which were normalized with the fluorescence intensity of phalloidin staining, were not reduced, but

significantly increased, by a-actinin KD, even though mono-phosphorylation of MLC at Ser19 was not

affected (Figure S4). These results indicated that the lowered level of traction stress in a-actinin-depleted

cells was not attributed to a decrease in the myosin activity.

To further examine the link between the myosin force generation and the traction stress exertion in fluid-

ized SFs, we externally modulated the myosin activity and measured traction stress under the a-actinin-

depleted condition. When the myosin II activity was inhibited with blebbistatin, traction stress was

decreased in both non-target and a-actinin KD cells, indicating that traction stress was generated by the

myosin II activity in both cell types (Figure 4D). On the other hand, even though the calyculin A treatment

caused an increase in traction stress in non-target cells, it did not affect traction stress in a-actinin KD cells

(Figure 4E), which suggested that elevatedmyosin II force failed to be transmitted efficiently along fluidized

SFs to FAs in a-actinin KD cells.

Properties of force transmission along SFs to FAs were also examined with our mathematical model under

different crosslinking conditions. When we measured force exerting at the ends of SFs (‘‘traction force’’),

the traction force at eachmyosin II concentration became smaller by lowering the crosslinker concentration

(Figure 4F). This demonstrates that even at the same extent of myosin force generation in an SF, the magni-

tude of force transmitted along an SF to an FA depends on the extent of actin crosslinking. Our model sug-

gested that inefficient force transmission along an SF was caused by slippage of actin filaments due to

insufficient a-actinin-mediated crosslinking, where myosin-generated mechanical energy would be dissi-

pated by friction between flowing actin filaments and viscous surroundings (i.e., cytoplasm).

Exertion of myosin II–generated force to ECM is essential for cells to sense the rigidity of ECM, and,

conversely, the magnitude of traction force exerted to ECM is reportedly regulated by the ECM
iScience 26, 106090, March 17, 2023 7
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rigidity.52–54 Given the role of a-actinin in force transmission along SFs to FAs, we wondered whether a-ac-

tinin might be involved in rigidity-dependent regulation of cellular traction force. To test this, traction

stresses exerted by a-actinin KD cells and non-target ones were measured on the polyacrylamide gel sub-

strates with different rigidities. Traction stress exertion was increased with the substrate rigidity in both cell

types, and a-actinin KD cells exerted smaller traction stress than non-target cells throughout the substrate

rigidities tested (Figure 4G). Overall, traction stress exertion to ECMwas lowered by�30%–60% upon a-ac-

tinin KD (Figure 4G). These results suggest that a-actinin KD cells retain the ability to respond to the ECM

rigidity but have a failure in force exertion to ECM.
Actin turnover is accelerated in fluidized SFs

Although depletion of a-actinin induced flows of F-actin and myosin II along SFs, apparent SF structures

weremaintained in a-actinin KD cells (see Figures 1B–1E). Hence, we next asked how the structural integrity

of SFs was maintained under the a-actinin-depleted condition. In the case of filopodia, acceleration of the

retrograde flow of F-actin in filopodia is counterbalanced by promotion of actin polymerization to maintain

the filopodia length.55 Reasoned by this, we examined whether the increase in the flow of F-actin along SFs

in a-actinin KD cells was associated with enhanced actin polymerization in SFs. To this end, intracellular dis-

tribution of the actin polymerization activity was evaluated by monitoring incorporation of fluorescently

labeled actin molecules into the actin cytoskeleton in digitonin-permeabilized cells.56 In non-target cells,

fluorescent actin was mainly localized at vinculin-positive FAs (Figures 5A and 5B), sites where actin poly-

merization is known to be active.56 However, in a-actinin KD cells, actin incorporation was observed along

the entire length of SFs (Figures 5A and 5C), indicating that actin polymerization was promoted throughout

SFs. Turnover dynamics of actin molecules in SFs were further examined with fluorescence recovery after

photobleaching (FRAP) experiments in cells expressing GFP-tagged actin (Figure 5D, Videos S5 and S6).

When we analyzed the mobile fraction and the half recovery time in FRAP of GFP-actin on SFs, the mobile

fraction was significantly larger in a-actinin KD cells than that in non-target cells (Figure 5E), while the half

recovery time was not altered upon a-actinin depletion (Figure 5F). These results reveal that a larger pop-

ulation of actin molecules in SFs are exchangeable in a-actinin KD cells than those in non-target cells, sug-

gesting that polymerization and depolymerization dynamics of actin on SFs are promoted under a-actinin

depletion.

As the LIM domain protein zyxin is reportedly involved in actin polymerization at FAs and on SFs with the

aid of Ena/VASP proteins,56–59 we next examined the effect of a-actinin depletion on intracellular localiza-

tion of zyxin. Zyxin was preferentially localized at FAs in non-target cells (Figures 6A and 6B). By contrast, it

was distributed along the entire length of SFs in a-actinin KD cells (Figures 6A and 6B), which was consistent

with the above result that fluorescent actin was incorporated throughout SFs in these cells (Figures 5A and

5C). A deleted form of zyxin that consisted of the LIM domains alone showed a similar localization pattern

to that of the full-length zyxin (Figure S5), indicating that the LIM domains of zyxin were sufficient for local-

izing to a-actinin-depleted SFs.

Previous studies have suggested that LIM domain proteins including zyxin directly bind to tensed

actin filaments.21,60,61 Thus, we examined the role of myosin-generated force in zyxin localization on

a-actinin-depleted SFs. Myosin II inhibition with blebbistatin abrogated zyxin localization both at FAs

in non-target cells and along SFs in a-actinin KD cells (Figure 6C), which implied that myosin-based ten-

sion in actin filaments might be involved in SF localization of zyxin under the a-actinin-depleted

condition.
SF fluidization affects cell migration depending on substrate rigidity

We next asked whether a-actinin-mediated modulation of force transmission is involved in cellular

signaling and behaviors. The transcriptional coactivator Yes-associated protein (YAP), which plays pivotal

roles in fundamental cellular functions including proliferation, differentiation, and survival, is regulated by

various mechanical cues such as substrate rigidity and cytoskeletal tension.62–64 Activated YAP translocates

from the cytoplasm to the nucleus to induce transcription of target genes.63,65 When we examined intra-

cellular distribution of YAP, it localized in the nucleus of non-target cells at a higher extent on stiffer sub-

strates, as expected (Figure S6). The rigidity-dependent nuclear translocation of YAP was not affected by

a-actinin depletion (Figure S6), suggesting that a-actinin was not involved in the mechanical regulation

of YAP.
8 iScience 26, 106090, March 17, 2023



Figure 5. Actin turnover is accelerated in fluidized SFs

(A) Non-target (control) and a-actinin KD C2C12 cells were stained for vinculin and F-actin (with phalloidin) after

rhodamine-actin incorporation in the actin polymerization assay. Scale bars, 10 mm.

(B and C) Line profiles of fluorescence intensities of vinculin (black) and rhodamine-actin (red) along SFs in non-target

(control) (B) and a-actinin KD (C) cells. The left and right scales are for vinculin and rhodamine-actin intensities,

respectively. Fluorescence intensities were measured along SFs indicated by yellow lines in the inset images of

rhodamine-actin. Arrows show high fluorescence intensities of vinculin at FAs.

(D) Time-dependent changes of fluorescence intensities of GFP-actin in photobleached regions on SFs in non-target

(black) and a-actinin KD (red) cells. Data are shown as mean G SEM. Regression curves fitted with Equation 2 are also

shown. (N = 40 SFs from 15 to 17 cells).

(E and F) Mobile fraction (E) and Thalf (F) of GFP-actin FRAP on SFs in non-target and a-actinin KD cells. Horizontal bars

represent means. n.s., no significant difference; **p < 0.01; unpaired Student’s t-test (N = 38–40 SFs from 15 to 17 cells).
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Cell migration is another cellular function that is regulated by intracellular and extracellular mechanical

conditions. On one hand, traction force exertion from FAs to ECM drives forward translocation of the

cell body.66 On the other hand, even though assembly/disassembly dynamics of FAs are required for

continuous cell migration, the tensile force acting on FAs stabilizes them.67–69 Thus, it is unclear how the

reduced force transmission along fluidized SFs to FAs and ECM affects cell migration. To address this ques-

tion, we examined the effect of a-actinin depletion on cell migration. Compared with non-target cells, a-ac-

tinin KD cells showed smaller cell spread area and a more intricate morphology, diverging from a simple
iScience 26, 106090, March 17, 2023 9



Figure 6. Zyxin localization along fluidized SFs

(A) Non-target (control) and a-actinin KD C2C12 cells stained for zyxin, vinculin, and F-actin (with phalloidin). In merged

images, green, magenta, and yellow represent zyxin, vinculin, and F-actin, respectively. Scale bars, 10 mm.

(B) Quantification of fluorescence intensities of zyxin (solid lines) and vinculin (dotted lines) along SFs in non-target (black)

and a-actinin KD (red) C2C12 cells. Data are shown as mean G SEM (N = 39–42 SFs from 9 cells each). The distal edge of

each vinculin cluster was defined as a starting point (zero distance), and intensities of zyxin and vinculin were plotted along

the connected SF up to 10 mm from the starting point.

(C) Non-target (control) and a-actinin KD cells treated with DMSO (control) or blebbistatin (25 mM) for 30 min were stained

for zyxin, vinculin, and F-actin (with phalloidin). In merged images, green, magenta, and yellow represent zyxin, vinculin,

and F-actin, respectively. Scale bars, 10 mm. See also Figure S5.
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elliptic shape (Figures 7A–7C). When we observed their migration on the glass surface, the migration dis-

tance of cells during the observation was significantly larger in a-actinin KD cells than that in non-target

cells (Figures 7D and 7E), even though a-actinin depletion did not affect the persistency of cell migration

(Figure 7F). Consistently, the velocity of collective cell migration in the wound healing assay was also

increased upon a-actinin KD (Figures 7G and 7H). As the traction stress magnitude was dependent on

the substrate rigidity (see Figure 4G), we next investigated cell migration on the substrates with different

rigidities. The velocity of individual cell migration was higher on the soft substrate (2.3 kPa) than that on the

stiff substrate (i.e., glass) in both non-target and a-actinin KD cells (Figures 7D and 7E). Interestingly, deple-

tion of a-actinin expression significantly decreased the velocity of cell migration on the soft substrate

(Figures 7D and 7E), which was in marked contrast to the above observation that the cell migration velocity
10 iScience 26, 106090, March 17, 2023
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Figure 7. The role of a-actinin in rigidity-dependent regulation of cell migration speed

(A) Area of individual a-actinin KD and non-target (control) C2C12 cells. Horizontal bars represent means. **p < 0.01; unpaired t-test (N = 39–40 cells).

(B) An example of the cell outline (yellow) and ellipse fitting (black) of a cell. Scale bars, 50 mm.

(C) The cell outline/ellipse perimeter ratio of a-actinin KD and non-target (control) C2C12 cells. Horizontal bars represent means. **p < 0.01; unpaired t-test

(N = 39–40 cells).

(D) Rose plots depicting migration trajectories of individual non-target and a-actinin KD cells for 240 min on fibronectin-coated glass (upper panels) or 2.3-

kPa polyacrylamide gel (lower panels) substrates (N = 31–34 cells). Magnified views of the cell trajectories on glass are also shown.

(E) The migration velocity of non-target and a-actinin KD cells on fibronectin-coated glass and 2.3-kPa polyacrylamide gel substrates. Horizontal bars

represent means. **p < 0.01, ****p < 0.0001; Welch’s t-test (N = 31–38 cells).

(F) Persistence of migration of non-target (N = 39) and a-actinin KD (N = 33) cells on fibronectin-coated glass. Horizontal bars represent means. n.s., not

significant; unpaired Student’s t-test.

(G) Time-lapse images of non-target (upper panels) and a-actinin KD (lower panels) cells in the wound healing assay. Yellow lines indicate the wound edges.

Scale bars, 200 mm.

(H) Velocity of wound closure of non-target and a-actinin KD cells. Horizontal bars represent means. ****p < 0.0001; unpaired Student’s t-test; (N = 30

samples). See also Figure S6.
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was increased by a-actinin depletion on the glass substrate (Figures 7D and 7E). Consequently, the differ-

ence in cell migration speed on substrates with different rigidities became less apparent upon a-actinin KD

(Figures 7D and 7E), which suggested involvement of a-actinin in sensing and/or responding to the sub-

strate rigidity during cell migration.

DISCUSSION

With experimental and computational analyses, we demonstrate that a-actinin-mediated actin crosslinking

solidifies SFs by diminishing slippage of F-actin and myosin II in SFs, which ensures transmission of myosin

II–generated force along SFs and exertion of traction force to ECM. Under the condition where a-actinin

crosslinks are inhibited, SFs are fluidized with flows of F-actin and myosin II, resulting in viscous dissipation

of transmitting force in SFs. Hence, exogenous elevation of the myosin II activity in a-actinin-depleted cells

fails to increase traction force exertion to ECM.

Previous studies have shown that a-actinin 4 (ACTN4) K255E mutation, which increases the binding affin-

ity of a-actinin 4 for F-actin, makes the actin filament network more elastic and solid-like both in vitro and

in cells.39,70–72 Moreover, the expression of K255E-mutated a-actinin 4 reportedly increases traction stress

exertion to ECM.39 These results suggest involvement of a-actinin-actin binding in modulating mechanics

and force transmission in the actin cytoskeletal systems, which is consistent with our results. In contrast to

our study, other studies have shown an inhibitory role of a-actinin in cell traction force exertion.42,44,49

One possible basis underlying this discrepancy may be the difference in stages of cell morphogenesis.

In our present study, we have analyzed traction force exertion in cells showing the polarized morphology

with developed SFs, in which myosin II–generated contractile force in SFs is transmitted to ECM as trac-

tion force.13,19 By contrast, Roca-Cusachs et al.42 and Oakes et al.48 analyzed cells in the initial spreading

stage and showed that simultaneous depletion of a-actinin 1 and a-actinin 4 led to increased traction

force exertion in these cells. In spreading cells, myosin II–driven retrograde flow of the actin network

in extending lamella provides a major source of traction force; force is transmitted from the retrograding

actin cytoskeleton to ECM-bound integrins via the ‘‘molecular clutch’’ mechanism.73–76 Thus, a-actinin

depletion in spreading cells may fluidize the actin cytoskeleton and facilitate its retrograde flow, which

potentially results in elevation of traction force exertion in these cells. This scenario is distinct from

our finding of a-actinin-mediated force transmission along solidified SFs to ECM and needs to be tested

in future studies.

Under the a-actinin depletion, myosin II–generated force induced flows of F-actin and myosin II along SFs.

Even though these flows frequently caused local accumulations of F-actin and myosin II in SFs, SFs were

rarely severed or collapsed. Thus, the cable integrity of a-actinin-depleted SFs is maintained under the dy-

namic steady state. Indeed, we showed that a-actinin KD promoted actin polymerization in SFs, which

might reinforce SFs. Furthermore, we found that the LIM domain protein zyxin, which facilitates actin poly-

merization with the aid of Ena/VASP proteins,56,57,59 translocated from FAs to the entire length of SFs upon

a-actinin depletion. Recent studies have shown that LIM domain proteins including zyxin directly bind to

tensed actin filaments, which is involved in the repair of thinned, stretched sites in SFs.21,59–61 Zyxin local-

ization throughout SFs in a-actinin KD cells may also be mediated by the tensile status of actin filaments, as

this localization depends on the myosin II activity (Figure 6C). When the density of a-actinin-mediated
12 iScience 26, 106090, March 17, 2023
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crosslinks of actin filaments is low, only a small population of actin filaments in an SF would be involved in

transmitting myosin force at each time point, and these filaments would sustain a larger tensile force than

those in SFs with the high a-actinin density. These highly tensed actin filaments may provide zyxin-binding

sites in a-actinin-depleted SFs.

Recently, it has been reported that zyxin contributes to elastic behaviors of SFs.21 On the other hand, we

found in the present study that inhibition of a-actinin-mediated crosslinks of actin filaments caused signif-

icant fluidization of SFs even in the presence of zyxin association with SFs. Our results suggest that a-actinin

plays a more dominant role in determining the mechanical property of SFs than zyxin.

We found that the cell migration speed was affected by a-actinin expression. Interestingly, this effect was

dependent on the stiffness of extracellular substrates; while a-actinin depletion increased the cell migra-

tion speed on the stiff (glass) substrate, the speed on the soft (2.3 kPa) substrate was lowered by

depleting a-actinin. The mechanism underlying the differential effects of substrate stiffness on a-acti-

nin-mediated regulation of cell migration is currently unclear. However, the balance between cellular

traction force and stability of FAs may be involved. In a migrating cell, traction force exertion at FAs

to the extracellular substrate is responsible for dragging the cell body forward. At the same time, for

continuous cell migration, the assembly/disassembly cycle of FAs is required; when FAs, as the feet of

a cell, are too stable and not disassembled, the cell is stuck to the extracellular substrate and cannot

move further.77 Notably, the stability of FAs is potentially regulated by the traction force magnitude

and the substrate stiffness; cells exert a larger traction force on stiffer substrates, and a larger traction

force at FAs makes FAs more stable.52,78 Therefore, on the hard surface of glass, FAs in control cells

may be highly stabilized by a large traction force, which would result in the low migration speed in these

cells. However, a reduction in traction force by a-actinin depletion may promote FA turnover and thereby

accelerate cell migration on the stiff substrate. By contrast, on the soft substrate, on which the intrinsic

level of cellular traction force is low, knocking down a-actinin may make the traction force too small to

efficiently drive cell migration.

a-Actinin-mediated sensing of the substrate rigidity79 may also be involved in the rigidity-dependent regu-

lation of cell migration. As a minimal machinery for rigidity sensing, a single-sarcomere-like complex called

the CU has been found in spreading cells.79–81 CUs regulate protrusion-retraction cycles of cellular leading

edges depending on the substrate rigidity.79 Similar to SFs, CUs are composed of actin and myosin II fila-

ments, tropomyosin and a-actinin.79–81 Thus, it is conceivable that a-actinin averts slippage of actin and

myosin II filaments in both CUs of single-sarcomere units and SFs of multiple sarcomere units in series. Sta-

bilization of these contractile machineries by a-actinin may underlie the rigidity-dependent regulation of

leading edge dynamics in migrating cells.

Given that force communication between cells and extracellular surroundings modulates various cellular

behaviors including migration, morphogenesis, survival, proliferation, and differentiation,82,83 it is plau-

sible that a defect in a-actinin-mediated transmission of actomyosin force influences a wide range of tissue

and organ functions. Indeed, several mutations in a-actinin 4, which increase the binding affinity of a-actinin

4 to F-actin, are known to cause the kidney disease, familial focal segmental glomerulosclerosis.84 These

a-actinin 4 mutations make the actin cytoskeleton stiffened and tensed, leading to the actin cytoskeleton

breakage and cell detachment in podocytes that are repeatedly stretched due to expansion-retraction cy-

cles of glomerular capillaries.85,86 As another example, a-actinin-mediated force transmission may be

involved in muscle differentiation and regeneration. Our finding that actin crosslinking by a-actinin is

required for sarcomere-like organization in myoblasts is consistent with the essential role of a-actinin in

Z-disk formation during myogenesis.87 Furthermore, a-actinin may contribute also to myoblast fusion

into myotubes. Upon contact with myoblasts, fusion pores are formed in contacting plasma membranes.

In the region surrounding the fusion pore, F-actin, myosin II, and a-actinin are accumulated.88,89 While acto-

myosin contraction in this region expands the fusion pore to complete cell-cell fusion,90,91 a-actinin may

promote this process by ensuring force transmission from the actomyosin complex to the fusion pore.

Furthermore, when muscle is regenerated after injury, the myogenic progenitor cells, satellite cells,

migrate to the damaged site in muscle for restoration,92 where a-actinin may be involved in the regulation

of satellite cell migration. Further studies addressing whether and how a-actinin-mediated force transmis-

sion contributes to our health and disease may lead to the development of novel strategies for clinical

treatments targeting actin cytoskeleton mechanics.
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Limitations of the study

In this study, we find that a-actinin-mediated actin crosslinking solidifies SFs by averting slippage be-

tween actin filaments in SFs, which ensures transmission of myosin II–generated forces along SFs and

exertion of traction force to ECM. However, some major questions remain to be solved. First, do actin

crosslinkers other than a-actinin, such as filamin and fascin, also contribute to mechanical properties

of SFs? These crosslinkers may contribute to the structural integrity of SFs under the a-actinin-depleted

condition. Second, the detailed mechanisms of how a-actinin-mediated crosslinks regulate cell migration

and rigidity sensing need to be revealed from molecular and biophysical points of view. Furthermore, it is

of great interest how a-actinin-modulated SF mechanics relate to physiological or pathological functions

of tissues.
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Estrada-Soto, S., and Bazán-Perkins, B.
(2020). Regulation of myosin light-chain
phosphatase activity to generate airway
smooth muscle hypercontractility. Front.
Physiol. 11, 701. https://doi.org/10.3389/
FPHYS.2020.00701.

19. Kumar, S., Maxwell, I.Z., Heisterkamp, A.,
Polte, T.R., Lele, T.P., Salanga, M., Mazur, E.,
and Ingber, D.E. (2006). Viscoelastic
retraction of single living stress fibers and its
impact on cell shape, cytoskeletal
organization, and extracellular matrix
mechanics. Biophys. J. 90, 3762–3773.
https://doi.org/10.1529/biophysj.105.
071506.

20. Tanner, K., Boudreau, A., Bissell, M.J., and
Kumar, S. (2010). Dissecting regional
variations in stress fiber mechanics in living
cells with laser nanosurgery. Biophys. J. 99,
2775–2783. https://doi.org/10.1016/J.BPJ.
2010.08.071.

21. Oakes, P.W., Wagner, E., Brand, C.A.,
Probst, D., Linke, M., Schwarz, U.S., Glotzer,
M., and Gardel, M.L. (2017). Optogenetic
control of RhoA reveals zyxin-mediated
elasticity of stress fibres. Nat. Commun. 8,
15817–15912. https://doi.org/10.1038/
ncomms15817.

22. Kemp, J.P., and Brieher, W.M. (2018). The
actin filament bundling protein a-actinin-4
actually suppresses actin stress fibers by
permitting actin turnover. J. Biol. Chem.
293, 14520–14533. https://doi.org/10.1074/
JBC.RA118.004345.

23. Cramer, L.P., Siebert, M., andMitchison, T.J.
(1997). Identification of novel graded
polarity actin filament bundles in
locomoting heart fibroblasts: implications
for the generation of motile force. J. Cell
Biol. 136, 1287–1305. https://doi.org/10.
1083/JCB.136.6.1287.

24. Pellegrin, S., and Mellor, H. (2007). Actin
stress fibres. J. Cell Sci. 120, 3491–3499.
https://doi.org/10.1242/JCS.018473.

25. Lieleg, O., Schmoller, K.M., Claessens,
M.M.A.E., and Bausch, A.R. (2009).
Cytoskeletal polymer networks: viscoelastic
properties are determined by the
microscopic interaction potential of cross-
links. Biophys. J. 96, 4725–4732. https://doi.
org/10.1016/J.BPJ.2009.03.038.

26. Schmoller, K.M., Lieleg,O., and Bausch, A.R.
(2009). Structural and viscoelastic properties
iScience 26, 106090, March 17, 2023 15

https://doi.org/10.1038/nrm2786
https://doi.org/10.1038/s41598-019-52129-1
https://doi.org/10.1038/s41598-019-52129-1
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/J.TCB.2012.07.001
https://doi.org/10.1016/J.TCB.2012.07.001
https://doi.org/10.1016/J.DEVCEL.2007.08.003
https://doi.org/10.1016/J.DEVCEL.2007.08.003
https://doi.org/10.1146/ANNUREV-CELLBIO-101011-155718
https://doi.org/10.1146/ANNUREV-CELLBIO-101011-155718
https://doi.org/10.1146/ANNUREV-CELLBIO-101011-155718
https://doi.org/10.1146/annurev.ph.49.030187.003225
https://doi.org/10.1146/annurev.ph.49.030187.003225
https://doi.org/10.1016/0092-8674(92)90163-7
https://doi.org/10.1016/0092-8674(92)90163-7
https://doi.org/10.1016/J.YEXCR.2015.10.029
https://doi.org/10.1016/J.YEXCR.2015.10.029
https://doi.org/10.1126/science.6987736
https://doi.org/10.1126/science.6987736
https://doi.org/10.1083/jcb.133.6.1403
https://doi.org/10.1038/35074532
https://doi.org/10.1242/JCS.180927
https://doi.org/10.1242/JCS.180927
https://doi.org/10.1016/J.BPJ.2012.09.038
https://doi.org/10.1016/J.TCB.2014.04.009
https://doi.org/10.1016/J.TCB.2014.04.009
https://doi.org/10.1242/JCS.170068
https://doi.org/10.1016/J.BBAMCR.2018.07.023
https://doi.org/10.1016/J.BBAMCR.2018.07.023
https://doi.org/10.3389/FPHYS.2020.00701
https://doi.org/10.3389/FPHYS.2020.00701
https://doi.org/10.1529/biophysj.105.071506
https://doi.org/10.1529/biophysj.105.071506
https://doi.org/10.1016/J.BPJ.2010.08.071
https://doi.org/10.1016/J.BPJ.2010.08.071
https://doi.org/10.1038/ncomms15817
https://doi.org/10.1038/ncomms15817
https://doi.org/10.1074/JBC.RA118.004345
https://doi.org/10.1074/JBC.RA118.004345
https://doi.org/10.1083/JCB.136.6.1287
https://doi.org/10.1083/JCB.136.6.1287
https://doi.org/10.1242/JCS.018473
https://doi.org/10.1016/J.BPJ.2009.03.038
https://doi.org/10.1016/J.BPJ.2009.03.038


ll
OPEN ACCESS

iScience
Article
of actin/filamin networks: cross-linked
versus bundled networks. Biophys. J. 97,
83–89. https://doi.org/10.1016/J.BPJ.2009.
04.040.

27. Gardel, M.L., Kasza, K.E., Brangwynne, C.P.,
Liu, J., and Weitz, D.A. (2008). Mechanical
response of cytoskeletal networks. Methods
Cell Biol. 89, 487–519. https://doi.org/10.
1016/S0091-679X(08)00619-5.

28. Kasza, K.E., Rowat, A.C., Liu, J., Angelini,
T.E., Brangwynne, C.P., Koenderink, G.H.,
andWeitz, D.A. (2007). The cell as amaterial.
Curr. Opin. Cell Biol. 19, 101–107. https://
doi.org/10.1016/J.CEB.2006.12.002.

29. Weihs, D., Mason, T.G., and Teitell, M.A.
(2006). Bio-microrheology: a frontier in
microrheology. Biophys. J. 91, 4296–4305.
https://doi.org/10.1529/BIOPHYSJ.106.
081109.

30. Lazarides, E., and Burridge, K. (1975).
a-Actinin: immunofluorescent localization of
a muscle structural protein in nonmuscle
cells. Cell 6, 289–298. https://doi.org/10.
1016/0092-8674(75)90180-4.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse, monoclonal, anti a-actinin Merck-Millipore Cat# AT6/172

Mouse, monoclonal, anti b-actin Sigma-Aldrich Cat# A5441

Rabbit, polyclonal, anti-myosin light chain 2 Cell Signaling Technology Cat# 3672; RRID:AB_10692513

Rabbit, polyclonal, anti-phospho (Ser19)-myosin light chain 2 Cell Signaling Technology Cat# 3671; RRID:AB_330248

Rabbit, polyclonal, anti-di-phospho (Thr18/Ser19)-myosin

light chain 2

Cell Signaling Technology Cat# 3674; RRID:AB_2147464

Mouse, monoclonal, anti-vinculin Sigma-Aldrich Cat# V9131; RRID:AB_477629

Mouse, monoclonal, anti-YAP Santa-Cruz Biotechnology Cat# sc-101199; RRID:AB_1131430

Rabbit, monoclonal, anti-zyxin Sigma-Aldrich Cat# 2F17

Goat, Alexa FluorTM 488 conjugated, polyclonal, anti-mouse

IgG (H+L)

Thermo Fisher Scientific Cat# A11001; RRID:AB_2534069

Goat, Alexa FluorTM 546, conjugated, polyclonal, anti-rabbit

IgG (H+L)

Thermo Fisher Scientific Cat# A11035; RRID:AB_143051

Goat, HRP conjugated, polyclonal, anti-mouse IgG Cell Signaling Technology Cat# 7076; RRID:AB_330924

Goat, HRP conjugated, polyclonal, anti-rabbit IgG Cell Signaling Technology Cat# 7074; RRID:AB_2099233

Chemicals, peptides, and recombinant proteins

Actin protein (rhodamine) Cytoskeleton Cat# APHR-A

Carboxylated silicon–rhodamine (SiR)-actin Cytoskeleton Cat# CY-SC001

4-12% Bis-Tris gel 12 well Thermo Fisher Scientific Cat# NP0322

Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000008

3-aminopropyltrimethoxysilane Wako Chemical Cat# 323-74352

GeneJuice Merck-Millipore Cat# 70967

Hygromycin B Fujifilm Wako Cat# 085-06153

Ammonium Persulfate Fujifilm Wako Cat# 016-20501

N,N,N0,N0-tetramethylethylenediamine AppliChem Cat# A1148

sulfo-SANPAH Thermo Fisher Scientific Cat# 22589

Fluoresbrite YG Microspheres - 0.20 mm Polyscience Cat# 17151-10

Fluoresbrite YO Carboxylate Microspheres - 0.20 mm Polyscience Cat# 19391-10

Calyculin A Sigma Aldrich Cat# C5552

(-)-Blebbistatin Toronto Research Chemicals Cat# B592500

Para-amino-blebbistatin Cayman Chemical Cat# 22699

SuperSignal� West Femto Maximum Sensitivity Substrate Thermo Fisher Scientific Cat# 34094

Digitonin Fujifilm Wako Cat# 044-02121

Protease Inhibitor Cocktail Sigma Aldrich Cat# P8340

Fibronectin human plasma Sigma Aldrich Cat# F2006

4x lithium dodecyl sulfate buffer Thermo Fisher Scientific Cat# NP0007

Experimental models: Cell lines

C2C12 Kawauchi et al.93 A gift from Keiko Kawauchi

HEK293T Kawauchi et al.93 A gift from Keiko Kawauchi

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

shRNA for a-actinin knockdown

50-GTGCCAGCTGGAGATCAAC-30
ThermoFisher Scientific Custom synthesis

shRNA for a-actinin knockdown

50-ATAGTCACAGACATTAGGT-30
ThermoFisher Scientific Custom synthesis

Actn1 (encoding a-actinin 1) forward primer

50-CCACTTTGACCGGGATCACT-30
Eurofin Genomics Custom synthesis

Actn1 (encoding a-actinin 1) reverse primer

50-CGGTTGGGGTCTACAATGCT-30
Eurofin Genomics Custom synthesis

Actn2 (encoding a-actinin 2) forward primer

50-TTGGATGCTGAAGGCCGAGA-30
Eurofin Genomics Custom synthesis

Actn2 (encoding a-actinin 2) reverse primer

50-GTTCTCCAGCCAGGGGATTG-30
Eurofin Genomics Custom synthesis

Actn3 (encoding a-actinin 3) forward primer

50-GACTGCTGCCAACAGGATCT-30
Eurofin Genomics Custom synthesis

Actn3 (encoding a-actinin 3) reverse primer

50-CGGTTCTCTAGCCATGGGAC-30
Eurofin Genomics Custom synthesis

Actn4 (encoding a-actinin 4) forward primer

50-ACAAGCTGCGGAAGGATGAT-30
Eurofin Genomics Custom synthesis

Actn4 (encoding a-actinin 4) reverse primer

50-ATTATGGCCTTCTCGTCGGG-30
Eurofin Genomics Custom synthesis

Gapdh forward primer

50-AGGTCGGTGTGAACGGATTTG-30
Eurofin Genomics Custom synthesis

Gapdh reverse primer

50-TGTAGACCATGTAGTTGAGGTCA-30
Eurofin Genomics Custom synthesis

Recombinant DNA

GFP-tagged human zyxin Hirata et al.56 N/A

GFP-tagged fragment of zyxin encoding the LIM region Hirata et al.56 N/A

pAmpho Ebata et al.96 A gift from Keiko Kawauchi

pSUPER.retro.hygro Guo et al.95 A gift from Keiko Kawauchi

mCherry-tagged LifeAct This paper N/A

GFP-tagged actin This paper N/A

GFP-tagged, deleted form of a-actinin lacking the

actin binding domain

Roca-Cusachs et al.42 Addgene Plasmid #66935

GFP-tagged human myosin IIA heavy chain Wei and Adelstein94 Addgene Plasmid #11347

Software and algorithms

ImageJ (Fiji) (Ver. 1.52) NIH, ImageJ https://imagej.net/software/fiji/

Origin Pro OriginLab https://www.originlab.com/

NIS-Elements AR Nikon https://www.nikon.com/products/industrial-

metrology/lineup/microscope/img_soft/

nis-elements/

Custom C++ program to simulate stress fiber dynamics This paper https://doi.org/10.5281/zenodo.7509409
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Hiroaki Hirata (hirata@neptune.kanazawa-it.ac.jp).
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Materials availability

Plasmid constructs generated in this study are listed in the key resources table and available from the lead

contact on request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d The source code for SF model simulation has been posted in the GitHub site and is publicly available as

of the date of publication. DOI is listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

C2C1293 cells and HEK293T93 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-

plemented with 10% fetal bovine serum, 50 units/mL penicillin and 50 mg/mL streptomycin (all from Gibco)

at 37�C in 5% CO2. For experiments, cells were grown for 16-24 hours on the substrates indicated.
METHOD DETAILS

Plasmids, transfection, and retroviral infection

GFP-tagged human full-length zyxin (Zyxin-GFP) and a fragment of zyxin encoding the LIM region (ZyxLIM-

GFP) were described previously.56 The mCherry-tagged LifeAct and GFP-tagged actin constructs were

generated by subcloning annealed oligonucleotides encoding the LifeAct sequence (30-GGTGTCGCA

GATTTGATCAAGAAATTCGAAAGCATCTCAAAGGAAGAA-50) or PCR-amplified DNA encoding the actin

sequence into pcDNA3 vector containing the mCherry or GFP sequence, respectively. GFP-tagged human

myosin IIA heavy chain (CMV-GFP-NMHC II-A) was gifted from Robert Adelstein (Addgene plasmid #

11347; http://n2t.net/addgene:11347; RRID:Addgene_11347).94 A GFP-tagged, deleted form of a-actinin

lacking the actin binding domain (DABD-GFP) was gifted from Pere Roca-Cusachs and Michael Sheetz

(Addgene plasmid # 66935; http://n2t.net/addgene:66935; RRID: Addgene_66935).42 These plasmids

were transfected into cells using Lipofectamine 3000 reagent (Thermo Fisher Scientific), according to the

manufacturer’s protocol. Cells were analyzed 24-48 hours after transfection.

In traction force microscopy (TFM) experiments, the GFP or DABD-GFP plasmid was introduced into cells

by electroporation using NEPA21 electroporator (Nepagene). 2.0-10.0 x 105 cells were suspended in 100 mL

serum-free DMEM with 5 mg plasmid. Electroporation was carried out with two poring pulses (150 V, 5 ms)

and three transfer pulses (20 V, 50 ms).

Short hairpin RNA (shRNA)-mediated stable knockdown of a-actinin was conducted using the retroviral sys-

tem. The sequence 50-GTGCCAGCTGGAGATCAAC-30 targeting all four isoforms of murine a-actinin was

inserted into the pSUPER.retro.hygro retroviral vector (a gift from Keiko Kawauchi).95 For control, the non-

targeting sequence 50-ATAGTCACAGACATTAGGT-30 was introduced. The shRNA sequence-containing

vector was co-transfected with the pAmpho vector (a gift from Keiko Kawauchi)96 into HEK293T cells using

the GeneJuice transfection reagent (Merck Millipore). Supernatants containing viral particles were har-

vested 24-48 hours after the transfection, filtered through 0.45-mm PVDF membrane, and added to the

C2C12 cell culture with 8 mg/mL polybrene. Infected cells were selected with 1000 mg/mL hygromycin

for 48-96 hours.
Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from C2C12 cells with TRIzol (Thermo Fischer Scientific) according to the manufac-

turer’s protocol. RNA was then subjected to cDNA synthesis using High Capacity cDNA Reverse Transcrip-

tion Kit (Thermo Fischer Scientific). cDNA was mixed with FastStart Universal SYBR Green Master (Roche)

and primer oligo DNA of mouse GAPDH or an a-actinin isoform (see key resources table for primer se-

quences). PCR was performed with Thermal Cycler Dice Real Time System (Takara) according to the man-

ufacturer’s protocol.
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Antibody

The primary and secondary antibodies used in this study are shown in the key resources table.
Time-lapse imaging

Cells expressing fluorescently tagged proteins were seeded in DMEM onto 35-mm glass bottom dish

(Iwaki) or m-dish 35 mm Quad (Ibidi) that was pre-coated with 50 mg/mL fibronectin. Cells were observed

3-8 hours after seeding. In the experiments of pharmacological treatments, observation was carried out

5 min after the drug application. The cells were observed using the inverted confocal microscope

(A1Rsi, Nikon) equipped with an oil-immersion objective lens (NA 1.49, 60x, Apo-TIRF, Nikon or NA

1.45, 100x, Plan Apo, Nikon) and a heat chamber (TOKAI-HIT) under the 37�C and 5% CO2 humidified

atmosphere.

Acquired images were analyzed using Fiji or NIS-Elements AR (Nikon) software. The average flow speed of

myosin IIA-GFP or LifeAct-mCherry in each SF was calculated based on the slope in the kymograph de-

picted using Multi Kymograph tool in Fiji. This measurement was carried out for three SFs in each cell.
Polyacrylamide gel substrate

Composition and stiffness of polyacrylamide (PAAm) gel substrates used in this study (Table S1) were

described previously.97,98 Using the stock solutions of acrylamide (Wako Chemical) and bisacrylamide

(Wako Chemical) mixtures, gel preparation solutions containing yellow-green or red fluorescent beads

with 0.2 mm diameter (Polysciences; for gel substrates used in traction force microscopy), ammonium per-

sulfate (Wako Chemical) and N,N,N0,N0-tetramethylethylenediamine (AppliChem) were prepared immedi-

ately before use. We placed 18 mL of the gel preparation solution onto a glass-bottom dish (35 mm diam-

eter) that was silanized with 1% 3-aminopropyltrimethoxysilane (Wako Chemical) for 15 min at room

temperature, washed with methanol and air dried, and then the solution was covered with a bare glass

coverslip (22 mm diameter). After polymerization of acrylamide for 30 min, the top coverslip was carefully

removed and the gel was fully hydrated in HEPES buffer (100 mM HEPES, pH 7.5 (Wako Chemical)). Whilst

previous studies98–100 used acrylamide solution at the volume/area ratio of 0.023-0.039 mL/mm2, the ratio in

our study was 0.047 mL/mm2. Given that thickness of the gel prepared from 0.039 mL/mm2 solution was

�50 mm,52 thickness of our gel was estimated as about 60 mm. This thickness is about 20-60 times larger

than the traction-force-induced deformation of the gel (ca. 1-3 mm).

Fibronectin was immobilized on the PAAm gel surface using sulfo-SANPAH (Thermo Fisher Scientific). One

millimolar sulfo-SANPAH in HEPES buffer was placed onto the PAAmgel surface and exposed to ultraviolet

(UV) light for 10 min. The darkened sulfo-SANPAH solution was removed, and gels were rinsed three times

with HEPES buffer, incubated with 100mg/mL fibronectin (Sigma) at 37�C for 1 hour, and then washed three

times with HEPES buffer. After equilibration with DMEM overnight at 4�C, the gels were used for

experiments.
Traction force microscopy

Cells were seeded and grown on fibronectin-conjugated, fluorescent bead-embedded PAAm gel sub-

strates for 16-24 hr. Cells and fluorescent beads were observed with an inverted epifluorescence micro-

scope (BZ-710, Keyence) equipped with a 60x objective lens (NA 1.20, Plan Fluor, Nikon). Bright field im-

ages of cells as well as fluorescence images of embedded beads were acquired before and after

detaching the cells from the gel substrates by trypsinization. When indicated, cells were treated with

para-amino-blebbistatin (Cayman Chemical) (5, 10, 25 or 50 mM), calyculin A (1 nM) or vehicle (DMSO)

for 10 min before the image acquisition. The drug treatment was conducted under the 37�C and 5%

CO2 humidified atmosphere using a stage top incubator (TOKAI HIT).

The traction stress field in the PAAm gel substrate was calculated using the Fiji plugins, iterative PIV and

Fourier transform traction cytometry (FTTC).101 In brief, the displacement field in the gel substrate was ob-

tained by the PIV analysis of fluorescence images of beads before and after cell detachment. From the

displacement field, the traction stress field was reconstructed using the Fourier transform traction cytom-

etry (FTTC) method.
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Immunofluorescence

Immunostaining of cells was carried out as described previously.56 Cells were fixed and permeabilized for

30 min with 4% formaldehyde and 0.2% Triton X-100 in the cytoskeletal stabilizing (CS) buffer.102 This was

followed by blocking with 1% BSA in CS buffer for 30 min. The cells were then incubated with primary an-

tibodies for 40 min, washed, and further incubated with secondary antibodies for 40 min. Antibodies were

diluted in CS buffer containing 1% BSA. The stained cells were observed with either a confocal microscope

equipped with a 60x oil-immersion objective lens (NA 1.49, Nikon) or an epifluorescence microscope (BZ-

710 or BZ-810, Keyence) equipped with a 100x oil-immersion objective lens (NA 1.30, Nikon or NA 1.40,

Nikon).
Western blotting

Cells were collected and lysed with 23 lithium dodecyl sulfate sample buffer (Invitrogen) containing 2.5%

b-mercaptoethanol. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electropho-

resis (SDS-PAGE) (4–12% Bis-Tris gel; Invitrogen) and transferred onto a polyvinylidene fluoride membrane

(Immobilon-P, Merck-Millipore). After incubation with primary antibodies followed by the secondary HRP-

linked anti-mouse or HRP-linked anti-rabbit antibody (Cell Signaling Technology), immuno-reactive bands

were visualized using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific).

Images were acquired by using a CCD Camera (Cool SNAP fx, Photometrics).
Measurement of Feret diameters of FAs

Feret diameters of FAs were measured in vinculin immunofluorescence images. After thresholding the vin-

culin images, individual FAs were selected manually. FAs contacting to neighboring ones were excluded

from the analysis. Feret diameters of the selected FAs were measured using the Fiji software with the plu-

gin, Measurements.
Quantification of cell area and cell shape

In phase contrast images of cells, cell area measurement and ellipse fitting of the cell shape were conduct-

ed using the Fiji software. Cell outline was traced manually, and ellipse fitting was carried out using the Fit

Ellipse plugin. Ellipse perimeter was calculated as follows:

L = pða + bÞ

0
BBBB@1 +

3
�
a�b
a+b

�2
10+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 � 3

�
a�b
a+b

�2q
1
CCCCA (Equation 1)

where a and b are long and short diameters of an ellipse, respectively. To evaluate cell shape quantitatively,

the ratio of cell outline against ellipse parameter was calculated.
Sigle cell migration assay

C2C12 cells were sparsely seeded onto fibronectin-coated glass bottom dish or 2.3 kPa PAAm gel sub-

strates and grown overnight. Migrating cells were observed using the BioStation IM microscope (Nikon)

under the 37�C and 5% CO2 humidified atmosphere. Phase contrast images were acquired at 10-min inter-

vals for up to 240 min. Individual cells were tracked using the Fiji plugin, Manual Tracking; we manually

tracked the center of nuclei in phase contrast images. Persistence of cell migration was calculated by

dividing the end-to-end distance of cell displacement during 120-240 min observation by the total length

of the cell migration path. Cells that underwent mitosis during the observation were excluded from the

analysis.
Wound healing assay

3.0 x 104 C2C12 cells were seeded onto the fibronectin-coated 96 well plate (Corning) and grown for 16 h.

Formed cell monolayers were wounded using the 96-pin woundmaking tool (WoundMaker, Essen Biosci-

ence). Each wound was 750 mm (G 20%) in width. The wound healing process was observed using the

IncuCyte SX5 (Sartorius) under the 37�C and 5% CO2 humidified atmosphere. Phase contrast images

were acquired at 30-min intervals.
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Actin polymerization assay

The stock solution of 100 mM rhodamine-conjugated actin protein (Cytoskeleton) was filtered (pore

0.22 mm; Millipore) and diluted to 0.4 mM concentration with the permeabilization buffer (CS buffer supple-

mented with 0.03% digitonin and the protease inhibitor cocktail (Sigma)), just before use. Cells were incu-

bated with the diluted actin solution for 1 min at room temperature. After the incubation, cells were fixed

with 3.7% formaldehyde, permeabilized with 0.2% Triton X-100, blocked with 1% BSA, and subjected to im-

munostaining in CS buffer.

FRAP analysis

Fluorescence recovery after photobleaching (FRAP) experiments were carried out using the A1Rsi confocal

microscope (Nikon). SFs in C2C12 cells expressing GFP-tagged actin were locally photobleached with

405 nm laser for 0.5 sec with 100 % of the laser power (the size of bleached area was 1.6 x 3.6 mm), and fluo-

rescence images were acquired every 0.5 sec for 1 min with 3%-10% of the laser power. Photobleach

outside the region of interest (ROI) during the observation was negligible. For the analysis of fluorescence

intensity, the NIS-Elements AR software (Nikon) was used. The relative fluorescence intensities in ROI were

plotted against time, and the plots were fitted with Equation 2,

IðtÞ� I0 = M
�
1 � expð� t = tÞ�+ c (Equation 2)

where I(t) and I0 represent the mean fluorescence intensities in ROI at time t and before photobleaching,

respectively, and the mobile fraction (M), the time constant (t) and the constant (c) were used as fitting pa-

rameters.103 Time zero was set as the time point when photobleaching was conducted. The half-recovery

time T1/2 was calculated as,

T1=2 = lnð2Þ3 t (Equation 3)

Atomic force microscopy (AFM)

AFMmeasurements were performed using NanoWizard IV AFM (JPK Instruments-AG, Bruker) mounted on

top of an inverted optical microscope (IX73, Olympus, Japan) equipped with a digital CMOS camera (Zyla,

Andor) as previously described.43 The AFM quantitative imaging (QI) mode was then used to obtain force-

displacement curves at the mid-region of the cell surfaces (128 3 128 points, 20 mm 3 20 mm of measured

area), using a precisely controlled indentation test using silicon nitride cantilevers with a cone probe

(BioLever-mini, BL-AC40TS-C2, Olympus) at a spring constant of 0.071–0.074 N/m. The QI mode measure-

ments were carried out within 40 min after the transfer of the specimen cells to the AFM at room temper-

ature (25�C). To determine the elastic modulus (i.e., the Young’s modulus) the force-displacement curves

were fitted to the Hertz contact model:

F =
2E,tan a

pð1 � n2Þd
2 (Equation 4)

where F is the applied force, E is the elastic modulus, n is the Poisson’s ratio (0.5 for a non-compressible

biological sample), a is the opening angle of the cone of the cantilever tip, and d is the indentation depth

of the cells. We calculated the elastic modulus at each point and produced elastic modulus maps of the

specimen cells. To examine colocalization of the elastic modulus with SFs, we conducted elasticity map-

ping by AFM in living cells in which the actin cytoskeleton was labeled with the carboxylated silicon–

rhodamine (SiR)-actin live cell imaging probe (Cytoskeleton).

Modeling and numerical simulation

To analyze effects of myosin II and a-actinin on SF dynamics, we developed a simple mathematical model

based onmolecular behaviors in a bottom-upmanner, involving movement and turnover of actin filaments,

myosin II-generated contractile force, and crosslinking by a-actinin. Using this model, we performed nu-

merical simulations and analyzed flow velocity of actin filaments and traction force acting on FAs. In this

model, we consider a SF with the total length of LSF. For simplification, the distribution of actin filaments

along the SF, represented by the x-axis, was considered by applying a one-dimensional continuum approx-

imation. In this assumption, the cross-sectional alignment within the SF and the alignment of individual fil-

aments along the SF are ignored.

First, the distribution of actin filaments was considered. For simplification, the lengths of all filaments are

regarded as uniform, denoted by L. The line density and flow velocity of the filament having its center of
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gravity at position x are denoted by r and v, respectively. The number of filaments passing through position

x, represented by n (x), is given by

nðxÞ =

ZL=2
� L=2

rðx + yÞdy: (Equation 5)

Second, myosin II-generated contractile force between filaments was introduced. Let lMY be the line den-

sity of myosin binding to filaments and let cL simply be the contractile force generated by a binding myosin

acting on a filament. The pressure in the SF at position x, represented by P (x), is given by

PðxÞ = � nðxÞlMY cL: (Equation 6)

The ratio of the filaments having their center of gravity at position x to all filaments passing through the

small region dy near position y is given by rðxÞdy=nðyÞ. Assuming that the force applied to the cross-section

of the SF is equally applied to all filaments passing through the cross-section, the force acting on the fila-

ments with center of gravity at position x in the small region dy near position y is given by

ðrðxÞdy =nðyÞÞðvPðyÞ =vyÞ. Therefore, the summation force per unit length acting on the filaments with cen-

ter of gravity at position x, represented by S (x), is given by

SðxÞ =

Zx + L=2

x� L=2

rðxÞ
nðyÞ

vPðyÞ
vy

dy: (Equation 7)

Third, effects of crosslinking by a-actinin between actin filaments were introduced. By denoting the line

density of a-actinin binding to filaments by lAA, the spring constant by K , and the dissociation constant

by kAAoff , the frictional force acting on a unit length of actin filament can be written as lAAKDv=k
AA
off , where

Dv is the relative velocity to the surroundings.104 By considering the velocities of the filaments with centers

of gravity at positions x and y, represented by vðxÞ and vðyÞ, respectively, the frictional force acting between

two filaments with velocities vðxÞ and vðyÞ, represented by gðx;yÞ, is written by

gðx; yÞ =
lAAKðvðxÞ � vðyÞÞ

kAAoff

ðL � jx � yjÞ: (Equation 8)

Therefore, the a-actinin-generated frictional force acting on a unit length of the filament with center of

gravity at position x from the surrounding filaments, represented by GðxÞ, is given by

GðxÞ =

Zx + L

x� L

rðxÞrðyÞgðx; yÞdy: (Equation 9)

Fourth, the force balance on the SF at position x is given by

0 = SðxÞ � rðxÞxLvðxÞ � GðxÞ; (Equation 10)

where the first, second, and third terms indicate the myosin II-generated force, frictional force to the sur-

rounding medium, and a-actinin-generated frictional force. In the second term, x is the friction per unit

length between actin filaments and surroundings. Using Equations (5), (6), (7), (8), and (9), Equation 10

can be rewritten by

0 =

Zx + L=2

x� L=2

rðxÞ
nðyÞ

vPðyÞ
vy

dy � rðxÞxLv �
Zx + L

2

x� L
2

rðxÞrðyÞ
 
lAAKðvðxÞ � vðyÞÞ

kAAoff

!
dy: (Equation 11)

Fifth, conservation of actin filaments within the SF was considered. The number of actin filaments in the SF

can be varied by turnover via polymerization and depolymerization as well as flux along the SF. The density

conservation of actin filaments in the SF is written by

vr

vt
=

r0 � r

tAF
� vðrvÞ

vx
(Equation 12)

where the first and second terms indicate the turnover and flux, respectively.105 In the first term, r0 and tAF

indicate the line density of filaments in the SF under equilibrium and the characteristic time of turnover,

respectively.
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Lastly, initial and boundary conditions were introduced. One of the steady-state solutions of Equations (11)

and (12) is r = r0, i.e., filaments are homogenously distributed along the SF. Using r0, the initial condition

was given by

r = r0 +w; (Equation 13)

where w is a noise with mean 0 and standard deviation 0:1r0. Moreover, assuming that the end regions of

the SF were fixed on ECM through FAs, the fixed boundary conditions were applied to the end regions.

Setting the end regions to 0% x% L=2 and LSF � L=2% x% LSF for simplification, boundary conditions

were written by

v = 0 as 0% x%
L

2
; LSF � L

2
% x% LSF

r =

8><
>:

0 as x <0; LSF <x

r0 as 0% x%
L

2
; LSF � L

2
% x% LSF

(Equation 14)

To evaluate flow of actin filaments in the SF, the maximum velocity of filament flow in all filaments, repre-

sented by vmax, were calculated as follows.

vmax = max
0% x% LSF

jvðxÞj (Equation 15)

Moreover, to evaluate traction force acting on FAs, total force acting on the region of 0% x% L=2 was

calculated as follows.

Ftrc =

Z L
2

0

ðS � GÞdx (Equation 16)

To perform numerical simulations, the equations and parameters were nondimensionalized by introducing

the unit number of filaments, r0L, unit length, L, unit time, tAF, and unit force, xL2=tAF. By considering the

average length of each sarcomeric unit experimentally measured from periodic distribution of a-actinin,106

the total length of the SF was set to LSF = 10L. Values of the control parameters, lMYc and lAAK= k
AA
off , were

explored. Numerical simulations were performed with second-order accuracy using the Euler method with

Dt = 10� 6tAF: The simulations were performed during 10tAF, sufficient period to reach steady state, and

statistical values of Equations (15) and (16) were calculated during the last tAF.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis were carried out using the Origin Pro software (OriginLab). For two-sample compar-

isons, Student’s t test or Welch’s t test was used after F-test. For multi-sample comparisons, Tukey test was

used. Statistical significance was accepted if p < 0.05. Pooled data were presented as themeanG standard

error of the mean (SEM), or as data dots with the mean.
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