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Actomyosin bundles serve as a tension sensor and a
platform for ERK activation
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Abstract

Tensile forces generated by stress fibers drive signal transduction
events at focal adhesions. Here, we report that stress fibers per se
act as a platform for tension-induced activation of biochemical
signals. The MAP kinase, ERK is activated on stress fibers in a
myosin II-dependent manner. In myosin ll-inhibited cells, uniaxial
stretching of cell adhesion substrates restores ERK activation on
stress fibers. By quantifying myosin 1l- or mechanical stretch-
mediated tensile forces in individual stress fibers, we show that
ERK activation on stress fibers correlates positively with tensile
forces acting on the fibers, indicating stress fibers as a tension
sensor in ERK activation. Myosin ll-dependent ERK activation is
also observed on actomyosin bundles connecting E-cadherin
clusters, thus suggesting that actomyosin bundles, in general, work
as a platform for tension-dependent ERK activation.
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Introduction

A growing body of research suggests that not only chemical cues
such as growth factors and cytokines but also intracellular and
extracellular mechanical environments have a significant impact on
cellular behaviors including adhesion, migration, survival, prolifera-
tion and differentiation [1,2]. Adherent types of cells such as fibro-
blasts and endothelial cells adhere to extracellular matrix (ECM)
substrates through the integrin-mediated adhesion structures called
focal adhesions (FAs) [3]. Adhesion to ECM is necessary for survival
and proliferation of normal but not transformed adherent cells
(“anchorage-dependency” of cell growth) [4]. On the cytoplasmic

side, FAs are connected to tips of the contractile actomyosin bundles
called stress fibers (SFs). The actomyosin-generated contractile
forces are transmitted to ECM through FAs, resulting in develop-
ment of mechanical tension in the SF-FA-ECM complex [5]. A
decrease in tension within the SF-FA-ECM complex caused by
either actin cytoskeleton disruption, inhibition of actomyosin
contractility or compliant ECM substrates results in inhibition of cell
proliferation and affects lineage specification of stem cells [6,7].
This suggests an essential role of tension in regulating cell growth
and differentiation.

Tension generated by the contractility of SFs and transmitted to
FAs has been shown to regulate the formation and maintenance of
these structures in a positive feedback fashion [5,8,9]. Since a vari-
ety of signaling molecules such as kinases, phosphatases and scaf-
fold proteins accumulate at FAs and SFs [3,10], these structures
have ideal properties to act as tension-regulated platforms for signal
transduction [11,12]. On the one hand, various mechanotransduc-
tion events including phosphorylation of FAK, paxillin and p130Cas
occur at FAs [13,14]. On the other hand, although forces exerted by
SFs are critical for driving mechanotransduction events at FAs
[15-18], the possible role of SFs per se as a signaling platform has
not been extensively studied.

The extracellular signal-regulated kinase (ERK) subfamily of
MAP Kkinases is involved in the regulation of diverse cellular func-
tions including adhesion, migration, cell cycle progression, cytoki-
nesis, proliferation, differentiation, senescence and cell death [19].
While localization of ERK to the actin cytoskeleton and FAs has
been reported [20-25], its activation (phosphorylation at the threo-
nine and tyrosine residues in the activation loop) is interestingly
influenced by intracellular and extracellular mechanical cues. Rho-
Rho kinase-mediated activation of actomyosin contractility is
required for ERK activation [26,27]. Disruption of the actin cytoskel-
eton [28,29], inhibition of myosin II activity [30,31] or culturing
cells on soft ECM substrates [32-34] diminishes activation of ERK.
Additionally, mechanical stretching of ECM substrates on which
cells adhere increases ERK activity [35,36]. All these results suggest
the importance of tension along the SF-FA-ECM axis in ERK
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activation. However, since the quantitative relationship between the
tension magnitude and ERK activation has not been studied, the
actual role of tension in ERK activation remains unclear. Further-
more, the mechanism by which the tension is transduced into ERK
activation is unknown.

In this study, we examined the potential role of SFs as a platform
for tension-dependent signaling events, with a particular focus on
their role in ERK activation.

Results and Discussion

Immunofluorescence staining showed that activated ERK (phos-
phorylated ERK; pERK) localized to SFs in human foreskin fibro-
blasts (HFFs) (Fig 1A, Supplementary Fig S1A) and mouse NIH3T3
cells (Supplementary Fig S2). This was confirmed with two different
antibodies both of which specifically recognized pERK in immuno-
blotting (Supplementary Fig S3). Distribution of pERK on SFs was
exclusive to that of a-actinin, and pERK was not apparently local-
ized at FAs (Supplementary Fig S4). ERK2 was preferentially phos-
phorylated in HFFs rather than ERKI, and shRNA-mediated
depletion of ERK2 but not ERK1 expression significantly reduced
pERK intensity on SFs (Supplementary Fig SS5). Inhibition of myosin
Il activity with blebbistatin resulted in a drastic decrease in the
amount of pERK on SFs; while there were residual SFs in blebbista-
tin-treated HFFs (Supplementary Fig S6) [17,18], the relative inten-
sity of pERK against F-actin on SFs was significantly decreased upon
the blebbistatin treatment (Fig 1A and B, Supplementary Fig S2). By
contrast, the intensity ratio of total ERK against F-actin on SFs was
not decreased by myosin II inhibition (Fig 1B and C). Similar results
were obtained with confocal microscopy (Supplementary Fig S1B-D).
These results indicate that ERK localizes on SFs regardless of
myosin II activity, but it is phosphorylated or activated in a myosin
[I-dependent manner. Consistently, when cells were double-stained
for pERK and total ERK, high ratio values of pERK/ERK on SFs were
dissipated by the treatment with blebbistatin (Fig 1D). The mean
value of pERK/ERK ratio in the entire cell region was decreased to
about half (51 + 15%) upon blebbistatin treatment (Fig 1D, bar
graph), which was consistent with the result of immunoblotting
analysis (58 + 14%; Supplementary Fig S7A). This suggests that
40-50% of ERK phosphorylation is dependent on myosin II activity.
While nuclear localization of pERK was also dependent on myosin
II activity (Supplementary Fig S8), the relationship between ERK
phosphorylation on SFs and its nuclear translocation needs to be
revealed in future studies.

In order to examine the effect of tension within the SF-FA-ECM
complex on ERK phosphorylation on SFs, myosin Il-inhibited cells
were subjected to external mechanical forces by uniaxially stretch-
ing fibronectin (FN)-coated elastic substrata. A sustained uniaxial
stretch (50%, 5 min) caused a ~60% increase in phosphorylation of
ERK in blebbistatin-treated cells (Supplementary Fig S7A). Stretch-
ing also resulted in reinforcement of SFs oriented along the stretch
axis compared to those oriented perpendicular to the stretch axis or
SFs in unstretched control cells (Fig 2A, Supplementary Fig S9, see
also Supplementary Movie S1). A 5-min (Supplementary Fig S9) or
30-min (not shown) stretch did not induce apparent reorientation of
SFs and cells in the presence of blebbistatin. The F-actin amount in
individual SFs in their width direction was larger when SFs were
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oriented at smaller angles against the stretch axis; SFs with the
angles of 0-30° had the ~2.3-fold larger amount of F-actin
compared with SFs with the angles of 60-90° (Fig 2B). Actin
polymerization mediated by zyxin-VASP complexes and/or mDial
[17,37,38], and/or self-remodeling of actomyosin meshwork into
bundles [39] may be involved in the force-induced reinforcement
of SFs. Intensity of pERK was higher on SFs parallel to the stretch
axis compared to those perpendicular to the stretch axis or SFs in
unstretched control cells (Fig 2A). When examined quantitatively,
the intensity of pERK on SFs showed a negative correlation with
the orientation of the SF (angle with respect to the stretch axis)
(Fig 2C).

Uniaxial stretch-induced strain in SFs, whose tips are anchored
to substrata through FAs, would vary with orientation of SFs with
respect to the stretch axis. The strain (S) along the length of an SF
can be expressed as a function of SF orientation, as

S= \/(1+a/100)zcosl(9+sin29717 1)

where 6 is the SF angle against the stretch axis and a is the percent-
age of stretch (see Supplementary Information for derivation). As
shown above, SFs were reinforced by uniaxial stretching in a
manner dependent on SF orientation (Fig 2B). By converting the SF
angles in Fig 2B into SF strain using the equation [1], we obtained
the relationship between the F-actin amount in individual SFs in
their width direction and SF strain induced by 50% stretch (Supple-
mentary Fig S10). Assuming that tensile elasticity of an SF (k) is
proportional to the amount of F-actin (n) in the width direction of
the SF, tensile force (F) developed in the SF upon stretching would
also be proportional to the F-actin amount as F = kS « nS. There-
fore, we can calculate relative tensile forces in SFs by using values
of the F-actin amount and strain of individual SFs in Supplementary
Fig S10 and obtained the tensile force—strain relationship of SFs as
shown in Fig 2D. Relative tensile forces in SFs were increased
quadratically, not linearly, with increasing strain (Fig 2D), which is
consistent with previous results of force-strain measurements for
isolated, single SFs in vitro [40] and suggests the strain-induced
stiffening behavior of SFs. When SF angles in Fig 2C were
converted into tensile forces developed in SFs by using the equation
[1] and the regression equation in Fig 2D, we obtained a relation-
ship between relative tensile forces in SFs and intensities of pERK
on the SFs as shown in Fig 2E. There was a positive correlation
between tensile forces and pERK intensities for individual SFs
(Fig 2E). Similar correlation was obtained even for SFs within a
single cell (Supplementary Fig S11). These results demonstrate that
stretch-induced tension development in SFs causes ERK phosphory-
lation on SFs in myosin II-inhibited cells.

Stretching also increased phosphorylation of RSK, a major
downstream effector of ERK [41], in blebbistatin-treated cells
(Supplementary Fig S12). Stretch-induced phosphorylation of ERK
and RSK was abolished when SFs were disrupted upon cytochala-
sin D treatment (Supplementary Fig S12), suggesting a critical role
of SFs in stretch-induced activation of ERK and its downstream
signal. In cells not treated with blebbistatin, stretching substrata
did not increase ERK phosphorylation (Supplementary Fig S7B),
implying that the endogenous level of myosin II-based tension is
high enough for full phosphorylation of the tension-regulated
population of ERK.
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Figure 1. ERK is phosphorylated on SFs in a myosin ll-dependent manner.
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A, B HFFs treated with either DMSO or 100 uM blebbistatin (Blebb) for 30 min were double-stained for F-actin and either pERK (A) or total ERK (B). Merged images are
also shown. Arrows in (B) denote ERK localization on F-actin bundles in blebbistatin-treated cells. Scale bars, 40 pm.

C Quantification results of intensity ratios of pERK (black bar) and ERK (gray bar) against F-actin on individual SFs in HFFs treated with either DMSO or 100 uM
blebbistatin (Blebb). Sample values were normalized with respect to the mean values of control (DMSO) samples. P-values were calculated using Student’s t-test.
118 SFs in 12 cells (pERK, DMSO0), 103 SFs in 13 cells (pERK, Blebb), 150 SFs in 15 cells (ERK, DMSO) and 98 SFs in 12 cells (ERK, Blebb) were analyzed.

D HFFs treated with either DMSO or 100 uM blebbistatin (Blebb) for 30 min were double-stained for pERK and total ERK. Ratio images of pERK against total ERK were
calculated (pERK/ERK). The ratio values are shown in pseudo-color (arbitrary units). Scale bar, 40 um. The bar graph shows mean values of the pERK/ERK ratio in
individual cells. Sample values were normalized with respect to the mean value of control (DMSO) cells. n = 12 and 11 for DMSO and Blebb, respectively.

To further examine the tension—-ERK phosphorylation relation-
ship on SFs, we directly measured tensile forces within individual
SFs using microforce sensor arrays (uWFSA) [42,43]. Cells grown on
WFSA with pillars whose tips were coated with FN were fixed and
double-stained for pERK and F-actin (Fig 3A). Pillars to which tips
of SFs were connected deflected inward along SFs (Fig 3A, see
insets), showing transmission of contractile forces from SFs to

252 EMBO reports Vol 16 | No 2 | 2015

pillars. The intensity of pERK was higher on SFs exerting larger
forces (Fig 3B). Cells treated with blebbistatin showed a decrease in
both force exertion by SFs and ERK phosphorylation on the SFs
(Fig 3A and B). Thus, there was a clear positive correlation between
tensile forces acting along SFs and ERK phosphorylation on SFs
(Fig 3B). These results again support the notion that tension devel-
opment in SFs facilitates phosphorylation of ERK on SFs.

© 2014 The Authors
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Figure 2. Mechanical stretch of myosin ll-inhibited cells induces ERK phosphorylation on SFs in a manner dependent on tensile forces developed in SFs.

A HFFs cultured on FN-coated elastic substrata were treated with 100 uM blebbistatin for 30 min, and then, the substrata were uniaxially stretched (50% for 5 min) in
the presence of blebbistatin. Cells without (Blebb) or with stretching (Blebb + stretch) were double-stained for pERK and F-actin. Merged images are also shown.
Double-headed arrows indicate the direction of stretching. In cells aligned along the stretch axis (*), high intensities of pERK on SFs were observed (arrows). Scale bar,
40 pm.

B Top: Schematic representation of definition of the SF angle. Bottom: The integrated intensity of F-actin on each SF in its width direction was plotted against the SF
angle. Intensities were normalized with respect to the maximum value. P-values were calculated using Student’s t-test between groups in different ranges of SF
angles (0° < 0 < 30°,30° < 0 < 60° and 60° < 0 < 90°). The blue line represents the linear fitting. C.C,, correlation coefficient.

C The averaged intensities of pERK along individual SFs were plotted against the SF angles. Intensities were normalized with respect to the maximum value.

D Relative tensile forces and strain induced by 50% stretch were plotted for individual SFs (gray diamonds). Values of tensile forces were normalized with respect to the
maximum value. Means £ SD in the windows of every 0.1 strain are also shown (black squares). The blue line represents the quadratic fitting of black squares.

E For the same data set as that in (C), the averaged intensities of pERK along individual SFs were re-plotted against relative tensile forces in the SFs. Intensities were
normalized with respect to the maximum value. The blue line represents the linear fitting.
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Figure 3. ERK phosphorylation on SFs depends on myosin Il-generated contractile forces in SFs.

A HFFs cultured on arrays of pillars, whose tips were coated with ATTO 647-labeled FN, were treated with either DMSO or 100 uM blebbistatin (Blebb) for 30 min and
then double-stained for F-actin and pERK. Forces exerted on pillars (yellow arrows) were calculated from positions of pillar tips as described in the Supplementary
Information. Insets show magnified images of outlined regions. Scale bar (black), 20 um, and force bar (yellow), 100 nN.

B The average intensity of pERK in each SF region within 5 um from the SF tip was plotted against measured contractile force generated in the SF. The blue line

represents the linear fitting. C.C., correlation coefficient.

Previous studies with laser cutting of SFs have shown that
tension in SF-FA-ECM complexes plays a role in regulating cell
shape and protein localization at SFs and FAs [15,44-46].
However, the actual magnitude of tension has not been measured
in these studies. Here, we quantified tensile forces and ERK phos-
phorylation on individual SFs. Regardless of myosin II- or stretch-
origin of force, phosphorylation of ERK on SFs was increased
almost linearly with increasing tensile forces acting on SFs
(Supplementary Figs S2E and S3B). This suggests that the tensile
force is the “true” factor that induces ERK phosphorylation on
SFs. Even in a single cell, SFs with larger tensile forces showed
higher intensities of pERK (Fig 3A, Supplementary Fig S11), indi-
cating that the tension-induced ERK phosphorylation is regulated
at the individual SF level in a cell. Tension in SFs increases pERK
in a synergistic way by increasing both the F-actin amount (Fig 2
and Supplementary Fig S6) and the pERK/F-actin ratio (Fig 1 and

EMBO reports Vol 16 | No 2| 2015

Supplementary Fig S1) in each fiber. Thus, our results demon-
strated that each SF per se works as a mechanotransduction
platform which senses and transduces tension in the fiber into
ERK activation.

Actomyosin bundles are formed not only between FAs (i.e.,
classical SFs) but also between cell—cell junctions [47,48]. We there-
fore extended our study to actomyosin bundles connecting cell—cell
junctions and examined whether these actomyosin bundles also
yield tension-dependent ERK phosphorylation. For this purpose, we
used a recently developed assay system that allows the formation of
suspended “epithelial bridges” [49]. In this context, a multicellular
epithelial sheet was suspended over the ECM-devoid region, and
cells in the bridge were held together by tensed actomyosin bundles
interconnected through cell-cell junctions [49] (Supplementary Fig
S13). Phosphorylated ERK was localized along interconnected
actin bundles in the bridge of HaCaT keratinocytes (Fig 4A). It is

© 2014 The Authors
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Figure 4. Myosin lI-dependent ERK phosphorylation on actomyosin bundles in suspended epithelial bridges.

A, B HaCaT cells on the fibronectin (FN) pattern formed epithelial bridges over FN-devoid, non-adhesive regions. The epithelial bridges were treated with either DMSO
(A) or 100 puM blebbistatin (Blebb) (B) for 30 min and then double-stained for pERK and F-actin. The arrow indicates strong ERK phosphorylation on the
actomyosin bundle along the edge of FN region. Lower panels: Magnified images of outlined regions in upper panels. Merged images are also shown. Scale bars,

40 um for upper panels and 20 um for lower panels.

noteworthy that while actin bundles in the suspended bridge were
rich in pERK, F-actin accumulation at cell-cell boundaries on FN
regions did not show any local increase in pERK (Supplementary Fig
S14), indicating that accumulated F-actin is not sufficient to localize
PERK. To test the effect of actomyosin-based tension on ERK phos-
phorylation in the epithelial bridge, the bridge was treated with
blebbistatin. The tensed actin bundles were largely disassembled in
the blebbistatin-treated bridge (Fig 4B). Instead, accumulations of
F-actin at cell-cell junctions became obvious; however, pERK was
not localized at these F-actin accumulations (Fig 4B). Thus, pERK
localization on classical SFs as well as non-SF actomyosin bundles
was dependent on myosin II activity. This implies that actomyosin
bundles generally serve as a tension sensor and a platform for ERK
activation.

The molecular mechanism of how tension in actomyosin bundles
induces ERK phosphorylation on the bundles is unknown at present.
ERK would localize to the actin cytoskeleton through direct binding
with actin and/or binding via actin-binding proteins including
calponins, a-actinin and IQGAP1 [23,50]. Of these actin-binding

© 2014 The Authors

proteins, IQGAP1 is of particular interest, because this protein is
reportedly involved in both ERK localization to the actin cytoskele-
ton and phosphorylation of actin-associated ERK [23]. FAK and Src
signaling at FAs has been suggested to be involved in ERK phos-
phorylation in response to mechanical stimuli [34,36,51,52]. Consis-
tently, inhibition of Src or FAK largely reduced ERK
phosphorylation on SFs (Supplementary Fig S15). In epithelial
bridges, strong ERK phosphorylation was observed on actomyosin
bundles along edges of FN regions (arrow in Fig 4A), which may
reflect that integrin-mediated Src and FAK signaling evokes ERK
phosphorylation on the bundles. In addition, serum-induced signal-
ing was required for elevation of ERK phosphorylation upon
substratum stretching, even though ERK was localized to the actin
cytoskeleton in serum-starved cells (Supplementary Fig S16). Thus,
serum- and/or integrin-mediated signaling and cytoskeletal tension
are both involved in ERK phosphorylation. Actomyosin bundles are
likely to serve as a platform for integrating these chemical and
mechanical signals. Future studies are needed to unveil molecular
details underlying tension-dependent phosphorylation of ERK on

EMBO reports Vol 16 | No 2 | 2015
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actomyosin bundles. They include revealing which molecule senses
tension in actomyosin bundles and how the sensed tension is trans-
duced into the signal that facilitates ERK phosphorylation on the
bundles.

Materials and Methods

Cell culture

Human foreskin fibroblasts (HFFs), NIH3T3 and HaCaT (Cell Lines
Service, Eppelheim, Germany) cells were maintained in high-
glucose Dulbecco’s modified Eagle’s medium (Life Technologies,
Carlsbad, CA) supplemented with 10% fetal bovine serum (Life
Technologies). For experiments, HFFs and NIH3T3 cells were grown
for ~15 h on glass coverslips, elastic silicone [polydimethyl siloxane
(PDMS)] chambers (Strex, Osaka, Japan) precoated with 50 pg/ml
FN (Sigma Chemical, St. Louis, MO) or pFSA substrates with pillars
whose tips were coated with ATTO 647 (Sigma Chemical)-conju-
gated FN. Epithelial bridges of HaCaT cells were prepared as we
reported recently [49].

Supplementary information for this article is available online:
http://embor.embopress.org
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