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Stretch-induced actin remodeling requires 
targeting of zyxin to stress fibers and 
recruitment of actin regulators
Laura M. Hoffman, Christopher C. Jensen, Aashi Chaturvedi, Masaaki Yoshigi,  
and Mary C. Beckerle
Departments of Biology and Oncological Sciences, Huntsman Cancer Institute, University of Utah, Salt Lake City, 
UT 84112

ABSTRACT Reinforcement of actin stress fibers in response to mechanical stimulation de-
pends on a posttranslational mechanism that requires the LIM protein zyxin. The C-terminal 
LIM region of zyxin directs the force-sensitive accumulation of zyxin on actin stress fibers. The 
N-terminal region of zyxin promotes actin reinforcement even when Rho kinase is inhibited. 
The mechanosensitive integrin effector p130Cas binds zyxin but is not required for mitogen-
activated protein kinase–dependent zyxin phosphorylation or stress fiber remodeling in cells 
exposed to uniaxial cyclic stretch. α-Actinin and Ena/VASP proteins bind to the stress fiber 
reinforcement domain of zyxin. Mutation of their docking sites reveals that zyxin is required 
for recruitment of both groups of proteins to regions of stress fiber remodeling. Zyxin-null 
cells reconstituted with zyxin variants that lack either α-actinin or Ena/VASP-binding capacity 
display compromised response to mechanical stimulation. Our findings define a bipartite 
mechanism for stretch-induced actin remodeling that involves mechanosensitive targeting of 
zyxin to actin stress fibers and localized recruitment of actin regulatory machinery.

INTRODUCTION
The ability of cells to respond to mechanical stimulation is key for 
normal physiology and function. Cells of the cardiovascular, respira-
tory, urogenital, and locomotory systems are exposed to mechanical 
stress under both normal and pathophysiological conditions (Jaalouk 
and Lammerding, 2009). Given the clear impact of mechanical sig-
nals on cell physiology, much research has focused on understand-
ing how physical force is sensed by cells and how physical signals 
are converted into chemical information that can directly influence 
cell behavior.

Recent efforts have been made to simulate physiological 
conditions of mechanical stimulation in the laboratory in order to 
learn more about how cells sense and respond to physical cues 
(Eyckmans et al., 2011). For example, to model the mechanical stress 

experienced by vascular endothelial cells in vivo, flow chambers that 
deliver calibrated levels of shear stress have been devised (Davies, 
1995). To model the cyclic stretch that occurs with inspiration or 
rhythmic cardiac beating, chambers have been developed in which 
cells are grown on elastic membranes that can be deformed accord-
ing to precise experimental parameters (Banes et al., 1985; Yoshigi 
et al., 2003). By employing these devices for controlled mechanical 
stimulation of cells, it has been possible to demonstrate activation of 
signaling cascades (Orr et al., 2006; Cohen et al., 2010), actin remod-
eling and reinforcement (Wille et al., 2004; Yoshigi et al., 2005), and 
even changes in gene expression (Kessler et al., 2001; Wojtowicz 
et al., 2010) in response to physical stress.

The cell membrane defines the interface between the cell inte-
rior and the extracellular environment. It plays a central role in sens-
ing and transducing mechanical signals. Focal adhesions (FAs)—re-
gions of the cell surface that are specialized for cell–substratum 
attachment—provide sites for transmission of mechanical signals to 
the cell interior. Integrins—transmembrane receptors for extracel-
lular matrix—are concentrated at FAs and play central roles influ-
encing cell behavior downstream of physical cues (Geiger et al., 
2009; Puklin-Faucher and Sheetz, 2009; Wang et al., 2009; Parsons 
et al., 2010; Schwartz, 2010). Actin stress fibers (SFs) are cytoskeletal 
structures that terminate at FAs, where they are linked to integrins 
bound to extracellular matrix. Prominent in cultured cells, SFs also 
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essential for robust actin reinforcement downstream of physical 
stimulation. Zyxin’s ability to influence SF maintenance and rein-
forcement is retained in the presence of Rho kinase inhibitors, fur-
ther highlighting the novelty of this actin-remodeling pathway.

RESULTS
Uniaxial cyclic stretch triggers mobilization of a subset of FA 
constituents to SFs and induces actin reinforcement 
independent of transcription and translation
Integrin-rich FAs provide a transmembrane molecular link between 
the extracellular matrix and the actin cytoskeleton. Thus they serve 
as conduits for bidirectional communication of mechanical stress 
between the interior and exterior of cells. In vivo, normal tidal 
breathing induces 10% distension in the lung, and in vitro a similar 
magnitude stretch of lung cells is sufficient to induce cytoskeletal 
reorganization (Geiger et al., 2006; Eldib and Dean, 2011). Similarly, 
in vivo vasculature changes of 2–15% have been reported (Dobrin, 
1978). By culturing fibroblasts on a pliable silicone membrane, it is 
possible to subject cells to uniaxial cyclic stretch of defined fre-
quency and amplitude and induce cellular responses (Yoshigi et al., 
2003, 2005; Jungbauer et al., 2008; Faust et al., 2011). On expo-
sure to cyclic stretch (15%, 0.5 Hz), the FA proteins zyxin (Figure 1, 
A and B) and Mena/VASP (Figure 1, C and D) show diminished lo-
calization at sites of substratum adhesion and accumulate on actin 
SFs. Many other FA constituents, including vinculin, talin, and FAK, 
are retained at FAs for the duration of the mechanical stimulation 
(unpublished data). Staining of cells with anti-phosphotyrosine anti-
body confirms the integrity of FAs after cyclic stretch (Figure 1, E 
and F) and also illustrates that integrin-dependent signaling to ty-
rosine kinases resident at FAs is retained, and possibly even en-
hanced, in stretched cells. The anti-phosphotyrosine labeling of 
stretched cells also reveals that whereas a subset of proteins, in-
cluding zyxin and Mena/VASP, accumulate on SFs in mechanically 
stimulated cells, other FA constituents, including those that are ty-
rosine phosphorylated, remain concentrated at FAs (Figure 1F). The 
elongated FA distribution of tyrosine-phosphorylated proteins in 
stretched cells is reminiscent of the retrograde flux of focal adhe-
sion kinase that occurs when cells are grown on a stiff substrate 
(Guo and Wang, 2007).

Coincident with the accumulation of zyxin and Mena/VASP pro-
teins on the actin SFs, the SFs are reoriented perpendicular to the 
stretch vector and show measurable thickening, as evidenced by 
visual inspection (Figure 1, G and H). Stretch-induced SF reinforce-
ment is abrogated in cells isolated from mice that harbor a targeted 
disruption of the gene encoding zyxin (Figure 1, I and J; Hoffman 
et al., 2003; Yoshigi et al., 2005). Calculation of the stress fiber thick-
ness index (SFTI; Yoshigi et al., 2005) provides quantitative evidence 
that, although detectable SF thickening occurs in stretched cells 
that lack zyxin, zyxin is clearly required for robust SF reinforcement 
downstream of uniaxial cyclic stretch (Figure 1K).

The striking labeling of SFs with anti-zyxin antibodies that is ob-
served in cells exposed to uniaxial cyclic stretch raised the possibil-
ity that mechanical stimulation might promote expression of zyxin; 
however, we did not detect an increase in zyxin by Western immu-
noblot analysis. It should also be noted that green fluorescent pro-
tein (GFP)–zyxin can be directly observed to accumulate on SFs of 
cells exposed to cyclic stretch. Thus we are observing bulk move-
ment of zyxin onto the SF compartment and not simply enhanced 
epitope availability and antibody accessibility. Moreover, the ability 
of cells to reinforce the actin cytoskeleton in response to mechanical 
stimulation is not abrogated by gene transcription or protein trans-
lation inhibitors (actinomycin D and cycloheximide, respectively; 

assemble in vivo in locations where cells experience mechanical 
stress (Wong et al., 1983; Byers et al., 1984). Mechanical force can 
also influence the conductivity of stretch-gated ion channels to 
directly influence signaling cascades via alterations in membrane 
potential or intracellular calcium levels (Sukharev and Corey, 2004).

Stretch-induced signaling is also promoted in demembranated 
cells, illustrating the potential for non–membrane-bound effectors 
to contribute to the force response (Sawada and Sheetz, 2002). For 
example, tyrosine phosphorylation of the integrin effector p130Cas 
is stimulated upon direct mechanical extension of isolated cytoskel-
etons (Tamada et al., 2004). Tyrosine phosphorylation of p130Cas 
creates a docking site for the SH2-adaptor CRK, which in turn re-
cruits a Rap1-guanine nucleotide exchange factor, C3G, to activate 
the Rap1 GTPase and mitogen-activated protein kinase (MAPK) sig-
naling (Sawada et al., 2001, 2006; Chodniewicz and Klemke, 2004; 
Defilippi et al., 2006). Similarly, stretching of the integrin-binding 
protein talin activates its capacity to bind vinculin (del Rio et al., 
2009). Examples such as these provide evidence for one mechanism 
by which application of physical force might be converted into novel 
chemical information by inducing exposure of a phosphorylation 
site or new protein interaction site.

Several recent studies have highlighted the mechanosensitive 
features of the cytoskeletal protein zyxin. Zyxin is a FA constituent 
that mobilizes to actin SFs in cells exposed to mechanical stress 
(Yoshigi et al., 2005). A retrograde flux of zyxin along FA-anchored 
actin filaments is promoted by high substratum rigidity (Guo and 
Wang, 2007), and live-cell imaging revealed a positive correlation 
between SF tension and zyxin accumulation (Colombelli et al., 
2009). Zyxin’s retention at FAs is also sensitive to mechanical signals. 
Conditions that reduce the forces impinging on a FA, such as chemi-
cal inhibition of cellular contractility or laser severing of a FA-associ-
ated SF, increases the kOFF of zyxin at the FA, leading to a reduced 
concentration of zyxin at cell–substratum adhesion sites (Lele et al., 
2006).

The influence of physical stress on zyxin’s subcellular distribution 
has functional consequences for local actin remodeling. Zyxin facili-
tates force-induced actin polymerization at FAs (Hirata et al., 2008), 
and zyxin contributes to actin polymerization at force-bearing cell–
cell junctions (Nguyen et al., 2010). Exposure of cells to either uni-
axial cyclic stretch or shear stress results in dramatic reorientation 
and reinforcement of the actin cytoskeleton. Zyxin-null cells reorient 
their actin SFs in response to uniaxial cyclic stretch but fail to thicken 
or reinforce them normally, illustrating zyxin-independent and zyxin-
dependent facets of the stretch response (Yoshigi et al., 2005). The 
SF reinforcement response is postulated to facilitate the cell’s ability 
to withstand the physical stress associated with a cell-stretching 
regimen (Yoshigi et al., 2005), and, indeed, cells that lack zyxin dis-
play higher-frequency breakage of their actin SFs (Smith et al., 
2010).

Here we investigate the mechanism by which cells reinforce their 
actin SFs when exposed to mechanical stimulation. We demonstrate 
that stretch-induced SF reinforcement occurs independent of new 
transcription or translation, leading us to focus on posttranslational 
response mechanisms. We show that zyxin is phosphorylated in re-
sponse to uniaxial cyclic stretch and that this response is indepen-
dent of p130Cas, an integrin effector and zyxin-binding partner that 
is also posttranslationally modified in response to mechanical stress. 
We provide evidence that stretch-stimulated zyxin phosphorylation 
depends on activation of MAPK pathways and identify nonoverlap-
ping domains in zyxin that are responsible for its force-sensitive tar-
geting to actin SFs and recruitment of the actin-remodeling machin-
ery. Binding of both α-actinin and Ena/VASP proteins to zyxin is 
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lanes 1 and 2), slower-mobility zyxin iso-
forms displayed enhanced prominence in 
lysates derived from stretched cells, sug-
gesting that stretch induced a posttransla-
tional modification such as phosphorylation 
that might account for the altered electro-
phoretic mobility of zyxin. Incubation of 
lysates with phosphatase before electro-
phoresis results in reduced prominence of 
the slower-mobility isoform (Figure 2A, lanes 
3 and 4), consistent with the view that stretch 
induces phosphorylation of zyxin. Western 
immunoblot analysis with antibodies spe-
cific for a phospho-zyxin isoform reveals a 
baseline of zyxin phosphorylation in un-
stretched cells with enhancement of phos-
pho-zyxin, and the appearance of a slower-
mobility phospho isoform, upon stretch 
(Figure 2B). Quantitative analysis reveals a 
2.6-fold enhancement of phosphorylated 
zyxin detected by Western immunoblot 
(Figure 2B), whereas the total amount of 
zyxin remains constant during the stretch 
response. Immunocytochemistry illustrates 
the presence of phospho-zyxin at both FAs 
of unstretched cells (Figure 2C) and en-
hanced at SFs of cells exposed to uniaxial 
cyclic stretch (Figure 2D).

The integrin effector p130Cas is not 
essential for stretch-stimulated actin 
SF reinforcement or zyxin 
phosphorylation
The ability of cells to realign and reinforce 
actin SFs in response to uniaxial cyclic 
stretch was previously shown to depend on 
integrin-mediated adhesion (Yoshigi et al., 
2005). The integrin effector p130Cas is con-
formationally modulated by mechanical 
stress and is recovered in complex with zyxin 
via native immunoprecipitation (Yi et al., 
2002). These observations raised the possi-
bility that p130Cas might be upstream of 
zyxin in the mechanical stress response 
pathway. If that were the case, stretch-in-
duced actin reinforcement would be blunted 
in cells that lack p130Cas. To test this hy-

pothesis, we used cells that harbor a targeted deletion of the gene 
encoding p130Cas (Honda et al., 1998) and lack detectable p130Cas 
by Western immunoblot analysis (Figure 3A). We evaluated the ca-
pacity of these cells to mount a response to uniaxial cyclic stretch. 
Cells that lack p130Cas display a somewhat compromised resting SF 
organization, with accumulations of filamentous actin at cell borders 
(Figure 3B; Honda et al., 1998). Nevertheless, when stimulated by 
exposure to uniaxial cyclic stretch, the p130Cas−/− cells realign their 
actin cytoskeletal arrays perpendicular to the stretch vector (Figure 
3C) and reinforce their SFs (Figure 3D), illustrating that they retain the 
capacity to sense and respond to mechanical signals. Consistent with 
our demonstration that stretch-induced SF reinforcement is depen-
dent on zyxin and independent of p130Cas, zyxin retains the ability 
to localize at FAs (Figure 3E) and mobilizes to SFs in response to 
mechanical stress (Figure 3F) in cells devoid of p130Cas. Moreover, 

Figure 1L). These results illustrate that posttranslational mechanisms 
are sufficient to promote the cytoskeletal changes that occur in re-
sponse to mechanical stress.

Posttranslational signaling in response to uniaxial 
cyclic stretch
Phosphorylation is a common posttranslational modification down-
stream of transmembrane signaling. Because zyxin is required for the 
mechanical stress response and is phosphorylated in vivo (Beckerle, 
1986; Crawford and Beckerle, 1991; Hervy et al., 2010), we explored 
whether zyxin is phosphorylated in response to mechanical stress. 
Phosphorylation of zyxin affects its electrophoretic mobility (Hervy 
et al., 2010). Therefore we used Western immunoblot analysis to ex-
plore whether uniaxial cyclic stretch is associated with altered mobil-
ity of zyxin by SDS–PAGE. As can be seen in Figure 2A (compare 

FIGURE 1: Uniaxial cyclic stretch induces changes in focal adhesion constituents and actin 
cytoskeletal reinforcement. Wild-type (WT) fibroblasts on unstretched membranes (ø) or after 
uniaxial cyclic stretch (2 h, 15%, 0.5 Hz), were fixed and immunostained for zyxin (A, B), Mena/
VASP (C, D), and phosphotyrosine (E, F). The direction of stretch is shown in the horizontal 
plane, designated by a double-headed arrow scaled to 20 μm. Uniaxial cyclic stretch of WT 
(G, H) and zyxin-null (I, J) fibroblasts followed by phalloidin staining indicated abrogated actin 
thickening response in the absence of zyxin. (K) SFTI analysis of phalloidin-stained WT (black 
bars) and zyxin−/− (white bars) fibroblasts, unstretched (ø) and after 1 h of uniaxial cyclic stretch 
(+). (L) SFTI analysis of WT fibroblasts stretched in the presence of actinomycin D or 
cycloheximide (gray bars). ****p < 0.0001, n >100 SFTI measurements.
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(Figure 3H). We next examined the impact of ERK activation inhibi-
tor PD98059 on stretch-activated zyxin phosphorylation. As can be 
seen in Figure 3H, inhibition of ERK signaling abrogates the appear-
ance of the activated phospho-ERK and also inhibits the zyxin phos-
phorylation detected by phospho-zyxin antibody. Temporal analysis 
of ERK and zyxin phosphorylation during the stretch response re-
veals that peak zyxin phosphorylation lags ERK activation (Figure 3I). 
Both the pharmacological inhibition studies and the phosphoryla-
tion kinetics are consistent with the conclusion that zyxin phospho-
rylation is directly or indirectly dependent on ERK activation.

Mapping the SF reinforcement response by molecular 
dissection of zyxin
Zyxin comprises 564 amino acids and is characterized by the pres-
ence of three C-terminal LIM domains, double zinc finger modules 
that support protein–protein interaction (Perez-Alvarado et al., 1994; 
Schmeichel and Beckerle, 1994). Murine zyxin exhibits two nuclear 
export signals at residues 144–156 and 343–359 (Nix and Beckerle, 
1997; Renfranz et al., 2003). To define how zyxin contributes to rein-
forcement of SFs downstream of uniaxial cyclic stretch, we mapped 
the regions of zyxin that are necessary and sufficient for targeting of 
the protein to FAs, for recruitment to SFs in mechanically stimulated 
cells, and for reinforcement of the actin SFs in response to uniaxial 
cyclic cell stretch. We reconstituted zyxin−/− mouse embryo fibro-
blasts with enhanced GFP (eGFP)–tagged wild-type zyxin (zyxin1-564) 
or deletion variants (Table 1), creating a condition in which the only 
zyxin protein within the cells is the engineered construct, thus reduc-
ing competition or synergy that might occur if native protein were 
present. Because MEFs display a low DNA transfection efficiency, 
we used a lentiviral infection/expression system and selected cells 
with comparable eGFP expression by fluorescence-activated cell 
sorting (FACS). Western immunoblot analysis was used to verify that 
the proteins migrated as expected on SDS–PAGE (Figure 4A) and 
retained both zyxin and GFP epitopes.

We first mapped the regions of zyxin that are necessary and suf-
ficient for FA targeting by analyzing unstretched cells. Direct fluores-
cence imaging of the subcellular distribution of the eGFP-tagged 
zyxin variants revealed that only variants containing residues 373–
564 retained the capacity to target to focal adhesions (Figure 4, B, 
C, F, and G). The zyxin variants zyx1-138 and zyx1-372 (lacking LIM do-
mains) did not exhibit significant focal adhesion accumulation 
(Figure 4, D and H). Although focal adhesions were clearly detect-
able by vinculin staining, zyxin variants zyx1-138 and zyx1-372 failed to 
accumulate at those focal adhesions (Supplemental Figure S1). As 
reported by others (Seibel et al., 2007), eGFP alone accumulates in 
the nucleus (Figure 4I). Consistent with previous studies that identi-
fied two potent nuclear export sequences (NESs) in zyxin (Nix and 
Beckerle, 1997; Renfranz et al., 2003), exclusion of the NESs results 
in nuclear accumulation of the zyxin variant (Figure 4, D and E). 
Inclusion of the zyx373-564 FA targeting sequence is sufficient to 
partially overcome the eGFP-driven nuclear localization and enable 
FA localization (compare Figure 4, G and I). Retention of a single 
NES, as in zyx309-564, eliminates the nuclear accumulation and reveals 
even more robust FA targeting (Figure 4F).

To identify the region(s) of zyxin that are critical for targeting of the 
protein to SFs in response to mechanical stimulation, we cultured the 
cells on elastic membranes and subjected them to uniaxial cyclic 
stretch before fixation and imaging (Figure 4, J–Q). Similar to what 
was observed for FA targeting, zyx373-564 harbors the sequence deter-
minants that are necessary and sufficient for SF targeting in response 
to uniaxial cyclic stretch (Figure 4O). SF accumulation was not ob-
served for constructs lacking the LIM region, such as the zyx1-138 and 

FIGURE 2: Posttranslational modification of zyxin in response to 
stretch. (A) Immunoblot analysis of zyxin from unstretched (ø) and 
stretched (+) WT fibroblasts (lanes 1 and 2) identified a stretch-
induced shift of zyxin, which was reversed after incubation with 
phosphatase (lanes 3 and 4). (B) Immunoblot analysis with a 
phosphospecific zyxin antibody on unstretched (ø) and stretched (+) 
cell lysates (lanes 1and 2) and elimination of the phospho-zyxin signal 
by incubation with phosphatase (lane 3). Immunoblots for total zyxin 
and β-actin show that their signals are retained following phosphatase 
treatment. (C, D) Indirect immunofluorescence microscopy on 
unstretched (ø) and stretched (+) fibroblasts with phospho-zyxin 
antibody. Phospho-zyxin signal is low at focal adhesions of 
unstretched cells, but it increases and appears along stress fibers in 
stretched cells. Stretch direction is in the horizontal plane (double-
headed arrow; scale, 20 μm).

the electrophoretic mobility shift between unstretched and stretched 
p130Cas−/− cell lysates (Figure 3G), indicates that the stretch-acti-
vated signaling cascades required for phosphorylation of zyxin do 
not depend on p130Cas.

Stretch activation of p130Cas stimulates the GTPase Rap1, pro-
moting the activation of MAPK signaling (Sawada et al., 2001). 
Although p130Cas clearly contributes to Rap1 activation down-
stream of mechanical stress, p130Cas-independent stretch activa-
tion of Rap1 has also been observed (Sawada et al., 2006). There-
fore, even though p130Cas is not required for stretch-induced zyxin 
phosphorylation or SF realignment and reinforcement, it remained 
possible that zyxin phosphorylation depends on MAPK activation. 
Consistent with this possibility, zyxin displays multiple phosphoryla-
tion sites with sequences characteristic of MAPK consensus sites 
(Hervy et al., 2010). Cyclic stretch activates MAPK pathways in en-
dothelial (Kito et al., 2000) and epithelial cells (Cohen et al., 2010), 
and we find that extracellular signal-regulated kinase (ERK) activa-
tion is evident in fibroblasts exposed to uniaxial cyclic stretch 
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Although SFs were detectable in cells with 
the zyxin variants zyx1-138 and zyx1-372, these 
constructs lacking the LIM domains did not 
accumulate on the SFs. This domain analysis 
provides evidence that the C-terminal LIM 
domains localize zyxin to FAs in unstretched 
conditions and target zyxin to actin SFs after 
uniaxial cyclic stretch.

To map the region(s) of zyxin responsible 
for the stretch-induced SF reinforcement re-
sponse, we introduced full-length zyxin or 
deletion variants (Table 1) into zyxin−/− cells, 
imaged filamentous actin in cells exposed 
to uniaxial cyclic stretch, and used our SF 
thickness algorithm to provide a quantita-
tive assessment of SF reinforcement. In 
comparison with cells expressing full-length 
zyxin1-564, cells expressing a zyxin deletion 
variant lacking the N-terminal 138 amino 
acids, zyx139-564, display a statistically signifi-
cant reduction in the SF reinforcement re-
sponse (Figure 4R), suggesting that zyx1-138 
contains critical information necessary for 
actin remodeling downstream of mechani-
cal stimulation. We tested directly the ability 
of zyx1-138 to rescue the actin reinforcement 
response in zyxin−/− cells and found that it 
was incapable of doing so (Table 1), display-
ing an SFTI after stretch that was statistically 
indistinguishable from that observed in 
zyxin−/− cells (unpublished data). The failure 
of zyx1-138 to localize effectively at FAs or to 
SFs in stretched cells (Figure 4, D and L) is 
likely responsible for its lack of SF reinforce-
ment activity. In comparison with cells lack-
ing zyxin or reconstituted with zyx1-138, zyxin 
constructs harboring the C-terminal LIM do-
mains retain some residual SF reinforcement 
function (Table 1), although clearly reduced 
relative to full-length protein.

This functional analysis of zyxin deletion 
variants provides evidence that the primary SF targeting and SF re-
inforcement activities of zyxin are contained in nonoverlapping ar-
eas of zyxin’s primary sequence, identifying physically separable SF 

zyx1-372 variants (Figure 4, L and P). To ensure that the defect in SF 
targeting was not due to a complete lack of SFs in those cells, coun-
terstaining with phalloidin was performed (Supplemental Figure S2). 

FIGURE 3: Zyxin responds independent of signaling molecule p130Cas. (A) Western 
immunoblot for p130Cas in WT and Cas-null fibroblasts. (B, C) Fibroblasts from p130Cas−/− mice 
were stained for F-actin (phalloidin) on unstretched (ø) membranes or after uniaxial cyclic stretch 
(1 h, 15%, 0.5 Hz). Stretch direction is in the horizontal plane (double-headed arrow; scale, 40 
μm). (D) SFTI analysis of the stretch-induced actin thickening in Cas−/− cells, ****p < 0.0001. (E, F) 
Immunofluorescence microscopy of zyxin in fibroblasts from p130Cas−/− mice on unstretched (ø) 
and stretched membranes. (G) Immunoblot analysis of zyxin in cell lysates from unstretched (ø) 
and stretched (+) membranes (WT, lanes 1 and 2; Cas−/−, lanes 3 and 4) showed the stretch-
induced zyxin shift seen in WT cells persists in p130Cas−/− cells. (H) Fibroblasts on unstretched (ø) 
membranes or after uniaxial cyclic stretch (5 min, 15%, 0.5 Hz) with dimethyl sulfoxide control or 
with ERK activation inhibitor PD98059 (100 μM) were immunoblotted for total ERK1/2 (p44/p42), 
P-ERK, P-zyxin, and β-actin. (I) WT fibroblasts unstretched (ø) and stretched for 5, 30, and 60 min, 
electrophoresed, and immunoblotted for P-ERK, total zyxin, P-zyxin, and β-actin indicate 
maximal ERK phosphorylation at 5 min, followed by zyxin phosphorylation.

Constructs FA
Stretch-induced SF 

accumulation
Stretch-induced 
SF thickening

zyxin1-564 +++ +++ +++

zyx139-564 +++ +++ +

zyx1-138 + – –

zyx160-340 – – –

zyx309-564 +++ +++ +

zyx373-564 +++ +++ +

zyx1-372 + – –

+++, Majority of signal/cell (comparable to wild-type zyxin); +, detectable signal/cell (minor compared with wild-type zyxin); –, not detectable as real localization.

TABLE 1: Zyxin domain analysis.
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targeting and reinforcement domains that 
display unique structural features (Figure 
4S). The C-terminal 192 amino acids, resi-
dues 373–564, a region comprising three 
tandemly arrayed LIM domains, is sufficient 
to target zyxin to SFs in stretched cells. The 
major sequences associated with zyxin’s 
ability to contribute to stretch-induced SF 
reinforcement are found in the N-terminal 
138 amino acids; however, since these se-
quences lack the subcellular targeting infor-
mation, they are ineffective in promoting SF 
reinforcement. Two protein groups impli-
cated in actin organization and dynamics—
α-actinin and members of the Ena/VASP 
family—have been reported to associate 
with zyx1-138 (Golsteyn et al., 1997; Niebuhr 
et al., 1997; Reinhard et al., 1999; Drees 
et al., 2000; Li and Trueb, 2001). Therefore 
we investigated the importance of zyxin’s 
ability to dock each of these proteins for an 
effective SF reinforcement response.

Deletion of zyxin’s α-actinin–binding 
site compromises, but does not 
eliminate, the stress fiber 
reinforcement response
To define the mechanism by which zyxin 
residues 1–138 contribute to SF reinforce-
ment, we first examined the importance of 

FIGURE 4: Zyxin mechanosensitivity-domain 
resides in the C-terminal LIM domains. 
(A) Western immunoblot analysis of zyxin 
domain–GFP fusion proteins to confirm 
expression and relative mobility of proteins. 
(B–I) Subcellular distribution of GFP by 
fluorescence microscopy of zyxin1-564 (B), 
zyx139-564 (C), zyx1-138 (D), zyx160-340 (E), 
zyx309-564 (F), zyx373-564 (G), zyx1-372 (H), and 
eGFP alone (I). (J–Q) After stretch 
stimulation (uniaxial, 15%, 0.5 Hz, 1 h), the 
GFP signals of zyxin1-564 (J), zyx139-564 (K), 
zyx309-564 (N), and zyx373-564 (O) were 
detected along actin stress fibers, whereas 
the other constructs—zyx1-138 (L), 
zyx160-340(M), zyx1-372(P), and eGFP alone 
(Q)—were not detected on stress fibers. 
Stretch direction is in the horizontal plane 
(double-headed arrow; scale, 20 μm). 
(R) Stretch-stimulated zyxin-null cells and 
cells expressing the zyxin1-564 and zyx139-564 
variants were stained by phalloidin, and the 
SF thickening was measured. Zyx139-564 
lacking the N-terminus is insufficient for 
normal stress fiber thickening, although 
it is able to target to stress fibers; 
**** p <0.0001. (S) Diagram of the stress 
fiber–targeting C-terminal LIM domains (red 
boxes) and the N-terminal SF reinforcement 
region of zyxin with α-actinin binding 
(yellow), Ena/VASP binding (purple), and the 
nuclear export sequences (blue).



1852 | L. M. Hoffman et al. Molecular Biology of the Cell

The ability of zyxin to recruit Ena/VASP family members is 
crucial for cytoskeletal stability
Members of the Ena/VASP family include Mena, VASP, and EVL, all 
three of which are expressed in mammalian fibroblasts (Krause et al., 
2003). Ena/VASP proteins are characterized by the presence of con-
served EVH1domains (Renfranz and Beckerle, 2002) that bind to 
ActA repeats—proline-rich sequences present in the Listeria cell sur-
face protein ActA (Purich and Southwick, 1997). Zyx71-121 contains 
four ActA repeats, each of which has the capacity to dock Ena/VASP 
(Golsteyn et al., 1997; Niebuhr et al., 1997; Drees et al., 2000).

An absolutely conserved phenylalanine residue present in all ActA 
repeats is critical to support docking of Ena/VASP proteins (Drees et al., 
2000; Machner et al., 2001). Therefore, to abolish the ability of zyxin to 
interact with members of the Ena/VASP family while minimizing non-
specific consequences that might arise with larger deletions, we mu-
tated the individual phenylalanines (F) in each of zyxin’s ActA repeats to 
alanine (A) to generate what we refer to as the zyxF71,93,105,115A mutant 
(Figure 6A). GFP-tagged wild-type zyxin or mutant zyxF71,93,105,115A was 
expressed in zyxin−/− fibroblasts and FACS sorted for equivalent GFP 
expression. Western immunoblot analysis confirmed the lack of en-
dogenous zyxin protein and the effective expression of the transgenic 
variants (Figure 6B). Both wild-type zyxin and zyxF71,93,105,115A localize to 
FAs (Figure 6, C and E); however, zyxF71,93,105,115A fails to support dock-
ing of VASP at FAs (compare Figure 6, F with D). After stretch stimula-
tion, wild-type zyxin accumulates on SFs (Figure 6G) and recruits VASP 
to SFs (Figure 6H). Mutant zyxF71,93,105,115A also accumulates on SFs in 
stretch-challenged cells (Figure 6I) but fails to recruit VASP (Figure 6J), 
illustrating that VASP depends on zyxin for its appropriate targeting to 
both FAs and stretch-stimulated SFs.

Quantitative analysis of cells exposed to uniaxial cyclic stretch 
revealed that the ability of zyxin to dock Ena/VASP proteins contrib-
utes significantly to the SF reinforcement response (Figure 6, K–N). 
In particular, zyxin−/− cells reconstituted with zyxF71,93,105,115A and sub-
jected to cyclic stretch fail to reinforce actin SFs to the level achieved 
when wild-type zyxin is present (compare Figure 6, L and M, and 
Figure 6N). However, cells reconstituted with zyxF71,93,105,115A 
achieved a level of actin SF reinforcement that was superior to that 
observed in zyxin−/− cells (Figure 6N), showing that factors in addi-
tion to zyxin’s capacity to recruit Mena/VASP proteins contribute to 
the SF reinforcement response.

Failure of zyxin to bind Ena/VASP proteins enhances the 
rate of SF demise and accumulation of disorganized actin 
aggregates in response to jasplakinolide
These results illustrate a role for zyxin-dependent recruitment of 
Ena/VASP proteins for maintenance and reinforcement of the ac-
tin cytoskeleton in the face of mechanical stress. Chemical probes 
provide an alternative mechanism for stressing the actin cytoskel-
eton in living cells and probing the functional significance of zyx-
in’s ability to bind Ena/VASP proteins. The marine toxin jasplakin-
olide reduces the critical concentration of monomeric actin 
required for actin assembly and increases the rate of actin nucle-
ation in vivo (Bubb et al., 2000). Jasplakinolide is also used to 
stabilize actin filaments in vivo (Lee et al., 1998; Cramer, 1999), 
and it may function as an inhibitor of actin depolymerization 
(Miyoshi et al., 2006). When applied to living cells, jasplakinolide 
induces an initial thickening of SFs (Figure 7, A and B) that is as-
sociated with recruitment of zyxin to the SF compartment (Hoffman 
et al., 2006). Over time, there is an accumulation of disorganized 
filamentous actin aggregates throughout the cytoplasm (Figure 
7C). The actin aggregates contain both zyxin (Figure 7, D and E) 
and VASP (Figure 7 F), an observation that led us to investigate 

FIGURE 5: Zyxin and α-actinin respond to stretch independently, but 
together they contribute to actin thickening. (A, B) Fluorescence 
microscopy of GFP–α-actinin in WT fibroblasts on unstretched (ø) and 
stretched membranes (uniaxial cyclic stretch, 15%, 0.5 Hz, 2 h; 
double-headed arrow; 20-μm scale). (C) GFP-tagged full-length mouse 
zyxin (1–564) with the α-actinin interaction site (yellow box) and the 
N-terminal deletion mutant zyxin (43–564) missing the α-actinin 
interaction site. (D) Western immunoblot analysis of both zyxin 
constructs expressed in zyxin-null fibroblasts. (E, F) Subcellular 
distribution of zyxin1-564 and the N-terminal mutant zyx43-564 along 
stretch-induced actin SF, coincident with phalloidin signal (G, H). (I) 
SFTI analysis of stretch-stimulated actin in zyxin-null cells (white bar) 
compared with cells expressing comparable levels of zyxin1-564 (black 
bar) and zyx43-564 (gray bar). Stretch direction is in the horizontal plane 
(double-headed arrow; scale, 20 μm); ****p <0.0001.

zyxin’s α-actinin–binding capacity. The actin cross-linking protein α-
actinin is prominently associated with SFs and has many binding 
partners (Otey and Carpen, 2004; Naumanen et al., 2008). Like 
zyxin, α-actinin is present at FAs of unstretched cells (Figure 5A; 
Pavalko et al., 1995) and accumulates on central SFs when cells are 
exposed to uniaxial cyclic stretch (Figure 5B). Zyxin’s ability to dock 
α-actinin has been mapped to amino acids 1–42 (Drees et al., 1999; 
Reinhard et al., 1999; Li and Trueb, 2001). To probe the importance 
of this aspect of zyxin function for the SF reinforcement response, 
we expressed zyx43-564 in zyxin−/− cells and compared this to null cells 
reconstituted with full-length zyxin (Figure 5, C and D). Like full-
length zyxin, zyx43-564 accumulates on SFs in cells challenged by ex-
posure to uniaxial cyclic stretch (Figure 5, E and F), consistent with 
our finding that the C-terminal LIM region of zyxin harbors the pri-
mary SF targeting information. Analysis of the SF reinforcement re-
sponse revealed that deletion of zyxin’s α-actinin–binding domain 
compromises, but does not completely abrogate, the stretch re-
sponse (Figure 5, G–I).
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mation in response to a 2-h exposure to 
jasplakinolide (Figure 7G) compared with 
cells reconstituted with wild-type zyxin, 
which retain many SFs under these condi-
tions (Figure 7H).

The accumulation of actin aggregates 
in response to jasplakinolide has been 
suggested to result from the de novo 
polymerization of actin into amorphous 
masses, with the subsequent loss of SFs 
due to insufficient actin monomer for SF 
maintenance during normal remodeling 
and turnover (Bubb et al., 2000). However, 
if this were the explanation, why would an 
inability of zyxin to bind Ena/VASP acceler-
ate this process? We reasoned that an al-
ternative explanation might be a failure of 
SF maintenance and/or repair processes 
when zyxin is unable to recruit Ena/VASP 
proteins. In that scenario, the actin aggre-
gates might reflect the remnants of broken 
SFs that arise when SF maintenance is 
compromised. To explore this possibility 
directly, we imaged cells expressing GFP-
tagged zyxin during exposure to jasplakin-
olide to determine the genesis of the actin 
and zyxin-rich aggregates (Figure 7I and 
Supplemental Video S1). From this analy-
sis, it is evident that the amorphous aggre-
gates of filamentous actin in the jasplakin-
olide-treated cells represent remnants of 
ruptured SFs, not newly assembled struc-
tures (Figure 7J). These results support the 
view that zyxin’s ability to recruit Ena/VASP 
is important for the maintenance of SF ar-
chitecture in response to both mechanical 
and pharmacological stress.

The zyxin-dependent actin remodeling 
response is independent of Rho kinase
SF assembly is triggered by activation of 
Rho kinase, which promotes phosphoryla-
tion and activation of myosin light chain to 
stimulate myosin-dependent contractility 
(Jaffe and Hall, 2005; Guilluy et al., 2011a). 
We defined a zyxin, VASP, and α-actinin–
dependent pathway of SF remodeling that 
results in SF thickening in response to uni-
axial cyclic stretch. To test whether this 
pathway is regulated by Rho kinase, we 
first compared the effect of the Rho kinase 
inhibitor Y27632 on both zyxin−/− cells and 
zyxin−/− cells reconstituted with zyx1-564. The 
eGFP-zyx1-564 cells were selected to ex-

press at levels similar to that of endogenous zyxin in wild-type cells, 
as seen in Figure 6B. SFs are present in untreated cells (Figure 8A), 
but exposure to 3 μM Y27632 for 2 h results in loss of SFs from 
zyxin−/− cells (Figure 8B). In contrast, although diminished com-
pared with pretreatment, residual SFs are still present in Y27632-
treated cells that express zyxin (Figure 8C). These results provide a 
preliminary indication that zyxin promotes SF assembly or mainte-
nance by a mechanism that does not require Rho kinase activity.

the importance of the zyxin–VASP interaction for the cellular re-
sponse to jasplakinolide.

The accumulation of actin aggregates in response to jasplakin-
olide treatment is both concentration and time dependent (Bubb 
et al., 2000). Therefore we explored the kinetics of the jasplakino-
lide response in zyxin−/− cells reconstituted with wild-type zyxin or 
zyxF71,93,105,115A

.. Zyxin−/− cells reconstituted with zyxF71,93,105,115A dis-
play significant cytoskeletal breakdown and actin aggregate for-

FIGURE 6: Stretch-induced actin cytoskeletal response is perturbed by disruption of 
zyxin–VASP interaction. (A) Diagram of mouse zyxin protein demarcates four ActA repeats for 
Mena/VASP interaction, targeted for site-directed mutagenesis of F71A, F93A, F105A, and 
F115A as zyxF71,93,105,115A (purple letters). (B) Western immunoblot of zyxin from wild-type 
fibroblasts (+/+), zyxin-null fibroblasts (−/−), and zyxin-null fibroblasts programmed to express 
GFP-tagged wild-type zyxin and mutant zyxF71,93,105,115A. Immunoblot for β-actin confirmed 
equivalent protein loading of the cell lysates. (C, D) GFP-zyxin and Mena/VASP proteins 
colocalized at focal adhesions. (E, F) GFP-zyxF71,93,105,115A accumulated normally at focal 
adhesions but failed to recruit Mena/VASP. After stretch stimulation, zyxin (G) and Mena/VASP 
(H) accumulated along actin SF, as did zyxF71,93,105,115A (I), but Mena/VASP remained 
mislocalized (J). Phalloidin-stained, stretch-stimulated stress fibers in zyxin-null cells (K) and 
cells expressing GFP-zyxin (L) and GFP- zyxF71,93,105,115A (M) were analyzed for thickening. (N) 
SFTI analysis of zyx−/− cells (white bar) and cells expressing comparable levels of zyxin (black 
bar) and zyxF71,93,105,115A (gray bar). Stretch direction is in the horizontal plane (double-headed 
arrow; scale, 20 μm); ****p <0.0001.
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DISCUSSION
Cells reorient and reinforce their actin cy-
toskeletons when exposed to mechanical 
force, establishing a robust interior frame-
work composed of actin stress fibers. The 
LIM protein zyxin is mobilized from focal 
adhesions to actin stress fibers in response 
to mechanical stimulation, and it is required 
for the ensuing reinforcement of intracellu-
lar actin arrays. The results presented here 
refine our understanding of the pathways 
that lead from application of uniaxial cyclic 
stretch in fibroblasts and address the mech-
anism by which zyxin promotes SF remodel-
ing and reinforcement.

Three mechanistically separable cellular 
response pathways downstream of me-
chanical stress can now be described 
(Figure 9):

1.  SF reorientation. Cells align their SFs 
perpendicular to the stretch vector. SF 
reorientation is independent of zyxin and 
is inhibited by agents that block Rho 
kinase.

2. SF reinforcement. Thickening of the SFs 
requires zyxin. It depends on targeting of 
zyxin to SFs via the LIM domains and ac-
tin remodeling that involves the zyxin-
binding partners α-actinin and VASP. 
Zyxin is phosphorylated in response to 
uniaxial cyclic stretch. Zyxin-dependent 
SF reinforcement can occur independent 
of Rho kinase activation.

3. p130Cas-dependent activation of MAPK 
signaling. p130Cas is tyrosine phospho-
rylated in response to mechanical stress, 
a modification that stimulates MAPK ac-
tivation (Tamada et al., 2004; Sawada 
et al., 2006). Uniaxial cyclic stretch pro-
motes both SF alignment and SF rein-
forcement in p130Cas−/− cells, and thus 
there is not an obligatory link from 
p130Cas activation to these processes. 
p130Cas-independent activation of 
MAPK is likely responsible for stretch-in-
duced phosphorylation of zyxin since 
MAPK inhibitors block this posttransla-
tional modification and zyxin phosphory-
lation occurs normally in p130Cas−/− cells. 

Zyxin displays several MAPK consensus phosphorylation sites (Hervy 
et al., 2010), consistent with the view that it may be a direct sub-
strate of a MAPK.

Molecular dissection of the stretch-induced actin 
reinforcement response
By reconstitution of zyxin-null cells with a series of zyxin deletion 
variants, we defined critical functional domains of zyxin that are 
necessary and sufficient to support key steps in the stretch re-
sponse. First, we discovered that the essential determinants of 
zyxin’s stretch-induced actin reinforcement capacity map within 
the N-terminal 138 amino acids of the protein. Zyxin’s N-terminus 

To explore this possibility further, we tested whether inhibition of 
Rho kinase would influence the response of cells to uniaxial cyclic 
stretch (Figure 8, D–G). Unstretched cells exposed to Y27632 
displayed diminished SFs relative to unstretched control cells (com-
pare unstretched cells in Figure 8, D and E). However, cells exposed 
to Rho kinase inhibitor retained the capacity to launch a SF rein-
forcement response upon exposure to uniaxial cyclic stretch (Fig-
ure 8G). Cells treated with the Rho kinase inhibitor failed to realign 
their SFs perpendicular to the stretch vector (compare stretched 
cells in Figure 8, F and G), providing independent evidence that 
the Rho kinase inhibitor is interfering with the SF reorientation re-
sponse while not fully eradicating the SF reinforcement response.

FIGURE 7: Actin stress fibers formed without VASP recruitment exhibit enhanced sensitivity to 
actin inhibitor jasplakinolide (Jas). (A, B) In comparison to controls, WT cells treated with 
jasplakinolide (100 nM, 2 h) accumulated stress fibers and aggregates of F-actin (phalloidin) 
visible by fluorescence microscopy. F-Actin (phalloidin; C) and zyxin (D) colocalized within the 
jasplakinolide-induced aggregates. Zyxin (E) and binding partner Mena/VASP (F) also colocalized 
at the jasplakinolide-induced aggregates. Jasplakinolide treatment (100 nM, 2 h) of zyxin-null cells 
expressing either GFP- zyxF71,93,105,115A mutant (G) or GFP-zyxin (H) induced a more pronounced 
actin phenotype, with disruption of zyxin-Mena/VASP interaction (zyxF71,93,105,115A). (I) Time-lapse 
microscopy of GFP-zyxin in cells (0, 30, 60, 90, and 114 min after 200 nM jasplakinolide addition) 
showed mobilization from focal adhesions to actin stress fibers, followed by rupture of fiber and 
accumulation of aggregates (J, arrows; 99, 102, 105 min). See Supplemental Video S1.
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has been reported to bind a number of partners, including the 
actin filament cross-linker α-actinin (Drees et al., 1999; Reinhard 
et al., 1999; Li and Trueb, 2001), the actin assembly modulator 
Ena/VASP (Golsteyn et al., 1997; Niebuhr et al., 1997; Drees et al., 
2000), and the cytoskeletal proteins LIM-nebulette and LASP-1 (Li 
et al., 2004; Grunewald et al., 2007). Because of their well-estab-
lished roles in actin assembly and organization, we focused our 
analysis on the roles of α-actinin and Ena/VASP in the SF reinforce-
ment response. Reconstitution of zyxin−/− cells with constructs har-
boring the minimal deletion or amino acid substitution necessary 
to compromise zyxin’s ability to bind either α-actinin or Ena/VASP 
family members revealed that zyxin can be recruited to SFs in me-
chanically stimulated cells independent of binding to either of 
these partners. However, the loss of capacity to bind either α-
actinin or Ena/VASP compromises the SF reinforcement response 
that occurs downstream of uniaxial cyclic stretch. These results il-
lustrate the contributions of both of these binding partners to the 
zyxin-dependent actin reinforcement response. α-Actinin binding 
by zyxin could facilitate SF reinforcement by recruitment and cross-
bridging of short actin filaments at sites of zyxin accumulation. 
Ena/VASP could promote actin polymerization at barbed filament 
ends. Alternatively, we showed previously that binding of Ena/
VASP proteins to zyxin enhances the rate at which zyxin is recruited 
to sites of local SF damage (Smith et al., 2010). Phosphorylation 
promotes Ena/VASP binding by zyxin by inhibiting an intramolecu-
lar (head–tail) interaction within the zyxin protein (Moody et al., 
2009; Call et al., 2011). Thus it is intriguing to consider the possi-
bility that the MAPK-dependent phosphorylation of zyxin that oc-
curs in response to uniaxial cyclic stretch might relieve an intramo-
lecular zyxin interaction, simultaneously enhancing Ena/VASP 
binding and stabilizing a protein conformation in which the LIM 
region is accessible.

Distinct domains for SF targeting and remodeling
Although the core capacity of zyxin to promote SF reinforcement 
resides in the N-terminal 138 amino acids, this region of the protein 
on its own fails to localize to SFs in stretched cells and fails to sup-
port SF remodeling. This observation suggested that a physically 
separable region of zyxin might be responsible for targeting the 
protein to the SFs in mechanically stimulated cells. Here we deter-
mined that the LIM region of zyxin is both necessary and sufficient 
to promote SF localization in cells exposed to uniaxial cyclic stretch. 
The LIM region is also sufficient for accumulation of zyxin at FAs of 
unstretched cells (Nix et al., 2001) and migrating cells (Uemura et al., 
2011). Although the LIM region of zyxin is capable of associating 
with FAs and SFs, it is not sufficient to restore the actin reinforce-
ment response in zyxin-null cells exposed to mechanical stress. This 
observation is consistent with a report that zyxin LIM domains dis-
place endogenous zyxin and disrupt actin polymerization at FAs (Hi-
rata et al., 2008). Collectively, these findings support the view that 
zyxin harbors two structurally separable, discrete functional domains 
that contribute obligatorily to the stretch-induced actin reinforce-
ment response: a localization or targeting domain and an actin-re-
modeling domain.

p130Cas is not required for stretch-induced actin 
reinforcement
The LIM region of zyxin that controls the protein’s subcellular lo-
calization interacts directly with the integrin effector p130Cas (Yi 
et al., 2002), which has itself been shown to undergo conforma-
tional change in response to cyclic stretch (Sawada et al., 2006). 
Zyxin interacts with the same region of p130Cas that both is 

FIGURE 8: Stretch-induced actin remodeling persists in the presence 
of Rho kinase inhibition. Zyx−/− cells untreated (A) or after 2 h of 
treatment with Y27632 (3 μM; B) and cells expressing GFP-zyxin 
treated with 3 μM Y27632 (C) were fixed and then visualized by 
phalloidin staining and fluorescence microscopy. Scale, 40 μm. 
(D, F) WT control cells were unstretched (D) and stretch stimulated (F) 
for 1 h, followed by fixation, phalloidin staining, and fluorescence 
microscopy, and then compared with WT cells in the presence of 
Y27632 that were unstretched (E) and stretch stimulated (G) for 1 h. 
Stretch direction is in the horizontal plane (double-headed arrow; 
scale, 20 μm).

FIGURE 9: Model of mechanotransduction. Mechanical stress induces 
three separable responses: stress fiber reorientation, stress fiber 
reinforcement, and MAPK signaling. Our data support the notion that 
Rho kinase signaling contributes to SF reorientation, that zyxin, 
α-actinin, and Ena/VASP proteins contribute to SF reinforcement, and 
that p130Cas, Rap1, and MAPK signaling form the third response to 
mechanical stress applied by uniaxial cyclic stretch.



1856 | L. M. Hoffman et al. Molecular Biology of the Cell

Zyxin contributes to Rho kinase–independent 
SF reinforcement
Activation of the small GTPase Rho stimulates SF assembly (Ridley 
and Hall, 1992). Rho-GTP interacts with Rho kinase, stimulating 
its activity and ultimately enhancing myosin-dependent contrac-
tility (Jaffe and Hall, 2005; Guilluy et al., 2011a). Because zyxin 
promotes SF reinforcement, it was of interest to assess whether 
Rho kinase was an upstream modulator of the zyxin-dependent 
actin-remodeling response to cyclic stretch. Eliminating zyxin in 
concert with inhibiting Rho kinase activity results in a nearly com-
plete loss of actin stress fibers in both stretched and unstretched 
cells. However, reconstitution of the cells with zyxin is sufficient to 
partially restore actin SFs, revealing a zyxin-dependent, Rho ki-
nase–independent machinery that influences SF architecture. 
Treatment of cells with Rho kinase inhibitor abrogates the SF re-
orientation response downstream of uniaxial cyclic stretch, illus-
trating a critical role for Rho kinase–dependent actin-remodeling 
processes in the alignment of SFs within mechanically stimulated 
cells. Some new SFs are produced within stretched cells even un-
der conditions of Rho kinase inhibition. Although the SFs are gen-
erally less abundant in cells in which Rho kinase is inhibited com-
pared with controls, it is clear that some Rho kinase–independent 
mechanism contributes to SF reinforcement downstream of me-
chanical stress, and this likely involves zyxin. Consistent with our 
findings, previous studies revealed that Rho activation is required 
for SF reorientation in aortic endothelial cells exposed to cyclic 
stretch (Kaunas et al., 2005; Lee et al., 2010). Our work extends 
these studies and reveals that the zyxin/α-actinin/VASP actin-
remodeling machinery is a key contributor in a Rho kinase–inde-
pendent pathway of SF reinforcement downstream of mechanical 
stress.

MATERIALS AND METHODS
Reagents
Mouse antibodies for vinculin hVIN-1, β-actin AC-74, and α-actinin 
BM75.2 (all Sigma-Aldrich, St. Louis, MO), rabbit anti-ERK1/2 and 
anti–phospho-ERK1/2 (4695 and 4370; Cell Signaling Technology, 
Beverly, MA), mouse anti-p130cas (BD Transduction Laboratories, 
Lexington, KY), and anti–pY 4G10 (Upstate, Millipore, Billerica, MA) 
were used as recommended by manufacturers. To generate the 
anti–Mena/VASP polyclonal rabbit serum B119, rabbits were immu-
nized against KLH-coupled peptides GLAAAIAGAKLRKVSKQE and 
EKPPKDESASQEESEARL (Harlan Bioproducts for Science, Indianap-
olis, IN). Anti-zyxin rabbit polyclonal serum B71 was previously de-
scribed (Hoffman et al., 2003). Phospho-zyxin (human Ser-142/143) 
rabbit antibody (4863; Cell Signaling Technology) detected mouse 
zyxin p-Ser144 (Western blots 1:2000, indirect immunofluorescence 
microscopy 1:200). Secondary antibodies and phalloidin were Alexa 
Fluor conjugates used for cell staining (Molecular Probes/Invitrogen, 
Carlsbad, CA) and horseradish peroxidase (HRP) conjugates used 
for Western blots (GE Healthcare, Piscataway, NJ). Actinomycin D 
and cycloheximide were from Sigma-Aldrich, jasplakinolide and 
Y27632 from Calbiochem (La Jolla, CA), and PD98059 from Cell 
Signaling Technology.

Cells and constructs
Wild type and zyxin-null fibroblasts (with or without expression 
constructs) were maintained in high-glucose DMEM supplemented 
with pyruvate, glutamine, penicillin/streptomycin (Invitrogen), and 
10% fetal bovine serum (Hyclone Labs, Logan, UT) as described 
(Hoffman et al., 2006). Wild-type and p130cas-null fibroblasts 
(Honda et al., 1998) were cultured as recommended.

modified by tyrosine phosphorylation and provides a docking site 
for the SH2-SH3 adaptor CRK under conditions of mechanical 
stimulation (Yi et al., 2002; Tamada et al., 2004). We were intrigued 
by the possibility that uniaxial cyclic stretch might simultaneously 
cause release of zyxin from p130Cas and enable the binding of 
CRK and activation of a Rap1-dependent signaling cascade to 
MAPK. However, in our experiments we found that both zyxin’s 
recruitment to SFs and the actin reorientation/reinforcement that 
occur in response to uniaxial cyclic stretch are retained in p130Cas-
null cells. Thus both zyxin and p130Cas display mechanosensitiv-
ity but appear to influence independent responses to mechanical 
stimulation (Figure 9).

Although p130Cas has been implicated in the stretch-induced 
activation of MAPK signaling, elimination of p130Cas by targeted 
gene disruption does not disturb zyxin’s stretch-dependent phos-
phorylation. This is perhaps not surprising, given work showing 
that although knockdown of p130Cas leads to a 50% reduction in 
stretch-induced Rap1 activation, Rap1 activity is not completely 
eliminated in Cas-deficient cells exposed to cyclic stretch (Sawada 
et al., 2006). Thus it appears that both p130Cas-dependent and 
-independent activation of Rap1 occurs in response to mechanical 
stimulation. The mechanisms by which various MAPKs influence 
the mechanotransduction response remain to be deciphered and 
will likely be complex. One recent hint regarding how MAPK sig-
naling contributes to the response of cells to mechanical tension is 
the work of Guilluy et al. (2011b) that suggests a role for ERK acti-
vation of a particular Rho-directed guanine nucleotide exchange 
factor (Rho GEF-H1).

Cellular response to global or local mechanical stress
Here we show that exposure of cells to uniaxial cyclic stretch causes 
zyxin to accumulate on SFs, illustrating a pancellular, global me-
chanical stress response. Of interest, localized application of me-
chanical stress triggers local zyxin accumulation on individual SFs as 
well. For example, zyxin recruitment to a localized SF domain can be 
induced by targeted application of mechanical stress via direct 
prodding with a microprobe (Smith et al., 2010) or by micromanipu-
lation using atomic force microscopy (Colombelli et al., 2009). In a 
complementary manner, if strain is relieved by release of an internal 
SF segment from its FA anchors by a pair of internal nanosurgical 
cuts, zyxin localization along the released SF fragment declines 
(Colombelli et al., 2009). Thus, under a variety of conditions that 
exert either a positive or negative effect on zyxin accumulation on 
SFs, the application of force is a common factor that promotes zyxin 
localization. Consistent with this view, application of the nonmuscle 
myosin II inhibitor blebbistatin to reduce SF contractility causes re-
lease of zyxin from SFs in cultured cells (Colombelli et al., 2009). It 
remains to be determined whether zyxin is accumulating at sites of 
high SF strain because it is directly detecting mechanical stress by 
recognizing a novel strain-induced protein conformation, for exam-
ple, or whether the mechanical stress is inducing local SF damage, 
such as actin filament breaks, that are recruitment targets for zyxin 
and its partners.

SFs in cultured cells undergo strain-induced, local thinning and 
elongation (Smith et al., 2010). Zyxin is rapidly recruited to these 
areas where SF integrity is compromised and is required for the res-
toration of SF structure via a mechanism that involves both α-actinin 
and VASP (Smith et al., 2010). The response of cells to uniaxial cyclic 
stretch might reflect the accumulation of a large number of strain-
induced local thinning and elongation events, which, in aggregate, 
would result in zyxin-coated SFs and actin remodeling and reinforce-
ment, as we observed.
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with comparable expression levels were selected for SFTI analysis of 
phalloidin signal. For each cell type, multiple stress fibers/cell in >10 
fields (Zeiss 40×; Carl Zeiss, Jena, Germany) were evaluated (n > 100 
measurements); statistical analysis (means ± SEMs, unpaired t tests, 
analysis of variance) and graphing were performed with Prism soft-
ware (GraphPad, La Jolla, CA). At least three independent stretch 
experiments were performed for each construct and cell type, and 
the relative SFTI values within each experiment were compared.

Cell microscopy
Cells were seeded onto glass coverslips and grown for 18 h in com-
plete DMEM and 10% serum, followed by fixation (15 min, 3.7% 
formaldehyde) and permeabilization (5 min, 5% Triton X-100). Pro-
teins were localized by antibody immunostaining and phalloidin. 
Cell images were captured with a CoolSnap HQ camera and Zeiss 
Axiophot fluorescence microscope (Plan-Apochromat 63×, 1.40 nu-
merical aperture [NA], oil objective; 40×, 0.75 NA, dry objective) 
and OpenLab software (Improvision, PerkinElmer, Waltham, MA) or 
ImageQuant software (Andor Technology, South Windsor, CT). A 
Zeiss Axioskop2 mot plus microscope (40×, 0.75 NA, dry objective) 
with automatic shutter and a Zeiss AxioCamMRm camera with Zeiss 
AxioVision 4.8.1 software were also used to capture images. Time-
lapse imaging used a stage heater (Bioptechs, Butler, PA) on an 
Olympus microscope (60×, 1.45 NA, objective; Olympus, Center 
Valley, PA), a digital camera (Orca; Hamamatsu, Hamamatsu, Japan), 
and MetaMorph software (Molecular Devices, Sunnyvale, CA). Pho-
toshop, version 8 (Adobe, San Jose, CA), was used for image pro-
cessing and Adobe Illustrator, version 11.0, for figure preparation.

Electrophoresis and Western immunoblots
Cell lysates (10–25 μg/lane) were electrophoresed through denatur-
ing 10% polyacrylamide gels (Bio-Rad, Hercules, CA) with prestained 
Precision Plus molecular weight markers (Bio-Rad) and then elec-
troblotted onto nitrocellulose filters, probed with HRP-conjugated 
antibodies, and detected by enhanced chemiluminescence (GE 
Healthcare). For phosphatase experiments, cell lysates were incu-
bated with calf intestinal phosphatase or lambda phosphatase (New 
England BioLabs, Ipswich, MA) for 30 min before electrophoresis.

Mouse zyxin cDNA was used as template to PCR amplify do-
mains with homologous ends for recombination cloning (Gateway 
Technology, Invitrogen). DNA sequencing of each entry clone con-
firmed the correct zyxin sequence before subcloning into a lentivi-
rus expression system following manufacturer’s recommendations 
for a three-part recombination with human cytomegalovirus pro-
moter and C-terminal eGFP tag (ViraPower HiPerform Lentiviral 
Expression Systems, Invitrogen). Lentivirus was produced in 293FT 
cells, and the cell supernatant was used to infect zyxin-null fibro-
blasts. After at least 1 wk in culture, cells were FACS sorted for 
GFP expressors. Zyxin and GFP epitopes were confirmed for con-
structs containing 1–564, 139–564, 1–138, 309–564, or 1–372, but 
no antibodies were available for zyxin sequences in 160–340 and 
373–564.

Zyxin mutant 43–564, previously described (Smith et al., 2010), 
was subcloned into Gateway pLentivirus expression (Invitrogen) 
and cells sorted for GFP expression. Site-directed mutagenesis of 
four phenylalanines in the Ena/VASP–binding region of zyxin 
(zyx4F>A; F71A, F93A, F105A, F115A) was performed with the 
QuikChange II Mutagenesis Kit (Invitrogen). Mutant zyxF71,93,105,115A 
was subcloned with eGFP tag into the retroviral vector pLINX using 
methylation-sensitive ClaI restriction sites (Hoshimaru et al., 1996). 
Retrovirus was made in Phoenix-Eco producer cells (American Type 
Culture Collection, Manassas, VA) and used to infect zyxin-null fi-
broblasts. Stable cell lines expressing GFP-zyxF71,93,105,115A were se-
lected for GFP expression by FACS. GFP–α-actinin nucleofection 
followed manufacturer recommendations (Amaxa Biosystems, 
Lonza, Cologne, Germany).

Cell stretching, protein detection, and SFTI analysis
Cells were seeded onto precoated silicone membranes (25 μg/ml 
collagen I, 2 μg/ml fibronectin) as previously described (Yoshigi 
et al., 2005). Briefly, three 26 × 33 mm membranes in a 100-mm 
dish were seeded with 1.2–1.5 million cells. After 24 h growth in 
DMEMc and 10% serum, cells were subjected to uniaxial cyclic 
stretch (15%, 0.5 Hz, up to 2 h) using a custom-made stretch device 
driven by a step motor (Yoshigi et al., 2003). At specified times, cells 
were fixed (15 min, 3.7% formaldehyde) and permeabilized (5 min, 
0.5% Triton X-100) directly on membranes, followed by staining and 
imaging, or cells were lysed on membranes for protein analysis 
(150–300 μl/membrane; 50 mM Tris-HCl, pH 8, 150 mM NaCl, 0.5% 
NP-40, 0.1% SDS, 0.1 mM NaF, 0.2 mM sodium orthovanadate with 
protease inhibitors [Boehringer-Mannheim, Mannheim, Germany]). 
Cell images are always shown with the stretch vector maintained in 
the horizontal direction (double-headed arrow). SFs within 30° of 
perpendicular to the horizon were considered aligned (Yoshigi et al., 
2005). For inhibition of transcription and translation, cells on mem-
branes were preincubated for 30 min before stretch and for the du-
ration of a 1-h stretch with actinomycin D (1 μg/ml) or cycloheximide 
(10 μg/ml; Tamura et al., 2000; Sun et al., 2001; Momberger et al., 
2005), concentrations that are sufficient to inhibit >90% transcrip-
tion (Sawicki and Godman, 1971) and >90% protein translation in 
this time frame (Sundell and Singer, 1990). For Table 1 showing the 
zyxin domain analysis, cells were scored for GFP-zyxin signal local-
ization at FAs and along SFs. SF thickening was phalloidin signal/cell 
increased by stretch, comparison (relative to zyx-null and wild-type 
cells) between independent stretch experiments.

For SFTI measurements, images of phalloidin-stained F-actin (us-
ing concomitant GFP signal to confirm expression) were analyzed 
with a custom erosion/brightness decay software (Yoshigi et al., 
2005) written in LabVIEW (National Instruments, Austin, TX). Expo-
sure of GFP signal was held constant for image capture, and cells 
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