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Mini-Review

Zyxin emerges as a key player in the mechanotransduction

at cell adhesive structures
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Actin stress fiber (SF), focal adhesion (FA) and adherens junc-
tion (AJ) are known structures whose formation and development
are mechanical force-dependent. At these structures, actin is actively
polymerized, which in turn contributes the development of these
structures. Recently, we reported that actin polymerization at FAs
is facilitated by mechanical forces, which was critically dependent
on the force-induced recruitment of the LIM protein zyxin to FAs.
Zyxin enhances actin polymerization with the aid of Ena/VASP
proteins. Both zyxin and Ena/VASP proteins are localized not only
to FAs but also to AJs and SFs, facilitating actin polymerization
at these structures. We discuss here the possibility that zyxin is a

common mechanotransducer element regulating actin polymeriza-
tion at FAs, AJs and SFs.

Within tissues, cells are exposed to various mechanical pertur-
bations originating from muscle contraction, blood flow, tissue
wounding, etc. In response to changes in mechanical environments,
cells alter their morphology mostly associated with changes in the
architecture of cytoskeletons and cell adhesions. A growing body
of research has shed light on the molecular mechanisms underlying
the cellular responses to these mechanical stimuli. In this review, we
focus on the recent progress in studies on the role of the LIM protein
zyxin in the mechano-dependent regulation of the actin cytoskeleton
and cell adhesions.

Zyxin in Mechanotransduction at Focal Adhesions

One of the most studied examples of cellular responses against
mechanical environments is accommodation of cell-to-extracel-
lular matrix (ECM) adhesion. Adherent cells such as fibroblasts
and endothelial cells form specialized sites for adhesion to ECM,
called focal adhesions (FAs). At an FA, ECM receptors integrins
are clustered and bind to ECM, while the actin cytoskeleton is
anchored to the integrin cluster through a plaque of cytoplasmic
proteins.
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Cells exert contractile forces mainly from the actin cytoskeleton
to ECM at FAs, while mechanical forces in ECM are transduced
through FAs into intracellular structures including the actin
cytoskeleton,! which highlights the FA as a mechanical inter-
face between the actin cytoskeleton and ECM (Fig. 1A). These
mechanical forces are known to influence on the structure of
FAs. Development of FAs is driven by actomyosin-based cellular
contractility, which is mediated by the small GTPase Rho.? When
larger forces are exerted on FAs, the size of FAs becomes lzlrger.3
Application of external forces can substitute for the cellular contrac-
tile forces in the development of FAs,4 indicating that mechanical
forces are the “true” stimuli that induce the FA development. In
addition to the FA size control, mechanical loads on integrin clus-
ters strengthen the mechanical linkage between integrin and the
actin cytoskeleton.>® Mechanical stability of this linkage is essen-
tial for the development of FAs, because dissection of this linkage
leads to the disassembly of FAs.” Force-dependent accumulation of
actin filaments at integrin clusters is responsible for the hardening
of the integrin-actin cytoskeleton linkage, and filamin and stretch-
activated ion channels are involved in this process.® The local
accumulation of actin filaments could be based, primarily, on the
redistribution of pre-existing actin filaments and/or de novo actin
polymerization on site. However, the effect of mechanical forces on
the redistribution of actin filaments and on actin polymerization at
FAs has not been clarified. Recently, we revealed that mechanical
forces on FAs induce actin polymerization at FAs.?

Involvement of actin-regulatory proteins, Arp2/3 complex,
mammalian Diaphanous (mDia)-related formins and Ena/VASP
proteins, has been frequently implicated in the process of actin
polymerization at FAs.!%12 Among them, the contributions of
mDial and mDia2 have been demonstrated.!3-1> However, it
is uncertain whether mDia and Arp2/3 play a crucial role in
the force-dependent regulation of actin polymerization at FAs,
because these proteins do not exhibit apparent localization at FAs,
whereas force-induced accumulation of actin filaments is restricted
to the adhesion site where force is applied. In contrast to mDia
and Arp2/3, Ena/VASP proteins are obviously localized at FAs,
which implies a role of Ena/VASP in the local actin polymeriza-
tion at FAs.

Recruitment of Ena/VASP to FAs depends on the accumula-
tion of the LIM protein zyxin at FAs.'619 Zyxin dissociated from
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FAs when the mechanical loads on the FAs were A
reduced by inhibiting the actomyosin interaction, by
ablating individual stress fibers with a focused laser,
or by softening the substratum,”20-2! suggesting that
mechanical loads on FAs are required for the recruit-
ment of zyxin to FAs. Stretching the substratum
restored zyxin accumulation at FAs in cells devoid
of the actomyosin interaction,” demonstrating that
mechanical forces are responsible for the localization
of zyxin to FAs. This force-dependent accumula-
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tion of zyxin is crucial for the force-induced actin
polymerization at FAs.” These results demonstrate | B
the role of zyxin as a crucial element of the
mechanotransducing system at FAs; mechanical
signals are transduced into the actin polymerizing
response via zyxin accumulation accompanied by
Ena/VASP recruitment (Fig. 1B). Other recent
findings also support the importance of zyxin in
mechanotransduction at FAs; genetic ablation of
zyxin or delocalization of zyxin from FAs leads to
unusual and integrin-independent migration of

swechelm £/ /S IM S

VAP Gt
\ Actomyosin
Force

cells.'®1? Integrin-dependent mechanotransduction |
at cell-ECM adhesions is necessary for proper cell
migration.??

Given the role of zyxin in the force-depen-
dent facilitation of actin polymerization at FAs,
the fundamental question raised here asks which
molecule(s) recruits zyxin to FAs in a force-depen-
dent manner. Direct interaction between zyxin
and o-actinin was found in vitro more than fifteen
years ago,”? and an o-actinin-binding site was
identified in the N-terminal region of zyxin.!6-24
Enforced localization of recombinant zyxin at the
mitochondrial surface could induce a recruitment of
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a-actinin there, and the N-terminal region of zyxin
was necessary for this recruitment,?* suggesting the
existence of interaction between zyxin and a-actinin
in the intracellular environment. The contribution
of this interaction to the recruitment of zyxin to
FAs has been suggested based on the observations
that introduction of the peptide encoding the
a-actinin-binding site of zyxin into cells caused
delocalization of zyxin from FAs,'® and that dele-
tion of the N-terminal region in zyxin resulted in
a decrease in the zyxin accumulation at FAs.2* However, recent
studies have revealed that the interaction of zyxin with a-actinin via
the zyxin N-terminal region is not necessary for force-dependent
localization of zyxin to FAs. The C-terminal region of zyxin, which
consists of three tandem LIM domains, is sufficient for locating
zyxin to FAs,”!8 and the recruitment of this C-terminal region
of zyxin to FAs is force-dependent.” Furthermore, the a-actinin-
binding site of zyxin alone does not locate to FAs (Hirata et al.,
unpublished result). Therefore, the molecular interaction(s) via the
C-terminal LIM domains of zyxin is crucial for the force-dependent
zyxin accumulation at FAs.

Several proteins are known to interact with the zyxin C-terminal
region. These include cysteine-rich protein (CRP), H-warts/LATS1
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Figure 1. Hypothetical diagrams showing zyxin as a common regulator of force-dependent
actin polymerization at focal adhesions (FA), stress fibers (SF) and adherens junctions (AJ). (A)
Side-view of cells adhering to ECM via FAs and to each other via Als. FAs are connected each
other by SFs, and Als are linked to actomyosin cables. Actomyosin interaction and/or stretch-
ing the substratum generate tension in FAs, SFs and Als. (B and C) Side-view of an FA and a SF
(B) and top-view of an AJ (C). In response to mechanical forces, the conformations of hypotheti-
cal mechanosensor molecules (MS) at FAs, SFs and Als are changed, rendering binding-sites
for zyxin. The force-dependent recruitment of zyxin to FAs, SFs and Als leads to the accumula-
tion of Ena/VASP proteins, facilitating the actin polymerization at these structures.

and p130©2.25 H-warts/LATS1 recruits zyxin to the mitotic appa-
ratus but not to FAs.2® p130°* is a potential mechanosensor
molecule at FAs,?” but zyxin accumulates at FAs in p130©®-deficient
cells,?® indicating that the interaction between zyxin and p130“® is
not necessary for the recruitment of zyxin to FAs. Although CRP
is located to FAs, its role in zyxin localization remains unrevealed.
Interestingly, siRNA-mediated knock-down of the FA protein Lasp-1
resulted in a decrease in the accumulation of zyxin at FAs.?%30
However, Lasp-1 interacts via its SH3 domain with the N-terminal
proline-rich region but not LIM domains of zyxin.®! Thus, the
molecule that binds to the C-terminal region of zyxin and is respon-
sible for the force-dependent recruitment of zyxin to FAs is not
known yet.
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Role of Zyxin in Mechano-Responses of Stress Fibers
and Adherens Junctions

FAs are connected each other through the actomyosin bundles,
stress fibers (SFs) (Fig. 1A). These SFs generate contractile forces,
and the resulting mechanical tension is required for the maintenance
and development of SFs. When mechanical forces are externally
applied to a cell by stretching the substratum, by fluid flow or by
pulling a cell with a microneedle, both the orientation and the
thickness of SFs are altered.3>3* We recently reported that the
actomyosin meshwork itself has a nature to transform into acto-
myosin bundles orienting parallel to the direction of tension in
cytosol-free semi-intact cells.?> However, the molecular mechanism
underlying the regulation of SF thickness in response to mechanical
stimuli is not known. Actin-polymerizing sites are distributed in a
periodic manner along SFs. Zyxin and Ena/VASP are localized to
these actin-polymerizing sites, and Ena/VASP plays a crucial role
in actin polymerization there.?%3¢ These findings imply that zyxin,
in concert with Ena/VASP, facilitates actin polymerization along
SFs (Fig. 1B), resulting in thickening of SFs. Indeed, recent studies
have clearly demonstrated that zyxin recruits Ena/VASP along SFs,
which is necessary for thickening of SFs in response to stretching the
substratum or fluid flow.!?343¢ Thus, zyxin is a crucial player in the
mechano-induced thickening of SFs.

Cadherin-mediated adherens junctions (AJs) contribute to the
intercellular recognition and adhesion. At AJs, cadherin clusters are
linked to actomyosin cables (Fig. 1A).3” The development of AJs is
also dependent on actomyosin-based forces.384 The AJ is an active
site for actin polymerization, and the actin polymerization drives the
development of AJs.#! Recent studies demonstrated the contribution
of mDial, probably through promoting actin polymerization, to the
actomyosin-dependent development of AJs.4>%3 On the other hand,
zyxin and Ena/VASP localize at AJs, and Ena/VASP is involved in
the actin polymerization at AJs and is required for the development
of AJs.414 The localization of Ena/VASP at cadherin clusters was
abolished by the inhibition of Rho kinase,%4 suggesting that the Rho
kinase-mediated actomyosin force is necessary for the recruitment of
Ena/VASP to AJs. Although the effect of mechanical forces on zyxin
recruitment to AJs remains unrevealed, it is plausible that zyxin-medi-
ated recruitment of Ena/VASP to AJs enhances actin polymerization
(Fig. 1C) and contributes to the force-induced development of AJs.

Ixyin as a Common Component of Mechanotransducing
Systems?

All above considerations lead to a hypothesis that zyxin is a
common regulator of force-dependent actin polymerization in
the actin cytoskeleton-cell adhesion system, e.g., FAs, SFs and AJs
(Fig. 1). Given such important role of zyxin, it seems controversial
that mice with disruption of zyxin gene exhibit no obvious histo-
logical abnormalities, and FAs and SFs are observed in zyxin-null
cells.!®# This may be, in part, due to a compensation for zyxin-
deficiency by other zyxin family proteins. The zyxin family proteins,
including zyxin, thyroid hormone interacting protein 6 (TRIP6),
lipoma preferred partner (LPP) and Ajuba, share a proline-rich
region and a C-terminal region with three tandem LIM domains.?
These proteins have high sequence similarity, particularly within
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the LIM domains. On the other hand, zyxin-null cells exhibit
abnormalities in dynamic remodeling of the actin cytoskeleton
and FAs in response to cyclic stretching, fluid shear or mechanical
wounding,'?# suggesting that zyxin is particularly important in
the dynamic phase of mechano-responses of the actin cytoskeleton-
cell adhesion system. Interestingly, cyclic stretching the substratum
results in the translocation of zyxin from FAs to nuclei in smooth
muscle cells.¢ This translocation of zyxin may be involved in the
mechano-induced gene transcription, because zyxin family proteins
have been suggested to mediate transcription process through their
interaction with transcription factors.*>

In this review, we discuss the role of zyxin as a key element of
mechanotransducing systems at cell adhesive structures: force-depen-
dent recruitment of zyxin to FAs, SFs and AJs would facilitate actin
polymerization at these structures. The remaining fundamental ques-
tion is which molecule(s) senses mechanical forces and recruits zyxin
to FAs, SFs, AJs and nuclei. In addition, redundancy and specificity
of the role of zyxin family members in cellular responses to mechan-
ical stimuli have not been examined. Studies in these directions will
reveal the overall picture of the molecular mechanism underlying
cellular mechanotransduction mediated by zyxin proteins.
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