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Abstract

A critical function of cells is to provide a force-bearing linkage from matrix to matrix, matrix to
cells or from cell to cell in a tissue and organ as well as a force generating structure. In fully
differentiated skin cells, much of the force is borne by intermediate filaments. In dynamic tissues
or isolated cells on matrix, high forces are generated by myosin Il pulling on actin; either through
stress fibers or through some other trans-cytoplasmic network. In epithelia, myosin Il clearly plays
a critical role in forming a contractile ring around wounds that provides turgor and restructuring
forces. A major mystery is how a dynamic cytoskeleton can create a mechanically coherent
cytoplasm. We suggest that the key lies in the continuous assembly of actin and myosin filaments
in the cell periphery that has been recently found in isolated fibroblasts.

Introduction

Cells in an organism constantly encounter mechanical loads such as shear force and
stretching force. These mechanical loads are critical in the regulation of cell shape, matility,
growth, differentiation, survival, and tissue development and maintenance [1,2]. Not only
must cells actively generate forces but they must also aid in maintaining the coherence of the
tissue — the capacity to resist and transmit forces as well as to maintain mechanical
integrity. Although the mechanical load-bearing ability of tissues has been most extensively
studied in skin where many informative mutations that compromise the mechanical
properties of the tissue have been identified [3,4], similar static forces are present in other
tissues and the loss of forces gives rise to a dramatic response. This raises the question of
how mechanical coherence, the mechanical continuity that propagates force from one side of
the cell to the other, is maintained in cells. We will consider this question first in the context
of epithelia and then in light of the recent findings in fibroblasts. In both cases, the
predominant way that coherence is maintained appears through the continuous peripheral
assembly of actin and myosin filaments.
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Cell Mechanics

The mechanical organization of cells has been extensively studied and is a clear function of
the cell microenvironment, e.g. cells on flat stiff surfaces have different mechanics than cells
in epithelial monolayers on soft basement membranes. It is well accepted that the cytoplasm
of animal cells is under pressure; and when the plasma membrane separates from the
cytoskeleton, it will bleb outwards [5,6]. The pressure in the cytoplasm is relatively low and
could be generated by a gradient of 5 micromolar of solute across semipermeable plasma
membrane (cytoplasm side is higher) [6]. Rather than being maintained by ion transport, it
seems that the pressure is mainly determined by myosin contraction and increased myosin
contraction can lead to blebbing [7]. Since myosin only generates contractile force, this
raises the question of what normally resists the contractile force of myosin. Although much
has been postulated about the cell as a tensegrity structure that is composed of interacting
cytoskeletal rigid struts and elastic cables [1], the internal load bearing elements are very
weak at best, with maximally about 13% of the load being borne by microtubules [8]. In the
case of epithelial tissues where the microtubules are oriented perpendicular to the plane of
the tissue, they would have even a smaller role. Thus, we suggest that the primary load of
cell contraction is borne by extracellular contacts connecting to principally matrix or
adjacent cells, with the cytoplasm supporting the majority of the remainder through the
membrane. When the force applied to the cell exceeds the force of the myosin contraction,
what resists cell stretching and fragmentation?

Skin Epithelia

In the relatively tough outer layers of the skin, there is an extensive keratin intermediate
filament network that is believed to support most of the applied forces and prevent tissue
breakage. Although the keratin network extends from one cell to another to form a
continuous network in the outer layers of the skin, the dynamics (constant assembly and
disassembly of contacts) in the inner layers suggests that the network can be repaired if links
are broken [9]. Further, the application of mechanical force to the tissue leads to
proliferation of the tissue through as yet undefined signaling pathways [10].

Dynamic Epithelia

Many other epithelia, however, experience far lower external stresses and most of the forces
in the tissue are generated internally. These tissues are typically more dynamic than skin and
rely much less upon intermediate filaments. Several recent studies have shown that wound
healing in epithelia involves the actin-based motor protein myosin 11 that forms a subapical
band adjacent to the tight junction protein ZO1 staining regions, particularly when small
holes form in the monolayers [11-13] (Figure 1). In recent studies, cell-cell adhesions appear
dynamic since there is a rapid lateral movement of the components in the plasma membrane
around the junctional complexes [14] that belies a role for myosin in the transport of the
complexes. The dynamic movements of the complexes junctions are critical for the observed
movements of cell boundaries in epithelia in vitro that presumably reflect a normal
movement process that occurs in vivo. We understand very little about the control of the
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boundary movements but they must entail rearrangement of cell-cell adhesions as well as the
actin cytoskeleton.

Movements of the epithelia are driven by myosin as well. Recent studies have found that the
activation of apical myosin is critical for cell ingression (the movement of cells from the
surface into the internal cavity) in epithelia of the drosophila embryo [15]. Similarly, myosin
contraction provides the force for narrowing and lengthening of tissues in models of the
process [16].

We suggest that myosin could be important for maintaining the coherence at tissue level and
at single cell level as well.

Mechanical Coherence of Single Cell

When cells are spread on extracellular matrix for hours to days, they become well polarized
and develop stress fibers that, as the name implies, are involved in generating high forces on
substrate contacts. The stress fibers are anchored in focal adhesions that grow in response to
contractile force. Recent analyses of the actin dynamics in stress fibers indicates that actin
filaments are added to the adhesion sites and they enable the rapid turnover of actin in the
stress fibers [17] (Figure 2).

As cells are spreading or migrating on extracellular matrix coated substrates, they often
generate periodic edge contractions along the cell periphery [18]. Actin filaments are
constantly assembled at plasma membrane. At the back of lamellipodium, myosin Il
periodically pulls the lamellipodial actin filaments and condenses them into lamellar actin
bundles [19]. Similar observation have also been made recently by Anderson et al. [20].
Importantly, the cell periphery is where high cell traction forces are generated, as supported
by the analyses of traction force generated by isolated cells — large traction forces are
directed inward and focused at the cell periphery whereas small traction forces are exerted
on the substrate in the central regions of the cell [21-25]. Further, inhibition of myosin 11
activity abolishes periodic edge contractions [19] and high traction force generation
[21,22,24] while stimulation of myaosin Il contraction increases periodic contraction speed
[19]. All these observations suggest that the myosin Il pulling on actin filaments inward at
the cell periphery might be critical for generation of peripheral large traction forces.

The traction forces generated by fibroblast are in the order of several hundred nanonewtons
[21,25], far more than what is needed for cell body translocation [26,27] as cells still
migrate, even faster in some cases, when traction force generation by cells is suppressed
[28]. The forces at the front is only slightly larger than the forces at the rear in migrating
cells [29]. Thus, it appears that the bulk of the forces are counterbalanced inside the cell.
Why do cells generate so much more forces than what is actually needed? A possibility is
that cells use these forces to hold cytoplasm together so it can not be torn apart by pulling
forces from actin polymerization and extracellular matrix. Given that there are no large
forces generated in the central cell regions and most large forces are directed inward, the
peripheral large forces on opposite sides must be counterbalanced in the cell. For this to
occur, a coherent cytoskeletal network is necessary. Although there are three cytoskeletal

Curr Opin Cell Biol. Author manuscript; available in PMC 2017 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

CAl and SHEETZ

Page 4

components — actin filaments, microtubules and intermediate filaments and they interact
with each other [30], actin filaments appear to be a better candidate because that they are
crosslinked into a contractile and dynamic network through myosin 11 that exist as hexamers
in cells by forming bipolar filaments [31] and that the dynamic interaction of actin filaments
with myosin Il at cell periphery leads to large force generation.

Conclusions

Based upon both the theoretical considerations for the need to have a continuity in tissues
and matrix connections and the experimental findings of a dynamic cytoskeleton, there is a
need for dynamic coherence that could best be satisfied by actin and myosin assembly at the
cell periphery.
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Figure 1.

Myosin Il forms a ring at subapical position and contracts to close the wound. (a) 5 min
after laser ablation of the cells indicated by the star, a monolayer of MDCK cells were fixed
and stained for F-actin. The myosin light chain (MLC)-EGFP in cells neighboring to the
ablated cells forms a contractile ring at the subapical position. Note MLC is a component of
myosin I1; it binds to myosin Il heavy chain to constitute the functional myosin Il. (b)
Illustration of apical-basal polarity of an epithelial cell layer. (c) Dynamics of the
contraction of MLC ring in wound closure induced by laser ablation of cells. Time in
minutes. Figure modified, with permission, from Tamada M, Perez TD, Nelson WJ, and

Sheetz MP (2007) J Cell Biol, 176:27-33.
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Figure 2.

Addition of actin filament at the adhesion sites and rapid turnover of actin in stress fibers. At
focal adhesions, there is active polymerization of actin filaments and crosslinking of actin
filaments by a-actinin. Myosin Il incorporates into the a-actinin crosslinked actin filament
bundles to displace a-actinin and to contract actin bundles, generating contractile force.
Consequently, focal adhesions grow in response to the contraction force. The process is
extremely dynamic; there are always actin polymerization and depolymerization, myosin 11
assembly and disassembly, and a-actinin association and disassociation with actin filaments.
Figure modified, with permission, from Hotulainen P and Lappalainen P (2006) J Cell Biol
173:383-394.

Curr Opin Cell Biol. Author manuscript; available in PMC 2017 February 07.



	Abstract
	Introduction
	Cell Mechanics
	Skin Epithelia
	Dynamic Epithelia
	Mechanical Coherence of Single Cell
	Conclusions
	References
	Figure 1
	Figure 2

