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Abstract

Myofibroblasts are modified fibroblasts, characterized by the presence of a well-developed
contractile apparatus, and the formation of robust actin stress fibers. These mechanically active
cells are thought to orchestrate extracellular matrix remodeling during normal wound healing in
response to tissue injury, and in aberrant tissue remodeling found in fibrosing disorders. This
review surveys the understanding of the role of actin stress fibers in myofibroblast biology. From
its original description as a defining ultrastructural and morphologic feature, to well-accepted
observations demonstrating its participation in contraction, focal adhesion maturation, and
extracellular matrix reorganization, and finally to more recent observations demonstrating its role
in transducing mechanical force into biochemical signals, transcriptional control of genes involved
in locomotion, contraction, and matrix reorganization, and the localized regulation of MRNA
translation. This breadth of functionality of the actin stress fiber serves to reinforce and amplify its
mechanical function, via induced expression of proteins that themselves augment contraction,
focal adhesion formation, and matrix remodeling. In composite, the functions of the actin
cytoskeleton are most often aligned, allowing for the integration and amplification of signals
promoting both myofibroblast differentiation and matrix remodeling during fibrogenesis.

Defining Features of the Myofibroblast

Morphology

In the 1970s, Gabbiani and colleagues [1,2,3] described in detail the presence of a modified
fibroblast in the granulation tissue of contracting wounds. By electron microscopy (EM),
these fibroblasts were morphologically distinct from “normal” fibroblasts with the presence
of large bundles of microfilaments running parallel with the long axis of the cell (whereas
normal tissue fibroblast had few or none [1]. These microfilaments often had periodic
extensions that connected with external fibronectin fibrils in a parallel orientation termed the
fibronexus[4]. The area of the cell membrane where these connections were made was noted
to be electron dense (and were later determined to be focal adhesion sites)[5]. These cells
lacked the presence of a true basement membrane, instead having a discontinuous electron
dense fibrillar structure adjacent to the external cell membrane (later determined to be
fibronectin [6]), had extensive rough endoplasmic reticulum which is consistent with
fibroblasts and contrasts to differentiated smooth muscle cells, and folded nuclei suggestive
of a contractile cell. Due to the presence of: 1) morphologic features reminiscent of EM
structures seen in smooth muscle cells, such as densely packed microfilaments and
membrane-associated dense-bodies[5,7]; 2) strong immunofluorescent staining with smooth
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muscle alpha-actin antiserum [3], and 3) the ability of these cells to contract granulation
tissue [1,2,3], these modified fibroblasts displayed a phenotype intermediate between
fibroblasts and smooth muscle cells and were termed “myofibroblasts”.

One of the most readily identifiable morphologic features of the myofibroblast in
granulation tissue is the presence of prominent cytoplasmic microfilaments[1,2,3]. These
cytoskeletal structures are readily recapitulated by growth of fibroblasts on plastic or glass
substrates in culture. Amazingly, these observations had been reported in fixed cells dating
to 1899 (see [8]), but were discarded as artifacts of the fixation process. In cell culture, these
microfilaments are visible by both EM and light microscopy[8], and were determined to
consist of polymerized and bundled actin [9]. Due to a lack of similar microfilament bundles
in normal dermal fibroblasts[3,10], it has been argued that actin filament formation and the
myofibroblast phenotype itself may be an artifact of cell culture conditions, however,
subsequent in vivo and ex vivo investigations have demonstrated the presence of
myofibroblasts in normal organs, normal granulation tissue, in tissues responding to
localized injury, and in tissue from conditions characterized by an exuberant fibrotic
response [11]. These early initial investigations established the importance of the
configuration of the actin cytoskeleton to the phenotypic and morphologic definition of the
myofibroblast. Forty years of subsequent in vitro and in vivo investigations would reveal the
importance of this structure to a multitude of myofibroblast functions (reviewed below).

Gene Expression Characterizing the Myofibroblast

The concept of the myofibroblast has expanded far beyond its original morphologic
definition, with a corresponding increase in understanding of the role the myofibroblast
plays during the normal wound healing response and during aberrant tissue remodeling seen
in fibrotic disorders. Myofibroblasts participate in the production of matrix proteins and
autocrine and paracrine mediators of the fibrotic response, and display enhanced cell
survival under these conditions[12,13,14]. Myofibroblast undergoing differentiation exhibit
profound changes in their gene expression profile[15] which serves to both amplify the
capacity of the fibroblast to serve as a contractile cell and as an effector cell for extracellular
matrix reorganization and remodeling.

The gene expression repetoire of the activated myofibroblast is extensive, and a complete
catalogue of all modified genes is beyond the scope of this review. However, several key
genes have been identified that characterize the myofibroblast phenotype and have an
established link to myofibroblast function. While none of these genes are specific to
myofibroblasts, they lend insight into the functional capacity and role of this cell in the
response to tissue injury. Myofibroblast differentiation is associated with significant
upregulation of extracellular matrix components such as fibronectin, including the critical
splice variant EDA fibronection[16,17], multiple isoforms of collagen[18,19,20],
proteoglycans, such as tenascin C, [21,22]; matrix metalloproteinases (MMPSs) and their
inhibitors (TIMPs)[23,24], serine proteases such as tissue-type Plasminogen Activator (t-
PA) and urokinase-Plasminogen Activator (uPA), Plasminogen-activator inhibitor-1 (PAI-1)
[25,26], and proteins involved in cell-matrix coupling, such as integrin and glycoprotein
receptors. Additionally, genes that comprise the enhanced contractile machinery of the cell
also are profoundly upregulated[27,28]. One protein of particular interest is a component of
the actin cytoskeleton, the smooth muscle associated actin isoform, smooth muscle (SM)-a-
actin (a-SMA). Although a-SMA was originally thought to be tissue restricted (hence its
name), it has also identified as a protein expressed by myofibroblasts during wound healing
and fibrosis[11,12,13,29,30,31] and is a component of the actin stress fiber in this context
[32]. Historically, a-SMA has been widely utilized as a biochemical marker for the fully
differentiated myofibroblast[11,12].
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Functions of the Myofibroblast

Myofibroblasts have been found in a wide variety of normal and aberrant responses to tissue
injury. Examples of clinical conditions and disease states where myofibroblast biology may
play a role include the normal physiologic response to trauma and tissue injury, tissue
responses to ischemia/reperfusion and vascular occlusion or thrombosis, and disorders of
aberrant wound healing such as pulmonary, renal, liver, and cardiac fibrosis. Myofibroblasts
have also been identified in vivo in normal, non-injured connective tissue, where they play a
role as a contractile cell regulating normal organ function. For example, myofibroblasts have
been identified in subpopulations of alveolar interstitial cells, intestinal pericryptal cells, and
in hepatic perisinusoidal cells, as well as others[33]. In response to tissue injury, such as
occurs from mechanical tissue disruption of the skin (dermal wounds), the myofibroblast
serves to produce and remodel granulation tissue, producing matrix components and
ultimately facilitating contraction and closure of the wound[3,14,34]. While the model of
dermal wound closure has provided the most robust information on myofibroblast function
during tissue healing, other forms of tissue injury also reveal participation of myofibroblasts
to resolve the “wound”. This includes: the fibroproliferative phase of the clinical syndrome
of acute lung injury, characterized by diffuse epithelial injury from infection or toxic insult
followed by fibroblast proliferation and remodeling of the injured and inflamed alveolar
architecture [35], the remodeling response to the ischemic insult of a myocardial infarction,
where healing of the ischemic tissue results in replacement of cardiomyocytes with a fibrotic
scar[36], and the local response to vascular thrombosis where infiltration of myofibroblasts
into the clot results in its organization and stabilization over time[37]. Myofibroblasts are
implicated in the stromal reaction around epithelial tumors, where they may play an
important role in remodeling the normal tissue matrix, creating a more permissive
environment for the invasion of cancer cells [14,33,38,39]. Finally, myofibroblasts are also
found in abundance from pathologic specimens in disease states where the initial tissue
injury may be obscure or temporally remote. These disorders are primarily characteristized
by exuberant and non-resolving progressive fibrosis. This category of disease includes
entities such as idiopathic pulmonary fibrosis[30], interstitial fibrosis of the kidney[40], liver
cirrhosis[41], Dupuytren's contracture[42], and hypertrophic scars[43].

While initial tissue injury or disruption is a component of all of these disorders, it is the
myofibroblast which acts as central mediators of the architectural disruption and
extracellular matrix reorganization that occurs in response. This is due to its role as a site of
synthesis and secretion of: 1) matrix metalloproteinases, which may allow for the dissolution
of pre-existing matrix architecture; 2) new matrix components, contributing to the
remodeling which occurs during the wound healing response; and 3) tissue-inhibitors of
both MMPs, providing a balance of matrix acculumation. However, beyond being solely
synthetic cells, the contractile function of the myofibroblast allows for active reorganization
of the newly synthesized matrix components. This includes facilitating incorporation and
remodeling of fibrinogen fibrils into the matrix, and via the transmission of tension to the
matrix and its component proteins via isometric contraction.

To illustrate these diverse roles in fibrotic conditions, consider the pathobiology of
idiopathic pulmonary fibrosis (IPF), where the defining pathologic lesion is the fibroblastic
focus, a collection of linearly arranged myofibroblasts lying on the luminal side of a
disrupted basal lamina. This accumulation of myofibroblasts have been identified as sites of
synthesis for early matrix elements including pro-collagen | and EDA fibronectin. These
features of the fibroblastic focus are similar to the pathology found in dermal wounds. In
direct approximation with these pathologic lesions is often a disordered epithelial layer or
epithelial sloughing, suggestive of previous epithelial cell injury[30]. This has led to
speculation that it is the myofibroblast may contribute the disruption of the basal lamina via
localized expression of matrix metalloproteinases [44,45], followed by the secretion of a
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provisional matrix high in proteoglycans such as hyaluronan[46] on the luminal side of the
original basal lamina. This new matrix “edge” would then serve as a site of further fibroblast
migration. While temporal relationships are difficult to dissect on pathologic specimens,
presumably fibroblasts would then serve to restructure this provisional matrix, with the
expression of early collagen forms, and EDA fibronectin (both of which are found in
association with early fibroblastic foci). Simultaneously, inhibitors of proteinases such as
TIMPs are expressed which promote matrix accumulation[45]. As the fibroblastic focus
continues to develop, myofibroblasts promote further matrix remodeling with the formation
of fibrillar fibronection and the production and incorporation of mature collagen forms.
Differentiated myofibroblasts demonstrate higher levels of contractile force (due to the
myofibroblast contractile apparatus) and this process results in a stiffer, more compact
configuration of the lung architecture. Examples such as this suggest that despite effecting
disparate organs with distinctive disease tempos, that many components of myofibroblast
behavior are preserved.

Although a broad-array of morphologic, biochemical, and functional alterations
characterizes the myofibroblast phenotype and its role in the above mentioned disorders, the
remainder of this review will focus on the formation of the actin stress fiber, and its role in
mediating myofibroblast function.

Composition and formation of the actin stress fiber

A comprehensive review of the composition of the actin stress fiber has been recently
published[47], and the reader is referred to this review for detailed discussion. Briefly, actin
stress fibers are composed of bundles of polymerized actin filaments[9,48], contiguous with
the site of modified focal adhesion complexes [4,6,49] providing a trans-membrane link to
components of the extra-cellular matrix. The transmembrane molecules which form the
critical linkage between the matrix and actin cytoskeleton at focal adhesion sites are
heterodimers of the a. and  subunits of integrin molecules [50]. In fibroblasts and
myofibroblasts, the heterodimers asB; or ayB3 constitute the integrins involved in focal
adhesion complex formation at cell contact sites associated with prominent actin stress
fibers[49,51,52]. On the external surface of the cell, integrin receptors bind to specific
(RGD) sequences found on matrix molecules such fibronectin or vitronectin [50,53],
anchoring the cell membrane to the matrix. On the cytoplasmic face, upon integrin
attachment and clustering, a focal adhesion complex is rapidly assembled and consists of
several proteins in high abundance including talin, vinculin and paxillin, and multiple
assessory proteins characterized by both integrin-interacting and actin-interacting
domains[50,51,52]. Integrins and many of the associated focal adhesion proteins have actin
binding domains, and the cytoplasmic face of a forming focal adhesion complex serves as a
nucleating site for actin-filament formation. In concert with the initial formation of actin
polymers at sites of focal contact, several proteins closely associated with the cytoplasmic
face of the focal contact cross-link individual actin filaments, the most important of which is
a-actinin [54,55]. While a-actinin is localized at sites of focal contact, it is also found in a
periodic pattern along the length of the actin stress fiber, serving to bundle individual actin
filaments together, forming a larger actin “stress fiber”. Finally, non-muscle myosin is
arranged periodically along the stress fiber[56], alternating with sites of a-actinin binding,
and has dual functions: 1) augmentation of actin-filament bundling (via is cross-linking
role), and 2) the generation of contractile force on actin filaments via Rho-dependent
signaling (For a review of stress fiber contraction, see [47,57,58]).

Interestingly, the particular actin isoform that comprises the actin stress fiber impacts its
formation and function. Actin has six isoforms, all of which can participate in the formation
of the stress fiber. Four of the isoforms, a-smooth muscle actin (a-SMA), y-smooth muscle
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actin, a-skeletal muscle actin, and a-cardiac actin are tissue restricted, while B-actin and y-
actin are ubiquitously expressed in all cells[59]. Myofibroblasts have cytoplasmic B- and y-
actin isoforms, both of which participate in actin stress fiber formation, with subpopulations
of myofibroblasts expressing the a-SMA isoform in the basal state, both in vivo and in cell
culture. a-SMA expression is strongly induced in myofibroblast populations under
conditions of increased isometric tension or under stimulation with Transforming-Growth
Factor-p1. When present, a-SMA is rapidly incorporated into actin stress fibers[32,60] and
results in an increased capacity for contractile force generation by the myofibroblast[61,62].

The signaling required to form or maintain the actin stress fiber is mediated by members of
the Rho family of small GTPases [58,63]. Inhibition of Rho by the clostridium botulinium
C3 toxin, results in the disassembly of actin stress fibers[64]. Likewise, microinjection of
Rho proteins results in the de novo assembly of actin stress fibers[65]. While RhoA is the
Rho family protein member with the most established role in actin stress fiber formation
ectopic expression of either RhoA, RhoB, or RhoC can induce actin stress fiber
formation[66]. Of particular note, de novo expression of the Rho family member RhoB, is
required for actin stress fiber formation during TGF-B-induced myofibroblast
differentiation[67]. Rho proteins mediate downstream signaling via their effectors: the
serine/threonine kinases ROCK1 and ROCK 2[68], or members of the mammalian
diaphanous family of formins, such as mDial. ROCK1 and ROCK 2 can differentially
regulate targets within the cell, with ROCKZ1 required for assembly of stress fibers, while
ROCK 2 is dispensible[69], but may be more important for the myosin ll-mediated
fibronectin matrix assembly via effects on myaosin light chain phosphorylation and
subcellular localization[70]. While several members of the formin family exist, mDial is
implicated in stress fiber formation[71,72,73]. Both ROCK1 and mDial are required to
produce the characteristic thick actin stress fibers seen with Rho stimulation[72,74,75].

In addition to promoting actin nucleation and filament assembly, Rho-dependent signaling
also ultimately results in the phosphorylation of myaosin light chain and actomyosin
contraction[58,76], for details see [47]. This parallel signaling also is required for and
promotes the formation of actin stress fibers, as inhibition of myosin filament assembly,
myosin ATPase activity, or myosin light chain kinase activity abrogates actin stress fiber
formation[58,77,78,79,80].

Control of actin stress fiber formation by the extracellular matrix

The matrix environment interacting with the fibroblast is also critical for the induction of
features consistent with myofibroblast differentiation, such as the formation of actin stress
fibers. The observation that fibroblasts in many (but not all) normal tissues did not have the
presence of actin microfilaments [1] led to speculation that physical or biochemical
characteristics of granulation tissue may influence the morphology of participating
fibroblasts. Investigations using deformable collagen gel matrices, designed to mimic in vivo
conditions, further supported this hypothesis[81,82]. In floating, unattached gels, any tension
that created fibroblast contraction is rapidly transmitted to the gel matrix, resulting in
contraction of the gel. In this circumstance, cells are not under persistent tension, and actin
stress fibers are not observed[81]. In contrast, fibroblasts cultured in collagen matrices
which are attached and unable to contract, the rapid appearance of actin stress fibers is seen,
consistent with myofibroblast morphology[83]. Subsequent release of these same matrices
from attachment results in actin stress fiber disassembly[83,84,85]. Similar results have been
observed in other models of variable matrix tension or force application[86,87,88]. Thus, the
transmission of tension to the fibroblast appears to be important in inducing the actin
cytoskeleton and promoting the myofibroblast phenotype[62,85,89].
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Transmission of matrix tension to fibroblasts is mediated, at least in part, via integrins (in
particular the B subunits, B, and B3) found in the focal adhesion complex, as blocking
antibodies against the B1 subunit results in loss of actin stress fibers and rounding of the
cell[89]. With respect to the myofibroblast specifically, the particular molecular composition
of the focal adhesion may also be important in mediating force transmission and actin
cytoskeletal rearrangement, as large, so called “supermature” focal adhesions are required
for the recruitment of a-SMA isoform into the stress fiber[90]. While matrix stiffness can
induce changes consistent with the myofibroblast phenotype, it also appears to be a required
precondition for full myofibroblast differentiation by Transforming Growth Factor-p1, as
treatment of cells growing on floating collagen matrices does not result in the induction of
a-SMA or stress fiber formation[89]. Matrix tension alone is insufficient for complete
myofibroblast differention, as treatment with TGF-B1 further augments actin stress fiber
formation on stiff substrates, along with the expression of biochemical markers
characteristic of the fully differentiated myofibroblast, such as a-SMA. These observations
have led to the concept of the “protomyofibroblast” and myofibroblast, with matrix stiffness
inducing the formation of morphologic alterations, such as partial focal adhesion
enlargement and the formation of actin stress fibers, and TGF-f inducing a-SMA, further
augmenting actin stress fibers and full maturation of the focal adhesion complex, consistent
with a fully differentiated myofibroblast[11].

The molecular composition of the matrix itself can also exert important influence on
myofibroblast differentiation. Early studies of transformed fibroblasts showed that addition
of soluble fibronectin alone was able to induce actin stress fibers [91]. Additionally, the
presence of the EDA splice isoform of fibronectin is required, but not sufficient for
myofibroblast differentiation[16].

Stress fiber formation in response to Transforming Growth Factor-B1 (TGF-B1)

TGF-B1 is the most potent and established stimulator of myofibroblast differentiation. TGF-
B1 can be release in an autocrine or paracrine fashion, and is incorporated in complex with
its latent activating protein and latent binding protein in an inactive state into the
extracellular matrix is association with a,, containing integrins[92,93]. Upon either
proteolytic cleavage of the TGF-B1 complex or via the application of tension to the
associated integrin, TGF-B1 can be released into its active form where it can bind to its
receptor on the surface of nearby cells[92,94]. Under stimulation by TGF-B1, fibroblasts
respond by altering their ultrastructure, with an increase in cytoskeletal stress fiber
formation[95,96], as well as their gene expression profile, with de novo expression
cytoskeletal and contractile proteins normally found within smooth muscle cells, modified
focal adhesion complexes[49,90,97], and components of the extracellular
matrix[11,18,19,98,99,100,101]. TGF-B1 has been extensively implicated in the
pathogenesis of disorder tissue fibrosis [102,103,104,105,106,107,108].

TGF-B1 canonically signals through its transmembrane-receptor serine/threonine kinases to
phosphorylate receptor-associated Smad proteins (Smad2/3), followed by their subsequent
heterotrimerization with co-activator Smad4 and nuclear translocation of the complex,
which drives the transcription of TGF-B-responsive genes through activation of the Smad-
binding elements (SBEs) on their promoters[100,109,110] (Fig. 1A). TGF-B1 can also
recruit non-Smad pathways to activate the MAP kinases ERK, p38 and JNK. Activation of
ERK by TGF- occurs through a recruitment of adaptor protein, ShcA by TGF-f3 receptor,
followed by stimulation of Ras-mediated signaling that is common for receptor tyrosine
kinases [111] (Fig. 1B). Activation of JNK and p38 MAP kinases by TGF-f occurs via
recruitment of TGF-B-activated kinase TAK1 by TRAF6 and TAK1 binding protein (TAB),
with TAK1 activating the corresponding upstream kinases (MEK) for JNK and p38
[112,113,114]. In addition, p38 can be also activated through a direct interaction with TAB1
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independent on MEKSs [115](Fig. 1C). TGF-beta can also activate AKT, initially through a
Smad-dependent expression of miR-192 that downregulates a transcriptional repressor,
Zeb2, leading to upregulation miR-216a and miR-217. miR-216a and miR-217
downregulate the expression of phosphatase and tensin homolog, PTEN. As a result, PIP3
levels are increased leading to activation of AKT [116,117] (Fig. 1D). Finally, the “non-
canonical” signaling of TGF- also includes activation of Rho small GTPases leading to
stress fiber formation [118,119,120,121], although this process may be indirectly dependent
on Smad signaling[122] (Fig. 1E).

Activation of Rho is mediated by a large family of guanine exchange factors (RhoGEFs)
whose activity is induced by multiple stimuli [123], however, at least in fibroblasts, TGF-
receptor signaling is not directly linked to RhoGEFs. Instead, TGF-p drives the Smad-
dependent expression of endocrine and intracellular molecules that, in turn, promote Rho
activation. For example, TGF-B1 can promote a Smad-dependent expression of sphingosine
kinase-1 (SK-1) producing sphingosine 1-phosphate (S1P), which, in turn, activates G
protein coupled receptor signaling to RhoA activation, and a-SMA expression through
leukemia-associated RhoGEF (LARG) [124,125,126,127]. TGF-B can also upregulate the
expression of GEFs in a Smad-dependent manner, including Netl and GEF-H1/Lfc, which
mediate TGF-B-induced Rho activation [128,129,130]. Together, these studies may suggest
that TGF-B-induced Rho activation and stress fiber formation may be mediated by a “non-
canonical”, but Smad-mediated mechanism.

Roles of the Actin Cytoskeleton in Myofibroblast Function

Focal Adhesion Assembly

The focal adhesion (FA) complex in myofibroblasts serves as an anchoring point to the
matrix, providing a stable linkage from matrix to cell, allowing the transmission of
intracellular contractile forces to the surrounding matrix, and subsequent tissue contraction.
Focal adhesions also serve as a nucleating site for the formation and strengthening of actin
stress fibers, and a scaffold for associated signaling molecules[50,52,57]. In this light, focal
adhesion formation and maturation is an important process for myofibroblast differentiation.

Focal adhesion formation in motile cells such as fibroblasts is a complex process, initiated
by the ligation and clustering of transmembrane integrins and signaling via rhoGTPases,
which induce actomyosin contractility and actin stress fiber formation[52,57]. Actomyosin
contractility and the generation of intracellular tension are required for focal adhesion
formation, as specific inhibitors of myosin contractility can disrupt both actin stress fiber
formation and focal adhesion assembly[58,80,131]. Likewise, integrity of the actin
cytoskeleton is required for this formation as disruption with cytochalasin or latrunculin A
results in the disappearance of focal adhesions[49,87,132]. These results are all consistent
with the current model of focal adhesion formation and enlargement that depends on the
transmission of tension via the actin cytoskeleton and actomyosin contraction[88].

Expanding upon this concept in models of myofibroblast differentiation, Hinz et al. showed
that the incorporation of a-SMA into the actin stress fibers was associated with the
enlargement of focal adhesion complexes in myofibroblasts[97], and that blocking
antibodies preventing a-SMA incorporation into stress fibers prevented further enlargement
of the focal adhesion, resulting in decreased attachment strength. These observations are
consistent with the role of the a-SMA isoform in the generation of increased contractile
force by the actomyosin contractile apparatus upon a-SMA incorporation into the stress
fiber during myofibroblast differentiation. This increased force is presumably transmitted to
the focal adhesion site resulting in further tension-dependent recruitment and assembly of
focal adhesion associated molecules. While the generation of tension by the actin stress fiber
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and its transmission to the focal adhesion site is required for assembly, mechanisms
responsible for the recruitment of individual molecules in response to differences in tension
have not been fully determined. One potential mechanism is seen in talin-dependent vinculin
to the focal adhesion, where tension dependent stretching of the talin molecule exposes the
vinculin binding site[133]. Whether this type of mechanism may be more ubiquitous during
focal adhesion assembly and maturation is an area of active inquiry[134].

The formation of the focal adhesion complex/actin stress fiber junction in motile cells also
correlates with the scaffolding of several signaling molecules at this site. This configuration
allows for the transduction of extracellular or intracellular forces into biochemical signals,
so called “mechanotransduction”[51,135,136,137]. This “sensing” mechanism is activated
by both ligand binding to integrins, such as p1-integrin, and integrin molecule
clustering[51], leading to the recruitment of vinculin (by talin)[133], additional focal
adhesion associated proteins, and p125 focal adhesion kinase (FAK)[138]. Extensive
tyrosine phosphorylation is associated with FA formation[57,139], with targets include
multiple FA-related proteins on their SH2 domains[137,140], with downstream effectors
including the small GTPases, Rho and Rapl [141,142,143]. Tyrosine phosphorylation
appears to be required for the maintenance and additional incorporation of FA proteins into
the FA complex, as inhibition by tyrosine kinase inhibitors results in disassembly of the FA
complex[51,57,137]. These signals have myriad downstream targets that affect cell behavior
such as proliferation, migration, and cell survival, conferring an important role for the actin
stress fiber/focal adhesion complex in the transduction of biochemical signals[144,145].

Extracellular Matrix reorganization

The myofibroblast is an active cell in reorganizing the extracellular matrix (ECM) and its
components during wound healing. In particular, much data supports the role of the
fibroblast in fibronectin fibril assembly and remodeling[146,147,148]. Fibronectin is a
ligand for integrins found on the fibroblast, in particular asp;[51,149,150]. Upon attachment
of fibroblasts to the ECM, integrin binding to fibronection and receptor clustering results in
incorporation of soluble fibronectin into the matrix [151], as well as the reorganization of
matrix bound fibronectin in to organized fibrils[152]. On the cytoplasmic face of integrin
attachment, actin filament formation coincides with the formation of fibronectin fibrils on
the extracellular face of focal adhesions[152,153]. Importantly, disruption of the actin
cytoskeleton with cytochalasin B results in dispersion of fibronectin fibrils[152,154],
demonstrating a requirement for an intact actin cytoskeleton for fibrillogenesis. This finding
is explained by the following observations establishing actomyosin-mediated contractility
and force generation as a prerequisite for several components of fibronectin fibrillogenesis.
To facilitate soluble fibronectin incorporation into the fibrils of the ECM, Rho-dependent
tension must be generated to convert fibronectin from a compact conformation to a less
compact conformation[155,156,157]. This process exposes molecular modules that allow
fibronectin-fibronectin cross-linking of the mature fibril [146,147]. Rho-activation occurs
via either integrin-dependent signaling, or via activation by associated transmembrane
attachment receptors, such as syndecan 4 or tenascin-C[158,159]. The net result of these
signals is the transmission of tension to the fibronectin matrix [155,156], which is required
for the assembly of the fibronectin matrix[160]. At specialized attachment sites called
fibrillar adhesions comprised of the integrin a5B1 and enriched for the focal adhesion
protein tensin, further remodeling of fibronectin fibrils occurs [161,162]. These adhesion
structures are mobile with respect to the ECM with actin stress fiber-mediated centripetal
dislocation over time[163]. Fibrillar adhesion mediated stretching of fibronectin polymers
serves to expose sites along the fibronectin molecule allowing further incorporation and
matrix remodeling[146,148,164].
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Contraction of the healing wound

A ubiquitous characteristic of granulation tissue healing in adults is the presence of wound
contraction in association with granulation tissue maturation. Additionally, granulation
tissue can generate contractile force in response to soluble agonists [2]. In intact granulation
tissue, the appearance of actin stress fibers correlates with the generation of contractile force
[62], and contraction of untethered collagen gels by fibroblasts requires the presence of
intact actin microfilaments[85]. Wrinkling of collagen lattices is mediated most strongly by
cells with well developed cytoskeletons, such as fibroblasts [165], and disruption of the actin
cytoskeleton with agents such as cytochalasin B or cytochalasin D fully inhibits this ability
[81,166]. Furthermore, isolated stress fibers have been shown to shorten in response to ATP
and Mg**[167,168,169] suggesting an intrinsic ability of actin stress fibers to shorten. Stress
fiber contraction is controlled by the Rho-dependent regulation of non-muscle myosin
[47,58] which associates with the stress fiber [56]. However, in intact cells stress fibers are
tightly associated with focal adhesion complexes[6], resulting in the generation of isometric
tension[165] in situations where focal adhesions are tightly bound to an immaobile substrate.
Further remodeling of the actin microfilament can mediate the generation of additional
contractile force, both in cell culture systems[170] and in intact granulation tissue[62]. This
system serves to further remodel the granulation tissue matrix elements (such as
fibronectin), and facilitate wound closure[11].

Tail retraction during migration

Localization

While early investigations suggested that the formation of actin stress fibers may be
important for migratory capacity, subsequent investigations showed that the generation of
force by actin stress fibers was beyond what is necessary for migratory cells[165]. Cells with
a robust actin stress fiber system (contractile phenotype) were observed to be less migratory
[171], and that highly motile cells generated the weakest tractional forces[165]. Targeted
disruption of actin stress fiber formation converts cells to a more migratory
phenotype[172,173].

Despite this, Rho-dependent actomyosin-based contraction are clearly important for tail
retraction of highly motile cells[174,175,176,177], with actin stress fibers oriented in the
direction of locomotion[178,179]. Thus the localization of stress fiber formation is clearly
important for regulation of migratory capacity. For full discussion of the role of actin stress
fibers in migration, see [47].

of Translational Machinery

In addition to the well established functional roles of the actin cytoskeleton of the
myofibroblast contractile and motile function, emerging evidence implicates the actin
cytoskeleton in the orchestration of precise spatiotemporal localization of gene
expression[180,181]. This can occur via the regulated intracellular localization of certain
MRNA transcripts, such as p-actin mMRNA. The so-called “zipcode” hypothesis of MRNA
localization, occurs via interaction of specific ribonucleotide sequences within the 3° UTR
with intracellular RNA-binding proteins, allowing for subcellular targeting of specific
transcripts to areas where de novo gene expression is required[182], such as in the formation
of lamellipodia in migrating fibroblasts. This process appears to be important in cellular
morphogenesis, and is conserved across species[183]. Subcellular targeting of p-actin
mMRNA occurs in response to growth factors[184] is required for the formation of actin stress
fibers[185] and focal adhesions[186,187] in fibroblasts, and it is tempting to speculate that
this process may be operative during myofibroblast differentiation induced by varied
mechanisms. Both actin and microtubule filaments have been implicated in the movement of
zipcode containing mRNA[188,189,190]. In fibroblasts, actin filaments co-localize with
mMRNA, often at sites of focal adhesions[186,187], and this co-localization is dependent on
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an intact actin cytoskeleton and rho-mediated actomyosin contraction[191] [192,193].
Recruitment of B-actin mRNA to the edge of the fibroblast can be induced via the
application of integrin-dependent tension or via stimulation with serum[184,193,194].
Additionally, components of the translational apparatus itself, such as
polyribosomes[187,195,196,197,198,199] and elongation-initiation factor 1a (elFla)
[200,201,202,203,204], localize to the actin cytoskeleton, and require actin filament
integrity to maintain this localization [205]. Zipcode binding protein-1 (ZBP-1) was the first
protein identified in eukaryotic cells to bind to mRNA in the 3’-UTR and mediate spatial
localization via its interaction with actin. ZBP-1 also acts as a translational repressor via
inhibition of 80S ribosome formation. Phosphorylation of ZBP-1 by SRC near the cell edge
results in the release of the inhibition of B-actin mMRNA translation by ZBP1[180]. Thus,
localized translation of MRNAS containing zipcode sequences requires coordinated
movement of proteins comprising the polyribosome, translational machinery, and the
zipcode containing mMRNA via actin filamentsto subcellular locations for assembly. Once at
this site, release of translational inhibition is mediated via SRC-mediated phosphoryation of
ZBP-1, allowing localized gene expression to occur[180].

One potential functional consequence of regulated targeting of polysomes and associated
mMRNA s is localized translation of cytoskeletal proteins important for cell polarization or
focal adhesion formation during cell functions such as migration [206]. This is supported by
direct visualization of zipcode-contating mRNA encoding components of the actin
cytoskeleton undergoing translation at sites of focal contacts[207,208]. Furthermore,
disruption of mRNA targeting using antisense oligonucleotides targeted to the zipcode
region of B-actin mRNA resulted in the inhibition of the directionality of lamellipodia
formation during migration[209]. Additionally, homeostatic mRNA targeting is also
important in the development of normal cell polarity and in inhibiting metastatic
potential[210,211,212].

Transcriptional Regulation

Complementing the role of the actin cytoskeleton in translational control of cytoskeletal
gene expression, the actin cytoskeleton actively participates in the regulation of
transcriptional activity for genes encoding cytoskeletal and contractile elements.

Actin-dependent transcriptional regulation is accomplished via subcellular localization of
actin-binding proteins that can serve as coactivators of transcription factors. The best
example of this type of regulation is in the control of the activity of the transcription factor,
serum response factor (SRF). SRF is a transcription factor that is controls myogenic gene
expression during development and smooth muscle cell differentiation[213]. SRF activation
in response to serum was originally shown to be dependent on the activity of the small
GTPase Rho, which also reorganizes the actin cytoskeleton[214]. Subsequently, actin
dynamics were found to be required for SRF activity as well, with induction of actin
polymerization leading to induction of SRF-dependent gene expression[215]. This effect
appeared to be dependent on levels of the G (monomeric) actin pool. Ultimately, it was
determined that this effect was mediated by an actin-binding protein, MKL1/myocardin-
related transcription factor-A (MRTF-A), which is known to associate with monomeric (G)
actin[216]. Upon polymerization of actin (F-Actin formation), MRTF-A is released from
monomeric actin and translocates to the nucleus, associating with SRF to activate SRF target
genes.

This signaling mechanism provides an elegant means by which extracellular signals can be
transduced into effects on gene expression. This has been established in fibroblasts for
hormone receptor-ligand interactions, such as LPA, sphingosine-1 phosphate, and
endothelin-1, which are known to act via G protein-coupled receptor activation of Rho
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proteins[217,218,219]. Additional evidence supports the role of this mechanism in adhesion
receptor-ligand interactions, such as integrin-mediated activation of Rho, during force
transduction[220]. Additionally, non-canonical signaling by TGF-p itself appears to activate
rho and MRTF-A translocation, upregulate SRF expression and activation during
myofibroblast differentiation [221,222,223]. This pathway is also required for epithelial-
mesenchymal transition induced by cell-contact disruption or TGF-f during myofibroblast
differention[224,225]. Interestingly, TGF-p induces components of the rho/actin/MRTF-A/
SRF signaling pathway, such as G-proteins coupled receptor agonists, rho proteins, and
rhoGEFs in a smad-dependent fashion. In this way, MRTF-A/SRF activation may be
complimentary to smad-dependent gene expression during myofibroblast differentiation,
further augmenting the expression of a subset of SRF-dependent genes, beyond levels
induced by smads alone, and potentially priming this pathway for additional activation by
other agonists (such as GPCR-receptor agonists). This data supports the model of this
signaling pathway as an important convergence point for varied cell environment-dependent
signals important in promoting myofibroblast differentiation. The actin/MRTF-A/SRF
signaling pathway has been demonstrated to controls numerous genes involved in the
contractile apparatus, focal adhesion complex, and cell cytoskeleton in various cell
systems[226,227]. Given the importance of a cytoskeletal integrity, contractility, and tension
on promoting myofibroblast differentiation, SRF-dependent gene expression may serve as a
crucial feed-forward mechanism promoting this transition during wound healing and
fibrogenesis.

Finally, nuclear actin polymers can also interact with RNA polymerases I, 11, 111
[228,229,230], and this interaction is required for transcriptional initiation. However, it is
not clear whether polymerized actin or actinomyosin contractility is required for this
function, or whether the configuration of cytosolic actin can contribute to the regulation of
this function [230,231]. Future investigations on the role of nuclear actin in the control of
transcriptional machinery, as well as the localization of transcription factors and there co-
activators will most likely yield new insights into the function of actin in this subcellular
compartment.

How might the actin cytoskeleton participate in the integration of these
multiple functions of the myofibroblast during the response to injury?

Given the multiple signals impacting the actin cytoskeleton in myofibroblast biology, the
temporal dynamics of myofibroblast behavior during wound healing remains difficult to
dissect. Despite this several themes are evident, including the presence of mutually
reinforcing signaling promoting additional myofibroblast activation and matrix remodeling.
A schematic of the interconnected functions impacted by the actin cytoskeleton is shown in
Figure 2 and lend some insight into mechanisms of myofibroblast biology. Upon fibroblast
migration to injured tissue under the influence of chemoattractants, the fibroblast will likely
encounter low-level stiffness similar to normal tissue[232]. The fibroblast may express and
release matrix metalloproteinases to aid in dissolution of the pre-existing matrix, while at the
same time synthesizing and laying down glycoproteins, early collagen forms, and EDA
fibronectin, which are dependent on canonical TGF-p/smad signaling, in contrast to TGF-p-
dependent rho/actin/MRTF-A/SRF signaling. Simultaneously, upon migrating to a wound
site, fibroblasts begin to form more stable focal adhesions, with the corresponding induction
and requirement rho signaling/actin stress fiber formation and development of contractile
force. Due to this increase in cell contractility, this process is rapidly self-reinforcing with a
further induction and enlargement of focal adhesion size[97] and transmission of tension to
the surrounding matrix via its linkage to fibronectin. Tension dependent unfolding of
fibronectin leads to additional fibronectin cross-linking and incorporation. Intracellularly,
the actin cytoskeleton plays a key role in transducing these mechanical signals to
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biochemical signals, with FAK-dependent activation of pro-survival signals and the
activation of SRF-dependent gene expression via MRTF-A translocation. As the remodeling
process progresses, SRF-dependent gene expression of cytoskeletal and contractile genes
could contribute to the reinforcement and remodeling of the contractile machinery via the
induction of smooth muscle-specific myosin and expression of a-SMA. Overall these events
would further augment contractility and the development of intracellular and matrix tension.
Complimenting the production of matrix components, the expression of TIMPs could inhibit
the dissolution of newly secreted matrix elements, and the myofibroblast would actively
incorporate and reorganize the elements, including fibrillar fibronectin. The overall effect of
increased contractility and matrix accumulation, incorporation, and reorganization is an
increase in the stiffness of the matrix, which provides a positive feedback to intracellular,
actin-dependent signaling.

Given the potential role of actin-dependent signaling in integrating multiple inputs
promoting myofibroblast differentiation and matrix remodeling, it is an attractive target for
pharmacologic intervention in fibrotic disease. Potential points for intervention include the
inhibition of Rho-signaling, including ROCK1 or ROCKZ2, or newly discovered small
molecular inhibitors of formins[233]. These approaches would have the benefit of broadly
disrupting actin-dependent signaling, but many of these approaches may have significant
detrimental effects on normal organ function. A potentially more useful approach may be to
attempt to target the adaptive responses that signal via actin during myofibroblast
differentiation, thereby disrupting the feed-forward signaling which occurs. One potential
strategy is the targeting of actin-dependent transcriptional regulation, via interruption of
SRF co-activators. Notably, germ-line deletion of the SRF co-activator MRTF-A yields
viable animals that are protected against cardiac fibrosis after myocardial infarction[221].

Summary and Future Directions

The actin myofilament was identified as one of the original phenotypic modulations
characterizing the myofibroblast phenotype. Early speculations that this prominent
cytoskeletal structure contributed the mechanical functions of the myofibroblast during
wound healing and fibrosis were confirmed by experimental data demonstrating its role in
migration, contraction, and matrix remodeling. More recent investigations have established
additional roles for the actin cytoskeleton in the transduction of mechanical stimuli into
biochemical signaling, and transcriptional and translational regulation. In mediating these
effects, the actin cytoskeleton serves as a central integrator of divergent signaling inputs
including matrix components, soluble growth factors, and physical force inputs. In response
to these varied signaling inputs, the actin cytoskeleton can modulate intracellular and
extracellular tension generation, focal adhesion formation and matrix remodeling, as well
cell signals leading to increased cytoskeletal, contractile, focal adhesion, and matrix gene
expression, amplifying these myofibroblast functions during wound healing. In light of these
diverse roles, the actin-associated molecules mediating these responses serve as an attractive
target for the modulation of myofibroblast behavior during fibrogenesis.

Future research should reveal how the actin cytoskeleton leads to activation of biochemical
signals near the focal adhesion complex, either via its role as a scaffold bringing signaling
components into close approximation, or perhaps via additional mechanisms of tension-
dependent recruitment leading to physical modifications of signaling molecules resulting in
their activation. Additional investigations are needed to understand how adaptive responses
in modified cells such as the myofibroblast differ from traditional cell models in regard to
focal adhesion complex assembly and its effect on matrix interactions. Determining
differences such as this may inform how one can best interfere with actin-dependent
signaling to inhibit myofibroblast response, without interfering with tissue homeostasis. One
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potential set of targets in this response is actin/MRTF-A/SRF-dependent gene expression,
which is known to modulate adaptive contractile gene expression, but may also be important
in inducing a broader set of adhesion and matrix-associated genes during myofibroblast
differentiation. The identification of key components of this response may provide new
targets for intervention in a broad set of fibrotic conditions.

In summary, since its original identification as a critical ultrastructural component of the
myofibroblast, the actin cytoskeleton has been shown to be involved in a multitude of roles
critical to its function. Future studies should clarify these functions and may yield helpful
insights into the pathobiology of aberrant fibrotic responses.
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Figure 1.
TGF-p signaling through Smads (A) and non-canonical signaling leading to activation of
ERK (B), JNK and p38 MAP kinase (C), AKT (D) and Rho/stress fiber formation (E).
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Figure 2.

The role of the actin cytoskeleton in modulating myofibroblast functions. The actin
cytoskeleton regulates several mechanical functions during myofibroblast differentiation
(focal adhesion formation, contraction, and matrix remodeling), but simultaneously controls
the transcription and translation of several genes that are involved in these same mechanical
functions. In this way, the actin stress fiber plays an important role in amplifying the signals
leading to myofibroblast differentiation. This feedback is bidirectional, as matrix stiffness,
focal adhesion formation and contractility all are stimuli for augmented stress fiber
formation.
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