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Abstract

Smooth muscle a actin (Acta2) expression is largely restricted to smooth muscle cells, pericytes and specialized fibroblasts,
known as myofibroblasts. Liver injury, associated with cirrhosis, induces transformation of resident hepatic stellate cells into
liver specific myofibroblasts, also known as activated cells. Here, we have used in vitro and in vivo wound healing models to
explore the functional role of Acta2 in this transformation. Acta2 was abundant in activated cells isolated from injured livers
but was undetectable in quiescent cells isolated from normal livers. Both cellular motility and contraction were dramatically
increased in injured liver cells, paralleled by an increase in Acta2 expression, when compared with quiescent cells. Inhibition
of Acta2 using several different techniques had no effect on cytoplasmic actin isoform expression, but led to reduced
cellular motility and contraction. Additionally, Acta2 knockdown was associated with a significant reduction in Erk1/2
phosphorylation compared to control cells. The data indicate that Acta2 is important specifically in myofibroblast cell
motility and contraction and raise the possibility that the Acta2 cytoskeleton, beyond its structural importance in the cell,
could be important in regulating signaling processes during wound healing in vivo.
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Introduction

Actin plays an important role in many cellular processes,

including cell division, cell motility and the generation of

contractile force. Eukaryotic cells contain at least six unique actin

isoforms, encoded by a multigene family [1,2]. Two nonmuscle or

cytoplasmic actins, b and c, are found in all cells while the muscle

actins include c smooth muscle actin, and 3 a actin variants

(smooth, cardiac and skeletal), each of which is restricted to

specialized muscle or muscle-like cells [3,4]. The smooth muscle a
actin (Acta2) isoform is found predominantly in smooth muscle, but

is also expressed in other specialized cells such as pericytes and

myofibroblasts, the latter of which are typical of wound healing

[5–7].

From a structural standpoint, actins are among the most highly

conserved proteins known (Figure S1). Despite the fact that the 6

known eukaryotic actin isoforms are coded for by 6 different genes,

the actins exhibit remarkable amino acid similarity [8]. The group

of muscle specific actins (smooth muscle c and a actin, cardiac a
actin, and skeletal a actin) differ from nonmuscle cytoplasmic

actins at less than 10% of amino acid locations, while the muscle

specific isoforms differ from each other only at several residues

[1,9], primarily at the amino-terminus [1,2,8,9]. Considerable

controversy exists regarding the degree that the minor variations

in actin structure confer functional specificity among the isoactins

[4,10]. A weak interaction between actin and myosin which

appears to be dependent on the negatively charged amino-

terminal region of actin and the positively charged flexible loop on

the myosin head [11] raises the possibility that differences in actin

structure in the amino-terminal region could lead to divergent

functional characteristics of the actins.

Persistent injury leads to a wounding response, common to

many tissues and typified by fibrogenesis as well as wound

contraction [6,12–16]. A key feature of the cellular response to

injury, regardless of tissue type, is the appearance of a population

of specialized cells known as myofibroblasts [17,18]. In the liver,

injury and the subsequent wounding response leads to activation of

resident mesenchymal cells known as hepatic stellate cells [19–21]

which undergo a programmed cascade of events, including

enhanced matrix synthesis, cellular proliferation, and striking de

novo production of Acta2 [13,21,22]. The stellate cell to

myofibroblast transformation process, also known as ‘‘activation’’

- in which Acta2 is an integral component - appears to be

analogous to that occurring in fibroblasts after injury and wound

healing in other pathological settings [7,23–27].

In this study, we hypothesized that Acta2, which is upregulated

during stellate cell activation, has a critical functional role in

stellate cell phenotypic behavior during the wound healing

response. In particular, cell motility and contractility appear to

be stellate cell phenotypes important during the wounding

response. Thus, we have utilized in vivo models of liver injury

with primary stellate cells, including those isolated directly from

injured livers. This activation response resulting from injury causes

stellate cells to transform into myofibroblast-like cells and allows us

to more accurately explore the functional role of Acta2 in cell

motility and contractility. This model in particular yields a more
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accurate assessment of in vivo cellular behavior than systems

utilizing passaged or transformed cells.

Results

Actin isoform regulation in hepatic stellate cells during
hepatic wounding

Our model system exploits our ability to isolate in high purity

and to examine primary rat stellate cells after induction of liver

injury; by all accounts, their study immediately after their isolation

provides a very close approximation of their in vivo phenotype [22].

We first evaluated actin, including Acta2 expression in two models

of hepatic injury and wounding (Figure 1). Repeated adminis-

tration of carbon tetrachloride (10 doses over 70 days) and bile

duct ligation led to prominent stellate cell activation, expression of

Acta2, and fibrosis as described [22].

Given previous reports of the dramatic upregulation of Acta2

after liver injury [22], we examined regulation of this and other

actin isoforms in this process. In individual stellate cells isolated

immediately after liver injury, actin isoforms localized predomi-

nantly to stress fibers (Figure 1A–D), although small amounts of

both Acta2 and cytoplasmic b-actin isoforms were found at leading

edges of migrating cells (Figure 1C, D). We further investigated

isoactins in stellate cells by immunoblotting and 2-dimensional gel

electrophoresis (Figure 1E–H, Figure S1). Levels of cytoplasmic

b-actin did not appear to change after activation while levels of

Acta2 increased (Figure 1E, F). By 2-D gel electrophoresis, signals

for cytoplasmic b and c actin remained essentially unchanged after

liver injury, while the signal corresponding to a actin appeared de

novo after activation (Figure 1E–H). Immunoblotting of isoactins

after 2-D gel electrophoresis with actin isoform specific antibodies

verified that the signal corresponding to b actin was nonmuscle

cytoplasmic b-actin and that corresponding to a actin was Acta2

(Figure 1H). In aggregate, the data demonstrate that injury and

wounding did not induce changes in cytoplasmic isoactins, but led

to a significant increase in Acta2 expression.

Myofibroblast motility and contraction are enhanced
during hepatic wounding

Stellate cells were isolated and subjected to linear scratch

wounding assays as in Materials and Methods. Cells isolated from

normal animals remained relatively compact and had typical

prominent retinoid inclusions (Figure 2A); note that the abundant

retinoid droplets remain in a highly compact fashion after early

isolation, and cause the cells to take on a refractile appearance

when viewed by phase contrast microscopy. Cells from normal

livers rarely entered the scratched area - even 48 hours later

(Figure 2A). In contrast, cells from injured livers appeared

activated, and myofibroblastic - containing less retinoid, and being

markedly spread, were highly motile (Figure 2B–D). Not only did

activated cells move into the scratch in a more rapidly than those

from normal livers, but migration of cells .50 mm was identified

only in cells isolated from injured livers (Figure 2C); quantitation

of cell movement by image analysis further established the

enhanced motility of cells from injured livers compared to normal

cells (Figure 2D). Time-lapse video microscopy demonstrated

that stellate cells from injured livers at the leading edge of the

scratched area migrated at a rate of 4–7 mm per hour, while those

from normal livers were essentially immobile over the initial

24 hours.

To further test cell motility, migration of stellate cells was

assessed using track etched polyethylene terphthalate membranes

containing 8 mm pores. Again, cells isolated from normal livers

largely remained compact, evidenced by the darkly stained nuclei

and sparse cytoplasm (Figure 3A); these cells exhibited almost no

trans-membrane motility over 12 hours (Figure 3A, B, E), while

cells from injured livers spread rapidly and readily migrated across

membranes (Figure 3C–E). Twenty-four hours after isolation,

30.3% and 20.1% of cells from livers wounded with carbon

tetrachloride and by bile duct ligation, respectively, migrated

through membrane pores, while we could identify almost no cells

isolated from normal livers migrating through membrane pores.

We next examined cellular contractility after hepatic wounding.

Again, cells early after isolation were studied, prior to culture-

induced changes or potential artifact, so as to allow a direct

analysis of their in vivo phenotype. Stellate cells from normal livers

did not contract in response to serum (not shown) or endothelin-1

while those after injury and activation were highly contractile

(Figure 3F).

Correlation of actin isoform regulation with cell motility
in hepatic stellate cells during hepatic wounding

In a scratch wounding assay, stellate cells from normal livers

were relatively immobile (Figure 4A–C), consistent with data in

Figures 2 and 3, and moreover expressed only cytoplasmic (b)

actin (the staining pattern for F-actin was identical to cytoplasmic

b-actin). In contrast, cells from injured livers were highly motile,

and expressed both Acta2 and cytoplasmic b-actin (Figure 4D–F)

(again, staining for F-actin was identical to that for cytoplasmic b
actin). Of note, cells migrating into the scratched areas appeared

to exhibit more intense Acta2 labeling than cytoplasmic b-actin

expression (Figure 4F); this was verified by demonstrating that

quantitative fluorescence intensity in cells migrating into scratch-

wounded areas was greater for Acta2 than for cytoplasmic b-actin.

Inhibition of Acta2 expression impairs cell motility and
contractility

The parallel upregulation of Acta2 and increase in stellate cell

motility and contractility during activation suggested a specific

functional role for Acta2 in these processes. Thus, to specifically

address the role of Acta2 in motility and contractility, we used 2

different approaches. First, we utilized a well characterized

primary cell culture model system in which stellate cells isolated

from normal livers are placed on plastic or glass substratum and in

the presence of serum, subsequently undergo spontaneous

activation, transforming into myofibroblasts. Secondly, we exam-

ined cell motility of mouse embryo fibroblasts and stellate cells that

did not express Acta2.

In the stellate cell culture-based model system, which mimics

activation in vivo, Acta2 is absent in cells isolated from normal liver

as in Figure 4; Acta2 mRNA expression becomes upregulated

during early culture and Acta2 filaments are detectable within

72 hours after initial plating; the level of Acta2 expression

continues to increase over time in primary culture in the presence

of serum or appropriate agonist [22]. In this model system, we

continuously exposed stellate cells to Acta2 antisense oligodeox-

ynucleotides (oligos). Multiple antisense oligos coding for sequenc-

es in different portions of the Acta2 gene were examined, but we

focused on the 39 untranslated (UT) region for 2 reasons. First, this

portion of the gene is the least well conserved among the actins [3]

and targeting it would in theory be most specific. Secondly,

previous reports have pointed to this region as selective for the

actins [28,29]. Sequences in the 39 UT region had the most potent

inhibitory effect (Figure 5A); other sequences tested did not have

significant inhibitory effects. Further, Acta2 39UT #1 antisense

oligos exhibited a dose-response effect on Acta2 expression

(Figure 5B). Because the actin family is highly conserved, we

Acta2 and Myofibroblast Function
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examined whether 39UT #1 antisense oligos had effects on

cytoplasmic b-actin in stellate cells; immunoblot analysis revealed

no effects of this antisense oligo on cytoplasmic b-actin. Further,

immunocytochemical studies demonstrated that Acta2 sense oligos

had no effect on Acta2 or cytoplasmic b-actin. Additionally, we

found no effect of the Acta2 antisense oligos on cytoplasmic b or c
actin mRNA or protein expression.

We next examined the effect of 39UT #1 antisense oligos on

stellate cell contractility and motility. Antisense oligos directed at

the 39 UT areas significantly reduced stellate cell contraction,

while controls had no effect (Figure 5C). In the in vitro scratch

wounding assay system, 39UT #1 sense oligodeoxynucleotides had

no effect on cell motility compared to controls in which no

oligodeoxynucleotides were added while antisense oligodeoxynu-

cleotides significantly reduced stellate cell motility (Figure 5D–G).

Inhibition of Acta2 also reduced the proportion of cells migrating

through polyethylene terphthalate membranes by 43% compared

to sense oligos, while migration of cells exposed to sense oligos

(Figure 5H), and all appropriate controls was not affected.

Importantly, all cells migrating through the polyethylene terphtha-

late membrane expressed Acta2, whether exposed to sense or

antisense oligos (n = 4 for each), further supporting a link between

Acta2 and cell motility.

Immunocytochemical studies further revealed that Acta2 39UT

#1 antisense oligos inhibited both Acta2 expression and motility

while sense oligos had no effect (Figure S2A–F). Interestingly,

cells migrating into the scratch wound exhibited the highest

relative levels of Acta2 expression (Figure S2F). To help

quantitate the relative abundance of each specific isoform after

exposure to oligos, we measured b-actin and Acta2 fluorescence

intensity. Although b-actin intensity did not change after exposure

to antisense oligodeoxynucleotides, that for Acta2 decreased

several-fold.

Figure 1. Actin isoform expression after liver injury. In (A–C), stellate cells were isolated after carbon tetrachloride (CCl4) induced liver injury as
in Methods and plated on glass coverslips. Twenty-four hours later, smooth muscle a actin (Acta2) (A, Texas red) and nonmuscle b-actin (B, FITC) were
detected by immunocytochemistry as in Methods. In (C and D) are shown overlays, revealing co-localization of actins (C: bar = 10 microns; D:
bar = 5 microns). Identical results were obtained with cells after either form of liver injury, and images are representative of over 20 others. In (E),
stellate cells were isolated from normal livers or 8 days after bile duct ligation or 10 doses of carbon tetrachloride and immediately subjected to
immunoblotting as in Methods. Representative immunoblots shown depict duplicate, identical, samples probed for each Acta2 and anti-cytoplasmic
b actin (7.5 mg total protein). In (F), specific bands were scanned, quantitated and expressed graphically (n = 4 for each model of injury, *p,0.001
compared to normal). In (G), stellate cells from normal or injured livers were immediately lysed and equal amounts (40 mg) of cellular proteins were
subjected to 2-D gel electrophoresis as in Methods. Notably, we also made a theoretical estimation of isoactin PIs by in silico analysis of each actin
isoform ([67](Figure S1)). Representative examples (of greater than 20 separate experiments) reveal specific actin isoforms, and after injury (bile duct
ligation), new expression of an a isoform (two-D gels are shown in the standard international format with pI ranging from acidic to basic, left to right).
In (H), a representative immunoblot of similarly prepared protein samples after 2-D gel electrophoresis is shown (200 mg total protein each). As
described in Methods, nitrocellulose membranes were probed sequentially with anti-cytoplasmic b-actin then anti-Acta2 (using the same ECL
detection method each time, thus accounting for repeat detection of the b-actin band). Abbreviations: Acta2 - smooth muscle a actin; BDL - bile duct
ligation; CCl4 - carbon tetrachloride.
doi:10.1371/journal.pone.0077166.g001

Acta2 and Myofibroblast Function

PLOS ONE | www.plosone.org 3 October 2013 | Volume 8 | Issue 10 | e77166



To further explore the role of Acta2 in cell motility, we also

examined cells from Acta2 deficient mice [30]. Actin isoform

expression in these cells was studied extensively. We did not

identify significant changes in the heterologous actins – cytoplas-

mic b-actin, cytoplasmic c-actin, smooth muscle c and a actin,

cardiac a actin, or skeletal a actin - in Acta2 deficient cells at the

mRNA or protein level compared to wild type cells. We evaluated

cell motility in Acta2 deficient mouse embryo fibroblasts (MEFs)

and in stellate cells isolated from these mice. Functional assays of

Acta2 deficient MEFs revealed that they exhibited reduced motility

compared to wild type cells (Figure 6A–C); we also performed

studies of mouse stellate cell motility and found that their motility

phenotype was identical to MEFs; thus, due to the technical

difficultly in obtaining large numbers of stellate cells and since the

profiles of activated stellate cells and MEFs were identical, we

performed multiple replicate functional studies in the latter only.

Additionally, MEFs lacking Acta2 also exhibited a reduced

contraction phenotype (Figure 6D). Of note, Acta2 +/+ MEFs

grown in the presence of 10% FBS expressed Acta2 in stress fibers,

while as expected, 2/2 MEFs did not, and both cell types

expressed cytoplasmic b-actin, again in stress fibers.

Acta2 activates Erk
The Erk MAPK pathway plays a critical role in a variety of

cellular processes, including migration, contraction, and prolifer-

ation [31,32]. Thus, we asked whether the Acta2 cytoskeleton

could be important in regulation of Erk signaling. First, we

demonstrated that siRNA mediated knockdown of Acta2 was

feasible (Figure 7A, top panel). Additionally, there were no

significant changes in other actin isoform mRNA expression (i.e.

the cytoplasmic actins, smooth muscle c and a actin, cardiac a
actin, or skeletal a actin –Figure S1) in Acta2 knockdown cells

compared to controls.

Knockdown of Acta2 (Figure 7A, top panel and Figure 7B)

paralleled a significant reduction in Erk1/2 phosphorylation

(Figure 7A, second panel and Figure 7C); there was no

effect on b-actin or tubulin. These data suggested that Acta2

regulates Erk activity during stellate cell activation. Interestingly,

while Erk activity during stellate cell activation has been reported

to important in stellate cell proliferation [33], Acta2 knockdown did

not affect stellate cell proliferation, when stimulated with a high

concentration of serum (Figure 7D).

Discussion

We show here that in vivo stellate cell activation after liver

wounding is associated with a striking increase in cellular motility

and contractility; this functional transition parallels an increase in

expression of Acta2, typical of myofibroblasts. Additionally,

Figure 2. Enhanced stellate cell motility after liver wounding. Stellate cells isolated from normal and injured livers were isolated, plated at
equal density and allowed to adhere in culture overnight. A linear scratch was applied to the monolayer and cell motility was assessed by phase
contrast microscopy (A–B) and by quantitative analysis of cell movement into the scratch-wounded area (C–D). Photomicrographs shown in (A) and
(B) depict examples of cells from normal liver (A) and after carbon tetrachloride injury (B) as in Methods; photomicrographs were taken after 24 hours
and are representative of 15 different experiments (bar = 60 microns). In (C), cells entering the wounded area of the monolayer over 24 hours were
counted (i.e., the number of cells moving the specified distances into the wounded area per high powered field were quantitated as in Methods, n = 6
for each model of injury). In (D), the area in the scratch remaining unoccupied by cells was quantitated (in each experiment, 10 random fields were
assessed; the area remaining free of cells was measured by image analysis as in Methods, single data points were created for each experiment and
were used to generate quantitative data; n = 6 for each model of injury). For (C) and (D), *p,0.001 compared to normal. Abbreviations: CCl4 - carbon
tetrachloride.
doi:10.1371/journal.pone.0077166.g002
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inhibition of Acta2 expression (with many different methods)

reduced both stellate cell motility and contractility.

Our data raise important issues regarding actin isoform

structure and function. On one hand, we have shown that Acta2

is important in cellular contractility as well as motility, functions

that have often been attributed to nonmuscle isoforms. Despite the

normal expression of non-muscle actins, we have shown that a lack

of Acta2 significantly impairs cell motility (Figures 2–4, 6), raising

the possibility of functional specificity. Further, contraction in

Acta2 null cells is compromised, consistent with previous observa-

tions [34–41]. On the other hand, we cannot rule out the

possibility that Acta2 supports motility and contractility by

contributing to the total actin pool. Additionally, the finding that

Acta2 null cells retained some measure of contractility and motility

suggests functional redundancy for actin, which is not surprising

given the remarkable sequence conservation among the actin

isoforms [4,10]. An abundance of cell-based and whole organism-

based literature support the existence of each isoactin functional

specificity and redundancy [34–41]. Therefore, based on these

previous data, and our own work, we conclude that a complex

interplay of isoactin expression and dynamics at the cellular level is

likely to determine the functional fate of each actin.

Previous reports examining Acta2 and general cellular contrac-

tility are in agreement with our findings while one studying cellular

Figure 3. Enhanced migration and contraction of stellate cells after liver injury. Cells from normal and injured livers were isolated as in
Methods and allowed to adhere on top of polyethylene terphthalate membranes containing 8 mm pores. Cells were plated in serum free medium;
serum containing medium was placed in the bottom of transwell chambers. After 12 hours, membranes were washed, fixed with 4%
paraformaldehyde and stained for 30 minutes with 0.4% hematoxylin. In (A) and (B) are shown representative examples of cells from normal liver and
in (C) and (D) are shown cells from injured liver (carbon tetrachloride). Panel (A) shows an exposure focused on the top of the membrane, (B) depicts
the same field, but focused on the bottom of the membrane. In (A), many cells remain compact and therefore are darkly stained, the small arrows
point to cells that have begun to spread on the top of the membrane. In (B), no cells have passed through the membrane and therefore none are in
focus. In (C) and (D) virtually all cells have spread markedly, the small arrows in (C) point to cells that have spread on the top of the membrane. In (D),
the larger arrows point to cells that have migrated through the membrane (bar = 50 microns). In (E), the number of cells migrating to the bottom of
the membrane were quantitated and expressed as a proportion of all cells plated (n = 4 for each model of injury, *p,0.001 vs. control (normal cells)).
In (F), stellate cells from normal and injured livers were isolated and allowed to adhere on top of collagen lattices. After adherence for 18 hours,
serum free conditions were introduced and medium containing endothelin-1 (2 nM) was added. Lattices were dislodged and contraction after
4 hours is shown (n = 4 for each injury model, *p,0.001 vs. control (normal cells)). Abbreviations: BDL - bile duct ligation; CCl4 - carbon tetrachloride;
Nl - normal; Ctr – control.
doi:10.1371/journal.pone.0077166.g003
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motility is not. It was shown that inhibition of Acta2 expression

reduced cell force generation [42] and gingival fibroblast mediated

collagen gel contraction [43], consistent with our findings and also

supporting the position that Acta2 functions as a contractile

protein. In another report, it was suggested that Acta2 functions as

a ‘‘brake’’ for motility [28]. In this study, fibroblasts derived from

clonal expansion of cell lines expressing Acta2 were less motile than

lines lacking Acta2. However, we found upregulation of Acta2 to be

associated with enhanced motility and that deletion of Acta2 null

fibroblasts led to reduced motility compared to wild type cells

expressing increased amounts of Acta2. Although the previous

study and our own would appear to be paradoxical, several points

merit emphasis. First, our study characterized Acta2 in cells

isolated directly from a normal or injured organ; their behavior is

more likely to mimic that occurring in vivo. In contrast, in the

previous study, cloned and highly selected fibroblast cell lines were

examined. Although changes in Acta2 expression were well

characterized, it is unknown whether changes in expression of

other proteins that could affect cell motility were introduced

during clonal expansion.

Our data are consistent with other data in stellate cells that have

emphasized a prominent motility phenotype specifically in this cell

type. In one study, migration of stellate cells increased after injury,

but deletion of moesin significantly reduced cell motility [44]. In

another study, it was likewise shown that activated stellate cells

were motile [45], and additionally that inhibition of the myosin II

ATPase with blebbistatin, stimulated stellate cell migration.

Finally, it was demonstrated that a microtubule-destabilizing

protein found in neurons, SCG10, was upregulated in stellate cells

after injury [46], highlighting a potential mechanism for enhanced

stellate cell migration after liver injury.

Understanding the function of specific cytoskeletal proteins is

inherently difficult because collective cytoskeletal behavior de-

pends on the complex arrangement and interaction of many

components, all of which ultimately play a role. This is particularly

relevant in our system since stellate cells undergo activation after

injury, and the activation process almost certainly modifies

multiple elements of the cytoskeleton. Thus, while we believe that

Acta2 is important in stellate cell contraction and motility, other

factors are also likely to be critical. For example, we have found

that a-actinin, an actin linking protein, is highly expressed in

stellate cells during activation; further, it has been shown that

myosin heavy chains, which serve as motors for motility, are also

present in activated stellate cells [47]. In addition, cell motility and

contractility are linked with multiple molecular pathways [46,48–

51]. We have previously demonstrated increases in Rho associated

kinase (ROCK) and ROCK activity [52] and other signaling

cascades after activation [52,53], which are involved in organizing

the actin cytoskeleton needed for cell contraction and motility.

Here, we have further demonstrated that Acta2, and presumably

the actin cytoskeleton, is important in regulation of Erk (Figure 7).

It is commonly accepted that Erk plays a critical role in cell

motility and contraction through phosphorylation of FAK,

calpain-2, paxillin, MLCK, and other signaling partners [32,54].

Thus, our data suggest that reduced motility and contractility in

Acta2 deficient stellate cells appears at least in part to be due to

reduced Erk activity. Interestingly, Acta2 did not appear to be a

prominent regulator of stellate cell proliferation (Figure 7). We

Figure 4. Acta2 expression in normal and injured stellate cells during cell migration. Stellate cells from normal and injured liver (carbon
tetrachloride) were isolated, plated at equivalent density and allowed to adhere in culture overnight as in Figure 1. After 12 hours, a linear scratch
was applied to the monolayer. Twenty-four hours later, cells were fixed and dual labeled with anti-cytoplasmic b-actin and anti-Acta2 antibodies as in
Methods. In (A, cytoplasmic b-actin) and (B, Acta2), representative examples of cells from normal livers after scratch wounding are shown. In (D,
cytoplasmic b-actin) and (E, Acta2), cells from carbon tetrachloride treated animals are shown. In C and F, co-localization of b-actin and Acta2 is
depicted in overlays. Representative areas from typical experiments (carbon tetrachloride) are shown (n = 15) (bar = 100 microns).
doi:10.1371/journal.pone.0077166.g004
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Figure 5. Acta2 antisense oligodeoxynucleotides inhibit Acta2 expression, stellate cell contractility, and stellate cell motility. Stellate
cells were isolated from normal rat livers; after 24 hours, oligonucleotides were transfected as in Methods (the transfection mix containing
oligonucleotides was replaced every 48 hours). Five days later, cells were harvested and lysates were subjected to immunoblotting to detect Acta2. In
(A), different oligonucleotides (10 mM) were tested; specific Acta2 bands were scanned, quantitated and expressed graphically (n = 3, * p,0.01). In (B),
the effect of different concentrations of sense and antisense oligonucleotides (the Acta2 39UT #1 sequence) was examined. The upper portion of the
figure depicts a representative immunoblot, and the graph below depicts scanned and quantitated data (n = 3, * p,0.01). Immunoblots with anti-
cytoplasmic b-actin revealed no change in Acta2 expression (not shown). In (C), cells as above were placed on collagen lattices; oligonucleotides were
added 24 hours later (all at 10 mM) and replaced at day 3 and 5 in culture. Serum free conditions were introduced and medium containing serum
(10% horse/10% calf) was added to induce contraction. Lattices were dislodged from their plastic substrata and gel contraction was measured
(contraction after 4 hours is shown, n = 4, *p,0.01 compared to lattices exposed to sense oligonucleotides). Cells exposed to only serum free or
serum containing medium served as negative and positive controls, respectively. In (D–H), stellate cells from normal livers were isolated and allowed

Acta2 and Myofibroblast Function

PLOS ONE | www.plosone.org 7 October 2013 | Volume 8 | Issue 10 | e77166



speculate that these complex systems, including interaction of

signaling partners, extracellular matrix binding proteins (i.e.

integrins), turnover of focal adhesions, as well as the actin

cytoskeleton are all likely to be important in mediating stellate cell

migration and motility during wound healing.

In summary, wound healing is a dynamic process in which cell

migration and contraction are important components [55,56].

Myofibroblasts, which share the unique property that they express

Acta2 during the wounding response, appear to be central to the

process [23,24,57–60]. Further, our findings suggest that Acta2 is

critical for both cell motility and contractility, and thus plays an

important role in myofibroblast function.

Materials and Methods

Ethics Statement
All animals received care according to NIH guidelines and the

University of Texas Southwestern and the Medical University of

to undergo culture induced activation. Twenty-four hours after isolation, cells were transfected with oligodeoxynucleotides as in Methods. Seventy-
two hours later, a linear scratch was applied to the cell monolayer. In (D), cells exposed to 39UT #1 sense oligonucleotides (10 mM) are shown; in (E)
cells exposed to 39UT #1 antisense oligonucleotides (10 mM) are shown (representative images 24 hours after scratch wounding are shown)
(bar = 50 microns). In (F), the number of cells per high-powered field entering the wounded area of the monolayer were counted and quantitated as
in Methods (n = 6, *p,0.01 vs. cells exposed to sense oligonucleotides). In (G), the area in the wound remaining unoccupied by cells was quantitated
by image analysis as in Methods (n = 6, *p,0.01 vs. cells exposed to sense oligonucleotides). In (H), the effect of Acta2 antisense
oligodeoxynucleotides on stellate cell motility was assessed by measuring migration of stellate cells through polyethylene terphthalate membranes
containing 8 mm pores as in Figure 2 (n = 3, *p,0.01 vs. to sense). Abbreviations: Init - initiation; UT – untranslated.
doi:10.1371/journal.pone.0077166.g005

Figure 6. Reduced cellular motility and contractility in Acta2 deficient cells. Acta2 wild type (+/+) and null (2/2) fibroblasts were isolated
from mouse embryos as in Methods. At the second to sixth passage, cells were plated in monolayers at uniform density and subjected to scratch
wounding as in Methods. In (A) (+/+) and (B) (2/2), representative examples of cells migrating into scratched areas at different times are shown. In
(C), cells migrating the specified distances and 12 and 24 hours after scratch wounding were counted (n = 6, *p,0.01 for +/+ vs. 2/2 cells). In (D),
stellate cells from Acta2 deficient (2/2) and wild type (+/+) were placed on top of collagen lattices and contraction was measured as in Methods
(n = 4, **p,0.005 for +/+ vs. 2/2 cells).
doi:10.1371/journal.pone.0077166.g006
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South Carolina Institutional Animal Care and Use Committees

(IACUC) approved the protocols.

Liver Injury
Hepatic wounding was induced in male Sprague-Dawley rats

(450–550 gram) by repetitive intragastric administration of carbon

tetrachloride (10 weekly doses) or by bile duct ligation (for 14 days)

as described [61–63]. Controls received corn oil or underwent

sham laparotomy on the same schedule as experimental animals.

Cell isolation and culture
Stellate cells were isolated from normal and injured male

Sprague-Dawley rat livers (450–550 grams) as well as Acta2

deficient (a kind gift from Dr. Robert Schwartz [30]) and wild type

littermate mice as described [63,64]. Stellate cells were greater

than 99% pure as assessed by desmin immunoreactivity and

intrinsic vitamin A autofluorescence.

Motility and migration assays
Cells from normal or injured livers were isolated and cultured in

confluent monolayers. After culture for a designated time period, a

scratch was applied to the monolayer with a sterilized circular

metal tip and cultures were maintained at 37uC. Cell migration

was measured in a blinded fashion by (1) counting individual cells

migrating specific distances into the linear scratched area using a

calibrated grid reticle in the eyepiece (10 random fields were

examined for each condition) and (2) by image analysis (in 10

random fields, the area remaining unoccupied by cells was

measured) using NIH image. Photomicrographs were with a

Nikon TE 300 photomicroscope (Nikon Co.), Nikon N6006

automatic camera (Nikon Co.) and Tmax film (Eastman Kodak

Co., Rochester, NY).

To measure cell migration through membranes, cells from

normal or injured livers were isolated and cultured in track etched

polyethylene terphthalate membranes cell culture inserts with

8.0 mm pores. After the specified time period, inserts (both sides)

were washed, fixed (4% paraformaldehyde), stained with 0.4%

hematoxylin (Sigma), and mounted. For some experiments, inserts

were fixed and processed for immunocytochemical studies as

above.

Immunocytochemistry
Cell cultures were washed with PBS and fixed with fresh

paraformaldehyde (4%) in PBS, then 0.3% Triton X 100. After

washing, cells were incubated overnight at 4uC in PBS containing

anti-Acta2 antibody (Clone 1A4, Sigma) diluted 1:200, and Oregon

Green conjugated phalloidin (Molecular Probes). Cells were

washed and incubated with biotinylated anti-mouse IgG (Amer-

sham) for 2 hours. In some cultures, cells were co-labeled with

FITC conjugated anti-cytoplasmic b-actin antibody (Sigma),

rather than with Oregon Green conjugated phalloidin. After

washing with PBS, samples were incubated with streptavidin-

linked Texas Red (Amersham) for 30 minutes, washed again and

Figure 7. Acta2 and Erk signaling. In (A), rat stellate cells were isolated and grown in standard medium for 2 days as described in methods and
then exposed to smooth muscle (SM) a actin (Acta2) siRNA (siActa2) or control siRNA (siLuc) for 48 hours as in Methods. Cells were incubated in 0.5%
serum medium for a further 24 hours and then harvested. Equal quantities of protein lysate (25 mg) were subjected to immunoblotting to detect the
identified proteins and representative images are shown; quantitative data are presented graphically (B and C, n = 3; *p,0.05 for siLuc vs. siActa2). In
(D), stellate cells as above were seeded at a density of 16104 per well in 96 well plates and transduced siRNA siActa2 or control siRNA siLuc for
48 hours and then incubated in 0.5% or 10% serum medium for a further 24 hours. Cell proliferation was measured as described in Methods, with
proliferation being proportional to absorbance. Abbreviations: SM - smooth muscle; siActa2 - smooth muscle a actin or Acta2 siRNA; siLuc - luciferase
siRNA.
doi:10.1371/journal.pone.0077166.g007
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mounted. Photomicrographs taken with a Nikon TE 300

photomicroscope (Nikon Co.), Nikon N6006 automatic camera

(Nikon Co.) and Ilford Plus film (Ilford Co.). In some experiments,

confocal images were obtained with an 410 LSM Zeiss microscope

(Carl Zeiss, Inc.); fluorescence intensity (I) measurements were

obtained from entire cells and analyzed with Zeiss LSM 410

software. Control specimens were identical to experimental

specimens except they were exposed to irrelevant isotype matched

antibody.

Two-dimensional gel electrophoresis
Cells were washed and lysed in buffer containing 0.3% SDS,

200 mM DTT, 28 mM Tris HCl and 22 mM Tris base at 100uC;

nucleic acids were removed with RNase and DNase (Gibco BRL)

and protein precipitated with 80% v/v ice cold acetone for

20 minutes. Samples were centrifuged and the pellet resuspended

in sample buffer and equal amounts of protein were loaded onto

pre-cast pH 4–8 carrier ampholyte tube gels (Genomic Solutions)

and focused for 17 hours at 2,000 volts. SDS-PAGE of tube gels

was carried out in precast 22622 cm 10% acrylamide SDS-PAGE

gels with (5 mm spacers) for 4 to 5 hours at 500 volts. The exact

position of actins was verified by comigration with purified bovine

actin (Sigma Co.) and prepackaged 2-D protein standards

containing actin (Bio-Rad). Proteins were detected with silver

stain applied per manufacturer recommendations (Genomic

Solutions), dried, scanned, aligned, and quantitated (Melanie II,

Version 2.2, Bio-Rad). Relative spot intensities were compared

after matching for gel staining. For experiments in which

immunoblotting was performed after 2-D gel electrophoresis, dry

polyacrylamide strips (Immobiline DryStrip; ampholytes, pH 4.5–

5.5, 18 cm, Amersham) were used to perform 2-D gel electro-

phoresis (per manufacturer recommendations), rather than tube

gels.

Immunoblot
Freshly isolated stellate cells or cultured cells were lysed,

separated by SDS-PAGE, and transferred to nitrocellulose.

Nonspecific binding was reduced by preincubation with TBS-T

containing 5% bovine albumin (Sigma) and 2% serum (from the

same species as the secondary antibody). Nitrocellulose blots were

incubated overnight with Acta2 antibody, or anti-cytoplasmic b
actin antibody (Sigma), diluted 1:2000 and washed 3 times with

PBS. Bound primary antibody was detected following incubation

with horseradish peroxidase conjugated anti-mouse IgG (Amer-

sham), followed by ECL (Amersham Life Science). Bands were

visualized on multiple exposures to autoradiography film (Eastman

Kodak Co.) and data collected over a narrow range of X-ray film

linearity and quantitated by scanning densitometry.

Collagen lattice preparation and stellate cell contraction
Contraction assays were performed in 24-well flat-bottom tissue

culture plates (Corning Glass Works) as previously described [65].

In brief, culture vessels were washed with PBS (Sigma) containing

1% bovine serum albumin (Sigma) and air-dried. A mixture of 8

parts Vitrogen (Celltrix Corp.), 1 part 10x MEM (Gibco BRL) and

1 part 0.2 M HEPES was added to each culture well, and allowed

to gel. Cells isolated from normal or injured livers were layered on

top of the collagen lattice and cultured for a specified time, after

which mediators were added to induce contraction and lattices

were detached by gentle circumferential dislodgment using a

200 mL micro-pipet tip. Contraction was monitored electronically

as the change in lattice area over time.

Antisense oligodeoxynucleotides, transfection
Hepatic stellate cells were isolated and cultured as above.

Transfection of antisense or sense phosphorothioate deoxyoligo-

nucleotides (oligos, Operon Technologies, Inc.,) was performed

after cell attachment with lipofectin (Gibco BRL) or FuGENE/mL

(Roche Diagnostics Co.) as per the manufacturers specifications.

The oligo and transfection mix was replaced every 48 hours.

Oligos were used at concentrations of 100 nM, 1 mM, or 10 mM.

Antisense phosphorothioate oligos were directed at the translation

start region (+16 to +30; 59-CAG-AGC-TGT-GCT-GTC-39), the

mid portion of the gene in the coding region (+685 to +699, 59-

AGG-AGC-AGT-GGC-CAT-39), and the 39 untranslated region

(+1204 to +1218; 59-TCC-ACA-AAA-CAT-TCA-39, termed

39UT #1, and +1186 to 1205; 59-CAC-AGT-TGT-GTG-CTA-

GAG-AC-39, termed 39UT #2). Random (59-ATG-TAG-TCA-

CTT-CAA-39) and specific sense (+1204 to +1218; 59-TGA-ATG-

TTT-TGT-GGA -39) phosphorothioate oligonucleotides served as

negative controls.

siRNA knockdown
Hepatic stellate cells were as above. Cells were transduced with

a specific siRNA to Acta2 (siActa2): sense- ucAGAcAuGuGcuAcc-

cuudTsdT, antisense- AAGGGuAGcAcAUGUCUGAdTsdT or a

control siRNA to luciferase (siLuc): sense: 59-cuuAcGcuGAGuA-

cuucGAdTsdT-39 antisense: 59- UCGAAGuACUcAGC-

GuAAGdTsdT (29-O-methyl-modified nucleotides are in lower

case; s, phosphorothioate linkage; dT, deoxythymidine) by using

lipofectamie RNAimaxi (Invitrogen) for 48 hours according to the

manufacturer’s directions. Following 1 further day of culture in

0.5% serum medium, cells were harvested. Specific bands were

quantitated and the raw volume of the control band(s) of Acta2 or

Erk1/2 (25 nM) were arbitrarily set at 100. Specific expression in

each sample was presented as a relative percentage.

Cell Proliferation
Cells were seeded in 96 well plates at 16104 cells per well and

cultured for 2 days. On the third day of culture, cells were

transduced with siActa2 or siLuc for 48 hours as above. Cell

proliferation was measured by the MTS method (Promega)

according to the manufacturer’s instructions.

Mouse embryo fibroblast isolation
Mouse embryo fibroblasts were isolated from mice with targeted

deletion of Acta2, a kind gift from Dr. Robert Schwartz [30] as

described [66]. In brief, embryos from heterozygote crosses were

isolated at day 12–13 gestation, and each embryo was minced in

0.25% trypsin-EDTA (Gibco BRL). Cells were dispersed by

shaking at 4uC for 2 hours, and then plated in DMEM containing

10% fetal bovine serum (Both from Gibco BRL). Cells were

trypsinized and passed after 24 hours, and all experiments

performed at passage 2–6.

Statistics
ANOVA or Fisher’s exact t tests were used for statistical

comparisons. Each experiment utilized cells from a different

animal. For calculation of mean values and statistical variation,

‘‘n’’ refers to the number of separate experiments each with an

individual cell preparation. Error bars depict the standard error of

the mean (SEM) unless stated otherwise; absence of error bars

indicates that the SEM was less than 1%, unless stated otherwise.
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Supporting Information

Figure S1 Actin isoforms - their amino acid variation
and isoelectric points (pIs). Each of the 6 actin isoforms is

listed; GenBank accession numbers are provided, along with

corresponding molecular sizes, amino acid numbers and pIs. The

table also depicts a theoretical estimation of isoactin pIs by in silico

analysis of the amino acid sequence, which was performed for

each actin isoform as described [67] (see http://ca.expasy.org/

tools/pi_tool.html).

(EPS)

Figure S2 Acta antisense oligonucleotides inhibit cell
motility (immunocytochemistry). Stellate cells were as in

Figure 5. Twenty-four hours after scratch wounding, cells were

subjected to immunocytochemistry as in Figure 4. In (A, D,

cytoplasmic b-actin) and (B, E, Acta2), representative images of

cells exposed to 39UT #1 sense oligonucleotides (A, B) and 39UT

#1 antisense oligonucleotides (D, E) are shown. In C (sense

oligonucleotides) and F (antisense oligonucleotides), merged

images are depicted in overlays. Representative areas from typical

experiments are shown (n.12). Bar = 150 microns.

(EPS)

Acknowledgments

The authors have declared that no competing interests exist. We thank

Shmuel Tuvia for assistance with immunocytochemical studies and

confocal imaging and John Chung for development of antisense

oligonucleotides. We also thank Alfica Sehgal for providing Acta2 and

control (luciferase) siRNA.

Author Contributions

Conceived and designed the experiments: DR. Performed the experiments:

DR NW ZS. Analyzed the data: DR NW ZS. Contributed reagents/

materials/analysis tools: DR NW ZS. Wrote the paper: DR.

References

1. Garrels JI, Gibson W (1976) Identification and characterization of multiple

forms of actin. Cell 9: 793–805.

2. Vandekerckhove J, Weber K (1978) At least six different actins are expressed in a

higher mammal: an analysis based on the amino acid sequence of the amino-

terminal tryptic peptide. J Mol Biol 126: 783–802.

3. McHugh KM, Crawford K, Lessard JL (1991) A comprehensive analysis of the

developmental and tissue-specific expression of the isoactin multigene family in

the rat. Dev Biol 148: 442–458.

4. Herman IM (1993) Actin isoforms. Curr Opin Cell Biol 5: 48–55.

5. Gabbiani G, Ryan GB, Majne G (1971) Presence of modified fibroblasts in

granulation tissue and their possible role in wound contraction. Experientia 27:

549–550.

6. Grinnell F (1994) Fibroblasts, myofibroblasts, and wound contraction. J Cell Biol

124: 401–404.

7. Schurch W, Seemayer TA, Gabbiani G (1998) The myofibroblast: a quarter

century after its discovery [editorial]. Am J Surg Pathol 22: 141–147.

8. Miwa T, Manabe Y, Kurokawa K, Kamada S, Kanda N, et al. (1991) Structure,

chromosome location, and expression of the human smooth muscle (enteric type)

gamma-actin gene: evolution of six human actin genes. Mol Cell Biol 11: 3296–

3306.

9. Vandekerckhove J, Weber K (1979) The complete amino acid sequence of actins

from bovine aorta, bovine heart, bovine fast skeletal muscle, and rabbit slow

skeletal muscle. A protein-chemical analysis of muscle actin differentiation.

Differentiation 14: 123–133.

10. Rubenstein PA (1990) The functional importance of multiple actin isoforms.

Bioessays 12: 309–315.

11. Rayment I, Holden HM, Whittaker M, Yohn CB, Lorenz M, et al. (1993)

Structure of the actin-myosin complex and its implications for muscle

contraction [see comments]. Science 261: 58–65.

12. Gabbiani G, Hirschel BJ, Ryan GB, Statkov PR, Majno G (1972) Granulation

tissue as a contractile organ. A study of structure and function. JExpMed 135:

719–734.

13. Maher JJ, McGuire RF (1990) Extracellular matrix gene expression increases

preferentially in rat lipocytes and sinusoidal endothelial cells during hepatic

fibrosis in vivo. JClinInvest 86: 1641–1648.

14. Border WA, Noble NA, Yamamoto T, Harper JR, Yamaguchi Y, et al. (1992)

Natural inhibitor of transforming growth factor-beta protects against scarring in

experimental kidney disease. Nature 360: 361–364.

15. Gailit J, Clark RA (1994) Wound repair in the context of extracellular matrix.

Curr Opin Cell Biol 6: 717–725.

16. McClain SA, Simon M, Jones E, Nandi A, Gailit JO, et al. (1996) Mesenchymal

cell activation is the rate-limiting step of granulation tissue induction. Am J Pathol

149: 1257–1270.

17. Gabbiani G (1981) The myofibroblast: a key cell for wound healing and

fibrocontractive diseases. ProgClinBiolRes 54: 183–194.

18. Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA (2002)

Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat

Rev Mol Cell Biol 3: 349–363.

19. Davis BH, Kresina TF (1996) Hepatic fibrogenesis. Clin Lab Med 16: 361–375.

20. Gressner AM (1995) Cytokines and cellular crosstalk involved in the activation of

fat-storing cells. J Hepatol 22: 28–36.

21. Friedman SL, Arthur MJ (1989) Activation of cultured rat hepatic lipocytes by

Kupffer cell conditioned medium. Direct enhancement of matrix synthesis and

stimulation of cell proliferation via induction of platelet-derived growth factor

receptors. JClinInvest 84: 1780–1785.

22. Rockey DC, Boyles JK, Gabbiani G, Friedman SL (1992) Rat hepatic lipocytes

express smooth muscle actin upon activation in vivo and in culture.

JSubmicroscCytolPathol 24: 193–203.

23. Mitchell J, Woodcock-Mitchell J, Reynolds S, Low R, Leslie K, et al. (1989)

Alpha-smooth muscle actin in parenchymal cells of bleomycin-injured rat lung.

Lab Invest 60: 643–650.

24. Johnson RJ, Iida H, Alpers CE, Majesky MW, Schwartz SM, et al. (1991)

Expression of smooth muscle cell phenotype by rat mesangial cells in immune

complex nephritis. Alpha-smooth muscle actin is a marker of mesangial cell

proliferation. J Clin Invest 87: 847–858.

25. Roche WR (1990) Myofibroblasts [editorial]. J Pathol 161: 281–282.

26. Desmouliere A, Gabbiani G (1995) Myofibroblast differentiation during fibrosis.

Exp Nephrol 3: 134–139.

27. Kapanci Y, Kurt AM, Redard M, Gabbiani G (1997) Phenotypic modulation of

alveolar myofibroblasts in transplanted human lungs. Mod Pathol 10: 1134–

1142.

28. Ronnov-Jessen L, Petersen OW (1996) A function for filamentous alpha-smooth

muscle actin: Retardation of motility in fibroblasts. Journal of Cell Biology 134:

67–80.

29. Kislauskis EH, Li Z, Singer RH, Taneja KL (1993) Isoform-specific 39-

untranslated sequences sort alpha-cardiac and beta-cytoplasmic actin messenger

RNAs to different cytoplasmic compartments [published erratum appears in J

Cell Biol 1993 Dec;123(6 Pt 2):following 1907]. J Cell Biol 123: 165–172.

30. Schildmeyer LA, Braun R, Taffet G, Debiasi M, Burns AE, et al. (2000)

Impaired vascular contractility and blood pressure homeostasis in the smooth

muscle alpha-actin null mouse. Faseb J 14: 2213–2220.

31. Seger R, Krebs EG (1995) The MAPK signaling cascade. FASEB J 9: 726–735.

32. Klemke RL, Cai S, Giannini AL, Gallagher PJ, de Lanerolle P, et al. (1997)

Regulation of cell motility by mitogen-activated protein kinase. J Cell Biol 137:

481–492.

33. Svegliati-Baroni G, Ridolfi F, Caradonna Z, Alvaro D, Marzioni M, et al. (2003)

Regulation of ERK/JNK/p70S6K in two rat models of liver injury and fibrosis.

J Hepatol 39: 528–537.

34. Kato-Minoura T, Hirono M, Kamiya R (1997) Chlamydomonas inner-arm

dynein mutant, ida5, has a mutation in an actin-encoding gene. J Cell Biol 137:

649–656.

35. Kumar A, Crawford K, Close L, Madison M, Lorenz J, et al. (1997) Rescue of

cardiac alpha-actin-deficient mice by enteric smooth muscle gamma-actin. Proc

Natl Acad Sci U S A 94: 4406–4411.

36. Crawford K, Flick R, Close L, Shelly D, Paul R, et al. (2002) Mice Lacking

Skeletal Muscle Actin Show Reduced Muscle Strength and Growth Deficits and

Die during the Neonatal Period. Mol Cell Biol 22: 5887–5896.

37. Bartman T, Walsh EC, Wen KK, McKane M, Ren J, et al. (2004) Early

myocardial function affects endocardial cushion development in zebrafish. PLoS

Biol 2: E129.

38. Karakozova M, Kozak M, Wong CC, Bailey AO, Yates JR 3rd, et al. (2006)

Arginylation of beta-actin regulates actin cytoskeleton and cell motility. Science

313: 192–196.

39. Sonnemann KJ, Fitzsimons DP, Patel JR, Liu Y, Schneider MF, et al. (2006)

Cytoplasmic gamma-actin is not required for skeletal muscle development but its

absence leads to a progressive myopathy. Dev Cell 11: 387–397.

40. Nowak KJ, Ravenscroft G, Jackaman C, Filipovska A, Davies SM, et al. (2009)

Rescue of skeletal muscle alpha-actin-null mice by cardiac (fetal) alpha-actin.

J Cell Biol 185: 903–915.

41. Weymouth N, Shi Z, Rockey DC (2012) Smooth muscle alpha actin is

specifically required for the maintenance of lactation. Dev Biol 363: 1–14.

Acta2 and Myofibroblast Function

PLOS ONE | www.plosone.org 11 October 2013 | Volume 8 | Issue 10 | e77166



42. Hinz B, Gabbiani G, Chaponnier C (2002) The NH2-terminal peptide of alpha-

smooth muscle actin inhibits force generation by the myofibroblast in vitro and
in vivo. J Cell Biol 157: 657–663.

43. Arora PD, McCulloch CA (1994) Dependence of collagen remodelling on alpha-

smooth muscle actin expression by fibroblasts. J Cell Physiol 159: 161–175.
44. Okayama T, Kikuchi S, Ochiai T, Ikoma H, Kubota T, et al. (2008) Attenuated

response to liver injury in moesin-deficient mice: impaired stellate cell migration
and decreased fibrosis. Biochim Biophys Acta 1782: 542–548.

45. Liu Z, van Grunsven LA, Van Rossen E, Schroyen B, Timmermans JP, et al.

(2010) Blebbistatin inhibits contraction and accelerates migration in mouse
hepatic stellate cells. Br J Pharmacol 159: 304–315.

46. Paradis V, Dargere D, Bieche Y, Asselah T, Marcellin P, et al. (2010) SCG10
expression on activation of hepatic stellate cells promotes cell motility through

interference with microtubules. Am J Pathol 177: 1791–1797.
47. Mayer DC, Leinwand LA (1997) Sarcomeric gene expression and contractility in

myofibroblasts. J Cell Biol 139: 1477–1484.

48. Pollard TD, Borisy GG (2003) Cellular motility driven by assembly and
disassembly of actin filaments. Cell 112: 453–465.

49. Mitra SK, Hanson DA, Schlaepfer DD (2005) Focal adhesion kinase: in
command and control of cell motility. Nat Rev Mol Cell Biol 6: 56–68.

50. Olson EN, Nordheim A (2010) Linking actin dynamics and gene transcription to

drive cellular motile functions. Nat Rev Mol Cell Biol 11: 353–365.
51. Amin E, Dubey BN, Zhang SC, Gremer L, Dvorsky R, et al. (2013) Rho-kinase:

regulation, (dys)function, and inhibition. Biol Chem In Press.
52. Shafiei MS, Rockey DC (2012) The function of integrin-linked kinase in normal

and activated stellate cells: implications for fibrogenesis in wound healing. Lab
Invest 92: 305–316.

53. Khimji AK, Shao R, Rockey DC (2008) Divergent transforming growth factor-

beta signaling in hepatic stellate cells after liver injury: functional effects on ECE-
1 regulation. Am J Pathol 173: 716–727.

54. Huang C, Jacobson K, Schaller MD (2004) MAP kinases and cell migration.
J Cell Sci 117: 4619–4628.

55. Gates RE, King LE Jr., Hanks SK, Nanney LB (1994) Potential role for focal

adhesion kinase in migrating and proliferating keratinocytes near epidermal
wounds and in culture. Cell Growth Differ 5: 891–899.

56. Santos MF, McCormack SA, Guo Z, Okolicany J, Zheng Y, et al. (1997) Rho

proteins play a critical role in cell migration during the early phase of mucosal

restitution. J Clin Invest 100: 216–225.

57. Darby I, Skalli O, Gabbiani G (1990) Alpha-smooth muscle actin is transiently

expressed by myofibroblasts during experimental wound healing. LabInvest 63:

21–29.

58. Tanaka Y, Nouchi T, Yamane M, Irie T, Miyakawa H, et al. (1991) Phenotypic

modulation in lipocytes in experimental liver fibrosis. JPathol 164: 273–278.

59. Schmitt-Graff A, Desmouliere A, Gabbiani G (1994) Heterogeneity of

myofibroblast phenotypic features: an example of fibroblastic cell plasticity.

Virchows Arch 425: 3–24.

60. Kuhn C, McDonald JA (1991) The roles of the myofibroblast in idiopathic

pulmonary fibrosis. Ultrastructural and immunohistochemical features of sites of

active extracellular matrix synthesis. AmJPathol 138: 1257–1265.

61. Proctor E, Chatamra K (1982) High yield micronodular cirrhosis in the rat.

Gastroenterology 83: 1183–1190.

62. Kountouras J, Billing BH, Scheuer PJ (1984) Prolonged bile duct obstruction: a

new experimental model for cirrhosis in the rat. BrJExpPathol 65: 305–311.

63. Yata Y, Gotwals P, Koteliansky V, Rockey DC (2002) Dose-dependent

inhibition of hepatic fibrosis in mice by a TGF-beta soluble receptor:

implications for antifibrotic therapy. Hepatology 35: 1022–1030.

64. de Leeuw AM, McCarthy SP, Geerts A, Knook DL (1984) Purified rat liver fat-

storing cells in culture divide and contain collagen. Hepatology 4: 392–403.

65. Bell E, Ivarsson B, Merrill C (1979) Production of a tissue-like structure by

contraction of collagen lattices by human fibroblasts of different proliferative

potential in vitro. ProcNatlAcadSciUSA 76: 1274–1278.

66. Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp PM, et al. (1997)

Telomere shortening and tumor formation by mouse cells lacking telomerase

RNA. Cell 91: 25–34.

67. Bjellqvist B, Hughes GJ, Pasquali C, Paquet N, Ravier F, et al. (1993) The

focusing positions of polypeptides in immobilized pH gradients can be predicted

from their amino acid sequences. Electrophoresis 14: 1023–1031.

Acta2 and Myofibroblast Function

PLOS ONE | www.plosone.org 12 October 2013 | Volume 8 | Issue 10 | e77166


