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In the liver, smooth muscle a-actin (SM a-actin) is up-regulated in hepatic stellate cells (HSCs) as they
transition to myofibroblasts during liver injury and the wound healing response. Whether SM a-actin
has specific functional effects on cellular effectors of fibrosis such as HSC is controversial. Here, the
relationship between SM a-actin and type 1 collagen expression (COL1A1), a major extracellular matrix
protein important in liver fibrosis, is investigated with the results demonstrating that knockout of SM
a-actin leads to reduced liver fibrosis and COL1 expression. The mechanism for the reduction in
fibrogenesis in vivo is multifactorial, including not only a reduction in the number of HSCs, but also an
HSC-specific reduction in COL1 expression in Acta2-deficient HSCs. Despite a compensatory increase in
expression of cytoplasmic b-actin and g-actin isoforms in Acta2�/� HSCs, defects were identified in
each transforming growth factor beta/Smad2/3 and ET-1/Erk1/2 signaling in Acta2�/� HSCs. These
data not only suggest a molecular link between the SM a-actin cytoskeleton and classic fibrogenic
signaling cascades, but also emphasize the relationship between SM a-actin and fibrogenesis in
hepatic myofibroblasts in vivo. (Am J Pathol 2019, 189: 2209e2220; https://doi.org/10.1016/
j.ajpath.2019.07.019)
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Fibrosis is a wound healing response to injury and charac-
terized by excessive synthesis and accumulation of extra-
cellular matrix (ECM) proteins in many organs such as skin,
liver, lung, kidney, and heart, which ultimately leads to
organ failure and death.1,2 Pathologically, myofibroblasts
are the major cellular source of ECM in most forms of
fibrogenesis,3 despite the fact that myofibroblasts may
originate from various cell types depending on the organ
and mechanism of injury.4 For example, myofibroblasts in
pulmonary fibrosis may originate from interstitial lung fi-
broblasts, lipofibroblasts, pericytes, and mesothelial cells.5

By contrast, myofibroblasts in liver fibrosis originate pri-
marily from hepatic stellate cells (HSCs).6,7 Nevertheless,
myofibroblasts share two common featuresdde novo
expression of smooth muscle a-actin (SM a-actin) and
abundant ECM, particularly type 1 collagen (COL1A1).

Actins consist of six isoforms and play an essential role in
many cell processes, including cell proliferation, differen-
tiation, migration, and contraction.8,9 SM a-actin appears to
play an important functional role in myofibroblast
stigative Pathology. Published by Elsevier Inc
contraction and migration.10,11 Previous studies have shown
that stress fibers containing SM a-actin, not only generate
greater contractile force than stress fibers that contain only
cytoplasmic-b and g-actin,12 but also associate with super-
mature focal adhesions, which in turn exhibit a specific
molecular composition of vinculin, paxillin, tensin, and
integrins avb3 and a5b1.13,14 Integrins are transmembrane
proteins, and thus integrins can bidirectionally transmit the
mechanical signal across the cell membrane.15 Although the
molecular mechanisms by which the mechanical signal
regulates extracellular matrix expression remain unclear,
studies have revealed that the cell contractile force (medi-
ated by actin stress fibers), as a mechanical signal, could be
transformed to a chemical signal to modulate ECM genes
. All rights reserved.
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Table 1 Real-Time Quantitative PCR Primer Sequences

Gene names Sequences

Col1al (mouse/rat) F: 50-TCAGCCACCTCAAGAGAAGTC-30

R: 50-CTGCGGATGTTCTCAATCTGC-30

Acta2 (mouse/rat) F: 50-GTGTGAAGAGGAAGACAGCAC-30

R: 50-GTGATGATGCCGTGTTCTATCG-30

Actb (mouse) F: 50-GATGACGATATCGCTGCGC-30

R: 50-TGGTAACAATGCCATGTTCAATGG-30

Actg1 (mouse) F: 50-GAAGAAGAAATCGCCGCACTC-30

R: 50-AGTGACAATGCCGTGTTCGATAG-30

Tgfb (mouse) F: 50-TGGCGTTACCTTGGTAACCG-30

R: 50-TTGCTGTCACAAGAGCAGTGAG-30

Edn1 (mouse) F: 50-TCTGACCCCTTTGCAGAATGG-30

R: 50-TCTGCACTCCATTCTCAGCTC-30

Timp1 (mouse) F: 50-CATCTCTGGCATCTGGCATCC-30

R: 50-TCTCGTTGATTTCTGGGGAACC-30

Gfap (mouse) F: 50-GATGAAACCAACCTGAGGCTG-30

R: 50-TCTCTCCAAATCCACACGAGC-30

TNFA F: 50-TGCCTATGTCTCAGCCTCTTC-30

R: 50-CACTTGGTGGTTTGCTACGAC-30

Il6 (mouse) F: 50-GTTGCCTTCTTGGGACTGATG-30

R: 50-TAAGCCTCCGACTTGTGAAGTG-30

Gapdh (mouse/rat) F: 50-TGCACCACCAACTGCTTAGC-30

R: 50-GGCATGGACTGTGGTCATGAG-30

F, forward; R, reverse.
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such as COL1A1 expression through transforming growth
factor-b (TGF-b) and Erk signal pathways.16e18 Although
multiple evidence supports that SM a-actin plays an
important role in multiple features of myofibroblasts, SM
a-actin’s role in fibrogenesis remains controversial.19

In the present study, it was hypothesized that SM a-actin
has direct and indirect effects on COL1 synthesis in HSCs.
Acta2-deficient mice and adenovirus-mediated over-
expression of SM a-actin in rat HSCs were used to explore
the role of SM a-actin in vivo and the molecular mecha-
nisms via which SM a-actin regulates the synthesis of the
ECM. The results demonstrate that Acta2 deficiency has
significant effects on HSC-mediated ECM synthesis and
uncovered a link between SM a-actin and fibrogenesis in
activated HSCs (myofibroblasts).

Materials and Methods

Animal Model, Cell Isolation, and Culture

Acta2-deficient mice on a BALB/c background were ob-
tained by embryo transfer by mating Acta2-deficient 129SV/
C57 background male mice (a kind gift from Dr. Robert
Schwartz20) with BALB/c inbred female mice (Jackson
Laboratory, Bar Harbor, ME); offspring were crossed with
BALB/c mice for six generations. Hepatic wounding was
induced in male mice (9 to 10 weeks old) by repetitive
intragastric administration of carbon tetrachloride (six
doses) as described.21 Controls received corn oil on the
same schedule as experimental animals (wild-type and
Acta2-null mice were randomly divided into two groups:
normal control and carbon tetrachloride treatment). All an-
imals received care according to NIH guidelines and the
animal care committeeeapproved protocol from the Medi-
cal University of South Carolina.

HSCs were isolated from normal and injured male mice
(3 to 4 months old) or normal retired breeder male rats (500
to 550 g; Charles River Laboratory, Wilmington, MA) and
cultured in 199OR standard medium as described.18 Cell
purity (>98%) was assessed by intrinsic vitamin A auto-
fluorescence as described.22

Adenovirus

Adenovirus harboring a full-length mouse Acta2 cDNA
(encoding 377aa; https://www.ncbi.nlm.nih.gov/genbank;
GenBank accession number X13297) was generated as
previously described.23 For adenovirus-flag-MRTF-A
expression vector, a full-length MRTF-A (https://www.ncbi.
nlm.nih.gov/genbank; GenBank accession number AF532597)
was cloned from mouse activated HSCs by PCR approach
(forward primer with KpnI site: 50-TAGGTACCTCC
GCCTTTGAAAAGCCCCGCT-30; reverse primer with
XhoI site: 50-CACTCGAGCTACAAGCAGGAATCCCAG
TGGAG-30). The resulting DNA fragments were first ligated
into the KpnI/XhoI sites of pcDNA3.1-flag plasmid vector.
2210
Following digestion with HindIII/XhoI, the fragments
containing flag-MRTF-A were inserted into the HindIII/XhoI
sites of a modified pDC316 shuttle vector (PD-01-28;
Microbix, Toronto, ON, Canada) with pCMV promoter.18 The
resulting pDC316-flag-MRTF-A plasmid was cotransfected
with pBGHloxDE1, 3-cre viral plasmid (Microbix) into
293HEK cells to generate adenovirus-flag-MRTF-A
(Ad-MRTF-A). Adenovirus-CMV empty control (Ad-control)
was purchased from Vector BioLabs (Malvern, PA).

Real-Time Quantitative PCR

Total RNA was extracted from whole liver or isolated HSCs
with TRIzol (Invitrogen, Carlsbad, CA), and cDNA was
generated using a Superscript III Reverse Transcriptase kit
(Invitrogen) according to the manufacturer’s instructions.
Real-time quantitative PCR was performed on a Bio-Rad
iQ5 Multicolor Real-Time PCR Detection System using iQ
supermix (Bio-Rad, Hercules, CA) with specific primers
(Table 1).

Immunoblot

Immunoblotting to detect SM a-actin was performed as
described.22 Specific signals were captured by the Syngene
G:Box digital imaging system (Chemi XT4; Syngene, Fred-
erick, MD), and quantitative data were obtained from the
system’s software. Raw values for control samples were
arbitrarily set to 1 (or 100%), and data were presented as
relative expression at fold change of control. Anti-SM a-actin
(1A4), b-actin (AC15), and skeletal a-actin (5C5) antibodies
ajp.amjpathol.org - The American Journal of Pathology
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Smooth Muscle a-Actin in Liver Fibrosis
were from Sigma-Aldrich (St. Louis, MO). Anti-cytoplasmic
g-actin (AB3265) and GAPDH (GA1R, MA5-15738) were
fromMillipore (Temecula, CA) and Thermo Fisher Scientific
(Rockford, IL), respectively. GAPDH is not suitable as a
loading control in experiments comparing quiescent and
activatedHSCs becauseGAPDH is significantly up-regulated
during HSC activation. TGF-b (cyt-716) and ET-1 (88-1-10)
were from ProSpec-Tany TechnoGene (Ness Ziona, Israel)
and American Peptide Company (Sunnyvale, CA), respec-
tively. Anti-COL1 antibody (600-401-103-0.5) was from
Rockland (Gilbertsville, PA). Antiephosphor-Smad2
(138D4, 3108S) (p-Smad2/3) and total Smad2 (D43B4,
5339S) (T-Smad2), phosphor-Erk1/2 (9101S), and Erk1/2
(9102S) antibodies were from Cell Signaling Technology
(Danvers, MA). The MRTF-A/SRF inhibitor, CCG-203971,
and latrunculin-B were from Cayman Chemical (Ann
Arbor, MI) and Calbiochem (San Diego, CA), respectively.
Coomassie Blue R-250 (161-0438) was from Bio-Rad.

Cell Contraction/Proliferation/Wound Healing Assay

HSCs (1 � 105 cells/well) were isolated and grown on 24-
well plates that had been seeded with collagen gel lattices
(5005-B; Advanced BioMatrix, San Diego, CA), and
contraction was performed as described.18 Quiescent HSCs
were seeded and grown on a 96-well plate in standard me-
dium for 3 days and then incubated in 0.5% serum medium
with or without PDGF-BB (10 ng/mL, CYT-501; ProSpec,
East Brunswick, NJ) for 2 more days. The assay was per-
formed using a CellTiter 96 AQueous One Solution Cell
Proliferation Assay Kit (MTS, G3582; Promega, Madison,
WI) as before.11 Wound healing assay (CBA-120; Cell
Biolabs, San Diego, CA) was performed as described.18

Actin Polymerization Assay

Globular-actin/filamentous-actin (G/F-actin) was measured
according to the manufacturer’s instructions (BK037;
Cytoskeleton, Denver, CO). In brief, after incubating cell
lysates at 37�C for 10 minutes, the total protein concentra-
tion was assayed, and 100 mg per sample was subjected to
further analysis as described. Finally, 20 mL of each sample
from the supernatant G-actin or the depolymerized actin
pellet F-actin was subjected to immunoblotting using anti-
(total) actin antibody. Images were captured and analyzed
by ImageJ software version 1.46 (NIH, Bethesda, MD;
http://imagej.nih.gov/ij); results were presented as the
relative expression of actin and the ratio of F-actin/G-actin.

Immunocytochemistry/Immunohistochemistry/Oil Red
O Staining

HSCs were grown on glass coverslips (12CIR-1D; Thermo
Fisher Scientific) and immunofluorescence staining was
performed as described.18 AntieSM a-actin antibody con-
jugated with Cy3 (C6198) and antieb-actin (AC15) were
The American Journal of Pathology - ajp.amjpathol.org
purchased from Sigma-Aldrich. Antiecytoplasmic-g-actin
isoform (AB3265) antibody was from Millipore.
AntieCRBP-1 (FL-135) was purchased from Santa Cruz
Biotechnology (Dallas, TX). Alexa Fluor 488 donkey anti-
sheep (A11015) and Fluor 555 goat anti-rabbit (A21428) or
mouse (A21422) antibodies were obtained from Life Tech-
nology (Carlsbad, CA). DRAQ5 and DAPI were obtained
from Thermo Fisher Scientific. In brief, for immunohisto-
chemistry and histochemistry, liver tissues were fixed and
embedded in paraffin, and 5-mm sections were subjected to
sodium citrate antigen retrieval; immunofluorescence stain-
ing was as described.23 Images were captured with a Zeiss
Axio Imager M2 (Zeiss, Oberkochen, Germany). Sections
stained with Picrosirius Red (Sigma-Aldrich) were counter-
stained with Fast Green FCF (Sigma-Aldrich). Images were
captured with a Nikon Digital Imaging microscope (Nikon,
Tokyo, Japan), and collagen content was assessed by
morphometric analysis as described.18 To examine the lipid
droplets in HSCs, HSCs were grown on plastic culture dishes
and Oil Red O (MAK194; Sigma-Aldrich) staining was per-
formed as described.24
Statistics

One-way analysis of variance (more than two groups) and
two-tailed t-test (two groups) were used for statistical
comparisons. Bar graphs represent means � SD. P < 0.05
was considered statistically significant.
Results

SM a-Actin Deficiency Leads to Up-Regulation of Other
Actin Isoforms in HSCs

Myofibroblasts from different tissue sources may have
different actin isoform expression patterns,19,25 which
directly link to actin stress fiber composition. Thus, actin
isoform profile and expression patterns were examined at the
mRNA and protein levels. The results from real-time quan-
titative PCR showed thatmRNA levels of cytoplasmicg-actin
and b-actin were up-regulated in Acta2-deficient (Acta2�/�)
HSCs during culture-induced activation. As previously
reported, SM a-actin mRNA was almost undetectable in
Acta2-deficient myofibroblasts19 (Figure 1A). At the protein
level, SM a-actin was robustly increased in wild-type Acta2
(Acta2þ/þ) HSCs during cell cultureeinduced activation. In
contrast to Acta2þ/þ stellate cells, there was an increase in
cytoplasmic g-actin and b-actin isoforms during activation in
Acta2�/� HSCs (Figure 1B and Supplemental Figure S1).
Coomassie Blue stainingwas used as a protein loading control
because GAPDH is also increased during stellate cell acti-
vation. Surprisingly, unlike myofibroblasts from kidney
fibrosis and skin wound healing,19,25 mouse HSCs did not
express smooth muscle g-actin (SM g-actin) and skeletal
a-actin isoforms (Figure 1C). These data demonstrate that
2211
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Figure 1 Actin isoform profiling in Acta2�/� and Acta2þ/þ hepatic stellate cells. Hepatic stellate cells (HSCs) were isolated from normal Acta2 wild-type
(þ/þ) and Acta2-deficient (�/�) mouse livers and allowed to undergo culture-induced activation as indicated. A: Total RNA was isolated and actin isoform
mRNA levels were measured by real-time quantitative PCR using isoform-specific primers. B and C: Cells were isolated as in A, and whole-cell lysates were
immunoblotted with specific antibodies. Representative images and quantitative data are shown. Coomassie Blue staining was used to verify appropriate
loading (Supplemental Figure S1). D: Cells were isolated as in A and cultured on glass coverslips for 7 days, and then the cells were subjected to immu-
nofluorescence staining. Data are expressed as DDCt. n Z 3. *P < 0.05, **P < 0.01, and ***P < 0.001 for Acta2þ/þ versus Acta2�/�. Scale bars Z 40 mm.
cytoeg-actin, cytoplasmic g-actin.

Rockey et al
mouse HSCs/myofibroblasts express only three actin iso-
formsdSM a-actin, cytoplasmic g-actin, and b-actin.23

Finally, the actin cytoskeleton in Acta2�/� and Acta2þ/þ

stellate cells was examined with immunofluorescence
microscopy (Figure 1D). Acta2�/� stellate cells have well-
organized actin stress fibers consisting of cytoplasmic
g-actin and b-actin isoforms but lack SM a-actin stress fibers.
Consistent with the actin isoform expression profile, there
were more prominent cytoplasmic g-actin and b-actin iso-
forms in Acta2�/� stellate cells than in wild-type stellate cells
(Figure 1D and Supplemental Figure S2). These data indicate
that there is a compensatory up-regulation of cytoplasmic
g-actin and b-actin isoforms in Acta2�/� stellate cells.

SM a-Actin Deficiency Alters HSC Function

A prominent functional result of the de novo expression of SM
a-actin in myofibroblasts is increased cellular contraction.12

Thus, the effect of Acta2�/� was examined on stellate cell
2212
contractility. As expected, stellate cell contraction was signif-
icantly reduced in Acta2�/� compared with Acta2þ/þ stellate
cells (Figure 2A). Next, the cell response to TGF-b and ET-1
was examined because both TGF-b and ET-1 induce cell
contraction.26,27 Acta2þ/þ stellate cells exhibited more robust
contraction in response to either TGF-b or ET-1 stimulation
(Figure 2, B and C); both the temporal contractile response
and the cumulative response were greater in Acta2þ/þ than
Acta2�/� stellate cells. Additionally, the effect of over-
expression of MRTF-A (which has been shown to increase
actin polymerizationestress fiber formation) on stellate cell
contraction was examined. Interestingly, MRTF-A increased
both Acta2þ/þ and Acta2�/� stellate cell contractility, but
Acta2þ/þ stellate cells exhibited more prominent contraction
than Acta2�/� stellate cells (Figure 2D). The effect of Acta2
deficiency on HSC proliferation was further examined. Three
different assays with low,medium, and high numbers of HSCs
were performed. In this in vitro cell culture system, an alter-
ation in proliferation in Acta2�/� HSCs was not observed
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Impaired hepatic stellate cellular contrac-
tility in Acta2-deficient cells. AeC: Hepatic stellate cells
(HSCs) from Acta2þ/þ and Acta2�/� mice were cultured in
standard medium for 5 days and then incubated in 0.5%
serum medium with or without 10 ng/mL TGF-b or 20
mmol/L ET-1 for 24 hours before dislodging gel lattices.
Gel contraction was measured at different time points as
indicated. D: Hepatic stellate cells from Acta2þ/þ and
Acta2�/� mice were exposed to Ad-control or Ad-flag-
MRTF-A (25 multiplicity of infection) for 3 days and
then incubated in 0.5% serum medium for 24 hours before
dislodging gel lattices; gel contraction was measured as in
A. E: Cells were isolated as in A and placed in 96-well
plates at the indicated cell concentrations. Following 3
days of growth, cells were changed to 0.5% serum me-
dium with or without 10 ng/mL PDGF-BB for a further 2
days. Cell proliferation was measured as described in
Materials and Methods. n Z 3. *P < 0.05, **P < 0.01,
and ***P < 0.001 for Acta2þ/þ versus Acta2�/�. MTS, 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt.

Smooth Muscle a-Actin in Liver Fibrosis
(Figure 2E). Finally, a wound-healing assay was performed to
determine the effect of Acta2�/� on HSC migration. Minor
differences were found only in cell migration when comparing
Acta2�/� and Acta2þ/þ HSCs (Supplemental Figure S3).
Taken together, these data suggest that SM a-actin in HSCs
plays a critical role in cell contraction/cytoskeletal tension
generation, but it does not play amajor role in cell proliferation
and migration, which is consistent with evidence that suggests
that cytoplasmic b-actin is most important in control of cell
growth and migration.28

Other functional features that might be associated with
SM a-actin expression were also studied. Quiescent HSCs
from Acta2�/� and Acta2þ/þ mice appeared to be similar in
cell size and showed similar lipid droplet content
(Figure 3A). Fully activated HSCs from Acta2�/� mice also
exhibited a similar size and shape as Acta2þ/þ HSCs
(Figure 3A). Oil Red O staining revealed that Acta2�/� and
Acta2þ/þ HSCs had similar amounts of lipid droplets in
their cytoplasm (Figure 3B).

Gene expression in activated HSCs was examined next.
There was a difference in expression of GFAP and
TIMP1 mRNA in quiescent Acta2�/� and Acta2þ/þ HSCs
(Figure 3C). However, GFAP and TIMP1 mRNA levels were
prominently decreased in activated Acta2�/�HSCs. Similarly,
TGF-b and ET-1mRNA levels were both reduced inActa2�/�

HSCs (Figure 3C). The role of SM a-actin in modulating
COL1a1 expression was further examined by stimulating
The American Journal of Pathology - ajp.amjpathol.org
HSCs with TGF-b and ET-1, because both are well known to
increaseCOL1a1. Following TGF-b or ET-1 stimulation, both
Acta2�/� and Acta2þ/þ HSCs had significantly increased
COL1a1 mRNA expression. However, the response in
Acta2�/� HSCs was significantly less than that in Acta2þ/þ

HSCs (Figure 3D). In addition, even without stimulation,
COL1a1 mRNA expression was reduced in Acta2�/� HSCs
comparedwith Acta2þ/þ cells (these cells had been exposed to
serum, which is known to stimulate COL1a1 expression).

Finally, SM a-actin was overexpressed in rat stellate cells
to directly examine the effect of SM a-actin on COL1
expression. Increased SM a-actin levels robustly up-
regulated COL1 expression (Figure 3E). Interestingly,
more aggressive overexpression of SM a-actin [ie, with
>50 multiplicity of infection (MOI) adenovirus] did not
increase COL1 expression as much as less prominent
overexpression.

SM a-Actin Signals to Smad2/3 and Erk1/2 Pathways

Among the multiple signaling pathways prominent during
hepatic stellate cell activation, the TGF-b/Smad2/3 and ET-
1/Erk1/2 pathways are among the most notable.29,30 Stellate
cells not only express TGF-b and ET-1 receptors, but they
also produce TGF-b and ET-1 in an autoregulatory loop,
which stimulates activation and myofibroblast phenotypic
differentiation.1,30 Thus, the TGF-b and ET-1 pathways
2213
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were examined in Acta2�/� HSCs. Upon stimulation with
TGF-b, Smad2/3 phosphorylation (p-Smad2/3) was promi-
nently increased early in both Acta2þ/þ and Acta2�/� HSCs
(Figure 4A). However, p-Smad2/3 levels remained at
significantly higher levels in Acta2þ/þ HSCs than in
Acta2�/� HSCs at later time points stage (ie, 6 to 9 hours
following the stimulation) (Figure 4A).
2214
Next, Erk1/2 phosphorylation (p-Erk1/2) was examined
after ET-1 stimulation (Figure 4B). Erk1/2 phosphorylation
was rapid in Acta2þ/þ HSCs after ET-1 exposure and was
maintained up to 1 hour. By contrast, Erk1/2 phosphorylation
in Acta2�/� HSCs was prominently delayed and weaker.
Finally, the direct effect of SM a-actin on Smad2/3

phosphorylation was examined. Indeed, overexpression of
ajp.amjpathol.org - The American Journal of Pathology
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Acta2�/� mice were cultured in standard medium
for 5 days and then incubated in 0.5% serum
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immunoblotting as indicated, and quantitative
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Smooth Muscle a-Actin in Liver Fibrosis
SM a-actin in activated rat stellate cells stimulated p-Smad2
(Figure 4C), consistent with the stimulation of COL1
expression after overexpression of SM a-actin (Figure 3D).
SM a-Actin Polymerization Mediates
Mechanotransduction in HSCs

Actin consists of globular-actin (G-actin) and filamentous-
actin (F-actin).8 It was hypothesized that SM a-actinein-
duced COL1 expression (Figure 3E) and phosphorylation of
Smad2/3 and Erk1/2 (Figure 4) are a result of increased SM
a-actin polymerization (which is reflected in an increased F/
G-actin ratio). Thus, the effect of overexpression of SM a-
actin on F/G-actin was first examined in rat HSCs. SM a-
actin overexpression promoted SM a-actin polymerization
and led to a significantly increased F/G-actin ratio (Figure 5,
A and B). Interestingly, cytoplasmic g-actin polymerization
was prominently decreased after SM a-actin overexpression
(after 25 MOI Ad-Acta2), and both G-actin and F-actin were
reduced after 50 MOI Ad-Acta2 (Figure 5, A and C). By
contrast, b-actin polymerization increased slightly (Figure 5,
A and D). In aggregate, the data raise the possibility that SM
a-actin up-regulation (and F-actin polymerization) is
important functionally, and moreover, are consistent with
enhanced HSC’s contractility typical of stellate cell
activation.
The American Journal of Pathology - ajp.amjpathol.org
Finally, the effects of blocking actin polymerization on
the Smad2/3 and Erk1/2 signaling cascades were exam-
ined using CCG-203971 (a specific MRTF-A inhibitor)
and latrunculin-B (a specific actin polymerization inhibi-
tor). p-Smad2/3 was robustly increased in both Acta2�/�

and Actaþ/þ HSCs after TGF-b stimulation for 1 hour,
which was essentially abrogated by CCG-203971
(Figure 5E). However, Acta2þ/þ HSCs exhibited signifi-
cantly higher levels of p-Smad2/3 than Acta2�/� HSCs in
the presence of latrunculin-B. Following ET-1 stimulation
for 30 minutes, p-Erk1/2 was dramatically increased in
both Acta2�/� and Acta2þ/þ HSCs. However, p-Erk1/2
was significantly greater in Acta2þ/þ HSCs than in
Acta2�/� HSCs in the presence of CCG-203971 or
latrunculin-B (Figure 5F).
SM a-Actin Deficiency Leads to Decreased Liver
Fibrosis in Vivo

Finally, the response of Acta2�/� mice to liver wound
healing and the fibrotic response to chronic liver injury
were examined. The effect of Acta2 deficiency on stellate
cell recruitment in carbon tetrachlorideeinduced liver
fibrosis was first studied. Stellate cells were labeled with
cellular retinol binding protein-1 (CRBP-1), a specific
molecular marker for stellate cells in liver. In normal
2215
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Figure 5 Smooth muscle (SM) a-actin poly-
merization mediates transforming growth factor-b
(TGF-b) and ET-1 signaling. A: Rat hepatic stellate
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a-actin [25 or 50 multiplicity of infection (MOI)]
for 3 days and incubated in 0.5% serum medium
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detected by immunoblotting with actin isoform
specific antibodies. BeD: Quantification of F/G-
actin ratios. E and F: HSCs from Acta2þ/þ and
Acta2�/� mice were cultured in standard medium
for 5 days and then incubated in 0.5% serum me-
dium with or without 20 mmol/L CCG-203971 (CCG)
or 1 mmol/L latrunculin (Latr) for 24 hours. Cells
were stimulated with TGF-b for 1 hour (E) or ET-1
(20 nmol/L) for 30 minutes (F), respectively.
Whole-cell lysates were subjected to immunoblot-
ting as indicated. Representative images and
quantitative data are shown. n Z 3. *P < 0.05,
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liver, Acta2�/� mice had the same number of stellate cells
as wild-type mice (Figure 6A). However, after liver
injury, though there was a dramatic increase in the
number of CRBP-1epositive HSCs, particularly in portal
areas in Acta2þ/þ mice, there were substantially fewer
CRBP-1epositive HSCs in Acta2�/� mice (Figure 6A).
Another HSC molecular marker, desmin, was further
examined, and the result was similar to CRBP-1 staining
(Supplemental Figure S4).

Next, the effect of Acta2 deficiency on liver fibro-
genesis in carbon tetrachlorideeinduced chronic liver
2216
injury was examined. Following six doses of carbon tet-
rachloride, COL1a1 mRNA levels in whole liver of
Acta2�/� mice were also significantly decreased
compared with Acta2þ/þ mice (Figure 6B). Consistent
with the expression of COL1a1 mRNA, collagen labeled
with Picrosirius Red in the livers of Acta2�/� mice was
less than that in Acta2þ/þ mice (Figure 6, C and D). It was
further investigated whether Acta2 deficiency might
alter the immune response during carbon
tetrachlorideeinduced liver fibrogenesis by examining
tumor necrosis factor a and IL-6 expression, two
ajp.amjpathol.org - The American Journal of Pathology
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Smooth Muscle a-Actin in Liver Fibrosis
cytokines important in the inflammatory response to liver
injury.31 Tnfa and Il6 mRNA levels in the livers of
Acta2�/� mice were similar to that in Acta2þ/þ mice
(Figure 6E). Finally, Tgfb, ET-1, Gfap, and Timp1 mRNA
The American Journal of Pathology - ajp.amjpathol.org
levels were examined in the HSCs isolated from carbon
tetrachlorideeinduced fibrotic livers (Figure 6F). Taken
together, these data indicate that SM a-actin plays an
important role in liver wound healing.
2217
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Discussion

Fibrosis is characterized by excessive ECM production,
which primarily is synthesized by fibroblasts and myofi-
broblasts.1,32 SM a-actin, not only defines the myofibro-
blasts lineage, but also has important functional effects, in
particular in cell contraction.1,11 Here, it is further demon-
strated that SM a-actin also plays an important role in the
regulation of COL1 expression, both at the whole-organ
level (Acta2�/� mice exhibit a decreased fibrotic response
to liver wound healing during carbon tetrachlorideeinduced
chronic liver injury) and in a cell culture model. The
mechanism underlying the impaired fibrogenic response at a
molecular level appears to be linked to disrupted fibrogenic
signaling through the cytoskeleton (Figure 7).

Actins are essential components of the cytoskeleton in
mammalian cells, and different actin isoforms perform
unique cellular functions.33,34 Cytoplasmic b-actin, for
example, appears to specially control cell growth and
migration.28 Further, different cell types appear to be char-
acterized by a unique profile of actin isoforms, which ap-
pears to impart specific functional and mechanical
properties. An important example of this specificity is
exhibited by myofibroblasts from dermal wound healing or
kidney fibrosis, which express SM a-actin, SM g-actin, and
skeletal muscle a-actin.19,25 By contrast, mouse HSCs
2218
contain SM a-actin and the cytoplasmic actins, but no SM
g-actin or skeletal muscle a-actin. This likely explains the
observation that SM a-actin deficiency in these other cell
types did not alter the cells’ contractility. Further, fibrosis
was not abrogated in vivo in skin or kidney fibrosis
models.19,25 In HSCs, loss of SM a-actin leads to
up-regulation of the two cytoplasmic actin isoforms in
activated Acta2�/� HSCs (Figure 1). However, such
compensatory regulation of cytoplasmic b- or g-actin iso-
forms did not rescue the functional defects such as cell
contractility and fibrogenesis (Figures 2, AeD, and 6,
BeD). This finding resembles b-actinedeficient primary
mouse embryonic fibroblasts, which display compensatory
expression of other actin isoforms, but could not restore cell
migration defects.35 These findings suggest that SM a-actin
plays a critical role in the development of the typical actin
cytoskeleton architecture in activated HSCs, and this
appears to be important in the fibrogenic aspect of myofi-
broblast function (Figure 7). The data further support the
concept that the actin cytoskeleton is dynamically linked to
cell function (ie, during injury).36

Robust expression of the ECM constituent, COL1, is one of
most prominent features in hepatic stellate cell activation and
hepatic fibrosis.1 Although the molecular regulation of COL1
expression and biosynthesis is reasonably established, the
molecular pathways underlying regulation of COL1
ajp.amjpathol.org - The American Journal of Pathology
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expression, particularly via SMa-actin cytoskeleton, remain to
be explored.Here, it is shown that SMa-actin is involved in the
regulation of multiple genes relevant to HSC activation and
liver fibrosis, including GFAP, TIMP1, TGFB, and ET-1.
Interestingly, lipid droplets appeared to have similar morpho-
logic features in Acta2�/� and Acta2þ/þ HSCs (Figure 3,
AeC); however, the functional implications of this finding are
unknown. Importantly, Col1a1 mRNA expression was
significantly decreased in Acta2�/� stellate cells in response to
TGF-b or ET-1 stimulation compared with Acta2þ/þ stellate
cells (Figure 3D). COL1 protein levels in mouse stellate cells
were not examined because suitable antibodies are not avail-
able. Further, the overexpressionofSMa-actin led to increased
COL1 expression in rat stellate cells (Figure 3E). Interestingly,
in overexpression experiments, there was an optimal
doseeresponse relationship, inwhich an extremely highSMa-
actin F/G-actin ratio did not lead to as great of COL1 expres-
sion. These data suggest that at a cellular level, there is likely an
optimal SM a-actin concentration and F/G-actin ratio (or
checkpoint) in control ofCOL1 expression. To our knowledge,
this finding has not been previously reported.

TGF-b and ET-1 signaling pathways play a critical role in
hepatic myofibroblast differentiation and function.29,30 The
results in which decreased Smad2 and Erk1/2 phosphory-
lation was found in Acta2�/� stellate cells after stimulation
with TGF-b and ET-1 (and overexpression of SM a-actin
increased p-Smad2) (Figure 4) emphasize that the SM a-
actin cytoskeleton modulates TGF-b/Smad2 and ET-1/Erk1/
2 signaling pathways, in turn regulating hepatic stellate cell
activation and fibrogenesis. Although the molecular mech-
anism(s) underlying the SM a-actin link to Smad2 and
Erk1/2 phosphorylation remain open, the results showed
that a mechanical signal transmitted by the SM a-actin
cytoskeleton is at play, because SM a-actin polymerization
was increased by increasing SM a-actin levels (Figure 5, A
and B), which was consistent with the increased COL1
expression (Figure 3E) and p-Smad2/3 (Figure 4C). On the
other hand, disruption of actin polymerization, particularly
SM a-actin, abrogated TGF-b/Smad2 and ET-1/Erk1/2
signaling in activated HSCs (Figure 5, E and F). Thus,
SM a-actinemediated mechanotransduction appears to
exert a critical role in the regulation of COL1 expression in
HSCs.36

HSC activation, proliferation, and fibrogenesis are promi-
nent cellular andmolecular features of liverfibrosis.1,37 Given
the finding of reduced liver fibrosis in Acta2�/� mice after
carbon tetrachlorideeinduced liver injury (Figure 6, BeD), it
was not surprising to find a reduced number of CRBP-
1epositive HSCs (Figure 6A) or desmin-positive HSCs
(Supplemental Figure S4) in fibrotic Acta2�/� mouse livers
compared with that in fibrotic Acta2þ/þ mouse livers.
Although SM a-actin isoform deficiency itself does not affect
HSC proliferation or migration in vitro, in vivo activated
Acta2�/� HSCs appear to display a reduced response to
cellular internal (Figure 2D) and cellular surrounding envi-
ronmental stimuli (such as TGF-b and ET-1) compared with
The American Journal of Pathology - ajp.amjpathol.org
Acta2þ/þ HSCs during liver fibrogenesis (Figure 6F). These
data emphasize the concept that, not only do hepatic myofi-
broblasts have a unique actin cytoskeletal composition, but
also this cytoskeletal makeup yields unique functional prop-
erties compared with myofibroblasts from other organs (ie,
kidney), consistent with previous data highlighting hepatic
myofibroblast heterogeneity.38

In summary, wound healing is a dynamic process in which
multiple cellular and molecular processes come into play. SM
a-actin is not only important in hepatic stellate cell contrac-
tility, but the SM a-actin cytoskeleton also transmits me-
chanical signals to the nucleus to regulate COL1 expression
(Figure 7). Thus, these new data reveal a novel mechanism for
SM a-actinemediated control of fibrogenesis and imply that
targeting the SM a-actin cytoskeleton could be a specific
approach to treatment of liver fibrosis.
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