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Abstract

Moesin, an ezrin-radixin-moesin (ERM) family member, is involved in the regulation of cell
adhesion, polarity and migration by cross-linking between the actin cytoskeleton and plasma
membrane. The primary effector cell in hepatic fibrosis is the hepatic stellate cell (HSC), which
undergoes activation during liver injury leading to increased extracellular matrix production. Here,
we have hypothesized that moesin plays a critical role in linking the HSC cytoskeleton to the
fibrogenic cascade during HSC activation. Moesin phosphorylation was upregulated during HSC
activation and fibrogenesis. Using moesin wild-type and mutant constructs (phosphomimicking-
T558D and nonphosphorylatable-T558A), we found that cellular motility and contraction were
increased in moesin WT- and T558D-infected cells, paralleled by an increase in SMa-actin and
collagen I expression. In contrast, overexpression of nonphosphorylatable moesin and moesin
knockout decreased cellular motility and contraction. Most importantly, moesin knockout led to
abrogation of liver fibrosis. The mechanism of moesin’s effect was a reduction in myocardin
related transcription factor-A (MRTF-A) and serum response factor (SRF) mediated changes in the
actin cytoskeleton, which in turn modulated the expression of matrix genes. Taken together, our
findings suggest that the linkage between cytoskeletal dynamics and correlated MRTF/SRF
signaling pathway has a pivotal role in HSCs activation and fibrogenesis.
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Introduction

It is well established that activated hepatic stellate cells (HSCs) play an important role in the
development of liver fibrosis (1, 2). In the normal liver, HSCs exhibit a quiescent phenotype,
but after liver injury, they undergo differentiation into myofibroblast-like cells with
subsequent proliferation, synthesis of extracellular matrix, and smooth muscle alpha-actin.
The activation process is characterized by the development of a robust cytoskeleton that in
turn is responsible for a number of critical HSC functions (1, 3, 4).

Moesin is a member of the ezrin-radixin-moesin (ERM) family and plays an important role
in mediating the binding of F-actin to the plasma membrane and thus is involved in many
cellular functions, such as cell migration, growth, adhesion, cell polarization, motility and
fibrosis (5-11). All ERM proteins contain two ERM association domains: the NH2-
terminus is homologous to the membrane binding domain, and at the COOH terminus has an
Filamentous-actin (F-actin) binding domain. The NH2 terminal domain of ERM proteins
bind to plasma membrane via direct interaction with membrane proteins or lipid, or
indirectly through adaptor proteins (5, 6, 12). Current evidence suggests that NH2- and
COOH-terminal domains also bind to each other in a dormant state, preventing COOH-
terminal ERM interaction with F-actin, but the conformationally “closed” ERM maintains
interaction with the membrane, albeit with reduced affinity compared with “open” ERM
proteins (12). There is also evidence that the ERM proteins are important for cell-cell and
cell-matrix contacts — potentially through interactions with focal adhesions complexes and
integrins (13, 14) — as well as for the reorganization of the cytoskeleton (5, 12). In liver,
ezrin is expressed in cholangiocytes, radixin is expressed in canalicular membrane of
hepatocytes, and moesin has been reported to be expressed in HSCs and liver sinusoidal
endothelial cells (8, 15).

In the present study, we have hypothesized that moesin plays a critical role in linking the
HSC cytoskeleton to the fibrogenic cascade during stellate cell activation. We have used
both a well validated /7 vitro primary HSC culture model and /n vivo liver injury model to
examine the role of moesin in liver fibrosis. We find that cell motility and contraction was
induced by moesin phosphorylation. Most importantly, we found that the absence of moesin
decreased MRTF-A and SRF expression - and increased globular actin (G-actin)
polymerization which prevented MRTF-A shuttling to the nucleus. Consequently, decreased
MRTF-A and SRF abrogated transcriptional activation of collagen, resulting in a reduction
in fibrogenesis.

Experimental Procedures

Animal Models of Liver Injury and Cell Culture

Sprague Dawley male rats (400-500 g) were purchased from Charles River Laboratory and
moesin knockout mice were generated on a 129 x C57BL/6 background via the conventional
gene-trapping system as described (16). Animals were housed in MUSCs animal facility
following NIH and IACUC guidelines. Liver fibrosis was induced by carbon tetrachloride
(CCly) (given by gavage once a week for 6 weeks) and common bile duct was ligation
(BDL) as described (17, 18). HSCs were isolated by /n situenzymatic digestion of normal or
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fibrotic liver and purified by Accudenz (Accurate Chemicals, Westbury, NY) gradient as
described (18). Freshly isolated HSCs were cultured in standard 1990R medium containing
10% calf serum and 10% horse serum (Invitrogen, Grand Island, NY) in a 3% CO»
incubator at 37 °C otherwise stated. Hepatocytes, sinusoidal endothelial cells and
cholangiocytes were isolated and purified as described (17, 19, 20).

Recombinant Adenovirus Constructs and Infection of HSCs

To generate recombinant adenovirus-cyan fluorescent protein (CFP)-tagged moesin
expression system, mouse moesin was isolated and a pcDNA 3.1/moesin vector inserted into
a shuttle vector pDC311-CFP. Constructs were (pDC311/moesin-CFP and
pBHGIloxDE1,3Cre) cotransfected into HEK293 cells, with recombination leading to virus
production. A single viral colony was isolated, amplified, and titrated. Aliquots of virus
were stored at —80°C.

Site-directed mutatagenesis of moesin (T558A and T558D) was performed with the
QuikChange 11 site-directed mutagenesis kit according to the manufacturer’s instructions
(Agilent Technologies, Santa Clara, CA). HSCs were isolated, grown for 2 days in culture,
and then infected with adenoviral vectors (100 MOI) in standard 1990R medium for 3 days
as described (16). Adenovirus containing CFP only was used as a control.

Assessment of liver morphology and fibrosis, serum chemistry, intrahepatic bile duct
mass and biliary proliferation

Livers were perfused with PBS (pH 7.4) and 4% phosphate-buffered formaldehyde and
tissue sections (5um) were dehydrated with xylene, and rehydrated with decreasing ethanol
grades. Sections were stained with picrosirius red stain as described (18). Hematoxylin and
eosin (H&E) staining was performed in paraffin-embedded liver sections. Portal
inflammation grading was performed as described (21). Serum alanine aminotransferase
(ALT) and total bilirubin levels were measured in WT and moesin KO animals (control,
CCly-trated, sham, BDL) by using a Catalyst One Chemistry analyzer from IDEXX Lab
(Westbrook, Maine). Intrahepatic bile duct mass was evaluated by semiquantitative
immunohistochemistry to detect cytokeratin-19 (CK-19) as previously described (20, 22).
Hydroxyproline assay was performed according to the method described previously (23).

Real-Time PCR (RT-PCR)

RNA from HSCs was isolated using Trizol (Invitrogen) and 1-2 1g of total RNA was used
for first-strand cDNA synthesis with SuperScript I11 (Invitrogen). Resulting cDNA was PCR
amplified and SYBR green supermix (BioRad, Hercules, CA) on a BioRad CFX Connect
Real-Time PCR Detection System (18).

Cell Contraction and Wound-Healing Assays

HSCs were isolated and grown on collagen gels (Advanced Biomatrix, San Diego, CA) as
described (18). Cells were exposed to adenovirus (100 MOI) on the second day of culture
and incubated for 3 further days. Standard medium was exchanged for serum free medium,
and gels were released from the plastic substratum, after which gel area was measured as
described.
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Cell migration was measured as per the manufacturer’s instructions (Cell Biolabs, San
Diego, CA). In brief, cells were isolated and placed in 24-well plates containing a specific
insert in each well bottom to divide cells equally. Following 2 days of culture, the insert was
removed and formed a clear, sharp demarcation on the plastic substrate. HSCs were exposed
to adenovirus (100 MOI) in standard serum containing medium, and cell movement was
measured over time as described (18).

Immunoblotting

Immunoblotting was performed as described (6, 18). Briefly, cells were lysed, protein
samples were then separated on a SDS-PAGE gel, transferred onto nitrocellulose membrane,
and probed with anti-moesin, anti-phospho ERM (for phospho-moesin), anti-MRTF-A, and
anti-SRF, anti-SM a actin, anti-type 1 collagen, ant-desmin, anti-CK-19, anti-integrin beta
3, anti-eNOS or a-tubulin antibodies. Specific signals were captured using
chemiluminescence and with a Syngene G-Box digital imaging system (Syngene, Frederick,
MD); quantitative data were obtained using the system’s software.

Immunofluorescence microscopy and live cell imaging

To double-stain SM a actin and moesin or phospho moesin, HSCs were grown on coverslips
and infected with recombinant adenoviruses. After 36 h, cells were fixed with 3.7%
formaldehyde, permeabilized with 0.1% Triton X-100, and then incubated with rabbit anti-
anti-SM a actin, moesin or phospho-moesin, followed by incubation with Alexa-555 or
Alexa 488-secondary antibodies. Finally, cells were stained with DAPI (Sigma) for 15 min
before mounting with FluorSave solution (Calbiochem, San Diego, CA). Images were
obtained using a Zeiss fluorescence microscope (Carl Zeiss Inc., Thornwood, New York).
For live cell imaging, HSCs were seeded on glass-bottom cell culture dishes and infected
with recombinant adenoviruses. After 36 h post infection, CFP images were collected using
fluorescence microscopy with a Zeiss AxioObserver Z1 microscope (Carl Zeiss,
Thornwood, NY). In order to determine the presence of proteins of interest in the liver of
animals subjected to various treatments, immunofluorescence (IF) labeling of frozen
sections was used, followed by fluorescence microscopy with a Zeiss AxioObserver Z1
microscope, as described before (17). For quantitative assessment of protein expression, the
staining of each immunohistochemical specimen was captured in randomly selected fields
and quantitated using Image J software (NIH, Bethesda, MD).

G-Actin/F-actin Assay

In order to determne the relative proportions of filamentous actin (F-actin) and free globular-
actin (G-actin), in moesin wild type and moesin knockout HSCs, we used the G-actin/F-
actin in vivo Assay Biochem Kit as per the manufacturer’s instructions (Cytoskeleton, Inc.
Denver, CO). In brief, HSCs were homogenized in F-actin stabilization buffer, followed by
centrifugation to separate the F-actin from G-actin pool. The fractions were separated by
SDS-PAGE and actin was quantitated by immunoblotting. The resulting ratio of F-actin
incorporated into the cytoskeleton and G-actin found in the cytosol was determined. As a
positive control we used actin polymerizing drug jasplakinolide.
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Statistical Analysis

Quantitative data were analyzed with Microsoft Excel software. Bar graphs represent mean
+ standard deviation. Significance (p<0.05 or p<0.01) was assessed by the Student’s #test.

Results

Cellular distribution of moesin

To clarify the cellular source of moesin in whole liver, we examined moesin expression in
isolated mouse HSCs, sinusoidal endothelial cells (SECs), hepatocytes and cholangiocytes
by immunoblot (Figure 1 A, B); in immunoblot assays, moesin was identified in HSCs and
SECs, but not in hepatocytes or cholangiocytes. In whole mouse liver sections that were
dual-labeled with anti-moesin and anti-eNOS (the latter a SEC marker, Figure 1 B, upper
panel), or anti-moesin and anti-desmin (the latter a HSC marker, Figure 1B, lower panel)
moesin was identified in nonparenchymal cells, which, with co-labeling are shown to be
HSCs and SECs.

Moesin and phospho-moesin expression in HSCs

We initially examined moesin expression during HSC activation, both /n vitroand in vivoe.
During classic culture induced HSC induced activation, total moesin expression appeared to
be unchanged, but phospho-moesin was substantially upregulated (Figure 1C). Similarly,
phospho-moesin was upregulated during HSC activation /n vivo after liver injury (Figure
1D).

Cellular localization of moesin and phospho-moesin in HSCs

We next explored moesin and phospho-moesin localization in quiescent and cultured as well
as BDL-activated HSCs (Figure 2). Immunofluorescence localization of moesin and
phospho-moesin demonstrated that it was normally present in the plasma membrane and
lamellipodial structures (Figure 2A, and 2B). SMa.-actin was localized predominantly to the
cytoplasmic spaces. As expected, expression of SMa-actin in quiescent cells was low.

In order to determine more precisely identify the intracellular localization of moesin, we
overexpressed both wild-type and moesin mutants (expressing CFP) in quiescent and
activated HSCs using live cell imaging. Moesin was clearly expressed in HSCs beginning at
approximately 12 h after infection. High levels of expression were observed by 36h post-
infection (Figure 3). Overexpression of WT moesin in quiescent and activated HSCs
revealed that moesin was localized in lamellipodia, similar to native moesin expression, with
relatively little expression in the cytoplasmic space (Figure 3, left panels). In contrast, the
dominant negative construct appeared to force moesin to the cytoplasm (Figure 3, middle
panels). However, the phosphomimiking dominant active construct led to prominent moesin
expression in the plasma membrane in the form of long microvillar and filopodial membrane
extensions (Figure 3, right panels).

The effect of moesin on HSC smooth muscle a actin and collagen lal expression

To test the functional effects of moesin in HSCs, we first overexpressed moesin-CFP WT
and mutant moesin constructs (moesin-CFP-T558A and moesin-CFP-T558A) in isolated
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stellate cells. Overexpression of the moesin WT and phosphomimicking mutants led to
remarkable upregulation of type | collagen mMRNA (127% and 167% of uninfected cells
respectively, P< 0.01, Figure 4A) and smooth muscle a-actin mMRNA production (122% and
151% of uninfected cells respectively, £< 0.05, Figure 4B), In contrast, the
nonphosphorylatable T558A mutant moesin led to remarkable downregulation of collagen |
and smooth muscle a-actin mMRNA expression (76% and 81% of uninfected cells,
respectively, each £< 0.05; Figure 4A and 4B). Consistent with the effects of the
nonphosphorylatable T558A mutant moesin, knock down of moesin using shRNA led to
down-regulation of smooth muscle a-actin and collagen 1a.1 expression (50% and 62% of
uninfected cells, respectively, £< 0.05; Figure 4A and 4B). Further, we evaluated collagen |
and smooth muscle a-actin protein expression using wild type, nonphosphorylatable T558A,
constitutively phosphorylated T558D and moesin ShRNA constructs in isolated HSCs.
Consistent with mRNA expression, over expression of the nonphosphorylatable T558A and
constitutively phosphorylated moesin led to effects similar to those found with smooth
muscle a-actin and collagen 1a1 mRNA expression (Figure 4C, 4D and 4E). Smooth
muscle a-actin and collagen 1alexpression were also significantly reduced in moesin
shRNA-infected cells (62% and 50% of scramble-infected cells respectively, < 0.01;
Figure 4C, 4D and 4E).

Moesin deficiency reduces liver fibrosis in vivo

We next examined the effect of moesin depletion on hepatic injury, inflammation, bile duct
proliferation and fibrosis. ALT and bilirubin levels were not significantly altered in moesin
KO mice after liver injury induced by CCl, and BDL (Supplemental Figure 1). Additionally,
tumor necrosis factor (TNF)-a., IL-1p and IL-6 expression was examined after injury. These
3 cytokines, important in the inflammatory response to liver injury, were similar in WT and
KO mice (Supplemental Figure 2A, B and C). Examination of liver sections after CCly
injection and BDL induced injury revealed equal similar degrees of portal inflammation
(Supplemental Figure 2D and Figure 5A). Of note, there an increase in bile duct
proliferation was observed following BDL (but no significant difference between moesin
WT and KO livers). Biliary mass (shown by CK-19 staining) and CK-19 mRNA levels were
also similar in WT and KO animals following DBL (Supplemental Figure 3). Desmin
expression was also similar in moesin WT and KO livers after liver injury (Supplemental
Figure 4).

Next, the effect of moesin deficiency on liver fibrosis in CCls—induced and BDL liver injury
was examined. Following six doses of carbon tetrachloride or 14 days after BDL surgery,
collagen was labeled with picrosirius red. The amount of collagen visualized in the livers of
moesin KO mice was significantly less than that of moesin WT mice (69% and 72% of wild
type, respectively, each £< 0.05) (Figure 5A and Figure 5B). Hydroxyproline content was
also significantly decreased in moesin KO animals after liver injury (75% of wild type CCly-
treated mouse and 77% of BDL mouse, < 0.05) (Figure 5C).

Reduced cellular motility and contractility in moesin T558A and moesin deficient cells

Next, we examined the functional effect of moesin in HSC motility. Infection of (rat) HSCs
with WT or dominant active moesin led to an increase in cell migration (Figure 6A and 6B).
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In contrast, the dominant negative moesin significantly abrogated cell migration (vs. control,
n=5, *p<0.01, Figure 6A and 6B). Additionally, moesin KO HSCs were less motile than
controls (n =5, *p<0.05, Figure 6A and 6B).

We also examined another HSC function dependent on the actin cytoskeleton, namely cell
contractility. HSCs infected with WT moesin as well as HSCs infected with dominant active
moesin (CFP T558D) were significantly more contractile than controls (Figure 6C).
Additionally, moesin KO HSCs were significantly less contractile compared to controls (n =
5, *p<0.05, Figure 6C).

Expression of MRTF-A and SRF on actin dynamics in moesin deficient HSCs

In order to examine the mechanism underlying moesin’s effect on the actin cytoskeleton and
HSC function, we analyzed the expression of MRTF-A and SRF, both of which are known to
be important in regulation of the cells actin cytoskeleton (18, 24-28). We specifically
focused on MRTF-A and SRF expression in normal and activated HSCs from moesin KO
and WT mice. MRTF-A expression was significantly increased in cells from BDL in
compare to sham operated moesin WT animals (n=5, *p<0.05, for BDL (188%) vs sham
(100%), Figure 7A). In contrast, MRTF-A expression was significantly decreased in HSCs
from moesin-KO animals after BDL (n=5, *p<0.05, for moesin KO (188%) vs. moesin WT
cells (104%)), (Figure 7A). Similarly, SRF was reduced in moesin-KO animals compared to
control (n=5, *p<0.05, Figure 7B).

Finally, to study the effects of moesin on the actin cytoskeleton, we examined the ratio of G-
actin to F-actin in HSCs from moesin KO and WT animals (as a control, HSCs were
exposed to the actin polymerizing agent jasplakinolide) (Figure 7C). In moesin KO HSCs,
levels of G actin were increased, and the G-actin/F-actin ratio was significantly higher than
in moesin WT HSCs (n=4, p*<0.05, G-/F-actin: 68%/32% for KO mouse vs 52%/48% for
WT mouse respectively, Figure 7C). Of note, as expected, in HSCs exposed to
jasplakinolide, actin was prominently reorganized into F-actin (Figure 7C).

Discussion

Here, we have demonstrated an important role for the ERM (ezrin/radixin/moesin) family
protein moesin regulating collagen expression in HSCs. Not only did we demonstrate that
moesin phosphorylation is increased during HSC activation and fibrogenesis /n vivo, but we
also found that its deletion reduced fibrosis /77 vivo in response to injury. The mechanism by
which moesin functions is through a G-actin, MRTF-A and SRF pathway that regulates
extracellular matrix production.

Our study advances the field by emphasizing the critical importance of not only the actin
cytoskeleton, but also the actin-binding protein, moesin, in cell structure and function. We
show that moesin depletion significantly impairs cell contraction, the latter, a critical
functional component of HSC activation. Indeed, these findings are consistent with previous
studies demonstrating that the actin cytoskeleton (and in particular, SMa-actin) plays a
critical role in HSC contractility (4, 18, 29). Further, the current findings are also consistent
with previous data emphasizing the important role of actin on HSC motility (4). Since actin
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filament formation and actomyosin activation is the main motile force underlying cell
motility, we believe that the explanation for the impaired wound-induced migration found
with the nonphosphorylatable T558A moesin mutation (which does not binds actin) is
impaired formation of actin dependent structures, including the cytoskeleton, but also
lamellipodia, filopodia and membrane ruffles of microvilli, all of which are essential for cell
motility.

We speculate that the ERM mechanics we report here may have implications for the biology
of mechanotransduction in hepatic disorders other than fibrosis and/or portal hypertension.
There is at present no published data available on moesin expression in cholangiopathies,
liver cancer and fibrosing liver diseases including primary biliary cholangitis (PBC), primary
sclerosing cholangitis (PSC), alcoholic- (ALD) and non-alcoholic steatohepatitis (NASH).
However, another ERM protein, ezrin, has been shown to be upregulated in hepatocellular
carcinomas (30, 31). Although a function for ezrin in HCC was not elucidated, the data raise
the possibility that mechanotransducing signals could play a role in HCC carcinogenesis.

From a mechanistic standpoint, we show that the absence of moesin leads to the formation
of an increased G-actin pool, this leads to G-actin/MRTF-A binding and subsequently
inactivation of MRTF-A, with resultant reduction in MRTF-A-SRF mediated collagen
secretion (Figure 8). The linkage between moesin-actin dynamics gene expression is largely
unexplored. Extracellular signals from cytokines, mechanical force and others stimulate
plasma membrane receptors (E-cadherin, TGFp, tyrosin kinase, integrin) which in turn lead
to actin polymerization and cellular motility by modulating Rho GTPase activity. For
example, integrin receptors link cells to the extracellular matrix and are the main structural
organizing components of focal adhesions, communicating external and internal mechanical
stress to the actin cytoskeleton. In our study, integrin beta 3 expression in HSCs was not
regulated after liver injury (Supplemental Figure 5). However, this does not exclude the
possibility that other integrins or in particular, integrin phosphorylation is involved in
downstream signaling cascades. Such signaling appears to activate the actin-MRTF-SRF
pathway, which links actin dynamics with gene transcription. Additionally, cytokines such as
TGF-B1 can also activate the well-characterized Smad signaling pathway and promote
expression of SMa actin.

Our data surrounding the role of moesin, and its role in regulation of MRTF-A/SRF are
consistent with previous studies that have examined MRTF-A in fibrosis, though these
previous studies have not examined moesin mechanistically. Evidence that the MRTF-A
pathway plays an important role in fibrosis comes from the understanding that many key
genes involved in fibrosis are also SRF target genes that respond to activation by MRTF-
AJSRF binding to target promoters, including ACTAZ (18, 24, 25, 27-29, 32-37). For
example, MRTF-A knockout/knock down models have reduced fibrosis in the heart (28),
lungs (25) and blood vessels (34). Earlier MRTF-A inhibitors have proved efficient in
targeting Rho-mediated MRTF/SRF signaling (38—40). It has also been demonstrated that
MRTF-A inhibitors reduce SRF reporter gene activity (38, 39). Our data extend this
paradigm, linking moesin to the MRTF-A/SRF pathway.
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In summary, moesin plays an important role in cytoskeletal function in HSCs - leading to an
effect on fibrogenesis. The data suggest that the moesin/MRTF/SRF pathway could be a
novel putative therapeutic target in fibrosing liver disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BDL Bile duct ligation

CCly Carbon tetrachloride
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ERM ezrin-radixin-moesin
F-actin Filamentous-actin

G-actin Globular actin

HSC Hepatic stellate cell

Jaspl Jasplakinolide

KO Knock out

MRTF-A Myocardin related transcription factor-A
SMa-actin Smooth muscle alpha actin
SRF Serum response factor
WT Wild type
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Figure 1. Moesin expression in whole liver and isolated hepatic cells and moesin phosphorylation
during HSC activation.

In (A), different liver cell types were isolated and cell lysates were subjected to immunoblot
analysis as in methods. Representative images (of greater than 4 others) are shown. In (B),
mouse liver sections were dual labeled with moesin and eNOS (upper panel) as well as
moesin and desmin (lower panel). Representative images (of greater than 4 others) are
shown. In (C), HSCs were isolated and grown for 1 day, 3 days or 7 days as described in
Methods. At these time points, cell lysates were collected and subjected to immunoblot
analysis to detect moesin and phospho-moesin as in Methods. Representative immunoblots
(of greater than 4 others) are shown. In (D), HSCs were isolated after BDL induced liver
injury (and in sham operated animals) as in Methods and plated overnight to allow complete
cell recovery. Cell lysates were collected and subjected to immunoblot analysis. In (E),
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immunoblot data from (C) and (D), respectively, were scanned, quantitated, and presented
graphically below the corresponding immunoblot lane (n = 4, *p< 0.01, phospho moesin
expression after day 3 and day 7 — compared to day 1 and BDL cells compared to cells from
sham operated cells).
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Figure 2. L ocalization of moesin, phospho-moesin and smooth muscle a actin in HSCs.
Cultured stellate cells were maintained in culture for 36h as in Methods. Some cells were

kept in quiescent condition. Cells were fixed and labeled to detect moesin (green — panel A),
phospho-moesin (green — panel B) and SMa.-actin (red — both panels) as in Methods.
Representative images (of greater than 4 others) are shown, including merged images
(overlay). The bar marker represents 10 um.

BDL HSC
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Figure 3. Cellular localization of exogenously expressed moesin wild type and mutantsin live
HSCs.
Stellate cells as in Figure 2 were infected with adenovirus containing recombinant CFP

labeled wild type moesin (Wild Type), CFP labeled nonphosphorylatable T558A moesin
(Dominant negative) and CFP labeled phospho-mimicking T558D moesin (dominant active).
After 36 hours in culture conditions, moesin localization (cyan fluorescence) was evaluated.
Representative images (of greater than 5 others) are shown. Intracellular localization and
distribution dynamics of exogenously expressed CFP-tagged moesin wild type and mutants
can be readily visualized seen. The yellow arrows point to CFP-tagged moesin
(accumulation). In wild type cells (left column), moesin is concentrated in lammelipodia. In
the dominant negative infected cells (middle column), there is cytoplasmic accumulation of
dominant negative moesin, and in dominant negative infected cells (right column), dominant
active moesin accumulates in the periphery in finger like projections (n=5). The bar
represents 10 um.
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Figure4. Moesin regulates collagen | a. | and smooth muscle a actin mRNA in HSCs.
In (A) and (B), stellate cells were isolated from normal rat livers and were allowed to

undergo spontaneous culture induced activation for 48 hours. Cells were serum starved
overnight and infected with the adenoviral moesin wild type and mutant (dominant active
moesin T558D and dominant negative moesinT558A) constructs for 36 hours as in Methods.
Cells were harvested and smooth muscle a actin and collagen | a | mMRNA were measured
by RT-PCR as in Methods and the data presented graphically. Smooth muscle a actin and
collagen I a | mRNA expression levels were similar (n=4, *p< 0.05 for moesin WT and
moesin dominant negative vs. uninfected control cells, *p< 0.01 for moesin dominant active
vs. uninfected control cells. *p< 0.01 for moesin shRNA infected cells vs scramble infected
cells). In (C, D and E), HSCs, cells were infected with WT and mutant (dominant active and
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dominant negative) moesin constructs subjected immunoblotting (C). Uninfected cells and
CFP only containing construct was used as control. Some cells were infected with scramble
and moesin shRNA adenovirus. Type I collagen and smooth muscle a-actin protein
expression were detected using antibodies to detect collagen | and smooth muscle a actin.
Immediately below the immunaoblots are shown scanned and quantitated data (D and E)
(n=4, *p< 0.05 for moesin WT and moesin dominant negative vs. uninfected cells. *p< 0.05
for moesin- dominant active vs. uninfected cells. *p< 0.05 for moesin shRNA infected cells
vs scramble infected cells).
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Figure 5. Moesin deficiency leadsto reduced collagen expression after liver injury.
Liver injury was induced as in Methods by repetitive administration of CCl4 administration

or bile duct ligation (BDL). In (A), whole liver tissues were harvested and subjected to H&E
and picrosirius red staining as in Methods. Representative images (of greater than 4 others)
are shown. In (B), images were subjected to quantitative morphometry to detect sirius red
labeling and quantitative data are depicted graphically (n=4, *p< 0.05 for moesin wild type
vs moesin KO in both CCl,4 administered and BDL mice). In (C), hydroxyproline was
measured in individual pieces liver from different animals, and hydroxyproline content in
liver tissue from control, CCl, administered as well as BDL and sham-operated wild-type
and moesin-KO mice are depicted graphically (n=4, *p< 0.05 for moesin wild type vs
moesin KO in both CCl, administered and BDL mice).
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Figure 6. HSC migration in the absence of moesin isreduced and enhanced after dominant active
MOeSin over expreesion.

Stellate cells were isolated from rats or wild type and moesin knock out mice. Cells were
plated in monolayers at uniform density in all experiments. Rat HSCs cells were infected
with adenoviral constructs (moesin-CFP WT, dominant negative moesin, dominant active
moesin) as in Methods and subjected to scratch wounding and as in Methods. Uninfected
cells with and without serum in culture as well as control-adenovirus infected cells were
served as control. Cells migrating the specified distances and 36 hours after scratch
wounding were counted. In (A), representative examples of infected cells migrating into
scratched areas are shown (n=4). In (B), cells migrating the specified distances and 36 hours
after scratch wounding were counted (n = 4, *p<0.05 for moesin WT and moesin dominant
negative vs. uninfected cells. *p< 0.01 for moesin dominant active vs. uninfected cells. *p<
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0.05 for Moesin knock out vs. moesin wild type cells). In (C), stellate cells were placed on
top of collagen lattices, infected with moesin constructs described above and contraction
was measured as in Methods (n = 4, *p<0.05 for moesin WT vs. uninfected control cells,
moesin dominant negative vs. uninfected control cells, moesin dominant active vs.
uninfected control cells, and moesin knock out vs. moesin wild type cells).
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Figure 7. Moesin deficiency reduces MRTF-A and SRF expression and alters actin dynamics.
HSCs were isolated from wild type and moesin knock out mice in normal and injured (BDL)

livers. MRTF-A and SRF expression were measured by immunoblotting (A left and right
panels). Representative images (of greater than 3 others) are shown and quantitative data are
presented graphically in (B) (n=3, *p<0.05 for moesin knock out BDL (KO BDL) vs wild
type BDL (WT BDL) for MRTF-A expression, *p<0.05 for moesin knock out cells (KO) vs
wild type cells (WT). In (C), Reorganization of actin from Wild type (WT) and moesin
knock out (KO) cells using the G-actin/F-actin assay described in methods. Control cells
were treated with actin polymerizing drug jasplakinolide (Jaspl). The G-actin (G) and F-
actin (F) content was assayed. Moesin knock out cells resulted in a significant accumulation
of G-actin and decreased F-actin in comparison to wild type cells, (n=3, *p<0.05 for G- and
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F- actin from moesin knock out cells (G KO and F KO) vs G- and F- actin from wild type G-
actin (G WT and F WT). Cells treated with jasplakinolide, 80% of actin is reorganized into
F-actin (n=3, *p<0.05, G-actin vs F-actin from wild type cells).
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Figure 8. Proposed model for moesin-G-Actin/M RTF-A/SRF signalingin HSCs
The extracellular domains of integrins bind extracellular matrix (ECM) ligands. This leads to

integrin signaling, in turn linking the ECM to focal adhesion proteins and the cytoskeleton.
Focal adhesion proteins can bind directly to moesin, actin and integrins. In quiescent HSCs,
moesin is present in a “closed” conformation. Phosphorylation of the COOH-terminal
threonine (T558) by rho kinase induces and stabilizes the unfolded active conformation of
moesin, allowing the COOH-terminal domain to bind to actin filaments and focal adhesion
proteins. F-actin engagement with moesin via the moesin binding region effects F-/G-actin
turnover. Less G-actin (polymerization of F-actin requires cytoplasmic G-actin) will be
available in the cytoplasmic space. Consequently, F-actin stress fiber formation allows
MRTF-A to be released from the G-actin state, allowing MRTF-A to enter the nucleus.
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MRTF-A interaction with serum-response factor (SRF) on CArG box regulatory elements
appears to be critical in the regulation of myofibroblast differentiation and extracellular
matrix synthesis.
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