E-Cadherin Antagonizes Transforming Growth Factor
f1 Gene Induction in Hepatic Stellate Cells by
Inhibiting RhoA-Dependent Smad3 Phosphorylation
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Cadherins mediate cell-cell adhesion and catenin (ctn)-related signaling pathways. Liver fi-
brosis is accompanied by the loss of E-cadherin (ECAD), which promotes the process of
epithelial-mesenchymal transition. Currently, no information is available about the inhibi-
tory role of ECAD in hepatic stellate cell activation. Because of ECAD’s potential for in-
hibiting the induction of transforming growth factor p1 (TGFp1), we investigated
whether ECAD overexpression prevents 7GFB1 gene induction; we also examined what
the molecular basis could be. Forced expression of ECAD decreased a-smooth muscle actin
and vimentin levels and caused decreases in the constitutive and inducible expression of
the TGFp1 gene and its downstream genes. ECAD overexpression decreased Smad3 phos-
phorylation, weakly decreased Smad2 phosphorylation, and thus inhibited Smad reporter
activity induced by either treatment with TGFf1 or Smad3 overexpression. Overexpression
of a dominant negative mutant of ras homolog gene family A (RhoA) diminished the abil-
ity of TGFp1 to elicit its own gene induction. Consistently, transfection with a constitu-
tively active mutant of RhoA reversed the inhibition of TGFf1-inducible or Smad3-
inducible reporter activity by ECAD. Studies using the mutant constructs of ECAD
revealed that the p120-ctn binding domain of ECAD was responsible for TGFf1 repres-
sion. Consistently, ECAD was capable of binding p120-ctn, which recruited RhoA; this
prevented TGFp1 from increasing RhoA-mediated Smad3 phosphorylation. In the liver
samples of patients with mild or severe fibrosis, ECAD expression reciprocally correlated
with the severity of fibrosis. Conclusion: Our results demonstrate that ECAD inhibits
Smad3/2 phosphorylation by recruiting RhoA to p120-ctn at the p120-ctn binding
domain, whereas the loss of ECAD due to cadherin switching promotes the up-regulation
of TGFp1 and its target genes, and facilitates liver fibrosis. (HeratoLOGY 2010552:2053-2064)

-cadherin (ECAD), a transmembrane glycopro- responsible for binding cells to neighboring ones and
tein that mediates adherens junctions, is devel- maintaining the structural integrity and polarization of
opmentally restricted to polarized epithelial ~epithelia. ECAD also regulates signaling pathways
cells.'? Repeated extracellular domains of ECAD are through the intracellular catenin (ctn) binding
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domains."* Cadherin switching is a characteristic
behavior of the process of epithelial-mesenchymal tran-
sition (EMT). An important phenotypic change in
cadherin switching is the loss of ECAD expression.
The loss of ECAD causes cells to dissociate from their
neighbors and results in a loss of cell polarity. This, in
turn, leads to the activation of cell signaling pathways
that regulate the mesenchymal transition. On the con-
trary, an increase in ECAD expression inhibits cell
transformation and tumor cell invasion in an adhe-
sion-independent manner.®*

Myofibroblasts play a key role in wound healing and
pathological organ remodeling.” The most accepted
myofibroblast progenitors in the liver are hepatic stel-
late cells (HSCs),”® although various other resident
cells are recognized as sources of liver myofibroblasts.’
As HSCs activate, the level of ECAD expression
decreases.” Activated HSCs then promote the synthesis
and deposition of the extracellular matrix (ECM) com-
ponent and the induction of a-smooth muscle actin
(xSMA). In addition, multiple signaling cascades accel-
erate the growth of activated HSCs® and contribute to
the development of liver fibrosis. Although the link
between cadherin switching and the EMT process in
HSCs has been studied,””® it is yet unclear whether
ECAD affects the activation of HSCs. Moreover, the
potential signaling and molecular regulatory mecha-
nism by which ECAD antagonizes profibrogenic gene
expression in quiescent HSCs has not been explored.

Several lines of evidence indicate that transforming
growth factor 1 (TGFf1) from autocrine or paracrine
sources plays a role in activating HSCs and increasing
the synthesis of ECM proteins and cellular receptors
for various matrix proteins.® TGFf1 is regulated tran-
scriptionally by transcription factors and posttransla-
tionally by the maturation of the precursors.® In
response to TGFf1, type I and II TGFf1 receptors
form a complex and induce receptor autophosphoryla-
tion. TGFp1 is also known as a cytokine that induces
EMT, which inhibits ECAD expression by up-regulat-
ing transcriptional repressors such as Snail, Zeb, and
Twist.” Activated TGFf1 receptors transmit the signal
by which regulatory Smad molecules (Smad3/2) are
phosphorylated and form an active complex with co-
Smad (Smad4). The transcription factor complex then
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moves to the nucleus, in which it promotes the tran-
scription of target genes through interactions with spe-
cific Smad binding elements (SBEs; also called the
CAGA box)."” Tt has been reported that single or mul-
tiple copies of SBEs are located in the upstream
regions of TGFf1’s target genes, such as plasminogen
activator inhibitor 1 (PAI-1), matrix metalloproteinases
(MMPs), and collagen type 11"

Despite the finding that TGFf1 leads to HSC acti-
vation with a phenotypic change of ECAD loss and
causes hepatic ECM accumulation, it has not yet been
determined whether ECAD overexpression inhibits the
expression of 7GFf1 and its downstream target genes.
We investigated whether ECAD negatively regulates
TGEFp1 expression; we also examined what the molec-
ular basis could be. Our findings demonstrate tran-
scriptional repression of the 7GFf1 gene by ECAD.
Thus, the loss of ECAD initiates TGFf1 induction
and consequently promotes the expression of genes for
ECM accumulation. Moreover, the results of this study
led to the identification of the p120-ctn binding do-
main of ECAD as the site required for complex forma-
tion with p120-ctn, which recruits ras homolog gene
family A (RhoA); this results in the inhibition of
RhoA activity. The data presented here support the
ability of ECAD to hinder RhoA activity, which is
critical for the Smad signaling pathway.

Materials and Methods

Materials. Information on the materials used in
this study is given in the Materials and Methods sec-
tion of the supporting information.

Animal Treatment. Animal experiments were con-
ducted under the guidelines of the institutional animal use
and care committee at Seoul National University. Male
Sprague-Dawley rats at 6 weeks of age (140-160 g) were
used for liver fibrosis induction as described previously.'?

Patient Samples. Human liver tissues with fibrosis
were obtained from 81 patients who had been diag-
nosed with liver fibrosis or liver cirrhosis by histologi-
cal examination and ultrasonography in seven different
hospitals in South Korea.'®' This human investiga-
tion was performed after approval by the institutional
review board.

Address reprint requests to: Sang Geon Kim, Ph.D., College of Pharmacy, Seoul National University, Sillim-Dong, Kwanak-Gu, Seoul, Korea 151-742. E-mail:

sgk@snu.ac.kr; fax: +822-872-1795.
Copyright © 2010 by the American Association for the Study of Liver Diseases.
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Additional Supporting Information may be found in the online version of this article.
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Immunobhistochemistry. Liver specimens were fixed
in 10% formalin, embedded in parafhin, cut into 4-
um-thick sections, and mounted onto slides. Tissue
sections were immunostained with antibodies directed
against ECAD, glial fibrillar acidic protein (GFAP),
and aSMA.

Cell  Culture. Murine  embryonic  fibroblasts
(MEFs), LX-2 cells (immortalized human activated
HSCs), and HepG2 cells were supplied by Dr. M.
Simon (Caltech Institute, Pasadena, CA), Dr. S. L.
Friedmann (Mount Sinai School of Medicine, New
York, NY), and the American Type Culture Collection
(Manassas, VA), respectively. The isolation of primary
HSCs and hepatocytes from rat livers and the estab-
lishment of a stable cell line expressing ECAD are
described in the supporting information.

Generation of the Recombinant Adenovirus. For
the generation of an adenoviral ECAD construct, the
ECAD gene was subcloned into the a#tL-containing
shuttle plasmid pENTR-BHRNX (Newgex, Seoul,

Korea). The recombinant adenovirus was constructed
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and generated with the pAd/CMV/V5-DEST gateway
plasmid (Invitrogen, Carlsbad, CA). In Supporting Fig.
1, green fluorescence protein (GFP)—expressed images
are shown to confirm the transduction efficiency.

Immunoblot Analysis. The preparation of whole
cell lysates and immunoblot analyses were performed
according to the established procedures.'?

Real-Time Polymerase Chain Reaction (PCR)
Assay. Total RNA was extracted with TRIzol (Invitro-
gen) and was reverse-transcribed. The resulting com-
plementary DNA was amplified by PCR.

Luciferase Reporter Assay. The sources of the vec-
tors and the procedures used in this study for transient
transfection and reporter gene assays are described in
the supporting information.

Immunoprecipitation and Immunoblot Assay. For
the assessment of protein interactions, cell lysates were
incubated with an anti-ECAD or anti-RhoA antibody
overnight at 4°C. The antigen-antibody complex was
immunoprecipitated and then solubilized in a 2x
Laemmli buffer for immunoblotting.
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Fig. 1. Effects of ECAD on the expression of «SMA and vimentin. (A) ECAD loss in the fibrotic liver. Replicate liver sections prepared from rats
that had been treated with vehicle (top) or DMN (10 uL/kg of body weight intraperitoneally 3 times per week for 4 weeks; bottom) were immu-
nochemically stained for ECAD, «SMA, or GFAP (red). Arrowheads and arrows indicate the strong intensities of ECAD, «SMA, and GFAP. An arrow
in the middle column shows «SMA expression around the vascular smooth muscle. The pictures are representative images from at least six inde-
pendent experiments. The scale bar represents 20 (left and right) or 50 um (middle). (B) Cadherin switching in HSCs. Primary HSCs were cul-
tured in a growth medium for 6 or 12 days, and the cell lysates (30 ug each) were subjected to immunoblotting (left). The expression levels of
ECAD and NCAD were also determined in the lysates of HepG2 cells, primary hepatocytes, or quiescent HSCs (epithelial type) and in the lysates
of activated HSCs, LX-2 cells, or MEF cells (mesenchymal type; right). (C) Real-time PCR assays. The data are the means and standard errors of
at least six separate experiments (significantly different versus day 0: **P < 0.01). (D) Effects of forced ECAD overexpression on «SMA and
vimentin levels. HSCs and LX-2 cells were infected with adenoviral recombinant ECAD (multiplicity of infection = 50). Adenoviral GFP was used
as a control. Results were confirmed by three separate experiments. (E) Real-time PCR assays in LX-2 cells infected with adenoviral recombinant
ECAD (significantly different versus an adenoviral GFP infection: **P < 0.01 and *P < 0.05).
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Rho Activity Assay. Rho activity was measured with
a Rho assay kit (Upstate Biotechnology, Lake Placid,
NY).

Small Interfering RNA (siRNA) Knockdown. Scr-
ambled siRNA (control) and siRNAs of human or rat
p120-ctn were supplied by Santa Cruz Biotechnology
(Santa Cruz, CA). Cells were cotransfected with an
ECAD construct and siRNA (100 pmol) with Lipo-
fectamine 2000 according to the manufacturer’s

instructions, and then they were treated with 5 ng/mL
TGEP1 for the indicated time periods.

Results

Repression of N-Cadherin (NCAD), aSMA, and
Vimentin Levels by ECAD. Liver injury induced by
repeated dimethylnitrosamine (DMN) treatments acti-
vates HSCs and leads to liver fibrosis.'®> For confirma-
tion of the association of ECAD loss with HSC activa-
tion in vivo, immunohistochemistry was performed in
the livers of rats that had been exposed to multiple
doses of DMN. After DMN treatments, body weight
gain in the animals decreased by 10% in comparison
with a healthy control. Necrosis and fiber accumula-
tion were observed in the rat livers with increases in
the necrotic and fibrotic scores (data not shown). Liver
sections of control rats exhibited simultaneous staining
of GFAP (a maker of quiescent HSCs) and ECAD (a
marker of the epithelial phenotype; Fig. 1A, top). In
contrast, DMN treatments caused decreases in GFAP
and ECAD expression in a liver section with a recipro-
cal increase in SMA, and this indicated HSC activa-
tion (Fig. 1A, bottom). Immunohistochemical analysis
confirmed ECAD loss in the fibrotic liver. These
results raise the possibility that ECAD loss facilitates
HSC activation iz vivo.

To understand the relationship between cadherin
switching and oSMA expression, time-dependent
changes in ECAD expression were monitored in pri-
mary cultured HSCs. GFAP and ECAD were colocal-
ized in a normal rat liver (Supporting Fig. 2A,B), and
this verified the expression of ECAD by HSCs.” Qui-
escent HSCs on day O exhibited the expression of
ECAD but not aSMA or vimentin, as did hepato-
cytes (Fig. 1B, left); this indicates that HSCs isolated
from a healthy liver have an epithelial phenotype. Af-
ter cultivation, the expression level of ECAD
decreased, whereas the levels of the transdifferentia-
(NCAD, oSMA, and vimentin)
increased. Moreover, NCAD expression was promi-
nent in LX-2 cells (an activated HSC cell line), and
there were increases in the levels of aSMA and

tion markers

HEPATOLOGY, December 2010

vimentin (Fig. 1B, right). As expected, MEF cells (a
fibroblast cell line) also showed increased expression
of NCAD, aSMA, and vimentin. We assessed the
expression of TGEf target genes regulating EMT in
HSCs on days 0 and 12 (ECAD expression was dis-
tinctly different at these times). The messenger RNA
(mRNA) levels of bone morphogenetic protein 7
(Bmp7) and inhibitor of DNA binding 2 (Id2) mark-
edly decreased on day 12, but the levels of Snail,
Twist, and PAI-1 increased (Fig. 1C); this suggests
that ECAD loss in activated HSCs may promote
EMT by inducing TGEp target genes.

Ectopic expression of ECAD prevents cell transfor-
mation as well as tumor cell invasion in an adhesion-
independent manner.>* Next, the effects of ECAD
overexpression on the levels of NCAD, aSMA, and
vimentin were examined in primary cultured HSCs
that had been activated (Fig. 1D, left). Forced expres-
sion of ECAD repressed the expression levels of
NCAD, aSMA, and vimentin in HSCs. Consistently,
ECAD overexpression resulted in similar changes in
both MEFs and LX-2 cells (Fig. 1D, middle and
right). Moreover, forced expression of ECAD increased
negative regulators of EMT, Bmp7, and 1d2 but recip-
rocally decreased positive regulators of EMT, Snail,
and Twist (Fig. 1E). These results indicate that the
expression of ECAD alters the activation status of
HSCs.

Inhibition of the Basal TGFP1 and Target Gene
Expression. TGFP1 stimulates HSC activation and
liver fibrosis.>'> Therefore, the effect of forced expres-
sion of ECAD on the 7GFfI gene was monitored in
subsequent experiments. Overexpression of ECAD eli-
cited a significant decrease in luciferase activity from a
TGFf1 promoter construct in MEF cells, but this was
not observed in cells transfected with NCAD (Fig. 2A,
left). Instead, TGFp1 luciferase activity was moderately
increased by NCAD overexpression. A decrease in the
basal TGFf1 expression by ECAD was also confirmed
in LX-2 cells and HSCs (Fig. 2A, middle and right).
Real-time PCR analysis verified the ability of ECAD
to repress the 7GFf1 gene (Fig. 2B). TGES1 pro-
motes the remodeling and deposition of ECM through
the activation of downstream target genes such as PAI-
1 and MMPs.*'""? In agreement with the repression
of TGFf1, the basal luciferase activities of PAI-1,
MMP2, and MMP9 were all inhibited by ECAD over-
expression in both MEFs and LX-2 cells (Fig. 2C). As
expected, ECAD expression decreased the transcript
levels of PAI-1, MMP2, MMP9, collagen type IA
(COL1A), and aSMA (Fig. 2D). Our results support
the contention that ECAD has the ability to inhibit
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TGFp1 gene expression and thereby repress its down-
stream target genes.

Inhibition of TGFpI-Inducible SBE Activity and
Smad3/2 Phosphorylation. The signaling pathway
activated by TGFf1 involves TGFf1 receptor—medi-
ated cell signaling. In an effort to identify the basis for
ECAD’s regulation of the TGEp1 signaling pathway,
we measured the effect of forced expression of ECAD
on the TGFf1-mediated induction of its own gene.
The exposure of primary HSCs to TGFf1 (5 ng/mL
for 12 hours) caused a 2.8-fold increase in TGEf1 re-
porter gene activity in comparison with a control, and
this was abolished by ECAD (Fig. 3A, left). Similarly,
TGFp1-inducible TGFB1 luciferase activity was also
reduced by ECAD in LX-2 cells (Fig. 3A, right). To
assess whether ECAD inhibits SBE-mediated gene
induction in response to TGFf1 treatment, we per-
formed reporter gene assays in MEFs or LX-2 cells
transfected with pGL3-(CAGA)y-MLP luciferase. As

expected, ECAD overexpression significantly decreased
TGFp1-inducible SBE luciferase activity in these cells
(Fig. 3B): the effects of transient and stable transfec-
tions were comparable. The SBE reporter activity in
MEFs was less than 10% of that in LX-2 cells.

TGEFp1 receptor—mediated cell signaling depends on
Smad3/2 phosphorylation; this allows phosphorylated
Smad3/2 to form oligomers with Smad4. The resultant
complex translocates into the nucleus and there acts as
a transcriptional activator.'® To address the down-
stream link between ECAD and TGFf1 repression,
we assessed the inhibitory effect of ECAD on TGFp1-
dependent Smad3/2 phosphorylation. The treatment
of mock-transfected MEFs or GFP-infected LX-2 cells
with TGFf1 enhanced Smad3/2 phosphorylation (Fig.
4A). Intriguingly, ECAD overexpression attenuated the
phosphorylation of Smad3 and, to a minor extent,
that of Smad2. A similar change was observed in LX-2
cells treated with TGEf1 after the adenoviral infection
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reporter construct were treated with TGFf1 for 12 hours. The reporter activity was also measured in MEFs stably transfected with ECAD. The data
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of ECAD. As we anticipated, ECAD inhibited the
ability of Smad3 to induce luciferase activity from an
SBE-driven reporter or TGFf1 reporter construct (Fig.
4B). Our results indicate that ECAD inhibits Smad3/2
phosphorylation and thus antagonizes Smad-dependent
gene transcription.

RhoA Regulation of Smad3/2 Phosphorylation
and Gene Induction. In addition to the Smad path-
way, TGFf1 receptor signaling activates other path-
ways such as small guanosine triphosphatase (GTPase),
mitogen-activated protein kinases, and phosphatidyl-
inositol 3-kinase.'” These pathways may crosstalk with
Smad signaling.'®'® In particular, RhoA regulates
Smad phosphorylation and Smad-dependent gene
induction in response to TGF1.'® To verify the regu-
latory role of RhoA in TGFf1-dependent Smad acti-
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vation, the phosphorylation status of Smad3/2 was
monitored in cells treated with cell-permeable C3
toxin (a RhoA inhibitor) or cells transfected with a
dominant negative mutant of ras homolog gene family
A (DN-RhoA). The treatment of LX-2 cells with C3
toxin led to a reduction in Smad3/2 phosphorylation
and, consequently, inhibited the ability of TGFf1 to
induce SBE luciferase activity (Fig. 5A). In addition,
transfection with DN-RhoA repressed the TGFf1-de-
pendent induction of its own gene or the SBE reporter
gene (Fig. 5B). Similarly, either C3 toxin treatment or
DN-RhoA transfection significantly attenuated Smad3-
inducible SBE reporter gene activity (Fig. 5C), and
this confirmed that RhoA inhibition antagonizes
Smad3-dependent gene transcription. Moreover, trans-
fection with a construct encoding for the constitutively
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Fig. 4. Effect of ECAD overexpression on Smad activity. (A) Immunoblots of phosphorylated Smad3 and Smad2. MEFs stably transfected with
ECAD or LX-2 cells infected with ECAD were treated with TGF1 (5 ng/mL). (B) Smad and TGFf31 reporter gene activities. The data are the
means and standard errors of three separate experiments [significantly different in comparison with a mock transfection (left) or a Smad3 trans-

fection (right): **P < 0.01].
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active mutant of ras homolog gene family A (CA-
RhoA) reversed the ability of ECAD to inhibit
TGEFp1-inducible or Smad3-inducible SBE luciferase
activity (Fig. 5D,E). These results indicate that the in-
hibition of Smad activity by ECAD may be associated
with RhoA inhibition.

Role of the p120-ctn Binding Domain of ECAD
in TGFp1 Repression. ECAD has an impact on adhe-
rens junctions through extracellular repeated domains
of cadherin, whereas intracellular domains of ECAD
regulate signaling pathways."> ECAD contains intra-
cellular binding domains that directly interact with
p120-ctn or B-ctn.' In order to understand in more
depth the mechanism underlying ECAD and RhoA,
we measured the abilities of several mutant constructs
of ECAD to inhibit TGFf1 reporter gene activity
(Fig. 6A, upper). Transfection (transient) with a con-
struct encoding the C-terminal intracellular domain of

E-cadherin (ECDT) resulted in a decrease in TGFf1
luciferase activity comparable to that obtained with
full-length ECAD (Fig. 6A, bottom), and this supports
the concept that the intracellular domain is responsible
for TGFf1 gene repression. Either ECAD/a-ctn,
which encodes for ECAD fused with o-ctn, or
ECAD-Ap-ctn, which encodes for an ECAD mutant
deficient in f-ctn binding domain, also inhibited
TGEFp1 reporter activity to a similar extent. In con-
trast, the transfection of ECAD-Ap120-ctn, which
expresses a mutant ECAD in the p120-ctn binding do-
main, failed to repress TGFf1 gene transcription.
Therefore, repression of the TGEf1 gene by ECAD
may rely on the pl120-ctn binding domain. In addi-
tion, the lack of inhibitory effects of ECAD-Ap120-
ctn on the PAI-1, MMP2, or MMP9 luciferase activ-
ities verified the important role of the p120-ctn bind-
ing domain in the repression of the genes (Fig. 6B). In
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Fig. 6. Effects of ECAD mutant constructs on the expression of the
TGFp1 gene or its target genes. (A) TGFf1 luciferase activity. The sche-
matic representation shows the major protein binding domains. The ba-
sal TGFf1 reporter activities were measured in MEF cells that had been
transiently transfected with each mutant construct of ECAD. (B) Reporter
gene activities. The data are the means and standard errors of at least
three separate experiments (significantly different in comparison with a
mock transfection: **P < 0.01). Abbreviation: NS, not significant.

light of these results, we conclude that the p120-ctn
binding domain of ECAD may be involved in repres-
sing TGFf1 or its downstream gene induction.
Recruitment of RhoA to pl120-ctn Bound to
ECAD. ECAD regulates the activity of small GTPase
via p120-ctn.™'” In another effort to understand the
association between ECAD and RhoA, we explored
the role of p120-ctn in the interaction of these mole-
cules (Fig. 7A). As expected, the forced expression of
ECAD notably increased its association with p120-ctn
in LX-2 cells according to immunoprecipitation and
immunoblot assays. Also, enforced ECAD expression
increased the interaction between p120-ctn and RhoA:
ECAD promoted RhoA recruitment to its complex
with p120-ctn, although it did not alter the basal
expression levels of p120-ctn and RhoA. The hypothe-
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sis that RhoA is recruited to ECAD through p120-ctn
binding was verified by the lack of ECAD binding to
RhoA in cells transfected with ECAD-Ap120-ctn
(Fig. 7B).

Because of the regulatory role of RhoA in the Smad
signaling pathway, the effect of ECAD on RhoA activ-
ity was determined in cells treated with TGEf1. As
expected, TGFf1 treatment increased RhoA activity in
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Fig. 7. Interaction of ECAD with RhoA through p120-ctn binding. (A)
IP-IB assays. ECAD immunoprecipitates were immunoblotted for p120-
ctn. For the assessment of protein interactions, RhoA immunoprecipi-
tates were immunoblotted for p120-ctn or ECAD; 10% of the total
lysates were used as an input control. K18 was used as a negative
control. (B) Association of ECAD with RhoA through p120-ctn. LX-2
cells were transfected with ECAD or ECAD-Ap120-ctn. (C) RhoA activity
assay. RhoA activity was measured in LX-2 cells treated with TGFf1
5 minutes after ECAD infection. (D) Effect of p120-ctn knockdown on
the ability of ECAD to inhibit RhoA. LX-2 cells were infected with an
adenoviral ECAD construct, were transfected with p120-ctn siRNA, and
then were exposed to TGFf31. (E) RhoA binding to ECAD and RhoA activ-
ity. The interactions between RhoA and ECAD (left) and RhoA activity
(right) were measured in HSCs on days 0 and 12. (F) Effect of p120-ctn
knockdown on TGFf1-inducible Smad3 phosphorylation. The data are
the means and standard errors of at least three separate experiments
(significantly different in comparison with GFP-infected cells treated with
TGFf1). Abbreviations: IB, immunoblotting; 1gG, immunoglobulin G; IR,
immunoprecipitation; K18, cytokeratin 18; NS, not significant.
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A

Mild Fibrosis

Severe Fibrosis £

Fig. 8. ECAD expression and fibrosis. (A)
ECAD expression in patients with mild fibrosis
(Ishak fibrosis score < 2) or severe fibrosis
(Ishak fibrosis = 6). Liver sections (nine
patients in each group) were stained for H&E
and for ECAD (red) and «SMA (green) immu-
nohistochemically. The pictures are represen-
tative images. The scale bars represent 50
um. The area fraction for ECAD (%) was
determined on the liver sections with image
analysis software. The data are means and
standard errors (n = 9; significantly different
in comparison with mild fibrosis). (B) Pro-
posed signaling pathway by which ECAD pre-
vents  Smad3-dependent  TGFf1  gene
induction. Abbreviation: H&E, hematoxylin and
eosin.

comparison with a control, which was completely
antagonized by ECAD overexpression (Fig. 7C). The
ECAD-mediated RhoA inhibition was reversed by
siRNA targeting p120-ctn (Fig. 7D). In addition, we
examined the physical interaction between RhoA and
ECAD in HSCs on days 0 and 12. As expected,
ECAD interacted with RhoA on day 0, but this was
abrogated by a deficiency in ECAD on day 12 (Fig.
7E, left). Consistently, RhoA activity increased in the
activated HSCs (Fig. 7E, right). Likewise, the ability
of ECAD to inhibit Smad3 phosphorylation was atte-
nuated by p120-ctn knockdown in either LX-2 cells or
primary HSCs (Fig. 7F).

In an effort to show the biological relevance of
ECAD function in clinical situations, we compared
ECAD expression levels in groups of patients with
mild or severe fibrosis. The levels of ECAD were
clearly higher in patients with mild fibrosis versus
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patients with severe fibrosis (Fig. 8A, left). In contrast,
aSMA expression levels increased as the disease pro-
gressed. Multiple analyses of the human liver samples
indicated that ECAD expression reciprocally correlated
with the severity of fibrosis (Fig. 8A, right) and veri-
fied the biological function and relevance of ECAD in
human liver fibrosis.

Collectively, all these results provide compelling evi-
dence that ECAD inhibits RhoA activity by recruiting
RhoA to p120-ctn bound to the p120-ctn binding do-
main, and this prevents RhoA-dependent Smad signal-
ing pathway in HSCs (Fig. 8B).

Discussion

In the healthy liver, quiescent HSCs show no fibro-
genic phenotype and have a low proliferative capacity.
These HSCs are the major vitamin A storage sites.
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Repeated injury of any etiology triggers various inflam-
matory processes such as cytokine production, inflam-
matory cell recruitment, and a phenotypic transition
of HSCs to more contractile and fibrogenic myofibro-
blasts.® Activated HSCs with a myofibroblast-like phe-
notype lose their lipid droplets, proliferate, migrate to
zone 3 of the acinus, and produce collagen types I, III,
and IV and laminin. Thus, activated HSCs are respon-
sible for the development and establishment of fibrosis,
a prepathological state of cirrhosis. Liver cirrhosis
results in hepatic parenchymal cell destruction, the for-
mation of septa and nodules, and alteration of the
blood flow.®

ECAD is expressed as a major form in quiescent
HSCs” and most normal cells within epithelial tissues.
When HSCs are activated, the level of ECAD expres-
sion decreases through the process of cadherin switch-
ing (i.e., a switch from ECAD expression to NCAD
expression). Therefore, this is a conversion to NCAD
expression followed by a loss of ECAD. Activated
HSCs then alter the gene expression profile and ac-
quire a migratory phenotype.”®” It has been shown
that during the culture-related transition of quiescent
HSCs to myofibroblastic HSCs, ECAD and other epi-
thelial markers are down-regulated, whereas mesenchy-
mal markers are enhanced.” Hedgehog and ras-related
C3 botulinum toxin substrate (Rac) signaling may reg-
ulate the EMT of HSCs.”® However, no information
was available about the significance of ECAD with
respect to the inhibition of HSC activation. Our
results demonstrate that ectopic ECAD expression pre-
vents HSC activation. Thus, a deficiency of ECAD
may facilitate the activation or motility of HSCs.
Sometimes, increased expression of NCAD without a
change in ECAD expression is called cadherin switch-
ing. In a study,18 increased motility of epithelial cells
was claimed to be associated with NCAD up-regula-
tion. Thus, HSC activation may result in part from
the increased expression of NCAD as well as the loss
of ECAD.

In addition to the fibrotic process in the liver, cad-
herin switching is involved in other physiological and
pathological conditions such as the normal physiology
of embryonic development, chronic inflammation, and
the invasion and metastasis of cancer cells."* In clini-
cal studies, the loss of ECAD in many epithelium-
derived cancer cells promotes the conversion of the
epithelial phenotype into a more motile and less
polarized mesenchymal phenotype.”'” Consistently,
decreased ECAD expression has been observed in
approximately 40% of hepatocellular carcinoma sam-
ples.”® Activated HSCs serve as liver-specific pericytes
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in hepatic carcinogenesis and may contribute to the
remodeling and deposition of tumor-associated
ECM." Because of the link between ECAD loss and
the pathological process of EMT, information on the
molecular basis of ECAD signaling may be helpful in
understanding the development and progression of he-
patocellular carcinoma.

TGEP1 represses the expression of ECAD and pro-
motes the following temporal sequence: disassembly of
cell junctions, loss of epithelial polarity, cytoskeletal
reorganization, and cell-matrix adhesion remodeling.”
Transcription factors such as Snail, Twist, Slug, and
Zeb negatively regulate the expression of ECAD by
binding to specific sequences within the ECAD gene,
and these sequences are called E-boxes. These proteins
are involved in the pathological process of EMT and
thereby enhance the accumulation of ECM. Although
ECAD deficiency or cadherin switching had been rec-
ognized during HSC activation in liver disease,” the
inhibitory role of ECAD in fibrogenesis had not been
studied. Moreover, despite the well-known process of
the disintegration and disassembly of cell-cell junctions
by TGFp1, information about whether ECAD has an
inhibitory effect on TGEf1 gene expression was not
available. Our results demonstrate that ECAD prevents
the induction of the 7GFf1I gene and its downstream
genes, whereas the loss of ECAD initiates it and facili-
tates hepatic fibrosis.

Sustained injury to hepatocytes activates fibrogenic
mechanisms in patients with chronic liver diseases
induced by any means. Fibrogenic cells (i.e., myofibro-
blasts) may be derived from hepatocytes, biliary epithe-
lial cells, portal fibroblasts, or local mesenchymal cells
from bone marrow as well as HSCs.”® All these cells ex-
hibit a reduction in ECAD expression with the
increased expression of NCAD. Even though it was rec-
ognized that the expression of different cadherin forms
allows a select population of cells to separate from other
cell types, whether ECAD itself directly affects profibro-
genic signaling was unclear. The intracellular region of
ECAD contains ctn binding domains and regulates ctn-
mediated signaling." The important finding of our
study is the identification of p120-ctn as a docking mol-
ecule of RhoA in HSCs. This is supported by the fol-
lowing observations: ECAD-Ap120-ctn failed to in-
hibit the expression of TGFf1 and its target genes, and
siRNA knockdown of p120-ctn reversed ECAD’s inhi-
bition of RhoA activity and Smad3 phosphorylation.
Therefore, the signaling pathway mediated by p120-ctn
bound to ECAD appeared to be responsible for 7GFf1
repression in cells of the epithelial type. It has also been
shown that forced expression of NCAD in epithelial
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cells causes down-regulation of ECAD through
increased degradation,18 and this may also be linked to
the function of p120-ctn.

p120-ctn stabilizes cadherins and affects cell migra-
tion, morphogenesis, and proliferation.”’ Therefore,
altered localization and decreased expression of p120-
ctn are associated with the malignancy of certain can-
cers.”’ Because the cadherin/p120-ctn complex regu-
lates the activities of small GTPase (e.g., Rho),"!”
p120-ctn may inhibit RhoA activity in certain types of
cells. In the present study, the inhibition of Rho activ-
ity prevented Smad3/2 phosphorylation and gene
transactivation, and this is in line with the finding that
Rho/Rho-associated protein kinase (ROCK) inhibitors
ameliorate liver fibrosis and TGFB1 expression.”* In
addition, our data illustrate that ECAD’s inhibition of
Smad activity was reversed by CA-RhoA, and this sup-
ports the physiological importance of RhoA recruit-
ment to ECAD. Another important finding of this
study is that ECAD-mediated stalling of RhoA
depends on p120-ctn binding. In other studies, acti-
vated HSCs showed sustained activation of Racl,
another Rho family member, and perturbation of Racl
activity blocked the phenotypic transition.>*’

Signals downstream from the TGES1 receptor acti-
vation merge on the major transcription factors
(including Smads). Notably, Smad3 and Smad2 are dif-
ferendially activated by TGFf1 in HSCs; in quiescent
HSCs, TGFf1 receptor activation promotes Smad2
phosphorylation, whereas in transdifferentiated HSCs,
it promotes Smad3 phosphorylation.”* Consistently,
our findings indicate that the loss of ECAD activated
Smad3 to a greater extent than Smad2 in both LX-2
cells (activated HSCs) and MEFs. This is consistent
with the observation that a Smad3 deficiency amelio-
rates epithelial degeneration and fibrosis.>® Collectively,
our results demonstrate that ECAD has the ability to
inhibit Smad3/2 phosphorylation by recruiting RhoA
to pl20-ctn at the p120-ctn binding domain (i.e., an
increase in inactive RhoA at the p120-ctn pool), and
they provide important information about how ECAD
antagonizes liver fibrosis. Consequently, the loss of
ECAD due to cadherin switching up-regulates TGFf1
and its target genes.

ECAD also interacts with the endothelial growth
factor (EGF) receptor and, by restricting the mobility
of the receptor, inhibits EGF-dependent signaling.*®
Activating protein 1 is another transcription factor
complex activated by TGFp1,"? and it is required for
EGF-mediated biological effects. However, the inhibi-
tion of activating protein 1 by a ¢-Jun N-terminal ki-
nase deficiency does not affect Smad3/2 phosphoryla-
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.2 . ..
tion”’; no crosstalk is shown between the activation of

these two transcription complexes. Thus, ECAD is
likely to prevent the clustering of a set of cell surface
receptors and inhibit receptor-mediated cell signaling
and gene induction. Because the interaction of VE-
cadherin with the cell surface receptor may also con-
tribute to TGFS1 signaling,”® ECAD overexpression
and the resultant repression of other cadherins may
work together to switch cell signaling and prevent the
EMT process.

In conclusion, ECAD inhibits Smad3/2 phosphoryl-
ation by recruiting RhoA to p120-ctn at the p120-ctn
binding domain, whereas the loss of ECAD due to
cadherin switching promotes the expression of TGFf1
and its target genes and facilitates liver fibrosis. Our
results, showing a reciprocal correlation between
ECAD expression and fibrosis severity in human liver
samples, strengthens this concept.
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