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In many organs, myofibroblasts play a major role in the scarring
process in response to injury. In liver fibrogenesis, hepatic stellate
cells (HSCs) are thought to transdifferentiate into myofibroblasts,
but the origins of both HSCs and myofibroblasts remain elusive. In
the developing liver, lung, and intestine, mesothelial cells (MCs)
differentiate into specific mesenchymal cell types; however, the
contribution of this differentiation to organ injury is unknown.
In the present study, using mouse models, conditional cell lineage
analysis has demonstrated that MCs expressing Wilms tumor 1
give rise to HSCs and myofibroblasts during liver fibrogenesis.
Primary MCs, isolated from adult mouse liver using antibodies
against glycoprotein M6a, undergo myofibroblastic transdifferen-
tiation. Antagonism of TGF-β signaling suppresses transition of MCs
to mesenchymal cells both in vitro and in vivo. These results indi-
cate thatMCs undergomesothelial–mesenchymal transition and par-
ticipate in liver injury via differentiation to HSCs and myofibroblasts.
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Mesothelial cells (MCs) form a single squamous epithelial
cell layer and cover the surfaces of the internal organs, as

well as the walls of cavities (1, 2). MCs have a phenotype inter-
mediate between epithelial and mesenchymal cells, expressing
markers indicative of both cell types. Recent studies in patients
with peritoneal fibrosis following peritoneal dialysis for treatment
of kidney failure suggest that peritoneal MCs undergo epithelial
mesenchymal transition (EMT) and give rise to myofibroblasts
(3). EMT is a process by which epithelial cells lose their polarity
and gain migratory capacity in embryogenesis, tissue repair, organ
fibrosis, and tumor invasion and metastasis (4). TGF-β signaling,
implicated in EMT, suppresses expression of E-cadherin (CDH1),
Zo1 (TJP1), and cytokeratin (KRT) while inducing vimentin (VIM)
and α-smooth muscle actin (ACTA2) in peritoneal MCs (3, 5).
MCs covering the Glisson’s capsule of the liver have microvilli

protruding into the peritoneal cavity (6). Little is known, however,
about the function and differentiation potential of liver MCs
during wound healing. Our previous cell lineage analysis re-
vealed that MesP1+ mesoderm gives rise to the majority of liver
MCs as well as parietal MCs of the peritoneal cavity (7). In mouse
embryonic livers, MCs express podoplanin (PDPN), activated
leukocyte cell adhesion molecule (ALCAM), and Wilms tumor 1
(WT1) (7). Conditional cell lineage tracing using Wt1CreERT2;
Rosa26flox (R26f) reporter mice demonstrated that the Wt1+meso-
thelium migrates inward from the liver surface and gives rise to he-
patic stellate cells (HSCs), fibroblasts, and smooth muscle cells
during liver morphogenesis (8). In addition, embryonic MCs may
support proliferation of hepatoblasts by secretion of hepatocyte
growth factor (HGF) and pleiotrophin (PTN) (9, 10). These results
indicate that MCs are progenitor cells of liver mesenchymal cells
and play a role in hepatogenesis. Similar to what has been ob-
served during liver development, MCs have been shown to act as
mesenchymal progenitor cells in the developing lung, intestine,
andheart (11–13). It remains to be clarified, however, whether or not

MCs have a similar differentiation potential in tissue injury and
regeneration in the adult.
Liver fibrosis is a scarring process characterized by deposition

of excessive fibrous tissues (14). Alcohol abuse and chronic
hepatitis C virus (HCV) infection often cause fibrosis and cir-
rhosis. In the adult liver, HSCs are recognized as the main fibro-
genic cell type (15). HSCs are characterized by the expression of
desmin (DES), glial fibrillary acidic protein (GFAP), and VIM,
as well as by accumulation of vitamin A-storing lipid droplets and
having dendritic processes along the sinusoid. Upon liver injury,
HSCs transform into a myofibroblastic phenotype expressing
ACTA2 and synthesize excessive extracellular matrix proteins.
Although activation of HSCs is believed to be key in the devel-
opment of myofibroblasts, several lines of evidence suggest there
are actually several sources of myofibroblasts in liver fibrogenesis
(16, 17). Electron microscopic studies suggest that myofibro-
blasts are also derived from fibroblasts around the central vein
or in the Glisson’s capsule (18). The origins and relative con-
tributions of these mesenchymal cell types in liver fibrogenesis
are, however, unknown.
In the present study, we examined the differentiation potential

of MCs in the adult liver. Based on the expression of glycopro-
tein M6a (GPM6A), we isolated MCs from adult liver and found
that liver MCs lose the MC phenotype and acquire a mesenchymal
cell phenotype through TGF-β signaling. Using conditional cell
lineage tracing in Wt1CreERT2 mice, we demonstrated that MCs
can generate both HSCs and myofibroblasts depending on injury
signals in the liver. We propose that, during liver fibrogenesis, MCs
differentiate into mesenchymal fibrogenic cells via what we now
refer to as mesothelial–mesenchymal transition (MMT).

Results
Specific Expression of GPM6A in Liver MCs. Our previous studies in
mouse embryos demonstrated that MCs covering the liver sur-
face migrate inward and give rise to HSCs, fibroblasts, and vas-
cular smooth muscle cells (8). This finding raised questions about
whether MCs in the adult liver have a similar differentiation
potential during injury or regeneration. We previously identified
PDPN as an MC marker in embryonic liver (7). In the adult liver,
however, PDPN was expressed not only in MCs, but also in bile
duct and lymphatic vessels (Fig. 1 C and D). To identify specific
MC markers in the adult mouse liver, we purified MCs from
E12.5 embryonic livers by FACS using anti-PDPN antibodies
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(Fig.1A) and then surveyed gene expression by microarray anal-
ysis. The E12.5 PDPN+ population was shown to express MC
markers, such as Pdpn, Alcam, and Wt1 (Fig. 1B), validating
successful purification of MCs. These PDPN+ MCs also expressed
Col1a1 and Des, but not markers for hepatoblasts (Alb), endo-
thelial cells (Cd31), or blood cells (Cd45 and Cd68) (Fig. 1B).
Microarray analysis comparing E12.5 PDPN+ MCs and liver cells
revealed high expression of Pdpn,Wt1, Alcam, Podxl, Cd200, and
Gpm6a in MCs (Fig. S1A). CD200 is a ligand for CD200 re-
ceptors (19). GPM6A is a member of the proteolipid protein
family and was previously reported to be a marker for the epi-
cardium that is the MC layer in developing heart (20, 21). Quan-
titative PCR (QPCR) confirmed the high expression of Cd200
and Gpm6a in E12.5 PDPN+ MCs (Fig. S1B). Immunostaining
also showed specific expression of GPM6A and CD200 in
PDPN+ MCs in the E12.5 fetal livers (Fig. S1C).
We also examined expression of GPM6A and CD200 by im-

munostaining in the adult liver. GPM6A was only expressed in
MCs on the liver surface, whereas CD200 was expressed in MCs
and endothelial cells in the portal vein and hepatic artery (Fig.

1 C and D). Having identified GPM6A as a specific MC marker,
we isolated MCs from the adult liver by FACS using anti-GPM6A
antibodies. After digestion of the liver surface, 16.5% of the cells
were positive for GPM6A (Fig. 1E). QPCR showed the GPM6A+

population expressed MC-specific markers (Gpm6a, Cd200,
Pdpn, andWt1), but other cell markers were expressed to a lesser
extent (Alb, Cd31, Cd45, and Cd68), indicating successful iso-
lation of MCs (Fig. 1F). We also characterized knownMCmarkers
in the liver by immunostaining. CDH1 is widely used as a marker
for epithelial cells and MCs (1–3); however, in adult liver, CDH1
was expressed in hepatocytes and biliary epithelial cells, but not
in MCs (Fig. 1G). Liver MCs expressed laminin (LAM), KRT8,
and VIM (Fig. 1G), implying that MCs have an intermediate
phenotype between epithelial cells and mesenchymal cells in
normal mouse liver.

Mesothelial–Mesenchymal Transition in Culture.To characterize liver
MCs, we isolated MCs from the adult liver using anti-GPM6A
antibodies and magnetic beads. This method allowed us to isolate
1.2–1.4 × 105 MCs from five mice. The isolated MCs were plated
at a density of 2 × 104 cells per well of a 24-well plate and they
slowly attached over 2–3 d. The plated MCs formed epithelial cell
colonies and became confluent within 1 wk (Fig. 2A). From 1 wk
after plating, some MCs lost epithelial cell polarity and became
fibroblastic cells (Fig. 2A). Following two passages, neither epi-
thelial nor fibroblastic MCs attached to the dish and survived.
Cultured MCs showed decreased mRNA expression of both

MC markers (Gpm6a, Pdpn, Cd200, and Wt1) and epithelial cell
markers (Gja1, Tjp1, and Krt8) (Fig. 2B). Consistent with the lack
of CDH1 expression in liver MCs (Fig. 1G), the mRNA expression
level of Cdh1 was almost undetectable in cultured MCs (Fig. 2B).
Cultured MCs increased expression of Acta2, Col1a1, and Des
(Fig. 2B), suggesting a change in phenotype from epithelial to
mesenchymal. MCs expressed Vim in the normal liver (Fig. 1G),
but this mRNA expression was decreased in culture (Fig. 2B).
EMT driver genes including Snail and Twist were weakly expressed
in MCs, but that expression was not up-regulated throughout the
culture period (Fig. 2B). Isolated MCs continued expressing Tgfb1
and Tgfb3 (Fig. S2A). Cultured MCs increased expression of Egfr
(Fig. S2A). MCs down-regulated expression of Ptn in culture and
they did not expressHgf (Fig. S2A). CulturedMCs did not increase
expression of Alb, Cd31, Cd68, and Cd45 (Fig. S2A). These data
indicate spontaneous differentiation of liver MCs to mesenchymal
cells in vitro. Because MCs express both epithelial and mesen-
chymal cell markers in the normal liver, we describe the transition
of MCs to mesenchymal cells as MMT rather than EMT.

TGF-β Induces MMT of Liver MCs. To test whether known EMT
inducers, such as EGF, HGF, AngII, TGF-β, retinoic acid (RA),
WNT3A, and DKK1 (a WNT inhibitor) (4, 22), promote a con-
version of liver MCs to mesenchymal cells, we treated primary
cultured MCs with each one of these factors for 4 d (from days 1
to 5). TGF-β most notably suppressed the MC marker (Gpm6a)
while inducing mesenchymal cell markers (Acta2, Col1a1, and
Vim) (Fig. 3A). TGF-β also suppressed expression of epithelial
cell markers (Gja1 and Tjp1), but not Krt8 (Fig. 3A).
To dissect the TGF-β signaling pathway inMCs, we treated MCs

with TGF-β in the presence of various inhibitors for 4 d. SB431542,
a specific inhibitor for TGF-βR1, reversed the down-regulation
of Gpm6a and the up-regulation of Acta2 and Col1a1 caused by
TGF-β (Fig. S2B). A chemical inhibitor for SMAD3 (SIS3) also
suppressed the increased expression of Acta2 and Col1a1 without
effect on expression of Gpm6a (Fig. S2B). p38, JNK, and ERK
MAP kinases are known to be involved in a noncanonical TGF-β
pathway (23). A p38 inhibitor (SB203580) weakly down-regulated
the expression of Acta2 induced by TGF-β (Fig. S2B). A MEK
inhibitor (U0126) partially blocked the effect of TGF-β on Acta2.
Inhibitors for JNK, mTOR, or PI3K reduced the proliferation of

Fig. 1. Identification of GPM6A as a liver MC-specific marker. (A) PDPN+

cells (4.7%) were sorted from E12.5 mouse embryonic livers using FACS and
anti-PDPN antibodies. Isotype IgG was used as a negative control. (B) QPCR
of the purified E12.5 PDPN+ cells and liver cells. †P < 0.01 compared with liver
cells. (C and D) Immunostaining of PDPN (red) and GPM6A or CD200 (green)
in normal adult mouse livers. The surface mesothelium (mt) expresses PDPN,
GPM6A, and CD200. The last panels show the portal area inside the liver.
Immunostaining without the first antibody was used as negative controls.
bd, bile duct; ha, hepatic artery; lv, lymphatic vessel; pv, portal vein. (E )
GPM6A+ cells (16.5%) were sorted from adult mouse liver cells using FACS
and anti-GPM6A antibodies. (F) QPCR of purified GPM6A+ cells in adult
livers. †P < 0.01 compared with liver cells. (G) Immunostaining of CDH1, LAM,
KRT8, and VIM in adult mouse liver. MCs are negative for CDH1 (double
arrows). Positive staining of CDH1 in the bile duct (Inset). Arrowheads in-
dicate MCs expressing LAM, KRT8, and VIM. Nuclei were counterstained
with DAPI. (Scale bar, 10 μm.)
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MCs and increased expression of Acta2 in the presence of TGF-β.
These data suggest a canonical TGF-β pathway is involved in
conversion of MCs to mesenchymal cells.
To analyze the TGF-β/SMAD3 pathway, we treated MCs with

TGF-β in the presence or absence of chemical inhibitors from
days 2–9. Long-term treatment with TGF-β suppressed expres-
sion of MC and epithelial cell markers (Gpm6a, Gja1, Tjp1, and
Krt8) while inducing mesenchymal cell markers (Acta2, Col1a1,
and Vim) (Fig. 3B). MCs changed from an epithelial morphology
to a mesenchymal one in the presence of TGF-β (Fig. 3C).
SB431542 blocked the increased expression of mesenchymal cell
markers and decreased expression of MC and epithelial cell
markers in the presence or absence of TGF-β (Fig. 3 B–D),
suggesting autocrine TGF-β signaling also induces MCs to ac-
quire a mesenchymal phenotype. Although to a lesser extent, SIS3
reversed conversion of MCs to mesenchymal cells in the presence
of TGF-β (Fig. 3B). SIS3 treatment actually changed the mor-
phology of MCs to flat epithelial cells (Fig. 3 C and D).

Cell Lineage Analysis of Wt1+ Liver MCs.During primary MC culture,
it is possible that contaminating fibroblastic cells might grow and
differentiate into ACTA2+ mesenchymal cells independent of the
MMT of MCs. To rule out this possibility, we traced MC lineages
using a Cre-loxP system. We found that some MCs specifically
expressed WT1 in the adult liver surface (Fig. S3A). Wt1GFPCre

knock-in mice also showed specific expression of GFP in MCs
(Fig. S3B). To conditionally trace WT1+MCs, we usedWt1CreERT2

knock-in and R26mTmGflox (R26T/Gf) mice (Fig. 4A). The
Wt1CreERT2 knock-in mouse expresses a fusion protein of Cre
and ERT2 at the Wt1 gene locus (13). Upon tamoxifen (TAM)
treatment, the CreERT2 excises the Tomato sequence from the
R26T/Gf locus and irreversibly induces membrane-tagged GFP
expression (24). After TAM injection to adult Wt1CreERT2;

R26T/Gf mice, 14.5% of MCs converted expression of Tomato to
GFP at the liver surface (Fig. 4B). However, Wt1CreERT2;R26T/Gf

mice without TAM injection or Wt1+;R26T/Gf mice with TAM
injection did not activate GFP expression (Fig. S3C), validating
a tight control of the GFP expression by TAM.
Subsequent to labeling MCs as GFP+ cells in Wt1CreERT2;R26T/

Gf mice by TAM, we isolated these MCs and traced their pheno-
types in culture. After plating, 38.3% of the culturedMCs expressed
GFP in the epithelial colonies (Fig. S4A). The disparity in per-
centages of GFP+ MCs in tissues (14.5%) versus in culture (38.3%)
may be due to variable adherence of MCs to the dish or partial
digestion of the liver surface for MC isolation. In culture, both
GFP+ and GFP− MCs expressed PDPN (Fig. S4B). Some of the
GFP+ and GFP− MCs started to express ACTA2 and TGF-β
treatment induced ACTA2 expression in all GFP+ or GFP− cells
(Fig. S4C), demonstrating differentiation of MCs to mesenchymal
cells in vitro. To rule out the possibility that TAM activates GFP
expression in HSCs, we isolated HSCs from TAM-treated
Wt1CreERT2;R26T/Gf mice and confirmed that there was no GFP
expression in the vitamin A-storing HSCs (Fig. S4D).

MCs Give Rise to HSCs and Myofibroblasts in CCl4-Induced Fibrosis.
Next, we traced the lineages of Wt1+ MCs in fibrotic liver. After
labeling MCs as GFP+ cells by TAM, liver fibrosis was induced
by injection of CCl4 1–30 times (Fig. 4C). One day after a single
injection of CCl4, GFP+ MCs started to migrate inward from the
liver surface and expressed DES, but not ACTA2 (Fig. 4D,
double arrows). Three days after the single injection, 22.7% of
GFP+ cells inside the liver began to express ACTA2 and the
percentage increased to 89.5% after three CCl4 injections (Fig.
4D, arrows), indicating that liver injury caused by CCl4 further
induces transdifferentiation of MC-derived HSCs to myofibro-
blasts. After 30 injections, fibrotic septa composed of ACTA2+

myofibroblasts were seen between the mesothelium and central
vein (Fig. 4E). ACTA2+ GFP+ myofibroblasts were seen up to
150 μm in depth from the liver surface and there were no GFP+

cells beyond this distance. Although 2.0% of ACTA2+ myofi-
broblasts coexpressed GFP in the whole-liver sections, the per-
centage increased to 11.5% in the surface area within 150 μm in
depth, indicating the contribution of MCs to myofibroblasts is
restricted to near the liver surface. Given that the labeling effi-
ciency of MCs by TAM was 14.5%, around 79% of ACTA2+

myofibroblasts are likely derived from MCs within 150 μm in
depth from the liver surface. The GFP+ cells in the fibrotic
septum coexpressed DES and type I collagen (Fig. S5A). There
were no GFP+ hepatocytes, cholangiocytes, or endothelial cells
before or after CCl4 treatment. Injections of mineral oil rather
than CCl4 did not induce MMT of MCs (Fig. S5B). We also
confirmed that CCl4 treatment did not induce GFP expression in
Wt1CreERT2;R26T/Gf mice without TAM injection or in TAM-
treated Wt1+;R26T/Gf mice (Fig. S5B). Collectively, these data
indicate that during CCl4-induced fibrogenesis, MCs migrate
inward from the liver surface, give rise to HSCs and then myo-
fibroblasts, and form fibrotic septa connecting the mesothelium
and central vein area.
To validate our results in R26T/Gf mice, we also used

R26lacZf reporter mice (25) to trace MCs during fibrogenesis.
After TAM injection of the Wt1CreERT2;R26lacZf mice, we
specifically labeled MCs as LACZ+ at the liver surface (Fig. S6 A
and B). Following CCl4 injections, LACZ signals were detected
not only in MCs, but also in ACTA2+ or DES+ myofibroblasts
beneath the MCs (Fig. S6 C–F), validating our conclusion that
MCs differentiate into ACTA2+ myofibroblasts during liver
fibrosis.

Antagonism of TGF-β Signaling Suppresses Migration and Differentiation
of MCs.Given that TGF-β was shown to be responsible for MMT
ofMCs in culture, we tested whether inhibition of TGF-β signaling

Fig. 2. Primary culture of liver MCs. MCs were purified from normal adult
livers using anti-GPM6A antibodies and magnetic beads. (A) Morphology of
primary liver MCs. (B) QPCR of MC, epithelial cell, mesenchymal cell, and EMT
markers. Primary MCs decrease expression of MC and epithelial cell markers
while increasing mesenchymal cell markers in culture. L, liver cells; N, GPM6A−

population. *P < 0.05, †P < 0.01 compared with isolated MCs (day 0).
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suppresses MMT of MCs in the CCl4 model. A soluble TGF-βR2
(STR) was previously shown to antagonize TGF-β1 and TGF-β3
and thereby inhibit liver fibrosis in mice (26). As outlined in Fig.
4C, we labeled MCs as GFP+ by TAM, induced fibrosis by CCl4
injections, and treated with STR or control IgG 12 times every
3 d. Compared with the control group, the STR treatment de-
creased the number of GFP+ myofibroblasts inside the liver (Fig.
4F). The percentage of GFP+ myofibroblasts in all GFP+ cells
including both MCs and myofibroblasts was significantly de-
creased from 41.4% (IgG) to 24.2% (STR) (Fig. 4G). These
data indicate that, in fibrosis, TGF-β signaling is involved in
migration and differentiation of MCs to myofibroblasts.

MCs Differentiate into HSCs in Biliary Fibrosis. Next, we tested the
differentiation potential of MCs in biliary fibrosis induced by bile
duct ligation (BDL) (Fig. 5A). One week after BDL, 4.5% of the
GFP+ MCs started migration from the liver surface (Fig. 5B,

double arrows). GFP+ cells were also located in the sinusoid and
express DES near the liver surface (Fig. 5B, arrow). Three weeks
after BDL, the GFP+ DES+ HSCs exhibited dendritic processes,
a unique feature of HSCs (Fig. 5C). The GFP+ HSCs expressed
VIM and GFAP (Fig. 5C). In contrast to the CCl4 model, the
BDL model did not induce fibrosis beneath the mesothelium in
3 wk and MC-derived GFP+ HSCs did not acquire the myofi-
broblastic phenotype; specifically, they did not express ACTA2
(Fig. 5D). The average distance from the liver mesothelium to
the GFP+ HSCs increased from 12.9 ± 8.6 μm (maximum 24 μm)
at 1 wk to 33.1 ± 19.1 μm (maximum 132 μm) at 3 wk after BDL.
We confirmed that BDL alone did not activate GFP expression
in the mice without TAM treatment (Fig. S7A).
We also tested the effects of TGF-β signaling in MMT of MCs

in biliary fibrosis. As outlined in Fig. S7B, we labeled MCs as
GFP+ cells, subjected the mouse to BDL, and treated with STR
or control IgG every 3 d. Similar to observations in the CCl4
model, the STR treatment inhibited migration of MCs (Fig. S7C)
and the percentage of GFP+ HSCs in all GFP+ MCs and HSCs
in the liver was significantly decreased from 33.9% (IgG) to 8.0%
(STR) (Fig. S7D).

Negligible Contribution of MCs Differentiating to HSCs in Regenerating
Livers. To test whether MCs in the adult liver have the potential to
differentiate to HSCs during regeneration, we traced an MC
lineage using a liver regeneration model induced by 70% partial
hepatectomy (PHx) (Fig. S7E). Following PHx from 1 to 13 d,
there was almost no GFP expression in the liver except in the
MCs and GFP+ DES+ HSCs were only found at one to two cells
per liver section (Fig. S7F), indicating a negligible contribution of
MCs differentiating to HSCs during regeneration induced by PHx.

Discussion
MCs in the liver have been primarily considered as a protective
barrier within the liver and their possible roles in liver injury and
regeneration have never been addressed. Our previous study in
mouse embryos revealed that MCs are progenitor cells capable
of differentiating into HSCs, fibroblasts, and smooth muscle cells
(8). The present study extended this observation to adult liver
fibrosis and demonstrated that during the progression of liver
fibrosis, liver MCs give rise to HSCs and myofibroblasts in response
to injury signals. MCs in the normal liver expressed unique markers
for MCs (Gpm6a, Pdpn, and Cd200) and traditional markers for
epithelial cells (Gja1, Tjp1, and Krt8) as well as for mesenchymal
cells (Col1a1 and Vim), indicating that MCs have a mixed phe-
notype. Upon liver injury, MCs decreased expression of epithe-
lial and MC markers and increased expression of mesenchymal
cell markers. Because a majority of MCs are derived from me-
soderm during liver development (7), MCs seem to be prone to
acquire a mesenchymal phenotype by injury-associated stimuli.
We described this conversion of liver MCs to mesenchymal cells
as MMT instead of EMT.
Advanced liver fibrosis can lead to cirrhosis, portal hyperten-

sion, and liver cancer. Currently, there is no medical treatment for
cirrhosis aside from liver transplantation (27). To develop a novel
therapy for cirrhosis, it is essential to determine key cellular and
molecular events responsible for the initiation and progression of
liver fibrosis. During fibrogenesis, HSCs have been recognized
as a major source of myofibroblasts; however, resident liver
fibroblasts are also suggested to proliferate and form fibrotic
septa (16–18). The present study has demonstrated that MCs
undergo MMT and give rise to HSCs in both BDL and CCl4
models. In the CCl4 model, MCs first differentiated into HSCs
and then acquired myofibroblastic phenotype expressing ACTA2.
MC-derived myofibroblasts were seen in the fibrotic areas beneath
the liver surface. It seems plausible that the injured hepatocytes
near the central vein stimulate the region closest to the meso-
thelium and induce fibrosis. In our experimental condition, MC-

Fig. 3. Conversion of MCs to mesenchymal cells by TGF-β in vitro. Primary
MCs were cultured in the presence or absence of cytokines and chemical
inhibitors. (A) QPCR of MCs treated with indicated factors 4 d (from days 1–
5). TGF-β induces expression of mesenchymal cell markers while suppressing
Gpm6a and many epithelial cell markers (not Krt8). *P < 0.05, †P < 0.01
compared with MCs without treatment (c, control). (B) QPCR of MCs treated
with TGF-β and/or inhibitors for 7 d. TGF-β induces expression of mesen-
chymal cell markers while suppressing Gpm6a. TGF-β weakly suppresses ex-
pression of epithelial cell markers including Krt8. SB431542 (SB43: TGF-βR1
inhibitor) suppresses the effect of TGF-β on MCs. SIS3 (SMAD3 inhibitor)
suppresses up-regulation of mesenchymal cell markers in MCs induced by
TGF-β. *P < 0.05, †P < 0.01 compared with no treatment. §P < 0.05, {P < 0.01
compared with TGF-β treatment. (C and D) Morphological and phenotypical
changes in cultured MCs treated with TGF-β and/or inhibitors for 7 d.
SB431542 keeps epithelial morphology and phenotype of MCs in the pres-
ence of TGF-β. SIS3 partially blocks morphological and phenotypical change
of MCs by TGF-β.
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derived cells were seen near the liver surface. Although MCs
contributed 2.0% of myofibroblasts in the CCl4-induced liver
fibrosis, the percentage increased to 11.5% near the surface area
within 150 μm in depth, indicating that MC-derived myofibro-
blasts participate in “capsular fibrosis” of the liver surface. If we
assume all MCs have the same differentiation potential and we
consider that the labeling efficiency of MCs by TAM is 14.5%,
around 79% of ACTA2+ myofibroblasts are likely derived from
MCs within 150 μm in depth from the liver surface in the CCl4
model. MCs show heterogeneity in terms of Wt1 expression,
however, and Wt1-negative MCs might not undergo MMT. Al-
though further studies are necessary to address the pathological
implications of capsular fibrosis compared with perivenular or
perisinusoidal fibrosis, capsular fibrosis may involve an increase
in the liver stiffness by deposition of collagen beneath the

mesothelium. The liver mesothelium will be a potential thera-
peutic target for suppression of the capsular fibrosis by injecting
drugs into the peritoneal cavity.
In contrast to observations made in the CCl4 model, we found

that BDL induced differentiation of MCs to HSCs, but not to
ACTA2+ myofibroblasts in 3 wk. We previously reported that
BDL does not fully induce myofibroblastic conversion of HSCs
(28). These observations may indicate that BDL does not pro-
vide sufficient stimulus to induce differentiation of MC-derived
HSCs to myofibroblasts in mice.
Similar to observations made in vitro, antagonism of TGF-β

signaling in both the CCl4 and BDL models effectively sup-
pressed differentiation of MCs to HSCs and myofibroblasts.
During liver fibrogenesis, TGF-β plays a major role in activation
of HSCs (26). Thus, the profibrogenic role of TGF-β is conserved
in the process of activation of HSCs and MMT of MCs in injured
livers. Liver regeneration induced by PHx did not induce dif-
ferentiation of MCs to HSCs. Although it remains to be de-
termined, our results imply that stimuli caused by liver injury,
rather than regeneration, can trigger MMT of MCs and induce
differentiation toward HSCs.
Activated HSCs are known to secrete HGF and PTN and

support proliferation of hepatocytes (10). Our data suggest, how-
ever, that MCs do not express Hgf mRNA and reduce expression
of Ptn throughout time in culture, implying that MC-derived
myofibroblasts have less proregenerative influence on hepa-
tocytes in injured liver.
In cancer invasion and metastasis, cancer cells are believed to

acquire a migratory phenotype and lose the epithelial phenotype
via EMT, which is triggered by many signals, including TGF-β
(4). In liver MCs, an inhibitor of TGF-βR1 blocked MMT induced
by TGF-β. In addition, a chemical inhibitor for SMAD3 also
blocked MMT; however, inhibitors for p38, JNK, or ERK did not
block MMT of MCs. Therefore, a canonical TGF-β/SMAD3
signaling is the principal mechanism for induction of liver MMT.
Liver MCs expressed mRNAs for Twist and Snail at low levels,

Fig. 4. Conditional MC lineage analysis in CCl4-induced liver fibrosis. (A)
After TAM injection, Wt1+ MCs selectively convert expression of Tomato to
membrane-tagged GFP in the Wt1CreERT2;R26T/Gf mouse liver. (B) Immu-
nostaining of GFP in the liver 1 wk after TAM injections. Only MCs express
GFP (arrowhead). (C) After labeling MCs by TAM injection, liver fibrosis was
induced by CCl4 injection 1–30 times. For inhibition of TGF-β signaling, mice
were treated with CCl4 injections 12 times and STR (TGF-βR2 Fc chimera) or
IgG control for every 3 d. (D) Immunostaining of the liver for GFP, DES, and
ACTA2. Double arrows indicate GFP+ MCs differentiating into DES+ ACTA2−

HSCs 1 d after a single injection of CCl4. Arrowheads and arrows indicate
DES+ GFP+ and ACTA2+ GFP+ myofibroblasts, respectively. Immunostaining
without the first antibody was used as negative controls. (E) Immunostain-
ing of GFP and ACTA2 after injections of CCl4 30 times. GFP+ MCs (arrow-
head) migrate inward from the liver surface and coexpress ACTA2 (arrows) in
the fibrotic septum. cv, central vein. (F) Immunostaining for GFP and DES
after injections of CCl4 12 times cotreated with STR or control IgG. Arrows
indicate DES+ GFP+ myofibroblasts derived from MCs. Nuclei were counter-
stained with DAPI. (Scale bar, 10 μm.) (G) Percentages of the GFP+ myofi-
broblasts in all GFP+ cells including both MCs and myofibroblasts in the
control (IgG) and treated (STR) groups. Results are means ± SD of three mice.
**P < 0.01.

Fig. 5. Differentiation of MCs into HSCs in biliary fibrosis. (A) After labeling
MCs in Wt1CreERT2;R26T/Gf mice by TAM injection, biliary fibrosis was induced
by BDL. (B–D) Immunostaining. Double arrows indicate GFP+ DES+ MCs,
which seem to begin migration inward from the liver surface 1 wk after BDL
(B) and GFP+ DES+ HSCs having dendritic processes (C). Arrows indicates
GFP+ HSCs expressing DES, VIM, or GFAP. (D) An arrowhead and asterisk
indicate ACTA2− GFP+ HSCs and ACTA2+ smooth muscle cells in the vein,
respectively. Nuclei were counterstained with DAPI. [Scale bar, 10 μm (B and
C) and 100 μm (D).]
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and expression of these factors was only marginally induced by
TGF-β in MCs, suggesting minor involvement of these tran-
scription factors in liver MMT. Intriguingly, liver MCs did not
express CDH1, a well-known target of EMT. However, peritoneal
MCs were shown to decrease expression of CDH1 and cytokeratin
while increasing SNAI1 and changing their shape to fibroblastic
upon treatment with TGF-β (3). It remains to be determined
whether MCs in the liver have different characteristics from
those in other organs.
Faris et al. (29) isolated MCs from rat liver using OC2 and

BD2 monoclonal antibodies and suggested that epithelial pro-
genitor cell lines are derived from MCs. In the present study,
mouse MCs isolated using the GPM6A antibody did not express
hepatocyte markers throughout the culture period. In addition,
our cell lineage analysis indicated that MCs do not differentiate
into hepatocytes in vivo. Our data suggest the differentiation
potential of MCs is limited to mesenchymal cells in injured liver.
In conclusion, during liver injury, liver MCs give rise to both

HSCs and myofibroblasts by recapitulating their developmental
lineage. Liver MMT may ultimately prove to be a novel thera-
peutic target for suppression of capsular liver fibrosis.

Materials and Methods
Mouse Models. Wt1CreERT2, Wt1GFPCre, R26lacZf, and R26T/Gf were used (13,
24, 25). TAM (Sigma) dissolved in ethanol was emulsified in sesame oil at
12.5 μg/mL and was injected intraperitoneally to the mice (5–10 wk) at
100 μg/g body weight twice in a 3-d interval. One week after the last in-
jection, mice were injected s.c. with 1 mL/kg body weight of CCl4 mixed with
mineral oil every 3 d 1–30 times (30). To suppress fibrosis, mice were treated
with STR (TGF-βR2 Fc chimera) or mouse IgG2a isotype control (0.1 mg/kg
body weight, n = 3) (R&D Systems) by i.p. injections 12 times every 3 d. To
induce biliary fibrosis, the mice were subjected to BDL (28) and were simi-
larly treated with STR or IgG2a five times every 3 d. Liver regeneration was
induced by 70% PHx (10). The mice were used in accordance with protocols
approved by the Institutional Animal Care and Use Committee of the Uni-
versity of Southern California.

Histological Analysis. Tissues were fixed with 4% (wt/vol) paraformaldehyde
or 70% (vol/vol) ethanol and cryosections were prepared (8). The antibodies

used in immunostaining are listed in Table S1. The primary antibodies were
detected with secondary antibodies conjugated with fluorescent dyes. The
sections were counterstained with DAPI. Tomato fluorescence was bleached
with 3% H2O2 in methanol 30 min before immunostaining. Expression of
LACZ was detected by either X-gal staining or immunohistochemistry (7).
After X-gal staining, the sections were immunostained by using anti-DES-
MIN antibodies and SuperPicture Polymer detection kit (Invitrogen). The
sections were visualized under the microscope and images were captured
with digital cameras (Nikon).

Isolation and Culture of MCs. After partial digestion of whole liver lobes with
1 mg/mL pronase (Roche) in DMEM/F-12 medium for 20 min at 37 °C with
gentle shaking, the cells were centrifuged at 1,700 × g for 5 min and were
suspended in DMEM containing 10% FBS. After washing three times, the
cells were incubated with anti-Gpm6a antibody at 1,500-fold dilution in
DMEM for 15 min at 4 °C. After centrifugation, the cells were incubated with
anti-rat IgG MicroBeads and were purified by autoMACS (Miltenyi Biotech)
according to their instructions. MCs were plated on a collagen-coated dish
in DMEM with low glucose containing 10% FBS, ITS (Gibco), and 50 ng/mL
hydrocortisone. MCs were treated with 10 ng/mL TGF-β1 (T1654; Sigma),
20 ng/mL HGF (H1404), 10−6 M AngII (A9525), 1 μM RA (R2625), 0.01%
ethanol, 50 ng/mL EGF (EA140; Chemicon), 100 ng/mL WNT3A (1324; R&D
Systems), or 100 ng/mL DKK1 (5897) in the presence or absence of following
chemical inhibitors: 5 μM SB431542 (04-0010; Stemgent), 10 μM SIS3 (566405;
Calbiochem), 10 μM SB203580 (559389), 10 μM JNK inhibitor II (420128), 10 μM
U0126 (9903; Cell Signaling), 100 nM Rapamycin (9904), or 0.1% DMSO.

Statistical Analysis. Statistical significance was estimated by Student t test.
A level of P < 0.05 was considered statistically significant.

FACS, QPCR (Table S2), microarray analysis, immunostaining, X-gal stain-
ing, quantification, and isolation of HSCs are presented in SI Materials
and Methods.
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