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After liver injury, transforming growth factor-�
(TGF-�) and platelet-derived growth factor (PDGF)
regulate the activation of hepatic stellate cells (HSCs)
and tissue remodeling. Mechanisms of PDGF signal-
ing in the TGF-�-triggered cascade are not completely
understood. TGF-� signaling involves phosphoryla-
tion of Smad2 and Smad3 at linker and C-terminal
regions. Using antibodies to distinguish Smad2/3
phosphorylated at linker regions from those phos-
phorylated at C-terminal regions, we investigated
Smad2/3-mediated signaling in rat liver injured by
CCl4 administration and in cultured HSCs. In acute
liver injury, Smad2/3 were transiently phosphory-
lated at both regions. Although linker-phosphory-
lated Smad2 remained in the cytoplasm of �-smooth
muscle actin-immunoreactive mesenchymal cells ad-
jacent to necrotic hepatocytes in centrilobular areas,
linker-phosphorylated Smad3 accumulated in the nu-
clei. c-Jun N-terminal kinase (JNK) in the activated
HSCs directly phosphorylated Smad2/3 at linker re-
gions. Co-treatment of primary cultured HSCs with
TGF-� and PDGF activated the JNK pathway, subse-
quently inducing endogenous linker phosphoryla-
tion of Smad2/3. The JNK pathway may be involved in
migration of resident HSCs within the space of Disse
to the sites of tissue damage because the JNK inhibitor
SP600125 inhibited HSC migration induced by TGF-�
and PDGF signals. Moreover, treatment of HSCs with
both TGF-� and PDGF increased transcriptional activ-
ity of plasminogen activator inhibitor-1 through

linker phosphorylation of Smad3. In conclusion,
TGF-� and PDGF activate HSCs by transmitting their
signals through JNK-mediated Smad2/3 phosphoryla-
tion at linker regions, both in vivo and in vitro. (Am
J Pathol 2005, 166:1029–1039)

Hepatic stellate cells (HSCs) characterized by retinoid
droplets in the cytoplasm, are present in the space of
Disse. After acute and chronic liver tissue damage, HSCs
acquire an activated phenotype, which includes in-
creased synthesis of extracellular matrix (ECM) compo-
nents, proliferation, and migration. Several soluble fac-
tors, including growth factors, cytokines, chemokines,
and oxidative stress products, play a role in the activation
of HSCs.1 After liver injury, these factors directed at spe-
cific cell targets are simultaneously active in the tissue
and are responsible for tissue remodeling.

The biological action of transforming growth factor-�
(TGF-�) on HSCs is primarily related to the profibrogenic
role of this factor.1 TGF-� is the most potent stimulus for
production of ECM by HSCs.2 Accumulation of ECM pro-
teins in the activated HSCs can be explained not only by
increased ECM synthesis, but also by decreased degra-
dation. In particular, plasminogen activator inhibitor-1
(PAI-1) and tissue inhibitor of metalloproteinase, two in-
hibitors of ECM-degrading enzyme, are strongly up-reg-
ulated by TGF-� in HSCs.3,4 PAI-1 inactivates urokinase
plasminogen activator, but it also has a role in cell migra-
tion.5,6 Among other polypeptide growth factors poten-
tially involved in the activation of HSCs, platelet-derived
growth factor (PDGF) is the most potent mitogen for
cultured HSCs isolated from liver.1,4 In addition, PDGF
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promotes HSC migration from the space of Disse to the
sites of tissue repair.1

Throughout the past decade, the major intracellular
signaling pathways elicited by these factors have been
elucidated. TGF-� initiates signaling by binding to type I
and type II receptor serine/threonine kinases on the cell
surface. Receptor-activated Smads (R-Smads) such as
Smad2 and Smad3 are phosphorylated by the activated
TGF-� type I receptor (T�RI) on the C-terminal SXS motif.
The activated R-Smads form the complex with the com-
mon partner Smad4. The complexes translocate to the
nucleus, where they regulate target gene expression
both by direct DNA binding and by interaction with other
transcription factors, co-activators, and co-repressors.7–9

One of these TGF-�-induced transcriptions involves the
Smad7 gene. Smad7 interacts stably with the activated
T�RI receptor to inhibit TGF-�-mediated phosphorylation
of Smad2 and Smad3.10

Signaling by PDGF begins by interaction with trans-
membrane receptor tyrosine kinases.11 Multiple signaling
pathways originating from these receptors have been
identified. The most prominent pathways are mediated by
members of the mitogen-activated protein kinase (MAPK)
family, which includes the extracellular signal-regulated
protein kinase (ERK) pathway and two stress-activated
protein kinase (SAPK) pathways: the c-Jun N-terminal
kinase (JNK) and the p38 pathway.12 MAPK is capable of
phosphorylating transcription factors, which are impor-
tant in initiating cell proliferation, migration, and apopto-
sis.12 Notably, TGF-� also induces activation of MAPK
pathways through the upstream mediators Ras, RhoA,
and TGF-activated kinase 1 (TAK1).13 To investigate the
roles of Smad2 and Smad3 phosphorylation in TGF-�
signal transduction, we developed four types of poly-
clonal antibodies (Abs) in our laboratory that specifically
recognized the phosphorylated linker regions and the
phosphorylated C-terminal SXS regions in Smad2 and
Smad3.14,15 Studies using the Abs demonstrated that
JNK and/or p38 MAPK activated on TGF-� treatment
could directly phosphorylate Smad2 and Smad3 at linker
regions.

Although TGF-�- and PDGF-mediated signals are an
important component of HSC activation, proof has been
lacking that the event occurs in vivo. Additionally, cellular
distribution of phosphorylated Smad2/3 has not been
studied in normal or injured tissues. Lack of antibodies
(Abs) able to distinguish different phosphorylation sites of
Smad2/3 has impeded determination of phosphorylation
sites in tissues. Using the Abs against phosphorylated
Smad2/3, we investigated Smad2/3-mediated signaling
in a rat model of liver injury and in cultured HSCs. Our
results indicated that after injury in vivo, rapid JNK acti-
vation occurred in HSCs accompanied by Smad2/3
phosphorylation at linker regions. Moreover, co-treatment
of primary cultured HSCs with TGF-� and PDGF activated
the JNK pathway, leading to phosphorylation of Smad2/3
at linker regions. JNK activation induced by TGF-� and
PDGF could be involved in migration of resident HSCs
within the space of Disse to the area of tissue damage
because treatment of HSCs with a JNK inhibitor
SP600125 significantly inhibited HSC migration triggered

by TGF-� and/or PDGF stimulation. Finally, the PDGF
signaling pathway alone activated PAI-1 transcriptional
activity in primary cultured HSCs. In addition, PDGF
showed potent synergy with TGF-� signaling through
Smad3 phosphorylation at the linker region. Collectively,
JNK-mediated Smad2/3 phosphorylation at linker regions
played an important role in transmitting the signals from
TGF-� and PDGF in the activated HSCs after acute liver
injury.

Experimental Procedures

Animals

Male Wistar rats were obtained from Nihon Dobutsu Co.
(Osaka, Japan) and were used in all experiments. All
procedures were performed in accordance with the Dec-
laration of Helsinki and the Guiding Principles on the Care
and Use of Animals. To establish acute CCl4 intoxication,
rats weighting �200 g were given a single intragastric
dose of 0.5 ml of a 1:1 (v/v) mixture of CCl4 in olive oil per
100 g of body weight. These animals were sacrificed at 0,
36, and 72 hours after administration of the agent. Ani-
mals treated only with mineral oil were used as controls.

Cell Separation Procedure

HSCs were isolated from normal rat livers or injured livers
at the indicated times after CCl4 administration. HSCs
were obtained using collagenase and pronase-E diges-
tion.16 The liver was perfused in a noncirculating system
for 2 minutes at 37°C (40 ml/minute). The perfusion solu-
tion was calcium-free Hanks’ buffer. The liver was then
circulated with the perfusion solution for 5 minutes. A
solution (200 ml) consisting of 0.1% collagenase (Wako,
Osaka, Japan) in 10 mmol/L HEPES, pH 7.5, with 5
mmol/L calcium without EGTA was recirculated for 5 to 10
minutes. The liver was cut into pieces and incubated in
100 ml of Gey’s balanced salt solution with 0.1% pro-
nase-E (Sigma, St. Louis, MO) on a magnetic stirrer at
37°C for 30 minutes. At the end of the incubation period,
the suspension was filtered through nylon gauze and the
filtrate was centrifuged at 450 � g for 7 minutes. The
collected cells were centrifuged on a two-layer density
cushion of Nycodenz (Nycomed, Oslo, Norway) (Gey’s
balanced salt solution/8% Nycodenz) at 1400 � g for 17
minutes. The HSC fraction was collected from the upper
layer. The purity of the HSCs was greater than 90% as
assessed by typical morphological features, mainly the
presence of vitamin A droplets, and the immunological
staining of desmin.

Immunoprecipitation and Immunoblotting

HSCs freshly isolated after intoxication with CCl4, or pri-
mary cultured HSCs treated with 10 pmol/L TGF-�1 (R&D
Systems, Minneapolis, MN) and/or 400 pmol/L PDGF
(R&D Systems) for 30 minutes, were extracted with cell
lysis buffer. Cell extracts were subjected to immunopre-
cipitation with anti-Smad2/3 Ab (BD Bioscience, San
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Jose, CA), followed by adsorption to protein G-Sepha-
rose (Pharmacia, Peapack, NJ). The phosphorylation lev-
els of Smad2/3 were analyzed using rabbit polyclonal
anti-pSmad2L (Ser 249/254) Ab, anti-pSmad2C (Ser 465/
467) Ab, anti-pSmad3L (Ser 207/212) Ab, and anti-
pSmad3C (Ser423/425) Ab, as described previously.14,15

Immunoblots also were analyzed using rabbit polyclonal
anti-phosphorylated JNK1/2 Ab (Promega, Madison, WI)
and rabbit polyclonal anti-JNK1/2 Ab (Cell Signaling
Technology, Beverly, MA) as primary Abs.

In Vitro Kinase Assays

Bacterial expression and purification of GST-Smad2 and
GST-Smad3 were performed according to the manufac-
turer’s instructions (Amersham Biosciences, Piscataway,
NJ). Primary cultured HSCs were starved for 15 hours in
serum-free medium, and then were incubated with 10
pmol/L TGF-�1 and/or 400 pmol/L PDGF for 15 minutes.
HSCs freshly isolated after intoxication with CCl4 or pri-
mary cultured HSCs were extracted with cell lysis buffer.
Endogenous kinases were isolated from the cell extracts
using anti-phospho-JNK1/2 Ab (Promega). The immune
complex was collected with protein G-Sepharose. The
samples were washed with kinase assay buffer (25
mmol/L Tris-HCl, pH 7.5, 5 mmol/L �-glycerophosphate,
2 mmol/L dithiothreitol, 0.1 mmol/L Na3VO4, and 10
mmol/L MgCl2). Pellets were resuspended in 50 �l of
kinase assay buffer supplemented with 100 �mol/L ATP,
2 �g of GST-Smad2, or GST-Smad3. Reactions were
performed at 30°C for 30 minutes and then were
stopped with Laemmli sample buffer. The phosphory-
lation sites of Smad2/3 were determined by immuno-
blot using each anti-phospho-Smad2/3 Ab.

Immunohistochemical Analyses

After freshly harvested livers from normal and CCl4-
treated rats were fixed in 3% formalin for 2 to 3 days, the
livers were dehydrated through a graded alcohol series,
embedded in paraffin, and sectioned in mirror image at a
thickness of 3 �m. The sections then were deparaffinized
in xylene and rehydrated. Nonenzymatic antigen retrieval
was performed by heating the sections to 121°C in 0.01
mol/L sodium citrate buffer (pH 6.0) for 10 minutes. After
cooling, sections were rinsed in Tris-buffered saline con-
taining 0.1% Tween 20 (TBST) and incubated in metha-
nol-3% H2O2 for 30 minutes to quench endogenous per-
oxidase activity. Sections then were rinsed with TBST.
Primary Abs were incubated overnight at 4°C in a humid
chamber. Primary Abs used in this study included mouse
monoclonal anti-�-smooth muscle actin (SMA) Ab (clone
1A4, 1.7 �g/ml; DAKO, Glostrup, Denmark), mouse
monoclonal anti-PCNA Ab (clone PC10, 2.4 �g/ml;
DAKO), anti-pSmad2L (0.5 �g/ml), anti-pSmad2C (0.5
�g/ml), anti-pSmad3L (1 �g/ml), and anti-pSmad3C (1
�g/ml). Anti-pSmad3C Ab weakly cross-reacted with the
C-terminally phosphorylated Smad2. To block the bind-
ing of anti-Smad3C Ab to the phosphorylated domains in
Smad2, anti-pSmad3C Ab was adsorbed with 1 �g/ml

C-terminally phosphorylated Smad2 peptide. After sec-
tions were rinsed in TBST, peroxidase-labeled polymer
conjugated to goat anti-mouse or anti-rabbit immuno-
globulin (DAKO) was incubated for 1 hour at room tem-
perature and rinsed in TBST. Finally, the sections were
developed with 3,3�-diaminobenzidine tetrahydrochlo-
ride (Vector Laboratories, Burlingame, CA) counter-
stained with hematoxylin (Merck, Darmstadt, Germany)
and mounted under coverslips.

Migration Assay

To mimic the microenvironment of the space of Disse, the
membranes with 8-�m pores covered with Matrigel (BD
Biosciences, Bedford, MA) on the upper side were
coated with type I collagen on the lower side. HSCs (2 �
104/well) were added into the upper chamber, and were
serum-starved in the absence or presence of 10 �mol/L
JNK inhibitor SP600125 for 6 hours. The bottom wells of
the chamber were filled with Dulbecco’s modified Eagle’s
medium containing 10 pmol/L TGF-�1 and/or 400 pmol/L
PDGF. The Boyden chamber was incubated for 12 hours
to allow possible migration of HSCs through the mem-
brane into the lower chamber. The chambers were then
immersed in 100% methanol for 1 minute for fixation, and
all cells were then stained by hematoxylin. The cells
remaining on the top surface of the membrane were
completely removed with a cotton swab, and the mem-
brane was removed from the chamber and mounted on a
glass slide. The number of infiltrating cells was counted in
five regions selected at random, and the extent of invad-
ing cells was determined by the mean count. Duplicate
filters were used, and the experiments were repeated
three times.

Transcriptional Response Assay

HSCs were seeded at 2 � 105 cells per well in six-well
clusters. Twelve hours later, cells were subjected to
transfection with LipofectAMINE (Invitrogen, Carlsbad,
CA), 0.4 �g of reporter plasmid, and the indicated con-
structs, or with empty vector alone. After changing the
medium, the cells were incubated for another 30 hours in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. After washing the cells with the
medium, the cells were incubated for 12 hours in serum-
free Dulbecco’s modified Eagle’s medium in the absence
or presence of 10 pmol/L TGF-�1 and/or 400 pmol/L
PDGF. Finally, they were lysed, and the luciferase activity
of the cell extracts was measured by a luminometer
(Berthold, Bad Wildbad, Germany) using the dual-lucif-
erase reporter assay system (Promega). The luciferase
activities were normalized on the basis of the Renilla
luciferase activity.

Statistical Analysis

All data are expressed as the mean (SD). Experimental
and control values were compared using the unpaired
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Student’s t-test and analysis of variance. P � 0.05 was
considered to indicate significance.

Results

Differential Localization of pSmad2L and
pSmad3L in �-SMA-Immunoreactive
Mesenchymal Cells in the Injured Liver

Administration of a single dose of CCl4 resulted in ste-
atosis and necrosis of centrilobular hepatocytes within 2
days. The centrilobular area in the rat liver 36 hours after
CCl4 intoxication was characterized by necrotic hepato-
cytes, acidophilic bodies, and a dense cellular infiltrate
containing macrophages and lymphocytes. At this time
point, TGF-�1 and ECM constitutions including PAI-1 and
�2(I) procollagen are highly expressed in the activated
HSCs.17 Necrotic material tended to decrease at 72
hours when TGF-�1- and ECM-related transcripts have
decreased.

Smad2 and Smad3 have two major phosphorylation
sites at linker regions and at C-terminal regions.18,19 To
investigate Smad2/3-mediated signaling in vivo, we gen-
erated four Abs specific to each phosphorylation site
(Figure 1).15 Using these Abs, we revealed that Smad3
phosphorylated at the linker region and that phosphory-
lated at the C-terminal region existed as separate mole-
cules and transmitted distinct signals (unpublished data).
Accordingly, each molecule including Smad2/3 phos-
phorylated at C-terminal regions (pSmad2C and
pSmad3C) and Smad2/3 phosphorylated at linker re-

gions (pSmad2L and pSmad3L), can be localized in
different cell types, and can be detected in different
intracellular locations, even in the same cell.

Figure 2 presents the distribution of pSmad2L and
pSmad3L in normal rat liver and injured liver. We tried to
confirm the nuclear and cytoplasmic location of
pSmad2L and pSmad3L and identify hepatocytes and
mesenchymal cells in normal rat liver and injured liver.
For this, the sections stained using anti-pSmad2L Ab
and anti-pSmad3L Ab paired with mirror image sec-
tions using anti-�-SMA Ab and anti-proliferating cell
nuclear antigen (PCNA) Ab. �-SMA was up-regulated
in the activated HSCs, displaying the typical cytoplas-
mic localization.20,21 PCNA staining was used as a
nuclear marker.22

Immunostaining of normal rat liver with specific Abs to
pSmad2L or pSmad3L showed scant phosphorylation of
Smad2 and Smad3 throughout the liver (Figure 2, top
panels in � pSmad2L and � pSmad3L columns). The
phosphorylation was induced in the injured liver at 36
hours after CCl4 treatment (Figure 2, middle panels in �

pSmad2L and � pSmad3L columns). Simultaneously,
marked �-SMA immunoreactivity was observed in groups
of mesenchymal cells adjacent to necrotic hepatocytes in
centrilobular areas in the injured liver (Figure 2, A and C;
middle panels in � �-SMA columns). Hepatocytes were
constantly �-SMA-negative. The distributions of pSmad2L
and pSmad3L fitted well with the pattern obtained by
�-SMA immunolabeling in mirror image sections (Figure 2,
A and C; middle). Surprisingly, pSmad2L and pSmad3L
were undetectable in the majority of hepatocytes. pSmad2L
and pSmad3L were differentially localized in �-SMA-im-
munoreactive mesenchymal cells (Figure 2, A and C;
bottom). In contrast to focal or diffuse cytoplasmic local-
ization of pSmad2L (Figure 2, A and B; bottom),
pSmad3L accumulated in nuclei of the cells (Figure 2, C
and D; bottom). Amounts of such phosphorylation appar-
ent in mesenchymal cells surrounding centrilobular areas
decreased at 72 hours after CCl4 intoxication (unpub-
lished data).

We further investigated the distribution of pSmad2C
and pSmad3C in normal rat liver and injured liver. Normal
rat liver showed slight phosphorylation of Smad2/3 at
C-terminal regions (Figure 3, top). In contrast to scantly
phosphorylated states of Smad2/3L in hepatocytes,
amounts of the C-terminal phosphorylation were in-
creased in the nuclei of hepatocytes at 36 hours after
CCl4 intoxication (Figure 3, middle and bottom). Mesen-
chymal cells surrounding centrilobular areas also
showed an increased pSmad2/3C in the nuclei. The C-

Figure 2. Differential localization of pSmad2L and pSmad3L in �-SMA-immunoreactive mesenchymal cells in the injured liver. Formalin-fixed, paraffin-embedded
sections of normal rat liver (top) and injured liver at 36 hours after CCl4 intoxication (middle and bottom) were stained with anti-pSmad2L Ab (� pSmad2L) and
anti-pSmad3L Ab (� pSmad3L). These sections paired with mirror image sections stained using anti-�-SMA Ab (� �-SMA) and anti-PCNA Ab (� PCNA). The Abs
then were bounded by goat anti-mouse immunoglobulins conjugated with peroxidase-labeled polymer. Peroxidase activity was detected by 3,3�-diaminoben-
zidine tetrahydrochloride. Representative combinations are shown for: A, pSmad2L and �-SMA; B, pSmad2L and PCNA; C, pSmad3L and �-SMA; D, pSmad3L and
PCNA. Bottom: Higher magnification of the boxed areas in middle. All sections were counterstained with hematoxylin (blue). Brown indicates specific Ab
reactivity. In normal rat liver, Smad2 and Smad3 were minimally phosphorylated at linker regions (top panels in � pSmad2L and � pSmad3L). At 36 hours,
pSmad2L was predominantly localized in the cytoplasm of �-SMA-immunoreactive mesenchymal cells adjacent to necrotic hepatocytes in centrilobular areas (A
and B, middle and bottom). In contrast, pSmad3L was located in nuclei of the �-SMA-immunoreactive mesenchymal cells (C and D, middle and bottom). Scale
bars, 50 �m.

Figure 1. Antibodies selectively distinguish Smad2/3 phosphorylation at
linker regions and C-terminal SSXS regions. Smad2 and Smad3 proteins as
well as domain-specific Abs are shown schematically. Anti-pSmad2L (Ser
249/254) Ab and anti-pSmad3L (Ser 207/212) Ab recognize SAPK-dependent
phosphorylation sites in Smad2 and Smad3, whereas anti-pSmad2C (Ser
465/467) Ab and anti-pSmad3C (Ser 423/425) Ab recognize phosphorylated
C-terminal SXS sites in Smad2/3 activated by T�RI.

1032 Yoshida et al
AJP April 2005, Vol. 166, No. 4



TGF-� and PDGF Signaling after Rat Liver Injury 1033
AJP April 2005, Vol. 166, No. 4



terminal phosphorylation decreased at 72 hours after
CCl4 intoxication (unpublished data).

Smad2 and Smad3 Are Transiently
Phosphorylated Not Only at C-Terminal Regions
but Also at Linker Regions in the Activated
HSCs after CCl4 Intoxication

To quantify phosphorylation of each domain in Smad2
and Smad3, we isolated HSCs from normal and CCl4-
injured livers, and performed immunoblotting of cell ex-
tracts with domain-specific anti-phospho-Abs (Figure 4).
Neither the linker regions nor the C-terminal regions of
Smad2/3 were phosphorylated in the quiescent HSCs.
When cells were obtained from livers 36 hours after treat-
ment with CCl4, Smad2/3 in the activated HSCs were
phosphorylated not only at C-terminal regions but also at
linker regions. Phosphorylation had decreased in HSCs
by 72 hours. Taken together with the results obtained

from immunohistochemical analyses (Figures 2 and 3),
these findings indicated that phosphorylation of each
domain in Smad2 and Smad3 occurred transiently within
�-SMA-immunoreactive HSCs during the process of liver
regeneration after a single chemical insult.

JNK in the Activated HSCs from CCl4-Injured
Liver Directly Phosphorylates Smad2/3 at Linker
Regions

Recently, activated SAPK has been implicated in a wide
range of physiological responses of cells to various inju-
ries.12 In particular, SAPK activation is involved in migra-
tion and proliferation of HSCs.23 Moreover, anti-pSmad2L
Ab and anti-pSmad3L Ab recognize SAPK-dependent
phosphorylation sites in Smad2 and Smad3.15 Accord-
ingly, we focused on SAPK activities in the activated
HSCs after a single chemical insult. We investigated ac-
tivation of JNK by immunoblotting of HSCs at various time
points after CCl4 intoxication, using Abs against the ac-
tive, phosphorylated form of JNK (Figure 5, top). Neither
the linker regions nor the C-terminal regions of Smad2/3
were phosphorylated in quiescent HSCs. JNK showed a
high degree of phosphorylation in the activated HSCs at
36 hours after CCl4 intoxication. JNK phosphorylation
had decreased in HSCs by 72 hours. We also investi-
gated activation of p38 MAPK after a single chemical
insult. As with JNK, p38 MAPK was phosphorylated tran-
siently in the activated HSCs at 36 hours (unpublished
data). Because the profile of Smad2/3 phosphorylation in
HSC after a single chemical insult resembled that of JNK
activation, these events may be causally linked.

Figure 3. Both pSmad2C and pSmad3C are localized in nuclei of hepatocytes
and mesenchymal cells in injured liver. Formalin-fixed, paraffin-embedded
sections of normal rat liver and injured liver were stained with the Abs
indicated, which in turn were bounded by goat anti-rabbit immunoglobulins
conjugated to peroxidase-labeled polymer. Peroxidase activity then was
detected by 3,3�-diaminobenzidine tetrahydrochloride. Representative exam-
ples are shown for pSmad2C (� pSmad2C) and pSmad3C (� pSmad3C)
immunostaining in normal liver (top), and injured liver at 36 hours after CCl4
intoxication (middle and bottom). Bottom: Higher magnification of the
boxed areas in the middle. All sections were counterstained with hema-
toxylin (blue). Brown indicates specific Ab reactivity. In normal rat liver,
Smad2 and Smad3 were slightly phosphorylated at C-terminal regions (top).
Amounts of the C-terminal phosphorylation in the nuclei of hepatocytes and
mesenchymal cells surrounding centrilobular areas increased at 36 hours
after CCl4 intoxication (middle and bottom). Scale bars, 50 �m.

Figure 4. Smad2 and Smad3 are phosphorylated not only at C-terminal
regions but also at linker regions in the activated HSCs after CCl4 intoxication.
HSCs were obtained from normal rat liver and injured livers at 36 and 72
hours after CCl4 intoxication. Cell lysates were subjected to anti-Smad2/3
immunoprecipitation (IP), and were immunoblotted with each anti-pR-Smad
Ab (top). Relative amounts of endogenous Smad2/3 were determined by
immunoblotting (IB) using anti-Smad2/3 Ab (bottom).
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To address the functional relationship between acti-
vated SAPK and Smad2/3 phosphorylation in the acti-
vated HSCs, we performed an in vitro kinase assay. Phos-
phorylation of Smad2/3 was assessed by immunoblotting
using anti-pSmad2L Ab or pSmad3L Ab. JNK in the
activated HSCs obtained 36 hours after CCl4 poisoning
could directly phosphorylate Smad2 and Smad3 at linker
regions (Figure 6, top). As JNK activation declined by 72
hours, the extent of Smad2/3 phosphorylation at linker
regions decreased. On the other hand, p38 MAPK spe-
cifically phosphorylated the linker region of Smad3 (un-
published data). Collectively, each SAPK showed distinct
substrate specificity. Taken together with the nuclear lo-
calization of pSmad3L in the activated HSCs (Figure 2, C
and D; bottom), SAPK directly phosphorylated the linker
region of Smad3, leading to translocation of the protein
into the cell nucleus.

Both TGF-� and PDGF Signals Phosphorylate
Linker Regions of Smad2/3 in HSCs

Both TGF-� and PDGF are expressed locally in the acti-
vated HSCs after acute liver injury.16,24 To investigate
how TGF-�- and PDGF-mediated signals participate in
phosphorylation of Smad2/3, we isolated HSCs from nor-
mal liver by density gradient centrifugation and cultured
them on plastic dishes. We monitored the phosphoryla-
tion state of Smad2/3 by immunoblot analyses with anti-
phosphospecific Smad2/3 Abs in cell extracts prepared
from HSCs stimulated with TGF-� and/or PDGF. TGF-�
and PDGF treatment induced phosphorylation of
Smad2/3 within 10 minutes, reaching a maximum at 30
minutes, and then decreasing (unpublished data). TGF-�
treatment enhanced Smad2/3 phosphorylation at linker
regions as well as at C-terminal regions. On the other
hand, the PDGF signal specifically phosphorylated their
linker regions (Figure 7). Smad2 phosphorylation at the
linker region was more sensitive to PDGF than to TGF-�,
whereas the effect of TGF-� on Smad3 phosphorylation
at the linker region was nearly equal to that observed with
PDGF. Smad2/3 phosphorylation at linker regions was

stimulated additionally by combined TGF-� and PDGF
treatment. Taken together, these results suggested that
molecules activated in common by TGF-� and PDGF
signals might phosphorylate the linker regions of Smad2
and Smad3.

TGF-� and PDGF Signals in JNK
Phosphorylation Show Collaborative
Interactions

MAPK pathways were shown to be activated in response
to TGF-� and PDGF.12,25 We therefore investigated the
time course of JNK activation in response to TGF-� stim-
ulation. Both TGF-� and PDGF rapidly induced JNK
phosphorylation in primary cultured HSCs, phosphoryla-
tion had occurred at 5 minutes after TGF-� or PDGF
treatment, reaching a maximum at 15 minutes, and then
gradually declining (unpublished data). We next investi-
gated whether PDGF could activate JNK with TGF-� sig-
naling at 15 minutes after simultaneous treatment with
TGF-� and PDGF (Figure 8). As previously mentioned

Figure 5. JNK is phosphorylated in the activated HSCs after CCl4 intoxica-
tion. HSCs were obtained from normal rat liver and injured livers at 36 and 72
hours after CCl4 intoxication. Phosphorylation of endogenous JNK1/2 was
analyzed by immunoblotting with anti-pJNK1/2 Ab (� pJNK1/2; top). Ex-
pression of endogenous JNK1/2 was monitored by immunoblotting using
anti-JNK1/2 Ab (� JNK1/2; bottom).

Figure 6. JNK in the activated HSCs after CCl4 intoxication directly phos-
phorylates Smad2/3 at linker regions. HSCs were extracted from normal rat
liver and injured livers at 36 and 72 hours after CCl4 intoxication. Immuno-
precipitate of cell extracts with Ab against phosphorylated JNK were mixed
with bacterially expressed GST-Smad2 (A) and GST-Smad3 (B). Phosphor-
ylation of Smad2 and Smad3 was analyzed by immunoblotting (IB) using
each anti-pSmad2/3 Ab (top). Total Smad2 and Smad3 were monitored by
immunoblotting (IB) using anti-Smad2/3 Ab (bottom).
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TGF-� or PDGF treatment resulted in a clear increase in
JNK phosphorylation. Moreover, phosphorylation was
stimulated additionally by treatment with both TGF-� and
PDGF.

JNK Activated by TGF-� and PDGF Signals in
HSCs Directly Phosphorylates Smad2/3 at
Linker Regions

Because TGF-� and PDGF signals resulted in phosphor-
ylation of JNK (Figure 8) followed by Smad2/3 phosphor-
ylation at linker regions (Figure 7), we further investigated
whether or not endogenous MAPK activated by TGF-�
and PDGF signals in primary cultured HSCs could di-
rectly phosphorylate Smad2 and Smad3 in vitro. The se-
rum-starved HSCs were extracted at 15 minutes after
TGF-� and/or PDGF treatment, when JNK phosphoryla-
tion had reached a maximum (Figure 8). Degree of
Smad2/3 phosphorylation was monitored by immunoblot-

ting using anti-pSmad2L Ab or pSmad3L Ab. JNK addi-
tionally activated by both TGF-� and PDGF signals could
directly phosphorylate Smad2 and Smad3 at linker re-
gions in vitro (Figure 9, top). However, JNK failed to
phosphorylate Smad2 or Smad3 at C-terminal regions on
TGF-� or PDGF treatment (unpublished data). Collec-
tively, these data indicated that both Smad2 and Smad3
served as substrates for JNK in vitro after TGF-� and
PDGF treatment.

A JNK Inhibitor SP600125 Treatment Causes
the Reduction of Migratory Response of HSCs
to TGF-� and PDGF Stimulation

Migration of resident HSCs within the space of Disse to
the area of tissue damage is considered important for
tissue remodeling in response to liver injury.26,27 To study
the migratory properties of the activated HSCs, we used
a two-compartment Boyden chamber system that par-
tially mimics in vivo space of Disse in healthy and injured
livers.28 The upper chamber represented the normal
space of Disse that contained a basement membrane-
like matrix (Matrigel), which was rich in type IV collagen
and anchors resident HSCs. The lower chamber repre-

Figure 7. Both TGF-� and PDGF signals phosphorylate linker regions of
Smad2/3 in HSCs. HSCs were incubated with or without TGF-�1 and PDGF
for 30 minutes as indicated. Followed by immunoprecipitation (IP) of cell
lysates with anti-Smad2/3 Ab, phosphorylation of Smad2 and Smad3 was
analyzed by immunoblotting (IB) using each anti-pSmad2/3 Ab. Expression
of endogenous Smad2 and Smad3 was monitored by immunoblotting using
anti-Smad2/3 Ab (bottom).

Figure 8. Both TGF-� and PDGF signals stimulate JNK phosphorylation in
HSCs. HSCs were incubated with TGF-�1 and/or PDGF for 15 minutes.
Phosphorylation of endogenous JNK1/2 was analyzed by immunoblotting
using anti-pJNK1/2 Ab (� pJNK1/2; top). Expression of endogenous JNK1/2
was monitored by immunoblot using anti-JNK1/2 Ab (� JNK1/2; bottom).

Figure 9. JNK activated by TGF-� and PDGF signals in HSCs directly phos-
phorylates Smad2/3 at linker regions. HSCs were extracted at 15 minutes after
TGF-�1 and/or PDGF treatment, and cell extracts were immunoprecipitated
with anti-pJNK1/2 Ab. In vitro kinase assays were performed using GST-
Smad2 (A) and GST-Smad3 (B) as substrates. Phosphorylation states of
Smad2/3 were analyzed by immunoblotting (IB) using each anti-pSmad2/3
Ab (top). Total Smad2 and Smad3 were monitored by immunoblot (IB)
using anti-Smad2/3 Ab (bottom).
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sented the diseased space of Disse, containing growth
factors and type I collagen. Without migratory stimuli from
the lower chamber, only a few activated HSCs migrated
through pores of the membrane (Figure 10). When the
medium in the lower compartment was supplemented
with either TGF-� or PDGF, the activated HSCs showed
an increased migratory response. Additional treatment of
PDGF with TGF-� increased the migration greater than
that of TGF-� or PDGF treatment alone. Addition of a JNK
inhibitor SP600125 to the supernatant in the upper cham-
ber significantly inhibited migration of HSCs triggered by
TGF-� and/or PDGF stimulation, suggesting a direct role
of JNK pathway in facilitating HSC migration in response
to TGF-� and PDGF stimulation.

Both TGF-� and PDGF Signals Stimulate PAI-1
Transcriptional Activity through pSmad3L in
HSCs

The processes of cellular migration are characterized, in
part, by altered local proteolysis and stimulating cell
growth. PAI-1, the main inhibitor of the urokinase-type
plasminogen activator system, conducts the cells to mi-
gration and invasion by blocking cellular adhesion and
by promoting basement membrane degradation.5,6 We
therefore chose the PAI-1 gene response as an indicator
of the phosphorylated Smad2/3 effects on HSC migra-
tion. For this we used PF1-Luc, because this segment in
the PAI-1 promoter was sufficient to obtain TGF-�-depen-
dent induction.29 HSCs transfected with PF1-Luc alone
showed a low degree of transcriptional activity (Figure
11). TGF-� induced transcriptional activity, and PDGF
treatment led to a twofold increase in the activity. Addi-

tional treatment with PDGF plus TGF-� increased tran-
scriptional activity beyond that seen with TGF-� treatment
alone. In cells co-transfected of PF1-Luc with Smad3WT,
treatment with TGF-� increased transcriptional activity.
PDGF treatment alone also activated transcription. More-
over, treatment with PDGF plus TGF-� led to a potent in-
crease in transcriptional activity beyond that seen with
TGF-� treatment alone. Co-transfection with Smad3EPSM,
which lacked phosphorylation sites in the linker region,
induced an increase of transcriptional activity triggered
by TGF-� stimulation, but could not significantly modify
transcriptional activity in HSCs treated with PDGF alone.
Similarly, combined treatment with TGF-� and PDGF cells
expressing Smad3EPSM did not lead to an additional
increase in transcriptional activity. Co-transfection with
Smad3(3S-A) as a control, which lacked C-terminal
serine residues, induced an increase of the transcrip-
tional activities triggered by either TGF-� or PDGF stim-
ulation. Moreover, a combined treatment with TGF-� and
PDGF of the cells expressing Smad3(3S-A) led to an
additional increase in the activity. These results were
similar to those in co-transfection with Smad3WT. Thus,
the PDGF signal alone could activate PAI-1 transcrip-
tional activity through pSmad3L. In addition, PDGF
showed potent synergy with the TGF-� signal at this
phosphorylation site.

Discussion

We demonstrated here for the first time that pSmad2/3L
mediated signaling in vivo. In the presence of TGF-� and
PDGF after a single CCl4 administration, Smad2/3 in the
activated HSCs were phosphorylated transiently at linker
regions. Further, JNK activated by TGF-� and PDGF
signals could directly phosphorylate the linker regions.

Figure 10. A JNK inhibitor SP600125 treatment causes the reduction of
migratory response of HSCs to TGF-� and PDGF stimulation. HSCs were
cultured on Matrigel for 12 hours with TGF-�1 and/or PDGF in the absence
or presence of SP600125. After fixation with 100% methanol, the cells were
stained by hematoxylin. The number of infiltrating cells was counted in five
regions selected at random, and the extent of invading cells was determined
by the mean count. Duplicate filters were used, and the experiments were
repeated three times.

Figure 11. Both TGF-� and PDGF signals stimulate PAI-1 transcriptional
activity through pSmad3L in HSCs. HSCs were transiently co-transfected of
PF1-Luc with Smad3WT, Smad3EPSM, Smad3(3S-A), or empty control vector
(pcDNA3). After changing the medium, cells were incubated for another 30
hours. Under serum-free conditions, the cells were incubated for 12 hours
with TGF-�1, PDGF, or a combination of both. Luciferase activity was deter-
mined and normalized to transfection efficiency. Values of samples from cells
transfected with PF1-Luc alone and those left untreated were set arbitrarily at
1. Results shown are the mean � SD (n � 4) from a representative experi-
ment. *, P � 0.05; **, P � 0.01, by one-way analysis of variance.
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pSmad3L was localized predominantly in the nuclei of
�-SMA-positive cells within fibrotic septa in CCl4-treated
rats. Moreover, PDGF treatment together with TGF-� en-
hanced PAI-1 transcription through pSmad3L. Stimula-
tion of PAI-1 production might lead to an increase in
migratory capacity of the activated HSCs, because PAI-1
conducts the cells to migration by blocking cellular ad-
hesion and by promoting basement membrane degrada-
tion.5,6 JNK pathway is also involved in TGF-� and/or
PDGF-induced migration of the activated HSCs. To-
gether, these results indicated that TGF-� and PDGF
could transmit the migratory signals of the activated
HSCs through JNK-mediated Smad2/3 phosphorylation
at linker regions.

Current evidence suggests that regulation of ECM pro-
duction in acute and chronic liver disease may involve
different mechanisms, although HSCs are the principal
effector in both cases.3 HSCs undergo progressive acti-
vation to myofibroblast (MFB)-like cells in a state of
chronic liver damage. On the other hand, considerable
complexity of Smad2/3-mediated signaling can result
from temporal variation of SAPK. Our current in vivo model
reveals that SAPK activation results in phosphorylation of
both Smad2L and Smad3L, particularly in situations in
which SAPKs are activated transiently in HSCs after
acute liver injury. When sustained activation of SAPK in
MFBs is achieved through constitutive TGF-� signal dur-
ing chronic liver injury, SAPK-dependent Smad3 phos-
phorylation alone promotes nuclear accumulation of
Smad3, in which it stimulates ECM production in MFB.14

Additional complexity of signaling can be derived from
the variety of Smad2/3 differentially phosphorylated by
JNK and p38 MAPK. JNK phosphorylates both Smad2L
and Smad3L, but p38 MAPK phosphorylates only
Smad3L (unpublished data).

TGF-� regulates particularly rapid physiological pro-
cesses. Because TGF-�-dependent induction of Smad7
ensures swift elimination of its signal, Smad7 is consid-
ered to act as an important physiological regulator of the
TGF-� signal.10 We revealed that pSmad3L and
pSmad3C transmitted their signals independently (un-
published data). Although pSmad3C can activate the
Smad7 promoter, pSmad3L cannot transactivate the
Smad7 gene. In contrast, pSmad3L and pSmad3C can
enhance transcriptional activation of ECM genes such as
PAI-1 and d2(I) procollagen genes.14 In HSCs after acute
liver injury, T�RI activated by endogenous TGF-� signal
phosphorylated Smad3C, further up-regulating Smad7
transcription. Subsequently, Smad7 terminates fibro-
genic signals mediated by signal-transducing Smads,
and could be involved in the transient response to the
autocrine TGF-� signal after acute liver injury.17,30 In
contrast, pSmad3L leads to constitutive fibrogenic sig-
naling, owing to loss of responsiveness of the phosphor-
ylated Smad3 to the Smad7 transcript in MFBs during
chronic liver injury.14,17

Compensatory growth of the liver to regain mass lost
by partial hepatectomy or chemical damage is orches-
trated by the interplay of positive and negative polypep-
tide cytokines and growth factors.31 In addition to its
potent role in promotion of ECM production in the acti-

vated HSCs, the TGF-� signal transduction system has
been implicated in negative regulation of the growth re-
sponse in hepatocytes. Our current evidence, however,
suggests that activation of SAPK/Smads cascade is
strictly restricted to mesenchymal cells including HSCs in
vivo, and contributes to promote HSC migration through
pSmad3L. Surprisingly, pSmad2L and pSmad3L were
undetectable in hepatocytes (Figure 2). In contrast, both
pSmad2C and pSmad3C were located predominantly in
the nuclei of hepatocytes after the chemical insult (Figure
3). Taken together with the findings that TGF-� secreted
by mesenchymal cells including HSCs is present within
hepatocytes,32 TGF-� in hepatocytes mainly transmits
the signal through pSmad2C and pSmad3C. In most
normal epithelial cell types, TGF-� arrests cell-cycle pro-
gression in the G1 phase by up-regulating expression of
cyclin-dependent kinase inhibitors (CDKIs), p21WAF1/

CIP1, and/or p15INK4B.33,34 Induction of CDKI expression
requires the C-terminal phosphorylation of Smad2 and
Smad3.35,36 Accordingly, pSmad2/3C-mediated signal-
ing could take part in growth inhibition through up-regu-
lation of CDKI expression in the hepatocytes after acute
liver injury.

Emerging evidence indicates that TGF-� and PDGF
participate not only in a restoration of the normal hepatic
structure if triggered by a single liver injury, but also in
development of pathological fibrotic states.1–3 Our
present findings concerning phosphorylation sites of
Smad2/3 should help elucidate the molecular mecha-
nisms by which Smad2/3 can mediate synergetic signals
from serine kinase receptors and tyrosine kinase recep-
tors. Future studies using our Abs also should enhance
our understanding of TGF-� signal modification by JNK
pathway in such pathological conditions as fulminant
hepatitis and liver fibrosis. Ultimately, Smad2/3 phos-
phorylation might represent a potential target for thera-
peutic intervention.37
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