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ABSTRACT

Background: Liver progenitor cells (LPCs) are a subpopulation of cells that contribute to liver regeneration,
fibrosis and liver cancer initiation under different circumstances.

Results: By performing adenoviral-mediated transfection, CCK-8 analyses, F-actin staining, transwell analyses,
luciferase reporter analyses and Western blotting, we observed that TGF-B promoted cytostasis and partial
epithelial-mesenchymal transition (EMT) in LPCs. In addition, we confirmed that TGF-B activated the Smad
and MAPK pathways, including the Erk, JNK and p38 MAPK signaling pathways, and revealed that TGFpB-
Smad signaling induced growth inhibition and partial EMT, whereas TGFB-MAPK signaling had the opposite
effects on LPCs. We further found that the activity of Smad and MAPK signaling downstream of TGF-B was
mutually restricted in LPCs. Mechanistically, we found that TGF-B activated Smad signaling through serine
phosphorylation of both the C-terminal and linker regions of Smad2 and 3 in LPCs. Additionally, TGFB3-MAPK
signaling inhibited the phosphorylation of Smad3 but not Smad2 at the C-terminus, and it reinforced the
linker phosphorylation of Smad3 at T179 and $213. We then found that overexpression of mutated Smad3 at
linker phosphorylation sites intensifies TGF-B-induced cytostasis and EMT, mimicking the effects of MAPK
inhibition in LPCs, whereas mutation of Smad3 at the C-terminus caused LPCs to blunt TGF-B-induced
cytostasis and partial EMT.

Conclusion: These results suggested that TGF-B downstream of Smad3 and MAPK signaling were mutually
antagonistic in regulating the viability and partial EMT of LPCs. This antagonism may help LPCs overcome the
cytostatic effect of TGF-B under fibrotic conditions and maintain partial EMT and progenitor phenotypes.
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INTRODUCTION

Liver progenitor cells (LPCs) are a population of cells
with characteristics of ovoid nuclei and the potential
to differentiate into hepatocytes and cholangiocytes
[1]. LPCs usually arise and expand in the canal of
Hering of the injured liver and contribute to liver
regeneration and repair [2]. However, we and others
have confirmed that under pathological circumstances,
LPCs respond to fibrotic or carcinogenic cytokines or
regimens [3, 4] and participate in liver fibrosis and
liver cancer initiation through the production of
extracellular matrix (ECM), epithelial-mesenchymal
transition (EMT), and malignant transformation [5-7].
In the context of liver injury, which includes viral
hepatitis, fatty liver disease, autoimmune hepatitis, and
cirrhosis, transforming growth factor-f (TGF-B) is
one of the most common fibrotic cytokines [8].
In detail, TGF-B phosphorylates and activates the
SMAD2/3 complex through the TGF-B receptor, and
phosphorylated SMAD2/3 translocates into the nucleus
to induce the expression of fibrotic or carcinogenic
genes, such as connective tissue growth factor (CTGF)
and c-Jun. We and others have revealed that in LPCs,
TGF-B induces cytostasis, the production of ECM
components, such as cCTGF, EMT, and malignant
transformation [4, 9-11]. Moreover, our group reported
that autocrine TGF-B signaling occurs and induces
partiall EMT in LPCs [12]. However, the exact
mechanism, crosstalk, and related mechanism of action
of TGF-B downstream signaling in LPCs have not
been explored.

In this study, we demonstrated that TGF-B induced
limited cytostasis and EMT and that TGF-B-activated
Smad and non-Smad mitogen-activated protein kinase
(MAPK) signaling regulated these effects in LPCs.
Interestingly, we discovered that TGF-p downstream
of Smad3 and MAPK signaling has antagonistic
effects on the TGF-B-induced growth inhibition and
EMT of LPCs.

RESULTS

TGF-B induced growth inhibition and partial
epithelial-mesenchymal transition in liver progenitor
cells

To investigate the role of TGF-B and its downstream
signaling in liver progenitor cells, we first treated liver
progenitor cell lines (WB-F344 and LE/6 cells) with
TGF-B (10 ng/ml) for 3 days and then analyzed cell
proliferation (CCK-8) assays (repeated three times).
After treatment with TGF-f, the proliferation of
WB-F344 and LE/6 cells was reduced (Figure 1A),
although the inhibitory effect on cell growth was

limited to both WB-F344 (39.24% inhibition, P <
0.001 for the TGF-B-treated vs. the PBS-treated WB-
F344 cell line) and LE/6 (31.67% inhibition, P <
0.0001 for the TGF-pB-treated vs. the PBS-treated LE/6
cell line) cells. Considering that TGF-B is a classic
inducer of epithelial-mesenchymal transition (EMT)
in cells and that EMT and partial EMT of LPCs
contribute to liver fibrosis and the initiation of liver
cancer [12-14], we subsequently performed EMT-
related experiments to confirm whether EMT occurs in
LPCs after treatment with TGF-f. Intriguingly, after
exposure to a high concentration of TGF- (10 ng/ml)
for 3 days, phase contrast microscopic scanning and
fluorescent F-actin staining revealed morphological
changes (Figure 1B) and rearrangement of actin fibers
(Figure 1C) in both WB-F344 and LE/6 cells, although
this trend was not obvious. Western blot analyses of
WB-F344 and LE/6 cells after treatment with TGF-
(10 ng/ml) for three days revealed that the expression
of an epithelial marker (E-cadherin) was reduced, while
the expression of a mesenchymal marker (vimentin)
was slightly increased (Figure 1D and Supplementary
Figure 1). In vitro motility assays showed that the
migration of WB-F344 and LE/6 cells was enhanced by
stimulation with TGF-B (Figure 1E), which suggests
that the mesenchymal state of LPCs was enhanced after
stimulation with TGF-B. Taken together, these results
suggested that despite TGF-B-induced cytostasis and
EMT in LPCs, these effects were not obvious.

Both Smad and MAPK signaling were activated in
liver progenitor cells under TGF-p stimulation

We  subsequently investigated the signaling
cascades that contributed to the TGF-B-induced growth
inhibition and EMT in LPCs. Previous studies have
reported that Smad signaling is the classic downstream
signaling cascade of TGF-B. We then carried out
Western blot analyses, and the results showed that
under stimulation with TGF-f, both Smad2 and Smad3
were phosphorylated in a time-dependent manner
in WB-F344 and LE/6 cells, which suggested that
canonical TGF-p downstream of Smad signaling was
activated in LPCs (Figure 2A). In addition, Western
blot analyses revealed that in both WB-F344 and LE/6
cells, Erk, INK and p38 MAPK were phosphorylated
in a time-dependent manner, which suggested that in
LPCs, the major components of MAPK signaling (Erk,
JNK and p38 MAPK signaling) are also activated
by TGF-B. In detail, we found that the induced
phosphorylation of Smad2 and 3 at the C-terminus
peaked at 0.5 h to 1 h after TGF-B induction, whereas
the TGF-B-induced phosphorylation of p-Erk, JNK
and p38 MAPK peaked at 1-3 h after induction,
accompanied by a reduction in phosphorylated Smad2
and 3 (Figure 2B).
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Suppression of TGF-B downstream of Erk, JNK or
p38 MAPK signaling sensitizes LPCs to TGF-g-
induced cytostatic effects

We found that TGF-$ induced limited cytostatic effects
in LPCs, and our previous studies demonstrated that

Smad signaling contributed to these inhibitory effects
on the growth of LPCs. To explore the role of TGFp-
MAPK signaling in LPCs, we treated LPCs with both
TGF-B and MAPK inhibitors, including U0126 (an Erk
inhibitor, 10 uM), SP600125 (a JNK inhibitor, 10 uM)
and SB203580 (a p38 MAPK inhibitor, 5 uM), and then
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Figure 1. TGF-B inhibited the growth and promoted epithelial-mesenchymal transition in liver progenitor cells. (A) Liver
progenitor cell lines (WB-F344 and LE/6) were treated with TGF-B (10 ng/ml) for 3 days and then subjected to CCK-8 analyses. OD values
were normalized to those of the control groups. (B) Phase contrast images of TGF-B (10 ng/ml, 3 days)-treated WB-F344 and LE/6 cells.
Scale bar, 100 um. (C) Phalloidin staining for F-actin (red) in TGF-B (10 ng/ml, 3 days)-induced WB-F344 and LE/6 cells. DAPI was used to
show the location of the nucleus (blue). The white arrows indicate rearrangements of F-actin. Scale bar, 25 um. (D) Western blot analyses
of the indicated cell lines with antibodies against E-cadherin and vimentin. GAPDH was used as a loading control. (E) Transwell analyses of
the motility of WB-F344 and LE/6 cells treated with or without TGF-B (10 ng/ml, 7 hr and 24 hr). Representative images of migrated cells
are shown (left panel); migrated cells were counted, and the average number of cells in three independent experiments is shown (right
panel). Two-tailed Student’s t-tests were used for statistical analysis. The data are presented as the mean + S.E.M. **p < 0.001.
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carried out Western blot and CCK-8 analyses. In LPCs,
TGF-p activated Erk, JNK, and p38 MAPK signaling,
which was indicated by the phosphorylation of Erk,
c-jun and ATF-2, which was inhibited by U0126
(Figure 3A and Supplementary Figure 2), SP600125
(Figure 3B), and SB201580 (Figure 3C), respectively.
The results of the CCK-8 assays revealed that in both
WB-F344 and LE/6 cells, the inhibition of Erk signaling
by U0126 augmented the suppressive effect of TGF-$
on cell growth (Figure 3D). Similar effects were also
found for the SP600125- or SB203580-treated LPCs
(Figure 3E, 3F). Taken together, these results suggested
that suppressing TGF-p downstream of MAPK signaling
sensitizes LPCs to TGF-B-induced cytostatic effects.

Inhibition of TGF-p-induced Erk, JNK or p38
MAPK signaling augmented TGF-p-mediated EMT
in LPCs

Our previous studies demonstrated that TGFp induces
EMT in LPCs through activating Smad signaling. To
further investigate the role of TGF-B in activating Erk,
JNK and p38 MAPK signaling in LPCs, we suppressed
the TGF-p downstream effectors Erk, JNK and p38
MAPK via specific inhibitors in LPCs. The results
showed that TGF-p induced obvious EMT after Erk,
JNK or p38 MAPK signaling was inhibited in LPCs,
which was shown by the elevated rearrangement of
F-actin (Figure 4A—4C), decreased expression of the
epithelial marker E-cadherin, increased expression of
the mesenchymal marker vimentin (Figure 4D-4F and
Supplementary Figure 3), and enhanced capacity for
cell migration (Figure 4G and Supplementary Figure 4).
These results suggested that TGF-p-induced Erk, INK
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and p38 MAPK signaling plays an inhibitory role in the
TGF-B-induced EMT of LPCs.

TGF-p activated Erk, JNK and p38 MAPK signaling
and inhibited TGFB-Smad3 signaling in LPCs

We found that TGF-B downstream of MAPK cascades
suppressed TGFpB-induced cytostatic and EMT effects
in LPCs. To explore whether TGFB-MAPK signaling
inhibits TGFp-Smad signaling in LPCs, we treated
LPCs with TGF-B and specific MAPK inhibitors,
including U0126, SP600125 and SB203580, and carried
out Western blotting to analyze the activation of Smad
signaling in LPCs. Treatment with U0126, SP600125 or
SB203580 had little effect on the phosphorylation of
Smad2 in LPCs stimulated with TGF-B, whereas the
TGF-B-induced phosphorylation of Smad3 in LPCs
was elevated after treatment with MAPK inhibitors,
including U0126 (Figure 5A), SP600125 (Figure 5B) or
SB203580 (Figure 5C). These results suggested that in
LPCs, TGFB-MAPK signaling inhibited TGFfB-Smad3
signaling but did not alter the status of Smad2. To
further confirm these findings, we performed luciferase
reporter analyses, and the results showed that TGF-f
activated SBE4-luc (a Smad3 binding element) in both
WB-F344 and LE/6 cells, and this activation was
further strengthened after the activation of Erk, JNK,
or p38 MAPK was inhibited (Figure 5D-5F). Taken
together, these results suggested that in LPCs, the
signaling of the TGF-B downstream effectors Erk, INK
and p38 MAPK inhibited the activation of Smad
signaling. In particular, TGF-B, which is downstream
of Smad3 but not Smad2 signaling, was inhibited by
TGFB-MAPK signaling in LPCs.
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Figure 2. Both Smad and MAPK signaling are activated by TGF-$ in liver progenitor cells. (A, B) LPCs (LE/6 and WB-F344 cells) were
treated with TGF-B (10 ng/ml) for the indicated times, and the lysates were subjected to Western blot analyses with antibodies against the
indicated proteins. Representative blot images of three independent experiments are shown, and GAPDH was used as a loading control.
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Inhibition of Smad signaling downstream of TGF-p addition, the results of Western blot analyses of

abrogated TGF-g-induced cytostasis and EMT and LPCs showed that knockdown of Smad4 strengthened
strengthened MAPK signaling in LPCs TGF-B-induced MAPK signaling, as indicated by the
phosphorylation of Erk, c-jun and p38 MAPK (Figure
We then suppressed Smad signaling in LPCs through 6F). These results suggested that TGF-B-induced Smad
shRNA-mediated interference of Smad4 expression signaling suppressed downstream MAPK signaling in
(Figure 6A and Supplementary Figure 5) and carried LPCs.
out CCK-8 analyses. The results showed that TGF-p-
induced cytostasis was abrogated after Smad4 was TGF-p downstream MAPK signaling promotes linker
knocked down in LPCs (Figure 6B). The results of phosphorylation of Smad3 in liver progenitor cells
Western blot analyses of EMT-related markers (Figure
6C), F-actin fluorescence staining (Figure 6D) and cell Previous studies have reported that in mammalian
motility (Figure 6E and Supplementary Figure 6) in cells, both Smad2 and Smad3 can be phosphorylated
LPCs revealed that TGF-B-induced EMT and motility at their linker and C-terminal regions through different
in LPCs were mitigated after Smad4 knockdown. In upstream signals, and Smad isoform signals play
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Figure 3. Suppression of TGF-B downstream of Erk, JNK or p38 MAPK signaling strengthens the TGF-B-induced cytostatic
effects in LPCs. (A—C) WB-F344 and LE/6 cells were treated with TGF-B, U0126 (an Erk inhibitor), SP600125 (a JNK inhibitor), and/or
SB203580 (a p38 MAPK inhibitor) as indicated, and Western blot analyses were carried out with antibodies against phospho-ERK and ERK
(A), phospho-c-jun and c-jun (B), and phospho-ATF2 and ATF2 (C). GAPDH was used as a loading control. (D—F) WB-F344 and LE/6 cells were
treated with TGF-B and/or the inhibitors as indicated for 3 days, after which CCK-8 analyses were performed. The normalized OD values of
each group were compared, and the average OD values of three independent experiments are shown. One-way ANOVA was used for
statistical analysis. The data are presented as the mean + S.E.M. **p < 0.001; ****p < 0.0001.
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distinct roles in the proliferation, EMT, motility,
and carcinogenesis of cells [15] (Figure 7A and
Supplementary Figure 7). To explore the occurrence
of Smad phosphoisoform signaling in LPCs, we
treated LPCs with TGF-p and carried out Western blot
analysis. The results showed that TGF-B induced
linker phosphorylation of Smad2 and Smad3 in LPCs
(Figure 7B). In addition, blocking the activity of Erk,
JNK or p38 MAPK with specific inhibitors (U0126,
SP600125, and SB203580, respectively) reduced the
TGF-pB-induced linker phosphorylation of Smad3,
whereas the TGF-p-induced linker phosphorylation
of Smad2 was not influenced by the inhibition of
Erk, JNK or p38 MAPK signaling in LPCs (Figure
7C-7E). Taken together, these results suggested that
TGF-B-MAPK signaling contributed to the linker
phosphorylation of Smad3 in LPCs.

Smad3 phosphorylation affects
cytostasis and EMT in LPCs

TGF-p-induced

To explore the roles of the linker and C-terminal
phosphorylation of Smad3 in LPCs, we used
recombinant adenoviruses harboring constitutively
expressed wild-type Smad3 (Ad-Smad3) or its mutant at

TGF-B

Aractiman  PBS TGF-B+U0126 U0126

g
gooo
448
&
2

Cell surface area (%)
g

el P

- H

—

3

H

B

Cell surface area (%)

. Hﬂﬂﬂ liil I

3
2

o [ e 3%
w
:

GAPDH e wrm——

WB-F344 LE/6 WB-F344 LE/6 WB-F344 LE/6

oMSO-
[GF-8(100g/m! -

TGF-(tongim. TGF-f(100g) = $ s
pliongiml)— 4 4 - + 851035“(5[4"’ ]

Al Mln s

Vimentin = = == sn—— || § &

ToFg(IOgm~ + + - - + 3 =
SB203SEOSIM) -~ - + + - - + +

E-Cadnerin s m e o wm a o o= |

the C-terminal (Ad-3SA) or linker region (Ad-EPSM),
in which all serine/threonine phosphorylation sites
were replaced with alanine (A) or valine (V, Figure 8A
and Supplementary Figures 8 and 9). An adenovirus
carrying green fluorescent protein (Ad-GFP) was used
as a control in the present study. We first infected
Ad-Smad3, Ad-S3A, Ad-EPSM, and Ad-GFP into
WB-F344 and LE-6 cells, and the Western blotting
results showed that after infection of LPCs with
Ad-Smad3, the phosphorylation of Smad3 at both the
C-tail and linker region was elevated in a multiplicity
of infection (MOI)-dependent manner (Figure 8B).
In addition, infection of LPCs with Ad-3SA or Ad-
EPSM caused a reduction in the C-terminus (Figure
8C) and linker phosphorylation of Smad3 (Figure
8D), respectively, in the presence or absence of TGF-p.
Moreover, infection of LPCs with Ad-3SA promoted
TGF-B-induced linker phosphorylation of Smad3
(Figure 8C), and infection of LPCs with Ad-EPSMs
increased the C-terminal phosphorylation of Smad3,
as indicated by stimulation with TGF-B (Figure 8D).
We then carried out cell proliferation analyses, and the
results showed that infection with Ad-Smad3 in LPCs
augmented TGF-B-induced cytostasis, and infection
with Ad-EPSMs markedly enhanced the cytostatic
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Figure 4. Inhibition of TGF-B-induced Erk, JNK or p38 MAPK signaling augmented TGF-B-mediated EMT and motility in LPCs.
(A—C) Liver progenitor cell lines (WB-F344 and LE/6) were treated with TGF-B and/or kinase inhibitors as indicated for 3 days and then
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One-way ANOVA was used for statistical analysis. The data are presented as the mean + S.E.M. "p < 0.05; **p < 0.01; and ***p < 0.001.

www.aging-us.com

6593

AGING



effect of TGF-B. In contrast, LPCs infected with
Ad-3SA were resistant to TGF-B-induced cytostasis,
and TGF-B even promoted the proliferation of these
cells (Figure 8E). The results of EMT-related analyses
revealed that infection of LPCs with Ad-3SA abrogated
EMT and cell migration in the presence and absence of
TGF-B, whereas infection with Ad-EPSMs enhanced
the effects of TGF-B-induced EMT in LPCs (Figure
8F-8H and Supplementary Figure 10). Collectively,
these results suggested that overexpression of mutated
Smad3 at linker phosphorylation sites intensifies TGF-
B-induced cytostasis and EMT, mimicking the effects of
MAPK inhibition in LPCs, whereas mutation of Smad3
at the C-terminus caused LPCs to blunt TGF-B-induced
cytostasis and EMT, similar to the effects of Smad4
knockdown (Figure 9).

DISCUSSION

The activation and expansion of LPCs, maintenance
of progenitor features, and effects of LPCs in liver
regeneration, fibrosis and carcinogenesis are regulated
by cytokines in the presence of LPCs [2]. TGF-B is a
pivotal cytokine in the microenvironment of injured
and fibrotic livers. However, one of the classic roles of
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TGF-f in mammalian cells is to induce cytostasis,
and TGF-B-induced cytostasis was also demonstrated
by our group and others in LPCs [16]. However, how
LPCs survive and expand in fibrotic conditions induced
by TGF-B has still been explored. In the present study,
we confirmed that TGF-B induced growth inhibition
in LPCs, whereas this effect was limited. These results
are consistent with the findings of a previous study
in which LPCs were not sensitive to TGF-p-induced
cytostasis, and it was also reported that the intrinsic
high expression of Smad6, an inhibitory Smad,
contributed to the insensitivity of LPCs to TGF-§ [16].
In addition, previous studies have shown that extrinsic
cytokines such as HGF and EGF, both of which can
activate mitogenic signaling in cells, can counterbalance
the effect of TGF-p on LPCs [17, 18]. In this study, we
confirmed that mitogenic MAPK signaling pathways,
such as the Erk, JNK and p38 MAPK signaling
pathways, were activated by TGF-B in LPCs and
that TGF-B-activated MAPK signaling and Smad
signaling antagonistically regulated the proliferation of
LPCs. Considering that, in LPCs, the TGF-p-induced
phosphorylation of p-Erk, JNK and p38 MAPK peaks
after the phosphorylation of Smad2 and Smad3 at the
C-terminus, TGF-p-induced MAPK signaling might be
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Figure 5. TGF-B activated Erk, JNK and p38 MAPK signaling and inhibited TGFB-Smad3 signaling in LPCs. (A—C) LPCs were
treated with TGF-B and/or kinase inhibitors as indicated, and the levels of phospho-Smad2 and Smad3 at the C-terminus and related total
Smad2 and 3 proteins in the cells were analyzed via Western blotting. GAPDH was used as a loading control. (D—F) LPCs were cotransfected
with pRL-TK and SBE4-luc and treated with TGF-B and/or kinase inhibitors as indicated. Luciferase activity was normalized to Renilla
luciferase activity and is expressed as the means + SEMs of triplicate measurements. The following comparisons of the bars were made: a,
P < 0.01, second with first; b, P < 0.001, third with first; c, P < 0.01, third with second; d, P < 0.01, fourth with second; e, P < 0. 001, fourth
with third; f, P < 0.05, third with second. The experiments were repeated three times. One-way ANOVA was used for statistical analysis. The

data are presented as the mean = S.E.M.
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Figure 6. Inhibition of Smad signaling downstream of TGF-B abrogated TGF-B-induced cytostasis and EMT and strengthened
MAPK signaling in LPCs. (A) Western blotting was used to measure the expression of Smad4 in WB-shSmad4, LE-shSmad4, and control
cells (WB-shScramble or LE-shcramble cells). GAPDH was used as a loading control. (B) CCK-8 assays of WB-shSmad4, LE-shSmad4 and
control cells before and after treatment with TGF-B (10 ng/ml, 3d). OD values were normalized to those of the control groups. (C) WB-
shSmad4, LE-shSmad4, and control cells were treated with TGF-B (10 ng/ml, 3d) as indicated, and Western blot analyses were carried out
with antibodies against E-cadherin and vimentin. GAPDH was used as a loading control. (D) WB-shSmad4, LE-shSmad4 and control cells
were treated with TGF-B (10 ng/ml) for 3 days and then subjected to phalloidin staining for F-actin (red). DAPI (blue) was used to stain the
cell nuclei. The white arrows indicate F-actin rearrangements. Scale bar, 25 um. (E) Cell motility analyses of WB-shSmad4, LE-shSmad4 and
control cells treated with TGF-B. The average number of migrated cells per field is shown. (F) Western blot analyses of Smad4, p-ERK, ERK,
p-p38 MAPK, p38 MAPK, p-c-Jun and c-Jun expression in WB-shSmad4, LE-shSmad4, and control cells. GAPDH was used as a loading
control. WB-shSmad4, LE-shSmad4 and control cells were treated with TGF-B (10 ng/ml) for 1 h or 3 h, respectively. These experiments
were repeated three times. One-way ANOVA was used for statistical analysis. The data are presented as the mean + S.E.M. "p < 0.05;
*p <0.01; and **p < 0.001.
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the consequence of TGF-B-induced Smad signaling
and functional suppression of TGFB-Smad signaling.
In addition, these results suggest that mitogenic
TGFB-MAPK signaling may help LPCs overcome the
cytostatic effect caused by TGFB-Smad signaling and
promote the survival and expansion of LPCs in the
fibrotic environment.

The EMT contributes to cell growth, stemness, fibrosis,
and cancer progression in different contexts [19, 20]. In
this study, we discovered that TGF-p downstream of
Smad and MAPK signaling antagonizes the EMT of
LPCs and that the balance between Smad and MAPK
signaling leads to the insensitivity of LPCs to TGF-
B-induced EMT. This finding may be cellular specific
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¥ ® w0
Noo o

»n 0

£:B WB-F344

because TGF-B-induced MAPK signaling was also
found in hepatocytes, and previous studies reported that
MAPK signaling was coordinated with Smad signaling
in inducing EMT in hepatocytes and made hepatocytes
sensitive to TGF-B-induced EMT [21]. On the basis of
our previous study, we reported that LPCs undergo
partial EMT, and autocrine TGF-p in LPCs contributes
to these states [12]. In addition, another previous study
demonstrated that LPCs stably maintain their progenitor
phenotypes [22]. Moreover, a recent study revealed
that TGF-B-induced partial EMT in LPCs is a step in
hepatocyte differentiation, and c-Met signaling restrains
these effects [17]. Taken together, our findings in this
study and the results of these reports suggested that
the balance of TGF-B downstream of Smad and MAPK

LE/6 . =

PCOOE® TGF-B(10ng/ml) 0 0.5 1

3 624 0051 3 6 24 timethoun g,: .
Smad2[GE p-Smad2(S245/250/255)| -----_\;--_-, > [ Mﬂ
pSmadd(T79) i m= i w  [fm=ES AL
p-Smad3(s213) SRS & ﬂm i o
smad3 [T Smac I —— s =
Smac: IR S - i i (]| [
GAPDHl———d I“—| e gm [:Ias[]U[:]- chx[]ﬂ[lnm(ml
WB-F344 LE/6
C DMSO+ + - - + + - -
TGF-B(10ng/ml) - + + - -+ + - =2 onso
U0126(10uM) - — + + - - + + _ EEEWE = e = o
p-Smad2(S245/250/255)[ == = ][ e e ] § 10 s 5, S e :;";:"‘” rg,_:&| 5 18 = o 'm‘%
p-Smad3(T179) L& | [Lmmes | E5. £g | == 55
p-Smad3(S213) == |ESHS . 3 £, gz 10 i
Smad2 (e —] h-o-l 1. 28 ig
Smad3 [ !] 28 28 23
o802 - :H
GAPDHl-: : : ;E 0.0 @ E
WB-F344 LE/6 & WB-F344 LE/6 WB-F344 LE/6 WB-F344 LE/6
D DMSO+ + - - + + - -
TGF-B(10ng/ml) - + + - - + 4+ -
SP600125(10uM)- R ) & S % _ = oso Ef";:;:mm
p-Smad2(S245/250/255) | I -—— —] g 1 e oS & 5 9= Fo e
p-Smad3(T179) - g% L EE s 85 | = P
p-Smad3(S213) m @ @ gg"‘" EH tH
Smad2 ———- i 2" i:
Smad3 e el === 1:" £30s £2
GAPDH ~| b-| E 5 ] Eo,o K]
WB-F344 LE/6 h WB-F344 LE/6 WB-F344 LE/6 WB-F344 LE/6
E DMSO+ + - - + + - -~
TGE-B(10ng/ml) - + + - - 4+ + - = o
SB203580(5M)- - + + - - + 4+ @ = 1o smomo .
p-Smad2(S245/250/255) [ w= == (== & z 15 ._|H L a
p-Smad3(T179) [ e | [Leem | 23 £s 82
p-Smad3(S213) == [ = . 2% 8" -
———1—
Smad3 [‘---I [--] a® Eg .‘Eg
GAPDH| ~ | | 3 L ®
WB-F344  LE/6 € WB-F344 LE/6 WB-F344  LE/6 WB-F344  LE/6

Figure 7. TGF-B downstream of MAPK signaling promotes linker phosphorylation of Smad3 in liver progenitor cells.
(A) Schematic representation of the phosphorylation sites in Smad2 and Smad3. (B) WB-F344 and LE/6 cells were treated with TGF-B
(10 ng/ml) for the indicated times, and lysates were subjected to Western blot analyses with antibodies against the indicated phospho- and
total Smad proteins. GAPDH was used as a loading control. (C—E) WB-F344 and LE/6 cells were treated with TGF-B (10 ng/ml, 1 h) and/or
kinase inhibitors as indicated for 1 h or 3 h, and Western blot analyses were carried out with antibodies against the indicated phospho- and
total Smad proteins. GAPDH was used as a loading control. The experiments were repeated three times, and representative images are

shown.
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Figure 8. Smad3 phosphorylation affects TGF-B-induced cytostasis and EMT in LPCs. (A) Schematic representation of the
phosphorylation sites in Smad3, the corresponding C-terminal region (3SA) and the corresponding linker region (EPSM). (B-D) WB-F344 and
LE/6 cells were infected with adenoviruses carrying GFP (Ad-GFP), Smad3 (Ad-Smad3), or Smad3 (Ad-3SA or Ad-EPSM) at the indicated
MOIls and were treated with TGF-B (10 ng/ml) for 3 1 h. Cell lysates were subjected to Western blot analyses with antibodies against the
indicated phospho- and total Smad3 proteins. GAPDH was used as a loading control. (E) WB-F344 (upper panel) and LE/6 (lower panel) cells
were infected with adenoviruses carrying Smad3 or its mutants, treated with TGF-B (10 ng/ml, 3d), and subjected to CCK-8 analyses. OD
values were measured and compared between groups as indicated. (F) WB-F344 and LE/6 cells infected with adenoviruses carrying Smad3
or its mutants as indicated were treated with TGF-B (10 ng/ml, 3d) and then subjected to phalloidin staining for F-actin (red). DAPI (blue)
was used to stain the cell nuclei. The white arrows indicate F-actin rearrangements. Scale bar, 25 um. (G) WB-F344 and LE/6 cells infected
with adenoviruses carrying Smad3 or its mutants as indicated were treated with TGF-B (10 ng/ml) for 3 days, and Western blot analyses
were performed with antibodies against E-cadherin and vimentin. GAPDH was used as a loading control. (H) Cell motility analyses of WB-
F344 and LE/6 cells infected with adenovirus carrying Smad3 or its mutants as indicated and control cells treated with TGF-B. The average
number of migrated cells per field is shown. The experiments were repeated three times. Two-tailed Student’s t-tests were used for

kK

statistical analysis. The data are presented as the mean = S.E.M. *p < 0.05; *p < 0.01; and "*"p < 0.001.
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signaling contributes to the maintenance of partial EMT
states and stable progenitor phenotypes in LPCs, where
TGF-p signaling is autocrine activated.

In this study, we discovered that in LPCs, TGF- induced
the expression of phosphoisoforms of Smad?2 at both the
C-terminus (pSmad2C) and linker region (pSmad2L) and
phosphorylated Smad3, including S423 and 425 at the
C-terminus as well as at T179 and S213 in the linker
region; moreover, we did not find that TGF- induced the
phosphorylation of Smad3 at S204 and 208 in LPCs (data
not shown). To our knowledge, our study is the first to
delineate the roles and consequences of TGF-B-induced
Smad phosphoisoforms in LPCs, and the pattern of
TGF-B-induced phosphorylation of Smad2 and Smad3
may be context specific. Previous studies have reported
that in HaCaT (an epidermal cell line) and MvlLu
(@ lung epithelial cell line) cells, TGF-B induces the
phosphorylation of Smad3 at the C-terminus and linker
region of Thrl79, S204 and 208, whereas it does not
phosphorylate Smad3 at S213 [23]. Previous studies
reported that the TGF-B-induced phosphorylation of
Smad3 at S204 and S208 was dependent on the activity
of GSK3pB and CDKs, whereas the activation of Erk
was not associated with this phosphorylation. These
mechanisms may account for the characteristic TGF-p-
induced phosphorylation of Smad3 in LPCs.

TBR

In this study, we demonstrated that TGF-p-activated
MAPK signaling contributed to the phosphorylation
of Smad3 at T179 and S213 but did not affect
linker phosphorylation of Smad2. In addition, we
proved that TGF-B downstream of Smad and MAPK
signaling antagonizes Smad3 via its C-terminal and
linker regions, whereas this antagonistic effect has
no effect on the phosphoisoform of Smad2 in LPCs.
Previous studies reported that JNK is an inducer of
Smad3 phosphorylation at S213 (pSmad3L (S213)) in
hepatocytes [24], which is consistent with our findings
in LPCs. In addition to JNK, TGF-B-activated Erk and
p38 MAPK also contributed to the phosphorylation of
Smad3 at S213 and T179.

In the liver, phosphorylated Smad2 and 3 play different
roles at different sites: pSmad2L and pSmad2C activate
fibrotic signaling, and pSmad3C activates cytostatic
signaling, whereas pSmad3L (S213) plays mitogenic
and oncogenic roles. In addition, pSmad3L (T179) has
both mitogenic and migratory functions. However,
these conclusions are based on findings in hepato-
cytes and hepatic stellate cells, and the roles and
regulation of Smad phosphoisoforms in LPCs are still
being explored. In this study, mutation analyses of
Smad3 phosphorylation sites revealed that linker
phosphorylation of Smad3 suppressed TGF-B-induced
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Figure 9. Schematic illustration of this study. In LPCs, TGF-B activated Smad and MAPK signaling, and activated MAPK signaling
contributed to linker phosphorylation of Smad3 at T179 and S213. TGF-B-activated Smad signaling contributes to the cytostasis and EMT of
LPCs, whereas TGF-B-activated MAPK signaling and phosphorylation of Smad3 at T179 and S213 have opposite effects.
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cytostasis, EMT and migration in LPCs, whereas
Smad3 phosphorylated at the C-terminus exhibited
cytostatic effects, promoting EMT and migration.
These results were consistent with previous findings in
hepatocytes. In addition, sustained pSmad3L (S213) in
hepatocytes has been demonstrated to be carcinogenic
and is induced by oncogenic signaling, such as HBV
antigen X (HBXx)-activated JNK [25]. In the present
study, we found that TGF-B induces pSmad3L (S213)
in LPC, and we and others have demonstrated that
TGF-B can induce malignant transformation of
LPCs independently or enhance oncogenic HBx-JNK
signaling [9, 13]. These results suggested that TGF-p-
induced sustained pSmad3L (S213) may contribute to
the malignant transformation of LPCs. In addition,
previous studies have reported that pSmad3L (T179)
signaling plays important roles in stem cell maintenance
[26]. However, whether these mutations contribute to
the maintenance of progenitor phenotypes in LPCs
needs to be explored in the future.

CONCLUSION

In conclusion, we reported that Smad3 and MAPK
signaling downstream of TGF-B play antagonistic
roles in the growth, EMT and motility of LPCs. This
antagonistic effect contributed to the TGF-B-induced
phosphorylation of Smad3 in LPCs and may account
for how LPCs overcome the cytostatic effect of TGF-
B and maintain partial EMT against the background
of TGF-B signaling. In addition, this antagonistic
mechanism may be important for the survival and
maintenance of progenitor phenotypes of LPCs in the
fibrotic microenvironment.

MATERIALS AND METHODS
Cell lines, cell culture, and reagents

The liver progenitor cell lines LE/6 and WB-F344 were
used in this study. The origin, characteristic phenotypes
and cell culture of these two cell lines were described
in our previous study [12]. The generation and culture
of LPCs with shRNA-mediated knockdown of Smad4
(WB-shSmad4 and LE-shSmad4 cells) as well as their
corresponding control cells (WB-shSc and LE-shSc
cells) were performed as described previously [10]. The
cytokines and kinase inhibitors used in this study are
listed in Supplementary Table 1. The antibodies used in
this study are listed in Supplementary Table 2.

and

Recombinant adenovirus

transfection

production

The
its

recombinant adenoviral Smad3 (Ad-Smad3),
C-terminal mutant (Ad-3SA) or its linker

region (Ad-EPSM), in which all serine/threonine
phosphorylation sites were replaced with alanine (A)
or valine (V) fragments, was subcloned and inserted
into the vector pHBAd-MCMV-GFP (Supplementary
Figure 4, HanBio, Shanghai, China). Recombinant
adenoviruses were amplified and purified by CsCl;
ultracentrifugation and quantified by TCIDso. Ad-GFP
was used as a control virus. The cells were infected at
a multiplicity of infection (MOI) of 30-100 viral
particles per cell as indicated. The infection efficiency
of the adenovirus was monitored by evaluating green
fluorescence, and the expression levels of Ad-Smad3,
Ad-3SA and Ad-EPSM were confirmed by Western
blot analyses.

Cell viability assays

The viability of the LPCs was analyzed by CCK-8
assays [27]. Briefly, LPCs were seeded in 96-well plates
at 800 cells/100 pl of medium per well. The attached
cells were serum starved overnight (for more than 12 h)
and incubated with reagents (DMSO, TGF-B, U0126,
SP600125, or SB203580) as indicated for 3 days, after
which cell viability was measured via a colorimetric
assay using a CCK-8.

Luciferase reporter analyses

Luciferase reporter analyses of the SBE4-luc reporter
were performed as described previously [10, 12].
Briefly, 5 x 10* cells per well were seeded, and the
attached cells were cotransfected with SBE4-luc (0.48
pg) or pRL-TK (0.02 pg) plasmids through jetOPTIMUS
(Polyplus-transfection, Illkirch-Graffenstaden, France).
Six hours after transfection, the cells were cultured
in fresh medium supplemented with 1% fetal bovine
serum and incubated with the reagents as indicated.
Then, the luciferase activity of the cells was detected via
the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI, USA).

Phalloidin staining of F-actin in cells

Phalloidin staining for the detection of F-actin in LPCs
was performed as described previously [12]. Briefly,
cells were cultured on coverslips in 6-well culture
dishes and subjected to serum starvation overnight.
The cells were then incubated with chemicals
dissolved in culture medium as indicated, fixed in
4% paraformaldehyde, washed with 0.1% Triton X-
100, and incubated with Alexa Fluor 555-conjugated
phalloidin (Actin-Tracker Red-555, Beyotime Institute
of Biotechnology, Shanghai, China). The nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI;
Wuhan Servicebio Technology Co., Ltd., Wuhan,
China), and fluorescence staining was performed on
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the cells with a Nikon Digital Eclipse C1 system
(Nikon Corporation, Tokyo, Japan).

Cell motility assay

Cell motility analyses were carried out in transwells as
described previously [12]. The motility of the cells
was detected in 24-well plates. Briefly, 1 x 10* cells
in 250 pL of cell culture medium supplemented with
0.2% FBS were seeded into the upper chamber, and
500 pL of medium supplemented with 10% FBS was
added to the lower well of a 24-well transwell plate
(8 um pore size, Corning, NY, USA). Chemicals were
added to both the upper and lower chambers. After 7
hrs (WB-F344 cells) or 24 hrs (LE/6 cells), the cells in
the upper chamber were scraped off the cells on the
top side of the chamber, and the migrated cells in the
chamber were fixed in 4% paraformaldehyde, stained
with 1% crystal violet, and counted with Image-Pro
Plus (Media Cybernetics, Inc., Bethesda, MD, USA).

Western blot analyses

Western  blot analyses were carried out as
described previously [4, 28]. Briefly, LPCs were
lysed in radioimmunoprecipitation assay (RIPA) lysis
buffer (P0013D, Beyotime) supplemented with protease
inhibitors (Roche, Basel, Switzerland) and phosphatase
inhibitors (PhoSSTOP Cocktail Tablets, Roche) on ice,
after which the concentration of the proteins was
measured via BCA protein assay kits (Beyotime). Equal
amounts of cell lysate were then mixed with sodium
dodecyl sulfate (SDS) loading buffer, denatured, loaded
and separated via SDS—polyacrylamide (SDS-PAGE)
gel (Bio-Rad, Hercules, CA, USA). After separation,
the proteins were transferred to PVDF membranes
(Roche), after which the proteins were incubated with
primary antibodies overnight at 4°C. After incubation,
the membrane was washed with TBST 3 times (5 min
each) and then incubated for 1 h with a horseradish
peroxidase (HRP)-labeled secondary antibody at 37°C.
Finally, the membrane was washed again in TBST 3
times, reactive bands on the membrane were detected
by enhanced chemiluminescence (ECL) reagent (Pierce
Protein Biology, Thermo Fisher Scientific, Waltham,
MA, USA), and the signals were visualized by an image
labeling imaging system (Bio-Rad).

Statistical analysis

The data are reported as the mean + SEM of
independent experiments. Student’s t-test was used for
statistical analyses for comparisons of cell viability and
motility between groups, luciferase reporter analyses
and Western blotting assays, and the statistical analysis
was performed with Prism 8.0 (GraphPad Software, La

Jolla, CA, USA). P < 0.05 was considered to indicate
statistical significance.

Availability of data and materials

The data that support the findings of this study are
available from the corresponding author (ZD) upon
reasonable request.
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LPCs: liver progenitor cells; ECM: extracellular
matrix; EMT: epithelial-mesenchymal transition;
TGF-B: transforming growth factor-f; MAPK:
mitogen-activated protein kinase; SBE: Smad3 binding
elements; GSK3B: glycogen synthetase kinase 3p;
CDKs: cyclin-dependent kinases; HBx: HBV antigen

X; pSmad3C: C-terminal phosphorylated Smad3;
pSmad3L.: linker phosphorylated Smad3.

AUTHOR CONTRIBUTIONS

YS and GJ performed the experiments, analyzed the
data, designed the figures, and drafted the manuscript.
YW, GL, and GJ were also involved in performing
the experiments. HL, BZ, TY, ZL and XC assisted
with analyzing and interpreting the data and provided
technical support. ZD designed the research, critically
revised the manuscript, and obtained funding. All the
authors read and approved the final manuscript.

ACKNOWLEDGMENTS

We thank Dr. Xiaofeng Hu (HanBio, Shanghai, China)
for his technical support in the production of the
recombinant adenovirus.

CONFLICTS OF INTEREST

ZD served as a speaker and consultant for Bayer,
Eisai, Roche, MSD, AstraZeneca, Innovent, Hengrui,
and BeiGene. The remaining authors have nothing to
disclose.

FUNDING

This work was supported by the National Nature
Science Foundation of China (No. 82273441, 81874065
and 81401997); the Knowledge Innovation Program of
Wuhan-Shuguang Project (No. 2022020801020456);
the Tongji Hospital (HUST) Foundation for Excellent
Young Scientists (No. 2020YQO05); the National Basic
Research Program of China (2020YFAQ0710700); and
the First Level of the Public Health Youth Top Talent
Project of Hubei Province (No. 2022SCZ051).

www.aging-us.com

6600

AGING



REFERENCES

Lukacs-Kornek V, Lammert F. The progenitor cell
dilemma: Cellular and functional heterogeneity in
assistance or escalation of liver injury. J Hepatol.
2017; 66:619-30.
https://doi.org/10.1016/j.ihep.2016.10.033
PMID:27826058

Ko S, Russell JO, Molina LM, Monga SP. Liver
Progenitors and Adult Cell Plasticity in Hepatic Injury
and Repair: Knowns and Unknowns. Annu Rev Pathol.
2020; 15:23-50.
https://doi.org/10.1146/annurev-pathmechdis-
012419-032824

PMID:31399003

Rosenberg N, Van Haele M, Lanton T, Brashi N,
Bromberg Z, Adler H, Giladi H, Peled A, Goldenberg
DS, Axelrod JH, Simerzin A, Chai C, Paldor M, et al.
Combined hepatocellular-cholangiocarcinoma derives
from liver progenitor cells and depends on
senescence and IL-6 trans-signaling. J Hepatol. 2022;
77:1631-41.
https://doi.org/10.1016/].ihep.2022.07.029
PMID:35988690

Wu Y, Wang W, Peng XM, He Y, Xiong YX, Liang HF,
Chu L, Zhang BX, Ding ZY, Chen XP. Rapamycin
Upregulates Connective Tissue Growth Factor
Expression in Hepatic Progenitor Cells Through TGF-B-
Smad2 Dependent Signaling. Front Pharmacol. 2018;
9:877.

https://doi.org/10.3389/fphar.2018.00877
PMID:30135653

Zhang L, Chen Y, Zhang LJ, Wang M, Chang DL, Wan
WW, Zhang BX, Zhang WG, Chen XP. HBV induces
different responses of the hepatocytes and oval cells
during HBV-related hepatic cirrhosis. Cancer Lett.
2019; 443:47-55.
https://doi.org/10.1016/].canlet.2018.11.020
PMID:30503551

Dai Z, Song G, Balakrishnan A, Yang T, Yuan Q, M&bus
S, Weiss AC, Bentler M, Zhu J, Jiang X, Shen X, Bantel
H, Jaeckel E, et al. Growth differentiation factor 11
attenuates liver fibrosis via expansion of liver
progenitor cells. Gut. 2020; 69:1104-15.
https://doi.org/10.1136/gutjnl-2019-318812
PMID:31767630

Zhou Y, Chen Y, Zhang X, Xu Q, Wu Z, Cao X, Shao M,
ShuY, Lv T, Lu C, Xie M, Wen T, Yang J, et al. Brahma-
Related Gene 1 Inhibition Prevents Liver Fibrosis and

8.

10.

11.

12.

13.

14.

Chen J, Ding ZY, Li S, Liu S, Xiao C, Li Z, Zhang BX, Chen
XP, Yang X. Targeting transforming growth factor-f
signaling for enhanced cancer chemotherapy.
Theranostics. 2021; 11:1345-63.
https://doi.org/10.7150/thno.51383

PMID:33391538

Dong KS, Chen Y, Yang G, Liao ZB, Zhang HW, Liang
HF, Chen XP, Dong HH. TGF-B1 accelerates the
hepatitis B virus X-induced malignant transformation
of hepatic progenitor cells by upregulating miR-199a-
3p. Oncogene. 2020; 39:1807-20.
https://doi.org/10.1038/s41388-019-1107-9
PMID:31740785

Ding ZY, Jin GN, Liang HF, Wang W, Chen WX, Datta
PK, Zhang MZ, Zhang B, Chen XP. Transforming
growth factor B induces expression of connective
tissue growth factor in hepatic progenitor cells
through Smad independent signaling. Cell Signal.
2013; 25:1981-92.
https://doi.org/10.1016/j.cellsig.2013.05.027
PMID:23727026

Peng ZW, lkenaga N, Liu SB, Sverdlov DY, Vaid KA,
Dixit R, Weinreb PH, Violette S, Sheppard D,
Schuppan D, Popov Y. Integrin avB6 critically
regulates hepatic progenitor cell function and
promotes ductular reaction, fibrosis, and
tumorigenesis. Hepatology. 2016; 63:217-32.
https://doi.org/10.1002/hep.28274

PMID:26448099

Wu Y, Ding ZY, Jin GN, Xiong YX, Yu B, Sun YM, Wang
W, Liang HF, Zhang B, Chen XP. Autocrine
transforming  growth  factor-B/activin  A-Smad
signaling induces hepatic progenitor cells undergoing
partial epithelial-mesenchymal transition states.
Biochimie. 2018; 148:87-98.
https://doi.org/10.1016/].biochi.2018.03.003
PMID:29544731

Wou K, Ding J, Chen C, Sun W, Ning BF, Wen W, Huang
L, Han T, Yang W, Wang C, Li Z, Wu MC, Feng GS, et al.
Hepatic transforming growth factor beta gives rise to
tumor-initiating cells and promotes liver cancer
development. Hepatology. 2012; 56:2255-67.
https://doi.org/10.1002/hep.26007

PMID:22898879

Guo Y, Zhu J, Xu X, Shen B, Shen Z, Li B, Li F, Gu T, Cai
X, Dong H, Lu L. TGF-B/YB-1/Atg7 axis promotes the
proliferation of hepatic progenitor cells and liver
fibrogenesis. Biochim Biophys Acta Mol Basis Dis.
2022; 1868:166290.
https://doi.org/10.1016/j.bbadis.2021.166290

Cholangiocarcinoma by Attenuating Progenitor PMID:34662704

Expansion. Hepatology. 2021; 74:797-815. —_

https://doi.org/10.1002/hep.31780 15. Matsuzaki K. Smad phosphoisoform signals in acute

PMID:33650193 and chronic liver injury: similarities and differences
www.aging-us.com 6601 AGING


https://doi.org/10.1016/j.jhep.2016.10.033
https://pubmed.ncbi.nlm.nih.gov/27826058
https://doi.org/10.1146/annurev-pathmechdis-012419-032824
https://doi.org/10.1146/annurev-pathmechdis-012419-032824
https://pubmed.ncbi.nlm.nih.gov/31399003
https://doi.org/10.1016/j.jhep.2022.07.029
https://pubmed.ncbi.nlm.nih.gov/35988690
https://doi.org/10.3389/fphar.2018.00877
https://pubmed.ncbi.nlm.nih.gov/30135653
https://doi.org/10.1016/j.canlet.2018.11.020
https://pubmed.ncbi.nlm.nih.gov/30503551
https://doi.org/10.1136/gutjnl-2019-318812
https://pubmed.ncbi.nlm.nih.gov/31767630
https://doi.org/10.1002/hep.31780
https://pubmed.ncbi.nlm.nih.gov/33650193
https://doi.org/10.7150/thno.51383
https://pubmed.ncbi.nlm.nih.gov/33391538
https://doi.org/10.1038/s41388-019-1107-9
https://pubmed.ncbi.nlm.nih.gov/31740785
https://doi.org/10.1016/j.cellsig.2013.05.027
https://pubmed.ncbi.nlm.nih.gov/23727026
https://doi.org/10.1002/hep.28274
https://pubmed.ncbi.nlm.nih.gov/26448099
https://doi.org/10.1016/j.biochi.2018.03.003
https://pubmed.ncbi.nlm.nih.gov/29544731
https://doi.org/10.1002/hep.26007
https://pubmed.ncbi.nlm.nih.gov/22898879
https://doi.org/10.1016/j.bbadis.2021.166290
https://pubmed.ncbi.nlm.nih.gov/34662704

16.

17.

18.

19.

20.

21.

between epithelial and mesenchymal cells. Cell Tissue
Res. 2012; 347:225-43.
https://doi.org/10.1007/s00441-011-1178-6
PMID:21626291

Nguyen LN, Furuya MH, Wolfraim LA, Nguyen AP,
Holdren MS, Campbell JS, Knight B, Yeoh GC, Fausto
N, Parks WT. Transforming growth factor-beta
differentially regulates oval cell and hepatocyte
proliferation. Hepatology. 2007; 45:31-41.
https://doi.org/10.1002/hep.21466

PMID:17187411

Almalé L, Garcia-Alvaro M, Martinez-Palacian A,
Garcia-Bravo M, Lazcanoiturburu N, Addante A,
Roncero C, Sanz J, de la O Ldépez M, Bragado P,
Mikulits W, Factor VM, Thorgeirsson SS, et al. c-Met
Signaling Is Essential for Mouse Adult Liver Progenitor
Cells Expansion After Transforming Growth Factor-B-
Induced Epithelial-Mesenchymal  Transition and
Regulates Cell Phenotypic Switch. Stem Cells. 2019;
37:1108-18.

https://doi.org/10.1002/stem.3038

PMID:31108004

Wang P, Cong M, Liu T, Yang A, Sun G, Zhang D,
Huang J, Sun S, Mao J, Ma H, Jia J, You H. The
Characteristics Variation of Hepatic Progenitors after
TGF-B1l-Induced  Transition and  EGF-Induced
Reversion. Stem Cells Int. 2016; 2016:6304385.
https://doi.org/10.1155/2016/6304385
PMID:26955393

David CJ, Huang YH, Chen M, Su J, Zou Y, Bardeesy N,
lacobuzio-Donahue CA, Massagué J. TGF-B Tumor
Suppression through a Lethal EMT. Cell. 2016;
164:1015-30.
https://doi.org/10.1016/].cell.2016.01.009
PMID:26898331

Nieto MA, Huang RY, Jackson RA, Thiery JP. EMT:
2016. Cell. 2016; 166:21-45.
https://doi.org/10.1016/j.cell.2016.06.028
PMID:27368099

Park JH, Yoon J, Lee KY, Park B. RETRACTED: Effects of
geniposide on hepatocytes undergoing epithelial-

22.

23.

24.

25.

26.

27.

Wang P, Cong M, Liu TH, Yang AT, Cong R, Wu P, Tang
SZ, Xu Y, Wang H, Wang BE, Jia JD, You H. Primary
isolated hepatic oval cells maintain progenitor cell
phenotypes after two-year prolonged -cultivation.
J Hepatol. 2010; 53:863-71.
https://doi.org/10.1016/].jhep.2010.05.014
PMID:20739084

Wang G, Matsuura |, He D, Liu F. Transforming growth
factor-{beta}-inducible phosphorylation of Smad3.
J Biol Chem. 2009; 284:9663-73.
https://doi.org/10.1074/ibc.M809281200
PMID:19218245

Yoshida K, Murata M, Yamaguchi T, Matsuzaki K,
Okazaki K. Reversible Human TGF-B Signal Shifting

between Tumor Suppression and Fibro-
Carcinogenesis: Implications of Smad Phospho-
Isoforms  for Hepatic Epithelial-Mesenchymal

Transitions. J Clin Med. 2016; 5:7.
https://doi.org/10.3390/jcm5010007
PMID:26771649

Murata M, Matsuzaki K, Yoshida K, Sekimoto G,
Tahashi Y, Mori S, Uemura Y, Sakaida N, Fujisawa J,
Seki T, Kobayashi K, Yokote K, Koike K, Okazaki K.
Hepatitis B virus X protein shifts human hepatic
transforming growth factor (TGF)-beta signaling from
tumor suppression to oncogenesis in early chronic
hepatitis B. Hepatology. 2009; 49:1203-17.
https://doi.org/10.1002/hep.22765

PMID:19263472

Watabe T, Miyazono K. Roles of TGF-beta family
signaling in stem cell renewal and differentiation. Cell
Res. 2009; 19:103-15.
https://doi.org/10.1038/cr.2008.323

PMID:19114993

Ma M, Hua S, Min X, Wang L, Li J, Wu P, Liang H,
Zhang B, Chen X, Xiang S. p53 positively regulates the
proliferation of hepatic progenitor cells promoted by
laminin-521. Signal Transduct Target Ther. 2022;
7:290.

https://doi.org/10.1038/s41392-022-01107-7
PMID:36042225

mesenchymal transition in hepatic fibrosis by 28. Ding ZY, Liang HF, Jin GN, Chen WX, Wang W, Datta
targeting TGFB/Smad and ERK-MAPK signaling PK, Zhang MZ, Zhang B, Chen XP. Smad6 suppresses
pathways. Biochimie. 2015; 113:26—34. the growth and self-renewal of hepatic progenitor
https://doi.org/10.1016/j.biochi.2015.03.015 cells. J Cell Physiol. 2014; 229:651-60.
PMID:25818617. Retraction in: Biochimie. 2023; https://doi.org/10.1002/jcp.24488
204:169. PMID:24446200
https://doi.org/10.1016/].biochi.2022.11.016
PMID:36623908

www.aging-us.com 6602 AGING


https://doi.org/10.1007/s00441-011-1178-6
https://pubmed.ncbi.nlm.nih.gov/21626291
https://doi.org/10.1002/hep.21466
https://pubmed.ncbi.nlm.nih.gov/17187411
https://doi.org/10.1002/stem.3038
https://pubmed.ncbi.nlm.nih.gov/31108004
https://doi.org/10.1155/2016/6304385
https://pubmed.ncbi.nlm.nih.gov/26955393
https://doi.org/10.1016/j.cell.2016.01.009
https://pubmed.ncbi.nlm.nih.gov/26898331
https://doi.org/10.1016/j.cell.2016.06.028
https://pubmed.ncbi.nlm.nih.gov/27368099
https://doi.org/10.1016/j.biochi.2015.03.015
https://pubmed.ncbi.nlm.nih.gov/25818617
https://doi.org/10.1016/j.biochi.2022.11.016
https://pubmed.ncbi.nlm.nih.gov/36623908
https://doi.org/10.1016/j.jhep.2010.05.014
https://pubmed.ncbi.nlm.nih.gov/20739084
https://doi.org/10.1074/jbc.M809281200
https://pubmed.ncbi.nlm.nih.gov/19218245
https://doi.org/10.3390/jcm5010007
https://pubmed.ncbi.nlm.nih.gov/26771649
https://doi.org/10.1002/hep.22765
https://pubmed.ncbi.nlm.nih.gov/19263472
https://doi.org/10.1038/cr.2008.323
https://pubmed.ncbi.nlm.nih.gov/19114993
https://doi.org/10.1038/s41392-022-01107-7
https://pubmed.ncbi.nlm.nih.gov/36042225
https://doi.org/10.1002/jcp.24488
https://pubmed.ncbi.nlm.nih.gov/24446200

SUPPLEMENTARY MATERIALS

Supplementary Figures

WETIIT TETS—
kDa LRI Les
— 2 L 70—
“‘:L&" .-ﬂ "::: l:d.-j E-cadieriy ;:_ —— - i Sl-r-. ——— - rp——
55— ss Visertn
Smadg2
g2 " caron :
35— 3 i -
Figure 1D G MBS e QY s
4 S T L L e
i “' " Smedd

0— .:8 f ao—:: o P ERX
" e - Figure 3A
i

$b= 85—
Fr .o_m‘ ERK
36— 5
B0 e 40— T——
e e
35— g 35— GAPD!
[XOT WB-F 344 TETS
55— e - T
40— e -4 p-c-jun
ss— M  ao- B 4
S—wy 56—y
o— N ———— 40— | - — c-jun
55— . Flgur 3B
40— 40—
35— 38 GAPDH
kDa ?v-ra-- TS
9= | " | !
o= *|‘ ..‘ - ::: P... W p-ATF
UREY o R
P
"—....i 7°-m ATF2
s —— e &
Figure 3C

40— 40—
— o —— 25 —— e — GAPDH
35— —

Supplementary Figure 1. Unprocessed Western blots, related to Figures 1-3. Western blot scanned films. Red boxes indicate
lanes shown in the figures.
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Supplementary Figure 2. LE/6 and WB-F344 cells were treated with TGF-B (10 ng/ml) plus MAPK inhibitors as indicated for

up to 72 hrs, and the lysates were subjected to Western blot analyses with antibodies against the indicated proteins.
Representative blot images of three independent experiments are shown, and GAPDH was used as a loading control.
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indicate lanes shown in the figures.

Figures 4 and 5. Western blot scanned films. Red boxes
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Supplementary Figure 4. Inhibition of Erk, JNK or p38 MAPK signaling augmented TGF- mediated migration in LPCs, related
to Figure 4. Representative images of transwell cell motility assays as described in Figure 4E (A); Figure 4G (B); and Figure 41 (C).
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Supplementary Figure 5. Unprocessed Western blots, related to Figure 6. Western blot scanned films. Red boxes indicate lanes

shown in the figures.
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Supplementary Figure 6. Inhibition of TGF-B downstream Smad signaling abrogated TGF-$ induced migration of LPCs,
related to Figure 6. Representative images of cell motility assays as described in Figure 6E.
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Supplementary Figure 8. Unprocessed Western blots, related to Figure 8. Western blot scanned films. Red boxes indicate lanes

shown in the figures.
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Supplementary Figure 9. Backbone map of adenoviral vector pHBAd-MCMV-GFP used in this study.
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Supplementary Figure 10. Smad3 phosphorylation events affect TGF-B induced migration in LPCs, related to Figure 8.
Representative images of cell motility assays as described in Figure 8.
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Supplementary Tables

Supplementary Table 1. Reagents used in this study.

Reagent

Source and identifier

Recombinant human TGF-f1 (carrier-free)

U0126-EtOH

SP600125

SB203580 (Adezmapimod)
Actin-Tracker Red-555

580706, BioLegend, San Diego, CA, USA
S$1102, Selleck, Houston, TX, USA

1496, Tocris, Bristol, United Kingdom
S1076, Selleck, Houston, TX, USA

C2203S, Beyotime Institute of Biotechnology, Shanghai, China

Supplementary Table 2. Antibodies used in this study.

Antigens

Source and identifier

Application

Phospho-Smad2 (Ser465/467)
Phospho-Smad3 (Ser423/425)
Phospho-Smad2 (Ser245/250/255)
Phospho-Smad3 (Thr179)
Phospho-Smad3 (Ser213)
Phospho-Smad3 (Ser204)
Phospho-Smad3 (Ser208)
Smad?2

Smad3

Smad4

E-cadherin

Vimentin

GAPDH

Phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204)

p44/42 MAPK (Erk1/2)

¢-Jun Phospho (pS63) (JUN)

c-Jun (JUN)

Phospho-p38 MAPK (Thr180/Tyr182)
p38 MAPK

Horseradish peroxidase (HRP) conjugated
anti-rabbit 1gG

HRP conjugated anti-mouse 1gG

#3108, Cell Signaling Technology, Beverly, MA, USA
ab52903, Abcam, Cambridge, UK

#3104, Cell Signaling Technology, Beverly, MA, USA
ab74062, Abcam, Cambridge, UK

ab63403, Abcam, Cambridge, UK

ab63402, Abcam, Cambridge, UK

ab138659, Abcam, Cambridge, UK

ab40855, Abcam, Cambridge, UK

ab40854, Abcam, Cambridge, UK

ab40759, Abcam, Cambridge, UK

610181, BD Transduction Laboratories, San Jose, CA, USA
#5741, Cell Signaling Technology, Beverly, MA, USA
KC-5G4, KangChen Bio-tech, Shanghai, China

#4370, Cell Signaling Technology, Beverly, MA, USA

#4695, Cell Signaling Technology, Beverly, MA, USA
1527-1, Epitomics, Burlingame, CA, USA
1254-1, Epitomics, Burlingame, CA, USA
#4511, Cell Signaling Technology, Beverly, MA, USA
#8690, Cell Signaling Technology, Beverly, MA, USA

Jackson Immuno Research Laboratories, Inc. West Grove, PA, USA

Jackson Immuno Research Laboratories, Inc. West Grove, PA, USA

1:2000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:2000 for WB
1:2000 for WB
1:2000 for WB
1:5000 for WB
1:20000 for WB
1:20000 for WB

1:10000 for WB

1:10000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB

1:5000 for WB
1:5000 for WB
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