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Background/Aims: As conditional knockout mice for stat3 are impaired in liver regeneration after partial hepatectomy

while those for gp130 have defects in early STAT3 phosphorylation but have normal DNA synthesis, late STAT3 phos-

phorylation induced independently of gp130 seems to be essential for liver regeneration. Since HGF and EGF can activate
STAT3 via gp130-independent MET and EGFR, respectively, we assumed that these factors account for STAT3-depen-

dent liver regeneration. Here, we investigated this hypothesis by introducing suppressor of cytokine signaling (SOCS)-1

and SOCS3, potent negative regulators of STAT3 signaling, selectively in hepatocytes.

Methods: We generated recombinant adenoviruses expressing socs1 and socs3.

Results: Hepatocytes infected with socs1-virus lacked STAT3 phosphorylation in response to IL-6 and HGF, while cells

infected with socs3-virus lacked the response to all of IL-6, HGF and EGF, indicating that those SOCS proteins differently

regulate EGFR signaling. Mice infected with socs3-virus exhibited severe and persistent impairment while those with

socs1-virus showed only delayed regeneration, indicating requirement of both MET and EGFR signalings.
Conclusions: These results clearly demonstrated that MET- and EGFR-mediated STAT3 signalings cooperatively con-

tribute to liver regeneration and could provide new insights into tissue homeostasis.
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1. Introduction

Orchestrated activation of a signal network connect-
ing cytokines, cell cycle transition, and growth factors is
essential for homeostatic liver regeneration after liver
resection or injury [1–3]. Immediately after liver resec-
tion or massive liver damage, nonparenchymal cells pro-
duce IL-6-related cytokines [1–6], and quiescent liver
parenchymal cells start to replicate in response to vari-
ous growth factors, such as HGF and EGF, via activat-
ing MET and EGFR, respectively [1–7]. These events
converge into homeostatic liver regeneration. Condi-
tional knockout mice for gene encoding glycoprotein
(gp) 130, the common signaling component of receptors
for IL-6-related cytokines, have severe defects in the
early activation of STAT3 but are intact for DNA syn-
thesis after partial hepatectomy (PHx) [8], indicating
that gp130-mediated early STAT3 phosphorylation is
dispensable for DNA synthesis. In contrast, conditional
knockout mice for stat3 have severe impairment in
DNA synthesis [9], demonstrating the importance of
STAT3 in the replication of hepatocytes. These observa-
tions allow us to assume that the early and late STAT3
phosphorylations in hepatocytes are induced by the
gp130-dependent and -independent signalings, respec-
tively, and that factors other than IL-6-related cytokines
are essential for liver regeneration by inducing late
STAT3 phosphorylation independently of gp130.

Suppressor of cytokine signaling (SOCS) is a family of
intracellular molecules that negatively regulates various
signal pathways [10–12]. SOCS1 and SOCS3 play their
own roles in different biological situations by negatively
regulating partially overlapped signal pathways [13–15].
SOCS1 binds to Janus-activated kinase (JAK) family
members to negatively regulate various cytokine signa-
lings, such as IL-6-induced STAT3 phosphorylation
[13–16], while SOCS3 strongly interacts with activated
cytokine receptors, such as gp130, to negatively regulate
STAT3 phosphorylation [14–18]. Because HGF and
EGF induced post PHx activate STAT3 via gp130-inde-
pendent receptors, MET and EGFR, respectively
[19–21], we assumed that MET- and EGFR-mediated
signalings might account for the gp130-independent
STAT3 phosphorylation. Here, we assessed this assump-
tion by hepatocyte-selective introduction of SOCS1 and
SOCS3. Infection of hepatocytes with recombinant ade-
noviruses expressing socs1 only inhibited HGF-induced
STAT3 phosphorylation, while those infected with
recombinant virus expressing socs3 could inhibit both
EGF- and HGF-induced STAT3 phosphorylation. After
PHx mice with exogenous SOCS3 exhibited persistently
abolished DNA synthesis and liver mass restoration,
those with ectopic SOCS1 expression showed only delay
of these responses. These results indicated that absence
of both MET- and EGFR-mediated STAT3 signalings
almost completely abrogated liver regeneration and that

absence of the MET-mediated STAT3 phosphorylation
alone induces only slow-onset liver regeneration. These
results demonstrated that the MET- and EGFR-medi-
ated signalings cooperatively evoke liver regeneration
process and shed light on the molecular mechanism for
tissue homeostasis.

2. Experimental procedures

2.1. Mice

C57BL/6 mice were purchased from Clea Japan (Osaka, Japan).
Six- to eight-week-old male mice were used. All mice were maintained
under specific pathogen-free conditions, and received humane care as
outlined in the Guide for the Care and Use of Experimental Animals
in Hyogo College of Medicine.

2.2. Construction of recombinant adenovirus

Recombinant adenoviruses expressing genes encoding GFP
(AxCA-GFP), murine SOCS1 (AxCA-SOCS1) and murine SOCS3
(AxCA-SOCS3), which contain a CAG promoter (chicken b-actin pro-
moter with cytomegalovirus enhancer), were grown in 293 cells and
prepared as shown previously [22]. AxCA-GFP was gifted from Dr.
K. Ikeda at Osaka City University (Osaka, Japan). Viral titers were
determined by optical densitometry (particles/ml) and by plaque-form-
ing assay on HEK293 cells [22].

2.3. Adenovirus infection and operation procedure

Recombinant virus solution was injected (5 · 108 pfu in 0.2 ml) into
mice via a tail vein (Supplementary Fig. 1A). At 48 h after infection,
mice underwent 70% hepatectomy [4]. At the indicated time points
after operation, serum and liver specimens were sampled. In some
experiments, we measured the liver weight and calculated liver/body
weight ratio [4]. Five to seven mice were used for each experimental
group.

2.4. Hepatocyte preparation

Cells (5 · 105/ml) of hepatocytes were incubated with various ade-
noviruses at 50 of multiplicity of infection (moi) for 3 h [2]. The hepa-
tocytes were incubated with recombinant murine IL-6 (20 ng/ml), EGF
(20 ng/ml) or HGF (20 ng/ml) (R&D systems, Minneapolis, MN) for
15 min for detection of STAT3 phosphorylation. The culture medium
generally used in this study is William E medium containing 15% FCS,
100 U/ml penicillin, 100 lg/ml streptomycin and 2 mM L-glutamine
[23].

2.5. [3H]-TdR incorporation assay

The hepatocytes were incubated with EGF (20 ng/ml) and HGF
(20 ng/ml) for 48 h, during last 16 h with [3H]-TdR, and incorporated
[3H]-TdR was counted [24]. Stimulation index was calculated as fol-
lows: Stimulation index = [3H]-TdR incorporated in sample cells
(cpm)/[3H]-TdR incorporated in control cells (cpm).

2.6. Western blot analysis

Protein electrophoresis, protein transfer, and detection by Western
blot were performed [4]. The primary Abs used were: anti-phosphoty-
rosine STAT3 Ab, anti-STAT3 Ab, anti-phospho ERK and anti-ERK
from Cell Signaling (Beverly, MA), anti-cyclin D1 Ab (sc-717) (Santa
Cruz Biotechnology, Santa Cruz, CA), and anti-SOCS1 Ab and anti-
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