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ARTICLE INFO ABSTRACT

Keywords: The extraordinary capacity of the liver to regenerate following injury is dependent on coordinated and regulated
Hepatocyte actions of cytokines and growth factors. Whereas hepatocyte growth factor (HGF) and epidermal growth factor
P"Olif§rati°“ (EGF) are direct mitogens to hepatocytes, inflammatory cytokines such as TNFa and IL-6 also play essential roles
Cytokine in the liver regeneration process. These cytokines and growth factors activate different signaling pathways in a
Growth factors ial licit h lif . he kineti . £ h s

S0CS1 sequential manner to elicit hepatocyte proliferation. The kinetics and magnitude of these hepatocyte-activating
S0Cs3 stimuli are tightly regulated to ensure restoration of a functional liver mass without causing uncontrolled cell

proliferation. Hepatocyte proliferation can become deregulated under conditions of chronic inflammation,
leading to accumulation of genetic aberrations and eventual neoplastic transformation. Among the control
mechanisms that regulate hepatocyte proliferation, negative feedback inhibition by the ‘suppressor of cytokine
signaling (SOCS)’ family proteins SOCS1 and SOCS3 play crucial roles in attenuating cytokine and growth factor
signaling. Loss of SOCS1 or SOCS3 in the mouse liver increases the rate of liver regeneration and renders he-
patocytes susceptible to neoplastic transformation. The frequent epigenetic repression of the SOCS1 and SOCS3
genes in hepatocellular carcinoma has stimulated research in understanding the growth regulatory mechanisms
of SOCS1 and SOCS3 in hepatocytes. Whereas SOCS3 is implicated in regulating JAK-STAT signaling induced by
IL-6 and attenuating EGFR signaling, SOCSL1 is crucial for the regulation of HGF signaling. These two proteins
also module the functions of certain key proteins that control the cell cycle. In this review, we discuss the current
understanding of the functions of SOCS1 and SOCS3 in controlling hepatocyte proliferation, and its implications
to liver health and disease.

Hepatocellular carcinoma

chemicals that reach the liver from the gut (e.g., ethanol) are detoxified
by the liver for safe elimination. Most of these functions are carried out

1. Introduction

The liver is one of the largest organs of the body that serves vital
homeostatic functions. As the first organ that encounters dietary nu-
trients via the portal vein, the liver plays a central role in controlling
the body metabolism via storage, synthesis and redistribution of car-
bohydrates, fats, proteins, vitamins (K and A) and minerals (iron and
copper) [1]. The liver also produces many plasma proteins (albumin
and clotting factors), and secretes bile that helps in digestion and ab-
sorption of fats and fat-soluble vitamins. The toxic byproducts of me-
tabolic processes such as ammonia as well as myriad of harmful

by hepatocytes, which constitute roughly 80% of the liver mass. Even
though hepatocytes are long-lived, they undergo damage to a varying
extent during the detoxification process. Loss of hepatocytes can also
occur from pathogens, particularly hepatitis B and C viruses (HBV,
HCV) that establish chronic infections and cause persistent damage to
hepatocytes.

In order to maintain the vital homeostatic functions under condi-
tions of extensive hepatocyte damage caused by toxic chemicals and
pathogens, or significant loss of tissue by accident, the liver is endowed
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with an extraordinary capacity to regenerate at a remarkably rapid rate.
The regenerative ability of the liver and the underlying mechanisms are
best studied in rodents after removal of two thirds of the liver mass
(three of the five lobes in rodent liver) by a surgical technique called
partial hepatectomy (PH) [2,3]. Following PH, restoration of the liver
mass occurs within 5-7 days in rodents, and within 8-15days in hu-
mans (for instance, following liver transplantation for advanced cir-
rhosis or hepatocellular carcinoma) [4,5]. This regenerative process
begins with proliferation of hepatocytes followed by expansion of non-
parenchymal cells and tissue remodeling. Up to 60% of hepatocytes
synchronously enter the cell cycle and start synthesizing DNA, which
occurs within 24 h in rats and 36 h in mice, followed by proliferation of
Kupffer cells, cholangiocytes (48h) and endothelial cells (96 h), and
then a second wave of hepatocyte proliferation [4,6]. Acute hepatocyte
damage induced by carbon tetrachloride (CCly) is also used to study
hepatocyte proliferation, especially in the setting of chronic liver da-
mage [2,5].

Studies on liver regeneration (LR) following PH in rodent models
have shown that stimulation of hepatocyte proliferation is preceded by
a ‘priming’ stage within the first 5h, when activation of nuclear factor-
kB (NF-kB), signal transducer and activator of transcription-3 (STAT3)
and AP1 transcription factors, and the expression of immediate early
genes occur [6,7]. These priming events are elicited by gut-derived li-
popolysaccharide (LPS) via the induction of TNFa and IL-6, which are
not mitogenic by themselves but enable hepatocytes exit the quiescence
state, respond to growth factors and enter the cell cycle (Fig. 1).
Phosphorylation of the HGF receptor MET and the EGF receptor (EGFR)
is reported to occur within 30-60 min after PH [8]. The loss of the
hepatic capillary bed volume due to 2/3 PH causes profound hemo-
dynamic changes in the liver. These physical changes promote the re-
lease of active HGF from the extracellular matrix (ECM) via activation
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of urokinase plasminogen activator (uPA) and also increase the avail-
ability of EGF to hepatocytes [4]. Although such profound physical
changes do not occur following chemical injury to the liver, the in-
flammatory processes elicited by cellular damage are likely to induce
cytokines that initiate hepatocyte priming. Other mediators such as bile
acids and insulin also contribute indirectly to hepatocyte proliferation
by respectively promoting hepatocyte priming and general nutrient
(glucose) uptake [9].

Hepatocyte proliferation ceases after restoration of the functional
liver mass, followed by the removal of surplus cells by apoptosis [4]. A
number of factors are implicated in this process, among which trans-
forming growth factor- (TGFp) plays a key role. Even though TGFp is
an inhibitor of cell proliferation, its role in terminating liver re-
generation is complex, involving production of extracellular matrix,
inhibition of uPA and HGF synthesis, all contributing to reduce the
availability of bioactive HGF [4]. The increased matrix content also
signals via the integrin-linked kinase (ILK) to achieve the final liver
mass [10]. Detailed discussions on the various factors that modulate
hepatocyte proliferation during the liver regeneration process can be
found in many excellent reviews [4,6,7,9].

While physiological hepatocyte proliferation following PH or acute
liver injury caused by chemicals, toxins and pathogens is terminated
after achieving the ‘hepatostat’ (homeostatic liver mass), recurrent
hepatocyte damage caused by chronic liver injury leads to repeated
cycles of hepatocyte proliferation that can promote neoplastic trans-
formation [9] (Fig. 1). Under conditions of such chronic inflammation,
cytokines and growth factors (TNFa, IL-6, HGF, EGF) that provide
physiological growth stimuli become pathogenic and promote the de-
velopment of hepatocellular carcinoma. Besides the transforming ge-
netic lesions, deregulation of cytokine and growth factor signaling
through increased availability of ligands, overexpression of receptors or

Fig. 1. Key cytokines and growth factors regulated
by SOCS1 and SOCS3 in physiological liver re-
generation and pathological tumor growth. During
liver regeneration following partial hepatectomy,
TNFa and IL-6 act as indirect mitogens to ‘prime’
hepatocytes and render them responsive to mito-
genic growth factors HGF and EGF family growth
factors. Whereas SOCS3 regulates IL-6 signaling,
evidence for SOCS1-mediated control of TNFa
signaling remains circumstantial. On the other
hand, SOCS1 is needed to control HGF-induced
MET receptor signaling whereas SOCS3 is critical
to attenuate EGFR signaling pathways. The same
cytokines and growth factors are also implicated in
hepatocarcinogenesis induced by chronic in-
flammation and are similarly regulated by SOCS1
and SOCS3 as in normal hepatocytes. Chronic in-
flammation establishes a mutagenic environment
that promotes emergence of potentially neoplastic
cells, for example, through inactivation of the
‘tumor protein 53’ (TP53, widely known as p53), a
key tumor suppressor. Both SOCS1 are SOCS3 can
cooperate with p53 to promote its tumor sup-
pressor functions (not depicted here; discussed in
the text). Besides SOCS1 inhibits the paradoxical
oncogenic functions of another tumor suppressor
protein, cyclin-dependent kinase inhibitor 1A
(CDKN1A, widely referred to as p21¢P/Wafl or
simply p21) in hepatocytes.

Regenerated
Liver
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the loss of signal regulatory mechanisms may contribute to un-
controlled growth of neoplastic cells. Among the regulators of cytokine
and growth factor signaling, the suppressor of cytokine signaling
(SOCS) family proteins SOCS1 and SOCS3 have emerged as important
tumor suppressor proteins in the liver. In this review, we will focus on
SOCS protein-dependent regulation of hepatocyte proliferation during
liver regeneration and in malignant growth.

2. SOCS family proteins

SOCS proteins were discovered as feedback negative regulators of
the JAK-STAT signaling pathway based on the ability of SOCS1 to in-
hibit IL-6 signaling, JAK activation and STAT phosphorylation [11-13].
The SOCS protein family is comprised of eight members - SOCS1
through SOCS7 and the earlier known CIS1 [14,15]. All SOCS family
proteins harbor a conserved SOCS box domain at the C-terminal end, a
centrally located SH2 domain, and a highly variable N-terminal portion.
Among the SOCS proteins, only SOCS1 and SOCS3 contain the extended
SH2 and kinase inhibitory region (KIR) motifs that precede the SH2
domain [16] (Fig. 2). However, they display substantial differences in
their N-terminal regions and in primary amino acid sequence within the
SH2 domain. Through SH2 domain interaction with phosphorylated
tyrosine residues, SOCS1 can directly bind and inhibit activated JAK
kinases, whereas SOCS3 binds to cytokine receptors (CytR) and then
forms a complex with JAKs, resulting in both cases occlusion of the
substrate-binding pocket of JAKs by the SOCS KIR domain [16-19]. In
addition, SOCS binding to CytR can block downstream signaling by
preventing recruitment and activation of STAT proteins and other sig-
naling molecules. SOCS3 can bind many cytokine and growth factor

BC Box Cul Box

receptors that signal via STAT3 and inhibit STAT3 activation [15].

The SOCS box contains sequence motifs that interact with Elongin
B/C and a member of the Cullin family proteins that may vary with
different SOCS proteins. Together they form a complex with the RING-
finger containing protein RBX2 and an E2 ubiquitin (Ub) conjugating
enzyme to assemble an E3 Ub ligase of the CRL family (Cullin-RING
ligase) (reviewed in [20]). This complex allows SOCS proteins to bring
cytokine receptors and downstream signaling molecules to the protein
ubiquitination machinery, leading to their ubiquitination and sub-
sequent degradation by proteasomes [21,22]. The SH2 domain also
allows SOCS proteins to bind phospho-Tyr residues on growth factor
receptor tyrosine kinases (RTK), thereby inhibiting recruitment of
downstream signaling molecules as well as by promoting ubiquitination
and degradation of receptor chains [23-25]. Some SOCS proteins exert
a stronger control over RTK or CytR signaling, whereas SOCS1 and
SOCS3 can inhibit both CytR and RTKs (reviewed in [23]).

In vitro studies on various cell types have shown that many cyto-
kines can induce each one of the SOCS proteins, which in turn can in-
hibit an equally vast array of different cytokines and growth factors
[26]. Among the cytokines implicated in hepatocyte proliferation, IL-6
and TNFa induce the expression of SOCS1, SOCS2, SOCS3 and CIS1 in
the mouse liver, and IL-6 signaling in mouse primary hepatocytes is
sensitive to inhibition by both SOCS1 and SOCS3 [27-29]. However,
gene knockout mice have documented the selectivity of cytokines that
are regulated by different SOCS proteins [23]. Whereas SOCS1 is es-
sential to attenuate inflammatory signaling by the type-II interferon
(IFNY) via the IFNGR1/IFNGR2 heterodimer in the liver and other vital
organs of neonatal mice, SOCS3 deficiency causes embryonic lethality
due to defective erythropoiesis in the fetal liver, presumably caused by
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deregulated erythropoietin signaling [30-33]. Tissue-specific ablation
of SOCS3 has revealed its critical functions in regulating IL-6 signaling
in macrophages, T cells and in the liver [34-36].

3. Implication of SOCS proteins in hepatocyte proliferation and
neoplastic transformation

As TNFa and IL-6 play key roles during liver regeneration, a number
of studies have examined the induction of SOCS genes in rodent livers
after PH. Campbell et al. reported that PH did not elicit SocsI gene
expression whereas the Socs3 gene was rapidly induced in the re-
generating mouse liver up to 40-fold within 2 h after PH that lasted for
up to 8h [27]. The Socs3 gene induction was markedly diminished in
mice lacking IL-6. This study also reported that Socs2 and CisI were
weakly induced following PH, although a recent study reported strong
induction of Socs2 within 6 h post-PH [37]. Strong Socs3 induction
following PH was also reported by another group [38]. On the other
hand, Sakuda and colleagues observed that the Socsl gene was more
strongly induced than Socs3 in the regenerating rat liver [39]. Seki et al.
have reported the induction of both Socs1 and Socs3 genes in the liver
following PH, although Socs3 was more strongly induced [29]. The
variability in SOCS gene expression reported in the above studies
warrant a thorough investigation of the kinetics of SOCS gene expres-
sion in the regenerating livers, taking into account the age, sex, genetic
background and housing conditions (specific pathogen-free versus
conventional). The time of surgery and sacrifice should also be con-
sidered because the circadian clock can influence hepatocyte pro-
liferation and diurnal changes in the gut microbiome can modulate liver
functions [40,41].

Notwithstanding the reported variations in PH-induced expression
of Socs1 and Socs3 genes, Seki and colleagues implicated both SOCS1
and SOCS3 in regulating liver regeneration [29]. Constitutive expres-
sion of either SOCS1 or SOCS3 in the liver through adenovirus-medi-
ated gene transfer inhibited liver regeneration following PH that was
accompanied by inhibition of Cyclin D1 expression and DNA replica-
tion, and these effects were more pronounced in livers expressing
SOCS3 than those expressing SOCS1 [29]. In agreement with this
finding, hepatocyte-specific SOCS3 deletion in mice increased hepato-
cyte proliferation and more rapid restoration of the liver mass following
PH [42]. We have shown that SocsI knockout mice also showed ac-
celerated hepatocyte proliferation and liver regeneration [43]. The re-
generating livers lacking SOCS1 or SOCS3 maintain the ‘hepatostat’
state, indicating that the growth termination program is not affected by
their loss. Consistent with the role of SOCS1 in regulating hepatocyte
proliferation, overexpression of miR-155 that targets SOCS1 resulted in
increased hepatocyte proliferation with the same accelerated kinetics of
liver regeneration, accompanied by increased expression of cyclin D,
corroborating the observations in Socs1 knockout mice [44,45]. Indeed,
miR-155 expression was markedly upregulated by PH accompanied by
the modulation of SOCS1 expression, whereas ablation of miR-155 re-
sulted in impaired liver regeneration [44]. A recent study showed that
SOCS2-deficient mice display increased hepatocyte proliferation up to
48 h post-PH that is attributed to increased levels insulin-like growth
factor-I (IGF-I) in the liver [37].

Independent of the studies on Socs gene expression following PH
and the effect of SOCS deficiency on liver regeneration, a seminal work
reported frequent repression of the SOCS1 gene by promoter CpG me-
thylation in human hepatocellular carcinoma (HCC) specimens in up to
65% of cases [46-48]. This epigenetic mechanism of SOCSI gene re-
pression appears to be more frequent in HCC than microRNA-mediated
downmodulation, which occurs in other malignancies such as breast
cancer [49,50]. SOCS3 gene was also found to be downmodulated by
promoter methylation in HCC specimens, albeit at a much lower fre-
quency (33%) compared to the SOCSI gene [51]. These reports pre-
dicted a potential tumor suppressor function for SOCS1 and SOCS3
proteins in the liver, a notion that is supported by genetic studies in
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mice. Yoshimura and colleagues have shown that loss of one copy of the
Socs1 gene in mice increased the susceptibility to diethylnitrosamine
(DEN)-induced HCC [52]. We have shown that mice lacking SOCS1 in
the whole body or specifically in hepatocytes displayed increased sus-
ceptibility to DEN-induced HCC [45]. Loss of SOCS3 in hepatocytes also
increases susceptibility to DEN-induced HCC [42,53]. These studies
indicate that SOCS1 and SOCS3, despite sharing a high degree of se-
quence and structural similarities, play essential and non-overlapping
functions in regulating physiological liver regeneration and neoplastic
growth of hepatocytes. In the following sections, we discuss specific
cytokine and growth factor signaling pathways, which are involved in
hepatocyte proliferation and regulated by SOCS proteins. We also dis-
cuss data that implicate SOCS proteins in cell-intrinsic control me-
chanisms that thwart deregulated cell proliferation.

4. Regulation of physiological hepatocyte proliferation by SOCS
proteins

4.1. SOCS-dependent regulation of the hepatocyte priming

4.1.1. Regulation of hepatocyte TLR signaling by SOCS1

During physiologic liver regeneration, hepatocytes are first primed
to exit from quiescent state by the tandem action of two cytokines TNFa
and IL-6, which are induced by gut-derived ligands of toll-like receptors
(TLR) mainly in Kupffer cells [54]. TLR4 and TLR2/9, which recognize
gram-negative and gram-positive bacterial products, respectively, are
dispensable for normal liver regeneration. However, participation of
MyD88, a critical signaling adaptor shared by most TLR ligands, is
critical for the activation of NF-kB in Kupffer cells, and for the pro-
duction of TNFa and IL-6 in the liver following PH [55]. The priming
function of LPS may also result, at least partly, from activation of the
complement components C3 and C5, which are essential for efficient
liver regeneration, although the underlying mechanisms are unclear
[56,57]. A role for SOCS1 in regulating the NF-kB pathway during
normal hepatocyte proliferation could be inferred by the requirement of
SOCS1 to control TLR signaling [58]. SOCS1-deficient macrophages
show increased NF-kB activation and produce elevated amounts of
TNFa and IL-6 following LPS stimulation [59,60]. However, two other
studies showed that signaling by type-I IFNs, which are also induced by
LPS, was shown to be the primary target of SOCS1-mediated regulation
in macrophages [61,62]. Nevertheless, SOCS1 has been implicated in
regulating TLR activation at multiple signaling nodes [58] (Fig. 3).
Recruitment of MyD88 to TLR is facilitated by Toll-Interleukin 1 Re-
ceptor (TIR) domain containing Adaptor Protein (TIRAP, also called
MyD88-adaptor Like or MAL). SOCS1 has been shown to interact with
TIRAP and promote its ubiquitination and proteasomal degradation
[63,64]. SOCS1 also targets IRAK1, which is required for the activation
of NF-xB downstream of TLR signaling [59,60]. Recent reports show
that TRAF6, a component of the IRAK-containing signaling complex is
also regulated by SOCS1 and SOCS3 [65]. Finally, the p65 subunit of
the NF-«B is itself a target of SOCS1-mediated regulation that was later
shown to occur within the nucleus [66-68]. Even though the above
studies predict that increased TLR signaling could occur in SOCS1-de-
ficient livers, IL-6 was not elevated in SOCS1-deficient mice after PH
[43]. However, this study from our laboratory is confounded by the use
of Socs1™/"Ifng”’/~ mice due to IFNy-mediated perinatal lethality.
Another unanswered question is the identity of the mediators that in-
duce Socs1 gene expression following PH (Fig. 3). LPS-induced TNFa
and IL-6 can stimulate SocsI expression. However, it is also possible
that TLR-induced type-I IFNs may also contribute to Socs! induction,
and that SOCS1 might be more critical to regulate IFN-I signaling that
can inhibit liver regeneration, than to attenuate TLR signaling as in-
dicated by several studies [61,62,69,70]. Hence, it would be worth-
while to define the role of SOCS1 in hepatocyte priming using, ideally,
macrophage- or hepatocyte-specific SOCS1-deficient mice.
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Fig. 3. Regulatory functions of SOCS1 and
SOCS3 in hepatocyte priming. Hepatocyte
proliferation following partial hepatectomy
is dependent on the tandem actions of TNFa
and IL-6. LPS arriving via the portal circu-
lation stimulates Kupffer cells and hepatic
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stellate cells to produce TNFa, which acti-
vates the NF-xB pathway to stimulate IL-6
production. IL-6 in turn stimulates hepato-
cytes by activating STAT3 and increasing
cell survival. By controlling several sig-
naling proteins in the LPS-induced TLR4
signaling pathway (TIRAP, MyD88, TRAF6,
p65RelA), SOCS1 can potentially regulate
the availability of TNFa. SOCS3 induced by
IL-6 is a crucial feedback negative regulator
f of IL-6-stimulated STAT3 signaling during
1 liver regeneration. SOCS3 bind to gp130
: subunit of the IL-6 receptor and inhibit JAK
: activity to mediate its inhibitory functions.
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4.1.2. Regulation of TNFa signaling by SOCS1 in hepatocytes

Several studies implicate TNFa and IL-6, produced by Kupffer cells
following PH, in promoting hepatocyte survival and proliferation.
Whereas IL-6 exerts a direct effect on hepatocytes, TNFa contributes to
this process mainly via enhancing IL-6 production [6]. TNFa signals
through trimeric TNFR1 receptor complex that can assemble two dis-
tinct cytoplasmic signaling platforms called complex-I and complex-II
[71,72]. Whereas complex-I activates NF-xB and AP-1 (c-Fos/c-Jun)
transcription factors and promotes cell survival, complex-II activates
caspases and causes cell death. TNFa can also signal via TNFR2, which
activates NF-kB and AP-1, but can indirectly promote the cell death
pathway of TNFR1. A fine balance between these cell survival and
apoptosis pathways underlie the functions of TNF in maintaining tissue
homeostasis. NF-kB activation is crucial for hepatocyte survival during
liver regeneration [73]. Early studies on mice lacking TNFR1 showed
impaired activation of NF-xB as well as that of AP-1 and STAT3, and
reduced DNA synthesis during liver regeneration following PH, im-
plicating TNFa signaling in hepatocyte proliferation [74]. However,
these defects were reversed by the administration of IL-6, indicating
that TNFa promotes liver regeneration essentially via inducing IL-6 and
STAT3 activation. Liver regeneration was not impaired in mice lacking
TNFR2 [75]. Surprisingly, a subsequent study on TNFa-deficient mice
failed to replicate these findings [76], suggesting the induction of
priming signals by factors other than TNFa that activate similar sig-
naling pathways. In this context, it is noteworthy that T lymphocyte-
derived lymphotoxin (LT), a member of the TNF family cytokines [77],
is implicated in the liver regeneration process via increasing IL-6 pro-
duction and STAT3 activation [78]. The ability of LTa to bind and
signal via TNFR1 could explain why TNFR1 is essential whereas TNFa
is dispensable during liver regeneration. TNFR2-deficient mice treated
with TNFa strongly upregulate Socs1, Socs2 and Socs3 genes [79]. Even
though the increased rate of DNA synthesis and the rapid restoration of
functional liver mass in SocsI-null mice [43] could result from the loss
of SOCS1-dependent regulation of NF-kB signaling (Fig. 3, discussed in
the previous section), direct evidence linking SOCS1 to the regulation of
TNFa-induced cell survival and apoptotic pathways in the liver is cur-
rently lacking.

Hepatocyte

4.1.3. Regulation of IL-6 signaling in hepatocytes by SOCS3

IL-6 deficient mice show impaired liver regeneration characterized
by markedly reduced induction of the immediate early genes (c-Myc, c-
Fos, c-Jun) and delayed DNA synthesis [80]. This was also accompanied
by necrosis and ballooning degeneration of hepatocytes that are at-
tributed to the lack of STAT3 activation. Delayed proliferation of IL-6-
deficient hepatocytes was also confirmed in another report [81]. Sub-
sequent studies addressing the requirement of STAT3 for normal liver
regeneration were largely in agreement with these findings. Taub and
colleagues reported that DNA synthesis in hepatocyte-specific Stat3
knockout mice was delayed as in 116/~ mice, but the defective in-
duction of immediate early genes showed differences [82]. Using a si-
milar approach, Haga et al. showed that even though hepatocyte pro-
liferation was impaired in the absence of STAT3, recovery of liver mass
was not affected and that this was attributed to AKT-dependent hepa-
tocyte hypertrophy that compensated for the impaired cell proliferation
[83]. Similar findings were reported using inducible, hepatocyte-spe-
cific STAT3 knockout mice [84]. However, these mice developed an
exaggerated inflammatory response during liver regeneration following
chemical injury by carbon tetrachloride. These studies indicate that IL-6
signaling has a limited role in normal hepatocyte proliferation but ex-
erts crucial hepatoprotective functions during the acute stress caused by
PH or hepatocyte injury.

IL-6 belongs to a cytokine family that signals via receptor complexes
containing the gp130 subunit (also known as IL-6R[}) as the main
signal-transducing component [85-87]. As the gp130 chain cannot di-
rectly bind IL-6, it relies on the IL-6Ra subunit (also known as gp80) to
bind the ligand, which together form a hexameric complex in order to
transduce signals. Whereas gp130 is widely expressed in many cell
types, IL-6Ra expression is restricted to hepatocytes, hepatic stellate
cells, some epithelial cells and leukocytes [88]. However, IL-6Ra can be
released in a soluble form, which can bind IL-6 and present it to cells
that express gp130. This ‘trans-signaling’ allows many cell types to
respond to IL-6, and plays a key role in mediating the pro-inflammatory
functions of IL-6 in immuno-inflammatory diseases and inflammation-
associated cancer [89,90]. On the other hand, the classical signaling via
membrane-bound IL-6R promotes anti-inflammatory and protective
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functions of IL-6 through inhibition of apoptosis and promotion of cell
proliferation.

The gp130 subunit of IL-6R complex constitutively interacts with
the ubiquitously expressed JAK family kinases JAK1, JAK2 and TYK2,
of which JAK1 is crucial for robust IL-6 signaling [91]. JAK3, which is
restricted in its expression mostly to hematopoietic lineage cells, is not
implicated in IL-6 signaling. Formation of the high-affinity IL-6R
complex activates JAK1 through trans-phosphorylation. Activated JAK1
phosphorylates the tyrosine residues on the cytoplasmic domain of
gp130 and initiates downstream signaling [85,87,92]. Among the six
Tyr residues on gp130, four distal tyrosine residues are implicated in
the recruitment and activation of STAT3 and to a lesser extent STAT1
(mostly via the two distal tyrosine residues). Activated STAT3 dimers
translocate to the nucleus and bind to response elements in IL-6-in-
ducible genes. Recruitment of SHP2 to the second tyrosine (Y757 in
mouse, Y759 in human) on gp130 leads to the activation of RAS-MAPK
pathway and NF-IL6 (now called C/EBPp), which binds to IL-6 response
elements in acute phase proteins. IL-6 signaling can also activate the
PI3K-AKT pathway and promote cell survival via inducing Mcl-1, which
has been reported in primary hepatocytes during liver regeneration and
in hepatoma cell lines [87,93,94]. These IL-6 signaling pathways not
only promote cell survival and proliferation in the regenerating liver
but also contribute to hepatocarcinogenesis [95].

The seminal studies that discovered SOCS family proteins identified
SOCS1 through its ability to inhibit IL-6 signaling in macrophages
[11,13]. However, subsequent studies using tissue-specific knockout
mice have revealed that SOCS1 is dispensable whereas SOCS3 is the key
negative regulator of IL-6-induced activation of STAT3 and STAT1 in
the liver and macrophages, and that SOCS1 is crucial for attenuating
IFNy signaling [35,96,97]. Systemic injection of IL-6 resulted in rapid
and strong induction of SOCS3 in the mouse liver compared to SOCS1,
whereas an inverse kinetics was observed following the administration
of IFNy [28]. Both SOCS proteins contribute to balance hepatocyte
apoptosis and cell survival during liver injury. Effectively, SOCS1
controls IFNy-mediated STAT1 activation and apoptosis, while SOCS3
limits IL-6-induced STAT3 activation and pro-survival signaling [98].
Even though STATS3 is activated by a number of cytokines including IL-
10 and IFNy, SOCS3 specially inhibits IL-6 signaling [35,96,97] (Fig. 3).
This specificity results from the high affinity interaction of SOCS3 with
gp130 chain following its phosphorylation induced by IL-6. Consistent
with the requirement of SOCS3 for regulating IL-6 signaling, livers of
SOCS3-deficient mice display elevated and prolonged STAT3 activation
following PH, and hepatocytes from these mice show sustained STAT3
phosphorylation in response to IL-6 stimulation in vitro [42]. Moreover,
this study noted that loss of SOCS3 did not result in compensatory Socs1
gene induction following PH, indicating a crucial role of SOCS3 in
controlling IL-6 signaling in hepatocytes.

Through elegant structural studies, Nicola and Babon have eluci-
dated the molecular basis of SOCS3-mediated inhibition of IL-6 sig-
naling [19,99]. This study showed that SOCS3 can bind and inhibit
JAK1, JAK2 and TYK2, the JAK family kinases that constitutively as-
sociate with gp130 and share an evolutionarily conserved motif called
GQM, which is essential for SOCS3 binding and inhibition of IL-6 sig-
naling [19]. The lack of this sequence motif in JAK3 renders it non-
susceptible to inhibition by SOCS3 as well as by SOCS1 [19,100].
SOCS3 simultaneously binds activated gpl130 and JAKs, and this re-
ceptor-mediated proximity positioning is critical for inhibiting JAK
activity, whereas the high affinity interaction of SOCS1 with JAKs even
in their non-phosphorylated state obviates the need for prior binding to
an activated receptor chain to access JAKs [100].

4.1.4. Central role of IL-6-induced SOCS3 in regulating the cell cycle
Even though STAT3 activation by IL-6 is critical for hepatocyte
priming and liver regeneration, hyperstimulation of this pathway,
achieved through transgenic expression of human soluble gp80 and
infusion of human IL-6, inhibited hepatocyte proliferation and delayed
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liver regeneration [101]. This unexpected inhibition of liver growth by
IL-6 was attributed to stronger induction of cyclin-dependent kinase
inhibitor 1A (CDKN1A, previously known as p21Wafl/Cip1, generally
known as p21), which harbors STAT3 binding sites in its gene promoter
[102,103]. Similar observations were reported on primary mouse he-
patocytes in vitro, wherein IL-6 stimulation inhibited cell proliferation
via induction of p21 [104]. This study also showed that hepatocytes
from Socs3*/~ mice (deficient in SOCS3-dependent regulation of IL-6
signaling) are more sensitive to IL-6 mediated inhibition in vitro, how-
ever hepatocyte proliferation in vivo following PH was significantly
enhanced in these mice. Moreover, genetic ablation of SOCS3 in he-
patocytes strengthened STAT3 signaling following partial hepatectomy
and these mice also show increased hepatocyte proliferation and ac-
celerated liver regeneration [42]. The reason for this discrepancy - in-
creased IL-6 signaling is inhibitory in the presence of SOCS3 but not in
its absence - is not well understood. Gao and colleagues showed that the
IL-6-mediated inhibition of hepatocyte proliferation in vitro was abol-
ished by HGF available from non-parenchymal cells [104]. As discussed
below and in section 5.3, increased p21 expression observed in
Socs3™/~ hepatocytes appears to involve IL-6-mediated induction of
SOCS3 and subsequent SOCS3-dependent modulation of the p53
pathway and this may contribute to growth inhibition by IL-6.

The tumor protein 53 (TP53, better known as p53), which is in-
activated in many cancers, is a key tumor suppressor protein that in-
duces genes involved in cell cycle arrest, DNA repair, senescence and
apoptosis [105]. The induction of Cdknla is occurs mainly via the p53-
dependent transcriptional activation [106] and this pathway has been
implicated in the regulation of hepatocyte proliferation during liver
regeneration. Following PH, the induction of immediate early genes c-
Myc, c-Fos and c-Jun by cytokines and growth factors promote hepa-
tocyte survival and proliferation (Fig. 4, step 1) [4,7,80]. Ablation of c-
Jun impairs liver regeneration, whereas concomitant deletion of either
p53 or CDKN1A has been shown to abrogate the defective hepatocyte
proliferation caused by c-Jun deficiency [107,108]. Therefore, c-JUN
seems to promote liver regeneration by inhibiting p53-mediated upre-
gulation of CDKN1A (Fig. 4, step 2). CDKN1A has been previously
shown to regulate liver regeneration as its deletion increased hepato-
cyte proliferation [109]. Studies in mouse embryo fibroblasts suggested
that SOCS3 could be involved in p53-mediated upregulation of
CDKN1A [110]. Subsequently, Gao and colleagues have shown that
SOCS3 interacts with p53 and promote its activation in hepatic stellate
cells [111]. Therefore, it is possible that SOCS3, which is rapidly in-
duced following PH, presumably following IL-6-mediated STAT3 acti-
vation, likely plays a key role in regulating hepatocyte proliferation
priming via SOCS3/p53-mediated induction of CDKN1A (Fig. 4, step 3).
We propose that impaired liver regeneration caused by transgenic ex-
pression of soluble gp80 or infusion of human IL-6 could result from
hyper-induction of SOCS3 and SOCS3/p53-mediated upregulation of
p21 and blockade of the cell cycle (Fig. 4, step 4), whereas this pathway
will be abrogated in Socs3-null hepatocytes allowing IL-6-mediated
hepatocyte survival and priming to accelerate liver regeneration un-
hindered.

In the above scenario, it would also be necessary to modulate the
regulatory functions of SOCS3 in order to facilitate an orderly pro-
gression of liver regeneration. Indeed, such regulation seems to be in-
itiated by TNFa while IL-6 is also being induced. The TNFa-induced
protein 3 (TNFAIP3, commonly known as A20) induced by TNFa
mediates many hepatoprotective functions by inhibiting pro-in-
flammatory NF-kB signaling. Ferran and colleagues have shown that
A20 also potentiates IL-6/STAT3-mediated proliferation of hepatocytes
following PH through downmodulation of SOCS3 and CDKN1A (Fig. 4,
step 5) [112,113]. While the downmodulation of SOCS3 has been
correlated to the induction of miR-203, it remains to be addressed
whether the A20-mediated CDKN1A downmodulation is secondary to
reduced SOCS3 expression.
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Fig. 4. Intricate functions and regulation of
SOCS3 in hepatocyte stimulation by IL-6. In ad-
dition to inhibiting IL-6-stimulated JAK-STAT
pathway, SOCS3 may also mediate p53-mediated
growth regulation. Following PH, cytokines and
growth factors induce c-JUN (step 1), which
blocks p53-mediated growth inhibition (step 2).
Circumstantial evidence suggests that the latter
could be mediated, at least partly, by IL-6 stimu-
lated SOCS3, which can activate p53 (step 3) to
induce CDKN1A, which inhibits CDK/cyclin com-
plexes and cell cycle progression (step 4). This
SOCS3-dependent regulatory pathway could be
regulated by TNFAIP3 (a feedback inhibitor of
TNFR signaling, also called A20) via inducing
miR-203 that targets SOCS3 (step 5). The loss of
the SOCS3-dependent regulation of both IL-6 sig-
naling and p53-mediated growth inhibition could
explain why SOCS1 deficiency increases liver re-
generation, whereas administration of IL-6 in-
hibits it, presumably via potentiate the p53-
medaited inhibitory pathway. See text for details.

IL-6R

4.2. Control of growth factor receptor signaling by SOCS proteins

Even though SOCS proteins were initially discovered and ex-
tensively studied as negative regulators of the cytokine-stimulated JAK-
STAT pathway, several studies recognized their ability to attenuate
growth factor signaling via receptor tyrosine kinases (RTK) as well.
Summarizing these data, Trengove and Ward assigned SOCS proteins to
three partially overlapping groups that mainly controlled the JAK-STAT
pathway, predominantly regulated the RTKs or attenuated both [23].
SOCS1 and SOCS3, which share the maximum homology among SOCS
proteins fall in the category that can regulate both JAK-STAT and RTK
signaling pathways. Among the several growth factor receptors that are
implicated in hepatocyte proliferation, the HGF receptor c-MET and the
EGF receptor EGFR (ErbB1) play critical roles in liver regeneration.
Indeed, HGF and EGF are designated as ‘direct mitogens’ whereas other
growth factors, cytokines and hormones are considered auxiliary fac-
tors that aid in hepatocyte proliferation during liver regeneration
[6,9,114]. Both c-Met and EGFR become phosphorylated within 60 h
after PH [8], and are clearly regulated by SOCS family proteins as
discussed in the following sections.

4.2.1. Regulation of HGF-induced MET signaling by SOCS1

HGF, produced mainly by hepatic stellate cells and stored in the
ECM, is released through the activation of matrix metalloproteinases
during liver regeneration [115]. Following PH, de novo HGF synthesis
occurs not only in the liver but also in kidneys and lungs [9]. As the
deletion of Hgf gene results in embryonic lethality [116], the critical
requirement for HGF-induced MET signaling for liver regeneration was
demonstrated by deleting MET in adult liver or specifically in hepato-
cytes in mice, as well as by downmodulating HGF or MET expression
using short hairpin RNA (shRNA) in rats [117-119]. These animals
showed reduced activation of ERK, delayed cell cycle entry and im-
paired liver generation following PH, highlighting the crucial role of
HGF-MET signaling in hepatocyte proliferation.

The role of SOCS1 in regulating HGF signaling in hepatocytes came

to the limelight from our observations that the increased rate of liver
regeneration in Socs1 ™/~ Ifng”/~ mice (the use of these mice was ne-
cessary to overcome the lethality caused by uncontrolled IFNy signaling
in the absence of SOCS1) was not associated with increased IL-6 pro-
duction or STAT3 activation but was accompanied by increased phos-
phorylation of ERK and Grb2-associated binding protein 1 (GAB1) [43].
GABL is a large adaptor molecule with many tyrosine residues that can
recruit myriad of signaling molecules and is implicated in amplifying
signaling pathways downstream of many RTKs, particularly MET and
EGFR [120,121]. HGF induces phosphorylation of Tyr residues on MET,
leading to (i) recruitment of the adaptor protein Grb2 both directly and
indirectly that activates the Ras-Raf-ERK pathway, (ii) recruitment and
activation of PI3K that results AKT and NF-kB pathways, and (iii) re-
cruitment and activation of STAT3, which collectively promote cell
survival and proliferation [122]. GAB1 contains a MET-binding site
(MBS) that allows its direct interaction with MET. GAB1 provides
docking sites for additional signaling molecules that amplify and sus-
tain the GF-induced signaling pathways [120,121,123-125]. Among
these, amplification of the ERK pathway is crucial to MET signaling
[122,126]. Forced expression of SOCS1 in hepatocytes has been re-
ported to inhibit HGF-induced STAT3 phosphorylation and intravenous
administration of recombinant adenoviral SOCS1 construct inhibited
STAT3 activation in the regenerating liver [29]. However, SOCS1 de-
ficiency did not affect hepatic STAT3 activation following PH [43],
presumably resulting from unimpaired IL-6 signaling. Nonetheless, in
agreement with the finding of Seki et al., forced SOCS1 expression in-
hibited HGF-induced STAT3 phosphorylation in several hepatoma cells
[24,29,43]. Hence, increased and prolonged phosphorylation of ERK
and GABI1 in the regenerating livers of SOCS1-deficient livers [43] in-
dicate that endogenous SOCS]1 is essential to attenuate only a subset of
HGF-induced MET signaling pathways that cannot be controlled by
other regulators such as protein Tyr phosphatases [127-129]. Cur-
iously, SOCS1-deficient primary hepatocytes show increased phos-
phorylation of MET, GAB1 and AKT following HGF stimulation, but not
ERK phosphorylation that was amplified in the regenerating liver,
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suggesting context-dependent modulation of MET signaling pathways
by SOCS1 in hepatocytes that may result, possibly, from co-operation of
MET with other GF receptors in vivo [24,43,129]. In addition to SOCS1,
SOCS3 has also been reported to inhibit HGF-induced STAT3 phos-
phorylation in hepatocytes [29].

Investigating the mechanisms underlying the SOCS1-dependent
regulation of MET signaling using hepatoma cell lines forcibly expres-
sing SOCS1, we have recently shown that SOCS1 directly interacts with
MET via the SH2 domain [130]. MET tyrosine kinase activity was dis-
pensable for this interaction even though active MET kinase interacted
more strongly with SOCS1. Recent data on the intricacies of SOCS1
binding to JAK kinases even in their non-phosphorylated state indicate
that the availability of SOCS1 is the critical parameter for regulating the
JAK-STAT pathway [100]. This raises the possibility that the same
mode of interaction may occur in SOCS1-mediated regulation of the
MET RTK. We have also shown that SOCS1 promoted polyubiquitina-
tion of MET via K48-dependent ubiquitin chain elongation leading to
proteasomal degradation of the MET receptor, and that this pathway
occurred independently of the CBL-mediated MET downmodulation
that occurs via the endosomal pathway [131]. Our unpublished data
indicate that SOCS1 also regulates the stability of GAB1, although this
may occur secondary to MET downmodulation.

The increased activation of MET in the regenerating livers of SOCS1-
deficient mice may also result from increased bioavailability of HGF.
The promoter region of HGF contains IL-6 response elements, and in-
creased expression of IL-6 following PH could contribute to the raising
levels of systemic HGF in the regenerating liver [4,132]. Even though
neither loss of SOCS1 nor that of SOCS3 augments serum IL-6 levels
following PH [42,43], hepatic HGF levels may be modulated by SOCS1.
HGF is stored in abundant quantities within the extracellular matrix of
the liver and is rapidly released by the action of uPA following partial
hepatectomy [133]. Hepatic uPA becomes activated throughout the
remnant liver within 5min of PH [4]. Cleavage by uPA renders the
inactive, ECM-bound monomeric HGF into active homodimers. Other
matrix remodeling enzymes also influence the release of matrix-asso-
ciated HGF following PH [115,134]. The induction of matrix metallo-
proteinase 9 (MMP9) by TNFa could also be responsible for its priming
effect on liver regeneration via releasing HGF from the ECM [135,136].
The potential role of SOCS1 in regulating TLR signaling (discussed
earlier) raises the possibility that SOCS1 may regulate hepatic HGF
levels during liver regeneration.

4.2.2. Regulation of EGFR signaling by SOCS3

EGFR signaling can be elicited by many of the seven EGF family
members, particularly EGF, TGFa and amphiregulin [137]. Whereas
EGF is constantly produced by duodenal Brunner’s glands and salivary
glands and can act on hepatocytes in an endocrine fashion, heparin-
bound EGF (HB-EGF) produced by Kupffer cells, and TGFa and am-
phiregulin produced by hepatocytes can act in paracrine and autocrine
manner, respectively, during liver regeneration [114]. Whereas genetic
ablation of TGFa does not affect liver regeneration, removal of salivary
gland source of EGF and deletion of or HB-EGF or amphiregulin com-
promises liver regeneration indicating partially overlapping roles of
EGFR ligands [138-141]. Unlike HGF which signals via the MET
homodimer, EGF signals via EGFR1 (ErbB1) that can form a homodimer
or a heterodimer with EGFR2 (ErbB2) or ErbB3, and stimulate Ras-Raf-
ERK and PI3K-AKT signaling pathways to promote cell growth, adhe-
sion and migration [137]. That EGFR signaling is crucial for unin-
terrupted liver regeneration was demonstrated by hepatocyte-specific
ablation of EGFR in adult mice and shRNA-mediated inhibition of EGFR
expression in rats, resulting in reduced expression of cyclin D1, delayed
cell cycle entry, increased TNFa expression and cell death in the re-
generating liver [142,143]. Even though increased MET expression was
observed in the EGFR-downmodulated rats, obviously this did not
compensate for the loss of EGFR signaling, indicating non-overlapping
roles of these RTK pathways in liver regeneration [143].
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SOCS1 and SOCS3 are induced by EGF in epithelial cells, followed
by their recruitment to the Tyr-phosphorylated EGFR, resulting in its
ubiquitination and proteasomal degradation [144]. However, in hepa-
tocytes, only SOCS3 but not SOCS1 was able to attenuate EGFR-sti-
mulated STAT3 phosphorylation [29]. Indeed, the ability of SOCS3 to
attenuate STAT3 activation downstream of IL-6, MET and EGFR pre-
sumably accounts for the severe impairment of liver regeneration in
mice overexpressing SOCS3 in hepatocytes than in mice expressing
SOCS1 [29]. Following EGF stimulation, SOCS3-deficient primary he-
patocytes showed increased activation of STAT3 and ERK, which also
occur in the regenerating livers of hepatocyte-specific SOCS3 knockout
mice in vivo following PH [42]. These reports highlight the requirement
of SOCS3 to attenuate EGFR signaling during physiological liver re-
generation.

Two other SOCS family members, SOCS4 and SOCS5 have also been
shown to bind EGFR and attenuate signaling. An early study on or-
thologs of SOCS proteins in drosophila showed that transgenic expres-
sion of SOCS36E, the ortholog of human SOCSS5, resulted in develop-
mental defects similar to those caused by exacerbated JAK-STAT or
EGFR signaling [145]. EGFR signaling in drosophila was shown to in-
duce SOCS36E, which attenuated EGFR-stimulated normal cell growth
and neoplastic transformation caused by EGFR overexpression [146].
Following the initial description of SOCS36E, human SOCS5 and its
closest relative SOCS4 were reported to be induced by EGFR signaling
in human HeLa cells [147]. Human and mouse SOCS5 promoted the
degradation of EGFR in a SOCS-box-dependent manner that occurred
independently of ligand binding [147,148]. SOCS4 has also been re-
ported to promote degradation of EGFR [149]. Whether SOCS4 or
SOCS5 can modulate EGFR-mediated hepatocyte proliferation is not yet
reported, but it is likely that they may play a secondary role as SOCS3
exerts a dominant regulation over EGFR signaling.

5. SOCS-dependent regulation of neoplastic hepatocyte growth

Most of the cytokines and growth factors involved in physiological
liver regeneration also play a key role in neoplastic hepatocyte growth
leading to HCC. Whereas hepatocyte proliferation during physiological
liver regeneration occurs rapidly and is terminated upon achieving a
functional liver mass, the failure to achieve hepatostat is a key driving
force behind neoplastic hepatocyte growth that eventually escape the
physiological control mechanisms that regulate cell proliferation, re-
strict the liver size and cause HCC. In most instances, HCC arises in
cirrhotic livers that result from chronic inflammation in response to
persistent and recurring injury to hepatocytes caused by hepatitis
viruses, alcohol abuse and obesity. Progressive replacement of the liver
parenchyma with fibrous tissue results in compensatory hepatocyte
proliferation and acquisition of stem cell-like properties, which are
driven by cytokines and growth factors (e.g., TNFa, IL-6, HGF, TGFa)
that become abundant in the inflammatory milieu of the fibrotic liver
[150-153]. The recurring cycles of hepatocyte proliferation promotes
accumulation of genetic and epigenetic lesions leading to activation of
oncogenic signaling pathways (e.g., CTNNB1, NFE2L2, TERT) and/or
inactivation of tumor suppressor proteins (e.g., TP53, PTEN, SOCS1,
SOCS3, etc.) [152,154-157]. Accumulation of multiple genetic lesions
enables the pre-neoplastic cells to gain the ability to undergo ligand-
independent proliferation (e.g., MET receptor amplification), resist cell
death, invade tissues and undergo extra-hepatic metastasis. In the fol-
lowing sections, we briefly discuss the cytokines and growth factors
implicated in the development of HCC and are regulated by SOCS
proteins.

5.1. SOCS proteins in inflammation-driven liver cancer
Chronic hepatic inflammation associated with hepatitis virus in-

fections, noxious chemicals and obesity promotes hepatocarcinogenesis
through increased production of inflammatory cytokines, among which
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TNFa and IL-6 play key pathogenic roles [158,159]. Consistent with the
role of lymphotoxin in hepatocyte proliferation (discussed in Section
4.1.2), recent studies implicate other TNF-family cytokines LT( and
LIGHT derived from CD8+ T lymphocytes and natural killer T cells in
HCC pathogenesis [160,161]. Whereas the TNF family cytokines pro-
mote HCC via canonical and non-canonical pathways of NF-kB activa-
tion (TNFR: IKKB/p65-RelA; LTBR: IKKa/p52-RelB), IL-6 potentiates
oncogenic STAT3 activation [162-164]. Deregulated NF-kB pathway
can promote HCC via stimulation of pro-inflammatory cytokine pro-
duction, particularly IL-6, as well as via inducing anti-apoptotic pro-
teins such as BCL-2, FLIP, c-IAP, etc., which can counter TNFa-induced
apoptosis pathways in hepatocytes and in stellate cells that promote
liver fibrosis [162,165]. On the contrary, IKK} kinase activated by
TNFa exerts a tumor suppressor role by attenuating ROS accumulation
and inhibiting the consequent activation of pro-carcinogenic JNK and
STAT3 activation in hepatocytes [166]. Indeed, STAT3 activation,
which occurs in 60% of human HCC, shows an inverse with NF-xB
activation, supporting NF-kB-mediated negative regulation of STAT3
activation. Therefore, sustained pro-inflammatory signaling and STAT3
activation downstream of IL-6 and growth factors (EGF, HGF) appear to
be the major oncogenic mechanisms in HCC pathogenesis [162,166].
Increased IL-6 production and consequent STAT3 activation underlies
the increased susceptibility of male mice to DEN-induced carcinogen-
esis [158]. Female sex hormones attenuate IL-6 production and HCC,
which explains the preponderance of HCC among men. Work from the
Karin Lab has also shown that HCC progenitor cells acquire the ability
to produce autocrine IL-6 that promote cancer progression [167].
STAT3 signaling promotes HCC mainly by increasing hepatocyte sur-
vival and proliferation via induction of anti-apoptotic proteins BCL2,
BCL-xL and MCL1 and cyclin D1, although its non-nuclear functions
that promote cell metabolism and migration may also contribute to
tumor progression [162,168].

In the liver, SOCS1 and SOCS3 exert cell-intrinsic antitumor func-
tions within hepatocytes as revealed by increased susceptibility of mice
with hepatocyte-specific ablation of Socsl and Socs3 genes to HCC
[42,45,53]. SOCS1 and SOCS3 can control hepatocarcinogenesis by
regulating hepatic fibrogenesis and thereby reducing inflammatory
cytokine and growth factor production by stellate cells and macro-
phages [36,52,169,170]. SOCS3-deficient livers show increased STAT3
phosphorylation following DEN injection that was accompanied by
increased expression of genes coding for BCL2, BCL-xL, MYC and Cyclin
D1 [42,53]. Given that SOCS3-deficient hepatocytes show elevated and
sustained STAT3 phosphorylation following IL-6 or EGF stimulation
[42], attenuation of oncogenic STAT3 signaling appears to be a key
tumor suppressor mechanism of SOCS3 in hepatocytes. Whether IL-6
and STAT3 are crucial for the increased susceptibility of hepatocyte-
specific SOCS3-deficient mice to HCC, and whether SOCS3 binding to
the gp130 subunit of IL-6R is essential for its tumor suppression, are key
questions that remain to be addressed. In contrast to SOCS3, SOCS1
does not appear to control inflammatory cytokine signaling within
hepatocytes during HCC pathogenesis. SOCS1 can potentially regulate
TLR, TNF and IL-6 signaling in hepatocytes (discussed in earlier sec-
tions), but SOCS1 deficiency did not affect TNF induced NF-kB phos-
phorylation, systemic IL-6 production or hepatic STAT3 phosphoryla-
tion following DEN injection, suggesting that the antitumor function of
SOCS1 is exerted on other oncogenic pathways [45,58].

5.2. Regulation of growth factor RTKS by SOCS proteins in HCC

Additional tumor suppressor functions for SOCS3 in the liver was
indicated by the ability of SOCS3 to attenuate EGF and HGF signaling in
hepatocytes and increased EGF-induced STAT3 and ERK phosphoryla-
tion in SOCS3 deficient hepatocytes [29,42]. Seki et al. also reported
inhibition of HGF-induced STAT3 activation by SOCS1, however
SOCS1-deficient hepatocytes did not show increased or sustained
STAT3 activation, presumably due to the availability of SOCS3, but
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showed increased ERK activation downstream of MET signaling
[29,43]. In HCC cells, SOCS1 attenuated HGF-stimulated MET signaling
pathways, cell proliferation and migration. Mechanistically, SOCS1
interacts with the MET receptor and promotes its ubiquitination and
proteasomal degradation of activated MET [130]. Whether EGFR and
MET oncogenic signaling pathways are crucial targets of tumor sup-
pression by SOCS3 and SOCS1 has not been addressed yet. Similarly,
how methylation of SOCS1 and SOCS3 impacts on MET and EGFR
protein levels in human HCC specimens needs to be examined. None-
theless, the preclinical models of mice lacking SOCS1 or SOCS3 in he-
patocytes provide additional support for therapeutic targeting of RTK
signaling in HCC [24,171].

5.3. SOCS-dependent regulation of cell cycle control mechanisms in HCC

While investigating the cellular senescence program induced by
oncogenic STATS signaling in fibroblasts, Ferbeyre and colleagues
discovered that SOCS1 enables p53 activation by acting as a bridge
between p53 and its upstream kinases ATM and ATR, which phos-
phorylate p53 and promote its transcriptional activity [172]. Following
this seminal report, a similar role for SOCS3 was reported in hepatic
stellate cells [111,172]. By regulating DNA repair, senescence, apop-
tosis and cell proliferation, p53 functions as a master tumor suppressor
and thus is often mutated in many cancers [105]. Most p53 mutations
in HCC seem to occur late during pathogenesis in the western world,
even though aflatoxin, prevalent in certain geographical areas, can
cause p53 mutation specifically at codon 249 [154]. Therefore, the
reports implicating SOCS1 and SOCS3 in p53 functions raise the pos-
sibility that loss of SOCS1 or SOCS3 in HCC may compromise the tumor
suppressor functions of wildtype p53 early during tumorigenesis.
Testing this prediction in SOCS1 deficient mice revealed that SOCS1
deficiency did not impair p53 activation or induction of its target genes
in the liver following genotoxic stress induced by DEN [45]. However,
SOCS3 appears to substitute for SOCS1 in activating p53 following
genotoxic stress to hepatocytes in SOCS1-deficient mice (Khan et al.,
manuscript in preparation), suggesting that at least part of the tumor
suppressor functions of SOCS1 and SOCS3 could be mediated via p53.
As a corollary, at least part of the p53 functions as tumor suppressor
would require SOCS1 and SOCS3, and this may have implications for
therapeutic strategies aimed at restoring wildtype p53 functions in HCC
[173].

Even though SOCS1 deficiency alone did not compromise p53 ac-
tivation, this study revealed an unexpected role of SOCS1 in controlling
the deleterious functions of cyclin-dependent kinase inhibitor CDKN1A
(p21) [45]. By inhibiting CDKs at several stages of the cell cycle,
CDKN1A functions as a tumor suppressor. However, many studies have
reported elevated CDKN1A expression in tumor tissue specimens of
many cancers including HCC (Reviewed in [106]). Indeed, CDKN1A can
become oncogenic by phosphorylation events that impair its nuclear
translocation and promote its cytosolic retention, where it can inhibit
apoptotic pathways (Fig. 5). In the livers of SOCS1-deficient mice ex-
posed to DEN, the Cdknla gene is upregulated and CDKN1A protein
accumulates in the cytosol [45]. Primary hepatocytes from SOCS1-de-
ficient mice indicate that increased activation of the PI3K-AKT pathway
downstream of RTK signaling promotes CDKN1A phosphorylation and
cytosolic retention. In addition to transcriptional upregulation, SOCS1
regulates the protein levels of CDKN1A by promoting its ubiquitination
and proteasomal degradation [45]. This study from our laboratory in-
dicates that loss of SOCS1-dependent regulation of RTK signaling not
only promotes cell proliferation but also relieves the regulatory control
exerted by CDKN1A. The inability of SOCS3 to compensate for SOCS1
deficiency to regulate CDKN1A protein levels in hepatocytes partly
explains the non-overlapping tumor suppressor roles of SOCS1 and
SOCS3 in the liver.
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Fig. 5. SOCS1-dependent regulation of the proto-oncogenic roles of CDKN1A. SOCS1 can exerts its tumor suppressor role in hepatocytes by three mechanisms: (1) by
inducing p53 activation and induction of p53-dependent tumor suppressor genes, (2) inhibition of oncogenic MET signaling by promoting its ubiquitination and
proteasomal degradation, and (3) by blocking the paradoxical oncogenic roles of CDKN1A. Within the nucleus CDKNA inhibits CDK/cyclin complexes and blocks cell
cycle progression. However, AKT-dependent phosphorylation of CDKN1A downstream of deregulated growth factor signaling (for example, increased MET signaling
in the absence of SOCS1) retains it in the cytosol, wherein it inhibits apoptosis pathways and promotes oncogenesis. SOCS1 inhibits cytosolic CDKN1A by promoting

its ubiquitination and proteasomal degradation.

6. Exploitation of SOCS proteins to modulate hepatocyte growth
for therapy

The knowledge on SOCS-dependent control of hepatocyte pro-
liferation can be exploited for therapeutic purpose in two ways. On one
hand, SOCS1 and SOCS3 could be used to inhibit cancer growth. On the
other hand, they may be targeted to enhance hepatocyte proliferation
in order to promote liver regeneration or to produce engineered liver
for transplantation.

6.1. Using SOCS proteins and their derivatives to inhibit cancer growth

The pioneering works of Johnson and colleagues led to the devel-
opment of a SOCSl-mimetic peptide based on hydropathic com-
plementarity to the JAK2 activation loop (reviewed in [174]). This
peptide, called Tkip, shows a partial homology to SOCS1 KIR domain
and was able to inhibit inflammatory cytokine signaling and inhibit
prostate cancer cell proliferation, and attenuate the severity of in-
flammatory and autoimmune diseases such as psoriasis and experi-
mental autoimmune encephalomyelitis [175,176]. Subsequent studies
from this group used the SOCS1-KIR peptide that was also equally ef-
fective in attenuating inflammatory cytokine signaling in vivo
[177,178]. Another group led by Marasco and colleagues used linear
peptides of SOCS1-KIR and SOCS3-KIR regions, improved their ability
to inhibit JAK2 kinases, and showed their utility to attenuate in-
flammatory skin conditions and growth of triple negative breast cancer
cells [179-181]. Hawiger and colleagues rendered full length SOCS1
and SOCS3 cell permeable and reported their efficacy in attenuating
inflammatory conditions of the liver [182,183]. The findings that
SOCS1 and SOCS3 are released in exosomes and that these
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microvesicles are effective in attenuating inflammation in lungs raise
the possibility of using this approach for SOCS delivery to cancer cells
[184]. SOCS1 gene therapy using adenoviral vectors has been shown to
be effective in inhibiting tumor growth in preclinical models of diverse
cancers including HCC by cooperating with other cancer treatments
such as chemotherapy, radiation, oncolytic virus and immune check-
point therapy [185-188]. These reports raise the hope of exploiting
SOCS1 and SOCS3 to complement the conventional and emerging
cancer treatment approaches, but achieving this goal depends on op-
timizing safe and efficient ways of delivering SOCS proteins and their
biologically active derivatives to tumors.

6.2. Targeting SOCS proteins to promote liver growth

Liver transplantation remains the only curative therapy for terminal
liver illnesses caused by infectious diseases, fibrosis, cancer and, in
recent decades, the obesity-associated non-alcoholic steatohepatitis.
However, the demand for liver tissue for transplantation far exceeds the
supply of donor livers, and this trend is only expected to worsen in the
next two decades [189]. To tackle this situation, various approaches of
liver regenerative medicine are being pursued. These efforts range from
repopulating the liver with healthy primary hepatocytes, or hepatocytes
differentiated from mesenchymal stem cells and induced pluripotent
stem cells, to in vitro engineering of liver tissue through organoid cul-
ture and three-dimensional bioprinting of hepatocytes and stromal
cells. Despite impressive advances, these approaches face significant
challenges that could be mitigated by progressively exploiting the tre-
mendous increase in our understanding of the cellular components and
signaling pathways involved in liver regeneration [190]. For example,
manipulating hepatocytes to improve their proliferative capacity would
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boost the expansion of infused hepatocytes and transplanted liver
tissue. In this context, transient silencing of SOCS1 or SOCS3 in infused
hepatocytes and engineered liver tissues could be considered to boost
their expansion potential. This can be achieved, for example, through
the use of microRNAs targeting SOCS1 (miR-155 [44]) or SOCS3 (miR-
203 [191]) or antagonistic peptide such as the one described for SOCS1
[192].

7. Conclusion

SOCS1 and SOCS3 are the most closely related members of the SOCS
family, yet they control distinct cytokine and growth factor signaling
pathways implicated in hepatocyte proliferation. At the hepatocyte
priming stage, the functions of SOCS1 remain nebulous whereas SOCS3
is crucial to attenuate IL-6 signaling. In the hepatocyte proliferation
stage, SOCS1 controls MET signaling whereas SOCS3 regulates EGFR
signaling. SOCS1 and SOCS3 share the ability to activate the p53 tumor
suppressor, whereas SOCS1 additionally controls the paradoxical on-
cogenic functions of CDKN1A. Loss of these regulatory controls caused
by epigenetic repression of SOCS1 and SOCS3 genes in HCC likely
contributes to cancer progression. Whereas SOCS1 and SOCS3 could be
exploited in cancer therapeutics, targeting them may find application in
regenerative medicine to restore the liver mass.

Declaration of Competing Interest
The authors declared that there is no conflict of interest.
Acknowledgement

This work is supported by a project grants from Canadian Institutes
of Health Research to SI (PJT-153174, PJT-153255). MGMK and RK are
supported by doctoral scholarships from FRQNT and FRQS (Québec,
Canada), respectively. AG is a recipient of postdoctoral fellowship from
FRQS.

References

[1] E. Trefts, M. Gannon, D.H. Wasserman, The liver, Curr. Biol. 27 (2017)
R1147-R1151.

D. Palmes, H.U. Spiegel, Animal models of liver regeneration, Biomaterials 25
(2004) 1601-1611.

C. Mitchell, H. Willenbring, A reproducible and well-tolerated method for 2/3
partial hepatectomy in mice, Nat. Protoc. 3 (2008) 1167-1170.

G.K. Michalopoulos, Liver regeneration, J. Cell. Physiol. 213 (2007) 286-300.
S.J. Forbes, P.N. Newsome, Liver regeneration - mechanisms and models to clinical
application, Nat. Rev. Gastroenterol. Hepatol. 13 (2016) 473-485.

R. Taub, Liver regeneration: from myth to mechanism, Nat. Rev. Mol. Cell Biol. 5
(2004) 836-847.

N. Fausto, Liver regeneration, J. Hepatol. 32 (2000) 19-31.

D.B. Stolz, W.M. Mars, B.E. Petersen, T.H. Kim, G.K. Michalopoulos, Growth factor
signal transduction immediately after two-thirds partial hepatectomy in the rat,
Cancer Res. 59 (1999) 3954-3960.

G.K. Michalopoulos, Hepatostat: Liver regeneration and normal liver tissue
maintenance, Hepatology 65 (2017) 1384-1392.

U. Apte, V. Gkretsi, W.C. Bowen, W.M. Mars, J.H. Luo, S. Donthamsetty, A. Orr,
S.P. Monga, C. Wu, G.K. Michalopoulos, Enhanced liver regeneration following
changes induced by hepatocyte-specific genetic ablation of integrin-linked kinase,
Hepatology 50 (2009) 844-851.

T. Naka, M. Narazaki, M. Hirata, T. Matsumoto, S. Minamoto, A. Aono,

N. Nishimoto, T. Kajita, T. Taga, K. Yoshizaki, S. Akira, T. Kishimoto, Structure
and function of a new STAT-induced STAT inhibitor, Nature 387 (1997) 924-929.
T.A. Endo, M. Masuhara, M. Yokouchi, R. Suzuki, H. Sakamoto, K. Mitsui,

A. Matsumoto, S. Tanimura, M. Ohtsubo, H. Misawa, T. Miyazaki, N. Leonor,

T. Taniguchi, T. Fujita, Y. Kanakura, S. Komiya, A. Yoshimura, A new protein
containing an SH2 domain that inhibits JAK kinases, Nature 387 (1997) 921-924.
R. Starr, T.A. Willson, E.M. Viney, L.J. Murray, J.R. Rayner, B.J. Jenkins,

T.J. Gonda, W.S. Alexander, D. Metcalf, N.A. Nicola, D.J. Hilton, A family of cy-
tokine-inducible inhibitors of signalling, Nature 387 (1997) 917-921.

A. Yoshimura, T. Ohkubo, T. Kiguchi, N.A. Jenkins, D.J. Gilbert, N.G. Copeland,
T. Hara, A. Miyajima, A novel cytokine-inducible gene CIS encodes an SH2-con-
taining protein that binds to tyrosine-phosphorylated interleukin 3 and ery-
thropoietin receptors, EMBO J. 14 (1995) 2816-2826.

A. Yoshimura, M. Ito, S. Chikuma, T. Akanuma, H. Nakatsukasa, Negative

[2]
[3]

[4]
[5]

(6]

[71

(81

[9]

[10]

[11]

[12]

[13]

[14]

[15]

11

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Cytokine 121 (2019) 154733

regulation of cytokine signaling in immunity, Cold Spring Harb. Perspect. Biol.
(2017).

H. Yasukawa, H. Misawa, H. Sakamoto, M. Masuhara, A. Sasaki, T. Wakioka,

S. Ohtsuka, T. Imaizumi, T. Matsuda, J.N. Thle, A. Yoshimura, The JAK-binding
protein JAB inhibits Janus tyrosine kinase activity through binding in the acti-
vation loop, EMBO J. 18 (1999) 1309-1320.

S.E. Nicholson, T.A. Willson, A. Farley, R. Starr, J.G. Zhang, M. Baca,

W.S. Alexander, D. Metcalf, D.J. Hilton, N.A. Nicola, Mutational analyses of the
SOCS proteins suggest a dual domain requirement but distinct mechanisms for
inhibition of LIF and IL-6 signal transduction, EMBO J. 18 (1999) 375-385.

A. Sasaki, H. Yasukawa, A. Suzuki, S. Kamizono, T. Syoda, I. Kinjyo, M. Sasaki,
J.A. Johnston, A. Yoshimura, Cytokine-inducible SH2 protein-3 (CIS3/SOCS3)
inhibits Janus tyrosine kinase by binding through the N-terminal kinase inhibitory
region as well as SH2 domain, Genes Cells 4 (1999) 339-351.

J.J. Babon, N.J. Kershaw, J.M. Murphy, L.N. Varghese, A. Laktyushin, S.N. Young,
1.S. Lucet, R.S. Norton, N.A. Nicola, Suppression of cytokine signaling by SOCS3:
characterization of the mode of inhibition and the basis of its specificity, Immunity
36 (2012) 239-250.

F. Okumura, M. Matsuzaki, K. Nakatsukasa, T. Kamura, The role of elongin BC-
containing ubiquitin ligases, Front. Oncol. 2 (2012) 10.

P. De Sepulveda, S. Ilangumaran, R. Rottapel, Suppressor of cytokine signaling-1
inhibits VAV function through protein degradation, J. Biol. Chem. 275 (2000)
14005-14008.

S. llangumaran, S. Ramanathan, R. Rottapel, Regulation of the immune system by
SOCS family adaptor proteins, Semin. Immunol. 16 (2004) 351-365.

M.C. Trengove, A.C. Ward, SOCS proteins in development and disease, Am. J. Clin.
Exp. Immunol. 2 (2013) 1-29.

Y. Gui, M. Yeganeh, Y. Cepero-Donates, S. Ramanathan, C. Saucier,

S. Ilangumaran, Regulation of MET receptor signaling by SOCS1 and its implica-
tions for hepatocellular carcinoma, Curr. Pharm. Des. 20 (2014) 2922-2933.
J.U. Kazi, N.N. Kabir, A. Flores-Morales, L. Ronnstrand, SOCS proteins in regula-
tion of receptor tyrosine kinase signaling, Cell. Mol. Life Sci.: CMLS 71 (2014)
3297-3310.

W.S. Alexander, Suppressors of cytokine signalling (SOCS) in the immune system,
Nat. Rev. Immunol. 2 (2002) 1-7.

J.S. Campbell, L. Prichard, F. Schaper, J. Schmitz, A. Stephenson-Famy,

M.E. Rosenfeld, G.M. Argast, P.C. Heinrich, N. Fausto, Expression of suppressors of
cytokine signaling during liver regeneration, J Clin Invest. 107 (2001) 1285-1292.
S. Wormald, J.G. Zhang, D.L. Krebs, L.A. Mielke, J. Silver, W.S. Alexander,

T.P. Speed, N.A. Nicola, D.J. Hilton, The comparative roles of suppressor of cy-
tokine signaling-1 and -3 in the inhibition and desensitization of cytokine sig-
naling, J. Biol. Chem. 281 (2006) 11135-11143.

E. Seki, Y. Kondo, Y. Iimuro, T. Naka, G. Son, T. Kishimoto, J. Fujimoto, H. Tsutsui,
K. Nakanishi, Demonstration of cooperative contribution of MET- and EGFR-
mediated STAT3 phosphorylation to liver regeneration by exogenous suppressor of
cytokine signalings, J. Hepatol. 48 (2008) 237-245.

J.C. Marine, C. McKay, D. Wang, D.J. Topham, E. Parganas, H. Nakajima,

H. Pendeville, H. Yasukawa, A. Sasaki, A. Yoshimura, J.N. Thle, SOCS3 is essential
in the regulation of fetal liver erythropoiesis, Cell 98 (1999) 617-627.

J.C. Marine, D.J. Topham, C. McKay, D. Wang, E. Parganas, D. Stravopodis,

A. Yoshimura, J.N. Ihle, SOCS1 deficiency causes a lymphocyte-dependent peri-
natal lethality, Cell 98 (1999) 609-616.

W.S. Alexander, R. Starr, J.E. Fenner, C.L. Scott, E. Handman, N.S. Sprigg,

J.E. Corbin, A.L. Cornish, R. Darwiche, C.M. Owczarek, T.W. Kay, N.A. Nicola,
P.J. Hertzog, D. Metcalf, D.J.M. Hilton, SOCS1 is a critical inhibitor of interferon
gamma signaling and prevents the potentially fatal neonatal actions of this cyto-
kine, Cell 98 (1999) 597-608.

A. Sasaki, H. Yasukawa, T. Shouda, T. Kitamura, I. Dikic, A. Yoshimura, CIS3/
SOCS-3 suppresses erythropoietin (EPO) signaling by binding the EPO receptor
and JAK2, J. Biol. Chem. 275 (2000) 29338-29347.

1. Kinjyo, H. Inoue, S. Hamano, S. Fukuyama, T. Yoshimura, K. Koga, H. Takaki,
K. Himeno, G. Takaesu, T. Kobayashi, A. Yoshimura, Loss of SOCS3 in T helper
cells resulted in reduced immune responses and hyperproduction of interleukin 10
and transforming growth factor-beta 1, J. Exp. Med. 203 (2006) 1021-1031.

H. Yasukawa, M. Ohishi, H. Mori, M. Murakami, T. Chinen, D. Aki, T. Hanada,
K. Takeda, S. Akira, M. Hoshijima, T. Hirano, K.R. Chien, A. Yoshimura, IL-6 in-
duces an anti-inflammatory response in the absence of SOCS3 in macrophages,
Nat. Immunol. 4 (2003) 551-556.

H. Ogata, T. Chinen, T. Yoshida, I. Kinjyo, G. Takaesu, H. Shiraishi, M. Iida,

T. Kobayashi, A. Yoshimura, Loss of SOCS3 in the liver promotes fibrosis by en-
hancing STAT3-mediated TGF-betal production, Oncogene 25 (2006) 2520-2530.
R. Masuzaki, S. Zhao, M.T. Valerius, D. Tsugawa, Y. Oya, K.C. Ray, S.J. Karp,
SOCS2 balances metabolic and restorative requirements during liver regeneration,
J. Biol. Chem. 291 (2016) 3346-3358.

U. Dierssen, N. Beraza, H.H. Lutz, C. Liedtke, M. Ernst, H.E. Wasmuth,

C. Trautwein, Molecular dissection of gp130-dependent pathways in hepatocytes
during liver regeneration, J. Biol. Chem. 283 (2008) 9886-9895.

S. Sakuda, S. Tamura, A. Yamada, J. Miyagawa, K. Yamamoto, S. Kiso, N. Ito,

K. Imanaka, A. Wada, T. Naka, T. Kishimoto, S. Kawata, Y. Matsuzawa, Activation
of signal transducer and activator transcription 3 and expression of suppressor of
cytokine signal 1 during liver regeneration in rats, J. Hepatol. 36 (2002) 378-384.
T. Matsuo, S. Yamaguchi, S. Mitsui, A. Emi, F. Shimoda, H. Okamura, Control
mechanism of the circadian clock for timing of cell division in vivo, Science 302
(2003) 255-259.

S. Gong, T. Lan, L. Zeng, H. Luo, X. Yang, N. Li, X. Chen, Z. Liu, R. Li, S. Win, S. Liu,
H. Zhou, B. Schnabl, Y. Jiang, N. Kaplowitz, P. Chen, Gut microbiota mediates


http://refhub.elsevier.com/S1043-4666(19)30142-5/h0005
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0005
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0010
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0010
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0015
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0015
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0020
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0025
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0025
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0030
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0030
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0035
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0040
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0040
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0040
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0045
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0045
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0050
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0050
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0050
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0050
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0055
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0055
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0055
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0060
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0060
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0060
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0060
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0065
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0065
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0065
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0070
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0070
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0070
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0070
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0075
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0075
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0075
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0080
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0080
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0080
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0080
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0085
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0085
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0085
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0085
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0090
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0090
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0090
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0090
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0095
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0095
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0095
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0095
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0100
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0100
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0105
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0105
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0105
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0110
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0110
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0115
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0115
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0120
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0120
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0120
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0125
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0125
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0125
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0130
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0130
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0135
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0135
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0135
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0140
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0140
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0140
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0140
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0145
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0145
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0145
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0145
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0150
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0150
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0150
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0155
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0155
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0155
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0160
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0160
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0160
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0160
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0160
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0165
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0165
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0165
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0170
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0170
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0170
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0170
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0175
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0175
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0175
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0175
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0180
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0180
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0180
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0185
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0185
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0185
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0190
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0190
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0190
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0195
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0195
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0195
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0195
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0200
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0200
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0200
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0205
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0205

M.G.M. Khan, et al.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

diurnal variation of acetaminophen induced acute liver injury in mice, J. Hepatol.
69 (2018) 51-59.

K.J. Riehle, J.S. Campbell, R.S. McMahan, M.M. Johnson, R.P. Beyer,

T.K. Bammler, N. Fausto, Regulation of liver regeneration and hepatocarcino-
genesis by suppressor of cytokine signaling 3, J. Exp. Med. 205 (2008) 91-103.
Y. Gui, M. Yeganeh, S. Ramanathan, C. Leblanc, V. Pomerleau, G. Ferbeyre,

C. Saucier, S. Ilangumaran, SOCS1 controls liver regeneration by regulating HGF
signaling in hepatocytes, J. Hepatol. 55 (2011) 1300-1308.

X. Lin, L. Chen, H. Li, Y. Liu, Y. Guan, X. Li, Z. Jia, X. Lin, J. Jia, Y. Sun, D. Xiao,
miR-155 accelerates proliferation of mouse hepatocytes during liver regeneration
by directly targeting SOCS1, Am. J. Physiol. Gastrointest. Liver Physiol. (2018).
M. Yeganeh, Y. Gui, R. Kandhi, D. Bobbala, W.S. Tobelaim, C. Saucier,

A. Yoshimura, G. Ferbeyre, S. Ramanathan, S. Ilangumaran, Suppressor of cyto-
kine signaling 1-dependent regulation of the expression and oncogenic functions
of p21(CIP1/WAF1) in the liver, Oncogene 35 (2016) 4200-4211.

H. Yoshikawa, K. Matsubara, G.S. Qian, P. Jackson, J.D. Groopman, J.E. Manning,
C.C. Harris, J.G. Herman, SOCS-1, a negative regulator of the JAK/STAT pathway,
is silenced by methylation in human hepatocellular carcinoma and shows growth-
suppression activity, Nat. Genet. 28 (2001) 29-35.

B. Yang, M. Guo, J.G. Herman, D.P. Clark, Aberrant promoter methylation profiles
of tumor suppressor genes in hepatocellular carcinoma, Am. J. Pathol. 163 (2003)
1101-1107.

D.F. Calvisi, S. Ladu, A. Gorden, M. Farina, E.A. Conner, J.S. Lee, V.M. Factor,
S.S. Thorgeirsson, Ubiquitous activation of Ras and Jak/Stat pathways in human
HCC, Gastroenterology 130 (2006) 1117-1128.

S. Jiang, H.W. Zhang, M.H. Lu, X.H. He, Y. Li, H. Gu, M.F. Liu, E.D. Wang,
MicroRNA-155 functions as an OncomiR in breast cancer by targeting the sup-
pressor of cytokine signaling 1 gene, Cancer Res. 70 (2010) 3119-3127.

C. Braconi, J.C. Henry, T. Kogure, T. Schmittgen, T. Patel, The role of microRNAs
in human liver cancers, Semin. Oncol. 38 (2011) 752-763.

Y. Niwa, H. Kanda, Y. Shikauchi, A. Saiura, K. Matsubara, T. Kitagawa,

J. Yamamoto, T. Kubo, H. Yoshikawa, Methylation silencing of SOCS-3 promotes
cell growth and migration by enhancing JAK/STAT and FAK signallings in human
hepatocellular carcinoma, Oncogene 24 (2005) 6406-6417.

T. Yoshida, H. Ogata, M. Kamio, A. Joo, H. Shiraishi, Y. Tokunaga, M. Sata,

H. Nagai, A. Yoshimura, SOCS1 is a suppressor of liver fibrosis and hepatitis-in-
duced carcinogenesis, J. Exp. Med. 199 (2004) 1701-1707.

H. Ogata, T. Kobayashi, T. Chinen, H. Takaki, T. Sanada, Y. Minoda, K. Koga,

G. Takaesu, Y. Maehara, M. lida, A. Yoshimura, Deletion of the SOCS3 gene in
liver parenchymal cells promotes hepatitis-induced hepatocarcinogenesis,
Gastroenterology 131 (2006) 179-193.

E. Seki, E. Park, J. Fujimoto, Toll-like receptor signaling in liver regeneration,
fibrosis and carcinogenesis, Hepatol. Res. 41 (2011) 597-610.

E. Seki, H. Tsutsui, Y. limuro, T. Naka, G. Son, S. Akira, T. Kishimoto,

K. Nakanishi, J. Fujimoto, Contribution of Toll-like receptor/myeloid differentia-
tion factor 88 signaling to murine liver regeneration, Hepatology 41 (2005)
443-450.

C.W. Strey, M. Markiewski, D. Mastellos, R. Tudoran, L.A. Spruce,

L.E. Greenbaum, J.D. Lambris, The proinflammatory mediators C3a and C5a are
essential for liver regeneration, J. Exp. Med. 198 (2003) 913-923.

Y. Tao, M. Wang, E. Chen, H. Tang, Liver Regeneration: analysis of the main re-
levant signaling molecules, Mediators Inflamm. 2017 (2017) 4256352.

M. Fujimoto, T. Naka, SOCS1, a negative regulator of cytokine signals and TLR
responses, in human liver diseases, Gastroenterol. Res. Pract. 2010 (2010).

I. Kinjyo, T. Hanada, K. Inagaki-Ohara, H. Mori, D. Aki, M. Ohishi, H. Yoshida,
M. Kubo, A. Yoshimura, SOCS1/JAB is a negative regulator of LPS-induced mac-
rophage activation, Immunity 17 (2002) 583-591.

R. Nakagawa, T. Naka, H. Tsutsui, M. Fujimoto, A. Kimura, T. Abe, E. Seki, S. Sato,
O. Takeuchi, K. Takeda, S. Akira, K. Yamanishi, I. Kawase, K. Nakanishi,

T. Kishimoto, SOCS-1 participates in negative regulation of LPS responses,
Immunity 17 (2002) 677-687.

A. Baetz, M. Frey, K. Heeg, A.H. Dalpke, Suppressor of cytokine signaling (SOCS)
proteins indirectly regulate toll-like receptor signaling in innate immune cells, J.
Biol. Chem. 279 (2004) 54708-54715.

S. Gingras, E. Parganas, A. de Pauw, J.N. Ihle, P.J. Murray, Re-examination of the
role of suppressor of cytokine signaling 1 (SOCS1) in the regulation of toll-like
receptor signaling, J. Biol. Chem. 279 (2004) 54702-54707.

A. Mansell, R. Smith, S.L. Doyle, P. Gray, J.E. Fenner, P.J. Crack, S.E. Nicholson,
D.J. Hilton, L.A. O'Neill, P.J. Hertzog, Suppressor of cytokine signaling 1 nega-
tively regulates Toll-like receptor signaling by mediating Mal degradation, Nat.
Immunol. 7 (2006) 148-155.

M.J. Scott, S. Liu, R.A. Shapiro, Y. Vodovotz, T.R. Billiar, Endotoxin uptake in
mouse liver is blocked by endotoxin pretreatment through a suppressor of cyto-
kine signaling-1-dependent mechanism, Hepatology 49 (2009) 1695-1708.

X. Zhou, Z. Liu, X. Cheng, Y. Zheng, F. Zeng, Y. He, Socs1 and Socs3 degrades
Traf6 via polyubiquitination in LPS-induced acute necrotizing pancreatitis, Cell
Death Dis. 6 (2015) e2012.

A. Ryo, F. Suizu, Y. Yoshida, K. Perrem, Y.C. Liou, G. Wulf, R. Rottapel,

S. Yamaoka, K.P. Lu, Regulation of NF-kappaB signaling by Pin1-dependent prolyl
isomerization and ubiquitin-mediated proteolysis of p65/RelA, Mol. Cell 12
(2003) 1413-1426.

J. Strebovsky, P. Walker, R. Lang, A.H. Dalpke, Suppressor of cytokine signaling 1
(SOCS1) limits NFkappaB signaling by decreasing p65 stability within the cell
nucleus, FASEB J. 25 (2011) 863-874.

J. Zimmer, M. Weitnauer, S. Boutin, G. Kublbeck, S. Thiele, P. Walker,

F. Lasitschka, L. Lunding, Z. Orinska, C. Vock, B. Arnold, M. Wegmann, A. Dalpke,

12

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]
[86]

[87]

[88]
[89]
[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

Cytokine 121 (2019) 154733

Nuclear localization of suppressor of cytokine signaling-1 regulates local immunity
in the lung, Front. Immunol. 7 (2016) 514.

R. Sun, O. Park, N. Horiguchi, S. Kulkarni, W.I. Jeong, H.Y. Sun, S. Radaeva,

B. Gao, STAT1 contributes to dsRNA inhibition of liver regeneration after partial
hepatectomy in mice, Hepatology 44 (2006) 955-966.

C.M. Prele, E.A. Woodward, J. Bisley, A. Keith-Magee, S.E. Nicholson, P.H. Hart,
SOCS1 regulates the IFN but not NFkappaB pathway in TLR-stimulated human
monocytes and macrophages, J. Immunol. 181 (2008) 8018-8026.

L. Cabal-Hierro, P.S. Lazo, Signal transduction by tumor necrosis factor receptors,
Cell. Signal. 24 (2012) 1297-1305.

D. Brenner, H. Blaser, T.W. Mak, Regulation of tumour necrosis factor signalling:
live or let die, Nat. Rev. Immunol. 15 (2015) 362-374.

Y. Iimuro, T. Nishiura, C. Hellerbrand, K.E. Behrns, R. Schoonhoven,

J.W. Grisham, D.A. Brenner, NFkappaB prevents apoptosis and liver dysfunction
during liver regeneration, J. Clin. Invest. 101 (1998) 802-811.

Y. Yamada, . Kirillova, J.J. Peschon, N. Fausto, Initiation of liver growth by tumor
necrosis factor: deficient liver regeneration in mice lacking type I tumor necrosis
factor receptor, Proc. Natl. Acad. Sci. USA 94 (1997) 1441-1446.

Y. Yamada, E.M. Webber, I. Kirillova, J.J. Peschon, N. Fausto, Analysis of liver
regeneration in mice lacking type 1 or type 2 tumor necrosis factor receptor: re-
quirement for type 1 but not type 2 receptor, Hepatology 28 (1998) 959-970.

J. Fujita, M.W. Marino, H. Wada, A.A. Jungbluth, P.J. Mackrell, D.E. Rivadeneira,
P.P. Stapleton, J.M. Daly, Effect of TNF gene depletion on liver regeneration after
partial hepatectomy in mice, Surgery 129 (2001) 48-54.

N.H. Ruddle, Lymphotoxin and TNF: how it all began-a tribute to the travelers,
Cytokine Growth Factor Rev. 25 (2014) 83-89.

A.V. Tumanov, E.P. Koroleva, P.A. Christiansen, M.A. Khan, M.J. Ruddy,

B. Burnette, S. Papa, G. Franzoso, S.A. Nedospasov, Y.X. Fu, R.A. Anders, T cell-
derived lymphotoxin regulates liver regeneration, Gastroenterology 136
(694-704) (2009) e4.

G. Sass, N.D. Shembade, G. Tiegs, Tumour necrosis factor alpha (TNF)-TNF re-
ceptor 1-inducible cytoprotective proteins in the mouse liver: relevance of sup-
pressors of cytokine signalling, Biochem. J. 385 (2005) 537-544.

D.E. Cressman, L.E. Greenbaum, R.A. DeAngelis, G. Ciliberto, E.E. Furth, V. Poli,
R. Taub, Liver failure and defective hepatocyte regeneration in interleukin-6-de-
ficient mice, Science 274 (1996) 1379-1383.

T. Sakamoto, Z. Liu, N. Murase, T. Ezure, S. Yokomuro, V. Poli, A.J. Demetris,
Mitosis and apoptosis in the liver of interleukin-6-deficient mice after partial he-
patectomy, Hepatology 29 (1999) 403-411.

W. Li, X. Liang, C. Kellendonk, V. Poli, R. Taub, STAT3 contributes to the mito-
genic response of hepatocytes during liver regeneration, J. Biol. Chem. 277 (2002)
28411-28417.

S. Haga, W. Ogawa, H. Inoue, K. Terui, T. Ogino, R. Igarashi, K. Takeda, S. Akira,
S. Enosawa, H. Furukawa, S. Todo, M. Ozaki, Compensatory recovery of liver mass
by Akt-mediated hepatocellular hypertrophy in liver-specific STAT3-deficient
mice, J. Hepatol. 43 (2005) 799-807.

A. Moh, Y. Iwamoto, G.X. Chai, S.S. Zhang, A. Kano, D.D. Yang, W. Zhang,

J. Wang, J.J. Jacoby, B. Gao, R.A. Flavell, X.Y. Fu, Role of STAT3 in liver re-
generation: survival, DNA synthesis, inflammatory reaction and liver mass re-
covery, Lab. Invest. 87 (2007) 1018-1028.

T. Hirano, Interleukin 6 and its receptor: ten years later, Int. Rev. Immunol. 16
(1998) 249-284.

T. Naka, N. Nishimoto, T. Kishimoto, The paradigm of IL-6: from basic science to
medicine, Arthritis Res. 4 (Suppl 3) (2002) S233-5242.

P.C. Heinrich, I. Behrmann, S. Haan, H.M. Hermanns, G. Muller-Newen,

F. Schaper, Principles of interleukin (IL)-6-type cytokine signalling and its reg-
ulation, Biochem. J. 374 (2003) 1-20.

D. Schmidt-Arras, S. Rose-John, IL-6 pathway in the liver: From physiopathology
to therapy, J. Hepatol. 64 (2016) 1403-1415.

J. Scheller, C. Garbers, S. Rose-John, Interleukin-6: from basic biology to selective
blockade of pro-inflammatory activities, Semin. Immunol. 26 (2014) 2-12.

S. Rose-John, Interleukin-6 family cytokines, Cold Spring Harb. Perspect. Biol.
(2018;10.).

D. Guschin, N. Rogers, J. Briscoe, B. Witthuhn, D. Watling, F. Horn, S. Pellegrini,
K. Yasukawa, P. Heinrich, G.R. Stark, et al., A major role for the protein tyrosine
kinase JAK1 in the JAK/STAT signal transduction pathway in response to inter-
leukin-6, EMBO J. 14 (1995) 1421-1429.

T. Kishimoto, S. Akira, M. Narazaki, T. Taga, Interleukin-6 family of cytokines and
gp130, Blood 86 (1995) 1243-1254.

M.L. Kuo, S.E. Chuang, M.T. Lin, S.Y. Yang, The involvement of PI 3-K/Akt-de-
pendent up-regulation of Mcl-1 in the prevention of apoptosis of Hep3B cells by
interleukin-6, Oncogene 20 (2001) 677-685.

C.H. Chou, S.L. Lai, C.N. Chen, P.H. Lee, F.C. Peng, M.L. Kuo, H.S. Lai, IL-6 reg-
ulates Mcl-1L expression through the JAK/PI3K/Akt/CREB signaling pathway in
hepatocytes: implication of an anti-apoptotic role during liver regeneration, PLoS
ONE 8 (2013) e66268.

I.H. Jung, J.H. Choi, Y.Y. Chung, G.L. Lim, Y.N. Park, S.W. Park, Predominant
Activation of JAK/STAT3 Pathway by Interleukin-6 Is Implicated in
Hepatocarcinogenesis, Neoplasia 17 (2015) 586-597.

B.A. Croker, D.L. Krebs, J.G. Zhang, S. Wormald, T.A. Willson, E.G. Stanley,

L. Robb, C.J. Greenhalgh, I. Forster, B.E. Clausen, N.A. Nicola, D. Metcalf,

D.J. Hilton, A.W. Roberts, W.S. Alexander, SOCS3 negatively regulates IL-6 sig-
naling in vivo, Nat. Immunol. 4 (2003) 540-545.

R. Lang, A.L. Pauleau, E. Parganas, Y. Takahashi, J. Mages, J.N. Thle,

R. Rutschman, P.J. Murray, SOCS3 regulates the plasticity of gp130 signaling, Nat.
Immunol. 4 (2003) 546-550.


http://refhub.elsevier.com/S1043-4666(19)30142-5/h0205
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0205
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0210
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0210
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0210
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0215
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0215
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0215
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0220
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0220
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0220
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0225
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0225
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0225
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0225
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0230
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0230
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0230
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0230
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0235
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0235
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0235
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0240
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0240
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0240
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0245
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0245
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0245
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0250
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0250
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0255
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0255
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0255
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0255
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0260
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0260
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0260
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0265
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0265
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0265
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0265
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0270
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0270
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0275
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0275
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0275
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0275
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0280
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0280
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0280
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0285
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0285
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0290
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0290
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0295
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0295
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0295
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0300
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0300
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0300
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0300
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0305
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0305
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0305
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0310
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0310
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0310
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0315
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0315
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0315
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0315
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0320
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0320
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0320
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0325
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0325
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0325
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0330
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0330
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0330
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0330
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0335
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0335
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0335
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0340
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0340
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0340
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0340
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0345
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0345
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0345
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0350
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0350
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0350
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0355
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0355
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0360
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0360
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0365
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0365
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0365
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0370
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0370
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0370
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0375
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0375
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0375
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0380
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0380
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0380
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0385
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0385
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0390
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0390
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0390
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0390
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0395
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0395
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0395
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0400
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0400
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0400
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0405
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0405
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0405
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0410
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0410
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0410
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0415
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0415
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0415
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0415
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0420
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0420
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0420
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0420
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0425
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0425
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0430
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0430
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0435
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0435
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0435
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0440
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0440
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0445
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0445
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0450
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0450
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0455
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0455
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0455
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0455
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0460
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0460
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0465
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0465
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0465
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0470
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0470
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0470
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0470
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0475
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0475
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0475
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0480
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0480
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0480
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0480
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0485
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0485
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0485

M.G.M. Khan, et al.

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]
[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

F. Hong, B. Jaruga, W.H. Kim, S. Radaeva, O.N. El-Assal, Z. Tian, V.A. Nguyen,
B. Gao, Opposing roles of STAT1 and STAT3 in T cell-mediated hepatitis: reg-
ulation by SOCS, J. Clin. Invest. 110 (2002) 1503-1513.

N.J. Kershaw, J.M. Murphy, N.P. Liau, L.N. Varghese, A. Laktyushin,

E.L. Whitlock, L.S. Lucet, N.A. Nicola, J.J. Babon, SOCS3 binds specific receptor-
JAK complexes to control cytokine signaling by direct kinase inhibition, Nat.
Struct. Mol. Biol. 20 (2013) 469-476.

N.P.D. Liau, A. Laktyushin, L.S. Lucet, J.M. Murphy, S. Yao, E. Whitlock,

K. Callaghan, N.A. Nicola, N.J. Kershaw, J.J. Babon, The molecular basis of JAK/
STAT inhibition by SOCS1, Nat. Commun. 9 (2018) 1558.

T. Wustefeld, T. Rakemann, S. Kubicka, M.P. Manns, C. Trautwein,
Hyperstimulation with interleukin 6 inhibits cell cycle progression after hepa-
tectomy in mice, Hepatology 32 (2000) 514-522.

T. Bellido, C.A. O'Brien, P.K. Roberson, Manolagas SC. Transcriptional activation
of the p21(WAF1, CIP1, SDI1) gene by interleukin-6 type cytokines. A prerequisite
for their pro-differentiating and anti-apoptotic effects on human osteoblastic cells,
J. Biol. Chem. 273 (1998) 21137-21144.

V.A. Florenes, C. Lu, N. Bhattacharya, J. Rak, C. Sheehan, J.M. Slingerland,

R.S. Kerbel, Interleukin-6 dependent induction of the cyclin dependent kinase
inhibitor p21WAF1/CIP1 is lost during progression of human malignant mela-
noma, Oncogene 18 (1999) 1023-1032.

R. Sun, B. Jaruga, S. Kulkarni, H. Sun, B. Gao, IL-6 modulates hepatocyte pro-
liferation via induction of HGF/p21cip1: regulation by SOCS3, Biochem. Biophys.
Res. Commun. 338 (2005) 1943-1949.

K.H. Vousden, C. Prives, Blinded by the light: the growing complexity of p53, Cell
137 (2009) 413-431.

T. Abbas, A. Dutta, p21 in cancer: intricate networks and multiple activities, Nat.
Rev. 9 (2009) 400-414.

A. Behrens, M. Sibilia, J.P. David, U. Mohle-Steinlein, F. Tronche, G. Schutz,
E.F. Wagner, Impaired postnatal hepatocyte proliferation and liver regeneration in
mice lacking c-jun in the liver, EMBO J. 21 (2002) 1782-1790.

E. Stepniak, R. Ricci, R. Eferl, G. Sumara, I. Sumara, M. Rath, L. Hui, E.F. Wagner,
c-Jun/AP-1 controls liver regeneration by repressing p53/p21 and p38 MAPK
activity, Genes Dev. 20 (2006) 2306-2314.

J.H. Albrecht, R.Y. Poon, C.L. Ahonen, B.M. Rieland, C. Deng, G.S. Crary,
Involvement of p21 and p27 in the regulation of CDK activity and cell cycle
progression in the regenerating liver, Oncogene 16 (1998) 2141-2150.

J.C. Sitko, B. Yeh, M. Kim, H. Zhou, G. Takaesu, A. Yoshimura, W.H. McBride,
A. Jewett, C.A. Jamieson, N.A. Cacalano, SOCS3 regulates p21 expression and cell
cycle arrest in response to DNA damage, Cell. Signal. 20 (2008) 2221-2230.

X. Kong, D. Feng, H. Wang, F. Hong, A. Bertola, F.S. Wang, B. Gao, Interleukin-22
induces hepatic stellate cell senescence and restricts liver fibrosis in mice,
Hepatology 56 (2012) 1150-1159.

C.R. Longo, V.I. Patel, G.V. Shrikhande, S.T. Scali, E. Csizmadia, S. Daniel,

D.W. Sun, S.T. Grey, M.B. Arvelo, C. Ferran, A20 protects mice from lethal radical
hepatectomy by promoting hepatocyte proliferation via a p21wafl-dependent
mechanism, Hepatology 42 (2005) 156-164.

C.G. da Silva, P. Studer, M. Skroch, J. Mahiou, D.C. Minussi, C.R. Peterson,

S.W. Wilson, V.I. Patel, A. Ma, E. Csizmadia, C. Ferran, A20 promotes liver re-
generation by decreasing SOCS3 expression to enhance IL-6/STAT3 proliferative
signals, Hepatology 57 (2013) 2014-2025.

F. Bohm, U.A. Kohler, T. Speicher, S. Werner, Regulation of liver regeneration by
growth factors and cytokines, EMBO Mol. Med. 2 (2010) 294-305.

F.F. Mohammed, C.J. Pennington, Z. Kassiri, J.S. Rubin, P.D. Soloway, U. Ruther,
D.R. Edwards, R. Khokha, Metalloproteinase inhibitor TIMP-1 affects hepatocyte
cell cycle via HGF activation in murine liver regeneration, Hepatology 41 (2005)
857-867.

C. Schmidt, F. Bladt, S. Goedecke, V. Brinkmann, W. Zschiesche, M. Sharpe,

E. Gherardi, C. Birchmeier, Scatter factor/hepatocyte growth factor is essential for
liver development, Nature 373 (1995) 699-702.

M. Borowiak, A.N. Garratt, T. Wustefeld, M. Strehle, C. Trautwein, C. Birchmeier,
Met provides essential signals for liver regeneration, Proc. Natl. Acad. Sci. USA
101 (2004) 10608-10613.

C.G. Huh, V.M. Factor, A. Sanchez, K. Uchida, E.A. Conner, S.S. Thorgeirsson,
Hepatocyte growth factor/c-met signaling pathway is required for efficient liver
regeneration and repair, Proc. Natl. Acad. Sci. USA 101 (2004) 4477-4482.

S. Paranjpe, W.C. Bowen, A.W. Bell, K. Nejak-Bowen, J.H. Luo,

G.K. Michalopoulos, Cell cycle effects resulting from inhibition of hepatocyte
growth factor and its receptor c-Met in regenerating rat livers by RNA interference,
Hepatology 45 (2007) 1471-1477.

H. Gu, B.G. Neel, The “Gab” in signal transduction, Trends Cell Biol. 13 (2003)
122-130.

K. Nishida, T. Hirano, The role of Gab family scaffolding adapter proteins in the
signal transduction of cytokine and growth factor receptors, Cancer Sci. 94 (2003)
1029-1033.

L. Trusolino, A. Bertotti, P.M. Comoglio, MET signalling: principles and functions
in development, organ regeneration and cancer, Nat. Rev. Mol. Cell Biol. 11
(2010) 834-848.

U. Schaeper, N.H. Gehring, K.P. Fuchs, M. Sachs, B. Kempkes, W. Birchmeier,
Coupling of Gabl to c-Met, Grb2, and Shp2 mediates biological responses, J. Cell
Biol. 149 (2000) 1419-1432.

A. Montagner, A. Yart, M. Dance, B. Perret, J.P. Salles, P. Raynal, A novel role for
Gab1 and SHP2 in epidermal growth factor-induced Ras activation, J. Biol. Chem.
280 (2005) 5350-5360.

K. Mood, C. Saucier, Y.S. Bong, H.S. Lee, M. Park, 1.O. Daar, Gab1 is required for
cell cycle transition, cell proliferation, and transformation induced by an

13

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]
[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]
[151]

[152]

[153]

Cytokine 121 (2019) 154733

oncogenic met receptor, Mol. Biol. Cell 17 (2006) 3717-3728.

U. Schaeper, R. Vogel, J. Chmielowiec, J. Huelsken, M. Rosario, W. Birchmeier,
Distinct requirements for Gabl in Met and EGF receptor signaling in vivo, Proc.
Natl. Acad. Sci. USA 104 (2007) 15376-15381.

V. Sangwan, G.N. Paliouras, J.V. Abella, N. Dube, A. Monast, M.L. Tremblay,

M. Park, Regulation of the Met receptor-tyrosine kinase by the protein-tyrosine
phosphatase 1B and T-cell phosphatase, J. Biol. Chem. 283 (2008) 34374-34383.
H.L. Palka, M. Park, N.K. Tonks, Hepatocyte growth factor receptor tyrosine kinase
met is a substrate of the receptor protein-tyrosine phosphatase DEP-1, J. Biol.
Chem. 278 (2003) 5728-5735.

S. Ilangumaran, A. Villalobos-Hernandez, D. Bobbala, S. Ramanathan, The hepa-
tocyte growth factor (HGF)-MET receptor tyrosine kinase signaling pathway:
Diverse roles in modulating immune cell functions, Cytokine 82 (2016) 125-139.
Y. Gui, M. Yeganeh, Y.C. Donates, W.S. Tobelaim, W. Chababi, M. Mayhue,

A. Yoshimura, S. Ramanathan, C. Saucier, S. Ilangumaran, Regulation of MET
receptor tyrosine kinase signaling by suppressor of cytokine signaling 1 in hepa-
tocellular carcinoma, Oncogene 34 (2015) 5718-5728.

C.B. Thien, W.Y. Langdon, c-Cbl and Cbl-b ubiquitin ligases: substrate diversity
and the negative regulation of signalling responses, Biochem. J. 391 (2005)
153-166.

P. Pediaditakis, J.C. Lopez-Talavera, B. Petersen, S.P. Monga, G.K. Michalopoulos,
The processing and utilization of hepatocyte growth factor/scatter factor following
partial hepatectomy in the rat, Hepatology 34 (2001) 688-693.

W.M. Mars, M.L. Liu, R.P. Kitson, R.H. Goldfarb, M.K. Gabauer,

G.K. Michalopoulos, Immediate early detection of urokinase receptor after partial
hepatectomy and its implications for initiation of liver regeneration, Hepatology
21 (1995) 1695-1701.

F.F. Mohammed, R. Khokha, Thinking outside the cell: proteases regulate hepa-
tocyte division, Trends Cell Biol. 15 (2005) 555-563.

E.W. Olle, X. Ren, S.D. McClintock, R.L. Warner, M.P. Deogracias, K.J. Johnson,
L.M. Colletti, Matrix metalloproteinase-9 is an important factor in hepatic re-
generation after partial hepatectomy in mice, Hepatology 44 (2006) 540-549.

T. Haruyama, 1. Ajioka, T. Akaike, Y. Watanabe, Regulation and significance of
hepatocyte-derived matrix metalloproteinases in liver remodeling, Biochem.
Biophys. Res. Commun. 272 (2000) 681-686.

Y. Yarden, M.X. Sliwkowski, Untangling the ErbB signalling network, Nat. Rev.
Mol. Cell Biol. 2 (2001) 127-137.

S. Noguchi, Y. Ohba, T. Oka, Influence of epidermal growth factor on liver re-
generation after partial hepatectomy in mice, J. Endocrinol. 128 (1991) 425-431.
W.E. Russell, W.K. Kaufmann, S. Sitaric, N.C. Luetteke, D.C. Lee, Liver regenera-
tion and hepatocarcinogenesis in transforming growth factor-alpha-targeted mice,
Mol. Carcinog. 15 (1996) 183-189.

C. Mitchell, M. Nivison, L.F. Jackson, R. Fox, D.C. Lee, J.S. Campbell, N. Fausto,
Heparin-binding epidermal growth factor-like growth factor links hepatocyte
priming with cell cycle progression during liver regeneration, J. Biol. Chem. 280
(2005) 2562-2568.

C. Berasain, E.R. Garcia-Trevijano, J. Castillo, E. Erroba, D.C. Lee, J. Prieto,
M.A. Avila, Amphiregulin: an early trigger of liver regeneration in mice,
Gastroenterology 128 (2005) 424-432.

A. Natarajan, B. Wagner, M. Sibilia, The EGF receptor is required for efficient liver
regeneration, Proc. Natl. Acad. Sci. USA 104 (2007) 17081-17086.

S. Paranjpe, W.C. Bowen, G.C. Tseng, J.H. Luo, A. Orr, G.K. Michalopoulos, RNA
interference against hepatic epidermal growth factor receptor has suppressive
effects on liver regeneration in rats, Am. J. Pathol. 176 (2010) 2669-2681.

L. Xia, L. Wang, A.S. Chung, S.S. Ivanov, M.Y. Ling, A.M. Dragoi, A. Platt,

T.M. Gilmer, X.Y. Fu, Y.E. Chin, Identification of both positive and negative do-
mains within the epidermal growth factor receptor COOH-terminal region for
signal transducer and activator of transcription (STAT) activation, J. Biol. Chem.
277 (2002) 30716-30723.

B.A. Callus, B. Mathey-Prevot, SOCS36E, a novel Drosophila SOCS protein, sup-
presses JAK/STAT and EGF-R signalling in the imaginal wing disc, Oncogene 21
(2002) 4812-4821.

H. Herranz, X. Hong, N.T. Hung, P.M. Voorhoeve, S.M. Cohen, Oncogenic co-
operation between SOCS family proteins and EGFR identified using a Drosophila
epithelial transformation model, Genes Dev. 26 (2012) 1602-1611.

E. Kario, M.D. Marmor, K. Adamsky, A. Citri, I. Amit, N. Amariglio, G. Rechavi,
Y. Yarden, Suppressors of cytokine signaling 4 and 5 regulate epidermal growth
factor receptor signaling, J. Biol. Chem. 280 (2005) 7038-7048.

S.E. Nicholson, D. Metcalf, N.S. Sprigg, R. Columbus, F. Walker, A. Silva, D. Cary,
T.A. Willson, J.G. Zhang, D.J. Hilton, W.S. Alexander, N.A. Nicola, Suppressor of
cytokine signaling (SOCS)-5 is a potential negative regulator of epidermal growth
factor signaling, Proc. Natl. Acad. Sci. USA 102 (2005) 2328-2333.

A.N. Bullock, M.C. Rodriguez, J.E. Debreczeni, Z. Songyang, S. Knapp, Structure of
the SOCS4-ElonginB/C complex reveals a distinct SOCS box interface and the
molecular basis for SOCS-dependent EGFR degradation, Structure 15 (2007)
1493-1504.

P.A. Farazi, R.A. DePinho, Hepatocellular carcinoma pathogenesis: from genes to
environment, Nature Rev. 6 (2006) 674-687.

K. Breuhahn, T. Longerich, P. Schirmacher, Dysregulation of growth factor sig-
naling in human hepatocellular carcinoma, Oncogene 25 (2006) 3787-3800.

S. Whittaker, R. Marais, A.X. Zhu, The role of signaling pathways in the devel-
opment and treatment of hepatocellular carcinoma, Oncogene 29 (2010)
4989-5005.

F. Cabillic, A. Corlu, Regulation of transdifferentiation and retrodifferentiation by
inflammatory cytokines in hepatocellular carcinoma, Gastroenterology 151 (2016)
607-615.


http://refhub.elsevier.com/S1043-4666(19)30142-5/h0490
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0490
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0490
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0495
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0495
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0495
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0495
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0500
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0500
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0500
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0505
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0505
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0505
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0510
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0510
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0510
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0510
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0515
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0515
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0515
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0515
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0520
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0520
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0520
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0525
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0525
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0530
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0530
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0535
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0535
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0535
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0540
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0540
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0540
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0545
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0545
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0545
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0550
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0550
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0550
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0555
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0555
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0555
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0560
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0560
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0560
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0560
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0565
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0565
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0565
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0565
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0570
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0570
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0575
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0575
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0575
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0575
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0580
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0580
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0580
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0585
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0585
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0585
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0590
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0590
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0590
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0595
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0595
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0595
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0595
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0600
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0600
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0605
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0605
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0605
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0610
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0610
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0610
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0615
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0615
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0615
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0620
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0620
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0620
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0625
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0625
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0625
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0630
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0630
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0630
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0635
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0635
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0635
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0640
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0640
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0640
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0645
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0645
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0645
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0650
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0650
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0650
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0650
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0655
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0655
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0655
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0660
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0660
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0660
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0665
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0665
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0665
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0665
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0670
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0670
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0675
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0675
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0675
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0680
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0680
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0680
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0685
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0685
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0690
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0690
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0695
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0695
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0695
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0700
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0700
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0700
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0700
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0705
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0705
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0705
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0710
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0710
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0715
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0715
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0715
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0720
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0720
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0720
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0720
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0720
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0725
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0725
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0725
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0730
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0730
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0730
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0735
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0735
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0735
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0740
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0740
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0740
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0740
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0745
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0745
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0745
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0745
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0750
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0750
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0755
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0755
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0760
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0760
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0760
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0765
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0765
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0765

M.G.M. Khan, et al.

[154]

[155]
[156]
[157]

[158]

[159]

[160]

[161]

[162]
[163]
[164]
[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

A. Villanueva, P. Newell, D.Y. Chiang, S.L. Friedman, J.M. Llovet, Genomics and
signaling pathways in hepatocellular carcinoma, Semin. Liver Dis. 27 (2007)
55-76.

K. Inagaki-Ohara, T. Kondo, M. Ito, A. Yoshimura, SOCS, inflammation, and
cancer, Jak-Stat 2 (2013) e24053.

J.S. Lee, The mutational landscape of hepatocellular carcinoma, Clin. Mol.
Hepatol. 21 (2015) 220-229.

T. Shibata, H. Aburatani, Exploration of liver cancer genomes, Nat. Rev.
Gastroenterol. Hepatol. 11 (2014) 340-349.

W.E. Naugler, T. Sakurai, S. Kim, S. Maeda, K. Kim, A.M. Elsharkawy, M. Karin,
Gender disparity in liver cancer due to sex differences in MyD88-dependent IL-6
production, Science 317 (2007) 121-124.

E.J. Park, J.H. Lee, G.Y. Yu, G. He, S.R. Ali, R.G. Holzer, C.H. Osterreicher,

H. Takahashi, M. Karin, Dietary and genetic obesity promote liver inflammation
and tumorigenesis by enhancing IL-6 and TNF expression, Cell 140 (2010)
197-208.

J. Endig, L.E. Buitrago-Molina, S. Marhenke, F. Reisinger, A. Saborowski, J. Schutt,
F. Limbourg, C. Konecke, A. Schreder, A. Michael, A.C. Misslitz, M.E. Healy,

R. Geffers, T. Clavel, D. Haller, K. Unger, M. Finegold, A. Weber, M.P. Manns,

T. Longerich, M. Heikenwalder, A. Vogel, Dual role of the adaptive immune system
in liver injury and hepatocellular carcinoma development, Cancer Cell 30 (2016)
308-323.

M.J. Wolf, A. Adili, K. Piotrowitz, Z. Abdullah, Y. Boege, K. Stemmer,

M. Ringelhan, N. Simonavicius, M. Egger, D. Wohlleber, A. Lorentzen, C. Einer,
S. Schulz, T. Clavel, U. Protzer, C. Thiele, H. Zischka, H. Moch, M. Tschop,

A.V. Tumanov, D. Haller, K. Unger, M. Karin, M. Kopf, P. Knolle, A. Weber,

M. Heikenwalder, Metabolic activation of intrahepatic CD8 + T cells and NKT cells
causes nonalcoholic steatohepatitis and liver cancer via cross-talk with hepato-
cytes, Cancer Cell 26 (2014) 549-564.

G. He, M. Karin, NF-kappaB and STAT3 - key players in liver inflammation and
cancer, Cell Res. 21 (2011) 159-168.

B. Hoesel, J.A. Schmid, The complexity of NF-kappaB signaling in inflammation
and cancer, Mol. Cancer 12 (2013) 86.

W.E. Naugler, M. Karin, The wolf in sheep's clothing: the role of interleukin-6 in
immunity, inflammation and cancer, Trends Mol. Med. 14 (2008) 109-119.

B. Sun, M. Karin, NF-kappaB signaling, liver disease and hepatoprotective agents,
Oncogene 27 (2008) 6228-6244.

G. He, G.Y. Yu, V. Temkin, H. Ogata, C. Kuntzen, T. Sakurai, W. Sieghart, M. Peck-
Radosavljevic, H.L. Leffert, M. Karin, Hepatocyte IKKbeta/NF-kappaB inhibits
tumor promotion and progression by preventing oxidative stress-driven STAT3
activation, Cancer Cell 17 (2010) 286-297.

G. He, D. Dhar, H. Nakagawa, J. Font-Burgada, H. Ogata, Y. Jiang, S. Shalapour,
E. Seki, S.E. Yost, K. Jepsen, K.A. Frazer, O. Harismendy, M. Hatziapostolou,

D. Iliopoulos, A. Suetsugu, R.M. Hoffman, R. Tateishi, K. Koike, M. Karin,
Identification of liver cancer progenitors whose malignant progression depends on
autocrine IL-6 signaling, Cell 155 (2013) 384-396.

J. Svinka, W. Mikulits, R. Eferl, STAT3 in hepatocellular carcinoma: new per-
spectives, Hepat. Oncol. 1 (2014) 107-120.

R. Kandhi, D. Bobbala, M. Yeganeh, M. Mayhue, A. Menendez, S. Ilangumaran,
Negative regulation of the hepatic fibrogenic response by suppressor of cytokine
signaling 1, Cytokine 82 (2016) 58-69.

E.K. Mafanda, R. Kandhi, D. Bobbala, M.G.M. Khan, M. Nandi, A. Menendez,

S. Ramanathan, S. Ilangumaran, Essential role of suppressor of cytokine signaling
1 (SOCS1) in hepatocytes and macrophages in the regulation of liver fibrosis,
Cytokine (2018).

J.M. Llovet, A. Villanueva, A. Lachenmayer, R.S. Finn, Advances in targeted
therapies for hepatocellular carcinoma in the genomic era, Nat. Rev. Clin. Oncol.
12 (2015) 408-424.

V. Calabrese, F.A. Mallette, X. Deschenes-Simard, S. Ramanathan, J. Gagnon,

A. Moores, S. Ilangumaran, G. Ferbeyre, SOCS1 links cytokine signaling to p53 and
senescence, Mol. Cell 36 (2009) 754-767.

X. Meng, D.A. Franklin, J. Dong, Y. Zhang, MDM2-p53 pathway in hepatocellular
carcinoma, Cancer Res. 74 (2014) 7161-7167.

C.M. Ahmed, J. Larkin 3rd, H.M. Johnson, SOCS1 mimetics and antagonists: a
complementary approach to positive and negative regulation of immune function,
Front. Immunol. 6 (2015) 183.

L.O. Flowers, P.S. Subramaniam, H.M. Johnson, A SOCS-1 peptide mimetic

14

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

Cytokine 121 (2019) 154733

inhibits both constitutive and IL-6 induced activation of STAT3 in prostate cancer
cells, Oncogene 24 (2005) 2114-2120.

M.G. Mujtaba, L.O. Flowers, C.B. Patel, R.A. Patel, M.I. Haider, H.M. Johnson,
Treatment of mice with the suppressor of cytokine signaling-1 mimetic peptide,
tyrosine kinase inhibitor peptide, prevents development of the acute form of ex-
perimental allergic encephalomyelitis and induces stable remission in the chronic
relapsing/remitting form, J. Immunol. 175 (2005) 5077-5086.

L.D. Jager, R. Dabelic, L.W. Waiboci, K. Lau, M.S. Haider, C.M. Ahmed, J. Larkin
3rd, S. David, H.M. Johnson, The kinase inhibitory region of SOCS-1 is sufficient to
inhibit T-helper 17 and other immune functions in experimental allergic en-
cephalomyelitis, J. Neuroimmunol. 232 (2011) 108-118.

J.H. Chang, Y. Xiao, H. Hu, J. Jin, J. Yu, X. Zhou, X. Wu, H.M. Johnson, S. Akira,
M. Pasparakis, X. Cheng, S.C. Sun, Ubc13 maintains the suppressive function of
regulatory T cells and prevents their conversion into effector-like T cells, Nat.
Immunol. 13 (2012) 481-490.

N. Doti, P.L. Scognamiglio, S. Madonna, C. Scarponi, M. Ruvo, G. Perretta,

C. Albanesi, D. Marasco, New mimetic peptides of the kinase-inhibitory region
(KIR) of SOCS1 through focused peptide libraries, Biochem. J. 443 (2012)
231-240.

S. Madonna, C. Scarponi, N. Doti, T. Carbone, A. Cavani, L. Scognamiglio,

D. Marasco, C. Albanesi, Therapeutical potential of a peptide mimicking the
SOCS1 kinase inhibitory region in skin immune responses, Eur. J. Immunol.
(2013), https://doi.org/10.1002/eji.201343370.

S. La Manna, E. Lee, M. Ouzounova, C. Di Natale, E. Novellino, A. Merlino,

H. Korkaya, D. Marasco, Mimetics of suppressor of cytokine signaling 3: Novel
potential therapeutics in triple breast cancer, Int. J. Cancer 143 (2018)
2177-2186.

A. DiGiandomenico, L.S. Wylezinski, J. Hawiger, Intracellular delivery of a cell-
penetrating SOCS1 that targets IFN-gamma signaling, Sci. Signal. 2 (2009) ra37.
D. Jo, D. Liu, S. Yao, R.D. Collins, J. Hawiger, Intracellular protein therapy with
SOCS3 inhibits inflammation and apoptosis, Nat. Med. 11 (2005) 892-898.

E. Bourdonnay, Z. Zaslona, L.R. Penke, J.M. Speth, D.J. Schneider,

S. Przybranowski, J.A. Swanson, P. Mancuso, C.M. Freeman, J.L. Curtis, M. Peters-
Golden, Transcellular delivery of vesicular SOCS proteins from macrophages to
epithelial cells blunts inflammatory signaling, J. Exp. Med. 212 (2015) 729-742.
Y. Souma, T. Nishida, S. Serada, K. Iwahori, T. Takahashi, M. Fujimoto, B. Ripley,
K. Nakajima, Y. Miyazaki, M. Mori, Y. Doki, Y. Sawa, T. Naka, Antiproliferative
effect of SOCS-1 through the suppression of STAT3 and p38 MAPK activation in
gastric cancer cells, Int. J. Cancer 131 (2012) 1287-1296.

K. Iwahori, S. Serada, M. Fujimoto, B. Ripley, S. Nomura, H. Mizuguchi,

K. Shimada, T. Takahashi, I. Kawase, T. Kishimoto, T. Naka, SOCS-1 gene delivery
cooperates with cisplatin plus pemetrexed to exhibit preclinical antitumor activity
against malignant pleural mesothelioma, Int. J. Cancer 132 (2013) 459-471.

T. Sugase, T. Takahashi, S. Serada, M. Fujimoto, K. Hiramatsu, T. Ohkawara,

K. Tanaka, Y. Miyazaki, T. Makino, Y. Kurokawa, M. Yamasaki, K. Nakajima,

T. Kishimoto, M. Mori, Y. Doki, T. Naka, SOCS1 gene therapy improves radio-
sensitivity and enhances irradiation-induced DNA damage in esophageal squa-
mous cell carcinoma, Cancer Res. 77 (2017) 6975-6986.

L. Liu, W. Li, X. Wei, Q. Cui, W. Lou, G. Wang, X. Hu, C. Qian, Potent antitumor
activity of oncolytic adenovirus-mediated SOCS1 for hepatocellular carcinoma,
Gene Ther. 20 (2013) 84-92.

A. Collin de I'Hortet, K. Takeishi, J. Guzman-Lepe, K. Handa, K. Matsubara,

K. Fukumitsu, K. Dorko, S.C. Presnell, H. Yagi, A. Soto-Gutierrez, Liver-re-
generative transplantation: regrow and reset, Am. J. Transplant. 16 (2016)
1688-1696.

H. Gilgenkrantz, A. Collin de I'Hortet, Understanding liver regeneration: from
mechanisms to regenerative medicine, Am. J. Pathol. 188 (2018) 1316-1327.

E. Sonkoly, T. Wei, P.C. Janson, A. Saaf, L. Lundeberg, M. Tengvall-Linder,

G. Norstedt, H. Alenius, B. Homey, A. Scheynius, M. Stahle, A. Pivarcsi,
MicroRNAs: novel regulators involved in the pathogenesis of psoriasis? PLoS ONE
2 (2007) e610.

L.W. Waiboci, C.M. Ahmed, M.G. Mujtaba, L.O. Flowers, J.P. Martin, M.I. Haider,
H.M. Johnson, Both the suppressor of cytokine signaling 1 (SOCS-1) kinase in-
hibitory region and SOCS-1 mimetic bind to JAK2 autophosphorylation site: im-
plications for the development of a SOCS-1 antagonist, J. Immunol. 178 (2007)
5058-5068.


http://refhub.elsevier.com/S1043-4666(19)30142-5/h0770
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0770
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0770
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0775
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0775
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0780
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0780
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0785
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0785
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0790
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0790
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0790
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0795
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0795
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0795
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0795
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0800
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0800
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0800
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0800
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0800
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0800
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0805
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0805
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0805
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0805
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0805
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0805
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0805
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0810
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0810
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0815
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0815
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0820
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0820
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0825
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0825
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0830
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0830
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0830
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0830
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0835
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0835
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0835
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0835
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0835
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0840
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0840
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0845
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0845
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0845
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0850
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0850
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0850
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0850
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0855
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0855
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0855
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0860
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0860
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0860
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0865
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0865
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0870
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0870
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0870
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0875
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0875
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0875
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0880
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0880
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0880
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0880
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0880
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0885
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0885
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0885
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0885
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0890
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0890
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0890
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0890
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0895
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0895
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0895
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0895
https://doi.org/10.1002/eji.201343370
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0905
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0905
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0905
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0905
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0910
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0910
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0915
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0915
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0920
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0920
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0920
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0920
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0925
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0925
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0925
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0925
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0930
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0930
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0930
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0930
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0935
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0935
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0935
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0935
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0935
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0940
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0940
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0940
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0945
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0945
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0945
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0945
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0950
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0950
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0955
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0955
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0955
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0955
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0960
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0960
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0960
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0960
http://refhub.elsevier.com/S1043-4666(19)30142-5/h0960

	Hepatocyte growth control by SOCS1 and SOCS3
	Introduction
	SOCS family proteins
	Implication of SOCS proteins in hepatocyte proliferation and neoplastic transformation
	Regulation of physiological hepatocyte proliferation by SOCS proteins
	SOCS-dependent regulation of the hepatocyte priming
	Regulation of hepatocyte TLR signaling by SOCS1
	Regulation of TNFα signaling by SOCS1 in hepatocytes
	Regulation of IL-6 signaling in hepatocytes by SOCS3
	Central role of IL-6-induced SOCS3 in regulating the cell cycle

	Control of growth factor receptor signaling by SOCS proteins
	Regulation of HGF-induced MET signaling by SOCS1
	Regulation of EGFR signaling by SOCS3


	SOCS-dependent regulation of neoplastic hepatocyte growth
	SOCS proteins in inflammation-driven liver cancer
	Regulation of growth factor RTKS by SOCS proteins in HCC
	SOCS-dependent regulation of cell cycle control mechanisms in HCC

	Exploitation of SOCS proteins to modulate hepatocyte growth for therapy
	Using SOCS proteins and their derivatives to inhibit cancer growth
	Targeting SOCS proteins to promote liver growth

	Conclusion
	mk:H1_21
	Acknowledgement
	References




