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Abstract

Recent research on hepatic stellate cells (HSCs) has spotlighted the involvement of morphogens in
their cell fate determination in liver fibrosis. Temporally and spatially expressed during embryonic
development, morphogens are involved in regulation of cell proliferation and differentiation, and
tissue patterning. In normal adult liver, morphogens are generally expressed at low levels.
However, in liver disease, myofibroblastic HSCs express morphogens such as Wnt, Shh, Necdin,
DLKZ1, and Notch as part of their participation in fibrogenesis and wound healing. Liver
regeneration involves cell proliferation and differentiation akin to embryonic liver development
where the cells appear to undergo similar fates, and not surprisingly the morphogens are re-
activated for the regenerative purpose in adult liver injury. Evidence also points to crosstalk of
these morphogens in regulation of HSC fate determination. Genetic ablation or pharmacologic
inhibition of morphogens reverts activated HSC to quiescent cells in culture and attenuates
progression of hepatic fibrosis. However, positive regulation of liver regeneration by the
morphogens needs to be spared. Therapeutically, manipulation of morphogen activities in a cell
type and phase-specific manner, should offer new modalities for chronic liver disease.

Role of hepatic stellate cells (HSCs) in liver fibrosis

Remarkably, the liver is the only internal organ with the ability to regenerate. A liver mass
loss triggers well-orchestrated signaling cascades involving growth factors, cytokines,
hormones, and neurotransmitters to restore the tissue to its original size and function [1,2].
However, this unique regenerative ability is often impaired in chronic liver disease resulting
from sustained or repeated injury. Central to this defect is liver fibrosis characterized by
accumulation of excessive extracellular matrix (ECM) proteins which compromises normal
liver regeneration, functions and intrahepatic circulation. Progression of liver fibrosis results
in cirrhosis, which markedly increases the risk of developing liver failure and cancer [3].

HSCs make up approximately 5-8% of a total liver population. Residing in the
perisinusoidal space of Disse, HSCs are the body's major storage site for vitamin A and
serve as pericytes for hepatic sinusoids. They also fulfill the role of the major mesenchymal
cell type in mesenchyme-epithelial interactions in the liver via maintenance of normal ECM
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milieu and production of hepatotrophic soluble factors [4]. HSCs also store neutral lipids
resembling adipocytes [5] as they were once called “fat-storing cells” [6]. Upon injury to the
liver, HSCs are transdifferentiated or “activated” toward a myofibroblast-like phenotype
with induced expressions of cytokines, growth factors, and ECM components required for
wound repair [4]. Activation of HSCs involves the coordination of multiple signaling events
including down-regulation of PPARy much like de-differentiation of mature adipocytes to
preadipocytic fibroblasts [7,8].

Morphogen-associated signaling in liver regeneration

During development, morphogens are secreted from primordial cells and are recognized by
specific receptors in distant cells to activate signaling cascades in support of organ growth
and development [9]. Typically, morphogens form a concentration gradient to pass
positional information to responding cells and guide the differentiation of cells into specific
patterns and morphologies [10,11]. Embryonic tissue recombination experiments established
the roles of molecular signals from the adjacent mesoderm in inducing hepatic commitment
of the foregut endoderm [12]. Subsequent genetic studies revealed these molecular cues as
members belonging to the fibroblast growth factors (FGF) and transforming growth factors 3
(TGFB) families of morphogens [13]. FGF released from cardiac mesoderm binds to the
newly formed endodermal cells and leads to induction of two FoxA transcription factors,
FoxAl and FoxAz2, securing the fate of these cells to become future liver cells [14]. BMP
released from septum transversum mesenchyme cooperates with FGF to support hepatic
specification [15]. A recent lineage tracing definitively demonstrates that HSCs arise from
mesoderm-derived septum transversum [16], suggesting a possibility that HSCs may retain
this role in mesenchyme-epithelial interaction even in adult liver.

In the normal adult liver, morphogen signaling is not generally required due to the low cell
turnover rate [17]. The damaged liver, on the other hand, has a vigorous injury response
including activation of quiescent HSCs. Numerous mediators are released by different cell
types to facilitate hepatic wound response, and those known to activate HSCs include
growth factors (PDGF, TGF-a, IGF, HGF), acute phase cytokines (IL-1, TNF-a, IL-6),
ECM inducers (TGF-B, CTGF), hormones (leptin, angiotensin), and lipid metabolites (PAF)
[4]. Activated HSCs also serve as the source of many of these mediators to recruit
inflammatory cells to the injured liver and to commence the wound healing and regeneration
processes As HSC activation is considered as a manifestation of cell fate regulation which
recapitulates the program known for liver development, the role of morphogens derived
from HSCs can obviously be a subject of interest. Indeed, the morphogens known for liver
morphogenesis are shown expressed by activated HSCs in adult liver injury.

Wnt family

The molecular name Whnt is derived from combining Wingless, the segment-polarity gene
from Drosophila melangonster, and Integrase-1, the vertebrate homologue. The Wnt
pathway is a highly conserved signaling in regulating tissue development and regeneration,
and cell differentiation. The canonical pathway is activated when the Wnt protein forms a
complex with the transmembrane Frizzled receptor (Fz) and the low-density lipoprotein
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receptor related protein (LRP) 5/6 co-receptor. The formation of the Wnt-Fz-LRP complex
attracts the scaffolding protein Disheveled (Dvl) and recruits Axin and glycogen synthase
kinase 3p (GSK3p) from the p-catenin destruction complex. As a consequence, this inhibits
phosphorylation and subsequent degradation of B-catenin, allowing it to translocate into the
nucleus for transcriptional activation of target genes with the T cell factor/lymphocyte
enhancer factor (TCF/LEF) family of transcription factors. Non-canonical Wnt pathways
including the Wnt/Ca2+ pathway and planar cell polarity (PCP) pathway are independent of
regulation by B-catenin. Wnt5a, the ligand for Wnt/Ca2+ pathways, causes the release of
intracellular Ca2+ through the interaction of the cytosolic protein DvI1 and activates protein
kinase C (PKC) and calmodulin kinase 1l (CAMKII). Wnt5a may also play a critical role in
inflammatory processes associated with skeletal tissues through receptor tyrosine kinaselike
orphan receptor (Ror) proteins [18]. Wnt5a/Frz5 can also activate the transcriptional factor
Nuclear Factor-KappaB (NF-kb) that in turn stimulates the expression of chemokines and
pro-inflammatory cytokines [19]. Activation of the PCP pathway supports cytoskeletal
organization for cell proliferation and differentiation through the recruitment of Dvl by Frz
which then further transduces the activation of Rho family of GTPases [20].

Whnt pathway enhances the survival of activated HSC and thereby promotes hepatic fibrosis
[21]. Global changes in gene expression from culture-activated rat HSCs and CCl4-treated
liver reveal the upregulation of Wnt signaling components [22]. Both the components of the
Whnt pathway including Wnt5a, Wnt4, Frz1 and Frz7 and genes downstream of the Wnt
pathway (Gfg18, Sox9, Twist, and Fibronectin) are increased in activated HSCs compared to
quiescent HSCs. The involvement of the canonical Wnt pathway in activated HSCs is
validated by our study in culture-activated HSCs as well as HSCs from cholestatic rat livers.
Whnt and Fz mRNA expressions are increased in activated HSCs relative to their quiescent
counterparts [23]. The importance of Wnt signaling in HSC activation is supported by a
reversal of activated HSCs to quiescent cells with the Wnt co-receptor antagonist Dickkopff
1 (Dkk-1). TOPFLASH activity as a measure of TCF/B-catenin-dependent transcription in
activated HSCs is blocked by expression of Chibby, a nuclear protein which blocks p-
catenin interaction with TCF, further supporting the functional existence of the canonical
Whnt pathway. Experimental liver fibrosis induced by bile duct ligation in mice is attenuated
with the administration of an adenovirus expressing Dkk-1, providing the evidence for
physiological relevance. Canonical Wnt pathway is known to suppress adipocyte
differentiation [24], and these results enforce the concept of anti-adipogenic mode of HSC
activation. As shown for adipocytes, Wnt pathway antagonizes adipogenic transcription
factors, C/EBPa and PPARY [25]. As predicted, the restoration of HSC quiescence with
Dkk-1 is accompanied by enhanced PPARY expression. In contrast, the role of canonical
Whnt pathway in the maintenance of quiescent HSCs has also been proposed [26]. In this
study, inhibition of the GSK3p activity by the small molecule TWS119, which activated the
canonical Wnt pathway, reduced the expression of a-smooth muscle actin (a¢SMA) and
DNA synthesis.

Necdin is a family member of immunoglobulin-like (1g) cell adhesion molecules and the
melanoma antigen family (MAGE) of proteins [27]. Necdin promotes neuronal and

Clin Res Hepatol Gastroenterol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fung and Tsukamoto

Page 4

myogenic differentiation [28] but also inhibits adipocyte differentiation [29]. In the liver,
necdin is selectively expressed in HSCs and induced in culture and in liver fibrosis models
[30]. In culture-activated HSC, knockdown of necdin with an adenovirus expressing small
hairpin RNA effectively reverts activated HSCs to the quiescent state in a manner dependent
on PPARYy upregulation, highlighting again the role of this morphogen in providing anti-
adipogenic regulation for HSC activation much like Wnt. In fact, necdin binds to guanosine
(G)-rich motif, termed GN boxes in the proximal promoter of Wnt10b to transactivate the
gene, activates canonical Wnt pathway, and thus epigenetically represses PPARY to activate
HSCs [30].

Notch family

DLK1

The role of the Notch pathway in cholangiocyte differentiation is firmly established [31].
During liver development, activation of Notch signaling in hepatoblasts stimulates
transcriptional regulators RBP-Jk and Hes-1 to regulate pathways for biliary commitment
and ductal plate remodeling and tuberization [32,33]. In mammals, the Notch genes encode
four single pass transmembrane receptors (Notch 1-4) for their canonical ligands, Jagged 1
and 2 and Delta-like ligand (DIl) 1, 3 and 4. The defining feature of Notch from the other
morphogens described in this review is that Notch signaling requires cell-cell contacts [34].
Interaction with Notch ligands expressed by adjacent cells, leads to the activation of -
secretase and cleavage and release of the Notch intracellular domain (NICD). NICD
translocates to the nucleus where it binds to a CSL-corepressor complex, releases
corepressors, recruits co-activators to form a trans-activating complex. In activated HSCs as
well as in livers after partial hepatectomy, Notch 1 and 3 are expressed following the
epigenetic repression of Nestin, a class IV intermediate filament protein that is expressed in
progenitor-like cells [35,36]. In intrahepatic lesions in polycystic kidney rats, periportal
myofibroblasts express Jaggedl and proliferating cholangiocytes express Notch2, suggesting
the role of activated Notch pathway in formation of bile ducts in these lesions [37].

Recently, we reported the identification of a non-canonical Notch ligand, delta like homolog
1 (DIK1) that is selectively expressed in HSCs and induced in activation in vitro and in vivo
[38]. DIK1, also known as Pref-1 from earlier studies, was identified as an inhibitor of
adipogenic differentiation expressed in preadipocytes [39]. As part of the DIk1-Dios locus,
DIKk1 is a paternally imprinted gene that regulates cellular differentiation including
adipogenesis, osteogenesis, and neurogenesis. Highly expressed in embryonic hepatoblasts
[40] and some malignant cells [41], it has been implicated in tumorigenesis and stemness
[42]. Structurally similar to canonical Notch ligands, DIK1 is a single-pass transmembrane
protein whose extracellular region- consisting of multiple EGF-binding domains, is released
upon cleavage by the metalloproteinase ADAM-17 (TNF-a-converting enzyme, TACE).
Our study demonstrates DIk1 guides activation of HSCs by epigenetically repressing
PPARYy. Adenovirally expressed sShRNA specifically designed to suppress DIk1 mRNA
expression achieves the reversal of culture-activated HSCs to quiescent cells with restored
vitamin A and lipid content. Moreover, knockdown of DIk1 leads to the induction of the
PPARY and C/EBPq, the phenotype identical to that observed by suppression of necdin or
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Whnt. This is explained in part by DLK1's ability to upregulate canonical Wnt pathway
although the mechanisms are not known. This DLK-Whnt link is depicted well in liver
regeneration induced by partial hepatectomy (PH) in mice. DIk1 is induced in regenerating
liver right after PH along with other genes involved in cell proliferation (i.e. p75Ntr,
Wnt10b, and Ptn). Administration of neutralizing antibody against DLK1, to these mice
results in impaired Wnt10b induction; an overall decrease in non-phosphorylated 3-catenin
(S33/S37/T41), total B-catenin, and phosphorylated -catenin (S552); and suppresses early
liver growth. Co-culture studies using HSCs and hepatocytes isolated from one day after PH,
suggest DLK1 derived from HSCs may upregulate hepatocyte DLK1 to promote hepatocyte
proliferation (Figure 1).

Hedgehog family

In vertebrates, the hedgehog family is represented by at least three members: Desert
hedgehog (Dhh), Indian hedgehog (Ihh) and Sonic hedgehog (Shh). The Hedgehog gene was
originally identified in segment polarity based on Drosophila development studies [43]. In
activated HSC, Shh is upregulated and enhances the survival of transdifferentiated HSCs
[44]. During wound healing, Shh may interact with bone-marrow derived mesenchymal
stem cells which may migrate into the liver as part of the injury response program [45].
Hepatocytes undergoing apoptosis may secrete Hh ligands to promote myofibroblast
proliferation [46]. Aberrant Shh signaling is also implicated in malignancies. In our studies
in characterizing DIk1 in HSC activation, DIk1 knockdown in HSC is accompanied by
decreased Shh mRNA expression. In a separate study, the administration of curcumin dose-
dependently attenuated both DIk1 and Shh expression and as a result, reversed activated
HSC to quiescent cells [47]. These coordinated regulations of Shh and DIk1 may involve a
mechanistic relationship such as the ability of DLK1 to upregulate the expression of Glil,
the Shh effector molecule, via activation of B1 integrin and ERK1/2.

In the absence of a Shh ligand, its receptor Patched (Ptc) negatively regulates the coreceptor
Smoothened (Smo) and the expression of Shh target genes involved in cell proliferation and
differentiation. Shh binding to Ptc releases this inhibition on Smo which in turn causes
stabilization and nuclear-translocation of the Gli family of transcription factors. Highlighting
a recent study from Michelotti et al. [48], conditional deletion of Smo in aSMA expressing
myofibroblasts disrupts Shh signaling and attenuates cholestatic liver fibrosis through the
up-regulation of Pparyand Gfap - genes known to maintain quiescent HSCs. This genetic
manipulation to block Shh pathway in activated HSCs also reduces the accumulation of
myofibroblasts in mice fed methionine choline deficient diet, supporting the role of Shh
pathway in myofibroblastic activation in liver fibrosis. The study further points to the role of
Shh pathway in activated HSCs in generating liver progenitor cells.

Future considerations concerning morphogens as therapeutic targets

Compelling evidence exists for the roles of HSC-derived morphogens in HSC activation and
liver fibrogenesis. At the same time, these morphogens may support a regenerative response
of injured liver. From the viewpoint of wound healing, these dual functions make sense as
the wound-repairing mesenchymal cells need to lay down ECM for scar formation while
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stimulating regeneration of the parenchymal cells which will eventually replace the scar.
That is what is expected to proceed in normal wound healing, and interference of
morphogen pathways in this context may be detrimental. Then how is this repair process
altered in liver fibrosis and how can we approach it? From analysis of HSCs isolated from
chronic liver fibrosis models, the morphogens are still upregulated, yet the fibrotic livers are
commonly refractory to regeneration. Logically, changes may be taking place in
hepatocytes, preventing them from the normal response to morphogen-mediated regulation.
If this is the case, the treatment should be directed to correction of such defect. In early
fibrosis, transiently targeting the morphogens to prevent progression of liver fibrosis via
inactivation of HSCs, may be a potential therapeutic option as preclinically shown. In
normal resolution from liver fibrosis, activated HSCs have two fates: a half of activated
HSCs die while another half become “inactivated” to behave almost like but not exactly
same as normal quiescent HSCs [49]. It is possible that the latter group may have a
functional significance in liver regeneration (Figure 2). If activated HSCs are transiently
inactivated, a half may fulfill this possible role as in spontaneous recovery. In advanced liver
fibrosis, compensatory proliferation of progenitor-type of cells may ensue as hepatocyte
proliferation is suppressed. These cells may be prone to transformation via genotoxicity and
may actively respond to morphogens derived from activated HSCs leading to liver cancer
development, the phenotype often characterized by aberrant expression of and
responsiveness to morphogens. Here, more aggressive suppression of the morphogens in
activated HSCs, may be plausible.
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Figure 1.
The hypothetical Wnt-DLK1 pathway in HSC-hepatocyte crosstalk in liver regeneration is

depicted. Necdin, Wnt, DLK1 positively cross-interact to cause epigenetic Ppar yrepression
and activate HSCs. Wnt and DLK1 produced by HSCs stimulate HSC proliferation while
exerting paracrine stimulation of hepatocyte proliferation. An unidentified receptor for
DLK1 is depicted as X.
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Figure 2.
A simplified schematic diagram depicting the roles of activated morphogens in facilitating

activation of HSCs via suppression of PPARYy in liver fibrogenesis and the potential role of
inactivated HSCs contributing to a regenerative response.
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