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Abstract

Biliary fibrosis

Impact statement

Wnt signaling pathway has long been rec-
ognized to involve in the hepatogenesis
and various liver damages. Understanding
the mechanisms of Wnt pathway regulation
in cholangiocyte generation and prolifera-
tion is important to elucidate the patho-
genesis of biliary fibrosis. We summarized
the diverse effects of Wnt signaling in the
embryonic generation of hepatobiliary epi-
thelial cells and the ductular reaction after
liver ductal damage. Modulating Wnt
pathway, especially the Wnt-PCP signal-
ing, can be a potential strategy to reduce
and/or reverse hepatobiliary fibrosis.

is an

important pathological
Cholangiocyte is the key cell type involved in this process. To reveal the pathogenesis of
biliary fibrosis, it is essential to understand the normal development as well as the aberrant
generation and proliferation of cholangiocytes. Numerous reports suggest that the Wnt
signaling pathway is implicated in the physiological and pathological processes of cholan-
giocyte development and ductular reaction. In this review, we summarize the effects of Wnt
pathway in cholangiocyte development from embryonic stem cells, as well as the underlying
mechanisms of cholangiocyte responses to adult ductal damage. Wnt signaling pathway is
regulated in a step-wise manner during each of the liver differentiation stages from embry-
onic stem cells to functional mature cholangiocytes. With the modulation of Wnt pathway,

indicator of hepatobiliary damage.

cholangiocytes can also be generated from adult liver progenitor cells and mature hepatocytes to repair liver damage.
Non-canonical Wnt signaling is triggered in the active ductal cells during biliary fibrosis. Targeted control of the Wnt signaling
may hold the great potential to reduce and/or reverse the biliary fibrogenic process.
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Introduction

Biliary fibrosis is characterized by the abnormal deposition
of insoluble extracellular matrix around the hepatobiliary
ductal tissues. It usually occurs due to chronic injuries to
the cholangiocyte along the biliary tree,' including chronic
biliary obstruction, primary sclerosing cholangitis (PSC),
and parasitic infection. It can also happen inherently
due to defects of hepatobiliary duct development, such as
biliary atresia.”> When the causes of the disease are stopped,
the fibrosis can regress. However, the excessive and chronic
fibrosis following continuing fibrotic stimulation can
cause the accumulation of cross-linked scar tissue,
which cannot be completely reversed and remodeled.?
Thus, there is a clinical need to examine the pathology of
biliary fibrosis to develop the potential fibrosis-reversing
agents, which can be used to reduce or prevent the exces-
sive scarring.
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The formation of biliary fibrosis requires the prolifera-
tion of cholangiocytes, activation of fibrogenic cells, and the
deposition of insoluble extracellular matrix. The cholangio-
cyte lining the biliary duct can be generated from three
sources before its proliferation in liver injury. The main
source of cholangiocyte comes from embryonic develop-
ment. However, cholangiocytes can also be differentiated
from bipotent adult liver progenitor cells and transdiffer-
entiated from hepatocytes.*” Wnt signaling pathway has
been demonstrated to play an essential role in regulating
cholangiocyte development, proliferation, and fibrotic
responses.® Here, we discuss the roles of the Wnt pathway
during the embryonic development of cholangiocytes,
adult proliferation of these cells, and biliary fibrosis pro-
cess. Understanding the effects of the Wnt signaling path-
way may bring forth the discovery of effective Wnt
modulators to prevent and treat biliary fibrosis.
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Overview of Wnt signaling pathway

The Wnt signaling pathway is evolutionarily conserved. It
can be classified into canonical and non-canonical path-
ways based on the involvement of B-catenin ” (Figure 1
(@)). In the canonical pathway, Wnt ligands bind to
Frizzled family receptors and low-density lipoprotein
receptors (LRP) located on cells membrane, disrupt the
B-catenin destruction complex, and lead to the accumula-
tion of dephosphorylated B-catenin in the cytoplasm. Then,
B-catenin translocates into the nucleus, where it interacts
and activates the T cell factor/lymphoid enhancer factor-1
(TCF/Lef1) transcription complex to trigger the transcrip-
tion of P-catenin-targeted genes (Figure 1(b)). In the
absence of Wnt ligands, the B-catenin destruction complex,
consisting of APC, Axin, CKla, and GSK3p, phosphory-
lates B-catenin. The phosphorylated B-catenin in the cyto-
plasm subsequently undergoes ubiquitination and
proteasome degradation.8
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The non-canonical Wnt pathway does not depend on
B-catenin. Several classic pathways of this group have
been reported. In the Wnt/planar cell polarity (Wnt-PCP)
pathway, Wnt ligands bind to Frizzled receptors and
orphan receptor tyrosine kinases, such as protein tyrosine
kinase 7 (PTK7) and receptor tyrosine kinase-like orphan
receptorl/2 (ROR1/2). This complex activates scaffolding
proteins Vang-like 1 (Vangll) and Vang-like2 (Vangl2),
which interact with the adapter protein Disheveled (Dsh).
Dsh then further activates G protein Rho, which activates
Rho-associated kinase (ROCK) to regulate cytoskeleton.”
Dsh also binds to Rac1 and regulate cell polarity and migra-
tion through JNK-c-Jun' (Figure 1(c)). In the Wnt calcium
non-canonical pathway, Wnt ligands bind to Frizzled
receptors and activates phospholipase C. Phospholipase C
further cleaves phosphatidylinositol 4,5 bisphosphate
(PIP2) into diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). The DAG in turn stimulates protein
kinase C to increase intracellular calcium.
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Figure 1. Overview of Wnt signaling pathway. (a) lllustration of OFF status of canonical Wnt pathway. Without Wnt ligands, B-catenin is phosphorylated by p-catenin
destruction complex (dashed box). The phosphorylated p-catenin is further degraded through ubiquitination by proteasome. The target genes of Wnt pathway are
inhibited. (b) lllustration of ON status canonical Wnt pathway. The binding of Wnt ligands to Frizzled family receptors disrupts the B-catenin destruction complex.
Dephosphorylated B-catenin accumulates in the cytoplasm, which is further translocated into nucleus. The B-catenin interacts with TCF/Lef1 triggering Wnt target
genes expression. (c) lllustration of non-canonical Wnt-PCP pathway. After Wnts bind to Frizzled receptors and co-receptors, Vangl interacts with Disheveled (Dsh).
Dsh forms complex with Rac1 and mediates JNK-c-Jun pathway to regulate cell polarity. Dsh also activates G protein Rho, which further activates ROCK to regulate

actin. (A color version of this figure is available in the online journal.)
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Wnt pathway in embryonic biliary epithelial
cell development

Hepatocyte and cholangiocyte are the two main types of
epithelial cells in the liver, both of which are derived from
the endoderm during embryonic differentiation. It is well
acknowledged that the TGF-B family proteins play an
essential role in regulating endoderm formation. Nodal, a
member of TGF-B family, is expressed before gastrulation
and initiates the formation of mesoderm and endoderm.""
Activin A, another TGF-$ family member, has also been
demonstrated to induce the expression of endoderm
markers including Sox17, CXCR4, and Foxa2 during the
cholangiocyte differentiation from embryonic stem cells
(ESC) and induced pluripotent stem cells (iPSC)." It has
been shown that the Wnt pathway actively participates in
the gastrulation process.'® The expressions of several Wnt
ligands have been observed in the early primitive streak,
such as Wnt3a'* and Wnt5a."> Wnt3 knockout mice failed
to produce primitive streak or primitive node, indicating
that Wnt/ B-catenin signaling is critical in the formation of
endoderm and mesoderm.'®!” Mice lacking B-catenin are
embryonic lethal due to gastrulation defects.'® More recent
studies suggest that pre-exposure to the Wnt signaling
pathway can potentiate the response to TGF- signals in
human stem cells (Figure 2)." Tt is also indicated that
early activations of the Wnt pathway by CHIR99021, a
GSK3p inhibitor, promote endoderm differentiation in
embryonic stem cells and iPSCs.** The mechanism of
such methods may be partly explained by the localization
of B-catenin/Tcf transactivation complexes on Sox17 cis-
regulatory elements.”'

During early somitogenesis, the endoderm cells form an
epithelial gut tube, which further forms three different
domains along the anterior-posterior axis: foregut,
midgut, and hindgut. The cholangiocyte and hepatocyte
are derived from the foregut. Recent evidence suggests
that repression of Wnt and FGF4 signaling is required to
pattern endoderm into foregut (Figure 2).** In Xenopus
embryo, inhibition of the Wnt-B-catenin pathway in the
anterior endoderm is necessary for foregut development.
Highly expressed B-catenin in the posterior endoderm can
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inhibit foregut formation.” Secreted frizzled-related pro-
tein 5 (Sfrp5), a Wnt pathway antagonist, has been demon-
strated to express in foregut epithelium, and the depletion
of Sfrp5 leads to reduced expressions of foregut genes.*
Furthermore, the experimental inhibition of Wnt- catenin
pathway in the posterior endoderm of Xenopus has shown
to induce ectopic liver buds in the intestine.”? The use of
Wnt inhibition has been adopted into protocols directing
iPSC and ESC towards the hepatic fate.”

While Wnt inhibition is essential for the foregut devel-
opment, Wnt activation can promote hepatic fate from the
foregut endoderm. It has been demonstrated that Wnt sig-
naling is involved in the expression of many key hepatic
fate-determining factors including HNF-1b, Foxal, foxa2,
and GATA4 during liver development.”® Wnt2 in the lateral
mesoderm has been implicated in the initiation of hepatic
specification in zebrafish embryos, and defects of liver
development were observed in the Wnt2bb and Wnt2 lack-
ing zebrafish.”’ Wnt2 and Wnt2b are expressed in lateral
mesoderm at the same time of hepatic induction in mice.”
Additionally, Wnt8a overexpression induces expression of
hepatic genes in the pancreatic and intestinal bulb cells.”
These studies indicate the involvement of Wnt pathway
activation in the hepatic fate determination and cell
survival.

Shortly after hepatic fate determination, the liver diver-
ticulum cells delaminate the surrounding laminin-rich
basal layer, proliferate, and migrate into septum transver-
sum mesenchyme (STM) to pattern the liver bud. STM
secrets various factors, including FGF, HGF, BMPs,
TGF-B, and RA to enhance hepatoblast proliferation.
Hepatoblast migration and proliferation in STM also
require interactions with the embryonic sinusoidal wall.*
The endothelial cells in the sinusoidal wall express Wnt9a,
which promotes the proliferation of hepatoblast.
Overexpression of Wnt9a results in hepatomegaly, while
knockdown of this gene could lead to a reduction of liver
size.”” An extensive cross-talking between the signals from
STM and the sinusoidal wall appears to be involved. FGF
and HGF signaling can induce a variety of intracellular
signaling kinase cascades (MAPK, JNK, Pi3K) and promote
the activity of B-catenin in the liver bud.*
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Figure 2. lllustration of the effects of Wnt pathway in embryonic biliary epithelial cell development. Wnt pathway is precisely regulated in every development stage
from embryonic stem cells to functional mature cholangiocytes, biliary epithelial cells. Wnt activation can potentiate the definitive endoderm (DE) differentiation from
ESC, while it must be inhibited to pattern the DE into foregut fate. However, Wnt activation determines the hepatic fate from foregut along with BMP4 and FGF

signaling. Wnt pathway is also important for the proliferation and survival of hepatoblasts. Wnt activation plays a critical role in the differentiation of cholangiocytes from

the hepatoblasts. (A color version of this figure is available in the online journal.)



The hepatoblasts are bi-potential, which can differenti-
ate into hepatocytes or biliary cholangiocytes. These bipo-
tent progenitors can differentiate into hepatocytes when
they are not in contact with portal veins, while they adopt
the biliary epithelium fate when located near the portal
vein mesenchyme. The periportal mesenchyme cells
secret TGF-f and Notch to stimulate ductal cell differenti-
ation from hepatoblast. Blocking TGF-B signaling after
hepatic specification dramatically reduces cholangiocyte
formation.”® The portal mesenchyme cells express Jagged
1, which can activate Notch2 in the adjacent hepatoblast to
regulate ductal cells development.®> Knockout of Notch2 in
hepatoblasts can completely block the induction of bile
duct formation.* It has also been shown that Wnt signaling
promotes ductal development in this stage. Specifically,
Wnt3a-conditioned media promotes the differentiation of
hepatoblast into CK19-positive biliary cells.** The deletion
of APC in hepatoblast, which results in B-catenin accumu-
lation, promoted the biliary differentiation and impeded
the hepatocyte fate determination.®® Loss of P-catenin
with a foxa3 promoter in hepatoblast also compromised
the development of bile duct.*® However, Wnt signaling
may affect liver ductal cells development at an early
stage. Liver ductal cells’ maturation and morphogenesis
appeared to be normal when B-catenin was deleted in
ductal progenitors using SOX9-driven Cre recombinase.””
These studies demonstrate that Wnt/p-catenin pathway
must be precisely regulated throughout different stages of
liver duct developments.
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Wnt pathway in cholangiocyte generation
from adult hepatic progenitor cells and
hepatocytes

Biliary cholangiocyte plays an essential role in the transport
of toxic bile acid. They are also known to act as a major cell
source for regeneration after liver injury. Moreover, recent
tracing studies have shown that biliary cells can function as
hepatic progenitor cells (HPC) to generate hepatocytes in
chronic liver injuries.’®* Meanwhile, cholangiocytes can
also be regenerated from adult HPC and hepatocytes.
After liver injury, adult HPCs are activated to regenerate
cholangiocytes and hepatocytes to mediate liver regenera-
tion. Adult HPCs have been believed to be derived from the
canal of Hering,* the hepatocytic-biliary interface of bile
canaliculi and intralobular bile duct (Figure 3(a)). Active
B-catenin in the nucleus of HPC was observed in mice fed
with 3,5-diethoxycarbonyl-1,4 dihydrocollidine (DDC) diet,
which is an animal model mimicking sclerosing cholangi-
tis,*! suggesting canonical Wnt signaling in HPC was acti-
vated following bile duct injury (Figure 3(b)). Leucine-rich
repeat-containing G protein-coupled receptor 5 (LGRY) is
one of the Wnt target genes. The expression of LGRS is not
found in healthy adults. However, LGR5-positive HPC was
observed near bile ducts in CCl4 or DDC-injured mice, and
these cells can differentiate into hepatocytes and ductal
cells in vivo.** Notably, LGR5 is a receptor of Wnt agonist
R-spondinl. In  choline-deficient and ethionine-
supplemented (CDE) fed mice, expression of Jagged 1 on
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Figure 3. Effects of Wnt pathway in cholangiocyte generation from adult hepatic progenitor cells (HPC) and hepatocytes. (a) A diagram of canal of Hering. HPCs are
located in the canal of Hering. (b) During ductal damage, HPC is activated with B-catenin in the nucleus. Jag1 from the myofibroblast directs the differentiation of HPC
to cholangiocytes. Wnt3a from macrophage induces HPC to hepatocyte. Hepatocyte can transdifferentiate into cholangiocytes under canonical Wnt signaling

stimulation. (A color version of this figure is available in the online journal.)
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the myofibroblast specified HPC fate towards cholangio-
cyte, while Wnt3a expressing macrophage induced canon-
ical Wnt pathway and directed HPC towards
hepatocytes,” which suggest Notch signaling directs chol-
angiocyte generation from HPC, while canonical Wnt path-
way may inhibit it (Figure 3(b)).

Hepatocyte and cholangiocyte have been proposed to
function as facultative stem cells, which can generate each
other in conditions of injury.** In lineage tracing study,
hepatocytes can transdifferentiate into ductal cells in
DDC-fed mice.*® Dipeptidyl peptidase IV (DPPIV)-
positive hepatocytes were injected into DPPIV-negative
rats, after partial hepatectomy, to form the chimeric
liver. After ligating the bile duct, the rats with chimeric
livers showed donor DPPIV-positive biliary epithelial
cells and formed ductules.*® The hepatocytes expressing
545D mutated non-degradable B-catenin in the periportal
region significantly express cholangiocyte markers includ-
ing EpCAM, CK19, and Sox9 in DDC-fed mice,® suggest-
ing a possibility that the activation of canonical Wnt
pathway can induce conversion from hepatocytes to
cholangiocytes.

Wnt pathway in biliary fibrosis and ductular
reaction

The biliary fibrotic microenvironment is mainly composed
of activated myofibroblasts, macrophages, and biliary epi-
thelial cells. The proliferation of cholangiocytes, called
ductular reaction, parallels with fibrosis in this niche.
Wnt ligands are considered to be one of the most effective
components in the microenvironment (Figure 4). The bili-
ary fibrosis and ductular proliferation following ductal
damage can be regarded as a repair process to maintain
the architecture of the tissue. The chronic fibrogenic process

February 2022

can lead to excessive and irreversible scar deposition.
Inhibiting Wnt ligands secretion by conditioned Wntless
knockout in the liver can decrease ductal proliferation
and increase mortality in DDC-fed mice.® Wnt ligands pro-
teins were upregulated in the portal triad of DDC-fed mice,
and the expression of Wntless was observed in EpCAM-
positive cholangiocytes and macrophages.® This indicates
that cholangiocytes and macrophages are two main Wnts
sources in the fibrotic niche.

Macrophages have been realized as an important Wnt
producing source.*”*® They are among the first responders
to biliary injury. Macrophages can upregulate the expres-
sion of Wnt ligands through phagocytosis of dead or dying
cells. Expressions of Wntll are up-regulated in macro-
phages of mice on a DDC diet.* The expressions of
Wnt5a mRNA and protein were increased in CD68+ mac-
rophages located near biliary epithelial cells.* The bile duct
tissue showed reduced CTGF expression and collagen 1
immunostaining when Wntba was deleted from macro-
phages. On the contrary, increased EpCAM expression,
HPC activation, and fibrosis, along with ductular reaction
are observed when Wntless is deleted in myeloid cells in
the thioacetamide (TAA) model.” The expression of Timp1,
a key matrix metalloproteinase (MMP) inhibitor to block
collagen degradation, is increased in this model, suggesting
macrophage-derived Wnt proteins restraining fibrosis and
ductular reaction. These contradictory findings further
demonstrated the complexity of Wnt proteins derived
from macrophages.

Biliary epithelial cells have a remarkable regeneration
capability following liver injury. Axin2 expression is recog-
nized as a marker of canonical Wnt pathway activation.
Axin2 and LGRS are expressed in hepatocytes but not in
cholangiocytes during the ductal reaction, and mice with
conditioned knockout of LGR4 and LGR5 in EpCAM-
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Figure 4. Biliary fibrotic microenvironment. The biliary fibrotic niche is mainly composed by activated myofibroblasts, macrophages, and biliary epithelial cells. Wnt
proteins are the main effective components in this niche. Wnt-PCP pathway is activated in ductal cells during biliary fibrosis. The canonical Wnt B-catenin pathways are
not observed. Cholangiocytes and macrophages are the two important Wnt sources. (A color version of this figure is available in the online journal.)

BD: bile ducts.



positive cells failed to show changes of ductal reaction.”® Tt
suggests that the canonical Wnt B-catenin pathway has a
limited role in ductal proliferation. Furthermore, the accu-
mulation of B-catenin in the nucleus was not detected in
tissue from patients with primary sclerosing cholangitis.*’
Additionally, the canonical Wnt pathway is also dispens-
able during in vitro culture of cholangiocyte organoids.”

Recent single-cell RNA sequencing indicated that
Wnt7a, Wnt7b, and Wntl0a were abundantly upregulated
in biliary epithelial cells in DDC-fed mice,>® without LGR5
or Axin2 induction, suggesting non-canonical Wnt-PCP
signaling may control the activation of ductal reaction
and fibrosis. Vangl2 and PTK7 proteins were found to local-
ize on proliferating ductal cells in PSC patient tissues, but
not in the healthy bile duct. It suggests the activation of
Wnt-PCP pathway during the ductal reaction in PSC
patients’ livers (Figure 4).** In addition, a significantly
increased expression of phosphorylated JNK and c-Jun is
observed in ductal cells of the tissue from PSC patients and
DDC-fed mice.*” LGK974, a porcupine inhibitor to inhibit
lipid modification to Wnt ligands, was shown to reduce
p-JNK and p-c-Jun in the hepatic ducal cells both in TAA
and DDC models,*’ suggesting that the activation of JNK/
c-Jun is controlled by Wnt-PCP pathway.

Numerous reports have indicated that Wnt-PCP path-
way can regulate extracellular matrix deposition.”* Total
fibrillar collagen deposition during the bile duct reaction
was significantly reduced after inhibiting porcupine in
DDC and TAA models.* Vangl2 mutation can reduce the
deposition of extracellular matrix through increased
MMP14 activity.”> MMP14, also called membrane type 1
matrix metalloproteinase, acts as an activator of MMP2
and MMP9 to regulate fibrosis.’® In DDC or TAA models,
mice with Vangl2 heterozygous mutation showed signifi-
cantly reduced ductular fibrosis, indicating Wnt-PCP sig-
naling is essential for biliary scars. Emerging evidence from
other diseases also indicates that Wnt-PCP pathway plays a
significant role in the accumulation of extracellular matrix
and the establishment of fibrosis.”””®

Conclusions

With increasing studies on the Wnt signaling pathway in
hepatobiliary development and proliferation, it becomes
clear that the Wnt pathway has major implication in a
wide variety of pathophysiologic processes that are associ-
ated with cholangiocytes, from embryonic development to
ductal reaction in adults. The complexity of Wnt interac-
tions in the canonical and non-canonical downstream made
it challenging to elucidate its roles during the ductular reac-
tion. Wnt pathway can also interact with numerous other
pathways to drive the cells towards or away from fibrosis.
Notch and Yap signaling were also involved in ductal
development and proliferation and biliary fibrosis.**>"**
This review described the diverse roles of the Wnt pathway
in cholangiocyte development, proliferation, and biliary
fibrosis. Turning on and off of the Wnt signaling in the
correct temporal manner may be critical for differentiating
embryonic stem cells and iPSC towards hepatocytes and
cholangiocytes. Modulation of the Wnt pathway, especially

Tian etal. Wnt pathway in cholangiocyte pathophysiology

the Wnt-PCP signaling, may hold the potential to reduce or
reverse biliary fibrosis. Future research is warranted to dis-
cover novel and exciting roles of the Wnt signaling path-
way in hepatobiliary development and pathophysiology.
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