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Yes-associated protein 1 (YAP1) is a transcriptional coactivator that activates tran-
scriptional enhanced associate domain transcription factors upon inactivation of the
Hippo signaling pathway, to requlate biological processes like proliferation, survival,
and differentiation. YAP1 is most prominently expressed in biliary epithelial cells (BECs)
in normal adult livers and during development. In the current review, we will discuss the
multiple roles of YAP1 in the development and morphogenesis of bile ducts inside and
outside the liver, as well as in orchestrating the cholangiocyte repair response to biliary
injury. We will review how biliary repair can occur through the process of hepatocyte-
to-BEC transdifferentiation and how YAP1 is pertinent to this process. We will also
discuss the liver’s capacity for metabolic reprogramming as an adaptive mechanism in
extreme cholestasis, such as when intrahepatic bile ducts are absent due to YAP1 loss
from hepatic progenitors. Finally, we will discuss the roles of YAP1 in the context of
pediatric pathologies afflicting bile ducts, such as Alagille syndrome and biliary atresia.
In conclusion, we will comprehensively discuss the spatiotemporal roles of YAP1 in
biliary development and repair after biliary injury while describing key interactions with
other well-known developmental pathways.
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Bile ducts that carry bile within the liver and then from the
liver to the intestines can be highly susceptible to injury.
Newborns can sometimes be born with defects in bile ducts
ranging from their complete absence to paucity to obstruc-
tion. In adults, injury to the bile ducts can lead to impairment
in bile flow and manifest as jaundice. There are very few
medical treatments available, and hence, it is highly relevant
to study key molecules that are expressed in bile duct cells
and regulate their structure and function at baseline and help
in their repair after injury. In this article, we will discuss the
role of one such protein called Yes-associated protein-1,
which has been shown to be important in bile duct develop-
ment and in helping with various types of repair responses
once bile duct gets injured.

YAP1 as a Component of Hippo Signaling
Pathway

YAP1 Signaling

YAP1 is a transcriptional coactivator that works mostly
through the transcriptional enhanced associate domain
(TEAD) family member transcription factors to regulate genes
related to cell proliferation and differentiation, often by bind-
ing to enhancer regions and collaborating with activator
protein 1 (AP1).""* YAP1 is canonically repressed by the Hippo
kinase pathway through cytoplasmic retention and degrada-
tion (=Fig. 1A). A variety of signaling inputs activate the

kinases, mammalian STE20-like 1 and 2 (MST1/2), which
phosphorylate large tumor suppressor kinase 1 and 2
(LATS1/2), which phosphorylate YAP1 at various sites, includ-
ing serine-127 (S127).>% Phosphorylated YAP1 is sequestered
in the cytoplasm, at adherens junctions through binding a-
catenin and at tight junctions through binding angiomotin.”~®
Phosphorylated YAP1 is also sequestered and degraded
through interactions with 14-3-3 proteins.>2

The decreased activity of Hippo pathway kinases allows for
YAP1 activation and transport into the nucleus for the regula-
tion of gene expression (=Fig. 1B). Alternatively, YAP1 can be
activated through phosphorylation at tyrosine-357 (Y357) by
Yes kinase, a member of the Src kinase family; this can override
S127 phosphorylation and, thus, can activate YAP1 despite
maintenance of Hippo pathway activity.'®'" YAP1 activity also
responds to and modulates changes in cytoskeletal organiza-
tion, and YAP1 becomes activated when cells interact with
stiffer extracellular matrix environments.'>13

Numerous inputs regulate Hippo pathway activity, includ-
ing extracellular signals from growth factors and cytokines
acting through membrane G-protein-coupled receptors and
tyrosine kinase receptors, changes in actin cytoskeletal
tension, and cell-cell focal adhesions and junctions."#1> In
particular, merlin (Nf2), a well-known tumor suppressor,
recruits Hippo pathway kinases to the plasma membrane in
close proximity to YAP1, thus facilitating regulatory interac-
tions that inactivate YAP1.'® In addition, YAP1 can be regulated
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Fig. 1 Overview of the Hippo/YAP signaling pathway. (A) When the Hippo kinases are activated YAP1 and/or TAZ are phosphorylated, which
targets them for degradation by 14-3-3 proteins. YAP1 and/or TAZ are also inactivated through cytoplasmic sequestration mediated by
interactions with cell junctions and other complexes. (B) When the Hippo kinase pathway activity is reduced, de-phosphorylated YAP1 and/or
TAZ enters the nucleus and partners with TEAD transcription factors to regulate proliferation, stemness, survival, and mechanical properties of
the cell. YAP1 can also be activated in a Hippo-independent manner through Yes kinase activity. Numerous inputs can influence the level of YAP1
activity through cell membrane receptors, nuclear receptors, or mechanosensory signaling pathways.
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in a Hippo-independent manner through interactions with
many key signaling pathways including Notch, Wnt/B-catenin,
transforming growth factor B (TGFf), and mammalian target of
rapamycin (mTOR) pathways.'’~22 Lastly, nuclear YAP1 can be
prevented from binding to TEAD through interaction with the
AT-rich interaction domain 1A (ARID1a)-containing SWitch/
sucrose non-fermentable chromatin remodeling complex,
which also responds to mechano-transduced signals.>> Thus,
YAP1 integrates a variety of upstream signals allowing cells to
respond actively to their environment.

Generally, YAP1 regulates gene expression to promote cell
proliferation and survival, enhance metabolic activity, and
alter extracellular matrix composition.'>%* Several studies
have combined RNA-sequencing and ChIP-seq data to identify
YAP1 transcriptional targets."?>2® Notably, connective tissue
growth factor (CTGF, gene name CCN2) and cysteine-rich 61
(CYR61, gene name CCN1) have been recurrently identified
and used experimentally as surrogate measures of YAP1
activity.>”® However, more studies are needed to identify
context-dependent transcriptional targets with functional
impacts in liver pathobiology.

YAP1 is known to impact baseline liver size, regenerative
response to injury, and tumorigenesis in liver.'>?* YAP1
seems to promote cell dedifferentiation in some contexts
while promoting biliary differentiation in others; studies
have yet to disentangle these two distinct functions in the
context of liver biology and disease and identify unique
YAP1 targets that mediate these processes.'"?%30 In
addition, the upstream signals regulating activity and the
downstream targets modulated by YAP1 remain to be
further investigated in the context of biliary development
and repair.

YAP1 versus TAZ: Similar but not Always
Interchangeable
TAZ (transcriptional coactivator with PDZ-binding motif, also
known as WWTR1, WW-domain containing transcription
regulator 1) is a paralog of YAP1 which is similarly regulated
by the Hippo pathway and some Hippo-independent mecha-
nisms.3" YAP1 and TAZ together form a complex primarily
with TEAD transcription factors as well as AP1, T-box 5, runt-
related transcription factor 1, and small mothers against
decapentaplegic 2-4 (SMADs 2-4) in different contexts, but
both YAP1 and TAZ have distinct transcriptional partners such
as p73 and peroxisome proliferator-activated receptor gamma
(PPARY), respectively.3! Studies have shown that YAP1 can
regulate transcription of TAZ, and together they can activate
expression of LATS2, forming feedback loops regulating overall
Hippo pathway activity.32

Structurally, YAP1 and TAZ share most protein domains
but with several key differences. First, YAP1 contains two
WW-domains, while TAZ contains just one, potentially
altering their ability to bind to many shared regulators
such as the LATS kinases.?! Second, while both YAP1 and
TAZ carry a TEAD-binding domain to form heterodimers
with TEAD proteins, TAZ has the unique ability to homodi-
merize and, thus, form a TAZ/TEAD heterotetramer, which
has the potential to bind to multiple TEAD sites nearby and
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result in altered transcriptional regulation.® TAZ also lacks
both a proline-rich motif (used by YAP1 to interact with
pre-mRNA splicing proteins) and an SCR homology 3
domain-binding motif (used by YAP1 to interact with SRC
and Yes kinases and other kinase adaptor proteins).! Finally,
TAZ contains two phosphodegron regions (compared with
just one in YAP1) that can be phosphorylated by glycogen
synthase kinase 3- (GSK3), creating a binding site for B-TrCP
ubiquitin-protein ligase for protein degradation, similar to
B-catenin.’

Many studies in the literature have studied YAP1 and TAZ
together and applied their conclusions to both proteins as a
unit. Also, numerous key studies in the field have focused on
double knockout models, which inactivate both YAP1 and
TAZ, or models that delete upstream Hippo regulators
MST1/2 or LATS1/2 and thus activate both YAP1 and TAZ
but have additional downstream effects. Considering how
often YAP1 and TAZ work as a complex, these studies are
invaluable in understanding processes that depend on both
YAP1 and TAZ. However, there is mounting evidence that
YAP1 and TAZ play distinct roles in many tissue types and
developmental stages which may be redundant, comple-
mentary, or completely different. For instance, whole-body
knockout of YAP1 is embryonic lethal, with broad vasculo-
genetic defects, while whole-body knockout of TAZ results
in viable offspring with focal disease in the kidney and
lung.4-3® Studies in many organs show that YAP1 and TAZ
regulate survival, proliferation, and stemness, but individu-
al tissue-specific knockouts show additional subtle defects
related to YAP1 or TAZ but not both, suggesting that beyond
their core shared functions YAP1 and TAZ play unique
tissue-specific roles that cannot be compensated by the
other."*” For this reason, more studies are needed to
dissect the individual functions of YAP1 and TAZ as well
as how they regulate one another in development and
disease.

In the liver, YAP1 and TAZ are both critical for liver
regeneration by regulating proliferation and cell cycling,
liver tumorigenesis, and regulating inflammation and fi-
brosis.>® However, recent studies have identified distinct
roles of YAP1 and TAZ in specific liver pathologies. For
instance, several studies have shown that TAZ plays a
unique role in the development of non-alcoholic steatohe-
patitis through its effects on fatty acid and cholesterol
metabolism, recruitment and activation of innate immune
cells, and activation of stellate cells through Hedgehog
signaling.3%% Other studies have identified distinct roles
of YAP1 and TAZ in liver cancers, with TAZ expression, in
particular, serving as a poor prognostic marker in hepato-
cellular carcinoma even more so than YAP1.414? While
many studies have pointed to key roles for YAP1 in biliary
development and homeostasis and in regulating cell plas-
ticity between hepatocytes and cholangiocytes, TAZ is
unable to fully compensate for the absence of YAP1 in
biliary development.?’43~4® Throughout this review, we
will highlight the few known differences between YAP1 and
TAZinbiliary development and repair and point out gaps in
knowledge that remain to be investigated.
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Liver Development

Hepatocyte and Biliary Differentiation during Liver
Development

Here, we will discuss general principles of liver develop-
ment, which have been elucidated mostly in rodent and
zebrafish models. Foregut endoderm undergoes specifica-
tion at E8.5 through the expression of forkhead box (Fox)
A1/A2/A3 and GATA4 transcription factors. Secreted bone
morphogenetic proteins (BMP) and fibroblast growth factor
(FGF) ligands from the growing septum transversum mes-
enchyme and cardiac mesoderm promote the induction of
liver progenitor cells (LPCs), hepatoblasts, from the foregut
endoderm. Hepatoblasts begin to migrate into the septum
transversum mesenchyme at E10.5, forming cords and
proliferating to expand the growing liver bud.*’ Around
E13.5, hepatoblasts begin to differentiate into hepatocytes.
Most hepatoblasts show the upregulation of hepatocyte
nuclear factor 4 o (HNF4a) and CCAAT/enhancer-binding
protein, C/EBPa, and the downregulation of HNF1f, homeo-
box B, among other factors as they differentiate into hep-
atocytes.*’=° From E13.5 onwards through the first few
weeks of postnatal development, hepatoblasts gradually
mature into hepatocytes and adopt the unique structural
and metabolic features of the mature liver acini, with
polarized canaliculi for bile transport and strictly zonated
metabolic functions.

The process of intrahepatic biliary differentiation and
morphogenesis is outlined in =Fig. 2A. Molecular studies
have identified that the process of biliary differentiation
starts as early as E11.5 in mice, although most morpho-
logical studies have been able to identify primitive biliary
cells around E13.5.484% Mesenchymal cells surrounding
the immature portal veins express the Notch ligand Jag-
ged1, which binds to the Notch2 receptor in neighboring
hepatoblasts to induce the formation of the ductal plate
around E13.5.°° Ductal plate cells and hepatoblasts also
express TGF receptor Il (TGFBRII), which allows them to
respond to TGFB ligands produced around and by the
periportal mesenchyme.>'->2 However, these ligands exert
their activity only in a tightly controlled gradient extend-
ing outwards from the portal vein, regulated by a precise
ratio of CCAAT/enhancer-binding proteins, C/ebpa and
C/ebpp, resulting in stimulation of a layer of hepatoblasts
directly adjacent to the ductal plate.>®> Notch and TGFpB
signaling form part of feedback loops that contribute to a
gene regulatory network by activating the biliary tran-
scription factors, SRY-box transcription factors Sox9 and
Sox4, which are essential for biliary morphogenesis, along
with HNF6, Onecut2, and HNF1, which also contribute to
limiting TGFB signaling to only two layers of portal
hepatoblasts.>*

If the ductal plate is properly induced, ductal plate cells
undergo a variety of changes to mature into functional
biliary epithelial cells (BECs), or cholangiocytes. Cell polar-
ity is established very early on, as visualized by polarized
expression of osteopontin1 and ezrin (a junctional protein)
along with the appearance of primary cilia on the apical

Seminars in Liver Disease © 2022. Thieme. All rights reserved.

membrane.”! Polarization is also integral to lumen forma-
tion and apical constriction which marks the gradual
morphological maturation of cholangiocytes.>>® A com-
bination of cytoskeletal mechanical forces and early bile
acid flow from the nascent hepatocyte canaliculi contrib-
utes to the reorganization of plate cells to form ductal
structures in parallel to the portal veins around
E18.5.°"°7 A basement membrane secreted by adjacent
portal mesenchymal cells containing laminin-a1 initially
supports the ductal plate, but as the cholangiocytes differ-
entiate they secrete their own basement membrane con-
taining laminin-a5 which wraps around the nascent
duct.”® Ductal plate cells left out of the growing bile ducts
continue to express Sox9 for some time but ultimately
develop into periportal hepatocytes; a small population
of hybrid Sox9+ hepatocytes remains into adulthood, with
potential implications in liver regeneration.”®®° At the
same time, the differentiating cholangiocytes and hepato-
cytes secrete vasculogenic factors to regulate the formation
of hepatic arteries from periportal mesenchymal cells.®"-62
Despite our understanding of the process of biliary mor-
phogenesis, there remain many gaps in our knowledge of
the molecular mechanisms which underlie these subtle,
coordinated, and yet highly pertinent changes.

Finally, at maturity, the portal veins, bile ducts, and
hepatic arteries form a parallel system of vessels known
as the portal triad. Blood flows from the portal vessels
through the liver sinusoids (fenestrated capillary system)
toward the central veins, creating an oxygen gradient, while
bile produced in hepatocytes flows in a counter-current
manner toward the bile ducts.®? As hepatocytes mature,
they adopt different phenotypes based on their proximity to
either portal triad vessels or central veins. Periportal hep-
atocytes perform gluconeogenesis, cholesterol biosynthesis,
and urea metabolism, whereas pericentral hepatocytes,
responsive to Wnt/B-catenin signaling, perform glycolysis,
bile acid biosynthesis, and glutamine synthesis, thus creat-
ing zonation of opposing metabolic processes, which is a
hallmark of the mature liver.®4

Development and Maturation of the Extrahepatic
Biliary Tree
The extrahepatic bile ducts (EHBDs) consisting of the common
bile duct, gallbladder, and cystic duct connect the intrahepatic
bile ducts at the perihilar region to the pancreatic ductal
system and transport bile to the intestine. The EHBDs are
also closely associated with peribiliary glands (PBGs), a net-
work of mucinous and serous acini connected with the bile
duct lumina and supported by a network of connective,
vascular, and nervous tissue which may act as a multipotential
stem cell niche.>>>-60

Although the EHBDs are thought to arise from the hepatic
bud in humans, in mice the EHBDs arise from the ventral
pancreatic bud as shown by recent lineage tracing studies.®’
An SRY-box transcription factor 17 (Sox17)-positive and
pancreatic and duodenal homeobox 1 (Pdx1)-positive pro-
genitor population arising from the foregut endoderm and
ventral pancreatic bud give rise to the pancreas and
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Fig.2 Timeline of intrahepatic biliary development and potential roles of YAP1 in intrahepatic biliary differentiation and morphogenesis during
development. (A) Notch activation is evident in earliest biliary cells adjacent to portal mesenchyme during early liver development from
embryonicday 11to 13 (E11-E13). These cells begin to mature as cholangiocytes, whereas a second layer of biliary cells appears from immature
hepatocytes as hepatocyte-specific transcription factors like HNF4a are shut-off and biliary transcription factors like Sox-9 are tuned on, under
the influence of TGFP from portal mesenchyme. Eventually both layers of biliary cells come together to form a duct composed of maturing and
polarizing cholangiocytes with appropriate surrounding laminin. (B) Potential roles of YAP1 in requlating biliary differentiation in the first
and second layers of hepatoblasts which eventually form the mature bile ducts. (C) Potential roles of YAP1 in biliary cell polarization and laminin

deposition during bile duct maturation.

pancreatic ductal system, the duodenum, and the EHBD
network.%® Haploinsufficiency of Sox17 leads to malforma-
tion or agenesis of the gallbladder with defective contractili-
ty and function, although other parts of the EHBD network
are not as drastically affected.®® Hes1 null mice showed
major dysgenesis of the EHBDs along with expression of
ectopic pancreatic cells, suggesting that Notch activity is
involved in promoting and maintaining biliary differentia-
tion while simultaneously blocking pancreatic acinar differ-
entiation from common progenitors.®®’% Activation of
transcription factors including hematopoietically expressed
homeobox protein (Hhex), Hnf6, and Hnf1p, along with BMP
and FGF signals from the adjacent mesenchyme, has also

been shown to play a critical role in EHBD formation.®”-”172

Multiple mechanical signals regulated by Eph/Ephrin inter-
actions regulate the formation of a continuous lumen from
differentiating cholangiocytes.”® Finally, there is some evi-
dence that the Wnt and Hippo pathways contribute to EHBD
formation, both within the biliary cells themselves and also
from nearby hepatocytes.>>67-74

However, the mechanisms regulating EHBD formation
and the functions of each of these signaling pathways remain
to be further elucidated. Furthermore, we still do not under-
stand how the EHBD and intrahepatic bile duct (IHBD) net-
works interact during development to establish a seamless
tubular network.
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Role of YAP1 in Liver Development

Role of YAP1 in Intrahepatic Bile Duct Formation
At E10-12, YAP1 is present in both the nuclei and cytoplasm
of hepatoblasts, but its function in this context is unknown.”>
Recent analysis of a publicly available single-cell RNA-
sequencing data from developing mouse livers between
E10.5 and E17.5 also showed low levels of YAP1 expression
in cells classified as hepatoblasts and hepatocytes, with a
comparative increase in YAP1 expression in developing BECs
over the course of their differentiation.*®° Canonical YAP1
targets, Ccn1 (Cyr61) and Ccn2 (Ctgf), were also found to be
minimally expressed in hepatoblasts but were comparatively
much more strongly expressed in developing BECs, suggest-
ing that YAP1 activity is restricted to the cholangiocyte
population.*® Nonetheless, using FoxA3-cre, YAP1 was delet-
ed from hepatoblasts during early murine liver develop-
ment.*® This led to a complete loss of intrahepatic biliary
tree in the knockout mice. Intriguingly, YAP1 loss did not
impair Notch signaling in the ductal plate, and hence, YAP1
appears to not be necessary for Notch-driven initiation of
biliary differentiation in the ductal plate. Interestingly, dele-
tion of YAP1 from the early hepatoblasts did not impair
hepatoblast differentiation into hepatocytes, suggesting that
YAP1 is dispensable in the hepatocyte differentiation trajec-
tory of the hepatic progenitors.*®

YAP1 loss from hepatoblasts interfered with biliary
morphogenesis in several ways (=Fig. 2B,C). First, in the
absence of YAP1, we observed persistent expression of
HNF4a in hepatoblasts adjacent to the ductal plate. YAP1
seems to be necessary for the differentiation of the second
layer of BECs, and the absence of YAP1 impairs the integra-
tion of this cell layer with the ductal plate, leading to failure
of ductal morphogenesis and the absence of an intrahepatic
biliary tree. This defect may be cell autonomous, suggesting
that the two layers of developing BECs differentiate in
different ways. Indeed, many developmental models of
impaired bile duct morphogenesis result in what appears
to be a “pause” between the formation of the first
and second layers of developing BECs.”®7%77 YAP1 may
play a unique role in activating a biliary program and
perhaps repressing HNF4a in the second layer (~Fig. 2B).
It has been shown that YAP1 can regulate both HNF4«
expression and its genome binding distribution in mouse
hepatocyte lineage, so YAP1 may be critical for turning off a
hepatoblast/hepatocyte genetic program in favor of a
Notch-driven biliary program.?’o’43 In this case, Notch sig-
naling may be upstream of YAP1 activation in the first layer
but downstream of YAP1 signaling in the second layer
(=Fig. 2B). Indeed, YAP1 has been shown to upregulate
Notch2 and Jaggedl gene expression, directly or indirectly
via CCN1, and to activate Notch signaling in mature hep-
atocytes and in various liver cancers.'”18:43.78-80 | jrewise,
Notch signaling has been shown to activate YAP1 in various
mouse models of liver cancer, particularly those with bili-
ary phenotype, and they can engage in a positive feedback
loop that promotes hepatocyte transdifferentiation into
biliary-like cells."®'® Thus, the relationship between Notch
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and YAP1 signaling in early biliary development remains a
key area of research interest.

The observed phenotype may also result from impaired
cell-cell communication from the portal mesenchyme to
ductal plate cells as well as from ductal plate cells to adjacent
hepatoblasts. In particular, TGFB signaling originating from
the portal mesenchyme is critical for the formation of
the second layer during bile duct morphogenesis.*3->%77
Also, it was shown to drive hepatocyte-derived biliary
regeneration in a mouse model of Alagille syndrome
(ALGS) in which Notch signaling was impaired.81 YAP1 may
be a downstream mediator of TGFp signaling in developing
hepatocytes, regulating their fate-switch to form a second
layer of biliary cells and downregulating HNF4a ( ~Fig. 2B).*3
Studies have identified numerous forms of cross-talk and
positive feedback between YAP1 and TGFf signaling, includ-
ing in hepatocytes, hepatic stellate cells, and various cancers,
and it is known that the SMAD transcription factors can bind
to YAP1 and mediate its gene regulation, although this
relationship has not been clearly examined in liver develop-
ment or in cholangiocytes.82-8* More conclusive studies are
needed to elucidate these mechanisms.

Third, the formation of primary cilia was impaired in
developing BECs after YAP1 loss, suggesting a defect in cell
polarization in the ductal plate (=Fig. 2C). Another recent
study showed that impaired formation of primary cilia
interfered with YAP1 activation in biliary development,
which combined with our data may suggest a positive
feedback loop between regulation of YAP1 activity and
signaling functions associated with primary cilia in develop-
ing BECs.”® Finally, YAP1 loss resulted in the absence of
laminin deposition in the basolateral side of the ductal plate
(=Fig. 2C). Impairment of laminin-integrin signaling has
also been shown to block murine bile duct morphogenesis.*®
However, whether YAP1 directly regulates the synthesis of
laminins and integrins and/or whether this process depends
on communication with the adjacent portal mesenchyme
remains unclear.

Several other studies have also implicated YAP1 as an
essential factor regulating biliary development. Deletion of
YAP1 during mid-late embryonic development using Cre-
recombinase driven by the Albumin promoter (Alb-Cre)
results in a marked paucity of bile ducts postnatally, causing
long-term cholestatic injury and failed attempts by the liver
to regenerate cholangiocytes.®> On the contrary, inducing
the expression of constitutively active YAP1 (S127A) in
mature hepatocytes was shown to activate Notch signaling
and promote the expression of biliary markers such as Sox9
and resulted in the dedifferentiation of hepatocytes into oval
cells, resembling LPCs.** Similarly, deletion of upstream
regulator Nf2 causes dramatic overgrowth of bile ducts, a
phenotype which is completely ablated in the absence of
YAP1.%° A previous study suggested that the overgrowth of
bile ducts due to Alb-Cre Nf2-deletion and subsequent YAP1
activation was ablated by Notch2 deletion, suggesting Notch
activity may be downstream of YAP1 in bile duct develop-
ment.”® However, Notch2 deletion in this model did not
completely prevent bile duct formation, suggesting YAP1
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may be regulating bile duct formation through additional
signaling pathways.”®

Importantly, activation of YAP1 through the Alb-Cre-me-
diated knockout of the upstream inhibitory kinases Lats1/2
in mid-late embryonic development resulted in abnormal
overgrowth of ductular cells expressing immature biliary
markers.*> Lats1/2-negative hepatoblasts differentiated
much more efficiently into BECs than hepatocytes in vitro,
due to YAP1-mediated direct transcriptional upregulation of
TgfB2 and transcriptional repression of Hnf4a.*> Further-
more, YAP1 may signal upstream to activate both Notch
and TGFp signaling in both embryonic cells (in vitro) and
adult liver epithelial cells, and both of these pathways play
key roles in biliary development.43:44.52.81.83

Notably, deletion of both YAP1 and TAZ using the Alb-Cre
model resulted in grossly similar biliary defects as Alb-Cre
YAP1 single knockout.2%-8” However, Lee et al examined the
effect of deleting either YAP1, TAZ, or both in the context of
Alb-Cre LATS1/2 deletion and found that YAP1 and TAZ each
exerted some influence on the level of biliary overgrowth,
but only when both were deleted did the biliary lineage
disappear altogether.*> Furthermore, their histological anal-
ysis suggests some morphological differences in the biliary
cell clusters after deletion of YAP1 and TAZ.*? TAZ has also
been implicated in positive feedback loops with Notch and
TGFpB signaling in the above-mentioned studies together
with YAP1, and TAZ can also regulate cross-talk between
liver epithelium and associated mesenchymal cells.'?-8-38.88
However, no studies so far have looked at deletion of TAZ
alone in the embryonic stages of liver development to fully
differentiate the roles of YAP and TAZ in this process, which
remains an open question of investigation.

Role of YAP1 in EHBD Development

Relatively less is known about the role of YAP1 in the
development of EHBD. Intriguingly, one recent study showed
that deletion of Hippo pathway regulator Sav1 in zebrafish
resulted in abnormal or absent gallbladder development,
abnormal intra- and extra-hepatic biliary morphology, and
impaired bile flow through hepatocyte canaliculi.”* Loss of
Sav1 led to dysplastic and proliferative phenotype in devel-
oping biliary cells causing masses resembling cholangiocar-
cinoma, as well as loss of cell polarity throughout the
hepatobiliary epithelium. There was an elevated expression
of both Yap1 and Taz, but concomitant Yap1 deletion did not
rescue lethality of the Sav1 null phenotype. Re-expression of
Sav1l in hepatocytes rescued the phenotype and mostly
restored biliary morphogenesis and gallbladder formation,
suggesting an unexpected non-cell autonomous role for
Hippo/YAP1 signaling in regulating intra- and extra-hepatic
biliary development through an unknown hepatocyte func-
tion. Nevertheless, Sav1 null zebrafish with hepatocyte Sav1
re-expression eventually developed cholangiocarcinoma-
like gallbladder masses, suggesting that YAP1 has to be
tightly controlled to regulate the homeostasis of gallbladder
epithelium. Indeed, YAP1 has been found to be highly
expressed in cholangiocarcinoma, both intra- and extra-
hepatic, and elevated YAP1 histologic expression correlates
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with a worse prognosis in gallbladder cancer.®>°° Further
study is needed to investigate the functions of YAP1 and TAZ
in the development of the EHBDs and how this may impact
associated disease.

Principles of Biliary Repair and
Regeneration: A YAP1 Perspective

Overview of Cholangiocyte Response to Injury
The biliary system is sensitive to injury, and many acute
and chronic liver injuries can result in damage to the bile
ducts. Intriguingly, the liver reacts to such injuries and
mounts diverse reparative responses, albeit with
varying degrees of effectiveness. Under normal conditions,
mature cholangiocytes are quiescent, secretory cells which
regulate the transport and composition of bile.”! Studies in
mice have distinguished two types of intrahepatic chol-
angiocytes by location, morphology, and function: large
cholangiocytes, found in large IHBDs and EHBDs, and
small cholangiocytes, found in the peripheral liver paren-
chyma.®"?2 While large cholangiocytes respond to secretin
signaling to regulate the secretion of bicarbonate and
water to modulate bile fluid composition, small cholan-
giocytes do not normally express secretin receptor and
instead rely on Ca?"-mediated signaling pathways to
adjust bile fluid composition.®>

All cholangiocytes are sensitive to injury and activate a
variety of responses (=Fig. 3A). The proliferation of chol-
angiocytes following to replace the demise of a damaged
cholangiocyte is a common injury response. Sustained
injury to bile duct cells, however, can result in the chronic
proliferation of remnant cholangiocytes and their expan-
sion to constitute what is commonly referred to as ductular
reaction. The ductular reaction can be composed of orderly
or more haphazard expansion of cholangiocytes of varying
morphology; it occurs initially around the portal vein and
can reach deeper into the liver parenchyma toward the
pericentral zone depending on the type, extent, and dura-
tion of injury.**=®” The ductular reaction may arise from
cholangiocytes, hepatocytes, or LPCs, such as hybrid Sox9-
positive cells residing in the canals of Hering of rodents, or
specific EpCAM-positive populations identified in human
liver.?3-1%0 The ductular reaction itself may be comprised of
LPCs expanding in the setting of injury, and numerous
markers such as EpCAM, CD24, and CD133 have been
used to isolate these cells and demonstrate their bipoten-
tiality.?”-°%:101-104 1 addition, it has been shown that when
large cholangiocytes are damaged, small cholangiocytes can
expand and adopt the features of large cholangiocytes such
as secretin receptor signaling to repopulate this niche,
suggesting that small cholangiocytes may be more poorly
differentiated within the spectrum of cholangiocyte identi-
ty.92'105 This remains a topic of intense investigation and it
seems that the source, extent, and fate of a ductular reac-
tion depend on the severity of injury and which liver cell
types are primarily affected.®’ The pathogenesis of the
ductular reaction varies greatly based on the disease con-
text and has been extensively reviewed elsewhere.?>106.107
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Fig. 3 Diverse roles of YAP1 in requlating cholangiocyte and hepa-
tocyte responses to cholestatic injury. (A) YAP1 can induce prolifer-
ation as well as promote survival of cholangiocytes during injury. Its
role in activating liver progenitor compartment is also recognized.
Under certain chronic and uncontrolled injury, YAP1 activation in bile
duct cells could lead to ductular reaction to induce pro-inflammatory
and pro-fibrogenic gene expression and in turn promote disease
progression. Likewise, YAPT might also contribute to senescence-
associated secretory phenotype in bile duct cells. (B) YAP1 is known to
directly induce hepatocyte to cholangiocyte transdifferentiation in
adult livers. It could also lead to dedifferentiation of a mature
hepatocyte to a progenitor cell which could in turn differentiate into a
cholangiocyte. The role of YAP1 in liver progenitor cells arising from
either peribiliary glands in the EHBDs or hepatic stem cell populations
in the canal of Hering, especially in contribution to biliary repair,
remains to be elucidated.

The ductular reaction has been associated with both allevi-
ating the injury and contributing toward disease phenotype.
Some studies have shown that added ductal cells contribute to
collecting bile from the parenchyma and channel it out of the
liver and, thus, prevent bile toxicity.%'108 Activated cholangio-
cytes can also secrete and respond to a variety of cytokines,
chemokines, and neuroendocrine signals and are closely asso-
ciated with inflammatory infiltrates of neutrophils and macro-
phages as well as activated myofibroblasts.?*'%=" In chronic
injury, cholangiocytes may become senescent in response to
DNA damage and oxidative stress, leading to cell cycle arrest and
activation of a pro-inflammatory senescence-associated secre-
tory phenotype.''%"13 Senescent cholangiocytes secrete classic
cytokines such as IL1, IL6, CXCL1/2, and IL8 in addition to matrix
metalloproteinases and other ECM remodeling factors, leading
to autocrine and paracrine signaling to neighboring Kupffer cells
and stellate cells which respond in kind to these injury-related
stimuli."'? Chronically reactive cholangiocytes may contribute
to worsening portal fibrosis and a pro-tumorigenic environ-
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ment. The molecular basis of pro-inflammatory and pro-fibro-
genic nature of reactive ductules is incompletely understood.
Also, how the ductular reaction can be manipulated to promote
favorable repair and minimize tissue damage is an area of
active investigation in various laboratories. Finally, chronic
severe biliary injury will often lead to duct loss through
apoptosis of existing cholangiocytes and failure of proliferative
regenerative mechanisms.'0%110.112.114

The PBGs play animportant role in the regeneration of large
IHBDs and EHBDs as a source of stem cells with the potential to
differentiate into hepatocytes, cholangiocytes, and pancreatic
islet-like cells.%>%%%9 The PBGs seem to provide a source of BEC
turnover in homeostasis, although at a very slow rate, and they
can be activated to expand in the setting of injury as observed
in rodents and human tissue.%®°° PBGs are closely associated
with loose connective tissue, the peribiliary vascular plexus,
and unmyelinated nerve processes, suggesting that PBG epi-
thelial cells can sense and respond to hormonal and neuro-
transmitter signals to drive the secretion of bile-modifying
components and mucinous glycoproteins to create a barrier
from toxic bile as well as components of mucosal immunity
such as IgA and lactoferrin.®® This close relationship has been
implicated in the pathogenesis of EHBD diseases such as
primary sclerosing cholangitis, as increased levels of bile
duct fibrosis are associated with PBG hyperplasia in patients,
possibly mediated by Hedgehog signaling.''> Many more
studies are needed to further characterize the similarities
and differences between EHBD and IHBD responses to injury
and clarify the functions of the PBGs in mediating biliary injury
and repair.

Role of YAP1 in the Cholangiocyte Response to Injury
YAP1 has been implicated in many aspects of the cholangiocyte
response to injury, partly because it plays an important role in
biliary homeostasis and response to environmental cues. YAP1
has been shown to be active in a subset of mature cholangiocytes
during homeostasis and responds dynamically to
increased levels of bile acids in mice, subsequently regulating
transcription and activating downstream pathways like mito-
gen-associated protein kinase (MAPK)/extracellular signal-reg-
ulated kinase (ERK) signaling.27 This process has been shown to
depend on apical sodium-dependent bile acid transporter
(ASBT)-mediated apical transport of bile acids into the BECs,
as well as 1Q motif containing GTPase Activating Protein 1
(IQGAP1)-mediated regulation of YAP1 nuclear localization in
response to bile acid signaling.?”-''® Loss of YAP1 in mature BECs
results in cell death and activation of inflammation even under
homeostatic conditions in a bile acid-dependent manner, while
YAP1 helps prevent BEC cell death in the presence of patholog-
ically elevated bile acids, such as the 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC)-diet or cholic acid feeding.?’ Thus, YAP1
is critical for BEC survival and adaptation to changing levels of
bile acids in homeostasis and disease settings.

YAP1 has also been shown to be essential for BEC prolif-
eration and ductular reaction formation in varied injury
models such as DDC-diet, bile duct ligation, choline-deficient
ethionine-supplemented diet, and carbon tetrachloride in-
jury."77120 Ablation of YAP1 in BECs, hepatocytes, or both
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causes dramatically reduced ductular reaction, with conse-
quently worsened cholestatic liver injury. YAP1 is critical in
regulating the ductular reaction originating from both BECs
and hepatocytes in cell-autonomous ways, but YAP1 in
hepatocytes may also indirectly regulate BEC proliferation
and ductular reaction expansion.''’"2% This process may
depend on mTOR activation and increased Survivin
expression mediating pro-proliferative and anti-apoptotic
signals.''®120 [n addition, YAP1-target CCN1 (CYR61) signals
in an autocrine manner in BECs to drive BEC proliferation
and ductular reaction through integrin binding and subse-
quent activation of NF-kB and Jagged/Notch signaling.80
Importantly, studies have not determined what role YAP1
may play in the activation and expansion of various stem cell
populations in the liver, which remains to be investigated.
The aforementioned studies use genetic models, which alter
and/or label the majority of cholangiocytes and/or hepato-
cytes without targeting specific stem cell markers or fully
characterizing the stem-cell properties of the ductular reac-
tion. However, the profound impact of YAP1 loss on ductular
reaction in these diverse injury models suggests that YAP1 is
required for the ductular reaction to occur regardless of
its source.

YAP1 activation in BECs also contributes to inflammation
and fibrosis by regulating the production of cytokines such as
CYR61 and CTGF from BECs and hepatocytes. CYR61 can act
as a macrophage chemoattractant and also promote the
activation of hepatic stellate cells, leading to increased
fibrosis.?®8%121 CTGF from BECs can act in an autocrine
manner through integrin binding to promote TGFp signaling
and collagen deposition associated with the ductular reac-
tion, and deletion of CTGF reduces markers of fibrosis in the
setting of cholestatic injury such as the DDC-diet model.'"®
While TAZ has been shown to regulate similar gene targets as
YAP1, so far we do not know what distinct role TAZ may play
in BECs in homeostasis and regeneration.

Overview of Hepatocyte-Driven Biliary Repair via
Transdifferentiation

Although once a controversial idea, numerous studies in
rodents have demonstrated using lineage-tracing experiments
that hepatocytes have significant plasticity and are capable of
transdifferentiating into cholangiocytes to promote repair and
regeneration, especially in the setting of chronic biliary injury
(~Fig. 3B).'?? Various types of injury models targeting the
murine biliary system have been used to stimulate this
response, such as the DDC-diet model, bile duct ligation, and
4,4-diaminodiphenylmethane biliary toxin. These studies
have implicated pathways including Notch, Wnt-B-catenin,
Hippo/YAP1, and TGFB.274481:13-126 While many studies
suggest that all hepatocytes have this potential, some studies
have identified specific sub-populations of hepatocytes that
may have greater repopulation capacity, such as telomerase-
expressing hepatocytes or a subset of Sox9-expressing portal
hepatocytes, which may have different or enhanced cholan-
giocyte transdifferentiation capabilities.?®'?” Also, despite
the clear evidence of hepatocyte-derived cholangiocytes,
questions remain about whether such response is durable
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especially when the injury abrogates and also whether these
transdifferentiatied cells may be predisposed to neoplastic
transformation in the long-term either spontaneously or
following an additional insult.'?®

Recently, this regenerative response was convincingly
observed in an animal model of ALGS with liver-specific
developmental ablation of Notch signaling and HNF6.2
Intriguingly, despite the total failure of intrahepatic bile
duct formation, many of these mice recovered and survived
long term due to hepatocyte-derived de novo generation of
bile ducts forming a three-dimensional, functional net-
work.3" This study demonstrated a role of TGF-signaling
through TGFRRII for transdifferentiation and regeneration to
occur. Phenotypic recovery over time has also been observed
in some (but not all) murine models of ALGS.'?®"30 Similar
observations have been reported in a subset of Alagille
patients making hepatocyte-derived biliary regeneration a
likely therapeutic modality for improved biliary function in
humans. '

Role of YAP1 in Hepatocyte-Driven Biliary Repair via
Transdifferentiation

Several studies have implicated YAP1 in hepatocyte trans-
differentiation into biliary-type cells (~Fig. 3B). Notably,
Yimlamai et al showed that conditional doxycycline-induced
expression of YAP1-S127A (a mutant constitutionally active
form of YAP1) in hepatocytes led them to express biliary
markers such as pan-cytokeratin, SOX9, and HNF1f and
change their morphology from large cuboidal epithelia to
small, progenitor-like cells with increased nuclear-to-cyto-
plasmic ratio.** Using lineage tracing, they rule out activa-
tion of a pre-existing progenitor cell type and demonstrate
that YAP1 activation caused almost 75% of individual, mature
hepatocytes to dedifferentiate and adopt a ductal or progen-
itor-like state in a cell-autonomous manner. Transcriptional
analysis showed that YAP1-activated hepatocytes under-
went reprogramming with activation of Notch, TGFf, and
epidermal growth factor receptor signaling and downregu-
lation of HNF4a expression. In particular, YAP1 was shown to
regulate transcription of Notch2 and Sox9 and blocking Notch
signaling through simultaneous deletion of RBP] significantly
abrogated hepatocyte transdifferation. Importantly, when
YAP1-S127A expression was shut off, approximately 20% of
transdifferentiated cells began to re-express HNF4a and
return to a hepatocyte-like morphology, suggesting that
continuous YAP1 activation may be necessary to maintain
ductal differentiation.

Other studies have examined the role of YAP1 in mediating
hepatocyte transdifferentiation in the context of biliary injury.
For example, both Pepe-Mooney et al and Planas-Paz et al
showed that biliary injury caused by DDC-diet treatment in
mice could induce expression of YAP1 targets in hepatocytes
and led to the formation of hepatocyte-derived duct-like
structures, and this response was significantly abrogated
when YAP1 was specifically deleted from hepatocytes.?”-1"8
Another study demonstrated that YAP1-mediated hepatocyte
transdifferentiation and ductular reaction in the setting of
DDC-diet injury was dependent on Aridla-mediated
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chromatin remodeling, which opened the chromatin of thou-
sands of genes implicated in hepatocyte reprogramming and
created a permissive environment for gene expression modula-
tion by YAP1 and other factors.'32 Classic pathways implicated in
hepatocyte transdifferentiation as well as biliary development
were impacted by Aridla-mediated chromatin remodeling,
including targets of Hippo/YAP1, TGFj, MAPK, and WNT signal-
ing. An indispensable role of YAP1 in the process of hepatocyte-
to-biliary transdifferentiation was also indicated on our recently
characterized mouse model of Alagille-like syndrome due to
YAP1 deletion from hepatoblasts by FoxA3-Cre.*® Although other
studies have shown that YAP1 activation drives the expression of
hepatoblast markers and biliary markers in hepatocytes and
promotes the formation of hepatocyte-derived hepatoblastoma
or cholangiocarcinoma,'®#4133.134 our study provides evidence
that without YAP1 the liver cell identity shift cannot occur.*®

Hepatocyte Adaptation to Cholestasis

One of the major functions of the hepatocytes is the production
of bile which is channeled through biliary canaliculi, intra-
hepaticbile ducts, and, eventually, through extrahepatic biliary
tree to the small intestine. However, the imperfect flow of the

bile can lead to stagnation and bile accumulation, a feature
referred to as cholestasis. Although cholestasis can be caused by
a wide variety of pathologies, the end result is an increase in
hepatic bile acids (as well as bilirubin, toxins, and heavy metals
also excreted in bile) due to impaired bile processing and flow
out from the liver through the biliary system. Since bile acids
are in fact detergents essential for carrying lipids and for
solubilizing lipids for absorption, these can themselves lead
to severe cell injury and death both directly and indirectly by
binding to cell death receptors and inducing oxidative
damage.'>>13 Bile acids also deplete cell membranes of cho-
lesterol, resulting in altered lipid raft-associated signaling, and
the subsequent elevated cholesterol synthesis results in hyper-
cholesteremia and feedback effects on lipid metabolism.'3”:138

There is a complex system of feedback regulation by
which hepatocytes respond to elevated bile acid levels,
especially through interactions among bile acids and various
nuclear receptors (~Fig. 4). One central regular is the farne-
soid X receptor (FXR) together with the small heterodimer
partner (SHP), which responds to elevated bile acid levels in
hepatocytes by downregulating transcription of Cyp7al,
a key rate-limiting enzyme in bile acid synthesis.'®

Hepatocyte

Cholestatic Injury
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Fig.4 Overview of hepatocyte adaptation to cholestatic injury. Hepatocytes can adapt to increased cholestaticinjury seen due to enhanced bile
acidsin the liver. Several key nuclear receptors sense an increased bile acid pool and begin inhibiting de novo synthesis in an attempt to decrease
total bile acid content. They also reduce bile acid hydrophobicity through increased conjugation, increase phospholipid secretion into bile to
decrease toxicity, reduce apical transport of bile acids if there is obstruction or limited biliary canalicular or ductal flow, and enhance basolateral
efflux of bile acids into sinusoidal blood to promote their exit from the liver. Bile acids can also directly or indirectly result in YAP1 activation
through changing the mechanical tension in the bile canalicular wall and altering Hippo pathway activity. Hepatocyte can, thus, undergo

metabolic reprogramming of bile acids and at the same time decrease its general synthetic and metabolic functions while it turns on proliferative
program to maintain mass, as was seen in an extreme case of complete intrahepatic biliary tree absence due to hepatoblast-specific YAP1

deletion in mice.
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In addition, FXR/SHP, pregnane X receptor, and vitamin D
receptor among others form heterodimers with the retinoid
X receptor o to coordinate the expression of bile acid trans-
porters (altering influx and efflux of bile acids from hepato-
cytes into the canaliculi or the serum to reduce intracellular
accumulation) and phase I/Il metabolizing enzymes (which
conjugate bile acids to reduce their toxicity and increase
hydrophilicity).'3®:13° The PPARa, a key regulator of lipid and
glucose metabolism, regulates genes promoting bile acid
conjugation and phospholipid secretion into the bile, overall
decreasing bile toxicity.”"5'139'140 Moreover, many of these
receptors also regulate the secretion of inflammatory and
pro-fibrotic cytokines as well as regulating the balance of
pro- and anti-apoptotic signals.BG’BQ'141 This complex
signaling network lies at the heart of the liver's adaptive
response to cholestasis and is the subject of an intense
investigation to develop therapeutics that amplify
protective responses while reducing pro-apoptotic, pro-in-
flammatory, and pro-fibrotic signals.

Bile acids can regulate YAP1 activity in murine hepatocytes
in various manners (=~Fig. 4). A recent study showed that
MST1/2, core kinases of the Hippo pathway, act downstream of
FGF15/19-FGFR4 to regulate the activity of SHP in a feedback
loop between the liver and the intestine which regulates bile
acid synthesis.'* In the absence of MST1/2, SHP was destabi-
lized, resulting in increased bile acid synthesis and an
increased bile acid pool, causing direct and indirect activation
of YAP1.'#? In addition, bile acid exposure alters hepatocyte
cell adhesion and actin cytoskeleton structure, which can
impact the distribution of scaffolding proteins like IQGAP1
which can transport YAP1 into the nucleus.''® Another study
showed that the quantity of bile acids being transported
through hepatocyte canaliculi influences the size and tension
of the actin cytoskeletal network attached to the canalicular
junctions such that an increase in bile acid flow can increase
the tension felt by the actin fibers resulting in increased YAP1
translocation to the nucleus."*® Bile acid-dependent YAP1
activation in hepatocytes can also impact fibrosis and inflam-
mation through many of the same mechanisms described
above for cholangiocytes. For example, a recent study showed
that taurocholate could induce the expression of CTGF in
hepatocytes in a YAP1-ERK-dependent manner.'4* YAP1 acti-
vation also leads to hepatocyte proliferation and regeneration,
which has been reviewed elsewhere,'>14>

Besides managing bile acid toxicity directly, hepatocytes in
the setting of cholestasis undergo a global transcriptional and
functional reprogramming in response to injury (=Fig. 4). This
has been described in several studies of the MDR2 knockout
mouse model, which mimics human progressive familial intra-
hepatic cholestasis (PFIC) by impairing phosphatidylcholine
secretion into the bile canaliculi, resulting in chronic obstruc-
tive cholestasis.'® In the first few months of injury, MDR2 KO
livers show an increase in oncogenic pathways, pro-survival
and pro-proliferative pathways, DNA-damage response path-
ways, and oxidative stress response.'*® While these pathways
contributed to survival in the short term, the long-term
activation of oncogenic pathways resulted in the development
of hepatocellular carcinoma in MDR2 KO mice over 1 year of

YAP1 in Bile Duct Pathophysiology Molina et al.

age.'*1%0 Interestingly, it has been shown that bile acids can
signal through the scaffold protein IQGAP1 to directly activate
YAP1, which contributed to carcinoma formation in a model of
severe cholestasis due to loss of FXR/SHP.''® These models
demonstrate the double-edged sword of liver adaptations to
injury.

Adaptive transcriptional reprogramming was also observed
following YAP1 deletion in hepatoblasts by FoxA3-Cre, after
which YAP1 KO mice were able to survive long term despite the
severity of disease due to a complete absence of IHBDs.*®
Similar to MDR2 KO mice, YAP1 KO livers activated pathways
promoting hepatocyte proliferation, regeneration, and survival.
Interestingly, however, YAP1 KO hepatocytes completely
reversed the direction of bile acid transport to overcome the
lack of plumbing for bile excretion, while also altering bile acid
metabolism to favor a more hydrophilic, less toxic profile
(~Fig. 4).%6 While this led to elevated levels of bile acids and
bilirubin in the blood, it also prevented these toxic components
from accumulating in the hepatic parenchyma, thereby reduc-
ing hepatocellular injury. The exact regulatory mechanisms
responsible for this adaptation remain to be elucidated. Persis-
tently elevated serum total and conjugated bilirubin levels in
young children with ALGS are associated with more severe liver
disease and decreased likelihood of spontaneous improvement
over time, similar to that seen in the FoxA3-Cre YAP1 KO
model.”® The same adaptive changes in bilirubin and bile
acid transport observed in YAP1 KO mice may be occurring in
patients with severe disease and may indicate maximal hepa-
tocyte adaptation in the context of failed biliary regeneration.
Thus, YAP1 activation (or inactivation) in hepatocytes may be
an important disease modifier in patients with ALGS and other
biliary disorders requiring further studies. Overall, the surpris-
ing capacity of the liver to survive and adapt may be harnessed
therapeutically to better understand how to support patients
with chronic liver injury.

Clinical Significance of YAP1 in Diseases with
Developmental Loss of Bile Ducts

There are a variety of pediatric diseases affecting the biliary
tree, caused by both genetic and environmental factors. Some
diseases like PFIC involve not just cholangiocyte but hepato-
cyte dysfunction in biliary metabolism and transport. Not
much is known on the role of YAP1 in PFIC, and more studies
are needed to determine whether YAP1 impacts the role of
hepatocytes in both causing and repairing cholestatic injury. In
this section, we will focus on the potential roles of YAP1 in the
pathogenesis of ALGS and biliary atresia (BA), two major
pediatric cholestatic diseases caused by genetic developmen-
tal defects and/or injury to the developing biliary system.

Alagille Syndrome

ALGS is an autosomal dominant disorder arising from muta-
tions in the JAGGED1 (> 90%) or NOTCH2 genes which causes
multi-system malformations including impaired formation
of bile ducts in embryonic development.'3" Children also
exhibit congenital cardiovascular abnormalities, vascular
anomalies, renal disease, and skeletal abnormalities among
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others.’®! In addition, children with ALGS exhibit marked
growth deficiencies, associated with decreased caloric intake
and chronic fat malabsorption due to decreased bile secre-
tion into the gut, although there may be additional factors.'>?
According to the National Organization for Rare Disorders,
the incidence of ALGS is estimated at 1 in 30,000 to 1 in
45,000 births.

One longitudinal study found that 89% of children with
ALGS have cholestasis, ranging from mild to severe, and 75%
exhibit bile duct paucity histologically.'>® According to a
recent prospective study, only approximately 24% of children
with bile duct paucity reach adulthood without a liver
transplant, indicating the serious need for alternative thera-
pies.'™* Interestingly, the penetrance of these mutations
varies widely leading to variability in the extent of cholesta-
sis and disease presentation, even among family members
with the same mutation.’>! We lack a full understanding of
the disease modifiers and relevant biomarkers that can help
stratify or distinguish these patients during a critical treat-
ment window.'3"-1%%156 Children with mild cholestasis, as
measured by levels of serum bilirubin and alkaline phospha-
tase among others, often show improvement and resolution
of disease over the first few years of life.'>"-1>>1%® In contrast,
persistently elevated serum total and conjugated bilirubin
levels in young children with ALGS are associated with more
severe liver disease and decreased likelihood of spontaneous
improvement over time.'”"

The disease phenotype has not been correlated with the
location or type of mutation in the JAGGED1 gene, suggesting
that additional genetic or environmental modifiers greatly
affect disease presentation and time course.'®”"1°8 Studies in
mice have shown that inactivating glycosyltransferases, such
as Rumi which directly modify JAG1 and NOTCH2 proteins,
further worsens the course of disease.’*>'>° In addition, a
genome-wide association study identified a single-nucleo-
tide polymorphism in the THROMBOSPONDINZ2 gene which
was associated with more severe disease.'®® Further studies
are needed to identify mechanisms of action of these modi-
fiers and determine whether they can be targeted clinically.

As described above, multiple mouse models have shown
that deletion of YAP1 or YAP1/TAZ in early or late liver
development leads to bile duct paucity ranging from mild
to severe, resembling the clinical phenotype of ALGS.*6-8>-86
Whole-body knockout of YAP1 is embryonic lethal in mice
due to defects in yolk sac vasculogenesis, suggesting that
complete inactivation of YAP1 may be incompatible with
survival and thus would not be found in children.>* However,
altered YAP1 regulation and/or decreased YAP1 function
whether by genetic mutation in the YAP1 gene or associated
signaling partners could compound the effect of decreased
Notch signaling resulting in worsened overall phenotype.
Likewise, specific studies need to assess YAP1 activity status
in ALGS-like pathologies without known mutations in
Jagged/Notch pathway or in cases of idiopathic bile duct
paucity.

In addition, hepatocyte-derived regeneration of the biliary
system may be an important component of the compensatory
adaptation of livers in the setting of ALGS. While atopic
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expression of biliary markers such as CK7 in human hepato-
cytes is a common feature of most liver diseases, one study
observed a dramatic accumulation of bipotential cells express-
ing both biliary and hepatocyte markers in the portal area of
ALGS livers but noted that these cells did not express transcrip-
tion factors classically regulated by Notch signaling, hypothe-
sizing that they were arrested and unable to completely
transdifferentiate into BECs.'®! Given the observational nature
of most studies using human tissue, it is difficult to determine
the origin and fate of these bipotential-appearing cells. Never-
theless, since YAP1 is a necessary driver of hepatocyte trans-
differentiation to BECs, it seems a reasonable candidate for
modulation to better understand and stimulate a functional
regenerative response in patients.

Biliary Atresia

BAis a severe disease of infancy occurring in approximately 1
of every 15,000 U.S. births, characterized by severe inflam-
mation and fibrosis of the extrahepatic biliary tree resulting
in obstruction of bile flow and consequently acholic stools,
jaundice, and hyperbilirubinemia.162 While the extrahepatic
biliary tree is often obliterated by the time of diagnosis, the
intrahepatic biliary tree exhibits extensive proliferation and
expansion associated with immune infiltration and activa-
tion of stellate cells, consistent with a ductular reaction
attempting to increase biliary flow out of the liver.'63164
Early diagnosis is the key for surgeons to attempt improve-
ment of bile drainage via Kasai hepatoportoenterostomy, but
even after surgical intervention many patients still have
poor bile flow and progressive fibrosis leading to end-stage
cirrhosis, and most patients with BA eventually require liver
transplantation.’®1%> Studies have uncovered multiple
factors contributing to the pathogenesis of BA, including
exposure in utero to environmental toxins or viruses, devel-
opmental abnormalities in bile duct morphogenesis, and
dysregulated immune responses. Recent research has also
identified multiple classes of BA based on incidence and
histopathological features: (1) “developmental” BA with
early onset and potential syndromic associations, (2) perina-
tal non-syndromic BA, (3) cystic BA, and (4) CMV-associated
BA.'62166 Studies are ongoing to further validate these
classifications and target underlying mechanisms of disease,
including reducing fibrogenic inflammation and improving
biliary drainage.

Multiple studies have found significantly elevated cyto-
plasmic and nuclear expression of YAP1 in proliferative BECs
in patients with BA as compared with BECs in non-BA
neonatal cholestasis (including a few cases of ALGS, PFIC,
and idiopathic bile duct paucity) as well as pediatric and
adult control BECs.'®3:164.167 | fact, nuclear YAP1 staining in
BECs was highly sensitive and specific for a diagnosis of BA as
opposed to other causes of neonatal cholestasis.'®164
Increased YAP1 expression in BECs was also correlated
with elevated fibrosis scores in patients with BA.'®” Zheng
et al also found that out of several known YAP1 targets, CTGF
and ANKRD1 were significantly upregulated in BA livers and
specifically localized in BECs.'®” A Hippo/YAP-related gene
set was also found to be upregulated in BA liver samples as
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compared with non-BA cholestatic disease and control
samples.168 Consistent with many murine studies as well
as in vitro experiments using BA-like organoids,'®® YAP1 may
be contributing to BEC proliferation in the ductular reaction,
which is a classical feature of BA, as well as the activation of
fibrogenic pathways in both BECs and activated stellate cells.
Thus, YAP1 may be playing an important role in worsening
the chronic, reactive component of BA disease. Persistent,
progressive fibrosis after Kasai hepatoportoenterostomy is a
major factor leading to mortality and/or liver transplantation
in children with BA, for which there is no targeted
treatment.'6>170

In addition, YAP1 may be involved in embryonic defects
leading to ductal plate malformations, which have been
reportedly observed in approximately 10 to 50% of BA
cases.”"173 Indeed, several studies have shown that at least
some patients with BA exhibit a hilar and perihilar ductal
structure more closely resembling immature 11 to 15 weeks
fetal ducts which have not coalesced into a continuous
network, rather than postnatal ductal systems with distinct
large branching ducts.'’#17> These malformations contrib-
ute to poor bile flow despite Kasai hepatoportoenterostomy
and are associated with worsened survival, shorter time to
liver transplantation, and longer periods of uncontrolled
jaundice with an increased need for steroid treatment.'”!-172
A few genetic studies among BA patients have begun to
identify single nucleotide polymorphisms in genes such as
JAG1 (Jagged1), ITGB2 (integrin subunit beta 2), VEGF (vas-
cular endothelial growth factor), and GPC1 (Glypican 1)
among others, pointing to possible roles of Notch signaling,
cell polarization, and epithelial-mesenchymal cell commu-
nication in BA pathogenesis, all pathways which YAP1 has
been shown to modulate as described above.'®? In addition
to known infectious, toxic, and inflammatory components of
BA pathogenesis, underlying defects in embryogenesis play a
significant role in dictating the severity and progression of
the disease and remain to be fully investigated.

Concluding Remarks

YAP1 signaling adds to the resilience of liver, especially
during chronic cholestatic injuries. YAP1 plays key roles
both in cholangiocytes and in hepatocytes to allow for repair
through the regulation of key target genes in these cells. YAP1
plays a key role in bile duct development independent of the
Notch signaling pathway by directing the differentiation of
immature hepatocytes to a second layer of bile ducts during
prenatal murine hepatic development. YAP1 continues to
play important role in bile duct homeostasis throughout
development and adulthood. Its role in both biliary prolifer-
ation and promoting cholangiocyte survival during insults is
unquestionable. However, prolonged YAP1 activation in
cholangiocytes could result in chronic ductular reaction
with increased inflammation and fibrosis and, hence, also
contribute to disease pathogenesis. YAP1 in hepatocytes can
also play an important role in repair. While its role in
regulating hepatocyte proliferation normally is of lesser
relevance, its ectopic expression in hepatocytes plays a
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profound role in switching their cell fate to a cholangiocyte.
This reprogramming allows hepatocytes to transdifferenti-
ate into cholangiocytes during chronic injury to the ducts
helping with their repair and maintaining bile flow.

Several general and specific questions remain in the field
of YAP1 and TAZ function in the liver. YAP1 seems to
promote cell dedifferentiation in some contexts while pro-
moting biliary differentiation in others. The molecular basis
of these two distinct functions along with their specific
genetic targets needs to be addressed. How exactly YAP1
acts to commit cells to a biliary lineage during hepatic
development also needs further mechanistic elucidation,
whether it is turning off the hepatocyte genetic program in
favor of a Notch-driven biliary program or acting as a
downstream effector of TGFJ signaling to induce hepatocyte
fate-switch to form the second layer of biliary cells, or
regulating the effects of extracellular matrix on BEC differ-
entiation state. Likewise, we do not know the specific
downstream targets that YAP1 directly regulates to induce
and sustain biliary fate in development or repair. In addi-
tion, no studies have looked individually at TAZ to identify
its unique role in liver development. How much TAZ can
compensate for the absence of YAP1 is an open question
that will be important to address their redundant and
unique roles in the liver, particularly when considering
how to design pharmacological targets to modulate YAP1
and/or TAZ activity. How YAP1 and/or TAZ may regulate
EHBD formation remains to be further elucidated, along
with a better understanding of how the EHBD and IHBD
networks interact during development to eventually estab-
lish a seamless tubular network. Most importantly, further
studies are needed to determine if perturbations in YAP1
can contribute to the pathogenesis of ALGS and BA as well as
as-of-yet uncharacterized biliary defects in pediatric and
even adult patients. There is a significant need for new
treatment strategies to promote biliary repair and regener-
ation in pediatric cholestatic disease, and it may be useful to
learn how to activate the pro-regenerative properties of
YAP1 signaling while blocking excess inflammation and
fibrosis to achieve functional biliary repair rather than
maintaining chronic disease.
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