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Abstract

Inflammatory bowel disease (IBD) is a chronic and recurrent inflammatory disorder that primarily comprises Crohn'’s
disease (CD) and ulcerative colitis (UC). Owing to its increasing prevalence in Eastern countries and the intractable
challenges faced during IBD treatment, extensive research on IBD has been carried out over the last few years.
Although the precise aetiology of IBD is undefined, the currently accepted hypothesis for IBD pathogenesis considers
it to be a combination of environment, genetic predisposition, gut microbiota, and abnormal immunity. A recently
emerged signalling pathway, the Hippo pathway, acts as a key regulator of cell growth, tissue homoeostasis, organ
size, and has been implicated in several human cancers. In the past few years, studies have revealed the importance of
the Hippo pathway in gastrointestinal tract physiology and gastrointestinal diseases, such as colorectal cancer and IBD.
However, the role of the Hippo pathway and its exact impact in IBD remains to be elucidated. This review summarises
the latest scientific literature on the involvement of this pathway in IBD from the following perspectives that account
for the IBD pathogenesis: intestinal epithelial cell regeneration, immune regulation, gut microbiota, and angiogenesis.
A comprehensive understanding of the specific role of the Hippo pathway in IBD will provide novel insights into future
research directions and clinical implications of the Hippo pathway.

developing novel therapeutic approaches for
treating IBD.

* A comprehensive understanding of the interplay
between the Hippo pathway and IBD pathogenesis
will help to assess the effect and feasibility of
targeting molecules of the Hippo pathway in IBD.

Facts

* Inflammatory bowel disease (IBD) is a chronic
intestinal disorder that severely influences the
quality of life of patients, and its precise aetiology
remains to be defined.

* The Hippo pathway is a highly conserved kinase
cascade that regulates cell proliferation, survival,
mobility, stemness, and differentiation. Studies

Open questions

suggest the regulation of intestinal diseases by the * What’s the specific role of the Hippo pathway in

Hippo pathway, such as colorectal cancer and IBD
but its role and impact in IBD remains unknown.
The findings regarding the role of the Hippo
pathway in IBDs may point out future research

regulating the inflammation and immune response
associated with IBD?

Whether targeting Hippo pathway will promote
regeneration of intestinal epithelium and have

directions and provide novel insights into positive implications on the treatment of patients
with IBD.

* In addition to YAP in macrophages, will YAP in
other cell types and other components of the Hippo

pathway affect the gut microbiota?
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* What'’s the precise function of the Hippo pathway in
the angiogenesis of IBD?

Introduction

Inflammatory bowel diseases (IBDs) are incurable
inflammatory disorders that severely influences the qual-
ity of life of patients'. With the increasing incidence of
IBD, the burden on the global economy has become
considerable®. Hence, there is a need to consolidate sci-
entific knowledge in order to develop effective therapeutic
methods to treat IBD. Despite the incomplete aetiology of
IBD pathogenesis, available experimental and clinical
evidence suggests that the genesis, development, and
outcomes of IBD are related to the environment, genetic
predisposition, intestinal micro-ecology, and immunolo-
gical imbalance.

Intriguingly, the Hippo pathway, a common pathway
involved in the tumour signalling, has recently drawn
attention of researchers. The Hippo pathway is an evo-
lutionarily conserved pathway that controls organ size and
homoeostasis through modulating cell proliferation, sur-
vival, apoptosis, and stemness>. It comprises a cascade of
kinases, including the mammalian Ste20-like kinases1/2
(MST1/2), adaptor protein salvador 1 (SAV1), large
tumour suppressor 1/2 (LATS1/2), and Mps one binder 1
(MOBL); the yes-associated protein (YAP) and tran-
scriptional co-activator with PDZ-binding motif (TAZ)
are the major effectors®. Recently, studies have identified
that nuclear Dbf2-related 1/2 (NDR1/2)>° and mitogen-
activated protein kinase kinase kinase kinases (MAP4Ks)’
are novel members of the Hippo pathway. It has been
suggested that the Hippo pathway is involved in intestinal
inflammation diseases such as the inflammatory bowel
disease (IBD)*°. However, the role played by Hippo
pathway in the pathogenesis of IBD remains unclear.

Herein, we summarise the updated scientific knowledge
regarding the Hippo pathway and its role in the patho-
genesis of IBDs, mainly from the following aspects:
intestinal epithelial cell regeneration, gut microbiota, and
angiogenesis. We also discuss future research directions
and potential therapeutic approaches for treating IBD
based on these findings.

The Hippo pathway
The components of the Hippo pathway

The Hippo pathway is a highly conserved kinase cascade
that primarily regulates cell proliferation, survival, mobi-
lity, stemness, and differentiation, and was originally dis-
covered in Drosophila melanogaster via genetic screens of
tumour suppressors whose loss of function may lead to
tissue over growth. The mammalian core kinases of the
Hippo pathway comprise MST1/2 (ortholog of Drosophila
Hippo/Hpo)'’, SAV1 (also called WW45, salvador

ortholog), LATS1/2 (Warts/Wts ortholog)u’lz, and
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MOBI1A/B (Mats ortholog)'. In addition, NDR1/2 (Trc
ortholog)'* and MAP4K (Happyhour/Hppy ortholog)'®
have been recently identified as novel components of the
Hippo pathway'®. The transcriptional co-activators YAP
(also known as YAPI, Yorkie/Yki ortholog)16 and TAZ
(YAP paralog in mammals)'” are the primary downstream
effectors of the Hippo pathway'®. The main binding
partners of YAP/TAZ are transcriptionally enhanced
associated domains (TEADs, scalloped/Sd ortholog)lg’zo,
which bind to DNA to initiate transcription.

Upstream signals dependent on the Hippo pathway
Multiple cell signals, such as cell polarity, cell adhesion,
cell—cell contact, stress, mechanical cues and hormones
can stimulate the Hippo pathway>*"?*2, Neurofi-
bromatosis type II/Merlin (NF2) and Kibra can activate
MST1/2, whereas thousand and one amino acid protein
kinase (TAO-k) has been shown to activate MST1/2 and
MAP4Ks>~?°, Ras association domain family protein 1 A
(RASSF1A) has been shown to facilitate the activation of
the Hippo kinase MST1/2°, thereby promoting apopto-
sis””*®, G-protein-coupled receptor (GPCR) signalling can
either activate or inhibit LATS1/2 indirectly, depending
on the coupled G-protein®’. LATS1/2 kinases can be
suppressed via signal transduction mediated by G12/13-,
Gq/11-, and Gi/o-coupled receptors, thereby activating
the function of YAP/TAZ. In contrast, stimulation of Gs-
coupled receptors leads to the activation of LATS1/2 and
inhibition of its downstream effectors YAP/TAZ.
MAP4Ks can activate LATS1/2 and NDR1/2 in the Hippo
pathway, acting in parallel with MST1/2”. MAP4Ks can
directly activate LATS1/2 as alternative MST1/2-like
kinases™. Studies have shown that NDR1/2 is a novel
member of the Hippo pathway'*. NDR1/2 acts down-
stream of MST1/2 and MAP4K, and subsequently inhibits
YAP/TAZ signalling in parallel to LATS1/2° (Fig. 1).

Upstream signals independent of the Hippo pathway

In addition to activating the core Hippo kinases to inhibit
YAP/TAZ, upstream signals can also directly suppress
nuclear localisation of YAP/TAZ. YAP/TAZ can be
sequestered at tight junctions via conjugation of the
angiomotin family of proteins (AMOT) and protein tyr-
osine phosphatase non-receptor type 14 (PTPN14) or at
adherens junctions via interaction with a-catenin® (Fig. 1).

The regulatory mechanism of the Hippo pathway

Once the Hippo pathway is turned on by upstream
signals, Hippo kinases MST1/2 and/or MAP4Ks are
phosphorylated and activated, which in turn activate
LATS1/2, MOBI1, and/or NDR1/2%!. Subsequently, YAP
and TAZ are phosphorylated, leading to sequestering of
YAP/TAZ in the cytoplasm through interacting with 14-
3-3 proteins or via poly-ubiquitination mediated
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Fig. 1 Regulation of the mammalian Hippo pathway. The core components of the Hippo pathway encompass MST1/2 and LATS1/2, whereas
YAP/TAZ are two major effectors of this pathway. Traditionally, upstream signals turn on the Hippo pathway by phosphorylating and activating
MST1/2 as well as the scaffold protein SAV1, followed by phosphorylation and activation of LATS1/2 and the scaffold protein MOB1, thereby
preventing YAP/TAZ from translocating to the nucleus and initiating gene expression via binding to TEADs. VGLL4, a transcriptional co-repressor,
competes with YAP/TAZ for TEADs binding. Instead, phosphorylated YAP/TAZ are isolated in the cytoplasm through interaction with protein 14-3-3
or experience ubiquitylation and degradation. Expanded Hippo pathway encompasses MAP4Ks as well as NDR1/2. MAP4Ks function similarly as
MST1/2, performing activating phosphorylation of LATS1/2 and/or NDR1/2, consequently leading to the inhibition of downstream YAP/TAZ via
LATS1/2- or NDR1/2-regulated phosphorylation. The complex of YAP/TAZ and TEADs can both directly enhance the function of LATS2 and indirectly
stimulate LATS1/2 expression via NF2, which constitute a feedback loop. Independent of the upstream kinases, YAP/TAZ may be directly sequestered
at cell junctions via interacting with PTPN14, AMOTs, and a-catenin. NF2, Kibra, RASSF1A, and TAO-K stimulated by upstream stimuli, may
phosphorylate and activate MST1/2 and/or MAP4Ks. GPCRs may inhibit and enhance LATS1/2 depending on the types of receptors. Arrows, blunt
ends, and dotted lines indicate activation, inhibition, and possible regulatory effect, respectively. MST1/2, mammalian sterile 20-like 1/2; SAV1,
salvador; LATS1/2, large tumour suppressor homologue 1/2; MOB1A/B, MOB kinase activator 1A/B; YAP, yes-associated protein; TAZ, transcriptional
co-activator with PDZ-binding motif; NF2, neurofibromin2/Merlin; TAO-K, thousand and one amino acid protein kinase; MAP4Ks, mitogen-activated
protein kinase kinase kinase kinase; TEAD, transcriptional enhancer associated domain; VGLL4, vestigial-like family member 4; PTPN14, protein tyrosine
phosphatase non-receptor type 14; AMOT, angiomotin.

proteasomal degradation®>**, In contrast, when Hippo
signalling is inhibited, MST1/2 and/or MAP4Ks lose their
activity and function, LATS1/2 and NDR1/2 are depho-
sphorylated, thereby dephosphorylating YAP/TAZ.
Dephosphorylated YAP/TAZ subsequently translocate to
and accumulate in the nucleus where they bind to DNA-
binding TEADs and other transcription factors>, initiat-
ing target gene transcription to induce cell proliferation,
differentiation, death, survival, and stemness, and thus,
regulating tissue homoeostasis and growth®> ",
Nevertheless, in the absence of the nuclear YAP/TAZ,
TEADs bind to the vestigial-like family 4 (VGLL4, Tgi
ortholog)®® proteins, but are unable to bind to the target
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YAP/TAZ genes. This leads to the inhibition of expres-
sion of genes regulated by YAP/TAZ>*'"* (Fig. 1).

A negative feedback loop of the Hippo pathway

As mentioned above, LATS1/2 act as negative reg-
ulators of YAP/TAZ. Moroishi et al.*® showed that the
complex of YAP/TAZ and TEADs can both directly sti-
mulate the expression of LATS2 kinases and indirectly
induce LATS1/2 expression via NF2, which constitute a
negative feedback of the Hippo pathway (Fig. 1). Tissue
development and regeneration can be promoted by
hyperactivation of YAP/TAZ, whereas it is impaired by
their inactivation®”*"*2, Thus, this feedback loop is an
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efficient mechanism to regulate YAP/TAZ homoeostasis
and function®’.

Interplays between the Hippo signalling and other
pathways

The Hippo pathway does not work alone. Increasing
research in recent years has indicated an interplay
between the Hippo and other pathways in intestinal
regeneration, including the WNT** and Notch** pathway.
Furthermore, the Hippo pathway has been suggested to be
associated with inflammation, including the NF-«xB
pathways*>*® and other components™*’, and also with
immune-regulating pathways'®.

Hippo and WNT pathways

WNT signalling plays an essential role in intestinal
tissue homoeostasis and stem cell maintenance. f-catenin
is a major effector of the WNT signalling pathway. WNT
ligands release B-catenin from proteasomal degradation
via conjugation with Frizzled (FZ) and low-density lipo-
protein receptor-related protein (LRP) receptors, con-
tributing to the accumulation of B-catenin and initiation
of Dishevelled (DVL). Nuclear B-catenin binding to TCF
initiates WNT target gene expression with the assistance
of DVL***°, Stimulation of WNT signalling, represented
by P-catenin translocating to the nucleus, enhances the
differentiation of Paneth cells at the base of the crypt™.
Conversely, inhibition of WNT signalling via disruption of
the T-cell factor7/2(Tcf7/2 gene), which codes Tcf-4 in
mice, causes loss of transit-amplifying cells (TAC) and
deeply impairs the crypt structure, thereby affecting the
normal structure of the gut’".

Precedent studies have shown that the regulation of
WNT signalling by YAP/TAZ depends on the phos-
phorylation state and cellular localisation of YAP/TAZ
proteins. Cytoplasmic YAP/TAZ hinders WNT signalling
by repressing DVL phosphorylation and restricting
nuclear translocation and activation of B-catenin®**°. In
contrast, nuclear YAP interacts with and stabilises
[B-catenin, thus increasing the expression of WNT target
. In summary, the activation of the Hippo
pathway inhibits the WNT signalling pathway via cyto-
plasmic and phosphorylated YAP/TAZ, whereas shut-
down of the Hippo pathway facilitates WNT target gene
expression by nuclear and dephosphorylated YAP. In
addition, WNT-activating -catenin has been reported to
activate and up-regulate YAP and TAZ>**’. Mechan-
istically, YAP expression is driven by the binding of
[-catenin/TCF4 complexes to the first intron of the YAP
gene that enhances the transcription of DNA®®. Phos-
phorylation of f-catenin leads to the degradation of TAZ,
while depletion of pB-catenin impairs TAZ/B-TrCP inter-
action®” (Fig. 2).
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Hippo and Notch pathways

Initiated by the interaction of the Delta ligand on one
cell with the notch receptor on a different cell generates
two proteolytic cleavage events, which are catalysed by the
ADAM-family metalloproteases and y-secretase, leading
to the translocation of Notch intracellular domain (NICD)
to the nucleus and its subsequent interaction with DNA-
binding CSL (CBF1, Su(H), and LAG-1) and co-activator
Mam (mastermind) proteins. Simultaneously release of
co-repressors (Co-R), which repress target gene expres-
sion, further activates Notch signalling®®>’,

Reciprocally, the Hippo pathway, as reported in pre-
vious studies, can modulate Notch signalling. Conditional
knockout of MST1/2 specifically in the intestine promotes
nuclear accumulation of NICD. Depletion of MST1/
2 strongly activates Notch signalling via decreased phos-
phorylation, increased abundance, and nuclear accumu-
lation of YAP*. Intrinsically, the nuclear YAP facilitates
Notch signalling®. Therefore, the Hippo pathway can
inhibit Notch signalling by phosphorylating and repres-
sing YAP (Fig. 2).

Hippo and pathways involved in inflammation

Hippo and NF-«kB pathways The nuclear factor (NF)-kB
signalling pathway has been widely recognised as a key
role in the regulation of inflammation®'. The NF-xB
family can be activated through canonical and non-
canonical signalling pathways®®. The “canonical” pathway
is triggered by multiple stimuli including proinflammatory
cytokines®, which function as activators of the canonical
IxB kinase (IKK) complex, including the kinase subunits
IKKa (IKK1), IKKp (IKK2) and the regulatory subunit IxB
kinase y (IKKy), also called NEMO. The activated IKK
complex mediates the phosphorylation, ubiquitination
and proteasomal degradation of the NF-«B inhibitor IxBa,
with NF-«kB subsequently released from the suppression
of IkBa in the cytoplasm where it then translocates to the
nucleus, leading to the target genes transcription®,

A recent study uncovered that MST1 inhibits the NF-xB
signalling stimulated by tumour necrosis factor-a (TNE-
a) in the inflammatory response*®. Mechanistically, MST1
phosphorylates the catalytic component of the E3 ligase
linear ubiquitin assembly complex (LUBAC), namely
HOIP, and thus suppresses linear ubiquitination of the
regulatory subunit NEMO/ IKKy, and thereby attenuates
the activation of the NF-«B signalling pathway depending
on LUBAC™.

It is worth noting that the reciprocal regulation between
YAP/TAZ and NF-xB is sophisticated. A reciprocal
antagonistic relationship between YAP/TAZ and NF-kB
was reported in the regulation of osteoarthritic cartilage
degradation®®. YAP was reported to suppress the activa-
tion of NF-«B signalling via promoting the degradation of
tumour necrosis factor receptor-associated factor 6
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Fig. 2 The mutual interaction of WNT, Notch, and Hippo pathway in the intestine. Cytoplasmic YAP/TAZ inhibits WNT target gene expression
via DVL phosphorylation and 3-catenin activation, whereas nuclear YAP promotes WNT signalling by cooperating with B-catenin. YAP/TAZ may also
be activated by activated 3-catenin. MST1 and YAP can indirectly inhibit the regulatory subunit IKKy, leading to the inhibition of NF-kB. Besides, YAP
and NF-kB can both inhibit and activate each other indirectly in different situations. In addition, YAP/TAZ may activate Notch signalling through
transcriptional regulation. Arrows and blunt ends indicate activation and repression, respectively. The dotted line represents the indirect regulation.
Fz, frizzled; LRP, low-density lipoprotein receptor-related protein; DVL, dishevelled; B-cat, 3-catenin; TCF, T-cell factor; MST1/2, mammalian sterile 20-
like 1/2; SAV1, salvador; LATS1/2, large tumour suppressor homologue 1/2; MOB1A/B, MOB kinase activator 1A/B; YAP, yes-associated protein; TAZ,
transcriptional co-activator with PDZ-binding motif; TEAD, TEA domain family member; NF-kB, nuclear factor NF-kB; IKK, IkB kinase; IkBa, NF-kB
inhibitor; ADAM, ADAM-family metalloproteases; y-sec, y-secretase; NICD, Notch intracellular domain; CSL, CBF1, Su(H) and LAG-1; Co-R, co-repressor;
Mam, mastermind.

(TRAF6) in modulating endothelial activation and vas-
cular inflammation®®. Reversely, it was observed that YAP
and NF-«kB pathways activate each other reciprocally in
human colon cancer cells®’. In addition, a recent study
also showed that YAP activates NF-kB activity in soft
tissue sarcomas through suppressing a negative regulator
of NF-kB signalling, namely USP31*°. Collectively, YAP
and NF-kB can both inhibit and activate each other
indirectly under different situations (Fig. 2).

Hippo and other components involved in inflamma-
tion With increasing research on the Hippo signalling
pathway, studies in recent years have revealed that the
Hippo signalling pathway is also involved in the occur-
rence and development of inflammation®®, Inflammation
is a complicated process with multiple mechanisms® and
a basic protective response’’, but can transform into the
primary contributor of the pathogenesis of many chronic
diseases. It was pointed out that the Hippo pathway can be
strongly activated by Gram-positive bacteria, leading to a
decrease of antimicrobial peptides secretion and
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restriction of inflammation in drosophila’’. The Hippo
pathway key effectors, YAP and/or TAZ, were reported to
be mediators or regulators of many inflammatory pro-
cesses’>~’*, Furthermore, the role of other components of
the Hippo pathway, including NDR1/2”> and MST17° in
inflammation has been emerging within recent years.

A prototypical proinflammatory cytokine, IL-6"7, was
found to potently activate YAP and Notch by binding its
co-receptor gp130°. In addition, the expression of YAP
target genes, including connective tissue growth factor
(CTGF) were also observed to be upregulated in gp130
transgenic mice”'”,

Hippo and pathways involved in immune regulation

In addition to regulating inflammation, the Hippo
pathway has been recently shown to play a role in
immune modulation”®,

MST1 plays a key role in mediating T-cell migration,
adherence, and survival via its downstream effectors LATS1/
2, NDR1/2, and YAP””. MST1 enhances regulatory T-cell
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(Treg) function via modulating Foxp3 acetylation® with
deficiency of MST1 having been shown to impair Foxp3
expression and Treg cell development and function in
mice®'. Nehme et al.** also reported that MST1 deficiency
may lead to the loss of naive T cells, thereby influencing the
autoimmune manifestation and causing recurrent bacterial
or viral infections®”. A novel primary immunodeficiency
syndrome was described to be caused by the STK4 (namely
MST1) mutation and deficiency, which affects lymphocytes
and possibly neutrophil granulocytes®.,

Furthermore, Jing et al.®* found that TAZ can function
as a critical determinant of proinflammatory T helper
(Th) 17 cells and immunosuppressive Treg cells. More
specifically, lack of TAZ promotes Treg cell differentia-
tion, whereas TAZ transgenic expression or TAZ activa-
tion enhances Thl7 cell differentiation. Interestingly,
TEAD1 antagonises the effect of TAZ, thus inhibiting the
differentiation and development of Th17.

Regarding IBD immunopathogenesis, recent advances
have demonstrated that the innate immunity, which
includes the mucus layer, antimicrobial peptides, and
autophagy, plays an equally important role in inducing gut
inflammation as adaptive immunity, which involves Thl,
Th2, and other T cells, including Th17 and Treg cells®.
The imbalance of Treg and Th17 cells contributes to the
inflammatory disease development®,

Transforming growth factor-beta (TGF-P) alone sti-
mulates Smad2 and Smad3, thereby activating Foxp3 and
promoting Treg cell differentiation. TGF-p and inter-
leukin 6 (IL-6) together stimulate JAK kinases and tran-
scription factors STAT3 and STATS5, subsequently
activating RORyt and Th17 cell generation®®. Th17 cells
are characterised by the secretion of the signature cyto-
kine IL-17A; the IL-17a transcript levels tested in CD and
UC intestinal mucosa are comparatively higher than those
in the control group®”®. Th17 cells promote inflamma-
tion in IBD. Conversely, Foxp3™* Treg cells stimulated by
TGE- alone display potent immunosuppressive effects in
experimental colitis, and are increased in the IBD gut
mucosa®>° (Fig. 3).

Generally, M1 macrophages along with their secreted
proinflammatory cytokines, including IL-6, aggravate IBD,
whereas M2 macrophages attenuate IBD severity”""%,
Therefore, YAP in macrophages was reported to aggra-
vate IBD*® as it hinders IL4/IL13 from inducing M2
polarisation of macrophages and enhances activation of
M1 macrophages triggered by lipopolysaccharide (LPS)/
interferon y (IFN-y).

The intestine cellular structure and the role of Hippo
pathway in mammalian intestine

The small intestine epithelium is single-layered with the
crypts-villus tissue architecture’®. The finger-like protru-
sion of the villi into the intestinal lumen enlarge the
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surface area and improve the absorptive capacity.
Numerous capillaries and lymph vessels form underneath
the epithelium of the villi help in absorbing nutrients. The
crypts locate in invaginations of the intestinal wall. At the
bottom of the crypts lie the intestinal stem cells (ISCs).
The niche protecting the ISCs is formed by Paneth cells
and the surrounding mesenchyme. ISCs differentiate into
progenitor cells, also named transit-amplifying (TA) cells,
which locate in the crypts above the ISCs*’. TA cells will
stay still if they retain the ability of stemness, if not, they
will move towards the villi and differentiate into absorptive
intestinal cells (such as enterocytes) and secretory cells
(such as intestinal endocrine cells and goblet cells)****; or
move towards the crypt bottom and differentiate into
Paneth cells to nurture and protect the ISCs”®. Whereas
the epithelial surface of the large intestine is flat on
account of lacking villi and Paneth cells; however, the
colon has deep crypt secretory (DCS) cells, which serve as
Paneth cell equivalents in the crypt niche and interact with
Leucine-rich repeat-containing G-protein coupled recep-
tor 5-positive (Lgr5(+)) stem cells at crypt bottoms®”.
The activity of MST1/2 is lower in the crypts but higher
as cells move from the crypts toward the lumen. Con-
versely, YAP is of high abundance in the nucleus of lower
crypts regions, but also exists in upper TA cells and the
villi, where it is primarily cytoplasmic’™®. As cells move
from the crypts towards the villi, the nuclear expression of
YAP is gradually decreased, whereas the cytoplasmic
expression of YAP increases**. YAP is deficient in the
small intestine but enriched in the nucleus of the colon.
During normal intestinal mucosal turnover, YAP is gen-
erally restricted to the ISCs and is inactivated by the
Hippo pathway, thereafter making no contribution to the
proliferative capacity of ISCs and TA compartments™>,
However, ablation of MST1/2 from mouse intestinal
epithelium results in enhanced abundance of nuclear YAP
and subsequently the increased proliferation of undiffer-
entiated ISCs and loss of secretory cells both of the small
and large intestine™, In contrast to MST1/2, YAP/TAZ
play a dual role in renewal of the intestinal epithelium, of
which one is proliferating ISCs by collaborating with
transcription factor TEADs, the other is promoting goblet
cells differentiation via cooperating with transcription
factor kIf4°°. Significantly, YAP is confirmed to promote
tissue regeneration in mammalian intestine®.
Furthermore, evidence shows the connection of Hippo
pathway with the intestinal epithelial junctions of mam-
malian. In mammalian intestine, cell-cell adhesion medi-
ated via E-cadherin occurs at adherens junctions, where
cell attachments are linked to the actin-myosin cytoske-
leton by catenins and relevant proteins. Tight junctions
locate in the apex of the adherens junctions, mammalian
epithelial cells have tight junctions, which form a para-
cellular diffusion barrier'®’. Disruption of IEC polarity or
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epithelial junctions can activate the Hippo pathway and
often causes intestinal diseases including IBD'.
Upstream signals can modulate YAP/TAZ independent of
the Hippo pathway via epithelial junctions®. Besides, E-
cadherin-mediated cell-cell contact can control cell pro-

liferation by regulating the Hippo signalling pathway' %%,

The Hippo pathway and IBD

In the past few decades, many studies have focused on
the function and regulation of the Hippo pathway in the
gut epithelium'®*>'°®, However, the precise role of the
Hippo pathway in IBDs remains largely unknown. Over-
viewing the role of Hippo pathway in IBD pathogenesis
can helps us further understand the role played by this
pathway in IBD pathogenesis, and provide insights into
the potential therapeutic value of Hippo pathway target-
ing molecules in IBD treatment.

Inflammatory bowel disease

IBD, clinically encompassing ulcerative colitis (UC) and
Crohn’s disease (CD), is a chronic and recurrent inflam-
matory disorder of the gut. The incidence of IBD has
dramatically increased worldwide over the past decades
and has become a global challenge™'%*, Extensive studies
have been performed to understand the pathogenesis of
IBD'®. Although the precise cause of IBD remains
unclear, the most commonly acceptable hypothesis for
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IBD pathogenesis implicates the interplay of genetic sus-
ceptibility, micro-ecology and immune imbalance%.

Colitis mouse models induced by dextran sulphate
sodium (DSS) were used to investigate the role of several
factors in the pathogenesis of IBD; trinitrobenzene sul-
phonic acid (TNBS) has been used to establish animal
models to simulate the pathogenesis and clinical process
of IBD'7'%, DSS-induced colitis is triggered by the
impairment of the epithelial barrier, which permits gut
bacteria to penetrate the impaired mucosa and cause
permanent mucosal inflammation. Enhanced inflamma-
tory infiltration and overproduction of proinflammatory
cytokines lead to the exacerbation of colitis''®. Innate
immune cells play a pivotal role in establishing DSS-
induced colitis'*'*?, and TNBS, used as a hapten-
modified self-antigen, induces an autoimmune response
in mice''®'!'*, Rectal TNBS administration in mice may
elicit colonic mucosal immune response mediated by
T cells. This results in persistent mucosal inflammation
and simultaneous heavy infiltration of inflammatory cells
in the mucosa and submucosa, and thus establishing the
induction of colitis'*'*°,

Hippo and the pathophysiology of IBD-associated colitis
Hippo and intestinal epithelial regeneration

The intestinal epithelium primarily encompasses
absorptive (columnar epithelial) or secretory (Paneth,
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goblet, enteroendocrine, and tuft) intestinal epithelial cells
(IECs)™®, which function as a mucosal barrier to stop
pathogenic bacteria from invading gut mucosa, thereby
providing a favourable condition for the absorption of
nutriens’'”. To confront and cope with the dynamic
changes in the surrounding environment, IECs self-renew
every 3-5 days. Once damaged, the intestinal epithelium
experiences the complicated “epithelial restitution” pro-
cess, which repairs the damaged epithelium, followed by
intestinal stem cell (ISC) activation, proliferation, and
differentiation''®. Proper IEC regeneration supplements
IBD treatment and complete intestinal mucosa regen-
eration in IBD patients represents long-term remission
and a low risk of surgical treatment''®. Therefore, the
significance of IECs in IBD treatment has drawn con-
siderable attention'’.

Conditional knockout of MST1/2 in IECs leads to a
disorganised villus structure, expansion of undiffer-
entiated cells, and dysplastic epithelia**. SAV1 deficiency
in mouse gut results in enlarged crypt structures®. Com-
mon secretory precursors or goblet cell progenitors
regulated by the upstream kinases MST1/2 and LATS1/2
(the downstream transcriptional co-activators YAP/TAZ)
may promote the differentiation of these cells into goblet
cells through participation of a partner transcription
factor, kIf4°°. Inactivation of YAP and/or TAZ is not
significant under intestinal homoeostasis®”'?!, but
severely impairs DSS-induced intestinal regeneration®.
Activation of YAP/TAZ has been revealed to promote
intestinal tissue repair and colonic regeneration in a
mouse DSS colitis model via the extracellular matrix
(ECM) remodelling and FAK/Src signalling activation,
and ultimately reprograms the epithelium transiently into
a primitive state, where the ISCs play an extremely
important role'””. Importantly, YAP/TAZ promote cel-
lular proliferation via transcription of TEADs in the gut
epithelium, especially in ISCs*. In particular, previous
literature has reported that YAP is crucial for epithelial
progenitor cell proliferation and differentiation, and is
involved in epithelial repair'*>, YAP mRNA is significantly
upregulated in IECs in patients with CD and mice with
colitis*”. In the DSS-induced colitis and regeneration
models, YAP is overexpressed and colonic epithelial cells
in crypts actively proliferate®*®, In patients with IBD as
well as in the DSS-induced colitis mouse model, YAP
regulates mucosal regeneration’. Overexpression of
nuclear YAP in mice enhances IEC proliferation and
mucosal regeneration®’. In contrast, cytoplasmic YAP
hinders the expansion of ISCs and vital components
localised in the stem cell niche. Barry et al.”® demon-
strated that in YAP transgenic mice, Paneth cells function
as critical components of the ISC niche’® and are mis-
localised and eventually disappear. It should be noted that
YAP protein levels increase only during the early stages of
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regeneration but are restored to normal upon the com-
plete repair of the intestinal structure®. To conclude,
nuclear YAP plays a positive role during intestinal epi-
thelium regeneration in IBD and may serve as a novel
therapeutic target aiming at IBD***.

In addition, the crosstalk between the Hippo and the
WNT pathway plays a crucial role in gastrointestinal tis-
sue via modulating the proliferation of epithelial cells
localised in the intestinal crypts*®, maintaining homo-
eostasis, and promoting regeneration of gut epithelium in
ISCs'**. Deng et al.*’ reported that YAP and B-catenin
show growing nuclear localisation during regeneration
following inflammation. Overexpression of nuclear YAP
triggered WNT/B-catenin signalling and significantly
improved the healing ability of IEC, thereby indicating
that nuclear YAP promotes the proliferation of IEC via
activating WNT/B-catenin signalling pathways. Moreover,
during intestinal regeneration after tissue damage, cyto-
plasmic YAP inhibits WNT signals, disrupts the ISC
niche, and limits the growth of stem and niche cells
resulting abnormal migration of Paneth cells and decrease
of ISCs. As a result, proliferative crypts are lost and
intestinal regeneration is suppressed”. Yu and co-
workers'** also showed that YAP plays a crucial role in
the recovery of the intestinal epithelium after exposure to
ionising radiation in mice. By restricting WNT signalling
and over differentiation of Paneth cell, YAP transiently
reprograms Lgr5" ISCs, thereby promoting regeneration
of IECs.

Notch signalling is involved in the differentiation and
regeneration of intestinal epithelium and contributes to
the maintenance of ISCs'*>~'*”. Hyperactivation of Notch
facilitates the generation of absorptive cells, such as
enterocytes, whereas the inhibition of Notch inhibits the
properties of stemness and leads to differentiation into
secretory lineage (such as goblet, enteroendocrine, and
Paneth cells)'?®'?°. In colitis inflamed mucosa, Notch
signalling activation is observed in large numbers of
IECs'?. In addition, administration of gamma-secretase
inhibitors (GSIs) that inhibit YAP-activating Notch®,
leads to the induction or worsening of colitis'*®.

Overall, a delicate balance among WNT, Notch, and
Hippo signalling pathways is involved in intestinal epi-
thelial homoeostasis and regeneration, and disturbance of
this balance impairs the regenerative ability of IECs

Taniguchi et al.” demonstrated that activation of IL-6/
gpl30 signalling triggers YAP and Notch signalling in
mice and human cells, resulting in the proliferation of
IECs, thereby resisting mucosal impairment. Gp130 is a
co-receptor for IL-6 cytokines, and its expression is
increased in IBD™°. Upon mucosal injury, IL-6 binds to
gpl130 in IECs and produces proinflammatory cyto-
kines'?!. Later, the gp130-associated tyrosine kinases Src
and Yes are stimulated to phosphorylate YAP, leading to
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the stabilisation and nuclear translocation of YAP, which
promotes healing and maintenance of barrier function.

Hippo and gut microbiota homoeostasis

The gut microbiota refers to the complex and abundant
microbial community present in the human gut, which is
intimately related to the nutrition, gut homoeostasis, and
immune responses of the host'*, It is known to all that
the micro-ecology plays a key role in the pathogenesis of
IBD', Particularly, the diversity and structure of the gut
microbiota are of much significance in IBD. A reduced
diversity of the gut microbiota activates and worsens the
condition of IBD'*'%°, Imbalance between symbiotic
microflora and opportunistic pathogens can also con-
tribute to the deterioration of IBD'*’.

Zhou et al.”® found that in mice with DSS-induced
colitis, eliminating YAP expression in macrophages
increases the abundance of the IBD-attenuating gut
microbiota (Lactobacillus, Bacteroides, and Bifidobacter-
ium) and decreases gut flora associated with IBD dete-
rioration (Prevotella, -Proteobacteria, y-Proteobacteria,
and Enterobacteriaceae) compared with that of the con-
trol group'®® '*°, Thus, it has been speculated that YAP-
elimination in macrophages affects the diversity of the gut
microbiota during the induction of IBD. Based on the
previous reports, antimicrobial peptides, such as Ang4,
Retnlb, and Regllly have been reported to promote the
homoeostasis of gut microbiota, and their expression is
speculated to increase via depletion of macrophages
expressing YAP after IBD induction®,

Collectively, YAP expression in macrophages disrupts
the gut homoeostasis and may alter the gut microbiota
that contributes to the pathological process of IBD.

Hippo signalling and angiogenesis

Angiogenesis is the process of forming new vessels from
pre-existing vasculature, and consists of several steps
including vascular endothelial cell (EC) proliferation,
migration, differentiation, lumen formation, and matura-
tion, resulting in the expansion of the microvascular
bed"*'. Not only does angiogenesis participate in physio-
logical conditions such as tissue development, but it is
also pivotal in many pathological conditions, including
IBD'**, Pathological angiogenesis is stimulated by
inflammation and is impacted by the immune response’*".
Growing evidence has revealed intense angiogenesis in
patients with UC and CD as well as in experimental
colitis**>'*3, and that angiogenesis is an integral compo-
nent of the pathophysiology of IBD'*'*°,

During the last few years, studies based on several
model organisms have indicated that Hippo pathway plays
a role in angiogenesis'*®. The Hippo pathway is currently
identified as a critical regulator of EC proliferation,
migration, and survival; hence, it is believed to participate
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in sprouting, barrier formation, and remodelling of the
vascular system'*’~'°°, Importantly, YAP and TAZ act as
regulators of the shape, behaviour, and function of
endothelial cells during angiogenesis'®'.

Previous studies have identified YAP/TAZ as a mediator
of vascular endothelial growth factor (VEGF) signalling'
and a crucial regulator of angiogenesis'>®. In vitro and
in vivo studies have supported that the exposure of ECs to
VEGE-A inhibits the activity of LATS1/2 via binding
VEGFR2 and stimulating VEGFR2-Src kinase'**. Inacti-
vated LATS1/2 dephosphorylates and activates YAP/
TAZ, thus promoting sprouting in angiogenesis. Subse-
quently, Hippo signalling is activated to promote junction
maturation!*&1°>15¢ (Fig. 4).

Notably, the tumour necrosis factor-a (TNF-«), a vas-
cular inflammatory cytokine, has been shown to be a
strong promoter of inflaimmation and modulator of
angiogenesis™>’. TNF-a has also been suggested to inhibit
the phosphorylation of LATS1/2, enhance nuclear YAP,
and the increase the activity of TEADs in ECs. TNF-a
requires nuclear YAP/TAZ to induce the expression of
the vascular cell adhesion molecule-1 (VCAM-1) as well
as intercellular adhesion molecule-1 (ICAM-1) in ECs and
mediate leucocyte-endothelial adhesion, which is of great
significance in inflammatory vascular responses'”®
(Fig. 4).

It is worth noting that the Hippo pathway has already
been identified to function as part of pathological angio-
genesis in many diseases. For example, YAP and TAZ
were reported to suppress bone angiogenesis by con-
straining hypoxia-inducible factor signalling in ECs'*;
YAP was shown to promote angiogenesis in human
cholangiocarcinoma through TEAD transcription fac-
tors'*’. Further, Hippo/YAP signalling was revealed to
control the vascular remodelling in cardiovascular dis-
eases'®. However, the role of Hippo signalling in the
pathological angiogenesis of IBD remains to be analysed
and confirmed.

An anti-angiogenic treatment has been identified to
treat IBD and experimental colitis models’*”'®', For
example, infliximab, an anti-TNF-a monoclonal antibody,
has shown promising effects in treating patients with
CD'®% Targeting the formation of new blood vessels helps
to reduce tissue damage in inflammatory disorders'**.
Collectively, the Hippo pathway may serve as a target for
IBD treatment.

Discussion

The Hippo pathway is a signalling cascade that has been
recently proved to play a pivotal role in regulating
mammalian intestinal homoeostasis and regeneration.
Generally, YAP/TAZ, the transcriptional co-activators of
the Hippo pathway, are phosphorylated and inhibited by
upstream kinases, including MST1/2 and LATS1/2. The
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Fig. 4 The regulation of VEGF-A and TNF-a in the Hippo pathway. VEGF-A exposure to ECs and binding with VEGFR2 may inhibit the function of
LATS1/2 through Src kinase, thus relieving YAP/TAZ from inhibition and phosphorylation by LATS1/2. The complex of TNF-a and TNF-a-R may also
inhibit the activity of LATS1/2 indirectly. Activated YAP/TAZ accumulates in the nucleus and promotes angiogenesis and/or inflammatory vascular
response. Arrows, blunt ends, and dotted lines indicate activation, inhibition, and possible regulatory effect, respectively.

activity of YAP and TAZ is the main contribution to the
maintenance and proliferation of ISC and TA cells,
especially when there is a tissue injury. Interestingly, IBD,
a chronic and recurrent inflammatory disorder affecting
the gut, requires appropriate intestinal epithelial regula-
tion to improve the progression. YAP regulation has
already been identified to regulate IBD mucosal regen-
eration using DSS-induced mice colitis models®®. As
mentioned above, knockout of YAP in mice severely
dampened the intestinal regenerative capability and
resulted in higher mortality rates. By contrast, wildtype
mice were able to repair DSS-induced intestinal damage
effectively®. YAP was also showed to be activated by IL-6
via gpl30 upon DSS treatment to enhance intestinal
epithelial cell proliferation and regeneration, whereas
YAP ablation in IECs reverses DSS resistance of the
gp130Act mice’. Furthermore, YAP/TAZ activation has
been demonstrated to promote intestinal tissue repair and
colonic regeneration in a mouse DSS colitis model by
reprogramming the epithelium transiently into a primitive
state, where the intestinal stem cells (ISCs) play an
extremely important role’*>. Some studies, however,
revealed the negative influence of YAP on IBD by con-
trolling M1/M2 Macrophage Polarisation and altering gut
Microbial Homoeostasis”®. Importantly, TEADs are
essential in mediating YAP-dependent gene transduction
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and YAP-induced cell proliferation and regeneration'*??,

however, Hippo-YAP pathway can also regulate intestinal
regeneration via the crosstalk with the WNT and Notch
signals**®, The function of YAP and TAZ in mammalian
intestinal regeneration can be performed by TEADs as
well as WNT and Notch signals, but the specific
responsive mechanism of the Hippo-YAP in IBD remains
unclear.

This evidence presented confirms the certain connec-
tion of the Hippo pathway and IBD, and also suggests the
complicated role of Hippo-YAP in IBD. Nevertheless,
there is still a lack of relevant clinical researches or reports
on IBD patients by targeting the Hippo-YAP pathway.
Hence the novelty and significance of this review.

Herein, we give a detailed description of the role of
Hippo pathway in intestinal epithelial structure. More-
over, we also summarised the interplays of Hippo with the
WNT, Notch and the role of Hippo in immune response
and inflammation. Furthermore, we focused on the
involvement of the Hippo pathway in IBD pathogenesis,
including ISC regeneration, gut microbiota, and angio-
genesis of the intestines. Collectively, several issues need
to be addressed in future research and added to the col-
lated information.

First, in view of the interplays of Hippo with the WNT,
Notch, and other pathways involved in immunity and
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inflammation, further exploration of the roles played by
those signalling pathways in the pathogenesis of IBD is
imperative.

Second, it is notable that the Hippo pathway can be
stimulated by tight junctions and adherence junctions.
Whether targeting the Hippo pathway will influence the
IEC junction structure of IBD or not deserves further
investigations.

Third, due to the complex role of the Hippo pathway
and crosstalk with the pathway involved in regulating the
intestinal epithelial regeneration, more experiments and
clinical studies need to be conducted to confirm whether
targeting Hippo pathway will have implications on the
patients with IBD.

Fourth, current findings have verified the role of the
Hippo-YAP localised in the macrophages can alter gut
microbiota. More clinical experiments are needed to
identify the impact of YAP not just in macrophages but
also in other cell types. In addition to YAP, whether other
components of the Hippo pathway might affect the gut
microbiota warrants further investigation.

Lastly, based on existing clinical and experimental stu-
dies, rather than the direct regulation of Hippo pathway,
indirect regulation of Hippo pathway-associated mole-
cules, including VEGF-A and TNF-a, has been reported
to modulate angiogenesis in IBD. The VEGF-A and
VEGEFR-2 complex was shown to inhibit the activity of
LATS1/2 of the Hippo pathway, leading to YAP/TAZ
activation. VEGF-A is involved in angiogenesis observed
during colitis. Levels of VEGF-A and VEGFR-2 are
increased in patients with IBD and mice with colitis. In
vitro experiments have shown that VEGF-A in human
intestinal microvascular endothelial cells (HIMEC) may
lead to angiogenic activity, while VEGF-A overexpression
in vivo deteriorates DSS-induced colitis in mice'®.
Moreover, TNF-a was suggested to suppress LATS1/2.
Increased TNF-a receptor levels in patients with CD and
UC suggest that TNF-a receptors may regulate angio-
genesis in IBD'*. Therefore, we hypothesise that the
major effectors-YAP/TAZ may promote the pathological
angiogenesis in IBD via interactions with VEFG-A and
VEGE-R2 as well as TNF-a, thus increasing the severity of
IBD. The precise function of the Hippo pathway in the
angiogenesis of IBD needs further investigation and rig-
orous clinical research.

A comprehensive understanding of the interplay
between the Hippo pathway and IBD pathogenesis will
be helpful in assessing the feasibility and efficacy of
therapeutic molecules targeting Hippo pathway in IBD.
Since the Hippo pathway is a signalling cascade and
interfering the activity of protein kinases can be
achieved by medications, developing medication that
impacts the activity of upstream kinases of YAP/TAZ,
including MST1/2, LATS1/2, MAP4K4, NDR1/2 may
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contribute to IBD treatments. Targeting YAP/TAZ or
TEADs can also serve as potential therapeutic strategies
for IBD. Future studies should elucidate whether
patients, who suffer from IBD, will benefit from treat-
ments regulating either the YAP/TAZ levels directly or
indirectly. Activation or inhibition of certain compo-
nents of the Hippo pathway, mediated by knockout or
overexpression of genes associated with the Hippo
pathway may alter the genesis, development, and out-
comes of IBD. The use of the Hippo pathway as a
therapeutic target is an attractive idea and warrants
active clinical research. The results of the future studies
may pave the way to diminish the morbidity and mor-
tality associated with IBD and thus, ease the global
burden of the disease.
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