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Appreciating force and shape —
the rise of mechanotransduction in
cell biology
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Mechanotransduction converts mechanical stimuli into chemical signals to regulate cell
behaviour and function. Typically, the pathway involves receptors at focal adhesions or cell—-
cell contacts (integrins and cadherins), mechanosensors (stretchable proteins such as talin
and p130CAS) and nuclear signalling factors to change gene and protein expression profiles.
Nuclear deformation can also lead to changes in gene expression patterns. The timescale of
these events ranges from milliseconds to seconds for the stretching of mechanosensors,
hours for altered gene expression, days for changes in cell behaviour and function, and
weeks for tissue development.
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Alenghat, F. J.; Ingber, D. E. (2002). Mechanotransduction: All Signals Point to Cytoskeleton, Matrix, and Integrins. Science Signaling, 2002(119)
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Pillar arrays Optical trap
F=k*d F=k*d
Resolution (pillar displacement): <1 nm Resolution: <1 pN
Pillar size: >100 nm Maximum force: ~100 pN
Maximum force: >50 nN
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Experimental tools in mechanobiology.

Pillar arrays can be made to varying dimensions, thereby allowing the determination of substrate rigidity and force resolution. Pillar
displacement is measured in live cells and is used to determine cellular forces that are applied to the substrate.

Traction force microscopy uses embedded fluorescent beads and finite element analysis to measure substrate deformations by the cell.
Magnetic tweezers create magnetic fields that cause magnetic beads to apply forces to molecules in vitro or in vivo.

Optical traps use a focused laser beam to provide lateral or axial forces onto micrometre-diameter beads and thus apply forces to molecules;
dielectric objects such as beads are attracted to the centre of the beam. If the bead is shifted laterally or axially out of the trap centre, the
diffraction of the beam results in a restoration force on the bead, pulling it back into the centre. Each tool has advantages in terms of spatial
resolution and maximum force that can be applied or experimental data analysis, and thus they are each suitable for specific applications.




METHODS TO STUDY MECHANOSENSING

Several tools were developed over the years to measure mechanosensing-related forces. The first demonstration
of cellular traction forces on matrices was the wrinkling of elastic silicone surfaces by adherent cells (123). Later,
in order to quantify the forces more precisely, this technique was modified into the widely used traction force
microscopy method, which utilizes tracking the movements of fluorescent beads embedded in elastic gels (124)
whose rigidities could be modulated by changing the cross-linking properties of its different components (125).
Later, the flexible pillar array system was developed to track forces (126), in which the effective rigidity of the pillars
is modulated by changing their height or width. In this method, live-cell brightfield or fluorescent imaging tracks
the movements of the pillars as cells are moving on top of them (33, 49); this system has allowed improved resolution
of cellular forces (32). At the molecular level, atomic force microscopy has played a crucial role in elucidating the
submolecular mechanisms of mechanosensitive protein unfolding, in particular talin (127) and titin (128). More
recently, fluorescence resonance energy transfer paired within force-bearing proteins enabled measurement of the
approximate forces on those proteins (75).

CELL STRETCHING AND EXTERNAL FORCE EFFECTS

In addition to the cell testing the matrix, the matrix can also stimulate the cell by pulling or pushing on it. Cells
within tissues are stretched periodically as part of normal blood flow and breathing, and changes in physical activity
alter the lengths and frequencies of this stretch with consequences for cell expression patterns (129). Furthermore,
periodic stretching of soft pillar arrays showed that forces from soft surfaces can stimulate growth (130). There has
been considerable interest in characterizing cell responses to external mechanical perturbations (reviewed in 3, 131).
Stretching experiments have shown that endothelial cells and fibroblasts will orient relative to uniaxial stretches
dependent upon the strain and the frequency (132-135). This has been explained theoretically by the dependence
on the dynamics of deformation of the matrix through the adhesions, which then affect the cytoskeletal organization
(136). The important parameters are the time constants for the actin filament turnover and adhesion dynamics. In
addition, actin filaments are broken easily by bending forces but can support much higher axial forces. Thus, once
again, the interplay between mechanical forces and actomyosin dynamics strongly affects the shape of the cell.
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Hippo/YAP Signaling Pathway
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Hippo signaling: growth control and beyond

Georg Halder'?3* and Randy L. Johnson'23*

- Wts, Hpo, Mats and Sav KO mice
show an identical phenotype,
characterized by a massive tissue
hyperproliferation, due to an increase
of cellular proliferation and
diminished apoptosis

- All these genes are connected in a
signaling cascade, whose main target
is the transcription factor Yorkie (Yki)




The Hippo pathway is quite conserved throughout
evolution

A D. melanogaster B S. cerevisiae C C. elegans D Mammals
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The core components of the Hippo signaling pathway: the functionally conserved factors
are matched by color.

In S. cerevisiae these signals are known as the mitotic exit network, which controls
mitotic exit and cytokinesis.

In C. elegans these signals control transcriptional events important for thermal response
and aging, whereas in D. melanogaster and mammals this network controls
transcriptional events that direct proliferation, apoptosis and cell fate.
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Fig. 1 A timeline of essential discoveries and processes of the Hippo pathway. These discoveries were made initially in 1995 and then
gradually to the present. The discoveries mainly focus on two aspects, induding the components and processes of Hippo pathway and the

function of Hippo pathway in physiological and pathological conditions



A Hippo ON
(YAP inactive)

Polarity
regulators

Cytoplasmic
sequestration

Hippo signalling

The core Hippo pathway signaling cascade in
mammals is comprised of a serine/threonine kinase
cascade consisting of MST1/2 (homologs of the
Drosophila  kinase Hippo), interacting with the
scaffolding proteins Salvador homolog 1 (SAV1) and
neurofibromatosis type 2 (NF2/Merlin), as well as
LATS1/2, which interact with MOB kinase activator 1A
and B (MOB1A and B).

In the canonical Hippo pathway, MST1/2
interact with SAV1 and phosphorylate LATS1/2,
which are activated and phosphorylate YAP/TAZ
on five (YAP) and four (TAZ) conserved serine
residues. These inhibitory phosphorylations of
YAP and its paralog TAZ is a signal for the
cytoplasmic retention and YAP/TAZ binding to
14-3-3 protein or YAP/TAZ degradation. This
activation of MST1/2 and LATS1/2 denotes the
Hippo pathway on state, where YAP/TAZ are
inactive.
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When Hippo is OFF, YAP translocates to
the nucleus and binds to the TEAD family
of transcription factors, leading to the
transcription of genes involved in cell
survival, growth, and proliferation.
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Regulation of the Hippo pathway by L
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[Hippo signaling]
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The essential physiological function of Hippo pathway. The Hippo pathway effectors YAP/TAZ can take part in
the modulation of multiple cell events, including proliferation, apoptosis, differentiation and growth, thereby
participating in the physiological processes of embryogenesis and development, as well as tissue/organ

regeneration and wound healing
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Alzheimer’s disease Cataracts
Huntington's disease
NF2 reisgt:‘d hwaa h di
" SCi nnomas
i The summary of /seases.
Lungs Tumor lymph node caused by the dysregulation of
— Bt Sicancy the Hippo pathway. Hippo
Pulmonery arterlal hypertaneion i pathway dysregulation has
'"mmm;u’mmmf‘“‘“ _ been found to be present in a
Diabatio napiwopathy variety of organs or systems
Breast ic ki diseases . . .
Q P diseases and involved in the
Breast cances regulation of occurrence or
- Liver progression of these diseases.
s Alcoholic hepatitis
Non-alcoholic
s ste‘:rt’;npatma
Hepatic fibrosis
Heart
Colon
Cardiomyopathy
Heart failure Colorect
Coronary heart diseases i Cnow
Myocardial infarction
Table 2. The drugs targeting Hippo pathway in clinical trials
Mechanism Name (sponsor) Phase Indications ClinicalTrials.gov Identifier
TEAD palmitoylation inhibition ~ VT3989 (Vivace Therapeutics) Phase 1 Solid Tumour NCT04665206
Mesothelioma
IK-930 (Ikena Oncology) Phase 1 Solid Tumours NCT05228015
Mesothelioma
Epithelioid Hemangioendothelioma
NF2 Deficiency
YAP1 or TAZ Gene Fusions
YAP antisense oligonucleotide ION537 (lonis Pharmaceuticals) Phase1  Advanced solid tumours NCT04659096
Not been disclosed IAG933 (Novartis) Phase 1 Mesothelioma NCT04857372




YAP and TAZ




YAP conservation through evolution
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Regulatory domains of the Hippo pathway effectors TAZ/YAP.
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The five serines of YAPand the corresponding four serines of TAZ that are targeted by LATS1/2 phosphorylation are shown in yellow, the CK1

phosphorylation sites on both proteins are shown in gray, and the c-Abl phosphorylation site on YAPis shown in cyan. The lysine residue of YAP targeted for
methylation by Set7 is also shown. TEAD BD is theTEAD binding domain. 14 —3-3 BD is the domain that binds 14 —3-3 proteins upon phosphorylation
byLATS1/2. TAD is the transcriptional activation domain. PDZ BD is the small COOH-terminal domain able tointeract with proteins bearing PDZ domains.
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YAP and TAZ Are Not Identical Twins

Francesca Reggiani,’ Giulia Gobbi," Alessia Ciarrocchi,’ and Valentina Sancisi'*
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Schematic representation

of YAP (pink) and TAZ (green) differential transcripts. Exons are represented as boxes and introns as lines.
5"UTR and 3" UTR regions are represented as lower boxes. Exon 5 extended region and additional
nucleotides inserted between



Complementary Functions of YAP and TAZ in
Development

Differences in phenotypes of KO mice support distinctive functions of the two paralogs during development.
KO of YAP leads to embryonal lethality with yolk sac vasculogenesis defects and embryonic axis
abnormalities. Conversely, TAZ KO mice are viable, but develop kidney disease and lung emphysema.

The finding that YAP KO mouse embryos show yolk sac vasculogenesis defects that cannot be compensated
by TAZ, points to a differential role of YAP and TAZ in regulating blood vessels formation.

Indeed, YAP and TAZ have distinct expression and localization in endothelial cells: YAP mainly affects EC
proliferation whereas TAZ has a major role in promoting migration.

A similar situation, in which both paralogs are involved in organ development but with complementary
functions, occurs in lung. YAP is required for bronchial morphogenesis at embryonic stage, whereas TAZ
ablation leads to abnormal alveolarization, mimicking lung emphysema.

In skeletal muscle, both factors promote proliferation of satellite cells, the stemcells pool resident in skeletal
muscle. In addition, TAZ promotes and potentiates MyoD-induced myogenic differentiation, whereas YAP
prevents this process.

In the mammary gland, TAZ is crucial for lineage commitment, is nuclear and active only in basal cells. The
role of YAP seems to be limited to modulate alveoli terminal differentiation during pregnancy.

Intriguingly, the main phenotype of ubiquitously overexpressing YAP mice is obesity.

YAP and TAZ exert differential or even opposite
roles in tumor progression, suggesting that
tumor genetic background, cell and tissue
contexts may affect YAP and TAZ functions.
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TEAD1

TEAD2

TEAD3

TEAD4

TEAD TRANSCRIPTION FACTORS

30 S102@Q & 120 206
N === DNA BD
TIOONLPNONONON.

GT-lIC : 5'-ACATTCCAC-3'
MCAT : 5'-CATTCCA/T-3'

40 114 217 C380 447

93.4% 72.0%

C371 435

87.9% 78.7%

93.4% 81.9%

i
: p38 binding D domain () : Phosphorylation % : Palmitoylation

TEAD post-translation modifications include palmitoylation and PKA-, PKC-mediated phosphorylation that occur in the
YAP/TAZ-BD and DNA-BD, respectively. Palmitoylation is required for proper TEAD functions.



TEAD PTM

30

TEAD1 N —TVDN

TEAD is phosphorylated py protein
kinaseA (PKA) and protejn kinase C
(PKC), which have been shown fto

inhibit TEAD by disrupting its DINA-
binding.

Interestingly, environmental stresses, such as
osmotic stress, high cell density, and cell
suspension, promote TEAD cytoplasmic
translocation. Because TEADs are the major
effectors that dictate the transcriptional
output of the Hippo-YAP/TAZ pathway,
physiologic and pathologic conditions
affecting TEAD localization significantly
impact the functional output of the Hippo
pathway.

Protein palmitoylation is important for
protein trafficking and membrane
localization, for proper TEAD folding,
protein stability and for YAP/TAZ
interaction, playing important roles in
requlating its binding to the transcriptional
coactivators.

YAR/TAZ-TEAD complex
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Table 1. YAP and TAZ Transcriptional Partners

Partner
TEAD1-4
RUNX1/2
PAX3
TBX5
AP-1
SMAD2-4
SMAD1
SMAD7
p73
ERBB4
PPARy
NFATCS
STAT1

Interaction domain
TEAD binding domain

g s

STAT1 binding mot ¥

Function

Promoting transcription
Promoting transcription
Promoting transcription
Promoting transcription
Promoting transcription
Nudear shuttling; promoting transcription
Promoting transcription
Promoting inhibtory function
Promoting transcription
Promoting transcription
Suppressing transcription
Suppressing transcription
Inhibiting STAT1/2 dimerization

YAP/TAZ
YAP, TAZ
YAP, TAZ
YAP, TAZ
YAP, TAZ
YAP, TAZ
YAP, TAZ
YAP
YAP
YAP
YAP
TAZ
TAZ
YAP, TAZ

Refs
[67]
[55-57]
[5859
1724
[60]
(3862
[67]
[68]
[70-72]
(74,79
[56]
[26]
[21]

TEADs bind to the
DNA but are barely
known to exert any
transcriptional
activity by
themselves. They
form complexes
with multiple TFs,
coactivators, and
chromatin
remodelers to
regulate gene
expression in
diseases and
cancers.
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YAP/TAZ functions in organs

and tissues

B. Liver

The simple overexpression of YAP in the liver of transgenic
animals is sufficient to induce a fourfold increase in liver
mass caused by proliferation of mature hepatocytes (20,
49); this also leads to the acquisition of biliary duct/liver
progenitor cell traits by the hepatocytes (242). This over-

C. Heart

Conditional deletion of YAP in embryonic cardiomyocytes
affects their proliferation leading to severe heart hypopla-
sia, and a similar phenotype has been reported in TEAD1
knockouts (34, 182, 216, 232). Consistently, overall heart
size is increased by YAP overexpression, in a TEAD-depen-
dent manner. Salvador/WW45, Mst1/2, and Lats2 inactiva-
tion in developing mouse hearts also caused severe heart
enlargement (84, 188).

D. Intestinal Epithelium

YAP overexpression in transgenic mice by means of an in-
ducible and ubiquitous promoter potently expands intesti-
nal cell proliferation at the expense of differentiation, with-
out affecting whole organ size (20). Intriguingly, nuclear
YAP is endogenously restricted to intestinal progenitor cells
at the bottom of intestinal crypts, and this cell population
expands up to the tip of the villus after YAP overexpression.

I. Early Embryonic Development

YAP/TAZ double null mutants die before implantation
(156). YAP—/— embryos die shortly after gastrulation, at
stage E8.5 (150). Embryos display a shortened and highly

E. Epidermis

YAP/TAZ play important roles in skin homeostasis: over-
expression of activated YAP in the basal layer of the epider-
mis causes thickening and increased proliferation of kera-
tinocytes, with defective stratification and reduced terminal
differentiation. Gain of YAP can specifically expand the

F. Nervous System

Evidence for the involvement of YAP in brain development
comes from inactivation of NF2 in the dorsal telencephalon,
causing severe malformations due to expansion of neural pro-
genitor cells (NPC) in the cortical hem, hippocampus, and
neocortex. Transgenic overexpression of YAP induces a hip-
pocampal phenotype similar to NF2 inactivation, while com-
bined loss of NF2 and YAP rescues this phenotype (110).

H. Kidney

During organogenesis, inactivation of YAP or TAZ in kid-
ney precursor cells (metanephric mesenchyme) produces
very different phenotypes: YAP is required for efficient
nephron morphogenesis, while TAZ inactivation causes
polycystic kidney disease (90, 130, 176). This clearly indi-
cates that, at least in this tissue, YAP and TAZ have distinct
and specific functions. A link between YAP and kidney
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Biological responses triggered by activation of YAP and Taz by high levels of
mechanical signalling

YAP and TAZ =

Cytoplasmic localization and
proteasomal degradation

YAP and TAZ =
Nuclear localized and

> Epithelial or endothelial cells
Osteoblast differentiation

o

stem cells




YAP and TAZ mechanotransduction
in early embryo

pdoﬁ Blastocyst
=X gi-e formation
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>

Mouse morula

Trophoblast
commitment

Stretching of
outer blastomeres

Trophoblast commitment in the early mouse embryo involves a phase of stretching
of the outer cells caused by compaction (inward-pointing arrows) of the embryo.
This stretching causes nuclear translocation of YAP and TAZ in the outer cells and
the acquisition of a trophoblast fate. Cells that do not activate YAP and TAZ become
the cells of the embryo proper (the inner cell mass)
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Cancer development is associated with the activation of YAP in cancer-associated fibroblasts
(CAFs) by ECM stiffening; YAP promotes the activity of CAFs and leads to collagen deposition
and further stiffening of the ECM. As a result, a mechanically activated positive-feedback loop
operates, exacerbating the pathological outcome (see inset). Stiff ECM also promotes YAP-
mediated and TAZ-mediated mechanotransduction in the cells of the developing tumour,
which promotes their metastatic dissemination and acquisition of chemoresistance.
Intriguingly, a similar mechanical feedback mechanism is likely to also occur in pulmonary
hypertension and fibrosis.



Cell stretching

The key to the mistery

Focal adhesions
Actin Actin
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YAP
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Extracellular
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The adaptor proteins Talin and Vinculin,
which link integrins to F-actin at

the focal adhesions, effect the localization
of YAP/TAZ.

Secondary to the forces generated above a
certain “stiffness threshold”, Talin unfolds,
binds to Vinculin, and stabilizes the
attachment of actin filaments. In this
context, YAP/TAZ nuclear translocation is
enhanced.

HOW?




Src kinase modulates YAP signalling
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Transmembrane cell surface growth factor receptors activate YAP by Src kinase through three
mechanisms:

(1) direct phosphorylation;

(2) the activation of pathways repressing Hippo kinases;

(3) Hippo-independent mechanisms.

Src  phosphorylates YAP at the site of tyrosine 357 (Y357) to activate it, and Y357
phosphorylation of YAP is required for Wnt/B-catenin signaling to maintain survival and tumorigenesis in
human colorectal cancer cells. The activation of YAP through the phosphorylation of integrin-Src signaling
is crucial for controlling skin homeostasis. In addition, tyrosine phosphorylation at sites 341, 357, and 394
by Src kinases is essential for YAP transcriptional activity, nuclear localization, and interaction with TEAD in
skin squamous cell carcinomas.

In addition, SRC-inhibitory phosphorylation of LATS facilitate YAP nuclear localization and induction of
gene transcription.
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Src Inhibits the Hippo Tumor Suppressor Pathway
through Tyrosine Phosphorylation of Lats1

Yuan Si', Xinyan Ji', Xiaolei Cao', Xiaoming Dai, Lingyi Xu', Hongxia Zhao',
Xiaocan Guo', Huan Yan', Haitao Zhang', Chu Zhu', Qi Zhou', Mei Tangd',
Zongping Xia', Li Li%, Yu-Sheng Cong?, Sheng Ye', Tingbo Liang?,

Xin-Hua Feng', and Bin Zhao"?
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Tyrosine phosphorylation on multiple residues of the Hippo pathway tumor suppressor LATS1
by Src is a mechanism underlying its regulation by cell adhesion.
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B-Catenin-Driven Cancers Require
a YAP1 Transcriptional Complex
for Survival and Tumorigenesis

Joseph Rosenbluh,'*5 Deepak Nijhawan,'25 Andrew G. Cox,>*¢ Xingnan Li,” James T. Neal,” Eric J. Schafer,'*5
Travis |. Zack,25® Xiaoxing Wang,'*® Aviad Tshemiak,® Anna C. Schinzel,’3® Diane D. Shao,'3%

Steven E. Schumacher,2® Barbara A. Weir,'* Francisca Vazquez,'* Glenn S. Cowley,® David E. Root,® Jill P. Mesirov,®
Rameen Beroukhim,**% Calvin J. Kuo,” Wolfram Goessling,'-**#% and William C. Hahn'-235*

The Src kinase YES1 phosphorylates YAP at the site of tyrosine 357
(Y357); Y357 phosphorylation is required for Wnt/ b-catenin signaling to
maintain survival and tumorigenesis in human colorectal cancer cells.

GENES & DEVELOPMENT 30:798-811

aE-catenin inhibits a Src-YAP1 oncogenic
module that couples tyrosine kinases and
the effector of Hippo signaling pathway

Peng Li,'* Mark R. Silvis,"* Yuchi Honaker,"* Wen-Hui Lien,'” Sarah T. Arron,?
and Valeri Vasioukhin'

Hippo-YAP1 pathway

Cell nuclear

Concurrent tyrosine phosphorylation at sites 341, 357, and 394 by Src kinases is essential for
YAP transcriptional activity, nuclear localization, and interaction with TEAD in skin squamous
cell carcinomas



In some rare conditions, Src influences YAP activity through mechanisms other
than the direct phosphorylation of YAP and the repression of Hippo kinases

Cail Stamn Call 21, 91106, July6, 2017

An FAK-YAP-mTOR Signaling Axis Regulates
Stem Cell-Based Tissue Renewal in Mice

Jimmy Kuang-Hsien Hu,' Wei Du, 2 Samuel J. Shelton,** Michael C. Oldham,** C. Michael DiPersio,®

and Ophir D. Klein®.67%*
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Integrin a3 uses the FAK/Src-CDC42-PP1A
signaling cascade to regulate YAP-S397
phosphorylation and nuclear localization in
transit-amplifying cells. The

Activation of YAP through FAK/SRC-CDC42-
PP1A induces mTORsignaling, promoting
transit-amplifying cell proliferation



Regulation of Yap/Taz by the canonical Hyppo pathway and cellular

junction sequestration
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“Adherens junctions” and “tight junctions”
represent the main structures by which
epithelial cells are bound together via
protein complexes.

In the skin, adherens junctions (AJs) control
the Hippo pathway through the interaction
of phospho-Yap1/14-3-3 with merlin and a-
catenin.

Key junctional proteins (such as Crumbs,
PATJ, PALS, a-catenin, and E-cadherin) can
regulate the activity of YAP/TAZ. These
junctional proteins bind and detain
YAP/TAZ at cell junctions, thus suppressing
their nuclear entry and activity.

It is also likely that junctional proteins
affect the stability of YAP/TAZ by regulating
the access of specific phosphatases or
kinases.




Regulation of Yap/Taz by the canonical Hyppo pathway and cellular

junction sequestration
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Merlin is encoded by the NF2 (neurofibromatosis
type 2) tumor suppressor locus.

In confluent monolayers of mammalian epithelial
cells, Merlin/NF2 is preferentially localized in
adherens and tight junctions (AJs and TJs).

Merlin is an important inhibitor of YAP/TAZ,
acting upstream of the Hippo kinases. This
inhibition is entirely dependent on LATSI/2 and
YAP/TAZ phosphorylation.

- At cell-cell junctions, Merlin may promote the
assembly of the appropriate protein scaffolds that
allow LATS activation and YAP phosphorylation.
The WW-domain containing protein Kibra may
serve as a bridge between LATS and Merlin at AJ.

- Moreover, in Drosophila and mammalian cells,
Merlin directly binds to LATS, recruiting it to the
cell membrane where it gets synergistically
activated by the Hippo/Sav kinase complex.



Regulation of Yap/Taz by the canonical Hyppo pathway and cellular

junction sequestration Merlin is encoded by the NF2 (neurofibromatosis
type 2) tumor suppressor locus.

In confluent monolayers of mammalian epithelial
cells, Merlin/NF2 is preferentially localized in
IG() adherens and tight junctions (AJs and TJs).
Merlin is an important inhibitor of YAP/TAZ,
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acting upstream of the Hippo kinases. This
inhibition is entirely dependent on LATSI/2 and
YAP/TAZ phosphorylation.

- At cell-cell junctions, Merlin may promote the
assembly of the appropriate protein scaffolds that
allow LATS activation and YAP phosphorylation.

’i
The WW-domain containing protein Kibra may
serve as a bridge between LATS and Merlin at AJ.
- Moreover, in Drosophila and mammalian cells,
Merlin directly binds to LATS, recruiting it to the

cell membrane where it gets synergistically
activated by the Hippo/Sav kinase complex.
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Spatial Organization of Hippo Signaling
at the Plasma Membrane Mediated
by the Tumor Suppressor Merlin/NF2

Feng Yin," Jianzhong Yu,’ Yonggang Zheng,' Qian Chen,' Nailing Zhang,' and Duojia Pan'+*

Department of Molecular Biclogy and Genetics, Howard Hughes Medical Institute, Johns Hopkins University School of Medicine, Baltimore,
MD 21205, USA

“Correspondence: djpan@hmi.edu

hitp//dx.doi.org/10.1016/.cell.2013.08.025

Merlin directly binds and recruits the effector kinase Wts/ Lats to the plasma membrane.
Membrane recruitment, in turn, promotes Wts phosphorylation by the Hpo-Sav kinase
complex. Disruption of the actin cytoskeleton promotes Merlin-Wts interactions, which
implicates Merlin in actin-mediated regulation of Hippo signaling.

The plasma membrane is a critical subcellular compartment for Hippo signal transduction.
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WW domains are generally thought to be
responsible for the interaction with proline-rich
proteins. The C2 domain is a conserved membrane
targeting motif involved in binding phospholipids
in a calcium-dependent manner. The PKC{ binding
region contains two serine residues that can be
phosphorylated by the kinase. The last four amino
acids contain a PDZ binding motif.



Yurika Matsui', Zhi-Chun Lai'?**"*

Review

Mutual regulation between Hippo signaling and
actin cytoskeleton

ABSTRACT

Hippo signaling plays a crucial role in growth control and
tumor suppression by regulating cell proliferation, apop-
tosis, and differentiation. How Hippo signaling is regulat-
ed has been under extensive investigation. Over the past
three years, an increasing amount of data have supported
a model of actin cytoskeleton blocking Hippo signaling
activity to allow nuclear accumulation of a downstream
effector, Yki/Yap/Taz. On the other hand, Hippo signaling
negatively regulates actin cytoskeleton organization. This
review provides insight on the mutual regulatory mecha-
nisms between Hippo signaling and actin cytoskeleton
for a tight control of cell behaviors during animal develop-
ment, and points out outstanding questions for further

investigations.
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Mechanical Regulation of Hippo Signaling
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McCollum lab at UMass identified the

ANGIOMOTINS angiomotin proteins as Hippo pathway
sensors for F-actin levels and are currently
studying how they control Hippo signaling.

i A y @ Actin disruption/ A—/
l .‘H Increased cell density [ aa) »

o \ -Q(‘ + _ “Actin

One way that the Hippo pathway senses the mechanical environment appears to be through monitoring

the actin cytoskeleton.

Angiomotins are novel Hippo pathway scaffolding proteins that are capable of interacting with both F-
actin and multiple core components of the signaling network.

Angiomotins inhibit YAP through two mechanisms:

1- directly binding YAP and sequestering it in the cytoplasm,

2- by activating the YAP inhibitory kinase LATS.

F-actin and YAP compete for binding to angiomotins rendering angiomotin inhibition of YAP sensitive to F-

actin levels.



F-actin capping

Actin-interacting proteins that restrict actin polymerization are involved in the regulation of actin

dynamics, adjusting cell shape and motility in response to environmental factors.

Studies in Drosophila have showed that inactivation of actin-capping proteins, which results in

abnormal accumulation of F-actin, leads to Yki activation and cell proliferation.

In human mammary epithelial cells, the F-actin-capping protein CapZ and the F-actin-severing

proteins Cofilin and Gelsolin have been identified as crucial negative regulators of YAP/TAZ

activity.

* Knockdown of Cofilin, Gelsolin, or CapZ increases F-actin levels and rescues the expression of
YAP/TAZ target genes.

* Knockdown of CapZ does not affect the level of YAP phosphorylation, suggesting that the
actin cytoskeleton has the capacity to regulate YAP/TAZ activity, independent of the core
Hippo kinases.
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YAP/TAZ are effectors of mechanical stress, GPCR signaling, and

the Wnt signaling pathway
GPCR signaling
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The Wnt/B-catenin signalling pathway
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In the presence of Wnt ligand, Axin is
recruited to the plasma membrane. b-catenin
is then released from the multiprotein
degradation complex and accumulates in the
cytoplasm in a stabilized non-phosphorylated
form.

As a consequence, b-catenin is translocated
into the nucleus, where it associates with
transcription factors of the T-cell
factor/lymphoid enhancing factor (TCF/LEF)
family leading to the transcription of Wnt
target genes, such as the c-myc oncogene
and cyclin D1.



* |n vertebrates, Wnt proteins
are inhibited by direct
binding to either secreted
frizzled-related protein
(SFRP) or Wnt inhibitory
factor (WIF).

e SFRP is similar in sequence to
the cysteine-rich domain
(CRD) of Frizzled, one of the
Wnt receptors.
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Notum deacylates Wnt proteins to
suppress s1gnall1ng actwlty
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Notum shoots the messenger in Wnt signalling.

In Wnt-producing cells, the Wnt protein is made in the endoplasmic reticulum. There,
an acyl group is added to Wnt by the membrane-spanning enzyme Porcupine.
Secreted Wnt binds to its receptor Frizzled on target cells. This binding depends on
the acyl group in Wnt.

Kakugawa et al. report that the Wnt—Frizzled interaction is inhibited by the
extracellular enzyme Notum, which specifically removes the acyl group from Wnit.



Wnt signaling in embryonic development

Four-cell embryo

Injection of Wnt mRNA into the
future ventral cells of the

Wnt signalling is essential in early
embryonic development

Blastula

Early during Xenopus embryo development, cortical rotation leads
to dorsal enrichment of maternal factors, which in turn leads to

nuclear accumulation of 3-catenin. A gradient of nuclear -catenin Xenopus four-cell embryo leads

and signaling activity is therefore found across the blastula to development of a secondary Wnt signaling in pluripotent cells

dorsal-ventral axis. High levels of nuclear p-catenin are observed dorsal axis, resulting in : : -
on the dorsal side, where they promote the transcriptional program two-headed embryos. mi?wm %‘g’x’; ::h'"""i“ "t‘"o:"ss“s.‘cs . "‘° "I‘M ::ﬁm ah':z‘a\:dm&::.m

required for formation of the Spemann organizer. pathway inhibition. In the primed phuripotent ESC state, however, Wnt activity is not

required. Differentiation of ESCs into mesendodermal lineages requires high
Wnt-fi-catenin and TGFp signaling, whereas directed differentiation into ectodermal

Ventral

Nuclear
p-catenin

+

Spemann
organizer
formation

Post-gastrulation

In post-gastrulation vertebrate embryos, a Wnt-f-catenin signaling
gradient is formed across the anteroposterior axis, with high
Wnt-[-catenin signaling activity on the posterior side. The
overexpression of DKK1 (which inhibits Wnt signaling) at this stage
leads to anteriorization of the AP axis and loss of posterior structures,
whereas overexpression of Wnt8 causes posteriorization and loss of
anterior structures.
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duplication
(two-headed
frog embryos
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Wnt signaling overactivation
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(e.g. DKK1 overexpression)
overexpression)
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Mapping Wnt/B-catenin signaling during mouse
development and in colorectal tumors
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The Wnt cascade is the dominant force in
controlling cell fate along the crypt-villus axis.

normal small intestine normal colon




The intestinal epithelium: a dynamic tissue

The absorptive epithelium of the
small intestine is ordered into
submucosal invaginations, the
crypts of Lieberkuhn, and
luminal protrusions termed villi.

1- The crypt is mainly a proliferative
compartment, monoclonal and
is maintained by multipotent
stem cells.

2- The villus represents the
differentiated compartment, it is
polyclonal as it receives cells

Lo L reenorvenaecs § owees | s from multiple crypts.
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Slowly dividing multipotent stem cells are
anchored at the base of each crypt.

Stem cells give rise to an intermediate cell
population referred to as transit amplifying (TA)
cells: they undergo rapid proliferation (approx.
every 12 h) and expands into a population of non-
proliferating daughter cells.

These daughter cells gradually differentiate into 4
epithelial lineages:

1- absorptive cells or enterocytes;
2- mucus-producing goblet cells;

3- enteroendocrine cells, secreting hormones such
as serotonin or secretin;

4- Paneth cells, secreting antimicrobial peptides
such as cryptidins, defensins and lysozyme.

A sheath of specialized fibroblasts is apposed to the epithelial crypt cells.

These so-called myo-epithelial fibroblasts are critical to the establishment of the crypt niche,
sending signals which regulate the whole differentiation program.



Lineage specification of intestinal stem cells
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Intestinal stem cells divide asymmetrically or symmetrically to maintain the stem cell
compartment. ISCs give rise to Transit Amplifying (TA) cells which actively proliferate and can
further differentiate into enterocytes, tuft cells, enteroendocrine (EE) cells or goblet cells.
Wnt signaling maintains the stem-like phenotype of ISCs, while Notch signaling maintains
the proliferation of progenitor cells.

In the upper crypt region, hedgehog (hh) triggers BMP expression in stromal cells which
activates PTEN expression; all these factors inhibit Wnt signaling in the ISC niche
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The multistep evolution of
CadNCer (Fearon & Vogelstein, 1990)

colorectal tumors result from mutational
activation of oncogenes combined with
the inactivation of tumor-suppressor
genes,

multiple gene mutations are required to
produce malignancies, and

genetic alterations may occurin a
preferred sequence, yet the accumulation
of changes rather than their chronologic
order determines histopathological and
clinical characteristics of the colorectal
tumor.
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The Wnt/B-catenin signalling pathway controls the homoeostasis of
the intestinal epithelium

normal small intestine normal colon small intestine micro-adenomas

APC
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B-catenin K-ras Smad4 p53
axin
™ Genomic
instability

e|nactivating mutations in the APC gene (that selectively disable binding to b-catenin) or activating
mutations in b-catenin (that remove the regulatory phosphorylation sites) lead to nuclear accumulation of

b-catenin .

e Any mutational event stabilizing nuclear b-catenin in the intestinal epithelium, which leads to
constitutively activated canonical Wnt signaling, represents the initiating event of intestinal tumorigenesis.



The Wnt pathway in colon cancer

The APC gene was originally discovered to be
the culprit in a hereditary cancer syndrome
termed familial adenomatous polyposis (FAP).

In FAP, as in most sporadic CRCs, tumorigenesis occurs incrementally. The earliest lesions
in the colon or the rectum are “aberrant crypt foci” which progress to benign tumors

termed adenomas or adenomatous polyps. Colorectal polyps can eventually develop
into malignant tumor stages termed adenocarcinomas.

FAP patients develop hundreds to thousands of adenomatous polyps in the colon and
rectum at an early age, of which a subset inevitably progresses to carcinomas if not

surgically removed.

Germline (loss-of-function) mutations in the APC gene were found to be the essential
genetic event responsible for FAP.



1- nuclear accumulation of 3-catenin is a hallmark of activated canonical
Wnt signaling;

2- APC (and Axin) is critical for -catenin degradation and thus considered
a key negative regulator of the Wnt/B-catenin signaling cascade.

@ ‘Nuclear B-catenin accumulates in the crypt stem
il cell/progenitor compartments in small intestine and
colon;

i| *Transgenic expression in the intestine of adult mice of
= the Wnt inhibitor Dkk- 1 results in greatly reduced
epithelial proliferation coincident with the loss of crypts;

=l °Inducible inactivation of APC in the intestine of adult

d mice results within days in the entire repopulation of villi
o by crypt-like cells, which accumulate nuclear -catenin
and fail to migrate and differentiate.
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Wnt signaling is absolutely required for driving and maintaining crypt stem cell/progenitor
compartments, and, thus, is essential for homeostasis of the intestinal epithelium.
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In the intestinal stem cells (ISC), the Hippo pathway inhibits YAP activity by phosphorylation and cytosolic retention of YAP. The cytosolic YAP directly binds

to B-catenin and subsequently inhibits the canonical Wit signaling. In Mst1/2™'~ intestinal epithelia, loss of Hippo pathway regulation promotes dephosphorylation

and nuclear translocation of YAP/B-catenin and induces their target gene expression. Activation of YAP/B-catenin results in the expansion of ISC. However, a controversial
role of YAP has been demonstrated in the context of Wint-induced intestinal regeneration. In YAP ™'~ intestinal epithelia, hyperactivation of Wnt/p-catenin signaling results in
ISC expansion, whereas YAP overexpression represses Wnt/B-catenin signaling, which leads to the loss of ISC and epithelial self-renewal. In this context, YAP functions to
inhibit the nuclear translocation of disheveled (Dvl).



Potential mechanism for YAP repression of Wnt in intestinal
crypts
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(a) Under normal conditions, YAP levels and Wnt signaling are balanced. Wnt signaling is received by ISCs in
intestinal crypts from Paneth cells as well as other sources. ISCs divide and cells progress upward out of
the crypt and begin to differentiate. YAP is found in the nucleus of ISCs and some other crypt cells, but is
primarily cytoplasmic in the upper crypt and villi, where it is likely that Hippo targets YAP for
phosphorylation. It is currently unclear if Hippo activity is strictly found in the villi as compared the
crypts. Although immunohistochemical analysis would suggest that Hippo is primarily active in villi, this
deserves more analysis.

(b) When YAP is overabundant in the cytoplasm, Wnt signaling is repressed and the ISC niche is disrupted,
causing aberrant upward migration of Paneth cells and loss of ISCs.

(c) Because of ISC loss, the intestinal epithelium degenerates.




The Hippo pathway in colon cancer
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The Hippo signaling pathway
restricts the oncogenic
potential of an intestinal
regeneration program
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Figure 5. DSS-induced regeneration accelerated polyp development in Savi-
deficient colons in a Yap-dependent manner. (A) Distal colon of 12-wk-old wild-
type, Sav1, Yap, or Savl Yap double-mutant mice treated with 2.5% DSS for4 d,
followed by normal drinking water for 3 mo. Note the presence of multiple large
colonic polyps in the Sav1-deficient colon (arrows). (B) H&E staining of colonic
sections from animals in A. The top and bottom panels show the corresponding
low- and high-magnification images, respectively. Note the presence of serrated
crypt epithelium in Sav1-deficient polyps (asterisk). (C) Ki67 staining of colon
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YAP/TAZ orchestrate the Wnt response

YAP/TAZ are not only messengers of the cell’s structural
features, but also of Wnts, a leading family of growth fac-
tors involved in cell proliferation, stem cell expansion, re-
generation, and tumorigenesis (36, 154). Recent work high-
lighted a deep integration of YAP/TAZ in the Wnt pathway
that mechanistically explains the extensive overlaps be-
tween Wnt and YAP/TAZ biology

Azzolin et al. (8) discovered that YAP and TAZ are compo-
nents of the B-catenin destruction complex. The signifi-
cance of this is twofold: 1) YAP/TAZ are sequestered in the
cytoplasm in the destruction complex, and 2) cytoplasmic

YAP/TAZ associate to Axin and are required for recruit-
ment of B-TrCP to the complex. As such, in “Wnt OFF”
cells, YAP/TAZ are critical for B-catenin degradation, and
depletion of YAP/TAZ leads to the activation of B-catenin/
TCEF transcriptional responses
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The arrival of a Wnt ligand triggers the
association between the Wnt receptor LRP6 and Axin with
concomitant release of YAP/TAZ from the destruction
complex (8). The consequence of such release is again two-
fold: 1) without YAP/TAZ, the destruction complex is now
“invisible” to B-TrCP, favoring B-catenin accumulation;
and 2) YAP/TAZ can now accumulate in the nucleus lead-
ing to the activation of Wnt-induced, YAP/TAZ-dependent
transcriptional responses

As such, YAP/TAZ can serve either as nuclear, transcrip-
tional mediators of Wnt signaling or as antagonists of
Wnt/B-catenin signaling in the cytoplasm. Such duality is

reinforced by additional regulatory mechanisms: on the
one hand, cytoplasmic YAP/TAZ can inhibit B-catenin
nuclear entry, and oppose phosphorylation of the Wnt
transducer Dvl (94, 206). On the other hand, the destruc-
tion complex assembles a phospho-B-catenin/TAZ/B-
TrCP association that leads to TAZ (but not YAP) deg-
radation (9). In other words, the presence of YAP/TAZ
and phospho-B-catenin in the destruction complex al-
lows B-TrCP recruitment leading to TAZ and B-catenin
inhibition. By disassembling that complex, Wnt does not
only promote nuclear accumulation of YAP/TAZ but
also TAZ stabilization.
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