


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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A very well known paradigm…





Experimental tools in mechanobiology

Pillar arrays allow to check of substrate 
rigidity and force resolution. Pillar 
displacement is measured in live cells 
and is used to determine cellular forces 
applied to the substrate. 

Traction force microscopy uses 
embedded fluorescent beads 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. 
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The Hippo pathway is quite conserved throughout
evolution

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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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). 

Hippo signalling

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. 



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.





Regulation of the Hippo pathway by 
upstream signals.



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



Hippo pathway 
dysregulation has 
been found to be 
present in a variety of 
organs or systems 
diseases and involved 
in the regulation of 
occurrence or 
progression of these 
diseases. 



YAP and TAZ
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YAP conservation through evolution





The five serines of YAPand the corresponding four serines of TAZ that are targeted by LATS1/2 phosphorylation are shown in green, 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 t argeted 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. 



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



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. 
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. 
In endothelial cells, YAP mainly affects EC proliferation whereas TAZ promotes 
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.

Complementary Functions of YAP and TAZ 

in Development

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.



YAP/TAZ functions in organs 
and tissues





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 TRANSCRIPTION FACTORS



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 
regulating its binding to the 
transcriptional coactivators. 

TEAD is phosphorylated by 
protein kinaseA (PKA) and 
protein kinase C (PKC), which 
have been shown to inhibit 
TEAD by disrupting its DNA-
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.

TEAD PTM



YAP forms a heterodimer with TEAD, while TAZ–TEAD complexes can exist as both 
heterodimers or heterotetramers



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. 







Biological responses triggered by activation of YAP and Taz by high levels of 
mechanical signalling



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?

The key to the mistery



Molecular players involved 
in mechanotransduction

A stiffer matrix causes integrin 
clustering, which results in the activation 
of focal-adhesion-associated kinases, 
such as focal adhesion kinase (FAK) and 
SRC, which in turn favour stress fiber 
growth, stability and contractility, 
thereby activating YAP and TAZ. 
SRC has also been shown to 
phosphorylate YAP, and this was linked 
to YAP activation downstream of SRC.
 



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

(1) direct phosphorylation: Src phosphorylates YAP at the site of tyrosine 357 (Y357) to 
activate it, and Y357 phosphorylation of YAP is required for Wnt/β-catenin signaling to 
maintain survival and tumorigenesis. 

(2) the activation of pathways repressing Hippo kinases: SRC-inhibitory phosphorylation of 
LATS facilitate YAP nuclear localization and induction of gene transcription

Src kinase modulates YAP signalling



Tyrosine phosphorylation on multiple residues of the Hippo pathway tumor 

suppressor LATS1 by Src is a mechanism underlying its regulation by cell 

adhesion.



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.

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





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

Key junctional proteins regulate the activity 
of YAP/TAZ: bind and detain YAP/TAZ at cell
junctions, thus suppressing their nuclear 
entry and activity. 

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



Merlin is encoded by the NF2 (neurofibromatosis 
type 2) tumor suppressor: in confluent monolayers 
of mammalian epithelial cells, Merlin/NF2 is 
preferentially localized in adherens and tight 
junctions. 

Merlin is an important inhibitor of YAP/TAZ: at cell-
cell junctions, Merlin promotes 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
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MERLIN

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.







Angiomotins are novel Hippo pathway scaffolding proteins able to interact 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. 

ANGIOMOTINS: sensors for 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. 

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. 





The Wnt/β-catenin signalling pathway

In the absence of Wnt ligand, b-catenin is 
sequestered in a multiprotein degradation 
complex containing the scaffold protein Axin, 
APC, casein kinase I (CKI) and glycogen 
synthase kinase 3b (GSK3b). 

Upon phosphorylation b-catenin is 
ubiquitinated and subsequently degraded by 
the proteasome machinery. As a 
consequence, there is no transcription of Wnt 
target genes.



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. 



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

• SFRP is similar in 
sequence to the
cysteine-rich domain 
(CRD) of Frizzled, one of 
the Wnt receptors.



Wnt signalling is essential in early 
embryonic development





The Wnt cascade is the dominant force in 
controlling cell fate along the crypt-villus axis.



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.



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

Lineage specification of intestinal stem cells







The multistep evolution of 
cancer (Fearon & Vogelstein, 1990)

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

(ii) multiple gene mutations are required to 
produce malignancies, and 

(iii) genetic alterations may occur in a 
preferred sequence, yet the accumulation 
of changes rather than their chronologic 
order determines histopathological and 
clinical characteristics of the colorectal 
tumor.



The Wnt pathway in colon cancer

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.

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



•Inactivating 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 . 

•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/β-catenin signalling pathway controls the homoeostasis of 
the intestinal epithelium



• Mutational inactivation of APC leads to the
inappropriate stabilization of -catenin, implying that
the absence of functional APC transforms epithelial
cells through activation of the Wnt cascade.

• In some cases of colorectal cancer in which APC is not 
mutated, the scaffolding protein axin 2 is mutant, or
activating (oncogenic) point mutations in -catenin
remove its N-terminal Ser/Thr destruction motif.



1- nuclear accumulation of -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/-catenin signaling cascade. 

•Nuclear -catenin accumulates in the crypt stem 

cell/progenitor compartments in small intestine and 

colon;

•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;

•Inducible inactivation of APC in the intestine of adult 

mice results within days in the entire repopulation of villi 

by crypt-like cells, which accumulate nuclear -catenin 

and fail to migrate and differentiate.

Wnt signaling is absolutely required for driving and maintaining crypt stem cell/progenitor 

compartments, and, thus, is essential for homeostasis of the intestinal epithelium.



The Hippo pathway in 
the intestinal crypts



YAP/TAZ orchestrate the Wnt response
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The Hippo pathway in the heart

YAP deletion in the heart

Lethal 
cardiomyopathy

Costitutive expression of YAP  in the 
heart after MI

YAP S112A transgenic mice
heart regenerate with an
increase of proliferation
rather than hypertrophy.

Xin et al 2013
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