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ABSTRACT (ENGLISH)

Cells perceive their microenvironment not only through soluble signals but also in
term of physical and mechanical cues, such as extracellular matrix (ECM) stiffness or
confined adhesiveness. By mechanotransduction systems, cells translate these
stimuli into biochemical signals controlling multiple aspects of cell behavior,
including growth, differentiation and cancer malignant progression; but how
rigidity mechanosensing is ultimately linked to activity of nuclear transcription
factors remains poorly understood. Here we report the identification of the Yorkie-
homologues YAP and TAZ as nuclear relays of mechanical signals exerted by ECM
rigidity and cell-shape. This regulation requires Rho activity and tension of the acto-
myosin cytoskeleton but is independent from the Hippo/LATS cascade. Crucially,
YAP/TAZ are functionally required for differentiation of mesenchymal stem cells
induced by ECM stiffness and for survival of endothelial cells regulated by cell
geometry; conversely, expression of activated YAP overrules physical constraints in
dictating cell behavior. These findings identify YAP/TAZ as sensors and mediators of

mechanical cues instructed by the cellular microenvironment.






ABSTRACT (ITALIAN)

Le cellule percepiscono il loro microambiente non solo attraverso molecole segnale
e fattori solubili ma anche attraverso stimoli fisici e meccanici. Le cellule traducono
questi stimoli in segnali biochimici attraverso un processo definito
meccanotrasduzione, in grado di regolare numerosi aspetti del comportamento
cellulare, tra cui crescita, differenziamento e progressione tumorale. Tuttavia, non e
ancora noto come la percezione dei segnali meccanici si traduca nell’attivazione di
specifici fattori di trascrizione a livello nucleare. Questo lavoro individua YAP (Yes-
associated protein), e TAZ (transcriptional coactivator with PDZ-binding motif,
anche noto come WWTR1), omologhi di Yorkie in Drosophila, quali fattori di
trascrizione in grado di rispondere ai segnali meccanici generati dalla rigidita della
matrice extracellulare e dalla forma propria di ogni singola cellula. Questa
regolazione richiede I'attivazione della GTPase Rho e la presenza di un citoscheletro
di actina contrattile, ma e indipendente dall’attivita della via di segnale delle chinasi
Hippo e LATS. Non solo YAP/TAZ vengono regolati da segnali meccanici, ma sono
anche funzionalmente richiesti per il differenziamento delle cellule staminali
mesenchimali indotto dalla stiffness (elasticita o rigidita) della matrice e per la
sopravvivenza delle cellule endoteliali regolata dalla geometria cellulare. In maniera
complementare, 'espressione di una forma attivata di YAP domina sull’azione degli
stimoli fisici nel determinare il destino cellulare. Queste scoperte identificano
YAP/TAZ come sensori e mediatori degli stimoli meccanici indotti dal

microambinete cellulare.
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INTRODUCTION

Physical forces play important roles in living organisms

It is well established that cells can receive information from their surroundings
through chemical signals, such as chemokines, hormones and secreted signalling
proteins. However, multiple evidence indicate that cells are also able to recognize
the physical properties of their microenvironment, ranging from the elasticity of the
extracellular matrix to the presence of shear, compressive and stretching forces.
Mechanical forces are invariably present within tissues: during early embryonic
development, morphogenetic movements at gastrulation are key to place the
differentiating tissues in their correct spatial organization; during organogenesis,
the forces exerted by blood flow in the vascular system are required not only for the
correct branching and patterning of the vascular tree, but also for the establishment
of hematopoietic stem cells; in adult life, several tissues such as bone, muscle, and
skin constantly remodel themselves in response to external forces (Mammoto and
Ingberg 2010). Importantly, mechanical forces are not only required to shape
tissues and organs, but are true signals that can deeply influence cell behavior.
Indeed, perturbation of the physical and mechanical properties of tissues are often
causal to several pathological conditions, contributes to ageing and also plays a role

in cancer malignant progression (Jaalouk and Lammerding 2009).
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Cells are able to sense the mechanical and physical properties of their

microenvironment

The term Mechanotransduction describes the cellular and biochemical mechanisms
that translate extracellular mechanical and physical stimuli into intracellular
biochemical signals, thus enabling cells to adapt to their physical surroundings.

Mechanotranduction implies the following steps (Vogel and Sheetz, 2006):

Mechanosensing

Transmitted forces at some point must impinge on mechanosensitive
macromolecules to alter their conformation and hence their function; any changes
in normal intracellular force transmission through changes in cellular (or
extracellular) structure and organization can lead to altered molecular forces acting
on these protein, resulting in attenuated or increased mechanosensitive signals (Fig.
1A). Forces promote changes in protein conformation that accommodate the applied
force. The best studied examples are stretch-activated ion channels (Lansman et al,,
1987) and receptors (Arnadottir and Chalfie, 2010). At the cell membrane, the
integrin layer is oriented with the head domains connecting to the ECM and the
cytoplasmic tails binding to focal adhesion kinase (FAK) and paxillin assembled with
a stratum containing talin and vinculin, and an uppermost actin-regulatory sheet
consisting of zyxin, VASP (vasodilator stimulating phosphoprotein) and alfa-actinin
which tethers the FA to the actomyosin cytoskeleton (Kanchanawong et al., 2010).
Unfolded protein domains under tension can mediate responses to applied forces.

For exemple talin-1, which connects integrins to F-actin, binds to vinculin, which

14



also links to F-actin, in response to applied forces that unfolds talin-1 exposing the
vinculin-binding sites (Ziegler et al. 2008). The adaptor protein p130Cas binds
several guanine-nucleotide exchange factors (GEFs) that activate small GTPases,
only when phoshorylated by Src family kinases due to cells stretching (Sawada et al.,
2006). Integrin receptor itself switches to a high-affinity state in response to force,
at least for the ubiquitous alphasbeta; isoform (Friedland et al, 2009). In
endothelial cells, the glycocalix, a layer of carbohydrate-rich proteins on the cell
surface, can mediate mechanotransduction signalling in response to fluid shear
stress (Tarbell and Ebong, 2008). Thus, multiple proteins within cells can

potentially act as mechanosensors depending on the type of force applied.

Mechanotransmission

In the cytoplasm, the cytoskeleton is the fundamental structure for mediating force
transmission. The cytoskeleton is a highly dynamic cellular scaffolding structure
composed of filamentous actin, intermediate filaments, and microtubules. Among
these elements, the actin cytoskeleton is thought to play a prominent role in force
tramsission. Actin monomers assemble into filamentous actin (F-actin) and
toghether with myosin filaments, form the cytoskeletal contractile apparatus. The
actomyosin cytoskeleton connects multiple parts of the cell membrane as well as the
cell membrane to the nucleus. At the cell membrane, these filaments anchor into
clusters of proteins that include focal ashesions (FAs) which link the cytoskeleton
through transmembrane integrin receptors with the ECM. In the extracellular space,

the ECM forms a mesh of crosslinked proteins and carbohydrates, and depending on
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the tissue, can include different constituents including collagen, laminin, elastin, and
fibronectin fibers interlocked with hyaluronic acid and proteoglycans. Applying
force to this cell-ECM unit leads to structural deformations and rearrangements of
the ECM, force transmission through the FAs and (given the highly interconnected
nature of the cytoskeleton) deformation of nearly each aspect of intracellular
structure (Fig. 1A). Adhesion of cells to matrix results in the structural organization
of the cell itself. Integrin binding and clustering against ECM ligands leads to
changes in cell shape and cytoskeletal architecture, anchoring the actin cytoskeleton
to sites of adhesion.

However, “outside-in” force transmission is only half the story, as cells also
generate forces: this “inside-out” signaling happens when cells actively pull on the
ECM (that in turn responds by remodeling its own 3D organization), as in the case of
fibroblasts cotracting a collagen gel. Clearly, cells always generate forces when
subjected to external forces in order to develop opposite internal forces to reach an
equilibrium. Thus, the ability of cells to develop internal actomyosin forces is likely
an inbuilt mechanism by which cells can adjust and perhaps “measure” external
forces (Eyckmans et al,, 2011). In other words, the tension existing between cells
and their ECM always tends to be at equilibrium through reciprocal and self-

adjusting outside-in and inside-out signaling.

Mechanoresponse

Cells change their own shape and their cytoskeletal organization in response to

mechanical cues (Hoffman et al., 2011). Differences in the substrate avaliable area
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or ECM stiffness are tranduced by changes in contractility. Cells plated on soft
materials, or cells displaying a rounded or cells with a little adhesion area at their
disposal, all exert lower forces than cells on stiff materials or having a spread shape.
As a consequence, all the changes in the mechanical properties of the
microenvironment ultimately impinge on the ability of the cells to create a tensed
actomyosin cytoskeleton (Fig. 1B).

Clearly, the aspect we know the less — and the focus of this thesis - is how
cells respond to mechanical signals changing their cell behavior and modulating
their gene expression. The following chapter offers some references with some vivid

examples of this sort.

How to study Mechanotransduction and role of mechanical cues in Stem Cell

differentiation

Changing cell shape using microfabricated ECM islands .The first demonstration that
physical parameters might be critical for control of cell behavior came almost 30
years ago when it was shown that the growth of anchorage-dependent cells can be
altered by changing cell shape, with spread or flattened cells growing more rapidily
that round cells (Folkman and Moscona, 1978). Culture of individual cells on
microfabricated ECM islands that are small enough to constrain their spreading
confirmed that distortion of cell shape and cytoskeletal structure is alone sufficient
to govern whether cells will grow, differentiate, or undergo apoptosis (Mammoto
and Ingber, 2009). For example, capillary enothelial cells switch from a fate of

survival when pleated on large adhesive fibronectin micropatterned to a fate of
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death when pleated on small fibronectin micropatterned area (Chen et al., 1997).
Similarly, keratinocytes switch between proliferation an differentiation depending
on their cell shape (Watt et al., 1998).

Hydrogels. More recently, developing scaffolds with tunable mechanical properties,
mimicking the natural variation of microenvironment rigidity, has become a major
effort in tissue engineering (Choi et al, 2010). Real tissues are indeed endowed with
a whide range of stiffness (Fig. 2A); the brain, for instance, is much softer than bone
tissue. The rigidity of the extracellular environment potently controls the
differentiation of mesenchymal stem cell (MSC), as well as the balance between
proliferation and self renewal in skeletal muscle stem cell (Engler et al., 2006)
(Gilbert et al., 2010), hematopoietic stem cells (Holst et al, 2010) and embryonic
stem cells (Chowdhury et al., 2010). Depending on the soluble factors in medium,
MSCs will adopt the adipogenic (McBeath et al, 2004; Sordella et al, 2003) or
condrogenic (Gao et al, 2010) phenotype when cell size is restricted or when
contractility is reduced. Conversely, spreading and high contractility promotes
osteogenic (McBeath et al.,, 2004) and myogenic differentiation (Gao et al., 2010).
Stiffness also dictates differentiation of MSCs (Fig. 2B) towards a neurogenic or
adipogenic phenotype on compliant substrates (<1 kPa), myogenesis at medium
stiffness (8-17 kPa), and osteogenesis at high stiffness (>25 kPa) (Engler et al., 2006;

Fuetal, 2010).
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Mechanotransduction in pathology

Tissue rigidity or stiffness and also the mechanotransduction machinery affects many
pathological proceses. Tumours have long been identified by palpation, owing to
local increases in tissue stiffness. Concurrent changes in tissue stiffness, tumor
growth due to the proliferting cells and elevated interstitial fluid pressure all
combine to affect the physical environment of cancerous cells inside the tumor and
the adjacent normal cells (Butcher et al., 2009). These changes in the mechanical
environment have been shown to be causal of tumor progression in breast (Levental
et al,, 2009): induction of collagen crosslinking stiffened the ECM, promote focal
adhesion and induce the invasion of an oncogene-inititated epithelium. Fibrotic lung
disease begins with a small change in tissue stiffness, inducing more severe,
irreversible remodelling with a feedback relationship between matrix stiffening,
cyclooxygenese-2 (COX-2) suppression and fibroblast activation that promotes and
amplifies progressive fibrosis (Liu et al.,, 2010). Disturbed fluid shear stress at
vascular bifurcations, that trigger vessel remodelling, can result in development of
atherosclerosis (Hahn and Schwartz, 2009). Many mutations in structural cardiac
mechanotransducres proteins can result in cardiomyopathy and pathological
hypertrophy (reviewed in Jaalouk and Lammerding, 2009). In Duchenne muscular
dystrophy, mutations in the dystrophin gene disrupt the force transmission
between the cytoskeleton and the ECM, resulting in progressive muscle
degeneration (Kumar et al.,, 2004). Mutations in the cytoskeletal proteins desmin,
titin and myosin, result in disorganized sarcomeres and disturbed cellular

mechanics, which can impair relaxation dynamics of myocytes. Mutations in the
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genes that encode the ciliary proteins polycystin 1 or the transient receptor
potential channel family protein polycystin 2 (TRPP2), that act as cellular flow-
sensors, provide direct evidence for defects in mechanotransduction that result in
kidney disease (Delmas, 2004). In general, all aspects of mechanoperception can

affects pathological conditions.

Signalling pathways involved in Mechanotransduction

Application of tension to cells activate different signalling pathways by which cells
communicate the dynamic status of their actin microfilaments to the genome.
Mechanical stimuli activate different members of the Rho GTPase (Rho, Rac and
Cdc42 subfamilies) which regulate effector proteins that modulate the
polymerization equilibrium of G-actin and F-actin in the cytoplasm. G-actin forms
complexes with different actin binding proteins (ABPs), including the nucleating
factors profilin, formins and the actin-related protein 2/3 (ARP2/3) complex
(reviewed in Olson and Nordheim, 2010). Activation of Rho GTPase promotes actin
polymerization by two downstream signalling modules, one involving the Rho-
associated kinase (ROCK) and the other mediated by formins such as Diaphanous.
Signals that elicit dynamic actin rearrangements on activation of Rho GTPase,
where shown to activate the Jun N-terminal kinases (JNKs), which regulate gene
transcription (Marinissen et al, 2004); to regulate the cytoplasm to nucleus
translocation of the transcription factor Nuclear Factor kB (NF-kB) (Cowell et al.,
2009); to signal to phosphoinoside 3-kinase (PI 3-kinase) which activates

proliferation through the Akt pathway (reviewed in Provenzano and Keely, 2011);
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to modulate TGFb (Moustakas and Heldin, 2008) and Wnt-planar cell polarity (PCP)
signalling (Winter et al, 2001). The amount of G-actin control the nucleus-
cytoplasm shuttling of transcriptional cofactors of the myocardin related
transcription factors (MRTFs, one of wich is MAL) that, in turns, control the activity
of serum response factor (SRF), a nuclear transcription factor. High levels of
cytoplasmic G-actin retain MAL in the cytoplasm, incorporation of G-actin into the F-
actin filament liberates MAL to enter the nucleus and interact with SRF (Vartiainen
et al.,, 2007). Thereby, the actin-MAL-SRF circuit allows for the precise modulation of
gene expression in concert with cytoskeletal assembly and disassembly.

Moreover, mechanosensing Fas contain many signaling proteins such as FAK,
extracellular signal-regulated kinase (ERK), mitogen-activated protein kinase
(MAPK), c-Jun N-terminal kinase (JNK), Src, Ras and Raf; changes to composition of
such adhesions mediated by contractility can impact localization of members within
a signaling cascade, thereby orchestrating cellular responces to force. Acute onset
of shear stress triggers the activation of the transcriptional factor NF-kB (nuclear
factor of kappa light chain gene enhancer in B cell) (Tzima et al., 2005) in response
to changes in F-actin polymerization and cell stretching (Olson and Nordheim,
2010).

However, despite intense efforts, the involvement of nuclear factors mediating the
biological response to ECM elasticity and cell geometry, linking mechanical stimuli

with genome activity, remained so far incompletely understood.
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The Hippo pathway

The Hippo signaling pathway has emerged as an important regulator in both organ
size control and tumorigenesis. First discovered in Drosophila (Fig. 3A and 4A ), the
Hippo pathway is composed of a highly conserved core kinase cascade leading from
the tumor suppressor Hippo (Mstl and Mst2 in mammals) to the oncoprotein
Yorkie (YAP and TAZ in mammals), a transcriptional coactivator of target genes
involved in cell proliferation and survival (Pan, 2010). Many of the known Hippo
Pathway components were discovered through genetic screens in Drosophila. Loss
of function of Hippo (Hpo) or Warts (Wts), two kinases that lie at the center of the
Hippo pathway, results in dramatic overgrowth of imaginal discs and of
corresponding adult structures (Harvey et al., 2003; Jia et al., 2003; Justice et al,,
1995; Wu et al, 2003; Xu et al, 1995). Animals with Hpo mutant eye discs, for
expemple, produce adults with severely overgrown eyes and heads that are folded
and darker than normal (reviewed in Halder and Johnson, 2011). The Hpo gene was
thus named after its mutant adult head phenotype, which resembles the hide of the
hippopotamus (Udan et al, 2003). The identification of the scaffolding protein
Salvador (Sav) (Tapon et al., 2002) and the regulator Mob-as-tumor suppressor
(Mats) (Lai et al., 2005) leads to the understanding of the core component of the
pathway. These proteins propagate a cascade of phosphorylation events that result
in to the inhibition of the trascriptional regulator Yorkie (Yki). Phosphorilated Yki is
competent to bind 14-3-3 proteins, which function to retain Yki in the cytoplasm
and consequently inhibit Yki nuclear function (reviewed in Mauviel et al., 2011).

Overexpression of Yki phenocopies loss of function mutations of Hpo or Wts
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including tissue overgrowth in wing imaginal discs (Huang et al,, 2005), (Fig. 3B).
The core component of the Hippo pathway is well conserved in mammals:
Mst1 and Mst2 are the two homologue of Hpo, Savl or WW45 is the homolog of Sav,
Lats1 and Lats2 are the homologue of Wts and MOBKL1A and MOBKL1B, often
collectively referred as Mob1, are the homologs of Mats. These protein form a
conserved kinase cassette (Chan et al., 2005; Callus et al., 2006) that phosphorilates
and inhactivates the mammalian Yki homologs YAP (Yes-associated protein) (Dong
et al, 2007; Zhao et al,, 2007) and TAZ (transcriptional coactivator with PDZ-binding
motif, also known as Wwtrl) (Lei et al, 2008). YAP/TAZ localization, and hence
activity, directs their interactions with a wide array of proteins, which range from
DNA-binding transcription factors to cell-polarity-regulating proteins (Fig. 3A and
4A) and respond to cell contact inhibition, since the subcellular localization of
YAP/TAZ is dependent on cell density (Zhao et . al., 2007).
YAP/TAZ localization is largely mediated by interaction with 14-3-3 proteins (Kanai
et al, 2000; Basu et al,, 2003). These interaction are promoted by LATS1/2 induced
phosphorilation of YAP/TAZ (Dong et al, 2007; Lei et al, 2008) on multiple
residues: S61, S109, S127, S164, S381 for YAP and S66, S89, S117, S311 for TAZ,
wich only one (YAP S127 and TAZ S89, like Yki S168) serves as 14-3-3 binding site.
The phospho-degron motif in YAP and TAZ is induced by LATS kinases and further
modified by Casein Kinase 1 delta/epsilon kinases resulting in the recruitment of
the E3 ubiquitin ligase SCF beta-TRCP and subsequent ubiquitin-mediated
proteasomal degradation of YAP and TAZ (Liu et al., 2010; Zhao et al., 2010).

The physiological relevance of the conserved Hippo kinase cascade was
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supported by studies of transgenic and knockout mice. Transgenic overexpression
of YAP (Fig. 4B) (Dong et al,, 2007; Camargo et al, 2007) or liver-specific knockout
of Mst1/2 or Savl (Zhou et al., 2009; Lee et al., 2010) expanded the liver size and
ultimately induced hepatocellular carcinoma (HCC), revealing a conserved role for
the Hippo pathway in regulating organ size in mammals. YAP and TAZ function as
transcriptional co-activators by means of physical interaction with a range of DNA-
binding transcription factors, such as the TEAD/TEF family transcription factors, the
p53 family members p73, Runx1 and Runx2, Pax3, Pax8, TTF1,TBX5, PPARgamma
(reviwed in Pan, 2010) and SMAD1/2/3/4 (reviewed in Mauviel et al, 2011). Among
these YAP/TAZ interactin proteins, the TEAD/TEF family transcription factors,
which represent homologs of the Drosphila Scalloped (Sd) protein, have emerged as
the prime mediators of YAP/TAZ function in Hippo signalling (Zhao et al., 2008; Ota
and Sasaki, 2008). Several upstream regulators of the Hippo pathway have been
identified in Drosophila, all of which, when mutated, result in tissue overgrowth.
These include: the FERM domain proteins Merlin (NF2 in mammals) and Expanded;
the atypical cadherins Fat and Dachsous whit the regulators Kibra and Zyxin; the
transmembrane polarity-regulator Crumbs; the cell polarity factors Lethal giant
larvae (Lgl), Discs large (Dlg), Scribble (Scrib); Jub (Ajuba LIM proteins in
mammals); the Ras association family protein RASSF (reviewed in Zhao et al,
2011a). Other regulators have been identified only in mammals: the Crumbs
complex-associated protein PALS1 (Varelas et al., 2010), Angiomotin (AMOT) (Zhao
et al, 2011b), the adherent juction-associated protein alfa-catenina (Schlegelmilch et

al., 2011; Silvis et al, 2011) and the tight junction protein Z0O-2 (Oka et al., 2010;
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Remue et al.,, 2010).

The critical role in development of the protein YAP is fully highlight by the
knockout mice that are embryo lethal (Morin-Kenscki et al, 2006), while TAZ
knockout mice develop polycystic kidney disease and emphysema (Hossain et al.,
2007; Makita et al, 2008). In the preimplantation mouse embryo YAP is
fundamental for the specification of the trophectoderm from the inner cell mass
(Nishioka et al., 2009): YAP localizes at the nuclei of outside cells promoting TEAD4

activity, while YAP is phosphorilated and cytoplasmic in inside cells.

YAP/TAZ and Stem Cells

Emerging evidences suggests that YAP and TAZ may regulate stem cell and
progenitor cell self-renewal and expansion. For instance, YAP expression is
generally restricted to the progenitor cells in normal mouse intestine, and
transgenic expression of YAP in mouse intestines causes a marked expansion of the
progenitor cell compartment (Camargo et al., 2007). Similarly, YAP expression
expands basal epidermal progenitors in mouse skin and inhibits their terminal
differentiation (Zhang et al., 2011), while conditional knockout of YAP in mouse skin
leads to decrease proliferazion of basal cells, thinner epidermis and failure of skin
expansion (Schlegelmich et al., 2011). These observation reflect a role of YAP in
maintaining the balance between stem, progenitor and differentiated cells.

Morover, the YAP/TAZ-TEAD transcription factor complex represents a
common target of oncogenic transformation. Amplification of the YAP and TAZ gene

loci have been reported at varying frequencies in a wide spectrum of human tumors.
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Consistently, comprehensive survey of the most common solid cancer types
revealed widespread and frequent YAP and TAZ overexpression (Pan et al., 2010).
Malignant progression is accompanied by increase proportion of these CSCs within
the tumor (Pece et al, 2010) and activation of the epithelial-to-mesenchymal
transition (EMT) trigger by loss of cell polarity (Thiery et al., 2009). In our
laboratoriy, it was shown that TAZ is a molecular determinant of biological
properties associated with breast Cancer Stem Cells (CSCs), namely self-renewal
and tumor-initiation capacity. TAZ sustained CSCs maintenance downstream of EMT
and delocalization of the basolateral protein Scribble (Cordenonsi et al.,, 2011).

In summary, YAP and TAZ are required for many physiological and pathological
processes including contact inhibition, epithelial-mesenchimal transition,

transformation, apoptosis inhibitions and cell differentiation.
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RESULTS

ECM stiffness regulates YAP/TAZ activity

Mechanotransduction enables cells to sense and adapt to external forces and
physical constraints; these mechanoresponses involve the rapid remodeling of the
cytoskeleton, but also require the activation of specific genetic programs.

To gain insight into these issues, we asked if physical/mechanical stimuli conveyed
by ECM stiffness actually signal through known signaling pathways. For this, we
performed a bioinformatic analysis on genes differentially expressed in mammary
epithelial cells (MEC) cultivated on ECM of high vs. low stiffness (Provenzano et al,,
2009). Specifically, we searched for statistical associations between genes regulated
by stiffness and gene signatures denoting the activation of specific signaling
pathways such as TGF-beta, Ras, ErBB2, Notch, Wnt/b-catenin, MAL/SRF and NF-kB
(see Methods). Strikingly, only signatures revealing activation of YAP/TAZ
transcriptional regulators emerged as significantly overrepresented in the set of
genes regulated by high stiffness (Fig. 5A).

To test if YAP and TAZ activity is regulated by ECM stiffness, we monitored
YAP/TAZ transcriptional activity in human MEC cultured on fibronectin-coated
acrylamide hydrogels of varying stiffness (elastic modulus ranging from 0.7 to 40
KPa, matching the physiological elasticities of natural tissues (Engler et al., 2006)).
For this, we assayed by real-time PCR two of the best YAP/TAZ regulated genes

from our signature, CTGF and ANKRD1. The activity of YAP/TAZ in cells cultured on
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stiff hydrogels (15-40 KPa) was comparable to that of cells grown on plastics,
whereas culturing cells on soft matrices (in the range of 0.7-1 KPa) inhibited
YAP/TAZ activity, to levels comparable to siRNA-mediated YAP/TAZ depletion (Fig.
5B). We confirmed this finding in another cellular systems, such as MDA-MB-231,
where we used a synthetic YAP/TAZ-responsive luciferase reporter (4xGTIIC-lux) as
direct read-out of their activity (Fig. 5B).

Next, we assayed endogenous YAP/TAZ subcellular localization; indeed, their
cytoplasmic relocalization has been extensively used as primary read-out of their
inhibition by the Hippo pathway or by cell-cell contact (Zhao et al., 2007). By
immunofluorescence on MEC and human mesenchymal stem cells (hMSC), YAP/TAZ
were clearly nuclear on hard substrates but became predominantly cytoplasmic on
softer substrates (Fig. 5C and 5D). Collectively, these data indicate that YAP/TAZ

activity and subcellular localization are regulated by ECM stiffness.

YAP/TAZ are regulated by cell geometry

As changes in ECM stiffness impose different cell shapes (Engler et a., 2006), we
thus asked whether cell spreading is sufficient to regulate YAP/TAZ. To this end, we
used micropatterned fibronectin “islands” of defined size, on which cells can spread
to different degrees depending on the available adhesive area (Chen et al., 1997). On
the biggest islands (10000mm?) hMSC cells covered almost the entire area, adopting
a similar shape to cells plated on unlimited surfaces; by progressively limiting the
adhesion areas (2025, 1024, 300mm?), cells assumed the shape of the supporting

island and started to become more rounded. On these micropatterns, the
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localization of YAP/TAZ changed from predominantly nuclear in spread cells, to
predominantly cytoplasmic in cells on smaller islands (Fig. 6A). Of note, the use of
single-cell adhesive islands rules out the possibility that cell-cell contacts could be
involved in YAP/TAZ relocalization. We confirmed these results using human lung
microvascular endothelial cells (Fig. 6B), that are well known to regulate their
growth according to cell shape (Chen et al., 1997).

Cells seeded on stiff hydrogels or large islands display an increased cell
spreading but, at the same time, experience a broader cell-ECM contact area. To test
if YAP/TAZ are regulated by cell spreading irrespectively of the total amount of
ECM, we visualized YAP/TAZ localization in hMSC grown on the tip of closely
arrayed fibronectin-coated micropillars (Fu et al., 2010): on these arrays, cells
stretch from one micropillar to another, and assume a projected cell area
comparable to cells plated on big islands (3200 mm? on average, Fig. 6C); however,
in these conditions, the actual area available for cell/ECM interaction is only about
10% of their projected area (300 mm? on average, corresponding to the smallest
islands used in Fig. 6A). YAP/TAZ remained nuclear on micropillars (Fig. 6C,
indicating that YAP/TAZ are primarily regulated by cell spreading imposed by the

ECM.

YAP/TAZ sense cytoskeletal tension

We then considered that cell spreading entails activation of the small GTPase Rho
that, in turn, regulates the formation of actin bundles, stress fibers and tensile

actomyosin structures (Schwartz, 2010). Indeed, cells on stiff ECM or big islands
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displayed more prominent stress fibers compared to those plated on soft ECM or
small islands (Fig. 6B and 6D). As shown in Figure 7A, we found that Rho and the
actin cytoskeleton are required to maintain nuclear YAP/TAZ. As a control,
inhibition of Racl-GEFs, or disruption of microtubules, did not alter YAP/TAZ
localization (Fig. 7A). Crucially, inhibition of Rho (with the cell permeable C3
transferase) and of the actin cytoskeleton (with LatrunculinA) also inhibited
YAP/TAZ transcriptional activity, as assayed by expression of endogenous target
genes (Fig. 7B) and by luciferase reporter assays (Fig. 7C). Conversely, triggering F-
actin polymerization and stress fibers formation by overexpression of activated
Diaphanous promoted YAP/TAZ activity (Fig. 7D).

We then asked whether YAP/TAZ are regulated by the ratio of
monomeric/filamentous actin, as others observed for MAL/SRF. To increase
monomeric G-actin, we overexpressed the R62D mutant actin (Miralles et al., 2003),
but this was insufficient to inhibit YAP/TAZ (Fig. 7C). Moreover, increasing the
amount of F-actin either by overexpressing the F-actin stabilizing V159N actin
mutant or by serum stimulation (Miralles et al.,, 2003) had no effect on YAP/TAZ
activity (Fig. 7E). As a control, in the same experimental set-up, MAL/SRF activity
was instead clearly modulated (Fig. 7F). Taken altogether, these data indicate that
Rho and stress fibers, but not F-actin polymerization per se, are required for
YAP/TAZ activity.

Cells respond to the rigidity of the ECM by adjusting the tension and
organization of their stress fibers, such that cell spreading is accompanied by

increased pulling forces against the ECM (Fu et al, 2010; Schwartz et al.,, 2010). By
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inhibition of ROCK (with the Y27632 small molecule inhibitor) and non-muscle
myosin (NMM-II, with Blebbistatin) (Engler et al., 2006; Vogel and Scheetz, 2006),
we found that cytoskeletal tension is required for YAP/TAZ nuclear localization (Fig.
8A) and activity (Fig. 8B). Of note, YAP/TAZ exclusion caused by these inhibitions is
an early event (occurring within 2 hours) that can be uncoupled from
destabilization of stress fibers (Fig. 8C). To address more directly the relevance of
cell-generated mechanical force without using small-molecule inhibitors and
irrespectively of the surface properties of the hydrogels, we compared rigid vs
highly elastic micropillars (Fu et al., 2010); on the elastic substrate, cytoplasmic
localization of YAP/TAZ was clearly increased (Fig. 8D). Collectively, the data
indicate that YAP/TAZ respond to cytoskeletal tension.

We also tested if inhibition of YAP/TAZ occurs by entrapping YAP/TAZ in the
cytoplasm or by promoting their nuclear exclusion. In Drosophila, the YAP/TAZ
homologue Yorkie is exported from the nucleus in a CRM1-dependent manner (Ren
et al, 2010); this regulation allowed us to test if YAP/TAZ nuclear exit triggered by
cytoskeletal inhibitors could be reverted by the addition of the CRM1 inhibitor
LeptomycinB (LMB). As shown in Figure 9A, LMB rescued nuclear localization of
YAP/TAZ in hMSC treated with cytoskeletal inhibitors. These data suggest that
YAP/TAZ keeps shuttling between cytoplasm and nucleus irrespectively of cell
shape, and that the presence of a stretched cytoskeleton promotes their nuclear
retention. Moreover, YAP/TAZ relocalization was rapid (occurring in as little as 30
min with LatrunculinA), reversible after small-molecule washout (Fig. 9B), and

insensitive to inhibition of protein synthesis with Cycloheximide (CHX) (Fig. 9C),
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suggesting a direct biochemical mechanism.

Mechanical cues act independently from Hippo

YAP and TAZ are the nuclear transducers of the Hippo pathway. In several
organisms and cellular set-ups, activation of the Hippo pathway leads to YAP/TAZ
phosphorylation on specific serine residues; in turn, these phosphorylations inhibit
YAP/TAZ activity through multiple mechanisms, including proteasomal degradation
(Pan et al., 2010). Intriguingly, similar to Hippo activation by cell-cell contacts (Fig.
10A), TAZ protein was also degraded by culturing MEC cells on soft matrices (Fig.
10B) or by treatment with inhibitors of Rho, F-actin and actomyosin tension (Fig.
10C).

[s then the Hippo cascade responsible for YAP/TAZ inhibition by mechanical
cues? Several evidences indicate this is not the case. First, we noted that
phosphorylation of YAP on serine 127, a key target of the LATS kinase downstream
of the Hippo pathway (Oka et al., 2008), was not increased upon treatment of hMEC
and hMSC with cytoskeletal inhibitors (Fig. 10B) at difference with its regulation by
high confluence (Fig. 10A). Second, depletion of LATS1 and LATS2 had marginal
effect on YAP/TAZ inactivation by mechanical cues, as judged by: i) YAP/TAZ
nuclear exit induced by micropatterns (Fig. 10C); ii) TAZ degradation (Fig. 10D); iii)
endogenous target gene expression in cells plated on soft hydrogels (Fig. 10E).
Finally, we compared wild-type or LATS-insensitive 4SA TAZ (Let at al.,, 2008) in
MDA-MB-231 depleted of endogenous YAP/TAZ and reconstituted at near-to-
endogenous YAP/TAZ activity levels with siRNA-insensitive mouse TAZ (mTAZ)

vectors. As shown in Fig. 10F, both wild-type (WT) and 4SA mTAZ remain sensitive
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to mechanical cues. Further supporting these results, we found that MDA-MB-231
cells are homozygous mutant for NF2 /merlin, an essential component of the Hippo
cascade (Pan et al, 2010). Collectively, these data suggest that LATS
phosphorylation downstream of the Hippo cascade is not the primary mediator of
mechanical /physical cues in regulating YAP/TAZ activity.

We then asked if mechanical cues regulate YAP/TAZ not only in isolated cells,
but also in confluent monolayers, when cells reorganize their shape and structure
and engage in cell-cell contacts, leading to activation of Hippo/LATS signaling (Zhao
et al., 2007). We explored the effects of cell confluence in parental MCF10A: plating
cells at high confluence cooperate with soft hydrogels in inhibiting YAP/TAZ activity
(Fig. 10G). Thus, mechanical cues and Hippo signaling represent two parallel inputs

converging on YAP/TAZ regulation.

YAP/TAZ mediate cellular mechanoresponses

Data presented so far indicate YAP and TAZ as molecular “readers” of ECM elasticity
and cell geometry; but are YAP/TAZ relevant to mediate the biological responses to
these mechanical inputs? An appropriate cellular model to address this question are
hMSC, that can differentiate into osteoblasts when cultured on stiff ECM, mimicking
the natural bone environment, while on soft ECM - or small islands - they
differentiate into other lineages, such as adipocytes (McBeath et al., 2004; Engler et
a., 2006). A similar case applies to endothelial cells, that respond differently to the
same soluble growth factor by proliferating, differentiating or involuting according

to the degree of cell spreading against the surrounding ECM (Chen et al,, 1997). We
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hypothesized that cell fates induced by stiff ECM and large islands (i.e. where
YAP/TAZ are active) should require YAP/TAZ function and, conversely, cell fates
associated to soft ECM and small islands (where YAP/TAZ are inhibited) should
require their inactivation. In line with this hypothesis, osteogenic differentiation
induced in hMSC on stiff ECM was inhibited upon depletion of YAP and TAZ, and a
similar inhibition was achieved either by culturing cells on soft ECM or by
incubation with C3 (Fig. 11A and 11B). We also monitored adipogenic
differentiation, a fate normally not allowed on stiff ECM; strikingly, YAP/TAZ
knockdown enabled adipogenic differentiation on stiff substrates, thus mimicking a
soft environment (Fig. 11C and 11D). In the case of HMVEC, cells plated on small
islands undergo apoptosis, while cells on bigger islands proliferate, as assayed by
TdT-mediated dUTP nick end labelling (TUNEL) staining and 5-bromodeoxyuridine
(BrdU) incorporation, respectively (Chen et al, 1997). Upon YAP/TAZ depletion,
cells on bigger islands behaved as if they were on small islands; this is overlapping
with the biological effects of Rho inhibition (Fig. 12A and 12B). In line with the
Hippo independency of this regulation, knockdown of LATS1/2 was not sufficient to
rescue osteogenesis upon C3 treatment (Fig. 13B), or endothelial cell proliferation
on small islands (Fig. 12C). Collectively, these data suggest that YAP/TAZ are
required for cell differentiation triggered by changes in ECM stiffness and for
geometric control of cell survival.

We next tested if the sole YAP/TAZ activity can re-direct the biological
responses elicited by soft/confined ECM. Overexpression of activated 5SA-YAP with

lentiviral infection (to at least ten fold the endogenous levels) remarkably overruled
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the geometric control over proliferation and apoptosis in HMVEC (Fig. 12D), and
rescued osteogenic differentiation of hMSC treated with C3 (Fig. 13A) or plated on
soft ECM (Fig. 13C). Thus, cells on soft matrices or on small adhesive areas can be
“tricked” to behave as if they were adhering on harder/larger substrates by

sustaining YAP/TAZ function.
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DISCUSSION

In sum, our findings indicate a fundamental role of the transcriptional
regulators YAP and TAZ as downstream elements in how cells perceive their
physical microenvironment (Fig. 14A). This is linked to the capacity of cells to
generate pulling forces against a rigid ECM that favors the adoption of a spread
shape. Our data define an unprecedented modality of YAP/TAZ regulation, that acts
in parallel to the NF2/Hippo/LATS pathway and instead requires Rho activity and
the acto-myosin cytoskeleton.

Comparison with the MAL/SRF system. Interestingly, this recapitulates aspects of
MAL/SRF regulation (Miralles et al, 2003; and see introduction of this thesis)
because both YAP/TAZ and MAL are inhibited by F-actin disruption and stimulated
by F-Actin polymerization. Yet there are profound differences: YAP/TAZ activity
requires stress fibers and cytoskeletal tension induced by ECM stiffness and cell
spreading, but, at difference with MAL, YAP/TAZ are not directly regulated by G-
actin levels. Of note, the role of cell morphology and stress fibers in the regulation of
YAP localization is also supported by others (Wada et al., 2011,; Sansores-Garcia et
al, 2011). The detailed biochemical mechanisms by which cytoskeletal tension
regulates YAP/TAZ awaits further characterization, but it is tempting to speculate
that stress-fibers inhibit/titrate an unidentified YAP/TAZ-interacting molecule that,
when released, would promote their inactivation (“X” in Fig. 14B).

Lessons from Drosophila. Independent evidence from Drosophila embryos also

suggests that the actin cytoskeleton is indeed an important regulator of Yorkie (Yki),
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the fly homologue of YAP/TAZ, during embryonic development (Garcia-Fernandez
et al, 2011; Sansores-Garcia et al., 2011). These groups identified the F-actin
capping proteins (CP, also known as beta-actinin or capZ) as required inhibitors of
Yki functions. Knockdown of CP or mutant alleles for CP cause increased tissue
growth and upregulation of Yki activity in the Drosophila wing ephitelium, similar to
those obtained in mutants for components of the canonical Hippo cascade, such as
Hpo or homologues of the LATS kinases.

New mechanistic hints? An interesting point of discussion is whether these genetic
validations in Drosophila of the role of cytoskeleton as regulator of Yki/YAP/TAZ
may also suggest some mechanistic insights. For example, F-actin might regulate Yki
through the Hippo/LATS pathway. The Halder laboratory (Sansores-Garcia et al.,
2011) suggested that F-actin acts downstream of the Hippo kinase but upstream of
Warts (Wts), the fly omologue of LATS (Sansores-Garcia et al., 2011). However, this
interpretation is biased by the fact that in Drosophila LATS mutants are by far
stronger than Hpo and CP mutants, complicating the interpretation of the genetic
interactions. Moreover, Janody group, also working in Drosophila (Garcia-
Fernandez et al., 2011), reached partially different conclusions, that is, that F-actin
capping proteins may work upstream of Hippo kinase. In any case, both studies at
least suggest that LATS activity, more or less directly, should increase after
cytoskeletal re-organization. Supporting this conclusion, Wada et al., 2011, found
that YAP phosphorylation in LATS sites increases after disruption of the actin
cytoskeleton using Latrunculin A, the F-actin disgregating factor. Clearly, this body

of evidence apparently contrasts with our conclusion that mechanical-induced
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cytoskeletal reorganization (MSC plated on soft; endothelial cells plated on small
islands) leading to drop of YAP/TAZ activity dominates over and remains
insensitive to LATS1/2 depletion. There are several solutions to accomodate these
different observations: 1) it is plausible that actin disruption may be profoundly
different than a mechanically “soft” stimuli; it should be stressed in this point that
even in Drosophila it is not F-actin per se to regulate YAP/TAZ. Indeed, there are
other mutations in actin inhibitors (i.e., cofilin) that induce F-Actin accumulation
without activating YAP/TAZ; 2) finding YAP phosphorylation and LATS activation
upon F-actin disruption does not reveal per se functional causality; 3) it is also
plausible that LATS activation may well be induced by cytoskeletal re-organization,
but that this is only one inhibitory branch activated by the disturbed cytoskeleton,
such that loss-of-LATS alone would be insufficient to rescue YAP-TAZ activity (due
to the persistence of other, yet unknown unleashed inhibitors that would remain
present even in LATS-depleted cells); 4) It is also conceivable that the biological
potency of LATS inactivation is directly proportional to the “basal”/"natural” level of
Hippo pathway activation in a given cellular context. For example, a cell like MDA-
231 lacks of NF2 and is therefore silent for Hippo. Thus, not surprisingly, loss of
LATS is completely irrelevant for these cells at regulating YAP/TAZ transcriptional
activity. Yet, MDA-231 are perfectly capable of regulating YAP/TAZ when challenged
by mechanical cues (data not shown). Conversely, in cells normally carrying a
constitutive Hippo pathway, such as MCF-10A cells, loss-of-LATS has more potent
pro-YAP effects. And yet, even in this case, this is insufficient to sustain YAP activity

in a soft environment, that still leads to a dramatic attenuation of YAP/TAZ activity.
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In other words, the collective evidence on one hand does suggest an involvement of
LATS in mechanotransduction but on the other hand also strongly indicate that this
is only a fragment of a more complex picture that we are struggling to grasp
mechanistically. If anything, data indicate that mechanical cues is an universal
feature of Yki/YAP/TAZ regulation, and that inputs from the LATS branch may
concur in more specific contexts (see the MDA-231 vs MCF10A scenarios). Finally,
feedback loops are likely in place, as it has been shown that the Hippo pathway
could inhibit F-actin accumulation (causing a coherent crosstalk between two
inhibitory branches); and conversely, F-actin was proposed to operate as scaffold
for Mst1/2 (Densham et al., 2009), suggesting a possible direct link between F-actin
and Hippo proteins.

Placing YAP/TAZ downstream of the cell biology of Mechanotransduction.
Functionally, we showed that different cellular models read ECM elasticity, cell
shape and cytoskeletal forces as levels of YAP/TAZ activity; but what is more
remarkable is that experimental manipulations of YAP/TAZ levels can dictate cell
behavior, overruling mechanical inputs. YAP/TAZ are very active and able to bypass
the effect of a soft, round and cytoskeletally disorganized cell, to rescue gene
expression and differentiation potential normally allowed only at higher mechanical
stimulations.

Relevance for diseases and organ remodeling. This work identifies a new
widespread transcriptional mechanism by which the mechanical properties of the
ECM and cell geometry instruct cell behavior. This may now shed light on how

physical forces shape tissue morphogenesis and homeostasis, for example in tissues
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undergoing constant remodeling upon variation of their mechanical environmnent;
indeed, alterations of YAP/TAZ signaling have been genetically linked in animal
models to the emergence of cystic kidney, pulmonary emphysema, heart and
vascular defects (Chen et al., 1994; Makita et al.,, 2008; Morin-Kensicki et al., 2006;
Skouloudaki et al., 2009).

Relevance for tumor progression. In cancer, changes in the ECM composition and
mechanical properties is the focus of intense interest, as these have been correlated
with progression and build-up of the metastatic niche (Jaalouk et al.,, 2009); in light
of their powerful oncogenic activities (Pan, 2010) YAP/TAZ might serve as
executers of these malignant programs. This is a particularly exciting possibility, at
least in breast cancer: first, tumor progression has been shown to correlate with an
increase of cancer stem cells (CSCs) that directly impact on tumor grading (Pece et
al,, 2010); second, we found that TAZ is playing a causal role in CSCs maintenance
and in acquisition of CSCs-phenotypic traits (Cordenonsi et al., 2011). Clearly,
closing the link between CSCs, TAZ, and ECM mechanorigidity is the focus of our on-
going work.

Mechanical stress, organ size and organ proliferative homeostasis. Genetically,
YAP and TAZ have been linked to a universal system that control organ size (Pan,
2010). The current view implicates Hippo signaling as the sole determinant of
YAP/TAZ regulation in tissues. However, our results suggest physical/mechanical
inputs as alternative determinant of YAP/TAZ activity. Supporting our model, it has
been observed that growth of epithelial tissues entails the build-up of mechanical

stresses at tissue boundaries (Nienhaus et al., 2009), and theoretical work proposed
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that these serve as positive feedback to homogenize cell growth, compensating for
uneven activity of soluble growth factors (Schwank and Basler, 2010).

Conclusion. In the last 20 years, progress in understanding signal transduction have
permeated biology: we know the main growth factor signaling pathways and have charted
networks of protein-protein interactions and gene expression programs that control cell
fates during embryonic development, tissue homeostasis and disease. However, a true
“holistic” appreciation of the molecular mechanisms governing cell behavior cannot be
uncoupled by an equally in depth appreciation of their spatial and temporal control
occurring at the tissue level. Although this represents a phenomenally difficult task, there
is an increasing appreciation that tissue architecture, as defined by the spatial
organization of a cell in respect of its neighbors and the extracellular matrix (ECM),
represents in its own right an overarching regulator of cell growth, migration,
differentiation and stemness. Key elements of this architectural signal are cell polarity,
cell adhesion and the corresponding mechanics of the cytoskeleton. We can only define
as remarkable the fact that nuclear YAP/TAZ levels emerged in the last year - and with
seminal contribution from our group - as central sensor and mediators of structural and
architectural properties of tissues. It should also not go unnoticed that a single set of
transcriptional regulators is at the center of some “classic” aspects of “social” cell
behavior, such as of adhesion-dependent growth, contact inhibition, cell polarity as well
as as tissue and single cell geometry and mechanics. Clearly, cells are able to integrate
these cues to attain their identity and positional information by impinging on YAP/TAZ
through the Hippo pathway and cytoskeleton. The challenge is now discovering how all

this is computed.
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METHODS

Reagents, microfabrications and plasmids

Cell-permeable C3 transferase (Cytoskeleton Inc.) was used in serum-free
conditions for MCF10A and hMSC, in complete medium for HMVEC. Y27632,
Blebbistatin, Nocodazole were from Sigma. LatrunculinA was from SantaCruz.
SwinholideA was from Merck. NSC23766 was from Tocris. Micropatterned glass
slides were purchased from Cytoo SA; on every slide, square islands of different
sizes were arrayed in quadrants, leaving 70mm of non-adhesive glass between each
island; a control area evenly coated with fibronectin was also included to let cells
attach without geometric constraints. Fibronectin-coated hydrogels were
synthesized according to Tse et al., 2010. Micropost arrays were prepared according
to du Roure et al,, 2005; with microposts of 1mm in diameter and 3mm of center-to-
center distance; elasticity of the micropillars was changed by modulating the
amount of cross-linker (10% in the stiff micropillars, 5% in the elastic ones) and
their length, as in Fu et al, 2010; in order to obtain nominal spring constants of
>10,9 nN/mm for rigid micropillars, and 1,92 nN/mm for the elastic ones. HA-5SA-
YAP1 was subcloned into pCSII-EF-MCS to produce lentiviral particles. 4SA-mTAZ

cDNA was synthesized ad-hoc (GeneScript).

Cell lines, transfections and treatments

Mouse NmuMG cells were cultured in DMEM 10% FCS. Human MCF10A cells were

cultured in DMEM/F12 with 5% HS freshly supplemented with Insulin, EGF,
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Hydrocortisone and Cholera toxin. Human MDA-MB-231 were cultured in
DMEM/F12 with 10% FBS. BM-derived hMSC and HMVEC-L were purchased from
Lonza and cultured according to the manifacturer instructions. siRNA transfections
were done with Lipofectamine RNAi-MAX (Invitrogen) in antibiotics-free medium
according to manifacturer instructions.

Sequences of siRNAs are the following:

siRNA SENSE STRAND SEQUENCE

YAP 1 GACAUCUUCUGGUCAGAGA dTdT
YAP 2 CUGGUCAGAGAUACUUCUU dTdT
TAZ 1 ACGUUGACUUAGGAACUUU dTdT
TAZ 2 AGGUACUUCCUCAAUCACA dTdT
LATS1 A CACGGCAAGAUAGCAUGGA dTdT
LATS1 B CAUACGAGUCAAUCAGUAA dTdT
LATS2 A AAAGGCGUAUGGCGAGUAG dTdT
LATS2 B GCCACGACUUAUUCUGGAA dTdT
Control UUCUCCGAACGUGUCACGU dTdT

YAP/TAZ mix #1 is composed of oligos YAP1 and TAZ1; YAP/TAZ mix #2 is
composed of oligos YAP2 and TAZ2; LATS1/2 mix A is composed of oligos LATS1A
and LATS2A; LATS1/2 mix B is composed of oligos LATS1B and LATS2B.
DNA transfections were done with TransitLT1 (MirusBio). Lentiviral particles were
prepared by transiently transfecting HEK293T cells with lentiviral vectors together
with packaging vectors (pMD2-VSVG and psPAX2). Luciferase assays with the
established YAP/TAZ-responsive reporter 4xGTIIC-lux (Mahoney et al., 2005) were
as in Martello et al,, 2010, and displayed as arbitrary units.

For hydrogels, 5,000-10,000 cells/cm? were seeded in drop; after
attachment, the wells containing the hydrogels were filled with appropriate
medium. hMSC and mammary cells were plated in growth medium and harvested

for IF after 24hours; for luciferase and gene expression after 48 hours. For bone
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differentiation assays, growth medium was changed with osteogenic differentiation
medium 24 hours after seeding, and renewed every two days for a total of 8 days of
differentiation. Bone differentiation was assayed by Alkaline Phosphatase staining
(Sigma #85L2) and quantified with Image] software as follows: for each sample, at
least five low magnification (20X) pictures were taken, and the alkaline
phosphatase-positive area was determined with Image] as the number of blue pixels
across the picture; this value was then normalized to the number of cells
(Hoechst/nuclei) for each picture (Arbitrary Units). For adipogenic differentiation,
growth medium was replaced with adipogenic induction medium 24 hours after
seeding; cells were then subjected to cycles of 3 days of adipogenic induction and 1
day of adipogenic maintenance until harvesting at day 7 of differentiation.
Adipogenic differentiation was assayed by Oil Red staining (Sigma) and quantified
as the Oil Red-positive area normalized to the number of cells (Hoechst-positive
nuclei) in a manner similar to that described for bone differentiation.

For micropatterns and micropost arrays, 40,000 HMVEC or hMSC cells were
plated in 35mm dishes in growth medium. For immunofluorescence, cells were fixed
24 hours after plating. For HMVEC proliferation and apoptosis assays, cells were
fixed 24 hours after plating (including 1hour incubation with BrdU in the case of
proliferation assays) and processed according to TUNEL or BrdU detection kits
(Promega DeadEnd and Roche Kit#1, respectively). The projected cell area of cells
on fibronectin-coated glass slides and on microposts was determined with image]
based on IF pictures of cells stained with anti-YAP/TAZ; the area of ECM contacted

by cells was estimated by calculating that microposts (diameter 1mm) arrayed in
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equilateral triangles (center-to-center 3mm) approximate 10% of the total surface
covered by cells (projected cell area).

For drug treatments and IF, 10,000 cells/cm? were plated onto 8-well glass
Lab-Tek chamberslides (Nunc) precoated for 1 hour at 37°C with 20mg/ml bovine
Fibronectin (Sigma) in 1XPBS. Unless indicated otherwise, drug concentrations are
indicated in the legend to Fig. 7A and 84, and treatments lasted 4hours for IF, 6
hours for western blotting, and overnight for luciferase and gene expression assays.
For serum stimulations, cells were incubated overnight without serum and then
stimulated for 6 hours with 20% serum; for combined treatments, drugs were

added together with 20% serum.

Antibodies, western blotting and immunofluorescence

Western blotting (WB) was carried out as in Dupont at al, 2009.
Immunofluorescence (IF) was as in Morsut et al., 2010. Antibodies: anti-YAP/TAZ
1:200 for IF (sc101199 detecting both YAP and TAZ in WB), anti-phosphoS127-YAP
(CST #4911), anti-LATS1 (CST #3477), anti-LATS2 (Abnova ab70565), anti-GAPDH
(Millipore mAb374), anti-vinculin (VIN-11-5). Primary antibodies for IF were
incubated overnight in PBS+0,1% Triton and 2% Goat Serum. Secondary antibodies
were GAM Alexa488, GAM Alexa568 and GAR Alexa555 (Invitrogen). YOYO1, TOTO3
(Invitrogen) or Hoechst were used in combination with RNAse to counterstain
nuclei. Alexa488-conjugated phalloidin (Invitrogen) was used 1:100 in 1% BSA to
visualize F-actin microfilaments. Firm-setting anti-fade mounting medium was 10%

Mowiol 4-88, 2,5% DABCO, 25% Glycerol, 0,1M Tris-HCl pH=8.5. Images were
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acquired with a Leica SP2 confocal microscope equipped with a CCD camera. Cells
seeded on microposts were observed in 1XPBS with a BioRad upright confocal
microscope with water immersion long-range objectives. Pictures of cells seeded on
small adhesive islands were rescaled to allow better appreciation of
immunostainings. For quantifications of YAP/TAZ subcellular localizations,
YAP/TAZ IF signal was scored as predominantly nuclear vs. evenly
distributed/predominantly cytoplasmic in 150-200 cells for each experimental

condition.

Real-time PCR

Cultures were harvested in Trizol (Invitrogen) for total RNA extraction, and
contaminant DNA was removed by DNAsel treatment. cDNA synthesis was carried
out with dT-primed MuMLV ReverseTrascriptase (Invitrogen). Real-time gqPCR
analyses were carried out on triplicate samplings of retrotranscribed cDNAs with
RG3000 Corbett Research thermal cycler and analyzed with Rotor-Gene Analysis6.1
software. Expression levels are given relative to GAPDH. Sequences of primers are

the following:
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GENE PRIMER NAME PRIMER SEQUENCE

GAPDH GAPDH F CTCCTGCACCACCAACTGCT
GAPDH R GGGCCATCCACAGTCTTCTG

ANKRD1 ANKRD1 FOR AGTAGAGGAACTGGTCACTGG
ANKRD1 REV TGGGCTAGAAGTGTCTTCAGAT

CTGF CTGF F2 AGGAGTGGGTGTGTGACGA
CTGF R2 CCAGGCAGTTGGCTCTAATC

LATS1 LATS1 L1 CTCTGCACTGGCTTCAGATG
LATS1 R1 TCCGCTCTAATGGCTTCAGT

LATS2 LATS2 L1 ACATTCACTGGTGGGGACTC
LATS2 R1 GTGGGAGTAGGTGCCAAAAA

Primers used for the molecular characterization of hMSC differentiation were as in

Fuetal, 2010.

Biostatistical analysis

The statistical association between genes differentially expressed in mammary
epithelial cells (MEC) cultivated on ECM of high/low stiffness (stiffness signature)
and belonging to signal transduction pathways is assessed by an over-
representation analysis approach using Fisher’s exact test. Briefly, considering that
there are S single-symbol-annotated genes on the stiffness signature, the over-
representation of a pre-defined pathway signature is calculated as the
hypergeometric probability of having a genes for a specific pathway in S, under the
null hypothesis that they were picked out randomly from the N total genes of the
microarray. Over-representation analysis has been conducted using one-sided
Fisher’s exact test (phyper function of R stats package; p-value<0.05) and

considering 19621 single-symbol-annotated genes on the HG-U133 Plus2.0
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microarray. P-values have been adjusted for False Discovery Rate (p.adjust function
of R stats package; FDR<5%).

The stiffness signature has been derived from Supplementary Table 1 of
Provenzano et al., 2009. The complete signature contains 1236 probe sets of the
Affymetrix 430 2.0 mouse array accounting for 1015 single-symbol-annotated.
MOE430 Plus2.0 probe Ids have been converted to the correspondent HG-U133
Plus2.0 probe sets using the NetAffx ortholog annotation file derived from the NCBI
HomologoGene database (MOE430A  Orthologs/Homologs Release 30,
http://www.affymetrix.com/). This conversion table allows mapping orthologous
probe sets (i.e. probe sets interrogating transcripts from orthologous genes) across
two Affymetrix types of arrays. The 1236 mouse probe sets of the stiffness signature
were converted into 1793 human probe sets corresponding to 807 single-symbol-
annotated genes. Similarly, probe sets of all pathway signatures have been first
converted into HG-U133 Plus2.0 probe sets, and then annotated as gene symbols
using Bioconductor hgul33plus2.db package (release 2.3.5). Gene-sets of specific
signaling pathways have been derived from: TGFba (Padua et al., 2008); TGFbb
(Adorno et al., 2009); H-Ras and (-catenin (Bild et al., 2006); ERBB2 (Mackay et al,,
2006); YAP (Zhao et al,, 2008; Dong et al., 2007; Ota and Sasaki, 2008); YAP/TAZ
(Zhang et al,, 2009) ; WNT (DiMeo et al., 2009); Notch and NICD (Mazzone et al,,
2010); MAL/SRFa (Descot et al., 2009); MAL/SRFb (Selvaraj and Prywes, 2004); NF-
kB (Park et al, 2007). Genes of WNT and b-Catenin pathway lists were not

represented in the stiffness signature.
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The “YAP/TAZ signature” was published as supplemental table in Zhang et al., 2009.
The second “YAP signature” of Figure 5A contains the genes commonly upregulated
by YAP in human MCF10A cells, mouse NIH3T3 cells and mouse liver as obtain from
the merging of data published in Zhao et al., 2008; Dong et al., 2007; Ota and Sasaki,

2008; Zhang et al.,, 2009).
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Figure 1. Cellular mechanosensing and mechanoresponse

A) Biological components acting as cellular mechanosensors, schematically depicted
in a representative cell. A | Stretc-activated ion channels in the plasma membrane
open in response to membrane strain and allow the influx of calcium and other ions.
B | In endothelial cells, the glycocalix, a layer of carbohydrate rich proteins on the
cell surface, can mediate mechanostransduction signalling in response to fluid shear
stress. C, D | Cell-cell junctional receptors or ECM-cell focal adhesion allow cells to
probe their environments. E | Force-induced unfolding of ECM proteins, such as
fibronectin, can initiate mechanotransduction signalling outside the cell. F |
Intracellular strain can induce conformational changes in cytoskeletal elements such
as filaments, crosslinkers or motor proteins, thereby changing binding affinities to
specific molecules and activating signalling pathways. G | The nucelus itself has been
proposed to act as mechanosensor. Intracellular deformation can alter chromatin
conformation and modulate access to transcription factors or transcriptional
machinery. H | Compression of the intercellular space can alter the effective
concentration of autocrine and paracrine signaling molecules (from Jaalouk and

Lammerding 2009).

B) Global regulation of cell function. This diagram shows the steps in
mechanosensing over time involve periodic testing of the substrate, substrate
modification and changes in cellular protein content. Initially, cells will sense the
mechanical features of their environment, which will cause rapid motility and
signalling responses. As the cell pulls on the environment, it will modify the ECM
and will create new signals, such as those originating from fibronectin unfolding.
Intracellular signals will alter the expression pattern of the cell and, over time, the
cellular forces and cellulary generated matrices will change the cell shape. At any
stage, extracellular signals, such as hormones or external mechanical stimuli, can
cause acute changes that will set off a further round of cell and matrix modifications

(from Vogel and Sheetz, 2006).
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Figure 2. Cells are tuned to the materials properties of their matrix

A) All cells, are exposed to forces and tension that is genereted locally by cell-cell or
cell-ECM interactions and that influences cell function through actomyosin
contratility and actin dynamics. Moreover, each cell type is specifically tuned to the
specific tissue in which it resides. The brain, for instance, is infinitely softer than
bone tissue. Consequently, neural cell growth, survival, differentiation and
morphogenesis are optimally supported by interaction with a soft matrix. Following
transformation, breast tissue becomes progressively stiffer and tumor cells become
significantly more contractile and hyper-responsive to matrix compliance cues
(from Butcher et al., 2009). Solid tissue exhibit a range of stiffness, as measured by

the elastic modulus.

B) The in vitro gel system allow for control of the elasticity of microenvironment (E)
through crosslinking, control of cell adhesion by covalent attachment of collagen-I,
and control of thickness, h. Naive MSCs are initially small and round but develop
increasingly branched, spindle, or polygonal shapes when grown on matrices
respectively in the range typical of ~E-brain (0.1-1 kPa), ~E-muscle (8-17 kPa), or
stiff crosslinked-collagen matrices (25-40 kPa). Scale bar is 20 wm (from Engler et
al.,, 2006).
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Figure 3. The Hippo signaling pathway in Drosophila

A) Schematics of the Hippo pathway in Drosophila. Pointed and blunt arrowheads
indicate activating or inhibitory interactions, respectively. Direct biochemical
interactions are indicated by solid lines or drawn as proteins in direct contact with
each other, whereas dashed lines indicate unknown mechanisms. The core of the
Hippo pathway is comprised of a series of phosphorylation events that lead to the
inhibition of the transcriptional coactivator Yorkie (Yki). Initially, Hippo (Hpo)
forms a complex with Salvador (Sav) to phosphorylate and activate Warts (Wts)
that, in association with Mats, phosphorylate and inhibit Yki which is bind to 14-3-
3 proteins that restricting Yki to the cytoplasm. Without inhibition from the Hippo
pathway, Yki translocates into the nucleus, where it associates with the
transcription factor Scalloped (Sd) to induce the expression of genes promoting
proliferation. The atypical cadherins, Fat and Dachsous (Ds), are thought to act as
receptor and ligand. Fat inhibits the atypical myosin Dachs, which binds Wts to
induce its degradation. Dachs localization and activity are regulated by the
Approximated (App). Fat also recruits Expanded (Ex) to the apical surface. Ex, with
Merlin (Mer) and Kibra, promotes Hippo and Wts activation. Ex can also directly
bind and inhibit YKki, restricting it to the cytoplasm. Regulators of Fat and Ds activity
include: the Golgi-localized kinase Four-jointed (Fj); the cytoplasmic kinase Discs
overgrown (Dco); and the cytoplasmic protein Lowfat (Lft). The transmembrane
apical determinant Crumbs (Crb) interacts with Ex and, like Fat, is important for
apical localization of Ex. The basolateral determinant Lgl can modulate Hpo
activation. The Drosophila Ras association domain family protein, dRASSF, inhibits
Hpo by competing with Sav for a binding site. In addition, the Drosophila LIM
protein Ajuba (Jub) interacts with both Sav and Wts, inhibiting Yki phosphorylation
(Badouel and McNeill, 2011; figure fromHalder and Johnson, 2011).

B) A normal (left) and yki-overexpressing (right) Drosophila wing imaginal disc
(from Pan, 2010).
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Figura 4. The Hippo signaling pathway in mammals

A) Signaling diagram of Hippo pathway in mammals. Similar to the invertebrate
cascade, a series of phosphorylation events via MST and LATS ultimately leads to
the phosphorylation of two Yki homologs: YAP and TAZ. In addition to cytoplasmic
retention by 14-3-3, YAP/TAZ phosphorylation by the kinases LATS and CK1 leads
to BTRCP-dependent proteasomal degradation of YAP/TAZ.

In the nucleus, both YAP and TAZ can bind to the Sd homologs TEAD1/4 and
activate the transcription of genes required to promote cell growth and inhibit
apoptosis. Another level of Hpo regulation occurs through CD44, MER, KIBRA,
RASSF, AJUB, and the actin cytoskeleton. Their roles in mammals appear similar to
their Drosophila orthologs, with the exception of RASSF, which is described as an
MST activator. (Badouel and McNeill, 2011; figure from Halder and Johnson).

B) A normal (left) and a YAP-overepressing (right) mouse liver (from Pan, 2010).
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Figure 5. YAP/TAZ are regulated by ECM stiffness

A) Over-representation of YAP/TAZ target genes among the genes regulated by
substrate stiffness in NMuMG mouse Mammary Epithelial Cells (MEC). Over-
representation analysis was performed using one-sided Fisher’s exact test (p-
value<0.05). p- values were adjusted for False Discovery Rate (FDR<5%) (see
Methods). Gene-sets highlighting activation of specific signaling pathways were
derived from previously defined gene-expression signatures (see Methods for Refs.).
Genes of WNT and [-catenin signatures were not represented in the stiffness
signature. In yellow: over-representation reaches statistical significance only for the

YAP/TAZ signatures.

B) Real-time PCR analysis in MCF10A cells (CTGF and ANKRD1, colored bars) and
luciferase reporter assay in MDA-MB-231 cells (4XGTIIC-lux, black bars) to measure
YAP/TAZ transcriptional activity. Cells were transfected with the indicated siRNAs
(siCo. is the control siRNA, siYZ1 and siYZ2 are two YAP/TAZ siRNAs, see Methods)
and cultured on plastic, or plated on stiff (elastic modulus of 40 KPa) and soft (0.7

KPa) fibronectin-coated hydrogels. Data are normalized to lane 1. (n=4).

C) Confocal immunofluorescence (IF) images of YAP/TAZ (green) and nuclei (red,
TOTO3) of NMuMG MEC plated on stiff (40KPa) and soft (0.7KPa) fibronectin-coated
acrylamide hydrogels. White bars = 15um. Graphs on the right indicate the ratio of
cells with nuclear YAP/TAZ; data are mean and SD (n=3; **P<0.01).

D) Confocal immunofluorescence (IF) images of YAP/TAZ (green)and nuclei (red,
TOTO3) in human Mesenchymal Stem Cells (hMSC) plated on stiff (40KPa) and soft
(0.7KPa) fibronectin-coated acrylamide hydrogels. White bars = 15um. Graphs on
the right indicate the percentage of cells with nuclear YAP/TAZ. (n=3); data are
mean and SD (n=3; **P<0.01). Experiments were repeated n times with duplicate

biological replicates.
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Figure 6. YAP/TAZ are regulated by cell shape

A) On top: gray patterns show the relative size of microprinted fibronectin islands
on which cells were plated. Outline of a cell is shown superimposed to the leftmost
unpatterned area (unpatt.). Below: Confocal IF images of YAP/TAZ (green) and
nuclei (TOTO3, red) of hMSC plated on fibronectin islands of decreasing sizes (um?).

White bars = 15um. Graph provides quantifications. (n=8).

B) Constraining cell shape regulates YAP/TAZ nuclear localization also in Human
Microvascular Endothelial Cells (HMVEC). Confocal IF images of endogenous
YAP/TAZ (red) and actin filaments (phalloidin, green) in HMVEC plated on
microprinted fibronectin islands of decreasing size (umz). White bars = 15um. Right
graphs provide complete quantifications. Data are mean and SD (n=7; *P<0.05,

*+P<0.01).

C) On top: gray dots exemplify the distribution of fibronectin on micropillar arrays,
shown superimposed with the outline of a cell. Below: representative IF of YAP/TAZ
in hMSC plated on micropillars. White bars = 15pum. Graphs on the right:
quantification of the projected cell area, total ECM contact area, and nuclear
YAP/TAZ in hMSC plated on unpatterned fibronectin (unpatt.), micropillars and 300
um2 islands. (n=4). All error bars are SD (*P<0.05; **P<0.01; Student's t-test is used
throughout). Experiments were repeated n times with duplicate biological

replicates.

D) Confocal IF images of hMSC plated on substrate of different stiffness (40 and 0.7
KPa) and stained for F-actin (Phalloidin) and nuclei (TOTO3). White bars = 15 pm.
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Figure 7. YAP/TAZ activity requires Rho and tension of the actin cytoskeleton

A) Confocal IF images of YAP/TAZ in hMSC treated with the Rho inhibitor C3 (3
ug/ml), the F-actin inhibitor LatrunculinA (Lat.A, 0.5uM), the Rac1-GEFs inhibitor
NSC23766 (100uM) or the microtubule inhibitor Nocodazole (Noco. 30uM). White

bars = 15um. Graph provides quantifications (n=10).

B) Real-time PCR of MCF10A treated with cytoskeletal inhibitors as in (A). Data are

normalized to untreated cells (Co.) (n=4).

C) Luciferase assay for YAP/TAZ activity in HeLa cells transfected with the indicated
expression plasmids (Co. is empty vector, actin R62D encodes for a mutant unable to

polymerize into F-actin) and treated with LatrunculinA. (n=4).

D) LEFT: Overexpression of activated Diaphanous (mDIA*) enhances YAP/TAZ
transcriptional activity as assayed by luciferase activity in HeLa cells plated on
plastics (Co.) or on soft ECM (1 KPa). Data are mean and SD (n=3; *P<0.05,
**P<0.01). RIGHT, Upper panel: confocal IF images of HeLa cells transiently
transfected with activated Diaphanous (FLAG-mDIA*). Transfected cells are stained
with anti-FLAG (red channel). Staining with Phalloidin (green channel) shows
enhanced stress-fibers in cells expressing active Diaphanous. Cells encircled by
white dotted lines are non-transfected cells displaying background anti-FLAG
staining and serve as internal controls. RIGHT, Lower panel: confocal IF images of
HeLa cells transiently transfected with activated Diaphanous and mCherry as tracer

(red channel) and stained for focal adhesions (Vinculin, green channel).
E) Overexpression of actin V159N and serum stimulation are unable to enhance

YAP/TAZ. HeLa cells were transfected with 4xGTIIC-lux reporter together with

empty vector (Co.), with activated Diaphanous (mDIA*), with a plasmid encoding for
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V159N actin, or starved overnight without serum (- FCS) and subsequently treated

with 20% serum (+ FCS). Data are mean and SD (n=5).

F) Positive controls for the activity of the R62D and V159N actin mutants.

LEFT: MAL/SRF-responsive element (SRF- lux) activity in HeLA cells treated as
indicated and trasfected with R62D actin, using the same plasmid doses as in C.
RIGHT: HeLa cells transfected with SRF-lux, showing effective enhancement of
MAL/SRF activity upon expression of mDIA*, V159N actin and FCS (20% serum)
stimulation. Plasmid doses used were the same as in E. Co. indicates transfection
with empty vector. All data are mean and SD (n=5).

All error bars are SD (*P<0.05; **P<0.01). Experiments were repeated n times with

duplicate biological replicates.
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Figure 8. The relashionship between force and YAP/TAZ

A) Confocal IF images of hMSC treated with the ROCK inhibitor Y27632 (50mM), or
the non-muscle myosin inhibitor Blebbistatin (Blebbist. 50mM). YAP/TAZ (green)

and nuclei (red). White bars = 15mm. Graph provides quantifications (n=9).

B) Luciferase activity of the YAP/TAZ reporter in HeLa treated with the ROCK
inhibitor Y27632 (50mM), or the non-muscle myosin inhibitor Blebbistatin
(Blebbist. 50mM),as in (A).

C) Confocal IF images of hMSC cells plated on fibronectin-coated glass slides and
treated for different periods (2 and 6 hours, respectively) with the indicated
inhibitors of ROCK (Y27632) or non-muscle myosin (Blebbistatin). Cells were
stained for YAP/TAZ (red channel), F-actin (Phalloidin, green channel) and nuclei
(Hoechst, blue channel). Graphs provide the quantifications of nuclear YAP/TAZ.
Data are mean and SD (n=3). Note how inhibition of cytoskeletal tension after 2

hours influences YAP/TAZ localization before affecting stress-fiber integrity.

D) Confocal IF images of hMSC plated on arrays of micropillars of different rigidities.
On rigid micropillars (black lines) cells develop cytoskeletal tension (blue arrow) by
pulling against the ECM (orange arrow); cells bend elastic micropillars and develop
reduced tension exemplified by reduced size of the arrows. White bars = 15mm.
Graph provides quantifications. (n=2). All error bars are SD (*P<0.05; **P<0.01).

Experiments were repeated n times with duplicate biological replicates.
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Figure 9. YAP/TAZ localization is regulated by cytoskeletal tension at the level

of nuclear retention

A) YAP/TAZ confocal immunofluorescent microscopy of hMSC plated on
fibronectin-coated slides and treated with the ROCK inhibitor Y27632 to exclude
YAP/TAZ from nuclei (t=0) and then also treated with the inhibitor of CRM1-
dependent nuclear export Leptomycin B (LMB, 40ng/ml) for 2 additional hours.
Quantifications are shown as mean and SD (n=3). LMB treatment restores YAP/TAZ
nuclear localization in cells with relaxed acto- myosin cytoskeleton. White bars =

15um.

B) Confocal IF pictures of hMSC that were plated on fibronectin- coated glass, and
treated with the indicated small molecule inhibitors to cause YAP/TAZ exclusion
(t=0). Y27632 is a ROCK inhibitor; LatrunculinA (Lat.A) is an F-actin inhibitor.
Inhibitors were then removed (washout) and cells were incubated in normal

medium for 4 more hours before fixation. White bars = 15 pm.

C) Cytoskeletal inhibition regulates YAP/TAZ localization independently of de novo
protein synthesis. YAP/TAZ confocal IF of hMSC, treated with cycloheximide (CHX,
0,25mg/ml) to block protein synthesis, and then subsequently treated for 1 hour

also in the presence of LatrunculinA (Lat.A). White bars = 15mm.
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Figure 10. ECM stiffness and cell spreading regulate YAP/TAZ independently
of the Hippo pathway

A) Immunoblotting for the indicated proteins in MCF10A plated on plastic at low
(sparse) or high (dense) confluence and plated on stiff (40 KPa) or soft (0.7 KPa)
hydrogels.

B) Immunoblotting for the indicated proteins in MCF10A treated with C3 and
LatrunculinA (Lat.A) compared to untreated cells (Co.) P-S127 is phospho-YAP.

C) Quantification of nuclear YAP/TAZ in hMSC transfected with control- or
LATS1/2-siRNA #A and plated on microprinted islands of different size (n=4).

D) Immunoblotting from hMSC cells transfected with the indicated siRNAs
(Co.=control siRNA, L=LATS1/2 siRNA #A), plated on plastic and treated with C3
(0.5 or 3 mg/ml).

E) Real-time PCR analysis of MCF10A transfected with the indicated siRNAs and

cultured on hydrogels. Data are normalized to the first lane (n=3).

F) Luciferase assay in MDA-MB-231 transfected as indicated and treated with

LatrunculinA (Lat.A) or replated on soft hydrogels. (n=8).

G) RT-PCR of MCF10A cultured under sparse or confluent (dense) conditions on the
indicated hydrogels. Data are normalized to the first lane (n=2). All error bars are
SD (*P<0.05; **P<0.01). Experiments were repeated n times with duplicate

biological replicates.
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Figure 11. YAP/TAZ mediates hMSC differentiation controlled by ECM

elasticity

A) hMSC were transfected with the indicated siRNA (control, siCo.; YAP/TAZ, siYZ1
and siYZ2), plated on stiff (40 KPa) or soft (1 KPa) substrates and induced to
differentiate into osteoblasts. C3 (0.5ug/ml) was added and renewed with
differentiation medium. Representative alkaline phosphatase stainings and (b)
quantifications of osteogenic differentiation. (n=4); (c) quantification of

adipogenesis based on oil-red stainings. (n=2) (A.U., arbitrary units, see methods).

B) Quantifications of osteogenic differentiation (n=4) of cells treated as in A. (A.U.,

arbitrary units, see methods).

C) hMSC were transfected with the indicated siRNA (control, siCo.; YAP/TAZ, siYZ1
and siYZ2), plated on stiff (40 KPa) or soft (1 KPa) substrates and induced to
differentiate into adipocytes. C3 (0.5mg/ml) was added and renewed with
differentiation medium. LEFT: Top row: low magnification pictures of
representative oil-red stainings of hMSC Hoechst staining shows nuclei of the same
cells of the oil-red pictures above. Bottom row: close-up of representative
differentiated hMSC. Note how the differences in adipogenic differentiation between
samples were not only quantitative (i.e. number of cells displaying oil-red staining)
but also qualitative (i.e. amount of vacuoles per cells).

RIGHT: quantification of adipogenesis differentiation (n=2) (A.U., arbitrary units,

see methods). Experiments were repeated n times, **P<0.01.
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Figure 12. YAP/TAZ are required mediators of the biological effects controlled

by cell geometry

A) Representative BrdU stainings of HMVEC plated on adhesive islands of different
size; where indicated, cells were treated o.n. with C3 (2.5mg/ml), or transfected
with the indicated siRNAs. (n=5). Hoechst staining (in blue) shows nuclei of the
corresponding fields. Gray squares on top show the relative dimensions of the single
patterns where cells were seeded on; the black bar at the bottom right serves as

scale bar for the pictures.

B) Representative TUNEL stainings of HMVEC plated on adhesive islands of
different size; where indicated, cells were treated o.n. with C3 (2.5mg/ml), or
transfected with the indicated siRNAs. (n=5). Hoechst staining (in blue) shows
nuclei of the corresponding fields. Gray squares on top show the relative dimensions
of the single patterns where cells were seeded on; the black bar at the bottom right

serves as scale bar for the pictures.

C) Quantifications of proliferation of HMVEC transfected with the indicated siRNAs
and plated on adhesive islands of different sizes, indicated below each column

(umz). All data are mean and SD (n=3).
D) Proliferation (upper panel) and apoptosis (lower panel) of control and 5SA-YAP-

expressing HMVEC, plated on adhesive islands. Experiments were repeated n times

with duplicate biological replicates, **P<0.01.

86



Proliferation (%)

FIGURE 12

B = =

10000 pm? 2025 um? 1024 ym? 300 pum?

Co. siRNA

YAP/TAZ siRNA

500 um

siControl siYAP/TAZ siCo.+C3

60

40

20

Proliferation (%)

0

N > O S O > O S P o> O

STV S P S S P Y S

\@ AR ° NN \& NN
Adheswe island area (um?)

siRNA Co. siRNA LATS A
40
20
0 . al
\@@ <& '\&b‘ > Q@“ RN S

l»
Adhesive island area (um?2)

B

Apoptosis (%)

D

87

B o= -

10000 pm2  2025um2  1024um? 300 pm?

siControl siYAP/TAZ siC<;.+C3

T T3 1

TUNEL

Co. siRNA

TUNEL

YAP/TAZ siRNA

30

o o > O O & o>
S P S & S S P Y S
Satad P ,190'5 S 3

Adhesive island area (um?)

Control +5SA-YAP

T 3 T *x 1

60

40

Proliferation (%)

N d

Apoptosis (%)

aall

O > O O M o> O
Q'I«WQ O V'V O
RO R

Adhesive island area (um3)



Figure 13. Cells respond to their physical microenvironment according to

YAP/TAZ activity

A) Representative alkaline phosphatase stainings and quantification of osteogenesis

in hMSC transduced with 5SA-YAP, and treateted with C3 (50 and 150 ng/ml) (n=3).

B) Quantifications of osteogenic differentiation of control siRNA (siRNA Co.) and
LATS siRNA (siRNA LATS A) transfected hMSC. Cells were transfected, replated, and
induced to differentiate in the absence (-) or in the presence of increasing doses of

the Rho inhibitor C3 (+C3; low dose = 50ng/ml, high dose = 150ng/ml).
C) Quantifications of osteogenesis in hMSC transduced with 5SA-YAP and plated on

hydrogels (n=2). All error bars are SD (*P<0.05; **P<0.01; n.s. not significant).

Experiments were repeated n times with duplicate biological replicates.
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Figure 14. Role of YAP/TAZ in mechanotransduction

A) A model for the role of YAP/TAZ as readers and effectors of cell behavior induced
by the mechanical/physical properties of the cellular microenvironment, such as
ECM stiffness, cell spreading and cytoskeletal tension. On the left: Cells growing on
stiff substrates (indicated in grey) can develop cytoskeletal tension by pulling on the
ECM, which permits the maturation of cell-substrate adhesions3 (indicated by the
symbol ||) and the development of stress-fibers (indicated by the black lines in the
cytoplasm). In these conditions, YAP/TAZ transcriptional coactivators (indicated in
green) accumulate in the nucleus and can regulate gene transcription, enabling cells
to behave according to the mechanical microenvironment. On the right: Cells
growing on soft substrates (indicated in pink) cannot develop cytoskeletal tension
and display reduced or no stress-fibers (black lines abutting the cell membrane
indicate the formation of the cortical F-actin cytoskeleton). In these conditions,
YAP/TAZ are excluded from the nucleus and accumulate in the cytoplasm (now
stained in green). In this case, it is the absence of YAP/TAZ transcriptional activity

that instructs cell behavior in response to the microenvironment.

B) A model of YAP/TAZ regulatin by the canonical Hippo pathway and by
mechanical /physical properties of the cellular microenvironment. Pointed and blunt
arrowheads indicate activating or inhibitory interactions, respectively. Known
interactions are indicated by solid lines whereas dashed lines indicate supposed

mechanisms. Blue arrowheads indicate feedbacks.
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