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Abstract

Regulation of F-actin dynamics is key for multiple aspects of cell biology. Recent
work indicates that this is particularly significant for cells to correctly sense the
mechanical properties of the microenvironment, and to respond by regulating the
YAP/TAZ transcriptional coactivators, which ultimately control cell behavior in
response to mechanical cues. Yet, whether the connection between F-actin
dynamics and YAP/TAZ signaling is physiologically relevant in mammalian
tissues, and dominant over the pleiotropic effects of F-actin, remains unaddressed.
We will present data on a novel mouse knockout system enabling cell-
autonomous regulation of F-actin dynamics, where we observe a potent
upregulation of YAP/TAZ activity, leading to tissue hyperproliferation and organ
overgrowth. This unveils an unprecedented signaling function for the F-actin

cytoskeleton in the regulation of mammalian tissue homeostasis.



Introduction

The Hippo signalling pathway: central regulator of organ size

The animal kingdom comprises an astonishing variety of organisms of different
size and shape. The form of any adult body is reached through a series of
developmental stages, which require the coordination of complicate yet very
precise differentiation events and morphogenetic processes. How embryonic and
adult cells know when the appropriate stage of organ or tissue growth is reached,
i.e. the mechanisms underlying regulation of organism and organ size, remains a
key question in biology. Multiple regulators of organs size have been identified:
these include both organ-extrinsic regulators providing systemic information
(such as nutrient viability, hormones and chalones) and organ-intrinsic regulators
providing local information (cellular environment, cell-cell contacts,
autocrine/paracrine signals) (Irvine and Harvey 2015; Hafen and Stocker 2003).
All these complex inputs are integrated at the cellular level to define output
programs, and are sufficiently robust and plastic to allow the correct and

stereotypic definition of organ size (Irvine and Harvey, 2015).

One of the most important and established models for the study of organ size is
the Drosophila imaginal disc (Diaz-Benjumea and Cohen, 1993). Classical studies
in this system suggested that the definition of organ size is intimately linked to the
balance between cell proliferation and cell apoptosis (Simpson and Morata 1981;
de la Cova et al. 2004 and reviewed in Yang and Xu, 2011). Only years later, with
the introduction of mosaic genetic screenings, it was possible to identify genes
whose mutation induced over-growth phenotypes (St Johnston, 2002). One of the
first genes identified by such genetic screenings was named warts (wts) (Justice et
al., 1995), but it received relatively poor attention until 2003, when other mutants
displaying similar phenotypes were isolated (hpo, sav, mats, exp, mer), and shown
to genetically interact with wes. This led to the definition of the Hippo pathway,
whose inactivation leads to tissue over-growth (Fig. 1A). Later, biochemical

studies led to the identification of the downstream transducer of the pathway,



Yorkie (Yki), whose activity is inhibited by the Hippo pathway. Flies bearing gain-
of-function mutations of Yki display tissue over-growth phenotypes, and yki
activity is enhanced in Apo mutants, confirming Yki as downstream target of the

Hippo pathway (Huang et al., 2005).

The Core Kinase cascade

All the main members of the Hippo pathway are conserved in animals. In
mammals, the pathway is formed of a kinase cascade involving two
serine/threonine kinases (Mst1/2 and Lats1/2, homologous genes to Apo and wts in
Drosophila) and their adaptor proteins SavI/WW45 and Mobl (sav and mats in
fly), that inactivates the Yki homologues YAP and TAZ (Dong et al. 2007;
Piccolo, Dupont, and Cordenonsi 2014). Mechanistically, the Hippo pathway
inhibits the activity of YAP/TAZ by promoting their export from the nucleus. In
particular, YAP/TAZ are phosphorylated directly by LATS1/2 kinases at multiple
sites (5 in YAP, 4 in TAZ). The phosphorylation sites important for inactivation
of Yki/Y AP/TAZ have been mapped in flies and in mammalian systems (Dong et
al., 2007; Zhao et al., 2010). YAP S127 and TAZ S89 when phosphorylated serve
as a 14-3-3-binding sites, promoting nuclear-cytoplasmic translocation (Zhao et
al. 2010). Another important site (YAP S381 and TAZ S311) regulates ubiquitin-
mediated degradation, mostly of TAZ (Liu et al. 2010). Thus, when the Hippo
pathway is inactive, YAP/TAZ are not phosphorylated and freely accumulate into
the nucleus; here, together with the TEAD family of DNA-binding transcription
factors (TEADI1-4 in mammals, scalloped in flies), they regulate gene

transcription to promote proliferation and oppose cell death (Yu and Guan, 2013).

In the mouse, the genetic inactivation of the Hippo pathway, or transgenic
overexpression of YAP, powerfully promotes cell proliferation in multiple
embryonic and adult tissues; in organs such as the liver and heart, this leads to
striking organ overgrowth phenotypes (Fig.1A). Moreover, activation of YAP
leads to tissue hyperplasia often progressing into some form of tumor, which
reinforced to the idea that the Hippo pathway bears tumor-suppressive functions,
and that YAP/TAZ are pro-oncogenic factors (Harvey et al. 2013). Surprisingly,

inactivation of YAP/TAZ in adult tissues has very little consequence on normal



tissue homeostasis, even in highly proliferating tissues such as the skin and
intestine, while it very strongly inhibits proliferation of cancer cells, or during
tissue regeneration. This led to the idea that YAP/TAZ are specifically required
for cell growth in “stressed” conditions (Yu and Guan, 2013), making them ideal
targets to combat cancer with minimal effects on normal tissues. Moreover, this
implies that the Hippo pathway is kept normally activated in tissues to prevent

YAP/TAZ activity.
Upstream regulators

One open issue in the Hippo field is whether the Hippo kinase cascade is
uniformly activated in cells and tissues, or whether upstream inputs exist that can
pattern the activity of the Hippo pathway and/or of YAP/TAZ (Fig. 1B). Several
reports point to cell-cell adhesions and establishment of apical-basal polarity in
epithelia as regulators of the Hippo cascade (Piccolo, Dupont, and Cordenonsi,
2014). In this context, Merlin is particularly important: in confluent monolayers of
mammalian epithelial cells, Merlin/NF2 is preferentially localized in close
proximity to adherens and tight junctions (AJs and TJs). Reconstituting Merlin in
NF2 deficient MDA-MB-231 breast cancer cells is sufficient to inhibit YAP/TAZ
activity, and this inhibition is entirely dependent on LATS1/2 and YAP/TAZ
phosphorylation, as knockdown of LATS1/2 is sufficient to completely rescue
YAP/TAZ inhibition mediated by NF2 (Aragona et al. 2013). Multiple
mechanisms have been proposed to explain how NF2/Merlin regulates the Hippo
pathway, but the common idea is that Merlin serves as a scaffold to promote the
assembly of multiprotein complexes, in turn promoting phosphorylation of YAP
by LATS kinases. A recent report showed in Drosophila and mammalian cells
that Merlin directly binds LATS, recruiting it to the cell membrane where it gets
synergistically activated by the Hippo/Sav kinase complex (Yin et al. 2013). In
this complex, the WW-domain containing protein Kibra may serve as a bridge
between LATS and Merlin (Yu et al. 2010). NF2 also regulates recruitment of
other proteins to cell-cell junctions, including Angiomotins, to regulate Racl
activity, which was strongly linked to the ability of NF2 to suppress growth in
shwannoma cells where it acts as tumour suppressor (Kissil et al. 2003). The

observation that Angiomotins are capable of binding YAP led to several
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hypotheses on the function of Angiomotins in the Hippo pathway, but the jury is
still out on whether Angiomotin serve a pro- or anti-YAP function (Piccolo,

Dupont, and Cordenonsi 2014).

Apart from NF2, other proteins related to cell-cell junctions and establishment of
apico-basal polarity have been shown as potential upstream inputs in the Hippo
pathway. For example, the membrane localization of the Scribble cell polarity
determinant has been shown to modulate Hippo kinases in flies and mammalian
cells. At the cell membrane, Scribble serves as adaptor for the Hippo kinases by
assembling a complex containing MST and LATS, required for MST-mediated
activation of LATS. Scribble localization to the plasma membrane is sufficient to
oppose YAP/TAZ activity by reactivating the Hippo kinases (Cordenonsi et al.
2011). Loss of Drosophila Scribble, or of its partner LGL, causes dramatic tissue
overgrowths that are genetically dependent on yorkie (Grzeschik et al. 2010). In
addition to Scribble, other polarity proteins impact on YAP/TAZ function: the
apical crumbs complex (CRB) binds to YAP/TAZ and plays a role in their
cytoplasmic localization (Varelas et al. 2010), which has relevance for the correct
differentiation of airway epithelial cells in mice (Szymaniak et al. 2015); alpha-
catenin, the linker between cadherins and the actin cytoskeleton, is a potent
inhibitor of YAP activity in keratinocytes, such that alpha-catenin mouse mutants
develop skin hyperproliferation and stem cell expansion similar to YAP-

overexpressing mice (Schlegelmilch et al. 2011; Silvis et al. 2011).

Altogether, this evidence indicates that normal epithelial architecture,
characterized by specialized cell-cell junctions and apicobasal polarity, is a potent
suppressor of YAP/TAZ activity, at least in part by Hippo core kinases activation.
This might have relevance during the development of solid tumors, where loss-of-
polarity is commonly observed, and where YAP/TAZ activity are instrumental for
cancer cell growth and cancer stem-cell renewal (Cordenonsi et al. 2011).
However, a completely opposite situation is found during early embryogenesis,
where the antagonism between Hippo and YAP/TAZ is crucial to partition
embryonic cells of the blastocyst into trophoblast and inner cell mass: in this
system, Hippo is inactivated in cells with cell-cell junctions and apicobasal

polarity (Sasaki 2015). This raises the question of what factor(s) account for this
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divergent effect of tissue architecture on the Hippo pathway in the blastocyst

compared to more differentiated epithelia.

Mechanical regulation of Hippo pathway effectors YAP/TAZ

Mutation of Hippo pathway components in mammals leads to organ overgrowth,
but not to unlimited growth; this indicates that alternative mechanisms exist to
restrain tissue growth. One key property of such a postulated mechanism should
be the ability to sense some organ- or tissue-level property, and to coordinate cell
proliferation across several cell diameters. A possible candidate to fulfill these
functions was proposed to be the mechanical properties of the cells themselves:
mechanical signals (such as compression or stretching) can propagate from cell to
cell very rapidly, and cells tend to accommodate these perturbations by uniformly
reorganizing cell shape/architecture (Aegerter-Wilmsen et al. 2007). This
hypothesis became real with the serendipitous finding that YAP/TAZ are
regulated, in parallel to Hippo, by the mechanical properties of the cells/tissue:
mechanical signals embedded in the extracellular matrix (ECM) or external
mechanical stresses (such as stretching, fluid shear stress or mechanical loading
and compression) impact on YAP/TAZ activity (Fig. 1C; Halder et al 2012).
Dupont et al. 2011 showed that extrinsic physical forces delivered by the ECM
modulate YAP/TAZ activity through actin cytoskeleton. Indeed, plating cells on a
small adhesive area where cells are unable to develop forces against the
substratum restrain YAP/TAZ activity, whereas allowing cells to spread trigger
YAP/TAZ nuclear translocation. Similarly, a stiff and rigid ECM activates
YAP/TAZ, while a more compliant matrix relocates YAP/TAZ into the
cytoplasm, inhibiting their transcriptional activity. The mechanism by which
extrinsic mechanical signals impact on YAP/TAZ activity implicates a role for
filamentous-actin (F-actin): YAP/TAZ activity indeed depends on the activity of
enzymes promoting the formation of F-actin filaments (Diaphanous-related), but
not on F-actin networks promoted by Arp2/3 complexes (Aragona et al., 2013),
and neither on the ratio between filamentous/globular actin (Dupont et al., 2011),
which instead regulates the MRTF family of SRF cofactors (Miralles et al. 2003).
Further evidence for the important role of F-actin as key regulator of YAP/TAZ

came with the isolation of F-actin-capping and -severing proteins as YAP/TAZ
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inhibitors in Drosophila and in mammalian cells (Aragona et al. 2013; Janody
2006; Sansores-Garcia et al. 2011) This function was shown by Aragona et al. to
be key for the regulation of YAP/TAZ activity by mechanical cues, because
knockdown of these F-actin and —severing proteins was sufficient to rescue YAP

activity in conditions of low cytoskeletal tension.

Taken together these evidences demonstrated that mechanical signals play an
important role in the regulation YAP /TAZ; however, whether or not the Hippo
kinase cascade is involved in regulation of YAP/TAZ by mechanical cues is still
debated. Data from our lab (Dupont et al. 2011, Aragona et al. 2013) exclude the
involvement of Hippo pathway because knockdown of LATS1/2, or mutation of
the Hippo-regulated serines on YAP and TAZ, does not block YAP/TAZ
regulation by ECM stiffness. On the other hand, other studies clearly showed that
the activity of LATS kinases is influenced by F-actin and RHO GTPases,
indicating at least two parallel mechanisms by which mechanical cues regulate
YAP/TAZ (Zhao et al. 2012; Sansores-Garcia et al. 2011). More importantly, it
remains completely unknown how the F-actin cytoskeleton regulates YAP and

LATS activity.
Downstream effectors

The Hippo pathways act as tumour suppressor pathways as restrain the activity of
YAP/TAZ. YAP and TAZ transcriptional co-activators are powerful inducer of
cell proliferation and thus they are associated with tumor initiation, progression
and metastasis by promoting cell proliferation, migration and survival (Harvey et
al. 2013). Although the biological function of this pathway has been intensively
characterized, the molecular mechanisms underlying this biological activity
remain elusive. Genome-wide analyses of YAP /TAZ transcriptional targets have
been carried out both in vitro and in vivo, leading to the identification of
important target genes that are now widely used to monitor YAP/TAZ activity:
CTGF, CYR61, ANKRDI1, BIRC5 (Cordenonsi et al. 2011; Zanconato et al.
2015).

The effects of manipulating Hippo pathway and YAP activity in

13



the mouse liver

Unlike most other organs, the liver has the ability to tolerate substantial changes
in size and high levels of stress, and possesses a distinct ability to regenerate after
damage. For these reasons, the liver is the organ of choice for studying Hippo
signaling in vivo. The transgenic overexpression of YAP in embryonic mouse
liver is sufficient to induce a four-fold increase in liver/body weight ratio caused
by proliferation of mature hepatocytes and the acquisition of biliary duct/liver
progenitor cell traits (Dong et al. 2007; Camargo et al. 2007). Moreover restoring
endogenous YAP levels after a period of overexpression leads to rapid reversal of
the liver growth and normalization of the parenchymal architecture; suggesting
that Hippo signalling and the effector YAP act as an important regulator of overall
liver size. Phenotypes observed upon YAP overexpression are dependent on
TEADs transcription factors: treatment of YAP transgenic mice with verteporfin,
a small-molecule inhibitor of YAP/TEAD interaction, or co-expression of a
dominant-negative version of TEAD2, rescue the growth phenotype (Liu-

Chittenden et al. 2012).

Liver overgrowth was also observed upon tissue-specific genetic inactivation of
Hippo pathways components MST1/2, Salvador/WW45, or NF2/merlin by using
the hepatocytes specific albumin-Cre driver, which activity starts from embryonic
stages. In these cases, increase in liver size and in cellular proliferation were
interpreted mainly as an expansion of atypical ductal/oval cells, which are liver
progenitors population able to differentiated both in hepatocytes and bile-duct
epithelial cells after liver injury. However, recently lineage-tracing data revealed
that expansion of atypical ductal/oval cells in Hippo mutant liver derived from
dedifferentiated mature hepatocytes, reprogrammed upon YAP overexpression
(Yimlamai et al. 2014). In all cases, hepatomegaly is followed by development of
tumors of mixed characteristics, resembling both hepatocellular carcinomas and
cholangiocarcinomas. Hepatocellular carcinoma develops from malignant
transformation of hepatocytes whereas cholangiocarcinoma arise from the small
intrahepatic bile duct epithelium, in line with aberrant expansion of
atypical/ductal oval cells population. MST1/2 knockouts, but not NF2 and Sav

mutants, display signs of liver inflammation, likely contributing to accelerated
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tumor progression. Thus Hippo pathway components are suppressors of liver
growth and liver tumor development. Importantly, the phenotypes due to NF2
inactivation were all rescued by the combined deletion YAP allele, establishing
NF2 as a bone fide upstream regulator of YAP in mammals (N. Zhang et al.
2010). However, the requirement for YAP in MST1/2 or Sav/WW45 knockout

livers has never supported by scientific data in animals model.

Less is known about the role of Hippo/YAP axis in adult mouse liver. Indeed,
until now few Hippo mutants or YAP transgenic mice were develop in time-
controlled manner. Data from Zhou et al. 2009 showed that tail-vein injection of
adeno-cre virus in MST1 -/-; MST2 floxed/- 6-weeks-old mice lead to increase in
liver/body weight ratio and Ki67 positive cells within 8 days, and decrease in
survival rate around 4 months due to cancer development. Similar data obtained in
Song et al. 2010 showed that CAGGCre-ER; MST1 -/-; MST2 floxed/- also
developed hepatocellular carcinoma and cholangiocarcinoma, but only 6 months
after tamoxifen-injection. A possible explanation for this discrepancy might be a
different (mixed) genetic background, or the use in the first report of adeno-Cre
virus injection, which might have caused an inflammatory condition facilitating

cancer development.

As for liver-specific inactivation of YAP in the fetal liver, this causes an expected
decrease in hepatocyte proliferation and increase in apoptosis, but it also induced
impaired bile duct development, leading to steatosis and fibrosis (N. Zhang et al.

2010).
Role of Hippo/YAP acxis in tissue regeneration

Genetic experiments in mice indicate that YAP/TAZ are required during
embryonic development (Varelas 2014; Pan 2010), while in adult tissues their
activity appears constitutively repressed by the Hippo pathway. Indeed, loss of
YAP/TAZ function in adult tissues failed to indicate a physiological function of
YAP/TAZ in normal tissue proliferation and homeostasis. What are then
YAP/TAZ required for? Several experiments suggest that YAP/TAZ are essential

in response to injury for tissue regeneration in several tissues.
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Some data indicate a role of Hippo signaling for intestinal regeneration (Hong,
Meng, and Guan 2016). Using whole-body irradiation to induce intestinal
damage, Gregorieff et al. 2015 found that YAP is activated in intestinal epithelial
cells. In the DSS (dextran sulfate sodium)-induced model for intestinal
regeneration, not only YAP is activated but knockout of YAP in intestinal

epithelial cells impairs tissue regeneration (Cai et al. 2010).

The Hippo pathway has been also linked to heart regeneration. Inactivation of the
Hippo pathway by genetic deletion of LATS1/2 or Salvador promotes heart
regenerative response in adult mouse after cardiac apex resection, as well as after
myocardial infarction (Leach et al. 2017; Matsuda et al. 2016; W.-F. Cai et al.
2016; Heallen et al. 2013). Moreover, transgenic mice that express an active form
of YAP can regenerate more effectively than wild type mice after myocardial
infarction (Xin et al. 2013). Mechanistically, activated YAP enables the
proliferation of adult cardiomyocytes and opposes cardiac fibrosis. These data
strongly indicate that inhibition of Hippo signalling might represent a significant
approach to facilitate heart regeneration in patients suffering of ischemic heart
damage, a primary cause of death in western countries for which very few

pharmaceutical approaches are available.

The liver is known for the remarkable ability to regenerate following significant
hepatocyte loss (Thorgeirsson SS, 1995; Fausto, 2004). The endpoint of
regeneration consists in the restoration of the physiological liver-to-body weight
ratio, and can be observed following partial liver resection (hepatectomy). A
similar process is observed upon transplantation of small/partial livers; in contrast,
transplantation of liver larger than the original organ tend to atrophy to reestablish
the optimal liver/body weight ratio (Juan and Hong, 2016; Penzo-Méndez and
Stanger, 2015). Even though numerous cytokines and growth factors play a role in
liver regeneration, the precise mechanisms that are responsible for the initiation

and termination of liver regeneration are not fully understood.

The role of YAP/TAZ in liver regeneration is surprisingly limited, and specific for
selected types of damage. Alterations of the Hippo signaling pathway and YAP

activity during the liver regeneration following partial hepatectomy suggested a
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role for this pathway: Mst1/2 and Lats1/2 are inhibited during liver regeneration,
leading to increase in YAP function (Grijalva et al. 2014). However, in this
particular experimental model YAP/TAZ are genetically dispensable, perhaps due
to redundant mechanisms ensuring reactivation of hepatocyte proliferation.
Another model of adult liver injury is bile duct ligation, leading to cholestatic
injury. In this model, YAP liver knockout mice display decreased duct cell
proliferation and enhanced parenchymal damage, indicating a positive role for
YAP in liver regeneration (Bai et al. 2012). In addition, activation of YAP also
protects the liver from acetaminophen- and DCC-induced liver injury (Wu et al.
2013; Fan et al. 2016; K.-P. Lee et al. 2010). However, how Hippo mutant or
YAP transgenics display protection from acetaminophen overdose remains
controversial: Fan et al, 2016 attributed the protection of MST1/2 KO mice to the
pro-apoptotic function of MST1/2 kinases reported earlier in mammalian cells
(Matallanas et al. 2007); in Wu et al. 2013 the authors linked acetaminophen to
inhibition of the Ets transcription factor GABP, in turn leading to inhibition of
YAP transcription, thus disabling the tissue regenerative capacity mediated by
YAP. According to these authors, MST1/2 KO mice would thus be protected
because of unabated YAP expression rescuing hepatocytes from APAP toxicity.
An alternative explanation could be the recent observation that hepatocyte-
specific activation of YAP or inactivation of MST1/2 leads to defects in
hepatocyte metabolic zonation, with a strong downregulation of pericentral gene-
expression exemplified by GLUL (glutamine synthetase) (Fitamant et al. 2015):
also the enzymes responsible for conversion of APAP into its toxic derivative,
CYPIA2 and CYP2EI, are expressed around the central vein, and alteration of
hepatocyte zonation is expected to alter their expression as well (Apte et al. 2009;

Yang et al. 2014).
Mechanobiology

A variety of mechanical forces function in living organisms, including fluid shear
stress, pressure and tensional forces. Indeed, every single cell of our tissues is
affected by physical forces: during early embryonic development, morphogenetic
movements at gastrulation stage are key to place developing tissues in their

correct spatial organization; during organogenesis, the forces exerted by blood
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flow in the vascular system are required not only for the correct branching of the
vascular tree, but also for the coordinated 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).

The general tenet in the field of developmental biology has been for a long time
that chemical signals, also known as morphogens (chemokines, hormones and
secreted signaling molecules), play a critical role in pattering cell behaviour, by
controlling both cell differentiation and cell rearrangements (migration,
expansion/contraction of epithelial sheets, intercalation, epiboly movements,
invagination etc.). In this view, the ordered deployments of mechanical forces are
part of a genetic program for tissue morphogenesis induced and regulated by
chemical signals. However, growing evidence indicates that mechanical forces
can act themselves as crucial signals controlling cell differentiation and cell

behaviour in parallel or independently from chemical signals.

The first demonstration of the critical role of mechanical forces was from Albert
K. Harris et al., 1984. When he seeded fibroblasts onto silicone substrata allowing
the cells to exert traction forces and to deform the substratum, they formed
regularly arranged clusters, instead of spreading homogeneously as they did when
cultivated onto a non-deformable rigid surface such as glass or plastic. The
authors concluded that mechanical inputs themselves can be sufficient to organize
cell behaviour. Moreover, they implied that mechanical inputs, at difference with
chemical signals, act on a short time-scale and at much longer spatial range than
diffusing chemicals, and can generate a greater range of possible geometries than
those possible using gradients of morphogens. The authors also described
mathematically these results, using the idea of short-range activation and long-

range inhibition from chemo-kinetics models adapted for mechanicals signals.

Following these seminal observations, multiple evidences accumulated indicating
that mechanical forces are informational systems by which cells perceive their
position, the architecture of the surrounding tissue, and perturbations in their
environment, inducing them to respond until a proper mechanical balance is

achieved. For example, the mechanical stiffness of the extracellular matrix
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(ECM), in addition to its chemical composition, is a critical determinant of cell
physiology, stem cell differentiation and tissue homeostasis. Conversely,
abnormal changes in ECM stiffness contribute to the onset and progression of
various diseases, such as cancer and fibrosis (Jaalouk and Lammerding 2009).
This opened the way to studies aimed at understanding how cells translate
extracellular mechanical and physical stimuli into intracellular biochemical
signals enabling cells to respond to their physical environment, the so-called
mechanotranduction mechanisms. Mechanotrasduction can be divided into three
major steps: mechanosensing, mechanotrasmission, and mechanoresponse (Vogel

and Sheetz, 2006).
Cellular mechanosensing

Cells are able to sense multiple physical inputs. In principle, changes in the
extracellular and intracellular cell organization and structure can alter the
conformation of macromolecules and thus their function, enabling
mechanosensing. Single-molecule measurements indeed indicate that the forces
required to unwind proteins fall in the range of forces to which cells are actually
exposed. The best-studied examples are stretch-activated ion channels (Lansman
et al.,, 1987; Arnadottir and Chalfie, 2010), which directly sense plasma
membrane tension. Other macromolecular sensors of forces are integrin receptors
that physically connect ECM molecules to the cellular cytoskeleton. Integrins are
transmembrane proteins with a head domain connecting to specific sites on ECM
adhesive proteins (fibronectin, collagens, tenascin and others, in complex with
proteoglycans and glycosaminoglycans such as hyaluronic acid) and with a

cytoplasmic domain connecting integrins to cytoplasmic proteins.

When cells adhere to their substratum, binding of integrins to ECM molecules
induce their local clustering into focal points, which then get connected to the
actin cytoskeleton; contraction of the actin cytoskeleton, resisted by the ECM,
enable tension developing, which triggers the maturation of focal points into more
stable focal adhesion structures. The detailed structure and functioning of focal
adhesions has been determined, and consists of several layers containing distinct

proteins: a membrane-opposed layer containing integrin cytoplasmic tails, focal
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adhesion kinase (FAK) and paxillin; and intermediate force-transduction layer
containing talin and vinculin (whose recruitment to focal adhesions require force
development across integrins, and involve a conformational switch), and an actin-
regulatory layer consisting of zyxin, VASP (vasodilator stimulating
phosphoprotein) and alpha-actinin, which links the focal adhesion (FA) to the

actomyosin cytoskeleton.

The recognition of ECM macromolecules by integrin heads is itself responsive to
physical ECM properties: atomic force microscopy (AFM) studies indeed showed
that mechanical loading could directly influence the lifetime of integrin-ECM
bonds. Some integrins, such as allf3, exhibit a so-called slip-bond behaviour
characterized by a decreased lifetime with increasing load, whereas others, such
as a5B1, exhibit catch-bond behaviour characterized by an increased lifetime with
increasing load (Kong et al. 2009). The lifetime of integrin-ECM bonds determine
the ability of integrins to cluster and form stable adhesion complexes; thus,
depending on the type of integrin receptors, focal adhesions will display different

responses to extracellular mechanical forces.

Within the focal adhesion complex, talin is considered the main mechanosensing
molecule, because applied forces can change its conformation and thus expose the
vinculin binding sites (Ziegler et al. 2008). In fact, increasing the ECM
mechanical loading promotes the assembly of larger integrin clusters, and of
correspondingly increased intracellular focal adhesion plaques, allowing cells to
counteract the mechanical loading. On the opposite, compliant matrices only

support the assembly of focal point structures, if any at all (Paszek et al. 2009).
Transmission of mechanical stimuli: the actomyosin cytoskeleton

The fundamental structure by which cells resist extracellular forces and develop
internal ones is the cytoskeleton. The cytoskeleton is a highly dynamic structure
composed of filamentous actin, intermediate filaments, and microtubules. Among
these elements, the actin cytoskeleton is thought to play a prominent role in force
development, while microtubules can be considered as force-resisting modules (E.

Ingber, 2010). Globular actin monomers (G-actin) assemble into filamentous actin
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(F-actin) polymers that serve as substrates for myosin motors. F-actin filaments
are polarized: barbed ends are the fast-growing ends whereas the pointed ends
correspond to the slow-growing ends. This intrinsic polarity enable the
unidirectional action of myosin motors, that together with actin filaments
represent the minimal contraction unit: a filament of myosins, bearing myosin
molecules symmetrically arrayed at the two extremities, and two antiparallel actin
filaments. If F-actin is not anchored, myosin activity will cause the sliding of the
two F-actin filaments one relative to the other; if F-actin is anchored to other
cellular structures, myosins will develop tension between these structures,

eventually causing their displacement.

F-actin filaments in cells are mainly anchored to focal adhesions (and thus, to the
ECM), to other passive resisting cytoskeletal structures (mainly, intermediate
filaments), and to the nuclear envelope. When cells are in contact with the ECM,
focal adhesions enable the direct transmission of forces between cells and the
ECM. Contraction of filaments between two focal adhesions enable cells to
deform the substrate; this inside-out signaling happens when cells actively pull on
the ECM to remodel its organization, for example to align collagen fibers.
Contraction of filaments anchored to a single focal adhesion on one side, and to
other internal cytoskeletal structures on the other end, enable cells to migrate or to
change their shape. Contraction of filaments anchored to the nuclear envelope
contributes to keep the nucleus in place, and deforms the nuclear shape according

to the degree of cell attachment to the ECM.

By this same system, cells can also measure extracellular forces and their
variations. It is currently thought that a tensional equilibrium exists between cells
and the ECM: when cells are subjected to external forces from the ECM, they
immediately develop opposite internal forces through the actomyosin
cytoskeleton (outside-in signalling) until a new equilibrium is reached. How this
is then translated into intracellular biochemical signalling events
(mechanotrasduction) remains poorly understood; clearly, the degree of focal
adhesion maturation and the extent of F-actin reorganization in response to
external forces play a fundamental role, impacting the activity/localization of

mechanosensitive molecules.
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Mechanoresponses

The intimate relationship between extracellular forces, focal adhesion maturation
and intracellular actomyosin contractility represents the basic mechanism by
which cells measure extracellular forces. In turn, the degree of cell-substrate
adhesion and actomyosin tension development correlates with changes of cell
shape: cells on a stiff ECM can spread and develop internal actomyosin tension,
while cells on a soft substrate remain rounded and develop lower internal forces.
Thus, changes in ECM elasticity, inhibition of internal actomyosin tension, or
imposing cells a defined cell geometry enable experimental manipulation of

mechanosensing, and the study of mechanostransduction mechanisms.

The instructive role of mechanical forces on cell behaviour in vitro was initially
related to cell-substrate adhesiveness and changes in cell shape: experiments in
which the availability of integrin binding sites was progressively reduced, leading
to progressive reduction of cell shape, first suggested this was sufficient to
regulate important cell phenotypes such as cell proliferation and death (D. E.
Ingber et al. 1990; Mooney 1992). The introduction of micro-fabricated ECM
patterns enabled a formal distinction between the effects of cell geometry and the
amount of ECM (intended as potential chemical signal) on these phenotypes:
seeding cells on patterns small enough to constrain cellular spreading confirmed
that alterations of cell shape is sufficient to control the choice between
proliferation and differentiation or apoptosis (Chen 1997; Watt et al., 1988; Mc
Beath 2004). Moreover, others showed that the elasticity of the ECM controls
both cell shape (spread on a stiff ECM, rounded on a soft ECM) and the
differentiation of mesenchymal stem cell (MSC): compliant substrates (<1 kPa)
leads MSC towards a neurogenic or adipogenic phenotype, myogenesis at
medium stiffness (8-17 kPa), and osteogenesis at high stiffness (>25 kPa) (Engler
et al., 2006; Fu et al., 2010). This concept has now been then extended to a
number of other studies that showed that the balance between proliferation
differentiation is modulated by extracellular environment rigidity in different cell
types: skeletal muscle stem cell (Gilbert et al., 2010), hematopoietic stem cells
(Holst et al, 2010) and embryonic stem cells (Chowdhury et al., 2010). Several of
these phenotypes could be mimicked by treating cells plated on large / stiff ECM
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substrata with inhibitors of actomyosin contractility, establishing a key role of
intracellular contractility in driving these phenotypes. It was later confirmed, with
the development of traction force microscopy techniques to measure the
magnitude of the forces exerted by cells on their substrates, that a small area or a

soft ECM indeed cause reduction of intracellular tension.

From these studied it became clear that cells respond to mechanical signals by
changing their behaviour, which entails both immediate responses, such as
durotaxis (i.e. the ability of some cells to migrate towards a stiffer substrate), and
responses mediated by modulation of gene expression, including growth,
differentiation and death. Several biochemical signalling pathways besides
YAP/TAZ (see above) have been discovered by which actomyosin contractility
and extracellular forces can regulate gene transcription and/or cell behavior. A
stifft ECM microenvironment, for example, increases the binding between a
crucial component of focal adhesions, Focal Adhesion Kinase (FAK), to Src and
Mitogen-Activated Protein Kinases (MAPKSs), enhancing activation of ERK1/2
(Provenzano et al., 2009). Cytoskeletal remodelling and focal adhesion maturation
induced by mechanical stimuli also involve different members of the Rho GTPase
family, such as Rho, Rac and Cdc42. Activation of Rho-GTPases promotes actin
polymerization, shifting the balance between monomeric actin and polymerized
filamentus-actin (F-actin); the decrease of monomeric actin, activates Myocardin-
Related Transcription Factors MAL/MRTF, because G-actin directly binds
MAL/MRTF blocking them into the cytoplasm. Once MRTF is free it translocate
into the nucleus where, together with Serum Response Factor (SRF), it modulates
gene transcription. Other transcription factors that respond to actin dynamics and
forces in the context of epithelia are beta-catenin, SNAIL1, TWIST, Notch and
KLF2a (Cha et al. 2016; Fernandez-Sanchez et al. 2015; Brunet et al. 2013; K.
Zhang et al. 2016; Wei et al. 2015; Desprat et al. 2008; Gordon et al. 2015; Wang
etal. 2011).

In addition to these specific regulations, it has also been suggested that actin, and
by association mechanical signals, might also regulate chromatin dynamics. The
cytoplasmic actomyosin cytoskeleton structurally links ECM-focal adhesions with

the nuclear envelope through a protein complex called the Linker of
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Nucleoskeleton and Cytoskeleton (LINC). This complex crosses the nuclear
envelope and is anchored to the nuclear lamina, forming the nuclear cytoskeleton;
by this direct link, the LINC complex mediates force transmission from focal
adhesions to the nuclear envelope, resulting in nuclear deformation and possibly
to alterations of chromatin structure and organization. A number of diseases of
muscle tissue (some forms of muscular dystrophies and cardiomyopathies) result
from mutations in LINC complex components and/or nuclear lamina (Gundersen
et al. 2013). Finally, a more obscure role for F-actin has been postulated in the
regulation of chromatin, owing to the observation that the SWI/SNF nucleosome
remodelling complex contains actin and actin-related subunits (Schubert et al.
2013), and possibly also of transcription through DNA Polll and of protein

translation by association with initiation factors (Miyamoto and Gurdon 2013)
Role of mechanobiology in physiology and disease

It is known from a long time that tissues and organs are able to respond to
external forces: this goes from the ability of muscles, tendons and bones to
remodel in response to intensive use to the capacity of the circulatory system to
sense variations in blood pressure and activate feedback homeostatic mechanisms.
Evidence also exist for a specific role of ECM mechanical stiffness in vivo: the
capacity of mesenchymal stem cells to remodel collagenous ECM by secreting
metalloproteases, for example, is key for their balanced differentiation into
osteoblasts and adipocytes (McBeath et al. 2004). A number of studies indicate
that connective tissue fibrosis is a process initiated by extrinsic stimuli (damage,
inflammation, etc.) leading to conversion of fibroblasts into collagen-secreting
and -contracting myofiborblasts, which stiffen the ECM, in turn recruiting new
myofibroblasts and thus creating a self-sustaining loop. In the disease known as
scleroderma this loop is not interrupted or mitigated, leading to propagation of
dermal fibrosis from scars to the adjacent healthy skin. A very similar situation is
found in some cancers, where cancer cells themselves, or cancer-associated
fibroblasts, stiffen the ECM surrounding the tumor and thus contribute to cancer
cell growth and dissemination (Butcher, Alliston, and Weaver 2009; Calvo et al.

2013). Furthermore, in some types of cancers such as hepatocellular carcinoma
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and lung cancer, tissue fibrosis is considered an important risk factor (Li et al.
2014; Cox and Erler 2014; Danila and Sporea 2014). Further reflecting the
importance of mechano-environment in the physiology of the tissue, changes in
ECM composition that compromise the mechanical properties of tissues are
causative for disease in genetic diseases including osteochondrodysplasia,
mucopolysaccharidoses and collagenopathies (Bateman, Boot-Handford, and

Lcamandé 2009).
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Part 1

Rationale

Here we aimed to develop and characterize a novel genetic tool to probe the role
of actomyosin mechanical signals in mammalian tissues. Given that YAP/TAZ
are seemingly not active in normal tissue conditions, we designed an approach
leading to YAP/TAZ hyperactivation to test whether or not mechanical signals
play a role to keep YAP/TAZ inhibited. Recent evidence showed that in vitro
depletion of F-actin remodeling factor CAPZB, Cofilin and Gelsolin in one
human epithelial cell line is sufficient to reactivate YAP/TAZ also when ECM
mechanical cues would inhibit them (Aragona et al. 2013). Moreover, genetic
studies done in Drosophila suggest that CAPZ subunits (Cpa and Cpb) and
Cofilin (Twinstar) inactivation in imaginal disc cells can activate Yki (YAP
homologous), leading to enhance proliferation phenotypes (Garcia-Fernandez et
al. 2011; Janody 2006). Among these F-actin regulatory factors, we chose to
inactivate CAPZB for simplicity: CAPZ is a dimeric protein complex composed
of one o and one B subunit, and the P subunit is encoded in the mammalian
genome by a unique gene. Thus, at difference with CAPZAL1/2,
ADF/COFILIN1/2, and Gelsolin family members for which extensive
redundancies are expected (Pollard & Copper 2009), knockout of CAPZB should
be sufficient to completely inhibit CAPZ function, without the need of

complicated genetic crossings.

Much of what is known on CAPZ derives from in vitro biochemical studies with
reconstituted actin microfilaments (Pollard et al. 2009). Actin filament growth,
stability and disassembly are controlled by a plethora of actin-binding proteins;
among these, CAPZ restricts the accessibility of the filament barbed end,
inhibiting addition or loss of actin monomers, thus locally stabilizing filaments,
and preventing their growth and/or treadmilling (Cooper, 2009). CAPZ has also
been postulated to influence actin monomer dynamics, because inhibition of

monomer exchange at one F-actin filament (capped by CAPZ) would favor the
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availability of monomers for other non-capped filaments. This has been shown to
be important in the regulation of bacterial actin-based motility, because CAPZ
promotes filament nucleation by the ARP2/3 complex (Akin and Mullins 2008;
Loisel et al. 1999), the balance between lamellipodia and filopodia (Mejillano et
al. 2004; Iwasa and Mullins 2007) and Dictyostelium amoeboid migration (Jung
et al. 2016; Hug et al. 1995). This might also relate to the defective migration of
CAPZ-null neural crest cells in the zebrafish embryo, which may explain the
observation that CAPZB deletion is found in human patients affected by
micrognathia / cleft palate (Mukherjee et al. 2016). In mammalian cells CAPZ
also plays a role in the maturation of oocytes (Jo et al. 2015) and in formation of
the autophagosome (Mi et al. 2015), phenotypes relating to a structural role of
CAPZ in the assembly of specific actin networks. However, what is the functional
requirement for CAPZ in mammalian tissues, and whether it may perform
signaling functions related to YAP/TAZ activity, remains unknown. Thus, tissue-
specific genetic inactivation of CAPZB could represent a tool to elucidate the
physiological relevance of mechanical forces in mammalian tissue, and to unveil a

signalling function of F-actin previously unrecognized.
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Results

Derivation and validation of CAPZB floxed allele

CAPZ is a dimeric protein composed of an alpha and a beta subunit; the alpha
subunit is encoded by two independent loci in mammals (CAPZA1l and
CAPZA?2), while the beta subunit is encoded by the CAPZB locus. We thus chose
to knockout the CAPZB locus for simplicity. We obtained frozen embryos of the
Capzbtmla (EUCOMM) Wtsi line from the EUCOMM/EMMA repository,
revived the line, and then crossed it to a constitutive FRT deleter transgenic strain
to get rid of the selection cassette. We thus obtained mice bearing a CAPZB
floxed allele, with two loxP sites flanking the third exon of the gene for
conditional recombination, which we then crossed to obtain homozygous CAPZB

floxed mice, fl/fl (Fig 2A).

To test the effectiveness of this genetic design in knocking out the gene we
derived primary tail-tip fibroblasts from an adult CAPZB fl/fl mouse and
recombined them in vitro with adenoviral-Cre infection, which led to an efficient
depletion of the endogenous CAPZB protein after few days in culture (Fig. 2B).
This also indicated that absence of CAPZB is compatible with cell survival, at
least in vitro. To better validate the new allele we then evaluated the role of
CAPZB in the formation of muscle sarcomeres. Indeed, CAPZ was identified as
one major component of the Z-line of sarcomere, and is expected to significantly
contribute to sarcomere structure stability. We isolated primary foetal
cardiomyocytes from CAPZB fl/fl mice and infected them in vitro with
adenoviral-Cre; this led to a rapid disassembly of contractile actomyosin
structures in Cre-expressing cells (Fig. 2C), validating that our allele leads to
functional inactivation of CAPZ, and that CAPZ is required for sarcomere

stability.

Inactivation of CAPZB changes the cell’s perception of ECM

mechanical inputs in vitro
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Previous data from our lab indicate that CAPZ regulates the sensitivity of
immortalized mammary epithelia cells to ECM stiffness (Aragona et al. 2013).
We thus sought to explore whether genetic inactivation of CAPZB also regulates
mechanical signalling in cells isolated from our knockout mice. For this, we used
primary adult fibroblasts from CAPZB floxed/floxed mice, since fibroblasts are
known to faithfully respond to mechanical cues by regulating YAP/TAZ (Wada et
al. 2011; Calvo et al. 2013). As shown in Fig. 3A, WT fibroblasts indeed respond
to a small cell geometry by inactivating YAP/TAZ (as assayed by exclusion from
the nucleus) and by decreasing proliferation (as assayed by EdU incorporation). In
contrast, CAPZB KO fibroblasts retain nuclear YAP and keep proliferating, at
least to a certain extent (Fig. 3A). We also tested the effects of CAPZB KO on the
regulation of YAP/TAZ by ECM rigidity. For this we plated primary fibroblasts
on ECM-coated hydrogels showing a gradient of stiffness ranging from 0,5kPa
(very soft) to 25kPa (stiff), and measured expression of two established
YAP/TAZ target genes, Ankrdl and Ctgf- We found that CAPZB KO fibroblasts
exhibited enhanced Ankrdl and Ctgf expression, compared to WT fibroblasts,
over a range of stiffnesses (Fig 3B). Of note, CAPZB KO fibroblasts did not
exhibit basal induction of target genes in the stiffer context (25kPa), i.e. when
actin tension is already above the threshold to keep YAP/TAZ active (Dupont et
al. 2011; Roca-Cusachs et al. 2013; Elosegui-Artola et al. 2016). These data
indicate that genetic loss of CAPZB with our allele can be used as a tool to

change the cell’s perception of extracellular mechanical inputs, at least in vitro.
Control of organ size by conditional inactivation of CAPZB

Prompted by these results, we set-up crossings to probe the function of CAPZB as
negative regulator of YAP/TAZ activity in vivo. We focused on the liver, as this
is the best-characterized model system for YAP in mammals (Piccolo, Dupont,
and Cordenonsi 2014). We thus obtained Albumin-CreERT2; CAPZB f{I/fl;
ROSA26-LSL-beta-gal mice (hereafter named CAPZB LKO), enabling the
deletion of CAPZB in adult hepatocytes in a time-controlled manner by
administration of tamoxifen. The ROSA26-LSL-beta-gal allele drives stable
expression of beta-galactosidase only after Cre-mediated excision of the LSL

(lox- STOP-lox) cassette, and was included as a reporter of tamoxifen-induced
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recombination efficiency. The presence of this allele also helped distinguish at
single-cell level KO from non-recombined cells, in absence of an antibody
faithfully detecting endogenous CAPZB by immunofluorescence or IHC in tissues
(among the many antibodies that we tried, none worked). As controls, we used
mice from the same litter, but not carrying the Albumin-CreERT2 transgene
(hereafter named WT), or mice carrying the transgene but not injected with
tamoxifen. CAPZB LKO and WT mice received five consecutive daily
intraperitoneal injections of tamoxifen diluted in corn oil, starting at 4 weeks of
age. After four weeks, mice were sacrificed for phenotypic analyses. Inactivation
of CAPZB caused hepatomegaly, readily visible upon inspection, and quantified
in a two-fold increase liver/body weight ratio (Fig. 4A). This was accompanied by
a powerful increase in hepatocyte cell proliferation, as measured by EdU
incorporation (Fig. 4B), suggesting hepatocyte cell hyperplasia as the basis for
hepatomegaly. qPCR and RNA-seq experiments further confirmed a general
increase in proliferation and survival genes such as Top2a, Birc5, Cdc6, Cdkl
(GO-cell cycle progression) and anti-apoptotic genes such as Bc/2 and Bcl2l1
(Jourdan et al. 2009), in keeping with liver overgrowth (Fig. 4C). Thus, loss of
CAPZB causes rapid and fully penetrant liver over-growth phenotypes also
observed in Hippo-mutant and YAP-overexpressing livers. Further in line with
observations in Hippo-mutants, CAPZB KO mice showed a mild increase in
serum ALT levels (Fig. 4D) suggesting alterations of liver functions, which was
not accompanied by sign of inflammation, as assayed by recruitment of

inflammatory leukocytes (CD-45 positive cells - Fig. 4E).
CAPZB regulates YAP/TAZ in adult hepatocytes

We then tested whether deletion of CAPZB was accompanied by increased
YAP/TAZ activity by monitoring a series of established targets of YAP/TAZ,
including general targets such as Ankrdl, Cyr6l, Ctgf, and more liver-specific
targets such as Tagln2 and Biccl. Figure SA shows that all YAP/TAZ target
genes tested are strongly induced in CAPZB LKO mice. Analyses are underway
to quantitatively determine, at a genome-wide level, the similarity of gene
expression in CAPZB LKO with that observed in LATS DKO, MST1/2 DKO and

YAP transgenic livers. Encouraged by these results, we monitored endogenous
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YAP protein localization in hepatocytes by immunofluorescence, and found a
significant increase in hepatocytes displaying YAP nuclear localization (Fig 5B).
In line, we observed accumulation of TAZ levels by western blotting on whole
liver protein extracts (Fig. 5C), in keeping with its regulation by proteasomal
degradation upon variation of mechanical cues (Dupont et al., 2011). As expected,
we did not observe robust changes in total YAP protein levels by western blotting
on whole liver protein extracts (Fig. 5C); however we observed overall increase of
Y AP immunofluorescent signal in CAPZB KO cells, as compared with patches of
non-recombined hepatocytes occasionally found in CAPZB LKO mice, identified
by the absence of beta-galactosidase staining from the co-deleted ROSA26 allele
(Fig. 5D). Thus, deletion of CAPZB leads to powerful YAP and TAZ activation
in adult hepatocytes, indicating that CAPZ is a functionally relevant inhibitor of

YAP/TAZ activity in the mammalian liver tissue.

CAPZB controls liver cell fate

One of the most established YAP-dependent phenotypes in the liver, besides
hepatomegaly and increased proliferation shown above, consists in the expansion
of atypical ductal/oval cells positive for A6 and CK19 staining, and similar in
gene expression to cholangiocytes (Tanimizu and Mitaka 2014; Takiya et al.
2013; Lu et al. 2015). A similar oval cell response is commonly observed in the
liver following hepatocyte damage, and is thought to represent expansion of stem
cells with bi-potent progenitor ability (i.e. differentiating into both hepatocytes
and bile-duct cells) for liver regeneration. As shown in Figure 6A, CAPZB LKO
livers displayed a remarkable expansion of CK19- and A6-positive cells forming
disorganized strands in the liver parenchyma, mainly distributed around the portal
area (i.e. portal vein, hepatic artery and bile duct), and occasionally forming
ectopic ductular structures. To further investigate this phenotype, we analyzed
RNA-seq data and found a clear increase in genes related to the cholangiocyte

lineage, including Sox9 and Ss#2 (Fig. 6B) and many others.

Atypical ductal/oval cells have been recently shown to derive from differentiated
hepatocytes reprogrammed by YAP activation (Yimlamai et al., 2015); this can be
followed by the appearance of cells double-positive for CK19 and HNF4alpha,
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markers of oval/ductal cells and hepatocytes, respectively. We indeed found that a
portion of the CK19-positive cells in the CAPZB LKO livers also stained positive
for HNF4alpha, whereas this was never observed in WT livers (Fig. 6C). This was
paralleled by a general decreased expression of HNF4a target genes associated
with a mature hepatocyte phenotype and by re-expression of foetal hepatocyte
genes, as previously observed upon YAP activation in hepatocytes (Yimlamai et
al. 2014, data not shown). Thus CAPZB deletion not only induces liver
overgrowth, but also induces dedifferentiation of hepatocytes typically observed

upon Y AP activation.

CAPZB controls hepatocyte zonation and reprograms xenobiotic

liver metabolism

In addition to the classical proliferation and oval cell phenotypes above described,
YAP has been more recently implicated in regulating liver zonation (Fitamant et
al. 2015). Metabolic zonation of the liver is characterized by localized patterns of
expression of metabolic genes along the periportal to pericentral axis of the liver
lobules, exemplified by preferential expression of glycogen synthase 2 in the
periportal area, corresponding to a preferential involvement of these hepatocytes
in glucose/glycogen metabolism, and of glutamine synthetase around the
pericentral vein, corresponding to hepatocytes mainly involved in glutamine
synthesis (Benhamouche et al. 2006; Gougelet 2014; Torre, Perret, and Colnot
2011). Liver zonation is governed by the interplay of several signalling cues,
including HNF4alpha, oxygen, nutrient concentrations and the WNT/beta-catenin
pathway (Gebhardt 2014; Kietzmann 2017; Birchmeier 2016). Recent evidence
indicates that YAP activity is also patterned along this axis and contributes to
liver zonation by restraining pericentral gene expression; we thus compared
glutamine synthase (GS, also called GLUL) in WT and CAPZB LKO mice, and
found a marked loss of pericentral staining (Fig. 7A). This was accompanied by
strongly reduced expression of several other pericentral-specific genes by RNA-
seq, and by the concomitant increased expression of some periportal-specific
genes such as Hesl and Aldhibl (Fig. 7B). These data indicate that CAPZB

activity is relevant to pattern physiological liver functions, and suggest that F-
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actin and mechanical cues can act as zonation gatekeepers in vivo.

Among the pericentral genes downregulated in CAPZB LKO mice, we also found
several genes belonging to the cytochrome P450 family (CYP) known to display
zoned gene-expression (Fig. 7B, Lindros 1997; Buhler et al. 1992; Braeuning et
al. 2006). Cytochromes are mainly involved in xenobiotic metabolism, i.e. the
ability of liver cells to toxify or detoxify exogenous chemical substances; among
these, we focused our attention on Cyp2el and Cypla2, the main genetic
determinants of acetaminophen toxicity in the mouse (Zaher et al. 1998), which
we found to be among the most profoundly downregulated genes in CAPZB LKO
livers (Fig 7C). To test the functional relevance of this regulation, we induced
acute acetaminophen liver injury and visualized tissue damage by histology,
TUNEL staining (Fig. 7D) and ALT levels in the serum (Fig. 7E). At sub-lethal
doses (350mg/Kg) sufficient to cause extensive cell death in the pericentral zone
of WT mice, CAPZB LKO mice remained completely insensitive (Fig. 7D and
7E). Thus, CAPZ deficiency efficiently reprograms not only glutamine synthetase

expression, as previously shown, but also xenobiotic liver metabolism.

Cyp2el and Cypla2 expression is specifically and highly upregulated in
hepatocellular carcinomas and hepatoblastomas bearing activating mutations of
the WNT/beta-catenin pathway, and has thus been proposed to expose these
cancer cells to increased sensitivity to acetaminophen toxicity (Singh et al. 2013).
A limitation to the use of acetaminophen to kill cancer cells is the limited
therapeutic index due to endogenous toxicity on pericentral hepatocytes. Our data
may imply that treatments interfering with CAPZ activity, or promoting F-actin
activity, might be beneficial to decrease acetaminophen toxicity in normal
hepatocytes, thus enabling the use of higher doses of acetaminophen to kill beta-

catenin-addicted tumor cells.

Liver phenotypes caused by CAPZB inactivation genetically
depend on YAP

Data shown so far indicate that inactivation of CAPZB in hepatocytes leads to a

remarkable phenocopy of YAP activation; however, similar phenotypes can be
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also obtained by regulation of other signaling pathways, which led us to ask
whether YAP inactivation is sufficient to normalize these phenotypes. For this we
obtained mice with compound deletion of CAPZB and YAP in the liver
(Albumin-CreERT2; CAPZB fl/fl; YAP f1/fl mice, hereafter named CAPZB+YAP
LKO). As control we checked for the efficient of allele recombination looking at
RNA-seq data (Fig. 8A). Analysis of double knockout livers indicates that liver
overgrowth (Fig.8B), proliferation (Fig. 8C), oval cell response and liver zonation
phenotypes (Fig. 8D) all genetically depend on YAP. Residual phenotypes
observed in some cases (e.g. liver size is not entirely normalized) might be
attributed to the hyperactivation of TAZ, which we found stabilized in CAPZB
LKO mice.

CAPZB regulates YAP/TAZ in parallel to Hippo

The molecular mechanisms by which mechanical signals regulates YAP/TAZ
remain elusive. Several data indicate that mechanical regulation of YAP/TAZ
includes the regulation of LATS1/2 kinases; other data indicate that LATS1/2
regulation is not sufficient to account for the regulation of YAP/TAZ by
mechanical signals, because LATS1/2 knockdown was not sufficient to rescue
YAP transcriptional activity in a soft ECM or small geometry microenvironment
(Aragona et al., Cell 2013), and because loss of LATS1/2 cooperated with loss of
capping/severing proteins (Aragona et al. 2013; Sansores-Garcia et al. 2011). We
thus set-up an experiment to explore how Hippo-mediated regulation of YAP
interacted with CAPZB inactivation in vivo. For this, we took advantage of
hydrodynamic tail vein injection techniques to target liver cells with PiggyBac
transposon plasmids expressing a Hippo-insensitive FLAG-TAZ4SA cDNA,
enabling stable expression in the targeted hepatocytes. By using cell proliferation
(EdU staining) as read-out of YAP/TAZ activity in liver cells, we found that
TAZ4SA and CAPZB KO display additive effects (Fig. 8E). This data suggest
that mechanical cues can enhance the activity of YAP/TAZ in a synergistic

manner with their phosphorylation status.

CAPZB is a genetic determinant of cell mechanosensing
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CAPZB is the prototypical F-actin barbed-end capping protein. In vitro this
activity restrains F-actin filament growth, which is thought to locally stabilize F-
actin filaments, but also to free G-actin monomers to enable polymerization of
other uncapped filaments. However, what are the effects of CAPZB inactivation
in cells and tissues has never been thoroughly explored. This is particularly
relevant in light of the observation that CAPZB inactivation has the ability to
reactivate YAP/TAZ in conditions of low forces/tensions imposed by ECM
mechanical cues, raising a number of questions: what is the mechanoresponsive
F-actin structure regulated by CAPZB? How inactivation of a capping protein, in
principle regulating F-actin growth, impact on F-actin contractility? Do CAPZB
knockout cells display a stiffer cytoskeleton and/or a higher degree of

contractility?

To tackle these issues, we decided to compare liver stiffness in WT and CAPZB
LKO mice using atomic force microscopy (AFM), in collaboration with Kristian
Franze’s group. A simple hypothesis is that loss of CAPZB in hepatocytes would
lead to increased cellular contractility and stiffness, reflecting in YAP activation
but also in whole tissue stiffness. Indeed we found that CAPZB KO liver show
increase in overall tissue stiffness (Fig 9A), indicating that loss of CAPZB in

hepatocytes is sufficient to change whole liver mechanical properties.

We also better characterized the cytoskeleton in CAPZB KO fibroblasts. Staining
of mouse primary fibroblast plated on fibronectin-coated glass with phalloidin, a
tool to visualize F-actin bundles, indicates that CAPZB inactivation does not lead
to a simple increase in F-actin content / thickening of F-actin stress fibers.
Actually, actin appears more disorganized, with shorter/thinner stress-fibers, or
less stable stress fibers, and increased peripheral F-actin filaments (Fig. 9B). The
accumulation of peripheral F-actin structures is similar to results previously
observed with CAPZ siRNAs, and that were linked to reduced turnover/dynamics
of filopodia (Sinnar et al. 2014). To further deepen the functional effects of these
changes we stained cells for vinculin, a component of focal adhesion complexes
that is recruited to in response to cytoskeletal tension. KO fibroblasts display an
overall increase of vinculin staining at the adhesion plaques and/or an increased

size of focal adhesions at the cell edges (Fig. 9C). The increased of vinculin
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recruitment likely suggest an increase in contractility of CAPZB KO fibroblast in
respect to WT, leading to exacerbated focal adhesion maturation. In collaboration
with Franze’s lab at the University of Cambridge, we are now performing traction
force microscopy (TFM) measurements on fibroblasts, in order to test if CAPZB
KO fibroblast shows an increase in net force in respect to WT, and whether this is
also conserved in conditions of decreased ECM stiffness. If so, in the future we
should also observe residual actomyosin contractility in fibroblasts seeded on a
soft ECM, as visualized by phospho-MLC staining, and this should be paralleled
by increased phospho-MLC and vinculin stainings in CAPZB LKO hepatocytes.
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Discussion

Liver specific inactivation of CAPZB recapitulates phenotypes

observed upon YAP activation

Recent works in cultured cells showed that mechanical signals impacts on
YAP/TAZ activity by remodeling filamentous-actin (F-actin) and by modulating
cells contractility: plating cells on small ECM micropatterns or on a soft ECM
substratum, leading to inhibition of cell contractility, or similar inhibition
obtained by inhibition of RHO, ROCK, and non-muscle myosin II (NMII) lead to
YAP/TAZ inhibition (Dupont et al. 2011). In keeping with the idea that F-actin
bundles are the preferential substrate for NMII to contract the cytoskeleton, also
inhibition of formin/diaphanous F-actin polymerizing factors, but not inhibition of
ARP2/3 branched actin networks, lead to YAP/TAZ inhibition (Aragona et al.
2013). Among F-actin inhibitory proteins, F-actin capping/severing protein such
as CAPZB, Cofilin and Gelsolin play a more specific or important role in setting
the responsiveness of cells to experimental manipulation of the cells’ mechanical
properties, because their depletion was sufficient to rescue YAP/TAZ activation
on a soft ECM or in a confluent monolayer, i.e. where YAP/TAZ are inhibited by

low actomyosin tension (Aragona et al. 2013).

Prompted by similar observations carried out in Drosophila, here we decided to
use CAPZB inactivation as a genetic tool to probe the functional relevance of
actomyosin mechanical signals for mammalian tissue homeostasis. Our results
indicate that loss of CAPZB in the adult mouse liver modulates intracellular actin
cytoskeleton in a way that is sufficient to induce YAP/TAZ activation and to
recapitulate all the YAP-dependent phenotypes described so far in this organ.
Indeed, CAPZB LKO mice display increased nuclear localization of YAP/TAZ
and activation of their target genes, followed by: 1) liver overgrowth, quantified
in a two-fold increase liver/body weight ratio and associated with a potent
increase in adult hepatocytes proliferation; 2) expansion of atypical/ductal cells

and transdifferentiation = of  hepatocytes into cells with  mixed
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hepatocyte/cholagiocyte identity, which together suggest that absence of CAPZB
leads to conversion of a significant number of hepatocytes into bipotent
progenitors as previously observed for YAP activation (Yimlamai et al. 2014); 3)
restriction of hepatocytes with liver pericentral identity and concomitant
extension/increase in periportal zone gene expression, sufficient to reprogram
xenobiotic liver metabolism and to profoundly alter sensitivity of CAPZB KO
mice to acetaminophen (APAP) toxicity. Importantly, we also obtained
experimental evidence that all these phenotypes are genetically dependent on

YAP.
A new genetic system to probe mechanosignalling in vivo

Overall, and considering that phenotypes of similar strength have been observed
by inactivation of classical Hippo pathway components, these data validate
CAPZB as an important endogenous YAP/TAZ limiting factor in mammals, at
least in the liver tissue. Moreover, and perhaps more importantly, the data also
indicate that, among the multiple possible functions described for CAPZB and, by
extension, for F-actin, regulation of YAP/TAZ represents a primary target, with
relevance for regulation of organ homeostasis. This is to our knowledge one of the
first examples for a signaling role of F-actin in mammalian living tissues, and will
open now the way to using CAPZB knockout as a tool to query in which other
tissues this happens. Indeed one clear advantage of this system, compared to other
strategies used in the past to modulate tissue mechanics such as fibrosis induction,
collagen or lysyl-oxidase (LOX) overexpression, is that it alters F-actin dynamics
directly, in a cell-autonomous manner, and without interfering effects on other
cells and on other ECM parameters (including chemical composition, ECM
architecture and ligand density) that can in principle affect cell signaling pathways

independently of ECM mechanical cues.

In the future, we plan to explore the effects of CAPZB inactivation in other
epithelial tissues. Epithelia are constantly exposed to mechanical forces as they
cover the body surface and line a body cavity. In addition, a body of evidences
show that overexpression of YAP as well as mutation in the Hippo pathway

components can lead to alteration of basal epidermal cells (H. Zhang, Pasolli, and
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Fuchs, 2010; J.-H. Lee et al. 2008; Schlegelmilch et al. 2011). These data
indicates that the embryonic skin is a tissue particularly sensitive to alteration of
YAP/TAZ levels. Interestingly, Camargo et al. 2007, Vasioukhin et al. 2001 and
Kobielak and Fuchs, 2006 identified a role for alpha-catenin as suppressor of
YAP/TAZ in the embryonic skin, because genetic ablation of a-catenin in the
murine epidermis leads to keratinocyte hyper-proliferation and squamous cell
carcinoma development, through hyperactivation of YAP. Alpha-catenin has been
shown to act as a mechanosensitive molecule, able to recruit vinculin depending
on external forces in a similar manner to talin in focal adhesions (Yonemura et al.
2010); given that alpha-catenin is a YAP/TAZ inhibitor and integrins are required
for YAP activity (Bouvard et al. 2001), this may indicate that the relative tension
development at adherens junctions (through alpha-catenin) and at focal adhesions
(through talin) oppositely regulate each other and/or YAP activity. It will be thus
interesting investigates the role of CAPZB in epithelia tissues such as the
epidermis, as well as other epithelial tissues (esophagus, intestine, mammary

gland, prostate, cervix).

What are the molecular mechanisms underlying

mechanoregulation of YAP/TAZ in vivo?

There is still strong debate regarding how mechanical signals regulate YAP/TAZ
activity. Collective evidences from different studies and data (Sansores-Garcia et
al. 2011; Wada et al. 2011; Fernandez et al. 2011; Aragona et al. 2013) on one
hand 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 understand. We now have a mammalian mouse model
that could be interrogated to elucidate the underling molecular mechanism in a
physiological setting, or at least to validate in vivo hypotheses from more

biochemical / in vitro studies.

We performed an experiment to explore if and how Hippo-mediated regulation of
YAP interacts with mechanical regulation mediated by CAPZB in mammalian
liver, and found that inactivation of CAPZB can function additively with

expression of a Hippo-insensitive TAZ4SA mutant, at least for regulating cell
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proliferation. This supports the idea that mechanical cues can enhance the activity
of YAP/TAZ even in absence of TAZ phosphorylation mediated by Hippo. In the
future, we plan to perform additional experiments to clarify the contribution of the
Hippo pathway in the mechanical regulation of YAP/TAZ in vivo, by obtaining
compound CAPZB and LATS1/2 mutant cells, and to verify whether or not

inactivation of these two Y AP-regulatory branches cooperate.
How does CAPZB regulate mechanoresponsiveness?

As part of the characterization of CAPZB knockout mice, we isolated primary
adult fibroblast and found that genetic inactivation of CAPZB is sufficient to
rescue YAP/TAZ activity inhibited by plating cells on a soft ECM substratum,
similarly to previous data in mammary epithelial cells (Aragona et al. 2013), and
extended this observation to small adhesive ECM islands, where only forced YAP
expression was shown so far to be able to rescue cell proliferation (Dupont et al.
2011). Thus, and at difference with LATS1/2 knockdown, CAPZB inactivation is
sufficient to rescue YAP activity in any mechano-regulated set-up, let this be a
soft ECM, a small island or a confluent monolayer (Aragona et al. 2013 and this
thesis). The finding that CAPZB inactivation increases YAP/TAZ activity in the
liver thus implicitly demonstrates that also the liver tissue corresponds to a low-
actin-tension situation. In support of this idea, we also found by AFM on freshly
isolated tissue that CAPZB LKO liver is significantly stiffer than the normal

organ.

The importance of CAPZB for regulation of cell and tissue
mechanoresponsiveness opens two very interesting questions that our knockout

could help address in the future:

A) How inactivation of a capping protein, in principle regulating F-actin filament

elongation, impact on F-actin contractility?

B) Since CAPZB has a physiological role in restraining F-actin dynamics and

YAP/TAZ activity, when/how is CAPZB activity or levels regulated?

To start addressing the first question we initiated a better characterization of the
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actin and mechano-related phenotypes of CAPZB KO fibroblasts. These cells
display a more disorganized actin, with thinner/shorter stress-fibers, and an
increase of peripheral F-actin filaments; in addition, CAPZB KO fibroblasts
display an overall increase of vinculin staining at focal adhesions, and a
corresponding increase in focal adhesion area. Experiments are now on the way to
characterize the KO fibroblast in a soft ECM context, where CAPZB loss more
significantly impact on YAP/TAZ activity, to see whether CAPZB inactivation is
sufficient to rescue F-actin bundles, formation of mature focal adhesions, and/or
contractility. This will be correlated by traction force microscopy (TFM)
measurements of fibroblasts on different substrate stiffness to determine the net
force applied by WT and KO fibroblasts, in the hypothesis that KO cells retain the
ability to develop actomyosin contractility even of soft substrates. If so, this
would indicate that CAPZB plays a key role in setting the stiffness threshold
above which cells are able to mature focal adhesions, develop contractility, and

activate YAP/TAZ (Elosegui-Artola et al. 2016).
Cues to new mechano-regulated pathways?

Our data indicate that CAPZB regulates the YAP/TAZ mechanosignaling
pathway in the liver tissue. In principle, ECM mechanical cues, CAPZB and F-
actin dynamics can also regulate a variety of other cellular processes and
signaling pathways, including NFKB, MAL/MRTF, beta-catenin, SNAL/TWIST
EMT regulators, and KLF2a (see above), but it remains unknown which of these
mechanotransduction mechanisms is at work in the liver. Moreover, other
mechanotransduction pathways might exist that we haven’t yet identified. We
thus plan in the future to develop on this idea by closely analyzing gene
expression in CAPZB LKO mice. We will compare genes regulated in CAPZB
LKO livers, genes regulated in CAPZB+YAP LKO livers, and genes regulated by
transgenic YAP activation to highlight YAP-dependent and Y AP-independent
mechano-regulated genes. GSEA analyses of these genes might suggest new

molecular pathways sensible to mechanical alterations in vivo.

41



Part 11

Rationale

Recent genetic evidences indicate a key role of the Hippo pathway in the
regulation of cardiomyocytes proliferation, and inactivation of the Hippo pathway
or activation of its downstream effectors YAP/TAZ improves cardiac regeneration
in the adult heart (Fig. 10A, Leach et al. 2017; Matsuda et al. 2016; W.-F. Cai et
al. 2016; Heallen et al. 2013; Xin et al. 2013). The identification of Hippo
inhibitory (and YAP activatory) small-molecule compounds represent a so far
unexplored possibility to pharmacologically sustain heart tissue regeneration in
patients suffering from heart attack. Aragona et al. 2013 developed a robust
bioassay specifically dependent on LATSI1/2 activity to distinguish between
LATS-dependent and LATS-independent YAP regulatory mechanisms:
reconstituting MDA-MB-231 breast cancer cells, that are genetically null for NF2,
with an expression plasmid encoding for NF2 is sufficient to strongly inhibit
YAP/TAZ transcriptional activity (followed by 8xGTCII-Lux, a YAP/TAZ
luciferase reporter), and this entirely depends on LATSI1/2 kinases because
knockdown of LATS1/2 makes YAP/TAZ activity insensitive to NF2 expression
(Fig. 10B). We thus decided to take advantage of this robust LATS-dependent
bioassay to perform a screening aimed at identifying small-molecule compounds

able to overcome YAP/TAZ inhibition mediated by the Hippo pathway.
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Results

FDA-approved chemical-library screening

To identify negative modulators of the Hippo pathway, we performed a
luciferase-based screening on FDA-approved chemical library compounds (See
Materials and Methods) based on activation of Hippo signaling by NF2. Targeting
the Hippo pathway has several advantages: 1) available genetic evidence already
indicates that Hippo is a desirable target in the heart tissue, compared to other
YAP/TAZ regulatory pathways; 2) kinases are more easily targetable with small
molecules than protein-protein interactions; 3) the Hippo pathway consists of a
series of well-known players, enabling an easier identification of the molecular
targets of the isolated compounds, and thus an easier assessment of their efficacy
in preclinical and potentially in clinical settings (by looking for example at YAP
phosphorylation, or at MST1/2 and LATS1/2 autophosphorylation sites); 3) the
screening is performed in a re-gain-of-activity setting, which usually leads to

much less false positive hits compared to a simple gain-of-activity screening.

To activate the Hippo pathway specifically, we transiently expressed NF2/Merlin
in cells that bear a null mutation in the NF2 locus, leading to a strong and reliable
inhibition of YAP activity. The inhibition of YAP mediated by NF2
overexpression is completely dependent on LATSI1/2 activity and on YAP
phosphorylation (Aragona et al. 2013). We optimized the assay for 96-well and
384-well plate screening, and checked in this set-up if LATS1/2 siRNA
transfection was able to rescue YAP/TAZ activity, as previously seen in similar
experiments performed in larger vessels (not shown). This was important also to
test whether this assay would enable us to capture small-molecules able to rescue
YAP/TAZ activity after it had been inhibited by NF2, at difference with previous
experiments in which cells were transfected with siRNA for LATS1/2 the day
before receiving NF2 DNA transfection: transfection of LATS1/2 siRNAs after
NF2 DNA transfection, and for as little as 24 hours, was sufficient to see a

significant rescue of YAP activity (Fig. 10B).
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We then searched for compounds able to rescue YAP/TAZ activity by using a
drug-repurposing library of FDA-approved chemicals (in collaboration with
Miguel Mano and Giannino Del Sal at the ICGEB of Trieste), with the idea of
obtaining compounds already tested in phase I trials and with acceptable
pharmacokinetics, and thus potentially available for a more rapid application to
treat heart disease. Out of this screening, we isolated two molecules that can

prevent inhibition of YAP/TAZ by NF2 (Fig. 10C).

Hits validation

To initially revalidate the screening’s hits we re-ordered the compounds and
repeated the experiment by using our classical protocol for luciferase assay (See
Materials and Methods). Also in this set-up, both the compounds efficiently
rescue YAP/TAZ activity at different doses of NF2-overexpression (Fig. 10D).
Moreover, looking at basal effects of the compounds on YAP/TAZ activity, i.e. in
parental MDA-MB-231 that did not experience NF2-mediated YAP/TAZ
inhibition, we found that both the small molecules alone had no effect. We thus
confirmed a specific role of these small-molecules compounds in regulating

YAP/TAZ through the Hippo pathway.

In order to exclude trivial non-specific effects of the compounds in the screening
set-up, we checked for equal expression of exogenously-expressed NF2 protein in
MDA-MB-231 cells. Transfection of 10ng of NF2/Merlin is sufficient to inhibit
YAP/TAZ activity, as measure by luciferase activity of the 8xGTIIC YAP/TAZ
luciferase reporter; we found that both the compounds did not affect NF2 mRNA
expression and NF2 protein production or stability (Fig. 11A).

We then better validated the compounds by performing different assays to
monitor YAP/TAZ activity at different levels. A read-out of YAP activity
regulated by NF2 is its nuclear exclusion and cytoplasmic accumulation (Zhao et
al. 2012). We compared YAP localization by immunofluorescent staining of
control vs. NF2-expressing cells (i.e. positive for co-transfected NF2 and Cherry
plasmids), and found that one compound efficiently rescues NF2-induced YAP

nuclear exclusion (Fig. 11B). We thus continued the characterization of this
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compound further.

NF2 function as activator of LATS1/2 kinases, the core component of the Hippo
pathway, whose target phosphorylation sites on YAP are well known (Zhao et al.
2010). We monitored phosphorylation of the two most relevant LATS1/2-
dependent phosphorylation sites (S127 and S381) of YAP, and found that the
compound decreases phosphorylation of YAP at both sites (Fig. 11C). This result
suggests that one of the identified compounds efficiently modulate YAP/TAZ
activity and phosphorylation, indicating that it works at the level or upstream of

LATS1/2.

Future work will be required to determine whether these compounds have specific

effects, and if they can be used for regenerative medicine applications.
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Discussion

Several evidences suggest that YAP/TAZ are not necessary for the physiological
maintenance of adult tissues, but are absolutely required to heal damaged tissues
(Reviewd in Juan and Hong 2016; Piccolo, Dupont, and Cordenonsi 2014; Y.
Wang, Yu, and Yu 2017). This has been linked to the ability of YAP and TAZ to
promote stem-cell self- renewal and cell proliferation in several cellular systems,
and perhaps to the recently described ability of YAP/TAZ to reprogram terminally
differentiated cells to their specific stem cell progenitors (Panciera et al. 2016). A
point in case is the recent finding that inactivation of the Hippo pathway by
genetic deletion of LATS1/2 or Salvador (Sav/WW45), or overexpression of
activated YAP, permit a regenerative response in adult mouse models of
myocardial infarction (See Introduction). These data indicate that a transient
inhibition of Hippo, and thus a transient upregulation of YAP/TAZ activity, might
represent a novel approach to facilitate heart regeneration in patients suffering of
ischemic heart damage, and maybe for regenerative medicine approaches more in

general.

We here describe a new pipeline to isolate and characterize new compounds able
to selectively inhibit the Hippo pathway that could be used to transiently
reactivate YAP activity and foster endogenous tissue regeneration ability during
the appropriate therapeutic time window. By using a library of 640 FDA-
approved molecules (Sorrentino et al. 2017) with a strong bias for drugs aimed at
cancer treatment and reduced chemical variability, we could isolate two different
compounds able to rescue YAP/TAZ activity in cells: this indicates a wide
potential for isolating new small-molecule inhibitors by using alternative small-

molecule libraries in the future.

Moreover, this proof-of-principle screening already provides at two initial lead
compounds to further develop our assays, and to possibly obtain modified
compounds of increased potency/specificity to be tested in vivo. It will be

important to understand how these molecules work, and whether they have some
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specificity towards Hippo signaling (for example, in case we isolate a potential
LATS1/2 inhibitor, how much gene expression regulated by the compound
matches gene expression regulated by genetic ablation of LATS1/2? How many
other kinases can be targeted by the same compound?). Ideally, these compounds
should be then tested for the ability to foster cardiomyocytes proliferation in vitro,
in vivo in the normal heart, and then in mouse models of cardiac injury such as
surgical resection of left ventricle (apex resection) or coronary artery occlusion
(myocardial infarction), to test whether these compounds are beneficial in this

context.

47



Materials and methods

e Mice

We obtained the Capzbtmla (EUCOMM) Wtsi line from the EUCOMM/EMMA
repository. Yap fl/fl and R26-LSL-LacZ mice were from Stefano Piccolo Lab.
Animal experiments were performed adhering to our institutional guidelines as

approved by OPBA and authorized by the Ministry of Health.

For genotyping, mice were anesthetized using isoflurane and tail tip was removed
and isolated. The genomic DNA from tip tail was extracted with NaOH at 95°C
for 30 minutes. Tris-base pH8 was then used to neutralize the alkaline lysis. The
stock DNA was diluted in clean water and directly used for PCR or stored a +4°C.

Genotyping were performed using the recommended set of primers.
* Isolation of mouse primary fibroblasts.

For Mouse Adult Fibroblast (MAF) isolation, mice were anesthetized with
intraperitoneal injection of Avertin and tail tip was carefully sterilized with
ethanol and cutted. After sampling, tail was cauterized and tissue biopsy
transferred in a clean petri dish. Under biological hood, the biopsy was minced
with scalpel and washed three times with HBSS plus 2x Pen/Strep. Chopped
tissues were then digested with 2000 U/ml of collagenase (C9891 Sigma) in
HBSS for 30 minute at 37°C. Digested chopped tissue was centrifuged and a
second step of digestion in 0,05 % of trypsin for 20 minutes a 37°C was
performed. Finally completely digested chopped tissue was plated in T25 with
DMEM (Gibco-Life Technologies) 20% FBS, 1% Gln and Pen/Strep. The day
after, culture medium was refreshed in order to eliminate cells and debris that

didn’t attach to flask.
* Mouse liver collection

For liver sampling, mice were euthanized and abdominal contents exposed by
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performing an excision at the midline of mice body. In order to reduce blood
contaminants, trans cardiac perfusion with cold PBS was performed. The excision
was extended toward sternum to expose the heart inside the rib cage. A 29-gauge
needle connected to a syringe primed with cold PBS 1x was insert to heart and
perfusion started. Around 10-20 ml of cold PBS 1x were used for perfusion and
then liver tissue was removed and placed in a clean petri dish with PBS on ice.
Immediately the liver was divided in different parts and snap-frozen in liquid

nitrogen or embedded in OCT and then stored at -80°.
* Antibody, western blotting and immunofluorescence

Antibodies were CPbeta (sc-81804), YAP/TAZ (sc101199), phospho S127 YAP
(CST4911), phospho S381 YAP (#13619), B-catenin (sc-7973), GAPDH
(Millipore MAB374).

For immunofluorescence, cells were fixed in 4% PFA for 10 minutes. After wash,
cells were permeabilized with PBS-Triton 0,5% for 20 minutes following by
blocking buffer (PBS- Triton 0,1%, 2% goat serum) incubation for 1 hour. The
primary antibody was incubated overnight at +4° in humid chamber. The
following day cells were wash in PBS-Triton 0,1% and incubated with Alexa
fluor - conjugated secondary antibody for 1 hour at room temperature. Finally,
cells were washed and mounted with ProLong™ Gold Antifade Mountant with
DAPI (P36935 Thermofisher). Images were acquired with a Leica SP5 confocal
microscope equipped with CCD camera or with Leica DM5000B microscope.

Images were analysed using Fiji free software.

For immunofluorescences of liver slices, tissues were dissect, embedded in OCT
and frozen at -20 to -80 °C. Embedded tissue was sectioned at 5-7 pm thick with
Leica CM1950 cryostat and slices were put on glass coverslip (VWR), dried at
room temperature for 30 minutes and stored at -80°C. Tissue slices were hydrated
in PBS, fixed in 4% PFA for 15 minutes and washed three times in PBS.
Permeabilization of tissue slice was performed in PBS-Triton 1% for 20 minutes.
After three washes in PBS-Triton 0,5%, tissue slices were incubated in blocking

buffer (10% goat serum in PBS-Triton 0,5%) at room temperature for 1 hour.
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Incubation with primary antibody were performed over night at +4°C in humid
chamber. Secondary antibody incubation were performed at room temperature for
1 hour and mounted with ProLong™ Gold Antifade Mountant with DAPI
(P36935 Thermofisher). For EAU labelling, mice were injected with 12,5 mg/kg
of EdU, 15 hours before sacrifice and staining was performed according to Click-
iT™ EdU Alexa Fluor™ 488 Imaging Kit instruction protocol. TUNEL staining

was performed according to DeadEnd™ Fluorometric TUNEL System, Promega.
* C(ells, plasmid and reagents

Primary Mouse Adult Fibroblast (MAF) were cultured in DMEM (GIBCO, Life
Technologies) supplemented with 20% FBS, 1% glutamine and antibiotics
(Pen/Strep). Micropatterned glass slides were from Cytoo and for fibronectin-
coated hydrogels see Dupont et al. 2011. For hydrogels, 5.000 cells/cm2 were
seeded in drop on top of for fibronectin-coated hydrogels; after attachment, the
wells containing the hydrogels were filled with medium. For assays on large
square (Cytoo), 600.000 cells were plated in a 35mm dish containing a single
Cytoo glass slide, and non-adherent cells were washed with medium after 2 hr.
The FDA-approved library (Screen-Well FDA-Approved Drug Library) used for
the screening was composed of 640 chemical compounds dissolved at 10 mM in

DMSO, as in Sorrentino et al. 2017.
* Luciferase assays

For transient transfections, cells were plated in 24-well format and luciferase
reporter plasmids were transfected with CMV-lacZ to normalize for transfection
efficiency based on CPRG (Merck) colorimetric assay, together with pG13-CMV-
renilla, the YAP/TAZ luciferase reporter XGTIIC-lux plasmid (Addgene 34615)
and with plasmids encoding for the indicated proteins. Transfected DNA content
was kept uniform by using pKS Bluescript. Cells were harvested in luc lysis
buffer (25 mM Tris pH 7.8, 2.5 mM EDTA, 10% glycerol, 1% NP-40). Luciferase
activity was determined in a Tecan plate luminometer with freshly reconstituted
assay reagent (0.5 mM D-Luciferin, 20 mM tricine, | mM (MgCO3)4Mg(OH)2,
2.7 mM MgSO4, 0.1 mM EDTA, 33 mM DTT, 0.27 mM CoA, 0.53 mM ATP).
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Each sample was transfected at least in two biological duplicates in each
experiment to determine the experimental variability; each experiment was

repeated independently with consistent results.
* Serum ALT measurement

Alanine Aminotransferase enzymatic activity was measured in mice serum. Mice
were anesthetized with Avertin, mixture of tribromoethyl alcohol #(T48402
Sigma) and 2-methyl-2-butanol (#240486 Sigma), and bloods were collected from
retro-orbital sinus. Blood were allowed to clot at room temperature for at least 1
hour and then centrifugated for 10 minutes in a cold centrifuge in order to
separate the two phases of the blood. The supernatant (serum) was immediately
transferred in a clean tube and stored at -80° until measure. Serum ALT

measurements were performed using ALT Activity Assay (MAKO052 Sigma).
* Hydrodynamic tail vein

Hydrodynamic tail-vein technics was used to delivery exogenous DNAs into
hepatocytes. Plasmid DNA were suspended in sterile Ringer’s solution in a
volume equal to 10% of the body weight and injected in 8-10 seconds via the tail
vein of 4-6-wk-old mice (mice weight around 18-22¢g). The amount of injected
DNA was 50 pg of total transposon plasmids together with 10 pg of PB

transposase plasmids. No statistical method was used to predetermine sample size.
* APAP-induced hepatotoxicity

Acute liver hepatotoxicity was induced in mice by intraperitoneal injection of
350mg/kg of acetaminophen (#A7085 Sigma-Aldrich) in sterile PBS. Serum for
ALT activity assay was collected 8 hours after APAP-injection and 24 hours after
APAP-injection liver was collected for histopatological analysis. The number of

animals per group used in this study was 5 animals for each genotype.
* RNA extraction and Real-time PCR

Total liver RNA extractions were performed using guanidinium thiocyanate
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/phenol/chloroform protocol extraction, starting from 5-10 mg of liver tissue snap-
freezing in liquid nitrogen. Contaminant DNA was removed by RNase free-
DNase (Ambion-Lifetechnologies) digestion. For cells, total RNA extraction was
performed using RNeasy kit (Quiagen) and contaminant DNA was removed by
RNase-Free DNase Set (Qiagen). Retro-transcription of total RNA to cDNA was
carried out with dT-primed M-MLV Reverse Trascriptase (LifeTechnologies).

Real-time qPCR analyses were carried out with triplicate samplings of each
sample ¢cDNA on a on QuantStudio 6 Flex Real-Time PCR System
(Lifetechnologies) with FastStart SYBR Green Master Mix (Roche). Expression
levels are calculated relative to GAPDH

* RNA sequencing protocol

Liver RNA-sequencing was carried out in CRIBI facility at University of Padova.
Library preparation was performed starting from liver RNAs using TruSeq
Stranded mRNA Library Prep Kit (Illumina) according to the manufacturer’s
protocol. The pooled libraries were sequenced with NextSeq 500 platform

(Illumina).
* Statistical analysis

Statistical analyses were performed using Prism software (GraphPad software).
Mean values and standard deviations (SD) are shown in graphs that were
generated from several repeats of biological experiments, unless otherwise

indicated. In some graph, resulted value from each mouse replicates are shown.
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Figures

Figure 1. Regulation of YAP/TAZ and overgrowth phenotype

caused by their activation

A. Hippo mutant phenotype in flies and mice showing over-growth phenotypes.

From Halder and Johnson, 2011.

B. YAP/TAZ activity is regulated by multiple inputs. YAP/TAZ can shuttle
between the nucleus, where they bind TEAD transcription factors on DNA to
regulate gene expression, and the cytoplasm. Several different pathways and
cellular features can modulate the activity of YAP/TAZ. These include the Hippo
pathway, that regulates YAP/TAZ through phosphorylation, baso-lateral polarity
complexes and cell-cell adhesion molecules in epithelia, G-protein coupled
receptor (GPCR) signalling throught small G proteins (Gs and Gq/11), WNT
signalling through the APC/Axin destruction complex, but also autophagy,
metabolic pathways and energy stress (here depicted by one glucose and one
mevalonate molecule). Inhibitory inputs and proteins are indicated in red,

activatory inputs in green. From Dupont 2016.

B. The scheme indicates a cell in which mechanical cues sustain the increase of
actin polymerization and thus the development of high levels of actomyosin
contractility, which in turn sustain YAP/ TAZ nuclear transcription. Cells probe
external resisting forces by pulling on focal adhesions, thanks to the contractile
activity of non-muscle myosins (NMII). Formation of focal adhesions and of
contractile actomyosin bun- dles mutually sustain each other, either by direct
effects on focal adhesion com- ponents (recruitment of vinculin and talin), or
through RHO/ROCK (RHO kinase)/MLCK (myosin light chain kinase)
signalling. F-actin capping/severing proteins (CAPZB, but also Cofilin and
Gelsolin) are key elements opposing the formation of actomyosin bundles.
Development of high levels of F-actin contractility then promotes the activity of
YAP/TAZ: available data indicate that this control possibly entails LATS1/ 2
activation, promotion of YAP/TAZ activity in a LATS-independent manner (left),
and promotion of YAP/TAZ activity through RHO signalling, which is also a
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LATS- independent event (right). The molecular mediators of these regulatory
interactions are still unknown (factor X, kinase X). This is the proposed
mechanism connecting YAP/TAZ activity to ECM stiffness and cell geometry

sensing, from Dupont, 2015.
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Figure 2. Derivation and validation of CAPZB floxed allele

A. Schematic representation of strategy to generate CAPZB floxed mice. The
targeted allele was crossed to CMV-Flp mice to delete the lacZ and Neo cassettes,
originating the Floxed allele. Crossing of the floxed allele with tissue-specific Cre
transgenic cause a frame shift mutation with premature STOP codon at the level

of exon 3 (Null allele).

B. Immunoblot of wild-type (WT) and infected mouse fibroblast with adeno-
control (Adeno-Co) and adeno-CRE virus. CRE recombinase expression
efficiently recombined CAPZB allele as demonstrated by complete depletion of

CAPZB protein. Laminin-b was used as loading control.

C. Schematic representation of sarcomere structure highlighting the localization
of CAPZB on Z-disc. Representative picture of primary mouse cardiomyocytes
infected with adeno-CRE virus (positive for CRE staining), displaying a

disruption of sarcomeric a-actinin staining.
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Figure 3. CAPZB KO changes the cell’s perception of ECM in
fibroblasts.

A. Percentage of EdU positive cells and YAP localization (nuclear localization is
a read-out of YAP activation) in fibroblasts isolated from mouse carrying
homozygous floxed CAPZB allele and infected with adeno-co (WT) and adeno-
Cre (KO). Fibroblasts were plated on microprinted ECM-coated islands of
variable adhesive area (big = 10000um”, medium big = 2025 um’, medium small
= 1024 um® small = 300 um?). Representative images of WT and KO fibroblasts
stained for EAU and Y AP are shown.

B. Real Time PCR in primary mouse fibroblasts. WT are non-infected control
cells, Adeno-co fibroblasts were infected with an empty adenovirus, Adeno-CRE
fibroblasts were infected with a CRE expression adenovirus. CRE recombinase
production efficiently recombined the CAPZB floxed alleles in primary mouse
fibroblasts (showed in Fig. 2B). Fibroblasts were cultured on ECM-coated
acrylamide hydrogels of variable stiffness (expressed as Young’s Modulus, in

KPascal).
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Figure 4. Liver-specific inactivation of CAPZB causes liver

overgrowth and increases of hepatocytes proliferation

A. Gross appearance of mouse liver 1 month after tamoxifen-mediated
recombination. On the right, quantification of liver/body weight ratio in WT and

KO mice. n =9, **** p <(,0001.

B. Representative EdU staining and quantification. B-galactosidase staining was
used to follow recombined hepatocytes thanks to the co-recombined ROSA26

allele. Single mouse results are plotted. ** p < 0.01

C. Relative mRNA expression from liver RNAseq data of a group of pro-
proliferative genes (GO-cell cycle progression) and anti-apoptotic genes (Jourdan
et al. 2009). Data are plotted as absolute fold change; y-axis is logarithmic (n=4),
p <0,05.

D. Serum ALT measure expressed in units / ml. Serum was isolated from mouse
blood collected from retro-orbital sinus, 1 month after tamoxifen-induced

recombination (just before sacrifice). Single mouse results are plotted. * p < 0,05.

E. Representative immunofluorescence staining for CD-45 in liver parenchyma of

WT and KO mice. CD-45 is used as marker of leucocytes cells.
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Figure 5. Deletion of CAPZB leads to activation of YAP/TAZ in
adult hepatocytes

A. Real-time PCR in WT and KO livers of YAP/TAZ target genes plotted as
relative mRNA expression to GAPDH (n=6) mean, SD. * p < 0.05; ** p <0.01.

B. Immunofluorence of WT and KO livers stained for B-galactosidase (B-gal) to
follow recombined hepatocytes and for YAP (nuclear localization is a read-out of
YAP activation). On the right, number of hepatocytes with nuclear YAP
(expressed as percentage relative to the total of counted cells) in WT and KO

liver. n = 3; mean, SD. * p <0.05

C. Immunoblot of WT and KO whole liver protein extracts for CAPZB, YAP and
TAZ. B-CATENIN was used as loading control. KO mice showed reduction of
CAPZB protein, confirming efficiently recombination of floxed allele (a little
amount of CAPZB protein is still visible because of not-recombined cell types
present in whole liver protein extracts such as fibroblast, Kupffer cells; with no
active albumin-cre promoter). On the bottom, quantification of protein bands,
using Image] software, highlights accumulation of total TAZ protein level in

CAPZB LKO.

D. Representative immunofluorescence of liver stained for (-galactosidase (j3-
gal), showing an example of a not recombined patch in KO liver parenchyma and

YAP. Overall YAP signal decreases in not-recombined area (-gal negative).
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Figure 6. CAPZB loss induces expansion of oval/atypical cells,

partially derived from mature hepatocytes

A. Immunofluorescence of WT and KO liver stained for CK-19 and A6,
established marker of oval cells. Pictures were taken by selecting periportal areas

of the liver lobules.

B. Relative mRNA expression from liver RNAseq data of cholangiocyte / oval
cell marker genes expressed in fold change relative to WT expression n=4, p

<0,005.

C. Representative immunofluorescence of KO liver stained for CK-19 and
HNF4alpha to highlight double positive cells (arrowed), which are never found in
WT liver. Count of cells stained for the respective markers expressed in
percentage of total; pictures were taken by selecting periportal areas of the liver

lobules.
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Figure 7. CAPZB is a gatekeeper of hepatocytes zonation and its

inactivation reprogram xenobiotic liver metabolism

A. Immunofluorescence for GS (glutamine synthase) of WT and CAPZB LKO
mice liver tissue. GS showed a specific staining around central vein (CV) of liver

parenchyma.

B. Heat-map of RNA-seq data; unsupervised clustering was applied with ClustVis
web tool (n=4). Schematic representation of liver parenchyma highlights
periportal (PP) and pericentral (CV) area and relative marker genes differentially

expressed between WT and KO liver (Braeuning et al. 2006).

C. Relative liver mRNA expression of Cypla2 and Cyp2el expressed in fold
change relative to WT expression. n=4, p <0,005.

D. TUNEL staining of WT and KO liver in the area around central vein. 24 hours
after APAP injection, WT mice display an evident apoptotic area around central
vein. While, CAPZ LKO mice show almost no TUNEL positivity (i.e. apoptotic
cells).

E. Serum alanine aminotransferase (ALT) levels, expressed in units/ml, 8 hours
after acetaminophen (APAP) intraperitoneal injection. Single mouse measure are

plotted (circle its WT mice and triangle its KO mice) * p < 0,05.
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Figure 8. CAPZB regulates organ size and hepatocytes
proliferation through YAP.

A. Liver mRNA expression of Capzb, Yapl and Taz/WWTRI in WT, CAPZ LKO
and CAPZB+YAP LKO expressed in fold change relative to WT expression. n=4,
p <0,005.

B. Liver/body weight ratio in CAPZB LKO and CAPZB+YAP LKO mice
expressed in percentage. Combined knockout of CAPZB and YAP partially

rescue the tissue over-growth phenotype. n > 6, **** p < 0,0001

C. Representative immunofluorescence of EdU staining in CAPZB + YAP LKO
and quantification. YAP knockout efficiently rescue hepatocytes proliferation
driven by CAPZB loss. Each value represents single mouse result (triangle its WT

mice and square its KO mice). n =3, * p < 0,05.

D. Immunofluorescence of CK-19 and GS in CAPZB LKO and in CAPZB+YAP
LKO. YAP knockout efficiently rescue oval cells expansion and glutamine

synthase loss driven by CAZPB deletion.

E. Representative immunofluorescence of liver tissue staining for EQU and FLAG
in FLAG-TAZ4SA-injected mice, FLAG-injected CAPZB LKO mice and FLAG-
TAZASA-injected CAPZB LKO mice. Quantification of EAU positive cells is

expressed in percentage. n = 3, * p < 0,05, ns = not significant.
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Figure 9. Mechano-characterization of WT and CAPZB KO cells

and tissue

A. Measure of liver stiffness in WT and KO livers. Average of AFM maps (n = 2)

are plotted. Two different mice for each genotype were analyzed. * p < 0,05.

B. Representative phalloidin staining of WT (infected with adeno-co) and CAPZB
KO (infected with adeno-Cre) fibroblasts.

C. Representative vinculin, marker of focal adhesion, and phalloidin, marker of
filamentous actin, stainings in WT and CAPZB KO fibroblasts. On the right,
zoomed area highlights the focal adhesion plaque.
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Figure 10. Hippo-dependent luciferase-based chemical-library

screening

A. Inhibition of Hippo pathway or stimulation of YAP has proven to be an
effective strategy to stimulate cardiomyocytes proliferation and enhance cardiac

regeneration after a cardiac injury. From Papizzan and Olson, 2014.

B. Relative luciferase activity in MDA-MB-231 transfected with the indicated
siRNAs and with control DNA (untreated) or with NF2 expression plasmid.
siRNAs transfection were performed after DNA transection and for 24-hours, as
for optimized screening protocol. LATS1/2 knockdown rescues YAP/TAZ
inhibition by NF2/Merlin.

C. Schematic representation of optimized protocol for 96-well library screening.
At day one cells were plated in 10cm-dish and the day after transfection of
YAP/TAZ reporter (8xGTIIC-Lux) and NF2 expression plasmid were performed.
Six hours later cells were replated in 96-well plates. 24 hours after cells were
treated with small-molecules library. 96-well plates were harvest in lysis buffer 24
hours after small-molecules treatments. On the bottom, results of small-molecules
library luciferase-based screening. Black dots indicate small-molecules library
compounds and red dots indicate control treatments. Compound 1 and Compound

2 efficiently rescue YAP/TAZ activity, overcoming NF2-dependent inhibition.

D. Validation of screening’s hits using classical home-made protocol for
luciferase assay (See Materials and Methods) and freshly prepare and resuspend

small-molecules. Cells were transfected with different doses of NF2.

72



A

FIGURE 10

Cardiac Injury Cardiac Repair
(following Hippo- B
targeted therapy)
Cardiomyocyte 8xGTIIC-lux
Proliferation
—_——— 150+
‘2\
s
&
_ S 1004
msTiR® 2
*-Slﬂ.. 2
3
( 12 2 50+
%
YAP ‘rgﬂ T
j S1129 0- T T
O v N2
YAP Growth é\o %’\\W 6\\{»
1 Qends é v@
AP AP AFA & &

C

t=0 t=6h t=24h t=48h
T 1 i ) ! Y
Plate cells  NF2 + reporter Replate cells START treatment HARVEST
DNA transfection In 96-well plates cells
In batch
12, pmso
¢ Compound 1

.. 10

£

8 8

[}

g

£ 6

§ ® silats 1/2

é) 4 ¢ Compound 2

K

[0}

o 5 \ NF2 : DMSO

O B |
0 100 200 300 400 500 600
Compound / Treatment
MDA-MB-231 8xGTIIC-lux
El Untreated
150+ [ NF210ng

NF2 30ng
E3 NF2300ng

Relative luciferase activity

100+

50+

[l

§
§
AN

Il Untreated
[ NF2



Figure 11. The lead compounds efficiently rescue YAP/TAZ

activity

A. Levels of NF2 in MDA-MB-231. On the left, western blotting for NF2,
GAPDH was used ad loading control. Compound 1 did not influence exogenous
NF2 protein production. On the right, mRNA expression of NF2 in MDA-MB-
231 transfected or not with NF2 and treated with compound 1 or DMSO as
control. NF2 mRNA expression is relative to GAPDH.

B. Representative immunofluorescence of YAP and Cherry in MDA-MB-231
cells transfected with NF2 expression plasmid and treated with Compound 1 or
DMSO as control. On the right, count of YAP localization, expressed in
percentage of total cells (n > 100).

C. Western blotting for YAP, TAZ and two phosphorylated form of YAP, serine-
127 (p-YAP S-127) and serine-381 (p-YAP S-381) in MDA-MB-231 cell.
GAPDH was used as loading control. Two independent replicates for each

condition are shown.

74



MDA-MB-231
S
&
NF2 —

GAPDH e s s—

NF2 +
Compound 1

MDA-MB-231

p-YAP S127

p-YAP S381

YAP

TAZ

GAPDH

FIGURE 11

~ MDA-MB-231
200+
150+
100+

50+

Relative mRNA expression

NF2 expression

YAP localization (%)

1007 p=== . [
50+

L]
> 2
&"0@ N
0(\
9
&
~
o
g
& Q )
g § N
S (@) Q
[ 1 T 1 T 1
- — — ———

- — —
- W e W W
- s . -

Il Cytoplasm
3 Nuclear/Cytoplasm
3 Nuclear



Refences

Aegerter-Wilmsen, Tinri, Christof M. Aegerter, Ernst Hafen, and Konrad Basler.
2007. “Model for the Regulation of Size in the Wing Imaginal Disc of
Drosophila.”  Mechanisms  of  Development 124  (4):318-26.
https://doi.org/10.1016/j.mod.2006.12.005.

Akin, Orkun, and R. Dyche Mullins. 2008. “Capping Protein Increases the Rate of
Actin-Based Motility by Promoting Filament Nucleation by the Arp2/3
Complex.” Cell 133 (5):841-51.
https://doi.org/10.1016/j.cell.2008.04.011.

Albert K. Harris, Patricia Warner, David Stopak. 1984. “Generation of Spatially
Periodic Patterns by a Mechanical Instability: A Mechanical Alternative to
the Turing Model.” Development, 1984.

Apte, Udayan, Sucha Singh, Gang Zeng, Benjamin Cieply, Mohamed A. Virji,
Tong Wu, and Satdarshan P.S. Monga. 2009. “Beta-Catenin Activation
Promotes Liver Regeneration after Acetaminophen-Induced Injury.” The
American Journal of Pathology 175 (3):1056-65.
https://doi.org/10.2353/ajpath.2009.080976.

Aragona, Mariaceleste, Tito Panciera, Andrea Manfrin, Stefano Giulitti, Federica
Michielin, Nicola Elvassore, Sirio Dupont, and Stefano Piccolo. 2013. “A
Mechanical Checkpoint Controls Multicellular Growth through YAP/TAZ
Regulation by Actin-Processing Factors.” Cell 154 (5):1047-59.
https://doi.org/10.1016/j.cell.2013.07.042.

Bai, Haibo, Nailing Zhang, Yang Xu, Qian Chen, Mehtab Khan, James J. Potter,
Suresh K. Nayar, et al. 2012. “Yes-Associated Protein Regulates the

Hepatic Response after Bile Duct Ligation.” Hepatology 56 (3):1097—
1107. https://doi.org/10.1002/hep.25769.

Bateman, John F., Raymond P. Boot-Handford, and Shireen R. Lamandé. 2009.

“Genetic Diseases of Connective Tissues: Cellular and Extracellular

76



Effects of ECM Mutations.” Nature Reviews Genetics 10 (3):173-83.
https://doi.org/10.1038/nrg2520.

Benhamouche, Samira, Thomas Decaens, Cécile Godard, Régine Chambrey,
David S. Rickman, Christophe Moinard, Mireille Vasseur-Cognet, et al.
2006. “Apc Tumor Suppressor Gene Is the ‘Zonation-Keeper’ of Mouse
Liver.” Developmental Cell 10 (6):759-70.
https://doi.org/10.1016/j.devcel.2006.03.015.

Birchmeier, Walter. 2016. “Orchestrating Wnt Signalling for Metabolic Liver
Zonation.” Nature Cell Biology 18 (5):463-65.
https://doi.org/10.1038/ncb3349.

Bouvard, D., C. Brakebusch, E. Gustafsson, A. Aszddi, T. Bengtsson, A. Berna,
and R. Féssler. 2001. “Functional Consequences of Integrin Gene

Mutations in Mice.” Circulation Research 89 (3):211-23.

Braeuning, Albert, Carina Ittrich, Christoph Kohle, Stephan Hailfinger, Michael
Bonin, Albrecht Buchmann, and Michael Schwarz. 2006. “Differential
Gene Expression in Periportal and Perivenous Mouse Hepatocytes.” FEBS
Journal 273 (22):5051-61. https://doi.org/10.1111/j.1742-
4658.2006.05503 .x.

Brunet, Thibaut, Adrien Bouclet, Padra Ahmadi, Démosthéne Mitrossilis,
Benjamin Driquez, Anne-Christine Brunet, Laurent Henry, et al. 2013.
“Evolutionary Conservation of FEarly Mesoderm Specification by
Mechanotransduction in  Bilateria.” Nature Communications 4

(November). https://doi.org/10.1038/ncomms3821.

Buhler, Rolf, Kai O. Lindros, Asa Nordling, Inger Johansson, and Magnus
Ingelman-Sundberg. 1992. “Zonation of Cytochrome P450 Isozyme
Expression and Induction in Rat Liver.” FEuropean Journal of
Biochemistry 204 (1):407-12. https://doi.org/10.1111/j.1432-
1033.1992.tb16650.x.

Butcher, Darci T., Tamara Alliston, and Valerie M. Weaver. 2009. “A Tense

77



2

Situation: Forcing Tumour Progression.” Nature Reviews Cancer 9

(2):108-22. https://doi.org/10.1038/nrc2544.

Cai, J., N. Zhang, Y. Zheng, R. F. de Wilde, A. Maitra, and D. Pan. 2010. “The
Hippo Signaling Pathway Restricts the Oncogenic Potential of an

Intestinal Regeneration Program.” Genes & Development 24 (21):2383—
88. https://doi.org/10.1101/gad.1978810.

Calvo, Fernando, Nil Ege, Araceli Grande-Garcia, Steven Hooper, Robert P.
Jenkins, Shahid I. Chaudhry, Kevin Harrington, et al. 2013.
“Mechanotransduction and YAP-Dependent Matrix Remodelling Is
Required for the Generation and Maintenance of Cancer-Associated
Fibroblasts.” Nature Cell Biology 15 (6):637-46.
https://doi.org/10.1038/ncb2756.

Camargo, Fernando D., Sumita Gokhale, Jonathan B. Johnnidis, Dongdong Fu,
George W. Bell, Rudolf Jaenisch, and Thijn R. Brummelkamp. 2007.
“YAP1 Increases Organ Size and Expands Undifferentiated Progenitor
Cells.” Current Biology 17 (23):2054-60.
https://doi.org/10.1016/j.cub.2007.10.039.

Cha, Yoon Jin, Ji Hyun Youk, Baek Gil Kim, Woo Hee Jung, and Nam Hoon
Cho. 2016. “Lymphangiogenesis in Breast Cancer Correlates with Matrix
Stiffness on Shear-Wave Elastography.” Yonsei Medical Journal 57
(3):599. https://doi.org/10.3349/ym;j.2016.57.3.599.

Cordenonsi, Michelangelo, Francesca Zanconato, Luca Azzolin, Mattia Forcato,
Antonio Rosato, Chiara Frasson, Masafumi Inui, et al. 2011. “The Hippo
Transducer TAZ Confers Cancer Stem Cell-Related Traits on Breast
Cancer Cells.” Cell 147 (4):759-72.
https://doi.org/10.1016/j.cell.2011.09.048.

Cova, Claire de la, Mauricio Abril, Paola Bellosta, Peter Gallant, and Laura A
Johnston. 2004. “Drosophila Myc Regulates Organ Size by Inducing Cell
Competition.” Cell 117 (1):107-16. https://doi.org/10.1016/S0092-
8674(04)00214-4.

78



Cox, T. R., and J. T. Erler. 2014. “Molecular Pathways: Connecting Fibrosis and
Solid Tumor Metastasis.” Clinical Cancer Research 20 (14):3637—43.
https://doi.org/10.1158/1078-0432.CCR-13-1059.

Danila, Mirela, and loan Sporea. 2014. “Ultrasound Screening for Hepatocellular
Carcinoma in Patients with Advanced Liver Fibrosis. An Overview.”

Medical Ultrasonography 16 (2):139-44.

Desprat, Nicolas, Willy Supatto, Philippe-Alexandre Pouille, Emmanuel
Beaurepaire, and Emmanuel Farge. 2008. “Tissue Deformation Modulates
Twist Expression to Determine Anterior Midgut Differentiation in
Drosophila  Embryos.”  Developmental  Cell 15  (3):470-77.
https://doi.org/10.1016/j.devcel.2008.07.009.

Dong, Jixin, Georg Feldmann, Jianbin Huang, Shian Wu, Nailing Zhang, Sarah A.
Comerford, Mariana F. Gayyed, Robert A. Anders, Anirban Maitra, and
Duojia Pan. 2007. “Elucidation of a Universal Size-Control Mechanism in
Drosophila and Mammals.” Cell 130 (6):1120-33.
https://doi.org/10.1016/j.cell.2007.07.019.

Dupont, Sirio. 2016. “Role of YAP/TAZ in Cell-Matrix Adhesion-Mediated
Signalling and Mechanotransduction.” Experimental Cell Research 343

(1):42-53. https://doi.org/10.1016/j.yexcr.2015.10.034.

Dupont, Sirio, Leonardo Morsut, Mariaceleste Aragona, Elena Enzo, Stefano
Giulitti, Michelangelo Cordenonsi, Francesca Zanconato, et al. 2011.
“Role of YAP/TAZ in Mechanotransduction.” Nature 474 (7350):179-83.
https://doi.org/10.1038/nature10137.

Elosegui-Artola, Alberto, Roger Oria, Yunfeng Chen, Anita Kosmalska, Carlos
Pérez-Gonzalez, Natalia Castro, Cheng Zhu, Xavier Trepat, and Pere
Roca-Cusachs. 2016. “Mechanical Regulation of a Molecular Clutch
Defines Force Transmission and Transduction in Response to Matrix
Rigidity.” Nature Cell Biology 18 (5):540-48.
https://doi.org/10.1038/ncb3336.

79



Fan, F., Z. He, L.-L. Kong, Q. Chen, Q. Yuan, S. Zhang, J. Ye, et al. 2016.
“Pharmacological Targeting of Kinases MST1 and MST2 Augments

2

Tissue Repair and Regeneration.” Science Translational Medicine 8

(352):352ra108-352ral08. https://doi.org/10.1126/scitranslmed.aaf2304.

Fausto, Nelson. 2004. “Liver Regeneration and Repair: Hepatocytes, Progenitor
Cells, and  Stem = Cells.”  Hepatology 39  (6):1477-87.
https://doi.org/10.1002/hep.20214.

Fernandez, B. G., P. Gaspar, C. Bras-Pereira, B. Jezowska, S. R. Rebelo, and F.
Janody. 2011. “Actin-Capping Protein and the Hippo Pathway Regulate F-
Actin and Tissue Growth in Drosophila.” Development 138 (11):2337-46.
https://doi.org/10.1242/dev.063545.

Fernandez-Sanchez, Maria Elena, Sandrine Barbier, Joanne Whitehead, Gagélle
Béalle, Aude Michel, Heldmuth Latorre-Ossa, Colette Rey, et al. 2015.
“Mechanical Induction of the Tumorigenic B-Catenin Pathway by Tumour
Growth Pressure.” Nature 523 (7558):92-95.
https://doi.org/10.1038/nature14329.

Fitamant, Julien, Filippos Kottakis, Samira Benhamouche, Helen S. Tian, Nicolas
Chuvin, Christine A. Parachoniak, Julia M. Nagle, et al. 2015. “YAP
Inhibition Restores Hepatocyte Differentiation in Advanced HCC,
Leading to Tumor Regression.” Cell Reports 10 (10):1692—1707.
https://doi.org/10.1016/j.celrep.2015.02.027.

Gebhardt, Rolf. 2014. “Liver Zonation: Novel Aspects of Its Regulation and Its
Impact on Homeostasis.” World Journal of Gastroenterology 20

(26):8491. https://doi.org/10.3748/wjg.v20.126.8491.

Gordon, Wendy R., Brandon Zimmerman, Li He, Laura J. Miles, Jiuhong Huang,
Kittichoat Tiyanont, Debbie G. McArthur, et al. 2015. “Mechanical
Allostery: Evidence for a Force Requirement in the Proteolytic Activation
of Notch.” Developmental Cell 33 (6):729-36.
https://doi.org/10.1016/j.devcel.2015.05.004.

80



Gougelet. 2014. “T-Cell Factor 4 and b-Catenin Chromatin Occupancies Pattern
Zonal Liver Metabolism in Mice,” 2014.

Gregorieff, Alex, Yu Liu, Mohammad R. Inanlou, Yuliya Khomchuk, and Jeffrey
L. Wrana. 2015. “Yap-Dependent Reprogramming of Lgr5+ Stem Cells
Drives Intestinal Regeneration and Cancer.” Nature 526 (7575):715-18.
https://doi.org/10.1038/nature15382.

Grijalva, J. L., M. Huizenga, K. Mueller, S. Rodriguez, J. Brazzo, F. Camargo, G.
Sadri-Vakili, and K. Vakili. 2014. “Dynamic Alterations in Hippo
Signaling Pathway and YAP Activation during Liver Regeneration.” 4JP:
Gastrointestinal ~ and  Liver  Physiology 307  (2):G196-204.
https://doi.org/10.1152/ajpgi.00077.2014.

Grzeschik, Nicola A., Linda M. Parsons, Melinda L. Allott, Kieran F. Harvey, and
Helena E. Richardson. 2010. “Lgl, APKC, and Crumbs Regulate the

Salvador/Warts/Hippo Pathway through Two Distinct Mechanisms.”
Current Biology 20 (7):573-81. https://doi.org/10.1016/j.cub.2010.01.055.

Hafen, Ernst, and Hugo Stocker. 2003. “How Are the Sizes of Cells, Organs, and
Bodies Controlled?” PLoS Biology 1 (3):e86.
https://doi.org/10.1371/journal.pbio.0000086.

Halder, G., and R. L. Johnson. 2011. “Hippo Signaling: Growth Control and
Beyond.” Development 138 (1):9-22. https://doi.org/10.1242/dev.045500.

Halder, Georg, Sirio Dupont, and Stefano Piccolo. 2012. “Transduction of
Mechanical and Cytoskeletal Cues by YAP and TAZ.” Nature Reviews
Molecular Cell Biology 13 (9):591-600. https://doi.org/10.1038/nrm3416.

Harvey, Kieran F., Xiaomeng Zhang, and David M. Thomas. 2013. “The Hippo
Pathway and Human Cancer.” Nature Reviews Cancer 13 (4):246-57.
https://doi.org/10.1038/nrc3458.

Heallen, T., Y. Morikawa, J. Leach, G. Tao, J. T. Willerson, R. L. Johnson, and J.
F. Martin. 2013. “Hippo Signaling Impedes Adult Heart Regeneration.”

81



Development 140 (23):4683-90. https://doi.org/10.1242/dev.102798.

Hong, Audrey W., Zhipeng Meng, and Kun-Liang Guan. 2016. “The Hippo
Pathway in Intestinal Regeneration and Disease.” Nature Reviews
Gastroenterology & Hepatology 13 (6):324-37.
https://doi.org/10.1038/nrgastro.2016.59.

Hug, Christopher, Patrick Y. Jay, Indira Reddy, James G. McNally, Paul C.
Bridgman, Elliot L. Elson, and John A. Cooper. 1995. “Capping Protein
Levels Influence Actin Assembly and Cell Motility in Dictyostelium.”
Cell 81 (4):591-600. https://doi.org/10.1016/0092-8674(95)90080-2.

Ingber, D. E., D. Prusty, J. V. Frangioni, E. J. Cragoe, C. Lechene, and M. A.
Schwartz. 1990. “Control of Intracellular PH and Growth by Fibronectin
in Capillary Endothelial Cells.” The Journal of Cell Biology 110 (5):1803—
11.

Ingber, Donald E. 2010. “From Cellular Mechanotransduction to Biologically
Inspired Engineering: 2009 Pritzker Award Lecture, BMES Annual
Meeting October 10, 2009.” Annals of Biomedical Engineering 38
(3):1148-61. https://doi.org/10.1007/s10439-010-9946-0.

Irvine, Kenneth D., and Kieran F. Harvey. 2015. “Control of Organ Growth by
Patterning and Hippo Signaling in Drosophila.” Cold Spring Harbor
Perspectives in Biology 7 (6):a019224.
https://doi.org/10.1101/cshperspect.a019224.

Iwasa, Janet H., and R. Dyche Mullins. 2007. “Spatial and Temporal
Relationships between Actin-Filament Nucleation, Capping, and
Disassembly.” Current Biology 17 (5):395-406.
https://doi.org/10.1016/j.cub.2007.02.012.

Janody, F. 2006. “Actin Capping Protein Maintains Vestigial-Expressing Cells
within the Drosophila Wing Disc Epithelium.” Development 133
(17):3349-57. https://doi.org/10.1242/dev.02511.

82



Jo, Y.-J.,, W.-L. Jang, S. Namgoong, and N.-H. Kim. 2015. “Actin-Capping
Proteins Play Essential Roles in the Asymmetric Division of Maturing
Mouse Oocytes.” Journal of Cell Science 128 (1):160-70.
https://doi.org/10.1242/jcs.163576.

Jourdan, Michel, Thierry Reme, Hartmut Goldschmidt, Genevieve Fiol,
Véronique Pantesco, John De Vos, Jean-Frangois Rossi, Dirk Hose, and
Bernard Klein. 2009. “Gene Expression of Anti- and pro-Apoptotic
Proteins in Malignant and Normal Plasma Cells.” British Journal of
Haematology 145 (1):45-58. https://doi.org/10.1111/j.1365-
2141.2008.07562.x.

Juan, Wen, and Wanjin Hong. 2016. “Targeting the Hippo Signaling Pathway for
Tissue Regeneration and Cancer Therapy.” Genes 7 (9):55.
https://doi.org/10.3390/genes7090055.

Jung, Goeh, Christopher J. Alexander, Xufeng S. Wu, Grzegorz Piszczek, Bi-
Chang Chen, Eric Betzig, and John A. Hammer. 2016. “V-1 Regulates
Capping Protein Activity in Vivo.” Proceedings of the National Academy
of Sciences 113 (43):E6610-19. https://doi.org/10.1073/pnas.1605350113.

Kietzmann, Thomas. 2017. “Metabolic Zonation of the Liver: The Oxygen
Gradient Revisited.” Redox  Biology 11 (April):622-30.
https://doi.org/10.1016/j.redox.2017.01.012.

Kissil, Joseph L, Erik W Wilker, Kristen C Johnson, Matthew S Eckman, Michael
B Yaffe, and Tyler Jacks. 2003. “Merlin, the Product of the Nf2 Tumor
Suppressor Gene, Is an Inhibitor of the P21-Activated Kinase, Pakl.”
Molecular  Cell 12 (4):841-49.  https://doi.org/10.1016/S1097-
2765(03)00382-4.

Kong, Fang, Andrés J. Garcia, A. Paul Mould, Martin J. Humphries, and Cheng
Zhu. 2009. “Demonstration of Catch Bonds between an Integrin and Its
Ligand.” The Journal of Cell Biology 185 (7):1275-84.
https://doi.org/10.1083/jcb.200810002.

83



Lee, Joo-Hyeon, Tae-Shin Kim, Tae-Hong Yang, Bon-Kyoung Koo, Sang-Phil
Oh, Kwang-Pyo Lee, Hyun-Jung Oh, et al. 2008. “A Crucial Role of
WW45 in Developing Epithelial Tissues in the Mouse.” The EMBO
Journal 27 (8):1231-42. https://doi.org/10.1038/emboj.2008.63.

Lee, K.-P., J.-H. Lee, T.-S. Kim, T.-H. Kim, H.-D. Park, J.-S. Byun, M.-C. Kim,
et al. 2010. “The Hippo-Salvador Pathway Restrains Hepatic Oval Cell
Proliferation, Liver Size, and Liver Tumorigenesis.” Proceedings of the
National Academy of Sciences 107 (18):8248-53.
https://doi.org/10.1073/pnas.0912203107.

Li, Junyao, Ming Yang, Ping Li, Zhenzhong Su, Peng Gao, and Jie Zhang. 2014.
“Idiopathic Pulmonary Fibrosis Will Increase the Risk of Lung Cancer.”
Chinese Medical Journal 127 (17):3142—-49.

Lindros, K. O. 1997. “Zonation of Cytochrome P450 Expression, Drug
Metabolism and Toxicity in Liver.” General Pharmacology 28 (2):191-
96.

Liu, Chen-Ying, Zheng-Yu Zha, Xin Zhou, Heng Zhang, Wei Huang, Di Zhao,
Tingting Li, et al. 2010. “The Hippo Tumor Pathway Promotes TAZ
Degradation by Phosphorylating a Phosphodegron and Recruiting the SCF
PTICP B3 Ligase.” Journal of Biological Chemistry 285 (48):37159—69.
https://doi.org/10.1074/jbc.M110.152942.

Liu-Chittenden, Y., B. Huang, J. S. Shim, Q. Chen, S.-J. Lee, R. A. Anders, J. O.
Liu, and D. Pan. 2012. “Genetic and Pharmacological Disruption of the
TEAD-YAP Complex Suppresses the Oncogenic Activity of YAP.” Genes
& Development 26 (12):1300-1305.
https://doi.org/10.1101/gad.192856.112.

Loisel, T. P., R. Boujemaa, D. Pantaloni, and M. F. Carlier. 1999. “Reconstitution
of Actin-Based Motility of Listeria and Shigella Using Pure Proteins.”
Nature 401 (6753):613—16. https://doi.org/10.1038/44183.

Lu, Wei-Yu, Thomas G. Bird, Luke Boulter, Atsunori Tsuchiya, Alicia M. Cole,

84



Trevor Hay, Rachel V. Guest, et al. 2015. “Hepatic Progenitor Cells of
Biliary Origin with Liver Repopulation Capacity.” Nature Cell Biology 17
(8):971-83. https://doi.org/10.1038/ncb3203.

Matallanas, David, David Romano, Karen Yee, Katrin Meissl, Lucia Kucerova,
Daniela Piazzolla, Manuela Baccarini, J. Keith Vass, Walter Kolch, and
Eric O’Neill. 2007. “RASSF1A Elicits Apoptosis through an MST2
Pathway Directing Proapoptotic Transcription by the P73 Tumor
Suppressor Protein.” Molecular Cell 27 (6):962-75.
https://doi.org/10.1016/j.molcel.2007.08.008.

McBeath, Rowena, Dana M. Pirone, Celeste M. Nelson, Kiran Bhadriraju, and
Christopher S. Chen. 2004. “Cell Shape, Cytoskeletal Tension, and RhoA
Regulate Stem Cell Lineage Commitment.” Developmental Cell 6
(4):483-95.

Mejillano, Marisan R., Shin-ichiro Kojima, Derek Anthony Applewhite, Frank B.
Gertler, Tatyana M. Svitkina, and Gary G. Borisy. 2004. “Lamellipodial
Versus Filopodial Mode of the Actin Nanomachinery.” Cell 118 (3):363—
73. https://doi.org/10.1016/j.cell.2004.07.019.

Mi, Na, Yang Chen, Shuai Wang, Mengran Chen, Mingkun Zhao, Guang Yang,
Meisheng Ma, et al. 2015. “CapZ Regulates Autophagosomal Membrane
Shaping by Promoting Actin Assembly inside the Isolation Membrane.”
Nature Cell Biology 17 (9):1112-23. https://doi.org/10.1038/ncb3215.

Miralles, Francesc, Guido Posern, Alexia-Ileana Zaromytidou, and Richard
Treisman. 2003. “Actin Dynamics Control SRF Activity by Regulation of
Its Coactivator MAL.” Cell 113 (3):329-42.
https://doi.org/10.1016/S0092-8674(03)00278-2.

Miyamoto, Kei, and J. B. Gurdon. 2013. “Transcriptional Regulation and Nuclear
Reprogramming: Roles of Nuclear Actin and Actin-Binding Proteins.”
Cellular  and  Molecular  Life Sciences 70  (18):3289-3302.
https://doi.org/10.1007/s00018-012-1235-7.

85



Mukherjee, Kusumika, Kana Ishii, Vamsee Pillalamarri, Tammy Kammin, Joan F.
Atkin, Scott E. Hickey, Qiongchao J. Xi, et al. 2016. “Actin Capping
Protein CAPZB Regulates Cell Morphology, Differentiation, and Neural
Crest Migration in Craniofacial Morphogenesis.” Human Molecular

Genetics 25 (7):1255-70. https://doi.org/10.1093/hmg/ddw006.

Pan, Duojia. 2010. “The Hippo Signaling Pathway in Development and Cancer.”
Developmental Cell 19 (4):491-505.
https://doi.org/10.1016/j.devcel.2010.09.011.

Panciera, Tito, Luca Azzolin, Atsushi Fujimura, Daniele Di Biagio, Chiara
Frasson, Silvia Bresolin, Sandra Soligo, et al. 2016. “Induction of
Expandable Tissue-Specific Stem/Progenitor Cells through Transient
Expression of YAP/TAZ”” Cell Stem Cell 19 (6):725-37.
https://doi.org/10.1016/j.stem.2016.08.009.

Paszek, Matthew J., David Boettiger, Valerie M. Weaver, and Daniel A. Hammer.
2009. “Integrin Clustering Is Driven by Mechanical Resistance from the
Glycocalyx and the Substrate.” Edited by Douglas Lauffenberger. PLoS
Computational Biology 5 (12):1000604.
https://doi.org/10.1371/journal.pcbi.1000604.

Penzo-Méndez, Alfredo I., and Ben Z. Stanger. 2015. “Organ-Size Regulation in
Mammals.” Cold Spring Harbor Perspectives in Biology 7 (9):a019240.
https://doi.org/10.1101/cshperspect.a019240.

Piccolo, S., S. Dupont, and M. Cordenonsi. 2014. “The Biology of YAP/TAZ:
Hippo Signaling and Beyond.” Physiological Reviews 94 (4):1287-1312.
https://doi.org/10.1152/physrev.00005.2014.

Sansores-Garcia, Leticia, Wouter Bossuyt, Ken-Ichi Wada, Shigenobu Yonemura,
Chunyao Tao, Hiroshi Sasaki, and Georg Halder. 2011. “Modulating F-
Actin Organization Induces Organ Growth by Affecting the Hippo
Pathway: Modulating F-Actin Organization Induces Organ Growth.” The
EMBO Journal 30 (12):2325-35. https://doi.org/10.1038/emboj.2011.157.

86



Sasaki, Hiroshi. 2015. “Position- and Polarity-Dependent Hippo Signaling
Regulates Cell Fates in Preimplantation Mouse Embryos.” Seminars in
Cell &  Developmental  Biology  47-48  (December):80-87.
https://doi.org/10.1016/j.semcdb.2015.05.003.

Schlegelmilch, Karin, Morvarid Mohseni, Oktay Kirak, Jan Pruszak, J. Renato
Rodriguez, Dawang Zhou, Bridget T. Kreger, et al. 2011. “Yapl Acts
Downstream of a-Catenin to Control Epidermal Proliferation.” Cel/ 144

(5):782-95. https://doi.org/10.1016/j.cell.2011.02.031.

Schubert, Heidi L., Jacqueline Wittmeyer, Margaret M. Kasten, Kaede Hinata,
David C. Rawling, Annie Héroux, Bradley R. Cairns, and Christopher P.
Hill. 2013. “Structure of an Actin-Related Subcomplex of the SWI/SNF
Chromatin Remodeler.” Proceedings of the National Academy of Sciences

110 (9):3345-50. https://doi.org/10.1073/pnas.1215379110.

Silvis, M. R., B. T. Kreger, W.-H. Lien, O. Klezovitch, G. M. Rudakova, F. D.
Camargo, D. M. Lantz, J. T. Seykora, and V. Vasioukhin. 2011. “-Catenin
Is a Tumor Suppressor That Controls Cell Accumulation by Regulating
the Localization and Activity of the Transcriptional Coactivator Yapl.”
Science Signaling 4 (174):ra33-ra33.
https://doi.org/10.1126/scisignal.2001823.

Simpson, Pat, and Gineés Morata. 1981. “Differential Mitotic Rates and Patterns of
Growth in Compartments in the Drosophila Wing.” Developmental

Biology 85 (2):299-308. https://doi.org/10.1016/0012-1606(81)90261-X.

Singh, Yasmin, Albert Bracuning, Andreas Schmid, Bernd J. Pichler, and Michael
Schwarz. 2013. “Selective Poisoning of Ctnnbl-Mutated Hepatoma Cells
in Mouse Liver Tumors by a Single Application of Acetaminophen.”
Archives of Toxicology 87 (8):1595-1607. https://doi.org/10.1007/s00204-
013-1030-8.

Sinnar, S. A., S. Antoku, J.-M. Saffin, J. A. Cooper, and S. Halpain. 2014.
“Capping Protein Is Essential for Cell Migration in Vivo and for
Filopodial Morphology and Dynamics.” Molecular Biology of the Cell 25

87



(14):2152-60. https://doi.org/10.1091/mbc.E13-12-0749.

Song, H., K. K. Mak, L. Topol, K. Yun, J. Hu, L. Garrett, Y. Chen, et al. 2010.
“Mammalian Mstl and Mst2 Kinases Play Essential Roles in Organ Size

Control and Tumor Suppression.” Proceedings of the National Academy of

Sciences 107 (4):1431-36. https://doi.org/10.1073/pnas.0911409107.

Sorrentino, Giovanni, Naomi Ruggeri, Alessandro Zannini, Eleonora Ingallina,
Rebecca Bertolio, Carolina Marotta, Carmelo Neri, et al. 2017.
“Glucocorticoid Receptor Signalling Activates YAP in Breast Cancer.”
Nature Communications 8 (January):14073.
https://doi.org/10.1038/ncomms14073.

Szymaniak, Aleksander D., John E. Mahoney, Wellington V. Cardoso, and
Xaralabos Varelas. 2015. “Crumbs3-Mediated Polarity Directs Airway
Epithelial Cell Fate through the Hippo Pathway Effector Yap.”
Developmental Cell 34 (3):283-96.
https://doi.org/10.1016/j.devcel.2015.06.020.

Takiya, Christina M., Bruno Diaz Paredes, Luiz Fernando Quintanilha de
Mesquita, Grazielle Suhett Dias, Lanuza Alaby Pinheiro Faccioli, Taro
Takami, Shuji Terai, Isao Sakaida, and Regina Coeli dos Santos
Goldenberg. 2013. “Liver Resident Stem Cell.” In Resident Stem Cells and
Regenerative Therapy, 177-203. Elsevier. https://doi.org/10.1016/B978-0-
12-416012-5.00010-4.

Tanimizu, Naoki, and Toshihiro Mitaka. 2014. “Re-Evaluation of Liver
Stem/Progenitor Cells.” Organogenesis 10 (2):208-15.
https://doi.org/10.4161/0rg.27591.

Thorgeirsson SS. n.d. “Hepatic Stem Cells in Liver Regeneration.”

Torre, Cyril, Christine Perret, and Sabine Colnot. 2011. “Transcription Dynamics
in a Physiological Process: f-Catenin Signaling Directs Liver Metabolic
Zonation.” The International Journal of Biochemistry & Cell Biology 43
(2):271-78. https://doi.org/10.1016/j.biocel.2009.11.004.

88



Varelas, X. 2014. “The Hippo Pathway Effectors TAZ and YAP in Development,
Homeostasis and  Disease.”  Development 141  (8):1614-26.
https://doi.org/10.1242/dev.102376.

Varelas, Xaralabos, Payman Samavarchi-Tehrani, Masahiro Narimatsu,
Alexander Weiss, Katie Cockburn, Brett G. Larsen, Janet Rossant, and
Jeffrey L. Wrana. 2010. “The Crumbs Complex Couples Cell Density
Sensing to Hippo-Dependent Control of the TGF-B-SMAD Pathway.”
Developmental Cell 19 (6):831-44.
https://doi.org/10.1016/j.devcel.2010.11.012.

Vasioukhin, Valeri, Christoph Bauer, Linda Degenstein, Bart Wise, and Elaine
Fuchs. 2001. “Hyperproliferation and Defects in Epithelial Polarity upon
Conditional Ablation of a-Catenin in Skin.” Cell 104 (4):605-17.
https://doi.org/10.1016/S0092-8674(01)00246-X.

Wada, K.-I., K. Itoga, T. Okano, S. Yonemura, and H. Sasaki. 2011. “Hippo
Pathway Regulation by Cell Morphology and Stress Fibers.” Development
138 (18):3907—14. https://doi.org/10.1242/dev.070987.

Wang, L., P. Zhang, Y. Wei, Y. Gao, R. Patient, and F. Liu. 2011. “A Blood
Flow-Dependent Klf2a-NO Signaling Cascade Is Required for
Stabilization of Hematopoietic Stem Cell Programming in Zebrafish
Embryos.” Blood 118 (15):4102—10. https://doi.org/10.1182/blood-2011-
05-353235.

Wang, Yu, Aijuan Yu, and Fa-Xing Yu. 2017. “The Hippo Pathway in Tissue
Homeostasis and Regeneration.” Protein & Cell 8 (5):349-59.
https://doi.org/10.1007/s13238-017-0371-0.

Wei, Spencer C., Laurent Fattet, Jeff H. Tsai, Yurong Guo, Vincent H. Pai,
Hannah E. Majeski, Albert C. Chen, et al. 2015. “Matrix Stiffness Drives
Epithelial-mesenchymal Transition and Tumour Metastasis through a
TWIST1-G3BP2 Mechanotransduction Pathway.” Nature Cell Biology 17
(5):678-88. https://doi.org/10.1038/ncb3157.

&9



Wu, Hongtan, Yubo Xiao, Shihao Zhang, Suyuan Ji, Luyao Wei, Fuqin Fan, Jing
Geng, et al. 2013. “The Ets Transcription Factor GABP Is a Component of
the Hippo Pathway Essential for Growth and Antioxidant Defense.” Cell
Reports 3 (5):1663-77. https://doi.org/10.1016/j.celrep.2013.04.020.

Xin, Mei, Yuri Kim, Lillian B. Sutherland, Masao Murakami, Xiaoxia Qi, John
McAnally, Enzo R. Porrello, et al. 2013. “Hippo Pathway Effector Yap

Promotes Cardiac Regeneration.” Proceedings of the National Academy of

Sciences 110 (34):13839—44. https://doi.org/10.1073/pnas.1313192110.

Yang, Jing, Laura E. Mowry, Kari Nichole Nejak-Bowen, Hirohisa Okabe,
Cassandra R. Diegel, Richard A. Lang, Bart O. Williams, and Satdarshan
P. Monga. 2014. “Beta-Catenin Signaling in Murine Liver Zonation and
Regeneration: A Wnt-Wnt Situation!: YANG ET AL.” Hepatology 60
(3):964-76. https://doi.org/10.1002/hep.27082.

Yimlamai, Dean, Constantina Christodoulou, Giorgio G. Galli, Kilangsungla
Yanger, Brian Pepe-Mooney, Basanta Gurung, Kriti Shrestha, Patrick
Cahan, Ben Z. Stanger, and Fernando D. Camargo. 2014. “Hippo Pathway
Activity Influences Liver Cell Fate.” Cell 157 (6):1324-38.
https://doi.org/10.1016/j.cell.2014.03.060.

Yin, Feng, Jianzhong Yu, Yonggang Zheng, Qian Chen, Nailing Zhang, and
Duojia Pan. 2013. “Spatial Organization of Hippo Signaling at the Plasma
Membrane Mediated by the Tumor Suppressor Merlin/NF2.” Cell 154
(6):1342-55. https://doi.org/10.1016/j.cell.2013.08.025.

Yonemura, Shigenobu, Yuko Wada, Toshiyuki Watanabe, Akira Nagafuchi, and
Mai Shibata. 2010. “a-Catenin as a Tension Transducer That Induces
Adherens Junction Development.” Nature Cell Biology 12 (6):533-42.
https://doi.org/10.1038/ncb2055.

Yu, Jianzhong, Yonggang Zheng, Jixin Dong, Stephen Klusza, Wu-Min Deng,
and Duojia Pan. 2010. “Kibra Functions as a Tumor Suppressor Protein
That Regulates Hippo Signaling in Conjunction with Merlin and
Expanded.” Developmental Cell 18 (2):288-99.

90



https://doi.org/10.1016/j.devcel.2009.12.012.

Zaher, Hani, Jeroen T.M. Buters, Jerrold M. Ward, Mary K. Bruno, Angela M.
Lucas, Stephan T. Stern, Steven D. Cohen, and Frank J. Gonzalez. 1998.
“Protection against Acetaminophen Toxicity in CYP1A2 and CYP2EI
Double-Null Mice.” Toxicology and Applied Pharmacology 152 (1):193—
99. https://doi.org/10.1006/taap.1998.8501.

Zanconato, Francesca, Mattia Forcato, Giusy Battilana, Luca Azzolin, Erika
Quaranta, Beatrice Bodega, Antonio Rosato, Silvio Bicciato,
Michelangelo Cordenonsi, and Stefano Piccolo. 2015. “Genome-Wide
Association between YAP/TAZ/TEAD and AP-1 at Enhancers Drives
Oncogenic  Growth.”  Nature Cell Biology 17 (9):1218-27.
https://doi.org/10.1038/ncb3216.

Zhang, H., H. A. Pasolli, and E. Fuchs. 2010. “Yes-Associated Protein (YAP)
Transcriptional Coactivator Functions in Balancing Growth and
Differentiation in Skin.” Proceedings of the National Academy of Sciences

108 (6):2270-75. https://doi.org/10.1073/pnas.1019603108.

Zhang, Kun, Whitney R. Grither, Samantha Van Hove, Hirak Biswas, Suzanne M.
Ponik, Kevin W. Eliceiri, Patricia J. Keely, and Gregory D. Longmore.
2016. “Mechanical Signals Regulate and Activate SNAIL1 Protein to
Control the Fibrogenic Response of Cancer-Associated Fibroblasts.”
Journal of Cell Science 129 (10):1989-2002.
https://doi.org/10.1242/jcs.180539.

Zhang, Nailing, Haibo Bai, Karen K. David, Jixin Dong, Yonggang Zheng, Jing
Cai, Marco Giovannini, Pentao Liu, Robert A. Anders, and Duojia Pan.
2010. “The Merlin/NF2 Tumor Suppressor Functions through the YAP
Oncoprotein  to Regulate Tissue Homeostasis in Mammals.”
Developmental Cell 19 (1):27-38.
https://doi.org/10.1016/j.devcel.2010.06.015.

Zhao, B., L. Li, K. Tumaneng, C.-Y. Wang, and K.-L. Guan. 2010. “A
Coordinated Phosphorylation by Lats and CK1 Regulates YAP Stability

91



through SCF -TRCP.” Genes & Development 24 (1):72-85.
https://doi.org/10.1101/gad.1843810.

Zhao, B., L. Li, L. Wang, C.-Y. Wang, J. Yu, and K.-L. Guan. 2012. “Cell
Detachment  Activates the Hippo Pathway via Cytoskeleton

Reorganization to Induce Anoikis.” Genes & Development 26 (1):54—68.
https://doi.org/10.1101/gad.173435.111.

Zhou, Dawang, Claudius Conrad, Fan Xia, Ji-Sun Park, Bernhard Payer, Yi Yin,
Gregory Y. Lauwers, et al. 2009. “Mstl and Mst2 Maintain Hepatocyte
Quiescence and Suppress Hepatocellular Carcinoma Development through
Inactivation of the Yapl Oncogene.” Cancer Cell 16 (5):425-38.
https://doi.org/10.1016/j.ccr.2009.09.026.

92



