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Epithelial homeostasis is maintained through integration of diverse signals that regulate cell
fate. A strict control of such signals is required to prevent overproliferation and, ultimately,
oncogenesis. In this thesis we identify novel roles of Activated Cdc42-associated kinase
1 (Ack1) in maintenance of epithelial homeostasis. Ack1 has been previously linked to
cytoskeletal remodeling, signal transduction and gene expression regulation. Interestingly,
our work reveals that Ack1 is also important for I) promoting extrinsic apoptosis, II)
mediating mechanically-induced inhibition of proliferation and III) attenuating mitogenic
signals, fundamental functions to prevent aberrant tissue growth.
Apoptosis is a program of regulated cell death that can be triggered by several pathways.
Among them, the TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis cascade
has raised interest for cancer treatment, as many cancer cell lines are susceptible to it. We found
that Ack1 increases sensitivity to TRAIL by promoting translocation of ligand-bound TRAILReceptor to lipid rafts. Localisation at the lipid rafts, in turn, favors recruitment of downstream
signalling effectors, enhancing the apoptotic response.
Yap and Taz are transcriptional co-factors that integrate mechanical and soluble cues to
regulate cell proliferation and differentiation. Yap/Taz regulation is mediated by cytoplasmic
sequestration and, particularly for Taz, proteasomal degradation via ubiquitination by the E3
ligase β-TrCP. We discovered that Ack1 is activated by mechanical signals and promotes
nuclear exclusion of Yap/Taz. Ack1 promotes Yap/Taz interaction with β-TRCP and it is
required for efficient degradation of Taz. Consequently, Ack1 limits Yap/Taz-dependent gene
expression and cell proliferation.
The ErbB family of receptor tyrosine kinases mediates pro-survival and proliferative signals
of crucial importance in development and cancer. Among the ErbB family members, ErbB3
has significant oncogenic properties as it potently activates the PI3K/Akt signaling pathway.
We observe that Ack1 depletion increases ErbB3 total levels, but not EGFR and ErbB2, and
is required for both basal turnover of ErbB3 and its ligand-induced degradation. Consequently,
Ack1 attenuates ErbB3-dependent signalling upon Neuregulin-1β treatment. Additionally,
Ack1 reduces ErbB3 gene expression both at steady state and upon stimulation, revealing its
importance as multi-level regulator of ErbB3.
Taken together, our data depict new roles for Ack1 in epithelial cells, highlighting its
multifaceted role in maintenance of epithelial homeostasis.
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1. Introduction

The healthy functioning of a living organism requires, beside the integrity of
its parts, their ability to work together as a whole. The maintenance of tissue
homeostasis depends on the coordination of the behaviour of all the cells that
compose it. This is accomplished through a complex system of communication between cells and their environment or from cell to cell, that makes use
of signals of diverse nature. The integration of such signals can direct cell fate
towards survival, proliferation, or regulated death. How cells sense these signals and translate them into biochemical changes, a process collectively called
signal transduction, is a fascinating field of study in cell biology, with crucial
implications in both normal physiology and pathological conditions.
Persistent perturbations of the system of cell communication are indeed involved in the etiology of various diseases. Cancer is a classic paradigm of the
catastrophic outcome deriving from an autonomous behaviour of cells that
evade the tissue-level control of their fate1,2. Given the fact that a large majority of human malignancies originate from epithelia, the importance of approaching the study of signal transduction in epithelial cells appears compelling.
A large number of molecular events determine and sustain cancer transformation at the single-cell level. Additionally, cancer is an intrinsically heterogenous disease; therefore, these events vary not only in between different cancers, but also among the same type of cancer arising in different individuals
and in different cells in the same tumour. However, this complex view can be
simplified by conceptually framing these molecular events into functional categories, as exemplified by the now classic review of Hanahan and Weinberg
that defined them: The Hallmarks of Cancer1,2. By this classification the complex series of events at the root of carcinogenesis and cancer progression are
categorised into a few groups, based on the selective advantage they confer to
the cell. The cancer properties defined in the original review comprised: evasion of apoptosis, self-sufficiency in (or hypersensitivity to) growth signals,
resistance to anti-growth signals, sustained angiogenesis, limitless replicative
potential, and the ability to invade tissue and metastasize1. Later additions to
this list included deregulation of cellular energetics and the ability to avoid
immune destruction, highlighting at the same time the importance of genome
instability and tumour-promoting inflammation in enabling the occurrence of
all the aforementioned hallmarks2. It is however important to note that despite
the usefulness of this simplified view, all these cancer determinants are in
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strict relationship with one-another. Thus, deregulation of a single cellular
process often affects more than one of them. Three of the originally presented
hallmarks of cancer are of particular interest for this thesis: evasion of apoptosis, increased sensitivity to growth signals and resistance to anti-growth signals. In the work presented in this thesis we will, in fact, describe three novel
and independent mechanisms by which a single protein, called Activated
Cdc42-associated Kinase 1 (Ack1), prevents the emergence of these cancer
traits.
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2. Ack1 is a versatile non-receptor kinase of
critical importance for epithelial homeostasis

Ack1 is a tyrosine kinase primarily studied for its roles in remodelling of the
cytoskeleton, trafficking of receptors and regulation of gene transcription3.
The regulation of Ack1 activity downstream many different signals, and its
multifaceted roles in epithelial cells (further discussed in section 2.3), make it
a very interesting signalling hub, whose complete network of interaction is yet
to be uncovered. In the work presented in this thesis we explored novel functions of Ack1, discovering an ambivalent side of this versatile kinase in the
context of epithelial biology and oncogenesis.
To set the ground for presenting our novel findings, in this chapter we will
present an overview of the current understanding of Ack1 biology.

2.1 The unique domain structure of Ack1 supports
binding with several interaction partners
Ack1 (also known as Tnk2, for tyrosine non-receptor kinase 2) belongs to the
Ack family of non-receptor tyrosine kinases. In humans, the family is formed
by two members, Ack1 and Tnk1, and it is characterized by the distinctive
presence of a SH3 (Src homology 3) domain located C-terminal to the catalytic site and of a neighbouring CRIB (Cdc42/Rack interactive binding) domain. Additionally, Ack1 and Tnk1 both contain a SAM (Sterile Alpha Motif)
domain at the N-terminus and, at the C-terminus, a proline-rich sequence including a clathrin-binding (CB) motif and a Ubiquitin-Associated (UBA) Domain. However, Ack1 is larger than Tnk1 and its 1038 amino acids-long sequence features a more extended proline-rich region, which includes a WWbinding motif and a Mig6-Homology Region (MHR) (Fig. 1). The presence
of several different functional domains reflects the multiple interaction partners and, consequently, physiological roles of Ack1.
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Figure 1. Ack1 domain architecture. Representation of the main functional domains
of Ack1. The yellow vertical lines indicate the position of the tyrosine auto-phosphorylation sites. WWb stands for WW domain binding region, see text above for other
abbreviations.

Walking down the Ack1 sequence from the N-terminus, the first characterised functional motif is the SAM domain, which has been proposed to have an
important role in promoting Ack1 activation. The SAM domain directs Ack1
localisation to the plasma membrane upon cell adhesion, causing an increase
of its local concentration, and mediates dimerization and activation of the protein4,5. In particular, a short sequence ranging from residue 10 to 14 has been
found to be critical for adhesion-mediated activation6. However, it has not
been clarified if its importance is dependent on the stabilisation of the alpha1 helix of the SAM domain or if it constitutes on its own an interacting surface
crucial for homodimerization. More recently, the SAM domain of Ack1 has
been proposed to mediate association with the SAM domain of another protein, the SH2-domain-containing leukocyte protein of 76 kDa (SLP-76)7.
The SAM domain is followed by the kinase domain (discussed in detail in
section 2.2), and by a SH3 domain. The SH3 domain interacts with binding
sequences in the proline-rich region, stabilising the auto-inhibited conformation of Ack1 (further discussed in section 2.2). Moreover, the SH3 domain
mediates interaction with p130Cas to promote invasion and motility8.
The CRIB domain was the earliest characterised region of Ack1. As its
extended name suggests, Ack1 was first isolated as an interactor of GTPbound Cdc429. This interaction, which engages the CRIB domain, is important
for Ack1 activation and its cytoskeletal functions and it has been reported to
be specific for activated Cdc42 over other GTPases such as Rac and Rho9.
The second half of Ack1 encloses a large proline-rich domain that serves
as a binding hub for different SH3 domain-containing binding partners, including Grb26,10, Sortin nexin 9 (SNX9)11, and cortactin12. Moreover, the proline-rich region comprises the MHR, two CB motifs and a WW-binding domain. The presence of two CB domains highlights the importance of Ack1 in
regulating vesicular trafficking. The two motifs are different in sequence, and
mutation of both of them is required to completely abolish clathrin binding to
Ack113,14. In close proximity to the CB boxes, the classical PPxY consensus
sequence mediates interaction with type I WW domain-containing proteins,
such as the E3 ligases Nedd 4-1 and 215,16 and the WW domain-containing
oxidoreductase (WWox)17.
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The Mig6-homology region (also known as EBD for EGFR-binding domain) mediates direct binding to Grb2 and EGFR. Ack1 binding to EGFR is
dependent on the kinase activity of the latter, while activation of Ack1 is dispensable for the interaction18. Ack1 binding to EGFR regulates intracellular
trafficking of the receptor, the most explored and yet debated function of
Ack118–21 (discussed in section 2.4).
Last, the UBA domain at the C-terminus confers affinity for mono- and
poly-ubiquitin chains and it is required for interaction with the receptor for
selective autophagy sequestosome 1 (p62/SQSTM1)18,21. The interaction between Ack1 and p62/SQSTM1 is suppressed by EGF stimulation and regulates the sorting of EGFR-containing vesicles.

2.2 The activity of Ack1 is regulated by auto-inhibition
The crystal structure of full length Ack1 is still missing, but partial structures
have been resolved for the kinase domain, for a fragment spanning through
the kinase and SH3 domains, and for the CRIB domain in complex with
Cdc4222–24.
The kinase domain of Ack1 displays outstanding similarities to the one of
EGFR. Not only do they share 39% sequence identity, but they also are both
stabilised in an active conformation in the absence of phosphorylation22,23.
Many kinases are relieved from auto-inhibition by means of phosphorylation
of the so-called activation loop. The activation loop of Ack1 contains one single tyrosine at residue 284 that has been characterised as a site of auto-phosphorylation and as a Src substrate25,26. Although one study has reported the
importance of phosphorylation by Src for Ack1 activation26, the available
structural information and most of the experimental data suggest that the kinase domain is constitutively stabilised in an active conformation. Due to the
presence of critical hydrophobic residues, the unphosphorylated activation
loop is well ordered and does not block the ATP binding pocket nor the substrate recognition site22. Analogously, phosphorylation of the tyrosine in the
activation loop does not induce substantial re-organisation of the catalytic
sites, suggesting that allosteric interactions might instead be responsible for
auto-inhibition.
The similarity of the kinase domains of EGFR and Ack1 first suggested the
possibility that an interaction in cis between the kinase domain and the MHR,
which binds the kinase domain of EGFR, could mask the active site. Experimental evidence has corroborated this hypothesis by showing that the isolated
MHR interacts with the kinase domain and the association is prevented in
presence of the somatic cancer mutation E346K, which constitutively activates Ack127.
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A large amount of data suggests that the SH3 domain could stabilise the
closed (auto-inhibited) conformation of Ack1. The MHR of Ack1 has a proline-rich 10 amino acids-long insertion with respect to the homologous region
in Mig6 that constitutes a consensus motif for SH3 binding, and mutations in
the SH3 domain enhance Ack1 activity4,6,23.
The mechanism of release of the auto-inhibitory loop that leads to Ack1
activation is still debated. Self-association could be displaced by competitive
binding of Grb2 to the MHR or by the conformational changes induced by
binding of Cdc42 to the CRIB domain6,12,28 (Fig. 2a and b). Interestingly, three
tyrosine phosphorylation sites of Ack1 recurrently detected in phosphoproteomic studies are located in the MHR at residues Y827, Y859, Y860, suggesting a role of phosphorylation in maintaining the open conformation (PhosphoSitePlus®29). Additionally, homodimerization via SAM-SAM domain interaction is reportedly the main mechanism of adhesion-dependent activation
of Ack1 (Figure 2c)5. How exactly dimerization leads to release of the selfassociation loop has not been resolved in detail. However, the possibility that
the formation of symmetric dimers stabilises the active conformation is supported by crystallographic data23. Overall, it is possible to hypothesize that all
the proposed modes of activation of Ack1 coexist in the cell and are alternatively mediated by different activation stimuli6.

Figure 2. Ack1 activation model, according to Lin et al., 20126. Abbreviations as in
Figure 1.

No specific phosphatase has been described to inactivate Ack1 but both
proteasomal and lysosomal degradation of active Ack1 have been reported15,16. Interestingly, lysosomal degradation of activated Ack1 is dependent on ubiquitination by Nedd4-1, which acts as a sorting signal. The main site
of Ack1 ubiquitination has not been described, but deletion studies and the
high concentration of lysine in the SAM domain indicate it could be the main
ubiquitin acceptor. Additionally, SIAH ubiquitin ligases control the levels of
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Ack1, promoting its proteasomal degradation independently on its activation
status30.

2.3 Ack1 is a multifunctional kinase and a signalling
hub
Ack1 is activated downstream of many different membrane receptors, such as
integrins, M3 muscarinic receptor, and a wide group of receptor tyrosine kinases, namely PDGFR, EGFR, Axl and Trk4,31–33. In addition, both Ltk and
Alk have been reported to interact with Ack1 in an activation-dependent manner, suggesting an additional involvement in signalling from these receptors32.
However, sensitivity to stimuli and activation kinetics have been reported to
be cell type-specific4. The vast variety of activator pathways that converge on
Ack1 is mirrored by the diversity of cellular processes in which it is involved.

2.3.1. Roles in cytoskeletal remodelling and trafficking
Ack1 has a well-established role in cytoskeletal remodelling, acting both
downstream and upstream of Cdc4228. As mentioned above, activated Cdc42
can interact with and activate Ack1. Conversely, activated Ack1 promotes activation of Rho-GTPase family members via phosphorylation of the guanine
exchange factor Dbl28,34. Furthermore, Cdc42-dependent activation of Ack1
upon stimulation by laminin or chondroitin-sulphate proteoglycan results in
phosphorylation of p130Cas at three tyrosine residues. These phosphorylation
events promote the association of p130Cas and Crk, in turn causing the remodelling of the actin cytoskeleton in the context of cell migration8,35,36.
Moreover, Ack1 can promote branching of the cytoskeleton via direct phosphorylation of two additional substrates: WASP and cortactin. Surprisingly,
Ack1 can phosphorylate WASP at both tyrosine and serine residues, promoting actin polymerisation in vitro17. This uncommon double-specificity has
been explained as the result of the high flexibility of the Ack1 kinase domain.
However, it is not clear if Ack1-dependent phosphorylation of serine residues
could happen in other contexts, as no other serine substrate has been described
to date. Upon EGF stimulation, Ack1 phosphorylates cortactin at three tyrosine residues (Y421, Y466, Y482) that are also substrates of many other nonreceptor tyrosine kinases12. In this context, phosphorylated cortactin triggers
cytoskeletal remodelling linked to clathrin-mediated endocytosis (CME) of
EGFR.
The involvement of Ack1 in the CME of EGFR has been confirmed by a
significant amount of data. First, inhibition of endocytosis by dynamin depletion induces accumulation of activated Ack1 in clathrin-coated pits14. Additionally, Ack1 overexpression generates clathrin aggregates, compromising
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clathrin-dependent trafficking13. Moreover, Ack1 has been found to co-localise with AP-2, the early endosome marker EEA-1 and SNX9, potentially
broadening its connection to the trafficking machinery11,13,18,20. More specifically, Ack1 can directly bind EGFR via its MHR, and the interaction requires
the kinase activity of EGFR, but not that of Ack118,19. Conflicting conclusions
have been drawn on the effect of Ack1 on EGFR trafficking, as both roles in
preserving localisation of the receptor at the membrane19, and in promoting
internalisation and degradation18,20 have been proposed. More recently, it has
been suggested that Ack1 limits lysosomal targeting of activated EGFR by rerouting it to a non-canonical autophagosome-associated degradation pathway21.

2.3.2. Roles in promoting pro-survival signals and regulation of
gene transcription
Besides roles related to cytoskeleton and endosomal trafficking, Ack1 has
been found to promote pro-survival signals by direct phosphorylation of different substrates. Notably, Ack1 phosphorylates the key signalling component
Akt at tyrosine 176, thereby mediating an activation mode that is alternative
to the classical PI3K-dependent mechanism. The traditional Akt mode of activation includes translocation to the plasma membrane by binding to PI3Kgenerated phosphatidylinositol 3,4,5-triphosphate (PIP3). Once bound to the
membrane, Akt can be activated by phosphorylation at serine and threonine
residues by PKD1/2. In contrast, tyrosine-phosphorylated Akt can be recruited
to the membrane by binding phosphatidic acid instead of PIP3, leading to its
activation by phosphorylation at the same sites37.
Another important substrate of Ack1 phosphorylation is the androgen receptor (AR). Activation of AR by ligand binding promotes its translocation to
the nucleus, activating androgen-dependent transcription. However, in the
context of prostate cancer, aberrant ligand-independent activation occurs38. It
was found that, in absence of androgen stimulation, Ack1 phosphorylates AR
at residues Y267 and Y363 in the transactivation domain39. The phosphorylated receptor was consequently able to localise at androgen-responsive enhancer (ARE) regions of the DNA and promote androgen-dependent transcription. Interestingly, it was observed that activated Ack1 localised at AREs
together with phosphorylated AR. Furthermore, it was recently found that
Ack1 sustains AR expression, acting as an epigenetic writer40. Ack1 can directly phosphorylate histone 4 at Y88, promoting recruitment of epigenetic
modulators such as WDR5 and MLL2, which, in turn, methylate histone 3 at
K4, inducing expression of the gene encoding AR.
The effect of Ack1 on AR expression is reminiscent of another identified
epigenetic function, played in the context of estrogen receptor (ER)-dependent
transcription. In this case, however, Ack1 does not act as a direct writer of the
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epigenetic code, but instead activates the eraser KDM3A, a histone 3 lysine 9
(H3K9) demethylase. Upon ER association, Ack1 phosphorylates KDM3A at
Y1114, activating its catalytic function to reduce H3K9 methylation, and in
turn inducing HOXA1 expression41.
Moreover, Ack1 can directly activate gene transcription by yet another
mechanism. STAT (Signal Transducer and Activator of Transcription) 1 and
3 have been identified as Ack1 substrates. Ack1-dependent phosphorylation,
analogously to the better described JAK-dependent one, induces STATs dimerization and translocation to the nucleus for the transcriptional activation
of their target genes42,43.
On a different note, Ack1 has been identified as a pro-apoptotic molecule.
The most characterised mechanism in this respect is the phosphorylation of
WWox, a proapoptotic factor involved in stress-induced cell death. Ack1-dependent phosphorylation, predominantly at Y287, leads to WWox ubiquitination and degradation, resulting in decreased apoptosis44,45. More recently, a
role of Ack1 in inhibiting TNF-α (Tumour Necrosis Factor α)-dependent
apoptosis has also been proposed46.

2.3.3. Specialised functions of Ack1 in the nervous and immune
systems
Ack1 is ubiquitously expressed in human tissues, with higher expression levels in thymus, spleen and brain4,47. The expression of Ack1 in the nervous
system has been reported both in adult and developing tissues and in neural
cell cultures; Ack1 shows a distinct localisation in presynaptic terminals and
developing dendrites and axon47,48. Moreover, Ack1 regulates neural arborisation both by perturbing neurotrophin-dependent Trk signalling, and by neurotrophin-independent processes33. Additionally, Ack1 has an important role at
pre-synapses, by regulating endocytosis of the dopamine transporter49. Interestingly, a missense mutation inhibiting Nedd 4-1 and -2 association and
therefore Ack1 degradation was found in a family displaying severe infantile
epilepsy50, indicating that Ack1 could be important for a correct functioning
of the nervous system.
In the immune system, Ack1 supports the function of T-cells by phosphorylating SLP-76 and promoting early signalling events downstream T-cells receptor activation7. This suggests that Ack1 may play an important role in the
appropriate unfolding of immune responses.
As many of the known Ack1 functions have a pro-proliferative and antiapoptotic outcome, Ack1 has been classically considered a pro-oncogenic protein. A substantial amount of studies strengthens this view, as summarized in
the following section (2.4).
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2.4 Ack1 is involved in oncogenesis and cancer
progression
An amplification of the gene encoding Ack1 has been found in a variety of
cancers, including breast, ovarian, endometrial, cervical, prostate, lung, gastric, head and neck tumours3,35,51–54. Additionally, over 70 somatic mutations
affecting its coding sequence were detected in exomes in patient samples
(COSMIC database55). Six missense mutations discovered in a big kinase-oriented study of leukaemia samples were characterised in functional studies.
Despite their spread distribution in the sequence (R34L, R99Q, D163E,
E346K, M409I and R806Q), they all resulted in enhanced activation of Ack1
by relieving its auto-inhibited conformation27,56.
The importance of Ack1 in neoplastic development and tumour progression
has been described for several cancer subtypes.
In pancreatic cancer, Ack1 contributes to resistance to therapy by promoting AR expression and ligand-independent activation39,40. Accordingly, Ack1
overexpression and Y284 phosphorylation were found to correlate with tumour progression and poor prognosis35,57,58. Additionally, the Ack1/Akt activation module could be responsible for early stages of tumour formation, as
suggested by a study in which mice conditionally expressing Ack1 in the prostate showed overactivated Akt and developed prostatic intraepithelial neoplasia37.
Phospho-Y284 Ack1 and phospho-Y176 Akt levels correlated with tumour
progression and lower survival rate in a tissue array of breast cancers37. Furthermore, Ack1 overexpression in breast cancer cells enhances tumour formation, metastasis at the lung and mortality in mice35.
Immunohistochemistry data also revealed Ack1 overexpression in lung adenocarcinoma. Interestingly, Ack1 overexpression in tumour-surrounding tissue independently correlated with poor prognosis59.
Ack1 overexpression in hepatocellular carcinoma in comparison to adjacent non-tumour tissue has also been detected, and correlated with invasiveness, relapse and, once more, lower survival rates45,60,61. Moreover, Ack1 overexpression increased tumour size and metastatic potential in a mouse model61.
Given the array of evidence shown above, a clear role of Ack1 has been
established in oncogenesis and tumour progression. A therapeutic approach
targeting Ack1, in particular in prostate cancer, has been proposed, and there
is currently an effort to develop specific, water-soluble, Ack1 kinase inhibitor
suitable for use in the clinic40,62.
In the work presented in this thesis, however, an ambivalent role of Ack1
function in cancer emerges, which underlines the importance of this protein
for central physiological processes. Particularly, our research has uncovered
novel independent roles of Ack1 in promoting extrinsic apoptosis (Paper I)
and inhibiting mitogenic signals by transducing mechanical cues (Paper II) or
controlling growth factor signalling (Paper III).
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To highlight the significance of these findings, the next chapters will describe the cellular processes of apoptosis and mechanotransduction (especially
the Yap/Taz pathway), as well as the role of ErbB receptors in various signalling pathways linked to oncogenesis and cancer progression.
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3. ErbB receptors-mediated signalling is
central for cell survival, proliferation and
migration

The ability of cells to sense signals from the environment is crucial in regulating their function. The nature of these signals is extremely broad, ranging from
soluble molecules to changes of the composition of the extracellular matrix or
mechanical stimuli.
Growth factors are one important type of soluble messengers that determine
cell fate and behaviour by binding to specialised receptors at the plasma membrane. The first discovery of a growth factor dates back to the 1950s, with the
identification of a protein able to promote growth of nerve fibers: the Nerve
Growth Factor or NGF63,64. The epithelial growth factor (EGF) was isolated
shortly after from mouse submaxillary gland, as a 53-amino acid polypeptide
able to promote eyelid opening and teeth eruption in the new-born pups65. Ever
since, EGF and its receptor have been extensively studied and proved to be
crucial for promoting cell growth and survival, differentiation and migration.
They cover, therefore, a central role in the regulation of development and in
cancer biology.

3.1 The ErbB family of receptors is activated by
asymmetric dimerization
The EGF receptor (EGFR, also known as ErbB-1 for Erythroblastic leukemia
viral oncogene homolog-1or HER-1 for Human EGF Receptor Kinase) belongs to a family of receptor tyrosine kinases that includes 3 additional members: ErbB2, ErbB3 and ErbB4 (known, as well, as HER-2, -3 and -4, respectively).
The ErbBs share a common structural arrangement that includes an extracellular N-terminus, a single transmembrane segment and a C-terminal intracellular region consisting of the juxtamembrane part, the kinase domain and a
terminal tail. The extracellular domain is composed of four domains, named
I, II, III and IV. I and III are homologous β-helical domains that comprise the
ligand binding site, while domain II and IV are – also homologous – cysteine-
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rich regions that interact with each other in the closed, non ligand-bound, conformation66,67. Binding of a ligand molecule to the receptor induces a rearrangement of the extracellular domains that leads to the exposure of a hairpin
loop of domain II66,68. This region constitutes the dimerization interface, which
binds the same region of a second ErbB receptor. In ErbB2, however, the interaction between domain II and IV is impaired due to substitutions of critical
residues in the latter, and this receptor is therefore stabilized in an open – dimerization prone – conformation69,70. ErbB2 is indeed the only orphan receptor of the family, with no ligand known, or needed, to cause its activation.

Figure 3. A model of EGFR ligand-induced homo-dimerization as an archetype of
ErbB receptors activation.

Homo- or hetero-dimerization of the ErbB receptors is necessary for their
activation via a characteristic asymmetric interaction of their kinase domains71
(Fig. 3). In the dimeric conformation, the C-lobe of the kinase domain of one
of the receptors involved (the activator) binds a specific region in the N-lobe
of the other (the receiver) via a conserved hydrophobic patch. This interaction
induces an active conformation of the receiver, culminating in trans-phosphorylation of various tyrosine residues in the C-terminal tail of the activator.
Binding of the juxtamembrane segment of the receiver receptor to the homologous segment and the kinase C-lobe of the activator further stabilizes the
dimer72,73.
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Notably, ErbB3, which has a reduced kinase activity due to substitutions of
key residues in the catalytic pocket, can still act as an activator in the asymmetric dimer71. However, due to the inability of ErbB3 to act as a fully active
kinase, the N-lobe sequence that stabilizes the interaction with the activator
has diverged compared to the other members of the family. Thus, an arrangement in which ErbB3 would cover the receiver position is prevented.
As a consequence of the activation by dimerization of the ErbB receptor,
the multiple phosphorylations of the C-terminal tails generate docking sites
for adaptor proteins containing SH2 or Phosphotyrosine Binding (PTB) domains, whose binding initiates downstream signalling cascades.

3.2 The ErbB receptors activate signalling cascades
implicated in cell survival, differentiation and migration
Eleven known ligands bind, with different selectivity, the ErbB receptors74.
EGF, transforming growth factor α (TGFα), amphiregulin and epigen bind exclusively to EGFR; while heparin-binding EGF, betacellulin and epiregulin
can bind both EGFR and ErbB4. ErbB4 is activated, as well, by neuregulin
(Nrg) -1 to -4, while ErbB3 binds Nrg-1 and -2. The ErbB ligands can be synthetized either as transmembrane proteins (prone, however, to proteolytic
cleavage into soluble forms), or as shorter secreted isoforms75–77, both of
which can bind to the receptors. It has been reported that, despite binding to
the same receptor, different ligands have the potential to induce different activation kinetics and divergent endocytic sorting of the bound receptor78. Additionally, the signalling outcome can also be affected by cleavage of the ligand79. To further complicate the picture, although the pathways activated by
the four ErbBs largely overlap, the particular identity of the dimerization partners can also modulate the triggered signalling80.
As previously mentioned, the phosphorylation of the C-terminal tail of activated ErbB receptors promotes binding of adaptor proteins. Among them,
Shc (SH2-containing Collagen-related protein) and Grb2 are of critical importance in recruiting the GEF Sos (Son Of Sevenless), which in turn activates
Ras81,82. Activated Ras binds to Raf and relieves its autoinhibition, initiating
the MAPK/ERK (Mitogen-Activated Protein Kinase/Extracellular signal–
Regulated Kinase) pathway74. The MAPK/ERK pathway culminates in phosphorylation of transcription factors such as c-Fos (cellular-FBJ murine Osteosarcoma viral oncogene homolog), which promotes entry into the cell cycle
and induction of mitogenic genes83,84. Additionally, MAPK/ERK signalling
stimulates cell migration-inducing cytoskeletal rearrangements85. Ras activation can also orchestrate cytoskeletal dynamics directly, by supporting the
GEF-dependent activation of Cdc4286.
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Another important branch of the ErbB-activated pathways is initiated by
the binding and direct phosphorylation of Phospholipase C-γ (PLCγ)87. Phosphorylated PLCγ then catalyses the hydrolyzation of PIP2 (phosphatidylinositol 4,5-bisphosphate) into two secondary messengers: Diacylglycerol
(DAG) and Inositol 1,4,5-triphosphate (IP3)88. DAG subsequently stimulates
PKC (Protein Kinase C) activity at the membrane. The activation of PKC is
further potentiated by the release of intracellular calcium stores promoted by
the binding of IP3 to dedicated receptors at the endoplasmic reticulum89. PKC,
in turn, phosphorylates a number of substrates in the cell, and the best studied
functional consequences of its activation are cytoskeletal remodelling and migration90.
Another branch of ErbB signalling that promotes cell migration is initiated
by the direct binding of JAK to the receptors, and the consequent activation
of the STAT-dependent transcriptional program91.
ErbB receptors, and in particular heterodimers containing ErbB3, also promote the activation of the PI3K/Akt pathway. PI3K is recruited at the cellular
membrane by direct binding of its regulatory subunit p85 to specific phosphorylated residues on the C-terminal tail of ErbBs92. The enzymatically active subunit of PI3K, p110, can then phosphorylate PIP2 to PIP3, generating
a docking site for pleckstrin-homology domain-containing proteins93,94.
Among them, Akt is the most important downstream effector of PI3K. The
activation of Akt (whose mechanism has been described in section 2.3.2) results in the phosphorylation of a series of proteins involved in inhibiting apoptosis and activating proliferation. Akt inhibits apoptosis by phosphorylation
of the pro-apoptotic protein BAD (Bcl-2-associated death promoter) and by
promoting the nuclear translocation of Mdm2, which in turns ubiquitinates
p53 and primes it for degradation 95,96. Additionally, Akt reprograms gene expression by inhibiting the Forkhead-box transcription factor FOXO and promoting degradation of the NF-κB inhibitor IκB, thus enhancing transcription
of anti-apoptotic genes97,98. Moreover, Akt induces proliferation by mediating
exclusion of the cell cycle inhibitor p27 from the nucleus, and by inhibiting
Glycogen Synthase Kinase 3 (GSK3), which controls the cell cycle by downregulating Cyclin D and E99,100. Altogether, the PI3K/Akt signalling pathway
promotes survival and proliferation and suppresses apoptosis, accounting for
its strong implications in cancer101.
Collectively, the numerous signalling cascades triggered by ErbBs activation result in increased motility, decreased apoptosis and cell cycle progression, determining the pivotal roles of this family of receptors in development,
physiology and disease.
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3.3 ErbB-dependent signalling drives development and
neoplastic transformation
As previously mentioned, EGF – the founder ErbB ligand – was first discovered for its role in promoting eyelid opening and teeth eruption in mice65. Ever
since, a large number of studies, fuelled also by the advent of genetic engineering, highlighted the importance of ErbB receptors in development.
The deletion of either of the genes encoding ErbB2, ErbB3 and ErbB4 in
mice is lethal in utero102–104. In particular, lack of ErbB2 causes abnormalities
in cardiac development and defects in formation of sensory nerves derived
from the neural crest102. ErbB2-/- embryos also suffer impairment in the development of motor nerves, and lack Schwann cells105. Analogously, the deletion
of the ErbB4 gene results in aborted ventricular formation and generates altered nervous system phenotypes, in particular deficient innervation of the
hindbrain104. Mice embryos lacking ErbB3 also display degeneration of sensory and motor neurons and lack of Schwann cells103.
The outcome of EGFR knockout phenotypes, on the other hand, is dependent on the genetic background and results in death between mid-gestation and
post-natal day 20106–109. When born alive, mice display severe phenotypes including defects in brain, skin, lungs, kidneys, liver and gastrointestinal tract.
Moreover, EGFR knock-out mice also display placental defects, which cause
death in utero in some strains107,108. The expression of dominant negative
EGFR has additionally unveiled its role in post-natal development of the
mammary gland110.
In adult life, ErbB receptors have a critical pathophysiological role in a
wide range of human cancers. In particular, EGFR has been found to be overexpressed or overactivated in a high percentage of lung cancers111. In nonsmall-cell lung cancers (NSCLC), EGFR overactivation is associated with active STAT3, ERK and PI3K/Akt pathways112,113. The most common mutation
of EGFR spontaneously occurring in tumours is a deletion of exons 2 to 7,
which generates a constitutively active truncated form named EGFRvIII114.
Expression of EGFRvIII has been found to correlate with poor prognosis in
glioblastoma, breast and lung cancers114–116. Additionally, activating mutations in the kinase domain have frequently been reported in NSCLCs and are
important in the clinic, as they identify a subset of tumours responsive to therapy with the EGFR inhibitors gefitinib and erlotinib117–119. The constitutive
activation of EGFR often occurs in tumours as a result of autocrine loops induced by overexpression of its ligands, which has been reported to occur in
breast, lung, prostate and gastrointestinal tumors120–123.
As the activity of ErbB2 does not depend on direct ligand binding, its overexpression alone is potentially oncogenic124,125. The tumorigenic role of the
overexpression of ErbB2 has been extensively characterized in breast cancer,
with an incidence of over 20% in malignant tumours, and it constitutes a
widely recognized marker of poor prognosis and resistance to ER-directed
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therapies126–128. However, its overexpression has also been detected in bladder,
NSCLC and stomach cancers129–131. Interestingly, ErbB2 and ErbB3 are often
co-overexpressed in cancer, and form a very potent mitogenic complex124,132,133.
It has been reported that the overexpression of ErbB3 alone cannot drive
tumorigenesis134. However, it becomes of critical importance when accompanied with dysregulation of other members of the family or transactivation by
the receptor Met135. In particular, ErbB3 overexpression has been found in
melanoma and colorectal cancers136,137. Increased ErbB3 expression is also a
common feature in breast cancers, where it correlates with tumour size, metastasis and relapse138–140. Additionally enhanced activity of ErbB3 generates
therapeutic resistance to ErbBs kinase inhibitors, chemotherapy and castration
in prostate cancers141, suggesting the importance of targeting ErbB3 to increase the efficacy of anti-cancer therapy.
The role of ErbB4 in human cancers has been less studied in comparison
to the other members of the family. However, ErbB4 is overexpressed in colon
cancer and its expression correlates with poor prognosis of breast cancer patients, regardless of ErbB2 expression status142,143. Interestingly, ErbB4-activating mutations have also been registered in NSCLC144.
The overactivation of EGFR and other family members in various malignancies has prompted the development of drugs directed to block ErbB signalling, and a number of small kinase inhibitors and monoclonal antibodies
have successfully been introduced in the clinic in the past years114,145,146. The
effectiveness of these therapeutic approaches, however somewhat hindered by
the emergence of resistance, highlights the importance of the study of ErbB
receptors and their regulation in the fight against cancer.

3.4 A wide range of mechanisms modulate ErbB
receptors-dependent signalling
Given the physiological importance of ErbB receptors, tight control of the
strength, duration and localisation of their activities is required to prevent
high-risk aberrant behaviours of this system. Due to its primary role, most of
what we know about the regulation of ErbB receptors comes from studies on
EGFR, which will therefore be the focus of this section. The specific features
of ErbB3 regulation will be instead addressed in section 3.5.
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3.4.1 ErbB receptors signalling is spatiotemporally controlled via
regulated trafficking
An important mechanism that prevents uncontrolled activation of ErbBs signalling is the spatial segregation of receptors and ligands at the cell membrane147. In polarized epithelial cells, ErbBs are prevalently trafficked from
the trans-Golgi network or recycling endosomes to the basolateral membrane,
due to the presence of a sorting signal in the juxtamembrane domain148–150.
Their ligands, however, are primarily exposed on the apical surface147,151.
These physical constraints prevent autocrine stimulation under physiological
settings. ErbBs activation to promote restoration of integrity is however allowed when the tight junctions (which preserve polarisation) are disrupted by
an injury147. Notably, perturbations of the trafficking route of newly synthetized receptors to the appropriate membrane compartment causes transformation in epithelial cells151.
Many factors contribute to limiting the signalling kinetics of activated ErbB
receptors. The spatiotemporal control of ErbBs signalling is particularly tight
at the level of endocytosis and intracellular trafficking of the receptors152. In
absence of ligand stimulation, ErbBs are subjected to slow constitutive internalisation followed by rapid recycling, resulting in a prevalent membrane localisation of the receptors153,154.
The rate of ErbB receptors internalisation is increased upon ligand binding
and dimerization, which prevents high concentrations of activated receptors
to stay in the plasma membrane and cause sustained signalling. Certain clathrin-independent mechanisms of receptor endocytosis have been proposed, and
they seem to be particularly important in presence of high concentrations of
ligand155–157. However, the regulatory process of ErbB receptors internalisation is thought to be predominantly mediated by CME152,158,159.
Phosphorylation of EGFR has been considered for a long time to be required for localisation of EGFR in clathrin-coated pits, possibly due to the
reported dependency on the interaction with Grb2159–164. However, it has been
more recently suggested that it is the ligand-induced dimerization, rather than
kinase activity, which is required for CME165,166
Additionally, the identity of the partner of dimerization influences the permanence at the membrane. Overexpression of ErbB2, for example, favours
the formation of ErbB2-EGFR over homo-dimers, thereby promoting sustained signalling167–169. This has been ascribed to both resistance of ErbB2 to
endocytosis and its tendency to undergo rapid recycling170.
As previously mentioned, Ack1 has been extensively implicated in the regulation of CME of EGFR. However, no clear conclusion regarding its mechanism of action in this context has been drawn yet18,19,171.
Upon CME internalization, EGFR-containing clathrin-coated pits fuse with
early endosomes. Interestingly, EGFR and its ligand do not dissociate at the
mildly acidic pH of endosomes, preserving dimerization, association with
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adaptor proteins and, consequently, signalling capacity of the complex172–174.
The subcellular localisation of endosomal vesicles seems to be important to
determine the specificity of signalling, since artificially perturbing their distribution in the cell modulates the activation of ERK 175. The EGFR-containing endosomes are either recycled to the plasma membrane or trafficked to the
multivesicular bodies, from which they are directed to lysosomes for degradation or, once more, recycled at the membrane176–178. The ubiquitination of
EGFR by Cbl (Casitas B-linage Lymphoma proto-oncogene), although not essential for endocytosis itself, seems to be crucial for the subsequent sorting
steps and promotes receptor degradation over recycling at the membrane179,180.
Interestingly, it has been demonstrated that the choice of whether EGFR traffics towards the lysosomal route rather than being recycled can depend on the
identity of the activating ligand78. However, the details of this mechanism
have not been elucidated yet. Finally, it has more recently been reported that
Ack1 can direct EGFR to yet another pathway, by promoting its degradation
at the autophagosome21.

3.4.2 ErbB signalling can be attenuated by competitive binding,
phosphatases and adaptor proteins
Other mechanisms exist that attenuate ErbB receptors signalling without interfering with their trafficking. Among those, a series of secreted splice variants (the EGFR Related Peptide ERRP, herstatin and P85s, transcribed, respectively from the EGFR, ErbB2 and ErbB3 genes) retain the ability to dimerize with the ErbBs, sequestering them at the membrane, inhibiting their
activation and, consequently, hampering cell proliferation181–184.
Upon activation of the ErbB receptors, the propagation of the signalling
cascade can be blocked by dephosphorylation of the C-terminal tails of the
receptors. A number of phosphatases have been identified that are involved in
regulating ErbB signalling. Moreover, these phosphatases can act both at the
cell membrane and at different steps of the internalisation process, suggesting
that their differential action could modulate receptor-mediated signalling in
different ways185.
ErbB-dependent signalling can also be downregulated by ubiquitination
and degradation the receptors. This mechanism can be mediated both in Cbldependent (as explained in the previous subsection), and -independent manners. Ubiquitination by Cbl is enhanced at the membrane by the binding of the
receptor to Lrig1 (Leucine-Rich repeats and Immunoglobulin-like domains 1),
whose expression is induced by EGFR stimulation186,187. Lrig1 acts therefore
in a negative feedback loop, to switch off the pathways activated by EGFR.
Ubiquitin-dependent degradation of EGFR can also be stimulated by SOCS
(Suppressors Of the Cytokine Signalling), which binds the phosphorylated receptor and promotes its association with E3-ligases other than Cbl188–190. It has
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been shown that SOCS and STAT3 compete for binding to the same site on
the activated receptor, suggesting that SOCS might additionally dampen
EGFR signalling by displacing STAT3 association189.
Moreover, EGFR can be inhibited by scaffolding proteins such as FRS2β
and Mig6. FRS2β (Fibroblast growth factor Receptor Substrate 2β) binds
EGFR independently of the presence of ligand, and recruits phosphorylated
ERK to form a ternary complex that is signalling-inactive191. This system has
been proposed to act both as a negative feedback mechanism and to prevent
EGFR signalling when ERK is phosphorylated by other pathways. Additionally, FRS2β has been reported to regulate ErbB2, via a different mechanism
that induces degradation of the receptor192.
Mig6 (also known as RALT for Receptor Associated Late Transducer) can
also associate with EGFR, ErbB2 and ErbB4, and, by doing so, suppresses
their signalling193,194. Binding of Mig6 to the kinase domain of the ErbBs inhibits dimerization and, therefore, catalytic activation of the receptors195. Additionally, Mig6 can induce endocytosis and degradation of the receptor by
scaffolding the interaction with AP-2196. The importance of Mig6-dependent
regulation of ErbBs-signalling in development and tumour formation has been
highlighted by the severe phenotype caused by its deletion in mice197.
Most of the studies on the regulation of ErbB signalling have been conducted on EGFR and, less frequently, ErbB2. However, due to the strong contribution of all the members of the family to development and cancer, mechanisms of ErbB3- and ErbB4-specific regulation should not be overlooked. In
the work presented in this thesis (Paper III), we report a novel mechanism of
ErbB3 regulation involving the Ack1 kinase, that is not shared with the other
members of the family. Therefore, as a frame of reference, the distinctive traits
of ErbB3 function and regulation will be presented in the following section.

3.5 The catalytically-impaired ErbB3 holds signalling
capacity and dedicated mechanisms of regulation
Due to its impaired kinase activity, ErbB3 signalling is mediated by association with other members of the family. This can lead to the wrong assumption
that ErbB3 regulation is always dependent on the mechanisms involving the
kinase-competent members of the dimer. However, this view is challenged by
the existence of many ErbB3-specific regulatory systems that are starting to
be unveiled.
ErbB3 is a heavily glycosylated 180 kDa receptor protein that binds the
different isoforms of Nrg-1 and -276. The most striking characteristic of ErbB3
compared to the other ErbBs is, as already mentioned, its impaired catalytic
activity198. This difference has been attributed to the substitution of important

32

residues in the catalytic pocket that are conserved in tyrosine kinases199. However, more recent studies reported the possibility of residual enzymatic activity of ErbB3200,201. By virtue of the dimeric mode of activation of ErbBs, however, the lack of a functional kinase in ErbB3 would not hinder its signalling
potential. Instead, phosphorylated ErbB3 is actually the most potent of the
ErbBs at activating the PI3K/Akt pathway. This is due to the presence of six
docking sites for the p85 regulatory subunit of PI3K202,203. Additionally, its
important roles in development and tumour formation (mentioned in section
3.3) demonstrate the importance of ErbB3-dependent signalling.
As a result of substitutions of critical amino acids at the N-terminal dimerization surface, ErbB3 was thought to be the only ErbB unable of homodimerization71,204. However, homodimerization and formation of homo-oligomers
of ErbB3 has been reported195,201,205. In particular, the formation of high-order
molecular association of ErbB3 alone or together with other members of the
family has been recently proposed to contribute to a non-canonical non-dimerization-dependent mode of activation of the ErbB receptors, which will need
further studies to be fully understood206.
ErbB3 is the member of the ErbB family that displays the shortest halflife152. Its fast turnover depends both on constitutive endocytosis leading to
lysosomal degradation, and on a proteasome-dependent system of quantity
control of newly synthetized ErbB3207–209. The latter mechanism, in particular,
is unique in the ErbB family and involves ubiquitination of newly produced
and correctly folded ErbB3 by the RING finger E3-ligase Nrdp1 (Neuregulin
Receptor Degradation Protein-1)209. The purpose of this level of control of
ErbB3 and the molecular players involved in its regulation are, however, still
unclear.
An early study reported ErbB3 to be endocytosis-impaired upon ligand
binding, due to the lack of interaction with AP-2 of a EGFR/ErbB3 chimeric
protein167. More recent reports have, however, tracked ErbB3 endocytic pathways under more physiological settings, revealing a different scenario. ErbB3
can be internalised in a clathrin-dependent way and degraded mainly via the
lysosomal pathway, both in ligand-dependent and -independent manners207,208,210. Despite its inability to bind AP-2, ErbB3 can undergo CME via
interaction with the adaptor epsin 1, which in turn mediates recruitment of the
receptor to clathrin-coated pits210. Recently, the importance of clathrin-independent internalisation of ErbB3 has emerged, and has interestingly been
linked with trafficking to the nucleus211.
Localisation in the nucleus of full-length EGFR and ErbB2 and both fulllength and cleaved forms of ErbB4 has been reported212. Nuclear ErbB receptors have been shown to activate transcription and contribute to oncogenic
potential and resistance to therapy of cancer cells212. Full-length ErbB3 has
also been found in the nucleus, and it was first proposed that ligand stimulation
would decrease nuclear localization and target the receptor at the membrane213. Later reports, however, describe neuregulin-induced translocation of
33

phosphorylated ErbB3 in the nucleus, where it associates with the transcription factors STAT3, STAT5 and E2F1 and the transcription machinery, suggesting an important role in the regulation of gene transcription211.
Despite the existence of studies linking the regulator Ack1 to EGFR, the
former has not been associated with ErbB3 before. In this thesis (Paper III),
we present a role for Ack1 in regulating ErbB3 at multiple levels, independent
on EGFR or ErbB2, unveiling its new dedicated role in modulating of ErbB3dependent signalling.
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4. Mechanical regulation of Yap and Taz
controls cell fate

4.1 Mechanical cues are crucial messengers in the
regulation of cellular functions
Beside receptor recognition of soluble signals, cells can exploit other senses
to probe their surrounding and adapt to change. In the last years the importance
of mechanical cues in directing cell behaviour has raised increasing interest
within the field of molecular signalling. The concept of an intersection between mechanical forces and biology is however not new. A little more than
a century ago, D’Arcy Thompson’s seminal book On Growth and Form proposed that a “diagram of forces” underlies biological shapes and directs development and cell patterns214. Thompson’s theories attracted new attention a
few decades later, with the demonstration that cancer transformation modifies
cell adaptability for growth on soft substrates215–217. The subsequent development of devices to measure and modify the mechanical microenvironment at
the subcellular level lead to the discovery that cells actively test their surroundings for mechanical resistance218, highlighting its importance for regulation of cell function.
Cells in the body are indeed exposed to a variety of mechanical cues, that
originate from the stiffness of the extracellular matrix (ECM), the contraction
of neighbouring muscle cells, shear stress caused by blood flow on endothelial
cells, or the strain experienced by infiltrating immune cells when they intravasate into tissue. A vast amount of studies has now established that cells sense
these mechanical stimuli, transduce it into biochemical messengers, and respond by modifying their behaviour, in a process that goes under the name of
mechanotransduction219–221. Far from being a negligible aspect, the ability of
cells to respond to these forces has decisive consequences in controlling cell
fate. In particular, mechanical stimuli have been proven to be important in
determining the rates of cell proliferation, in directing mesenchymal and hematopoietic cell differentiation, and even in defining proper organ architecture
at the developmental level220–227.
As a result of technological advances that allow the studies of mechanical
changes at the molecular level, the study of mechanotransduction is experiencing a rapid expansion in the last years228. Despite the exponential growth
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of studies on the topic, several critical questions remain to be answered to
untangle the molecular details of mechanical-driven signalling and their physiological and pathological implications.
Two proteins in particular have gained the spotlight for their ability to integrate many diverse mechanical stimuli into gene expression regulation: Yap
and Taz. Several studies have corroborated the importance of Yap and Taz in
responding to mechanical cues for lineage determination of stem cells and
their dysregulation in many pathological conditions, particularly in cancer221.
However, the mechanisms underlying the transduction of physical forces into
control of the function of Yap and Taz are still largely unknown.
In the work presented in this thesis (Paper II), we identify Ack1 as a novel
actor in mechanotransduction, which regulates Yap and Taz subcellular localisation and stability downstream mechanical signals. To put our findings in
context, the following section (4.1.1) will review the most understood mechanisms of mechanosensing. Thereafter, the focus will be shifted to the regulation of Yap and Taz and its importance in mechanobiology (4.2).

4.1.1 Cells sense mechanical signals
Cells detect mechanical cues via primary mechanosensors: structures whose
change of conformation in response to physical forces determines a functional
activation. Such structures must therefore be reactive to the extracellular mechanical microenvironment (such as stiffness of the extracellular matrix and pulling or
pushing forces exerted by neighbouring cells or spatial constraints) or to intracellular shape changes (such as cellular swelling or cytoskeletal rearrangements). For
these reasons, membrane proteins, junctional complexes and determinants of cell
architecture make good candidates as sensors of physical stimuli.
The fastest response to mechanical stimulation of the cell comes from the
gating of mechanosensitive ion channels229. This diverse group of channels is
stabilised in the open conformation by a local increase of membrane tension,
generating a flux of ions across the membrane. As a result, mechanical perturbations are quickly translated into changes in the electrical potential or the volume of the cell.
Changes in stiffness of the extracellular microenvironment are sensed by
integrins, transmembrane proteins which act as receptors for components of
the ECM230,231. The binding of integrins to their ligands nucleates the formation, on the cytoplasmic side, of multimolecular structures named focal adhesions (FAs)232. FAs act both as bridges between the ECM and the cytoskeleton and as signalling platforms, via the recruitment of tyrosine kinases. It has
been demonstrated that force loading reinforces the association of integrins to
their substrate, by inducing a conformational change that increases the affinity
of binding230,231. In parallel, mechanical stimulation enhances the association
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of FA components, such as focal adhesion kinase (FAK), talin, vinculin, paxillin and p130Cas, resulting in activation of signalling233–236. This increased
protein recruitment is mediated by mechanical unfolding of some of the FA
components, which promotes the exposure of phosphorylation sites (as in the
case of p130Cas, whose stretching unmasks tyrosine residues for Src phosphorylation) or motifs for binding to other proteins (such is the case of talin,
whose extension promotes the binding to vinculin)237,238. Talin and vinculin,
at the FA, are actin-binding proteins that connect the ECM to the cytoskeleton,
allowing force transmission along the cell body. Interestingly, it has been recently shown that integrins can respond to mechanical cues independently of
their binding to ECM, via tension-induced association with other activated integrins or vitronectins239,240.
Cell-to-cell junctions constitute one more hub for mechanosensing and
transduction241. Adherens junctions (AJs), in particular, form by assembly of
homophilic interaction of cadherin at the plasma membrane of two neighbouring cells. Each cadherin then recruits, at the cytoplasmic side, β- and α-catenins, which in turn couple the AJ to the actin cytoskeleton. Force application
modulates AJs strength, indicating a role in mechanically coupling adjacent
cells241–243. Similarly to the mechanism of FA reinforcement, mechanical tension unfolds α-catenin, exposing vinculin-binding sites and promoting association to the cytoskeleton.
The cytoskeleton is itself a crucial bidirectional actor in mechanotransduction, implicated in both the generation and the sensing of forces. Actin
polymerization and myosin II-mediated contractility dynamically modify the
mechanical properties of the cell244. Moreover, the actin cytoskeleton not only
integrates mechanical signals coming from cell-to-cell and cell-to-ECM adhesion complexes, but it is also a bona fide mechanosensor that rearranges its
architecture by recruiting modifying proteins in response to force loading245,246. Interestingly, in addition, the ratio of G- (monomeric) to F- (polymerized) actin determines the translocation of G-actin-binding transcription
factors, such as MRTF, to the nucleus247.
The mechanisms by which force-dependent activation of the primary sensors is transduced into transcriptional responses is not always clear, and varies
with the nature of the stimulus and the responding factors215,219. However, general mechanisms that exploit the mechanical properties of the nucleus are also
emerging219. For example, mechanical cues can be directly transmitted to the
nucleus via the LINC (Linker of Nucleoskeleton and Cytoskeleton) complexes
that physically connect the cytoskeleton with the nucleoskeleton. Indeed, cell
growth on substrates of different mechanical properties has been shown to
influence both the nuclear shape and its stiffness, via regulating nucleoskeleton and LINC-interacting proteins219. These changes have surprisingly been
linked to spatial rearrangement of chromosomes, which allows the concentration of gene clusters resulting in modification of transcriptional patterns219,248.
37

Additionally, more specific mechanoresponses can be triggered by controlling the nuclear concentration of transcriptional regulators. Not unlike cascades initiated by receptor-activation, mechanical signals can result in posttranslational modification of selected proteins, determining their retention in
the cytoplasm, nuclear transport, or modifying their stability. All these mechanisms have been found to be important in the regulation of Yap and Taz, two
key players in mechanotransduction, as described in the following section
(4.2).

4.2 Yap and Taz are mechano-responsive transcriptional
co-factors
4.2.1 Yap and Taz’s gene transcription signature directs cell fate
Yap (Yes-Associated Protein) and Taz (Transcriptional co-Activator with
PDZ-binding motif) are homologous transcriptional regulators that have been
extensively connected to promotion of cell survival, proliferation and differentiation221,249–251. The two proteins are at least partially redundant in function
and are often studied together, therefore they will be often referred in this thesis as Yap/Taz. It is however worth mentioning that they display structural
differences and different regulatory mechanisms (see sections 4.2.2 and 4.2.3),
suggesting that their roles might not be completely overlapping252–254. Knockouts of these two proteins in mouse have indeed very different outcomes. Yap
deletion is lethal in utero at embryonic day 8.5, due to defective vasculogenesis of the yolk sac255. Taz-knockout mice, even if born at less than the expected mendelian ratio, are instead viable but develop minor skeletal abnormalities, a more severe kidney phenotype reminiscent of glomerulocystic disease, and lung defects similar to human emphysema256–258.
The main cellular function of Yap and Taz resides in their ability to promote gene transcription by association with transcription factors of the TEAD
(TEA Domain protein) family259,260. The importance of this interaction is confirmed by the observation that Yap/Taz mutants unable to bind to TEAD fail
to induce proliferation and tumour formation260–262. Yap/Taz can, however,
partner with many other transcription factors such as RUNX (Runt-related
transcription factor), p73, the cleaved intracellular domain of ErbB4 and
SMADs (Sma Mother Against Decapentaplegic)263–266. Interestingly, Yap/Taz
can also inhibit the transcriptional activity of certain binding partners.
Yap/Taz can in fact sequester SMAD2/3 at the Crumbs polarity complex in a
cell-density-dependent manner. Moreover, Taz inhibits the transcriptional activity of PPARγ (Peroxisome Proliferator-Activated Receptor γ), despite not
diminishing its nuclear localisation or binding to the aP2 promoter267,268.
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Altogether, Yap/Taz binding to different transcription factors regulates the
expression of over 400 genes, collectively promoting a pro-growth and antiapoptotic signature221,269.

4.2.2 Yap and Taz are structurally similar, yet not identical
As briefly mentioned, despite high sequence and structural similarity, Yap and
Taz display distinctive features that should not be overlooked (Fig. 4)249. The
affinity to TEAD, for example, is mediated by a conserved N-terminal domain
of interaction. Structural modelling, however, underlined that the critical
TEAD-interacting residues are not the same in Yap and Taz, accounting for a
putative difference in regulation of their association254. Partially overlapping
with the TEAD domain, Yap/Taz display a consensus sequence for phosphorylation-dependent binding of members of the 14-3-3 family, which have been
shown to be involved in their cytoplasmic sequestration270–272. The WW domains (two in the most common isoform of Yap, one in Taz) are also of fundamental importance for the function and regulation of Yap/Taz. The WW
domains mediate association with most of the known upstream regulators
(Lats, AMOTs, β-catenin) and transcription factors (RUNX, the cleaved intracellular domain of ErbB4, p73, SMAD1) that interact with Yap/Taz. An exception to this second group is SMAD2/3, which binds instead to a different
coiled-coil structure266. Additionally, Yap/Taz both contain a poorly structured transactivation domain (TAD) and a PDZ-binding domain at the C-terminus. The PDZ-binding domain mediates interaction with ZO-2, which has
surprisingly been shown to regulate nuclear localisation of Yap and Taz in
opposite directions252,273,274. A striking structural difference between the two
proteins resides in the proline-rich sequence at the N-terminus of Yap, which
is missing in Taz. This region has been reported to be a binding surface for the
heterogeneous nuclear ribonuclear protein U (hnRNPU), which inhibits Yapdependent transcription275.
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Figure 4. Structural similarities and differences between Yap and Taz, based on
Varelas, 2014249 and Piccolo et al., 2014250. The main functional domains of Yap and
Taz are represented. The yellow vertical lines indicate the position of the serine (pS)
and tyrosine (pY) sites of regulatory phosphorylation. Pro rich stands for proline- rich;
BD for binding domain; pDeg for phosphodegron. For other abbreviations see text.

Yap/Taz function is governed by a number of different upstream pathways,
which act via two main mechanisms: regulation of nuclear localisation and
modulation of protein stability221,250,251, as explained in the following section.

4.2.3 The regulatory network of Yap and Taz is dominated by
mechanotransduction
Yap/Taz were first studied for their homology with Yorkie, effector of the
Hippo pathway, which controls tissue overgrowth and organ size in Drosophila. The core Hippo pathway is a widely conserved kinase cascade consisting,
in human, of Mst1/2 (Mammalian Ste20-like serine/threonine kinase, Hippo
in Drosophila), Lats1/2 (Large Tumour Suppressor kinase) and the two adaptor proteins SAV1 and MOB (Salvador 1 and Mps One Binder protein, respectively), which promote interaction of the kinases272,276,277.
The activation mechanism of the mammalian Hippo pathway is still poorly
understood278. However, it has been shown that its activation is enhanced by
the formation of polarity complexes that recruit the upstream kinase Mst1/2
to the plasma membrane272,279,280. Once activated, Mst1/2 phosphorylates
Lats1/2 at key serine residues, triggering its activation. Active Lats1/2, in turn,
phosphorylates Yap and Taz at serine residues (five and four, respectively)
enclosed in HXRXXS motifs272,277. Phosphorylation of one of these residues
in particular (S127 in Yap and S89 in Taz) generates a recognition site for 1440

3-3s, whose binding will anchor Yap/Taz in the cytoplasm271,272,277,281. Interestingly, the S127 site in Yap can also be phosphorylated by Akt and has been
linked to an anti-apoptotic outcome via the inhibition of the interaction of Yap
with p73271.
Lats1/2-dependent phosphorylation also targets a conserved serine enclosed in the TAD (S311 in Taz and S407 in Yap), which is part of a phosphodegron motif. This modification primes for further phosphorylation by
CK1ε/δ (Caseine Kinase 1 ε/δ) a neighbouring serine, fostering recruitment of
β-TrCP (β-Transducin repeat-Containing Protein), a E3 ubiquitin ligase that
will in turn ubiquitinate Yap/Taz and promote their proteasome dependent
degradation.
Interestingly, Taz contains at the N-terminal a second phosphodegron,
which promotes β-TrCP-dependent ubiquitination downstream GSK3 phosphorylation253. This additional degradation pathway seems, however, to be
Hippo-independent, and might account for the decreased stability of Taz over
Yap.
The recruitment of β-TrCP downstream of GSK3-dependent phosphorylation is best known for its importance in triggering β-catenin degradation, a
process in which Yap/Taz have been recently implicated. In unstimulated
cells, β-catenin is sequestered in the cytoplasm by the formation of the socalled destruction complex, which includes also axin, APC (Adenomatosis
Polyposis Coli), CK1 and GSK3. The destruction complex phosphorylates βcatenin and promotes its proteasomal degradation via β-TrCP-mediated ubiquitination282. Upon Wnt stimulation the complex dissociates, allowing translocation of β-catenin in the nucleus, where it promotes gene expression.
Yap/Taz have been found to take part in the destruction complex and favour
β-TrCP recruitment, which in turn promotes both β-catenin and Taz degradation283,284.
Epithelial polarity components can regulate Yap/Taz both by activating the
Hippo pathway and in Hippo-independent ways. The apical polarity complex
Crumbs, for example, sequesters Yap/Taz at the plasma membrane of polarised cells267. Additionally, the Crumbs-associated proteins angiomotins
(AMOTs) have also been found to direct Yap/Taz localisation. However conflicting data have been published on this matter. While all AMOTs were found
to promote Yap/Taz cytoplasmic and cytoskeleton-associated localisation,
p130AMOT has also been identified to co-localise with Yap in the nucleus285–
289
. At the same time, AMOTs have been found to associate with Yap and
Hippo kinase proteins and promote their phosphorylation, suggesting a complex role for AMOTs in Yap/Taz regulation290. The basolateral polarity determinant Scribble can also promote association and activation of Hippo pathway
components and its displacement from the membrane was reported to promote
Yap/Taz contribution to epithelial-to-mesenchymal transition (EMT) of cancer cells291.
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Yap/Taz can also be sequestered at the membrane by binding components
of the AJs and the importance of these interactions has been confirmed in vivo,
as the presence of α-catenin is crucial to prevent aberrant Yap activation and
tumour formation in the epidermis292,293.
In addition, Yap/Taz localisation can be also controlled by activation of
ligand-activated receptors. The family of G-protein coupled receptors
(GPCRs), for example, encodes for both positive and negative regulators of
Yap/Taz activity. Binding of lysophosphatidic acid or sphingosine 1-phosphate to their respective GPCR, for example, promotes nuclear localisation of
Yap/Taz by inhibiting Lats1/2 activity294,295. In contrast, hormone activatedGPCRs, such as the receptors for glucagon and epinephrine which are coupled
to GS proteins, increase Lats1/2-dependent phosphorylation of Yap/Taz294.
Moreover, EGFR signalling inhibits Lats1/2-dependent phosphorylation of
Yap and promotes its expression via the PI3K/PDK1 pathway296,297.
Additionally, the metabolic activity of the cell can impact Yap/Taz activation. Increase in glycolytic activity commonly observed in many cancer cells
has indeed been found to promote, via phosphofructokinase 1, the interaction
between TEAD and Yap/Taz, enhancing their nuclear translocation and transcriptional activity298. Additionally, Yap levels are increased by the blockage
of the mTOR-induced autophagic program, revealing a mechanism by which
nutrient scarcity opposes Yap activation299.
Moreover, Yap/Taz can be phosphorylated at a conserved tyrosine residue
in the TAD (Y321 in Taz and Y397 in Yap) by Abl, Src and Yes kinases300–
302
. Tyrosine phosphorylation by this set of kinases can be promoted by different activating signals such as DNA damage and osmotic shock. Conversely
to what was observed for serine phosphorylation, tyrosine phosphorylation
does not prevent nuclear localisation nor impairs protein stability, but seems
instead to have a role in directing transcription factor selectivity. In particular,
tyrosine-phosphorylated Yap/Taz have increased affinity for RUNX and
NFAT5 binding, with negative effects on their transcriptional activity, and for
association with p73, and subsequent expression of pro-apoptotic genes300–302.
Intriguingly, in the last years the importance of mechanical cues in regulating Yap/Taz has gained increasing recognition221. Conditions that induce tensional stress on the cell, such as growth on stiff substrates, spreading on large
surfaces or stretching, promote Yap/Taz translocation to the nucleus303. Conversely, soft growth matrices, a confined growth area or cell crowding all confine Yap/Taz to the cytoplasm. The integrity of the actin cytoskeleton is determinant for transduction of the signal. In fact, Yap/Taz localise in the cytoplasm regardless of the application of mechanical forces when actin is forcefully depolymerised or when cytoskeletal integrity is compromised such as by
depletion of actin-capping proteins or by inhibition of ROCK (Rho-associated
Coiled-coil containing Kinase)303–305. Cytoskeleton-transduced signals seem
indeed to dominate over other regulatory pathways, constituting a central
checkpoint directing Yap/Taz localisation. Consistently, modulators of Rho
42

activity, such as the geranyl-geranylation step, necessary for its targeting to
the membrane, influence Yap/Taz activity as well306,307.
How the mechanical message is transduced from the actin cytoskeleton to
Yap/Taz is still an open question. In some studies, cytoskeletal rearrangements
were found to regulate Yap/Taz in a phosphorylation-dependent manner, via
the activation of the Hippo pathway or direct downstream engagement of
Lats1/2308–312. However, in other settings, Lats1/2-dependent Yap/Taz phosphorylation was not sufficient to override the cytoskeletal-mediated effect,
suggesting the existence of two branches (a Lats1/2-dependent and a Hippoindependent one) of Yap/Taz regulation downstream of mechanical signals303,305,313. Importantly, the mechanical responsiveness of Yap/Taz has been
connected to a number of biological processes221,250,278.

4.2.4 Mechanical regulation of Yap and Taz governs cell fate
The mechanical control of Yap/Taz activity has important biological implications221,250,278. Yap/Taz were early on linked to the establishment of contact
inhibition of proliferation (CIP), the mechanism that arrests proliferation upon
cell crowding272. CIP was first observed in cell cultures as early as 50 years
ago, but it is nowadays considered of outstanding importance in vivo, where
it prevents pathological overproliferation and is modulated to restore tissue
integrity in wound healing1,314. Yap/Taz sequestration in the cytoplasmic compartment is required for CIP, and this process was initially thought to be fully
dependent on the Hippo pathway272. However, despite the fact that CIP is accompanied by phosphorylation of Yap/Taz, it is reinforced by mechanical
Hippo-independent signalling and can be overridden by increasing mechanical tension of the cells305,315,316.
In the body, the activity of Yap/Taz is generally restricted to progenitor
cells and healing tissues, suggesting a role in promoting renewal capacity of
adult stem cells221,250. In particular, nuclear localization of Yap/Taz is typical
of progenitor cells of the intestine crypts and is reportedly important for intestine regeneration after injury317,318. Similarly, Yap levels were crucial for tissue repair upon myocardial infarction319,320. Their importance in this last system has been ascribed to Yap’s ability to direct the response of the cardiac
progenitor to changes in the stiffness of the ECM, as occurring in result of an
injury321.
Yap/Taz function has been linked to the dictation of lineage commitment
of mesenchymal stem cells (MSC). MSC differentiation is a classic example
of the importance of the mechanical microenvironment in guiding cell fate. In
fact, it has been observed that the stiffness of the growth matrix, the shape of
the adhesion surface, and manipulation of cell contractility, all can direct differentiation into specific cell types226,322. Interestingly, Taz is fundamental for
osteogenic commitment of MSC, and Yap/Taz localization responds to mechanical stimulation of these cells268,303,311.
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Additionally, mechanical regulation of Yap/Taz is observed already during
embryonic development. Differential localisation of Yap/Taz occurs as early
as at the blastocyst stage, where the external cells, which will form the trophoblast, have nuclear Yap/Taz, as opposed to cells in the inner cell mass that
will generate the embryo tissues323. Importantly, it has been shown that the
contractility of the blastomers determines their specification as inner cell mass
rather than trophoblast cells, by controlling the localization of Yap independently of their position in the blastocyst324,325.
Beside their physiological roles, Yap/Taz has been found to be overactivated in many cancers, such as lung, breast, liver, colorectal tumours and
gliomas250,326. Notably, the activation of Yap/Taz and the transcription of their
target genes correlate in many instances with tumour progression and poor
prognosis. The importance of Yap/Taz in tumour formation is explained by
their ability to promote transcription of pro-proliferative and anti-apoptotic
genes326. The activation of Yap/Taz can additionally foster self-renewal capability of tumour cells, enriching the pool of cancer stem cells, a subpopulation
characterized by chemoresistance and ability to form highly aggressive undifferentiated tumors291,327.
Interestingly, there is no report of Yap/Taz activating mutations in cancers
and their overactivation in tumours is rarely accompanied by mutations in the
Hippo-pathway221. On the other hand, cancer is accompanied by mechanical
anomalies caused by tissue architecture perturbation, inflammation and ECM
deposition by the cancer associate fibroblasts328. The mechanical tumour microenvironment is therefore subject to compression forces, elevated interstitial
pressure and stiffening of the ECM. This has led to the suggestion that the
switch of Yap/Taz reactivation in tumour could reside in these mechanical
changes250.
As the molecular details of Yap/Taz regulation downstream mechanical
forces are still unclear, the quest for mechanotransduction players in this context is still open. In the study hereby presented in Paper II, we identified for
the first time a role for Ack1 as an actor in this process. We discovered that
Ack1 is activated by changes in mechanical tension. Moreover, we found that
this activation promotes the confinement of Yap/Taz in the cytoplasm and Taz
degradation in a Hippo-independent manner. This discovery sheds light on the
currently poorly understood mechanism of control of Yap/Taz function downstream mechanical stimuli. Taking into consideration the presented data, this
could have important implications in our understanding of the way by which
Yap/Taz dysregulation plays a role in cancer.
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5. Apoptosis: the regulated cell death program
that controls tissue stability

5.1 Apoptosis can be triggered by both internal and
external cellular signals
Appropriate development and maintenance of homeostasis rely on the possibility to discard damaged or unnecessary cells by regulated cell death (RCD).
This process can take place in different ways and a classification based on
morphology and effector killer mechanisms recognises three groups of RCD:
apoptosis, autophagy and necrosis329.
The distinctive traits of apoptosis include the involvement of a distinct
group of proteases (caspases), chromatin condensation (pyknosis), nuclear
fragmentation (karyorrhexis) and membrane blebbing329,330. The apoptotic
process culminates in the dismemberment of the cell into apoptotic bodies,
small vesicles with intact membrane. Exposure on the external side of the cell
membrane of the phospho-lipid phosphatidylserine, which normally faces the
cytoplasm, constitute an attraction signal for macrophages, which clear the
apoptotic bodies in a process named efferocytosis331. In vitro, in absence of
phagocytic activity, apoptosis culminates instead in secondary necrosis332.
Apoptosis plays a fundamental role in defining tissue architecture during development and it keeps a pivotal homeostatic role in the adult organism. Overactive apoptosis is an etiological agent in infertility, immunodeficiency and
degenerative diseases, while insufficient apoptotic response can promote autoimmune response and cancer development329,333.
Apoptosis can be triggered by two major activation pathways: intrinsic, or
mitochondrial, and extrinsic, or receptor-mediated. Despite the distinct activation mechanisms, both pathways converge at the level of the effector caspases. Caspases are cysteine proteases with specificity for aspartate-containing
target sites (the name “caspase” derives from “cysteine aspartases”) that are
expressed as inactive zymogens334. Initiator caspases are differentially activated by the intrinsic or extrinsic pathways by their recruitment at specific
protein complexes where they get trans-activated by oligomerisation. Initiator
caspases can thus proteolytically activate effector caspases (3 and 7) that, in
turn, process critical proteins leading to the aforementioned apoptosis hallmarks and, eventually, cell death335,336. Crosstalk between the mitochondrial
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and receptor-mediated apoptosis pathways exist and, in some cell types, it is
necessary for efficient cell death induction337,338.

5.1.1 The intrinsic pathway of apoptosis is executed via
permeabilization of the mitochondria
The intrinsic apoptosis pathway (Fig. 5) is triggered by a variety of stimuli
including growth factor deprivation, endoplasmic reticulum stress, oxidative
stress and mitotic defects329,333,339–342. Regulation of the intrinsic apoptosis
pathway is orchestrated by proteins of the BCL-2 (B-cell lymphoma 2) superfamily, a group of more than 20 pro- and anti-apoptotic proteins containing
BH (BCL-2 homology) domains342,343.
The initiation of the pathway is mediated by pro-apoptotic BH3-only proteins such as PUMA and BIM, which get transcriptionally upregulated in response to cellular stress. Increased levels of initiator BH3-only proteins promote their localisation at the outer mitochondrial membrane, where they interact with the effector BCL-2 proteins BAX and BAK. This transient interaction blocks BAX retro-translocation to the cytoplasm and induces structural
rearrangements in both BAX and BAK, thereby promoting their association
in homo- and hetero-dimers and subsequent higher order oligomerisation344–
348
.

Figure 5. Schematic view of the activation of the intrinsic pathway of apoptosis.
Casp- stands for caspase, see the text for other abbreviations.
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BAX/BAK oligomers form pores that lead to mitochondrial outer membrane
permeabilization (MOMP) and release in the cytoplasm of cytochrome c and
other pro-apoptotic proteins such as SMAC (second mitochondria-derived activator of caspases). Once in the cytoplasm, cytochrome c associates with the
apoptotic peptidase activating factor-1 (APAF-1) in a dATP- dependent manner and subsequently to Pro-caspase 9349. The resulting complex, called apoptosome, promotes dimerization and self-activation of the initiator caspase-9
and the subsequent fatal proteolytic cascade. The process is facilitated by cytoplasmic SMAC, which binds to XIAP (X-linked inhibitor of apoptosis) preventing it from inhibiting the effector caspases350,351.
Inhibitor members of the BCL-2 family can antagonise apoptosis activation
by binding to BH3-only members, sequestering BAK and BAX at the mitochondrial membrane or promoting BAX retro-translocation to the cytoplasm342,343,352.

5.1.2 The extrinsic pathway of apoptosis is triggered by
receptors at the plasma membrane
Apoptosis can also be triggered by membrane receptor-mediated signalling.
There are two groups of apoptosis-inducing receptors that act in opposite fashions: the dependence receptors, which trigger apoptosis when deprived of ligand, and the death receptors, which are activated by ligand binding to induce
apoptosis329.
Dependence receptors are a diverse group of approximately 20 trophic factor receptors including netrin-1 receptors, TrkA and C, Alk, the insulin receptor and some integrins329,353. The activation mode of dependence receptors
usually includes cleavage of their intracellular domains and involvement of
caspases. However, the molecular details on dependence receptor-activated
apoptosis are still unclear and might vary with the receptor type. For the purpose of this thesis, we will focus on death receptor-induced apoptosis and refer
exclusively to this subtype when discussing extrinsic apoptosis353.
Death receptors (DRs) are the apoptosis-inducing members of the tumour
necrosis factor receptor (TNFR) superfamily. The most studied – and potent
– members of the family are its founder TNFR1, the first apoptosis signal receptor (Fas-R, also known as APO-1 for apoptosis Antigen-1 or CD95 for
Cluster of Differentiation 95) and the TNF-related apoptosis-inducing ligand
receptor (TRAIL-R) 1 and 2 (also, respectively, DR4 and 5). DRs are transmembrane proteins displaying several cysteine-rich domains on the extracellular region and a characteristic 80 residues-long adaptor domain on the intracellular side that is critical for recruitment of downstream proteins, known as
the death domain (DD). The TNRFR family also encloses non-apoptosis-inducing members, which are membrane-bound or soluble receptors that lack
the DD and thus act as inhibitors of the extrinsic pathway by competitive binding to the ligand329,333,354.
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The DRs bind death-inducing ligands that are usually expressed as transmembrane proteins, but can be proteolytically cleaved and released in a soluble form355–357. However, differences in the potency of apoptosis activation
might exist between the membrane-bound and soluble forms of DR ligands.
In particular for Fas, this difference might switch the signalling from proapoptotic to growth-promoting358–360. DR ligands form homo-trimeric complexes that, upon binding with their cognate receptors, stabilize their trimerization and consequent high-order multimerization361,362. Ligand-dependent
activation induces conformational reorganisation of the receptor, leading to
binding of the adaptor protein FADD (Fas-associated protein with death domain) at the DD. DR-bound FADD exposes the death-effector domain which
recruits pro-caspase 8 to the complex, completing the death-inducing signalling complex (DISC) (Fig. 6). This activation mechanism, common to Fas-R
and TRAIL-Rs, differs in the TNFR1-induced cascade. In particular, DISC
formation upon TNF-R activation requires additional steps mediated by binding of TRADD (TNF-R associated death domain protein) and by the formation
of a multimolecular signalling complex (further discussed below)363.
Once the pro-caspase 8 is recruited to the DISC, proximity-induced multimerization induces its activation and cleavage364–367, in a manner that is analogous to the processing of caspase 9 at the apoptosome. Active caspase 8 can
then process the effector caspases and other critical proteins, causing the precipitation of the apoptosis cascade.
Various proteins regulate the action of caspase 8. In particular, the cellular
FLICE-like inhibitory protein (c-FLIP) competes with caspase 8 for binding
at the DISC368,369. The binding of the short or long isoform of c-FLIP (c-FLIPS
and c-FLIPL) has opposite outcomes on caspase 8 activation. C-FLIPS occupies the pro-caspase binding sites, dampening the apoptotic response. CFLIPL, on the other hand, can promote caspase 8 activation370. When its expression is increased, however, c-FLIPL can also function as a caspase 8 inhibitor371.
Caspase 10 was also originally described as an extrinsic apoptosis initiator
caspase366; however, its importance in this role has recently been challenged,
and an anti-apoptotic function has instead been proposed372.
Only one subgroup of cells (including thymocytes and lymphocytes), classified as type I, can execute the apoptotic program downstream DRs activation
without the involvement of the mitochondrial pathway. The type II subgroup
(comprising most of the cancer cells) requires instead transactivation of the
intrinsic apoptosis cascade for efficient death response373,374. This crosstalk is
mediated by proteolytic cleavage of the BCL-2 pro-apoptotic protein BID
(BH3-interacting domain death agonist) by caspase 8. The resulting truncated
BID can in turn promote BAX and BAX activation and MOMP337,375. An elevated expression ratio of XIAP versus the effector caspase 3, renders cells
dependent on this second mechanism of extrinsic apoptosis376.
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Figure 6. Death receptor-activated apoptotic signalling at a glance. Casp- stands for
caspase, see the text above for other abbreviations.

Interestingly, DRs can also mediate survival signals. This mechanism has been
extensively studied for TNRF-R1, where ligand-induced TRADD association
to the DD mediates first the formation of the so-called complex I. Complex I
consists of the E3 ligases TRAF (TNFR associated factor) 2 and 5, c-IAP (cellular Inhibitor of Apoptosis Protein) 1 and 2, the multiprotein linear ubiquitin
chain assembly complex (LUBAC)377 and the receptor interacting serine/threonine protein kinase 1 (RIPK1). The formation of complex I leads to ubiquitination of RIPK1, a fundamental step in promoting the downstream activation
of NF-κB and consequent pro-survival signalling. When RIPK1 is in a deubiquitinated state, it instead dissociates from complex I and together with
TRADD and FADD constitute the complex II, that recruits c-FLIP and procaspase 8 leading to activation of the latter and apoptosis329,333,377. Analogously, TRAIL-R and Fas-R can trigger a non-canonical pro-survival/pro-inflammatory pathway by interaction with de-ubiquitinated RIPK1, mediating
the activation of the pro-survival NF-κB pathway378–383. Interestingly, the preferential activation of the apoptotic over the pro-survival pathway might depend, among other factors, on the degree of multimerization of the receptors,
where higher-order multimerization enhances apoptosis, while impaired oligomerisation results in pro-survival signals.360.
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5.2 The regulation of TRAIL-Receptors signalling is of
special interest in cancer
The discovery that cancer cells are sensitive to extrinsic apoptosis initially
suggested DRs as potential targets in tumour therapy354,384,385. However, early
studies discouraged this idea, as agonistic treatment directed at both TNFR
and Fas-R resulted in lethal toxicity386–388. New interest in extrinsic apoptosis
activation as a therapeutic approach rose with the discovery of TRAIL-R, as
TRAIL treatment induces cancer cells apoptosis in absence of severe side effects389–391.
Remarkably, TRAIL seems to be physiologically linked to anti-cancer immunosurveillance, as TRAIL-knock-out mice show increased susceptibility to
tumour initiation and metastasis392. Additionally, TRAIL deletion induces immunoregulation defects and it is linked to development of autoimmune diseases, suggesting a central role in clearance of autoreactive immune cells393.
TRAIL ligand binds to five different receptors in human cells. However,
only TRAIL-R1 and 2 contain a cytoplasmic DD and are therefore able to
induce apoptosis via the previously described DRs general mechanism of activation. Receptor trimers are stabilised by the binding of trimeric ligand to a
region comprised between cysteine-rich domains 2 and 3 362,394. Subsequent
multimerization is critical for the formation of the DISC and apoptotic signalling. The functions of the two TRAIL-Rs are highly redundant, but some cell
lines show preferential activation of one of the receptors over the other395–397.
Interestingly, the presence of two TRAIL-binding DR proteins is exclusive to
primates398.
Decoy receptor (DcR) 1 and 2 are membrane associated proteins that bind
TRAIL and have structural similarity to TRAIL-Rs. However, they lack a
complete DD and, consequently, cannot activate death-inducing pathways399–
403
. DcRs instead counteract the response to TRAIL by either sequestering the
ligand or by directly associating with the activated TRAIL-Rs and thus impairing effective DISC formation404,405. In addition to antagonising apoptosis
signalling, DcRs have also been found to promote pro-survival signalling via
NF-κB and Akt379,406,407.
Lastly, Osteoprotegerin (OPG) is a low affinity soluble TRAIL receptor
that is able to sequester the ligand extracellularly408,409. Reduced expression of
DcR and OPG could account for the increased sensitivity to TRAIL of many
cancer cells410, however a role for Ras activation in this context has also been
described411.
To date, despite the testing of many promising compounds in clinical trials,
the quest for a suitable drug that targets cancer via TRAIL-R-mediated apoptosis is still ongoing (reviewed in Naoum et al., 2017410). One important aspect
hindering the development of a successful therapeutic strategy is the fact that
many cancer cells exhibit –or acquire after treatment– resistance to TRAIL.
Common mechanisms of TRAIL resistance include constitutive endocytosis
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of the receptor, downregulation of caspase 8, c-FLIP upregulation, mutation
of components of the intrinsic pathway in type II cells and upregulation of NFκB410,412. Additionally, failure of recruitment of the receptor to lipid rafts, has
been associated with resistance to apoptosis and enhanced pro-survival signalling in different experimental settings413–419.
Lipid rafts are specialised regions of the membrane that hold a key role as
signalling hubs. They are membrane subdomains enriched in low-density
components such as sphingolipids, cholesterol and highly saturated fatty acids
420–422
. The structure of lipid rafts is stabilised by association with the cytoskeleton via different transmembrane proteins and, in the case of invaginated
rafts (or caveolae), by high-order oligomerisation of caveolin-1 and -2. Caveolin multimers are also responsible for the characteristic curvature of the
membrane at these sites.
The discovery of these specialised subdomains was initially met with scepticism, since it challenged the liquid mosaic model of the plasma membrane
by implying that lateral diffusion of transmembrane proteins can be restricted422. However, it is now becoming clear that the existence of such compartments is important for local concentration of specific proteins and regulation of their function. The significance of lipid rafts in signalling has been
demonstrated, in particular, for PI3K/Akt activation by the insulin-like growth
factor receptor and for DRs-mediated apoptosis418,423–425.
In particular, the multimerization step of activated TRAIL-R, critical in
triggering the apoptotic response, is thought to be promoted by receptor localisation at the lipid rafts413,414,426. Interestingly, it has also been reported that
localisation of TRAIL-Rs at lipid rafts could have a role in prioritizing the
pro-apoptotic pathway over the pro-survival one414. Although what exactly
determines the localisation of TRAIL-Rs at the lipid rafts is still unclear, it has
been proposed that post-translational modification, such as O- or N- glycosylation (for DR5 and 4 respectively) and palmitoylation, may play a role157–159.
Moreover, the work presented in this thesis suggests that Ack1 represents
an overlooked player in this process. Particularly, Paper I describes a novel
role for Ack1 in increasing the localisation of TRAIL-Rs to lipid rafts and the
potency of apoptotic response upon TRAIL treatment.
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6. Present investigations

As addressed in the previous chapters, the integrity and functionality of tissues
require harmonization of the behaviour of the individual cells that compose
them. Deregulation of the system of communication in charge of this coordination has catastrophic consequences on homeostasis and is at the root of cancer. It becomes therefore evident that increasing our knowledge on how this
complex system works is of the highest importance in the fight against cancer.
In order to untangle the intricate processes of signal sensing and signal
transduction in the cell, it can be useful to break the problem in smaller pieces
and focus on understanding the specific role of the single molecular players.
This was the approach adopted in this thesis, where we focused on deepening
the knowledge on the biological role of a single protein, Ack1, with the aim
of understanding its implications in epithelial homeostasis.
As extensively described in Chapter 2, Ack1 is most prominently known
for its roles in remodelling the cytoskeleton, trafficking of EGFR and activating transcription of mitogenic genes. This knowledge, together with occurrence of Ack1 overexpression or overactivation in a wide range of cancers,
portrayed Ack1 as an oncogene.
Our findings, however, endorse a bivalent function of Ack1 in epithelial
biology, since we discovered three independent roles of this kinase in limiting
cell survival and proliferation. This thesis provides for the first time evidence
of Ack1’s function in promoting extrinsic apoptosis (Paper I), mediating the
exclusion of Yap/Taz from the nucleus in the context of mechanotransduction
(Paper II), and attenuating ErbB3-mediated pro-survival and pro-proliferative
signalling (Paper III).

Paper I: Activated Cdc42-associated kinase 1 (Ack1) is required
for tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL) receptor recruitment to lipid rafts and induction of cell
death
The family of death receptors, including TNFR, Fas-R and TRAIL-Rs, mediates apoptotic response upon ligand binding, which is important for immunoregulation and cancer immuno-surveillance. TRAIL-Rs are of particular interest in the cancer field since agonistic ligands induce death of cancer cells in
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the absence of severe side effects. The success of therapeutic approaches targeting TRAIL-Rs is, however, hindered by the emergence of resistance mechanisms whose molecular players are still poorly understood. In this study, we
demonstrate that Ack1 is required, in different epithelial cell lines, for efficient
apoptosis upon TRAIL stimulation. Depletion of Ack1 dampened the apoptotic response without diminishing the levels of TRAIL-Rs exposed at the
membrane. However, we found Ack1 to be essential for the translocation of
the activated receptor to the lipid rafts, specialised membrane subdomains that
favour the multimerization of TRAIL-Rs and the consequent formation of an
effective death-inducing signalling complex. Interestingly, inhibition of the
kinase activity of Ack1 did not recapitulate the effects of its depletion, suggesting that the regulation of the membrane trafficking of the TRAIL-Rs is
independent of Ack1-mediated phosphorylation. Our findings reveal a previously unknown function of Ack1 in mediating the targeting of TRAIL-Rs to
the lipid rafts, which results in an enhanced sensitivity to TRAIL, thus facilitating extrinsic apoptosis.

Paper II: Ack1 is a mechanoresponsive kinase required for SCF
(β-TrCP)-mediated degradation of Yap/Taz
Yap/Taz-regulated gene expression promotes cell growth, proliferation and
differentiation. The control of Yap/Taz’s function was initially ascribed to
Hippo pathway-dependent phosphorylation, which resulted in anchorage in
the cytoplasm via interaction with 14-3-3s. Recent research, however, demonstrated that the localisation of Yap/Taz also strongly depend on alternative
pathways and, especially, on the dominant role of mechanical signals. In this
paper we discovered a novel function of Ack1 in controlling the response of
Yap/Taz to mechanical cues. We observed that Ack1 is required for the exclusion of Yap/Taz from the nucleus at low mechanical stress, as observed in
crowded cell cultures, in cells grown on soft ECM substrates or upon depolymerisation of the actin cytoskeleton. We found that Ack1 was activated by
relieving mechanical tension, and regulated the function of Yap/Taz independently of the Hippo pathway. Finally, we demonstrated that Ack1 interacts
with Yap/Taz via their WW domains, and that it is required, in particular, for
proteasomal degradation of Taz. Specifically, we found that Ack1 fostered the
interaction of Yap/Taz with the E3 ubiquitin ligase βTrCP, resulting in reduced Taz stability upon depolymerization of the actin cytoskeleton. Our
study sheds new light on the still unknown mechanisms that modulates the
activation of Yap/Taz downstream mechanical stimulation.
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Paper III: Ack1 is a negative regulator of ErbB3 that acts both by
promoting its degradation and suppressing its expression
Activation of the ErbB family of tyrosine kinase receptors, which includes
EGFR, ErbB2, ErbB3 and ErbB4, initiates molecular signalling pathways of
elevated mitogenic potential and is frequently deregulated in cancer. Despite
its impaired kinase activity, ErbB3 retains signalling capacity, particularly via
the PI3K/Akt pathway. Ack1 has been previously linked to the regulation of
EGFR trafficking upon ligand binding, but its putative effect on the other
members of the family has not been explored. We found that depletion of
Ack1 increases ErbB3 protein levels, but not those of other ErbB receptors, in
different epithelial cell lines. Upon Neuregulin treatment, Ack1 attenuated
ErbB3 phosphorylation and, accordingly, the activation of downstream signalling pathways. The depletion of Ack1 impaired both constitutive and ligand-induced ErbB3 degradation, suggesting a general role in modulating its
stability. Additionally, the depletion of Ack1 resulted in increased expression
of the gene encoding ErbB3; an effect that was further enhanced by Neuregulin treatment. Taken together, our data demonstrate, for the first time, that
Ack1 controls ErbB3 at multiple levels, and uncouples its regulation from the
other members of the ErbB family.
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7. Future perspectives

The work presented in this thesis unveils the importance of Ack1 in modulating the transduction of different kinds of signals for the maintenance of epithelial homeostasis. At the same time, the reported observations raise new
compelling questions regarding the precise mechanisms by which Ack1 covers these functions, and how they could be integrated in a coherent view of
its role in cell signalling.

Is Ack1-mediated TRAIL-R recruitment to lipid rafts an aspect
of a more general mechanism?
In Paper I, we discovered the importance of Ack1 in enhancing the apoptotic
response to TRAIL in different epithelial cell lines by directing TRAIL-R
membrane trafficking towards the lipid rafts.
However, it is not clear by which mechanisms Ack1 mediates this translocation. Despite the fact that we were not able to detect direct interaction between Ack1 and TRAIL-Rs, we observed their co-localisation in the lipid rafts
upon TRAIL treatment. What directs both Ack1 and TRAIL-Rs translocation
to this membrane compartments has not yet been clarified. The recruitment of
Ack1 to the lipid rafts is unlikely to depend on its activation, since the kinase
activity is dispensable for TRAIL-R-dependent apoptosis. Therefore, the involvement of unknown interaction partners is expected and would be worth
further investigation. Notably, lipid rafts constitute a signalling hub for activation of different pathways422. Hence, it would be intriguing to explore the
possibility of a more general role of Ack1 in enhancing activation of such
pathways by promoting the clustering of lipid rafts or the association of various signalling proteins to these membrane regions.
From a more general perspective, the study of TRAIL-Rs dynamics is relevant in cancer therapy, as there is an ongoing effort in developing effective
treatments that trigger TRAIL-R-mediated apoptotic response410. Our results
suggest that the presence of Ack1 is critical for sensitivity to TRAIL. It would
be of interest to explore the possibility that, accordingly, the overexpression
of Ack1, which is common in tumours, increases the responsiveness to treatment in vivo. If this hypothesis would be validated, Ack1 overexpression
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could constitute a prognostic marker of effective response to TRAIL-Rs agonists.

What are the molecular details of Ack1 regulation of Yap/Taz
downstream of mechanical stimulation?
The study presented in Paper II describes for the first time Ack1 as an important molecular player in mechanotransduction. As addressed in Chapter 2,
Ack1 has a documented role in promoting actin remodelling. Surprisingly, our
findings revealed mechanosensitive properties of Ack1, indicating that its activity is engaged both upstream and downstream cytoskeleton dynamics. How
relieving mechanical tension activates Ack1 is, however, still an open question that requires further investigation.
Our results underline the importance of the kinase activity of Ack1 in promoting Yap/Taz’s exclusion from the nucleus. Nevertheless, the target of
Ack1 phosphorylation that mediates this mechanism is yet to be identified. It
has been reported that different kinases can phosphorylate Yap/Taz at a conserved tyrosine residue300–302. This modification has not, however, been found
to correlate with cytoplasmic sequestration. Additionally, in our system, we
did not detect tyrosine phosphorylation of Yap/Taz, suggesting that Ack1-dependent phosphorylation of an alternative substrate is required for the regulation of Yap/Taz.
Interestingly, we found that Ack1 promotes the interaction of Yap/Taz with
β-TrCP upon depolymerisation of the cytoskeleton, resulting, in particular, in
the proteasomal degradation of Taz. Taz is notably a much less stable protein
than Yap and it has be found to contain one more phosphodegron motif, which
is a target of GSK3-dependent serine phosphorylation284,430. It is therefore
tempting to speculate that Ack1 could promote Taz degradation via the GSK3dependent branch. Intriguingly, GSK3 phosphorylation at a tyrosine residue
is required for full activation, although the connection of this modification to
regulation of the kinase is still unclear431. It would be interesting to test if Ack1
can modulate GSK3 regulation of Taz by phosphorylation at this residue, promoting, in turn, serine phosphorylation of Taz and its affinity for binding of
β-TrCP.

Which mechanisms underlie Ack1-dependent regulation of
ErbB3?
In Paper III we approached the role of Ack1 in the regulation of the spatiotemporal dynamics of the ErbB family of receptor tyrosine kinases. Notably,
we discovered that Ack1 regulates ErbB3 at multiple levels and independently
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of the control of EGFR. The mechanistic details of this regulation are however
still unclear. The function of Ack1 has been linked with many proteins involved in receptor trafficking (as described in Chapter 2). It is therefore inviting to hypothesise that it attenuates ErbB3 signalling by directing the sorting
of receptor-containing vesicles upon activation. Such a mechanism could have
consequences for both signalling activation and the dynamics of ErbB3 degradation, offering a unifying explanation to the phenotype observed when
Ack1 is depleted. Additionally, it is not clear if the Ack1-dependent regulation
of ErbB3 requires their physical interaction. Ack1 binds the catalytic domain
of EGFR and this association requires kinase activity of the receptor. Due to
the kinase impairment of ErbB3, an analogous interaction is unlikely, and it
would therefore be important to test for alternative direct or indirect association modes.
Interestingly, Ack1 inhibits the expression of the gene encoding ErbB3, in
particular upon Neuregulin treatment. As reported in Chapter 2 Ack1 has been
found to regulate gene transcription by different means. It could be worth exploring whether any of the known functions of Ack1 in transcriptional modulation could have an impact on the expression of ErbB3. Alternatively, it is
possible to speculate that Ack1-mediated regulation of ErbB3 gene expression
depends on the attenuation of the ErbB3-dependent signalling cascade, by interfering with an unknown integral feedforward mechanism. To verify this
hypothesis, it could be possible to assess the effect of Ack1 depletion on
ErbB3 gene expression in presence of inhibitors for downstream components
of the ErbB3-mediated signalling cascade.

How are Ack1 functions integrated?
In a broader perspective, our studies bring to light a putative tumour-suppressive function of Ack1 in epithelial tissues. This new scenario is seemingly at
odds with the previously documented roles of Ack1 in cancer biology. Thus,
it is necessary to understand what, during tumorigenesis, switches Ack1 from
its pro-homeostatic function to promote malignancy instead. To shed light on
this central issue, future research needs to focus on reconstructing a complete
picture of Ack1 signalling network. A deeper knowledge of Ack1 interactome
is at this moment essential to unveil the critical checkpoints of regulation of
this still mysterious, yet clearly crucial, multifunctional kinase.
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