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i. Summary

Vinexin regulates autophagy through YAP/TAZ: implications for health and disease
Rebecca Astrid Frake

Macroautophagy (hereafter referred to as autophagy) is a highly conserved cellular process
that promotes cytoplasmic homeostasis via lysosomal degradation of proteins and
organelles. Dysfunctional autophagy occurs in numerous human pathologies, including
neurodegeneration and cancer. Vinexin (encoded by SORBS3) is a physiologically
important adaptor protein for two main reasons: 1. SORSB3 mRNA expression increases in
normal human brain ageing, 2. SORBS3 is a candidate tumour suppressor in hepatocellular
carcinoma (HCC).

This dissertation builds on published data from an siRNA screen for autophagy regulations
under basal conditions, which indicates vinexin knockdown upregulates autophagy. I
replicate this finding in multiple cell lines, before characterising the impact of siSORBS3
treatment on autophagy; autophagosome biogenesis is increased, while flux through the
autophagy pathway remains intact. Having excluded several possible mechanisms
suggested by the literature, I focus on the transcriptional coactivators YAP and TAZ. The
rationale here is: 1. YAP/TAZ activity is implicated in autophagy, 2. YAP/TAZ and
vinexin are both linked to HCC.

My data show that YAP/TAZ transcriptional activity is upregulated upon vinexin
depletion. Moreover, increased autophagy following siSORBS3 treatment requires Y AP
and TAZ. A key focus of this dissertation is the mechanism by which vinexin knockdown
upregulates YAP/TAZ and hence, autophagy. This centres on altered actin cytoskeleton
dynamics; an increase in F-actin structures appears to compete with YAP/TAZ for binding
to angiomotins, established sequesterers of YAP/TAZ in the cytosol. In this way,
siSORBS3 treatment facilitates YAP/TAZ nuclear localisation and consequent
transcriptional activity. Angiomotin overexpression therefore ameliorates the increase in
autophagy caused by vinexin depletion.

Published RNA sequencing data is used to confirm that SORBS3 mRNA expression
increases in normal brain ageing, not only in the frontal cortex (as previously published),
but also in the hippocampus. This sits alongside decreased expression of core autophagy
genes in both tissues. Accordingly, vinexin could contribute to the decline in autophagic
potential thought to occur in normal brain ageing.

With regards to SORBS3 as a candidate tumour suppressor in HCC, I show that stably re-
expressing vinexin in a HCC cell line downregulates YAP/TAZ and hence, autophagy.
These cells also show reduced clonogenicity. My data therefore support the hypothesis that
SORBS3 is a tumour suppressor in HCC; YAP and TAZ are well-known to increase
proliferation and resistance to apoptosis, while autophagy can enable tumour cells to
survive stressors such as nutrient starvation.

The conclusions of this dissertation are that vinexin depletion upregulates autophagy in a
Y AP/TAZ-dependent manner and that this has physiologically important implications,
especially with regards to HCC.
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1 Introduction

In this thesis I investigate the molecular mechanism through which vinexin regulates

autophagy, which is relevant to diverse pathophysiological processes.

This introductory chapter comprises three sections: 1.1 introduces the autophagy pathway
with regards to molecular machinery, regulatory pathways and pathophysiological
associations, 1.2 reviews literature on the candidate autophagy regulator vinexin and 1.3
concerns the transcriptional coactivators YAP and TAZ, through which vinexin is shown in

chapters 4 - 5 to regulate autophagy.
1.1 Autophagy

1.1.1 Introduction

The term ‘autophagy’ was coined by Christian de Duve in 1963 to describe vacuoles
containing cytoplasmic components observed by electron microscopy (De Duve and
Wattiaux, 1966). Macroautophagy (commonly referred to as autophagy) has subsequently
emerged as an important mechanism for maintaining cellular homeostasis by trafficking
cytoplasmic material for enzymatic degradation in the lysosome. Autophagy is both a
constitutive process and subject to dynamic regulation by a range of physiological signals,
including nutrient starvation (Ravikumar et al., 2010b). The degraded substrates are
extremely diverse, ranging from organelles such as mitochondria, through to protein
aggregates and invading microorganisms. Consequently, autophagy performs many functions
in normal physiology, with dysregulated autophagy implicated in multiple human pathologies
(Choi et al., 2013).

i. Macroautophagy

This dissertation (in common with most autophagy literature) concerns macroautophagy, as
opposed to the other two autophagy types characterised in mammalian cells (chaperone-
mediated autophagy and microautophagy). The marcoautophagy pathway (summarised in
Figure 1.1) entails formation of a cup-shaped, double-membraned phagophore (also referred
to as the isolation membrane), which closes around cytoplasmic material to form a spherical,
double-membraned autophagosome. The autophagosome outer membrane ultimately fuses
with a lysosome to form an autolysosome, resulting in degradation of the inner

autophagosome membrane and sequestered cargo (Bento et al., 2016b).
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Figure 1.1: macroautophagy pathway.

Macroautophagy (commonly referred to as autophagy) involves the formation of double-
membraned phagophores (also known as isolation membranes), which close around cytoplasmic
cargo (red and green shapes) to form double-membraned autophagosomes. Autophagosome outer
membranes (green) fuse with lysosomes to form autolysosomes. This results in the degradation of
autophagosome inner membranes (blue) and sequestered cargo. Prior to fusion with lysosomes,
autophagosomes may also fuse with endosomal vesicles to form amphisomes.



ii. Chaperone-mediated autophagy

This pathway selectively targets proteins featuring KFERQ or ‘KFERQ-like’ pentapeptide
motifs (Dice et al., 1986) that become accessible to the chaperone Hsc70 (Heat Shock
Cognate protein of 70 kDa) due to (amongst other reasons) partial unfolding or dissociation
from binding partners (Kaushik and Cuervo, 2012). Upon delivery to the lysosomal surface
by Hsc70 (Chiang et al., 1989), substrate proteins bind the single-pass transmembrane protein
LAMP2A (Lysosome-Associated Membrane Protein 2A) (Cuervo and Dice, 1996). This
triggers substrate protein unfolding and LAMP2A multimerisation, followed by substrate
protein translocation into the lysosome for degradation (Bandyopadhyay et al., 2008).

iii. Microautophagy

The first stage in this pathway is lysosomal membrane invagination to form ‘autophagic
tubes’ (Muller et al., 2000). Rapid scission events then produce intralysosomal
microautophagic vesicles, which are degraded by lysosomal hydrolases (Kunz et al., 2004).
Microautophagy remains poorly understood in mammalian cells; the pathway is thought to be
non-selective, plus contribute to lysosomal membrane homeostasis and cell survival under

certain starvation conditions (Li et al., 2012).
1.1.2 Molecular machinery of autophagosome biogenesis

The core autophagy proteins (referred to as ATG proteins in mammals) were identified
through genetic screens in yeast, pioneered by the Ohsumi and colleagues (Harding et al.,
1995; Klionsky et al., 2003; Thumm et al., 1994; Tsukada and Ohsumi, 1993). This
molecular machinery is largely conserved in mammals, although there are important
differences between autophagy pathways in yeast and mammalian cells (the latter being the
focus of this dissertation) (Bento et al., 2016b). Autophagosome biogenesis (summarised in
Figure 1.2) proceeds sequentially from phagophore initiation to closure, facilitated by

multiple complexes featuring ATG proteins.
i. Initiation: the ULK1 complex

In mammalian cells, interaction between ULK1 (Unc-51-Like autophagy activating Kinase 1,
equivalent to yeast Atglp) and the large scaffolding protein FIP200 (FAK family-Interacting
Protein of 200 kDa) is mediated by ATG13 (Ganley et al., 2009; Hosokawa et al., 2009a;
Jung et al., 2009). This complex is completed by ATG101, which interacts with ULK1 in an
ATG13-dependent manner (Hosokawa et al., 2009b; Mercer et al., 2009). Recruitment to
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Figure 1.2: autophagosome biogenesis pathway.

Autophagosome formation is initiated by the ULK1 complex, which comprises the serine/threonine
kinase ULK1, FIP200, ATG13 and ATG101. Initiation is followed by membrane nucleation, which
involves PIBKC3 complex | synthesising PI(3)P (phosphatidylinositol 3-phosphate) at phagophore
initiation sites. PISKC3 complex | comprises Beclin 1, ATG14, VPS34 (catalytic subunit) and
VPS15. Two ubiquitin-like conjugation reactions then drive membrane expansion: 1. ATG12 is
conjugated to ATGS5, enabling the ATG5-ATG12 conjugate to form multimeric complexes with
ATG16L1, 2. cytosolic LC3-1 is conjugated to the membrane phosphoglycerolipid PE
(phosphatidylethanolamine) to form membrane-associated LC3-Il. Finally the phagophore closes
around cargoes (pink circles) to form a completed autophagosome.



phagophore initiation sites requires the ULK1 C-terminal domain (now referred to as the
early autophagy targeting/tethering domain) (Chan et al., 2009a). Although less well
characterised than Atgl complex localisation in yeast, ULK1 complex localisation is
similarly influenced by multiple protein-protein interactions (Hurley and Young, 2017). For
example, C9orf72 interacts with the ULK1 complex (binding ULK1, ATG13 and FIP200)
and the small GTPase RAB1A, thereby promoting RAB1A-dependent trafficking of the

ULK1 complex to the isolation membrane initiation sites (Webster et al., 2016).

Following ULK1 activation (see section 1.1.6 below), the serine/threonine kinase
phosphorylates numerous substrates at consensus motifs characterised by hydrophobic
residues surrounding a serine phosphorylation site (Egan et al., 2015). Importantly, ULK1
phosphorylates Beclin 1 (equivalent to yeast Atg6p) at serine 14, together with serine 249 on
the class III phosphatidylinositol 3-kinase (PI3KC3) catalytic subunit VPS34, thereby
promoting autophagosome biogenesis via PI3KC3 complex I activation (Egan et al., 2015;
Russell et al., 2013). Comprising around 90% non-enzymatic domains, the ULK1 complex
seems likely to perform additional ULK1 kinase activity-independent functions in autophagy
(Lin and Hurley, 2016). For instance, ATG13 and FIP200 have been shown to function
cooperatively to induce autophagy in ULK1/2 depleted cells (Alers et al., 2011).

ii. Membrane nucleation: PI3KC3 complex I

The tetrameric class I1I phosphatidylinositol 3-kinase (PI3KC3) complex I comprises the
catalytic and regulatory subunits VPS34 and VPS15, together with Beclin 1 and ATG14 (the
latter replaced by UVRAG in PI3KC3 complex II) (Itakura et al., 2008). PI3KC3 complex I
generates phosphatidylinositol 3-phosphate (PI(3)P) at phagophore initiation sites (Backer,
2016). This function requires ATG14/Beclin 1 binding, which facilitates PI3KC3 complex I
localisation and enhances VPS34 kinase activity (Matsunaga et al., 2009; Zhong et al., 2009).

PI(3)P clustering on developing phagophores creates platforms for recruiting downstream
autophagic machinery. For example, the PI(3)P-binding protein WIPI2 (WD repeat domain
Phosphoinositide-Interacting Protein 2) localises ATG16 to developing phagophores, thereby
recruiting the ATG5-ATG12 complex and driving further membrane expansion (Dooley et
al., 2014). The biophysical properties of PI(3)P are also thought to contribute to phagophore
sculpting (Bento et al., 2016b). Nonetheless, noncanonical autophagy can occur when VPS34
kinase activity is inhibited; PI(5)P (synthesised by the class III phosphatidylinositol 5-kinase



PIKfyve) can perform functions in autophagosome biogenesis previously ascribed solely to

PI(3)P (Vicinanza et al., 2015).

Numerous regulatory proteins influence PI3KC3 complex I activity, predominantly by
interacting with Beclin 1. These include antiapoptotic BCL2 family proteins (BCL2,
BCL2L1, BCL2L2 and MCL1), which bind Beclin 1 and inhibit VPS34 kinase activity
(Oberstein et al., 2007; Pattingre et al., 2005). Beclin 1 is also phosphorylated by multiple

kinases (see section 1.1.6 below).
iii. Membrane expansion: ubiquitin-like conjugation systems

Yeast Atgl2p was found to covalently bind Atg5p, much as ubiquitin tags substrates
(Mizushima et al., 1998). This discovery led to the first characterisation of mammalian ATG
proteins; human ATG12 and ATGS were shown to conjugate via reactions analogous to those
in yeast (Mizushima et al., 1998b). First the carboxyl-terminal glycine of ATG12 is activated
by ATG7 (functioning as an E1-like enzyme), then ATG12 is transferred to ATG10
(functioning as an E2-like enzyme) and finally onto an internal lysine of ATGS (Mizushima
et al., 1998b). The ATG5-ATG12 conjugate forms a multimeric complex with ATG16L1,
which binds ATGS and other ATG16L1 monomers (Mizushima et al., 2003). ATGS-
ATGI12/ATGI16L1 remains associated with autophagic membranes until autophagosome
maturation and is required for LC3 (microtubule associated protein 1 Light Chain 3,
equivalent to yeast Atg8p) localisation to the expanding phagophore (Mizushima et al., 2003;
Mizushima et al., 2001).

Mature LC3 exists in two forms; non-lipidated LC3-I in the cytosol and
phosphatidylethanolamine (PE)-conjugated LC3-II on autophagic membranes (Kabeya et al.,
2000). This second ubiquitin-like reaction was the first example of protein-
phosphoglycerolipid conjugation to be discovered and explains how hydrophilic LC3 is able
to associate with autophagic membranes (Ichimura et al., 2000). The reaction begins with
ATG4B cleaving nascent LC3 to reveal a carboxyl-terminal glycine (Hemelaar et al., 2003).
The resultant LC3-1 is activated by ATG7 (again functioning as an El-like enzyme),
transferred to ATG3 (functioning as an E2-like enzyme) and finally onto PE to produce LC3-
II (Tanida et al., 2002; Tanida et al., 2001). LC3-II specifically associates with the expanding
phagophore and remains associated until after lysosomal fusion, hence providing a useful

readout for the whole autophagy pathway (Klionsky et al., 2012).



iv. Phagophore closure

During closure of double-membraned phagophores to form double-membraned
autophagosomes, the inner and outer autophagic membranes become separate entities. Knorr
and colleagues therefore argue phagophore closure constitutes a membrane scission event
(Knorr et al., 2015). The protein complexes involved remain to be characterised, though
ATG2A and ATG2B (localised to developing phagophores) are thought to be required
(Velikkakath et al., 2012). ATG2A/B double knockdown leads to an accumulation of
autophagic membranes, which are suggested by protease protection assay to be unclosed

phagophores (Velikkakath et al., 2012).

ATG4B cleaves other ATG8 family proteins in addition to LC3: GABARAP, GABARAPLI
and GABARAPL2, which are also homologous to yeast pAtg8 (Hemelaar et al., 2003). As
with LC3, ATG4B-mediated cleavage is a prerequisite for ATG8 protein lipidation and also
appears necessary for phagophore closure (Fujita et al., 2008). Overexpressing mutant
ATG4B lacking protease activity causes unclosed autophagic structures to accumulate.
Hence, Fujita and colleagues suggest that ATG8 family protein lipidation is essential for

isolation membrane closure (Fujita et al., 2008).
1.1.3 Membrane sources in autophagosome biogenesis

The autophagy literature remains divided on the membrane sources utilised in
autophagosome biogenesis. One possibility is that preautophagosomal membrane derives
from one pre-existing organelle. Alternatively, membrane from multiple sources might
coalesce; either de novo or during maturation following initial biogenesis from one pre-

existing organelle (Bento et al., 2016b).

A popular hypothesis is that the endoplasmic reticulum (ER) provides a platform for
accumulating the protein complexes and PI(3)P required for autophagosome biogenesis (Axe
et al., 2008; Hayashi-Nishino et al., 2009). However, whether isolation membranes derive
directly from the ER or represent closely apposed (but separate) membrane compartments
remains unclear. As does whether all autophagosomes originate in this way, or only a sub-

population under certain conditions (Axe et al., 2008; Hayashi-Nishino et al., 2009).

The outer mitochondrial membrane has also been implicated in autophagosome biogenesis.
Hailey and colleagues report this membrane is continuous with developing phagophores,

meaning autophagosomes can orignate directly from mitochondria (Hailey et al., 2010).



Subsequently, the Yoshimori group have suggested autophagosomes derive from
mitochondria-associated ER membrane (Hamasaki et al., 2013). Hence, the literature cited
above might be reporting the same phenomena observed from different perspectives.
Specifically, Hamasaki et al. describe that the PI3KC3 complex I component ATG14 is
recruited to ER-mitochondria contact sites by the ER-resident SNARE syntaxin 17, thereby

facilitating autophagosome biogenesis (Hamasaki et al., 2013).

Endocytic pathways are also associated with autophagosome biogenesis, contributing
preautophagosomal membrane originating from the plasma membrane and recycling
endosome. ATG16L1-positive autophagosome precursors are reported to derive form the
plasma membrane via clathrin-mediated endocytosis, before undergoing homotypic fusion
mediated by VAMP7 and partner SNARES (syntaxin 7, syntaxin 8 and VTI1B) (Moreau et
al., 2011; Ravikumar et al., 2010a). mATG?9 (the only known mammalian transmembrane
ATG protein) is suggested to traffic from district clathrin-coated vesicles at the plasma
membrane via early endosomes, before joining ATG16L1 at recycling endosomes (Puri et al.,
2013). Here ATG16L1-positive and mATG9-positive autophagosome precursors undergo
heterotypic fusion, this time with the R-SNARE VAMP3 as a critical mediator (Puri et al.,
2013).

The endoplasmic reticulum-Golgi intermediate compartment (ERGIC) has also been
proffered as a preautophagosomal membrane source (Ge et al., 2013; Ge et al., 2014; Tan et
al., 2013). The Schekman group report that ERGIC recruits the PI3KC3 complex I
component ATG14, together with the COPII coatomer complex in a VPS34 activity-
dependent manner (Ge et al., 2013; Ge et al., 2014). This induces budding of LC3 lipidation-
active vesicles from ERGIC, which could contribute to contribute to autophagosome

biogenesis (Ge et al., 2014).
1.1.4 Autophagy cargo receptors

Autophagy targets certain substrates (including protein aggregates, damaged organelles and
invading microorganisms) for degradation through adapter proteins characterised by the
ability to: 1. recognise cargo and 2. target the isolation membrane (Zaffagnini and Martens,

2016).

The first cargo receptor investigated was p62 (also known as sequestosome 1), which binds
substrates such as polyubiquitinated protein aggregates and intracellular bacteria coated with

ubiquitinated proteins using a C-terminal ubiquitin-associated domain (Bjorkoy et al., 2005;
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Ciani et al., 2003; Zheng et al., 2009). In common with other cargo receptors, p62 targets the
isolation membrane using an LC3-Interacting Region (LIR) motif (Pankiv et al., 2007).
Although non-canonical LIR motifs have been identified, LIR motifs typically feature the
consensus sequence OxxI" (® is an aromatic residue, I" is hydrophobic and x is any other
residue) (Zaffagnini and Martens, 2016). p62 contains just one LIR motif, but is thought to
cluster these motifs through oligomerisation to generate high-avidity reactions with LC3

(Wurzer et al., 2015).

Other cargo receptors include NDP52 and optineurin, which facilitate autophagic degradation
of both invading bacteria (xenophagy) (Thurston et al., 2009; Wild et al., 2011) and damaged
mitochondria (mitophagy) (Lazarou et al., 2015). These receptors have recently been ascribed
functions beyond cargo recognition and targeting. NDP52 and optineurin are suggested to
recruit autophagy initiating machinery (as in ULK1 and WIPI1) to phosphorylated ubiquitin-
tagged mitochondria, thereby driving cargo-induced autophagosome biogenesis (Lazarou et

al., 2015).
1.1.5 Late stage autophagy

In order for autophagy substrates to undergo degradation, autophagosomes must intersect the
endolysosomal pathway. Most autophagy literature refers to autolysosome formation through
autophagosome-lysosome fusion. However, autophagosome-endosome fusion (producing
‘amphisomes’; see Figure 1.1) has long been recognised (Gordon and Seglen, 1988), with the
term amphisome now describing an increasing heterogeneous population of vesicles
containing both autophagic and endocytic components. In both cases, endosomal maturation
(acidification, together with acquisition of hydrolases and membrane proteins) (Huotari and
Helenius, 2011) enables flux through the autophagy pathway by producing competent

lysosomes.

The delivery of autophagy cargo to lysosomes is thought to feature the same processes as
endocytic trafficking and fusion. Specifically, cytoskeleton-dependent transport mechanisms
bring autophagosomes and endosomes/lysosomes together, then fusion occurs driven by RAB

GTPases, tethering factors and SNAREs functioning sequentially (Ganley, 2013).
i Vesicular trafficking

While most lysosomes localise to the perinuclear region, autophagosomes from randomly

throughout the cytoplasm (Jager et al., 2004; Jahreiss et al., 2008). Hence, disrupting



microtubule-dependent movement of autophagosomes towards the nucleus (microtubule
minus end) using nocodazole treatment reduces autolysosome formation (Jahreiss et al.,
2008). Destabilising the microtubule cytoskeleton with nocodazole also impairs
autophagosome-endosome fusion (Kochl et al., 2006). Several motor proteins are linked to
autophagosome transport along microtubules. For example, inhibiting dyneins (minus end-
directed microtubule motors), either pharmacologically or genetically, impairs
autophagosome-lysosome fusion and hence clearance of aggregate-prone proteins

(Ravikumar et al., 2005).

Dyneins appear to function in concert with plus end-directed microtubule motors such as
KIF5B (kinesin family member 5B) to optimise autophagosome movement (Cardoso et al.,
2009). The RAB7 effector FYCO1 (FYVE and coiled-coil domain containing 1) is reported
to recruit kinesins to autophagosomes; FYCO1 overexpression redistributes LC3/RAB7
double positive vesicles to the cell periphery in a microtubule-dependent manner, while

FYCO1 knockdown has the opposite effect (Pankiv et al., 2010).

In addition to microtubules, autophagosome also move along actin filaments. Tumbarello and
colleagues report that myosin VI (minus end-directed actin motor) promotes autophagosome
maturation and ultimately autophagosome-lysosome fusion by delivering endosomes to
autophagosomes (Tumbarello et al., 2012). This is facilitated by WWY and RRL motifs in
the Myosin VI C-terminus, which bind Tom1 on endosomes and autophagy cargo receptors

(NDP52, T6BP and optineurin) respectively (Tumbarello et al., 2012).
ii. Autophagosome-endosome/lysosome fusion

As well as functioning in microtubule-dependent trafficking, RAB7 (a small GTPase, also
known as RAB7A) localised to outer autophagic membranes participates in autophagosome
maturation and autophagosome/lysosomal fusion. This was simultaneously published by two
independent research groups; cells overexpressing dominant negative RAB7 (threonine 22
mutated to asparagine) or treated with siRNA against RAB74 are reported to accumulate
autophagosomes that seem incompetent to fuse with lysosomes (Gutierrez et al., 2004b; Jager
et al., 2004). RAB7 regulates autolysosome formation through effector proteins. These
include the Beclin 1 interactor Rubicon, which negatively regulates autophagosome
maturation by complexing RAB7 with the UVRAG-containing PI3KC3 complex 11
(Matsunaga et al., 2009; Tabata et al., 2010).

10



UVRAG (UV radiation Resistance-Associated Gene) can also regulate late stage autophagy
in a Beclin 1-independent manner; recruiting both RAB7 and the tethering complex HOPS
(homotypic fusion and vacuole protein sorting) to autophagosomes, as well as enhancing
RAB7 GTPase activity (Liang et al., 2008a). In this way, UVRAG promotes autophagosome-
endosome/lysosome fusion. This concurs with Wartosch and colleagues’ more recent finding
that all six HOPS complex subunits (VPS11, VPS16, VPS18, VPS39, VPS41 and VPS33A)
are essential for autolysosome formation (Wartosch et al., 2015). Another potential tethering
factor in autophagosome-lysosome fusion is the lysosomal protein TECPR1, which interacts
with conjugated ATG5-ATG12 and PI(3)P on autophagosomes (Chen et al., 2012). As
TECPRI1 and ATG16L1 form mutually exclusive complexes with ATG5-ATG12, Chen et al.
propose TECPRI1 initiates autophagosome-lysosome fusion by bringing mature (ATG16L1-

negative) autophagosomes into close proximity with lysosomes.

In addition to UVRAG, the HOPS complex is recruited to autophagosomes by PLEKHM1
(McEwan et al., 2015). This RAB7 effector localises to outer autophagic membranes via LIR
motif-mediated interactions with ATGS8 family proteins (McEwan et al., 2015). Accordingly,
Plekhm 1 knockout mouse embryonic fibroblasts (MEFs) exhibit impaired flux through the
autophagy pathway (McEwan et al., 2015). Another role suggested for ATGS8 family proteins
(specifically GABARAP and GABARAPL?2) in late stage autophagy is recruiting PI4K2A
(phosphatidylinositol 4-kinase type 2 alpha) to generate PI(4)P on autophagosomes (Wang et
al., 2015). To explain PI4K2A depletion blocking autolysosome formation and acidification,
Wang et al. hypothesise that clustered PI(4)P creates platforms on which proteins concerned

with autophagosome maturation and autophagosome-endosome/lysosome fusion can operate.

In common with other vesicle fusion events, autophagosome-endosome/lysosome fusion is
ultimately mediated by SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptors) complexes. The Mizushima group have identified the target SNARESs (t-
SNARES) syntaxin 17 and SNAP29 on autophagosomes, which complex with the vesicle
SNARE (v-SNARE) VAMPS on endosomes/lysosomes to drive fusion (Itakura et al., 2012).
Subsequently, Diao and colleagues have reported this processes is facilitated by the PI3KC3
complex I component ATG14 (Diao et al., 2015). Oligomeric ATG14 binds syntaxin 17,
thereby stabilising the binary t-SNARE complex with SNAP29 and promoting interaction
with VAMPS (Diao et al., 2015). Importantly, syntaxin 17 only localises to the outer

membrane of closed autophagosomes (as opposed to unclosed phagophores) (Itakura et al.,
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2012). This serves to prevent premature fusion events, though how specificity this is achieved

remains unknown.

Other v-SNARESs are also linked to autophagosome-endosome/lysosome fusion. For
example, Fader et al. find that VAMP3 and VAMP7 are required for amphisome and
autolysosome formation, respectively (Fader et al., 2009). Moreover, depleting cells of the
lysosomal SNARE VTI1B impairs autophagosome-lysosome fusion and consequently
clearance of group A streptococcus by xenophagy (Furuta et al., 2010). Whether these v-
SNAREs work in concert with syntaxin 17/SNAP29 in the same manner as VAMPS8 remains

to be investigated.
1.1.6 Regulation

Numerous pathways regulate autophagy through mTOR (mammalian target of rapamycin)
signalling (summarised in Figure 1.3), thereby coupling various growth and proliferation
pathways to energy balance at the cellular and whole organism level (Zoncu et al., 2011b).
Research into mTOR-independent autophagy modulators has been driven by mTOR
signalling having many autophagy-independent functions. This in turn has resulted in several
mTOR-independent autophagy regulation mechanisms being characterised (summarised in

Figure 1.4).
i. mTOR-dependent regulation

Nutrient starvation is the primordial autophagy activator. Amino acid deprivation has long
been known to upregulate autophagy in both cultured cells and animal models (Mitchener et
al., 1976; Mortimore and Schworer, 1977). In this way, autophagic degradation contributes
cellular energy homeostasis by releasing amino acids for gluconeogenesis and other

metabolic pathways.

Using hepatocytes isolated from starved rats, the Meijer group discovered that ribosomal
protein S6 phosphorylation correlates with the decrease in autophagy upon amino acid
repletion. The immunosuppressive rapamycin, which indirectly inhibits S6 phosphorylation
by antagonising mTOR function, was then shown to induce autophagy (Blommaart et al.,
1995). This work uncovered the role of mTOR signalling in autophagy regulation and
established rapamycin as the first mTOR-dependent autophagy inducer.

mTOR is the catalytic subunit in mTOR complex 1 (mTORC1) and mTOR complex 2

(mTORC?2), the former being more commonly studied in autophagy regulation. In addition to
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Figure 1.3: mTOR-dependent autophagy regulation.

Schematic diagram summarising pathways regulating autophagy through mTORC1 (mTOR
complex 1) using example scenarios in which mTORC1 is activated (nutrient replete conditions; left
panel) and inactivated (nutrient starvation; right panel). Under nutrient replete conditions amino
acids accumulate in the lysosome (yellow circle), causing v-ATPase (vacuolar H+-transporting
ATPase) to interact with Ragulator. This scaffolding complex localises Rag GTPases to the
lysosomal surface, which results in mTORC1 recruitment and activation. mMTORC1 inhibits the
ULK1 autophagy initiation complex both directly via phosphorylation at inhibitory sites and indirectly
by inhibiting phosphorylation at activating sites by AMPK (AMP-activated protein kinase). mTORC1
also phosphorylates TFEB (transcription factor EB), which promotes binding to 14-3-3 proteins in
the cytoplasm. This prevents TFEB translocation into the nucleus (white circle) and reduces
autophagy-associated transcription. Under nutrient starvation, glucose deficiency increases the
cellular AMP/ADP: ATP ratio. This activates AMPK, which promotes autophagy initiation through
ULK1 complex phosphorylating at activating sites. AMPK also downregulates mTORC1 activity
both directly by phosphorylating Raptor ImMTORC1 component) to induce mTORC1/14-3-3
cytoplasmic sequestration and indirectly by enhancing TSC1-TSC2 complex-mediated mTORC1
antagonism.
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mTOR, mTORCI1 comprises Raptor (regulatory-associated protein of mTOR) complexed
with the positive regulator mLSTS8 and negative regulators Deptor and AKT1S1 (also known
as PRAS40) (Zoncu et al., 2011b).

How amino acid availability influences mTORCI1 activity has been extensively studied by the
Sabatini group, amongst others. Under nutrient replete conditions, amino acids accumulate in
the lysosome. This causes the vacuolar H+-transporting ATPase (v-ATPase), which spans the
lysosomal membrane, to interact with the Ragulator scaffolding complex in an ATP
hydrolysis-dependent manner (Zoncu et al., 2011a). Ragulator (comprising LAMPTORI —5)
localises Rag GTPases to the lysosomal surface and is required for the lysosomal recruitment
of mMTORCI under amino acid stimulation (Sancak et al., 2010). Functioning as heterodimers,
the Rag GTPases (RagA - D) interact with mTORCI1 by binding Raptor, thereby enhancing
mTOR activity in response to amino acid availability (Sancak et al., 2008). This function
appears to be GTPase activity-dependent as constitutively active (GTP-bound) RagA restores
mTORCI activity in HEK 293 cells under amino acid depletion, as well as promoting cell

and organ growth in Drosophila (Kim et al., 2008).

One important mechanism through which mTORC1 suppression under amino acid starvation
upregulates autophagy is ULK1 complex dephosphorylation at inhibitory phosphorylation
sites. This increases ULK1 kinase activity and hence, autophagosome formation (see section
1.1.2). Under nutrient replete conditions, mMTORC1 associates with the ULK1 complex and
phosphorylates both ULK1 and ATG13 (Ganley et al., 2009; Hosokawa et al., 2009a; Jung et
al., 2009). This interaction is reduced upon autophagy induction using amino acid depletion
or rapamycin treatment, leading to ULK1 and ATG13 dephosphorylation (Ganley et al.,
2009; Hosokawa et al., 2009a; Jung et al., 2009). Murine Ulk1 serine 757 (equivalent to
serine 758 in human ULK1) in particular has been identified as an important residue in ULK 1
complex inhibition by mTORCI1, possibly because serine 757 phosphorylation inhibits Ulk1
phosphorylation at activating sites by AMPK (Kim et al., 2011a). Phosphatases such as PP2A
are also implicated in ULK1 regulation, with the phosphatase inhibitor okadaic acid shown to
impair autophagosome biogenesis under amino acid starvation (Wong et al., 2015). However,

the specific phosphatase for Ulk1 serine 757 remains unidentified.

In addition to amino acid depletion, other metabolic stressors such as glucose starvation can
induce autophagy. Such stressors increase the cellular AMP/ADP: ATP ratio, which activates
AMPK (Hardie et al., 2012). As already mentioned, AMPK can activate the ULK1 complex
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(and hence autophagosome biogenesis) by directly phosphorylating ULK1 (Egan et al., 2011;
Kim et al., 2011a). For example, Egan et al. report AMPK phosphorylation of serine 555 in
murine Ulk1 (equivalent to serine 556 in human ULKT) is required for mitophagy and cell

survival under nutrient starvation (Egan et al., 2011).

Moreover, AMPK can promote autophagy by directly downregulating mTORCI1 activity.
This is mediated through AMPK phosphorylating Raptor, which is suggested to inhibit
mTORCI activity by inducing Raptor binding to 14-3-3 scaffolding proteins (Gwinn et al.,
2008). AMPK also indirectly reduces mTORCI1 activity by phosphorylating TSC2 and
enhancing mTORCI1 antagonism mediated through the TSC1-TSC2 complex (Gao et al.,
2002; Inoki et al., 2003).

Transcriptional regulation is an emerging field in autophagy research (Fullgrabe et al., 2016).
In this regard, mTORCI is reported to downregulate TFEB (transcription factor EB)-
mediated transcription (Pena-Llopis et al., 2011; Roczniak-Ferguson et al., 2012). TFEB has
been described as a lysosomal biogenesis master regulator and also promotes transcription of
autophagy genes such as UVRAG and WIPI1 (Sardiello et al., 2009; Settembre et al., 2011).
mTORCI is suggested to interact with TFEB on the lysosomal surface and phosphorylate
TFEB serine 211 (Roczniak-Ferguson et al., 2012). Roczniak-Ferguson et al. suggest this
prevents TFEB nuclear translocation under nutrient replete conditions by promoting TFEB
binding to 14-3-3 proteins in the cytoplasm. However, other kinases may also function as

physiologically important TFEB regulators.
il mTOR-independent regulation

By screening 253 compounds approved for human use, with aggregate-prone protein (well-
characterised autophagy substrate) clearance as the primary readout, our lab identified several
mTOR-independent autophagy modulators (Williams et al., 2008). This resulted in the

characterisation of two interconnected mTOR-independent autophagy regulation pathways.

L-type Ca?" channel antagonists such as verapamil and loperamide were shown to induce
autophagy, while the L-type Ca®" channel agonist Bay K8644 had the opposite effect
(Williams et al., 2008). This requires calpain proteases; decreased cytosolic Ca**
concentrations (caused by treatment with L-type Ca*" channel antagonists) are well known to

inhibit calpain activity (Ono and Sorimachi, 2012), which in turn upregulates autophagy.
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Figure 1.4: mTOR-independent autophagy regulation.

Schematic diagram summarising mTOR-independent autophagy regulating pathways. Lower
cytosolic Ca?* concentrations upregulate autophagy dependent on inhibiting calpain protease
activity. In addition to L-type Ca?* channel antagonists, cytosolic Ca2* concentrations are reduced
by I1R (imidazoline-1 receptor) agonists. These decrease cAMP levels, which signals through
EPAC guanine nucleotide exchange factors to inhibit PLC-epsilon activity and reduce IP3 (inositol
1,4,5-trisphosphate) synthesis. Lower IP3 levels result in less Ca?* release into the cytosol via IP3
receptors on the ER. This pathway is cyclical because calpains cleave Gs alpha (stimulator G
protein alpha subunit), which stimulates AC (adenylate cyclase) and increases cAMP levels. IP3
receptors can also upregulate autophagy independent to cytosolic Ca2* concentrations, possibly by
preventing Beclin 1/BCL2 binding that disrupts the autophagy membrane nucleating PISKC3
complex I. Another mTOR-independent autophagy regulation mechanism involves nitric oxide
inhibiting JKN1 (c-Jun N-terminal Kinase) activity through direct S-nitrosylation. In the absence of
nitric oxide, JNK1 upregulates autophagy through preventing Beclin 1/BCL2 binding. With regards
to transcriptional regulation, in addition to mTORC1, TFEB downregulation can be mediated by
ERK1/2 (Extracellular signal-Regulated Kinase 1/2). The nuclear receptor FXR (Farnesoid X
Receptor) also downregulates autophagy-related transcription by antagonising CREB (cCAMP
Response Element Binding) transcriptional factors and/or competing with the nuclear receptor
PPARalpha (Peroxisome Proliferator-Activated Receptor alpha).
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Cytosolic Ca®" concentrations are also reduced by I1R (imidazoline-1 receptor) agonists such
as clonidine and rilmenidine. These compounds decrease cAMP levels, thereby signalling
through EPAC guanine nucleotide exchange factors to inhibit PLC-epsilon activity (Wang et
al., 2017). PLC-epsilon hydrolyses plasma membrane PIP2 (phosphatidylinositol 4,5-
bisphosphate) to IP3 (inositol 1,4,5-trisphosphate) and DAG (diacylglycerol), with IP3 acting
at receptors on the ER to promote Ca" release into the cytosol (Dusaban and Brown, 2015).
In this way, I1R agonists were shown to upregulate autophagy and consequently, aggregate-
prone protein clearance by inhibiting calpain activity (Williams et al., 2008). Since calpain
proteolysis stimulates adenylate cyclase activity (thereby increasing cAMP levels) through
Gs alpha (stimulator G protein alpha subunit) cleavage (Sato-Kusubata et al., 2000), these
two interconnected pathways represent an mTOR-independent autophagy regulating cycle

(Williams et al., 2008).

In addition to I1R agonists, IP3 levels are also decreased by mood stabilisers such as lithium,
sodium valproate and carbamazepine that cause inositol depletion (Williams et al., 2002).
Lithium is reported to induce autophagy without affecting mTORC1 activity by inhibiting
inositol monophosphatase, which depletes free inositol and decreases IP3 levels (Sarkar et al.,
2005). This can now be attributed to calpain inhibition resulting from reduced Ca*" release

via 1IP3 receptors (IP3R) on the ER.

The IP3R has also been shown to modulate autophagy directly; IP3R knockdown or
pharmacological inhibition with xestospongin B induces autophagy independent of
alterations in cytosolic Ca** concentration (Criollo et al., 2007). The mechanism has not been
fully characterised, but is thought to involve IP3R binding Beclin 1 (see section 1.1.2i1
above) (Vicencio et al., 2009). This interaction is suggested to prevent PI3KC3 complex |
disruption due to BCL2 anti-apoptotic proteins binding the Beclin 1 BH3-like domain, which
constitutes an additional mTOR-independent autophagy regulation mechanism (Maiuri et al.,

2007; Pattingre et al., 2005).

PI3KC3 complex I disruption due to Beclin 1/BCL2 binding is also impacted by JNK (c-Jun
N-terminal Kinase) signalling, with JNK1 multi-site phosphorylation of BCL2 (murine Bcl2
threonine 69, serine 70 and serine 87) impairing Beclin 1/BCL2 complex formation (Wei et
al., 2008). This partially accounts for NO (nitric oxide) downregulating autophagosome
biogenesis, as NO inhibits JNK1 activity through direct S-nitrosylation (Sarkar et al., 2011).

However, NO also impairs autophagy via an mTOR-dependent mechanism; S-nitrosylating
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IKK2, which reduces AMPK-mediated TSC2 phosphorylation and disinhibits mTORC1
(Sarkar et al., 2011).

AMPK activity is also influenced by IP3R-mediated Ca®* release (Cardenas et al., 2010). As
IP3R-released Ca®" uptake is required for effective mitochondrial function, IP3R deficient
cells are metabolically compromised. Hence, AMPK is activated by the increased
AMP/ADP:ATP ratio in these cells (Hardie et al., 2012). This upregulates autophagy,
presumable via direct ULK1 phosphorylation as mTORC1 complex activity is not altered by
IP3R deficiency (Cardenas et al., 2010).

Other small molecules such as the disaccharide trehalose have been identified as mTOR-
independent autophagy inducers, which ameliorate neurodegeneration caused by aggregate-
prone proteins in both cell culture and animal models (Frake et al., 2015; Sarkar et al., 2007).
For many years, the molecular mechanism by which trehalose upregulates autophagy
remained elusive. However, DeBosch and colleagues have recently shown that trehalose
blocks glucose import through SLCA2/GLUT transporters at the plasma membrane
(DeBosch et al., 2016). Trehalose is therefore proposed to decouple nutrient intake at the
organism level from cellular metabolism, thereby activating AMPK and stimulating ULK1

complex activity (DeBosch et al., 2016).

As mentioned above, autophagy is subject to mTOR-independent transcriptional regulation,
together with epigenetic modulation (Fullgrabe et al., 2014). For example, in addition to
mTORCI1 signalling, TFEB downregulation via cytosolic retention is mediated by ERK1/2
(Extracellular signal-Regulated Kinase 1/2) phosphorylation at serine 142 (Settembre et al.,
2011).

Another important contributor to the transcriptional regulation of autophagy is the nuclear
receptor FXR (Farnesoid X Receptor), which downregulates expression of autophagy genes
in mouse liver (Lee et al., 2014; Seok et al., 2014). Seok et al. report FXR functions by
antagonising the activation of numerous autophagy genes (including Azg7 and UlkI) by
CREB transcriptional factors, as occurs in the livers of fasted mice. When activated by
feeding or GW4064 treatment, FXR functions to dissociate the coactivator CRTC2 from the
CREB complex, thereby repressing pro-autophagy transcription (Seok et al., 2014). Since
ribosomal protein S6 phosphorylation was unchanged by GW4064 treatment, Seok et al.
suggest FXR-mediated autophagy inhibition is mTOR independent. Also studying mouse

liver, Lee et al. propose an alternative (though not incompatible) mechanism whereby FXR
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competes with the nuclear receptor PPARalpha for binding to shared sites in the promotors of
autophagy genes such as Becnl and Atg7. Activating PPARalpha with GW7647 is shown to
reverse autophagy suppression in fed mouse livers, while FXR activation with GW4064 has
the opposite effect in starved mouse livers (Lee et al., 2014). Lee et al. do not observe
changes in mTORCI signalling in mouse hepatocytes cultured under these conditions, but do
report alterations in Ulk1 phosphorylation at serine 757 (see previous section) that suggest

FXR/PPARalpha-mediated autophagy regulation may not be entirely mTOR-independent.
1.1.7 Normal physiology

Autophagy functions in various normal physiological processes, ranging from wound healing
to red blood cell maturation (Ravikumar et al., 2010b). This is illustrated by discussing
autophagy in normal development and ageing, the latter being especially relevant to chapter

3.
1.1.7.1 Development

Autophagy enables developing mammals to survive stressors such as pre-implantation and
neonatal nutrient starvation. In addition, autophagy degrades proteins that participate in

developmentally important signalling pathways (Wu et al., 2013).
i. Early embryonic development

Using mice expressing GFP-tagged LC3, Tsukamoto and colleagues observe a spike in
autophagosome numbers in early embryogenesis (declining after the four-cell stage)
(Tsukamoto et al., 2008). This correlates with increased autophagy-mediated protein
recycling, which occurs before implantation in response to fertilisation (not oocyte nutrient
starvation) before implantation. Autophagy-deficient embryos generated by fertilising Azg5-
null oocytes with Azg5-null sperm exhibit developmental arrest at the four- to eight-cell stage,
suggesting autophagy is required for pre-implantation embryogenesis (Tsukamoto et al.,
2008). On the other hand, Atg5-null (4¢g57) mice generated by mating A¢g5"" heterozygotes
survive to term (Kuma et al., 2004), presumably because maternal Atg5 is present in early

stage Atg5”" embryos.

Autophagy is also implicated in embryonic cavitation, which involves inner ectodermal cells
undergoing programmed cell death by apoptosis. Unlike embryoid bodies derived from wild
type mouse embryonic stem cells, neither A7g5” nor Becnl”- embryoid bodies cavitate (Qu et

al., 2007; Yue et al., 2003). This is caused by defective apoptotic corpse engulfment; both
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Atg5” and Becnl”" dying cells express less surface phosphatidylserine (‘eat-me’ signal), plus
secrete less lysophosphatidylcholine (‘come-get-me’ signal). As this phenotype can be
rescued using the metabolic substrate methylpyruvate, autophagy may facilitate embryonic
cavitation by releasing amino acids for gluconeogenesis and other metabolic pathways,

thereby enabling ATP-dependent engulfment signalling (Qu et al., 2007).
ii. Developmental pathways

Autophagy influences development via signalling pathways, including SHH (sonic hedgehog)
and FGF (fibroblast growth factor) (Wu et al., 2013). For example, Gao et al. report that p62
functions an autophagy cargo receptor (see section 1.1.4) for ubiquitinated Dv12 (Dishevelled
2) aggregates (Gao et al., 2010). Dishevelled proteins (Dvll, DvI2 and DvI3) mediate WNT
signalling, which orchestrates important developmental processes such as cell fate
determination and tissue polarisation (van Amerongen and Nusse, 2009). In this way,

autophagy impacts development by negatively regulating WNT signalling (Gao et al., 2010).

In addition, our lab has recently demonstrated that autophagy degrades Notchl (Wu et al.,
2016). An important function of Notch signalling in development is stem cell maintenance
(Shi and Stanley, 2006). Accordingly, neurons cultured from Azg/6L [-deficient mice
(Atgl6L1 hypomorphs) with impaired autophagy retain stem cell marker expression, which
mirrors delayed stem cell differentiation in A¢g/6L1 hypomorph brains (Wu et al., 2016).
Similar phenotypes are observed in A7g/6L1 hypomorph gut and bone marrow.

ii. Neonatal starvation

Despite appearing near-normal at birth, 4zg5”" mice generated by mating Azg5""
heterozygotes die within a day of delivery (Kuma et al., 2004). The same phenotype is
observed in Atg7” mice (Komatsu et al., 2005). Autophagy induction is observed in various
wild type mouse tissues immediately after birth, while both A¢g5” and A¢g7” mice exhibit
reduced plasma amino acid concentrations compared with littermate controls (Komatsu et al.,
2005; Kuma et al., 2004). These findings support the hypothesis that autophagy enables
mammals to survive starvation during the transition from placenta- to milk-supplied nutrients.
However, autophagy-deficient mice may also have difficulty feeding; no milk was found in

the stomachs of A7g5” mice after death (Kuma et al., 2004).
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1.1.7.2 Ageing

Decreased autophagy has been associated with normal ageing in several species. The
hypothesis that autophagic decline contributes to ageing is supported by numerous
publications on lifespan extension due to autophagy upregulation (and vice versa).
Proteostatic stress upon autophagic decline is especially relevant to post-mitotic cells such as
neurons and could predispose to age-related neurodegenerative conditions (see section 1.1.8.2

below) (Rubinsztein et al., 2011; Vilchez et al., 2014).
i. Autophagic decline in ageing

By analysing previously published microarray data (Loerch et al., 2008), Lipinski and
colleagues identified ATGS5 and ATG7 mRNA expression as reduced in frontal cortex
samples from older (> 70-year-old) human donors, compared with younger samples (< 40-
year-old) (Lipinski et al., 2010b). This concurs with decreased BECN1 expression in human
prefrontal cortex samples, as measured by qRT-PCR (old = 83.5 + 4.6 years; young = 26.8 +
3.2) and western blotting (old = 84.1 £ 8.8; young = 27.2 + 4.0) (Shibata et al., 2006).
Moreover, using immunohistochemistry to compare articular cartilage from 2, 9 and 12
month old mice, Carames et al. demonstrate that Beclinl and LC3 expression declines with
age (Carames et al., 2010). Similar data have been obtained in Drosophila neural tissue;
Atg2, Atg8a and Atgl8 mRNA expression is significantly supressed from 3 weeks post-

hatching onwards (Simonsen et al., 2008).

There are no publications directly addressing whether these gene expression changes are
sufficient to cause autophagic decline in ageing. However, reduced autophagic vesicle
formation and clearance is reported in liver tissue from older adult mice (20 — 21 months),
compared with younger adult mice (5 — 6 months) (Terman, 1995). In addition, autophagic
proteolysis in hepatocytes cultured from rats aged 2 — 24 months negatively correlates with

age (Donati et al., 2001).
ii. Interventions altering lifespan

Several research groups have used genetic or pharmacological interventions to suggest
autophagy extends lifespan. Using a microarray-based genetic screen, Matecic and colleagues
identified core autophagy genes as ‘aging factors’ in Saccharomyces cerevisiae (budding
yeast. Yeast with mutations in ATG12, ATG16, ATG18, ATG2, ATGS, ATG7 or ATG8

where short-lived (Matecic et al., 2010). This phenotype was not ameliorated by amino acid
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starvation, previously shown to extend yeast lifespan (Alvers et al., 2009), suggesting nutrient

deprivation increases lifespan by upregulating autophagy.

This concurs with data obtained by the Levine group using Caenorhabditis elegans eat-2
mutants (Jia and Levine, 2007). Dietary restriction due to feeding difficulties causes lifespan
extension in these mutants, which is ameliorated by treatment with RNAi against the core
autophagy genes bec-1 (equivalent to BECNI) and atg-7 (Jia and Levine, 2007). The Levine
group conclude similarly with regards to insulin-like signalling, which negatively regulates
C. elegans lifespan (Melendez et al., 2003). Daf-2 (insulin-like tyrosine kinase receptor)
mutants exhibit significant lifespan extension; median survival was 48 days, compared with
28 days for wild type C. elegans (Melendez et al., 2003). Normal lifespan was restored when
Daf-2 mutants where treated with RNA1 against bec-1, atg-7 or atg-12 (Hars et al., 2007;
Melendez et al., 2003).

The median lifespan of mice moderately overexpressing Atg5 in all tissues is 17% longer
than wild type controls (Pyo et al., 2013). These animals also exhibit ‘anti-ageing
phenotypes’, such as resistance to age-associated obesity and improved metabolism (lower
blood glucose and triglyceride levels, with enhanced insulin sensitivity). Whether these
phenotypes are due to increased autophagy is not addressed directly. However, Atg5
transgenic MEFs are more resistant to H>O»-induced oxidative stress, which is reversed when

autophagy is inhibited pharmacologically (Pyo et al., 2013).

A multicentre trial has demonstrated that feeding aged mice (600 days old) the autophagy
inducer rapamycin (see section 1.1.61) increases age at 90% mortality by 14% in females and
9% in males (Harrison et al., 2009). As this study does not include mechanistic experiments,
other mTOR signalling functions impacted by rapamycin cannot be excluded. This is not the
case for lifespan extension cause by rapamycin treatment in Drosophila melanogaster; unlike
wild type flies, those with impaired autophagy due to reduced AtgS expression fail to show

lifespan extension upon rapamycin treatment (Bjedov et al., 2010).
iii. Mechanisms of ageing

With regards to how autophagy could regulate ageing, one popular theory concerns ageing as
‘proteostasis collapse’ (Taylor and Dillin, 2011). Hence, autophagy upregulation could
increase lifespan by degrading misfolded proteins and damaged organelles to maintain
cellular homeostasis, while autophagy downregulation in normal ageing would have the

opposite effect (Vilchez et al., 2014). These processes are especially relevant to post-mitotic
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cells such as neurons, which cannot divide to relieve proteostatic stress (Rubinsztein et al.,
2011). For example, neurons in autophagy-deficient Atg8a mutant Drosophila accumulate
insoluble ubiquitinated proteins, together with ROS-modified proteins upon H,O»-induced
oxidative stress (Simonsen et al., 2008). This correlates with reduced lifespan in Atg8a

mutant flies.

Autophagy is also thought to influence ageing via stem cell maintenance in adult organisms.
In contrast to findings in other mouse tissues outlined above, Warr and colleagues report
increased autophagy in haematopoietic stem cells (HSCs) from older mice (> 24 months)
compared with younger animals (6 — 12 weeks). However, HSCs from older mice can still
upregulate autophagy upon metabolic stress (Warr et al., 2013). This is attributed to increased
FOXO3A transcriptional activity, which enhances pro-autophagy gene expression in HSCs
from older mice. Increased autophagy protects older HSCs with impaired nutrient uptake

from apoptosis that would otherwise occur due to starvation (Warr et al., 2013).
1.1.8 Disease

Dysregulated autophagy is associated with various human pathologies (Ravikumar et al.,
2010b). Literature concerning autophagy in cancer, neurodegeneration and immune responses

is discussed below, the former being especially relevant to Chapters 4 and 5.

Autophagy modulators have therapeutic potential in numerous diseases, yet it is important to
note that diseases sharing common pathology can display contrasting autophagy defects. For
example, autophagy induction has therapeutic potential in several neurodegenerative
diseases, but could augment neurodegeneration in conditions such as lysosomal storage

diseases that show impaired flux through the autophagy pathway (Frake et al., 2015)
1.1.8.1 Cancer

Autophagy performs multiple, seemingly paradoxical roles in tumourigenesis; suppressing
primary malignant transformation by maintaining cellular homeostasis, while also promoting

tumour progression (Galluzzi et al., 2015; Mowers et al., 2017).

The context-dependency of these roles is illustrated by Rosenfeldt and colleagues’ finding
that p53 status can determine whether autophagy is tumour suppressive or required for
tumour development (Rosenfeldt et al., 2013). In a mouse model with mutationally activated
KRAS, premalignant pancreatic lesions are unable to progress to pancreatic ductal

adenocarcinoma (PDAC) in Atg5” or Atg7”" mice expressing the tumour suppressor p53. Yet
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in the same model on a p53-null background, Atg5”" or Atg7”~ mice shown accelerated PDAC
formation compared with age-matched autophagy-competent controls (Rosenfeldt et al.,

2013).
i. Tumour suppression

The seminal work linking autophagy to cancer was performed by the Levine group, who
identified Beclin 1 as a tumour suppressor in breast cancer; monoallelic BECNI deletions and
decreased expression are observed in breast cancer patient samples (Liang et al., 1999).
Reintroducing Beclin 1 into MCF7 human breast adenocarcinoma cells, which otherwise do
not express detectable Beclin 1, results in reduced tumour formation upon subcutaneous

injection into immunocompromised mice (Liang et al., 1999).

One mechanisms by which autophagy supresses malignant transformation is genomic
stabilisation. Compromised autophagy due to Becnl heterozygosity promotes DNA damage
(measured by gamma histone 2AX immunofluorescence) in both iIMMECs (immortalized
mouse mammary epithelial cells) and iBMK (immortalized baby mouse kidney epithelial)
cells under metabolic stress (glucose starvation in 1% oxygen) (Karantza-Wadsworth et al.,
2007; Mathew et al., 2007). Similar results were obtained using 4zg5” iBMK cells (Mathew

et al., 2007). Hence, autophagy functions to prevent potentially oncogenic somatic mutations.

Autophagy-dependent proteostasis also contributes to tumour suppression. Both Becnl ™" and
Atg5” iBMK cells accumulate the autophagy substrate (and cargo receptor) p62 under
metabolic stress (Mathew et al., 2009). p62 accumulation is sufficient to impair antioxidant
defence, which in turn causes ROS-mediated DNA damage. Accordingly, Atg5”- iBMK cells
expressing p62-GFP show enhanced tumour formation upon subcutaneous injection into
immunocompromised mice, compared with autophagy-competent littermate controls

(Mathew et al., 2009).
ii. Tumour progression

In recent years our lab has shown that depleting the proto-oncogene product MY C impairs
autophagosome formation by reducing JNK1 and BCL2 phosphorylation (see section 1.1.6i1)
(Toh et al., 2013), while XIAP and cIAP1 (overexpressed in several human cancers) induce

autophagy by upregulating Beclin 1 transcription (Lin et al., 2015).

The oncogenic functions of autophagy include enabling cancer cells to survive stressors such

as nutrient starvation. In this regard, Guo and colleagues characterise several cell lines with
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activating mutations in KRAS as ‘autophagy addicted’. These include T24 (bladder cancer),
H1299 (lung cancer) and HCT-116 (colorectal cancer) cells, which exhibit high basal
autophagy alongside decreased proliferation and survival when autophagic flux is blocked
with chloroquine (Guo et al., 2011). iBMK cells expressing mutationally activated KRAS
accumulate dysfunctional mitochondria, which results in metabolic impairment (reduced
oxygen consumption and ATP depletion under starvation). Accordingly, KR AS-transformed
Atg5~" and Atg7~~ iBMK cells are unable to survive prolonged nutrient starvation. Tumours
formed when these cells were subcutaneously injection into immunocompromised mice
exhibited impaired growth and elevated apoptosis, compared with autophagy-competent

controls (Guo et al., 2011).

Similar results were obtained using MMTV-PyMT transgenic mice, expressing oncogenic
PyMT behind the MMTYV promotor, which model metastatic breast cancer (Wei et al., 2011).
When crossed with animals lacking the Ulk1l complex component Fip200, tumours in
MMTV-PyMT mice show decreased proliferation and increased apoptosis. Fip200”- MMTV-
PyMT mice therefore survive longer without mammary tumours than autophagy-competent
controls, as well as exhibiting fewer lung metastasis (although the latter could be secondary

to smaller primary tumours) (Wei et al., 2011).

Recently autophagy has been directly implicated in tumour cell metastasis (Mowers et al.,
2017). Following orthotopic injection, autophagy-deficient (Atg5 or Atg7 stable knockdown)
4T1 mouse mammary carcinoma cells form similarly sized mammary tumours to autophagy-
competent controls (Sharifi et al., 2016). Yet unlike controls, autophagy-deficient cells do not
form lung or liver metastasis. Sharifi et al. suggest autophagy is required for initial escape
from primary mammary tumours in this model, as autophagy-deficient 4T1 cells can form

metastases when injected directly into the circulation (Sharifi et al., 2016).

This concurs with studies implicating autophagy in cell motility. For instance, Tuloup-
Minguez et al. report that autophagy modulates cell migration by negatively regulating
expression of the transmembrane extracellular matrix (ECM) receptor Integrin Beta 1 at the
cell surface (Tuloup-Minguez et al., 2013). Autophagy has since been shown to support cell
migration by facilitating the turnover of focal adhesions (Kenific et al., 2016; Sharifi et al.,
2016), multi-protein complexes that link intracellular filamentous actin (F-actin) to the ECM
(Abercrombie and Dunn, 1975). Kenific et al. implicate the cargo receptor NBR1 in this
process; basal autophagy levels are not affected by NBR1 knockdown, while cell motility
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(measured by in vitro wound healing assay) is reduced due to defective focal adhesion
turnover (Kenific et al., 2016). An additional mechanism is proposed by Shafiri et al., who
report autophagy degrades the focal adhesion component paxillin in a SRC kinase activity-
dependent manner. Autophagy-deficient 4T1 cells therefore exhibit defective focal adhesion
disassembly, which accounts for the aforementioned failure to escape primary mammary

tumours and metastasise in vivo (Sharifi et al., 2016).

Autophagy is also associated with chemotherapy resistance (Galluzzi et al., 2015).
Combining the alkylating chemotherapeutic cyclophosphamide with chloroquine (an
autophagic flux blocker), enhances tumour regression and delays tumour recurrence in a
mouse model of MY C-driven lymphoma when compared with cyclophosphamide alone
(Amaravadi et al., 2007). Although chloroquine also inhibits autophagy-independent
lysosomal functions, given ATGS knockdown and chloroquine treatment similarly impair
cancer cell survival in vitro following pro-apoptotic p53 induction, Amaravadi and colleagues
propose autophagy can be utilised as an adaptive mechanism to resist chemotherapy-induced

apoptosis.
1.1.8.2 Neurodegeneration

Dysfunctional autophagy predisposes to neurodegeneration, as highlighted by knockout
mouse studies showing that autophagy facilitates neuronal survival. Mice lacking A¢g7 in the
central nervous system (CNS) suffer massive neuronal death in the cerebral and cerebellar
cortices; surviving neurons accumulate intracellular inclusions that increase in size and
number with age (Komatsu et al., 2006). Similarly, mice lacking A7zg5 in the CNS develop
progressive motor function deficits consistent with neurodegeneration (Hara et al., 2006).
Autophagy upregulation therefore has therapeutic potential in several neurodegenerative
diseases, which predominantly stems from autophagic clearance of disease-associated

aggregate-prone proteins such as alpha-synuclein and tau (Rubinsztein et al., 2015).
i. Pathogenesis

Several human neurodegenerative conditions are associated with autophagic dysfunction,
some directly attributable to mutations in autophagy-associated genes. These include a
homozygous missense mutation identified in A7G5, which impairs autophagy and causes
ataxia with developmental delay in affected patients (Kim et al., 2016). Moreover, mutations
in WIPI4 (related to WIPI2, see section 1.1.2ii) cause the rare neurodegenerative disease

SENDA (static encephalopathy of childhood with neurodegeneration in adulthood) (Haack et
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al., 2012; Saitsu et al., 2013), which is a form of NBIA (neurodegeneration with brain iron
accumulation). Lymphoblastoid cell lines derived from these patients display reduced WIPI4
expression and impaired autophagic flux, with accumulation of abnormal LC3-positive

vesicles (Saitsu et al., 2013).

With regards to more common neurodegenerative diseases, defective autophagy has been
described in Alzheimer’s disease (AD), Parkinson’s disease (PD) and Huntington’s disease
(HD), amongst others (Frake et al., 2015). For example, Beclin 1 expression is decreased in
post-mortem cortex samples from both AD and amnesic mild cognitive impairment
(prodromal AD) patients (Pickford et al., 2008; Rohn et al., 2011). Resultant autophagy
defects are implicated in AD pathogenesis, with Becnl"" mice expressing mutant human
amyloid precursor protein (APP*Becnl ™" mice) accumulating the aggregate-prone protein
amyloid beta (Abeta) and exhibiting accelerated neurodegeneration compared to

APP*Becnl ™" littermates (Pickford et al., 2008).

On the other hand, autophagy contributes to Abeta synthesis and secretion. Yu and colleagues
observe dystrophic dendrites that accumulate Abeta-containing autophagic vesicles enriched
for gamma-secretase complex components (Abeta biosynthetic enzymes) in post-mortem
samples from AD patients. Similar accumulation precedes neurodegeneration in
APP/Presenilin 1 mice, which model AD (Yu et al., 2005). This could result from increased
autophagosome biogenesis and/or impaired autophagic flux. Focusing on autophagy in Abeta
secretion, Nilsson et al. report APP" mice deficient for Azg7 in forebrain neurons show
reduced extracellular Abeta plaque burden and increased intracellular Abeta accumulation
compared with autophagy-competent littermates due in part to impaired secretion (Nilsson et
al., 2013). In addition, Abeta amyloidosis per se is suggested to inhibit autophagy;
autophagy-competent APP" mice show reduced autophagy compared with wild type controls

(Nilsson et al., 2013).

Autophagy degrades both wild type and mutant alpha-synuclein (the major aggregate-prone
protein in PD) in a stable, inducible cell lines (Webb et al., 2003). Alpha-synuclein also
modulates autophagy in both mammalian cells and transgenic mice; overexpression impairs
autophagosome biogenesis by mislocalising mATG9 (Winslow et al., 2010). Further
evidence linking defective autophagy to PD pathogenesis is provided by disease-causing
mutations. These include the D620N mutation in retromer subunit VPS35, which causes

autosomal-dominant late-onset PD (Vilarino-Guell et al., 2011; Zimprich et al., 2011). As
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well as mediating endosome-to-Golgi transmembrane protein transport, retromer is involved
in recruiting the protein sorting complex WASH that our group has shown to participate in
autophagosome biogenesis (Zavodszky et al., 2014). Mutant VPS35 (D620N) impedes
WASH recruitment to endosomes, thereby indirectly inhibiting autophagy induction. This is
partially explained by defective mATG9 trafficking to autophagosomes (Zavodszky et al.,
2014).

In addition, mutations in PARK?2 (encoding the E3 ubiquitin ligase Parkin) and PINK (PTEN-
induced kinase 1) that cause autosomal recessive juvenile Parkinsonism (Kitada et al., 1998;
Valente et al., 2004; Valente et al., 2001) implicate defective mitophagy in PD pathogenesis
(Matsuda et al., 2010; Narendra et al., 2008). These findings may also be relevant to
spontaneous PD; analysis of post-mortem striatal tissue from patients reveals lower Parkin
total protein, together with an accumulation of insoluble and phopho-Parkin compared to age-

matched controls, which is predicted to cause defective mitophagy (Lonskaya et al., 2012).

ii. Therapeutic potential

Autophagy was first identified as a potential therapeutic target in neurodegenerative disease
when shown to clear polyglutamine-expanded huntingtin (the toxic species in HD), thereby
reducing cell death (Ravikumar et al., 2002). This finding has subsequently been translated
into animal models, with autophagy induction ameliorating neurodegenerative pathology in
mice modelling HD (Rose et al., 2010). While intracellular inclusions decrease under
autophagy upregulation, our working model is that autophagy does not clear the large
aggregates that characterise various neurodegenerative diseases directly, but rather the
soluble aggregate precursors; shifting the equilibrium from aggregate formation towards

degradation (Rubinsztein, 2006).

Considering other neurodegenerative conditions, autophagy upregulation promotes clearance
of wild-type and mutant tau in Drosophila modelling AD (Berger et al., 2006). Likewise,
improved behavioural outcomes in a transgenic AD mouse model following treatment with
the antihistamine latrepirdine is attributable to autophagy induction (Steele et al., 2013). The
tyrosine kinase inhibitor nilotinib similarly protects substantia nigra dopaminergic neurons
and improves motor performance in a PD mouse model (injected with human Alpha-

synuclein) by enhancing autophagy (Hebron et al., 2013).
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Aside from clearing aggregate-prone proteins, the therapeutic potential of autophagy in
neurodegeneration may also be due to protecting cells from pro-apoptotic and/or pro-necrotic
insults (Ravikumar et al., 2006; Rocchi et al., 2017; Wu et al., 2008). The former is especially
important in this context, given increased apoptosis is observed in various neurodegenerative
conditions (Ravikumar et al., 2006). Specifically, Ravikumar et al. show autophagy
upregulation protects against pro-apoptotic staurosporine treatment in cell culture and
paraquat toxicity in Drosophila by enhancing mitophagy, thereby reducing downstream

caspase activation (Ravikumar et al., 2006).
1.1.8.2 Immunity and Inflammation

Autophagy contributes to innate immunity by targeting intracellular pathogens for lysosomal
degradation, known as xenophagy. Several additional functions in both innate and adaptive
immunity have since been identified, as well as an association with inflammatory bowel

disease (Deretic et al., 2015).
i. Xenophagy

Xenophagy is possible the most ancient defence against invading microorganisms (Deretic et
al., 2015). The first studies on xenophagy were published by the Yoshimori and Deretic
groups; reporting that autophagy can eliminate Group A Streptococcus and Mycobacterium

tuberculosis, respectively (Gutierrez et al., 2004a; Nakagawa et al., 2004).

Multiple autophagy cargo receptors (see section 1.1.4) have subsequently been shown to
function in xenophagy. In this regard, the Randow lab demonstrate that NDP52 restricts
Salmonella enterica Typhimurium (hereafter S. Typhimurium) growth by recruiting invading
bacteria into autophagosomes (Thurston et al., 2009). NDP52 is initially targeted to
Salmonella-containing vacuoles by the cytosolic lectin galectin-8, which serves as a
multipurpose ‘danger receptor’ that signals endolysosomal vesicle damage (Thurston et al.,
2012). This is followed by ubiquitin-dependent recruitment, whereby NDP52 simultaneously
binds ubiquitinated S. Typhimurium and LC3 to facilitate xenophagy (Thurston et al., 2009).

Neither optineurin/NDP52 nor p62/NDP52 double knockdown have additive effects on S.
Typhimurium proliferation in infected cells, indicating a common receptor-mediated
xenophagy pathway (Wild et al., 2011). Wild and colleagues demonstrate that TBK1 (TANK
binding kinase 1) associated with ubiquitin-coated cytosolic bacteria phosphorylates

optineurin within the extended LIR motif (see section 1.1.4; especially serine 177 in human
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optineurin). This increases LC3 binding affinity, thereby enhancing S. Typhimurium
clearance by autophagy (Wild et al., 2011).

Ubiquitination is also required for xenophagy targeting mycobacteria. The E3 ligase Parkin
(encoded by PARK?) mediates K63-linked ubiquitination of M. tuberculosis, which recruits
the autophagy receptors NDP52, p62 and NBR1 (Manzanillo et al., 2013). Accordingly,
Park2-null (Park2”") mice show enhanced susceptibility to M. tuberculosis infection;
mycobacterial load was 10-fold greater at 21 days post-infection, with all Park2”" mice dying
by 85 days post-infection when all wild type animals remain alive (Manzanillo et al., 2013).
Dysfunctional xenophagy might therefore explain why PARK?2 regulatory region
polymorphisms increase vulnerability to Mycobacterium leprae and Salmonella typhi (the
causative agents in leprosy and typhoid fever, respectively) in humans (Ali et al., 2006; Mira

et al., 2004).

On the other hand, certain pathogens have evolved to utilise host autophagy. For example,
disrupting autophagy (pharmacologically or genetically) reduces human BK polyomavirus
(BKPyV) infection in HeLa cells (Bouley et al., 2014). Given BKPyV is most sensitive to
autophagy inhibition during the first 8 hours post-infection, plus viral particles colocalise
with GFP-tagged LC3, Bouley et al. propose autophagy functions in polyomavirus entry and
trafficking.

ii. Inflammation

Single-nucleotide polymorphisms in A7TG16L1 are susceptibility loci for the inflammatory
bowel condition Crohn’s disease (Hampe et al., 2007; Rioux et al., 2007).

This concurs with ATG16L1 regulating endotoxin-induced inflammatory cytokine production
(Saitoh et al., 2008). Saitoh and colleagues demonstarte that Azg/6L [-deficient mouse
macrophages show enhanced IL-1f and IL-18 secretion under lipopolysaccharide stimualtion.
Accordingly, mice lacking A¢g/6L1 in haematopoietic cells exhibit much worse dextran

sulphate sodium-induced colitis compared with wild type controls (Saitoh et al., 2008).

Using Atg16L1 hypomorph mice (introduced in section 1.1.7.1i1), Cadwell et al. propose an
alternative (though not incompatible) mechanism linking autophagy to inflammatory bowel
disease (Cadwell et al., 2008). In these animals, Paneth cells (ileal epithelial cells implicated
in intestinal microbiota control) shown defective antimicrobial enzyme and cytokine

secretion. Similar abnormalities are observed in Paneth cells from ileocolic specimens

30



donated by Crohn’s disease patients expressing an ATG16L1 risk allele (Cadwell et al.,
2008).

iii. Antigen recognition and presentation

Autophagy is required for certain pathogens, as in the single-stranded RNA virus VSV
(vesicular stomatitis virus), to be recognised by the innate immune system (Lee et al., 2007).
Dendritic cells (DCs) use Toll-like receptors (TLRs) to detect viral intermediates in acidified
endolysosomal compartments, thereby avoiding direct infection (Akira and Takeda, 2004).
Atg5” mouse DCs (obtained from irradiated wild type mice reconstituted with cells from
Atg5” neonates) cannot utilise autophagy to transport VSV replication intermediates into the

lysosome, as required for recognition by TLR7 (Lee et al., 2007).

The seminal work on autophagy in antigen presentation was published by Paludan and
colleagues (Paludan et al., 2005). When lysosomal acidification in Epstein-Barr virus-
transformed lymphoblastoid cells was inhibited with either ammonium chloride or
chloroquine, EBNA1 (Epstein-Barr virus nuclear antigen 1) accumulated in autophagosomes
(Paludan et al., 2005). Autophagy therefore participates in the EBNA1 delivery to lysosomes
where the antigen is processed for presentation at the cell surface on MHC II (major
histocompatibility complex class 1) molecules. In this way, downregulating autophagy using
the PI3KC3 inhibitor 3-MA or ATG12 knockdown decreased MHC II-mediated recognition
of EBV-transformed cell lines by CD4-positive T cells (Paludan et al., 2005).

Autophagy has subsequently been shown to function in physiologically-relevant antigen
presentation by MHC II on thymic epithelial cells (TECs) and DCs, amongst others (Lee et
al., 2010a; Nedjic et al., 2008). The former appears critical for immunological tolerance, with
autophagy-deficient (47g57") TECs causing autoimmune colitis and multiorgan lymphoid
infiltration in mice (Nedjic et al., 2008). Nedjic and colleagues propose autophagy enables
TECs to load MHC II with intracellularly-derived peptides, which include otherwise tissue-

specific antigens, thereby facilitating self-tolerant T cell selection in the thymus.
iv. Immunological memory

Multiple branches of long-term adaptive immunity require autophagy. The autophagy
pathway is constitutively active in plasma cells (‘professional’ antibody-secreting B cells)
(Pengo et al., 2013). This is reported to facilitate sustainable antibody production; A7g5-

deficient mouse plasma cells exhibit enhanced immunoglobulin synthesis and secretion,
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coupled to impaired energy metabolism and increased cell death by apoptosis. Accordingly,
mice lacking Azg5 in B cells mount defective immune responses to pneumococcal antigens

(Pengo et al., 2013).

Again using mice with autophagy-deficient B cells (47g7 tissue-specific knockout), Chen and
colleagues report immunological memory against influenza requires autophagy (Chen et al.,
2014a). After immunisation with influenza A virus, these animal show normal primary
antibody responses (assayed at 14 days post-immunisation). However, significantly fewer
influenza A antigen-specific memory B cells are observed at eight weeks post-immunisation
(Chen et al., 2014a). Unlike wild type controls, mice lacking A¢g7 in the B cells therefore fail
to generate protective secondary antibodies upon lethal re-challenge with influenza A virus
after the initial sub-lethal dose. This is explained by autophagy promoting memory B cell

survival via increasing resistance to apoptosis (Chen et al., 2014a).

Autophagy similarly counters apoptosis in CD8-positive T cells (Xu et al., 2014). Using a
mouse model in which Azg7 is conditionally deleted upon CD8-postive T cell activation, Xu
et al. demonstrate that autophagy-deficient CD8-postive T cells proliferate and differentiate
into effector T cells combarably to controls upon acute LCMV (lymphocytic
choriomeningitis virus) infection (Xu et al., 2014). Conversely, the response to chronic
LCMV infection is impaired; significantly more autophagy-deficient effector T cells undergo

apoptosis, meaning a functional memory T cell pool is not generated (Xu et al., 2014).
1.1.9 Concluding remarks

The literature concerning autophagy molecular machinery and autophagy regulation is
extensive. However, our understanding is far from complete and many unanswered questions
remain. Given autophagy performs important functions in normal physiology and defective
autophagy is implicated in numerous human diseases, there is a pressing need to characterise

novel regulatory mechanisms with pathophysiological relevance.
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1.2 Vinexin

1.2.1 Introduction

Vinexin was identified by Kioka and colleagues via yeast two-hybrid screening using the
proline-rich hinge region of the focal adhesion protein vinculin as bait (Kioka et al., 1999).
Human vinexin is encoded by SORBS3 (sorbin and SH3 domain containing 3) on
chromosome 8p. Homology searches reveal two structurally related proteins; CAP (CBL-
Associated Protein) and ARGBP2 (ARG-Binding Protein 2), later termed SORBS1 and
SORBS2. All three vinexin family members are multi-domain adaptor proteins lacking

intrinsic enzymatic activity (Kioka et al., 2002).

Vinexin was first identified as a potential autophagy regulator by Lipinski and colleagues in a
genome-wide, image-based siRNA screen using H4 human neuroblastoma cells stably
expressing GFP-tagged LC3; vinexin knockdown increases GFP-positive autophagosomes
under basal conditions (Lipinski et al., 2010a). Lipinski and colleagues report this increase is
due to enhanced autophagosome biogenesis (rather than impaired flux though the autophagy
pathway) and also suggest mTOR signalling is not involved (Lipinski et al., 2010a).
Otherwise, the molecular mechanisms by which vinexin regulates autophagy remains to be

characterised.
1.2.1.1 Isoform expression

SORBS3 encodes two commonly studied isoforms (vinexin alpha and vinexin beta)
distinguished by the presence or absence of an N-terminal SoHo (sorbin homology) domain.
Kioka and colleagues’ original study identifies two vinexin mRNAs (Kioka et al., 1999). The
longer 3 kb mRNA, corresponding to 82 kDa vinexin alpha, shows restricted tissue
expression (absent from most human tissues, though highly expressed in skeletal muscle),
while the shorter 2 kb mRNA, corresponding to 37 kDa vinexin beta, is ubiquitously
expressed. Subsequent mouse studies report two intermediate-length isoforms, termed
vinexin gamma and vinexin delta (Matsuyama et al., 2005; Paz et al., 2007). 76 kDa vinexin
gamma, which results from vinexin alpha alternative splicing, is detectable by western
blotting in testicular, ovary, heart and lung tissue from E12.5 mouse embryos (Matsuyama et
al., 2005). 78 kDa vinexin delta shows even more restricted tissue expression; detectable only

in gonad germ cells during embryonic development, together with testicular and ovary tissue
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from adult mice (Paz et al., 2007). Vinexin gamma and vinexin delta are thought likely to

exist in humans, though in vivo evidence is lacking.
1.2.1.1 Domain structure

The domain structure of vinexin is ostensibly simple, featuring only two protein domain
families. Additional putative functional domains have been identified, as in a proline-rich
‘linker’ between the second and third SH3 domains (Suwa et al., 2002), but are currently

undercharacterised.
i. SoHo domain

The vinexin alpha N-terminus contains a 115 amino acid SoHo domain (homologous to the
porcine gut peptide sorbin) that is both necessary and sufficient for binding the lipid raft-
associated protein flotillin (Kimura et al., 2001). Lacking vinexin alpha N-terminal amino

acids 1 — 404, vinexin beta does not feature this SoHo domain.
ii. SH3 domains

The vinexin C-terminus comprises three SH3 domains, which are conserved in vinexin alpha
and vinexin beta (Kioka et al., 1999). One or more of these domains is required for binding to
most vinexin interactors via proline-rich regions. The crystal structure of the first SH3
domain of human vinexin has been solved, including the interface that binds the proline-rich

vinculin hinge region (Zhang et al., 2007).
1.2.2 Cell biology

As summarised in Table 1, vinexin has many reported interactors. This complex interactome
accounts for the wide ranging cellular functions associated with vinexin. The best

characterised of these functions are described below.
1.2.2.1 Actin cytoskeleton dynamics

Vinexin is thought to modulate the actin cytoskeleton through various binding partners.
However, the literature is not well-development; Zow these interactions impact actin

cytoskeleton dynamics remains poorly understood.
i. Cell-extracellular matrix adhesion

Cells form mechanical links between intracellular F-actin and the ECM via multi-protein

structures known as focal adhesions (Abercrombie and Dunn, 1975). Both exogenous and
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endogenous vinexin alpha and vinexin beta localise to focal adhesions in fibroblasts (Kioka et
al., 1999; Mizutani et al., 2007a), with Kioka et al. reporting increased vinculin and F-actin
staining at focal adhesions upon vinexin alpha overexpression (Kioka et al., 1999). This
localisation requires vinexin SH3 domain: vinculin proline-rich region interactions and
accordingly, exogenous vinexin is unable to target focal adhesions in vinculin knockout

mouse-derived cell lines (Chen et al., 2005; Takahashi et al., 2005).

Cytosolic vinculin exhibits high affinity intramolecular binding, which renders the protein
unable to interact with actin or contribute to protein complexes at focal adhesions (Chen et
al., 2005). However, most vinculin at focal adhesions is in the so-called ‘open’ or ‘active’
conformation that exhibits an estimated threefold-higher binding affinity for vinexin
(Takahashi et al., 2005). In this way, vinexin is implicated in sensing ECM stiffness and
calibrating actomyosin tension; vinexin binding favours the ‘open’ or ‘active’ vinculin
conformation, thereby promoting stable association with F-actin at focal adhesions
(Yamashita et al., 2014). Cells grown on rigid substrates exhibit high actomyosin-generated
intracellular tension (Geiger et al., 2009), with vinexin alpha required to increase focal
adhesion-associated vinculin in cells grown on rigid ECM (Yamashita et al., 2014). Despite
also binding vinculin, vinexin beta surprisingly does not perform this function (Yamashita et

al., 2014).

Another function performed by vinexin at focal adhesions could be scaffolding actin
cytoskeleton modulators. Candidates include rhotekin, an effector protein for RHO GTPases
that functions in actin cytoskeleton reorganisation (Reid et al., 1996). The third vinexin SH3
domain binds a proline-rich C-terminal motif in rhotekin, independent of RHO GTPase
activity (Nagata et al., 2009). This interaction is inhibited by another member of the RHO
GTPase subfamily, CDC42; constitutively activated CDC42 reduces vinexin/rhotekin binding
(Nagata et al., 2009). Given the third vinexin SH3 domain also interacts with N-WASP
(Mitsushima et al., 2006a), an effector protein for CDC42 that promotes actin polymerisation
via ARP2/3 complex activation (Rohatgi et al., 1999), CDC42-activated N-WASP could
compete with rhotekin for binding to vinexin. Nonetheless, the functional implications of

vinexin/rhotekin/N-WASP binding for focal adhesion dynamics remain to be elucidated.

In classical focal adhesions, ECM attachment is mediated through transmembrane integrins
(Abercrombie and Dunn, 1975). However, beta dystroglycan (the transmembrane product of

pro-dystroglycan proteolytic cleavage) is also reported to perform this function (Thompson et
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al., 2010). Thompson et al. demonstrate that the third vinexin SH3 domain binds a proline-
rich motif on the beta dystroglycan intracellular face. This has functional implications for
focal adhesion-medicated cell spreading; re-expressing mutant beta dystroglycan without
vinexin binding capacity in dystroglycan knockdown mouse myoblasts fails to rescue the
defective spreading of these cells (Thompson et al., 2010). Vinexin is therefore suggested to
facilitate crosstalk between the dystroglycan and integrin adhesion systems, possibly by

forming beta dystroglycan/vinexin/vinculin ternary complexes (Thompson et al., 2010).
ii. Cell-cell adhesion

Vinexin could also function at adherens junctions, multi-protein complexes that link the actin
cytoskeleton to nectin/cadherin-mediated contacts with neighbouring cells (Campbell et al.,
2017). The third vinexin SH3 domain binds a proline-rich region in the adherens junction
protein DLGS5 (Wakabayashi et al., 2003). As DLGS uses a separate region to bind the
canonical adherens junction protein beta-catenin, Wakabayashi et al. speculate vinexin could
contribution to adherens junction assembly by forming beta-catenin/DLG5/vinexin
complexes, or even beta-catenin/DLG5/vinexin/vinculin heterotetramers (Wakabayashi et al.,

2003).

iii. Membrane ruffling

In addition to N-WASP, vinexin binds another WASP family protein; WAVE2 (Mitsushima
et al., 2006a). The two proteins colocalise at migratory human breast cancer cell membrane
ruffles (Mitsushima et al., 2006a). Moreover, vinexin colocalises with the non-receptor
tyrosine kinase ABL at migratory rat astrocyte membranes ruffles (Mitsushima et al., 2006b).
Membrane ruffling characterises the leading edge of migratory cells and is caused by
protrusive membrane sheets, shaped by underlying F-actin, detaching from the ECM to move
backwards (Mitchison and Cramer, 1996). Given WAVE?2 is better able to promote actin
polymerisation when phosphorylated by ABL (Leng et al., 2005) and vinexin interacts with
WAVE2 and ABL using separate regions (first/second SH3 domains and third SH3 domain,
respectively) (Mitsushima et al., 2006a; Mitsushima et al., 2006b), these findings suggest

vinexin could function as a scaffolding protein in actin-based cell motility.
iv. Cytokinesis

Vinexin/rhotekin binding has recently been described as important for cell division (Chang
and Huang, 2017). Vinexin knockdown in HeLa cells delays cell cycle progression, with

increased cell abscission time owing to cytoplasmic bridge resolution failure. Since rhotekin
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knockdown and overexpression of mutant vinexin without rhotekin binding capacity also
produce this phenotype, Chang and Huang propose that vinexin and rhotekin cooperate to
promote cell abscission (Chang and Huang, 2017). Although the precise mechanism remains
unclear, this stands to reason as cell cycle progression requires extensive and tightly

coordinated cytoskeleton remodelling.
1.2.2.2 MAPK signalling

Possibly the best understood cellular function of vinexin is in ERK (Extracellular signal-
Regulated Kinase) signalling. However, vinexin is also participates in other MAPK

(Mitogen-Activated Protein Kinase) pathways.
i. JNK pathway

JNK (c-Jun N-terminal Kinase, otherwise known as MAPK®) activity under EGF (epidermal
growth factor) stimulation is enhanced by vinexin beta overexpression (Akamatsu et al.,
1999). The molecular mechanism remains uncertain, but is thought to involve vinexin
binding SOS1. This RAS/RAC guanine nucleotide exchange factor functions between growth
factor receptors and JNK activation in MAPK signalling, with EGF simulation causing
SOS1/vinexin dissociation (Akamatsu et al., 1999). Moreover, vinexin beta mutations
preventing SOS1 binding are dominant negative and inhibit JNK activity under EGF
stimulation (Akamatsu et al., 1999).

ii. ERK pathway

Vinexin beta overexpression facilitates anchorage-independent ERK1/2 activation
(phosphorylation at threonine 202 and tyrosine 204) under EGF stimulation (Suwa et al.,
2002). This function requires the proline-rich ‘linker’ between the second and third vinexin
SH3 domains, which directly interacts with ERK1/2 (Mitsushima et al., 2004; Suwa et al.,
2002). Mitsushima and colleagues propose vinexin-dependent anchorage-independent
ERK1/2 activation is due to delayed ERK1/2 dephosphorylation, rather than enhanced
phosphorylation (Mitsushima et al., 2007). This could involve inhibiting MKP3;
overexpressing this ERK1/2-specific phosphatase ameliorates anchorage-independent ERK
activation caused by vinexin overexpression (Mitsushima et al., 2007). However, various

other phosphatases are also implicated in anchorage-dependent ERK1/2 regulation.

ERK/vinexin binding constitutes a ‘docking interaction’, enabling ERK?2 to phosphorylate

vinexin beta at serine 189 (equivalent to serine 593 in vinexin alpha) (Mitsushima et al.,
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2004). Ito et al. use a phosphospecific antibody against vinexin to show that (unlike
unphosphorylated vinexin) phosphorylated vinexin and ERK1/2 colocalise at developing
synapses in primary rat neurons (Ito et al., 2007). At synapses in adult rat brain, vinexin
interacts with SRCINT1 (Ito et al., 2008). This adaptor protein undergoes rapid tyrosine
phosphorylation following EGF stimulation (Di Stefano et al., 2004). Vinexin might therefore
collaborate with MAPK signalling in synapse formation and maintenance, which would

concur with the notion synapses are specialised cell-cell junctions (see section 1.2.2.1i1).

Phosphorylated vinexin and ERK1/2 also colocalise at membrane ruffles in migrating cells,
plus at the cell periphery during early phase spreading (Mizutani et al., 2007a). To further
explore these findings, Mizutani and colleagues use four LNCaP (human prostate cancer) cell
lines stably expressing 1. Empty vector (GFP-empty), 2. Wild type vinexin beta (GFP-WT;
suggested to be partially phosphorylated), 3. Phospho-null mutant vinexin beta (GFP-SA;
serine 189 substituted to alanine) and 4. Phosphomimetic mutant vinexin beta (GFP-SD,
serine 189 substituted to aspartine) (Mizutani et al., 2007a). The GFP-SD and GFP-WT lines
show reduced spreading compared with the GFP-empty and GFP-SA lines. Moreover, the
GFP-SD and GFP-WT lines show reduced migration, while the GFP-SA line demonstrates
increased migration compared with the GFP-empty line. The biological properties of vinexin
are therefore clearly affected by ERK phosphorylation, meaning activated ERK1/2 could
function through vinexin as a negative regulator of early phase spreading and migration

(Mizutani et al., 2007a).
iii. EGFR pathway

Vinexin also functions upstream in MAPK signalling; prolonging EGF receptor (EGFR)
autophosphorylation in response to EGF stimulation (Mitsushima et al., 2006¢). Vinexin beta
overexpression delays EGFR endocytosis following EGF stimulation, meaning
phosphorylated EGFR is retained at the plasma membrane (Mitsushima et al., 2006c). This
could be due to vinexin sequestering the E3 ubiquitin ligase CBL (Mitsushima et al., 2006c¢),
which is thought to ubiquitinate activated EGFR and promote internalisation by endocytosis

(de Melker et al., 2004).
1.2.2.3 Oestrogen receptor signalling

Vinexin interacts with the nuclear matrix protein SAFB2, which acts as an oestrogen receptor
corepressor in downregulating oestrogen-induced transcriptional activity (Townson et al.,

2003). The functional implications of this interaction remain to be explored, though vinexin
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is thought to sequester SAFB2 in the cytosol (Townson et al., 2003). Subsequently, Tujague
and colleagues have reported that vinexin alpha overexpression enhances exogenous
oestrogen receptor alpha transcriptional activity (Tujague et al., 2004). Exogenous vinexin
alpha and oestrogen receptor alpha colocalise in the nucleus, with nuclear vinexin alpha
suggested to promote transcriptional activation by reducing oestrogen receptor alpha
phosphorylation (Tujague et al., 2004). Given vinexin has no intrinsic enzymatic activity, this

must require kinase inhibition and/or phosphatase stimulation.

In what could constitute a negative feedback mechanism, vinexin expression can be regulated
by oestrogen receptor signalling. Paz et al. report that exposing male mice to 17beta-estradiol
(oestrogen receptor ligand) during embryonic and postnatal development depletes vinexin
protein, but not mRNA, from testicular tissue (Paz et al., 2007). This suggests an oestrogen
receptor signalling-dependent mechanism for vinexin degradation in the developing testes,

though this has not been explored in any further detail.
1.2.2.4 Lipid raft functions

Lipid rafts are subcompartments of the plasma membrane that function in membrane
signalling and trafficking (Lingwood and Simons, 2010). As mentioned above, the vinexin
alpha SoHo domain interacts with lipid raft-associated flotillin (Kimura et al., 2001). Based
on findings concerning the vinexin family member CAP, Kimura and colleagues suggest
vinexin alpha could function in targeting various interactors to lipid rafts. This hypothesis is
supported by a much more recent publication demonstrating that vinexin alpha recruits
vinculin to lipid rafts (Nagasato et al., 2017). Surprisingly, this does not involve vinexin
alpha/flotillin binding, but does require actomyosin-generated intracellular tension (Nagasato
et al., 2017). Given vinexin alpha functions in sensing ECM stiffness and calibrating
actomyosin tension (see section 1.2.2.11) (Yamashita et al., 2014), the authors suggest vinexin
alpha localises vinculin to lipid raft nanodomains within focal adhesions in response to

increased ECM stiffness (Nagasato et al., 2017).
1.2.3 Health and disease

Literature exists linking vinexin to various pathologies and physiological processes. Often
these publications use altered vinexin expression in patient samples as a starting point, before
moving into mouse models. Perhaps the most convincing publication using patient data
characterises SORBS3 as a tumour suppressor, although the mechanism by which vinexin

opposes tumourigenesis is not well understood.
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1.2.3.1 Animal models

Studies using Sorbs3 knockout mice, as well as transgenic mice overexpressing human
vinexin, implicate this adaptor protein in several human pathologies (Chen et al., 2013; Guan
etal., 2017; Kioka et al., 2010; Li et al., 2015; Liu et al., 2015). Mutant (‘ouchless’) zebrafish
with impaired dorsal root ganglion development, ostensibly due to reduced vinexin
expression, have also been published (Malmquist et al., 2013). However, in recent months the

causative mutation has been re-assigned to adgra2 (Bostaille et al., 2017).

Sorbs3 knockout mice are born in the predicted Mendelian ratio and exhibit no obvious
abnormalities under basal conditions (Kioka et al., 2010). These mice do however show
impaired wound healing; full-thickness skin wounds are slower to close due to impaired
keratinocyte migration (Kioka et al., 2010). Another phenotype observed in Sorbs3 knockout
mice is exacerbated cardiac hypertrophy in response to chronic pressure overload (modelled
with aortic binding) (Chen et al., 2013). In addition, Chen and colleagues generate transgenic
mice with cardiac-specific human vinexin beta overexpression. Following aortic binding,
these mice exhibit reduced sequelae of pressure overload-induced cardiac hypertrophy. The
relevance of these findings to human disease is demonstrated by decreased vinexin beta
mRNA and protein levels in samples from dilated cardiomyopathy patients (Chen et al.,

2013).

The same research group report that vinexin beta augments myocardial infarction (MI)
pathology (Liu et al., 2015). Liu et al. take as a starting point increased vinexin beta protein
levels in tissue from ischaemic heart disease patients. This agrees with reduced post-MI
mortality in Sorbs3 knockout mice, which exhibit ameliorated cardiac dysfunction and
decreased infarct size upon post-mortem examination. Opposite phenotypes are seen in
transgenic mice with cardiac-specific human vinexin beta overexpression. These findings are
attributed to vinexin beta increasing myocardiocyte apoptosis and inflammation post-MI (Liu

etal., 2015).

In a parallel study, Li and colleagues use Sorbs3 knockout mice to suggest vinexin deficiency
protects against cerebral ischaemia-reperfusion injury, as occurs in stroke (Li et al., 2015).
Upon transient middle cerebral artery occlusion followed by reperfusion (used to model
ischaemia-reperfusion injury), vinexin-deficient mice exhibit smaller brain infarcts and also
obtain less pathological scores on a neurological deficit assessment scale. Moreover, fewer

apoptotic neurons are observed in Sorbs3 knockout mouse brain samples following
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ischaemia-reperfusion injury, together with lower expression of pro-apoptotic genes and
increased expression of anti-apoptotic genes. Patient samples are used to highlight relevance
to stroke; vinexin beta expression is significantly increased in brain samples from

intracerebral haemorrhage patients (Li et al., 2015).

Most recently, the same research group has crossed Sorbs3 knockout mice with ApoE
knockouts (Guan et al., 2017). ApoE knockout mice fed a high fat diet rapidly develop
atherosclerosis (Imaizumi, 2011), while Sorbs3/ApoE double knockout mice fed the same diet
exhibit reduced atherosclerosis development and improved atherosclerotic plaque stability
(Guan et al., 2017). This is attributed to an altered inflammatory response; aortic sections
from Sorbs3/ApoE double knockout mice fed a high fat diet exhibit less macrophage
proliferation, together with reduced pro-inflammatory and increased anti-inflammatory

marker expression (Guan et al., 2017).

Taken together, these studies suggest vinexin is dispensable under normal physiological
conditions (possible due to functional redundancy between vinexin family proteins).
However, dysregulated vinexin expression clearly impacts several processes important for
human health and disease (namely wound healing, cardiac hypertrophy, myocardial infarction
and atherosclerosis) in a context-dependent manner (Chen et al., 2013; Guan et al., 2017,

Kioka et al., 2010; Li et al., 2015; Liu et al., 2015).
1.2.3.2 Cancer

The first large-scale study linking vinexin to cancer was published in 2012. Roessler and
colleagues identify ten genes associated with hepatocellular carcinoma (HCC) progression
(Roessler et al., 2012). Among this ten gene signature, deletion of six genes clustered on
chromosome 8p (DLCI, CCDC25, ELP3, PROSC, SH2D4A and SORBS3) predicts poor
outcomes in a discovery cohort of 76 patients with hepatitis B-related HCC, plus validation
cohorts; two HCC cohorts with mixed aetiology (319 patients) and three breast cancer
cohorts (637 patients). Interestingly, the 10 gene signature is only predictive of breast cancer
survival in cohorts of mixed node-positive (metastatic) and node-negative cases (not in a
node-negative only cohort), suggesting predictive capacity links to tumour cell dissemination

(see section 1.2.3.211 below) (Roessler et al., 2012).

Roessler and colleagues’ findings concur with reports that chromosome 8p somatic copy
number losses are common in HCC (Jou et al., 2004; Nagai et al., 1997; Xue et al., 2012).

Examining this phenomenon in more detail, Xue et al. find these deletions typically centre on
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DLCI (8p22), although most chromosome 8p somatic copy number losses span larger regions
(including SORBS3 at 8p21.3) (Xue et al., 2012). Using the Integrative Genomics Viewer
(Thorvaldsdottir et al., 2013) to visualise recently published somatic copy number profiles for
363 HCC cases (The Cancer Genome Atlas Research Network, 2017) similarly reveals

frequent chromosome 8p losses resulting in multiple gene deletions.

In analysing public datasets, Xue et al. find no evidence that chromosome 8p genes (aside
from DLC1) associated with HCC progression (DLC1, CCDC25, ELP3, PROSC, SH2D4A
and SORBS3) (Roessler et al., 2012) harbour somatic point mutations predicted to impact
individual gene expression (Xue et al., 2012). With regards to SORBS3, this remains the case
to the present day; NCI CDC (National Cancer Institute Genomic Data Commons; accessed
09/01/2018) lists no SORBS3 somatic point mutations in HCC tumours (Grossman et al.,
2016), while COSMIC (Catalogue Of Somatic Mutations In Cancer; accessed 12/01/2018)
returns nine missense substitutions and two synonymous substitutions in SORBS3 across
HCC tumour samples and cultured cell lines all unlikely to alter vinexin expression (Forbes et
al., 2017). Taken together, these data suggest chromosome 8p harbours multiple tumour
suppressor genes (including SORBS3) whose coattenuation promotes tumourigenesis in HCC,

while individual gene deletions are insufficient to drive cancer progression.

Notwithstanding, Roessler and colleagues validate the tumour suppressive properties of
vinexin in cultured cells and using a mouse xenograft model. Re-expression of vinexin alpha
in HCC cell lines reduced migration and colony formation. Moreover, subcutaneous injection
of vinexin alpha-transfected Hep3B cells into immunocompromised mice gives significant
fewer and smaller tumours, compared to cells transfected with empty vector (Roessler et al.,
2012). One possible mechanism by which SORBS3 could function as a tumour suppressor in
HCC has recently been proposed (Ploeger et al., 2016). Vinexin is suggested to collaberate
with SH2D4A (another candidate tumour supressor on chromosome 8p) to inhibit IL-
6/STATS3 signalling, which is significant given multiple studies demonstrate the proliferative
and anti-apoptotic IL-6/STAT3 pathway can be oncogenic in HCC and other cancers (Yu et
al., 2009). Specifically, Ploeger and colleges propose vinexin alpha indirectly inhibits IL-
6/STATS3 signalling through increased oestrogen receptor signalling (Townson et al., 2003;
Tujague et al., 2004). This publication supports the hypothesis that SORBS3 is a tumour
suppressor gene, though a complete mechanism (particularly with regards to vinexin beta)

remains to be elucidated.
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i. Proliferation

Although overexpressing vinexin beta in LNCaP androgen-dependent prostate cancer cells
reduces anchorage-independent growth (Mizutani et al., 2007a), most publications do not
support the notion vinexin supresses tumour formation by constraining cancer cell
proliferation. For example, vinexin knockdown in PC-3 androgen-independent prostate
cancer cells slows cell growth and enhances apoptotic cell death following treatment with the
chemotherapeutic agent paclitaxel (Mizutani et al., 2007b). Chang and Huang seek to
reconcile their finding that vinexin promotes mitotic cell division (see section 1.2.2.1iv) with
vinexin as a putative tumour suppressor; improper segregation of genetic materials upon
defective mitosis can results in polyploidy and tumourgenesis (Fujiwara et al., 2005),
meaning delayed cell abscission upon vinexin depletion generate cells carrying aberrant

genetic material (Chang and Huang, 2017).
ii. Migration and invasion

Migratory capacity is central to the invasive and metastatic properties of cancer cells. As
discussed above, vinexin is implicated in cell-extracellular matrix adhesion and membrane
ruffling. These functions have implications for cell motility and hence, SORBS3 as a
candidate tumour suppressor. For example, LNCaP cells stably overexpressing vinexin beta
show reduced migration by in vitro wound healing assay (Mizutani et al., 2007a). However,
this effect seems cell type and/or context dependent; vinexin knockdown in A431 epidermoid

carcinoma cells reduces migration by the same assay (Kioka et al., 2010).
il. SRC-mediated transformation

The proto-oncogene SRC encodes a non-receptor tyrosine kinase, which is overexpressed in
many human cancers. The gene product c-SRC, together with the closely related Rous
sarcoma virus protein v-SRC, drive tumourgenesis via increased proliferation, invasiveness
and motility (Yeatman, 2004). v-SRC transformation reduces vinexin mRNA and protein
levels in NIH3T3 mouse fibroblasts, though the effect is much more pronounced for vinexin
alpha (Umemoto et al., 2009b). v-SRC also phosphorylates vinexin alpha at tyrosines 127,
170 and 198 (not conserved in vinexin beta). This appears to decrease vinexin/vinculin
binding affinity, as non-phosphorylatable mutant vinexin co-immuneprecipitates more

efficiently with vinculin (Umemoto et al., 2009b).
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With regards to the functional implications of these findings, v-SRC transformed NIH3T3
cells stably re-expressing vinexin alpha migrate even slower than non-transformed cells
(Umemoto et al., 2009a). Vinexin alpha re-expression also restores stress fibres in some cells,
but does not to ameliorate the increase in anchorage-independent growth seen upon v-SRC
transformation (Umemoto et al., 2009a). Hence, while vinexin downregulation contributes to
SRC-driven oncogenic transformation, unsurprisingly this does account for the whole

phenotype.
1.2.3.3 Normal brain ageing

One reason to investigate vinexin before other hits identified in Lipinski and colleagues’
screen for autophagy regulators (Lipinski et al., 2010a) relates to a follow-up study published
by this research group, which demonstrates vinexin mRNA levels are significantly increased
in older human brain samples (Lipinski et al., 2010b). Lipinski and colleagues analyse
previously published microarray data (Loerch et al., 2008) and identify a subset of hits
(including vinexin) from their initial screen that negatively regulate autophagy and are
upregulated in older (> 70-year-old) human cerebral cortex samples, compared with younger
(< 40-year-old) samples. Reassuringly, core autophagy genes (A47GS5 and ATG7) are also
shown to be downregulated in normal brain ageing (Lipinski et al., 2010b). In this way,
increased vinexin expression could contribute to the general decline in autophagic potential

thought to occur in normal ageing (discussed section 1.1.7.2).
1.2.3.4 Neurodegeneration

Sanchez-Mut et al. report the Sorbs3 locus is hypermethylated in frontal cortex samples from
two well-established AD mouse models (APP/Presenilin 1 and 3xTg-AD) (Sanchez-Mut et
al., 2013). This finding replicates in human AD frontal cortex samples and corresponds to
decreased vinexin expression on both the mRNA and protein level (Sanchez-Mut et al.,
2013). According to Lipinski and colleagues, decreased vinexin expression should upregulate
autophagy (Lipinski et al., 2010a), meaning vinexin downregulation in AD disagrees with
autophagy protecting against neurodegeneration (discussed in section 1.1.8.2). However,
analysis of previously published microarray data (Liang et al., 2008b) reveals that autophagy
inhibitors are downregulated in entorhinal cortex from AD patients, with the opposite seen
with autophagy inducers (Lipinski et al., 2010b). These data suggest decreased vinexin

expression could contribute to a transcriptional upregulation of autophagy in Alzheimer’s
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disease brains, which Lipinski and colleagues postulate represents a reactive attempt to

counter the disease pathology (Lipinski et al., 2010b).
1.2.4 Concluding remarks

The complex vinexin interactome (see Table 1) implicates this adaptor protein in multiple
cellular processes, with functions at focal adhesions and in ERK signalling the best
characterised. Vinexin is also associated with pathophysiological processes ranging from
wound healing to normal brain ageing. Notably, SORBS3 is a candidate tumour suppressor in

HCC and other cancers.

Aside from Lipinski and colleagues’ screen (Lipinski et al., 2010a), there is no literature
linking vinexin to autophagy. However, other focal adhesion adaptor proteins are associated
with autophagy. These include paxillin, which reportedly functions in autophagosome
formation (Chen et al., 2008). Paxillin does not interact with vinexin directly, but does bind
the vinculin ‘tail region’ (Wood et al., 1994). Hence, vinexin/vinculin/paxillin complexes
could conceivably form at focal adhesions, especially given vinexin/vinculin binding favours
the vinculin ‘open’ or ‘active’ conformation (Yamashita et al., 2014). Focal adhesions
dynamics are therefore one possible starting point when exploring how vinexin could regulate
autophagy. Another is the cell signalling pathways vinexin influences. For instance, both
EGFR and ERK signalling have been linked to autophagy through several different
mechanisms (Aoki et al., 2007; Jutten and Rouschop, 2014; Tan et al., 2015; Wong et al.,
2010).
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1.3 YAP and TAZ

1.3.1 Introduction

YAP (Yes Associated Protein) and TAZ (Transcriptional Coactivator With PDZ-Binding
Motif, also known as WWTR1) are evolutionarily conserved transcriptional coactivators that
shuttle between the nucleus and cytosol (Piccolo et al., 2014). YAP was identified via a
screen for proteins that bind the SH3 domain of the non-receptor tyrosine kinase YES1
(Sudol, 1994). The paralogue TAZ was identified more recently, with human YAP and TAZ
sharing 45% amino acid identity in a pattern widely distributed across both sequences (Kanai
et al., 2000). In humans, YAP maps to chromosome 11q13 and 74Z to chromosome 3q24
(Kanai et al., 2000; Sudol et al., 1995). Both YAP and TAZ are near-ubiquitously expressed
across human tissues at the mRNA level (Kanai et al., 2000; Sudol et al., 1995). Eight YAP
splice variants and two TAZ splice variants have been described to date (Sudol, 2013; Webb
et al., 2011), which are distinguished principally by WW domain number (see section
1.3.1.11). However, only one YAP isoform and one TAZ isoform are commonly studied in

humans (Varelas, 2014).

1.3.1.1 Conserved domain structure

Most structural features are conserved between YAP and TAZ.
i. TEAD-binding domain

YAP and TAZ bind TEAD (TEA Domain) transcription factors in the nucleus via an N-
terminal region (Chan et al., 2009b; Mahoney et al., 2005; Vassilev et al., 2001). The crystal
structures of the YAP/TEAD1 and YAP/TEADA4 binding interfaces have been solved (Chen
et al., 2010; Li et al., 2010). However, which residues are essential for TEAD binding
remains controversial. Chen et al. (2010) claim a Pxx®P motif is required (where x is any
amino acid and ® is any hydrophobic residue) for TEAD binding, while Li et al. (2010)
report YAP fragments lacking this motif still bind TEADs and highlight that TAZ does not
contain a PXX®P motif. YAP/TEAD4 and TAZ/TEAD4 binding have subsequently been
compared and found to utilise identical TEAD C-terminal sites with similar affinities, but

require different residues on YAP and TAZ (Hau et al., 2013).
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ii. 14-3-3-binding domain

TAZ was identified by screening for novel 14-3-3 interactors; TAZ occupies the 14-3-3
dimer phosphopeptide-binding pocket, but only when phosphorylated at serine 89 (Kanai et
al., 2000). Similarly, YAP binds 14-3-3 in the cytosol only when phosphorylated at the
equivalent residue (serine 127) (Basu et al., 2003). These interactions impair YAP/TAZ
transcriptional activity by sequestering YAP and TAZ in the cytosol (Kanai et al., 2000;
Vassilev et al., 2001).

iii. WW domain(s)

Most YAP/TAZ effectors, including non-TEAD transcription factors such as RUNX2 (Yagi
et al., 1999), interact with the central WW domain(s) of YAP and TAZ using L/PPxY motifs.
These domains contain beta strands grouped around four aromatic residues, typically
including two tryptophans (Bork and Sudol, 1994). The human Y AP isoform commonly
studied contains tandem WW domains, while the TAZ isoform contains only one WW

domain (Varelas, 2014).
iv. Transcriptional activation domain

The YAP/TAZ C-terminal region is predominantly unstructured, but rich in serine, threonine
and acidic amino acids (Yagi et al., 1999). When tethered to DNA, this domain has strong
intrinsic transcription stimulation activity (Kanai et al., 2000; Yagi et al., 1999). Some
researchers overlap the coiled-coil and PDZ binding domains (see below) of YAP and TAZ

with the transcriptional activation domain (Varelas, 2014).
\A Coiled-coil domain

TAZ binds SMAD transcriptional modulators via a C-terminal coiled-coil domain, thereby
facilitating TGFbeta signalling by promoting SMAD nuclear accumulation (Varelas et al.,
2008). This domain is conserved in YAP, though binding partners remain to be identified.

Vi. PDZ-binding domain

The YAP/TAZ extreme C-terminus comprises a small PDZ (Postsynaptic density 95/Disc
large/Zonula occludens-1) binding domain, which was first characterised when YAP was
found to bind the second PDZ domain of the sodium/hydrogen exchanger regulatory cofactor

SLCY9A3R1 (Kanai et al., 2000; Mohler et al., 1999). The PDZ domain has since been
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identified as important for YAP/TAZ subcellular localisation, especially to the nucleus

(Kanai et al., 2000; Oka and Sudol, 2009).
1.3.1.2 Non-conserved domain structure

In addition to the extra WW domain, YAP contains two further domains that are not

conserved in TAZ.
i. Proline-rich region

The YAP extreme N-terminus comprises a proline-rich domain, through which YAP interacts
with the RNA- and DNA-binding protein HNRNPU in the nucleus. The authors propose this
interaction contributes to an alternative mechanism, auxiliary to transcription factor binding,
whereby YAP modulates gene expression (Howell et al., 2004). No further interactors have

yet been identified for the YAP proline-rich region.
ii. SH3-binding domain

Y AP was identified via a screen for proteins that bind the SH3 (Src homology domain 3)
domain of the non-receptor tyrosine kinase YES1. The YAP SH3-binding motif
(PKQPPPLAP) also facilitates interactions with other kinases and adaptor proteins such as
SRC and NCK1/2, respectively (Sudol, 1994).

1.3.2 YAP/TAZ transcriptional activity

YAP/TAZ transcriptional activity is predominantly mediated through TEAD transcription
factors. However, YAP and TAZ interact with several other transcription factors mostly via

the aforementioned WW domain(s).
1.3.2.1 TEAD transcription factor-mediated transcriptional activity

Humans express four highly conserved TEAD transcription factors (TEAD1, TEAD?2,
TEAD3 and TEAD4) (Zhou et al., 2016), which feature the TEA domain DNA-binding motif
(Burglin, 1991). YAP and TAZ bind all four TEADs both in vitro and in vivo, thereby
functioning as powerful transcriptional coactivators at TEAD-responsive promotors
(Mahoney et al., 2005; Vassilev et al., 2001). By screening a human transcription factor
library using an unbiased luciferase reporter assay-based strategy, the Guan laboratory
identified TEADs as the major target transcription factors of YAP and TAZ (Zhang et al.,
2009; Zhao et al., 2008). Accordingly, interaction with TEADs is necessary and sufficient to

induce cell phenotypes associated with YAP/TAZ transcriptional activity. These comprise
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increased cell proliferation (including to loss of contact inhibition of proliferation),
anchorage-independent growth and resistance to apoptosis, together with oncogenic
transformation and epithelial-mesenchymal transition (Chan et al., 2009b; Ota and Sasaki,
2008; Zhang et al., 2009; Zhao et al., 2008). For instance, mutant YAP lacking the TEAD-
binding domain fails to promote NIH3T3 mouse fibroblast proliferation (Ota and Sasaki,
2008), while mutant TAZ defective for TEAD binding (serine 89 mutated to alanine) is
unable to drive anchorage-independent growth of MCF10A human mammary epithelial cells
(Chan et al., 2009b). In both cases, these mutants are presumed to function as dominant

negatives by disrupting wild type YAP/TAZ/TEAD interactions.

With regards to YAP/TAZ/TEAD target genes, YAP/TAZ and TEADs have been shown to
bind the CTGF promotor by chromatin immunoprecipitation (ChIP) (Zhang et al., 2009; Zhao
et al., 2008). While CTGF is implicated in cell proliferation and oncogenic transformation
(Chu et al., 2008), CTGF depletion only partially ameliorates YAP overexpression-induced
anchorage-independent MCF10A cell growth (Zhao et al., 2008). This indicates CTGF works
in concert with other target genes to induce YAP/TAZ-associated cell phenotypes. Additional
YAP/TAZ/TEAD target genes are suggested by gene expression profiling following
overexpression of YAP or constitutively active TEAD2 in NIH3T3 cells (Ota and Sasaki,
2008). Yet while these gene expression profiles largely overlap, only two genes (7agln and
Acta?) validated in Teadl, Tead?2- and YapI-null mouse embryos (Ota and Sasaki, 2008).

Addressing the lack of YAP/TAZ/TEAD target genes, the Piccolo group recently conducted
ChIP experiments followed by next-generation sequencing (ChIP-seq) for endogenous
YAP/TAZ and TEAD4 in MDA-MB-231 human breast adenocarcinoma cells (Zanconato et
al., 2015). Taken together, these data indicate TEADs are indeed the main drivers of

Y AP/TAZ recruitment to chromatin. Notably, over 90% of overlapping YAP/TAZ/TEAD4
ChIP-seq peaks localise to enhancers (more distal to target genes than promotors). The
Piccolo group linked YAP/YAZ/TEAD4-bound enhancers and promotors to candidate target
genes, which were validated via gene expression profiling of YAP/TAZ depleted cells. In
agreement with previous literature, the 300+ genes validated describe a cell proliferation-
associated transcriptional programme; YAP/TAZ/TEAD target genes are particularly
associated with DNA synthesis/repair (as in CDC6 and GINS1) and cell cycle progression (as
in MYC and MYBL1). Lastly, the authors report YAP/TAZ and TEADs form transcription
factor complexes with AP-1 transcription factors, many of which are function as oncogenes,

thereby jointly regulating transcription (Zanconato et al., 2015).
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YAP and TAZ also mediate transcriptional repression through TEADs (Kim et al., 2015).
Kim and colleagues report that transcription of around 100 genes in MCF10A cells is
supressed by YAP/TAZ in a TEAD-dependent manner. YAP/TAZ/TEAD co-supressed genes
include the tumour suppressors DDIT4 and TNFSF10, resulting in mTORC1 activation and
increased resistance to apoptosis respectively. This is mediated, at least in part, through
epigenetic changes caused by YAP/TAZ/TEAD recruiting the NuRD (nucleosome

remodelling and histone deacetylase) complex to promoters (Kim et al., 2015).
1.3.2.2 Non-TEAD transcription factor-mediated transcriptional activity

YAP and TAZ co-activate or co-repress multiple non-TEAD transcription factors, with
particular implications for developmental and cancer biology. This section also highlights

functional disparities between YAP and TAZ, which are not well understood.
i. RUNX transcription factors

RUNXSs (runt-related transcription factors) were the first transcription factors shown to
interact with YAP and TAZ; YAP/TAZ WW domain(s) bind RUNX L/PPxY motifs to
activate transcription (Kanai et al., 2000; Yagi et al., 1999). More recently, the Piccolo group
have confirmed RUNX recognition motifs occur in some YAP/TAZ ChIP-seq peaks
(Zanconato et al., 2015). RUNX-mediated transcriptional activity is implicated in bone
formation, with TAZ promoting osteoblast-specific transcription through RUNX?2 (Cui et al.,
2003). TAZ can also bind the nuclear receptor PPARgamma to repress adipocyte-specific
transcription (Hong et al., 2005). In this way, TAZ regulates mesenchymal stem cell (MSC)
differentiation; TAZ depletion drives mouse MSCs towards adipogenesis (away from

osteogenesis), as well as reducing skeletal ossification in zebrafish (Hong et al., 2005).
ii. p53-like transcription factors

Y AP binds the full-length isoforms of p53 family members p73 (also known as TP73) and
p63 (also known as TP63) to bring about transcriptional co-activation, again through WW
domain: L/PPxY motif interactions (Strano et al., 2001). YAP stabilises p73 following DNA
damage under cisplatin treatment, thereby supporting concomitant recruitment of p73 and the
histone acetyltransferase p300 onto pro-apoptotic target gene regulatory regions (Strano et
al., 2005). This function is facilitated by the non-receptor tyrosine kinase ABL, which
phosphorylates YAP at tyrosine 357 and dives YAP/p79 recruitment onto the BAX promotor

to induce apoptosis (Levy et al., 2008). Hence, in contrast to anti-apoptotic functions

51



mediated through YAP/TAZ/TEAD transcriptional activity (described above), YAP can also

promote apoptosis in response to DNA damage.
iii. T-Box transcription factors

The T-box transcription factor TBXS binds TAZ, independent of WW domain: L/PPxY motif
interactions. TAZ consequently co-activates TBXS5, possibly by recruiting histone
acetyltransferases (such as p300 and PCAF) onto TBXS5-dependent promotors (Murakami et
al., 2005). YAP also interacts with TBXS, with beta-catenin/Y AP/TBXS5 complex formation
required for beta-catenin-active colon cancer cell line survival and tumourigenicity. The beta-
catenin/Y AP/TBXS5 complex localises to anti-apoptotic promotors, thereby driving
transcription of pro-survival genes such as BIRCS5 and BCL2L1 (Rosenbluh et al., 2012).
Surprisingly, Rosenbluh and colleagues report TAZ is dispensable for beta-catenin-dependent

survival and tumourigenicity.
iv. PAX transcription factors

PAX (paired box) transcription factors are implicated in several human cancers, as well as
tissue differentiation during normal development (Wachtel and Schafer, 2015). Murakami et
al. report that TAZ binds PAX3 in the nucleus, thereby co-activating PAX3-dependent
transcription (Murakami et al., 2006). This finding is replicated by Manderfield and
colleagues, who identify YAP and TAZ in a luciferase reporter assay-based screen for PAX3
coactivators. YAP/TAZ depletion causes decreased expression of PAX3 target genes such as
Mitf, which is required for melanogenesis. Moreover, in line with PAX transcription factors
performing key roles in development, neural crest-specific Yap/Taz deletion is embryonic

lethal in mice (Manderfield et al., 2014).

TAZ also binds PAXS, which is required for thyroid gland development (Wachtel and
Schafer, 2015). Similar to TAZ/TBXS binding, TAZ co-activation of PAXS is independent of
WW domain: L/PPxY motif interactions and may involve multiple TAZ/PAXS8 domains.
TAZ is proposed to drive thyroid development-associated transcriptional programmes
through PAXS8 (Di Palma et al., 2009). However, TAZ-deficient mice do not exhibit thyroid
defects (presumably due to YAP/TAZ functional redundancy) (Hossain et al., 2007; Makita
et al., 2008; Tian et al., 2007).
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V. NK2 homeobox 1

TAZ binds the N-terminal domain of NKX2-1 (NK2 homeobox 1), thereby enhancing
NKX2-1 transcriptional activity at the SFTPC (surfactant protein C) promoter (Park et al.,
2004). This implicates YAP and TAZ in pulmonary development and function. However,
defective alveolarisation in TAZ-deficient mice is largely explained by dysregulated CTGF
expression; SFTPC expression is not significantly altered in lung tissue from these animals
(Mitani et al., 2009). Given NKX2-1 is also known as TTF-1 (thyroid transcription factor 1),
TAZ/NKX2-1 binding suggests another mechanism by which YAP and TAZ may influence
thyroid development by co-activating NKX2-1 at the 7G (thyroglobulin) promoter (Di Palma
et al., 2009).

Vi. SMAD transcriptional modulators

SMAD?2 and SMAD3 are TGF beta receptor-activated SMADs, which complex with SMAD4
before translocating into the nucleus to partner with transcription factors and drive TGF beta-
dependent transcription (Budi et al., 2017). Following TGF beta stimulation, TAZ binds
SMAD2/SMAD3/SMAD4 complexes (Varelas et al., 2008). This enhances TGF beta-
dependent transcription by retaining SMAD complexes in the nucleus, as well as recruiting
additional transcriptional machinery. In this way, TAZ is proposed to regulate stem cell
pluripotency; TAZ-depleted human embryonic stem cells loose self-renewal markers and
differentiate into neuroectoderm (Varelas et al., 2008). Conversely, YAP is reported to bind
SMAD?7, promoting association with activated TGF beta receptor 1. These interactions
potentiate SMAD7-mediated TGF beta receptor 1 degradation, thereby inhibiting TGF beta-
dependent transcription (Ferrigno et al., 2002). Hence, YAP and TAZ may play opposing
roles in TGF beta signalling, possibly depending on cell type or physiologically context.

1.3.3 Regulation

YAP/TAZ regulation centres on subcellular localisation. Nuclear YAP/TAZ is
transcriptionally ‘active’, while cytosolic YAP/TAZ is ‘inactive’ and ultimately subject to
proteasomal degradation. The half-life of YAP is significantly longer than that of TAZ,
indicating cytosolic sequestration is the main Y AP inhibitory mechanism, while proteasomal

degradation applies more to TAZ (Piccolo et al., 2014).
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1.3.3.1 Hippo pathway-dependent regulation

The core Hippo pathway comprises a kinase cassette, initially characterised in Drosophila
(Varelas, 2014). In mammals, MST1/2 (orthologues of Drosophila kinase Hippo) activate
LATS1/2 by phosphorylating serine 909/872 within the LATS1/2 activation loop, together
with threonine 1079/1041 in a hydrophobic motif (Chan et al., 2005). LATS1/2 then
phosphorylates YAP and TAZ at HxRxxS/T consensus motifs, the most important residues
being serine 127 in YAP/serine 89 in TAZ and serine 381 in YAP/seine 311 in TAZ (Lei et
al., 2008; Piccolo et al., 2014). Effective functioning of the Hippo kinase cassette requires
regulatory proteins; SAV1 binds and activates MST1/2, while MST1/2-phosphorylated
MOB1/2 binds and activates LATS1/2 (Chan et al., 2005; Praskova et al., 2008). The Hippo
pathway ultimately inhibits YAP/TAZ transcriptional activity, with LATS1/2-phosphorylated

YAP and TAZ subject to cytosolic sequestration and/or proteasomal degradation.
i. Proteasomal degradation

The Guan laboratory report serine 381 in YAP and serine 311 in TAZ contribute to C-
terminal phosphodegron motifs (Liu et al., 2010; Zhao et al., 2010). Serine 381/311
phosphorylation by LATS1/2 prompts further YAP/TAZ phosphorylation by casein kinases
(CSNKI1D/E) to complete these motifs. This recruits the E3 ubiquitin ligase complex
SCF(BTRC), which targets YAP and TAZ for proteasomal degradation via ubiquitination.

ii. Cytosolic sequestration by 14-3-3

YAP and TAZ exhibit phosphorylation-dependent binding to 14-3-3 proteins in the cytosol
(Basu et al., 2003; Kanai et al., 2000). In canonical Hippo signalling, YAP/TAZ cytosolic
sequestration by 14-3-3 requires phosphorylation at serine 127/serine 89 by LATS1/2.
However, other kinases such as AKT can also phosphorylate these residues (Basu et al.,

2003).
jii. Cell-cell junction contributions

YAP/TAZ inhibition is facilitated by the adherens junction protein alpha-E-catenin, which
binds phospho-YAP (serine 127) to promote 14-3-3 interaction and inhibit dephosphorylation
by the phosphatase PP2A (Schlegelmilch et al., 2011; Silvis et al., 2011). As Schlegelmilch et
al. report YAP phosphorylation is unchanged in HaCaT human keratinocytes following
MST1/2 or LATS1/2 depletion, this does not necessarily constitute canonical Hippo

signalling (Schlegelmilch et al., 2011). Other adherens junction proteins also modulate
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upstream Hippo signalling; both E-cadherin and beta-catenin depletion cause decreased YAP

phosphorylation at Serine 127 and consequent nuclear accumulation (Kim et al., 2011b).

Moreover, LATS1/2-mediated YAP/TAZ phosphorylation is regulated by the tight junction-
associated Crumbs complex (a key regulator of cell shape and polarity) (Bulgakova and
Knust, 2009; Varelas et al., 2008). YAP/TAZ binds multiple Crumbs complex components
and YAP/TAZ nuclear localisation is negatively correlated with Crumbs complex stability
(Varelas et al., 2008). Hence, Varelas and colleagues to propose the Crumbs complex
promotes efficient assembly of the Hippo kinase cassette, thereby augmenting YAP/TAZ
phosphorylation.

1.3.3.2 Hippo pathway-independent regulation

The distinction between Hippo pathway-dependent and -independent Y AP/TAZ regulation is
becoming increasingly arbitrary. Outlined below are the main mechanisms of YAP/TAZ
regulation that could function without Hippo signalling, though these pathways are often

‘reinforced’ by LATS1/2 kinase activity.
i. Proteasomal degradation

In addition to the C-terminal motif described above, the Guan laboratory report an N-terminal
phosphodegron in TAZ. Phosphorylation at serine 58/62 by GSK3 (glycogen synthase kinase
3) recruits SCF(BTRC), which targets TAZ for proteasomal degradation via ubiquitination
(Huang et al., 2012). This motif is not conserved in YAP (Tian et al., 2007), meaning there
are incongruences in YAP and TAZ regulation (as highlighted in section 1.3.2).

The Piccolo group report YAP and TAZ also undergo proteasomal degradation consequent to
incorporation into the beta-catenin ‘destruction complex’ (Stamos and Weis, 2013). In the
absence of WNT stimulation, YAP/TAZ binds the destruction complex component AXIN1.
This facilitates docking of the E3 ubiquitin ligase BTRC to the complex, thereby targeting
YAP/TAZ and beta-catenin for proteasomal degradation via ubiquitination. Under WNT
stimulation, LRP6 (LDL receptor related protein 6)/AXIN1 binding displaces YAP/TAZ
from AXINT1 and releases YAP/TAZ from the destruction complex (Azzolin et al., 2014).

ii. Angiomotin-mediated regulation

In 2011, three groups independently published that angiomotins negatively regulate
YAP/TAZ (Chan et al., 2011; Wang et al., 2011; Zhao et al., 2011a). YAP and TAZ bind
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full-length angiomotin (AMOT p130), AMOTLI (angiomotin-like protein 1) and AMOTL2
(angiomotin-like protein 2) through WW domain: L/PPxY motif interactions. This interaction
retains YAP/TAZ in the cytosol and occurs independent of Hippo pathway-mediated

Y AP/TAZ phosphorylation (Chan et al., 2011; Wang et al., 2011). However, considerable
cross-talk between angiomotin- and Hippo pathway-mediated YAP/TAZ regulation exists
(Lv et al., 2017). For example, in addition to YAP and TAZ, angiomotins also bind and
activate LATS2 (Paramasivam et al., 2011). Paramasivam et al. observe increased YAP
phosphorylation at serine 127, together with LATS2/AMOTL2/Y AP complexes at Caco-2
epithelial cell tight junctions. More recently, the notion angiomotins function exclusively as
YAP/TAZ inhibitors has been called into question. In HEK 293 cells AMOT p130 can
translocate into the nucleus with YAP to promote transcription of certain YAP/TEAD target
genes (Yi et al., 2013). Similarly, AMOTLI is reported to accumulate in the nucleus with

Y AP upon release from destabilised tight junctions in primary mouse cardiomyocytes lacking

the protocadherin Fat4 (Ragni et al., 2017).
iii. Actomyosin-mediated mechanoregulation

The Piccolo group report YAP/TAZ activity is upregulated in various cell lines due to
enhanced cell spreading on stiff ECM (Dupont et al., 2011). Cell spreading increases
intracellular tension through RHO GTPase-mediated formation of actin stress fibres and
tensile actomyosin structures (Schwartz, 2010). Accordingly, Dupont et al. demonstrate RHO
GTPase activity and F-actin, together with myosin II-generated intracellular tension, is

required to maintain YAP/TAZ in the nucleus (Dupont et al., 2011).

The absence of actin stress fibres in unspread, densely seeded or detached cells has been
shown to upregulate LATS1/2 kinase activity, thereby decreasing YAP/TAZ nuclear
localisation and activity (Wada et al., 2011; Zhao et al., 2012). However, the Piccolo group
report mechanoregulation occurs independent of Hippo signalling; YAP/TAZ knockdown
cells reconstituted with LATS1/2-insensitive TAZ remain responsive to mechanical cues and
actin depolymerisation (Dupont et al., 2011). In a subsequent publication, the Piccolo group
identify the F-actin capping/severing proteins cofilin, CAPZ and gelsolin as negative
regulators of YAP/TAZ activity in unspread, densely seeded cells (as in cells under contact
inhibition of proliferation) (Aragona et al., 2013). Mechanoregulation can however, synergise
with Hippo signalling; combined CAPZ and LATS1/2 knockdown cooperates to maximise

Y AP/TAZ nuclear localisation and activity under contact inhibition of proliferation (Aragona
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et al., 2013). More recently, the relative contributions made by actin stress fibres and
actomyosin tension to YAP/TAZ regulation have been called into question. In this vein, Das
and colleagues propose distinct F-actin- and myosin II-dependent YAP/TAZ regulatory
pathways, with reduced actomyosin tension affecting YAP/TAZ distribution in sparsely

seeded cells to a much lesser extent than actin depolymerisation (Das et al., 2016).

With regards to the mechanism by which actin cytoskeleton dynamics impact YAP/TAZ
activity, one possibility is that F-actin sequesters YAP/TAZ inhibitory factors. These include
AMOTs, which associate with F-actin via an actin binding region closely flanked by
YAP/TAZ-binding L/PPxY motifs (Mana-Capelli et al., 2014). Mana-Capelli et al. therefore
hypothesise that F-actin and YAP/TAZ compete for AMOT binding. In agreement with this
hypothesis, mutant AMOT p130 lacking this actin binding region is more effective than wild
type AMOT p130 at retaining YAP in the cytosol (Mana-Capelli et al., 2014). Cross-talk with
Hippo signalling is again in evidence; LATS1/2 phosphorylate a site in the AMOT actin
binding region, thereby inhibiting F-actin binding and freeing AMOT p130 to sequester YAP
in the cytosol (Mana-Capelli et al., 2014).

iv. RHO-mediated G protein-coupled receptor signalling

G protein-coupled receptor (GPCR) signalling was first implicated in YAP/TAZ regulation
when the Guan laboratory published that GPCRs activating Gi2/13, Ggq/11 or Gy increase
YAP/TAZ nuclear localisation and activity, while GPCRs activating Gs have the opposite
effect (Yu et al., 2012). In Yu and colleagues’ model, ligand binding to Gi2/13-coupled
receptor leads to decreased LATS1/2 kinase activity, dependent on actin cytoskeleton
modulation by Gio/13-activated RHO GTPases (Yu et al., 2012). The Gs-initiated decrease in
YAP/TAZ activity is also suggested to result from increased LATS1/2 activity (Yu et al.,
2012). More recently, Hippo pathway involvement in YAP/TAZ regulation by GPCRs has
been called into question. In agreement with Yu et al.’s findings, Feng et al. report that
activating mutations in GNAQ (encodes the Gq alpha subunit) promote Y AP nuclear
translocation and transcriptional activity (Feng et al., 2014). However, while this does require
RHO GTPases activity, the proposed mechanism is F-actin-dependent, LATS1/2-independent
(Feng et al., 2014).

Notwithstanding, RHO-mediated YAP/TAZ regulation may be separate from both Hippo
signalling and mechanoregulation. The mevalonate pathway (also known as the

hydroxymethylglutaryl-CoA reductase pathway) promotes RHO membrane localisation and
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consequent GTPase activity by providing geranylgeranyl diphosphate (GGPP) for RHO
geranylgeranylation (Liao, 2002). Accordingly, inhibiting the mevalonate pathway with
statins upregulates YAP/TAZ activity (Sorrentino et al., 2014; Wang et al., 2014b). While
statin treatment does increase Y AP/TAZ phosphorylation at LATS1/2 target residues, this is
mediated by another (as yet unknown) protein kinase (Sorrentino et al., 2014). Since F-actin
depolymerisation inhibits YAP/TAZ in a phosphorylation-independent manner (Das et al.,
2016; Dupont et al., 2011), Sorrentino et al. propose RHO-mediated YAP/TAZ regulation is
functionally distinct from F-actin mediated regulation. In support of this notion, statin
concentrations too low to impact actin cytoskeleton dynamics still reduce RHO GTPase

activity and decrease YAP/TAZ nuclear localisation (Sorrentino et al., 2014).
1.3.4 Normal physiology

As YAP/TAZ double knockout is embryonically lethal in mammals, understanding YAP and
TAZ functions in normal physiology relies heavily on tissue-specific transgenics. In many
publications YAP or TAZ are studied in isolation. Hence, the extent to which TAZ can
perform functions ascribed to YAP (and vice versa) is often assumed, but rarely addressed

directly.
i. Early embryonic development

Y AP expression is reported in mouse embryonic day 3.5 (E3.5) blastocysts and all later
developmental stages, while TAZ expression is reported from E6.5 onwards (Morin-Kensicki
et al., 2006). However, YAP/TAZ double knockout mouse embryos die before the morula
stage (16 — 32 cells), suggesting YAP and TAZ are necessary for viability even earlier in
embryonic development (Nishioka et al., 2009). By overexpressing dominant negative YAP
in pre-implantation mouse embryos, Nishioka et al. demonstrate YAP/TAZ/TEAD4
transcriptional activity is required to convert positional information into cell fate; ensuring
outer cells become trophectoderm, while those on the inside become the inner cell mass

(Nishioka et al., 2009).

Y AP single knockout mouse embryos do not undergo developmental arrest until around E8.5
(Morin-Kensicki et al., 2006), which implies YAP and TAZ are somewhat functionally
redundant in early embryonic development. However, YAP appears indispensable for
placenta formation and embryonic axis elongation (Morin-Kensicki et al., 2006). In contrast,
three groups have published liveborn TAZ single knockout mice (Hossain et al., 2007;
Makita et al., 2008; Tian et al., 2007). These publications report around half the expected
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Mendelian ratio die before weaning, but the remainder grow into fertile adults. These animals
are smaller with reduced lifespan (10 — 12 months), exhibiting polycystic kidneys and
pulmonary emphysematous changes (Hossain et al., 2007; Makita et al., 2008; Tian et al.,
2007). Hence, Y AP appears unable to compensate for TAZ in lung and kidney

organogenesis.
il. Organ size control

YAP and TAZ were first implicated in organ size control by Drosophila studies published in
the mid-1990s to early 2000s, showing that mutations in Hippo pathway components result in
robust tissue overgrowth (Zhao et al., 2011b). Consensus has since emerged that regulated
YAP/TAZ activity contributes to mammalian organ size control, balancing cell proliferation
with apoptosis in both organogenesis and adult tissue homeostasis. For instance, liver-
specific YAP overactivation in adult transgenic mice causes massive, reversible
hepatomegaly (Camargo et al., 2007; Dong et al., 2007). Transgenic hepatocytes are smaller
and more densely packed than controls, indicating Y AP-induced hepatomegaly is caused by
hyperplasia (increased cell number) rather than hypertrophy (increased cell size). Moreover,
Y AP overactivity upregulates the transcription of anti-apoptotic genes such as Birc) and

Birc2 in these cells (Dong et al., 2007).

These finds are mirrored in cardiac development; deleting Y AP from mouse cardiomyocytes
in early development causes lethal myocardial hypoplasia, while overexpressing
constitutively active YAP results in myocardial overgrowth (von Gise et al., 2012). This is
partially attributable to increased transcription of genes such as Ccnd2 and Cdc2, which
promote cell cycle progression (von Gise et al., 2012). However, cross-talk between
YAP/TAZ regulation and WNT/beta-catenin signalling (see section 1.3.3.2) is also involved.
WNT transcriptional programmes, which have been repeatedly linked to cell proliferation and
tissue expansion (Clevers, 2006), are upregulated in cardiomyocytes when YAP/TAZ nuclear
translocation is induced (Heallen et al., 2011).This was later explained by the Piccolo group’s
finding that cytosolic YAP/TAZ binds the beta-catenin destruction complex, thereby
targeting beta-catenin (and YAP/TAZ) for proteasomal degradation (Azzolin et al., 2014).

YAP/TAZ transcriptional activity is implicated in development and homeostasis of several
further tissues including skin, brain and breast (Cao et al., 2008; Chen et al., 2014b;
Schlegelmilch et al., 2011). Yet it is important to recognise that YAP/TAZ organ size control

is context-dependent. For example, mammary-specific YAP deletion causes no obvious
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defects in mouse breast tissue before pregnancy, while pregnant transgenic mice exhibit
hypoplastic mammary glands due to increased mammary alveolar cell apoptosis (Chen et al.,

2014b).
ii. Cell fate determination

YAP and TAZ are involved in balancing stem and progenitor cell self-renewal with
differentiation, as occurs in both tissue development and homeostasis. The Guan laboratory
observe increased YAP expression in human induced pluripotent stem cells (compared with
parental fibroblasts), as well as decreased expression during mouse embryonic stem cell
differentiation. These changes in YAP expression actively regulate differentiation and self-
renewal, with YAP transcriptional activity increasing expression of pluripotency genes such

as SOX2 (Lian et al., 2010).

YAP/TAZ transcriptional activity is implicated in progenitor cell maintenance in several
adult tissues including basal epidermal progenitors in the skin (Schlegelmilch et al., 2011;
Zhang et al., 2011) and crypt epithelial progenitors in the small intestine (Camargo et al.,
2007). Most recently, Hu and colleagues report YAP and TAZ are required to maintain
undifferentiated intermediates (transit-amplifying cells) that arise from dental epithelial stem
cells in adult mouse incisors (Hu et al., 2017). Dental epithelium-specific YAP/TAZ double
knockout increases expression of genes associated with transit-amplifying cell differentiation
into ameloblasts, as in genes encoding amelogenin and ameloblastin, as well as reducing

transit-amplifying cell proliferation and increasing apoptosis (Hu et al., 2017).

By maintaining stem and progenitor cell pools, YAP and TAZ mediate functions
conventionally associated with the Notch signalling pathway (Sancho et al., 2015).
Accordingly, intestine-specific YAP overactivation in adult mice increases the
undifferentiated crypt progenitor cell population that express the Notch target gene Hes1.
This induces intestinal dysplasia, which is partially ameliorated when Notch signalling is
supressed using gamma-secretase inhibitors (Camargo et al., 2007). Yimlamai et al. have
since reported that YAP/TAZ/TEAD transcriptional activity directly regulates Notch2 and
other notch pathway genes in mouse hepatocytes (Yimlamai et al., 2014). However, the
phenotype observed upon liver-specific YAP overactivation is somewhat different to other
tissues; progenitor/ductal-like cells are increased due to hepatocyte de-differentiation, as

opposed to expansion of the existing progenitor cell population (Yimlamai et al., 2014).
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With regards to vertebrate development, most studies suggest YAP and TAZ function in
expanding progenitor cell populations, while inhibiting premature differentiation. For
example, electroporating dominant negative YAP or TEAD1 into chick neural tube promotes
cell cycle exit and neuronal differentiation (Cao et al., 2008). Moreover, pancreas-specific

Y AP overactivation during ‘secondary transition’ development (mouse E13.5 — 17.5)
expands the progenitor/ductal-like cell population at the expense of exocrine and endocrine
differentiation (Gao et al., 2013). However, non-TEAD transcription factor-mediated
YAP/TAZ transcriptional activity can also drive stem cells towards one or other
differentiated lineage (see section 1.3.2.21). In this case, TAZ co-activates the RUNX2
transcription factor to promote mouse mesenchymal stem cell differentiation into osteoblasts,
while repressing PPARgamma-mediated transcription to inhibit differentiation into
adipocytes (Hong et al., 2005). This function is not conserved between YAP and TAZ,
presumably because TAZ does not bind PPARgamma (Hong et al., 2005).

iv. Regenerative responses

YAP and TAZ contribute to repair following injury in several mammalian adult tissues. The
YAP/TAZ regenerative response was fist studied using dextran sodium sulfate (DSS)-
induced colitis in mice (Cai et al., 2010). Following DSS treatment, regenerating colonic
crypts exhibit increased YAP protein expression. This is causally implicated in crypt
regeneration, as intestine-specific YAP single knockout mice show increased mortality
following DSS treatment, together with fewer proliferating cells and more apoptotic cells by

colon histology (Cai et al., 2010).

In the heart, YAP/TAZ transcriptional activity is thought to promote regeneration after MI
(Del Re et al., 2013; Heallen et al., 2013; Xin et al., 2013). Having induced MI in mice using
coronary artery ligation, Del Re and colleagues report cardiomyocytes in the infarct border
zone exhibit prominently nuclear Y AP staining (as opposed to predominantly cytosolic YAP
staining in sham-operated hearts). Moreover, heterozygous YAP deletion is sufficient to blunt
the cardiomyocyte regenerative response to MI (Beltrami et al., 2001); apoptosis is increased
and proliferation is decreased, resulting in reduced functional recovery (Del Re et al., 2013).
On the other hand, YAP/TAZ transcriptional activity may be pathogenic in hypertrophic
cardiomyopathy (HCM) (Wang et al., 2014a). YAP protein and mRNA levels are upregulated
in human HCM patient samples, together with CTGF (canonical YAP target gene)

expression. These findings replicate when HCM is modelled in mice using transverse aortic
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constriction, plus YAP is implicated in the transcription of foetal genes associated with HCM

pathogenesis (Myh7 and Tnnt2) (Wang et al., 2014a).

Y AP activity also appears upregulated in human liver tissue from patients with chronic
cholestasis (Bai et al., 2012). When this is modelled using bile duct ligation (BDL) in liver-
specific YAP single knockout mice, these animals show increased mortality due to
compromised regeneration. Specifically, hepatocyte and biliary epithelial cell proliferation is
reduced and hepatocyte necrosis is increased (Bai et al., 2012). Hence, YAP/TAZ activation

in response to injury is typically adaptive, but can be pathogenic under certain circumstances.
1.3.5 Disease

Aberrant YAP/TAZ expression and/or transcriptional activity is predominantly associated
with cancer. However, the Hippo pathway (of which YAP and TAZ are effectors) is
implicated in multiple human pathologies, mostly not be covered here (see Plouffe et al.,

2015 for review).
1.3.5.1 Genetic syndromes

Mutations in transcription factors that prevent coactivation by YAP and TAZ cause two rare
genetic syndromes, namely Sveinsson chorioretinal atrophy and Holt-Oram syndrome
(Fossdal et al., 2004; Kitagawa, 2007; Murakami et al., 2005). Sveinsson chorioretinal
atrophy is a degenerative eye disease resulting from a heterozygous missense mutation in
TEADI (tyrosine 421 mutated to histidine) (Fossdal et al., 2004). The equivalent mutation in
mouse Teadl was subsequently shown to impair TEAD1 binding to YAP/TAZ, thereby
abolishing YAP/TAZ/TEADI transcriptional activity (Kitagawa, 2007). Holt-Oram
syndrome is characterised by upper limb skeletal abnormalities, coupled with congenital heart
defects (Hirst et al., 1999). Murakami and colleagues demonstrate that certain disease-
associated truncation mutations in 7BX35 (see section 1.3.2.21ii1) are pathogenic, even though
DNA-binding capacity is retained, as TBXS is rendered unable to co-operate with YAP/TAZ

to activate transcription (Murakami et al., 2005).
1.3.5.2 Polycystic kidney disease

As mentioned above (see section 1.3.41), TAZ single knockout mice have reduced lifespan in
part due to impaired renal function (Hossain et al., 2007; Makita et al., 2008; Tian et al.,
2007). These animals have polycystic kidneys (typically from birth) that resemble human

polycystic kidney disease (PKD), with multiple round cysts of various sizes distributed
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throughout the renal cortex (Hossain et al., 2007; Makita et al., 2008; Tian et al., 2007).
Moderate transcriptional downregulation of genes associated with PKD, as in Ofd! and Kif3a
(Feather et al., 1997; Lin et al., 2003), is reported in TAZ knockout mice (Hossain et al.,
2007). However, the main pathogenic mechanism is post-translational; TAZ binds the PKD?2
gene product (polycystin 2), thereby targeting polycystin 2 for proteasomal degradation by
recruiting the E3 ubiquitin ligase complex SCF(BTRC) (Tian et al., 2007). Polycystin 2,
which accounts for 15% of human autosomal dominant PKD, therefore accumulates in TAZ
knockout kidneys. Interestingly, YAP does not regulate polycystin 2 turnover (Tian et al.,
2007).

In this way, TAZ knockout mice provide useful insights into PKD pathogenies. However,
dysregulated TAZ expression has not been identified in human PKD. Conversely, increased
Y AP nuclear localisation is reported in cystic tissue from autosomal dominant and autosomal
recessive PKD patients, compared with healthy controls (Happe et al., 2011). Compatible
with this finding, but in contrast to TAZ knockout mice, nephron-specific YAP knockout
mice exhibit dysplastic kidneys with minimal nephrogenesis (Reginensi et al., 2013). Using
whole-genome transcript profiling, Reginensi et al. report YAP drives differentiation and
morphogenesis transcription programmes in kidney development. Hence, YAP and TAZ

likely contribute to PKD pathogenesis through different mechanisms.
1.3.5.3 Cancer

YAP and TAZ are dysregulated in many human cancers, ranging from multiple myeloma to
glioblastoma (Plouffe et al., 2015). Unsurprisingly, given aforementioned functions in cell
proliferation and resistance to apoptosis, together with stem and progenitor cell self-renewal,
most studies find YAP/TAZ activity to be oncogenic (Moroishi et al., 2015). However, there

are some exceptions to this rule.
i. Hepatocellular carcinoma

Having analysed 155 human hepatocellular carcinoma (HCC) samples, Zhao et al. report over
half show strong Y AP staining (predominantly in the nucleus) by immunohistochemistry, as
opposed to weak staining in adjacent non-cancerous tissue (Zhao et al., 2007). YAP
overexpression in HCC is associated with poorly differentiated tumours, leading to worse
clinical outcomes; shorter disease-free and overall survival times (Xu et al., 2009a). In some
cases, YAP overexpression is due to amplification at chromosome 11q22 (Zender et al.,

2006). The equivalent amplification (chromosome 9qA1) is reported in tumourigenic mouse
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hepatoblasts, which produce tumours that resemble human HCC in recipient mice.
Accordingly, depleting YAP from hepatoblasts harbouring the 9qA1 amplicon slows tumour

progression in these mice (Zender et al., 2006).
ii. Non-small cell lung cancer

In non-small cell lung cancer (NSCLC), YAP expression on immunohistochemistry is
predominantly seen in tumours with worse pathological grading, thereby correlating with
lymph node metastasis and shorter overall survival (Wang et al., 2010). Similarly, higher
YAP/TAZ ‘gene signature’ expression predicts metastasis and shorter overall survival in a
large cohort of lung adenocarcinoma patients (Lau et al., 2014). These findings replicate in
mouse and cell culture models; TAZ knockdown in human NSCLC cell lines (A549 and
H1299) supresses proliferation and anchorage-independent growth, as well as tumour
formation in immunocompromised mice (Zhou et al., 2011). Similarly, YAP or TAZ
knockdown reduces mouse lung tumour cell migration in vitro, together with lung metastases

after tail vein injection into immunocompromised mice (Lau et al., 2014).
iii. Breast cancer

Chan et al. analyse 126 human breast cancer samples by immunohistochemistry and find
TAZ is overexpressed in approximately 20% (Chan et al., 2008). Additionally, gene
expression analysis suggests increased YAP/TAZ transcriptional activity in poorly
differentiated breast tumours, which correlates with shorter metastasis-free survival time
(Cordenonsi et al., 2011). In this context, TAZ expression is linked to oncogenic epithelial—
mesenchymal transition (EMT); overexpressing EMT-inducing transcription factors in
MCF10A human breast epithelial cells increases TAZ protein levels by reducing proteasomal
degradation (Cordenonsi et al., 2011). Moreover, TAZ knockdown reduces the
tumourigenicity of human breast cancer cell lines in immunocompromised mice (Chan et al.,

2008; Cordenonsi et al., 2011).

The literature on YAP in breast cancer is more conflicted. Y4P was initially identified as a
tumour suppressor, with loss of heterozygosity at the gene locus occurring frequently in
luminal breast cancer (Yuan et al., 2008). Follow-up experiments using human breast cancer
cell lines demonstrate that YAP depletion enhances cell migration, invasion and anchorage-
independent growth in vitro, as well as promoting tumour formation in nude mice (Yuan et
al., 2008). On the other hand, Wang et al and colleagues report YAP is both underexpressed

(24%) and overexpressed (29%) in 69 human breast cancer samples examined by
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immunohistochemistry (Wang et al., 2012). In addition, YAP overexpression in MCF7
human breast cancer cells increases proliferation and tumourigenicity in nude mice (Wang et

al., 2012).
iv. Epithelioid hemangioendothelioma

Epithelioid hemangioendotheliomas are rare malignant vascular tumours, which express
TAZ-CAMTAI or YAPI-TFE3 fusion proteins arising from acquired chromosomal
translocations (Flucke et al., 2014; Patel et al., 2015). YAP1-TFE3 fusion only occurs in a
small subset of tumours with distinct morphology, while over 90% express the TAZ-
CAMTALI fusion protein (Antonescu et al., 2013; Flucke et al., 2014). How TAZ-CAMTALI
or YAP1-TFE3 contribute to tumourigenicity remains unknown, though given CAMTA1 and
TFE3 are transcription factors, these fusion protein could conceivably drive aberrant gene

expression programmes.
V. Chemotherapy resistance

An emergent topic in YAP and TAZ research is YAP/TAZ involvement in resistance to
various chemotherapy drugs (Zhao and Yang, 2015). For example, the Piccolo group report
overexpressing TAZ in human breast cancer cells increases resistance to the chemotherapy
drugs doxorubicin and paclitaxel (Cordenonsi et al., 2011). Similarly, combining low doses
of the chemotherapeutic cisplatin with a YAP inhibitor (‘Peptide 17’) is equally as effective
at reducing neuroblastoma tumour volume in a mouse xenograft model as high-dose cisplatin

alone and gives less hepatotoxicity (Yang et al., 2017).
1.3.6 Concluding remarks

YAP and TAZ are physiologically important transcriptional coactivators, which are subject to
complex regulatory mechanisms and perform multiple functions relevant to human health and
disease. Only one publication has directly linked YAP/TAZ to autophagy; Song and
colleagues report YAP promotes MCF7 breast cancer cell survival under nutrient starvation
by increasing autophagy flux in a TEAD-dependent manner (Song et al., 2015). However, as
explored in chapter 4, our group has recently demonstrated that decreased YAP/TAZ activity
reduces autophagosome biogenesis in the context of contact inhibition at high cell densities

(Pavel et al., manuscript in preparation).

There is no literature directly linking vinexin to YAP and TAZ. Indeed, Zhao et al. report

focal adhesions are not required for cell attachment-induced Y AP activation (see section
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1.3.3.2ii1) (Zhao et al., 2012). The most obvious connection between vinexin and YAP/TAZ,
which is explored in chapters 4 and 5, relates to hepatocellular carcinoma; SORBS3 is a

candidate tumour suppressor, while YAP is considered an oncoprotein (Roessler et al., 2012;

Zhao et al., 2007)
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2 Materials & Methods

2.1 Cell culture

HeLa (human cervical adenocarcinoma) cells (validated by STR profiling; American Type
Culture Collection), RPE (human retinal pigment epithelium) cells and HEK (human
embryonic kidney) 293 cells (purchased from European Collection of Authenticated Cell
Cultures) were maintained in high glucose (4500 mg/L) DMEM (Dulbecco's Modified Eagle
Medium; Sigma-Aldrich D6546) completed with 10% foetal bovine serum (Sigma-Aldrich
F7524), 100 units/mL penicillin-streptomycin (Sigma-Aldrich P0781) and 2 mM L-glutamine
(Sigma-Aldrich G7513) at 37 °C, 5% carbon dioxide.

HeLa cells stably expressing GFP-LC3 and GFP-mRFP-LC3 (described by Kimura et al.,
2007) were cultured in high glucose, complete DMEM (as described above) supplemented
with 500 pg/mL G418 (Gibco 1181-031). Autophagy-deficient ATG16L1 CRISPR HeLa
cells, together with autophagy-competent controls (Cas9 Cntrl HeLa), were generated by Dr
Maria Jimenez-Sanchez following Ran and colleagues’ protocols (Ran et al., 2013a; Ran et
al., 2013b). These cells were maintained in high glucose, complete DMEM (as described

above).

HepG2 (purchased from European Collection of Authenticated Cell Cultures) and Li7
(purchased from RIKEN Cell Bank) human hepatocellular carcinoma (HCC) cells were
maintained in RPMI-1640 (Sigma-Aldrich R0883) completed with 10% foetal bovine serum,
100 units/mL penicillin-streptomycin and 2 mM L-glutamine at 37 °C, 5% carbon dioxide.
HuH6 (clone 5) and HLE human HCC cells (purchased from JCRB cell bank), as well as
HuH?7 (validated by STR profiling; American Type Culture Collection), were maintained in
in low glucose (1000 mg/L) DMEM (Sigma-Aldrich D5921) completed with 10% foetal
bovine serum, 100 units/mL penicillin-streptomycin and 2 mM L-glutamine at 37 °C, 5%

carbon dioxide.

I prepared polyclonal mEmerald-vinexin alpha HepG2 stable cell lines, together with
mEmerald-empty HepG2 controls, in collaboration with PhD student Anne Jackson. HepG2
cells were transfected with mEmerald-empty and mEmerald-vinexin alpha (see section 2.2
below). Cells stably expressing these constructs were selected using G418 (500 pg/mL) and

expanded. FACS was used to select cells expressing mEmerald at an intermediate level.
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These cells were maintained in complete RPMI-1640 (as described above), supplemented

with 500 pg/mL G418.

Unless otherwise stated, nutrient starvation equates to culturing cells in EBSS (Earle’s
Balanced Salt Solution; Sigma-Aldrich E2888) for four hours (without pre-washing). All
cells lines were regularly tested for mycoplasma contamination by PCR detection kit (Roche

05184240001) and treated when necessary.
2.2 DNA expression

GFP-Htt(Q74) refers to huntingtin exon 1 fragment containing 74 glutamine repeats tagged
with EGFP at the N-terminus in pEGFP-C1 empty vector (Clontech 6084-1). This construct
was produced by our group and is described in Rankin et al. (2000). mEmerald-empty
(mEmerald-C1; Addegene 53975) and mEmerald-vinexin alpha (mEmerald-Vinexin-C-14;
Addgene 54305) were produced by the Davidson laboratory (Rizzo et al., 2009). pcDNA-
empty (pcDNA3.1) was purchased from ThermoFisher (V79020). pGL3b-8xGTIIC-
luciferase refers to a synthetic TEAD promoter driving firefly luciferase expression
(8xGTIIC-luciferase; Addgene 34615), which was produced by the Piccolo laboratory
(Dupont et al., 2011). The Renilla luciferase control reporter (pRL-CMV) was purchased
from Promega (E2261). pcDNA-HA-AMOT(p130) (HA-AMOT p130; Addegene 32821)
was produced by the Guan laboratory (Zhao et al., 2011a). Flag-YAP (p2xFlag CMV2-
YAP2; Addegene 19045) was produced by the Sudol laboratory (Oka et al., 2008).

Unless otherwise stated, cells were transfected at 70-80% confluency in 6-well plates with 1
ug DNA for 24 hours before post-transfection assays. 3 pL TransIT 2020 (Mirus MIR5400)
was diluted in 200 pL reduced serum OptiMEM (Gibco 11058021) before 1 ug DNA was
added, as per the manufacturer’s instructions. This mix was added to wells in 2 mL
OptiMEM, which was replaced with appropriate complete medium after four hours

minimum.
2.3 RNA interference

All siRNA used in chapters 3 — 5 were purchased from Dharmacon (GE Healthcare; see
Table 2.1): siCntrl (non-targeting, scrambled siRNA pool), siSORBS3 (depleting vinexin;
SMARTDpool, Oligos 5 and 7), siPXN (depleting paxillin, SMARTpool), siYAP (depleting
YAP; SMARTpool) and si7AZ (depleting TAZ; SMARTpool). siRNA was resuspended in
siRNA buffer (Dharmacon B-002000-UB) to a final concentration of 20 uM, as per the
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Table 2.1: siRNA used in chapters 3 - 5.

Target RNA

Sequence(s)

Supplier

Catalogue number

non-targeting

UGGUUUACAUGUCGACUAA
UGGUUUACAUGUUGUGUGA
UGGUUUACAUGUUUUCUGA
UGGUUUACAUGUUUUCCUA

Dharmacon

D-001810-10

SORBS3 (SMARTpool)

GAGAGGCUGUGGCCCAGUA
CAUCUUCCCUGCUAAUUAU

CCAAGGAGCUGACUCUGCA
CCUAACACCUCUCAGAUAC

Dharmacon

L-015415-00

SORBS3 (Oligo 5)

GAGAGGCUGUGGCCCAGUA

Dharmacon

J-015415-05

SORBS3 (Oligo 7)

CCAAGGAGCUGACUCUGCA

Dharmacon

J-015415-07

PXN (SMARTpool)

CAACUGGAAACCACACAUA
GGACGUGGCAACCUGAACA
CCAAACGGCCUGUGUUCUU
UGACGAAAGAGAAGCCUAA

Dharmacon

L-005163-00

YAP (SMARTpool)

GCACCUAUCACUCUCGAGA
UGAGAACAAUGACGACCAA
GGUCAGAGAUACUUCUUAA
CCACCAAGCUAGAUAAAGA

Dharmacon

L-012200-00

TAZ (SMARTpool)

CCGCAGGGCUCAUGAGUAU
GGACAAACACCCAUGAACA
AGGAACAAACGUUGACUUA
CCAAAUCUCGUGAUGAAUC

Dharmacon

L-016083-00
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manufacturer’s instructions.

Unless otherwise stated, cells were transfected twice in 6-well plates: 1. at 40-50%
confluency, 2. at 70-80% confluency. 4 puL of each siRNA (stock concentration 20 pM) was
transfected per well, with assays conducted 72 hours after the second transfection. 4 pL
Lipofectamine 2000 (ThermoFisher 11668019) and 4 uL siRNA were diluted in 500 puL
OptiMEM. 450 uL of this mix was added to 2 mL of the appropriate complete media per

well.

2.4 Pharmacological agents

Bafilomycin A1 (BAF; Sigma-Aldrich 19-148) was resuspended in DMSO to produce a 100
uM stock solution, which was diluted 1:250 in the appropriate complete media. In order to
block flux through the autophagy pathway, cells were treated with BAF at 400 nM for 4
hours. Latrunculin A (Santa Cruz sc-202691) was resuspended in DMSO to produce a 500
UM stock solution. In order to inhibit actin polymerisation, cells were treated with latrunculin
A at 0.5 uM (diluted in complete media) for 6 hours. Blebbistatin (Sigma Aldrich B0560)
was resuspended in DMSO to produce a 5 mM stock solution. In order to inhibit non-muscle
myosin, cells were treated with blebbistatin at 0.5 uM (diluted in complete media) for 6
hours. In experiments using BAF, latrunculin A and blebbistatin, an equivalent volume of
DMSO was used as the vehicle control. For stimulation with human epidermal growth factor
(EGF; Sigma Aldrich E9644), cells were serum starved for 18 hours using high glucose,
complete DMEM (described in section 2.1) lacking foetal bovine serum, then treated with 10
ng/mL EGF (timings specified in Figure 3.12 legend).

2.5 Western blotting

Cells were lysed directly in 1X Laemmli buffer (62.5 mM Tris pH 6.8, 2% w/v SDS, 10%
glycerol, 50 mM DTT, 0.01% w/v bromophenol blue), supplemented with protease inhibitor
cocktail (Sigma Aldrich 11873580001). Samples were boiled for 10 minutes at 100°C then
separated by SDS-PAGE using self-cast polyacrylamide gels (10 or 15%, as dictated by
molecular weights of interest) in 0.1% SDS running buffer (25 mM Tris pH 8.6, 192 mM
glycine, 0.1% SDS). Proteins were transferred to PVDF membranes (Millipore IPFL00005 or
IPVHO00005) in 20% methanol transfer buffer (25 mM Tris pH 8.6, 192 mM glycine, 20%

methanol).
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When using primary antibodies from Cell Signalling Technology (see Table 2.2), membranes
were first incubated in BSA blocking buffer (5% BSA in PBS/0.01% Tween). Otherwise
membranes were incubated in milk blocking buffer (5% BSA in PBS/0.01% Tween). In both
cases, this incubation was 20 minutes minimum at room temperature. Membranes were
subsequently incubated with primary antibodies (see Table 2.2) for at least 12 hours at 4°C or
4 hours at room temperature, then secondary antibodies for at least 40 minutes at room
temperature. All antibodies were diluted in the appropriate blocking buffer. Membranes were

washed extensively with PBS/0.01% Tween between steps.

Protein levels were typically visualised using fluorescent dye-labelled secondary antibodies
purchased from LI-COR, diluted 1:4,000: IRDye800CW goat anti-mouse (925-32210),
IRDye800CW goat anti-rabbit (925-32211), IRDye680RD goat anti-mouse (925-68070) and
IRDye680RD goat anti-rabbit (925-68071). Images were acquired using an Odyssey Imager
(LI-COR), then quantified using Image Studio Lite software (LI-COR). Otherwise
horseradish peroxidase (HRP)-linked secondary antibodies purchased from GE Healthcare
were used, diluted 1:2,000: HRP-linked sheep anti-mouse (NA931) and HRP-linked donkey
anti-rabbit (NA934). These antibodies were used in conjunction with
electrochemiluminescent (ECL) detection reagents (GE Healthcare RPN2232) and X-ray film
exposure. If necessary, these films were scanned and quantified using Image Studio Lite

software.
2.6 Immunoprecipitation

Cells were cultured in 25 cm?® dishes and lysed on ice in 1 mL buffer (50 mM Tris pH 7.5,

150 mM NaCl, ImM EDTA, 0.5% Triton X-100) supplemented with protease and
phosphatase (Sigma Aldrich P5726 and P0044) inhibitor cocktails. Lysates were centrifuged
at 30,000 g for 15 minutes at 4 °C. The pellet was discarded and protein concentration of the
supernatant determined by Bradford protein assay (Bio-Rad 500-0201). Samples containing 1
mg total protein were incubated with primary antibodies (see Table 2.3) for at least 18 hours
on a rotator mixer at 4 °C. Samples from each experimental condition were also incubated
with normal mouse or rabbit IgG (also diluted 1:200; Santa Cruz sc-2025 or sc-2027) to
control for non-specific binding. Precipitated immunocomplexes were separated by
incubation with Protein G magnetic beads (Dynabeads Protein G; Thermo Fisher 10004D) for

4 hours on a rotator
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Table 2.2: primary antibodies used in chapters 3 — 5 for western blotting.

Target protein Description Supplier Catalogue number | Dilution
Actin rabbit polyclonal Sigma-Aldrich A2066 1:2,000
AMOTL1 rabbit monoclonal Abcam ab171977 1:1,000
CTGF goat polyclonal Santa Cruz sc-14939 1:200
EGFR rabbit polyclonal Santa Cruz sc-03 1:200
P-EGFR (Y1068) rabbit monoclonal Abcam ab32430 1:10,000
ERK1/2 rabbit polyclonal Cell Signalling Technology 9102 1:1,000
(T202/1 géEang%OZM 87) rabbit polyclonal Cell Signalling Technology 9101 1:1,000
Flag mouse monoclonal Sigma-Aldrich A2220 1:1,000
GAPDH mouse monoclonal Abcam ab8245 1:1,000
GFP rabbit polyclonal Clontech 632592 1:10,000
HA rabbit polyclonal Sigma-Aldrich H6908 1:1,000
Lamin B rabbit polyclonal Abcam ab16048 1:1,000
LC3 rabbit polyclonal Novus Biologicals NB100-2220 1:1,000
Paxillin mouse monoclonal BD Biosciences 610619 1:1,000
P-p70S6K (T389) rabbit polyclonal | Cell Signalling Technology 9205 1:1,000
p70S6K rabbit polyclonal | Cell Signalling Technology 9202 1:1,000
Tubulin mouse monoclonal Sigma-Aldrich T9026 1:10,000
ULK1 rabbit polyclonal Cell Signalling Technology 4773 1:1,000
P-ULK1 (S556) rabbit polyclonal Cell Signalling Technology 5869 1:1,000
P-ULK1 (S758) rabbit polyclonal Cell Signalling Technology 14202 1:1,000
Vinexin rabbit polyclonal Abcam ab126971 1:500
YAP/TAZ mouse monoclonal Santa Cruz sc-101199 1:200
P-YAP (S127) rabbit monoclonal Cell Signalling Technology 13008 1:1,000
Table 2.3: primary antibodies used in chapters 3 — 5 for immunoprecipitation.
Target protein Description Supplier Catalogue number | Dilution
YAP/TAZ mouse monoclonal Santa Cruz sc-101199 1:200
Flag mouse monoclonal Sigma-Aldrich A2220 1:200
HA rabbit polyclonal Sigma-Aldrich H6908 1:200
Table 2.4: primary antibodies used in chapters 3 — 5 for immunofluorescence.
Target protein Description Supplier Catalogue number | Dilution
ATG16L1 rabbit monoclonal | Cell Signalling Technology 8089 1:100
CD63 mouse monoclonal Abcam ab8219 1:100
HA rabbit polyclonal Sigma-Aldrich H6908 1:100
LC3 rabbit polyclonal Novus Biologicals NB100-2220 1:100
Paxillin mouse monoclonal BD biosciences 610619 1:100
Vinculin mouse monoclonal Millipore MAB3574 1:100
YAP/TAZ mouse monoclonal Santa Cruz sc-101199 1:50
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mixer at 4 °C. Input samples were stored at 4 °C during this time. All samples
(immunoprecipitated and input) were boiled in 1X Laemmli buffer for 4 minutes at 100°C,

then analysed by western blotting (see section 2.5).
2.7 Nuclear/cytosolic fractionation

Subcellular fractionation was performed by Dr Carla Bento, as previously described (Bento
et al., 2016a). In summary, cells were lysed with Buffer A (10 mM HEPES, 10 mM KCI, 0.1
mM EDTA, 0.4% NP-40, 1 mM DTT) supplemented with protease and phosphatase inhibitor
cocktails on ice for 30 minutes. Lysates were centrifuged at 30,000 g for 10 minutes at 4 °C.
Supernatants containing cytosolic proteins were collected and stored at 4 °C. Nuclear pellets
were resuspended in Buffer B (20 mM HEPES, 0.4 M NaCl, 1| mM EDTA, 10% glycerol, 1
mM DTT) supplemented with protease inhibitor cocktail and incubated on ice for 1 hour.
After centrifugation at 30, 000g for 10 minutes at 4 °C, supernatants containing nuclear
proteins were collected. Protein concentrations were determined by Bradford protein assay.
Both fractions were analysed by western blotting (see section 2.5) using primary antibodies

against YAP/TAZ, Lamin B and GAPDH (see Table 2.2).
2.8 F- to G-actin ratio assay

F- to G-actin ratios were determined by Dr Carla Bento, using a commercially available kit

(Tebu-Bio BK037) in accordance with the manufacturer’s instructions

(www.cytoskeleton.com). Pelleted cells were resuspendend and homogenized in warm
‘LAS2 Buffer’ (lysis and F-actin stabilization buffer) containing 1 mM ATP, then lysates
were incubated at 37°C for 10 min. In order to pellet cellular debris, lysates were centrifuged
at 500 g for 5 minutes at room temperature. Supernatant (100 uL per sample) was then
centrifuged at 30,000 g for 1 hour at 37°C. This step pelleted F-actin, leaving G-actin in the
supernatant. In order to inhibit F-actin depolymerisation, lysates were incubated with 1X F-
actin enhancing solution (phalloidin; Abcam ab143533) before the initial centrifugation step.
After denaturing with 5X SDS sample buffer (0.25 M Tris pH 6.8, 10 % SDS, 0.5 M DTT,
50% glycerol), G-actin and F-actin samples were analysed by western blotting against actin
(see Table 2.2 and section 2.5). The ratio of F-actin (pellet after second centrifugation step) to
G-actin (supernatant after second centrifugation step) was calculated by western blot

quantification (see section 2.5).
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2.8 Microscopy
i. Immunofluorescence

Prior to fixation, cells were cultured on glass coverslips in 6-well plates. When using primary
antibodies against ATG16L1, HA, paxillin and YAP/TAZ (see Table 2.4), cells were fixed
with PFA (paraformaldehyde) at 37°C: 2 minutes in 2% PFA (4% PFA in PBS mixed 1:1 with
complete media), then 5 minutes in 4% PFA in PBS. For immunofluorescence using primary
antibodies against LC3 and CD63 (see Table 2.4), cells were fixed with cold methanol for 5
minutes at -20°C. In both cases, fixation was followed by permeabilisation using 0.1% Triton
X-100 in PBS for 5 minutes at room temperature. Coverslips were then incubated in BSA
(bovine serum albumin) blocking buffer (0.5% BSA in PBS, 50 mmol ammonium chloride)
for at least 30 minutes at room temperature. When using anti-vinculin antibody (see Table
2.4), coverslips were first washed in Buffer C (100 mM PIPES pH 6.9, 0.5 mM MgCl,, 0.1
mM EDTA, 0.01M EGTA), then fixed with Buffer D for 15 minutes at room temperature
(1.4% PFA, 0.2% Triton X-100, 2M Glycerol in Buffer C). Blocking was performed with
0.5% BSA in Buffer C (supplemented with 50 mmol ammonium chloride) for at least 30

minutes at room temperature.

In all experiments, coverslips were incubated with primary antibody diluted in the
appropriate blocking buffer for 4 hours at room temperature or 18 hours at 4°C. Coverslips
were then incubated with Alexa Flour-conjugated secondary antibodies (purchased from
Thermo Fisher) diluted 1:400 in the appropriate blocking buffer for 1 hour at room
temperature protected from light: goat anti-mouse Alexa Flour 488 (A32723), goat anti-rabbit
Alexa Flour 568 (A11036) and goat anti-mouse Alexa Flour 647 (A21235). In order to
visualise F-actin, Alexa Flour 488 phalloidin (Thermo Fisher A12379) was added at the
blocking step (diluted 1:500 in the appropriate blocking buffer).

Coverslips were mounted using ProLong Gold Antifade with DAPI (Thermo Fisher P36935)
and slides stored in the dark at 4°C. Imaging was performed using an LSM880 confocal
microscope (x63 oil immersion lens; Carl Zeiss) in conjunction with ZEN software (black

edition; Carl Zeiss).
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ii. Image processing

Scale bars were added using ZEN software, which was also used to make general
brightness/contrast adjustments (applied equally to all images in any given experiment).
Integrated intensity (gray levels) and colocalisation (Manders' colocalisation coefficients M1
and M2) were measured from confocal images using Volocity software (Perkin Elmer), with
automatic thresholding employed (Costes et al., 2004). If not counted manually (see figure
legends), puncta were counted using the Analyze Particles tool in ImageJ software
(Schindelin et al., 2012) with manual thresholding applied equally to all images in any given
experiment. The same approach was used to quantify F-actin structures visualised by

phalloidin staining.

YAP/TAZ localisation was predominantly quantified manually from confocal images viewed
with ZEN software. Cells were classified as follows: mostly nuclear YAP/TAZ (N > C),
YAP/TAZ equally distributed between nucleus and cytosol (N = C) and mostly cytosolic
YAP/TAZ (C > N). In other cases (see figure legends), the YAP/TAZ nuclear integrated
intensity to YAP/TAZ cytosolic integrated intensity ratio was calculated using CellProfiler
software (Carpenter et al., 2006).

iili. Automated fluorescence microscopy

When not used in immunofluorescence experiments, GFP and mRFP puncta in HeLa cells
stably expressing GFP-LC3 and GFP-mRFP-LC3 were quantified using a Cellomics
ArrayScan VTI HCS Reader (spot detector application; Thermo Fisher). Cells were cultured
in clear bottom, black polystyrene 96-well plates (Sigma-Aldrich CLS3603). Plates were
washed with hypotonic media (25% complete media in water) for 5 minutes at room
temperature to reduce vesicle clumping, then fixed with 4% PFA in PBS for 2 minutes at

room temperature before imaging.
iv. GFP-Htt(Q74) aggregation

Cells cultured on glass coverslips in 6-well plates were transfected with 1.5 pg GFP-Htt(Q74)
(see section 2.2). After 48 hours, coverslips were fixed with 4% PFA in PBS for 10 minutes
at room temperature and mounted using ProLong Gold Antifade with DAPI. Slides were
labelled so as to conceal coverslip identity. As previously described by Ravikumar et al.
(2002), percentage transfected cells containing aggregates was scored using an Eclipse E600

fluorescence microscope (Nikon). At least 200 cells were analysed per coverslip.
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2.9 Luciferase reporter assay

Cells cultured in 6-well plates were transfected with 0.4 ug pGL3b-8xGTIIC-luciferase and
40 ng pRL-CMV (see section 2.2). I used a commercially available dual-luciferase report
assay kit (Promega E1910), which included all buffers mentioned below. 24 hours post-
transfection, cells were lysed in 300 uL ‘Passive Lysis Buffer’ per well for 20 minutes at
room temperature. Lysates were centrifuged at 15,000 rpm for 5 minutes at 4 °C. The pellets
were discarded and 10 pL of each supernatant combined with 50 pl ‘Luciferase Assay Buffer
Il (prepared following the manufacturer’s instructions) in duplicate in white 96-well plates
(Greiner 655074). Firefly luminescence was measured using a GloMax 96 Microplate
Luminometer (Promega). 50 ul ‘Stop & Glo Buffer’ (again prepared following the
manufacturer’s instructions) was subsequently added to all wells. After 5 minutes, Renilla
luminescence was measured using the GloMax 96 Microplate Luminometer. Firefly
luciferase activity relative to Renilla luciferase activity was calculated in Excel (Microsoft)

for each well.
2.10 Clonogenic assay

Clonogenicity was assessed as previously described by Roessler et al. (2012). Following
automated counting (Countess Automated Cell Counter; Invitrogen), cells were seeded in
triplicate in 6-well plates at 1,000 cells per well. Over the next 10 days, media was exchanged
every 2 days. When using HepG?2 cells stably expressing mEmerald-empty or mEmerald-
vinexin alpha (see section 2.1), complete RPMI-1640 supplemented with 500 ug/mL G418
continued to be used. After 10 days, cells were fixed and stained with crystal violet solution
(0.05% crystal violet, 1% PFA, 1% methanol in PBS) for 20 minutes at room temperature.

After washing the plates in running water, colonies were counted manually.
2.11 Statistical analysis

Initial calculations were performed in Excel (Microsoft), before statistical testing and graph
construction using PRISM software (version 5.01, GraphPad). As appropriate (see figure
legends), PRISM was used to perform: paired t-tests (equivalent to one-sample t-tests for
normalised wester blotting data; see below), student's t-tests, one-way ANOV As followed by
Tukey's multiple comparison test and odds ratios followed by 2-tailed Fisher's exact test.
Error bars indicate the standard deviation (SD), standard error of the mean (SEM) or 95%
confidence interval, as appropriate to the data presented (see figure legends). Unless

otherwise stated, # = ns (p value), * =p <0.05, ** =p <0.01, *** =p <0.001.
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Western blotting data was typically generated from at least 3 independent experiments in
technical triplicate. In order to normalise these data, protein levels (‘protein X’) in the
experimental condition(s) were expressed relative to loading control protein levels and mean
protein X/loading control in the experimental condition(s) normalised to mean protein
X/loading control in the control condition. Accordingly, while there is within-condition
variability (represented by the SD) between technical replicates, within-condition variability
between control values generated from independent experiments is abolished (all mean
values are 1). Within-condition variability (represented by the SEM) remains between protein
X/loading control values in the experimental condition(s). Paired t-tests performed on these

normalised data sets are therefore equivalent one sample t-tests.
2.12 Bioinformatics

All bioinformatic analysis was performed by Dr Peter Sterk.

i RNA sequencing data analysis

RNA sequencing data from ‘neuropathological normal’ human frontal cerebral cortex and
hippocampal tissue was obtained from the Genotype-Tissue Expression (GTEx) Consortium
(2013). Donors labelled as follows in the subject metadata file were excluded: amyotropic
lateral sclerosis, Alzheimer's disease OR dementia, Alzheimer's disease, dementia with
unknown cause, major depression (unipolar depression, major depressive disorder), active
encephalitis, Creutzfeldt Jakob relatives, active meningitis, multiple sclerosis, Parkinson's
disease, Reyes syndrome, schizophrenia, syphilis infection, unexplained weakness. Donors
were also excluded when cause of death was annotated with the following ICD10 codes: C70
to C72 (malignant neoplasms of brain and other parts of central nervous system), FOO to F99
(mental and behavioural disorders), GOO to G99 (diseases of the nervous system) and 160 to

169 (cerebrovascular disease).

Rpkm (Reads Per Kilobase of transcript per Million) values for the genes of interest in both
tissues were provided by the GTEx Consortium (2013). Data frames for rpkm values and
sample metadata were generated in R (www.R-project.org/; R Core Team, 2014) for both
tissues. Scatter plots with linear regression lines were then generated in R for a selection of
genes. Overall significance of the regression analysis was established by F-test performed in

R, with the adjusted coefficient of determination (adjusted R?) also calculated.
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ii. Microarray data analysis

Raw Agilent microarray data (originally published by Thurnherr et al., 2016) was
downloaded from NCBI (www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62043). These

two-colour data were analysed in Chipster 3.11.2 (Kallio et al., 2011), which uses the
R/Bioconductor software package limma (Ritchie et al., 2015). Normalisation and
background correction were performed as previously published (Ritchie et al., 2007; Smyth
and Speed, 2003), using the following parameters: background treatment = normexp,
background offset = 50, array normalisation = loess, gene normalisation = none, control
probe removal = no, chiptype = Agilent human whole genome (4112a). In order to identify
genes that were statistically significantly differentially expressed in human HCC samples
compared with adjacent non-malignant tissue, one sample t-testing was performed in Chipster
3.11.2 using the following parameters: scale to same mean = yes, p-value adjustment method

= Benjamini-Hochberg, p-value threshold = 0.05, assumed mean = 0.0.
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3 Vinexin is a physiologically important autophagy regulator

3.1 Introduction

In this chapter I set out to evaluate Lipinski and colleagues’ conclusion that vinexin
negatively regulates autophagy (Lipinski et al., 2010a) by replicating this observation in
multiple cell lines and examining the possibility this finding is due to siRNA off-target
effects. I sought to characterise in detail how vinexin beta depletion affects components and
function of the autophagy pathway, together with autophagy flux. Using RNA sequencing
data generated by the Genotype-Tissue Expression (GTEx) project (GTEx Consortium, 2013)
and in collaboration with bioinformatician Dr Peter Sterk, I also aimed to establish the
physiologically importance of vinexin as an autophagy regulator by examining whether
SORBS3 transcription upregulation could contribute to a general transcriptional decline in
autophagy in normal human brain ageing. Finally, I set out to exclude several potential
mechanisms by which vinexin might negatively regulate autophagy, including changes in
focal adhesion dynamics and kinase signalling pathways with established links to either

autophagy or vinexin (mTOR, ULK1, ERK1/2 and EGFR).

3.2 Vinexin beta depletion using siRNA against SORBS3 specifically upregulates
autophagy

Using a genome-wide, image-based siRNA screen, Lipinski and colleagues identified vinexin
as a negative regulator of autophagy in H4 human neuroblastoma cells (Lipinski et al.,
2010a). I was able to replicate this finding using siRNA against SORBS3 in HeLa cervical
cancer cells, retinal pigment epithelium (RPE) cells and HEK 293 embryonic kidney cells.
Autophagy was assessed by measuring lipidated LC3 (LC3-II) levels by western blotting in
the presence and absence of the macrolide antibiotic bafilomycin A1 (BAF), which prevents
autophagosome-lysosome fusion (Yamamoto et al., 1998). In this way, while changes in
LC3-II under basal conditions (DMSO solvent control) could reflect alterations in either
autophagosome biogenesis or autophagic flux, changes in the presence of BAF at a saturating
concentration must reflect alterations in autophagosome formation (Klionsky et al., 2016;
Figure 3.1a). Treating cells with siRNA against SORBS3 (siSORBS3) brought about a robust
reduction in vinexin beta protein levels by western blot, which corresponded to an increase in
LC3-II (lower band of LC3 doublet) both under basal conditions (DMSO) and in the presence
of BAF (Figure 3.1b). When quantified relative to tubulin loading control, LC3-II levels were
around 3-fold higher in siSORBS3 treated cells, compared with nontargeting control siRNA
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Figure 3.1: vinexin beta depletion using siRNA against SORBS3 upregulates autophagy in

multiple cell lines.

a. Schematic diagram of the autophagic cascade. LC3-Il associates with developing and mature
autophagosomes, as well as fused autolysosomes, under basal conditions. Bafilomycin A1
(BAF) treatment blocks autophagosome-lysosome fusion, enabling autophagosome biogenesis
to be assessed in the absence of autophagosome degradation.

b. HelLa, RPE and HEK293 cells were depleted of vinexin beta using an individual siRNA
oligonucleotide against SORBS3 (siSORBS3; oligo 7). Cells were treated with bafilomycin A1
(BAF; 400 nM) or DMSO vehicle control for 4 hours. Endogenous tubulin, LC3 and vinexin beta
protein levels were examined by western blotting. Representative blots from 3 independent
experiments per cell line are shown. LE = lighter exposure; DE = darker exposure; molecular
weights shown in kDa.

c. Quantification of 3 independent experiments per cell line. LC3-1 (lower band of LC3 doublet)
levels are expressed relative to tubulin loading control and normalised to LC3-Il/tubulin in
control siRNA (siCntrl) treated cells. # = ns (p value); * =p < 0.05; ** = p < 0.01 by 2-tailed one-
sample t-test. Error bars indicate SEM.
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(siCntrl) treated cells under basal conditions (Figure 3.1c). As Lipinski et al. find using the
lysosomal protease inhibitor E64d in place of BAF (Lipinski et al., 2010a), the increase in
LC3-II levels was smaller when autophagic flux was blocked. Nonetheless, this statistically
significant increase in LC3-II levels in the presence of BAF (Figure 3.1c¢) supports the
hypothesis that siSORBS3 treatment upregulates autophagy. In all three cell lines, vinexin
beta seemed the only vinexin isoform expressed at the protein level, as only one of the bands
revealed by western blotting (~37 kD; Figure 3.1b) showed reduced density upon siSORBS3
treatment. For HeLa cells, this agrees with published findings (Kioka et al., 1999), while

vinexin expression in RPE and HEK?293 cells has not been examined in the literature.

Endogenous LC3 puncta observed by immunofluorescence were increased in HeLa cells
treated with two independent siRNA oligonucleotides against SORBS3 (oligo 5 and oligo 7),
together with a pool of four siRNA oligonucleotides against SORBS3 (pool; Figure 3.2a).
There was also an increase in puncta positive for the lysosomal marker CD63 in all three
vinexin beta depleted conditions (Figure 3.2a). All three siSORBS3 treatments brought about
a robust reduction in vinexin beta protein levels by western blot (Figure 3.2b). When
LC3/CD63 colocalisation was examined, the proportion of LC3-positive pixels colocalising
with CD63-positive pixels (Manders’ colocalisation coefficient, M1) was found to be
comparably increased across the three siSORBS3 conditions (0.25 to 0.51 - 0.66), though this
was only statistically significant for oligo 7 (Figure 3.2¢). Similar results were obtained when
the intensity of LC3-positive and CD63-positive pixels per cell was calculated; LC3 and
CD63 intensity was increased in all siSORBS3 conditions, with pool and oligo 5 reaching
statistical significance for LC3 and pool and oligo 7 for CD63 (Figure 3.2d). Pixel intensity
was used as a proxy for puncta number as vesicle clumping made individual puncta difficult
to discern in this experiment. Given that LC3 puncta represent both autophagosomes and
fused autolysosomes, with LC3/CD63 double positive puncta corresponding to
autolysosomes, an increase in LC3/CD63 colocalisation (Figure 3.2¢) coupled to a general
increase in LC3 and CD63 puncta (Figure 3.2a and d) supports the hypothesis that siSORBS3
treatment upregulates autophagy with autophagic flux intact. Importantly, obtaining the same
results using two independent siRNA oligonucleotides targeting different regions of SORBS3
goes partway to excluding siRNA off-target effects.

The next step in excluding siRNA off-target effects was to show that siSORBS3 effects can
be rescued by re-expressing vinexin. As vinexin alpha comprises vinexin beta plus an

additional N-terminal domain (Kioka et al., 1999), this was achieved by depleting vinexin
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Figure 3.2: vinexin beta depletion using independent siRNA oligonucleotides targeting

SORBS3 increases endogenous LC3 and CD63 puncta, as well as LC3/CD63 colocalisation.

a. Hela cells were depleted of vinexin beta using a pool of 4 siRNA oligonucleotides against
SORBS3 [siSORBS3 (pool)] and two individual siRNA oligonucleotides against SORBS3
[siISORBS3 (oligo 5) and siSORBS3 (oligo 7)]. Endogenous LC3 and CD63 were examined by
immunofluorescence and confocal microscopy. Representative images from 2 independent
experiments are shown. Red = LC3 (Alexa Fluor 568); green = CD63 (Alexa Fluor 488); blue =
DAPI. Scale bars indicate 20 ym.

b. In parallel to the imaging described in a., endogenous tubulin and vinexin beta protein levels
were examined by western blotting. A representative blot from the 2 independent experiments is
shown. Molecular weights shown in kDa.

c. The proportion of LC3-positive pixels colocalising with CD63-positive pixels (Manders’
colocalisation coefficient, M1) was determined from confocal images using Volocity software.
Quantification of the representative experiment shown in a. * = p < 0.05 by one-way ANOVA
followed by Tukey's multiple comparison test. n = 47 (siCntrl), 27 [siSORBS3 (pool)], 25
[siISORBS3 (oligo 5)], 29 [siSORBS3 (oligo 7)]. Error bars indicate SD.

d. Intensity of LC3-positive and CD63-positive pixels (gray levels) were determined from confocal
images using Volocity software. Quantification of the representative experiment shown in a. * =
p <0.05, *™*=p<0.01, "™ =p <0.001 by one-way ANOVA followed by Tukey's multiple
comparison test. n = 47 (siCntrl), 27 [siSORBS3 (pool)], 25 [siSORBS3 (oligo 5)], 29
[siSORBS3 (oligo 7)]. Error bars indicate SD.
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beta from HeLa cells using siRNA against SORBS3, then restoring vinexin expression by
overexpressing mEmerald-tagged vinexin alpha. In agreement with Figure 3.2, siSORBS3
treatment in HeLa cells overexpressing empty vector control (mEmerald-empty) gave a
statistically significant increase in endogenous LC3 puncta by immunofluorescence (Figure
3.3a and b). However, the increase in LC3 puncta was ameliorated in HeLa cells expressing
mEmerald-tagged vinexin alpha at an appropriate level (outlined in white; Figure 3.3a and b).
In this way, I began to generate data supporting Lipinski and colleagues’ report that vinexin
negatively regulates autophagy, as well as establishing that my findings using siRNA against
SORBS3 did not represent off-target effects.

3.3 Vinexin beta depletion using siRNA against SORBS3 promotes functional autophagy

I went on to characterise in detail how vinexin beta depletion impacts autophagy. HeLa cells
stably expressing GFP-LC3 are a useful tool for studying autophagosomes in isolation
(Figure 3.64a). Treating GFP-LC3 HeLa with siSORBS3 caused a statistically significant
increase in GFP-LC3 puncta per cell under basal conditions (DMSO) and in the presence of
BAF (Figure 3.4b and c). Taken together, these results suggest vinexin beta depletion
increases autophagosome numbers, predominantly by upregulating autophagosome

formation.

I used HeLa cells stably expressing GFP-mRFP-LC3 to examine the effect of siSORBS3 on
autophagic flux. As GFP fluorescence is quenched at more alkali pH than mRFP
fluorescence, this construct can be used to track autophagosome maturation (Kimura et al.,
2007); GFP-positive vesicles are autophagosomes, while RFP-positive vesicles can be either
autophagosomes or autolysosomes (Figure 3.4d). Treating GFP-mRFP-LC3 HeLa with
siSORBS3 increased both GFP/mRFP-double positive autophagosomes and mRFP-single
positive autolysosomes per cell in the presence and absence of BAF (Figure 3.4e and f). This
finding supports the hypothesis that flux through the autophagy pathway remains intact when

autophagosome formation is upregulated by vinexin beta depletion.

I next sought to establish whether pre-autophagosomal structures were increased by vinexin
beta depletion. This was achieved by immunostaining for ATG16L1, which localises to the
outer surface of developing autophagosomes and dissociates from mature autophagosomes
(Mizushima et al., 2003). Endogenous Atgl6L1 has an obvious punctate staining pattern only
upon autophagy induction, as in under starvation (Ravikumar et al., 2010a). Accordingly,

while ATG16L1 puncta where barely visible under basal conditions (data not shown),
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Figure 3.3: vinexin alpha overexpression ameliorates the increase in endogenous LC3

puncta caused by vinexin beta depletion.

a. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7). siCntrl and siSORBS3 treated cells were transfected with
mEmerald-vinexin alpha or empty vector control (mEmerald-empty) for 48 hours. Endogenous
LC3 and CD63, as well as mEmerald, were examined by immunofluorescence and confocal
microscopy. Representative images from 3 independent experiments are shown. Red = LC3
(Alexa Fluor 568); purple = CD63 (Alexa Fluor 647); green = mEmerald; blue = DAPI. Scale
bars indicate 20 um.

b. LC3 puncta were counted from confocal images acquired as described in a. using ImageJ
software. Quantification of the representative experiment shown in a. ns =p > 0.05; ** = p <
0.01 by one-way ANOVA followed by Tukey's multiple comparison test. n = 45 (mEmerald-
empty, siCntrl), 40 (mEmerald-empty, siSORBS3), 41 (mEmerald-empty, siSORBS3), 38
(mEmerald-vinexin alpha, siSORBS3). Error bars indicate SD.
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Figure 3.4: vinexin beta depletion using siRNA against SORBS3 increases autophagosome
and autolysosome numbers.

a.

Schematic diagram of the autophagic cascade showing that GFP-LC3 marks developing and
mature autophagosomes. The green fluorescence exhibited by GFP is quenched in
autolysosomes due to the lower pH. Bafilomycin A1 (BAF) treatment prevents this effect by
blocking autophagosome-lysosome fusion, causing GFP-positive autophagosomes to
accumulate.

HelLa cells stably expressing GFP-LC3 were depleted of vinexin beta using an individual siRNA
oligonucleotide against SORBS3 (siSORBS3; oligo 7). Cells were treated with BAF (400 nM) or
DMSO vehicle control for 4 hours. GFP-LC3 was examined by confocal microscopy.
Representative images from 3 independent experiments are shown. Green = GFP; blue =
DAPI. Scale bars indicate 10 pm.

GFP-LC3 puncta from the experiments described in a. were counted by Cellomics automated
fluorescence microscopy. Quantification of 3 independent experiments is shown. * = p < 0.05 by
2-tailed paired t-test. Error bars indicate SEM.

Schematic diagram of the autophagic cascade showing that GFP-mRFP-LC3 marks developing
and mature autophagosomes, as well as fused autolysosomes. Since GFP green fluorescence
is quenched in autolysosomes due to the lower pH, only autophagosomes are GFP-positive,
while both autophagosomes and autolysosomes are mRFP-positive. BAF treatment causes
GFP/mRFP-double positive autophagosomes to accumulate.

Hela cells stably expressing GFP-mRFP-LC3 were depleted of vinexin beta using an individual
siRNA oligonucleotide against SORBS3 (siSORBSS3; oligo 7). Cells were treated with BAF

(400 nM) or DMSO vehicle control for 4 hours. GFP-mRFP-LC3 was examined by confocal
microscopy. Representative images from 3 independent experiments are shown. Green = GFP;
red = mRFP, blue = DAPI. Scale bars indicate 10 pm.

GFP-mRFP-LC3 puncta from the experiments described in e. were counted by Cellomics
automated fluorescence microscopy. GFP = autophagosomes, total mRFP = autophagosomes
and autolysosomes, mRFP only = autolysosomes. Quantification of the representative
experiment shown ine. * =p <0.05, *™ =p <0.01, *™* = p < 0.001 by 2-tailed Student’s t-test. n
= 709 (siCntrl, DMSO), 828 (siSORBS3, DMSO), 437 (siCntrl, BAF), 544 (siSORBS3, BAF).
Error bars indicate SD.
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siSORBS3 clearly increased ATG16L1 puncta per cell upon starvation in Earle's Balanced
Salt Solution (EBSS; Figure 3.5b-c). These data suggests siSORBS3 does increase in
ATGI16L-positive pre-autophagosomal structures, which contributes to autophagy

upregulation upon vinexin beta depletion.

In order to assess whether vinexin beta depletion promotes functional autophagy, I used the
aggregate-prone model autophagy substrate GFP-Htt(Q74) (GFP-tagged huntingtin exon 1
fragment containing 74 glutamine repeats) (Ravikumar et al., 2002). Both autophagy-
competent (Cas9 Cntrl) and autophagy-deficient (A7G/6L1 CRISPR) HeLa cells were treated
with siSORBS3 or control non-targeting siRNA (siCntrl) before transfection with GFP-
Htt(Q74) (Figure 3.6a and b). siSORBS3 reduced the percentage of transfected Cas9 Cntrl
cells with GFP-Htt(Q74) aggregates, while there was no statically significant change in the
percentage of transfected ATG16L1 CRISPR cells with aggregates (Figure 3.6¢). These
findings indicate vinexin beta depletion reduces aggregate load, with the fact only autophagy-
competent cells showed a statically significant reduction suggesting this is predominantly due

to an increase in functional autophagy.

3.4 SORBS?3 is transcriptionally upregulated and core autophagy genes transcriptionally

downregulation in normal human brain ageing

Following on from their initial siRNA screen, Lipinski and colleagues utilise previously
published microarray data (Loerch et al., 2008) to identify a subset of hits, including vinexin,
that negatively regulate autophagy and are upregulated in older human cerebral cortex
samples (Lipinski et al., 2010b). This is proposed to form part of a general transcription
downregulation of autophagy in normal human brain ageing (see chapter 1, section 1.1.7.2),
with BECNI, ATGS5 and ATG7 expression reported to decline in normal brain ageing
(Lipinski et al., 2010b; Shibata et al., 2006).

In collaboration with Dr Sterk, I sought to replicate these findings using RNA sequencing
data generated by the GTEx project (GTExConsortium, 2013). Dr Sterk used RNA
sequencing data from donors deemed ‘neuropathological normal’ (defined in chapter 2) to
perform regression analysis examining the relationship between chronological age
(independent variable) and mRNA expression (dependent variable) for the genes of interest.
For the canonical autophagy genes BECNI, ATG5, ATG7 and PIK3C3, mRNA expression is

negatively correlated with age in samples from both frontal cerebral cortex and hippocampus

89



LC3-II ATG16L1

< ____ [ ) ‘.“’
C
b
DAPI
301 N
_ I !
_ ©
£ o —_—
S 5
Q 20 -
i)
W a
@ E': 104
@ ~— —-—r—
? <
0 T T
QO %
) Qgpc’
) @)
9
2

Figure 3.5: vinexin beta depletion using siRNA against SORBS3 increases ATG16L1-positive

autophagosome precursor numbers.

a. Schematic diagram of the autophagic cascade showing that ATG16L1 marks developing
autophagosomes, but dissociates from mature autophagosomes.

b. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7). Cells were starved in Earle's Balanced Salt Solution (EBSS) for
4 hours. Endogenous ATG16L1 was examined by confocal microscopy. Representative images
from 3 independent experiments are shown. Green = ATG16L1; blue = DAPI. Scale bars
indicate 20 pym.

c. ATG16L1 puncta were counted from confocal images acquired as described in b. using ImageJ

software. Quantification of 3 independent experiments is shown. * = p < 0.05 by 1-tailed paired
t-test. Error bars indicate SEM.
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Figure 3.6: vinexin beta depletion decreases the percentage of GFP-Htt(Q74) transfected

cells with aggregates in an autophagy-dependent manner.

a. Schematic diagram of the experimental setup. Autophagy-competent (Cas9 Cntrl) and
autophagy-deficient (ATG16L1 CRISPR) HelLa cells were depleted of vinexin beta using an
individual siRNA oligonucleotide against SORBS3 (siSORBS3; oligo 7). Cells were transfected
with an aggregate-prone GFP-tagged huntingtin exon 1 fragment containing 74 glutamine
repeats [GFP-Htt (Q74)] for 48 hours. GFP-positive (total transfected) cells and cells with
aggregates were counted manually by fluorescence microscopy. n = 600 per condition.

b. As part of the experiment described in a., endogenous ATG16L1, tubulin and vinexin beta
protein levels were examined by western blotting. A representative blot from 3 independent
experiments is shown. Molecular weights shown in kDa.

c. Percentage of transfected cells with aggregates was calculated. Quantification of 3 independent
experiments is shown.ns =p > 0.05; *=p < 8]05 by 2-tailed paired t-test. Error bars indicate
SEM.



(Figures 3.7a-d and 3.8a-d). Concurrently, SORBS3 mRNA expression is positively correlated

with age in frontal cortex and hippocampus samples (Figures 3.7¢ and 3.8e).

In order to validate this approach, we selected positive control genes from the published
literature. Using microarray expression profiling, Loerch et al. identified CAMK4 as robustly
age-downregulated in cortical samples from humans, rhesus macaques and mice (Loerch et
al., 2008). This study seemed especially relevant given the human microarray data forms the
basis of Lipinski and colleagues’ later findings with regards to age-related changes in A7G3,
ATG7 and SORBS3 expression (Lipinski et al., 2010b). As part of the first analysis of the
GTEx project RNA sequencing data, EDA2R was found to be globally upregulated with age
(Mele et al., 2015). Using regression analysis similar to that performed by Dr Sterk, Mele et
al. report that EDA2R mRNA expression is positively correlated with age in nerve and artery
samples. We were therefore reassured to find that, while mRNA expression of the
housekeeping gene TUBAIA (negative control) did not correlate with age (Figures 3.7f and
3.8f), CAMKH4 expression was negatively correlated and EDA2R positively correlated with
age in frontal cortex and hippocampus samples (Figures 3.7g-h and 3.8g-h).

For all genes showing age-correlated expression in this analysis, it should be noted that the
adjusted R? statistic (adjusted coefficient of determination, which ranges from 0 — 1) is small.
This could be taken to indicate the regression line is not a good fit for the data. However, the
inherently high unexplainable variability in data obtained via a large, multi-centre study using
samples from individual donors must be taken into consideration. Indeed, Mele et al. report
regression coefficients close to zero (-0.015 — 0.023) for all genes identified as significantly

differentially expressed with age using the same RNA sequencing data (Mele et al., 2015).

Using a considerably larger sample size than previous studies, we concluded that we had
replicated changes in BECNI, ATGS5, ATG7 and SORBS3 expression in normal ageing
reported in frontal cortex samples (Lipinski et al., 2010b; Shibata et al., 2006). We also
expanded the list of brain regions in which autophagy may be transcription downregulated
with age to include the hippocampus, which is significant given this structure is particularly
vulnerable to damage in the early stages of Alzheimer's disease (Braak et al., 1993). Lastly,
we added another core autophagy gene (PIK3C3) to those that may be subject to

downregulation in normal brain ageing.
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Figure 3.7: autophagy is transcriptionally downregulated with age in normal human frontal

cortex.

a. BECN1 mRNA expression (Reads Per Kilobase of transcript per Million; rpkm) determined by
RNA sequencing of samples from ‘neuropathological normal’ frontal cerebral cortex was plotted
against chronological age of donors. A scatterplot and regression line were generated using R.
The adjusted coefficient of determination (adjusted R?) was calculated and displayed on the
scatter plot (bottom left). Overall significance of the regression analysis was established by F-
test and the p value displayed on the scatter plot (top right). n = 77.

b. ATG5 mRNA expression; c. ATG7 mRNA expression, d. PIK3 mRNA expression, e. SORBS3
mRNA expression, f. TUBA1A mRNA expression (negative control), g. CAMK4 mRNA
expression (positive control) and h. EDA2R mRNA expression (positive control) determined by
RNA sequencing of samples from frontal cerebral cortex were subject to the same analysis as
describedina.n=77.
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Figure 3.8: autophagy is transcriptionally downregulated with age in normal human

hippocampus.

a. BECN1 mRNA expression (Reads Per Kilobase of transcript per Million; rpkm) determined by
RNA sequencing of samples from ‘neuropathological normal’ hippocampus was plotted against
chronological age of donors. A scatterplot and regression line were generated using R. The
adjusted coefficient of determination (adjusted R2) was calculated and displayed on the scatter
plot (bottom left). Overall significance of the regression analysis was established by F-test and
the p value displayed on the scatter plot (top right). n = 69.

b. ATG5 mRNA expression; c. ATG7 mRNA expression, d. PIK3 mRNA expression, e. SORBS3
MRNA expression, f. TUBA1A mRNA expression (negative control), g. CAMK4 mRNA
expression (positive control) and h. EDA2R mRNA expression (positive control) determined by
RNA sequencing of samples from hippocampus were subject to the same analysis as described

ina.n=69.
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3.5 Vinexin regulates autophagy independent of focal adhesion changes

Vinexin is reported to stabilise focal adhesions in NIH 3T3 cells (Kioka et al., 1999), interact
with several focal adhesion proteins (Kioka et al., 1999; Nagata et al., 2009; Thompson et al.,
2010) and function in focal adhesion-mediated responses to extracellular matrix stiffness in
mouse embryonic fibroblasts (Yamashita et al., 2014). Hence, I set out to characterise how
vinexin impacts focal adhesions in HeLa cells and whether focal adhesions changes are

causally related to the effect of siSORBS3 on autophagy.

In their publication on modulation of focal adhesion dynamics by the vinexin interactor beta
dystroglycan, Thompson and colleges define three focal adhesion types (Figure 3.9a), which
represent a continuum from dynamic to stable cell-matrix adhesion; 1. small focal complexes,
2. larger focal adhesions and 3. large, centrally-located fibrillar adhesions (Kioka et al., 1999;
Nagata et al., 2009; Thompson et al., 2010). Applying these definitions to immunostaining for
the canonical focal adhesion proteins vinculin (Figure 3.9b) and paxillin (Figure 3.9c) in
HelLa cells, vinexin beta depletion appeared to shift focal adhesion dynamics in favour of
small focal complexes. Accordingly, HeLa cells overexpressing mEmerald-tagged vinexin
alpha showed more and larger focal adhesions by immunostaining for endogenous vinculin
(Figure 3.9d). This concurs with Kioka et al., who report that exogenous vinexin alpha
increases vinculin immunostaining at focal adhesions in NIH 3T3 cells (Kioka et al., 1999).
While mEmerald-vinexin alpha clearly localises to focal adhesions (Figure 3.9d), I was
unable to obtain specific immunostaining for vinexin beta (data not shown). However, the
expectation from the literature is that endogenous vinexin beta does localise to vinculin-

positive focal adhesions (Mizutani et al., 2007a).

Since destabilisation of focal adhesions by siSORBS3 (Figure 3.9b-c) appeared to correlate
with increased autophagy (Figures 3.1-3 and 3.7-9), I examined whether stabilisation of focal
adhesions by mEmerald-vinexin alpha overexpression (Figure 3.9d) correlated with
decreased autophagy. Using western blotting, I found that mEmerald-vinexin alpha
overexpression decreased LC3-II (lower band of LC3 doublet) under basal conditions (Figure
3.9¢). When quantified relative to tubulin loading control, LC3-II levels in mEmerald-vinexin
alpha transfected cells were reduced to around half those in mEmermerlad-empty transfected

cells (Figure 3.91).

As these data suggest an inverse correlation between focal adhesion stability and autophagy, I

investigated whether this relationship held true when focal adhesion dynamics were

95



Vinculin Vinculin: DAPI Paxillin Paxillin: DAPI

siCntrl
siCntrl

siSORBS3
siSORBS3

d Vinculin Vinculin: DAPI
2z
[oR
£
(]
i
©
@
£
L
£
2
o
@®
<
x
£
3
e
@©
@
£
L
£
e f
@
&
QD 4
& &
2 N
N NS
o o ~1.2-
) ) > .
& 2 2 o
& & $1.0{ —eee—
mEmerald-vinexin alpha [ S s s 100 €T sl
b Sl L P = 5 .
Tubulin T —— 55 3 E o
35 £ 'g 0.6- .
mEmerald = e e = o —6‘0
85 0.4
LC3(LE) o o - -8
8 0.2-
W15 £
LC3 (DE) D e p— EOO
S @
@‘QQ 'z}é\
'b\b' _i}Q
& &
96 & o
& >
&
((/6‘



Figure 3.9: focal adhesion destabilisation and stabilisation due to vinexin beta depletion

and vinexin alpha overexpression correlate with autophagy upregulation and

downregulation, respectively.

a. Schematic diagram depicting the three focal adhesion types described by Thompson et al.,
2010: 1. small focal complexes (green), 2. larger focal adhesions (red) and 3. large, centrally-
located fibrillar adhesions (purple) (Thompson et al., 2010).

b. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7). Endogenous vinculin was examined by confocal microscopy.
Representative images from 3 independent experiments are shown. Purple (Alexa Fluor 647) =
vinculin; blue = DAPI. Scale bars indicate 20 ym.

c. Hela cells were depleted of vinexin beta, as in b. Endogenous paxillin was examined by
confocal microscopy. Representative images from 3 independent experiments are shown.
Purple (Alexa Fluor 647) = paxillin; blue = DAPI. Scale bars indicate 10 um.

d. Hela cells were transfected with mEmerald-vinexin alpha or empty vector control (mEmerald-
empty) for 48 hours. Endogenous vinculin, as well as mEmerald, were examined by
immunofluorescence and confocal microscopy. Representative images from 3 independent
experiments are shown. Purple = vinculin (Alexa Fluor 647); green = mEmerald; blue = DAPI.
Scale bars indicate 10 um.

e. Hela cells were transfected with mEmerald-empty or mEmerald-vinexin alpha, as in d. Levels
of the transfected proteins were examined by western blotting, as well as endogenous tubulin
and LC3 protein levels. Representative blots from 3 independent experiments are shown. LE =
lighter exposure; DE = darker exposure; molecular weights shown in kDa.

f. Quantification of 3 independent experiments. LC3-Il (lower band of LC3 doublet) levels are

expressed relative to tubulin loading control and normalised to LC3-Il/tubulin in mEmerald-
empty transfected cells. * = p < 0.05 by 2-tailed one-sample t-test. Error bars indicate SEM.
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modulated without altering vinexin expression. Here I built on literature suggesting the
absence of paxillin stabilises focal adhesions; nutrient starvation redistributes vinculin away
from focal adhesions in wild-type mouse embryonic fibroblasts (MEFs), but not in paxillin
knockout MEFs (Chen et al., 2008). These experiments also served to test whether the
proposed role of paxillin in autophagosome formation (Chen et al., 2008) could be involved
in upregulating autophagy following vinexin beta depletion (see chapter 1, section 1.2.4). As
expected, immunostaining for endogenous vinculin appeared to shift focal adhesion dynamics
in favour of larger, more stable focal adhesions (Figure 3.10a). Yet contrary to Chen and
colleagues’ findings in paxillin knockout MEFs, although siRNA against PXN (siPXN)
brought about a robust reduction in paxillin protein levels by western blot, LC3-II levels were
unchanged under basal conditions (Figure 3.10b). When quantified relative to tubulin loading
control, there was no significant change in LC3-II levels compared with siCntrl treated cells
(Figure 3.10c). These findings contradict the hypotheses that 1. focal adhesion destabilisation
contributes to the mechanism by which siSORBS3 promotes autophagy and 2. paxillin is

involved in upregulating autophagy following vinexin beta depletion.

In order to test these hypotheses more directly, I conducted experiments in which HeLa cells
were treated with siSORSB3 in the presence and absence of siPXN. Paxillin depletion
ameliorated the effect of vinexin beta depletion on focal adhesion stability; focal adhesions
were increased and focal complexes decreased by vinculin immunostaining in
siSORSB3/s1iPXN (siSORSB3; siPXN) double knockdown cells, compared with siSORSB3
single knockdown cells (Figure 3.10d). However, siPXN treatment did not ameliorate the
increase in LC3-II levels observed by western blot upon siSORSB3 treatment under basal
conditions (Figure 3.10e). In fact, there was a statistically significant increase in LC3-
[I/tubulin levels in siSORSB3; siPXN treated cells, compared with siCntrl treated cells (Figure
3.10f1). I therefore concluded that, while vinexin does appear to stabilise focal adhesions in
HelLa cells, neither this function nor the putative role of paxillin in autophagosome formation

contribute to the mechanism by which vinexin negatively regulates autophagy.

3.6 Vinexin beta depletion does not upregulate autophagy via mTOR, ULK1, ERK1/2 nor
EGFR signalling

Given the literature linking vinexin to multiple cell signally pathways, I examined the effect
of siSORSB3 on canonical autophagy signalling (mTOR and ULK1; see chapter 1), together
with the signalling pathways in which vinexin is most heavily implicated (ERK1/2 and
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Figure 3.10: focal adhesion destabilisation and stabilisation are not causally related to
autophagy upregulation and downregulation in HeLa cells.

a.

HelLa cells were depleted of paxillin using a pool of 4 siRNA oligonucleotides against PXN
(siPXN). Endogenous vinculin was examined by confocal microscopy. Representative images
from 3 independent experiments are shown. Green (Alexa Fluor 488) = vinculin; blue = DAPI.
Scale bars indicate 20 um.

HelLa cells were depleted of paxillin, as in a. Endogenous tubulin, LC3 and paxillin protein levels
were examined by western blotting. Representative blots from 3 independent experiments are
shown. LE = lighter exposure; DE = darker exposure; molecular weights shown in kDa.

Quantification of 3 independent experiments. LC3-Il (lower band of LC3 doublet) levels are
expressed relative to tubulin loading control and normalised to LC3-ll/tubulin in control siRNA
(siCntrl) treated cells. ns = p > 0.05 by 2-tailed one-sample t-test. Error bars indicate SEM.

HelLa cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBSS3; oligo 7) and paxillin using a pool of 4 siRNA oligonucleotides against
PXN (siPXN). Endogenous vinculin was examined by confocal microscopy. Representative
images from 3 independent experiments are shown. Purple (Alexa Fluor 647) = vinculin; blue =
DAPI. Scale bars indicate 20 ym.

HelLa cells were depleted of vinexin beta and paxillin, as in d. Endogenous tubulin, LC3, vinexin
beta and paxillin protein levels were examined by western blotting. Representative blots from 5
independent experiments are shown. LE = lighter exposure; DE = darker exposure; molecular
weights shown in kDa.

Quantification of 5 independent experiments. LC3-Il (lower band of LC3 doublet) levels are
expressed relative to tubulin loading control and normalised to LC3-ll/tubulin in siCntrl treated
cells. ** = p < 0.01 by one-way ANOVA followed by Tukey's multiple comparison test. Error bars
indicate SEM.
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EGFR) (Mitsushima et al., 2006¢, 2007; Suwa et al., 2002). mTOR-dependent autophagy
induction is associated with reduced phosphorylation of the downstream effector ribosomal
protein S6 kinase (p70S6K) (Brown et al., 1995). I therefore assayed mTOR signalling by
western blotting for p70S6K phosphorylated at threonine 389 (P-p70S6K). This was
unchanged by siSORSB3 treatment under basal conditions (Figure 3.11a) and when I
calculated the ratio of P-p70S6K to total p70S6K, there was no significant change compared
with siCntrl treated cells (Figure 3.11b).

ULKI activation via phosphorylation at serine 556 by AMPK promotes autophagy upon
nutrient starvation (Egan et al., 2011), while phosphorylation at serine 758 by mTOR
prevents ULK1 activation upon nutrient sufficiency by disrupting the ULK1/AMPK
interaction (Kim et al., 2011a). Western blotting revealed ULK1 phosphorylation at both
residues (P-ULK1 (S758); P-ULK1 (S556)) remained unchanged following vinexin beta
depletion (Figure 3.11c). When the ratio of P-ULKI to total ULK1 was calculated for S758

and S556, there were no significant changes compared with siCntrl (Figure 3.11d).

The Kioka group report that vinexin promotes ERK1/2 activation in NIH 3T3 mouse
fibroblasts and A549 human lung carcinoma cells by delaying ERK1/2 dephosphorylation
(Mitsushima et al., 2007; Suwa et al., 2002). However, ERK1/2 phosphorylation at threonine
202/185 and tyrosine 202/187 (P-ERK1/2) in HeLa cells was unchanged upon siSORSB3
treatment when assayed by western blotting under basal conditions (Figure 3.12a). This is
hardly surprising given the aforementioned publications refer to vinexin prolonging ERK1/2
activation after EGF stimulation, as opposed to under basal conditions. Yet even if I had
found siSORSB3 treatment promoted ERK1/2 inactivation, the literature is divided on
whether this could account for increased autophagy following vinexin beta depletion (Aoki et

al., 2007; Settembre et al., 2011; Wong et al., 2010).

EGFR tyrosine kinase inhibitors are reported to promote autophagy via both mTOR-
dependent and mTOR-independent mechanisms (Jutten and Rouschop, 2014; Tan et al.,
2015), the latter more relevant here given Figure 3.11a-b. With regards to vinexin,
overexpression prolongs EGFR phosphorylation at the plasma membrane in response to EGF
stimulation (Mitsushima et al., 2006c¢). I therefore set out to test the hypothesis that vinexin
beta depletion upregulates autophagy by accelerating EGFR inactivation. EGFR
phosphorylation at tyrosine 1068 (P-EGFR) was unchanged upon siSORSB3 treatment when

assayed by western blotting under basal conditions (Figure 3.12b). Next I examined the effect
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Figure 3.11: vinexin beta depletion does not affect p70S6K or ULK1 phosphorylation.

a. Hela cells were depleted of vinexin beta using a pool of 4 siRNA oligonucleotides against
SORBS3 (siSORBS3). Endogenous total ribosomal protein S6 kinase (p70S6K), p70S6K
phosphorylated at threonine 389 (P-p70S6K), tubulin and vinexin beta protein levels were
examined by western blotting. Representative blots from 3 independent experiments are shown.
Molecular weights in kDa.

b. Quantification of 3 independent experiments. P-p70S6K and p70S6K are expressed relative to
tubulin loading control, the ratio of P-p70S6K/tubulin: p70S6K/tubulin taken and then
normalised to P-p70S6K/p70S6K in siCntrl treated cells. ns = p > 0.05 by 2-tailed one-sample t-
test. Error bars indicate SEM.

c. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7). Endogenous total ULK1, ULK1 phosphorylated at serine 758 [P-
ULK1 (S758)], ULK1 phosphorylated at serine 556 [P-ULK1 (S556)], tubulin and vinexin beta
protein levels were examined by western blotting. Representative blot from 3 independent
experiments are shown. Molecular weights in kDa.

d. Quantification of 3 independent experiments. P-ULK1 and ULK1 are expressed relative to
tubulin loading control, the ratio of P-ULK1/tubulin: ULK1/tubulin taken and then normalised to
P-ULK1/ULK1 in siCntrl treated cells. ns = p > 0.05 by 2-tailed one-sample t-test. Error bars
indicate SEM.
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Figure 3.12: vinexin beta depletion does not affect ERK1/2 or EGFR phosphorylation.

a. Hela cells were depleted of vinexin beta using a pool of 4 siRNA oligonucleotides against
SORBS3 (siSORBS3). Endogenous total ERK1/2, ERK1/2 phosphorylated at threonine
202/185 and tyrosine 202/187 (P-ERK1/2), tubulin and vinexin beta protein levels were
examined by western blotting. Representative blot from 3 independent experiments are shown.
LE = lighter exposure; DE = darker exposure; molecular weights in kDa.

b. Hela cells were depleted of vinexin beta, as in a. Endogenous total EGFR, EGFR
phosphorylated at tyrosine 1068 (P-EGFR), tubulin and vinexin beta protein levels were
examined by western blotting. Representative blot from 3 independent experiments are shown.
Molecular weights in kDa.

c. Hela cells were depleted of vinexin beta, as in a. and b. Cells were cultured in serum-free
media overnight (serum starvation) or left in complete media (basal). Serum starved cells were
stimulated with EGF (10 ng/ml) for the times shown. Endogenous total EGFR, P-EGFR and
tubulin protein levels were examined by western blotting. Molecular weights in kDa.

d. Quantification of the blots shown in c. P-EGFR and EGFR are expressed relative to tubulin
loading control, the ratio of P-EGFR/tubulin: EGFR/tubulin taken and then normalised to
maximal P-EGFR/EGFR after 10 minutes EGF stimulation. Red = siCntrl; Blue = siSORBS3.



of vinexin beta depletion on EGFR inactivation following EGF stimulation under serum
starvation (Figure 3.12¢). When the ratio of P-EGFR to EGFR was calculated and expressed
relative to maximal EGFR activation after 10 minutes EGF stimulation, EGFR

dephosphorylating was if anything slower in siSORBS3 treated cells (Figure 3.12d).

These findings indicate vinexin regulates autophagy by an mTOR-independent mechanism,
which does not involve altered ULK 1 phosphorylation at key residues (serine 758 and serine
556). ERK1/2 and EGFR signalling, which have previously been linked to vinexin, are also
unlikely to contribute to the mechanism by which vinexin impacts autophagy. Of course this
does not preclude the involvement of other kinase signalling pathways or these pathways

under conditions not tested here.

3.7 Concluding remarks

In this chapter I replicated Lipinski and colleagues’ finding that vinexin negatively regulates
autophagy in HeLa, RPE and HEK?293 cells. I showed this is unlikely to constitute a siRNA
off-target effect as 1. two independent siRNA oligonucleotides targeting different regions of
SORBS3 similarly upregulated autophagy and 2. mEmerald-vinexin alpha overexpression

ameliorated the increase in autophagy in siSORBS3 treated cells.

Findings presented in this chapter obtained by Dr Sterk using RNA sequencing data from the
GTEx project (GTEx Consortium, 2013) replicate changes in BECNI, ATGS5, ATG7 and
SORBS3 expression in normal ageing previously reported in human frontal cortex samples
(Lipinski et al., 2010b; Shibata et al., 2006). These data also expand the list core autophagy
genes that may be transcriptionally downregulated with age to include PIK3C3 (encoding the
class III PI3-kinase catalytic subunit VPS34), as well as the list of potentially affected brain
regions to include the hippocampus. Taken together, these findings support the

physiologically importance of vinexin as an autophagy regulator.

With regards to how vinexin beta depletion affects the autophagy pathway, data I acquired by
western blotting for endogenous LC3-1I and imaging cells stably expressing GFP-LC3 in the
presence and absence of BAF support the hypothesis that autophagosome formation is
upregulated. Experiments using cells stably expressing GFP-mRFP-LC3 suggest autophagic
flux remains intact upon siSORBS3 treatment. These findings appear to represent functional
autophagy upregulation, as fewer vinexin beta knockdown cells transfected with the

aggregate-prone model autophagy substrate GFP-Htt(Q74) form aggregates.
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The mechanism by which vinexin impacts autophagy seems unlikely to involve changes in
focal adhesion dynamics. Focal adhesion destabilisation upon siSORBS3 treatment and
stabilisation due to mEmerald-vinexin alpha overexpression did correlate with autophagy
upregulation and downregulation, respectively. However, no causal relationship was
observed; 1. autophagy was unchanged upon focal adhesion stabilisation by paxillin depletion
using siRNA against PXN and 2. siPXN treatment restored focal adhesion stability in
siSORSB3 treated cells, but did not ameliorate the increase in autophagy. These findings also
oppose the hypothesis that the putative role of paxillin in autophagosome formation (Chen et

al., 2008) contributes to the mechanism by which vinexin negatively regulates autophagy.

Finally, data presented in this chapter suggest vinexin depletion upregulates autophagy by an
mTOR-independent mechanism, which does not involve altered ULK1 phosphorylation at
key residues (serine 758 and serine 556). I also that conclude the published functions of
vinexin in promoting ERK1/2 and EGFR activation (Mitsushima et al., 2006¢c, 2007; Suwa et

al., 2002) are unlikely to be relevant to the role of vinexin in regulating autophagy.
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4 Vinexin depletion upregulates autophagy through YAP/TAZ via a

filamentous actin-dependent mechanism

4.1 Introduction

YAP and TAZ (also known as WWTR1) are evolutionarily conserved transcriptional
coactivators that shuttle between the nucleus and cytosol (Piccolo et al., 2014). Though also
subject to Hippo pathway-independent regulation, YAP and TAZ are best known as Hippo
pathway effectors (see chapter 1). YAP/TAZ transcription activity was first implicated in
cancer by Drosophila studies showing that mutations in Hippo pathway components result in
robust tissue overgrowth (Zhao et al., 2011b). Focusing on the liver, increased YAP/TAZ
activity has been linked to hepatoma development in mouse models (Lee et al., 2010b; Lu et
al., 2010; Zhou et al., 2009), with increased YAP protein levels and nuclear localisation
reported in human hepatocellular carcinoma (HCC) samples (Zhao et al., 2007). Moreover,
Y AP overexpression predicts tumour recurrence and shorter survival time in HCC patients
(Xu et al., 2009a). SORBS3 deletion similarly predicts poor prognosis in HCC, meaning

vinexin is suggested to have tumour suppressive functions (Roessler et al., 2012).

Y AP is reported to promote MCF7 breast cancer cell survival under nutrient starvation by
increasing autophagy flux in a TEAD transcription factor-dependent manner (Song et al.,
2015). In addition, our group has recently demonstrated that decreased YAP/TAZ activity
reduces autophagosome biogenesis in the context of contact inhibition at high cell densities
(Pavel et al., manuscript in preparation). In light of these findings, I set out to investigate
whether vinexin depletion upregulates autophagy by increasing YAP/TAZ activity. In this
chapter I aimed to demonstrate that upregulation of autophagy upon siSORBS3 treatment is
due to increased translocation of YAP/TAZ into the nucleus and consequent upregulation of
YAP/TAZ transcriptional activity. I also sought to characterise the mechanism by which
vinexin beta depletion promotes YAP/TAZ activity, as well as to order functional

components in the pathway.
4.2 siSORBS3 treatment increases YAP/TAZ activity upstream of autophagy

Ploeger and colleagues reported that YAP protein levels and YAP/TAZ-responsive mRNA
levels remain unchanged upon overexpression of either vinexin alpha or vinexin beta in
HuH1 and HepG2 liver cancer cells (Ploeger et al., 2016). However, there is no literature

concerning the impact of vinexin depletion on YAP/TAZ activity. Using an antibody that
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recognises both YAP and TAZ, a higher proportion of HeLa cells treated with siRNA against
SORBS3 (siSORBS3) showed nuclear YAP/TAZ staining compared with nontargeting control
siRNA (siCntrl) treated cells (Wild Type; Figure 4.1a). Since Liang et al. report YAP is an
autophagy substrate in mouse embryonic fibroblasts (Liang et al., 2014), I also performed
these experiments in autophagy-deficient HeLa cells (47G16L1 CRISPR) and autophagy-
competent control cells (Cas9 Cntrl). siSORBS3 treatment again increased nuclear YAP/TAZ
staining, to a similar extent in Cas9 Cntrl and ATGI16L1 CRISPR cells (Cas9 Cntrl and
ATGI16L1 CRISPR; Figure 4.1a). This result was confirmed by measuring the intensity of
nuclear and cytosolic YAP/TAZ-positive pixels, then calculating the odds that nuclear:
cytosolic YAP/TAZ intensity is greater than 0.5 given siSORBS3 treatment (odds ratio); the
odds increased at least 2.5—fold for all three cells lines (Figure 4.1b).

Nuclear/cytosolic fractionation was performed by Dr Carla Bento in order to replicate this
finding biochemically. Western blotting nuclear and cytosolic fractions from HeLa cells
confirmed the presence of YAP (upper band of YAP/TAZ doublet) and TAZ (lower band of
YAP/TAZ doublet) in both factions and validated the fractionation protocol, as the nuclear
envelope protein lamin B and cytosolic protein GAPDH were highly enriched in the
appropriate fractions (Figure 4.1c). In agreement with Figure 4.1a-b, Vinexin beta depletion
decreased cytosolic and increased nuclear YAP/TAZ by western blotting following
nuclear/cytosolic fractionation (Figure 4.1d). When quantified relative to GAPDH loading
control, YAP and TAZ levels were significantly lower in cytosolic fractions from siSORBS3
treated cells. Accordingly, TAZ levels relative to lamin B were significantly higher in nuclear

fractions from siSORBS3 treated cells (YAP levels were non-significantly higher; Figure 4.1
e).

Taken together, these immunofluorescence and nuclear/cytosolic fractionation data suggest
vinexin beta depletion promotes YAP/TAZ translocation into the nucleus. The expectation
from the literature is that this corresponds to increased YAP/TAZ transcriptional activity
(Zhao et al., 2007). In order to test this hypothesis, HeLa cells were transfected with a
YAP/TAZ-responsive synthetic TEAD promoter driving luciferase expression (8xGTIIC-
luciferase). As expected, luminescence measured over 2.5—fold higher by dual-luciferase
reporter assay in siSORBS3 treated cells compared with siCntrl treated cells (Wild Type;
Figure 4.2a). To counter the possibility this increase in TEAD promotor activity is due to
altered autophagy in siSORBS3 treated cells, these experiments were also performed in

ATGI6L1 CRISPR and Cas9 Cntrl HeLa cells. Concurrent with Figure 4.1a-b, vinexin beta
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Figure 4.1: vinexin beta depletion increases YAP/TAZ nuclear localisation.

a.

Wild type, Cas9 control (Cntrl) and ATG16L1 CRISPR Hela cells were depleted of vinexin beta
using an individual siRNA oligonucleotide against SORBS3 (siSORBS3; oligo 7). Endogenous
YAP/TAZ were examined by immunofluorescence and confocal microscopy. Representative
images from 3 independent experiments per cell line are shown. Green = YAP/TAZ (Alexa Fluor
488); blue = DAPI. Scale bars indicate 20 um.

Integrated intensity of YAP/TAZ-positive pixels in nucleus and cytoplasm was determined from
confocal images using CellProfiler software. Odds that YAP/TAZ nuclear: cytosolic integrated
intensity > 0.5 given siSORBS3 treatment (odds ratio) was calculated for the representative
experiments shown in a. ** = p < 0.01; ** = p < 0.001 by 2-tailed Fisher's exact test. n = 78
(wild type, siCntrl); 78 (wild type, siSORBS3); 120 (Cas9 Cntrl, siCntrl); 74 (Cas9 Cntrl,
siSORBS3), 55 (ATG16L1 CRISPR, siCntrl); 86 (ATG16L1 CRISPR, siSORBS3). Error bars
indicate 95% confidence interval.

Wild type Hela cell lysate was subject to nuclear/cytosolic fractionation. Endogenous YAP/TAZ,
lamin B and GAPDH protein levels in the nuclear and cytosolic fractions were examined by
western blotting. Representative blot from the 3 independent experiments is shown. Molecular
weights shown in kDa.

HelLa cells were depleted of vinexin beta using siSORBS3 (oligo 7) and lysates subject to
nuclear/cytosolic fractionation and western blotting, as described in c. Representative blots from
the 3 independent experiments in technical triplicate are shown. Molecular weights shown in
kDa.

Quantification of 3 independent nuclear/cytosolic fractionation experiments. YAP (upper band of
YAP/TAZ doublet) and TAZ (lower band of YAP/TAZ doublet) are expressed relative to GAPDH
(cytosolic fraction) or lamin B (nuclear fraction) loading control. YAP or TAZ/GAPDH or lamin B
was normalised to control siRNA (siCntrl) treated cells. # = ns (p value); * = p < 0.05; ** =p <
0.01 by 2-tailed one-sample t-test. Error bars indicate SEM.
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depletion significantly increased TEAD promotor activity in both autophagy-competent and
autophagy-deficient cells (Cas9 Cntrl and ATG16L1 CRISPR; Figure 4.2a). In addition, Dr
Bento examined expression of the YAP/TAZ/TEAD direct target gene CTGF' (connective
tissue growth factor) (Zhao et al., 2008) in HeLa whole cell lysates by western blotting
(Figure 4.2b). When quantified relative to GAPDH loading control, CTGF levels were higher
upon vinexin beta depletion (Figure 4.2¢). These findings support the hypothesis that
increased YAP/TAZ nuclear localisation in siSORBS3 treated cells corresponds to

upregulated YAP/TAZ transcriptional activity mediated by TEAD transcription factors.
4.3 Autophagy upregulation upon vinexin beta depletion is YAP/TAZ-dependent

In order to investigate whether autophagy upregulation upon vinexin beta depletion is
YAP/TAZ-dependent, I conducted experiments in which HeLa cells were treated with
siSORSB3 in the presence and absence of siRNA against YAP and TAZ. These experiments
required robust knockdown of both transcriptional coactivators, as YAP and TAZ
predominantly show functional redundancy (see chapter 1) (Moroishi et al., 2015). As
introduced in the previous chapter, autophagy was assessed by measuring LC3-II (lower band
of LC3 doublet) by western blotting. siYAP/TAZ treatment ameliorated the increase in LC3-II
levels observed upon siSORSB3 treatment (siCntrl; siSORBS3 compared with siYAP/TAZ,
siSORBS3 in Figure 4.3a). When quantified relative to tubulin loading control, LC3-II levels
were not significantly increased in siYAP/TAZ; siSORBS3 triple knockdown cells compared
with either siCntrl or siYAP/TAZ; siCntrl double knockdown cells (Figure 4.3b).

I therefore concluded that the mechanism by which vinexin beta depletion promotes
autophagy requires YAP and TAZ. Given siSORBS3 treatment upregulates YAP/TAZ
transcriptional activity (Figure 4.2), it seems reasonable to suggest this mechanism involves
YAP and TAZ functioning as transcriptional coactivators. However, these data do not

exclude a non-transcriptional mechanism.
4.4 Vinexin beta depletion increases YAP/TAZ activity independent of Hippo signalling

YAP and TAZ are the principle effectors of the Hippo pathway. In mammalian cells, the final
regulatory step comprises YAP/TAZ phosphorylation by LATS1/2. This inhibits YAP/TAZ
transcriptional activity by promoting sequestration and proteasomal degradation of YAP/TAZ
in the cytosol (see chapter 1) (Varelas, 2014). I therefore assayed Hippo signalling by western
blotting for YAP phosphorylated at the LATS1/2 target residue serine 127 (P-YAP) (Zhao et
al., 2007). This was unchanged by siSORSB3 treatment (Figure 4.4a) and when I calculated
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Figure 4.2: vinexin beta depletion increases YAP/TAZ transcriptional activity.

a. Wild type, Cas9 control (Cntrl) and ATG716L1 CRISPR HelLa cells were depleted of vinexin beta
using an individual siRNA oligonucleotide against SORBS3 (siSORBS3; oligo 7). Cells were co-
transfected with synthetic TEAD (YAP/TAZ-responsive) promoter driving luciferase expression
(pGL3b-8xGTIIC-luciferase) and Renilla luciferase control reporter for 24 hours. Luminescence
(firefly luciferase activity relative to Renilla luciferase activity) was measured by dual-luciferase
reporter assay and normalised to control siRNA (siCntrl) treated cells. Quantification of 3 (wild
type) or 4 (Cas9 Cntrl and ATG716L1 CRISPR) independent experiments is shown. * = p < 0.05
by 2-tailed one-sample t-test. Error bars indicate SEM.

b. Wild type HelLa cells were depleted of vinexin beta using siSORBS3 (oligo 7). Levels of CTGF
protein (YAP/TAZ/TEAD direct target) and GAPDH (loading control) were examined by western
blotting. Representative blot from the 1 experiment in technical triplicate is shown. Molecular
weights shown in kDa.

c. Quantification of the representative experiment shown in b. * = p < 0.05 by 2-tailed Student’s t-
test. Error bars indicated SD.
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Figure 4.3: YAP/TAZ depletion ameliorates the increase in LC3-ll caused by vinexin beta

depletion.

a. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7) and YAP/TAZ using a pools of 4 siRNA oligonucleotides against
YAP and TAZ (siYAP/TAZ). Endogenous YAP/TAZ, tubulin, vinexin beta and LC3 and protein
levels were examined by western blotting. Representative blots from 5 independent
experiments are shown. LE = lighter exposure; DE = darker exposure; molecular weights shown
in kDa.

b. Quantification of 5 independent experiments described in a. LC3-Il (lower band of LC3 doublet)
levels are expressed relative to tubulin loading control and normalised to LC3-ll/tubulin in siCntrl
treated cells. ns = p > 0.05; ** = p < 0.01 by one-way ANOVA followed by Tukey's multiple
comparison test. Error bars indicate SEM.
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Figure 4.4: increased YAP/TAZ activity under siSORBS3 treatment is Hippo pathway-

independent.

a.

HelLa cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7). Endogenous total YAP/TAZ, YAP phosphorylated at serine 127,
tubulin and vinexin beta protein levels were examined by western blotting. Representative blot
from 3 independent experiments is shown. Molecular weights in kDa.

Quantification of 3 independent experiments. P-YAP and YAP (upper band of YAP/TAZ doublet)
are expressed relative to tubulin loading control, the ratio of P-YAP/tubulin: YAP/tubulin taken
and then normalised to P-YAP/YAP in siCntrl treated cells. ns = p > 0.05 by 2-tailed one-sample
t-test. Error bars indicate SEM.

Schematic diagram of the hypothesised situation in siCntrl and siSORBS3 treated cells. Vinexin
beta depletion is theorised to increase nuclear localisation of nonphosphorylated YAP/TAZ;
driving transcriptional activity via TEAD transcription factors and somehow upregulating
autophagy. YAP/TAZ phosphorylation by the Hippo pathway kinases LATS1/2 is suggested to
remain unchanged under siSORBS3 treatment.
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the ratio of P-Y AP to total YAP there was no significant change compared with siCntrl
treated cells (Figure 4.4b). I therefore hypothesised that vinexin beta depletion upregulates
autophagy by increasing YAP/TAZ nuclear translocation and consequent transcriptional
activity, while LATS1/2 phosphorylation-mediated Y AP/TAZ regulation remains unaltered

(summarised in Figure 4.4c).

The Hippo pathway kinase MST1 is reported to inhibit autophagy independent of YAP/TAZ;
MST1 phosphorylates threonine 108 in the Beclin 1 BH3 domain, thereby disrupting PI3KC3
complex I (see section 1.1.2ii) by promoting Beclin 1 binding to BCL2 family proteins

(Maejima et al., 2013). As MST1/2 regulates LATS1/2 kinase activity (Chan et al., 2005), the
results presented in Figure 4.4a-b also serve to indicate this mechanism does not contribute to

autophagy upregulation upon vinexin beta depletion.
4.5 siSORBS3 treatment alters actin cytoskeleton dynamics

In the absence of changes in Hippo pathway-mediated YAP/TAZ phosphorylation under
siSORBS3 treatment (Figure 4.4), I considered alternative regulatory mechanisms. The
Piccolo group reported that YAP/TAZ nuclear localisation and activity are increased in cells
cultured on rigid (compared with soft) substrates. This response to extracellular matrix
(ECM) stiffness requires actin stress fibres and actomyosin tension, but is independent of
Hippo signalling (Dupont et al., 2011). In this way, the filamentous actin (F-actin) capping
and severing proteins cofilin, CAPZ and gelsolin negatively regulate YAP/TAZ activity in a
manner formally distinct from Hippo signalling (Aragona et al., 2013). I therefore examined
the actin cytoskeleton in vinexin beta depleted HeLa cells using fluorophore-labelled
phalloidin, which forms tight complexes with F-actin (Wulf et al., 1979). siSORBS3 treated
cells appeared to contain more phalloidin-positive F-actin bundles by confocal microscopy,
which were smaller in diameter than those seen in siCntrl treated cells (Figure 4.5a). This
impression was confirmed when this phalloidin staining was analysed using ImageJ software;
vinexin beta depletion increased F-actin structures per cell, but the average size of these

structures was smaller (Figure 4.5b).

To investigate whether this finding represented an altered F-actin to monomeric globular
actin (G-actin) ratio, Dr Bento performed experiments using an F-: G-actin in vivo assay kit.
To our surprise, given the increase in F-actin structures per cell by phalloidin staining (Figure
4.5a-b), vinexin beta depletion appeared to decrease the F- to G-actin ratio under basal

conditions (Figure 4.5¢c-d). However, these data are compatible with the hypothesis that
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increased F-actin structures contribute to the mechanism by which siSORBS3 treatment
increases YAP/TAZ activity. This result is consistent with the Piccolo group’s findings
regarding YAP/TAZ regulation by ECM stiffness; the group used various techniques to
manipulate the F- to G-actin ratio and established that, while actin stress fibres are required
for increased YAP/TAZ activity in cells cultured on rigid substrates, F-actin polymerisation

per se is not required (Dupont et al., 2011).

Dr Bento also performed F- to G-actin ratio experiments in the presence of phalloidin, which
strongly stabilises F-actin (Wulf et al., 1979). Under these conditions, vinexin beta depletion
had the opposite effect; increasing the F- to G-actin ratio (Figure 4.5¢-d). Taken together,
these phalloidin staining and F-: G-actin assay data require complex interpretation. One
possible explanation is that siSORBS3 treatment increases the labile F-actin pool. Distinct F-
actin pools were first characterised by Watts and Howard (1992), who describe loss of labile
(triton soluble) F-actin from cells lysed with triton prior to formaldehyde fixation (‘PostFix’)
compared with cells fixed prior to lysis (‘PreFix’) (Watts and Howard, 1992). Given I
prepared cells for phalloidin staining using the ‘PreFix’ method, it is conceivable the F-actin
structures shown in Figure 4.5a correspond to both the labile and stable (triton insoluble) F-
actin pools, while the labile F-actin pool only becomes apparent by F-: G-actin assay when F-
actin is stabilised using phalloidin (Figure 4.5c). Hence, the data presented in Figure 4.5
could indicate vinexin beta depletion shifts the tripartite equilibrium between labile F-actin,
stable F-actin and G-actin in favour of the labile F-actin pool. This could also explain the
decrease in F- to G-actin ratio with siSORBS3 treatment under basal conditions, which would
correspond to a decrease in the stable F-actin pool. Moreover, an increase in labile F-actin
structures fits with the focal adhesions changes discussed in the previous chapter, with
vinexin beta depletion appearing to destabilise focal adhesions and promote the formation of

dynamic focal complexes (Figure 3.9b-c).

4.6 Filamentous actin, and to a lesser extent actomyosin tension, contribute to YAP/TAZ

nuclear translocation under siSORBS3 treatment

In order to test the hypothesis that increased F-actin structures following vinexin beta
depletion contributes to the mechanism by which YAP/TAZ activity is upregulated, I
conducted experiments in which HelLa cells were treated with siSORBS3 in the presence and
absence of latrunculin A. This toxin is thought to inhibit actin polymerisation by sequestering

G-actin (Coue et al., 1987) and is used here under conditions the Piccolo group report localise

115



**

250+

(190 1ad sainjonus uno

siSORBS3

siCntrl

T
o
o
N

T
o
Yo}

-—

T
o
o

-—

ungoe-4

T
o
o]
e-

E|

400+

ploysaiyy

300+

(s1exi

[=%

T T
o o
o o
N -~
v 9ZIS 2injonJ)s uljoe-4

auipno

F &
%@a\
%
% S
S
RS}
g
Q
$ 4
%
S @ © ¥ o o %
— o o o o o
(lulis 03 pasijewlou)
unoe-oyunoe-H
<
s o, 8.8 3 8
S %0@@ %
>~ N —
8 %ylEl B B
% oL
..\\0®® 20 1| 9 R |
N T Kk B
o w o w
4 Q 4 a
= £ = £
T © T ©
< < < <

T T T
© < N

(13uQls 0y pasijewsou)
unoe-9y/unoe-H

116



Figure 4.5: labile F-actin structures are upregulated under siSORBS3 treatment.

a. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7). Endogenous F-actin was visualised using Alexa Fluor 488-
conjugated phalloidin and confocal microscopy (F-actin). Confocal images were analysed using
ImageJ software; F-actin structures were first identified by thresholding (threshold), then
outlined (outline). Representative images from 5 independent experiments are shown. Scale
bars indicate 20 pym.

b. Quantification of F-actin structures per cell and F-actin structure size (pixels) from 5
independent experiments, measured as described in a. * = p < 0.05; ** = p < 0.01 by 2-tailed
paired t-test. Error bars indicate SEM.

c. Hela cells were depleted of vinexin beta, as in a. Endogenous F- and G-actin levels were
examined by western blotting following sample processing using an F-: G-actin in vivo assay Kkit.
Experiments were performed in the presence and absence of F-actin enhancing solution
(phalloidin). Representative blots from 2 independent experiments in technical duplicate are
shown. LE = lighter exposure; DE = darker exposure; molecular weights shown in kDa.

d. Quantification of 2 independent experiments, described in c. F-: G-actin ratio was calculated

and normalised to control siRNA (siCntrl) treated cells. Graphs display data generated in the
presence and absence of F-actin enhancing solution (phalloidin). Error bars indicate SEM.
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YAP/TAZ to the cytosol in several cell lines (0.5 uM for 6 hours) (Dupont et al., 2011). As
expected, latrunculin A treatment destroyed cytoskeletal F-actin by phalloidin staining in
both siCntrl and siSORBS3 treated cells. This corresponded to reduced YAP/TAZ nuclear
staining, even in siSORBS3 treated cells (Figure 4.6a). While the percentage of cells showing
predominantly nuclear YAP/TAZ staining (N > C) significantly increased and the percentage
showing predominantly cytosolic staining (N < C) significantly decreased upon vinexin beta
depletion in the absence of latrunculin A (DMSO), most siCntrl and siSORBS3 treated cells
showed C > N staining upon F-actin inhibition with latrunculin A (Figure 4.6b).

As these data support the hypothesis that increased F-actin structures under siSORBS3
treatment promote YAP/TAZ activity, I considered the other factor Dupont et al. (2011)
report is necessary for YAP/TAZ nuclear localisation; actomyosin tension. This was achieved
by treating cells with the non-muscle myosin inhibitor blebbistatin, which maintains myosin
II in the actin-detached state and thereby prevents generation of tension by actomyosin
crosslinking (Kovacs et al., 2004). Again this inhibitor was used under conditions the Piccolo
group report localises YAP/TAZ to the cytosol (50 uM for 6 hours) (Dupont et al., 2011).
Blebbistatin treatment did reduce YAP/TAZ nuclear staining in both siCntrl and siSORBS3
treated cells, but not to the same extent as latrunculin A (Figure 4.6a). Unlike in the presence
of DMSO vehicle control, the percentage of cells showing N > C and N < C staining was not
significantly altered by siSORBS3 treatment in the presence of blebbistatin (Figure 4.6b).
However, quantified changes in YAP/TAZ localisation under blebbistatin treatment were
much less dramatic than those seen with latrunculin A treatment; YAP/TAZ distribution in
blebbistatin; siSORBS3 cells was comparable to that in DMSQO; siCntrl cells, which was not
true of latrunculin A; siSORBS3 cells (Figure 4.6b).

The lesser effect of blebbistatin on YAP/TAZ distribution compared with latrunculin A
correlates with the observation that blebbistatin did disrupt cytoskeletal F-actin, but to a much
lesser extent than latrunculin A (Figure 4.6a). Accordingly, I speculated that blebbistatin
treatment might localise YAP/TAZ to the cytosol predominantly via actin stress fibres
destabilisation, secondary to prolonged loss of actomyosin tension due to 6 hours myosin II
inhibition. This contradicts the Piccolo group’s assertion that both actin stress fibres and
actomyosin tension are together required for YAP/TAZ nuclear localisation, but is in
agreement with a recent publication by Das et al. who propose distinct F-actin- and myosin
II-dependent YAP/TAZ regulatory pathways (Das et al., 2016). Akin to my findings, Das and

colleagues report loss of actomyosin tension due to blebbistatin treatment or pharmacological
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inhbition of ROCK (RHO-associated kinase) had a much lesser effect on YAP/TAZ
distribution in sparsely seeded MEFs and MCF10A cells than inhibiting actin polymerisation
with latrunculin A (Das et al., 2016). Regardless of the relative contributions of F-actin and
actomyosin tension, the data presented in Figure 4.6 supports the hypothesis that actin
cytoskeletal changes are involved in increasing Y AP/TAZ activity upon vinexin beta

depletion.

4.7 Autophagy upregulation upon vinexin beta depletion requires filamentous actin, but

not actomyosin tension

Considering data presented in Figures 4.1-3 supports the hypothesis vinexin beta depletion
increases autophagy by upregulating YAP/TAZ activity, I investigated whether amelioration
of YAP/TAZ nuclear localisation under siSORBS3 treatment by actomyosin cytoskeleton
manipulations (as shown in Figure 4.6) was sufficient to prevent this increase in autophagy.
Inhibiting actin polymerisation with latrunculin A treatment (0.5 uM for 6 hours) ameliorated
the increase in LC3-II levels observed by western blotting upon siSORSB3 treatment (DMSO;
siSORBS3 compared with Latrunculin A; siSORBS3 in Figure 4.7a). When quantified relative
to tubulin, although LC3-II levels were significantly increased in Latrunculin A; siSORBS3
cells compared with Latrunculin A; siCntrl cells, this increase was much smaller than that
seen under basal conditions (DMSO) and LC3-II levels were not significantly increased in
Latrunculin A; siSORBS3 cells compared with DMSO; siCntrl cells (Figure 4.7b). As
described above, treatment with 0.5 uM latrunculin A for 6 hours appears sufficient to
destroy cytoskeletal F-actin and localise YAP/TAZ to the cytosol in both siCntrl and
siSORBS3 treated cells (Figure 4.6). Accordingly, these data support the hypotheses that
increased F-actin structures upon vinexin beta depletion contribute to the mechanism by
which autophagy is upregulated and also that autophagy upregulation could result from an F-

actin-dependent increase in YAP/TAZ nuclear localisation under siSORBS3 treatment.

I next examined whether the lesser effect of blebbistatin (compared with latrunculin A) on
cytoskeletal F-actin and YAP/TAZ distribution (Figure 4.6) was sufficient to prevent
increased autophagy upon vinexin beta depletion. Loss of actomyosin tension due to
blebbistatin treatment (50 uM for 6 hours) did not ameliorate the increase in LC3-II levels
observed upon siSORSB3 treatment (DMSO; siSORBS3 compared with blebbistatin;
siSORBS3 in Figure 4.7¢). When quantified relative to tubulin, LC3-II levels were

significantly increased upon vinexin beta depletion in both the presence and absence of
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Figure 4.6: latrunculin A treatment ameliorates YAP/TAZ nuclear translocation due to

vinexin beta depletion more effectively than blebbistatin treatment.

a. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7). Cells were treated with latrunculin A (0.5 uM), blebbistatin
(50 uM) or DMSO vehicle control for 6 hours. Endogenous F-actin was visualised using Alexa
Fluor 488-conjugated phalloidin and YAP/TAZ was examined by immunofluorescence.
Representative confocal images from 3 independent experiments are shown. Green = F-actin
(Alexa Fluor 488); purple = YAP/TAZ (Alexa Fluor 647); blue = DAPI. Scale bars indicate 20
pum.

b. Cells with predominantly nuclear YAP/TAZ (N > C), YAP/TAZ equally distributed between
nucleus and cytosol (N = C) and predominantly cytosolic YAP/TAZ (C > N) where manually
quantified. Quantification of the representative experiment shown ina. ns =p > 0.05; * =p <
0.01; ** = p < 0.001 by 2-tailed Student’s t-test. Red asterisks represent p value for N > C; blue
asterisks represent N < C p vale. n = 122 (siCntrl; DMSO); 75 (siSORBS3; DMSO); 165
(siCntrl; latrunculin A); 96 (siSORBSS3; latrunculin A); 111 (siCntrl; blebbistatin); 73 (sSiSORBSS3;
blebbistatin). Error bars indicate SD.
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Figure 4.7: latrunculin A treatment, but not blebbistatin treatment, ameliorates the increase

in LC3-ll caused by vinexin beta depletion.

a. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBSS; oligo 7). Cells were treated with latrunculin A (0.5 uM) or DMSO vehicle
control for 6 hours. Endogenous tubulin, LC3 and vinexin beta protein levels were examined by
western blotting. Representative blots from 4 independent experiments are shown. LE = lighter
exposure; DE = darker exposure; molecular weights shown in kDa.

b. Quantification of 4 independent experiments. LC3-1l (lower band of LC3 doublet) levels are
expressed relative to tubulin loading control and normalised to LC3-ll/tubulin in DMSO treated
siCntrl cells. ns = p > 0.05; *=p <0.05; ** = p <0.001 by one-way ANOVA followed by
Tukey's multiple comparison test. Error bars indicate SEM.

c. Hela cells were depleted of vinexin beta, as in a. Cells were treated with blebbistatin (50 uM) or
DMSO vehicle control for 6 hours. Endogenous tubulin, LC3 and vinexin beta protein levels
were examined by western blotting. Representative blots from 3 independent experiments are
shown. LE = lighter exposure; DE = darker exposure; molecular weights shown in kDa.

d. Quantification of 3 independent experiments. LC3-1l levels are expressed relative to tubulin
loading control and normalised to LC3-Il/tubulin in DMSO treated siCntrl cells. * = p < 0.05 by
one-way ANOVA followed by Tukey's muItipIelggmparison test. Error bars indicate SEM.



blebbistatin. Moreover, LC3-II levels remained significantly higher in Blebbistatin;
siSORBS3 cells compared with DMSO; siCntrl cells (Figure 4.7b). Taken together, data
presented thus far in this chapter indicate siSORBS3 treatment might upregulate autophagy
via altered actin cytoskeleton dynamics. This could result from upregulated YAP/TAZ
activity owing to increased F-actin structures, with lesser changes in YAP/TAZ distribution
due to decreased actomyosin tension being insufficient to ameliorate the increase in

autophagy caused by vinexin beta depletion.
4.8 siSORBS3 treatment alters actin cytoskeleton dynamics upstream of YAP/TAZ

The results presented so far indicate vinexin beta depletion upregulates autophagy (see
chapter 3) and this increase in autophagy is downstream of YAP/TAZ (Figure 4.3) and F-
actin polymerisation (Figure 4.7a-b). However, several alternative chronologies linking
autophagy upregulation under siSORBS3 treatment to increased F-actin structures and

YAP/TAZ activity remain formally possible (Figure 4.8a).

In support of Scenarios A and B (Figure 4.8a), actin cytoskeleton dynamics are implicated in
both autophagosome biogenesis and flux through the autophagy pathway (reviewed in Kast
and Dominguez, 2017). Particularly relevant are recent publications from our lab in which
actin depolymerisation with latrunculin A or the ARP2/3 inhibitor CK-666 is shown to impair
autophagosome formation owing to defective ATG9A sorting from endosomes (Moreau et
al., 2015), while actin depolymerisation with latrunculin A or cytochalasin D can also impair
autophagosome clearance by inducing lysosomal dysfunction (Pavel et al., 2016). Notably,
these publications use latrunculin A under different conditions (1uM for 1 hour in Moreau et
al. and 1uM for 3 hours in Pavel et al.), which could explain why LC3-II levels in siCntrl
treated cells are unchanged by latrunculin A (0.5uM for 6 hours) in my hands (Figure 4.7a).

In further support of Scenario B, the Piccolo group have identified several actomyosin
modulators such as the actin polymerising formin DIAPH3 (Goode and Eck, 2007) as
YAP/TAZ/TEAD direct target genes (Zanconato et al., 2015). Additionally, our group has
recently demonstrated Hippo pathway-dependent inhibition of actin stress fibre formation in

the context of contact inhibition at high cell densities (Pavel et al., manuscript in preparation).

With this literature in mind, I conducted experiments in which HeLa cells were treated with
siSORSB3 in the presence and absence of siRNA against YAP and TAZ. siYAP/TAZ double
knockdown cells (outlined in white) did exhibit fewer stress fibres by phalloidin staining

(siYAP/TAZ; siCntrl in Figure 4.8b). However, siYAP/TAZ treatment was not sufficient to
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Figure 4.8: F-actin structure changes under siSORBS3 treatment are upstream to YAP/TAZ.

a. Alternative chronologies in vinexin beta depleted cells. Scenario A: increased F-actin structures
and YAP/TAZ activity under siSORBS3 treatment independently promote autophagy; Scenario
B: increased YAP/TAZ activity under siSORBS3 treatment promotes autophagy by upregulating
F-actin; Scenario C: increased F-actin structures under siSORBS3 treatment promote
autophagy by upregulating YAP/TAZ activity.

b. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7) and YAP/TAZ using a pools of 4 siRNA oligonucleotides against
YAP and TAZ (siYAP/TAZ). Endogenous F-actin was visualised using Alexa Fluor 488-
conjugated phalloidin and YAP/TAZ was examined by immunofluorescence. Representative
confocal images from 2 independent experiments are shown. YAP and TAZ depleted cells are
outlined in white. Green = F-actin (Alexa Fluor 488); purple = YAP/TAZ (Alexa Fluor 647); blue
= DAPI. Scale bars indicate 20 um.

c. Quantification using ImageJ software of F-actin structures per cell and F-actin structure size
(pixels) from 5 images per condition for the representative experiment shown in a. n = 48
(siCntrl; siCntrl); 56 (siCntrl; sSiISORBS3); 41 (siYAP/TAZ; siCntrl); 23 (siYAP/TAZ; siSORBS3).
Error bars indicate SD.



ameliorate the increase in F-actin structures observed upon siSORSB3 treatment (siCntrl;
siSORBS3 compared with siYAP/TAZ; siSORBS3 in Figure 4.8b). When quantified, these
experiments replicated data presented in Figure 4.5a-b; vinexin beta depletion increased F-
actin structures per cell, although the average size of these structures was smaller, in both the
presence and absence of siYAP/TAZ (Figure 4.8c). I interpreted these findings as support for
Scenario C (Figure 4.8a) in which increased F-actin structures under siSORBS3 treatment

promote autophagy via a downstream, Y AP/TAZ-dependent mechanism.

4.9 Angiomotins counter YAP/TAZ nuclear translocation under siSORBS3 treatment by
retaining YAP/TAZ in the cytosol

I next considered the mechanism by which increased F-actin structures upon vinexin beta
depletion might upregulate YAP/TAZ activity. This could involve angiomotins (AMOTs),
which are reported to function between actin cytoskeleton dynamics and YAP/TAZ
regulation (see chapter 1) (Mana-Capelli et al., 2014). AMOT family proteins interact with
YAP/TAZ in the cytosol via N-terminal L/PPxY motifs binding the WW domains of
YAP/TAZ (Chan et al., 2011; Wang et al., 2011; Zhao et al., 2011a). Accordingly,
overexpression of full-length AMOT p130 or AMOTLI (angiomotin-like protein 1) causes
Y AP/TAZ retention in the cytosol (Chan et al., 2011), while AMOTL2 (angiomotin-like
protein 2) knockdown promotes YAP/TAZ nuclear localisation (Zhao et al., 2011a). As the
AMOT F-actin binding region was found to be closely flanked by the aforementioned
L/PPxY motifs, Mana-Capelli et al. propose F-actin and YAP/TAZ compete for AMOT
binding. Indeed, recombinant Y AP displaces pre-bound F-actin from recombinant AMOT
p130 by in vitro competition assay and overexpressing F-actin binding-deficient AMOT p130
mutants inhibited YAP/TAZ activity to an even greater extent than overexpressing wild type

AMOT p130 (Mana-Capelli et al., 2014).

As expected, overexpression of haemagglutinin-tagged AMOT p130 (pcDNA-HA-
AMOT(p130)) seemed to sequester YAP/TAZ in the cytosol (pcDNA-empty; siCntrl
compared with pcDNA-HA-AMOT(p130); siCntrl in Figure 4.9a). In this way, HA-
AMOT(p130) overexpression reduced YAP/TAZ nuclear staining, even in siSORBS3 treated
cells (Figure 4.9a). The percentage of cells showing predominantly nuclear YAP/TAZ
staining (N > C) was not significantly increased, nor the percentage showing predominantly
cytosolic staining (N < C) significantly decreased, under siSORBS3 treatment when HA-
AMOT(p130) was overexpressed (Figure 4.9b). These data suggest increased YAP/TAZ

125



pcDNA-empty
siCntrl

siSORBS3

siCntrl

pcDNA-HA-AMOT (p130)

siSORBS3

b
siSORBS3
pcDNA-empty
siCntrl
siSORBS3 _
DNA-HA-AMOT(p130) ns = N>C
C - -
P P - B N=C

s 5 s o s o
% cells analysed

Figure 4.9: angiomotin p130 overexpression ameliorates YAP/TAZ nuclear translocation

caused by vinexin beta depletion.

a. Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBS3; oligo 7). siCntrl and siSORBS3 treated cells were transfected with
pcDNA-HA-AMOT(p130) or empty vector control (pcDNA-empty) for 24 hours. Haemagglutinin
(HA) and endogenous YAP/TAZ were examined by immunofluorescence. Representative
confocal images from 3 independent experiments are shown. Red = HA (Alexa Fluor 568);
green = YAP/TAZ (Alexa Fluor 488); blue = DAPI. Scale bars indicate 20 um.

b. Cells with predominantly nuclear YAP/TAZ (N > C), YAP/TAZ equally distributed between
nucleus and cytosol (N = C) and predominantly cytosolic YAP/TAZ (C > N) where manually
quantified. Quantification of the representative experiment shown ina. ns = p > 0.05; ** =p <
0.01; ** = p < 0.001 by 2-tailed Student’s t-test. Red asterisks represent p value for N > C; blue
asterisks represent N < C p vale. n = 56 (pcDNA-empty; siCntrl); 68 (pcDNA-empty;
siSORBS3); 70 (pcDNA-HA-AMOT; siCntrl); 45 (pcDNA-HA-AMOT; siSORBS3). Error bars
indicate SD.



nuclear localisation upon vinexin beta depletion can be ameliorated by saturating AMOT
binding sites on F-actin via AMOT overexpression, thereby freeing excess AMOT to

sequester YAP/TAZ in the cytosol.

4.10 Altered actin cytoskeleton dynamics upon vinexin beta depletion prevent YAP/TAZ

cytosolic sequestration by angiomotins

Findings presented in Figure 4.9 are consistent with the hypothesis that increased F-actin
structures under siSORBS3 treatment upregulate YAP/TAZ activity by sequestering

Y AP/TAZ inhibitors, namely members of the AMOT protein family. I aimed to test this
hypothesis by examining the effect of vinexin beta depletion on the interaction between
AMOTs and YAP/TAZ. Endogenous YAP and TAZ were immunoprecipitated from HeLa
cell lysate using an antibody that recognises both proteins (YAP/TAZ IP; Figure 4.10a).
Unfortunately, immunoprecipitated TAZ was obscured on western blotting by IgG heavy
chain (as seen with immunoprecipitation using negative control normal IgG). Considering
immunoprecipitated Y AP; slightly less protein was pulled down from siSORBS3 treated cells
than siCntrl treated cells, which corresponds to slightly lower total protein levels in the input
by tubulin loading control. However, upon densitometry quantification (AMOTLI1/YAP IP;
Figure 4.10a) this did not account for the dramatic reduction in endogenous AMOTLI1 pulled
down with YAP/TAZ from vinexin beta depleted cells (Figure 4.10a). Unfortunately, I could
not find commercially available antibodies able to identify AMOT(p130) or AMOTL2 by
western blotting using either whole cell lysate or YAP/TAZ IP samples. It was also not
possible to pull down YAP/TAZ or actin by immunoprecipitating any of the AMOTs (data
not shown), which would have allowed the effect of vinexin beta depletion on competition

between F-actin and YAP/TAZ for AMOT binding to be examined.

This apparent reduction in YAP/AMOTLI binding in siSORBS3 treated cells (Figure 4.10a)
does lend support to the notion increased F-actin structures upon vinexin beta depletion
upregulate YAP/TAZ activity by sequestering AMOTs. However, a more artificial system
was required to further test this hypothesis. HeLa cells were co-transfected with Flag-tagged
YAP (Flag-YAP) and HA-AMOT(p130), then treated with latrunculin A or DMSO vehicle
control. Importantly, latrunculin A treatment was under the same conditions shown
previously to ameliorate increased Y AP/TAZ nuclear localisation and LC3-1I levels upon
vinexin beta depletion (0.5 uM for 6 hours; Figures 4.6 - 4.7). When exogenous Flag-YAP

was immunoprecipitated (Flag IP) under actin depolymerising conditions (latrunculin A),
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Figure 4.10: YAP sequestration by angiomotins is influenced by actin cytoskeleton
dynamics.

a.

Hela cells were depleted of vinexin beta using an individual siRNA oligonucleotide against
SORBS3 (siSORBSS3; oligo 7). Endogenous YAP/TAZ were immunoprecipitated using an
antibody raised in mouse (YAP/TAZ IP). Normal mouse IgG was used as a negative control
(IgG). Endogenous angiomotin-like protein 1 (AMOTL1), YAP/TAZ and tubulin were examined
by western blotting. AMOTL1/YAP IP values are densitometry quantification: amount of YAP
and AMOTL1 (both bands in doublet) in YAP/TAZ IP are expressed relative to YAP and
AMOTL1 in Input and AMOTL1 IP normalised to YAP IP. TAZ is not quantified as obscured by
IgG heavy chain in IP. LE = lighter exposure; DE = darker exposure; molecular weights shown
in kDa.

Hela cells were co-transfected with Flag-YAP and HA-AMOT(p130) for 48 hours. Cells were
treated with latrunculin A (0.5 uM) or DMSO vehicle control for 6 hours. Exogenous Flag-YAP
was immunoprecipitated using a mouse antibody against Flag (Flag IP). Normal mouse IgG
was used as a negative control (IgG). Flag-YAP and HA-AMOT (p130) were examined by
western blotting. Representative blot from 3 independent experiments is shown. Molecular
weights shown in kDa.

Quantification of 3 independent experiments. Amount of Flag-YAP and HA-AMOT(p130) in Flag
IP are expressed relative to Flag-YAP and HA-AMOT(p130) in Input and HA-AMOT(p130) IP
normalised to Flag-YAP IP. * = p < 0.05 by 2-tailed paired t-test. Error bars indicate SEM.



more HA-AMOT(p130) appeared to be pulled down upon western blotting for HA (Figure
4.10b). This result was confirmed by quantification using fluorescent dye-labelled secondary
antibodies and infrared fluorescence detection (see Chapter 2); when Flag-Y AP and HA-
AMOT(p130) levels in Flag IP samples are expressed relative to those in the relevant inputs,
levels of HA-AMOT(p130) pulled down by Flag IP were significantly higher in cells treated
with latrunculin A compared with DMSO. Unfortunately, it was again not possible to pull
down YAP, TAZ or actin by immunoprecipitating exogenous HA-AMOT(p130) (data not

shown).

Although this experiment does not directly test the hypothesis that altered actin cytoskeleton
dynamics upon vinexin beta depletion oppose YAP/TAZ retention in the cytosol by
angiomotins, I interpreted the finding that latrunculin A treatment increases YAP/
AMOT(p130) interaction as strong circumstantial evidence. In other words, that the
mechanism by which destruction of F-actin structures with latrunculin A ameliorates
increased YAP/TAZ nuclear localisation and LC3-II levels under siSORBS3 treatment could
involve freeing actin-bound AMOTs to sequester YAP/TAZ in the cytosol.

4.11 Autophagy upregulation upon vinexin beta depletion requires YAP/TAZ release from

angiomotins

Next I hoped to recapitulate the autophagy phenotype seen under siSORBS3 treatment (see
chapter 3) using AMOT depletion, which upregulates YAP/TAZ activity by promoting
YAP/TAZ nuclear localisation (Mana-Capelli et al., 2014; Wang et al., 2011; Zhao et al.,
2011a). However, using several experimental setups I was unable to achieve the robust triple
knockdown of AMOT(p130), AMOTL1 and AMOTL2 that Mana-Capelli and colleagues
report is necessary to bring about YAP/TAZ nuclear retention (data not shown) (Mana-

Capelli et al., 2014).

I therefore investigated whether changes in YAP/TAZ localisation due to AMOT
overexpression (Figure 4.9) were sufficient to impact autophagy. As expected,
overexpressing HA-AMOT(p130) decreased LC3-II levels by western blotting, most
noticeably when autophagy flux was blocked using bafilomycin Al (BAF; Figure 4.11a).
When quantified relative to GAPDH loading control, LC3-II levels were significantly
increased upon HA-AMOT(p130) overexpression in the presence of BAF (Figure 4.11b).
This finding is consistent with reduced autophagosome biogenesis owing to YAP/TAZ

retention in the cytosol due by excess AMOT.
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Figure 4.11: angiomotin p130 overexpression decreases LC3-ll levels and ameliorates the

increase in autophagy under siSORBSS3.

a. Hela cells were transfected with pcDNA-HA-AMOT(p130) or empty vector control (pcDNA-
empty) for 24 hours. Cells were treated with BAF (400 nM) or DMSO vehicle control for 4 hours.
Haemagglutinin (HA), GAPDH and LC3 protein levels were examined by western blotting.
Representative blot from 4 independent experiments is shown. LE = lighter exposure; DE =
darker exposure; molecular weights shown in kDa.

b. Quantification of 4 independent experiments described in a. LC3-Il (lower band of LC3 doublet)
levels are expressed relative to GAPDH loading control and normalised to LC3-II/GAPDH in
control siRNA (siCntrl) treated cells. * = p < 0.05 by 2-tailed one-sample t-test. Error bars
indicate SEM.

c. Hela cells stably expressing GFP-LC3 were depleted of vinexin beta using an individual siRNA
oligonucleotide against SORBS3 (siSORBS3; oligo 7). siCntrl and siSORBS3 treated cells were
transfected with pcDNA-HA-AMOT (p130) or empty vector control (pcDNA-empty) for 24 hours.
HA was labelled by immunofluorescence and imaged, together with GFP-LC3, by confocal
microscopy. Representative images from 3 independent experiments are shown. Red = HA
(Alexa Fluor 568); green = GFP-LC3; blue = DAPI. Scale bars indicate 20 um.

d. GFP-LC3 puncta from the experiments described in a. were counted manually. Quantification of

3 independent experiments is shown. ns = p > 0.05; * = p < 0.05 by one-way ANOVA followed
by Tukey's multiple comparison test. Error bars indicate SEM.
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To examine whether decreased autophagy due to AMOT overexpression was sufficient to
counter autophagy upregulation in vinexin beta depleted cells, I conducted experiments in
which HelLa cells stably expressing GFP-LC3 were treated with siSORSB3 in the presence
and absence of HA-AMOT(p130) overexpression. Treating GFP-LC3 HelLa with siSORBS3
caused a statistically significant increase in GFP-LC3 puncta per cell under basal conditions
(pcDNA-empty; siCntrl compared with pcDNA-empty; siSORBS3 in Figure 4.11c and d),
which was not seen in cells overexpressing HA-AMOT(p130) (outlined in white in Figure
4.11c; quantified in Figure 4.11d). These data indicate AMOT overexpression is sufficient to
ameliorate increased autophagosome numbers upon vinexin beta depletion. This supports the
hypothesis that autophagy upregulation under siSORBS3 treatment is due to sequestration of
the AMOT family of YAP/TAZ inhibitors by F-actin.

4.12 Concluding remarks

In this chapter I demonstrate vinexin beta depletion increases endogenous YAP/TAZ nuclear
localisation by immunofluorescence microscopy and nuclear/cytosolic fractionation.
Consequently, vinexin beta negatively regulates YAP/TAZ transcriptional activity via TEAD
transcription factors. This is shown by luciferase reporter assay using a synthetic TEAD
promoter and by examining expression of the YAP/TAZ/TEAD target gene CTGF. By
obtaining similar results in autophagy-deficient (47G16L1 CRISPR) cells, I demonstrate
increased YAP/TAZ nuclear localisation and activity under siSORBS3 treatment is upstream
of, and not consequent to, autophagy upregulation following vinexin beta depletion. As
LATS1/2-mediated YAP/TAZ phosphorylation was unchanged under siSORBS3 treatment,
vinexin beta depletion is proposed to increase YAP/TAZ activity independent of Hippo

signalling.

Linking back to findings described in chapter 3, experiments presented in this chapter in
which LC3-II levels under siSORSB3 treatment were examined by western blotting in the
presence and absence of siYAP/TAZ indicate autophagy upregulation following vinexin beta
depletion requires YAP and TAZ. Given vinexin beta depletion upregulates YAP/TAZ
activity, it seems reasonable to suggest the mechanism involves YAP and TAZ functioning as
transcriptional coactivators. However, these data do not exclude a non-transcriptional

mechanism.

This chapter includes the observation that siSORSB3 treatment increases the number of

fluorescent phalloidin-labelled F-actin structures per cell, but that the average size of these
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structures is smaller. Taken together with complementary data obtained by Dr Bento using an
F-: G-actin in vivo assay kit, this observation requires complex interpretation. The
explanation outlined above is that vinexin beta depletion shifts the tripartite equilibrium
between labile (triton soluble) F-actin, stable (triton insoluble) F-actin and G-actin in favour

of the labile F-actin pool.

In agreement with published literature describing Hippo signalling-independent YAP/TAZ
regulation by actin cytoskeleton dynamics (Aragona et al., 2013; Das et al., 2016; Dupont et
al., 2011), F-actin depolymerisation with latrunculin A is reported to ameliorate the increase
in YAP/TAZ nuclear staining upon vinexin beta depletion. Loss of actomyosin tension
following myosin II inhibition with blebbistatin is also shown to counter Y AP/TAZ nuclear
translocation under siSORBS3 treatment, though to a lesser extent than latrunculin A.
However, only latrunculin A treatment ameliorates increased LC3-II levels upon vinexin beta
depletion. These data are taken to indicate vinexin beta depletion promotes autophagy by
increasing F-actin structures and upregulating YAP/TAZ activity, with lesser changes in
YAP/TAZ distribution following blebbistatin treatment being insufficient to ameliorate the
increase in autophagy caused by siSORBS3 treatment.

At this point several alternative chronologies linking autophagy upregulation under
siSORBS3 treatment to increased F-actin structures and YAP/TAZ activity remained formally
possible. However, SORBS3/YAP/TAZ triple knockdown experiments presented above reveal
the same alterations in actin cytoskeleton dynamics upon vinexin beta depletion in both the
presence and absence of siYAP/TAZ. This favours the hypothesis that increased F-actin
structures under siSORBS3 treatment promote autophagy via a downstream, YAP/TAZ-

dependent mechanism.

In the last sections of this chapter I describe how overexpression of the F-actin and
YAP/TAZ binding protein AMOT p130 counters both increased YAP/TAZ nuclear
localisation and autophagy upregulation upon vinexin beta depletion. This is shown using
immunofluorescence microscopy and cells stably expressing GFP-LC3, respectively. The
explanation suggested above is that AMOT overexpression saturates AMOT binding sites on
F-actin, thereby freeing excess AMOT to sequester YAP/TAZ in the cytosol and
downregulate autophagy, even when F-actin structures are increased by siSORBS3 treatment.
Moreover, less endogenous AMOTLI is pulled down by YAP/TAZ immunoprecipitation

from cells depleted of vinexin beta. Given F-actin depolymerisation with latrunculin A is
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found to increase interaction between exogenously expressed Flag-YA and HA-
AMOT(p130) by immunoprecipitation, this finding concurs with F-actin competing with
YAP/TAZ for binding to AMOTs.

As summarised in Figure 4.12, the conclusions I draw from data presented in this chapter are
that increased F-actin structures following vinexin beta depletion compete with YAP/TAZ for
AMOT binding. In this way, YAP/TAZ is released from sequestration in the cytosol by
AMOTs to enter the nucleus and increase YAP/TAZ transcriptional activity through TEAD

transcription factors, thereby upregulating autophagy.
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Figure 4.12: increased F-actin structures in vinexin beta depleted cells sequester
angiomotins, thereby releasing YAP/TAZ to enter the nucleus.
Schematic diagram of the hypothesised situation in siCntrl and siSORBS3 treated cells. siCntrl:
angiomotins (AMOTs) bind and retain YAP/TAZ in the cytosol, thereby preventing YAP/TAZ activity
from upregulating autophagy. siSORBSS3: increased F-actin structures compete with YAP/TAZ for
AMOT binding. YAP/TAZ is released to enter the nucleus and upregulate YAP/TAZ transcriptional
activity through TEAD transcription factors to upregulate autophagy.
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5 Vinexin decreases hepatocellular carcinoma cell line tumourigenicity by

negatively regulating YAP/TAZ activity and autophagy

5.1 Introduction

Roessler and colleagues’ reported that deletion of a six gene cluster on chromosome 8p,
which includes SORBS3 predicts poor outcomes in hepatocellular carcinoma (HCC) patients
(Roessler et al., 2012). In this publication, the tumour suppressive properties of the SORBS3
gene product vinexin are validated in both cell culture and mouse xenograft experiments; re-
expression of vinexin alpha in HCC cell lines reduced migration and colony formation, with
vinexin-transfected Hep3B cells giving fewer and smaller tumours upon subcutaneous
injection into immunocompromised mice than cells transfected with empty vector (Roessler
et al., 2012). It has subsequently been suggested that vinexin functions as a tumour
suppressor by indirectly inhibiting the proliferative and anti-apoptotic IL-6/STAT3 pathway
via altered oestrogen receptor signalling (Ploeger et al., 2016). However, this does not
preclude the existence of other mechanisms by which SORBS3 deletion could drive cancer

progression, as in YAP/TAZ disinhibition and/or increased autophagy.

Using published mRNA microarray data (Thurnherr et al., 2016), again in collaboration with
bioinformatician Dr Peter Sterk, I sought to replicate Roessler and colleagues’ finding that
SORBS3 is commonly underexpressed in HCC (Roessler et al., 2012). By comparison with
vinexin-replete HuH7 HCC cells, I aimed to characterise HepG2 HCC cells as vinexin-
deficient and therefore unable to upregulate YAP/TAZ activity or downstream clonogenicity
following siSORBS3 treatment. This characterisation provided a context for the key
experiments in this chapter, in which vinexin alpha was stably re-expressed in HepG2 cells
with consequences for YAP/TAZ localisation, autophagy and clonogenicity that are relevant

to SORBS3 being a candidate tumour suppressor gene.
5.2 SORBS3 mRNA expression is commonly downregulated in hepatocellular carcinoma

Dr Sterk analysed published two-colour microarray data from 100 primary human HCC
samples and adjacent non-malignant tissue (Thurnherr et al., 2016). This revealed significant
lower SORBS3 mRNA expression in HCC samples, compared with adjacent non-malignant
tissue (Figure 5.1). 76 out of the 100 HCC samples analysed shower lower SORBS3 mRNA
expression than adjacent non-malignant tissue and the median fold change in SORSB3 mRNA

expression between tumour and non-tumour samples was around 0.7. This replicates Roessler
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Figure 5.1: primary hepatocellular carcinoma tissue commonly features decreased SORBS3
MRNA expression.

Analysis of published two-colour microarray data. Fold change (log2) in SORBS3 mRNA
expression in 100 primary human hepatocellular carcinoma (HCC) tissue samples (Cyanine5)
compared with adjacent non-malignant tissue samples (Cyanine3).Tumours from 76 of the 100
HCC patient samples exhibit decreased SORBS3 mRNA expression compared with adjacent non-
malignant tissue. Median fold change (Ilog2) and interquartile range are shown. *** = adjusted p <
0.001 by one sample t-test with false discovery rate controlled by Benjamini-Hochberg procedure.
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and colleagues’ findings using three HCC cohorts and three breast cancer cohorts (Roessler et

al., 2012), thereby supporting the notion vinexin has tumour suppressive functions.

5.3 Vinexin-deficient HepG?2 cells are unable to upregulate YAP/TAZ activity or

downstream clonogenicity under siSORBS3 treatment

Vinexin expression was examined in five hepatitis B virus-negative human HCC cell lines by
western blotting, together with GAPDH loading control (Figure 5.2a). HuH6, HuH7, HLE
and Li7 cells gave a band around 37 kDa, which corresponds to vinexin beta, together with a
non-specific band around 70 kDa that is present in all cell lines tested (ns; including HelLa,
RPE and HEK293). In contrast, HepG2 cells did not appear to express vinexin beta. These
findings are in agreement with Ploeger et al., who report HepG2 cells show reduced SORBS3
expression compared with HuH7 and HLE cells on both the mRNA and protein level
(Ploeger et al., 2016). HepG2 cells did give faint bands around 60 and 45 kDa, which Ploeger
et al. speculate correspond to longer vinexin isoforms such as vinexin alpha (predicted

molecular weight 82 kDa).

Given these are immortalised cell lines generated from single clones, meaningful data cannot
be obtained by comparing the lines directly. However, it is possible to compare the impact of
interventions on vinexin-deficient and vinexin-replete cell lines. With this in mind, HepG2
(vinexin-deficient) and HuH7 (vinexin-replete) cells were treated with siSORBS3 in the
presence and absence of siRNA against YAP and T4AZ. HepG2 and HuH?7 cells were found to
express comparable levels of YAP and TAZ by western blotting, with substantial reductions
in YAP and TAZ levels under siYAP/TAZ treatment in both cell lines (Figure 5.2b). While
treating HuH7 cells with siRNA against SORBS3 brought about robust reductions in vinexin
beta levels, there was no change in bands seen using the same antibody with HepG2 cell
lysate (Figure 5.2b). This finding opposes Ploeger and colleagues’ view that bands around 60
and 45 kDa correspond to longer vinexin isoforms (Ploeger et al., 2016) and implies HepG2
cells do not express any vinexin protein, which is to be expected if these cells feature the

chromosome 8p deletion common in human HCC lines (Zimonjic et al., 1999).

As observed in HeLa cells (Figure 4.2a), when HuH7 cells were transfected with a

Y AP/TAZ-responsive synthetic TEAD promoter driving luciferase expression, luminescence
measured by dual-luciferase reporter assay was significantly higher in siSORBS3 treated cells
compared with siCntrl treated cells (HuH7 siCntrl; siCntrl compared with siCntrl; siSORBS3

in Figure 5.2¢). Unsurprisingly given the apparent lack of vinexin expression, siSORBS3
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Figure 5.2: owing to reduced vinexin expression, unlike HUH7 hepatocellular carcinoma

cells, HepG2 hepatocellular carcinoma cells cannot upregulate YAP/TAZ activity under

siSORBS3 treatment.

a. Endogenous vinexin and GAPDH levels were examined by western blotting (images acquired
using an Odyssey Imager) in HuH6, HuH7, HLE, HepG2 and Li7 hepatocellular carcinoma cells.
Vinexin beta is seen around 37 kDa. ns = non-specific band; molecular weights shown in kDa.

b. HuH7 and HepG2 cells were depleted of vinexin using an individual siRNA oligonucleotide
against SORBS3 (siSORBS3; oligo 7) in the presence or absence of pools of 4 siRNA
oligonucleotides against YAP and TAZ (siYAP/TAZ). Endogenous vinexin, YAP/TAZ and
GAPDH levels were examined by western blotting (images acquired using ECL detection
reagents). Vinexin beta is seen around 37 kDa. Representative blots from 3 independent
experiments are shown. ns = non-specific band; molecular weights shown in kDa.

c. As part of the experiments described in b., HuH7 and HepG2 cells were transfected with
synthetic TEAD promoter driving luciferase expression (pGL3b-8xGTIIC-luciferase) for 24
hours. Luminescence (firefly luciferase activity relative to Renilla luciferase activity) was
measured by dual-luciferase reporter assay and normalised to control siRNA treated cells
(siCntrl; Cntrl). Quantification of 3 independent experiments is shown. ns = > 0.05, * = p < 0.05,
** =p < 0.01 by one-way ANOVA followed by Tukey's multiple comparison test. Error bars
indicate SEM.

d. HuH7 and HepG2 cells were depleted of vinexin, YAP and TAZ as in b. Cell survival and
proliferation was assayed by clonogenic assay. 1,000 cells were seeded per well in 6-well plates
and grown for 10 days before staining with crystal violet solution. Representative images from
an experiment performed in technical triplicate are shown. Mean colonies per well + SD
(rounded to the nearest whole number) are superimposed on images.
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treatment had no effect on luminescence measured in HepG2 cells (HepG2 siCntrl; siCntrl
compared with siCntrl; siSORBS3 in Figure 5.2¢). Reassuringly, synthetic TEAD promoter-
driven luciferase expression was substantially reduced in both HuH7 and HepG2 cells

depleted of YAP and TAZ (siYAP/TAZ; Figure 5.2c¢).

The lack of YAP/TAZ activity upregulation in HepG2 cells following siSORBS3 treatment
was observed to impact clonogenicity (Figure 5.2d). Number of colonies per well represents
the number of cells from a fixed-size starting sample (1,000) that retain the ability to
proliferate into colonies (Franken et al., 2006). Hence, although clonogenic assays
predominantly measure cell survival, proliferative speed also comes into play; slowly
proliferating cells are unable to produce colonies large enough to visualise after the 10 days

allowed here.

In agreement with YAP/TAZ transcriptional activity promoting cell survival and proliferation
(Zhao et al., 2008), siYAP/TAZ treatment substantially reduced both HuH7 and HepG2
colonies per well after 10 days growth (siYAP/TAZ; Figure 5.2d). Indeed siYAP/TAZ
treatment was sufficient to abolish the increase in HuH7 colonies per well caused by
siSORBS3 treatment (HuH7 siCntrl compared with siYAP/TAZ in Figure 5.2d), which
suggests the increased clonogenicity under siSORBS3 treatment is Y AP/TAZ-dependent.
siSORBS3 treatment accordingly failed to increase HepG2 clonogenicity (HepG2 siCntrl;
siCntrl compared with siCntrl; siSORBS3 in Figure 5.2d).

Results presented in Figure 5.2 indicate HepG2 (vinexin-deficient) cells respond to
YAP/TAZ depletion as predicted by the literature, in much the same way as HuH7 (vinexin-
replete) HCC cells. However, neither YAP/TAZ activity nor downstream clonogenicity is
altered in HepG2 cells under siSORBS3 treatment. Taken together, these findings suggest
HepG?2 cells provide a useful model for exploring mechanisms by which vinexin could

function as a tumour suppressor in HCC.
5.4 Vinexin alpha re-expression counters nuclear YAP/TAZ localisation in HepG?2 cells

YAP and TAZ function oncogenically in multiple human cancers, with increased YAP/TAZ
transcription activity promoting tumour cell proliferation, metastatic potential and resistance
to apoptosis in a multiple cancer models (see section 1.3.5.3) (Moroishi et al., 2015).

Notably, YAP activation de-differentiates adult murine hepatocytes into progenitor cells that

exhibit cancer stem cell-like properties, such as clonogenicity (Yimlamai et al., 2014).
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In order to investigate possible functional consequences of SORBS3 underexpression in HCC,
in collaboration with PhD student Anne Jackson, I prepared polyclonal HepG2 cell lines
stably expressing mEmerald-tagged vinexin alpha (mEmerald-vinexin alpha) or empty vector
control (mEmerald-empty) at physiologically relevant levels. Since HepG2 cells do not
appear to express any vinexin protein (Figure 5.2), we considered HepG2 cell lines stably

expressing mEmerald-vinexin alpha as genetically reconstituted.

Concurrent with vinexin depletion increasing Y AP/TAZ nuclear localisation in HeLa cells
(Figures 4.1), around 80% of HepG2 cells stably expressing mEmerald-empty showed
predominantly nuclear YAP/TAZ staining by immunofluorescence (N > C; Figure 5.3a-b).
This phenotype was ameliorated by vinexin re-expression, with significantly fewer (around
65%) HepG2 cells stably expressing mEmerald-vinexin alpha showing N > C staining and
significantly more (30%, compared with 17%) showing equal nuclear and cytosolic
YAP/TAZ staining (N = C; Figure 5.3b). These data support the hypothesis that increased
YAP/TAZ nuclear localisation and consequent hyperactivation contribute to the mechanism

by which vinexin underexpression drives HCC progression.
5.5 Vinexin deficiency drives autophagy in HepG?2 cells

One popular interpretation of the complicated literature linking autophagy to cancer is that,
while maintenance of cellular homeostasis by autophagy can protect against malignant
transformation, autophagy also drives resistance to conditions that cause cell death (as in
nutrient starvation) and thereby promotes metastatic tumour progression (Galluzzi et al.,
2015). For example, immunocompromised mice orthotopically implanted with autophagy-
deficient HCC cells (BECNI or ATGS stable knockdown) exhibit significantly fewer
pulmonary metastases than those implanted with autophagy-competent control lines (Peng et
al., 2013). Follow-up experiments in this publication suggest autophagy does not impact
invasion, migration or epithelial-mesenchymal transition by these cells, but that autophagy-
deficient lines are more susceptible to anoikis and therefore less able to survive in the

metastatic niche (Peng et al., 2013).

Autophagy was assessed in HepG2 cells stably expressing mEmerald-empty or mEmerald-
vinexin alpha by measuring LC3-II (lower band of LC3 doublet) by western blotting. For
these experiments, several biological replicates were performed by Anne Jackson. Concurrent
with the YAP/TAZ-dependent increase in autophagy caused by vinexin depletion in HeLa

cells (Figure 4.3), vinexin re-expression in HepG2 cells decreased LC3-II levels under basal
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Figure 5.3: vinexin alpha re-expression ameliorates YAP/TAZ nuclear localisation in HepG2

hepatocellular carcinoma cells.

a. mEmerald-vinexin alpha or empty vector control (mEmerald-empty) were stably expressed in
HepG2 cells. Endogenous YAP/TAZ were examined by immunofluorescence and confocal
microscopy, together with mEmerald. Representative images from 3 independent experiments
are shown. Green = mEmerald; YAP/TAZ (Alexa Fluor 568); blue = DAPI. Scale bars indicate
50 pym.

b. Cells showing predominantly nuclear YAP/TAZ staining (N > C), equal nuclear and cytosolic
YAP/TAZ staining (N = C) and predominantly cytosolic YAP/TAZ staining (N < C) were manually
counted from confocal images acquired as described in a. Quantification of the representative
experiment shown in a. ** = p < 0.01 by 2-tailed Student’s t-test. Red asterisks represent p
value for N > C; green asterisks represent p vale for N = C. n = 335 (mEmerald-empty), 473
(mEmerald-vinexin alpha, siSORBS3). Error bars indicate SD.

143



conditions (Figure 5.4a-b). This indicates vinexin underexpression could enable HCC cells to
resist tumour microenvironment stressors by upregulating autophagy. To further test this
hypothesis, endogenous LC3 puncta were visualised by immunofluorescence in HepG2 cells
stably expressing mEmerald-empty or mEmerald-vinexin alpha. For these experiments,
coverslips were prepared for imaging by Anne Jackson before I performed the confocal
microscopy. Fewer LC3 puncta were observed upon vinexin re-expression in HepG2 cells
under EBSS starvation (Figure 5.4¢), which was confirmed by quantification (EBSS; Figure
5.4d).

I noted an apparent discrepancy between data collected under basal conditions; vinexin re-
expression decreased LC3-I1I levels (Figure 5.4a-b), while LC3 puncta numbers were
unaltered (Basal; Figure 5.4d). However, our group has previously demonstrated these assays
differentially interrogate the autophagy pathway (Korolchuk et al., 2011). Korolchuk and
colleagues describe that LC3 puncta correspond to multiple autophagy structures (unclosed
phagophores, autophagosomes and autolysosomes), while LC3-II protein levels represent

steady-state autophagosomes only.

Overall, data presented in Figures 5.3 and 5.4 suggest vinexin underexpression could drive
HCC progression through YAP/TAZ hyperactivation, in part because (as outlined in chapter
4) YAP/TAZ upregulation promotes autophagy.

5.6 Vinexin negatively regulates clonogenicity in HepG?2 cells

I next examined HepG?2 cells stably expressing mEmerald-empty or mEmerald-vinexin alpha
by clonogenic assay (introduced in section 5.3). Vinexin re-expression significantly reduced
HepG?2 cell clonogenic capacity. Upon quantification, HepG2 cells stably expressing
mEmerald-vinexin empty formed nearly twice as many colonies per well as those stably
expressing mEmerald-vinexin alpha (Figure 5.5a-b). These data indicate vinexin deficiency
promotes clonogenicity, suggesting increased cell survival and proliferation contribute to the

mechanism by which vinexin underexpression drives HCC progression.

As highlighted above, cancer stem cell-like progenitors derived from adult murine
hepatocytes following YAP activation show enhanced clonogenic capacity (Yimlamai et al.,
2014). This makes sense given YAP/TAZ/TEAD transcriptional activity promotes cell
proliferation and survival (Zhao et al., 2008). With regards to the role of autophagy in
clonogenicity, as with the wider role of autophagy in cancer, the published literature is

complicated and context-dependent. In the seminal publication linking autophagy to cancer,
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Figure 5.4: vinexin alpha re-expression downregulates autophagy in HepG2 hepatocellular

carcinoma cells.

a. mEmerald-vinexin alpha and mEmerald protein levels, together with endogenous GAPDH and
LC3 protein levels in HepG2 cells stably expressing mEmerald-vinexin alpha or empty vector
control (mEmerald-empty) were examined by western blotting. Representative blots from 5
independent experiments are shown. LE = lighter exposure; DE = darker exposure; molecular
weights shown in kDa.

b. Quantification of 5 independent experiments. LC3-II (lower band of LC3 doublet) levels are
expressed relative to GAPDH loading control and normalised to LC3-1I/GAPDH in cells stably
expressing mEmerald-empty. * = p < 0.05 by 2-tailed one-sample t-test. Error bars indicate
SEM.

c. HepG2 cells stably expressing mEmerald-empty or mEmerald-vinexin alpha were starved in
EBSS or left in complete media (basal) for 4 hours. Endogenous LC3 was examined by
immunofluorescence and confocal microscopy. Representative images from the starved
condition in 3 independent experiments are shown. Red = LC3 (Alexa Fluor 568); blue = DAPI.
Scale bars indicate 50 um.

d. LC3 puncta were counted from confocal images acquired as described in c. using ImageJ

software. Quantification of 3 independent experiments is shown. ** = p < 0.01 by 2-tailed paired
t-test. Error bars indicate SEM.
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Figure 5.5: vinexin alpha re-expression downregulates HepG2 hepatocellular carcinoma cell

survival and proliferation.

a. Clonogenic assays were performed with HepG2 cells stably expressing mEmerald-vinexin
alpha or empty vector control (mEmerald-empty). 1,000 cells were seeded per well in 6-well
plates and grown for 10 days before staining with crystal violet solution. Representative images
from 3 independent experiments performed in technical triplicate are shown.

b. Cell colonies described in a. were counted manually. Quantification of 3 independent
experiments. Colonies per well for mEmerald-vinexin alpha HepG2 cells are expressed relative
to mEmerald-empty HepG2 cells. * = p < 0.05 by 2-tailed one-sample t-test. Error bars indicate
SEM.
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re-expression of the core autophagy protein Beclin-1 in MCF7 breast adenocarcinoma cells is
shown to reduce proliferation by clonogenic assay (Liang et al., 1999). On the other hand,
expression of the canonical autophagy adaptor p62 is required for effective colony formation
following Ras-mediated oncogenic transformation (Duran et al., 2008). Accordingly, while
the published literature clearly supports the notion vinexin negatively regulates clonogenicity
by decreasing YAP/TAZ transcriptional activity, the likely relative contribution of decreased

autophagy is unclear.
5.7 Concluding remarks

In this chapter I present findings from Dr Sterk’s analysis using published microarray data
from HCC samples and adjacent non-malignant tissue, which replicate Roessler and
colleagues’ finding that SORBS3 is commonly underexpressed in HCC (Roessler et al.,
2012). This supports the notion SORBS3 functions as a tumour suppressor gene.

Having characterised HepG2 HCC cells as vinexin-deficient, with neither YAP/TAZ activity
nor downstream clonogenicity altered under siSORBS3 treatment, I went on to use HepG2
cells stably re-expressing vinexin to explore mechanisms by which vinexin could function as
a tumour suppressor in HCC. In this way, I show that vinexin re-expression ameliorates
nuclear YAP/TAZ localisation and decreases autophagy, demonstrated in chapter 4 to be
downstream to YAP/TAZ activity. This reduction in autophagy is most apparent under
nutrient starvation, which is relevant to the role of autophagy supporting cancer cell survival
in the tumour microenvironment. I also report that vinexin re-expression decreases the
clonogenic capacity of HepG2 cells. However, the relative contributions made by decreased
cell proliferation and reduced apoptosis due to downregulated YAP/TAZ transcriptional
activity, as opposed to decreased survival consequent to autophagy downregulation remain

unclear.

Data presented in this chapter therefore support the hypothesis that vinexin functions as a
tumour suppressor; opposing cancer cell proliferation and resistance to apoptosis by
negatively regulating YAP/TAZ/TEAD transcriptional activity, as well as impairing cancer
cell survival by decreasing autophagy. This is in addition to the mechanism recently
published by Ploeger and colleagues, whereby vinexin functions cooperatively with SH2D4A
to decrease tumourgenesis by inhibiting the proliferative and anti-apoptotic IL-6/STAT3
pathway (Ploeger et al., 2016).
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6 Discussion

In this chapter I summarise the main findings presented above (see Figure 6.1), before
highlighting several outstanding questions arising from the data. Finally, the intriguing
possibility vinexin functions at the intersection between several cancer biology pathways is

discussed (see Figure 6.2).
6.1 Results summary

Although Lipinski and colleagues have previously reported siSORBS3 treatment promotes
autophagy (Lipinski et al., 2010a), results presented above constitute the first in-depth

characterisation of vinexin (encoded by SORBS3) as an autophagy regulator.

Mechanistically, I demonstrate vinexin regulates autophagy through the transcriptional
coactivators YAP and TAZ. siSORBS3 treatment alters actin cytoskeleton dynamics,
increasing F-actin bundles. These structures compete with YAP/TAZ for binding to
angiomotins (AMOT p130, AMOTL1 and AMOTL?2) in the cytoplasm. This promotes
YAP/TAZ nuclear translocation and transcriptional activity via TEAD transcription factors,
which our lab and others have shown upregulates autophagy (Pavel et al., manuscript in

preparation) (Song et al., 2015).

These findings are potentially relevant to normal brain ageing; SORBS3 mRNA expression is
increased in frontal cortex and hippocampal tissue from older human donors, while core
autophagy genes (BECNI1, ATGS5, ATG7 and PIK3(C3) are concurrently transcriptionally
downregulated. In addition, SORBS3 deletion predicts worse outcomes in HCC
(hepatocellular carcinoma) (Roessler et al., 2012). Data presented above confirm SORBS3 is
commonly underexpressed in HCC. Moreover, reconstituting vinexin-deficient HCC cells
reduces tumourigenicity through: 1. decreasing YAP/TAZ nuclear localisation, 2.

downregulating autophagy and 3. reducing clonogenicity.

Taken together, results presented in this thesis indicate vinexin is a pathophysiologically

important autophagy regulator, especially with regards to HCC.
6.2 Outstanding questions

The findings summarised above suggest numerous follow-up experiments. These centre on
two main topics: 1. Molecular mechanism linking siSORBS3 treatment to increased

autophagy, 2. SORBS3 as a candidate tumour suppressor in HCC.
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Figure 6.1: vinexin negatively regulates autophagy through YAP/TAZ, with implications for
normal brain ageing and hepatocellular carcinoma.

Schematic diagram summarising the main findings presented in this thesis. Increased SORBS3
expression, as observed in normal brain ageing (left panel), decreases F-actin bundles. This
enables angiomotins (AMOTs) to retain YAP/TAZ in the cytosol, which downregulates autophagy.
Possible deleterious functional consequences (discussed in section 1.1.7.2iii) include impaired
proteostasis and stem cell maintenance in older brains. SORBS3 underexpression, as common in
hepatocellular carcinoma (right panel), decreases F-actin bundles. These structures complete with
YAP/TAZ for AMOT binding, meaning YAP/TAZ is released to enter the nucleus. This upregulates
YAP/TAZ transcriptional activity, which upregulates autophagy. Possible functional consequences
for tumour progression (discussed in section 1.1.8.1ii) include increase cancer cell survival in the
tumour microenvironment, metastasis and chemotherapy resistance.
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i. Does vinexin regulate autophagy through YAP/TAZ/TEAD transcriptional

activity?

siSORBS3 treatment upregulates autophagy downstream to YAP/TAZ. This is assumed to
involve YAP/TAZ functioning through TEAD transcription factors as this accounts for most
YAP/TAZ transcriptional activity (Zanconato et al., 2015). However, I cannot exclude non-
TEAD transcriptional or non-transcriptional mechanisms. This could be investigated using
mutant YAP/TAZ lacking transcriptional activity, as in YAP-ATA (transcriptional activation
domain deleted) (Zhang et al., 2012b). If vinexin does regulate autophagy through YAP/TAZ
transcriptional activity, increased autophagy upon vinexin depletion in siYAP/TAZ double
knockdown cells reconstituted with exogenous Y AP should be ameliorated by YAP-ATA
(used in place of wild type YAP). Other potentially useful tools include YAP-S94A (serine
94 mutated to alanine; cannot bind TEAD transcription factors) and dominant negative
TEADI1 (TEADI1-AC; C-terminal truncated) that inhibits transcription mediated by all four
TEAD transfection factors (Zhao et al., 2008).

ii. How does siSORBS3 treatment increase F-actin bundles?

Vinexin beta depletion increases labile F-actin structures. This is proposed to upregulate
YAP/TAZ transcriptional activity, as F-actin displaces YAP/TAZ from cytosolic
sequestration by AMOTs (Mana-Capelli et al., 2014). Although vinexin has previously been
implicated in actin cytoskeleton dynamics (see section 1.2.2.1), how siSORBS3 treatment

increases F-actin bundles remains to be explored.

One approach would be to investigate whether known actin regulators in the vinexin
interactome are involved. These include the RHO GTPase effector rhotekin (Nagata et al.,
2009) that functions in actin cytoskeleton reorganisation (Reid et al., 1996), together with the
WASP family proteins N-WASP and WAVE2 (Mitsushima et al., 2006a) that promote actin
polymerisation (Leng et al., 2005; Rohatgi et al., 1999). Alternatively, known F-actin
modulators could be screened to identify those required for increased F-actin bundles under

siISORBS3 treatment.

iii. Is decreased clonogenicity in ‘vinexin reconstituted’ HepG2 cells autophagy-

dependent?

Compared to HepG2 (HCC cell line) cells stably expressing mEmerald-empty, HepG2 cells

reconstituted with mEmerald-vinexin alpha show reduced clonogenic capacity. This
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correlates with impaired autophagy (especially under nutrient starvation) and decreased

YAP/TAZ nuclear localisation.

Although proliferation makes some contribution, clonogenic assays predominantly measure
cell survival (Franken et al., 2006). Autophagy facilitates cell survival under nutrient
deprivation and hypoxia in the tumour microenvironment (Galluzzi et al., 2015), while

Y AP/TAZ transcriptional activity promotes resistance to apoptosis in cancer cells (Moroishi
et al., 2015). Hence, decreased clonogenicity in reconstituted HepG2 cells might conceivably
stem from either impaired autophagy or decreased YAP/TAZ nuclear localisation (or both in

combination).

Provisional experiments to address this uncertainty are currently being performed by Dr
Maurizio Renna. siRNA against A7G7 and ATG10 will be used to counter autophagosome
biogenesis in the aforementioned HepG?2 stable cell lines. If HepG2 cells reconstituted with
mEmerald-vinexin alpha exhibit reduced clonogenicity due to impaired autophagy alone,
siATG7/10 treated mEmerald-empty HepG2 should exhibit similar clonogenicity to
mEmerald-vinexin alpha HepG2 treated with control siRNA (siCntrl). In addition, siATG7/10
treatment should cause no further reduction in mEmerald-vinexin alpha HepG2 clonogenicity

(compared with siCntrl treated mEmerald-vinexin alpha HepG2).

More generally, how relevant the various tumour suppressive functions associated with
vinexin (see Figure 6.2) are to SORBS3 as a risk modifier gene in HCC remains to be
investigated (see section 6.3 below). These functions include downregulating autophagy
downstream to YAP/TAZ inhibition, together with decreasing oncogenic IL-6/STAT3
signalling (Ploeger et al., 2016) and promoting effective mitosis without improper

segregation of genetic materials (Chang and Huang, 2017).
iv. Does vinexin supress cancer cell migration and invasion?

siSORBS3 treatment generates a ‘motile phenotype’; focal adhesions are destabilised
(dynamic focal complexes favoured) and labile F-actin structures increased. Moreover,
Roessler and colleagues report SORBS3 deletion only predicts reduced survival in breast
cancer cohorts featuring metastatic (node-positive) patients (Roessler et al., 2012). These
findings suggest vinexin could oppose cancer progression by supressing tumour cell
dissemination. Roessler and colleagues have previously demonstrated vinexin-deficient HCC
cell lines (HuH1 and Hep3B) show reduced transwell migration upon transfection with

vinexin alpha (Roessler et al., 2012). However, this hypothesis could be further tested using
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orthotopic xenograft models, which involve implanting HCC cells into the livers of
immunocompromised mice (Yang et al., 2013). Although this would enable metastasis to be
examined, data generated using orthotopic models could prove difficult to interpret since
vinexin-deficient cells are hypothesised to generate a greater primary liver tumour burden
(compared to vinexin-replete controls). Indeed Roessler and colleagues’ have previously
reported Hep3B cells expressing exogenous vinexin alpha produce significantly fewer and
smaller tumours upon subcutaneous implantation into immunocompromised mice (Roessler

etal., 2012).
6.3 Vinexin integrates multiple tumourigenic processes

As summarised in Figure 6.2, vinexin is hypothesised to perform multifaceted roles in tumour
suppression. YAP/TAZ transcriptional activity and autophagy are both well-known to
influence tumour progression (Galluzzi et al., 2015; Moroishi et al., 2015). As a tumour
suppressor, SORBS3 represents a novel interface between these and other cancer biology

pathways.
i. YAP/TAZ transcriptional activity

YAP and TAZ perform oncogenic roles in numerous human cancers, including HCC
(Moroishi et al., 2015; Plouffe et al., 2015). These roles partially represent an aberrant
progression from YAP/TAZ transcriptional activity in normal physiology, which is typically
pro-proliferative and anti-apoptotic (Piccolo et al., 2014). For example, TAZ drives
proliferation and anchorage-independent growth in human non-small cell lung cancer cell
lines (Zhou et al., 2011). YAP/TAZ transcriptional activity is also associated with resistance
to various chemotherapy agents such as doxorubicin, paclitaxel and cisplatin (Cordenonsi et
al., 2011; Yang et al., 2017). In addition, YAP and TAZ function in tumour cell
dissemination; depleting either decreases lung cancer cell metastases after injection into
immunocompromised mice tail veins (Lau et al., 2014). These publications indicate vinexin
could counter tumour progression through constraining YAP/TAZ transcriptional activity,

even before considering vinexin negatively regulates autophagy.
ii. Autophagy

Autophagic contributions to genomic stability and proteostasis oppose malignant
transformation (Karantza-Wadsworth et al., 2007; Mathew et al., 2009; Mathew et al., 2007).

However, tumour cells also exhibit context-dependent ‘autophagy addiction’ (Guo et al.,
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Figure 6.2: vinexin performs multiple roles in tumour suppression.

Schematic diagram summarising the main mechanisms by which SORBS3 deletion is
hypothesised to increase tumourigenicity. Vinexin underexpression increases YAP/TAZ
transcriptional activity (red box and arrows), which upregulates autophagy (purple box and arrows).
Vinexin underexpression is also associated (directly and indirectly) with increased focal adhesion
turnover (green box and arrows). This promotes tumour progression through upregulating
oncogenic processes, including: proliferation, survival under endogenous and exogenous stressors
(such as nutrient starvation and chemotherapy) and migration (facilitating metastasis). Others have
reported vinexin depletion enhances pro-proliferative, anti-apopototic IL-6/STAT3 signalling,
together with improper segregation of genetic materials via defective mitosis.
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2011). Inhibiting autophagy (either pharmacologically or genetically) therefore decreases
proliferation and survival in numerous cancer cell lines (Guo et al., 2011; Wei et al., 2011).
Additionally, several research groups have demonstrated tumour cells utilise autophagy to
resist chemotherapy-induced apoptosis (Galluzzi et al., 2015). Adjunct autophagy inhibition
(combined with canonical chemotherapy agents) consequently has therapeutic potential in
certain cancers (Amaravadi et al., 2007). Autophagy is also thought to facilitate metastasis,
especially tumour cell escape from the primary site (Mowers et al., 2017). For example,
Sharifi and colleagues report Atg5/Atg7-deficient 4T1 mammary carcinoma cells only
generate metastases in immunocompromised mice when injected directly into the circulation
(despite forming similarly sized primary tumours to autophagy-competent controls upon
orthotopic implantation) (Sharifi et al., 2016). Irrespective of the molecular mechanism
(decreased YAP/TAZ transcriptional activity), this literature suggests vinexin could reduce

tumourigenicity by inhibiting autophagy.
iii. Focal adhesion turnover

In order to metastasise, tumours cells are required to migrate. This involves focal adhesion
assembly providing traction at the leading edge, which occurs in dynamic equilibrium with
focal adhesion disassembly to facilitate leading edge protrusion and tail retraction (Ridley et

al., 2003).

Vinexin was first identified via yeast two-hybrid screening using the canonical focal adhesion
protein vinculin as bait (Kioka et al., 1999). Data presented above indicate vinexin stabilises
focal adhesions in HeLa cells. This concurs with Kioka and colleagues’ observation that
vinexin alpha overexpression increases vinculin immunostaining at focal adhesions in NIH
3T3 cells (Kioka et al., 1999). There is also growing consensus that autophagy promotes
focal adhesion turnover, with several alternative mechanisms proposed. For instance, Kenific
et al. suggest NBR1-mediated selective autophagy contributes to focal adhesion disassembly,
while Sharifi et al. report paxillin (another canonical focal adhesion protein) is targeted for
autophagic degradation via an LC3-interating region (Kenific et al., 2016; Sharifi et al.,
2016). Rapid focal adhesion turnover typically enhances cancer cell motility, which increases
metastatic propensity (Bijian et al., 2013; Xu et al., 2009b; Xu et al., 2010). Vinexin could
therefore counter tumour progression via stabilising focal adhesions, both directly and

through negatively regulating autophagy-mediated disassembly.
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On the other hand, Nardone and colleagues have recently reported YAP induces focal
adhesion assembly by upregulating focal adhesion-related gene expression (Nardone et al.,
2017). Although the functional consequences with regards to cancer cell motility are
currently unexplored, given migration requires both focal adhesion assembly and disassembly
(Ridley et al., 2003), Nardone and colleagues’ findings do not necessarily contradict the

hypothesis SORBS3 expression influences tumourigenicity via focal adhesion turnover.
iv. Other tumourigenic processes

In addition to the mechanisms discussed above, vinexin has been suggested to counter tumour
progression by inhibiting IL-6/STAT3 signalling (Ploeger et al., 2016), as well as promoting
effective mitosis (Chang and Huang, 2017).

Vinexin alpha is reported to indirectly downregulate pro-proliferative, anti-apoptotic IL-
6/STAT3 signalling via oestrogen receptor alpha interactions (Ploeger et al., 2016). This
concurs with previous studies ascribing oncogenic functions to the transcription factor
STAT3 in HCC and other cancers (Yu et al., 2009; Zhang et al., 2012a). More recently,
vinexin was shown to function in late stage mitosis. HeLa cells treated with siSORBS3 exhibit
increased abscission time due to cytoplasmic bridge resolution failure (Chang and Huang,
2017). This is seemingly incompatible with vinexin suppressing tumour cell proliferation.
However, Chang and Huang argue defective mitosis is oncogenic due to improper

segregation of genetic materials causing polyploidy (Fujiwara et al., 2005).
6.4 Concluding remarks

The results presented in this thesis indicate vinexin regulates autophagy through the
transcriptional coactivators YAP and TAZ. These findings provide a plausible explanation for
SORBS3 deletion predicting worse outcomes in HCC (Roessler et al., 2012). The tumour
suppressive roles performed by vinexin likely extend far beyond downregulating autophagy
downstream to YAP/TAZ inhibition. SORBS3 is therefore a multifaceted tumour suppressor,
which inhibits several tumour progression pathways. Consequently, further investigations
into SORBS3 could have clinical implications regarding cancer treatment and tumour

classification.
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8 Appendix

8.1 Abbreviations

A431
A549
Abeta
ABL

AC

AD

ADP
AKT
AKTISI1
AMOT/L1/L2
AMP
ANOVA
AP-1
ApoE
APP
ARGBP2
ARP2/3
ATG
ATP
AXINI
BAF
BAX
BCL2
BCL2L1/L2
BDL
BECNI1
BH3
BIRC2/5
BKPyV
BSA

Human squamous carcinoma cells

Human lung carcinoma cells

Amyloid beta

ABL proto-oncogene 1, non-receptor tyrosine kinase
Adenylyl cyclase

Alzheimer's disease

Adenosine diphosphate

AKT serine/threonine kinase 1

AKT substrate 1 (also known as PRAS40)
Angiomtin/-like 1/-like 2

Adenosine monophosphate

Analysis of variance

Activator protein 1

Apolipoprotein E

Amyloid precursor protein

ARG-binding protein 2 (also known as SORBS2)
Actin-related proteins 2/3

Autophagy-related

Adenosine triphosphate

Axis inhibition protein 1

Bafilomycin Al

BCL2-associated X protein

B-cell lymphoma 2 protein

BCL2-like 1/-like 2

Bile duct ligation

Beclin 1

BCL2 homologous 3 domain

Baculoviral IAP repeat containing 2/3 protein
Human BK polyomavirus

Bovine serum albumin
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CAMK4
cAMP
CAMTALI
CAP
CAPZ
CBL
CCDC25
CCNA2
CD4
CD63

CDC2/6/42
ChIP
clAPI
CNS
COPII
CREB
CRISPR
CRTC2
CSNKID/E
CTGF
DAG
DAPI
DC
DDIT4
DIAPH3
DLC1
DLGS5
DMEM
DMSO
DNA
DSS
DTT

Calcium/calmodulin-dependent protein kinase 4
Cyclic adenosine monophosphate

Calmodulin binding transcription activator 1
CBL-associated protein (also known as SORBS1)
Capping protein (actin filament) muscle Z-Line
CBL proto-oncogene, E3 ubiquitin protein ligase
Coiled-coil domain containing 25 protein

Cyclin A2

Cluster of differentiation 4 protein

Cluster of differentiation 4 protein (also known as lysosome-
associated membrane glycoprotein 3)

Cell division cycle protein 2/6/42

Chromatin immunoprecipitation

Cellular inhibitor of apoptosis protein 1 (also known as BIRC2)
Central nervous system

Coat protein complex II

cAMP response element binding transcription factor
Clustered regularly interspaced short palindromic repeats
CREB regulated transcription coactivator 2

Casein kinase I isoform delta/epsilon

Connective tissue growth factor

Diacylglycerol

4',6-diamidino-2-phenylindole

Dendritic cell

DNA damage inducible transcript 4 protein
Diaphanous related formin 3

Deleted in liver cancer 1 protein

Discs, large homolog 5 protein

Dulbecco's modified Eagle's medium

Dimethyl sulfoxide

Deoxyribonucleic acid 1
4,4-dimethyl-4-silapentane- 1-sulfonic acid
Dithiothreitol
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Dvll1-3
EBNAI
EBSS
EBV
ECL
ECM
EDA2R
EDTA
EGF
EGFR
EGTA

ELP3
EMT
EPAC
ER
ERGIC
ERK1/2
FACS
FAT4
FGF
FIP200

FOXO3A

FXR

FYCOI1
GABARAP/L1/L2

GAPDH
GDP
GFP
GGPP
GINSI

Dishevelled proteins 1-3

Epstein—Barr virus nuclear antigen 1

Earle's balanced salt solution

Epstein—Barr virus

Electrochemiluminescent

Extracellular matrix

Ectodysplasin A2 receptor
Ethylenediaminetetraacetic acid

Epidermal growth factor

Epidermal growth factor receptor

Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic
acid

Elongator acetyltransferase complex subunit 3
Epithelial-mesenchymal transition

Exchange factor directly activated by cAMP 1
Endoplasmic reticulum

ER-Golgi intermediate compartment

Extracellular signal-regulated kinase 1/2
Fluorescence-activated cell sorting

FAT atypical cadherin 4

Fibroblast growth factor

Focal adhesion kinase family kinase-interacting protein of 200
kDa

Forkhead box O3A

Farnesoid X receptor

FYVE and coiled-coil domain containing 1 protein
Gamma-aminobutyric acid receptor-associated protein/-like 1/-
like2

Glyceraldehyde 3-phosphate dehydrogenase
Guanosine diphosphate

Green fluorescent protein

Geranylgeranyl diphosphate

GINS complex subunit 1

186



GNAQ
GPCR
GTEx
GTP
HI1299
H4

HA
HaCaT
HCC
HCM
HCT-116
HD

HEK 293
HeLa
HEPES
HepG2
HLE
HNRNPU
HOPS
HRP
HSCs
Htt
HuH1
HuH6
HuH7
I1R
iBMK
ICD10
IgG
IKK?2
IL-1B/-6/-18
iIMMECs
IP3

G protein subunit alpha Q

G protein—coupled receptor

Genotype-tissue expression project

Guanosine triphosphate

Human non-small cell lung carcinoma cells
Human neuroglioma cells

Hemagglutinin

Human keratinocyte cells

Hepatocellular carcinoma

Hypertrophic cardiomyopathy

Human colon carcinoma cells

Huntington's disease

Human embryonic kidney cells

Human cervical cancer cells
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
Human hepatocellular carcinoma cells

Human hepatocellular carcinoma cells
Heterogeneous nuclear ribonucleoprotein U
Homotypic fusion and vacuole protein sorting
Horseradish peroxidase

Hematopoietic stem cells

Huntingtin

Human hepatocellular carcinoma cells

Human hepatocellular carcinoma cells

Human hepatocellular carcinoma cells
Imidazoline-1 receptor

Immortalized baby mouse kidney epithelial cells
International Classification of Diseases, tenth revision
Immunoglobulin G

Inhibitor of nuclear factor kappa-B kinase 2
Interleukin-1p/-6/-18

Immortalized mouse mammary epithelial cells

Inositol trisphosphate
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IP3R
INK1
KIF3A/5B
KRAS
LAMP2A
LATS1/2
LC3
LCMV
Li7

LIR
LNCaP
LRP6
MAPK
MCF10A
MCEF7
MCLI
MEF
MHC I/l
MI
MKP3
MMTV
MOB1/2
MSC
MST1/2
mTOR
mTORCI
MYBLI
MYC
MYH7
NBIA
NBR1
NCBI
NCK1/2

Inositol trisphosphate receptor

c-Jun N-terminal kinase 1

Kinesin family member 3A/5B

Kirsten Ras oncogene

Lysosome-associated membrane protein 2

Large tumour suppressor 1/2
Microtubule-associated proteins 1A/1B light chain 3B
Lymphocytic choriomeningitis

Human hepatocellular carcinoma cells
LC3-interacting region

Androgen-sensitive human prostate adenocarcinoma cells
Low density lipoprotein receptor-related protein 6
Mitogen-activated protein kinase

Human breast epithelial cells

Human breast cancer cells

Myeloid cell leukemia 1 protein

Mouse embryonic fibroblasts

Major histocompatibility complex I/I1
Myocardial infarction

Mitogen-activated protein kinase phosphatase 3
Mouse mammary tumour virus

Mps one binder kinase 1/2

Mesenchymal stem cells

Mammalian sterile twenty-like kinase 1/2
Mechanistic target of rapamycin

Mechanistic target of rapamycin complex 1/2
MYB proto-oncogene like 1

Myelocytomatosis oncogene

Myosin heavy chain 7

Neurodegeneration with Brain Iron Accumulation disorder
Neighbour of BRCA1 gene 1 protein

National Centre for Biotechnology Information

Non-catalytic region of tyrosine kinase adaptor protein 1/2
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NDP52 Nuclear dot protein 52

NIH3T3 Mouse embryonic fibroblast cells

NKX2-1 Neurokinin 2 homeobox 1 transcription factor (also known as
TTF-1)

NO Nitric oxide

NSCLC Non-small cell lung carcinoma

NuRD Nucleosome remodelling deacetylase

N-WASP Neural Wiskott-Aldrich syndrome protein

OFDI1 Oral-facial-digital syndrome 1 protein

PAX3/8 Paired box transcription factor 3/8

PBS Phosphate-buffered saline

PC-3 Human prostate cancer cells

PCAF p300/CBP-associated factor histone acetyltransferase

PCR Polymerase chain reaction

PD Parkinson's disease

PDAC Pancreatic ductal adenocarcinoma

PE Phosphatidylethanolamine

PFA Paraformaldehyde

PI(3)P Phosphatidylinositol 3-phosphate

PI(4)P Phosphatidylinositol 4-phosphate

PI(5)P Phosphatidylinositol 5-phosphate

PI3KC3 Phosphatidylinositol 3-kinase catalytic subunit type 3

PI4K2A Phosphatidylinositol 4-kinase type 2 alpha

PINK PTEN-induced putative kinase 1

PIP2 Phosphatidylinositol 4,5-bisphosphate

PIPES 1,4-Piperazinediethanesulfonic acid, Piperazine-1,4-bis(2-
ethanesulfonic acid), Piperazine-N,N’-bis(2-ethanesulfonic acid)

PKD Polycystic kidney disease

PKD2 Polycystin 2

PLC Phospholipase C

PLEKHMI1 Pleckstrin homology domain-containing family M member 1

PP2A Protein phosphatase 2

PPARalpha/gamma Peroxisome proliferator-activated receptor alpha/gamma
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PROSC
PTEN
PVDF

PXN

PyMT
RABI1A/7/7TA
RAC

RAS

RNA
ROCK

ROS

RPE

Rpkm
RPMI-1640
RUNX

S6

SAFB2
SCF(BTRC)

SD

SDS
SEM
SENDA

SFTPC
SH2D4A
SH3
SHH
SHIP2
siRNA

SLCA2/GLUT

SMAD?2/3/4

Proline synthetase cotranscribed homolog protein
Phosphatase and tensin homolog
Polyvinylidene fluoride

Paxillin

Polyomavirus middle T antigen
RAS-associated protein 1A/7/7A

RAS-related C3 botulinum toxin substrate

Rat sarcoma protein

Ribonucleic acid

RHO-associated protein kinase

Reactive oxygen species

Human retinal pigment epithelial cells

Reads per kilobase of transcript per million
Roswell Park Memorial Institute medium-1640
Runt-related transcription factor

Ribosomal protein S6

Scaffold attachment factor B2

Skp1-Cull-F-box protein (beta-transducin repeat containing E3

ubiquitin protein ligase)
Standard deviation
Sodium dodecyl sulphate

Standard error of the mean

Static encephalopathy of childhood with neurodegeneration in

adulthood

Surfactant protein C

SH2 Domain Containing 4A protein

SRC homology 3 domain

Sonic hedgehog protein

SH2 domain-containing inositol 5'-phosphatase 2

Short interfering RNA

Solute carrier family 1 member 2/Glutamate/aspartate

transporter 2

Sma- and Mad-related protein 2/3/4
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SNAP29
SNARE

SOCS7
SORBS1/2/3
SOS1/2
SRCINI
STAT3

STR

T24

T6BP

TAZ

TBK1

TBXS
TEAD1/2/3/4
TECPR1
TEC
TFE3
TFEB
TLR7
TNFSF10
TNNT2
TP53/73
TSC1/2
TTF-1
TUBAIA
ULK1
UVRAG
VAMP3/7

Synaptosome associated protein 29

Soluble N-ethylmaleimide-sensitive factor attachment protein
receptors

Suppressor of cytokine signalling 7

Sorbin and SH3 domain containing 1/2/3

Son of sevenless homolog 1/2

SRC kinase signalling inhibitor 1

Signal transducer and activator of transcription 3

Short tandem repeat

Human bladder carcinoma cells

Tumour necrosis factor receptor-associated factor 6-binding
protein

Transcriptional co-activator with PDZ-binding motif (also
known as WWTR1)

Tumour necrosis factor receptor-associated factor family
member-associated NF-Kappa-B activator binding kinase 1
T-box transcription factor 5

TEA domain family member 1/2/3/4

Tectonin beta-propeller repeat containing 1 protein
Thymic epithelial cells

Transcription factor E3

Transcription factor EB

Toll-like receptor 7

Tumour necrosis factor superfamily member 10

Troponin T2, cardiac type

Tumour protein p53/73

Tuberous sclerosis protein 1/2

Thyroid transcription factor-1

Tubulin alpha la

Unc-51-like autophagy activating kinase 1

UV radiation resistance-associated gene

Vesicle-associated membrane protein 3/7

191



VPS11/15/16/18/33A/3
4/39/41

VSV

VTIIB

WASH
WAVEI1/2
WIPI1/2/4
WWTRI1
XIAP
YAP
YESI1

Vacuolar protein sorting-associated protein
11/15/16/18/33A/34/39/41

Vesicular stomatitis virus

Vesicle transport through interaction with t-SNAREs homolog
1B

WASP and Scar homologue

WASP-family verprolin homologous protein 1/2

WD repeat domain phosphoinositide-interacting protein 1/2/4
WW domain-containing transcription regulator protein 1
X-linked inhibitor of apoptosis protein

YES-associated protein 1

Tyrosine-protein kinase YES
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