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Abstract

The Salvador/Warts/Hippo (Hippo) pathway defines a novel signalling cas-
cade regulating cell contact inhibition, organ size control, cell growth, prolif-
eration, apoptosis and cancer development in mammals. The Hippo pathway
was initially utilised in D. melanogaster, where the Expanded protein acts in
the Hippo signalling cascade to control organ size. Willin is the proposed
human orthologue of Expanded and the aim of this thesis is to investigate
whether willin can activate the mammalian Hippo signalling pathway.

Ectopic willin expression causes an increase in phosphorylation of the core
Hippo signalling pathway components MST1/2, LATS1 and YAP, an effect
which can be antagonised by ezrin. In MCF10A cells, willin over-expression
antagonises a YAP-induced epithelial-to-mesenchymal transition via the N-
terminal FERM (Four-point-one Ezrin Radixin Moesin) domain of willin. Pre-
liminary results show that willin is expressed within the sciatic nerve of rat
and mice, and within the neuromast cells in the zebrafish; suggesting that
willin and the Hippo pathway may play a vital role in the developmental reg-
ulation within the peripheral nervous system. To conclude, willin influences
Hippo signalling activity by activating the core Hippo pathway kinase cassette

in mammalian cells.

Science never solves a problem without creating ten more. . .

George Bernard Shaw
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Chapter 1

Introduction

1.1 FERM domain proteins modulation on

cell growth in mammals

1.1.1 FERM domain family of proteins

The band 4.1 superfamily of proteins consists of a group of proteins that con-
tain a highly conserved Four point one Ezrin Radixin Moesin (FERM) domain.
FERM domains occur in numerous membrane associated signalling and cy-
toskeletal proteins, in which they act as multifunctional proteins. The FERM
superfamily of proteins can be classified into FERM domain families based on
sequence analysis. Many FERM domain containing protein family members
exist and include: merlin, ERM proteins (Ezrin, Radixin, Moesin), Band 4.1,
talin related proteins, expanded, protein tyrosine phosphatases (PTP) and
myosin (Bretscher et al., 2002; Sun et al., 2002) (Figure 1.1). For the purpose
of this thesis, the focus will be on expanded, merlin, ERM proteins and a novel

FERM domain containing protein called willin.

1.1.2 A closer look at the FERM domain

The FERM domain is usually found within the N-terminus of the 4.1 superfam-
ily of proteins, with the exception of myosin: where the FERM domain is lo-
cated within the C-terminus (Chishti et al., 1998) (Figure 1.1). The FERM do-
main is a cysteine rich hydrophobic protein module of around 300 amino acids
in length that is able to bind to various plasma membrane receptors (Conboy,
1986). Structural studies of the FERM domain have revealed three distinct
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subdomains termed F1, F2 and F3 (Edwards and Keep, 2001), which interact
together to form a globular clover-leaf-shaped structure (Hamada et al., 2000;
Pearson et al., 2000) (Figure 1.1). F1 has a ubiquitin-like structure containing
a Ras-binding domain; F2 has an acyl-CoA binding protein-like structure; and
F'3 contains a phosphotyrosine binding (PTB), a pleckstrin homology (PH) and
an Enabled/VASP Homology 1 (EVH1) domain (Hamada et al., 2000; Pearson
et al., 2000).

FERM superfamily of proteins

Merlin ng-pt(i
Ezrin, Radixin, Moesin (ERM) &”ﬂ

Band 4.1

Ch—o—

Talin rC(/}J‘ *;,
k)
el

MIG-2/UNC 112

MIR

CDEP &2:)4:]

PTP-PEZ &:o

PTP-MEG &)_O_o

PTP-BAS %}):O:OO%
Expanded (%QIHQZ

GRSP1 t%:&:‘:

KIAAD316 w&:

KRIT1 :a”CQ)

Myosin VI %:&;%’

FERM is a composite domain

a Ras-binding domain of Raf
PH e
PTB Q

EVH1 Acyl-CoA-binding protein

& FERM () pDz @@ pTP © SAB ZC'_( I/AWWEQ Q00 ANK € === MD
wa cc @ A0 (D [P ©L 0P [0 DHPH D ww 0 R

Figure 1.1: Schematic representation of FERM domain containing superfamily of
proteins. Image taken from Bretscher et al. (2002).
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The FERM domain of the 4.1 superfamily of proteins has been shown to
bind to a diverse range of molecules such as phosphoinositols (Martel et al.,
2001), glycophorins (Kusunoki and Kohno, 2009), CD44 (Tsukita et al., 1994;
Morrison et al., 2001; Bretscher et al., 2002; Morrison et al., 2007), ICAM-
2 (Ramesh, 2004), actin (Tsukita et al., 1994; Lee et al., 2004), neurofascin
(Gunn-Moore et al., 2006) and the C-terminal domain of FERM containing
proteins (Chishti et al., 1998). It has been proposed that the FERM domain
of the 4.1 superfamily of proteins is responsible for correct protein localisation
to the cell cytoskeleton (Section 1.1.4.2).

1.1.3 ERM protein conformation and regulation

ERM proteins contain highly conserved protein domains: where the N-terminal
FERM domain is followed by an a-helix spectrin binding domain, which in turn
is followed by a C-terminal domain (Figure 1.1). All three conserved domains
(FERM, a-helix and the C-terminal domains) are also identified in merlin.

ERM proteins can be isolated as monomers, homo- and heterodimers that
are able to bind to themselves or associate with other ERM family proteins
respectively (Gary and Bretscher, 1995). ERM proteins can be found in an
open ’active’ conformation or closed 'inactive’ conformation (Figure 1.2). The
globular FERM domain can interact with the C-terminal domain (CTD) of
the ERM protein (Chishti et al., 1998). Inter- and intra-molecular interaction
between ERM protein’s FERM and CTD result in a closed inactive head-to-
tail ERM conformation, in which binding sites of the ERM protein, such as
the actin and plasma membrane receptor binding motifs, are masked. ERM
proteins may bind to themselves or other ERM proteins in a monometric,
dimetric or oligometric conformation (Figure 1.2). The strong binding between
the FERM and CTD of ERM proteins explains why most interacting partners
cannot bind to purified full-length ERM proteins in-vitro (Mangeat et al.,
1999).
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Figure 1.2: Schematic diagram showing different conformational states that ERM
proteins may form. ERM proteins bind through a head-to-tail interaction, where
the N-terminal FERM domain of the ERM protein can bind to the C-terminal
domain (CTD). ERM proteins can be in an open or a closed conformation. ERM
proteins may bind to themselves or other ERM proteins in a monometric, dimetric
or oligometric conformation.

Modifications that reduce and weaken the head-to-tail conformation of the
FERM domain binding to the C-terminal domain are expected to result in the
unfolding and activation of the ERM protein (Pearson et al., 2000). Binding
of phosphatidylinositol biphosphate (PIP2) to the FERM domain and Rho ki-
nase phosphorylation of a conserved theonine in the F-actin binding site (T567
in ezrin, Th64 in radixin and T558 in moesin) stimulates the weakening of the
FERM domain binding to the CTD, resulting in the unfolding and unmask-
ing of essential binding sites within ERM proteins (Gary and Bretscher, 1995;
Bretscher et al., 2000; Hamada et al., 2000; Pearson et al., 2000). Dephos-
phorylation triggers the reversion of ERM proteins from an active open to an
inactive closed conformation (Kondo et al., 1997). ERM proteins are thereby
regulated by conformational changes, in which unphosphorylated ERM pro-
teins are in an inactive closed conformational state and active in a phosphory-
lated open conformation. Conversely, merlin is active in its unphosphorylated
closed state (Xu and Gutmann, 1998).
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1.1.4 Functions of merlin and ERM proteins

ERM proteins share approximately 78% amino acid identity and therefore
cover overlapping functions that include: cell adhesion, regulation of cell shape,
formation of microvilli, motility, membrane trafficking and signal transduction
(Bretscher et al., 2000, 2002). The scaffolding and signal transduction func-

tions of merlin and ERM proteins are discussed in more detail below.

1.1.4.1 Cellular scaffolding function of ERM proteins

ERM proteins were first identified as scaffolding linker molecules, located un-
derneath the plasma membrane, connecting several plasma membrane recep-
tors to the actin cytoskeleton. ERM proteins are mostly located in actin-rich
protrusion areas just underneath the plasma membrane, including microvilli,
filopodia and membrane ruffles (Franck et al., 1993; Amieva and Furthmayr,
1995).

The N-terminal FERM domain and extreme 30 residues of the carboxyl-
terminal are necessary for the maintenance of ERM proteins’ scaffolding linker
role (Turunen et al., 1994; Matsui et al., 1998). The FERM domain is essen-
tial for ERM and related proteins to bind, either directly or indirectly, to
various plasma membrane receptors. FERM binding motifs are present in
transmembrane receptors including the hyaluronate receptors CD44, CD43
and intracellular adhesion molecules 1, 2 and 3 (ICAM-1,2,3) (Tsukita et al.,
1994; Bretscher et al., 2002; Ramesh, 2004). Indirect linkage of the FERM
domain containing proteins to the plasma membrane receptors is conducted
by adapter proteins, such as the ERM binding phosphoprotein-50 (EBP50)
and a sodium-hydrogen exchanger regulatory factor (NHERF) via their PDZ
domains (Bretscher et al., 2000) (Figure 1.3). The N-terminal domain of ERM
proteins are able to bind to the F-actin cytoskeleton (Matsui et al., 1998; Tu-
runen et al., 1994) (Figure 1.3).
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For example, NHE-3, CFTR For example, CD43, CD44, ICAM-1,
B2AR, PDGF-R, Podocalyxin ICAM-2, NHE-1, Syndecan-2
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membrane
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Figure 1.3: Schematic representation of ERM proteins acting as scaffolding linkage
protein. ERM proteins are dormant when the N-terminal FERM domain (N) binds
to the C-terminal domain (C); forming a closed conformation. Upon activation (a),
ERM proteins form an open conformation where the FERM domain is able to bind
to other proteins. The FERM domain can bind to various upstream membrane
receptors either directly (b) or indirectly (c) using adaptor proteins such as EBP50.
The C-terminus binds to actin cytoskeleton. Image taken from Bretscher et al.
(2002).

Takeuchi et al. (1994) elegantly demonstrated the importance of ERM pro-
teins as cellular scaffolding molecules by showing that the microvilli on thy-
moma cells completely disappear in the presence of a mixture of ezrin, radixin
and moesin anti-sense phosphorothioate oligonucleotides (PONs; Figure 1.4).
Depletion of individual ERM proteins by anti-sense oligonucleotides results in
no significant phenotypic changes (Takeuchi et al., 1994). Cellular phenotypic
changes are only observed when the synthesis of all ERM proteins are sup-
pressed (Tsukita et al., 1994; Takeuchi et al., 1994). Functional redundancy
within the ERM protein family may potentially explain observations of ERM

protein compensation when another ERM protein is lost.
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Figure 1.4: Effects of ERM family member antisense PONs on the microvilli
structure of thymoma cells. Thymoma cells were cultured in the presence of
ezrin (A), radixin (B), or moesin (C) antisense PONs, or in the presence of the
ezrin/radixin/moesin antisense PONs mixture (D). In the presence of the mixture
of antisense PONs, microvilli completely disappeared, leaving a smooth cell surface
(D). Image taken from Takeuchi et al. (1994).

1.1.4.2 ERM proteins and merlin regulate growth signalling path-

ways

ERM proteins have not only been found to be important in assembling mem-
brane cytoskeletal associated protein complexes, but are also involved in mem-
brane trafficking, cell adhesion, formation of microvilli, motility and signal
transduction. ERM proteins can act both upstream and downstream of sig-
nalling pathways (Bretscher et al., 2002). As ERM proteins contain the abil-
ity to bind to membrane receptors, they are placed at a crucial juncture for
the integration of the extracellular environment and intracellular signalling
pathways. ERM proteins have been predominantly studied in their ability to
transduce growth signals essential for cell proliferation and survival (Gautreau
et al., 2002).

Phosphorylated ERM proteins bind to the hyaluronate CD44 receptor to
induce downstream signalling pathways that are involved in cell cycle prolifer-
ation, endorsing a growth promoting cellular state (Morrison et al., 2001; Bai
et al., 2007). ERM proteins interact with NHE1 to mediate phosphatidyli-
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nositol 3-kinase (PI3K) and Akt cell survival signals (Wu et al., 2004). Ezrin
has been identified as a component in tumour metastasis through binding
to the CD44 receptor, activating signalling pathways Rho-GTPase and inter-
acting with the Akt-mediated cell apoptotic pathway (Hunter, 2004). Hypo-
phosphorylated, active, merlin may compete with, and therefore inhibit ezrin
and other ERM proteins in binding to the CD44 receptor (Morrison et al., 2001;
Bai et al., 2007). Hypophosphorylated merlin is able to interfere with JNK
activation and platelet derived growth factor (PDGF') dependent activation of
Erk and PI3K (Morrison et al., 2001, 2007; Hilton et al., 2009). This results
in a growth inhibitory cellular state, opposing ERM metastasis cell growth
(Figure 1.5). Through this pathway, merlin may act as a tumour suppressor.
The expression of merlin and ERM proteins therefore have opposing effects on
growth signalling cascades, where merlin is growth inhibitory though binding
to CD44 and ERM proteins promote cell growth though CD44 binding. Pre-
vious results by Alfthan et al. (2004) show that merlin binds with a strong
affinity to ezrin, suggesting that merlin can directly inhibit the downstream

effects of ezrin.

| growth promoting mode | ' growth inhibitory mode

cell-matrix contact

rGF

signaling

|

cytoskeletal structure, cell cycle
proliferation program of genes

Figure 1.5: Schematic representation of growth promoting and inhibitory role of
ERM and merlin (NF2) through binding to the hyaluronate CD44 plasma membrane
receptor. In the growth promoting mode, phosphorylated ERM protein binds to
CD44 and results in downstream proliferative growth. In the growth inhibitory
mode, unphosphorylated merlin binds to CD44 and inhibits downstream MEK and
Akt signalling pathways resulting in inhibition of cell proliferation. Image taken
from Morrison et al. (2001).



1.1. FERM DOMAIN PROTEINS MODULATION ON CELL GROWTH
9 IN MAMMALS

Translocation of ERM and related proteins between the cytoplasm and
the plasma membrane could therefore be seen as a homeostatic balance be-
tween active and inactive proteins to regulate growth signalling intensity. The
active, phosphorylated and open conformation of ERM proteins can bind to
CD44 and therefore localise to the plasma membrane. Whereas, the inactive,
dephosphorylated and closed ERM conformations are observed within the cy-
toplasm of the cell. Merlin, in contrast, is believed to be in an inactive open
conformation state in the cytoplasm, whereas the closed hypo-phosphorylated
form of merlin is believed to be active in its tumour suppressive role at the

apical plasma membrane (Xu and Gutmann, 1998).

1.1.5 Willin: a novel FERM protein

Using a yeast two-hybrid screen of a rat sciatic nerve library, Gunn-Moore
et al. (2005) found a novel protein that binds to the carboxyl terminal of neu-
rofascin, which is a receptor essential for the formation of the node of Ranvier
and myelination in the nervous system (Charles et al., 2002). The novel intra-
cellular binding partner of neurofascin was sequenced and named ’willin’ (also
termed FRMD6; FERM domain-containing 6). Willin (see Appendix A for
sequence) was identified as a 614 amino acid protein with a predicted molec-
ular weight of approximately 71kDa (Gunn-Moore et al., 2005). Complete se-
quencing showed that willin contains an amino-terminal FERM domain, that
is structurally most closely related to ERM proteins (Gunn-Moore et al., 2005)
(Figure 1.6).

Willin shares high sequence similarity to merlin and ERM proteins within
the highly conserved N-terminal FERM domain (Figure 1.7). Willin, however,
comprises little homology with other FERM domain containing proteins out-
side the FERM domain (Gunn-Moore et al., 2005; Madan et al., 2006). The
FERM domain of willin shares 43% protein similarity with the FERM domain
of ezrin, 47% with that of radixin, 45% with moesin and 46% with merlin
(Figure 1.7). To date, the only identified and confirmed domain in willin is
the FERM domain. No proline-rich and actin binding domains are identified
in willin (Figure 1.7).
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Merlin

Moesin

Figure 1.6: Predicted 3D structure of the FERM domain of willin, compared
to the crystal structures of the FERM domain of ezrin, radixin and moesin. The
structural prediction was performed by V. Zaitsev (University of St. Andrews,
UK). F1= ubiquitin-like subdomain, F2= acyl-CoA binding-like subdomain and
F3= phosphotyrosine binding (PTB)/pleckstrin homology (PH)-like subdomain.

Willin

Ezrin 43% [
Radixin 47% L
Moesin 45%

Merlin 46%

D FERM domain D Proline rich domain D Actin binding domain

Figure 1.7: Willin shares high sequence homology to ERM (ezrin, radixin and
moesin) proteins and merlin within the N-terminal FERM domain. Willin, merlin
and ERM proteins contain a highly conserved FERM domain within the N-terminus.
The FERM domain of willin shares 43% protein similarity with the FERM domain
of ezrin, 47% with that of radixin, 45% with moesin and 46% with merlin. No
proline-rich and actin binding domains are identified in willin.
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Willin, like other ERM proteins, is expressed in neuronal as well as non-
neuronal tissues. Willin has previously been identified in sciatic nerves (Gunn-
Moore et al., 2005), as well as being widely expressed in non-neuronal epithelial
cells (Madan et al., 2006). ¢cDNA of willin has been identified in the human
uterus, placenta and cervix (Madan et al., 2006). Willin appears to have a very
similar cellular localisation to merlin and all three ERM proteins (Sun et al.,
2002; Gunn-Moore et al., 2005), presumably due to the conserved and essential
FERM domain shared by these proteins. Immunohistochemistry studies have
shown that willin, like ERM proteins, are found within different cellular sites
including intracellular sites such as the cytoplasm and nucleus but the most
pronounced staining was found at the apical plasma membrane (Gunn-Moore
et al., 2005; Herron et al., 2007; Stickney et al., 2004).

Willin has been shown to co-localise with actin (Gunn-Moore et al., 2005)
but precise binding interactions are unknown. The presence of the actin cy-
toskeleton is, however, not required for the plasma membrane localisation of
willin as cytochalasin-D induced actin disruption does not affect the localisa-
tion of willin expression at the plasma membrane (Gunn-Moore et al., 2005).
The FERM domain of willin may bind strongly to phospholipids in the lipid
rafts and cell surface glycoprotein, resulting in the localisation of willin near
the plasma membrane independent of the presence of actin (Herron et al.,
2007).

Previous investigation into the intracellular distribution of willin under epi-
dermal growth factor (EGF) treatment has shed light on willin’s potential, as
with the closely related merlin and ERM proteins, to be involved in growth
signalling pathways. In PC12 cells, a cytoplasmic pool of willin-GFP is seen
to translocate to the plasma membrane when the cells are treated with growth
factors (Gunn-Moore et al., 2005). Cytoplasmic to plasma membrane translo-
cation of willin under the influence of epidermal growth factor is not blocked
by wortmannin (Gunn-Moore et al., 2005), indicating that phosphatidylinosi-
tol 3-kinase (PI3K) activity is not required to translocate willin. It is plausible
that EGF is causing tyrosine phosphorylation of willin, as EGF is a known
activator of Ras (Marshall, 1995), Rho and Rac (Maddala et al., 2003); which
in turn interacts with and regulates the activation of ERM proteins (Section
1.1.3).
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Figure 1.8: Willin translocates to the plasma membrane after epidermal growth
factor (EGF) treatment. Before addition of EGF (t=0), willin-GFP expression was
mostly observed within the cytoplasm of a PC-12 cell. Upon addition of 100ng/ml
EGF, willin-GFP expression translocated to the plasma membrane in under 10
minutes. t= time of addition of EGF. Images were taken from Gunn-Moore et al.
(2005).

1.1.6 ERM proteins and associations with disease

FERM domain containing proteins are multifunctional proteins regulating the
architecture of the cell as well as being involved in tightly regulating cell growth
signals within the cell. Deregulation of ERM proteins have therefore been im-
plicated in disease, especially in tumours where an imbalance between growth
promoting and growth inhibitory signals has occurred.

Table 1.1 summarises disease states associated with FERM domain con-
taining proteins; 4.1 Band, merlin, ezrin, radixin, moesin and willin. For the
purpose of this thesis, further focus on FERM domain containing proteins and

their associated disease states will be on merlin, ezrin and willin.
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1.1.6.1 Merlin’s associations with disease

Merlin is one of the most well studied FERM domain containing proteins
in relation to disease states as the gene responsible for schwannomas forma-
tion is NF2 (neurofibromatosis type 2), the gene encoding the merlin protein
(Rouleau et al., 1993; Trofatter et al., 1993). Universal absence of merlin, but
not of other ERM protein family member, results in schwannoma formation
(Stemmer-Rachamimov et al., 1997).

Schwannomas are encapsulated tumours of pure Schwann cells which prolif-
erate next to, rather than ensheath nerve cells (Evans et al., 2000) (Figure 1.9).
Schwannomas are benign, usually bilaterally growing, lesions that commonly
occur on the 8th cranial nerve but can arise anywhere within the peripheral
nervous system (PNS) (Coons, 2001). Schwannoma formation is a dominant
inherited autosomal disease, where tumour formation follows the two-hit model
(Knudson, 1993). Transmission of a mutant gene through the germline predis-
poses the patient to tumour formation, after which schwannomas are initiated

by somatic mutation of the remaining copy in Schwann cells.

Figure 1.9: Loss of merlin results in schwannoma hyper-proliferation. A) Nor-
mal myelinating Schwann cells ensheathing axons. B) Loss of merlin, by biallelic
inactivation, results in abnormal myelination and axon-glia interaction, where the
Schwann cells no longer tightly ensheath axons. M= myelin and Ax= axon of the
neuron. Image taken from Giovannini et al. (2000).

Schwann cell tumours, lacking axon interactions, have pronounced effects
on myelination. Abnormal myelination results in the loss of saltatory conduc-
tion but may also result in neuropathy of adjacent nerve cells that become

compressed. A few suggestions explaining the impaired axon-glia interactions
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have been proposed so far. Loss of merlin in Schwann cells may lead to the
inability of cells to adhere to and ensheath axons due to abnormal adhesive,
motility and/or polarity properties of Schwann cells (Gutmann et al., 1999;
Giovannini et al., 2000).

Merlin is a tumour suppressor gene, although the precise mechanisms by
which its mutations result in schwannomas are unknown. One major setback
to further understanding human schwannomas is that no successful model has
yet been developed in mice. Homozygous NF2 mutants in mice results in em-
bryonic lethality (McClatchey et al., 1997), whereas murine NF2 heterozygos-
ity effects proliferation of other tissues not observed in human schwannomas,
such as osteoblasts, ondotoblasts and renal tubular cells (Giovannini et al.,
2000). Giovannini et al. (2000) have shown that biallelic inactivation of merlin
leads to Schwann cell hyperplasia and disruption of the axon-glial interaction
(Figure 1.9.B). Schwann cell hyperplasia is believed to be an early symptom
of human schwannomas, although Schwann cell hyperplasia in mice does not
progress to tumour formation (Giovannini et al., 2000). The loss of merlin in
human schwannoma tissues has supported merlin’s tumour suppressive role.
Additionally, over-expression of wild type merlin in schwannoma cells leads to
a significant reduction in proliferation and results in apoptosis (Lutchman and

Rouleau, 1995; Sherman et al., 1997).

1.1.6.2 Ezrin’s associations to disease

Ezrin has been identified as a component in tumour metastasis through bind-
ing to the CD44 receptor, thereby activating signalling pathways Rho-GTPase
and interacting with the Akt-mediated cell apoptotic pathway (Harrison et al.,
2002; Hunter, 2004). Ezrin expression has been proposed to play a key role
in cell motility, adhesion and tumour metastasis, and over-expression of ezrin
expression has been found in osteocarcinoma (Wang et al., 2010), breast (El-
liott et al., 2005) and prostate cancer (Pang et al., 2004). Increased expression
of ezrin in some cancer types has been shown to correlate well with both
metastasis and poor cancer prognosis (Saotome et al., 2004).

Ezrin is able to activate MAPK and Akt signalling pathways for cell sur-
vival (Section 1.1.4.2), which further supports that ezrin is a tumour promoting
protein which may allow metastatic cells to survive in what may otherwise be
a hostile environment (Saotome et al., 2004). Further evidence for ezrin as

a tumour promoting protein is observed in gliomas, where ezrin expression
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promotes tumour motility and invasion by mediating the hepatocyte growth
factor signalling cascade (Wick et al., 2001).

In addition to an increased expression of ezrin found in numerous tumours,
the distribution of ezrin has also been shown to correlate with severity and
prognosis of certain cancers. For example, in head and neck cancers, a sig-
nificant correlation is found between cytoplasmic ezrin and poor prognosis
(Madan et al., 2006), implying that the distribution of ezrin is critical for its

ability to affect cellular proliferation.

1.1.6.3 Associated diseases related to willin

Diseases related to loss or over-expression of willin remain, to date, unknown.
However, the closely related FERM domain containing protein 3 (FRMD3) has
been shown to be a novel tumour suppressor in non-small-cell lung carcinoma
(Haase et al., 2007).

A closer look at the location of the willin gene implies that, like FRMD3,
the willin gene may be implicated in human cancers. The human willin gene
is located on chromosome 14, open reading frame 31. Interestingly, the 14q
region of the chromosome is found to be implicated in numerous cancers such
as: uterine leiomyoma and leiomyosarcoma (Levy et al., 2000), meningiomas
(Tse et al., 1997), gastro-intestinal stromal tumours (Fukasawa et al., 2000),
neuroblastomas (Theobald et al., 1999) and gliomas (Dichamp et al., 2004).

14q mutations and loss of heterozygosity have also been linked with mu-
tations and loss of heterozygosity on chromosome 22q12 - the location of the
merlin gene (Leone et al., 1999; Fukasawa et al., 2000). This raises the possi-
bility that willin, like merlin, may act as a tumour suppressor. This possibility
is further supported by suggestions that willin is the human homologue of the
Drosophila protein called expanded: a protein that acts as a tumour suppressor

in the Hippo pathway in Drosophila (Section 1.2).
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1.2 FERM domain proteins modulation of cell
growth in Drosophila

Drosophila Melanogaster genetics has given insight into how a tumour sup-
pressor signalling complex, termed the Hippo pathway, could modulate cell
growth by regulating cell proliferation and apoptosis. Two FERM domain
containing proteins, merlin and expanded, have been found to act upstream
of the Drosophila Hippo pathway, and have therefore provided another avenue
on which FERM domain containing proteins may act as tumour suppressors

to regulate cell proliferation.

1.2.1 Hippo pathway regulates organ size and cell pro-

liferation

The Hippo pathway is composed of several signalling proteins and cascades,
and is essential for the modulation of cell growth, proliferation, apoptosis and
cell adhesion. The control of cell growth via the Hippo pathway is of particular
importance during development and tissue size control and has to be tightly
regulated as cell over-proliferation may result in tumourigenesis (Edgar, 2006;
Harvey and Tapon, 2007; Pan, 2007). The ultimate downstream effect of the
Hippo pathway is to inhibit cell growth and promote apoptosis, thereby acting
as a tumour suppressor signalling cascade.

The core Hippo pathway complex consists of Hippo/Salvador, Mats/Warts
and Yorkie and a schematic summary of the pathway is represented in Fig-
ure 1.10. The Hippo kinase interacts with and phosphorylates a scaffold-
ing protein called Salvador (Wu et al., 2003). Hippo and Salvador together
phosphorylate and activate Warts kinase and its associated protein Mats (Lai
et al., 2005). Phosphorylated Warts then phosphorylates a transcriptional
co-activator, Yorkie, on three sites (Oh and Irvine, 2009). Phosphorylation
of Yorkie on site S168 induces 14-3-3 binding, further resulting in Yorkie cy-
toplasmic retention (Dong et al., 2007). When Yorkie is relieved from the
inhibition by the Hippo pathway, Yorkie positively regulates cell growth and
survival by binding to and activating a transcription factor, Sd, to induce cy-
clin E; DIAP1 and ez expression (Goulev et al., 2008; Wu et al., 2009; Zhang
et al., 2008b). Inhibition of Yorkie, through cytoplasmic retention, therefore

results in cell cycle arrest and apoptosis.
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Figure 1.10: Schematic diagram of the Hippo pathway in Drosophila. Dashed
arrows indicate unknown biochemical mechanisms. Image taken from Zhao et al.
(2010a).

Signalling proteins involved in the Hippo cascade were identified using
Drosophila mutants. Deregulation of the Hippo pathway results in significant
apical hypertrophy of epithelial structures such as the wings, legs and eyes
in adult Drosophila (Boedigheimer and Laughon, 1993; Boedigheimer et al.,
1997; McCartney et al., 2000; Hamaratoglu et al., 2006) (Figure 1.11). Loss of
Hippo, Salvador or Warts caused abnormal proliferation and survival of non-
neuronal epithelial cells which failed to die but instead proliferated further,
resulting in the expansion of adult Drosophila wings and eye tissue. Hippo,
Salvador, Warts or Mats mutants all resulted in a significant increase in the

cell cycle regulator cyclin E and DIAP-1, a Drosophila inhibitor of apoptosis
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gene product (Tapon et al., 2002; Harvey et al., 2003; Pantalacci et al., 2003;
Wu et al., 2003; Udan et al., 2003). Huang et al. (2005) identified a down-
stream transcriptional co-activator, Yorkie, involved in increasing cyclin E and
DIAP-1 expression. Suppression of Yorkie downstream of the Hippo cascade
was supported by observations that over-expression of Yorkie recapitulates
Warts and Hippo mutant phenotypes: such as tissue atrophy and significant
increase in DIAP-1 transcription (Huang et al., 2005).

Figure 1.11: Overgrowth phenotypes are observed when Hippo pathway com-
ponents are mutated in D. Melanogaster. A) Normal fly thorax. B) A tumour
outgrowth of the thorax as a result of clonal deletion of both expanded and merlin.
C-E) The crystalline arrangement of cells in the pupal retina of the fly as observed
through a scanning electron microscope. C) Normal retina cell arrangement. The
retina arrangement of cells is disrupted by over-proliferation and inappropriate sur-
vival of cells in hippo (D) and merlin and expanded (E) mutant retinas. Image
taken from Edgar (2006).
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1.2.2 Merlin and expanded modulate the Hippo path-

way

Genetic epistasis experiments have positioned the FERM domain containing
proteins merlin and expanded upstream of the Hippo Salvador pathway; posi-
tively regulating the Hippo complex (Hamaratoglu et al., 2006). A recent study
identified a FERM domain binding consensus motif in Salvador, which likely
mediates direct interaction with the FERM domain of merlin (Yu et al., 2010).
Expanded has also been shown to co-immunoprecipitate with both Hippo and
Salvador (Yu et al., 2010). Whether these interactions occur in a physiolog-
ical setting remains unknown, but raises the possibility that merlin and ex-
panded may activate the Hippo/Salvador complex via direct interaction. The
C-terminal domain of expanded has also been identified to bind to Yorkie via
WW domain-PY motif interactions (Badouel et al., 2009). In Drosophila, the
C-terminal tail of expanded is also responsible for the activation and phospho-
rylation of the core Hippo pathway components (Boedigheimer et al., 1997).

Loss of merlin and/or expanded leads to the development of hyperplastic
imaginal discs and overgrowth of adult wings (Boedigheimer and Laughon,
1993) (Figure 1.11), the same phenotypes that are observed in Hippo/Warts
mutants. Additionally, over-expression of expanded induces apoptosis, reduces
cell proliferation, decreases cell number in Drosophila wing, and severely dis-
rupts eye development (Boedigheimer et al., 1997; Blaumueller and Mlodzik,
2000).

Merlin and expanded may have overlapping tumour suppressive functions
in controlling cell growth, but inactivation of both proteins is required to result
in a significant overgrowth phenotype (Boedigheimer and Laughon, 1993; Mc-
Cartney et al., 2000; Hamaratoglu et al., 2006). Mutations of both merlin and
expanded have a more pronounced effect on the adult antennae, thorax, wings
and legs of Drosophila outgrowths, compared to mutants of either merlin or
expanded alone (Hamaratoglu et al., 2006).

Expanded mutants in the Drosophila results in an over-proliferative phe-
notype in the eye wing and tarsal segments (Figure 1.12) although not as
prominent as when both merlin and expanded genes are mutated (Figure 1.11).
Loss of expanded resulted in an increase wing span and over-proliferative head

capsule in addition to missing legs and swollen tarsal segments (Figure 1.12).
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Figure 1.12: Expanded mutant Drosophila shows over-proliferation phenotypes
in the eye, wing and tarsal segments. Wing (A) and head (B) from a wild-type
Drosophila. Drosophila expanded mutants show over-proliferative defects in wing
(C) head capsule (D). E) Wild-type Drosophila with tarsal segments labelled. F)
Expanded mutant show defects in the tarsal segments of the Drosophila, with 2 legs
missing and 4 legs showing truncated tarsal segments. G) Expanded mutants also
have characteristic swelling of the tarsal segments. Image taken from Boedigheimer
and Laughon (1993).
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Merlin and expanded co-localise in Drosophila (Boedigheimer and Laughon,
1993) and may heterodimerise with each other in order to function as an ac-
tive tumour suppressor (McCartney et al., 2000). Loss of merlin results in an
increase in expanded expression, either as a way of compensating for the loss
of merlin or it may be possible that the expanded epitope is masked in the
presence of merlin (McCartney et al., 2000). The latter supporting the for-
mation of a merlin-expanded heterodimer, where expanded may function to
stabilise the active tumour suppressor conformation by increasing the overall
functional level of merlin. However, as more studies have shown that both
merlin and expanded act as tumour suppressors, it is likely that expanded and
merlin can act independently as monomers, able to compensate for the loss of
the other.

Independent functions of merlin and expanded are further supported by
recent experiments by Pellock et al. (2007), who have shown that merlin and
expanded differentially regulate apoptosis and cell cycle exit in Drosophila.
While expanded has a clear role in regulating cell cycle exit, merlin regulates
apoptosis (Pellock et al., 2007). These observations increase the possibility
that merlin and expanded may be regulated by different upstream receptors.
Although the upstream events of expanded and merlin are unknown, there
is evidence for an upstream protocadherin receptor, named Fat, to interact
with expanded through an unknown mechanism (Bennett and Harvey, 2006;
Silva et al., 2006; Tyler and Baker, 2007; Willecke et al., 2008). No upstream

receptor for Drosophila’s merlin has yet been identified.

1.2.3 Other ERM proteins in Drosophila

Drosophila have only one ERM protein homologue, D-Moesin, which shares
58% sequence homology with human moesin, including 26% identity in the di-
vergent C-terminal region (McCartney and Fehon, 1996). Loss of D-Moesin in
Drosophila studies have shown that this protein is essential for cytoskeletal dis-
tribution, maintenance of apical-basal polarity and epithelial integrity (Miller,
2003). D-Moesin subcellular localisation is primarily in the apical membrane
regions (McCartney and Fehon, 1996). Interestingly, the same subcellular
apical membrane distribution is observed with Hippo pathway components,
including merlin, FAT and expanded (Silva et al., 2006; Willecke et al., 2006;
Bennett and Harvey, 2006; Cho et al., 2006; Maitra et al., 2006). Physio-
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logically, loss of D-Moesin results in severe developmental problems, includ-
ing missing posterior structures in the Drosophila fly in addition to defects
in correct organisation and assembly in adherent junctions, photoreceptors,
and imaginal discs (Polesello and Payre, 2004). Whether these developmental
problems are due to moesin’s role in the Hippo pathway remains, to date,

unknown.

1.3 FERM proteins may modulate the Hippo

pathway in mammals

1.3.1 The Hippo pathway is highly conserved between

Drosophila and mammals

To date, most research identifying Hippo pathway components have been ex-
plored in Drosophila. Significant conservation of genes and pathway signalling
of cellular processes between mammals and Drosophila have argued that stud-
ies of the Hippo pathway in flies can contribute directly to understanding the
mammalian pathway (Potter et al., 2000). It is however important to note that
unlike Drosophila studies, in which the Hippo pathway proteins are encoded
by one single gene, most mammalian Hippo pathway proteins are composed of
multiple isoforms (Sudol and Harvey, 2010). Therefore, the mammalian Hippo
pathway cascade may be more complex, consisting of multiple isoforms, com-
pared to the Hippo pathway in the Drosophila model. Figure 1.13 shows the
corresponding orthologue components between the Drosophila and mammalian
Hippo signalling proteins.

The relationship between the Drosophila Hippo, Salvador, Warts and Mats
are conserved in mammals: MST/2 (Hippo homologue), SAV1 (Sav homo-
logue), LATS1/2 (Wts homologue) and MOB (Mats homologue). Unknown
upstream activators of the pathway activate the Hippo pathway by phospho-
rylating MST1/2, resulting in downstream activation and phosphorylation of
the LATS1/2 kinase which binds in a complex with MOB1. LATS1/2 and
MOBT1 together phosphorylate and inhibit the downstream co-activator YAP.
LATS1/2 phosphorylates YAP on five conserved HXRXXS motifs (Zhao et al.,
2007). Phosphorylation of YAP on S127 site results in 14-3-3 binding, which
further results in YAP-phosphorylation dependent cytoplasmic retention of
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YAP (Zhao et al., 2007). YAP is also inhibited through phosphorylation at
site S381, which primes CK16/e phosphorylation of S384 and S387 on YAP,
resulting in SCF3-TRCP-mediated ubiquination and degradation (Zhao et al.,
2010b). This mechanism of YAP degradation may provide a possible long-term
YAP inhibition for cell contact inhibition.
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Figure 1.13: Schematic diagram of the Hippo pathway in Drosophila and mam-
mals. Corresponding orthologue components of the Drosophila and mammals are
shown in the same colour. Dashed arrows indicate unknown biochemical mecha-
nisms. Image taken from Zhao et al. (2010a).

The downstream effects of YAP inhibition through cytoplasmic retention
is the same as that observed with the Drosophila homologue, Yorkie, as YAP
is inhibited through cytoplasmic retention by 14-3-3 protein binding (Zhao
et al., 2007, 2008). YAP cytoplasmic retention prevents the co-transcriptional
factor from binding to downstream transcriptional proteins in the nucleus,
thereby preventing the transcription of cell survival proteins and promoting
apoptosis. Sd homologue TEADs are the most studied YAP transcription
factor targets. TEADs activation mediates expression of CTGF, Gli2 and



1.3. FERM PROTEINS MAY MODULATE THE HIPPO PATHWAY IN
25 MAMMALS

many other gene targets that results in cell proliferation and survival (Zhao
et al., 2008). YAP also binds to Smadl and Smad2/3 transcription factors
to activate the expression of TGF-G and BMP target genes respectively, to
maintain stem cell pluripotency (Varelas et al., 2008; Alarcon et al., 2009).
Core Hippo pathway components have also been shown to affect the cell cycle.
In human cells, LATS1/2 has been shown to affect cyclin E and cyclins A/B,
inducing cell cycle arrest at G1-S or Go-M respectively (Xia et al., 2002; Li
et al., 2003). Whether cyclin levels are affected by LATS converging onto
YAP or whether this effect is observed through additional signalling cascades

remains unknown.

1.3.2 Modulation and regulation of the mammalian

Hippo pathway

The Hippo pathway, like many biological processes has to be tightly regu-
lated and modulated. Many upstream proteins and negative feedback loops
are therefore believed to exist, making the Hippo pathway signalling cascade
more complex than that represented in Figure 1.13. Most research has focussed
on downstream targets and physiological affects of the core Hippo pathway:
MST1/2, LATS and YAP. Less is known about the upstream receptors, acti-
vators and modulators of the Hippo signalling cascade. The functional mech-
anistic actions of the mammalian homologues of merlin and expanded remain
unclear and are further discussed in Section 1.3.2.1. The identity of other up-
stream members of the mammalian Hippo pathway has remained enigmatic.
Recent studies have suggested that the proposed upstream Fat protocadherin
receptor of the Hippo pathway in Drosophila, does not have the same control
on organ size and activity of the Yorkie orthologues, YAP and TAZ, in mice
(Saburi et al., 2008; Mao et al., 2011). Studying Drosophila models has clearly
led to insight into some of the fundamental biological aspects of tumourige-
nesis within the mammalian system, but it should be noted that there will

always be differences between the Drosophila and mammalian model.

1.3.2.1 FERM modulation on the Hippo pathway

As discussed in Section 1.2.2, the FERM domain containing proteins mer-
lin and expanded activate the Hippo pathway in Drosophila. The mam-

malian genome contains potential homologous to the reported upstream
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Hippo pathway regulators; including two possible expanded homologous
(FRMD6=Expanded 1 and FRMD1=Expanded 2) and one merlin homologue
(NF2/merlin).

Interestingly, the proposed homologue to the Drosophila expanded is willin
(FRMDG6). The expanded gene, 1427 amino acids in length, is significantly
larger than the willin gene which is 614 amino acids in length, and may have
split its functions during vertebrate evolution. The expanded and willin pro-
teins are especially divergent in the carboxyl termini (Figure 1.14), which is
the region proposed to activate and phosphorylate the Drosophila Hippo path-
way (Boedigheimer et al., 1997) and bind to and inhibit Yorkie (Badouel et al.,
2009). In D. melanogaster, Yorkie is believed to contact expanded via a WW
domain-PY motif interaction (Badouel et al., 2009), but none of the three PY
motifs in the expanded C-terminus are conserved in willin (Figure 1.14). A
55% protein similarity is, however, found in the FERM domain of expanded
and willin (Figure 1.14).

Willin 614aa

Expanded 55%, 1427aa

D FERM domain D PPXY domain

Figure 1.14: Schematic representation of protein domains in willin and expanded.
Willin is composed of 614 amino acids (aa) and contains a FERM domain at the
N-terminus. Expanded consists of 1427 amino acids and contains a FERM domain
as well as three PPXY motifs. The FERM domain of willin and expanded share
55% similarity.

A study by Zhao et al. (2007) has shown that the expression of merlin and
willin enhances the inhibition of YAP2, resulting in YAP nuclear to cytoplas-
mic translocation. Merlin and willin may therefore regulate cell proliferation
through the Hippo pathway resulting in YAP translocation within the cell.
Loss of merlin is associated with a clear increase in the protein levels of YAP,
which has been shown to affect human meningioma cell growth by signalling
through YAP (Striedinger et al., 2008). In addition to this increase, merlin
loss was associated with nuclear localisation of YAP (Striedinger et al., 2008).

Further evidence for the involvement of merlin in the Hippo pathway comes
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from recent data which supports that merlin and the YAP oncoprotein function
antagonistically to regulate liver development (Zhang et al., 2010). Strikingly,
the merlin-deficient phenotypes in multiple tissues were largely suppressed by
heterozygous deletion of YAP, suggesting that YAP is a major effector of mer-
lin in growth regulation (Zhang et al., 2010).

Whether merlin and willin protein expression results in phosphorylation of
the core Hippo signalling cassette (MST, LATS and YAP) remains unknown.
In Drosophila, the FERM domain of expanded is not required for activation
and phosphorylation of the core Hippo component (Boedigheimer et al., 1997)
and the domains required for YAP cytoplasmic retention by merlin and willin
remain unknown.

The involvement of other FERM domain containing proteins in the Hippo
signalling pathway has not been studied and may suggest an essential role
in signal modulation, as FERM proteins have been shown to modulate other
FERM proteins. For example, ezrin, which is absent in Drosophila, may have
an inhibitory role on the mammalian Hippo pathway as it can inhibit the
functions of merlin (Section 1.1.4.2).

Evolutionary conservation between Drosophila and mammals is further
supported by experiments showing that human LATS, MATS2 and YAP genes
can all functionally rescue their respective Drosophila mutants in-vivo (Tao
et al., 1999; Wu et al., 2003; Lai et al., 2005). However, the biological functions
and consequences of these pathways might vary between different organisms.
Willin displayed an overlapping localisation to expanded as it is predominantly
localised at the apical junction of epithelial cells, possibly due to the conserved
FERM domain. Despite this, willin did not display growth suppressive activ-
ity in D. melanogaster tissues (Figure 1.15). In addition, willin mis-expression
did not limit the size of D. melanogaster wings and it failed to rescue the
overgrowth defect and elevated Yorkie activity associated with ez deficiency
(work done in collaboration with Dr Kieran Harvey, University of Melbourne,
Australia; Figure 1.15). Divergence in the willin gene compared to that of ex-
panded and the absence of the PPXY motifs in willin may explain why willin
cannot compensate for the loss of expanded in Drosophila. Other mammalian
proteins, such as angiomotin (Zhao et al., 2011) have also been proposed to
inactivate YAP through PPXY motifs, a role fulfilled by the C-terminus of

expanded in D. melanogaster.
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1.3.2.2 Cell density regulates Hippo signalling

Cell-to-cell contact, adhesion and polarity have all previously been described
as important factors in activating the Hippo signalling cascade (Bennett and
Harvey, 2006; Zhao et al., 2007; Graves et al., 2001; Lee et al., 2001; Chen
et al., 2010). Extracellular signals from cell-to-cell contact provide neighbour-
ing cells with vital information about the cell’s external environment. The
Hippo pathway has been proposed to play a role in regulating organ size by
inhibiting cell growth at high cell density, where the pathway is believed to
be suppressed at low cell density and activated at high cell density. This is
supported by in-vitro work, where Zhao et al. (2007) have shown that YAP
promotes cell proliferation as it is predominantly localised to the nucleus at low
cell density, whereas at high cell density, YAP is localised to the cytoplasm.
Several other components of the Hippo pathway have also been implicated in
contact inhibition. Merlin becomes dephosphorylated and activated in conflu-
ent cells (Shaw et al., 1998; Morrison et al., 2001) which have been reported
to be both necessary and sufficient to result in contact inhibition. LATS2
and WW45 are also involved in contact inhibition as their knock-out mouse
embryonic fibroblast (MEF) cells show loss of contact inhibition (McPherson
et al., 2004; Lee et al., 2008).

The Hippo signalling pathway may be regulated by the strength of cell-to-
cell adhesion (Pan, 2007). Over-crowding of cells in an organ may result in
quantitative or qualitative changes in the adherent junctions between neigh-
bouring cells, which in turn might modulate the Hippo signalling activity. The
mechanisms involved in cell density dependent regulation of the Hippo path-
way remains unclear. One possible theory is that unknown upstream plasma
membrane receptors of the Hippo pathway may be activated and up-regulated
at high cell density upon interaction with other surface proteins upon cell-to-
cell contact or through binding of an unknown extracellular ligand (Buttitta
and Edgar, 2007). The activated receptor may then activate FERM domain
containing proteins, which in turn stimulate the MST /LATS kinase cascade to
inhibit oncogenic YAP, ultimately resulting in the inhibition of cell prolifera-
tion and apoptosis. FAT was identified as a potential transmembrane receptor
for the Hippo pathway (Bennett and Harvey, 2006; Cho et al., 2006; Silva
et al., 2006; Willecke et al., 2006). In this cell-density dependent proposed
model, abundance of FAT), its ligand (possibly Dachsous), or the intensity of

FAT can somehow respond to small differences in morphogen signalling levels
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between two neighbouring cells (Harvey and Tapon, 2007).

1.3.2.3 Cell stress regulates Hippo signalling

As well as upstream proteins and plasma membrane receptors, extracellular
cues are also vital in fully activating the Hippo pathway. Intracellular signals
or mechanical tension on the cell membrane, might potentially regulate the
Hippo signalling pathway. The mammalian homologue of Hippo, MST2, has
been shown to be a pro-apoptotic responder to stress (O’Neill and Kolch,
2005). Recent studies have shown that for MST to result in an apoptotic
downstream effect, MST has to be both phosphorylated and cleaved (Graves
et al., 2001). The increased expression of MST merely sensitises the cells to cell
death (Lee et al., 2001). Extracellular cell death signals are therefore believed

to be required for full activation of the Hippo pathway to result in apoptosis.

1.3.3 Associated diseases with the mammalian Hippo

pathway
1.3.3.1 Expression of Hippo pathway components

To date, it remains unclear in which mammalian tissues and cell types the
Hippo pathway controls proliferation and apoptosis. In Drosophila, the Hippo
pathway restricts growth of imaginal discs (Tapon et al., 2002; Harvey et al.,
2003; Udan et al., 2003; Wu et al., 2003; Huang et al., 2005; Lai et al., 2005;
Bennett and Harvey, 2006; Hamaratoglu et al., 2006; Silva et al., 2006), which
are columnar epithelial cells, but does not limit tissue growth in other tissues
such as salivary glands (Harvey and Tapon, 2007). This raises the possibil-
ity that the Hippo pathway regulates cell proliferation in a subset of human
tissues and cell types that share similar growth, proliferative and apoptotic
properties to Drosophila imaginal discs (Harvey and Tapon, 2007). Loss of
Hippo pathway components and their associated contributions to tumour for-
mation will give insight into the expression and importance of Hippo pathway

components (Section 1.3.3.2).

1.3.3.2 Implications of Hippo components in disease

The physiological functions of the Hippo pathway components are harder to

investigate in the mammalian system compared to the Drosophila model, as



1.3. FERM PROTEINS MAY MODULATE THE HIPPO PATHWAY IN
31 MAMMALS

most of the mammalian Hippo components knock-outs in mice are embry-
onically lethal (Table 1.2). However, consistent with the critical role of the
Hippo pathway in mammalian physiology in regulating organ size control and
cell proliferation, mutations in the Hippo pathway components have been im-
plicated in human diseases, especially tumourigenesis. Table 1.2 summarises
the importance of the Hippo components and their associations with cancer
development.

The importance of merlin as a tumour suppressor has previously been dis-
cussed in Section 1.1.6.1. Genetic studies have demonstrated that MST1/2 are
tumour suppressors. WW45 and MST1/2 mutant livers are significantly larger
and histological analysis showed formation of a poorly differentiated hepato-
cellular carcinoma in WW45 mutants and cholangiocarcinoma was observed
in MST1/2 mutants (Zhou et al., 2009; Song et al., 2010; Lu et al., 2010).

The loss of LATS proteins also promotes tumourigenesis. Mice deficient in
LATS1 develop ovarian carcinomas and soft-tissue sarcomas (St John et al.,
1999). Furthermore, methylation-dependent silencing of LATS1 and LATS2
correlates with an aggressive form of human breast cancer (Takahashi et al.,
2005). LATS plays an important role in sister chromatid segregation (Bothos
et al., 2005) and the loss of these proteins will greatly affect cell cycle pro-
gression and genomic instability that could ultimately result in cell defects.
Converging mechanisms on the Hippo pathway components are also involved
in the regulation of cell growth. For example, miRNA mediated silencing of
LATS2 by miR372 and miR373 are also up-regulated in testicular germ cell
tumours (Voorhoeve et al., 2007).

The oncogenic activity of YAP is supported by reports that showed that
the YAP gene locus is amplified in a wide spectrum of human and murine
tumours such as: oral squamous-cell carcinoma, and carcinomas of the lung,
pancreas, oesophagus, liver and mammary gland (Imoto et al., 2005; Dai et al.,
2003; Bashyam et al., 2005; Snijders et al., 2005; Overholtzer et al., 2006;
Zender et al., 2006; Fernandez-L et al., 2009). Conversely, YAP has been
reported to promote p73-dependent apoptosis in response to DNA damage,
suggesting a potential pro-apoptotic and therefore tumour suppressive function
under certain conditions (Strano et al., 2001; Basu et al., 2003; Matallanas
et al., 2007; Oka et al., 2008; Yuan et al., 2008). Further studies are required
to investigate the opposing functions of YAP as an oncogene, as the pro-

apoptotic function of YAP was shown to be activated (Matallanas et al., 2007)
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or inhibited (Oka et al., 2008) by LATS1 phosphorylation.

1.3.3.3 Hippo pathway components antagonise oncogenic proper-

ties in-vitro

YAP over-expression has been shown to enhance oncogenic activity in both
immortalised mammary and pancreatic epithelial cells in-vitro. These onco-
genic properties include the ability to support growth factor and anchorage
independent growth, epithelial-to-mesenchymal transition and resistance to
apoptosis (Overholtzer et al., 2006; Dong et al., 2007; Zhao et al., 2008; Chan
et al., 2009; Zhang et al., 2009a). Over-expression of YAP in-vitro results in
changes where a typical polarised uniform epithelial sheet of cells transforms
into mesenchymal-like metastatic cells, exhibiting neither regimented struc-
ture nor tight intracellular adhesion. Interestingly, MST and LATS proteins
can antagonise the oncogenic properties of YAP in these breast cancer cell
lines (Overholtzer et al., 2006; Hao et al., 2008; Zhang et al., 2008a), further
supporting the tumour suppressive functions of the Hippo pathway on YAP.

1.4 Key questions to be addressed in thesis

Studying Drosophila models has clearly led to insight into some fundamental
biological aspects of tumourigenesis within the mammalian system and has
opened up a new avenue for FERM domain containing proteins to modulate
on the Hippo pathway in both Drosophila and mammals. To date, willin’s
involvement in growth signalling pathways in the mammalian system is un-
known even though the Drosophila orthologue, expanded, has been shown to
activate and modulate the Hippo pathway. It is predicted that willin plays a
role in the Hippo pathway (Figure 1.16). The aim of this thesis is to investi-
gate the role of willin in the mammalian Hippo pathway. Research will focus
on the biological effect willin has on the mammalian Hippo pathway on cell
proliferation and apoptosis in-vitro on both immortalised cell lines as well as
primary cell cultures. The modulation of willin and other ERM proteins on
the activation of the mammalian Hippo pathway will be investigated in order
to directly contribute to the understanding of human cancers and potential

therapeutics.
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Figure 1.16: Schematic representation of the predicted interaction of willin on
growth controlling signalling pathways. Merlin has been shown to inhibit cell pro-
liferation by inhibiting MEK/ERK and Akt/mTOR signalling pathway as well as
predicted interactions with the Hippo signalling pathway to inhibit cell growth.
ERM proteins have growth promoting properties through inhibiting the actions of
merlin. The effects of merlin, willin and ERM proteins on the Hippo pathway, to
date, remain unknown (dashed line).



Chapter 2

Materials and Methods

2.1 Molecular cloning

2.1.1 Polymerase chain reaction (PCR)

PCR reactions for the amplification of full-length willin, the FERM domain
and the C-terminal domain of willin contained: 0.5 units PfuTurbo DNA Poly-
merase (Roche), appropriate 10X buffer (Roche), 1% DMSO (Sigma), 0.5uM
forward primer, 0.5uM reverse primer (Invitrogen; see Table 2.1 for list of PCR
primers), 200uM dNTPs (Promega) and 100ng pWillin-GFP DNA template.
The PCR reaction was conducted in a Biometra T-Gradient Thermal Cycler
(Biometra, Germany) and the thermal PCR cycle was as described in Table
2.2. PCR reaction on ¢cDNA contained Taq PCR master mix (Sigma), 0.5uM
forward primer, 0.5uM reverse primer (Table 2.1) and 200ng cDNA. Biometra-
T thermal cycler (Biometra, Germany) was set to the conditions described in
Table 2.3.

35
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NAME NUCLEOTIDE SEQUENCE
BMP2-F CGACCCTCGACCCCCGAGTC
BMP2-R CACGCGGGGACACGTCCATT
Cterm-F CGGGATCCACGATGAAGAAGCAGTACCGGGAATCTTAC

Cterm-R2 CGGAATTCCTAAGCGTAATCTGGGACGTCGTATGGGTA
CACAACAAACTCTGGAACTTC

DR-500bp-F | GAGTGGAAGCAGGACTCTGG

DR-500bp-R | GTGAGTCCAAGCAATGCTGA

EFla-F ATGGCACGGTGACAACATGCT

EFla-R CCACATTACCACGACGGATG

FERM-F CGGGATCCACGATGCGCAGTGTGTGCATTTTCCTT

FERM-R CGGAATTCCTAAGCGTAATCTGGGACGTCGTATGG
GTACTCTTCGTTTTCCTCCAGC

IGFBP2-F CCAGCTCCAGGTGAGCCGC

IGFBP2-R CCAGCAGAAGCCCCGCTTCC

m-actin-F AGGCATTGTGATGGACTCCG

m-actin-R AGTGATGACCTGGCCGTCAG

m-cyclo-F AGGGTGGTGACTTTACACGC

m-cyclo-R GGTTTGATGGGTAAAATGCC

mRT-PCR-F | AGCACAGATGGCCGTGTATT

mRT-PCR-R | TCAGTATCATCCCGACACGA

MST1/2-F GAGAAGCTTGGAGAAGGGTC

MST1/2-R2 | CCACAGTACTCCATAACAATCCA

PRL-F ACCAGGAAAAGGGAAACGAATGCC

PRL-R CGGCGCGGTCAAACAGGTCT

R-ezrin-F CCCGGCCGATCCCAATTTGTGAA

R-ezrin-R GGCGGAGACACGTCGGGAC

R-LATSI-F | TGCCGCAAAGGCCGAGCATA

R-LATSI-R | TGGCATTGATAGGTCTGGCAGCT

R-LATS2-F | TGAGCGCAGAGACGGTGGGT

R-LATS2-R | ACGTCCAATGTTTTGGCATAGCTGATT

R-merlin-F TTTGCCATAGGCAGCCCGCC

R-merlin-R | GTTACACCCACCACTCCTCAAATACC

R-MST1-F TGCTTACTTGGTAACCCAGCCTCAG

R-MST1-R TGGGACTCGGTCCTCAGGGGA

R-MST2-F AGCAGGACTTCAAGAACAAGAGTCATG

R-MST2-R GGCGGCTTCAGTCGCAGGTT

r-willin-F CAGCCCACAACACAATGAAC

r-willin-R AGTGCAGCACCTGTTTCCTT

R-YAP-F AGCCCAAGTCCCACTCGCGA

R-YAP-R ACGAGGGTCAAGCCTTGGGTC

RASSF8-F GGGGCTGGGCATAGAACTGTTGG

RASSFS8-R TTCCATGGTGCACCGGCCAGT

Willin2-F GCTCAAGCTTCGAATTCGCCATGAAC

Willin2-R ATAGCGGCCGCCACAACAAACTCTGGAACT

Table 2.1: Nucleotide primer sequences used for PCR, RT-PCR and qPCR.
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Step | Temperature (°C) | Time (sec)
1 94 300
2 94 30
3 50.2 60
4 72 120
5 72 600
6 4 pause

Table 2.2: Thermal PCR cycle for full-length willin PCR. Steps 2-4 were repeated
a total of 40 times before steps 5 and 6 were performed.

Step | Temperature (°C) | Time (sec)
1 94 300
2 94 30
3 52 40
4 72 60
5 72 600
6 4 pause

Table 2.3: Thermal PCR cycles for amplification of willin from cDNA. Steps 2-4
were repeated a total of 40 times before steps 5 and 6 were performed.

2.1.2 Agarose gel

1% (w/v) or 2% (w/v) agarose was melted in TBE buffer (0.45M Tris-borate,
10mM EDTA, pH 8.3; Sigma). Once cooled, a final concentration of 0.5ug/ml
ethidium bromide (Sigma) was added. A 1% (w/v) agarose gel was used to
separate DNA fragments larger than 1kb and 2% (w/v) for DNA fragments
smaller than 1kb. The gel was left to set for 20 minutes at room temperature
in a DNA gel rig. 6X agarose gel buffer (50% glycerol, 49.75% TBE, 0.25%
bromophenol blue) was added to the samples before DNA was loaded into the
wells. Hyperladder I (Bioline) was run simultaneously to analyse DNA band
size. DNA gels were run at 60V for 1 hour and bands were visualised under

UV light using GeneSnap software (Syngene).
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2.1.3 Purification of DNA from agarose gel

DNA bands were visualised under low UV light (230-50Hz, Ultratec Ltd) and
excised from the agarose gel using a sterile blade. The DNA band was purified
using a Wizard SV gel and PCR Clean-up Kit (Promega) according the to

manufacturer’s protocol.

2.1.4 Restriction digest

5ug DNA was cut using 5 units restriction enzyme (Promega) and the ap-
propriate 10X buffer (Promega) according to manufacturer’s protocol. The
restriction digest product was heat inactivated at 68°C for 20 minutes. Dou-
ble restriction digests were performed as follows: first restriction digest, heat
inactivation, DNA clean up (Section 2.1.3), followed by a second restriction di-
gest and heat inactivation. Restriction digest products were run on an agarose

gel (Section 2.1.2) for analysis and extraction.

2.1.5 Ligation reaction

Restriction digested plasmid and the DNA insert were ligated using 5 units
T4Turbo DNA ligase (Promega) and its appropriate 10X buffer (Promega) ac-
cording to manufacturer’s protocol; using a 1:5ul and 1:10ul vector:insert ratio.
A control reaction was set up using 1ul vector in the absence of DNA insert.
The ligation reaction was incubated at room temperature for a minimum of 4

hours.

2.1.6 Generating competent DH5a cells

A glycerol scrape of DH5« was added to 5ml Luria-Bertani (LB) medium (2%
(w/v) tryptone, 0.5% bacto-yeast extract, 10mM NaCl, 2.5mM KCIl, 10mM
MgCly, 10mM MgSOy, pH 7.5). DH5« bacterial cells were grown, shaking at
210rpm, in an orbital incubator at 37°C for 15-18 hours. After incubation,
0.5ml of DH5« cell mixture was placed in fresh 50ml LB medium, shaking at
210rpm at 37°C, until an absorbance reading between 0.3 and 0.4 was measured
at 600nm (UV1601 Shimadzu Corporation). DH5« cells were harvested using
a 4.2 Rotar Beckman J6-MC Centrifuge (Beckman) at 3,500¢, at 4°C, for 10
minutes. The DH5« cell pellet was resuspended in 20ml of 100mM CaCl, and

incubated on ice for 30 minutes. DH5a competent cells were harvested at 400¢
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for 5 minutes at 4°C. The cell pellet was resuspended in 1ml 100mM CaCl; and
incubated on ice for 30 minutes before being used for transformations (Section
2.1.7). Competent DH5« cells were stored at -80°C in 50% glycerol for future

use.

2.1.7 Transformation

A 25ul ligation product (Section 2.1.5) was added to 200ul DH5« competent
cells (Section 2.1.6) and left to incubate on ice for 30 minutes. The transfor-
mation mixture was heat shocked at 42°C for 45 seconds and incubated on
ice for an additional minute. 800ul SOC medium (2% (w/v) tryptone, 0.5%
bacto-yeast extract, 10mM NaCl, 2.5mM KCI, 10mM MgCl,, 10mM MgSOQOy,
20mM glucose, pH 7.5) was added and incubated at 37°C for 1 hour, shaking at
210rpm. 100pul of these cells were spread on agar plates that contained the ap-
propriate antibiotic resistance (100ug/ml ampicillin or 50ug/ml kanamycin);
dependent on the DNA plasmid’s resistance. For DH5«a transformations with
pGEMT-easy plasmids, cells were spread onto X-gal plates (LB agar, 0.1mM
IPTG and 2% X-gal and 100ug/ml ampicillin; protected from light).

2.1.8 Plasmid purification from transformed DH5« cells

A single colony from an agar plate (Section 2.1.7) or a glycerol stock scrape
(Section 2.1.9) was added to 5ml LB medium, containing the appropriate
antibiotic (100ug/ml ampicillin or 50ug/ml kanamycin). Transformed DHb5«a
cells were grown at 210rpm, 37°C, for 15-18 hours. DNA was purified using a
Qiagen Spin Miniprep Kit (Qiagen), according to the manufacturer’s manual.
The DNA concentration of purified plasmid was measured at 260nm (UV1601
Shimadzu Corporation) and stored at -20°C. DNA was sequenced at the DNA
Sequencing Service (University of Dundee, UK).

2.1.9 Glycerol stocks

Glycerol stocks of transformed DH5a cells were made for long-term storage.
600l LB overnight medium containing transformed DHba cells and 400ul
sterile 50% glycerol were mixed and stored at -80°C.
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2.2 Tissue culture

2.2.1 Cell culture

All cells were kept in an incubator at 37°C with an atmospheric environment

of 5% CO3. Growth medium used for different cell lines are presented in Table

24.

CELL LINE GROWTH MEDIUM COMPONENTS

HEK?293 MEM, 10% FCS (Bethyl Laboratories), 2mM
L-Glutamate, 100 units Penicillin, 0.1mg/ml
Streptomycin, + 1% Non Essential Amino Acids

TRex Same as HEK293 + 5 pg/ml Blasticidin (Invitrogen)

TRex-willinGFP | Same as TRex + 250ug/ml Zeocin (Invitrogen)

MCF10A DMEM (Invitrogen), 5% Horse serum (Invitrogen),

20ng/ml EGF, 0.5ug/ml Hydrocortisone, 100ng/ml
Cholera toxin, 10ug/ml Insulin, 100 units Penicillin
+ 0.1mg/ml Streptomycin

MCF10A-pBabe

Same as MCF10A + 2ug/ml Puromycin

MCF10A-YAP

Same as MCF10A + 300ug/ml Hygromycin

MCF10A-YAP
+ pBabe

Same as MCF10A-YAP + 2ug/ml Puromycin

Phoenix-A

DMEM, 10% FCS (Bethyl Laboratories), 2mM
L-Glutamate, 100 units Penicillin + 0.1mg/ml
Streptomycin

Schwann cells

DMEM, 10%FCS (Bethyl Laboratories), 2mM
L-Glutamate, 100 units Penicillin, 0.1mg/ml
Streptomycin, 10uM Forskolin + 20ng/ml Heregulin

Fibroblasts

DMEM, 10% FCS (Bethyl Laboratories),
2mM L-Glutamate, 100 units Penicillin
and 0.1mg/ml Streptomycin

Table 2.4: Growth medium reagents for different tissue culture cell lines.

All

materials were from Sigma unless otherwise stated.

Cells were split, into T75 flasks, three times a week, in a class II sterile

chamber. Growth medium was removed and the cells were rinsed with 1.5ml,
pre-warmed to 37°C, Trypsin-EDTA (Sigma). Cells were detached from the
plastic surface by gently tapping the flask. Cells were harvested with 15ml

fresh medium and the appropriate cell density was added back into the flask
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containing 15ml fresh medium. Cells were passaged up to 40 times before
being replaced with fresh cells that were stored in liquid nitrogen (Section
2.2.8). MCF10A cells were obtained from ATCC and were grown according to
Debnath et al. (2003). HEK-293 cells were obtained from ATCC, TRex cells
were are kind gift from Dr. Chris Tate (University of Cambridge, UK) and
primary Schwann and fibroblast cells were a kind gift from Prof. Sue Barnett
(University of Glasgow, UK).

2.2.2 DNA transfection

HEK-293 cells were transfected with DNA using GeneJammer transfection
reagent (Stratagene) according to the manufacturer’s manual (Table 2.5).
HEK-293 cells were harvested and the appropriate cell density was added to
dishes so that HEK-293 cells were 60-80% confluent on the day of transfection.
Cells were placed in dishes with or without coverslips for use of immunofluo-

rescence microscopy or western blotting respectively.

Size of dish | GeneJammer DNA Optimem | Medium
(mm) (p1/dish) (pg/dish) | (ug/dish) | (ml/dish)

35 6 2 100 2

60 15 5 250 5

90 30 10 750 10

150 60 20 1000 15

Table 2.5: Volumes of reagents used in GeneJammer DNA transfection in different
sized dishes.

2.2.3 siRNA transfection

HEK-293 cells were grown to 60-80% confluency in dishes with or without cov-
erslips for use of immunofluorescence microscopy or western blotting respec-
tively. Three duplex siRNA oligo-ribonucleotides specifically targeted against
the willin gene were designed (Invitrogen): siRNA1 = GCCUCUAUAU-
GAAUCUGCAGCCUGUACAGGCUGCAGAUUCAUAUAGAGGC, siRNA2
= CACAGACUAUAUGUCGGAAACCAAAUUUGGUUUCCGACAUAUAG-
UCUGUG and siRNA3 = GACAGAGCAGCAAGAUACUAUUAUUAAU-
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AAUAGUAUCUUGCUGCUCUGUC. siRNA was transfected into HEK-293
cells using GeneEraser (Stratagene) transfection reagent according to the man-
ufacturer’s protocol. The volume of siRNA was either split so that there was

an equal volume of each siRNA duplex or made up of a single siRNA duplex.

2.2.4 Retroviral production and transfection

Retroviral infections were performed on MCF10A cell lines. Appropriate safety
measures were taken when producing and transfecting a retrovirus. All viral
work was done in a class I tissue culture hood designated for viral work only.
All liquid waste was aspirated into a viral container containing Virkon (Antec
International Ltd) and solid waste was placed in a double bag within the tissue
culture hood after which it was placed within the viral waste. Both liquid and
solid wastes were autoclaved before being disposed of.

Phoenix-A cells were harvested and 4x10°¢ cells were plated into 90mm
dishes. After 24 hours, Phoenix-A cells were transfected with a pBabe vector
containing the gene of interest and an empty vector was used as a control.
For each 90mm transfection: 43pul Mirus LT1 (Mirus) was added to 1.5ml
serum free Optimem (Invitrogen) and was left to incubate for 20 minutes at
room temperature. 20ug of pPBABE vector was added to Mirus LT1-Optimem
solution and left to incubate for a further 30 minutes. The DNA-LT1-Optimem
solution was then added drop by drop to the plate of Phoenix-A cells, which
contained a total of 10ml of DMEM and 10% FCS. 24 hours post-transfection,
the medium was removed and 4ml DMEM containing 10% FCS was added.
Media was collected 48 hours post-transfection and 4ml DMEM containing
10% FCS was added back on the cells. 72 hours post-transfection, media
containing the virus was collected. The media containing the virus from 48
hours and 72 hours post-transfection were pooled together and passed through
a 0.45um filter to remove cellular debris. The media containing the virus was
used directly for retroviral transfection.

Cells to be transfected by retroviral transfection were harvested and 5x10°
cells were plated per 90mm dishes. 24 hours after seeding, culture media was
aspirated from the 90mm dishes and 4ml of virus-media containing 8ug/ml
polybrene (Sigma) was added to the cells and left to incubate for 8 hours in a
37°C viral tissue culture incubator. Media was aspirated after the incubation

and 10ml fresh culture media was added. Cells were selected with 2ug/ml
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puromycin 48 hours post-infection. Four days after puromycin selection only

puro-resistant cells remained.

2.2.5 Stable cell line production

Confluent T75 flasks were transfected with appropriate DNA plasmids using
either the GeneJammer transfection (Section 2.2.2) or the retroviral transfec-
tion (Section 2.2.4) method. Cells were incubated in a sterile tissue culture
incubator at 37°C. 48 hours post-transfection, cells were selected for plas-
mid expression using appropriate antibiotics: 500ug/ml zeocin and 5ug/ml
blasticidin were added to TRex-willin-GFP cell line; 2ug/ml puromycin was
added to MCF10A-willin, MCF10A-FERM and MCF10A-Cterm cell lines;
and 300ug/ml hygromycin was added to MCF10A-YAP cells. The cells were

maintained in antibiotic containing medium thereafter.

2.2.6 Inducing TRex cell line

Willin-GFP expression was induced in the TRex-willin-GFP cells with growth
medium containing 1ug/ml tetracycline. Fresh tetracycline was added every

48 hours for long inductions.

2.2.7 Storage of cell lines

Confluent T75 flask containing cells to be frozen down were trypsinised and
resuspended in growth medium. Cells were harvested at 350¢ for 5 minutes
at room temperature. The cell pellet was resuspended in freezing medium
containing 40% FCS, 50% normal cell maintenance medium and 10% DMSO.
1.5ml aliquots were added to a cryotube and placed at -80°C in a cryo-freezing
container (Nalgene) for 24 hours. The cryotubes were placed in a liquid nitro-

gen store for long-term storage.

2.2.8 Rescue of frozen cell lines

Cells were quickly thawed at 37°C and added to a sterile T75 flask containing
20ml growth cell medium. After 24 hours, the medium was aspirated and

replaced with fresh medium.
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2.3 Cell assays and treatments

2.3.1 Fixing and mounting cells for fluorescent mi-

Croscopy

Cells were grown in dishes containing coverslips and treated as desired. When
cell treatment was completed, the cells were washed three times with phos-
phate buffered saline (PBS; Sigma) and fixed with 1ml neutral buffered, filter
sterilised, formalin (NBF; 10% (v/v) formalin, 0.4% (w/v) NaH,PO,.H,O,
0.65% (w/v) NagHPOy; Sigma) for 10 minutes at room temperature. Dishes
were gently washed an additional three times with PBS and mounted with
mowial (Sigma) and DAPI (4’,6-diamidino-2-phenylindole; Sigma) on micro-
scope slides. Images of the cells were taken using a DeltaVision deconvolution
microscope (Applied Precision) or a multiphoton microscope (Leica). All im-
ages were taken from a Z-stack. Excitation wavelenght was 405nm for DAPI,
488nm for GFP and 633nm for mCherry. Slides were examined using either
the X10 and X20 objectives under dry conditions or using the X40 and X63

objectives under oil immersion.

2.3.2 Propidium iodide staining for FACS analysis

Cells were washed three times in PBS and harvested in 10ml fresh growth
medium at 350¢ for 5 minutes. The cell pellet was washed in ice-cold PBS
and harvested at 350¢ for 5 minutes at 4°C. For cell cycle analysis, 0.5x10°
cells were fixed in 80% ethanol and left overnight at -4°C. Fixed cells were
harvested at 350¢ for 5 minutes at 4°C and the ethanol was aspirated. Fixed
cells were resuspended in PBS containing 3uM propidium iodide (PI) and 500
units of RNaseA (Promega). Cells were incubated in PI solution for 30 min-
utes before being analysed on the FACS machine (FACscan Flow Cytometer,
Becton Dickinson) at 615nm wavelength. For live/dead discrimination on cell
populations, cells were harvested and resuspended in ice-cold PBS containing
3uM PI. Cells were incubated in PI solution for 5 minutes and analysed on
the FACS flow cytometer (Becton Dickinson) at 615nm.
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2.3.3 Nuclear versus cytoplasmic protein extraction

Cells were grown in two 90mm dishes and harvested at 300¢g for 5 minutes
at 4°C. The cell pellet was resuspended in 0.5ml ice-cold cytoplasmic extrac-
tion buffer (10mM HEPES pH7.9, 1.5mM MgCl,, 10mM KCI, 0.5mM DTT)
and incubated on ice for 5 minutes. Cells were lysed with 20 stokes using a
Dounce homogeniser and the lysate was centrifuged at 228¢ for 5 minutes at
4°C to pellet nuclei and other fragments. The supernatant, containing the
cytoplasmic fraction, was stored at -20°C. The nuclear pellet was resuspended
in 0.5ml ice-cold nuclear extraction buffer (0.25mM sucrose, 10mM MgCl,)
and layered over a sucrose bed (0.88mM sucrose, 0.5mM MgCly). The nuclear
fraction was pelleted by centrifugation at 2800¢ for 10 minutes at 4°C. 5X
protein sample buffer (250mM TrisHC1 pH6.8, 10% SDS, 30% glycerol, 5% (-
mercaptoethanol and 0.02% bromophenol blue) was added to both nuclear and
cytoplasmic fractions and run on a protein SDS gel (Section 2.4.2.3). [-actin
and coilin antibodies were used as a loading and a “carry-over contamination”

control for cytoplasmic and nuclear extracts respectively.

2.3.4 Membrane and cytoplasmic sub-fractionation

Cells were grown in 90mm dishes, harvested at 300g for 5 minutes at 4°C
and washed twice in ice-cold PBS. The cell pellet was resuspended in 5ml
hypotonic buffer (20mM Tris-HCI pH 7.4, 10mM KCIl, 1mM EDTA, 1mM
DTT, 1% aprotinin and 1mM PMSF) and incubated for 10 minutes on ice.
Cells were lysed by 40 strokes using a Dounce homogeniser and equilibrated
to 125mM NaCl. Cell lysates were spun at 1500¢g for 10 minutes at 4°C. The
pellet containing whole cells and nuclei was stored at -80°C (P1 fraction). The
supernatant was added to a Beckman ultraclear centrifuge tube and spun at
100,000¢ for 1 hour at 4°C. The supernatant was incubated in 4 volumes of
ice-cold acetone for 45 minutes and centrifuged at 3000¢ for 10 minutes at 4°C.
The acetone was aspirated and air-dried for an additional 40 minutes before the
pellet was resuspended in 200ul 1% ice-cold Triton X-100 (S100). The pellet
left in the Beckman centrifuge was resuspended in 200ul 1% ice-cold Triton
X-100 and incubated on ice for 15 minutes. After incubation, the membrane
fraction was centrifuged at 16,000¢g for 15 minutes at 4°C. The Triton soluble
supernatant (P100s) was removed and stored at -80°C until needed. The
Triton insoluble pellet (P100i) was resuspended in 200ul 1% ice-cold Triton
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X-100 and stored at -80°C until needed. 5XPSB (250mM TrisHCI pH6.8, 10%
SDS, 30% glycerol, 5% B-mercaptoethanol and 0.02% bromophenol blue) was
added to P1, P100s, P100i and S100 protein extracts and boiled for 10 minutes
before being loaded on a SDS gel (Section 2.4.2.3).

2.3.5 Immunoprecipitation (IP)
2.3.5.1 Cross-linking antibody to Sepharose-G beads

10ul Sepharose-G beads (Sigma) were washed twice in PBS. Beads were resus-
pended in 100l PBS containing 2ug of antibody and incubated with agitation
for 1 hour at room temperature. Freshly prepared disuccinimidyl suberate
(DSS, Pierce) was added to the antibody/Sepharose-G mixture to a final con-
centration of 650ug/ml and was incubated with agitation, for 1 hour at room
temperature. After DSS cross-linking, Sepharose beads were washed four times
with TBS. To release any unbound antibody, Sepharose beads were washed
four times with 0.1M glycine (pH 2.8) followed by three washes with TBS.
Before and after cross-linking samples were separated on a 10% Tris/glycine
SDS gel (Section 2.4.2.3) to confirm that the heavy chain of the antibody was
covalently linked to the beads.

2.3.5.2 Immunoprecipitation

Cells were grown in 90mm plates and transfected or induced for the desired
protein expression. Cells were harvested at 420¢g for 5 minutes at 4°C and
resuspended in 300ul lysis buffer: 25mM Tris-HCI (pH 7.4), 150mM NacCl,
ImM CaCly, 1% TX-100 and 1% protease inhibitors (Roche). Cells were
vortexed and incubated on ice for 15 minutes. Samples were sonicated twice
for 10 seconds and centrifuged at 10,000g for 20 minutes at 4°C to pellet
insoluble material. To 20ul of protein-G Sepharose mixture conjugated to
desired antibody (Section 2.3.5.1), cell lysate and wash buffer (25mM Tris-HCl
pH 7.5, 150mM NaCl, 1% protease inhibitors) were added in a 1:1 ratio and
incubated with agitation at 4°C overnight. 15 hours after agitated incubation,
protein-G Sepharose and the antibody solution were centrifuged for 1 minute
and the supernatant was removed. The Sepharose complex was washed 3 times
in wash buffer with a 30 second 500¢ spin. The pellet was resuspended in 50l
PSB (62.5mM Tris-HCI1 pH 6.8, 2% (w/v) SDS, 10% glycerol, 50mM DTT,
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0.01% (w/v) bromophenol blue) and separated on a SDS gel (Section 2.4.2.3)
to detect binding.

2.3.6 MTT assay

Cells were plated in 96 well plates in a total volume of 100u] medium. After cell
treatment, MTT solution (3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazo-
lium bromide; Sigma) was added to a final concentration of 1mg/ml. After
a 3 hour incubation period in a sterile tissue culture incubator at 37°C, all
medium was aspirated and 100ul DMSO was added to each well. Plates were
shaken for 5 minutes and the absorbance was measured at 590nm using MRX

Microplate Reader (DYNEX Technologies).

2.3.7 TNFa treatment

Cells were treated, between 0-8 hours, with TNF« (Sigma) to a final concen-

tration ranging from 0-200ng/ml.

2.3.8 Colorimetric caspase-3 assay

All materials for the caspase-3 assay were from the caspACE colorimetric assay

kit (Promega).

2.3.8.1 Preparation of cell extract

Cells were grown in 35mm dishes and treated with either 50ng/ml TNFa,
50ng/ml TNF« and an apoptosis inhibitor Z-VAD-FMK (Promega) to a final
concentration of 50uM, or left untreated. Cells were harvested at 450¢g for 10
minutes at 4°C and washed in ice-cold PBS. The cell pellet was resuspended in
lysis buffer provided in the caspase kit (Promega) at a concentration of 1x10°
cells/ml. The cell extract was lysed by two freeze-thaw cycles and incubated
on ice for 15 minutes. Cell lysates were centrifuged at 15,000¢ for 20 minutes
at 4°C and the supernatant was collected. The protein concentration of cell

lysate was measured using a Bradford assay (Section 2.4.2.1).

2.3.8.2 Caspase assay

25ug of protein extract (Section 2.3.8.1) was used for the caspase-3 assay.

Table 2.6 shows the components needed for a single reaction in a 96 well plate.
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Plates were covered in parafilm and incubated for 4 hours at 37°C and the
absorbance was measured at 405nm using a MRX Microplate Reader (DYNEX
Technologies). The difference between the amount of yellow produced in the
absence and presence of Z-VAD-FMK inhibitor was a measure of the caspase-
3 activity present in the sample. The specific activity (SA) of caspase-3 was

calculated as described in CaspACE assay manual (Promega).

Blank | -ve control | induced | inhibited
apoptosis | apoptosis
caspase buffer 32pl 32pl 32pl 32pl
DMSO 2ul 2ul 2l 2ul
100mM DTT 10pl 10pl 10pl 10pl
untreated cell extract - Xul - -
induced apoptosis extract - - Xul -
inhibited apoptosis extract - - - Xul
dH20 to total 98ul 98l 98ul 98l

Table 2.6: Volumes and reagents used in colorimetric caspase-3 assay (Promega).

2.3.9 Anchorage independence growth assay

Cells were harvested and seeded 2x10? cells per 35mm dish in a mixture
of 0.35% agarose/DMEM:F12 complete media onto a lower layer of 0.5%
agarose/DMEM:F12 complete media. Once the agarose was set, a layer of
DMEM:F12 complete media was added above the agarose layers. Dishes were
incubated at 37°C in a humidified incubator for 3 weeks. Cell growth media
was replaced twice a week and the number of colonies, defined as >5 cells,

were counted after 14 and 21 days using a brightfield microscope.

2.3.10 Cell migration assay

Cells were harvested and 1x10°-1x10° cells were placed in 0.5ml serum-free
growth media. Media containing cells were added to the top chamber of 24
well 8.0um pore Boyden chamber (Biocoat, Becton Dickinson). The lower
chamber contained growth media with 20% serum. Cells were incubated at
37°C in a humidified incubator for 24 hours. After 24 hours, media in the top

Boyden chamber was removed and washed 3 times in sterile PBS and the top
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membrane was scrubbed free of cells using a cotton swab. The bottom side
of the porous membrane was stained with 0.1% crystal violet (Sigma) and a
brightfield image of the cells was taken. Crystal violet dye was extracted with
500u1 0.1M sodium citrate in 50% ethanol and absorbance was measured at
570nm using a MRX Microplate Reader (DYNEX Technology).

2.3.11 Adhesion assay

A 96 well plate was coated with 10ug/ml laminin (Sigma) at 37°C for 1 hour
in a sterile chamber. Some wells were left uncoated for a negative control.
Wells were washed twice with cell growth medium containing 0.1% BSA and
blocked with cell medium containing 0.5% BSA for 1 hour at 37°C. Wells were
then washed with medium containing 0.1% BSA and plates were chilled on
ice for 30 minutes. 2x10% cells were plated into each well and left to incubate
at 37°C for 30 minutes. After incubation, plates were shaken at 2000rpm for
10 seconds and wells were washed twice in PBS. Cells were fixed in 4% PFA
for 10 minutes at room temperature and washed twice with PBS. Cells were
stained with 5mg/ml crystal violet in 2% ethanol for 10 minutes and the total

number of cells in the wells were counted using a brightfield microscope.

2.3.12 Scratch assay

The same number of cells were plated into 35mm dishes and left to grow until
confluent. Once a monolayer of confluent cells was observed in the dishes, a
scratch was made with the end of a yellow tip. Brightfield images were taken
just after the scratch and at different time points depending on cell growth
and migration. The percentage of scratch covered by cells was calculated using

Image J software.

2.4 Protein and RNA detection

2.4.1 Reverse transcriptase PCR
2.4.1.1 RNA extraction

Lab surfaces and materials needed were cleaned with DEPC water (0.1%
DEPC in sterilised water) and put under UV light for 10 minutes to create

an RNase-free environment. RNA was extracted from cells using the RNeasy
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Mini Kit (Qiagen), according to manufacturer’s protocol. The extracted RNA
concentration was measured at 260nm (UV1601 Shimadzu Corporation) and
stored at -80°C until needed.

2.4.1.2 DNase digestion of RNA samples

DNase digestion of 5ug RNA was achieved using 2 units RQ1 RNase Free
DNase (Promega) and appropriate 10X buffer (Promega) according to the
manufacturer’s protocol. DNase digestion was incubated at 37°C for 30 min-

utes. DNase treated RNA samples were stored at -80°C until further required.

2.4.1.3 Reverse transcriptase PCR (RT-PCR)

2ug of DNase treated RNA was denatured at 65°C for 10 minutes in 10ul
RNase free water and 1uM random hexanucleotides (Roche). 20 units Pro-
tector RNase Inhibitor (Roche), 200uM dNTPs, 50 units AMV Reverse Tran-
scriptase (Roche), and the appropriate 5X buffer were added and incubated
at 25°C for 10 minutes, 55°C for 30 minutes and denatured at 95°C for 2 min-
utes. Concentration of the cDNA product was measured at 260nm (UV1601
Shimadzu Corporation) and stored at -20°C until further needed. The PCR

was conducted on the cDNA as described in Section 2.1.1.

2.4.1.4 Quantitative PCR (qPCR)

Quantitative PCR (qPCR) was set up using Brilliant SYBR qPCR Master
Mix (Stratagene) according to the manufacturers protocol. For each 20ul
reaction: 10ul supermix, 0.5uM forward primer, 0.5uM reverse primer (for
primer nucleotide sequences see Table 2.1) and 200ng DNase-treated cDNA
were added to a PCR tube. A qPCR thermal cycle was set as described in

Table 2.7. Fluorescence was read on a Mx3005P machine (Stratagene).

2.4.2 Western blotting
2.4.2.1 Bradford assay

A calibration curve was made by measuring the absorbance at 595nm for
known amounts of BSA protein ranging from 0-8ug; 1ul protein, 50041 distilled
water and 500ul Bradford reagent (Sigma). The protein concentration of the
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Step | Temperature (°C) | Time (sec)
1 95 300
2 94 30
3 o6 60
4 72 60
5 72 600
6 4 pause

Table 2.7: qPCR thermal cycle profile. Steps 2-5 were repeated a total of 40 times
before steps 5 and 6 were continued.

sample was determined by comparison with the standard curve when 1ul of the
protein sample was mixed well with 500ul distilled water and 500u]1 Bradford

reagent.

2.4.2.2 Whole cell protein extraction

To extract cells from transfection dishes, the cells were washed three times
with PBS. Cells were scraped off and the same volume of protein sample
buffer (2XPSB: 120mM Tris-HCI pH 6.8, 4% SDS, 20% glycerol, 10% 2-/-
mercaptoethanol and 0.004% bromophenol blue) was added. Samples were
sonicated on ice for three 5 seconds bursts and boiled for 15 minutes. Whole
cell lysates were run on a SDS gel or stored at -20°C. Lysates for phosphory-

lation studies were never stored and were always made and used fresh.

2.4.2.3 SDS PAGE gel

A separating gel was made using materials listed in Table 2.8. Upon the
addition of APS and TEMED the gel was left to set for 30 minutes in a Mighty
Small mini-Vertical Unit (Hoefer). Once set, a stacking gel was made (Table
2.9) and poured onto the separating gel. Combs were placed in the stacking
gel and left to set for 30 minutes. Protein samples were run on polyacrylamide
gels for 1 hour at 100 volts in Tris-glycine SDS running buffer (25mM Tris,
250mM glycine, 0.1% SDS, pH 8.3). A pre-stained protein standard ladder
(Biolabs) was run simultaneously with the protein samples to analyse protein

size.
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Reagents Volume for | Volume for | Volume for | Volume for
8% gel 10% gel 12% gel 15% gel
Distilled water 4.60ml 4.00ml 3.30ml 2.3ml
1.5M Tris-HCI, pHS8.8 2.50ml 2.50ml 2.50ml 2.50ml
10% SDS 100pl 100pl 100p1 100zl
30% Acrylamide 2.70ml 3.30ml 4.00ml 5.00ml
10% APS 100pl 100pl 100ul 100p1
TEMED 10pl 10pl 10pl 10pl

Table 2.8: Composition of a 8%, 10%, 12% and 15% Tris/glycine SDS polyacry-
lamide gel electrophoresis gel. All reagents were from Sigma.

Reagents Volume
Distilled water 2.68ml
0.5M Tris-HCI, pH6.8 | 1.25ml
10% SDS 50ul
30% Acrylamide 1.00ml
10% APS 15ul
TEMED S5ul

Table 2.9: Composition of the stacking gel for SDS gel. All reagents were from
Sigma.

2.4.2.4 Transferring proteins to nitrocellulose membrane

Six blotting pads were fully soaked in Tris-glycine transfer buffer (25mM Tris,
190mM glycine, 0.1% SDS, 20% methanol, pH8.5). Four blotting papers and
a nitrocellulose membrane (Protran, Scheicher) were soaked briefly in transfer
buffer before a transfer stack was made. The transfer stack contained: 3
blotting pads, 2 blotting papers, SDS PAGE gel, nitrocellulose membrane, 2
blotting papers and 3 blotting pads (placed into electrophoresis chamber from
the cathode to the anode end respectively). A blot module was filled with
transfer buffer and the outer buffer chamber was filled with 650ml deionised
water. Proteins were transferred from the SDS PAGE gel to the nitrocellulose

membrane at 33V for 1 hour.
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2.4.2.5 Western blotting

Nitrocellulose membrane was blocked overnight in 5% milk, 0.1% Tween
(Sigma) in TBS (50mM Tris, 138mM NaCl, 2.7mM KCI, pH 8.0), with gentle
agitation at 4°C. Primary antibody was added in concentrations as described
in Table 2.10 to 3% milk, 0.1% Tween and TBS, unless otherwise stated, for

1 hour at room temperature.

(Cell Signalling)

Antibody Primary Antibody Secondary Antibody

GFP 1:1,000 anti-GFP 1:10,000 anti-mouse HRP
(Santa-Cruz) (Santa-Cruz)

FLAG 1:500 anti-FLAG M2 1:10,000 anti-mouse HRP
(Stratagene) (Santa-Cruz)

(-actin 1:10,000 anti-Bactin 1:10,0000 anti-mouse HRP
(Sigma) (Santa-Cruz)

MST1 1:1,000 anti-MST* 1:10,000 anti-rabbit HRP

(Santa-Cruz)

Phospho MST1/2
(thr183,/180)

1:1,000 anti-pMST1/2*
(Cell Signalling)

1:10,000 anti-rabbit HRP
(Santa-Cruz)

Latsl

1:1,000 anti-Lats1*
(Cell Signalling)

1:10,0000 anti-rabbit HRP
(Santa-Cruz)

Phospho-Lats1
(ser909)

1:1,000 anti-pLats*
(Cell Signalling)

1:10,000 anti-rabbit HRP
(Santa-Cruz)

YAP

1:1,000 anti-YAP*
(Cell Signalling)

1:10,000 anti-rabbit HRP
(Santa-Cruz)

phospho-YAP

1:1,000 anti-pYAP*

anti-rabbit HRP

(Ser127) (Cell Signalling) (Santa-Cruz)

caspase-3 1:1,000 anti-caspase 3 | 1:10,000 anti-mouse HRP
(Sigma) (Santa-Cruz)

coilin 1:1,000 anti-coilin 1:10,000 anti-rabbit HRP
(Sigma) (Santa-Cruz)

HA 1:500 anti-HA 1:10,000 anti-mouse HRP
(Sigma) (Santa-Cruz)

Table 2.10: Concentrations of primary and secondary antibody used in western
blot protocol. All antibodies were diluted in TBS, 0.1% Tween, 5% milk with the
exception of starred antibodies (*) that were incubated in 5% BSA, 0.1% Tween in
TBS left gently shaking overnight at -4°C.
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Blots were washed three times, 5 minutes each, with 0.1% Tween in TBS.
Secondary HRP antibody was added in concentrations as described in Table
2.10 to 3% (w/v) dried milk, 0.1% Tween in TBS for 1 hour at room temper-
ature. The nitrocellulose blot was washed an additional 5 times, each lasting
at least 6 minutes. The nitrocellulose membrane was incubated, for 5 min-
utes, with 4ml SuperSignal West Pico enhanced chemi-luminescence reagent
(Pierce), before protein bands were visualised using a LAS-3000 Intelligent
Dark Box (Fujifilm).

2.4.3 Wholemount in-situ hybridisation
2.4.3.1 Preparation of DNA template for RNA probe synthesis

The willin DNA sequence of interest was amplified using RT-PCR (Section
2.4.1) and cloned into the pGEMT easy vector (Promega) according to the
manufacturer’s protocol. Orientation of the insert was obtained through DNA
sequencing (DNA Sequencing Service, University of Dundee, UK). 5ug of the
DNA template was linearised using the Sphl restriction enzyme (Section 2.1.4)
to cut at the 5’ or 3’ end of the insert to make an anti-sense and sense probe
respectively. The restriction digest was left overnight at 37°C for complete
linearisation. DNA was extracted by addition of 100ul phenol/chloroform
(Sigma) to the restriction digest product, which was vortexed and centrifuged
at 10,000g. The top layer was transferred to a nuclease-free 1.5ml microcen-
trifuge tube. The phenol/chloroform DNA extraction was repeated again. 10ul
3M sodium acetate (pH5.2) was added and the DNA was precipitated using
ice-cold 70% ethanol (made with DEPC water). DNA was left to precipitate
for 30 minutes at -80°C, after which the DNA was pelleted at 10,000¢ for 15
minutes. The DNA pellet was air-dried for one hour and resuspended in 20ul
DEPC treated water. The DNA concentration was measured on a spectrom-
eter and 1ul of DNA template was run on an agarose gel (Section 2.1.2) to

confirm linearisation.

2.4.3.2 RNA probe synthesis

Table 2.11 shows the materials and quantities needed for RNA probe synthesis.
All reagents were added to a RNA-free PCR tube and both sense and anti-
sense RNA probe were synthesised. The RNA probe reaction was incubated
at 40°C for 2 hours, after which 2ul of RNase free DNase (Roche) was added
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to digest the DNA template at 37°C for 15 minutes. 1ul 0.5M EDTA (pH 8.0)
was added to stop the reaction. RNA was precipitated by the addition of 30ul
of a lithium chloride precipitation solution (Ambion). RNA was precipitated
for 4 hours at -20°C and pelleted by centrifuged at 10,000g for 15 minutes.
The pellet was washed with ice-cold 70% ethanol (made with DEPC treated
water) and re-centrifuged at 10,000¢ for 15 minutes to maximise the removal
of unincorporated nucleotides. Ethanol was carefully removed and the RNA
was resuspended in 20ul DEPC water. 1ul of the RNA probe was run on an
agarose gel to check whether RNA was present. 60ul of hybridisation mix (HM)
(50% formamide (Sigma), 5X sodium chloride/sodium citrate buffer (Sigma),
Img/ml tRNA (Roche), 100mg/ml heparin (Sigma), 0.1% Tween-20 (Sigma),
made to pH4.5 with citric acid (Sigma)) was added to the RNA probe and
stored at -20°C.

Reagents Volume
10X transcription buffer 2ul

10X DIG-NTP 2l
linearilised DNA lug

SP6 RNA Polymerase 2ul
RNase inhibitor 1pul
DEPC treated water to total of 20ul

Table 2.11: Volumes of reagents needed to make a RNA probe. All reagents were
from Roche.

2.4.3.3 Zebrafish embryo collection

The night before eggs were collected, male and female zebrafish were placed
in a breeding tank at 27°C. The next morning, eggs were collected and unfer-
tilised and abnormal eggs were removed. Fertilised embryos were placed in a
Petri dish containing fish water at 27°C until embryos developed to desired de-
velopmental stage (from 6-96 hours-post-fertilisation). Embryos were washed
in fish water and dead and abnormal cells were removed from the Petri dish

every 12 hours.
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2.4.3.4 Zebrafish fixation, removal of chorion and pigmentation

Once the zebrafish embryos reached the desired developmental stage, the em-
bryos were fixed for one hour at room temperature and then overnight at 4°C
with 4% paraformaldehyde in PBS. The chorions of the fixed embryos were
manually removed using a needle and watchmakers forceps under a dissect-
ing microscope. To remove zebrafish pigmentation, the fixed dechorionated
embryos were incubated in PBS containing 3% H20, (Sigma) and 0.5% KOH
(Sigma) at room temperature until pigmentation had completely disappeared.
After the pigmentation was removed, the embryos were washed for 5 minutes
in PBS.

2.4.3.5 Embryo dehydration and rehydration

Embryos were dehydrated in methanol for long-term storage at -20°C. Embryos
were washed for 5 minutes in 66% PBS/33% methanol, 5 minutes in 33%
PBS/66% methanol and a final 10 minute wash with 100% methanol. Before
the in-situ protocol was conducted, embryos needed to be rehydrated by a 5
minute wash in 66% methanol/33% PBS, 5 minutes in 33% methanol/66%
PBS and four 5 minute washes in PBS with 0.2% Tween-20 (Sigma).

2.4.3.6 Permeabilisation and hybridisation of zebrafish embryos

Embryos were permeabilised by a 10ug/ml proteinase K (Roche) digestion at
room temperature for the desired time as shown in Table 2.12. After pro-
teinase K digestion, embryos were quickly washed in PBS containing 0.02%
Tween and refixed in 4% paraformaldehyde in PBS for 20 minutes at room
temperature. Embryos were then washed an additional 5 times for 5 minutes
in PBS containing 0.02% Tween.

2.4.3.7 Wholemount hybridisation of zebrafish embryos

Embryos were pre-hybridised for 5 hours at 65°C in 100u] hybridisation mix
(HM). 100ng of the RNA probe was added to the HM containing embryos and
left to incubate at 65°C for 12 hours. After embryos were hybridised in the
RNA probe, embryos were washed as described in Table 2.13.
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Developmental stage | Duration of proteinase K digestion

1 cell-1 somite 30 sec
1-8 somite 1 min
9-18 somite 3 min
18 somite-24hpf 10 min
48hpf-4 days 30 min

Table 2.12: Duration of proteinase-K digestion at different zebrafish developmental
stages in preparation for whole mount in-situ protocol.

Step | Temp (°C) | Time (min) | Wash Components
1 65 1x10 75% HM/25% 2X SSC
2 65 1x10 50% HM/25% 2X SSC
3 65 1x10 25% HM/25% 2X SSC
4 65 1x10 2X SCC
5 65 1x20 0.2X SCC + 0.1% Tween
6 65 2x20 0.1X SSC + 0.1% Tween
7 20 1x5 66% 0.2X SCC/33% PBS-Tw
8 20 1x5 33% 0.2X SCC/66% PBS-Tw
9 20 2x5 PBS-Tw

Table 2.13: Washes conducted after RN A hybridisation of zebrafish embryos. PBS-
Tw represents PBS containing 0.1% Tween-20.

2.4.3.8 NBT/BCIP staining

Hybridised embryos were pre-incubated in PBS containing 0.1% Tween, 5%
foetal calf serum (Gibco) and 2mg/ml BSA (Sigma) for 2 hours at 4°C. Em-
bryos were incubated in anti-DIG (Roche) solution diluted 1:5,000 in PBS con-
taining 0.1% Tween, 5% foetal calf serum (Gibco) and 2ug/ml BSA (Sigma)
for 12 hours at 4°C. Embryos were washed a total of seven times in PBS con-
taining 0.1% Tween for 15 min each. Embryos were transferred to a 6 well
dish and excess wash solution was removed. NBT/BCIP colouration buffer
(100mM TrisHCI, pH9.5, 50mM MgCly, 100mM NaCl, 0.1% Tween, 0.4mg/ml
NBT and 0.19mg/ml BCIP) was added to embryos and left for 10 minutes,

protected from light exposure. Staining reaction was stopped by washing the
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embryos in PBS containing 0.1% Tween. Embryos were stored at -20°C in

50% glycerol.

2.4.3.9 Imaging and sectioning of embryos

Wholemount zebrafish embryos were studied in dark and brightfield mode
using a dissecting Leica MZ7.5 binocular microscope (Leica Microsystems).
Embryos were, additionally, flat-mounted in PBS by the addition of small
jelly silicon drops underneath each corner of a glass coverslip. To prepare em-
bryos for cryosectioning, embryos were placed in a cryomatrix in their desired
orientation and snap frozen in isopentane (Fisher Scientific), which was cooled
over liquid nitrogen to reach temperatures close to the isopentane freezing
point (-159°C). Wholemount embryos were cut at 10um on a cryostat (Leica
Microsystems, CM1850). All images were taken using a Leica DMRB micro-
scope (Leica Microsystems) or Olympus CK40 microscope (Olympus) with a
Nikon Coolpix 4500 digital camera (Nikon).



Chapter 3

Willin Expression Activates the
Hippo Pathway

3.1 Introduction

Recent studies utilising D. melanogaster genetics have indicated that Merlin
and a second FERM protein called Expanded, play a key role in controlling
the Hippo signalling cascade; limiting organ size by inhibiting cell proliferation
and promoting apoptosis (Edgar, 2006; Hamaratoglu et al., 2006; Harvey and
Tapon, 2007). As the reported human orthologue sequence of Expanded (Ex1)
is that of willin (Hamaratoglu et al., 2006), it was predicted that willin can
act upstream of the mammalian Hippo pathway cassette, with the ability to
activate and phosphorylate the highly conserved Hippo pathway components.

If willin is the true homologue of the Drosophila protein Expanded then
willin will act upstream of the Hippo signalling pathway to phosphorylate
and inhibit YAP, further resulting in downstream cell viability and cell cycle
changes. Therefore, initial characterisation of willin, its ability to phospho-
rylate the core Hippo pathway components (MST1/2, LATS1 and YAP) and
potential downstream apoptotic changes were investigated using the epithelial

Human Embryonic Kidney (HEK-293) cell line as an in-vitro model system.

29
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3.2 Results

3.2.1 DMolecular cloning of TRex inducible plasmids

An inducible system was created as previous stable cell lines expressing willin
have resulted in cell death (Herron, 2007). The TRex inducible system from
Invitrogen was based on the tet-on system, where the gene of interest was
expressed only upon the addition of tetracycline (Figure 3.1). Dr Chris Tate
(University of Cambridge, UK) kindly provided HEK-293 cells stably express-
ing the tetracycline repressor plasmid (pcDNAG/TR). Consequently, only the
inducible plasmid was cloned and transfected into the TRex-HEK-293 cells to

create a stable willin-inducible cell line.

expression repressed ‘
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Figure 3.1: Schematic diagram demonstrating how willin expression was induced
using the TRex system. Firstly the tetracycline repressor (tetR) protein was ex-
pressed from a pcDNAG6/TR plasmid in HEK-293 cells (a). The TetR formed ho-
modimers and bound to Tet-operator-2 (TetO2) sequences in the inducible expres-
sion vector, repressing the protein expression of willin (b). Addition of tetracycline
(tet) to the cell medium resulted in binding of the tetracycline to the TetR ho-
modimers (c), which resulted in a conformational change in tetR so that the TetR
homodimers were released from the TetOy sequences and willin gene expression was
induced (d).
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A TRex-willin-GFP plasmid was created to be used for the inducible cell
line system. A willin-GFP fragment was cut out of the pWillin-GFP plasmid
using FcoR1 and Notl restriction enzymes. A DNA fragment encoding willin-
GFP was then ligated into the pTRex plasmid (Figure 3.2). The correct
full-length sequence of willin-GFP in the TRex plasmid was confirmed by the
DNA Sequencing Service (University of Dundee, UK).

BamH1

willin

pWillinGFP
plasmid

EcoR1 ¢ No|t1
|
| Willin [ GFP

pTRex-clone A

willin
EcoR1 Not1
GFP
c-myc

pTRex-clone A his
Willin-GFP ;

Figure 3.2: Cloning of the TRex-willin-GFP plasmid. pWillin-GFP plasmid was
digested with FEcoR1 and Notl restriction enzymes to produce a willin-GFP frag-
ment. This fragment was ligated into an empty pTRex plasmid clone A to produce
the plasmid, TRex-willinGFP.
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Full-length willin tagged to myc-his was also cloned into the TRex system.
Full-length willin DNA was amplified by PCR using willin2-F and willin2-R
primers (see Table 2.1 for primer sequence) as the forward and reverse primer
respectively on the pwillin-GFP plasmid. The PCR fragment was then cut
using FcoR1 and Notl restriction enzymes and ligated into the pTRex-clone-
C plasmid (Figure 3.3). The correct full-length willin-myc-his sequence was
confirmed by the Sequencing Service (University of Dundee, UK).

pWillinGFP

plasmid

EcoR1 * Not1
|
— Willin

willin

TRex-willin-
myc-his

Figure 3.3: Schematic diagram of molecular cloning procedure used to construct
the TRex-willin-myc-his plasmid. A PCR was conducted on the pWillin-GFP using
willin2F and willin2R primers to produce a willin fragment with EcoR1 and Notl
restriction sites at the 5’ and 3’ end respectively. The willin PCR fragment was then
ligated into the empty pTRex clone C plasmid, so that willin was in frame with the
C-terminal myc and his tags, to create the TRex-willin-myc-his plasmid.
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3.2.2 Tetracycline induces willin-GFP expression

The TRex-willin-GFP plasmid was transiently transfected into TRex HEK-
293 cells (expressing the tetracycline repressor plasmid:pcDNA6/TR) and a
stable cell line was created through antibiotic selection with 5ug/ml blasti-
cidin and 500ug/ml zeocin. The TRex system worked as an on-off system
and induced expression did not respond in a dose-response nature; increasing
tetracycline concentrations did not increase willin-GFP expression levels. The
recommended 1ug/ml of tetracycline was used to induce willin-GFP expression
in all future experiments.

Willin-GFP fluorescence was observed when a final concentration of 1ug/ml
tetracycline was added to the inducible cell line growth medium, and absent
when no tetracycline was present (Figure 3.4). Western blot analysis confirmed
that willin-GFP was only expressed in the presence of tetracycline (Figure 3.5).
Upon addition of tetracycline, willin-GFP expression was induced within 2
hours (Figure 3.5). Figure 3.5 shows that the same amount of willin-GFP was
expressed 6 to 24 hours post-induction. The TRex-willin-GFP cells no longer
expressed willin-GFP 48 hours post-induction and fresh tetracycline had to
be added to the cell culture medium for longer experiments as the half-life
of tetracycline is about 6 hours and the protein turn-over of willin-GFP is

approximately 2 days.

- tet + tet

Figure 3.4: Fluorescence images of the TRex-willin-GFP inducible system. A
stable HEK TRex-willin-GFP cell line was created so that only upon the addition
of 1ug/ml tetracycline (tet) was willin-GFP expressed and absent when not induced.
Cells were either incubated in 1ug/ml tetracycline (tet) for 48 hours or left untreated
(-tet). After treatment, the cells were fixed and the nuclei were stained with DAPI.
Images were taken on a Multiphoton microscope (Leica). Bar= 50um.
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Figure 3.5: Western blot showing that willin-GFP was expressed in the TRex-
willin-GFP inducible cell line upon the addition of tetracycline. Whole cell lysates
were collected 0, 2, 4, 8, 10 or 12 hours after 1ug/ml tetracycline (tet) treatment
and separated on a 10% SDS gel. The nitrocellulose membrane was probed with
anti-GFP and [-actin antibodies.

3.2.3 siRNA willin knockdown using TRex system.

The TRex-willin-GFP inducible system was an ideal system to optimise siRNA
knockdown experiments of willin. Cells were incubated in 5nM siRNA de-
signed to specifically knockdown willin expression (see Section 2.2.3 for siRNA
sequences). 24 hours prior to siRNA treatment completion, cells were incu-
bated in 1ug/ml tetracycline to induce willin-GFP expression. Fluorescence
microscopy images of siRNA treated cells (0-72 hours) showed that willin-GFP
expression was decreased in the presence of siRNA (Figure 3.6). Willin-GFP
fluorescence knockdown was observed 48-72 hours after siRNA treatment (Fig-
ure 3.6).

Western blot analysis confirmed willin-GFP knockdown using the custom
designed siRNA duplexes (Figure 3.7). Cells were treated for 0, 24, 48, or 72
hours with siRNA against willin and incubated in 1ug/ml tetracycline 24 hours
before siRNA treatment was completed. Whole cell lysates were separated on
a SDS gel and knockdown of willin-GFP expression was observed 48-72 hours
after siRNA treatment (Figure 3.6).
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Control 24hr siRNA 48hr siRNA 72hr siRNA

Willin-GFP  ___

Figure 3.6: Fluorescence microscope images of siRNA willin knockdown using the
TRex-willin-GFP inducible system. TRex-willin-GFP were incubated with siRNA
against willin for either 0, 24, 48 and 72 hours. Cells were treated with 1ug/ml
tetracycline 24 hours before siRNA treatment was completed. After treatment, the
cells were fixed and the nuclei were stained with DAPI. Knockdown fluorescence of
willin-GFP was observed 48-72 hours after siRNA treatment. Bar= 100pm.
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Figure 3.7: Western blot showing willin-GFP knockdown using siRNA designed
specifically to knockdown willin expression. Cells were treated with either 0, 24,
48 and 72 hours of siRNA and treated with 1ug/ml tetracycline 24 hours before
siRNA treatment was completed. Whole cell lysates were separated on a 10% SDS
gel. Willin-GFP knockdown was observed 48-72 hours after siRNA treatment. The
nitrocellulose membrane was probed with anti-GFP and (-actin antibodies.
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An example of the success of developing siRNA specific to willin was shown
by utilising a novel photoporation technique. In collaboration with the biopho-
tonics group at the University of St Andrews, Maria Leilani Torres-Mapa was
able to use the TRex-willin-GFP cell line to photoporate siRNA into a desired
single cell and observe willin-GFP knockdown using a violet diode laser system
(Torres-Mapa et al., 2010) (See Appendix E). For the photoporation studies,
cells were incubated with 5nM siRNA duplexes and 10ug/ml Mito-DsRed en-
coding plasmid in the transfection media. Cells were targeted using a 3.4mW
laser at the focus of a 1 second exposure time. Control dishes included (1)
cells with Mito-DsRed plasmid and siRNA without laser treatment; (2) cells
without Mito-DsRed plasmid but with siRNA without laser treatment, and
(3) cells with neither Mito-DsRed plasmid and siRNA with laser treatment.
Expression of willin-GFP was then induced with 1ug/ml tetracycline, and flu-
orescence was monitored over a 48 hour time period. For all control dishes,

spontaneous DNA transfections or knockdown was not observed.

Figure 3.8: Gene knockdown using a violet diode system. A) A TRex-willin-
GFP cell fluorescing red due to the expression of the Mito-DsRed and B) under
brightfield imaging. C) Fluorescence image of the same field of view using a FITC
HYQ, Nikon filter cube. Red arrow points to a cell which has been co-transfected
with Mito-DsRed and willin specific siRNA. Blue arrows point to cells that have
been transfected with siRNA only. Work done and published by Torres-Mapa et al.
(2010).

Figure 3.8 shows immunofluorescent microscope images of TRex-willin-
GFP cells which were photoporated in the presence of siRNA against willin
and Mito-DsRed plasmid. Figure 3.8(a) shows a successfully transfected TRex-
willin-GFP cells expressing Mito-DsRed protein. Clear knockdown of willin-
GFP expression, as indicated by the absence of green fluorescence, was ob-
served when TRex-willin-GFP cells were photoporated with willin siRNA (blue

arrows in Figure 3.8). More cells were observed to have a lost willin-GFP
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expression (blue arrows) than those that expressed the Mito-DsRed plasmid
together with the loss of willin-GFP (red arrow; Figure 3.8). It can be con-
cluded that the efficiency for gene knockdown will be higher compared to that
of DNA transfection, as siRNA are much smaller in comparison to DNA plas-
mids (25bp versus ~5000bp). No spontaneous Mito-DsRed plasmid and siRNA
duplex transfections were observed in untreated dishes (Mito-DsRed plasmid
and siRNA treatment but no laser treatment), indicating the specificity of

action of the lasers.

3.2.4 Cellular distribution of willin, MST1 and LATS1

are cell density dependent.

Cell density and cell-to-cell contact play an important role in the activation
of the Hippo pathway and the cellular distribution of many Hippo pathway
components have been shown to be cell density specific (Zhao et al., 2007;
Hao et al., 2008). ERM proteins, especially merlin, have also been shown to
be cell density dependent (Muranen et al., 2005). The distribution of willin at
different cell densities was therefore further investigated.

Figure 3.9 shows that willin’s subcellular localisation is complex, since it
can be localised within the cytoplasm, at the plasma membrane, but also
within the nucleus of the cell. This mixed cellular distribution is common for
ERM family proteins (Muranen et al., 2005) and has previously been pub-
lished by Gunn-Moore et al. (2005). Fluorescence images showed that at low
cell density, willin was predominately found within the cytoplasm of an iso-
lated single cell. Punctate staining near the nucleus was sometimes observed
in a single isolated cell (Figure 3.9.A). At higher cell density, willin was pre-
dominantly recruited to the plasma membrane; especially to cellular junctions

between contacting neighbouring cells (Figure 3.9.B).
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Figure 3.9: Fluorescence images of TRex-willin-GFP cells expressing willin-GFP.
Cells were induced for willin-GFP expression with 1pug/ml tetracycline for 48 hours
prior to being fixed. Willin-GFP localisation varied depending on cell density. A)
Willin-GFP expression was predominately found within the cytoplasm of an isolated
cell. Punctate staining was sometimes observed near the nucleus (shown by arrows).
B) Upon contact with other neighbouring cells at higher density, willin-GFP expres-
sion was more predominately found at the plasma membrane. Willin-GFP expres-
sion was frequently observed to be recruited at cellular junctions between contacting
cells. Bar= 100um.

A biochemical membrane/cytoplasmic fractionation was conducted to fur-
ther support the fluorescence observations that indicated that willin-GFP
expression may be recruited to the plasma membrane upon cell-to-cell con-
tact. 5x10° TRex-willin-GFP cells were plated onto either 35mm, 60 or 90mm
dishes; to represent high, medium and low cell density respectively. The TRex-
willin-GFP cells were induced for willin-GFP expression for 24 hours with
lpg/ml tetracycline and the membrane/cytoplasmic protein fractionations
were extracted using the P100/S100 protocol (Section 2.3.4). Immunoblot
analysis of the membrane and cytoplasmic fractions showed that as the cell
density increased, willin-GFP expression was increased in the Triton X-100
soluble membrane fraction and decreased in the cytoplasmic fraction (Figure
3.10). Results from the membrane/cytoplasmic fractionation assay supported
the previous fluorescence observations that willin was predominantly relocated

to the plasma membrane at high cell density (Figure 3.9).



69 3.2. RESULTS

Cell density Cell density
— —

— G ‘ . ~  Willin-GFP

..’ B-actin

Triton X-100 soluble Cytoplasmic fraction
membrane fraction

Figure 3.10: Willin-GFP expression translocated to the membrane fraction upon
cell-to-cell contact. Increasing cell density resulted in an increased expression of
willin-GFP within the Triton X-100 soluble membrane fraction and a decrease within
the cytoplasmic fraction. TRex-willin-GFP cells were induced for willin-GFP ex-
pression for 24 hours with 1ug/ml tetracycline at low, medium and high density.
Membrane and cytoplasmic protein extracts were obtained using the P100/S100
protocol and equal amounts of protein were separated on a 10% SDS gel. The
nitrocellulose membrane was probed with anti-GFP and anti-G-actin antibodies.

As the Hippo pathway is activated at high cell density and willin is recruited
to the plasma membrane at high cell densities, the expression of MST1 and
LATSI1 at different cell densities was further investigated in the Triton X-100
soluble membrane faction. The nitrocellulose membrane from Figure 3.10 was
re-probed with MST1 and LATSI antibodies. Interestingly, MST1 protein
expression in the membrane soluble fraction decreased when cell density in-
creased, inversely of that observed with willin (Figure 3.11). LATS1 expression
however increased within the Triton X-100 soluble membrane fraction when
cell density increased, which is the same correlation as that of willin expression
(Figure 3.11).



70 3.2. RESULTS

Cell Density -

e willin

_ w— w—— LATS]

Triton X-100 soluble membrane fraction

Figure 3.11: Cell density influenced willin, MST1 and LATS1 localisation to the
membrane. The nitrocellulose membrane from Figure 3.10 was re-probed with MST1
and LATS1 primary antibodies followed by their respective anti-rabbit-HRP sec-
ondary antibody. Immunoblot analysis showed that willin and LATS1 expression
increased within the Triton X-100 soluble membrane fraction when cell density in-
creased, while MST1 expression decreased.

3.2.5 Expression of willin influences phosphorylation of
MST1/2, LATS1 and YAP

Zhao et al. (2007) have recently demonstrated that the mammalian transcrip-
tional co-activator YAP, the human orthologue of Yorkie, is inactivated by
both willin and merlin by an unknown mechanism. Willin’s ability to result
in MST1/2, LATS1 and YAP phosphorylation, which thereby inactivates the
ability of YAP to affect downstream targets, was further investigated. The
stable inducible TRex-willin-GFP cell line was used to investigate the effect
of willin expression upon the kinases upstream of YAP.

The TRex-willin-GFP cells were plated out into 60mm dishes and 1ug/ml
tetracycline was added 0, 24, 48 or 72 hours after plating so that the cell
density in all experimental dishes remained unchanged. Notably, YAP phos-
phorylation could only be studied over a two day induction period, since high
cell density caused YAP phosphorylation in uninduced cells, as has been previ-
ously observed by Zhao et al. (2007). YAP phosphorylation experiments were
therefore performed at an even lower cell density than MST1/2 and LATS1
phosphorylation studies. Image J analysis of the phosphorylation western blots
(representative shown in Figure 3.12.A) showed that a significant increase in
phosphorylation of MST1/2, LATS1 and YAP was observed when cells were
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induced for willin-GFP expression (Figure 3.12.B, t-test: p<0.01, n=3).
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Figure 3.12: Willin expression induced significant phosphorylation of Hippo path-
way components. TRex-willin-GFP cells were induced for willin-GFP expression
with 1ug/ml tetracycline over a period of 0-4 days. Whole cell lysates were harvested
and separated on a 10% SDS gel for immunoblot analysis with Hippo component
antibodies; pMST1/2, MST1/2, LATS1, pLATS1, pYAP and YAP. A) Immunoblot
showing that willin-GFP expression results in phosphorylation of Hippo pathway
components MST1/2, LATS1 and YAP. B) Image J analysis, showed that induced
willin expression resulted in significant phosphorylation of MST1/2, LATS1 and
YAP compared to uninduced TRex-willinGFP cells (t-test: n=3, p<0.01**). Rel-
ative protein phosphorylation was calculated by measuring the integrated density
(ID) of phosphorylated protein over the ID of whole protein present, relative to
baseline phosphorylated protein when no tetracycline was added, which was set at
1 . Error bars represent + standard deviation.
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Experimental controls were performed to exclude the effects of tetracy-
cline and the GFP-tag on phosphorylation of the Hippo pathway components:
MST1/2, LATS1 and YAP. For the tetracycline control, the TRex cells were
incubated in 1ug/ml tetracycline for 0, 24, 48 and 72 hours. Western blot
analyses showed that no difference in MST1/2, LATS and YAP phosphoryla-
tion was observed when TRex cells were incubated in the presence or absence
of tetracycline (Figure 3.12.A). For the latter GFP control, the TRex cells
were transiently transfected with either an empty-GFP vector or treated with
only GeneJammer transfection reagent. Western blot analysis showed that
no changes in MST1/2, LATS1 and YAP phosphorylation was detected be-
tween the untransfected control and an empty-GFP expression plasmid (Figure
3.13.B).
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Figure 3.13: Addition of tetracycline and transient transfection of empty-GFP
expression plasmid do not result in phosphorylation of Hippo pathway components.
A) TRex cells were treated with 1ug/ml tetracycline and whole cell lysates were
collected 0, 24, 48 and 72 hours after tetracycline treatment. The protein samples
were separated on an 10% SDS gel and the nitrocellulose membrane was probed with
antibodies against the core Hippo pathway components. B) TRex cells were either
transfected with only GeneJammer transfection reagent (lane 1) or transfected with
empty-GFP construct (lane 2). Whole cell lysates were collected 48 hours post-
transfection and separated on a 10% SDS gel. The nitrocellulose membrane was
probed with pMST1/2, MST1, pLATS1, LATS1, pYAP and YAP antibodies.
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3.2.6 Willin expression results in YAP translocation to

the cytoplasm

Activation of the Hippo pathway through phosphorylation of the core Hippo
pathway cassette has been reported to translocate YAP from the nucleus to the
cytoplasm through binding of the 14-3-3 protein to the YAP phosphorylation
site Ser127 (Zhao et al., 2007; Hao et al., 2008).

The inducible TRex-willin-GFP cell line was used to investigate YAP
translocation as phosphorylation of MST1/2, LATS1 and YAP was observed
under induced willin-GFP conditions. The same induced conditions were
therefore used, with the TRex-willin-GFP cells being induced for willin-GFP
expression with 1ug/ml tetracycline. 50ng/ml TNFa was used as a positive
control to promote YAP translocation into the cytoplasm, as cell death signals
have been shown to promote full activation of the Hippo pathway (Lee et al.,
2001; Graves et al., 2001).

Nuclear versus cytoplasmic fractionation on willin-GFP inducible cells
showed that when willin-GFP expression was induced for two days with
1pg/ml tetracycline, YAP expression was highest in the cytoplasmic fraction
and lower in the nuclear fraction (Figure 3.14). This pattern was unaltered
by TNF« addition (Figure 3.14). YAP expression remained mostly within the
nucleus when cells were not expressing willin-GFP (absence of tetracycline;
Figure 3.14). Therefore, further supporting the observation that willin expres-

sion resulted in the activation and phosphorylation of the Hippo pathway.
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Figure 3.14: Willin-GFP expression resulted in YAP translocation from the nu-
cleus to the cytoplasm. The TRex-willin-GFP cells were either uninduced, induced
with 1ug/ml tetracycline for 48 hours, or induced and treated for 6 hours with
50ng/ml TNFa. The nuclear and cytoplasmic protein fractions were extracted and
separated on a 10% SDS gel. The nitrocellulose membrane was probed with anti-
YAP, B-actin and coilin antibodies.
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3.2.7 Willin expression does not influence cell viability

or the cell cycle

Studies examining the Hippo pathway in D. melanogaster have shown that Ex-
panded and Merlin differentially regulate cell cycle exit and apoptosis (Pellock
et al., 2007). Experiments using the controlled tetracycline inducible expres-
sion of willin-GFP in HEK-293 cells were therefore conducted to investigate
potential changes in cell viability and cell cycle. A live/dead discrimination as-
say (Section 2.3.2) was performed using a propidium iodide (PI) stain, where
cell viability was measured by FACS analysis. The PI entered the cell and
bound to the DNA when the plasma membrane was leaky (necrosis and late
apoptosis), whereas cells remained unstained when the plasma membrane re-

mained intact (Figure 3.15).
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Figure 3.15: Schematic diagram showing how propidium iodide (PI) stain discrim-
inated between viable and dying cells. Cells did not stain with PI (red) when the
plasma membrane remained intact: in viable and early apoptotic cell. PI bound to
the DNA when the plasma membrane was leaky in necrotic and late apoptotic cells.
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TRex-willin-GFP and TRex control cells were treated with 1ug/ml tetra-
cycline for a period of 0-97 hours. Willin-GFP expression was induced in the
TRex-willin-GFP cells but not in the TRex cell line. Cells were harvested and
analysed on a FACS machine (FACscan Flow Cytometer, Becton Dickinson)
to detect cells positively stained with PI. A FACS compensation study was
conducted to compensate for colour bleed-though of fluorescence emission, as
the cells contained both green (GFP) and red fluorescence (PI) (Figure 3.16).

TRex-willin-GFP TRex-willin-GFP
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Figure 3.16: FACS analysis plots to compensate for colour bleed-through of flu-
orescence emission on a FACS machine. Every dot on the graph represents a cell
and is plotted on a graph to measure green fluorescence (GFP) on the y-axis (FL1-
H) and red fluorescence (PI stain) on the x-axis (FL2-H). TRex-willin-GFP cells
were either untreated (not stained), induced with 1ug/ml tetracycline (green stain),
stained with PI (red stain), or both induced with 1ug/ml tetracycline and stained
with PI (red and green stain). 10,000 cells were counted in total.
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Figure 3.17A shows the histogram outputs of a FACS live/dead discrimi-
nation experiment, where the first and second peaks represents live and dead
cells respectively. Under the inducible conditions, willin-GFP expression in
the TRex-willin-GFP cell line did not result in cell death. No significant cell
viability changes were observed when both TRex and TRex-willin-GFP cells
were treated with 1ug/ml tetracycline (24-96 hours) compared to untreated
controls (0 hours tetracycline) (Figure 3.17b: t-test; p>0.05, n=3).

Even though no cell viability changes were observed, willin expression may
result in cell cycle changes; such as a cell cycle arrest as seen with Expanded
in the D. melanogaster model (Pellock et al., 2007). Cell cycle changes in
the inducible TRex-willin-GFP cell line were therefore investigated. TRex
and TRex-willin-GFP cells were treated with 1ug/ml tetracycline for 0-96
hours, fixed and stained with PI to detect the cell cycle stages in a 10,000
cell population. The first peak detected on the FACS cell cycle histogram
represent cells in the G; phase of the cell cycle, the second peak represents
cells in the Gy phase of the cell cycle, and the plateau between the two peaks
represent cells in the synthesis (S) phase.

Inducing cells for willin-GFP expression did not influence the cell cycle as
the percentage of cells in the Gy, S and Gy phases of the cell cycle remained
unchanged when willin-GFP expression was induced (1-4 days with tetracy-
cline) compared to uninduced (0 days of tetracycline) (Figure 3.18: t-test;
p>0.05, n=3). Additionally no apoptotic bodies were observed in the FACS
histograms (Figure 3.18A), supporting the observation that willin expression
did not influence cell viability. Tetracycline itself did not result in any changes
in the cell cycle as cells in the Gy, S and Gs phases remained unchanged when
TRex cells were incubated in the absence and presence of 1ug/ml tetracycline
(Figure 3.18).
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Figure 3.17: Controlled induced expression of willin-GFP did not result in changes
in positively propidium iodide stained cells. TRex and TRex-willin-GFP cells were
uninduced (0 hour tetracycline) or induced with 1ug/ml tetracycline for 24-96 hours.
Cells were stained with PI and live/dead population peaks were observed on FACS
histograms, showing cell counts on the y-axis and FL-2H fluorescence on the x-
axis. In total 30,000 cells were counted (A). The percentage of TRex (B) and
TRex-willin-GFP (C) cells in the live and dead peaks were analysed using Dako-
cytometry software. No significant cell viability changes were observed when cells
were uninduced or induced for willin-GFP expression (t-test; p >0.05, n=3). Error
bars represent + standard error.
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Figure 3.18: Willin expression did not influence the cell cycle. TRex and TRex-
willin-GFP cells were incubated in 1ug/ml tetracycline for 0, 24, 48, 72, 96 hours.
Cells were harvested, fixed and stained with PI. A total of 10,000 cells were anal-
ysed. A) FACS histogram output shows cell count on y-axis and intensity of PI
fluorescence on the x-axis. B) Cell cycle analyses of three experiments were col-
lated and the number of cells in the G1, S and G2 phases were calculated using
Dako-cytometry software. No cell cycle changes were observed when the TRex and
TRex-willin-GFP cells were induced with 1ug/ml tetracycline (t-test; p>0.05, n=3).
Error bars represent + standard error.
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To investigate the downstream effect of YAP on the cell cycle in HEK-293
cells, HEK-293 cells were transiently transfected with a FLAG-YAP expression
construct, a kind gift from Dr. D. Haber (Harvard University, USA), or left
untreated. Cells were fixed and stained with PI to investigate cell cycle changes
48 hours post-transfection. No significant cell cycle changes were observed
when HEK-293 cells were transfected with the FLAG-YAP expression plasmid
compared to those left untreated (Figure 3.19; t-test; p>0.05, n=3).
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Figure 3.19: Transient transfection of a YAP-FLAG expression construct in HEK-
293 cells did not result in cell cycle changes. HEK-293 cells were either transfected
with YAP-FLAG or left untreated. Cells were harvested 48 hours post-transfection,
fixed and stained with PI. A total of 10,000 cells were analysed in each individual
experiment. A) FACS histogram output show the cell count on y-axis and the
intensity of PI fluorescence on the x-axis. B) Cell cycle analyses of three experiments
were collated and the number of cells in the G1, S and G2 phases of the cell cycle
were calculated using Dako-cytometry software. The percentage of cells in each stage
of the cell cycle remained unchanged when HEK-293 were untransfected (control)
or transfected with a YAP-expression construct (t;test, p>0.05, n=3). Error bars
represent + standard error.
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3.2.8 Ezrin and merlin modulate the ability of willin to
phosphorylate MST1/2

As no cell cycle or cell viability changes were observed by induced willin-GFP
expression alone, combinations of merlin and ezrin were transfected into the
inducible system to see whether other upstream FERM domain containing
proteins were needed to result in phosphorylation and complete downstream
activation of the Hippo pathway.

To investigate the effect that ezrin and merlin expression has on willin’s
phosphorylation on MST1/2, combinations of transfections were used: merlin-
GFP, GFP-ezrin, both merlin-FLAG and GFP-ezrin, and all the described
combinations with willin-GFP expression induced by 1lug/ml tetracycline.
Whole protein lysates were extracted 48 hours post-transfection.

A hierarchy in the ability to activate MST1/2 phosphorylation was ob-
served, where the expression of either merlin or willin was sufficient to result
in MST1/2 phosphorylation, whereas ezrin did not result in MST1/2 phospho-
rylation (Figure 3.20). A synergistic trend was observed on the phosphoryla-
tion of MST1/2 when cells were co-transfected with merlin and willin (Figure
3.20). However, this trend was not statistically significant (t-test; p>0.05,
n=3). Ezrin had an inhibitory effect on both merlin’s and willin’s ability to
induce phosphorylation of MST1 (Figure 3.20; t-test; p<0.01, n=3). Willin
enhanced merlin’s ability to induce the phosphorylation on MST (Figure 3.20),
whereas merlin did not enhance or inhibit either willin’s or ezrin’s ability to
phosphorylate MST (Figure 3.20).
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Figure 3.20: Ezrin and merlin expression modulated the ability of willin to induce
phosphorylation of MST1/2. A) TRex-willin-GFP cells were transfected with 1ug
of either GFP-ezrin and/or merlin-GFP and/or induced with 1pug/ml tetracycline.
Whole cell lysates were separated on a 10% SDS gel and the nitrocellulose mem-
brane was probed with pMST1/2, MST1 and actin antibodies. B) The relative
protein phosphorylation was calculated by measuring the integrated density (ID) of
phosphorylated protein over the ID of whole protein present, relative to the base-
line phosphorylated protein of the empty-GFP transfection, which was set at 1. The
presence of ezrin-GFP in cells expressing willin-GFP significantly decreased MST1/2
phosphorylation (t-test; p<0.01, n=3**). Willin-GFP expression significantly en-
hanced MST1/2 phosphorylation when compared to only merlin transfected cells
(t-test; p<0.01, n=3**). No significant change in phosphorylation of MST1/2 was
observed in merlin and willin expressing cells when compared to phosphorylation of
MST1 by willin alone (t-test; p>0.05, n=3). Error bars represent + standard error.
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A MTT assay was performed to see whether willin could influence cell vi-
ability in cells transfected with ezrin or merlin. TRex-willin-GFP cells were
transfected with merlin, ezrin or both merlin and ezrin, and willin-GFP expres-
sion was induced with 1ug/ml tetracycline. Willin expression did not affect
MTT absorbance levels when cells were expressing merlin, ezrin or both merlin
and ezrin (Figure 3.21; t-test; n=8, p>0.05).

0.4
g 035 [
=
2 03 I
- I
® 025 I J l T I
54 I
= 02 l
]
S 015
3
=
< 0.1
0.05
0
Merlin-GFP  + + — — + +
Willin-GFP  — + - + - +
GFP-Ezrin — — + + + +

Figure 3.21: Induced willin-GFP expression did not affect MTT absorbance lev-
els when cells were transiently transfected with merlin, ezrin or both merlin and
ezrin. TRex-willin-GFP cells were transiently transfected with merlin-GFP, GFP-
ezrin or both merlin-GFP and GFP-ezrin, and willin-GFP was induced with 1pg/ml
tetracycline. MTT absorbance was read at a wavelength of 570nm, 48 hours post-
transfection and induction. No significant change was observed in the presence or
absence of willin-GFP expression (t-test; p>0.05, n=8). Error bars represent +
standard deviation.

Graves et al. (2001) have shown that for MST to result in a downstream
apoptotic events, it needs to be both phosphorylated and cleaved. Over-
expression of willin, merlin, ezrin or combinations of these in the TRex HEK-
293 cell line did not result in MST1 cleavage (Figure 3.20), which further
supported the observations that no downstream cell death occurred in the

FERM containing protein combinations investigated.
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3.2.9 Willin binds directly to ezrin and indirectly to

merlin

Previous studies in D. melanogaster have indicated that Expanded and Merlin
can bind to each other, co-localising in the plasma membrane, and that protein
expression of one influences the cellular distribution of the other (McCartney
et al., 2000). Merlin has previously been shown to co-precipitate with ezrin in
mammalian cells (Meng et al., 2000), and therefore the same conditions were
used to establish if willin would also co-precipitate with ezrin and merlin.

A previous Ph.D. student lab member, Dr Lissa Herron, has shown by im-
munoprecipitation experiments that willin can bind to merlin but not ezrin
(Figure 3.22). In these experiments HEK-293 cells were transfected with plas-
mids expressing the following combinations of proteins and harvested 48 hours
post-transfection: pCMVTag4a (empty FLAG) with willin-GFP or GFP-ezrin;
willin-FLAG with GFP-ezrin; and merlin-FLAG with willin-GFP or GFP-
ezrin. Immunoblot analyses of input and precipitate lanes (Figure 3.22) show
that both merlin-FLAG and willin-FLAG are able to co-precipitate with GFP-
ezrin under these conditions (lanes 8 & 10), but merlin-FLAG was not able
to co-precipitate with willin-GFP (lane 4); the FLAG tag alone was not suf-
ficient for precipitation of GFP-ezrin or willin-GFP (lanes 2 & 6). Neither
empty FLAG, willin-FLAG nor merlin-FLAG co-precipitated untagged GFP

(data not shown).



84 3.2. RESULTS
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Figure 3.22: Willin can directly bind to merlin but not ezrin. HEK-293 cells
were co-transfected with plasmids expressing either empty FLAG, Merlin-FLAG or
Willin-FLAG and Willin-GFP or GFP-Ezrin. Input sample = whole cell extract.
Output sample = final immunoprecipitated sample. Lane 1. empty FLAG/Willin-
GFP input; Lane 2. empty FLAG/Willin-GFP IP; Lane 3. Merlin-FLAG/Willin-
GFP input; Lane 4. Merlin-FLAG/Willin-GFP IP; Lane 5. empty FLAG/GFP-
Ezrin input; Lane 6. empty FLAG/GFP-Ezrin IP; Lane 7. Merlin-FLAG/GFP-
Ezrin input; Lane 8. Merlin-FLAG/GFP-Ezrin IP; Lane 9. Willin-FLAG/GFP-
Ezrin input; Lane 10. IP= immunoprecipitation, WB= western blot. Work con-
ducted by Dr. Lissa Herron.

A fluorescence co-localisation study was performed to further investigate
the interactions between willin, merlin and ezrin using a deconvolution Deltavi-
sion microscope (Applied Precision). HEK-293 cells were transfected with plas-
mids expressing GFP-ezrin (kind gift from Dr R. Lamb, Institute of Cancer
Research, London, UK) or merlin-GFP (kind gift from Dr W. Ip, University
of Cincinnati, USA) and willin-mCherry (cloned by Andrew Robertson, Uni-
versity of St Andrews, UK). GFP-ezrin co-localised well with willin-mCherry
within the plasma membrane (Figure 3.23 A-C). Conversely, the expression of
merlin-GFP at the membrane appeared to exclude willin-mCherry expression
at the membrane and no co-localisation was observed, supporting the biochem-
ical data and suggesting that there is no direct interaction between merlin and

willin (Figure 3.23 D-F).
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Willin

Merlin Willin

Figure 3.23: Willin co-localised with ezrin but not merlin in HEK-293 cells. HEK-
293 cells were co-transfected with willin-cherry and either ezrin-GFP (A-C) or
merlin-GFP (D-F) constructs. 48 hours post-transfection cells were fixed and fluo-
rescence images were taken on a Deltavision microscope. Images displayed are rep-
resentative and taken from a deconvoluted Z-stack. Co-localisation was seen at the
plasma membrane when willin-cherry and ezrin-GFP constructs were co-transfected
(C, yellow patches) but not when willin-cherry was co-transfected with merlin-GFP

(F).
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To investigate whether the FERM domain containing proteins could be
found in a complex together, a triple transfection was performed with ezrin,
merlin and willin expression plasmids. The same immunoprecipitation (IP)
conditions (Section 2.3.5) were used as those used to obtain the IP data
shown in Figure 3.22. HEK-293 cells were transfected with a combination of
empty FLAG, GFP-ezrin, merlin-FLAG and willin-myc (cloned as described
in Figure 3.3) expression plasmids. Cell lysates were collected 48 hours post-
transfection and an immunoprecipitation was performed using FLAG and GFP
antibodies conjugated to protein-G beads to pull out willin-myc, with either
empty-FLAG, merlin-FLAG and ezrin-GFP proteins. Figure 3.24 shows that
empty-FLAG did not pull out willin-myc (lane 1 & 2), ezrin-GFP pulled out
willin-myc (lane 3 & 4) and merlin-FLAG pulled out willin-myc (lane 5 & 6).
Merlin can therefore co-precipitate with willin, possibly through an indirect

interaction via ezrin (Figure 3.24).
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Merlin-FLAG + + — — + + + +
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Figure 3.24: Willin binds indirectly to merlin via ezrin. HEK-293 cells were
co-transfected with merlin-FLAG, GFP-ezrin and willin-myc constructs. 48 hours
post-transfection cell lysates were collected and an immunoprecipitation assay was
performed. Immunoprecipitation inputs (I) and outputs (O) were separated on a
10% SDS gel and the nitrocellulose membrane was probed with an anti-myc antibody
to detect willin binding. Merlin-FLAG and GFP-ezrin were able to pull out willin-
myc (lane 4 & 6). Empty-FLAG alone did not result in pull down of willin-myc
protein (lane 2).
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3.2.10 Willin expression sensitises cells to cellular death

Work by Lee et al. (2001) has shown that MST expression highly sensitises
cells to cell death by the addition of TNFa and cycloheximide in Hela cells.
Therefore, further investigations were conducted to see if willin expression
sensitises cells to cell death, as only partial Hippo pathway signalling activation
was observed thus far; where induction of willin expression resulted in no cell
viability or cell cycle changes.

To test optimal conditions for TNFa-induced cell death, different TNF«
concentrations (0-100ng/ml) were tested. Both TRex and TRex-willin-GFP
cells were treated with 1ug/ml tetracycline, to induce willin-GFP expression
in the latter only. The cells were incubated with 0, 25, 50 or 100ng/ml TNF«
for 6 hours, 48 hours post-induction, before a MTT assay was performed as a
measure of cell stress and viability. Figure 3.25 shows that increasing TNF«

concentrations on TRex and TRex-willin-GFP cells decreased cell viability.

120 - O TRex UTRex-wGFP
i T
100 J' I E 3 3 I
80 1 f ** :
+ %k %k

D
(=)

1
—

% of cell viability
N

[\
(e}
1

0 25 50 100
TNFa concentration (ng/ml)

Figure 3.25: Increasing TNF« concentrations on TRex and TRex-willin-GFP cells
decreased cell viability as measured by a MTT assay. Both TRex and TRex-willin-
GFP cells were treated with 1ug/ml tetracycline 48 hours prior to a 6 hour TNF«
treatment. The percentage of cell viability was measured as the absorbance level
for treated/untreated cells, multiplied by 100. Significant cell viability differences
between TRex and TRex-willin-GFP cells were observed when cells were treated
with 25-100ng/ml TNF«a compared to TRex-willin-GFP cells that were untreated
(t-test; p<0.01, n=8**). Error bars represent + standard deviation.
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A MTT assay showed that when cells were incubated for 6 hours in 50ng/ml
TNFa, cell viability significantly decreased to an average of 73% when willin-
GFP was expressed, whereas the percentage of control cells not expressing
willin-GFP was on average 93% (Figure 3.25). 50ng/ml TNFa was therefore
the optimal concentration to test sensitisation to TNFa-induced cell death
stimuli in further experiments.

Lee et al. (2001) have shown that MST over-expression resulted in sen-
sitisation to cell death signals, resulting in caspase-3 activation. Caspase-3
activation was therefore further investigated when cells expressing willin were
incubated in the presence or absence of TNFa. TRex and TRex-willin-GFP
cells were both incubated with 1ug/ml tetracycline to control for the affect
tetracycline has on caspase-3 activation, for a period of 0-4 days. Whole
cell lysates were collected and immunoblot analysis showed that no caspase-3
cleavage was observed when TRex and TRex-willin-GFP cells were incubated
with 1pg/ml tetracycline to induce willin-GFP expression in the latter only
(Figure 3.26). This result supports the previous observation that willin-GFP

induced expression did not result in cell death.
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Figure 3.26: Induced willin-GFP expression with 1ug/ml tetracycline did not
result in caspase-3 activation. TRex and TRex-willin-GFP cells were incubated in
1pg/ml tetracycline for 0-4 days. Whole-cell lysates were separated on a 20% SDS
gel and the nitrocellulose membrane was probed with an anti-caspase-3 antibody. No
active 17kDa caspase-3 was observed when both TRex and TRex-willin-GFP cells
were induced with 1ug/ml tetracycline. As a positive control, TRex-willin-GFP
cells were incubated in 50ng/ml TNF« for 4 hours.



89 3.2. RESULTS

To investigate whether willin expression resulted in cells being sensitised
to TNFa-induced cell death, induced (1ug/ml tetracycline) TRex and TRex-
willin-GFP cells were treated with 50ng/ml TNF« for a period of 0-4 hours.
Whole cell lysates were collected and caspase-3 cleaved and un-cleaved protein
levels were detected. Cleaved caspase-3 was observed within 1 hour of TNF«
treatment and increased steadily over a period of 4 hours when willin-GFP
expression was induced in TRex-willin-GFP cells (Figure 3.27.A). However,
no caspase-3 cleavage changes were observed when TRex cells were treated
with TNF« for 0-4 hours (Figure 3.27b; t-test; p>0.05, n=3). After 3 and 4
hours of 50ng/ml TNF« treatment, significantly more cleaved caspase-3 was
observed when cells were over-expressing willin-GFP compared to control cells
that did not express willin-GFP (Figure 3.27B; t-test: p<0.01, n=3).
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Figure 3.27: Controlled willin-GFP expression sensitised cells to apoptotic stress.
TRex and TRex-willin-GFP cell lines were incubated in 1ug/ml tetracycline and
treated with 50ng/ml TNF« for 0-4 hours. Whole-cell lysates were collected, sep-
arated on a 20% SDS gel and the nitrocellulose membrane was probed with an
anti-caspase-3 antibody. A) Cleaved and active caspase-3 at the desired molecular
weight of 17kDa was observed when willin-GFP was expressed within the TRex-
willin-GFP cell line. B) Image J analysis was used to calculate % of active caspase
present by dividing the integrated density (ID) of cleaved active caspase-3 over the
ID of total caspase-3 present. TRex cells that expressed willin-GFP showed signifi-
cant caspase-3 cleavage when under 3 and 4 hour TNF« stress compared to TRex
cells not expressing willin-GFP (t-test; p<0.01, n=3**). Error bars represent +
standard deviation.
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A colorimetric caspase-3 assay was conducted to measure the specific ac-
tivity of active caspase-3 when the TRex cell lines were under TNFa-induced
stress. The colorimetric substrate (AC-DEVD-pNA), labelled with a chro-
mophore p-nitroaniline, was provided with the caspase-3 assay kit (Promega).
Upon cleavage by caspase-3 (DEVDase), pNA was released from the substrate.
Free pNA produced a yellow colour that was monitored by a spectrometer at
a wavelength of 405nm (Figure 3.28). The amount of yellow produced was
therefore proportional to the presence of active caspase-3. Z-VAD-FMK was
provided within the kit to inhibit caspase-3 activity so that the difference be-
tween yellow produced in the absence and presence of the inhibitor was a direct

measure of active caspase-3 present within the samples.
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Figure 3.28: The colorimetric substrate (AC-DEVD-pNA) provided within the
caspase-3 assay kit (Section 2.3.8: Promega) was labelled with a chromophore p-
nitroaniline. Upon cleavage by caspase-3 (DEVDase), pNA was released from the
substrate. Free pNA produced a yellow colour that was monitored by a spectrometer
at a wavelength of 405nm. The amount of yellow produced was therefore propor-
tional to the presence of active caspase-3. Z-VAD-FMK was provided within the
kit to inhibit caspase-3 activity so that the difference between yellow produced in
the absence and presence of the inhibitor was a direct measure of active caspase-3
present within the samples.

Both TRex and TRex-willin-GFP cells were induced with 1ug/ml tetracy-
cline 2 days prior to a 6 hour treatment with either: 50ng/ml TNF«, with or
without Z-VAD-FMK and untreated cells as a control. The difference between
the accumulation of dye produced in the absence of inhibitor and in the pres-
ence of inhibitor was a measure of the caspase-3 activity present. Cell lysates
were collected and a colorimetric assay was conducted to measure the specific
activity (SA) of caspase-3. The results obtained confirmed active caspase-3
activity in TRex-willin-GFP cells expressing willin-GFP, whereas no caspase-
3 activity was observed in the control TRex cells, when cells were put under
50ng/ml TNFa-induced apoptotic stress (Figure 3.29).
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Figure 3.29: Under TNF« stress, willin expression resulted in caspase-3 activation
(t-test; p<0.01, n=3**). TRex and TRex-willin-GFP cells were incubated in 1ug/ml
tetracycline 2 days prior to 6 hour 50ng/TNF« treatment. Cell lysates were collected
and a colorimetric assay was conducted to measure the specific activity (SA) of active
caspase-3. Error bars represent + standard error.

To further support that willin expression sensitises cells to TNFa-induced
cell death, a live/dead PI FACS discrimination experiment (Section 2.3.2) was
performed. Both TRex and TRex-willin-GFP cells were treated with 1ug/ml
tetracycline for 48 hours and were either treated with or without 50ng/ml
TNF« for 6 hours. Cells were harvested and 30,000 cells were analysed for cell
viability. The percentage of live cells remained unchanged when TRex control
cells, that did not express willin-GFP, were either treated with 50ng/ml TNF«
or left untreated (Figure 3.30; t-test: p>0.05, n=3). However, a decrease
from ~ 80% to ~ 60% was observed when cells were induced for willin-GFP
expression in the presence of TNFa (Figure 3.30; t-test; p<0.01, n=3) further
supporting previous experimental observations that the expression of willin

resulted in cell sensitisation to cell death stimuli.
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Figure 3.30: TNFq treatment on cells expressing willin-GFP resulted in cell death.
TRex and TRex-willin-GFP cells were either treated with 1ug/ml tetracycline for
48 hours or both tetracycline (48 hours) and 50ng/ml TNF« (6 hours). The number
of live and dead cells were measured, from a sample of 30,000 cells, using the PI
staining detection protocol on a FACS machine and analysed using Dako-cytometry
software. Cell viability decreased when cells were treated with TNFa and induced
for willin-GFP expression compared to treated with TNF« alone (t-test; p<0.01,
n=3). Error bars represent + standard deviation.

3.2.11 Willin expression enhances MST1 cleavage un-

der apoptotic stress

Graves et al. (2001) have shown that MST needs to be both phosphorylated
and cleaved to result in an apoptotic downstream effect. Phosphorylation of
MST1 occurred when willin expression was induced (as described in Section
3.2.5) and MST1 cleavage was therefore further investigated. As cell density
is such an important factor for the activation of the Hippo pathway, cell den-
sity had to be tightly controlled in all experiments. To look at the effect of
cell density on MST1 cleavage, TRex-willin-GFP cells were plated at either
low, medium or high confluency levels and were left untreated, treated with
1pg/ml tetracycline for 48 hours, 50ng/ml TNF« for 6 hours or both. Whole
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cell lysates were collected and MST1 protein expression was detected though
immunoblot analysis. MST1 cleavage was not detected when cells were left
untreated or induced for willin-GFP expression (Figure 3.31). However, MST1
cleavage was observed when 50ng/ml TNF« was added to the inducible cell
line. Interestingly, this MST1 cleavage was enhanced when willin-GFP ex-
pression was induced by tetracycline at low cell density (Figure 3.31), further
supporting that willin expression sensitised cells to cell death. However no
such enhancement was seen when cells were plated out at medium to high
confluency (Figure 3.31), suggesting that this observation was dependent on

cell density.
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Figure 3.31: MST cleavage was observed under TNFa stress. TRex-willin-GFP
cells were plated at different densities and either left untreated, treated with 1pug/ml
tetracycline for 48 hours, 50ng/ml TNF«a for 6 hours, or both. Whole cell lysates
were separated on a 10% SDS gel and the nitrocellulose membrane was probed with
an anti-MST antibody. MST cleavage was observed only when cells were treated
with TNF«. At low cell density conditions, MST1 cleavage was increased when both
TNF« treatment and willin-GFP expression were both present.

To further investigate that it was the expression of willin that resulted in
enhanced MST1 cleavage when cells were under apoptotic stress at low cell
density, an experiment was performed detecting MST1 cleavage when cells
were either over-expressing willin or had reduced willin expression using siRNA
in the absence and presence of TNFa. Immunoblot analysis showed that, at
low cell density, willin expression resulted in an enhanced MST1 cleavage when
cells where treated with TNFa compared to cells that were not expressing
willin (t-test; p<0.05, n=3). However, no MST1 cleavage was observed when

cells were not treated with TNFa (Figure 3.32), the same observation as that
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observed in Figure 3.31. Knockdown of willin in the TRex-willin-GFP cells
resulted in a further reduction of MST1 cleavage compared to cells that were
endogenously expressing willin, however this reduction was not statistically
significant (Figure 3.32; t-test: p>0.05, n=3).
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Figure 3.32: Willin expression enhanced MST1 cleavage under TNFa-induced
stress. TRex-willin-GFP cells were either left untreated, treated with 1ug/ml tetra-
cycline, 50ng/ml TNF«a for 6 hours, both tetracycline (48 hours) and TNF«a (6
hours), siRNA against willin (72 hours), and both siRNA (72 hours) and TNF«
(6 hours) treatment. Whole cell lysates were separated on a 10% SDS gel and the
nitrocellulose membrane was probed with an anti-MST antibody. A) Immublot
showing that MST1 was cleaved only under TNF« stress. B) Image J analysis on
immunoblots show that willin-GFP expression enhanced MST1 cleavage compared
to TRex-willin-GFP cells that were not induced for willin-GFP expression (con-
trol) (t-test; p<0.05, n=3*). siRNA knockdown of willin reduced MST1 cleavage
although not significantly (t-test; p>0.05, n=3) compared to untreated controls.
Error bars represent + standard deviation.
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3.3 Discussion

3.3.1 Willin expression partially activates the Hippo
pathway

The production of a tetracycline-inducible willin expression cell line (TRex-
willin-GFP) proved to be a successful system to investigate Hippo signalling
activation in HEK-293 cells. If willin is truly the human homologue of the
Drosophila protein Expanded then willin will act upstream of the Hippo sig-
nalling pathway to activate and inhibit YAP, further resulting in downstream
cell viability and cell cycle changes. As predicted, an increase in willin ex-
pression resulted in an increase in phosphorylation of the core Hippo pathway
components: MST1/2, LATS1 and YAP (Section 3.2.5). Induced expression of
willin resulted in an inhibition of YAP through YAP phosphorylation-induced
cytoplasmic retention (Section 3.2.6); however this was not sufficient to result
in further apoptotic downstream effects (Section 3.2.7). Willin over-expression
resulted in partial activation of the Hippo pathway as no cell viability or cell
cycle changes were observed when willin was expressed in HEK-293 cells.

The more upstream a protein is found within a signalling cascade, the
less effect it can have on downstream targets. As willin is upstream of the
core Hippo pathway cassette (MST, LATS and YAP) it is expected that full
apoptotic downstream events are less likely to be observed. Other human
signalling pathways, upstream proteins and negative feedback loops may all
regulate and modulate the inhibition of YAP.

Another FERM domain containing protein called FRMD3 has previously
been shown to have no impact on cell cycle progression or cell death in HEK-
293 cells, even though it has been shown to be a novel putative tumour sup-
pressor in non-small cell lung carcinoma (Haase et al., 2007). Partial activation
of the Hippo pathway by willin expression therefore does not rule out willin’s
ability to be a tumour suppressor, as downstream cellular effects are very cell

specific.

3.3.2 Willin expression results in sensitisation to TNFa-
induced cell death

The partial activation of the Hippo pathway by willin expression may explain
cell sensitisation to TNFa-induced cell death (Section 3.2.10). The reason for
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this may be complex and MST may be a vital molecular switch for the Hippo
pathway to lead to full downstream activation of the Hippo pathway; resulting
in apoptosis and cell cycle changes. Lee et al. (2001) have previously reported
that the MST kinase has to be both phosphorylated and cleaved to result in
cellular death. Although phosphorylation of MST1/2 (and also LATS1 and
YAP) occurred upon willin expression, cleaved MST1 was never observed in
this scenario. Only upon TNF« stimulation was MST cleaved and an apoptotic
downstream effect observed (Section 3.2.11). Interestingly, cells undergoing
TNFa treatment and over-expressing willin had more cleaved MST1 compared
to cells undergoing TNFa treatment alone. So the phosphorylation of MST
caused by willin over-expression may have primed downstream apoptotic effect,
however additional signals such as cell-to-cell contact or cell death signals are
needed to promote the pre-apoptotic state of the cell into the full apoptotic
downstream effects of the Hippo pathway (Figure 3.33).

The expression of willin enhances caspase-3 activation (Section 3.2.10)
through an unknown mechanism. One possible theory is that willin expres-
sion may enhance caspase-3 mediated activation of MST1, which agrees with
recent findings that suggest that TNFa-induced cell death in hepatocytes re-
quires MST1/2 (Song et al., 2010). However, we cannot rule out the possibility
that other factors are involved and that the effects of willin expression could

be indirect.

3.3.3 Cell density is an important factor in the Hippo
pathway

Cell density plays an important role in the activation of the Hippo pathway;
with the pathway being activated at high cell densities and inhibited at lower
cell densities. The mechanisms of Hippo pathway modulation remains, to
this date, largely unknown. Cell-to-cell contact, adhesion and polarity have
all previously been described as important factors in activating the Hippo
signalling cascade (Graves et al., 2001; Lee et al., 2001; Bennett and Harvey,
2006; Zhao et al., 2007; Chen et al., 2010).

At high cell density, YAP phosphorylation was often observed in untreated
control cells. These observations support those by Zhao et al. (2007) who have
shown that, in-vitro, YAP becomes phosphorylated at high cell density. All

experiments were therefore performed at very low density and phosphorylation
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data for YAP when willin was induced could only be conducted over a 48 hour
period, compared to 72 hours for MST1/2 and LATS1. MST1/2 and LATS1
may have been less prone to cell density variables as they are further upstream
of other converging pathways onto YAP.

At low cell density, willin expression resulted in enhanced MST1 cleavage
when cells were under TNFa stress. Whereas no increase in MST'1 cleavage was
observed, under TNFa-induced stress, when willin was expressed at medium
and high cell density (Section 3.2.11). At medium and high cell densities, the
Hippo pathway may have already been activated so that an increase in willin
expression does not have an enhanced effect, as MST was already cleaved.

It is important to note that at high cell density in-vitro, the proportion
of phosphorylated YAP protein increases, but this does not result in all cells
dying, rather cells become contact inhibited and form a monolayer. In addi-
tion, YAP over-expression in HEK-293 cells did not result in changes in the
cell cycle. Therefore in HEK-293 cells, it is likely that the mammalian Hippo
pathway activation results in sensitisation to cell death, and additional signals
such as cell contact and cell death signals are required to result in cell survival
changes (Figure 3.33). This theory supports our data, as willin expression
resulted in phosphorylation of MST1, LATS and YAP but had no impact on

cell cycle progression or cell death.

3.3.4 Distribution of Hippo proteins is cell density de-
pendent

The subcellular distribution of willin is varied as it can be localised at the
plasma membrane, cytoplasm and nucleus (Section 3.2.4). This mixed cellular
distribution is common within the ERM family of proteins (Gunn-Moore et al.,
2005; Madan et al., 2006). The distribution of willin, like the distribution of
other Hippo pathway proteins, changes depending on cell density. At low cell
density, willin is predominately found in the cytoplasm, whereas at high cell
density willin is re-distributed to the plasma membrane. As the Hippo pathway
is activated though cellular contact, willin translocation to cellular junctions
upon cellular contact with neighbouring cells may be vital in the downstream
activation of the Hippo pathway. Future experiments should identify potential
upstream receptors candidates such as FAT or CD44 (Chapter 6).

Complexes between the Hippo pathway components in the mammalian
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system remains, to this date, largely unknown. Increasing cell density resulted
in an increase of expression of willin and LATS1 in the Triton X-100 soluble
membrane fraction. Whereas MST'1 expression decreased in the Triton X-100
soluble fraction when cell density was increased. More research needs to be
done to see whether willin and LATS can be found in a complex together.
A complex between willin and LATS is plausible as localisation studies on
LATS have shown similar distribution to that of willin. LATS has been shown
to translocate to the plasma membrane upon cell-to-cell contact, with a high
expression of these proteins found at cellular adherent junctions (Yang et al.,

2004; Zhao et al., 2011).

3.3.5 Ezrin, merlin and willin can modulate activation

of the Hippo pathway

A hierarchy in the ability to activate MST1/2 phosphorylation was observed,
where the expression of either merlin or willin was sufficient to result in
MST1/2 phosphorylation, whereas ezrin did not result in MST1/2 phospho-
rylation at the cell density tested (Section 3.2.8). A synergistic trend was ob-
served on the phosphorylation of MST1/2 when cells were co-expressed with
merlin and willin (Figure 3.20). Ezrin had an inhibitory modulation on both
merlin’s and willin’s ability to phosphorylate MST1. Willin had an enhanced
effect on merlin’s ability to phosphorylate MST. Whereas merlin did not en-
hance or inhibit either willin’s or ezrin’s ability to induce the phosphorylation
of MST.

Cell density is an important factor when studying the Hippo pathway and
it is important to note that at different cell densities merlin and ezrin may have
different modulation effects. The modulation on MST1 phosphorylation was
chosen as it was the most upstream protein of the Hippo pathway complex, and
future studies should also focus on the ability of ezrin and merlin to modulate
the hippo pathway through phosphorylation of LATS1 and YAP.

The identification of possible binding factors is a key step in the character-
isation of a novel protein. Willin can bind to ezrin, possibly via a head-to-tail
conformation typically found between ERM protein binding. Previous results
by Alfthan et al. (2004) have shown that ezrin binds with a strong affinity to
merlin, resulting in the inhibition of merlin’s downstream effects. The observed

findings in this thesis support this theory as ezrin decreases phosphorylation
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caused by increased expression of both merlin and willin. It is possible that
the identified willin-ezrin interaction could be an important controlling mech-
anism for upstream activation of the Hippo pathway in mammals, and future
studies will investigate this possibility.

Willin and merlin do not appear to co-localise or bind directly (Section
3.2.9). However when merlin, ezrin and willin are over-expressed within the
cell, merlin can indirectly be associated with willin (Section 3.2.9). Whether
this indirect binding occurs at a physiological level remains unknown. When
merlin and willin are co-expressed in HEK-293 cells, the distribution of willin
is altered as merlin appears to exclude willin expression at the membrane. This
may be due to competition of upstream receptors. Willin’s exclusion from the
plasma membrane does, however, not affect willin’s ability to phosphorylate
the Hippo pathway, as the expression of willin in fact had an enhanced effect on
merlin’s ability to phosphorylate MST. ERM proteins distribution is of great
importance in its ability to modulate the Hippo pathway and may explain why
high cytoplasmic ezrin expression has prognostic significance for head and neck

squamous cell carcinoma (Madan et al., 2006).

3.4 Conclusion

Figure 3.33 summarises the main findings of this chapter. Willin expression
can induce the phosphorylation of the core Hippo pathway cassette (MST1/2,
LATS1 and YAP) resulting in YAP inhibition through retention of YAP in
the cytoplasm. Willin expression was not sufficient to result in cell viability
or cell cycle changes in HEK-293 cells. However, willin expression did result
in sensitisation to TNFa-induced cell death and enhanced MST1 cleavage in
apoptotic stimuli conditions. Expression of merlin and ezrin can also modulate
the Hippo pathway; where a synergistic trend was observed when both merlin

and willin were expressed and where ezrin has an inhibitory role.
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Figure 3.33: Updated Hippo pathway schematic to summarise results. Willin
expression phosphorylates the core Hippo pathway cassette (MST1/2, LATS1 and
YAP); resulting in YAP inhibition through retention of YAP in the cytoplasm, pos-
sibly through binding to 14-3-3 protein. Ezrin can bind directly to merlin and willin
and has an inhibitory effect on the Hippo pathway. A synergistic effect was observed
when both merlin and willin were expressed. For the Hippo pathway to result in
apoptosis, the core proteins (MST, LATS and YAP) need to be phosphorylated and
MST1 needs to be cleaved. MST1 cleavage can be induced with a cell death stimuli
such as TNFa.



Chapter 4

Willin Expression Antagonises a
YAP-induced EMT Phenotype

4.1 Introduction

In the previous chapter, willin expression in HEK-293 cells was shown to par-
tially activate the Hippo pathway with no measurable physiological down-
stream outputs (Chapter 3). The function of willin in a non-tumourigenic,
human mammary epithelial MCF10A cell line was further investigated as over-
expression of YAP and deregulation of upstream Hippo components have pre-
viously been shown to induce a measurable epithelial-mesenchymal transition
(EMT) in these cells (Overholtzer et al., 2006; Hao et al., 2008; Zhang et al.,
2008a, 2009b).

Over-expression of YAP in MCF10A cells has been shown to induce an
EMT response: where a typical polarised uniform epithelial sheet of cells
transformed into mesenchymal-like cells, exhibiting neither regimented struc-
ture nor tight intracellular adhesion (Overholtzer et al., 2006; Zhao et al., 2007;
Hao et al., 2008; Zhang et al., 2008a, 2009b). Hippo pathway components have
been shown to antagonise a YAP-induced phenotype, resulting in functional
downstream changes in anchorage-independent growth, cell migration, prolif-
eration and adhesion (Overholtzer et al., 2006; Hao et al., 2008; Zhang et al.,
2008a, 2009b). Willin’s ability to antagonise a YAP-induced EMT phenotype
in MCF10A cells was further investigated as willin has been placed upstream
of the core Hippo pathway components (MST1/2, LATS1 and YAP; Chapter
3).

102
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4.2 Results

4.2.1 Willin expression in MCF10A cells

4.2.1.1 Willin expression results in increased phosphorylation of
MST1/2, LATS1 and YAP in MCF10A cells

To confirm that willin expression resulted in an increased phosphorylation
of the core Hippo pathway components in MCF10A cells, and was not cell-
specific to HEK-293 cells, MCF10A cells were retrovirally transfected with
either pBabe-empty-vector or pBabe-willin-HA expression plasmids (kind gift
from Dr. Paul Reynolds’ lab, University of St Andrews, UK). 48 hours post
retroviral transfection, whole cell lysates were collected and run on a 10% SDS
gel. Immunoblot analysis confirmed that willin-HA was expressed in MCF10A
cells retrovirally transfected with pBabe-willin-HA (Figure 4.1).

Vector Willin
S Willin

— e, [}-actin

Figure 4.1: Immunoblot confirmed that willin-HA was expressed in MCF10A
cells. MCF10A cells were retrovirally transfected with pBabe-willinHA or pBabe-
vector plasmids. Whole cell lysates were collected and run on a 10% SDS gel. The
nitrocellulose membrane was probed with an anti-HA antibody to detect willin-HA
expression. (-actin detection was used as a loading control.

Expression of willin-HA in MCF10A cells resulted in an increase in phos-
phorylation of the core Hippo pathway cassette (Figure 4.2). Image J analysis
of three phosphorylation western blots (representative shown in Figure 4.2.A)
showed that a significant increase in phosphorylation of MST1/2, LATS1 and
YAP was observed when MCF10A cells expressed willin-HA compared to an
empty vector control (Figure 4.2.B, t-test: p<0.01, n=3).
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Figure 4.2: Expression of willin resulted in increased phosphorylation of MST1/2,
LATS1 and YAP in MCF10A cells. pBabe-willin-HA and pBabe-vector were retro-
virally transfected into MCF10A cells. 48 hours post-transfection, whole cell lysates
were collected and run on a 10% SDS gel. A) The nitrocellulose membrane was
probed with antibodies detecting both phosphorylated and total protein expression
of MST1/2, LATS1 and YAP. B) Immunoblots were analysed using Image J software
to calculate relative phosphorylation of MST1/2, LATS1 and YAP to empty vector
controls that were standardised to 1. Relative phosphorylation was calculated by
measuring the integrated density (ID) of phosphorylated protein/ID of total protein
detected. Error bars represent + standard error (n=3).
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4.2.1.2 Willin expression results in YAP nuclear exit in MCF10A

cells

Activation of the Hippo pathway through phosphorylation of the core Hippo
pathway cassette has previously been reported to result in YAP transloca-
tion from the nucleus to the cytoplasm (Zhao et al., 2007; Hao et al., 2008).
Nuclear to cytoplasmic translocation of YAP was observed when willin was
over-expressed in HEK-293 cells (Section 3.2.6). To confirm that willin ex-
pression had the same effect on YAP translocation in MCF10A cells, nuclear
fractionation experiments were conducted on stable MCF10A cells expressing
empty vector and willin-HA.

MCF10A cells were retrovirally transfected with pBabe-willin-HA or
pBabe-vector expression plasmids. Stable cell lines of each were created by
antibiotic selection with 2ug/ml puromycin. Nuclear fractionation was per-
formed on both cell lines and equal protein concentrations of nuclear cell lysates
were run on a 10% SDS gel. Image J analysis of western blots (representa-
tive immunoblot shown in Figure 4.3.A) showed that nuclear YAP levels were
significantly reduced, by ~8 fold, in MCF10A cells that expressed willin-HA
compared to MCF10A cells that expressed the empty vector (Figure 4.3.B;
t-test: p<0.01, n=3).
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Figure 4.3: Expression of willin in MCF10A cells resulted in YAP nuclear exit.
A) Nuclear fractions were collected from MCF10A cells over-expressing willin-HA
and an empty vector, and run on a 10% SDS gel. The nitrocellulose membrane was
probed with anti-YAP and coilin antibodies, where the latter was used as a nuclear
fraction loading control. B) Image J analysis confirmed that a significant decrease
in YAP nuclear expression was observed in MCF10A-willinHA compared to the
MCF10A-vector cells (t-test; p<0.01, n=3**). YAP protein expression levels were
relative to control MCF10A-vector cells which were set to 1. Error bars represent
+ standard deviation.
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4.2.1.3 Willin expression reduces cell proliferation at high cellular

density

Previous studies have shown that the expression of the Hippo pathway kinases
enhanced contact inhibition as proliferation rates were inhibited at high cell
density but not at a low cell density (Camargo et al., 2007; Dong et al., 2007;
Zhao et al., 2007). As willin expression was shown to activate the Hippo path-
way (Section 4.2.1.1), its ability to influence cell proliferation was investigated.

MCF10A cells were retrovirally transfected with pBabe-vector or pBabe-
willin-HA constructs. Stable cell lines were created and plated out into 96 well
plates. A MTT assay was performed as a measure of cell proliferation every
24 hours for 7 days. Medium was replaced with fresh growth medium every 48
hours to prevent cells becoming nutrient deprived. Differences in proliferation
curves were observed between MCF10A cells expressing an empty vector and
MCF10A cells expressing willin-HA (Figure 4.4). At low cell density, the
proliferation rate was the same in MCF10A cells over-expressing willin-HA or
an empty vector (Figure 4.4). At high cell density (confluency was reached
3-4 days post plating), the rate of cell proliferation was reduced in MCF10A
cells over-expressing willin-HA compared to that of MCF10A cells expressing

an empty vector control (Figure 4.4).
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Figure 4.4: Willin expression in MCF10A cells (dashed line) reduced cell prolifera-
tion at high cell density. A MTT assay was performed on stable MCF10A-willinHA
and MCF10A-vector cells as a measure of cell proliferation every 24 hours for 7 days.
Error bars represent + standard deviation.
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To confirm that willin expression in MCF10A cells reduced proliferative
growth at high cell density, the number of cells were counted using a haemo-
cytometer. 2x10° MCF10A cells expressing willin-HA or an empty vector were
plated out into 35mm dishes and the number of cells were counted every 24
hours for 5 days. Growth medium was replaced every 48 hours to prevent nu-
trient deprivation of the cells. A contact inhibition plateau in stable MCF10A
cells expressing an empty vector was observed at ~5x10° cells, whereas con-
tact inhibition in MCF10A cells over-expressing willin-HA was observed at a
lower cell number of ~3x10° (Figure 4.5). This data supported previous ob-
servations from the MTT assay (Figure 4.4) that willin expression enhanced

contact inhibition and reduced cell proliferation at high cell density.
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Figure 4.5: Willin expression slowed proliferation rate in MCF10A cells. 2x10°
MCF10A cells over-expressing willin-HA or an empty vector were plated out into
35mm dishes and the number of cells were counted every 24 hours for 5 days. Less
cells were counted in MCF10A cells expressing willin-HA (dashed line) when com-
pared to MCF10A cells expressing an empty vector (solid line). Error bars represent
+ standard deviation (n=6).

In human cells, LATS1/2 have been shown to affect cyclin E and cyclins
A /B, inducing cell cycle arrest at G;-S or Go-M respectively (Xia et al., 2002;
Li et al., 2003). The effect of willin on the cell cycle at high cell density
was further investigated as willin expression reduced cell proliferation at high
cell density. MCF10A cells were retrovirally transfected with pBabe-vector
or pBabe-willin-HA vectors and plated into 35mm dishes. Cells were har-

vested at a high confluency, fixed with ethanol and stained with propidium
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iodide for cell cycle analysis (Section 2.3.2). Willin expression in MCF10A
cells resulted in a small G; arrest (Figure 4.6: t-test; p<0.05, n=6). Willin
expression in MCF10A cells did not affect cell viability as stable MCF10A cells
over-expressing willin-HA were successfully passaged and willin expression in
MCF10A cells did not result in an increase of cells in the sub-G; phase of the
cell cycle (Figure 4.6.A).
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Figure 4.6: Willin expression in MCF10A cells resulted in a small Gy arrest at high
cell density. 10,000 MCF10A cells expressing either willin-HA or an empty vector
were harvested at high cell density, fixed with ethanol, and stained with PI. A) The
FACS histogram outputs show cell count on the y-axis and PI fluorescence inten-
sity on the z-axis. B) Cell cycle histograms were analysed using Dako-cytometry
software and the percentage of cells in Gi, S and Gy phases of the cell cycle were
calculated. Willin expression in MCF10A cells resulted in a small G; arrest (t-test;
p<0.05, n=6%*). Error bars represent + standard deviation.
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4.2.1.4 Willin expression modulates cellular migration

Hippo pathway components have been shown to inhibit cell migration at high
cell densities (Zhao et al., 2007; Hao et al., 2008; Zhang et al., 2008a). Willin’s
ability to inhibit cell migration was therefore further investigated. MCF10A
cells were retrovirally transfected with pBabe-willin-HA or pBabe-vector ex-
pression plasmids and migration through a Boyden chamber was measured.
MCF10A cells were plated at either low (5x10°) or high (1x10°) cell density
within the Boyden chamber and cell migration through the 8.0um pores was
measured 24 hours after plating. Figure 4.7 shows that the expression of willin-
HA in MCF10A cells reduced cellular migration through a Boyden chamber
by ~ 25% at high cell density (t-test; p<0.05, n=3), whereas the reduction in
cell migration upon expression of willin in MCF10A cells was not statistically

significant at low cell density (t-test; p>0.05, n=3).

1.2 — .
1
: I
S
e 0.8 J-
= |
g 06 l
= T
S i
= 04 1
2 |
=2
< 02
0
vector willin vector willin
Low density High density

Figure 4.7: Willin expression in MCF10A cells reduced cell migration. MCF10A
cells over-expressing willin-HA or an empty vector were seeded into a Boyden cham-
ber at low (5x10°) and high (1x10°) cell density. Cell migration though a Boyden
chamber was measured 24 hour after plating. No significant reduction in migration
was observed at low cell density (t-test; p>0.05, n=3). However, willin expression
in MCF10A reduced cell migration significantly at high cell density (t-test; p<0.05,
n=3%). Error bars represent + standard deviation.
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4.2.2 Expression of willin and its FERM domain can
antagonises a YAP-induced EMT phenotype in
MCF10A cells

Hippo pathway components have been shown to antagonise a YAP-induced
EMT phenotype, resulting in functional downstream changes in anchorage-
independent growth, cell migration, adhesion as well as changes in epithelial
and mesenchymal markers (Overholtzer et al., 2006; Zhao et al., 2007; Hao
et al., 2008; Zhang et al., 2008a, 2009b). Further studies were performed to
investigate whether full-length willin and its conserved FERM domain were
sufficient to negatively regulate an oncogenic YAP-induced EMT phenotype
in MCF10A cells: reducing cell migration and anchorage independent growth,

and enhancing cell adhesion.

4.2.2.1 Cloning and expression of the FERM and C-terminal do-

main of willin

To investigate whether the conserved FERM domain of willin was sufficient
to antagonise a YAP-induced EMT phenotype, both the FERM and the C-
terminal domain of willin were cloned into a pBabe(puro) expression vector
and expressed in MCF10A cells over-expressing YAP. The amino acid and
DNA nucleotide sequences of the defined FERM and C-terminal domains of
willin are shown in Figure 4.8.

Using PCR, the FERM and C-terminal domains of willin were amplified
from a willin-GFP plasmid using primers (FERM domain: FERM-F & FERM-
R; C-terminal domain: Cterm-F € Cterm-R2. See Table 2.1 for primer se-
quence) that contained a BamH1 and EcoR1 restriction site at the 5 and 3’
end respectively. A hemagglutinin tag (HA: YPYDVPDYA) was incorporated
into the reverse primer so that cloned FERM and C-terminal plasmids were
C-terminally tagged with HA. A restriction digest using BamH1 and FcoR1
enzymes was performed on the PCR inserts and the pBabe-puro vector. The
FERM and C-terminal domain PCR products were ligated into a pBabe vec-
tor and constructs were named pBabe-FERM and pBabe-Cterm respectively
(Figure 4.9). The DNA Sequencing Service (University of Dundee, UK) con-
firmed that unmutated FERM and C-terminal domains of willin, C-terminally

tagged with HA, were cloned into a pBabe(puro) expression vector.
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Amino acid sequence:

MNKLNFHNNRVMODRRSVCIFLPNDESLNIIINVKILCHOLLVOVCDLLRLKDCHLFGLSVI
ONNEHVYMELSQOKLYKYCPKEWKKEASKGIDOFGPPMIIHFRVOYYVENGRLISDRAARYYY
YWHLRKOVLHSOCVLREEAYFLLAAFALOADLGNFKRNKHYGKYFEPEAYFPSWVVSKRGKD
YILKHIPNMHKDOFALTASEAHLKYIKEAVRLDDVAVHYYRLYKDKREIEASLTLGLTMRGI
OIFONLDEEKOLLYDFPWTINVGKLVFVGKKFEILPDGLPSARKLIYYTGCPMRSRHLLOLLS
NSHRLYMNLOPVLRHIRKLEENEEKKQYRESYISDNLDLDMDQLEKRSRASGSSAGSMKHKR
LSRHSTASHSSSHTSGIEADTKPRDTGPEDSYSSSAIHRKLKTCSSMTSHGSSHTSGVESGG
KDRLEEDLQODDEIEMLVDDPRDLEQMNEESLEVSPDMCIYITEDMLMSRKLNGHSGLIVKET
GSSTSSSSETVVKLRGQSTDSLPQTICRKPKTSTDRHSLSLDDIRLYQKDFLRIAGLCQDTA
OSYTFGCGHELDEEGLYCNSCLAQQCINIQDAFPVKRTSKYFSLDLTHDEVPEFVVstop

Nucleotide sequence:

atgaacaaattgaattttcataacaacagagtcatgcaagaccgccgcagtgtgtgcatttt
ccttcccaacgatgaatctctgaacatcatcataaatgttaagattctgtgtcaccagttgce
tggtccaggtttgtgacctgctcaggctaaaggactgccacctctttggactcagtgttata
caaaataatgaacatgtgtatatggagttgtcacaaaagctttacaaatattgtccaaaaga
atggaagaaagaggccagcaagggtatcgaccaatttgggcctcctatgatcatccacttcc
gtgtgcagtactatgtggaaaatggcagattgatcagtgacagagcagcaagatactattat
tactggcacctgagaaaacaagttcttcattctcagtgtgtgectccgagaggaggcctactt
cctgctggcagcctttgeccctgcaggectgatcttgggaacttcaaaaggaataagcactatg
gaaaatacttcgagccagaggcttacttcccatcttgggttgtttccaagagggggaaggac
tacatcctgaagcacattccaaacatgcacaaagatcagtttgcactaacagcttccgaage
tcatcttaaatatatcaaagaggctgtccgactggatgacgtcgctgttcattactacagat
tgtataaggataaaagggaaattgaagcatcgctgactcttggattgaccatgaggggaata
cagatttttcagaatttagatgaagagaaacaattactttatgatttcccctggacaaatgt
tggaaaattggtgtttgtgggtaagaaatttgagattttgccagatggcttgccttctgceccce
ggaagctcatatactacacggggtgccccatgcgctccagacacctcctgcaacttctgage
aacagccaccgcctctatatgaatctgcagcctgtcctgcgeccatatccggaagcectggagga
aaacgaagagaagaagcagtaccgggaatcttacatcagtgacaacctggacctcgacatgg
accagctggaaaaacggtcgcgggccagcgggagcagtgecgggcagcatgaaacacaagcgce
ctgtcccgtcattccaccgeccageccacagcagttcccacacctecgggcattgaggcagacac
caagccccgggacacggggccagaagacagctactccagcagtgccatccaccgcaagetga
aaacctgcagctcaatgaccagtcatggcagctcccacacctcaggggtggagagtggegge
aaagaccggctggaagaggacttacaggacgatgaaatagagatgttggttgatgacccccg
ggatctggagcagatgaatgaagagtctctggaagtcagcccagacatgtgcatctacatca
cagaggacatgctcatgtcgcggaagctgaatggacactctgggttgattgtgaaagaaatt
gggtcttccacctcgagctcttcagaaacagttgttaagecttecgtggeccagagtactgatte
tcttccacagactatatgtcggaaaccaaagacctccactgatcgacacagcttgageccteg
atgacatcagactttaccagaaagacttcctgecgcattgcaggtctgtgtcaggacactget
cagagttacacctttggatgtggccatgaactggatgaggaaggcctctattgcaacagttg
cttggcccagcagtgcatcaacatccaagatgcttttccagtcaaaagaaccagcaaatact
tttctctggatctcactcatgatgaagttccagagtttgttgtgtaa

Figure 4.8: Amino acid and DNA nucleotide sequence of full-length willin. The N-
terminal FERM domain sequence of willin is underlined and in bold. The underlined
FERM domain was cloned into pBABE vector. The sequence located at the 3’ end
of the FERM domain to the stop codon was also cloned into the pBabe-puro vector
and was termed the C-terminal domain of willin.
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Figure 4.9: Schematic diagram of molecular cloning techniques performed to con-
struct pBabe-FERM and pBabe-Cterm expression plasmids. PCR was conducted
on the willin-GFP plasmid using FERM-F € FERM-R or Cterm-F & Cterm-R2
primers to produce a FERM and C-terminal fragment with BamHI and FcoR1
restriction sites at the 5’ and 3’ end respectively (1). A restriction digest was per-
formed using BamH1 and EcoR1 enzymes on both the PCR inserts and pBabe-puro
so that the PCR fragments could be cloned into the multiple cloning site (MCS) of
the pBabe vector (2). The PCR fragments were ligated into the pBabe vector and
constructs were named pBabe-FERM and pBabe-Cterm (3).
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pBabe-willin-HA, pBabe-FERM, pBabe-Cterm and pBabe-vector were
retrovirally transfected into MCF10A cells over-expressing YAP-FLAG (kind
gift from Dr. D. Haber, Harvard University, USA). Stable cell lines were cre-
ated by 2ug/ml puromycin selection. Immunoblot analysis confirmed that
full-length willin, the FERM and the C-terminal domain of willin were ex-
pressed in the MCF10A-YAP cell lines created (Figure 4.10).

vector C-term FERM willin

== WVillin-HA

- — Cterm/FERM-HA

Figure 4.10: MCF10A-YAP stable cell lines were created over-expressing an empty
vector, full-length willin, the FERM domain or the C-terminal domain of willin.
Whole cell lysates were collected from MCF10A-YAP (YAP-FLAG) stable cell lines
created to express either willin-HA, FERM-HA or the C-terminal-HA domain of
willin. Lysates were run on a 10% SDS gel and the nitrocellulose membrane was
probed with anti-FLAG and high affinity anti-HA antibody, to detect YAP and
willin expression respectively.

4.2.2.2 Willin expression results in a morphological change in

MCF10A-YAP cells

A mesenchymal-like phenotype of MCF10A-YAP cells was reverted back to
a more epithelial-like phenotype when full-length willin and the FERM do-
main of willin were expressed in MCF10A-YAP cells (Figure 4.11). The
mesenchymal-like phenotype of MCF10A cells remained unchanged when an

empty vector or the C-terminal domain of willin were retrovirally transfected



115 4.2. RESULTS

into MCF10A-YAP cells (Figure 4.11). Expression of full-length willin and
its FERM domain resulted in cellular morphological alternations, where the
morphology of a cell changed from a spindle-shaped mesenchymal appearance
with increased scattering to more uniform and polarised epithelial appearance
(Figure 4.11).

Figure 4.11: Willin and FERM expression antagonised a YAP-induced EMT mor-
phological phenotype. Brightfield images were taken of MCF10A-YAP cells express-
ing either full-length willin (A), the FERM domain of willin (B), the C-terminal
domain of willin (C) or an empty vector (D). A more epithelial-like phenotype was
observed when MCF10A-YAP cells expressed full-length willin or the FERM do-
main of willin, while a more mesenchymal-like morphology was observed when cells
expressed the C-terminal domain of willin or an empty vector. Bar= 50um.
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Susana Moleirinho, a Ph.D. student in our lab, showed that the levels
of mesenchymal and epithelial markers varied between MCF10A-YAP cells
expressing an empty vector or full-length willin, confirming the morphological
EMT phenotype observations shown in Figure 4.11. Expression of willin-HA in
MCF10A cells resulted in a decrease of the mesenchymal marker vimentin and
N-cadherin and an increase in the epithelial marker occludin and E-cadherin
(Figure 4.12).

To further investigate that the EMT changes observed were due to activa-
tion of the Hippo pathway converging through phosphorylation of the Ser127
YAP site, a mutant MCF10A-YAP(S127A) cell line was created. Susana
Moleirinho retrovirally transfected MCF10A-YAP(S127A) cells with a pBabe-
vector or pBabe-willin-HA expression plasmids. Immunoblot analysis showed
that no changes in either epithelial (E-cadherin and occludin) or mesenchy-
mal (vimentin and N-cadherin) markers were observed when willin-HA or an
empty vector were expressed in MCF10A-YAP(S127A) cells (Figure 4.12).

MCF10A-YAP MCF10A-YAP
(S127A)

Vector Willin Vector Willin

— — <« E-cad
‘—__'- <« Occludin
[———— «Vimentin

S — <N-cad

il —
B | . | < FlagvAP

Figure 4.12: Willin expression antagonised a YAP-induced EMT phenotype in
MCF10A cells. Whole cell lysates were collected of MCF10A-YAP or MCF10A-
YAP(S127A) cells over-expressing vector or willin-HA and run on a 10% SDS gel.
The nitrocellulose membrane was probed with epithelial (E-cad and occludin) and
mesenchymal antibodies (vimentin and N-cad). Immunoblots show increased E-
cadherin, occludin and decreased vimentin, N-cadherin in MCF10A-YAP cells ex-
pressing willin, but no changes were observed between MCF10A-YAP(S127A) cells
expressing willin and an empty vector control. Work done by Susana Moleirinho.

<« B-actin
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4.2.2.3 Expression of willin and its FERM domain reduces anchorage-

independent growth

Stable MCF10A-YAP cells over-expressing either an empty vector, full-length
willin, FERM or the C-terminal domain of willin were seeded and grown in
soft-agar to measure anchorage-independent growth. The number of colonies,
defined as 5 or more cells, were counted 2 and 3 weeks after plating. The
experiment was conducted as a double-blind study to reduce counting bias.
Brightfield images in Figure 4.13.A show that the colony sizes observed in
MCF10A-YAP cells over-expressing the FERM domain of willin and full-length
willin was different to the colony sizes observed in MCF10A-YAP cells over-
expressing an empty vector or the C-terminal domain of willin. Colony sizes
were larger in MCF10A-YAP cells expressing an empty vector and the C-
terminal domain of willin compared to MCF10A-YAP cells that were express-
ing willin and the FERM domain of willin (Figure 4.13.A).

In addition to cell colony size differences, variations in the total number of
colonies formed in MCF10A-YAP cells over-expressing full-length willin and
the FERM domain of willin were observed when compared to MCF10A-YAP
cells over-expressing the C-terminal domain of willin or an empty vector (Fig-
ure 4.13.B). A ~50% reduction in colony formation was observed, both 2 and
3 weeks after plating, when either full-length willin or the FERM domain of
willin was over-expressed in MCF10A-YAP cells, compared to MCF10A-YAP
cells that expressed an empty vector (Figure 4.13.B; t-test, p<0.01, n=6). Ex-
pression of the C-terminal domain of willin in MCF10A-YAP cells did not alter
the cells ability to grow in soft agar when compared to MCF10A control cells
expressing an empty vector (Figure 4.13B; t-test; p>0.05, n=6). Two weeks
post-seeding, a slight trend was observed where the FERM domain of willin
seemed to have a stronger effect on the ability to inhibit anchorage-independent
growth than full-length willin; however this effect was not statistically signifi-
cant (Figure 4.13B; t-test, p>0.05, n=6).
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Figure 4.13: Expression of willin and its FERM domain reduced anchorage-
independent growth. Stable MCF10A-YAP cells over-expressing either an empty
vector, full-length willin, the FERM or the C-terminal domain of willin were grown
in soft-agar. A) Brightfield images taken of formed colonies. Colony sizes were
larger in MCF10A-YAP cells expressing an empty vector and the C-terminal do-
main of willin compared to MCF10A-YAP cells that expressed full-length willin
and its FERM domain. B) Number of colonies (>5 cells) were counted 2 and 3
weeks after plating. Expression of willin and its FERM domain significantly reduced
anchorage-independent growth in MCF10A-YAP cells compared to MCF10A-YAP
cells that expressed an empty vector or the C-terminal domain of willin (t-test;
p<0.01, n=6**). Error bars represent + standard deviation.
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4.2.2.4 Expression of willin and its FERM domain reduces cell mi-

gration

Previous studies have shown that YAP over-expression in MCF10A cells results
in an increase in cell migration (Overholtzer et al., 2006; Zhao et al., 2007).
To investigate the negative regulation on YAP by willin, cell migration was
measured using both a wound healing scratch assay and a Boyden chamber
assay.

Stable MCF10A-YAP cells over-expressing an empty vector, full-length
willin, the FERM domain and the C-terminal domain of willin were plated
out onto 3bmm dishes. Once the dishes were confluent, a scratch was made
using the end of a yellow tip and brightfield images were taken after the scratch
was made 24 hours post wound formation. Representative brightfield images
of the wound healing assay for MCF10A-YAP cells over-expressing an empty
vector, full-length willin, the FERM and the C-terminal domain of willin are
shown in Figure 4.14.A. The percentage of scratch covered with cells was
measured using image J, 24 hours post wound formation. Cell migration was
reduced by ~50% when MCF10A-YAP cells over-expressed full-length willin
and its truncated FERM domain compared to MCF10A-YAP that expressed
an empty vector (Figure 4.14.B; t-test: p<0.01, n=9). Expression of the C-
terminal domain of willin in MCF10A-YAP cells did not affect cell migration
when compared to the empty vector control (Figure 4.14.B; t-test: p>0.05,
n=9).

A second migration assay was conducted to confirm that the expression
of willin and its FERM domain reduced cell migration. MCF10A-YAP cells
expressing an empty vector, full-length willin, FERM or the C-terminal do-
main of willin were plated into Boyden chambers. 24 hours after incubation,
the number of cells migrated through the 8.0um pores in the chamber were
measured. Consistent with data obtained for the scratch assay, cell migration
through a Boyden chamber was reduced by ~50% when MCF10A-YAP cells
over-expressed full-length willin and its truncated FERM domain compared
to MCF10A-YAP cells that expressed an empty vector (Figure 4.15; t-test:
p<0.01, n=3). Furthermore, expression of the C-terminal domain of willin in
MCF10A-YAP cells did not affect cell migration when compared to the empty
vector control (Figure 4.15; t-test: p>0.05, n=3).
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Figure 4.14: Expression of willin and its FERM domain in MCF10A-YAP cells
reduced cell migration. A scratch was made with a yellow pipette tip in confluent
MCF10A-YAP cells expressing an empty vector, full-length willin, the FERM or
the C-terminal domain of willin. A) Brightfield images were taken before and 24
hours after the scratch was made. B) The percentage of the scratch covered after
24 hours was measured using Image J software. Expression of willin and its FERM
domain in MCF10A-YAP cells significantly reduced cell migration when compared
to MCF10A cells that expressed an empty vector or the C-terminal domain (t-test;
p<0.01, n=9**). Error bars represent + standard deviation.
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Figure 4.15: Expression of willin and its FERM domain reduced cell migration
through a Boyden chamber. MCF10A-YAP cells expressing an empty vector, full-
length willin, the FERM or the C-terminal domain of willin were plated into Boyden
chambers. 24 hours after incubation, the number of cells migrated through the
chamber were fixed and stained with crystal violet (CV). The CV dye was extracted
and measured at a wavelength of 570nm. Expression of willin and the FERM domain
of willin significantly reduced cell migration through a Boyden chamber (t-test;
p<0.05, n=3%*). Error bars represent + standard deviation.

4.2.2.5 Expression of willin and its FERM domain enhances cell

adhesion

During cell culture maintenance, it was noted that MCF10A-YAP cells over-
expressing full-length willin and the FERM domain of willin took twice as
long to trypsinise compared to MCF10A-YAP cells over-expressing an empty
vector or the C-terminal domain of willin. Taking together this observation
and the fact that changes in cell adhesion is a hallmark of EMT, the ability of
willin to affect cell adhesion was further investigated.

Stable MCF10A-YAP cells expressing an empty vector, full-length willin,
the FERM or the C-terminal domain of willin were seeded onto a laminin
coated 96 well plate. After a 30 minute incubation, an adhesion assay was
performed and the number of cells adherent to the laminin plate were fixed

and counted (Section 2.3.11). Expression of full-length willin and its truncated
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FERM domain enhanced cell adhesion to a laminin-coated dish, by a 1.6-1.8
fold respectively, compared to MCF10A-YAP cells that expressed an empty
vector (Figure 4.16: t-test; p<0.05 n=4). The truncated C-terminal domain

of willin had no effect on cell adhesion when compared to MCF10A-YAP cells
that expressed an empty vector (Figure 4.16: t-test; p>0.05, n=4).
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Figure 4.16: Expression of willin and its FERM domain enhanced cell adhesion.
An adhesions assay was performed on stable MCF10A-YAP cells expressing either
an empty vector, full-length willin, the FERM or the C-terminal domain of willin.
Number of cells adherent to laminin-coated dishes, after adhesion assay was per-
formed, was increased in MCF10A-YAP cells expressing both full-length willin and
the FERM domain of willin when compared to MCF10A cells over-expressing an
empty vector (t-test; p<0.05, n=4%). Error bars represent + standard deviation.

4.2.3 The FERM domain of willin increases phosphory-
lation of MST1/2, LATS1 and YAP

As the FERM domain of willin can antagonise a YAP-induced phenotype,
with observed changes in cell migration, adhesion and anchorage-independent
growth, experiments were conducted to investigate whether the FERM domain
of willin could activate the core Hippo pathway components. As investigations
into phosphorylation of the core Hippo pathway components had to be per-

formed at low cell density, transfection into HEK-293 cells were preferred over
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the longer retroviral transfection method required for MCF10A cells.

HEK-293 cells were plated at low cell density and were transiently trans-
fected with pBabe-willin-HA, pBabe-FERM, pBabe-Cterm or pBabe-vector.
Whole cell lysates were collected 48 hours post-transfection and run on a 10%
SDS gel. The nitrocellulose membrane was probed with antibodies detecting
both total and phosphorylated core Hippo pathway components: MST1/2,
LATS1 and YAP. Immunoblot analysis showed that an increased phosphoryla-
tion of MST1/2, LATS1 and YAP was observed when HEK-293 cells expressed
full-length willin or its truncated FERM domain (Figure 4.17). Expression of
the C-terminal domain of willin in HEK-293 cells did not result in phospho-
rylation changes of MST1/2, LATS1 and YAP when compared to an empty
vector control (Figure 4.17).
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Figure 4.17: Expression of full-length willin and its FERM domain resulted in an
increased phosphorylation of core Hippo components: MST1/2, LATS1 and YAP.
HEK-293 cells were transfected with either an empty vector, willin-HA, FERM-HA
or Cterm-HA expression plasmids. Whole cell lysates were collected 48 hours post-
transfection and run on a 10% SDS gel. The nitrocellulose membrane was probed
with core Hippo pathway antibodies; pMST1/2, MST1, pLATS1, LATS1, pYAP
and YAP.
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4.2.4 Expression of willin and its FERM domain nega-

tively regulate YAP target gene expression

Hao et al. (2008) have recently reported genes, involved in cell proliferation,
migration and adhesion, that are either up- or down-regulated by YAP and
are negatively regulated by LATS1. qPCR analysis was conducted to see if
willin could be a negative regulator of YAP by affecting the regulation of some
of the genes listed to be affected by YAP: PRL, IGFB3, BMP2 (Hao et al.,
2008) and RASSF8. The RASSF8 gene was chosen as a prospective regulator
of willin as it has previously been shown to be a potential binding partner of
willin (Rual et al., 2005). qPCR analysis was performed on stable MCF10A-
YAP cells over-expressing an empty vector, full-length willin, the FERM or the
C-terminal domain of willin. Expression of full-length willin and its conserved
FERM domain altered the expression of YAP gene targets: increasing BMP2
and RASSF8; and decreasing PRL and IGFBP3 RNA levels (Table 4.1, Figure
4.18; t-test; p<0.01, n=5). Expression of the C-terminal domain of willin did
not result in changes in total RNA levels of YAP downstream targets when
compared to MCF10A-YAP cells expressing an empty vector (Figure 4.18;
t-test; p>0.05).

Gene name Accession # Description

Down-regulated

PRL NMO000948 Prolactin
IGFBP3 NMO001013398 | Insulin growth factor-binding protein 3
Up-regulated
BMP2 NMO001200 Bone morphogenetic protein 2
RASSFS8 NMO001164746 Ras association domain family 8

Table 4.1: List of genes up-regulated and down-regulated by the expression of
willin and the FERM domain of willin in MCF10A-YAP cells.
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4.3 Discussion

4.3.1 Willin expression activates the Hippo pathway
cassette in MCF10A cells

Willin’s ability to activate the Hippo pathway is not exclusive to HEK-293
cells, as willin expression in MCF10A cells leads to an increase in phospho-
rylation of MST1/2, LATS1 and YAP, which further resulted in downstream
YAP nuclear exit. Future studies should focus on willin’s ability to antagonise
YAP in different cell types, as YAP has also been reported to function as a
tumour suppressor, rather than a oncogene, in MDA-231 breast cell line (Yuan

et al., 2008). The function of willin may therefore be cell-specific.

4.3.2 Willin expression enhances contact inhibition

The Hippo tumour suppressor pathway regulates organ size and tumourige-
nesis through activation of the cascade at high cell densities to inhibit cell
proliferation. Consistent with data that showed that Hippo pathway compo-
nents reduce cell proliferation (Camargo et al., 2007; Dong et al., 2007; Zhao
et al., 2007), willin expression in MCF10A cells enhanced contact inhibition;
reducing cell proliferative rate and migratory capacity at high cell density,
whereas the cell proliferation rate and migration at low cell density remained
unchanged to wild-type MCF10A cells (Section 4.2.1). Whether the change
in proliferation rate is due to activation of the Hippo pathway or alternative
signalling cascades remains unclear and requires further investigation.

Core Hippo pathway components have been found to affect the cell cycle.
In human cells, LATS1/2 have been shown to affect cyclin E and cyclins A/B,
inducing cell cycle arrest at G;-S or Go-M respectively (Xia et al., 2002; Li
et al., 2003). At high cell density, willin expression in MCF10A cells resulted
in a slight but significant cell cycle arrest at Gy (Section 4.2.1.3). This Gy
cell cycle arrest may have been enhanced if cells were synchronised before cell
cycle analysis was performed. Congruous with willin expression in HEK-293
cells, willin expression in MCF10A cells did not result in cell death as stable
cell lines were successfully passaged and no increase in cells in sub-G; phase

of the cell cycle was observed.
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4.3.3 Willin expression antagonises a YAP induced
EMT phenotype

The induction of EMT by YAP over-expression is consistent with an emerg-
ing concept of EMT inducers as oncogenes. The loss of contact inhibition
by cells over-expressing YAP and the gain of anchorage-independent growth
in soft agar are hallmarks of cancer cells in-vitro (Hanahan and Weinberg,
2000). A protein that antagonises the YAP-induced phenotype may therefore
have tumour suppressive properties. Upstream Hippo components have pre-
viously been confirmed to negatively regulate YAP in human cell lines (Over-
holtzer et al., 2006; Zhao et al., 2007; Hao et al., 2008; Zhang et al., 2008a,
2009b). In addition, ectopic willin expression antagonised a YAP-induced
EMT phenotype in MCF10A cells, in terms of changes in functional outputs
of anchorage-independent growth, adhesion and migration, but also in EMT
marker expression changes.

Willin expression in MCF10A-YAP cells resulted in morphological cell al-
teration from a spindle-shaped mesenchymal-like appearance with increased
scattering to more uniform and polarised epithelial-like phenotype (Section
4.2.2). EMT markers confirmed a mesenchymal-epithelial transition when
willin was expressed in MCF10A-YAP cells, with a decrease in N-cadherin
levels and a production of E-cadherin. The presence of E-cadherin in epithe-
lial cells allows for greater cell-cell adhesive strength compared with that of a
N-cadherin expressing mesenchyme (Chu et al., 2004, 2005). Regular shaped
cell-cell junctions and adhesion between neighbouring epithelial cells holds
them tightly together and inhibits the movement of individual cells away from
the epithelial monolayer. The EMT reversion in MCF10A-YAP cells by willin
expression therefore resulted in an increased cell adhesion and decreased cell
migratory capacity and anchorage-independent growth.

Furthermore, willin expression did not result in changes to EMT marker
expression in cells expressing a constitutively active YAP mutant (MCF10A-
YAP-S127A), demonstrating that the downstream antagonistic EMT effects
of willin on YAP were via YAP’s Serl127 phosphorylation site.  Other
studies, conducted by Susana Moleirinho, confirmed that the inhibition of
anchorage-independent growth and cell migration by over-expression of willin
in MCF10A-YAP cells was due to willin’s downstream effects converging onto
the YAP Ser127 phosphorylation site.
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4.3.4 FERM domain of willin activates the Hippo path-

way

The conserved FERM domain of willin was sufficient, and as efficient as full-
length willin, to antagonise a YAP-induced EMT phenotype in MCF10A cells
whereas the C-terminal domain of willin could not (Section 4.2.3). In addition
to antagonising a YAP-induced EMT phenotype in MCF10A cells (changing
cell migration, adhesion and anchorage-independent growth), the expression
of the FERM domain of willin resulted in an increase in phosphorylation of
MST1/2, LATS1 and YAP in HEK-293 cells. The FERM domain contains a
motif that is able to activate the Hippo kinase complex, whether the FERM
domain activates and/or regulates upstream Hippo pathway receptors, that
contain a FERM-binding motif, or activates downstream Hippo pathway ki-
nases directly, remains unknown and requires further studies.

The FERM domain of willin is a scaffolding domain which can bind to dif-
ferent proteins that contain a FERM binding motif. For example, the CD44
plasma membrane receptor contains a FERM-binding peptide motif composed
of KKKLVIN (Mori et al., 2008) and may explain why the FERM domain of
willin is efficient, and as effective as full-length willin, to activate the Hippo
pathway. The binding of the FERM domain of willin to potential upstream
receptors may also inhibit other proteins from binding (Figure 4.19). For ex-
ample, the FERM domain of willin may bind to the CD44 receptors and inhibit
ezrin or merlin’s ability to bind to CD44; thereby having a modulatory role on
the Hippo pathway, rather than having a direct effect on the Hippo pathway
itself (Figure 4.19). A second explanation on how the FERM domain of willin
is able to phosphorylate the Hippo pathway is that the FERM domain of willin
may bind to other ERM proteins, resulting in the masking of potential binding
motifs or phosphorylation sites to promote a closed and inactive ERM protein
conformation. The inhibition of ERM proteins that may result in the suppres-
sion of the Hippo pathway will be released to further result in the activation
of the Hippo pathway (Figure 4.19). Finally, the FERM domain of willin may
also regulate the distribution, aggregation and availability of upstream Hippo
pathway receptors. The FERM domain of willin may potentially regulate the
number of Hippo pathway receptors. The more upstream Hippo pathway re-
ceptors there are, which may include CD44 or FAT, the more cells will become

sensitised to extracellular stimuli that activate the Hippo cascade. Merlin has
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been shown to affect the up-regulation of various upstream plasma membrane
receptors to enhance the growth inhibitory effects of merlin (McClatchey and
Giovannini, 2005; Curto and McClatchey, 2008).
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Figure 4.19: Schematic diagram illustrating the possible theories on how the
FERM domain of willin may modulate the Hippo pathway. 1) The FERM do-
main of willin may bind to upstream plasma membrane receptors that contain a
FERM binding motif. Binding to the plasma membrane localises the FERM do-
main of willin to the correct cellular location to activate the core Hippo pathways.
2) Binding of the FERM domain to unknown upstream receptors may saturate the
receptors and prevent other proteins from binding. Proteins that may inhibit the
Hippo pathway are therefore prevented from binding to upstream Hippo pathway
activators, resulting in the suppression of the Hippo pathway to activate the Hippo
pathway. 3) The FERM domain may also bind to the C-terminal end of other ERM
proteins. The binding of the FERM domain of willin to other proteins may result
in the masking of potential binding motifs or phosphorylation sites to promote a
closed and inactive protein conformation. Inhibition of ERM proteins that may re-
sult in suppression of the Hippo pathway will be released to result in the activation
of the Hippo pathway. 4) The binding of the FERM domain may also result in the
up-regulation of upstream Hippo pathway receptors.

Willin shares sequence homology with the D.melanogaster protein Ex-
panded only within its conserved FERM domain (Gunn-Moore et al., 2005;
Hamaratoglu et al., 2006). The Expanded and willin proteins are especially
divergent in the carboxyl termini, which is the region of Expanded that is pro-

posed to phosphorylate the Hippo pathway in D.melanogaster (Boedigheimer
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et al., 1997). Differences between the D. melanogaster and mammalian Hippo
pathway would explain why willin cannot rescue the function of its orthologue
in D. melanogaster tissues (Dr Kieran Harvey, unpublished work: Section
1.3.2.1), since the C-terminal domain of Expanded resulted in activation of
the Hippo pathway in D. melanogaster (Boedigheimer et al., 1997), while the
FERM domain activates the Hippo pathway in mammals. Importantly, not
all FERM domain containing proteins can activate the Hippo pathway, since

ezrin has been shown to have an inhibitory effect (Chapter 3).

4.3.5 Willin and its FERM domain negatively regulate
YAP targets

Hao et al. (2008) have recently reported genes that are either up- or down-
regulated by YAP. Expression of willin and its truncated FERM domain can
negatively regulate previously reported YAP downstream targets (Hao et al.,
2008): decreasing PRL & IGFBP3 and increasing BMP2 & RASSF8 (Sec-
tion 4.2.4). PRL, IGFBP3, BMP2 and RASSF8 genes are all involved in cell
proliferation, migration and adhesion. PRL enhances cell proliferation and mi-
gration in MCF7 cells (Doll et al., 2007) and IGFBP3 has been shown to have a
protective role against the carcinogenic effects of growth hormone (Grimberg,
2000). BMP2 belongs to TGFf family of proteins which acts as an anti-
proliferative factor in epithelial cells (Massagu et al., 1994) whereas RASSF8
acts as tumour suppressor (Falvella et al., 2006; Lock et al., 2010). Down-
regulation of PRL and IGGBP3 and up-regulation of BMP2 and RASSF8
may explain the negative effects on cell proliferation, migration and tumouri-
genic cell characteristics when willin and the FERM domain of willin are ex-
pressed. It remains unclear whether willin regulates these genes by converging
on YAP through the Hippo pathway or if the regulation of these genes is
YAP-independent through other signalling cascades.

4.4 Conclusion

The Hippo pathway is an important signalling cascade controlling EMT and
cellular proliferation. Figure 4.20 summarises the main findings of this chap-
ter. Expression of willin and its FERM domain can antagonise a YAP-induced

EMT phenotype in MCF10A cells. EMT is a reversible process, where over-
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expression of YAP results in a morphological change towards a mesenchymal-
like phenotype in MCF10A cells and willin expression can revert this phe-
notype back into a more epithelial-like phenotype. This changes cell migra-
tion, proliferation, anchorage-independent growth and cell adhesion ability of
MCF10A-YAP cells. Expression of willin and its active FERM domain in
MCF10A-YAP cells can also antagonise known YAP targets: decreasing PRL
and IGFBP3 and increasing BMP2 and RASSF8 RNA expression.
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Figure 4.20: Summary of chapter’s findings showing that expression of willin can
antagonise a YAP-induced EMT phenotype. EMT is a reversible process: where
over-expression of YAP results in a morphological change towards a mesenchymal-
like phenotype in MCF10A cells, and willin expression can revert this phenotype
back into a more epithelial-like phenotype. This changes cell migration, prolifera-
tion, anchorage independent growth and cell adhesion ability of MCF10A-YAP cells.
Expression of willin and its active FERM domain in MCF10A-YAP cells can also
antagonise known YAP targets: decreasing PRL and IGFBP3 and increasing BMP2
and RASSF8 RNA expression.



Chapter 5

Willin Expression Within The

Peripheral Nervous System

5.1 Introduction

5.1.1 Willin expression in the mammalian PNS

Willin was initially isolated as a potential binding partner to neurofascin
through a yeast two-hybrid screen of a rat sciatic nerve library (Gunn-Moore
et al., 2005; Herron et al., 2007). However, expression of willin in the sci-
atic nerve during different developmental stages remains unknown and was
therefore investigated. The sciatic nerve is composed of different cell types,
of which neurons, fibroblast and Schwann cells are the major components.
Further studies were conducted to define where willin was expressed within
the sciatic nerve. The level of Hippo pathway components, as well as ERM
proteins, were also investigated in these cells to examine whether the Hippo
pathway proteins were present within both the fibroblast and Schwann cells.

The Hippo pathway has been extensively studied in the fibroblast cell line,
NIH-3T3, and the core Hippo pathway components have previously been iden-
tified in primary mouse embryonic fibroblast (Guo et al., 2007; Zhang et al.,
2008a). To date, the expression of the Hippo pathway components in Schwann
cells is unknown. ERM proteins have been identified in Schwann cells and it
is well documented that the gene responsible for schwannomas formation is
NF2, a gene encoding the merlin protein (Rouleau et al., 1993; Trofatter et al.,
1993). Willin expression in Schwann cells may therefore have a protective role

in schwannoma formation by compensating for merlin’s loss, as both merlin
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and willin have been proposed to have similar cell proliferative functions and
have been shown to activate the Hippo pathway (Chapter 3). Additionally,
ERM proteins have been shown to compensate for each other’s loss (Fehon
et al., 2010).

5.1.2 Willin expression in the zebrafish PNS

There is a greater emphasis and need for physiological genomics (Cowley, 1999)
in research today and the zebrafish (Danio rerio) is a powerful model organism
for the study of vertebrate biology (Amatruda et al., 2002), being well suited
to both developmental and genetic analysis. A comparison between the human
genome and the nearly completed zebrafish genome demonstrates conservation
of cell-cycle regulating genes, tumour suppressors and oncogenes (Dooley and
Zon, 2000; Amatruda et al., 2002). In additional to conservation of genes
between humans and zebrafish, its external development, transparency of em-
bryos, small size, ease and cost of maintenance are all factors that contribute
to the zebrafish organism being a good model system for cancer cell biology.
Recently, work has been conducted to investigate the role of the Hippo
tumour suppressor kinase in zebrafish. YAP has been shown to be required
for the development of brain, eyes, and neural crest during embryogenenis in
zebrafish (Jiang et al., 2009). The Hippo pathway has also been proposed to
be essential for normal pronephros development in the zebrafish (Skouloudaki
et al., 2009). Wholemount in-situ hybridisations were therefore performed as a
quick and efficient method to establish spatial and temporal gene expression of
willin in embryos and early stage zebrafish larvae. As willin is expressed in the
peripheral nervous system (sciatic nerve) in the mammalian system, emphasis

was placed on identifying willin expression in the PNS of the zebrafish model.
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5.2 Results

5.2.1 Willin Expression in the Sciatic Nerve

5.2.1.1 Willin is expressed in mouse sciatic nerve from develop-

mental stages E18.5 to adult

Willin was initially isolated as a potential binding partner to neurofascin
through a yeast two-hybrid screen of a rat sciatic nerve library (Gunn-Moore
et al., 2005; Herron et al., 2007). However, the expression of willin in the
sciatic nerve during different developmental stages remained unknown and
was therefore investigated. Stuart Gillespie (University of Edinburgh, UK)
kindly provided sciatic nerve RNA samples from E18.5, P4, P8, P15, P21 and
6 month-old mice. RT-PCR reactions using mRT-PCR-F and mRT-PCR-R
primers (see Table 2.1 for primer sequence) were performed to detect willin
expression at different developmental stages of the mouse sciatic nerve. Figure
5.1 shows that willin expression is detected in the sciatic nerve of E18.5, P4,
P8, P15, P21 and 6 month-old mice.
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Figure 5.1: Willin expression at different developmental stages (E18.5 to 6 month)
of the mouse sciatic nerve. mRT-PCR-F & mRT-PCR-R primers were used for the
amplification of willin and m-cyclo-F & m-cyclo-R primers for cyclophilin (loading
control) from mouse sciatic nerve cDNA. PCR products were run on a 2% agarose
gel and DNA bands were detected under UV light.

The PCR product was cloned into a pGEMT easy vector (Promega; Figure
5.2) and the plasmid, containing the PCR insert, was sent to the Sequencing
Service (University of Dundee, UK). The Sequencing Service confirmed that
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the PCR products using mRT-PCR-F and mRT-PCR-R primers (see Table
2.1 for primer sequence) on mouse cDNA specifically amplified the correct

mouse willin gene of interest (NM-028127; see Appendix B for sequence).
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Figure 5.2: Schematic diagram of molecular cloning of PCR products into the
pGEMT-easy vector system in preparation for DNA sequencing. PCR was per-
formed on ¢cDNA (1). The PCR product contained an A-tail due to Taq PCR
enzyme used in the PCR reaction. The PCR product could therefore be ligated into
the pre-cut pGEMT-easy vector (Promega) containing T-tails at each cut end (2).
When PCR product was inserted into the pGEMT easy vector, the LacZ operon
was affected (3), resulting in white colony formation on ampicillin agar plates.
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RT-PCR analysis data of willin expression at the different developmental
stages of the sciatic nerve (Figure 5.1) suggested that RNA expression levels
may vary during development. Quantitative PCR was therefore conducted
on sciatic nerve RNA of E.18.5, P4, P8, P15, P21 and 6 month-old mice. In
addition to detecting willin levels, PCR analysis also detected mouse MST1/2
levels to investigate a potential correlation between the expression levels of
willin and downstream Hippo kinases at the different developmental stages.

MST1/2 RT-PCR product was amplified from a sciatic nerve RNA of a
6 month-old adult mice using MST1/2-F and MST1/2-R primers (see Table
2.1 for primer sequence; Figure 5.3). The PCR product was cloned into a
pGEMT easy vector (Figure 5.2) and the DNA Sequencing Service (University
of Dundee, UK) confirmed that the PCR using MST1/2-F and MST1/2-R
primers on mouse cDNA was able to amplify both the MST1 (NM021420.3)
and MST2 (NM019635.2) gene.

willin MST1/2  cyclophilin

1 23 1 2 3 1 2 3

Figure 5.3: RT-PCR products of willin, MST1/2 and cyclophilin from sciatic nerve
tissue of a 6 month-old mouse. RT-PCR reaction was done in triplicate using the
following primers: williny, mRT-PCR-F & mRT-PCR-R; MST1/2, MST1/2-F &
MST1/2-R2; cyclophilin, m-cyclo-F & m-cyclo-R. RT-PCR products were run on
a 2% agarose gel and detected at their correct corresponding sizes: willin, 511bp;
MST1/2, 218bp; cyclophilin, 344bp.

qPCR analysis showed that the RNA levels of both willin and MST1/2 in
the mouse sciatic nerve varied throughout the developmental stages (Figure
5.4). However, no correlation was detected between willin and MST1/2 mRNA
expression in the sciatic nerve from E18.5 to 6 month-old adult mice (Figure
5.3). The level of RNA expression of MST1/2 in the mouse sciatic nerve

remained unchanged during development with the exception of a ~2.5 fold
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increased peak at P21 (Figure 5.4). In contrast, willin RNA levels in the
mouse sciatic nerve increased ~4 fold from E18.5 to P8, with a slight drop
in expression at P15 and again an increased peak at stage P21 (Figure 5.3).
Both willin and MST1/2 expression in the mouse sciatic nerve were highest at
P21 and lowest in a 6 month-old adult mice (Figure 5.3).

—willin ===°-MSTI1/2

Relative RNA expression
[9S)

E18.5 P4 P8 P15 P21 6 month

Developmental Stage

Figure 5.4: Relative quantification of willin and MST1/2 levels in the mouse
sciatic nerve at different developmental stages (E18.5 to 6 months old). ¢PCR was
conducted on ¢cDNA samples and gene expression was standardised to cyclophilin
levels; relative to expression at E18.5 which was set to 1. Error bars represent +
standard deviation.

5.2.1.2 ERM and Hippo pathway components are differently ex-

pressed in primary Schwann and fibroblast cells

The major components of a sciatic nerve are neurons, Schwann cells and fibrob-
last cells. qPCR analysis was performed to investigate the level of expression of
willin, and core Hippo pathway components, in primary Schwann and fibrob-
last cultures. Dr Jennifer R. Higginson (University of Glasgow, UK), kindly
provided primary Schwann and fibroblast cell cultures isolated from a rat sci-
atic nerve. RNA was isolated from both the primary fibroblast and Schwann

cells and RT-PCR products of willin (r-willin-F & r-willin-R primers), merlin
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(R-merlin-F & R-merlin-R primers), ezrin (R-ezrin-F & R-ezrin-R primers),
MST1 (R-MST1-F & R-MSTI1-R primers), MST2 (R-MST2-F & R-MST2-R
primers), LATS1 (R-LATS1-F & R-LATSI1-R primers), LATS2 (R-LATS2-F
& R-LATS2-R primers) and YAP (R-YAP-F & R-YAP-R primers) all sep-
arated at their correct corresponding sizes on a 2% agarose gel (Figure 5.5;
see Table 2.1 for primer sequence). PCR products were cloned into a pGEMT
easy vector and the DNA Sequencing Service (University of Dundee, UK) con-
firmed that the PCR products amplified were that of willin (XM-001064688.2;
see Appendix C for sequence), merlin (NM-013193.1), ezrin (NM-019357),
MST1 (NM-001107800.1), MST2 ((NM-031735.1), LATS1 (NM-001134543.1),
LATS2 (NM-001107267.1) and YAP (NM-001034002).

ezrin
MST1
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Figure 5.5: RT-PCR products of ERM proteins (merlin, ezrin and willin) and
Hippo pathway proteins (MST1/2, LATS1/2, YAP) on rat primary fibroblast and
Schwann cells. RT-PCR products were run on an agarose gel and PCR products
were detected at their correct corresponding sizes: willin (417bp), merlin (324bp),
ezrin (245bp), MST1 (276bp), MST2 (549bp), LATSI (347bp), LATS2 (346bp),
YAP (419bp).



139 5.2. RESULTS

qPCR analysis showed that ERM and the core Hippo pathway proteins are
differently expressed in primary rat Schwann and fibroblast cells (Figure 5.6).
Both ERM (willin, merlin & ezrin) and Hippo components proteins (MST1I,
MST?2, LATS1, LATS2 & YAP) were more abundant in primary fibroblast cells
than Schwann cells, with the exception of ezrin which was equally expressed
in both fibroblast and Schwann cells (Figure 5.6). The levels of willin, MST2
and YAP1 are very low, and possibly absent, in Schwann cells (Figure 5.6).

0.006
UFIBROBLAST B SCHWANN

0.005 _}

0.004

0.003
0.002 |j'|_‘
0.001 m
I - F|TH =1 | [ e

willin merlin ezrin MST1 MST2 LATS1 LATS2 YAP

ACq Expression

Figure 5.6: qPCR analysis of ERM and Hippo pathway proteins in primary rat
fibroblast and Schwann cells. ACq gene expression was calculated and standardised
to (-actin expression levels. Error bars represent + standard deviation.

Immunohistochemical staining of willin in a human nerve bundle confirmed
that willin was absent in Schwann cells (Figure 5.7). Dr Michael Prystowsky
(Albert Einstein College of Medicine, USA) showed that willin expression
within the human nerve bundle is sparse, with higher expression levels of
willin observed in the surrounding tissues that may possibly be fibroblast cells
(Figure 5.7).
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Figure 5.7: Immunohistochemistry staining of willin in the PNS. A)) Haematoxylin
and eosin staining of a nerve bundle in the PNS. B) Immunohistochemistry stain-
ing of willin on a PNS nerve bundle (N). Willin staining (brown) is low in the
nerve bundle and more willin staining is observed within its surrounding tissue. Im-
munohistochemistry was done by Dr Michael Prystowsky (Albert Einstein College
of Medicine, USA).

5.2.2 Wholemount Zebrafish In-Situ Hybridisation
5.2.2.1 Willin is endogenously expressed in Zebrafish embryos

Before a wholemount Danio rerio (zebrafish) in-situ hybridisation was per-
formed, RT-PCR was conducted to confirm that willin was expressed in the
zebrafish embryos. Total RNA from whole zebrafish was extracted 24, 48 and
96 hours post-fertilisation (hpf). cDNA was synthesised from the RNA and a
PCR reaction was used to amplify willin and a positive EFla control; using
DR-500bp-F & DR-500bp-R and EF1a-F & EF1a-R primers (see Table 2.1 for
primer sequences) respectively. Figure 5.8 shows that willin was expressed in
zebrafish embryos 24, 48 and 72 hpf. The willin RT-PCR product was cloned
into a pGEM-T easy vector (Promega; Figure 5.2) and the DNA Sequencing
Service (University of Dundee, UK) confirmed that the zebrafish willin gene
of interest (NM001111187; see Appendix D for sequence) was amplified.
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Figure 5.8: Willin expression in zebrafish 24, 48 and 96 hours post-fertilisation
(hpf). RNA from whole zebrafish was extracted and RT-PCR was performed using
DR-500bp-F and DR-500bp-R primers to amplify willin expression. RT-PCR of
EF1la, using EFla-F and EFla-R primers, was conducted as a positive control.
RT-PCR products were run on a 2% SDS gel and detected under UV light.

5.2.2.2 RNA probe synthesis

As willin was found to be expressed in the zebrafish embryos (24-96 hpf),
a wholemount in-situ hybridisation was performed to establish spatial and
temporal gene expression of willin in a zebrafish embryo. Firstly, a RNA
probe to detect specifically willin RNA was synthesised. RNA was isolated
from a 48 hpf zebrafish embryo and RT-PCR was performed to amplify a
~500bp product of the zebrafish willin gene using DR-500bp-F and DR-500bp-
R primers (see Table 2.1 for primer sequence). The PCR product was cloned
into a pGEMT easy vector system and orientation of the PCR insert was
confirmed by the DNA Sequencing Service (University of Dundee, UK). Both
willin orientations (5-3” and 3’-5) within the pGEMT easy vector were used
to make RNA probes (Figure 5.9).
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Figure 5.9: Schematic diagram showing techniques used for RNA probe synthesis.
Zebrafish RNA was isolated and cDNA was made through a reverse transcription
reaction. PCR was conducted using primers specific to willin (DR-500bp-F + DR-
500bp-R). PCR product was ligated into the pGEMT easy vector system and orien-
tation of the PCR insert was confirmed by DNA sequencing. Plasmid was linearised
using Sphl and SP6 RNA polymerase was used to create both sense and anti-sense
RNA probes, depending on original orientation of willin in the pGEMT easy vector.
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To check the integrity and quality of the newly synthesised RNA probe,
the RNA probe was run at high voltage (180 volts) on an agarose gel for 5
minutes. Figure 5.10 shows that both sense and anti-sense RNA probes were
of good quality as one clear single RNA band was observed and the RNA was
not degraded.

sense probe
Anti-sense probe

w— W — RNA probe

Figure 5.10: Sense and anti-sense RNA probes were of good quality. RNA probes
were synthesised and run at high voltage (180 volts) on a 1% agarose gel for 5
minutes. RNA probes were visualised under UV light.

5.2.2.3 Willin is expressed in lateral line neuromast cells

Wholemount in-situ hybridisations were performed using both sense and anti-
sense RNA probes in zebrafish embryos 24-96 hpf. The anti-sense RNA probe
should specifically detect endogenous willin RNA expression, whereas the sense
RNA probe was used as a negative control to detect non-specific binding. Fig-

ure 5.11 illustrates the in-situ protocol used for wholemount zebrafish embryos.
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Figure 5.11: Schematic diagram of zebrafish in-situ hybridisation protocol using
RNA probes. Zebrafish embryos were fixed and membrane was permeabilised with
by a proteinase-K digestion. DIG labelled sense and anti-sense RNA probes were
incubated overnight to bind to specific mRNA sequence of interest. After washes,
zebrafish embryos were incubated in anti-DIG antibody that were conjugated to
alkaline phosphatase. The presence of bound antibody to RNA probe was detected
using NBT/BCIP staining. NBT and BCIP together yield an insoluble blue/purple
precipitate when reacted with alkaline phosphatase. Cells that contained the RNA
probe therefore stain blue whereas in the absence of a bound RNA probe the cell

remained unchanged.
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In-situ hybridisation of wholemount zebrafish using the sense willin RNA
probe resulted in a small amount of non-specific binding to the phospholipid-
rich yolk sac. No non-specific binding was observed using willin sense RNA
probe in zebrafish embryo’s anterior trunk, posterior trunk, and tail at 24, 48,
72 and 96 hpf (Figure 5.12).

Figure 5.12: Wholemount zebrafish in-situ control with sense-RNA probe. Whole-
mount in-situ hybridisations were performed on A) 24, B) 48, C) 72 and D) 96 hpf
zebrafish embryos with sense-RNA probe.

Specific willin expression was detected by in-situ hybridisation using willin
anti-sense RNA probe in zebrafish embryos aged 24-97 hpf. The expression
pattern of willin observed represented that of both anterior and posterior lat-
eral line neuromast cells (Figure 5.13 & 5.14). Neuromast cells are part of
the PNS in zebrafish and are deposited along the trunk and head to respond
to water movements and pressures (Dijkgraaf, 1963; Ma and Raible, 2009;
Montgomery et al., 2000).

Figure 5.13 shows whole zebrafish embryos 24, 48, 69 and 72 hpf, hybridised
with the willin anti-sense RNA probe. Microscopic images of the embryos
confirmed that willin was expressed in typical neuromast cells in both the

posterior and anterior lateral line of the zebrafish embryo (Figure 5.14).
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Figure 5.13: Wholemount zebrafish in-situ staining of willin 24-96 hpf. Whole-
mount in-situ experiments were conducted a) 24, b) 48, c¢) 72 and d) 96 hours
post-fertilisation using a 500bp anti-sense RNA probe specifically designed to de-
tect willin expression. a) at 24 hpf the whole embryo epithelium was stained with
2-3 neuromast detected in the posterior lateral line (arrow). b-d) at 48-96 hpf these
neuromast become more apparent and were observed every 5-10 somites in the pos-
terior lateral line and neuromast rosettes were also stained in the anterior lateral
line in the head (arrows).
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Figure 5.14: Zebrafish willin expression in neuromast cells. In-situ hybridisation
was performed with anti-sense probes on 24-96 hpf zebrafish embryos, and willin
expression were observed in neuromast cells. a, b and ¢ show that the distinctive
neuromasts were stained and observed every 3-6 somites along the posterior lateral
line in a 72 hpf zebrafish. d) Two neuromasts were stained in the anterior end of
the 24 hpf embryo’s tail. No additional neuromasts were observed in the 24 hpf
embryo. e) Neuromast cells in the form of distinctive rosettes were observed in
anterior lateral line just posterior to the developing ear in a 72 hpf embryo. f)
A close-up of willin stained anterior lateral line neuromast in a 72 hpf zebrafish
embryo.
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Two willin stained neuromasts were deposited within the posterior lateral
line in 24 hpf embryos (Figure 5.14.D). No additional stained neuromasts were
observed in 24 hpf zebrafish embryos. As the zebrafish embryo developed (48-
97 hpf) more willin stained neuromasts were detected every 5-10 somites along
the posterior lateral line (Figure 5.14.A-B). At 72 hpf, willin stained neuromast
cells in the form of distinctive rosettes were observed in the anterior lateral
line just posterior to the developing ear (Figure 5.14.E-F). The number of
positively stained neuromasts in both the anterior and posterior lateral line
of the zebrafish declined in more developed (96 hpf) embryos (Figure 5.13).
However, some willin staining, distinctive of neuromasts, was still observed
in the posterior and anterior lateral line in 96 hpf zebrafish embryos (Figure
5.13).

Cryo-cross-sections were performed on the zebrafish in-situ hybridisations
to investigate the spatial and temporal gene expression of willin in more detail.
In addition to willin being expressed in the distinct neuromast cells, willin was
also expressed in the epithelial layer of the zebrafish embryos (Figure 5.13,
5.15). Figure 5.15.A shows a cross-section through a 48 hpf zebrafish head,
were willin expression was found to be within the epithelial layer. In addition,
a cross section through the tail of a 48 hpf zebrafish fish also showed willin
expression in the epithelial layer (Figure 5.15B-C). The cryosection of the
tail was sliced through a superficial neuromast cells which was observed in
the epidermis, above the basement membrane (shown by an arrow in Figure
5.15C).

Epithelial expression of willin in the head and tail of the 48 hpf zebrafish
embryo was polarised to one side of the epithelium. Predominantly more willin
was expressed in the epithelial layer dorsal of the zebrafish head compared to
the ventral side (Figure 5.15.A). Additionally, more willin was expressed on
one side of the 48 hpf embryo tail compared to the other. Notably, the lateral
epithelial side that contained the superficial neuromast was predominantly
stained with willin compared to the opposite lateral side in the tail of the
zebrafish (Figure 5.15.B-C).
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Figure 5.15: Cross section of wholemount zebrafish in-situ hybridisation using
a 500bp anti-sense RNA probe to detect willin RNA. A) Cross section of 48 hpf
zebrafish embryo’s head, where willin staining was observed at the epithelial layer.
B) Cross section of 48 hpf zebrafish embryo’s tail. Cryosection was sliced through a
superficial neuromast (arrow) which was observed in the epidermis that sits above
the basement membrane. C) Cross section of a 48 hpf zebrafish embryo’s tail more
anterior to cross section in B.
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5.3 Discussion

5.3.1 Willin expression in the mammalian PNS
5.3.1.1 Willin is expressed in the mouse sciatic nerve

Previous work showed that willin was expressed in the sciatic nerve, where
willin was initially isolated as a potential binding partner to neurofascin
through a yeast two-hybrid screen of a rat sciatic nerve library (Gunn-Moore
et al., 2005; Herron et al., 2007). However, willin expression during the devel-
opmental stages of the mouse remained unknown.

RT-PCR analysis confirmed that willin was expressed in the mouse sciatic
nerve from the developmental stages of E18.5 to 6 month-old adult. Quantita-
tive PCR showed that the RNA levels of both willin and MST1/2 in the mouse
sciatic nerve varied at different developmental stages. However no correlation
was observed between the expression of willin and MST1/2. The lack of corre-
lation between willin and MST1/2 expression may be due to willin acting on
other proteins and pathways during development. It is also important to note
that it is not the total level of MST1/2 expressed that is critical, but whether
it is in an active (phosphorylated) or inactive (unphosphorylated) state.

Even though no correlation between willin and MST1/2 RNA levels in
the sciatic nerve were observed during development, both willin and MST1/2
levels peaked at P21 and were lowest in the 6 month-old adult mice. At P21,
myelination is in the late and final stages (Fern et al., 1998); where Schwann
cells have insulated the axon and sheath formation is inhibited. Transforming
growth factor (TGF)-fs plays a role in inhibiting myelination and are believed
to up-regulate cell adhesions molecules such as neural cell adhesion molecule
(NCAM) and L1 (Mirsky and Jessen, 1996). Willin and MST1/2 may be up-
regulated during late myelination in response to extracellular matrix signals
such as TGF-£ to reduce cell proliferation. Expression of both willin and
MST1/2 in the sciatic nerve was lowest in adult mice, supporting the concept
that the Hippo pathway is critical during early stages of development, thereby

regulating organ size and proliferation.
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5.3.1.2 Willin, ERM proteins and the Hippo components are dif-

ferently expressed in primary Schwann and fibroblast cells

Primary fibroblast and Schwann cells were isolated to define and characterise
which cell type in the sciatic nerve endogenously expressed willin. qPCR
analysis showed that willin, ERM and Hippo pathway components were all
expressed in the primary rat fibroblast cells. This is consistent with data by
Zhang et al. (2008a) and Guo et al. (2007) who identified the core Hippo
pathway components in primary mouse embryonic fibroblast (MES) and in a
fibroblast cell line, NIH-3T3. Intriguingly, 40% of fibroblast cells arise through
epithelial to mesenchymal transition (Iwano et al., 2002) and willin and the
Hippo pathway have been shown to control EMT (Chapter 4). Fibroblasts
have a prominent role in the progression, growth and spread of cancer, by
producing growth factor, chemokines and extracellular matrix facilitating an-
giogenic recruitment of endothelial cells and pericytes (Kalluri and Zeisberg,
2006). Willin and the Hippo pathway components may have a tumour suppres-
sive function in the fibroblast cells though inhibition of the cancer enhancing
properties of these cells and this requires further investigations.

Significantly lower willin, ERM proteins and Hippo pathway components
were expressed in primary Schwann cells compared to fibroblast cells; with
the exception of ezrin, which was equally expressed in both. Willin, MST2
and YAP1 appear to be absent in the primary Schwann cells. However, it
is important to note three major factors. Firstly, the expression of different
isoforms of willin, ERM proteins and Hippo pathway components may be cell
specific. Secondly, isolated primary cell culture do not represent cells in their
physiological environment and may have resulted in different protein levels
being expressed, as neighbouring cells in-vivo may affect proteins expression
within the Schwann cells. Finally, cell density is an important factor in the
activation of the Hippo pathway and the fact that the primary Schwann cells
did not proliferate as fast as the fibroblast cells, and were therefore harvested
at a lower cell density, may explain why the levels of Hippo pathway proteins

were lower in Schwann cells.
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5.3.2 Willin expression in the zebrafish PNS
5.3.2.1 Willin is expressed in neuromast cells

In-situ hybridisation showed that willin was expressed in distinctive neuromast
cells found within the anterior and posterior lateral line of the zebrafish (Danio
rerio). Neuromast cells are part of the peripheral nervous system of the fish
and form the sensory lateral line organ. Neuromast cells consists of a core
mechanosensory hair cells surrounded by support cells; which are innervated by
sensory neurons that are localised in a cranial ganglion (Ghysen and Dambly-
Chaudiere, 2004). Neuromast cells are deposited along the trunk and head of
the zebrafish to respond to changes in water movements and pressure relative
to the zebrafish’s body (Dijkgraaf, 1963; Montgomery et al., 2000) (Figure
5.16). Neuromast mechanosensory hair cells are therefore of importance in a
wide variety of zebrafish behaviour such as prey detection, predator avoidance,
school swimming and sexual courtship (Coombs and Meunz, 1989). The lateral
line hair cells share structural, functional and molecular similarities with the
hair cells in the vertebrate inner ear (Ma and Raible, 2009).

Willin expression in the neuromast cells at different developmental stages
(24-96 hpf) of the zebrafish embryo coincide with previous data which showed
that neuromast cells are deposited along the posterior lateral line 24 hpf and
that all neuromasts are deposited 72 hpf (Ma and Raible, 2009). Neuromast
deposition resulted in 5-6 neuromast being positioned every 5-10 somites along
the trunk and tail as well as 2-3 terminal neuromasts formed at the top of the
tail (Gompel et al., 2001).
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Terminal neuromasts

a dpf pLL nerve

Figure 5.16: Schematic representation of neuromast migration in zebrafish de-
velopment. At 32 hours post-fertilisation, the posterior lateral line primordium has
migrated halfway down the length of the trunk with two neuromast being deposited,
L1 and L2. At 3 days after fertilisation, the posterior lateral line consists of five
neuromast (L1-L5) with 2-3 terminal neuromasts. The posterior lateral line gan-
glion is located caudal to the developing ear and neuromasts are innervated by the
posterior lateral line. Diagram obtained from Ma and Raible (2009).

The rosette appearance of the willin stained neuromast cells (Figure 5.14)
suggests that the surrounding supportive neuromast cells express willin. Many
proteins involved in cell adhesion are present within the neuromast cells as
neuromast cells undergo apicobasal polarisation before actin-rich membranes
become enriched in the focal points to form the classical rosette like appearance
of the neuromast cells (Lecaudey et al., 2008; Hava et al., 2009; Ma and Raible,
2009). Willin, like other FERM domain containing proteins, is involved in
cell adhesion and translocates to cellular junctions upon cell-to-cell contact
(Chapter 3) and to focal adhesion sites during cytokinesis (Yang et al., 2004).
Willin’s role as a scaffolding protein to maintain cellular structure may explain
why willin is expressed within these actin-enriched focal point neuromast cells.

Willin may be involved in the development of neuromast cells as positively
stained neuromasts appeared to decline in embryos at 96 hpf. In zebrafish, all
neuromasts are deposited and matured 3 days after fertilisation (Ghysen and
Dambly-Chaudiere, 2007). Proteins involved in the deposition and develop-
ment of neuromast cells can therefore be transiently expressed in neuromast
until they are matured. As willin expression appeared to decline in neuromast
cells it may be that willin is involved in the developmental stages in neuro-

mast development and redundant once the neuromast mature. However, it is
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important to note that other factors could also explain this scenario. Willin
expression at 96 hpf seems to be expressed widely within the epithelial layer of
the zebrafish so that the neuromast, which are deeper in the dermal layer can-
not be observed as clearly. Cryosectioning and co-staining with a neuromast
marker should clarify whether willin staining declines in mature neuromasts.
One such neuromast marker is Sox2 (Hernandez et al., 2007). Willin expres-
sion within the neuromast of a 96 hpf zebrafish embryo might be lower, and a
longer incubation with the NBT /BCIP substrate may be required to visualise

the expression.

5.3.2.2 Willin expression in the zebrafish epithelial layer

Willin is not only expressed in the neuromast cells but seems to be widely
expressed in the epithelial layer of the zebrafish. It is important to note that
willin expression in more tissues may have been observed if the NBT/BCIP
in-situ substrate reaction was left longer to incubate. We can therefore not
rule out that willin may be expressed at lower levels in other zebrafish tissues.
As YAP has previously been shown to be required for the development of the
brain, eyes, and neural crest during embryogenenis in zebrafish (Jiang et al.,
2009), willin may also have a role in the development of these organs, possibly
through the Hippo pathway.

At hatching, neuromasts are present in the epithelium on both the head
and trunk (Tarby and Webb, 2003). Cryosection through the tail showed
that the neuromast at 48 hpf was present within the epithelium. Previous
data support this observation and the migration of the neuromast from the
epithelial layer into the dermis to form the lateral line is illustrated in Figure
5.17. The neuromasts develop from the lateral side of the epithelium (Tarby
and Webb, 2003). The polarised expression of willin observed in Figure 5.15 is
possibly an in-situ hybridisation artifact as the lateral line is formed on both
sides of the zebrafish.
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Figure 5.17: Schematic representation of the morphogenesis of the lateral line
canal. A) A superficial neuromast (nm) is located in the epidermis (ep) that
sits above the basement membrane (bm). B) Bony canal walls ossify intra-
membraneously and expand upwards from the underlying dermal bone (db) on either
side of the neuromast, which appears to sink into an epithelial groove. C) The ep-
ithelium fuses over the neuromast forming an epithelial canal. D) The dermal canal
bone continues to ossify and the canal walls fuse to form the canal roof. nm= neu-
romast, bm= basement membrane, d= dermis, dm= dermal bone, ep = epithelium.

Image obtained from Tarby and Webb (2003).

5.4 Conclusion

To conclude, willin is expressed in both the mammalian and zebrafish periph-
eral nervous system. qPCR analysis has shown that willin is endogenously
expressed in the sciatic nerve, where a high abundance level of expression is
observed in primary isolated fibroblast cells. ERM (merlin, ezrin & willin) and
Hippo signalling proteins were identified in fibroblast cells. A lower level of ex-
pression was observed in primary Schwann cells and willin, MST2 and YAP1
appear to be absent. Willin is also expressed in the zebrafish PNS. In-situ
hybridisation of wholemount zebrafish embryos identified willin expression in
the distinctive neuromast cells of both the anterior and posterior lateral line.
This data suggests that willin and the Hippo pathway may play an essential

role in the developmental regulation within the peripheral nervous system.



Chapter 6
Future Experiments

Willin, like other ERM proteins, is placed at a crucial juncture for the inte-
gration of the extracellular environment and intracellular signalling pathways.
FERM domain containing proteins (Expanded and merlin) have been shown to
activate a novel Hippo signalling cascade that regulates cell contact inhibition,
organ size control, cell growth, proliferation, apoptosis and cancer development
in Drosophila. Work described in this thesis has shown that willin, the pre-
dicted human homologue of Expanded, is a novel FERM containing protein
candidate that can partially activate the tumour suppressor Hippo signalling
pathway cassette in the mammalian system.

Induced willin expression resulted in an increased phosphorylation of the
Hippo pathway components MST1/2, LATS1 and YAP (Chapter 3). Willin
expression in HEK-293 cells resulted in a partial activation of the Hippo path-
way as no cell cycle or cell viability changes were observed, even though YAP
translocated from the nucleus to the cytoplasm (Chapter 3). Willin expres-
sion in HEK-293 cells did however sensitise cells to TNFa-induced cell death,
possibly because the core Hippo components MST1/2, LATS1 and YAP were
phosphorylated and YAP translocated from the nucleus to cytoplasm when
willin expression was induced (Chapter 3). However, it can not be ruled out
that willin expression sensitised cells to cell death stimuli, independent of the
Hippo pathway, through activation of other signalling pathways.

Quantifiable changes were, however, observed when willin was over-
expressed in MCF10A cells as willin expression was able to antagonise a
YAP-induced EMT phenotype: increasing cell adhesion and contact inhibi-
tion and decreasing cell migration and anchorage independent growth (Chap-

ter 4). EMT changes are hallmarks of the development and progression of
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cancers. The control of EMT by the Hippo pathway is, therefore, vital during
development. Interestingly, the FERM domain of willin alone was able to an-
tagonise a YAP-induced EMT phenotype and phosphorylate the core Hippo
pathway cassette, suggesting that the scaffolding function of the FERM do-
main may be the key to the activation and modulation of the Hippo pathway
(Chapter 4). The FERM domain contains a motif that is able to activate the
Hippo kinase complex, whether the FERM domain activates and/or regulates
upstream Hippo pathway receptors that contain a FERM binding motif or
activates downstream Hippo pathway kinases directly remains unknown and
requires further studies (see Figure 4.19 for possible theories on how the FERM
domain may activate the Hippo pathway).

Preliminary studies have shown that willin is expressed during early stages
of development in the mouse sciatic nerve (Chapter 5). Isolation and qPCR
analysis on primary rat Schwann and fibroblast cells have identified that willin
and the Hippo pathway components are expressed predominantly within the
fibroblast cells (Chapter 5). As fibroblast cells have a prominent role in the
progression, growth and spread of cancers, willin and the Hippo pathway com-
ponents may play an important role in tumour suppression through inhibition
of cancer enhancing properties of the fibroblast cells. Intriguingly, 40% of the
fibroblast cells arise from epithelial to mesenchymal transition (Iwano et al.,
2002). The expression of willin and the Hippo pathway components in the
fibroblast cells may therefore be related to the cell’s origin as willin and the
Hippo pathway components have been shown to modulate EMT in MCF10A
cells (Chapter 4).

This work has demonstrated that willin is a novel protein involved in the
activation of the Hippo pathway and may therefore act as a tumour suppres-
sor. The initial characterisation work on the novel willin protein has placed
willin upstream of the mammalian Hippo pathway, like its Drosophila homo-
logue Expanded. Although both willin and Expanded can activate the Hippo
pathway, similarities and differences are observed between the two proteins.
In the mammalian system, willin activates the Hippo pathway through the
FERM domain (Chapter 4), whereas Expanded activates the Hippo pathway
through the C-terminal end (Boedigheimer et al., 1997).

Despite amassing a wealth of knowledge about the novel willin protein and
its involvement in the Hippo pathway, the modulatory mechanisms of willin on

the newly expanding mammalian Hippo pathway still remains unknown. Fur-
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ther progress into the novel mammalian Hippo pathway is likely to continue as
the signalling cascade is crucial for organ size control and differentiation dur-
ing normal development, and misregulation of this pathway results in cancer
development. Further studies should focus on identifying Hippo binding pro-
teins and complexes, determining the modulation of the Hippo pathway and

investigating the Hippo signalling cascade in a physiological in-vivo system.

6.1 Binding proteins and complexes

The Hippo pathway in the D. melanogaster model has been extensively stud-
ied. Less is known about the tumour suppressor signalling cascade in the
mammalian system. The aim of this project was to investigate the role of
willin in the Hippo pathway. Willin was shown to activate the Hippo pathway,
however the molecular details of how willin expression resulted in the phospho-
rylation of the Hippo pathway or the Hippo protein complexes formed remains
unknown.

Biomolecular studies in HEK-293 cells have proposed that willin can bind
directly to ezrin and indirectly to merlin (Chapter 3). Future studies should
focus on identifying further upstream and downstream binding partners of
willin. Emphasis on upstream willin receptors is important to understand how
the Hippo pathway is initially activated and modulated. Potential candidate
upstream receptors include Fat and CD44, which have previously been shown
to activate the Hippo pathway (Reddy and Irvine, 2008; Xu et al., 2010). The
CD44 plasma membrane receptor contains a FERM binding peptide motif
composed of KKKLVIN (Mori et al., 2008) and may explain why the FERM
domain of willin is efficient, and as effective as full-length willin, to activate
the Hippo pathway (Chapter 4). Further truncation of the FERM domain of
willin should identify the peptide motif necessary for the phosphorylation and
activation of the core Hippo pathway.

In Drosophila, Expanded’s C-terminal domain is essential for the phos-
phorylation and activation of the Hippo pathway, whereas the FERM domain
of Expanded localises the protein to the apical membrane in order to bind
to upstream plasma membrane receptors (Boedigheimer et al., 1997). In the
mammalian system, the FERM domain of willin has been shown to activate
the Hippo pathway (Chapter 4). It is hypothesised that the FERM domain of

willin also localises the protein to upstream plasma membranes receptors that
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contain a FERM binding motif. The function of the C-terminal domain of
willin remains to this date unknown but may have an inhibitory effect on its
FERM domain through head-to-tail binding, or may be required for cellular
protein localisation. Further localisation studies using both the FERM and
C-terminal domains of willin are required to support this hypothesis.

Even though a high protein sequence conservation is observed between the
Drosophila and mammalian system, experiments in this thesis have shown
that differences between the two systems are also observed; as the FERM
domain of willin can activate the Hippo pathway in the mammalian system
(Chapter 4), whereas the C-terminal domain of Expanded results in activation
of the Drosophila Hippo pathway (Boedigheimer et al., 1997). Differences and
similarities between the Drosophila and mammalian Hippo signalling cascade
requires further investigation as the function of the Hippo kinase complexes
may have split during vertebrate evolution to result in differences in the Hippo
pathway complexes formed between Drosophila and mammals. For example,
the C-terminal domain of Expanded has been identified to bind to Yorkie and
Yorkie is believed to contact Expanded via WW domain-PY motif interactions
(Badouel et al., 2009). However, none of these three PY motifs in Expanded
are conserved between willin and YAP in mammals (Figure 1.14). The Hippo
complexes formed in the Drosophila and mammalian model may therefore
be very different. Further investigations are therefore required to identify
Hippo kinase complexes in the mammalian system and to investigate whether
the core Hippo components form a complex with willin and translocate as
one unit or whether activations are transient and proteins act independently.
Live imaging and immunoprecipitation studies will provide this information.
The production of a willin antibody to detect endogenous willin expression is
however essential.

Preliminary results suggest that willin and LATS may co-localise as both
willin and LATS translocate to the membrane fraction at high cell density
in HEK-293 cells, whereas MST1 protein levels decreased in the membrane
fraction at increasing cell density (Chapter 3). A complex between willin and
LATS is plausible as localisation studies on LATS have shown similar distri-
bution to that of willin. LATS has been shown to translocate to the plasma
membrane upon cell-to-cell contact, with a high expression of these proteins
found at cellular adherent junctions (Yang et al., 2004; Zhao et al., 2011). More

research into the molecular binding complexes formed in the Hippo pathway
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will result in a greater understanding on how the Hippo pathway is activated

and modulated.

6.2 Modulation of the Hippo pathway

As with all biological processes and pathways, modulation and negative feed-
back loops are essential. The same is true for the modulation of the Hippo
pathway which has to be tightly regulated to balance cell death and prolif-
eration. Therefore, upstream activation and inhibition of the Hippo pathway
needs to be strictly controlled. To date, little is known about upstream factors
that activate the Hippo pathway cascade. High cell density and extracellular
cell death signals have thus far been proposed. It can therefore not be ruled out
that willin may have both growth inhibitory and growth proliferative functions
at different cell densities.

The expression of willin can enhance merlin’s ability to phosphorylate
MST1/2, whereas ezrin has an inhibitory effect on MST1/2 phosphorylation
by willin, merlin and both willin and merlin (Chapter 3). How merlin, ezrin
and willin modulate the Hippo pathway cascade is not known. Whether ezrin,
merlin and willin modulate the Hippo pathway by competing for the same up-
stream receptor, or whether the classical head-to-tail binding of ERM proteins
results in conformational changes, which in turn blocks upstream or down-
stream protein binding motifs, is unknown and requires further investigation.

Future work should also focus on identifying the protein structure of willin.
The protein conformation of willin may change from an open (active) to a
closed (inactive) state, as has been proposed for the activation and inhibition
of Expanded by merlin (McCartney et al., 2000). The open conformation may
expose the FERM domain or potential phosphorylation sites that are necessary
for the activation of the Hippo pathway. Binding of ezrin to willin may result
in a conformational change in willin from an open and active state that is
growth inhibitory to a closed and inactive state that is growth promoting.

The Hippo pathway, like many signalling cascades, is composed of a com-
plex network of proteins. An increasing number of novel mammalian proteins,
such as Kibra (Genevet et al., 2010; Yu et al., 2010), have been shown to acti-
vate the Hippo pathway. To date, nothing is known about how the expression
of these proteins results in an increased phosphorylation of MST1/2, LATS1
and YAP. Future identification of the kinases involved in activation of MST1/2
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will provide vital information on the activation of the Hippo pathway and how
the signalling cascade may be regulated.

Modulation of the Hippo pathway can be further analysed using the
MCF10A cell line. The reversion of an EMT phenotype in MCF10A-YAP
cells is quantifiable using different combinations of ERM proteins, as well as
other novel upstream proteins of the Hippo pathways such as Kibra. Combina-
tions of ShRNA knock-outs of ERM proteins and double knock-outs with YAP,
will provide vital information on the modulation and hierarchy of activation
of the Hippo pathway. As ERM proteins can compensate for each other’s loss
(Fehon et al., 2010) it would also be interesting to investigate whether the loss
of willin results in an increase in other upstream Hippo components such as

merlin or Kibra.

6.3 Role of willin in a physiological system

Extensive information about proteins can be obtained through cell culture
analysis. However, the role of proteins may be very cell specific. For example,
YAP has been shown to have tumour suppressive functions as well as being
oncogenic (Yuan et al., 2008). In addition, different isoforms of the mammalian
Hippo pathway proteins are expected to be present in different cell types. The
physiological downstream effect of the Hippo pathway, as well as the different
isoforms expressed in an array of cell tissues and cell lines, requires further
investigation. Unlike in Drosophila, in which the Hippo pathway proteins are
encoded by one single gene, most mammalian Hippo pathway proteins are
composed of multiple isoforms (Sudol and Harvey, 2010). To date, a total of
three isoforms of willin have been proposed. For this reason the mammalian
Hippo pathway cascade may be more complex, consisting of multiple isoforms,
when compared to the Hippo pathway in the Drosophila model. Furthermore,
co-culture of primary cells such as fibroblast and Schwann cells will represent
a more physiological setting.

The ultimate aim of this project is to shift to a physiological in-vivo system.
One such system is the zebrafish (Danio rerio) model. Preliminary data has
shown that willin is expressed in the epithelial layer and distinct lateral line
neuromast cells of the zebrafish (Chapter 5). Willin expression, localisation,
embryonic micro-injection and morpholino knock-out (Eisen and Smith, 2008)

experiments will provide more detailed information of the role of willin and
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its regulation of cellular growth. The core Hippo pathway components have
recently been studied in the zebrafish model (Jiang et al., 2009; Skouloudaki
et al., 2009) and further studies are anticipated to see whether willin has a
similar distribution and function in the zebrafish. Future studies will also focus
on creating a transgenic knock-out mouse. As willin knock-out mice may be
embryonic lethal, as seen with merlin (McClatchey et al., 1997), an inducible

Cre-lox recombination system (Brocard et al., 1997) may be preferable.

6.4 The bigger picture

In-vivo experiments in this thesis have shown that willin can, as predicted
from the Drosophila homologue Expanded, activate and phosphorylate the
core Hippo signalling cascade. It is however very plausible that willin may be
involved in a number of other pathways to regulate cell growth; such as the
inhibition of the MEK/ERK and AKT/mTOR signalling pathways (Figure
6.1). Willin’s involvement in regulating and modulating cellular growth may
therefore be more complex, with multiple downstream cell proliferative sig-
nalling pathways involved (Figure 6.1). Future work should therefore investi-
gate other potential signalling avenues of willin on cell proliferation, especially
as its closely related family member, merlin, has been shown to be involved in
a complex network of signalling pathways (Section 1.1.4.2; Figure 6.1).
While this project showed that willin expression activates the novel Hippo
pathway tumour suppressor signalling cassette in-vitro, the question of whether
willin is a tumour suppressor gene in human cancer awaits further analysis,
since no studies have addressed if this gene is mutated or silenced in cancer.
Advances in upstream Hippo pathway components such as willin may not only
solve the puzzle of size control and cell proliferation, but will also provides new
targets for treatment of human diseases such as atrophy and cancers, as well

as utilising tissue engineering and regenerative medicine.



163 6.4. THE BIGGER PICTURE

Kibra RiK \
\ — Ras P13K
MST1/2 J_ l
l \ Raf PDK1
LATS —— MEK Akt

«— & <«
@

/1 y |
i Racl — Pak ERK mTOR
Cell proliferation Cell proliferation

Figure 6.1: Potential growth signalling pathways modulated by willin. Only one of
the signalling pathways predicted to be activated by willin was investigated within
this thesis. Work in this thesis focused on the novel Hippo tumour suppressor
pathway. Other potential signalling pathways that may be modulated by willin
include the MEK/ERK and AKT/mTOR signalling pathways. Unknown potential
pathways modulated by willin are boxed in red.
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Appendix A

Human willin sequence
(BC020521)

Amino acid sequence:

MNKLNFHNNRVMODRRSVCIFLPNDESLNITIINVKILCHQLLVQVCDLLRLKDCHLFGL
SVIONNEHVYMELSQKLYKYCPKEWKKEASKGIDQFGPPMITHFRQYYVENGRLISDRA
ARYYYYWHLRKOVLHSQCVLREEAYFLLAAFALOADLGNFKRNKHYGKYFEPEAYFPSW
VVSKRGKDYILKHIPNMHKDQFALTASEAHLKYIKEAVRLDDVAVHYYRLYKDKREIEA
SLTLGLTMRGIQIFONLDEEKQLLYDFPWINVGKLVFVGKKFEILPDGLPSARKLIYYT
GCPMRSRHLLOLLSNSHRLYMNLOPVLRHIRKLEENEEKKQYRESYISDNLDLDMDQLE
KRSRASGSSAGSMKHKRLSRHSTASHSSSHTSGIEADTKPRDTGPEDSYSSSAIHRKLK
TCSSMTSHGSSHTSGVESGGKDRLEEDLOQDDEIEMLVDDPRDLEQMNEESLEVSPDMCI
YITEDMLMSRKLNGHSGLIVKEIGSSTSSSSETVVKLRGOSTDSLPOQTICRKPKTSTDR
HSLSLDDIRLYQKDFLRIAGLCODTAQSYTFGCGHELDEEGLYCNSCLAQQCINIQDAF
PVKRTSKYFSLDLTHDEVPEFVVstop
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Nucleotide sequence:

atgaacaaattgaattttcataacaacagagtcatgcaagaccgccgcagtgtgtge
attttccttcccaacgatgaatctctgaacatcatcataaatgttaagattectgtgt
caccagttgctggtccaggtttgtgacctgctcaggctaaaggactgccacctcttt
ggactcagtgttatacaaaataatgaacatgtgtatatggagttgtcacaaaagctt
tacaaatattgtccaaaagaatggaagaaagaggccagcaagggtatcgaccaattt
gggcctcctatgatcatccacttccgtgtgcagtactatgtggaaaatggcagattg
atcagtgacagagcagcaagatactattattactggcacctgagaaaacaagttctt
cattctcagtgtgtgctccgagaggaggcctacttcctgectggcagecctttgeectg
caggctgatcttgggaacttcaaaaggaataagcactatggaaaatacttcgagcca
gaggcttacttcccatcttgggttgtttccaagagggggaaggactacatcctgaag
cacattccaaacatgcacaaagatcagtttgcactaacagcttccgaagctcatctt
aaatatatcaaagaggctgtccgactggatgacgtcgctgttcattactacagattg
tataaggataaaagggaaattgaagcatcgctgactcttggattgaccatgagggga
atacagatttttcagaatttagatgaagagaaacaattactttatgatttcccctgg
acaaatgttggaaaattggtgtttgtgggtaagaaatttgagattttgccagatggce
ttgccttctgecccggaagctcatatactacacggggtgccccatgecgctccagacac
ctcctgcaacttctgagcaacagccaccgcctctatatgaatctgcagectgtectg
cgccatatccggaagctggaggaaaacgaagagaagaagcagtaccgggaatcttac
atcagtgacaacctggacctcgacatggaccagctggaaaaacggtcgcgggccagc
gggagcagtgcgggcagcatgaaacacaagcgcctgtcccgtcattccaccgeccage
cacagcagttcccacacctcgggcattgaggcagacaccaagccccgggacacgggg
ccagaagacagctactccagcagtgccatccaccgcaagctgaaaacctgcagcectca
atgaccagtcatggcagctcccacacctcaggggtggagagtggcggcaaagaccgg
ctggaagaggacttacaggacgatgaaatagagatgttggttgatgacccccgggat
ctggagcagatgaatgaagagtctctggaagtcagcccagacatgtgcatctacatc
acagaggacatgctcatgtcgcggaagctgaatggacactctgggttgattgtgaaa
gaaattgggtcttccacctcgagctcttcagaaacagttgttaagcttcgtggccag
agtactgattctcttccacagactatatgtcggaaaccaaagacctccactgatcga
cacagcttgagcctcgatgacatcagactttaccagaaagacttcctgecgcattgeca
ggtctgtgtcaggacactgctcagagttacacctttggatgtggccatgaactggat
gaggaaggcctctattgcaacagttgcttggcccagcagtgcatcaacatccaagat
gcttttccagtcaaaagaaccagcaaatacttttectectggatctcactcatgatgaa
gttccagagtttgttgtgtaa



Appendix B

Mouse willin sequence
(NMO028127)

Amino acid sequence:

MNKLTFHNNKAMQODRRRVCIFLPNDKSVSITIINVKILCHQLLVQVCDLLRLKDSHLF
GLSVIQNNEHVYMELSQKLYKYCPKEWKKEASKVRQYEVTWGIDQFGPPMIIHFRVQ
YYVENGKLISDRIARYYYYWHLRKOVLHSQCVLREEAYFLLAAFALQADLGNFKRKL
HHGDYFEPEAYFPAWVVSKRGKDYILKHIPNMHKDQFALTASEAYYIKEAVRLDDVA
IHYYRLYKDKREAEGSLTLGLTMRGIQIFONLEEEKQLLYDFPWTNVGKLVFVGKKF
EILPDGLPSARKLVYYTGCPTRSRHLLOLLSNSHRLYMNLQPVLRHLRKOQEENEEKK
QYRESYISDNLDLDMDPLEKRSRASGSSAGSVKHKRLSRHSTASHSSSHTSGIEADT
KPRDPGPEDSCSGSAMHRKLKTCSSMTSHGSSHTSGVESGGKDRLEEDSQDEEIEML
VDDPRDLEPMPEESLEVSPEMCIYITEDMLLSRKLNGHSGLIVKEIGSSTSSSSETV
VRLRGOSTDSLPQTICRKPKTSTDRHSLSLDDIRLYQKDFLRIAGLCQDTAQSYTFG
CGHELDESGLYCNSCLAQQCVNIQDAFPVKRASKYFSLDLTHDEVPEFVV
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Nucleotide sequence:

cggcgccgctggagcagacgccggttgtgagtcggaagectggegetgtecgactttggaggteteccag
tggactttctacagctatgaaacctacactgtggggcaccacgatgcttccgttggccgtatgatgagg
aggagaagttggctttggagtgctgggagcctgagaagttgctgagcacccagecgcccccagecccgece
actggcccgcccataacacaatgaacaaactgaccttccataacaacaaagccatgcaggaccgtecgea
gagtgtgtattttcctccccaatgacaagtcecgtgagcatcatcataaatgttaaaattctgtgtcacce
agttgctggtccaggtgtgtgacctgctcaggttaaaggacagtcacctctttggtctcagtgttatac
aaaataatgaacatgtatatatggaattgtcacaaaagctttataagtattgtccaaaagaatggaaaa
aggaggccagcaaggtacggcaatacgaagtcacttggggcatcgaccagtttgggcccceccatgatca
tccacttccgggtgcagtactacgtggagaatgggaagctgatcagtgaccgaattgcaagatactatt
attactggcacctacggaaacaggtgctgcactcccagtgtgtgectcagagaggaggcctacttectge
tggcagcctttgcactgcaagctgacctcggcaacttcaaaaggaaactgcaccacggagactactttg
agccagaggcttacttcccggcatgggttgtttccaagcgggggaaggactacatcctgaaacacatcce
caaacatgcacaaggaccagtttgccctgacggcctccgaggectacctaaagtacatcaaagaagecg
tccgactggacgacgtcgccatccattactacagactgtacaaggataaaagggaggctgaaggctcac
tgaccctaggactgaccatgcgaggaatacagatttttcagaatctagaagaagagaaacaattgctct
atgatttcccctggacaaatgttgggaagttggtgtttgtgggcaagaagtttgagattttgecagatg
gccttcecteccgeccaggaagectggtctactacacagggtgtcccacgegetececcggecatctectgecage
tcctgagcaacagccaccgcecctctacatgaacctgcagecccgtecctgecgecaccteccgcaagcaggagg
agaatgaagagaaaaagcagtaccgggaatcctacatcagcgacaacctggaccttgacatggaccecge
tggaaaagcggtcccgagccagtgggagcagegectggcagecgtgaagcataagecgectgteccecgecact
ccacggccagccacagcagctcccacacctcecggecatcgaggcagacaccaageccccgggacccaggge
cggaagacagctgttcaggcagcgccatgcaccggaagctgaagacctgcagctccatgaccageccacg
gcagctcccacacctctggggttgagagtggaggcaaagaccgcctggaagaggactcgcaagatgagg
aaatcgagatgctggtggatgaccccagggacctggagccgatgecctgaagagtcgectggaagtcagece
cagagatgtgtatctacatcacggaagatatgctcctgtcgaggaagctgaacggacactcagggttaa
ttgtgaaagaaatcggctcctccaccteccagectecttecggaaacggttgtcaggectgegtggacagagea
ccgactceccttccacagacgatatgtcgaaaaccaaagacttccaccgatcgeccatagectgagecttg
acgacatcagactgtaccagaaagacttcctgcgcatcgecgggecctgtgtcaggacactgectcagaget
acacgtttgggtgtggccatgaactggatgagagcggtctctactgcaacagctgecctggectcagcagt
gtgtcaacatacaggacgcattcccagtgaaaagagccagcaagtacttttctctggaccttactcacg
acgaagtcccagagttcgtcgtctgagtcgececctgecgggecagecctgecgggcagecgetgtetgetgg
aggctgtggagtctgagggtctttacacattatttgtgccataactttttcaccccaaacttagetttt
tctttatagtattcgagatggaaacaaaagccttgggacagttgcactttaagtattatgcagaggtaa
aagaaacagagaatgtaagaggaagacaagtgcccagattgtctattgccecctttggaaggaagtgtge
tttccagctttacccagatttcagactgtcagactgcagtgtgtttgttcatctcttgtgtteccggtte
aaatttatgtttatcacgtgaaagatgttataggcttatctgtttgecttatgggtttttcagecactte
ctcatgaggcacggtttgagggggaggacaaaggggagttctctcttcttttctggagageccattctta
gtacatagccattgttgcctcacagaggttggtccgaaatgaacactgaagttggtgggagtcttatgt
tctagccaaagatgtgtatgtgatggaagatggaagccccactcagagtccagaaggcgtgtgeccggga
cactgggctccttcacaaatggacagtgctctgtcecgetgttttgttetteccatgaccttecccaggaag
ctctgggattggcctgtgcttgtgacatggtacattttgcagtttacaaagectggtgtatgttaacaac
cattgggaatgtctcagaagacatttgtttggttgtatttcctttgttggtttttaatggtggccaaca
gatggtgatgctagtttctgctttaacaagatacccttactgtatgtatatgttatacgtatctagata
cgtgggactctgtgtgtttatgtgtttgaagcttagtgactcttcatttggacttcagtatatgtettg
cacacatagaatttcttgtttaatgtcaaggatgcttagacacagacaatcagttgataaatgtagagt
taagagtgacttttccatgtgtgcctttggccaagattctcaaccctgattgcataatagacttgtcca
gagagcttttaaaacatgcccgggtcccaccaggccagtttaaaccagtctcctgtggectgggagattyg
atttaaagtgtaccaggttgagacagtaatgcacagtaggattggagatccaagagtgtctttctattce
attttgaagtaaaagtatacagaaaatattagtgatagagaatgggccacttttaagacagggcctgct
actgttacagtgtataatgaagccaggagaatgagtttggtcaacttgatatccattgaagacgttgcect
cgcccttcaggagagaacttcatagcacaatgtctttctaggagatgtttttaatgatttagtatttta
caacatttgtttaccatattttgatactccatttttgctatctgccaggttttattaaaaagaagacta
tgtattattttctaaagaaactcatatttttgtacaaacttatgtttccaagtaaggaagaaatagatg
tagggtcaggcagaacatagcagtgtttcecececctggctaggtcagtgtecccagagecccgtggtggecac
agacatgcccggtcaccatgctgeccctectgtgectggcacggectcagcagggtcacatccagtaacte
tcacctgacactaaagaaggaaaaagaagttctgtgctcatgactttattttgcttttgttgaatgett
ttagaagaaccaaagtttcagatgccagaatgtataagtgtctcagtgtccacagataggcaaagggca
aaggggtccgtcacctgatggcttecttttgecttccgagtcattgcatagtctcatcattgectcacagat
gcttaggggccacaccctggtgaagtacgcgatctccagagcacagatggccgtgtattcccacagecce
tcggcatctcttgcagatgcagagatggaaaggttgecttgettggetgtgtgetttatacecttttttet
ctctgctccagaatccagtcttcagggttectgecccaggectgtecgatecgecatttgecctettecaggea
gacttggaaatagtcttaaagggttttcaaagacaagatcagccaggaaacagtttctcatttctgacc
cacgggagaatcatagacatatatgtatgtggagctccactttgaagaattgacattcttgtattggge



Appendix C

Rat willin sequence (163scll)

Amino acid sequence:

ORTLPDHWPAHNTMNKLTFHNNKVMODRRRVCIFLPNDKSVSITIINVKILCHQLLVQVC
DLLRLKDSHLFGLSVIQONNEHVYMELSQKLYKYCPKEWKKEASKGIDQFGPPMIIHFRV
OYYVENGKLISDRIARYYYYWHLRKOVLHSQCVLREEAYFLLAAFALQADLGNFKRKVH
HGDYFEPEAYFPAWVVSKRGKDYILKHIPNMHRDOQFALTASEAYLKYIKEAVRLDDVAT
HYYRLYKDKREVEGSLTLGLTMRGIQIFONLEEEKQLLYDFPWTNVGKLVFVGKKFEIL
PDGLPSARKLVYYTGCPTRSRHLLOLLSNSHRLYMNLQPVLRHLR

Nucleotide sequence:

cagcgcaccctgcctgaccactggccagcccacaacacaatgaacaaactgaccttccataa
caacaaagtcatgcaggaccgccgcagagtgtgtattttcctccccaatgacaagtctgtga
gcatcatcataaatgttaaaattctgtgtcaccagttgctggtccaggtgtgtgacctgctc
aggttgaaggatagtcacctctttggtctcagtgttatacaaaataatgaacacgtatatat
ggaattgtcacaaaagctctataagtattgtccaaaagaatggaaaaaggaggccagcaagg
gcatcgaccagtttgggcctcccatgatcatccatttccgggtgcagtactatgtggagaac
gggaagctgatcagtgaccggattgcgagatactattattactggcacctaaggaaacaggt
gctgcactctcagtgtgtgctcagagaggaggcctacttcctgectggcagectttgcactge
aggctgacctcgggaacttcaaaaggaaagtgcaccatggagactactttgagccagaggcect
tacttcccagcatgggtggtttccaagcgggggaaggactacatcctgaaacacattccaaa
catgcacagagaccagtttgcactgacagcctccgaggcatatctaaagtacatcaaagagg
ccgtccgactggatgacgtcgccatccattactacagactgtacaaggataaaagagaggtt
gaaggttcactgaccctgggactgaccatgcgagggatacagatctttcagaatctagaaga
agagaaacagttgctgtatgatttcccctggacaaatgttgggaagttggtgtttgtgggcea
agaagtttgagattttgcccgatggcctcceccteccgeccaggaagectggtctactacaccggg
tgccccacacgctccecggcatctecctgcagectgectgagcaacagccaccggectctacatgaa
cctgcagcccgtcctgecgeccacctececge
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Appendix D

Zebrafish willin sequence
(NMO001111187)

Amino acid sequence:

MSVPTRKQERTVCVLLPNKETLDITVGVKATGODVFHRVCELLGVRELHYFGLTLVKNNE
HIFLDLEEKLAKYFPKEWKQODSGKGSHRRSIPPLLCLKVQYYVENGRLICERKARKLYY
YDLRERVLRSECRQQEEVYFQLAGFALQADHSDHSSEGQSHGHAMYFQPKEYFPPWIIA
KRGIDYLLCHGPKVHKELWGMSCRDAVLLFIRESCRLEDVPVTFYRLOKDKKEEKGSAL
LGLTLRGMQVFQEVNNVRDLLYDFPWFHVGRLTFLGKKFEIQPDGLPSARKLVYYTGSA
FRSRHLLLHLSSCHRLYLSLQPALKHLROQLEETEEKKRYRESYISDELDLDQPCSEGSP
RLSRHSTSSSGIEADTRONSVSVEMVSVEEKEKSSINTSSTAQSHEEHWQETDSQEPGE
VSVDDPVDLLRLAELLEGVSVDCPTIQSVKDSKDQHMSSVTGKDQTDLSDPDGLKQVLN
OKLSNPSDCYNLSLEDVRQLSPLLPLGTPTAPNASIGYTFALPHSPTNPCPDDTSLCVQ
RPTNCLSLARLDDNQPLELVL
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Nucleotide sequence:

ctcaaaacaaacacacacacggactttaatacgcgatattcacaatgaaggaaccaatacct
gtgagcaaagcactttgaagaaaaagattcaagtcgtagtgtgtgattgtgtgtgtgtgtgt
gtgtgtgtgtgtgtgtgtgtcagtgtttttgtttctgtgtgtgtgtgtgtgtgtgtatatgt
gtgagtggatgagctcttatagaccatgtctgtccccaccaaacaagagaggaccgtatgtg
tccteccttcccaacaaggagacactggacatcacagtgggggtgaaagcaactggtcaagat
gtgtttcaccgtgtctgcgagecttctecggtgtcagagagectgcactactttggattaacttt
agtcaaaaacaatgagcacatctttctggacttggaagagaaacttgccaagtatttcccca
aggagtggaagcaggactctgggaaggggtcacacaggaggtccatccctececctgetetgt
ctgaaggtccagtattatgtggagaacggcagactcatctgtgagcgtaaagcgagaaagct
gtactactatgaccttcgtgagcgagtcctgecgectctgaatgccgacagcaggaggaagtgt
atttccagctggcaggattcgctctacaggccgatcactctgaccactcatcagaaggacag
agtcacggacatgccatgtatttccaacccaaagaatattttcctccatggataatagcaaa
gcgtggcatcgactacctgectgtgtcacgggcccaaggtccataaggagectgtggggaatgt
cctgtcgagacgctgtcctgectgttcatcagagagtecctgeccgtectggaggacgteccagte
accttctatcgtctgcagaaggacaagaaagaagagaagggttcagcattgcttggactcac
tctcagaggaatgcaagtgtttcaggaggtgaacaacgtgcgtgatctgectctatgatttcece
cctggtttcatgtgggacgactcactttcttgggaaaaaagtttgagatccageccggacggt
ttgccctcagcgaggaagctggtttactatacgggtteggcatttegetectegtcatectget
tctgcatctgagctcatgtcatcgcttatatctgagtttacagectgecctcaaacacctge
ggcagctggaagagactgaggagaagaagcggtatcgtgaatcttacatcagtgatgagctg
gacctggaccagccatgcagtgaaggcagtcctcgtctgtccagacactccaccagcagetce
cggcatcgaggcggacaccagacagaacagcgtctcggtagagatggtctcagtggaggaga
aagagaaatccagcatcaacaccagcagcacagctcagagccatgaagagcactggcaggag
acagattcgcaggagccgggagaggtttctgtggacgatcctgtggatctettgegattgge
tgagctactggagggagtgtccgtcgactgtcccaccatccaatcagtcaaggactctaaag
atcagcatatgagctcagtcacaggtaaagaccaaacagacctaagtgatccagacggecctg
aaacaggttttgaatcagaagctttctaacccatccgactgctataatctaagcctggagga
cgtgcgacagttatctecctecttettececgetgggaacgeccgacageteccaaacgecctecateg
gctacacatttgcgctcccacattccccaaccaacccatgtccagatgacacttcactectgt
gtccagagacccacgaactgcctttctectggecccgectggatgataaccageccgectggaget
tgtgctataaaatctggacttgtgatagtattttgttccttattttgacatattttcatectyg
aacaagaaagaagaccatgatttggtccatatggagttgatcgggttgttggatcattgcta
tcggtcgatctcatgtgagcgacaggttgatccecgececctttgtgecagtaatcatcatceat
catcatcatcatcattatcatcatcatcagaaaagagaatagatgactctgacatacactat
ttgtaataaataatgcaataattcatccgattgactgcttaaagactttaaagtccatgtga
accggacgatgctgagacgtttatttcaggatgttgatgtgcttccaactgaaacagaatat
tgagaagggggcggggctttcctgtgcacattattacgtaaagecgtaacctaactgcaagag
atggtattaatatgcagttgctatggaaaccctcaagctgacatcaagggaaggaccgccac
tctaaacacggaagcaaatggtcatactttgattgaagattaccaaaacaaatacattttte
agtggattaacttgcatgtattaattattcaccttaagaatggcaatgtgagctagcaaatt
tgattttaagcggactttaaagcccaaagttcacttgaagtttccaattattgtatagtcca
acataaagtgtcaattttttttgtgattgcatgtatagtacaagtacagtttatctggtact
ttgtccacaaggtgtcaacactcagattagatgctctttttaagtccaaaataaattgagat
ggaaaaaaagcaacaacaaactactgaagacagcaaaaaaaaaaaaaaaaaaaaaaaaaaaa
aa
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Abstract. We demonstrate the first use of the violet diode laser for
transient mammalian cell transfection. In contrast to previous studies,
which showed the generation of stable cell lines over a few weeks, we
develop a methodology to transiently transfect cells with an efficiency
of up to ~40%. Chinese hamster ovary (CHO-K1) and human em-
bryonic kidney (HEK293) cells are exposed to a tightly focused
405-nm laser in the presence of plasmid DNA encoding for a mito-
chondrial targeted red fluorescent protein. We report transfection ef-
ficiencies as a function of laser power and exposure time for our
system. We also show, for the first time, that a continuous wave laser
source can be successfully applied to selective gene silencing experi-
ments using small interfering RNA. This work is a major step towards

an inexpensive and portable phototransfection system. © 2010 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3430730]
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1 Introduction

Photoporation refers to the use of tightly focused laser light to
perforate temporarily the cellular membrane and allow exog-
enous material to be taken up by the cell.' This technique has
become increasingly popular due to its simplicity, robustness,
and efficiency. Most of its applications have been predomi-
nantly, but not limited to, the delivery of nucleic acids such as
plasmid DNA'™ and messenger RNA* to intracellular com-
partments. In addition, dyes,2 nanoparticles,5 and semiconduc-
tor nanocrystals6 can also be injected into the cells, which can
be useful for monitoring gene or, potentially, drug activity.
Various laser-based systems have been used for photopo-
ration and ultimately cell transfection. Wavelengths in the
ultraviolet’ (UV), visible! 68710 (VIS), and infrared”*!! (IR),
in both pulsed (nanosecond or femtosecond) and continuous
wave (cw) mode, have all been used for cell transfection. The
mechanism for poration is dependent on the type of laser used
and its pulse duration.'” Femtosecond cell transfection has
currently emerged as the most ubiquitous and consistent
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method, but this system requires the use of expensive lasers
with a typically large footprint (e.g., the ti-sapphire femtosec-
ond laser oscillator). In terms of cw lasers in the VIS light
region, the first laser used for cell transfection was the
488-nm output line of an argon-ion laser, which again has a
large footprint.8 In 2005, Paterson et al. used a low-cost cw
violet diode laser for cell transfection, which is currently the
simplest and most inexpensive method of laser-mediated
transfection." They showed that with sufficient control of laser
parameters, cw VIS lasers are as effective as their femtosec-
ond IR counterparts. Optical power densities as low as
~1200 MW/m? have been successfully used for such cell
photoporation.1 Crucially for the purposes of our discussion,
previous studies with the violet diode did not achieve tran-
sient transfection but only stable transfection due to the lim-
ited material they could deliver to the cell. In stable transfec-
tion, only cells that have integrated the plasmid DNA into the
cell’s genetic genome are selected, and such stable cell lines
take many weeks to generate. Transient transfection, as op-
posed to stable transfection, relies on the transcription and
translation of the plasmid DNA itself, and this only takes
24to 72 h to be achieved; such an inexpensive transient

1083-3668/2010/15(4)/041506/7/$25.00 © 2010 SPIE
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method for protein and drug delivery would be of great inter-
est, especially for clinical applications.

Diode lasers are inexpensive and offer a compact footprint,
important for miniaturization and automation. Notably, diode
lasers at violet-blue wavelengths are already incorporated into
most confocal microscope systems and fluorescence-activated
cell sorting (FACS) machines. It is thought that the mecha-
nism of photopore generation by cw irradiation relies on the
cumulative temperature increase that occurs within a few mil-
liseconds to alter the permeability of the cell.*'” An absorp-
tive chemical species in the violet-blue region, such as phenol
red dye, is used to aid absorption and local increase in
temperature.g_lo The advantage of using this dye is that it is
nontoxic, is easily removed by washing, and is ubiquitously
used in cell culture medium.

In this paper, we demonstrate for the first time the success-
ful use of violet diode lasers for transient transfection of
mammalian cell lines including the Chinese hamster ovary
(CHO-K1) and human embryonic kidney (HEK293) lines.
Previously, VIS wavelength cw lasers were shown to transfect

CHO-KI,I’IO NIH3T3 murine ﬁbroblast,8 and human cardiac
cells.” Each cell line, due to its differing chemical functions
and properties can have diverse reactions to irradiation from a
given laser. Here, we show that we can repeatedly and ro-
bustly transfect mammalian cell lines using this system with
an efficiency of up to ~40%. Additionally, previous reports
using a cw 488-nm argon ion laser explored only a single

optical power density.S’10 In contrast, in this study we varied
the optical power density and exposure time to determine the
optimal parameters for cw transfection. In conjunction with
this work, we performed an extensive study on cell viability
by varying exposure times for two laser powers to elucidate
its effect on cell death and poration. Furthermore, we also
propose the use of this violet diode system as an inexpensive
tool for specific gene knockdown experiments. To demon-
strate this, we phototransfected a modified HEK293 cell line,
which expresses the newly identified gene termed
willin/FRMD6"® under the control of an antibiotic inducible
promoter, with small interfering RNA (siRNA) against willin;
thus specifically blocking the expression of the willin gene
product. This represents the first time siRNA has been trans-
fected into mammalian cells using a cw laser source.

2 Materials and Methods
2.1 Violet Diode Photoporation System

The laser source was a commercially available 405-nm diode
laser (Toptica, IBEAM-405-1V1 with an M?><1.2) with
maximum power of 40 mW. The beam was magnified by the
telescope consisting of lenses L1 and L2 (Fig. 1). A half-wave
plate and a polarizing beamsplitter in tandem were used to
attenuate the beam power. A dichroic mirror at 45 deg re-
flected the beam to the rear entrance pupil of a high-
numerical-aperture (NA) water immersion, violet corrected
microscope objective (Nikon Plan Apo; magnification=63X
NA=1.20) with measured transmission of ~84% at 405 nm.
The laser was focused to a diffraction-limited spot approxi-
mately 0.4 um in diameter. The power at the sample plane
was obtained by taking the power transmission measurements
through the optics. The maximum laser power dosages for
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Fig. 1 (a) Schematic of a photoporation system using a 405-nm diode
laser: L (L1=50 mm and L2=100 mm), plano-convex lenses; PBS,
polarizing beamsplitter; M, mirrors; DM, dichroic mirror; and LWD,
long-working-distance objective. The whole system is mounted on a
60X 90 cm optical breadboard. (b) Schematic layout of a prepared
sample in a petri dish showing the laser beam focused on a cell
bathed in DNA and phenol red solution.

each cell were first characterized by empirically observing the
cell for any signs of granulation, blebbing, or necrosis. A
beam shutter (Newport, United Kingdom, model 845 HP-02)
placed in front of the laser was used to control the exposure
times. An exposure time of 1 s was used to observe the trans-
fection efficiency for each power level employed. Bright-field
illumination in Koehler configuration was used to illuminate
the sample. The image plane and laser plane were made co-
incident by changing the positions of lenses L1 and L2 and
observing the image and laser focus. An xyz stage enabled us
to vary the sample position. Finally, a color CCD camera
(WATEC 250D) was used to capture the videos of the process.

2.2 Cell Culture Procedure

CHO-K1 cells and HEK293 cells were cultured in T25 flasks
at 37 °C and 5% CO, in modified Eagle’s medium (Sigma,
United Kingdom) with 10% fetal calf serum (GlobePharm,
University of Surrey, United Kingdom), 20 ug/ml streptomy-
cin (Sigma, United Kingdom), and 20 ug/ml penicillin
(Sigma, United Kingdom).

A stable tetracycline inducible system, TRex willin-GFP-
HEK, was created using a TRex inducible plasmid pcDNA4/
TO/myc-his (Invitrogen, United Kingdom) modified to ex-
press willin-GFP, which was then transfected into stable
HEK?293 cells containing a plasmid expressing a tetracycline
repressor, pcDNA6/TR. TRex willin-GFP-HEK cells were
cultured in T25 flasks in the presence of Dulbeco modified
Eagle’s medium (Sigma, United Kingdom) with 10% fetal
calf serum (GlobePharm, University of Surrey, United King-
dom), 2 mM L-glutamate, 100 units/ml penicillin and
100 units/ml streptomycin (Sigma, United Kingdom). Stable
cells were selected by the addition with 5 pg/ml blasticidin
and 250 ug/ml zeocin. Willin-GFP expression was induced
with 1 mg/ml tetracycline (Invitrogen, United Kingdom).
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Cells were routinely passaged three times a week.
CHO-K1 and HEK293 cells were seeded at a density of
2.4 X 10* cells/ml onto 35-mm glass-bottomed culture grade
dishes (World Precision Instruments) to achieve 40 to 50%
confluency. The cells were incubated at 37 °C for 24 h to
allow cell attachment to the bottom of the glass dishes. Mean-
while, TRex willin-GFP-HEK cells were plated 48 h prior to
the experiment onto 35-mm culture dishes coated with lami-
nin (Invitrogen, United Kingdom) to improve cells’ adherence
on the dishes.

2.3 Targeted DNA Phototransfection

For each phototransfection experiment, individual CHO-K1
and HEK?293 cells were exposed to up to 3.4 mW of laser
power for 1 s at the focus. Before exposure, the cell mono-
layer was washed twice with OptiMEM (Invitrogen, United
Kingdom) and then bathed with 30 wl of solution containing
10 pg/ml plasmid encoding for Mito-DsRed (Clontech) and
42.2 uM of phenol red (Sigma) in OptiMEM. Phenol red is a
dye commonly used with cell culture media to detect changes
in pH. The absorption of the solution used in the photopora-
tion experiments was measured and a molar coefficient cross
section of ~1.4 X 10* cm™' M~! at 405 nm was obtained.

A type 0, 22-mm-diam coverslip was placed on top of the
cell monolayer and a region of interest was marked in the
center in order to identify the region of dosed cells. On aver-
age, 50 healthy looking cells per dish were irradiated on the
plasma membrane in a region 1 to 3 wm away from (and not
directly above) the nucleus. After dosage, the coverslip was
removed with OptiMEM and phenol red solution, and then
subsequently washed twice with the same medium. The cells
were then further incubated in fresh medium for up to 72 h
after photoporation. Control cells were prepared in the same
manner but were not exposed to the laser. The photoporated
cells were observed under a fluorescent microscope for ex-
pression of the Mito-DsRed gene. For each laser power and
for each irradiation time, nine experiments were performed,
irradiating 50 cells per dish in the process. Therefore in total,
for n=9 experiments, ~5000 cells were treated, enabling us
to accumulate reliable statistics of the process.

2.4 Cell Viability

HEK?293 cells were plated on 35-mm glass-bottomed dishes
and were prepared similarly to transfection experiments ex-
cept no DNA was added. Cells were exposed to 2.1- and
3.4-mW laser power at exposure times from 80 ms to 5 s.
After laser exposure, cells were returned in the incubator for
an hour, after which 60 ul of 0.3% trypan blue was added.
Trypan blue is an indicator of cell membrane barrier dysfunc-
tion. In the state of necrosis, the cell’s protective membrane is
often compromised, leading to intake of extracellular mate-
rial. Dead cells stained blue were counted and the viability
was calculated by obtaining the percentile ratio of dead cells
with irradiated cells. Each data point was an average of three
dishes and 50 cells per dish were exposed to the laser.

2.5 siRNA Chemical Transfection

Willin knockdown was performed using small interfering
RNA (siRNA), to a final concentration of 5 nM, specifically
targeting the protein (GACAGAGCAGCAAGAUACUA-
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Fig. 2 Fluorescence images of transfected (a) CHO-K1 and (b)
HEK293 transfected with Mito-DsRed plasmid, (c) transfection effi-
ciency of HEK293 cells as a function of laser power at the focus using
a 1-s exposure time, and (d) transfection efficiency of HEK293 cells as
a function of laser exposure time at 2.1 mW. The error bars represent
standard deviation, (n=9 experiments of 50 dosed cells).

UUAUU, CACAGACUAUAUGUCGGAAACCAAA, GC-
CUCUAUAUGAAUCUGCAGCCUGU; Invitrogen) using
Gene Eraser (Startagene) according to the manufacture’s in-
structions. Protein expression was analyzed by Western blot-
ting, using anti-GFP (Santa-Cruz) and anti-actin (Sigma) as a
loading control.

2.6 Fluorescence Microscopy

All fluorescence microscopy was performed on a TE2000-E,
Nikon microscope. Cells expressing Mito-DsRed were im-
aged using TRITC HYQ, Nikon Filter cube (excitation,
530 to 560 nm; emission, 590 to 650 nm). Meanwhile, cells
induced and expressing willin-GFP were imaged using FITC
HYQ Nikon filter cube (excitation, 460 to 500 nm; emission,
510 to 560 nm).

3 Results
3.1 DNA Phototransfection

Phototransfection experiments on CHO-K1 and HEK293 cells
were performed using a violet diode laser. For the laser pa-
rameters used, and under bright-field imaging, no visible re-
action from the cell was observed. Successful transient ex-
pression was achieved with the Mito-DsRed plasmid for both
cell lines, as shown in Figs. 2(a) and 2(b). The transfection
efficiency after 72 h as a function of laser power, using a 1-s
exposure time for HEK293 cells, is shown in Fig. 2(c). Each
power level is significantly different from the control group
(p <0.05) with the exception of 0.8 mW, as determined by a
one-way analysis of variance (ANOVA) followed by Dun-
nett’s statistical test. Overall, a Poisson distribution curve was
obtained where the start and tail of the plot were significantly
different from each other, as determined from ANOVA fol-
lowed by Fischer’s pairwise test (p <0.05). As indicated in
Fig. 2(c) an enhancement of transfection efficiency was ac-
quired with an increase in laser power from 0.8 to 1.3 mW
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with efficiencies of 3.4*3.4 to 28.6 £6.3%, respectively,
typifying a power dependence on the probability of cell pora-
tion and subsequently transfection. The optimum laser power
was found to range from 1.3 to 2.5 mW, which yielded trans-
fection efficiencies between 28.1 5.8 and 36.6 =4.8%.
Within this range of power levels, the efficiencies were not
significantly different from each other but were significantly
different from 0.8 and 3.4 mW (p<0.05). Additionally, as
the mitochondria were tagged, it was possible to observe their
streaming, which is an indicator of the overall health of the
treated cells. In comparison, the highest transfection effi-
ciency for CHO-K1 was at 23*+1.5%. As established
previously,1 the level of spontaneous transfection was very
low and negligible in comparison to the transfection efficien-
cies we achieved. Spontaneous transfection is defined as cells
expressing the protein without exposure to the laser irradia-
tion.

The dependence of transfection efficiency on laser expo-
sure time was also studied for a laser power of 2.1 mW for
HEK?293 cells. Figure 2(d) shows the transfection efficiency
as a function of irradiation time from 80 msto2s. An
ANOVA followed by Dunnett’s statistical test showed that
transfection efficiencies obtained from different exposure
times were significantly different compared to the control
(p<<0.05). Though significant transfection efficiency can al-
ready be obtained at a 80-ms exposure, 1.0 and 1.5s ap-
peared to be optimal for transfection at this laser power. In-
creasing the exposure time from 1.5to 2 s resulted in the
decline of the average transfection efficiency from 36.5 = 6.6
to 23 =4.7%, respectively, which may be a consequence of a
decrease in viability (see in the following).

3.2 Phototoxicity of Violet Diode Phototransfection

Careful assessment of the cell viability was performed by ex-
posing the cells to the laser and monitoring any morphologi-
cal changes in the cells. Cells exposed to 2.1 mW for
6 to 10 s immediately showed signs of necrosis. In a further
study, the viability of the cells treated with the laser at shorter
exposure times were measured for two laser powers, 2.1 and
3.4 mW, as shown in Fig. 3 (laser exposure ranged from
0.08 to 5 s) in the presence of trypan blue.

In general, viability was observed to decrease with increas-
ing laser exposure time. For a 1-s exposure, viability was
measured from 96.4 = 1.2 and 95.4+ 1.2% for laser powers
of 2.1 and 3.4 mW, respectively. It marginally decreased from
86.7%1.2 to 65.3+4.2% at 2 s, respectively. This small in-
crease in laser power from 2.1 to 3.4 mW resulted in a six-
fold decline in viability at 3-s exposure times from 72 +9.2
to 11.3*12.1%. It was found that viability exponentially de-
cays with exposure time and laser power. LD50, defined as
dosage entailing 50% cell viability occurs at an energy density
of ~6.3 MJ/cm?.

Notably, with laser exposures beyond the therapeutic dos-
age for transfection, fluorescence was observed at the targeted
site, an indication of single-photon absorption, which might
lead to the melting of the plasma membrane. Often when this
phenomenon occurred, the cell underwent blebbing, granula-
tion, loss of intracellular material, and necrosis. Neighboring
cells, however, were not affected.
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Fig. 3 (a) Viability of HEK293 cells exposed to laser at 2.1 and
3.4 mW at the focus at varying exposure time. Error bars
representxstandard deviation (n=3 experiments of 50 dosed cells).
(b) Bright-field image of laser exposed HEK293 cells. Cells pointed to
by the red arrows were irradiated with the laser and have taken up the
trypan blue dye, a sign of cellular necrosis. (Color online only.)

3.3 Cell-Specific Gene Knockdown Experiments

RNA interference (RNAI) is a technology developed by Fire
et al." in 1998 that enables the knockdown in expression of a
specific gene. siRNA interferes with new protein expression,
resulting in silencing of the gene. siRNA is made from a
length of 20 to 25 nucleotides that bind specifically to the
messenger RNA (mRNA) of the protein of interest. This leads
to the formation of a siRNA complex, which results in mRNA
cleavage and its subsequent degradation. ' The applications of
this widely used gene silencing technology include studying a
gene’s function, but also the potential therapeutic modification
of gene expression in human diseases. Therefore, for the rea-
sons outlined in the introduction, we explored the possible use
of violet diode lasers in cell-specific gene knockdown experi-
ments.

TRex willin-GFP-HEK cells were induced with 1 wg/ml
tetracycline to activate willin-GFP expression. After 24 h,
5 nM siRNA manufactured to recognize specifically the wil-
lin gene, was chemically transfected into these cells. Willin-
GFP protein levels were detected 24, 48, and 72 h after
siRNA treatment. Western blot analysis (Fig. 4) shows that
willin-GFP  expression is significantly reduced after
48 to 72 h of siRNA transfection. Actin was used as a loading
control and expression levels remain unchanged throughout
siRNA transfection. This, therefore, indicated that the siRNA
used were specific and effective in decreasing willin expres-
sion.

Therefore, for the photoporation experiments, 5 nM stock
of the siRNA duplexes with the Mito-DsRed-encoding plas-
mid was added to the transfection medium. Initially,
10 ug/ml of Mito-DsRed was also added to identify cells
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Fig. 4 Western blot analysis showing reduction of willin-GFP expres-
sion after 48 h of 5 nM siRNA chemical transfection. TRex willin-GFP
cells were induced with 1 ug/ml tetracycline to express willin-GFP
24 h prior to siRNA treatment. Western blots were probed with anti-
GFP and anti-actin, with the latter used as a loading control.

that had been successfully transfected. Cells were targeted
using a 3.4-mW laser power at the focus and a 1-s exposure
time. Control dishes included (1) cells with Mito-DsRed plas-
mid and the siRNA without laser treatment; (2) cells without
the Mito-DsRed plasmid but with siRNA without laser treat-
ment, and (3) cells without both the Mito-DsRed and siRNA
with laser treatment. Expression of willin-GFP was then in-
duced by the addition of tetracycline, and cells were moni-
tored for fluorescence over the next 2 days. For all control
dishes, spontaneous DNA transfection or knockdown was not
observed.

Figure 5 shows images of photoporated TRex willin-GFP-
HEK cells in the presence of the willin specific siRNA and the
Mito-DsRed plasmid. Figure 5(a) is a successfully transfected
TRex willin-GFP-HEK cell, as shown by the expression of
mitochondrial targeted red fluorescent protein captured using
the TRITC HYQ, Nikon Filter cube. Figure 5(b) is the same
field of view but under bright-field imaging. Figure 5(c)
shows the same cells, but imaged now using a FITC HYQ
Nikon filter cube. As indicated by the blue and red arrows are
cells that exhibit clear knocked down of willin-GFP expres-
sion, as indicated by the absence of green fluorescence. One
cell, indicated by the red arrow point, was also transfected
with the Mito-DsRed encoded plasmid. The laser’s specificity
of action is indicated by the fact that untreated cells have not
been knockdowned or transfected with Mito-DsRed, as ob-
served in all control dishes checked under a fluorescence
microscope and confirmed by Western blot analysis (data not
shown).

4 4

Fig. 5 Gene knockdown using a violet diode system. (a) A TRex-
willin-GFP-HEK cell fluorescing red due to the expression of the Mito-
DsRed and (b) under bright-field imaging; (c) fluorescence image of
the same field of view using a FITC HYQ. The Red arrow points to a
cell that has been cotransfected with Mito-DsRed and willin specific
siRNA. Blue arrows point to cells that have been transfected with
siRNA only. (Color online only.)
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3.4 Temperature Calculations at the Focal Volume

Based on previous reports using the cw violet laser for trans-
fection, it was conjectured that a melting of the phospholipid
bilayer occurs due to the direct absorption of the phenol red in
the medium, causing localized thermal effects on the irradi-
ated site.>'" To elucidate the mechanistic process of poration,
an estimate of the temperature at the beam focus was calcu-
lated based on modeling the phenol red as a sphere of radius
r immersed in a nonabsorbing medium. Since the absorption
and the consequential increase in temperature occur only in
close proximity to the focus, one can assume that the laser
energy is absorbed only by the phenol red sphere. The radius
r of the sphere can be made equivalent to the radius of the
beam spot given by r=0.61\/NA, where A=405 nm and
NA=1.2.

Since most of the incident power of the laser goes through
the sphere of radius r, we can assume that the substitution of
focused Gaussian beam with a plane wave of incident inten-
sity I=P/(mwr?) ~1X 109 W/m?, where P is the power of
the laser at the focal plane going through the geometrical
cross section of the sphere, will not introduce any significant
error to our estimate. The Mie scattering problem can be
solved for the phenol red sphere surrounded by the nonab-
sorbing medium. The imaginary part of the index of refraction
of the phenol red sphere was determined by the equation 7
=n[1+i(aN\/4mn)], based on the measured absorption coef-
ficient, @=0.6 cm™, noting that the change in the real part of
the index of refraction n is negligible. This yielded an expres-
sion for the index of refraction given by 7A=1.33+i(1.93
X 107°). The solution provides us the absorption cross section
o of the phenol red sphere, which is =2 X 107'8 m2. Hence,
the heat absorbed Q by the phenol red can be obtained, where
0=Ic~3X10"8 W.

Since, the cw irradiation used for the experiments lasts of
the order of milliseconds to seconds and the temperature
change saturates immediately after several microseconds, '
we modeled only the steady state temperature increase,
AT which is given by AT=(1/4m)(Q/kyr),'® where
ko=0.6 W/mK is the thermal conductivity of water. We as-
sumed the same thermal conductivity for phenol red. From
this, the calculated AT is 0.02 K.

4 Discussion

Femtosecond near-IR lasers are generally much more effec-
tive tools for cell nanosurgery compared to cw lasers due to
the mechanisms of their interaction with biological material. 12
However, since both work with a tightly focused laser beam
that is typically an order of magnitude smaller than the cell’s
diameter (~ 10 to 20 wm), they may both be suitable for
single-cell transfections studies. In particular, the violet diode
laser can be a compact and cost-effective biological transfec-
tion tool when compared to the use of a femtosecond pulsed
laser.

In contrast to previous work,*'® which reported small dark
circular spots on the cell that disappeared several minutes
after laser irradiation, these dark spots were not observed dur-
ing our experiments. More conclusively, these dark circular
spots repeatedly appear for cells irradiated with laser param-
eters beyond a therapeutic dosage. No visible reaction, hole,
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or cavitation bubble from the cell was observed using the
laser and exposure times described in this paper for successful
transfection. Whether DNA transfection necessitates a nano-
size hole is not yet confirmed, but the increase in membrane
permeability may be enough to allow a circular DNA plasmid
to enter through the cell membrane. Further studies will be
necessary to discover changes within the membrane structure
at the site of laser irradiation.

In this work, transient transfection as opposed to stable
transfection of CHO-K1 and HEK293 cells were achieved.
Selection of cells with integrated DNA in their nuclear ge-
nome using an antibiotic called G418 was still also possible
and thus enabled us to generate stable colonies from our tran-
siently transfected cell lines. However, the laser energy used
in this work was of the order of 2000 uJ, compared to only
12 uJ used by Paterson et al." Successful transient transfec-
tion using our cw focused 405-nm laser required an energy
density of 1.5 MJ/cm?, in close agreement with the energy
density reported using a focused 488-nm argon-ion laser
(~1MJ/cm?)."°

The cw cell poration was suggested to be mainly due to the
large temperature rise in the absorptive medium leading to
pore formation on the cell membrane™'® however, the tem-
perature calculation at the focus in the phenol red medium
reveals that the gradient temperature is very small ~0.02 °C.
Our experiments were performed at 25 °C. Hence, the calcu-
lated temperature change is insufficient to achieve the re-
ported temperatures of 42 to 45 °C, which are necessary for a
membrane phase transition,17 and is certainly well short of the
required temperature rise for microbubble formation.'? This
may imply that a photochemical reaction dominates during
irradiation by a focused 405-nm laser related to affecting
membrane integrity. Oxidative stress induced by the produc-
tion of reactive oxygen species (ROS) such as O3, OH*, and
H,0, radicals, is known to be elicited by the irradiation of
light at this wavelength region,lg’21 which may lead to subse-
quent lipid peroxidation, closely related to possible impair-

ment of the phospholipid bilayer.”> At the site of irradiation,
localized production of ROS may occur, leading to changes in
membrane permeability. The fact that oxidative stress may be
involved in this process would agree with our observations
that the addition of phenol red enhanced the overall transfec-
tion efficiency. Presumably, because it has been previously
shown that phenol red can protect against the harmful effects
of ROS™ but its presence in the medium will not inhibit the
localized ROS generated at the site of irradiation. Experi-
ments revealed that cell poration was dose dependent, varying
as a function of both exposure time and average power. Future
extensive experiments will be required to elucidate the exact
mechanism for poration events caused by violet diode laser
light.

Studies have shown that violet-blue light induces damage
through absorption by cellular endogenous photo-
sensitizers,ZI’24 which subsequently leads to adverse chemical
reactions. Possible cellular chromophores absorbing in the
violet-blue region include porphyrin ring structures and
flavins.'® In addition, Hockberger et al.”’ reported induced
damage by violet light (400 to 410 nm) from a xenon arc
mercury lamp on mammalian cells due to stimulated produc-
tion of H,O, by photoreduction of flavins and/or flavins con-
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taining oxidases located within the mitochondria and peroxi-
somes. ROS production was also equivalently observed using
near-IR femtosecond laser pulses, which they attribute to two-
photon absorption.25 Oxidative stress may lead to several
structural deformations such as fragmentation and condensa-
tion of nuclei, DNA strand breaks, and loss of membrane
protective functionality leading to cell apoptosis.”> Despite
this, we have shown that good viability ~90% can still be
obtained at optimal parameters with controlled power and ex-
posure time of the focused violet diode laser.

Successful gene knockdown was also achieved using the
violet diode laser. Interestingly, there were more occurrences
of gene knockdown with the siRNA than with DNA transfec-
tion, as shown in Fig. 5(c), where five cells (blue arrows) had
knockdown of willin-GFP expression but were not expressing
Mito-DsRed. It can be deduced that the efficiency for gene
knockdown will be higher compared to DNA transfection as
siRNA are much smaller compared to DNA plasmids [i.e.,
25 bp (base pairs) versus ~5000 to 6000 bp]. Assuming pas-
sive diffusion of DNA or siRNA from an extracellular me-
dium to cytosol during phototransfection, one could compare
the rate of diffusion of plasmid DNA and siRNA. The diffu-
sion coefficient could be obtained using the equation
D=(kT/6mmR;), where k is Boltzmann’s constant, 7 is the
viscosity of the medium, and 7 is the temperature in kelvin.?®
For siRNA, the Flory scaling law could apply, and the radius
of gyration Ry is given by R;=5.5N"3, where N is the num-
ber of base pairs.”’ Meanwhile, an estimated relation of Rg
based on N for supercoiled DNA plasmids has was derived by
Prazeres, where RG=0.402><N.28 Based on these relations,
we approximated that the 25-bp siRNA diffuses approxi-
mately 100X faster than a 5600-bp plasmid DNA, enabling
more siRNA molecules to diffuse into the irradiated site than
plasmid DNA.

In conclusion, transient transfection of mammalian cells
using a violet diode laser was demonstrated. Our studies pave
the way for a compact, miniature system utilizing low-power
diode systems for cell transfection, which would make it in-
expensive and accessible. We also showed that cell-specific
gene knockdown experiments are possible with photopora-
tion, opening up new vistas in cell biology. Notably, this is the
first technique that would enable the knockdown of a specific
gene in a specific cell while it is surrounded by other cells.
Such technology would be of particular interest to cell biolo-
gists exploring cellular behavior in multicellular tissue.
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