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Abstract

The signalling arising from tissue factor (TF) has been associated with cellular homeostasis as
well as haemostasis and, is particularly pertinent in carcinogenesis and cancer progression. The
formation of the TF-FVIla complex is known to activate protease activated receptor 2 (PAR2)
and initiates multiple signalling pathways which can determine the fate of the cell. Among
these mechanisms PI3K-Akt is known as a major promoter of cell survival and proliferation.
The regulation of Akt is mediated by PTEN, a tumour suppressor that negatively regulates the
PI3K-Akt pathway resulting in the loss of downstream proliferative and pro-survival
signalling. In this study, seven tumour cell lines from different tissues were activated with PAR
2-activating peptide (SLIGKV), or incubated with a range of concentrations of rec-TF (65-
1300 pg/ml). The outcome on the phosphorylation state and the lipid-phosphatase activity of
PTEN, and also Akt activity was assessed. Incubation of cells with rec-TF (65 pg/ml) resulted
in de-phosphorylation of PTEN in all the cell lines tested which was concurrent with increased
PTEN activity and reduced Akt activity. Moreover, activation of PAR2 reduced PTEN
phosphorylation and Akt activity in the majority, but not all of the cell lines tested. However,
prolonged exposure of cells to rec-TF over 5 days, resulted in decreased PTEN antigen levels
together with enhanced Akt activity and increased cell proliferation in the cell lines tested. To
explore the mechanism of regulation of PTEN by PAR2, the association of membrane-
associated guanylate kinase-with inverted configuration (MAGI)1-3 proteins with PTEN was
assessed by the proximity ligation assay (PLA) and co-IP. The interaction of PTEN with all
three MAGI proteins was reduced following PAR2 activation and explains the alterations in
PTEN activity and stability. The structure of MAGI proteins contains a guanylate kinase-like
(GK) domain, two WW domains and six PDZ domains. This structure allows MAGI to restrain
proteins at the cell junction, regulating the activity of the proteins and stabilising cell-cell

contacts. In the second part of the study, analysis of a motif within the cytoplasmic domain of



TF (ENSPL) indicated the possible interaction with MAGI proteins. PLA and co-IP studies
showed that TF may be restrained at the tight junctions through interaction with MAGI-1.
Interestingly the activation of PAR2 transiently dissociated TF from MAGI-1. By expressing
the individual PDZ domains as tagged-hybrid proteins, the first PDZ domain was identified to
be capable of binding TF and competing with MAGI-1. The expression of this hybrid protein
also resulted in augmented TF activity, similar to that following PAR2 activation. Analysis of
the interactions of the N-terminal region of MAGI-1 with or without PDZ1 further confirmed
the role of PDZ1 in the constrainment of TF and regulation of its procoagulant activity. In
conclusion, this study has demonstrated that PAR2 activation promotes increased PTEN
activity in the short term, allowing for the elimination of severely injured cells. However,
prolonged exposure TF reduces the cellular PTEN antigen levels allowing aberrant cell survival
and proliferation, through increased Akt activity. This study also demonstrated the interaction
of TF with the PDZ1 domain of MAGI-1, suggesting a mechanism for restraining cell-surface
TF from contact with the surrounding fluid, and may explain the regulation of both coagulation

and signalling mechanisms.
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Chapter 1

General introduction



1.1 Introduction

Following injury to vascular tissue, tissue factor (TF) is exposed to the blood and binds to
circulating FVIla which initiates the extrinsic pathway of coagulation to prevent excessive
blood loss. However, the formation of the TF-FVIla complex on the cell surface also induces
the signalling functions of TF through the activation of protease activated receptor (PAR2).
This results in the activation of several downstream signal transduction pathways involved in
inflammation, cell proliferation, migration and survival (Ruf et al 2011; Han et al 2014;
Rondon et al 2019). To prevent inappropriate coagulation, the activity of TF at the cell
surface is regulated through mechanisms known as the encryption and decryption of TF
(Chen et al 2006). Within the intravascular compartment TF is present on resting cells in the
encrypted form. However, damage in the endothelial barrier promotes the decryption of TF
into an active form (Chen and Hogg 2013). In addition, aberrant expression of TF has been
shown to cause an imbalance in the procoagulant activity of TF which has been associated
with pathological conditions such as thrombosis and cancer (Palta et al 2014). Therefore, the
regulation of TF activity is critical in the maintenance of the haemostatic balance within the
vasculature. As stated above, it has also been documented that several signalling pathways
are activated as a result of the formation of TF-FVIla-PAR2 complex on the cell surface (Ruf
2011). The activation of PI3K-Akt pathway is one of the principal pathways which are
induced from the TF-dependent mechanism and is well documented for conferring enhanced
cell survival and proliferation, as well as being involved in uncontrolled cell growth in
disease conditions (Arderiu et al 2012). This study investigates the mechanisms by which TF
induces cell proliferation particularly observed in cancer cells. Additionally, this study
attempts to identify a novel mechanism by which the encryption of TF activity may be

achieved on the cell membrane.



1.1.2 Tissue factor

The role of TF in blood coagulation is well established (Hoffman and Monroe 2001; Palta et
al 2014). In addition, it has been documented that TF has a non-haemostatic function in the
body such as vascular development during embryogenesis (Carmeliet et al 1996; Mackman
2004; Chu 2011). TF is also known as CD142, factor 11l and thromboplastin and is
predominantly expressed in extravascular tissues. Under physiological conditions, TF is
strictly expressed in subendothelial cells including fibroblasts, smooth muscle cells, epithelial
cells and pericytes but is absent from endothelial cells which are in direct contact with the
blood (Butenas 2012; Palta et al 2014). However, the strict regulation of TF expression is
often disrupted during inflammatory pathological conditions such as cardiovascular diseases
and cancer (Bluff et al 2008). In addition, several reports have documented the release of TF
as cell-derived microvesicles which are small cell-derived fragments that are enclosed by a
phospholipid bilayer derived from a number of cell types (Palta et al 2014). Circulating TF-
containing microvesicles are not normally detected within blood circulation (Breitenstein et
al 2009). However, cells can produce and release TF-expressing microvesicles following
trauma or injury (Yau et al 2015). Also, TF-expressing microvesicles can be detected in the
circulation during many pathological conditions and have also been linked with the increased
generation of thrombin and the activation of the coagulation system (Butenas et al 2009;

Thaler et al 2012; Geddings and Mackman 2013).

1.1.3 The role of TF in the initiation of the coagulation cascade

The coagulation system, together with the platelets, the vasculature and the fibrinolytic
system form the components of haemostasis. The coagulation mechanism is made up of three
pathways called the intrinsic pathway, the extrinsic pathway and the common pathway
(Figure 1.1). The extrinsic pathway is activated following damage and/or trauma to the

vascular tissue which results in the exposure of TF to the bloodstream. TF binds to the
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Figure 1.1 The cascade pathways of the coagulation mechanism. The coagulation mechanism
is composed of three separate pathways known as the intrinsic, extrinsic and common
pathways. Following injury, TF binds FV1la and subsequently activates the extrinsic pathway.
The exposure of FXlla to negatively charged surfaces initiates the intrinsic pathway which
subsequently triggers the activation of FXla and then FIXa. The common pathway is activated
by both extrinsic and intrinsic pathways which lead to the activation of FXa which activates
prothrombin to thrombin and ultimately results in the production of a fibrin clot (Adapted from
Heavner et al 2017).



circulating FVII promoting the formation of a complex and the activation of FVIla (Figure
1.1). It has been reported that once TF is exposed to the cell surface it adapts a curved-like
shape upon complex formation with FVIla which permits TF to undergo conformational
change at residues Lys165 and Lys166 which are required for the subsequent proteolytic
activation of FX and FIX (Ohkubo et al 2010; Grover and Mackman 2018; Ansari et al 2019).
The formation of TF-FVIla complex activates the zymogen FX to the active form FXa, as well
as FIX to the active form FIXa (Butenas 2012). FXa in turn catalyses the conversion of
prothrombin (FII) into thrombin (FIla). Thrombin converts fibrinogen into fibrin monomers
which aggregate and is further cross-linked by a transglutaminase, FXIlla to produce the fibrin
clot (Maly et al 2007). Thrombin also feeds back into the coagulation cascade and activates
coagulation factors V, VIII and XI to amplify clot generation. In particular, the activation of
FV to FVa by thrombin allows the binding of FVa to FXa creating the prothrombinase
complex. The formation of the prothrombinase complex accelerates the conversion of
prothrombin to thrombin on the surface of cells or platelets (Palta et al 2014). Thrombin also
acts as an agonist promoting the activation of platelets which leads to platelet aggregation. The
fibrin aggregates together with the adhered platelets to form a haemostatic plug to prevent
further loss of blood, and to preserves the vascular integrity (Mackman 2004). The intrinsic
pathway is initiated through the activation of FXII following contact between the blood and
the negatively charged surfaces, such as the sub-endothelial collagen or exposed on the plasma
membrane of activated platelets (Bendapudi et al 2016; Grover and Mackman 2019). FXlla
catalysis the activation of FXI to FXla which in turn activates FIX to FIXa. Activated FIXa
forms a complex with FVIlla promoting the activation of FXa. The intrinsic and common
pathways are linked to activate prothrombin (FII) to thrombin (Flla) which subsequently result

in the formation of fibrin clot (Mann et al 2006; Chu 2011).



1.1.4 The structure of TF protein

The TF gene is located at locus 1p22-23 on chromosome 1 (Mackman et al 1989). TF is a
transmembrane glycoprotein with a molecular mass of 47kDa. The protein consists of 263
amino acid and made up of three distinct domains (Figure 1.2). The extracellular domain (219
aa) is responsible for binding to FVIla which is essential for its procoagulant activity. This
domain contains 4 cysteine residues that form two disulphide bonds (Cys**-Cys®" and Cys!®-
Cys?%) which have been suggested to be essential for the regulation of TF activity (Schmidt
et al 2006). The transmembrane domain (23 aa) is essential for anchoring TF to the cell
membrane (Ohkubo et al 2010). The cytoplasmic domain (21 aa) does not influence the
procoagulant function but permits TF to act as a signalling protein (Mueller and Ruf 1998;
Dorfleutner and Ruf 2003). The cytoplasmic domain of TF contains three serine residues,
however only Ser253 and Ser258 have been reported to be phosphorylated (Mody and Carson
1997). It has been reported that Ser253 can be phosphorylated by protein kinase C (PKC)
(Dorfleutner and Ruf 2003; Maly et al 2007; Butenas 2012) while Ser258 phosphorylation is
mediated by p38a-MAPK (Ettelaie et al 2013). It has also been demonstrated that the
phosphorylation state of TF acts as a regulator for the release of TF as microvesicles (Collier
et al 2011), as well as being responsible for the signalling function of TF (Dorfleutner and

Ruf 2003; Versteeg et al 2004).

1.1.5 The role of TF as a signalling receptor

The first evidence for the signalling ability of TF was reported by Cunningham et al (1999)
who demonstrated that the binding of FVI1la to TF promoted the activation phospholipase C
pathway. Shortly afterwards, a study conducted by Camerer et al (2000) also demonstrated that

TF requires FV1la to promote the activation of protease activated receptor (PAR)1 and 2.
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Figure 1. 2 Schematic representation of the structural domains of TF. The structure of human
TF is made up of an extracellular domain (residues 1-219) which interacts with FVII. Within
the extracellular domain, there are four cysteine residues (shown in blue). The transmembrane
domain (residues 220-242) anchors TF to the cell surface. The cytoplasmic C-terminus
(residues 243-263) contains three serine residues Ser253, Ser258 and Ser263 but only Ser253
and Ser258 have been reported to become phosphorylated (Adapted from Chu 2011).



However, more recently PAR-independent signalling, arising from the interaction of TF with
cell-surface receptors has also been reported (Su et al 2007; Kocaturk and Versteeg 2013). In
order to discuss the nature and the outcome of the signalling mechanisms arising from the

interactions of TF, first the structure and function of PARs are outlined. The mechanisms and

outcomes of TF interactions during cancer are then elaborated further.

1.1.6 Protease-activated receptors (PARS)

Protease-activated receptors (PARS) are a sub-family of G-protein-coupled receptors (GPCRS)
that include four members PAR1, PAR2, PAR3 and PARA4. These receptors are expressed on
the surface of a number of cells including fibroblasts, myocytes, platelets, neutrophils,
macrophages, neurons, astrocytes, vascular and endothelial cells (Wojtukiewicz et al 2015).
The activation of PARs can be initiated by extracellular proteases through digestion of the
extracellular N-terminal loop of the receptor. This cleavage results in the exposure of the
peptide sequences at the N-terminal domain which serve as tethered ligands that folds back and
interact with the second extracellular domain on the receptors, resulting in receptor activation
(Holzhausen et al 2005; Heuberger and Schuepbach 2019). PARs may also be experimentally
activated using agonist peptides, synthesised to correspond to the six amino acids found in the
tethered N-terminal ligands (Cimmino and Cirillo 2018). Various proteases have been reported
to be responsible for the activation of PARs. The predominant activator of PAR1, PAR3 and
PAR4 is thrombin while PAR1 and PAR2 can be activated by trypsin, FVIla and FXa
(Mackman 2004). A recent report suggests that PAR2 can also be activated by thrombin
(Mihara et al 2016) while other studies discounted this possibility (Coughlin 1999; Camerer et
al 2000). As mentioned above, the formation of TF-FVIla or TF-FVIla-FXa complex at the
cell surface is capable of activating PAR2 (Mackman 2004; Hjortoe et al 2004; Schaffner et al
2010). The activated PAR2 can signal through B-arrestin or alternatively through heterotrimeric

G-proteins (Ga- or GBy-subunits) mediated signalling (Figure 1.3) (Rothmeier and Ruf 2012).
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Figure 1. 3 Cellular signalling mechanisms initiated by the TF-FVIla-PAR2 complex. The
inactive GDP-bound heterotrimeric G protein complex are firmly attached to the membrane
through the Ga-, GB- and Gy-subunits. Once the receptor is activated, it undergoes
conformational change allowing the receptor to function as a guanine nucleotide exchange
factor (GEF) that exchanges GDP to GTP. The GTP-bound Ga-subunit dissociates from the
GPy-dimer which activate various signalling pathways triggering a number of cellular
functions including cell proliferation, migration and survival.



Upon receptor stimulation, ligand-activated receptors catalyse the exchange of GDP for GTP
which disassociate the GTP-bound Go from the GBy-dimer (Arora et al 2006; Pawar et al
2019). The GTP-bound Ga-subunit and GBy-dimer remain anchored to the plasma membrane
where they initiate a number of different signalling mechanisms, but no longer bound to the
GPCR (Sidhu et al 2014; Zhao et al 2015). It has been documented that the activation of Gaq
following the digestion of PAR1 by thrombin leads to the activation of the ERK, JNK and p38
MAPK pathway. Also, PAR1-thrombin digestion causes the activation of Gal2/13 and
subsequently the activation of RhoA/Ras signalling. However, induction of PAR2 either by
trypsin or FVIla activates the Gy-dimer, resulting in the activation of PI3K pathway
(Marinissen and Gutkind 2001; Goldsmith and Dhanasekaran 2007). Importantly, the Gpy-
dimer has been reported to directly bind and recruit the p101/p110y-heterodimer protein of
PI3K class IB, to the inner cell membrane promoting its activation (Brock et al 2003; New et
al 2007). It has also been documented that the activation of p85/p110B-heterodimer of PI3K
class 1A is mediated by direct binding with GBy-dimer leading to Akt activation (Kurosu et al
1997; Goldsmith and Dhanasekaran 2007). It has been suggested that the activation of the
PI3K-Akt pathway can also be triggered directly, or indirectly through several Ga-subclasses
(New et al 2007). For example, by expressing mutationally activated forms of Gagq, Gai2, Gas,
and Ga12, Murga et al (1998) showed that expression of inactive mutants of either Gaq or Gai
in COS-7 kidney cell line resulted in decreased Akt activity. These findings indicate that Gogq
or Gai may directly control Akt activation. In addition, other studies have shown the ability of
Ga to activate PI3K-Akt pathway indirectly (Bajetto et al 2001). For example, it was reported
that activation of Ras by Ga12/13 allows the former to bind and recruit both the p110a and
pl10y catalytic subunits to the membrane, leading to PI3K activation (Castellano and

Downward 2011).
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1.1.7 Mechanisms and outcomes of TF signalling in cancer

The association between cancer and thrombosis was established in the early 1860’s when
Trousseau reported the presence of migratory blood clots in cancer patients (Ruf 2012; Han et
al 2014). Trousseau's syndrome describes a series of cancer-related coagulopathies which
include both venous and arterial thrombosis, as well as precipitation of disseminated
intravascular coagulation (Dammacco et al 2013; Ikushima et al 2016). It was suggested that
cancer-associated thrombosis can be driven by the activation of the coagulation pathway as
well as the signalling properties of TF mediated by either TF-containing microvesicles and/or
abnormal cell-surface expression of TF (Conde et al 2007). More recently, the consequences
of TF signalling associated with tumour progression and invasiveness have been of interest
(Jiang et al 2004; Ruf 2011; Sedda et al 2014). The activation of PAR2 is a major link between
TF-FVIla complex and alterations in a number of cellular functions including proliferation,
invasion, migration and angiogenesis (Morris et al 2006; Schaffner and Ruf 2009; Dutra-
Oliveira et al 2012; Aberg and Siegbahn 2013). It has been documented that PAR2 activation
may promote angiogenesis by vascular cells, through enhancing the expression of vascular
endothelial growth factor (VEGF) (Fernandez and Rickles 2002.) In support of this finding, a
study conducted by Liu and Mueller (2006) reported that the activation of PAR2 induced the
expression of VEGF in breast and glioblastoma cancer cells. This upregulation in VEGF
expression was suggested to be regulated through the activation of ERK1/2 MAPK which also
leads to increased rates of cells proliferation in many types of cancers (Dutra-Oliveira et al
2012). Other studies have also implicated signalling by the TF-FVI1la-PAR2 complex in cancer
cell survival (Han et al 2014). For example, TF-mediated signalling enhanced the cell survival
in breast (Sorensen et al 2003) and prostate (Aberg and Siegbahn 2013) cancer cells, through
the inhibition of caspase-3 mediated and the activation of both PI3K-Akt and p44/42 MAPK

pathways (Ruf 2012). Finally, the signalling arising from TF has been documented to promote
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cancer cell migration and metastasis (Han et al 2014). This link between TF signalling and
cancer cell migration was demonstrated by Hjortoe et al (2004) who showed that the activation
of PAR2 by TF-FVIla complex resulted in the upregulation of the expression of chemokines
including interleukin-8, (IL-8) in MDA-MD-231 breast cancer cells. The increase in IL-8
expression resulted in enhanced cell invasion and migration when analysed by transwell cell
migration and Matrigel invasion assays (Jiang et al 2004). As stated above, MAPK and the
PI3K-Akt pathways are the two major signalling pathways which mediate diverse cellular
functions in cells (Lee et al 2006). The MAPK pathway can be regulated by various
phosphatases (Jiang et al 2018). However, the PI3K-Akt pathway is mainly regulated by the
lipid phosphatase PTEN (Milella et al 2015) and the mechanisms of PTEN function, regulation

and signalling are discussed below.

1.2 PTEN

Phosphatase and tensin homolog on chromosome 10 (PTEN) is a protein- and lipid-
phosphatase which acts as one of the key regulators of the PI3K-Akt pathway and has been
identified as a tumour suppressor (Milella et al 2015). PTEN is ubiquitously expressed in
normal tissue but its aberrant expression has been associated with a number of cancers (Song
et al 2012). PTEN is located on chromosome 10g23.3 and encodes a 55 kDa protein. This
region of chromosome 10 is known to be highly susceptible to mutations and deletions in
advanced tumours leading to mutational inactivation and/or loss of PTEN (Feilotter et al 1999;

Verhagen et al 2006; Lee et al 2014).

1.2.1 Structure of PTEN protein

PTEN is a member of the protein tyrosine phosphatase (PTPs) family and is made up of 403-
amino acids (Kolmodin and Aqvist 2001). Structurally, PTEN consists of an N-terminal region
and a C-terminal region (Figure 1.4) which have both been associated with membrane binding
(Molinari and Frattini 2013). The N-terminal region (also known as tyrosine phosphatase
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Figure 1. 4 Schematic representation of PTEN protein. The structure of PTEN comprises of the
N-terminal region (1-185 aa) which includes PIP2- binding domain (PBD) and the dual protein
and lipid-phosphatase domains. The C-terminal region (186-403 aa) contains the C2 domain
and the C-tail domain. Within the C-tail there is a PDZ-binding domain, which has been shown
to bind other PDZ-containing proteins, and two PEST domains, which are important for PTEN
stability (Adapted from Yehia and Eng 2018).
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domain) consists of the PIP2/lipid domain binding (PDB) and the dual-specificity phosphatase
domain (1-185 aa). The PDB region regulates PTEN membrane localisation by enabling PTEN
to anchor to the plasma membrane which is essential for its lipid phosphatase activity (Andres-
Pons et al 2007; Gil et al 2015). The C-terminal region of PTEN contains the C2 domain (186-
351 aa) and the C-terminal tail (354- 403 aa). The conservation domain 2 in calcium activated
protein kinase C (C2) domain plays an important role in maintaining the function of PTEN by
regulating PTEN enzymatic activity (e.g., phosphorylation, ubiquitination and SUMOylation)
(Molinari and Frattini 2013; Hopkins et al 2014). The C-terminal tail contains a PDZ binding
domain that binds PDZ-containing proteins and is important for PTEN stability (Vazquez et al
2000; Das et al 2003) and membrane localisation (Hopkins et al 2014). PTEN also contains
two PEST domains sequences rich in proline (P), glutamate (E), serine (S), and threonine (T)
residues which have been reported to enhance PTEN protein stability (Tolkacheva et al 2001,

Trotman et al 2007).

1.2.2 Association of PTEN with the phospholipid membrane

In order for PTEN to function as a tumour suppressor, it must bind to the membrane to exert
its negative regulatory effects on the PI3K-Akt pathway (see below). This multi-step process
is achieved by the activation of several molecules and proteins, leading to the de-
phosphorylation of phosphatidylinositol P1(3,4,5)P3 to PI(4,5)P2 (Maehama and Dixon 1998;
Zhang et al 2012). Phosphatidylinositols (PtdIns) are a group of phospholipids which are
composed of an inositol ring (carbocyclic sugar) and two fatty acid chains connected by a
glycerol backbone (Harayama and Riezman 2018). Ptdins are negatively charged and can be
phosphorylated by lipid kinases at the OH group positioned on the 3’-,4’- and 5’ of the inositol
ring where it serves as a substrate for producing different phosphoinositides (Auger et al 1989;
Falkenburger et al 2010; Yang et al 2018). The phosphoinositides (PIs) can be divided into

three groups (Figure 1.5): the monophosphates also known as (P1) which contain PI3P,
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Figure 1. 5 The structure of phosphoinositides. Phosphoinositides consist of an inositol ring
and two fatty acid chains connected by a glycerol backbone. Hydroxyl groups located at
positions 3, 4 and 5 of the inositol head group which can be phosphorylated by lipid kinases.
Two of the most studied PIPs are PIP2 and PIP3 which are regulated by PI3K and PTEN

(Adapted from McDaniel 2007).
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PI14P, and PI5P and has been reported to localised in the Golgi apparatus, the nucleus but mostly
at the plasma membrane (Nunes and Guittard 2013). The diphosphates P1(3,4)P2, PI(3,5)P2
and PI1(4,5)P2 also known as (PIP2) and the triphosphates PI1(3,4,5)P3 also known as (PIP3)
are primarily localised at the plasma membrane and regulated by PTEN and PI3K. They can
also be localised in the Golgi complex, endoplasmic reticulum and mitochondria (Castellano
and Downward 2011; Porta et al 2014). The phosphoinositides regulate different cellular events
such as cell migration, adhesion and membrane trafficking through direct interaction with
membrane proteins such as: (GPCRs), G-protein coupled receptors and (RTKSs) receptor

tyrosine kinases (Balla 2013; Hammond and Balla 2015).

1.2.3 PTEN activation

It has been well documented that PTEN phosphorylation at Ser380, Thr382, Thr383 and
Thr385 alters the stability of PTEN and contribute to the loss of its lipid-phosphatase activity
(Vanhaesebroeck et al 2010; Milella et al 2015; Manning and Toker 2017). In the cytoplasm,
phosphorylated PTEN exists in a closed conformation by intramolecular interaction between
the C-terminal tail and the C2 domain (Ross and Gericke 2009). The phosphorylation of
Ser380, Thr382, Thr383 and Thr385 within the C-terminal tail are required for the
intramolecular interaction with Lys260, Lys263, Lys266, Lys267 and Lys269 found in the
CBRIII loop within the C2 domain of PTEN (Odriozola et al 2007; Rahdar et al 2009; Hopkins
et al 2014; Dempsey and Cole 2018). A recent study by Chen et al (2016) reported that PTEN
needs to be phosphorylated in at least 3 of the 4 residues to adapt the closed conformation
(Figure 1.6). Phosphorylated PTEN remains inactive but stable. PTEN can be mono-
ubiquitinated and poly-ubiquitinated by the same ubiquitin ligase NEDD4, an E3 ubiquitin

ligase enzyme that targets proteins for ubiquitination. Phosphorylated PTEN can become
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Figure 1. 6 The activation mechanism of PTEN. A) Phosphorylation of PTEN induces
conformational change allowing the C-terminal tail to fold onto the C2 domain, restricting its
membrane recruitment. PTEN remains stable in the cytoplasm by masking the ubiquitination
sites which increases the half-life of PTEN protein within the cell. B) Activation of PI3K and/or
accumulation of PIP3 allows PTEN to auto-phosphorylate itself and bind to the membrane. C)
Once PTEN binds to the membrane through its C2 and lipid-binding domain/motif, it de-
phosphorylates PIP3 to PIP2 thus inhibiting the PI3K-Akt signalling pathway. D) PTEN
dissociates from the membrane where it can be mono-ubiquitinated by NEDD4 or poly-
ubiquitinated and undergo proteasomal degradation (Adapted and modified from Malaney et
al 2013).
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mono-ubiquitinated and transported to the nucleus where the ubiquitin moiety is removed by
an unknown deubiquitinase (Trotman et al 2007). Alternatively, PTEN can be poly-
ubiquitinated and undergo ubiquitin-dependent degradation possibly through the C-terminal
PEST domain (Georgescu et al 1999; Zhang et al 2012). It has been suggested that the
accumulation of PIP3 at the inner site of the membrane triggers the auto-de-phosphorylation
of PTEN at Thr366 through its protein-phosphatase activity thereby inducing the activation of
PTEN (Das et al 2003; Zhang et al 2012; Tibarewal et al 2012; Papa and Pandolfi 2019). Once
PTEN is de-phosphorylated, the C-terminal domain of PTEN acts as an electrostatic switch,
which controls membrane binding, therefore allowing PTEN to adapt an open conformation
(Das et al 2003) and bind to the membrane (Platre and Jaillais 2017). Once PTEN is recruited
to the membrane, the C2 domain then binds the phosphatidylserines in the inner membrane
which permits the lipid-binding domain within the N-terminal to bind to the negatively charged
anionic lipids in the inner membrane. This binding induces a conformational change that
activates the PTEN phosphatase domain which subsequently results in full PTEN activation

and de-phosphorylation of PIP3 to PIP2 (Zhang et al 2012; Milella et al 2015).

1.2.4 The association of PTEN with the PI3K-Akt pathway

1.2.4.1 The PI3K-Akt pathway

Phosphatidylinositol 3-kinases (PI3Ks) belong to a lipid kinase family characterised by their
ability to phosphorylate the inositol ring positioned on the 3" OH group. There are three classes
of PI3K: class-1 is the only class which has been documented to phosphorylate PIP2 to PIP3
and mediate the activation of Akt (Figure 1.7). Class Il and class Il can phosphorylate Ptdins
to monophosphates PtdIns3P (PI3P) while class Il can only phosphorylate monophosphates
(P14P) to diphosphates (PIP2) (Mazloumi Gavgani et al 2018). Class-IA PI3Ks can be

subdivided into sub-class IA and sub-class IB. Sub-class IA can be activated by receptor
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Figure 1. 7 The PI3K-Akt signalling pathway. Class IA PI3K comprises of three different
catalytic isoforms (p110a,B,0) and associates with p85 regulatory submit while class IB
contains the p110y-p101 subunit. The stimulation of GPCRs allow p101 to unmasks the GBy
binding site in the catalytic subunit p110y thereby allowing the interactions between Gy and
p110y. The stimulation of RTKSs induces the activation of PI3K by recruiting the p110-p85
complex to the membrane. The regulatory p85 subunit loses its inhibitory effects on the
catalytic activity of p110, thereby phosphorylating PIP2 to PIP3. PIP3 recruits PH-domain
containing proteins (e.g., Akt, PDK1, mTORC) to the membrane. Akt becomes fully active
when phosphorylated at Thr308 and Ser473 by PDK1 and mTORC2, respectively. The
activation of Akt either induces phosphorylation of pro-survival and anti-apoptotic proteins
(e.g., CREB, Bcl-XL) or inhibit phosphorylation of pro-apoptotic proteins (e.g., BAD, caspase-
9) (Adapted from Mazloumi Gavgani et al 2018).
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tyrosine kinases (RTKs) and is composed of a catalytic (pl110a,B,8) and regulatory (p85)
subunits (Manning and Toker 2017; Nlrnberg and Beer-Hammer 2019). Upon activation of
RTKs by growth factor engagement (Figure 1.7), the tyrosine residues within the RTKs are
phosphorylated. The Src homology 2 (SH2) domain within the p85 regulatory subunit binds to
the phosphorylated tyrosine residues on the activated receptor and triggers the recruitment of
the p85-p110 heterodimer to the membrane. The regulatory p85 subunits inhibit the p110
catalytic subunits through the SH2 domains (Bresnick and Backer 2019). These inhibitory
interactions are disrupted when tyrosine-phosphorylated proteins bind to the SH2 domain
causing the p85 subunit to lose its restricting influence on the catalytic activity of p110,
permitting the phosphorylation of PIP2 to PIP3 (Porta et al 2014; Mazloumi Gavgani et al
2018). The sub-class IB enzymes can be activated by G-protein coupled receptors and contains
a catalytic subunit (p110y) and a regulatory subunit (p101 or p84/p87) (Thorpe et al 2015;
Nirnberg and Beer-Hammer 2019). The activation of GPCRs by a ligand (e.g., growth factors
or hormones) causes the direct activation of the catalytic subunit (p110y) through G-protein By
dimers (Liu et al 2009; Castellano and Downward 2011). The activation of either p110 or
p110y/p101 subunits allows the phosphorylation of PIP2 to PIP3 on the inner side of the plasma
membrane (Figure 1.7). It has been documented that the pleckstrin homology (PH) domain of
Akt has a high affinity for PIP3. Therefore, the phosphorylation of PIP2 to PIP3 promotes a
conformational change within the PH domain of Akt, thus exposing its two main
phosphorylation sites Thr308 and Ser473 (Vanhaesebroeck et al 2010). Akt also known as
protein kinase B (PKB), is a serine/threonine kinase which plays an important role in activating
multiple signalling mechanisms implicated in cell growth, survival, and apoptosis (Fresno Vara
et al 2004). Akt is then recruited to the membrane via its PH domain. Phosphoinositide-
dependent kinase 1 (PDK1) protein phosphorylates Akt at Thr308 residue and mechanistic

target of rapamycin complex 2 (mTORC2) can also activate Akt at Ser473 which is required
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for maximal Akt activation. Once Akt is activated, it triggers a diverse downstream signalling
cascade which influences cell proliferation, migration and survival (Swat et al 2006; Akinleye

et al 2013).

1.2.5 The regulation of PTEN activity

Many post-translational modifications including ubiquitination, acetylation, phosphorylation
and oxidation have been reported to influence the activity of PTEN (Bermudez Brito et al
2015). Moreover, the association of PTEN with the membrane through its interaction with
several PDZ-containing proteins has been documented to enhance the stability, membrane
localisation and the activity of PTEN (Bononi and Pinton 2015; Yang et al 2015). In particular,
the role of membrane associated guanylate kinase with the inverted arrangements (MAGI)
proteins in regulating the function and stability of PTEN has been highlighted as important

(Hopkins et al 2014), thus the interaction of PTEN with MAGI proteins is discussed below.

1.3 Membrane-associated guanylate kinase with inverted orientation (MAGI)

MAGI proteins belong to the membrane-associated guanylate kinases (MAGUKS) family, a
group of cell junction proteins which have been associated with the regulation of intercellular
communication, signalling, cell polarity as well as synapse formation (Zhu et al 2011). MAGI
proteins differ structurally from other MAGUK proteins (Figure 1.8) by having most of their
PDZ domains located after the GK domain while most MAGUK proteins have their PDZ
domains located at the N-terminal of the SH3-GK domain (Gonzélez-Mariscal et al 2000).
MAGI proteins have been reported to regulate cell adhesion by the assembly of multiprotein
complexes at cell-cell contact and tight junctions (Padash Barmchi et al 2016; Bhat et al 2019).
MAGI proteins are widely expressed in different tissues and are comprised of four members:
MAGI-1, MAGI-2, MAGI-3, and MAGI-X. MAGI proteins are large adaptor proteins with a
structure (Figure 1.8) that is characterised by a guanylate kinase (GUK) domain, two WW
domains and six PDZ domains (Hammad et al 2016). These domains can form large protein

21



A)
P 2 D 2 s 3wl GKn

B)

0zm GK_ i e 2 7m0 2

Figure 1. 8 Schematic representation of the structural domains of MAGI proteins. A) All
MAGUK classes share the same domain architectures containing PDZ domains, followed by
SH3 domain and GK domain. B) All members of the MAGI family share the same building
structure with a PDZ domain at its N-terminus followed by guanylate kinase-homology (GuK)
domain, 2 WW domains (instead of the SH3 domain), followed by 5 PDZ domains (Adapted
from Zhu et al 2011).
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complexes and bind to different proteins simultaneously by interacting and recruiting proteins
at cell-cell junctions in endothelial and epithelial cells (Gregorc et al 2012; Padash Barmchi et

al 2016).

1.3.1 The role of MAGIs in the regulation of PTEN

The interaction of the 2" PDZ domain (PDZ domain number 3 in Figure 1.8) of MAGI proteins
with the PDZ domain within the C-terminal of PTEN has been documented previously
(Mosessian and Wu 2010; Matsuda and Kitagishi 2013). Moreover, a number of studies have
identified MAGI proteins as tumour suppressors due to their role in regulating PTEN activity

(Feng et al 2014).
1.3.1.1 MAGI-1

MAGI-1, also known as BAP-1 (brain-specific angiogenesis inhibitor associated protein-1) is
located on chromosome 3p14.1 and encodes a 164.5 kDa protein. MAGI-1 contains three splice
variants, MAGI-1-a, MAGI-1-b, and MAGI-1-c, which are expressed in different tissues
(Dobrosotskaya et al 1997; Nagashima et al 2015). A study by Kotelevets et al (2005) showed
that MAGI-1 interacts and recruits PTEN and B-catenin, an adhesion protein, to the membrane
through its the second and the fifth PDZ domain, respectively. The formation of MAGI-1-
PTEN-B-catenin complex at the membrane of kidney cells resulted in enhanced stabilisation of
cell-cell junctions which was medicated by p-catenin. The MAGI-1/PTEN/B-catenin complex
was also shown to influence cell invasiveness in kidney MDCKTts-Src cells [Src mutated
temperature-sensitive cells which adapt an invasive phenotype and lose cell-cell contacts at a
specific temperature (Behrens et al 1993)]. The reduction in Src-induced invasiveness was
mediated by PTEN through downregulation of Akt. This suggests that MAGI-1 may act as a
cytoplasmic scaffolding protein by recruiting different proteins through its domains

(Kotelevets et al 2005). Furthermore, transfection of HepG2 liver cancer cell line with MAGI-
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1 cDNA resulted in enhanced reduction in cell migration and invasion through the upregulation
of PTEN activity compared to non-transfected HepG2 cells. Therefore, it has been suggested
that MAGI-1 interacts and regulates the function and activity of PTEN (Zhang and Wang

2011).

1.3.1.2 MAGI-2

MAGI-2, also known as S-SCAM (synaptic scaffolding molecule) is located on chromosome
7921 and has two isoforms. MAGI-2 is identified as a neural isoform because it is mainly
expressed in the brain and interacts with and assembles different cell adhesion proteins at
synaptic junctions (Nagashima et al 2015). A study by Wu et al (2000) reported the interaction
of MAGI-2 with PTEN enhanced PTEN stability and therefore increased its lipid-phosphatase
activity. Moreover, it has also been documented that MAGI-2 recruits PTEN to the membrane
which enhances the signalling properties of PTEN at the cell membrane (Tolkacheva et al
2001). Also, it has been shown that siRNA targeting PTEN resulted in Akt-dependent
proliferation and migration of liver cancer cells (Hu et al 2007). However, the co-expression
of MAGI-2 and PTEN has enhanced PTEN stability as well as inhibition of migration and

proliferation of liver tumour cell through the suppression of PI3K-Akt pathway (Hu et al 2007).

1.3.1.3 MAGI-3

MAGI-3 is located on chromosome 1pl13.2 and is widely expressed in various tissues
(Adamsky et al 2003). MAGI-3, like MAGI-2, has also been documented to interact with
PTEN and enhance the function and stability of PTEN (Wu et al 2000). For example, it was
shown that MAGI-3 enhances the function of PTEN in glioma cells. This in turn modulates the
signalling of PI3K/Akt thereby inhibiting the proliferation of these cells (Ma et al 2015). In a
separate study, the inhibition of MAGI-3 resulted in a reduction of PTEN stability which

promoted intestinal inflammation through the activation of PI3K-Akt pathway (Norén et al
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2017). Therefore, it has been suggested that the expression of MAGI-3 and the subsequent

upregulation of PTEN can modulate the progression of inflammatory bowel disease.

1.4 Aims

The role of TF in tissue haemostasis is well established. There is growing evidence that
associates the signalling properties of TF with cellular homeostasis as well as carcinogenesis
and cancer progression. The activation of PI3K-Akt pathway by TF-FVIla-PAR2 complex was
shown to influence various cellular functions under both physiological and pathological
conditions. Since PTEN is the main regulator of the PI3K-Akt pathway, the first part of the
study aimed to examine the mechanisms by which TF may influence the function of PTEN. In
addition to its signalling properties, the cytoplasmic domain of TF contains a short sequence
motif (ENSPL) which has been shown to interact with other proteins and subsequently regulate
TF activity. Therefore, this study has also hypothesised that TF activity might be regulated
through interactions with MAGI proteins. This interaction is envisaged to be mediated through
the cytoplasmic domain of TF and a PDZ domain within MAGI. To examine these hypotheses,

the objectives were planned as follows.

. To investigate the short-term influence of TF as well as the activation of cells by PAR2
across a panel of cancer cell lines, on the phosphorylation state of PTEN and the activities of

both PTEN and Akt.

. To examine the influence of prolonged exposure of cells to TF, on PTEN antigen levels,

Akt activity and the rate of cell proliferation.

. To examine the influence of PAR2 activation on the association between PTEN and

MAGI proteins.

. To examine the cellular localisation and interaction of TF with MAGI proteins.
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. To examine the regulation of TF activity by MAGI-1, and identify the interacting

domains.

. To examine the influence of PAR?2 activation on the interaction between TF and MAGI

and the regulation of TF activity.
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Chapter 2

Materials and methods
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2.1 Materials

Abcam, Cambridge, UK

Human PTEN ELISA Kit

Donkey anti-goat 1gG alkaline phosphatase antibody
ATCC, Teddington, UK

MDA-MB-231, MCF-7, T-47D, Caco-2, LoVo, AsPC-1, PANC-1 cell lines
Addgene, Watertown, USA

FLAG-HA-pcDNA3.1- plasmid

pDONR223-MAGI1 plasmid

Bio-Rad, Hemel Hempstead, UK

Mini Trans-Blot cell blotting system

Biomatik, Ontario, Canada

Synthesised biotinylated peptides form of TF cytoplasmic domain
BMG lab Tech, Offenburg, Germany

POLAR star OPTIMA Plate reader

Beckman Coulter, High Wycombe, UK

1.5 ml ultracentrifuge tube

TL-100 Ultracentrifuge

Creative-diagnostics, New York, USA

Mouse anti-MAGI2 monoclonal antibody (7G6)

Dade Behring, Liederbach, Germany

Innovin recombinant human tissue factor reagent (10X)
Echelon Biosciences Inc, Salt Lake City, USA

PTEN Activity ELISA
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Enzo Life Sciences Inc, Exeter, UK

PKB (Akt) Kinase Activity ELISA Kit
Eurofin-MWG, Wolverhampton, UK
DNA sequencing

Fisher scientific, Loughborough, UK
Glycine, NaCl, Tris basePhosphate buffered saline (PBS) buffer solution, pH 7.4
Flowgen Bioscience, Nottingham, UK
ProtoFlowGel (acrylamide: bisacrylamide)
ProtoFlowGel resolving buffer
ProtoFlowGel staking buffer

Geneflow, Lichfield, UK

TransIT-2020

Tris-Borate-EDTA Buffer (10 X)

Greiner bio-one, Stonehouse, UK

6-well, 12-well and 24-well culture plates
T25 and T75 tissue culture flasks
http://imagej.nih.gov/ij/

ImageJ program

Insight Biotechnology Limited, Wembley, UK
Rabbit polyclonal anti-MAGI2 antibody
InVitro Scientific/Cellvis, Sunnyvale, USA
29 mm-glass based p-dishes

Lonza, Basel, Switzerland

DMEM medium (4.5 g/L Glucose, with L-Glutamine)
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EMEM medium (with L- Glutamine)

RPMI-1640 medium (with L- Glutamine)

Ham's F-12 (F-12K) medium

Merck-Millipore, Watford, UK

Pureproteome protein A-magnetic beads

Miltenyi Biotec, Woking, UK

FITC-conjugated anti-TF monoclonal antibody (HTF1-FITC)
New England Biolabs/ Cell signalling technologies, Hitchin, UK
PTEN polyclonal rabbit antibody

Phospho-PTEN (Ser380/Thr382/383) polyclonal rabbit antibody
Rabbit anti-HA tag antibody (C29F4)

Control rabbit 1gG antibody

Control mouse 1gG antibody

Monarch® Plasmid Miniprep Kit

Monarch® PCR & DNA Cleanup Kit

Quick dephosphorylation kit

BamHI restriction enzyme

HindlIlI restriction enzyme

Notl restriction enzyme

EcoRl restriction enzyme

Quick load purple DNA ladder 1kb

Quick load purple DNA ladder 100 bp

Promega Corporation, Southampton, UK

Cell lysis reagent (5X)
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Western Blue stabilised substrate for alkaline phosphatase
Midipreps DNA purification kit

R&D Systems/Novus, Abingdon, UK

Rabbit polyclonal anti-MAGI3 antibody

Monoclonal mouse anti-PTEN I1gG antibody (217702)
Goat polyclonal anti-human JAM-A antibody
Sigma-Aldrich, Poole, UK

Ammonium persulfate

Antibiotic antimycotic solution (Penicillin — Streptomycin — Neomycin Solution) (100X)
37% Formaldehyde solution

Triton-X-100

Duolink® PLA kit

Mouse monoclonal Anti-FLAG M2 antibody

Bovine serum albmin (BSA), lyophilized powder
Bradford reagent

4’ 6-Diamidino-2-phenylindole dihydrochloride (DAPI)
Laemmli’s lysis-buffer (2X)
N,N,N’,N’-tetramethylethylenediamine (TEMED)
PAR2-Agonist Peptide

Trypsin

Tween-20

Crystal violet solution (1%)

Sodium dodecyl sulfate (SDS)

Santa Cruz Biotechnology, Heidelberg, Germany

31



Rabbit anti-MAGI1 1gG antibody (H-70)

Rabbit anti-human GAPDH polyclonal antibody (V-18)
Rabbit anti-TF polyclonal antibody (FL295)

Mouse anti-MAGI1 antibody (SS-5).

Goat anti-rabbit alkaline phosphatase-conjugated antibody
Goat anti-mouse alkaline phosphatase-conjugated antibody
Goat anti-mouse horseradish peroxidase-conjugated antibody
Goat anti-rabbit horseradish peroxidase-conjugated antibody
Scientific Laboratory Supplies Ltd, Hessle, UK

CO:z incubator

SPSS Inc. Chicago, USA

Statistical Package for the Social Sciences

Thermo Fisher Scientific, Paisley, UK

Donkey anti-goat 1gG-Alexa Fluor 594 antibody

Goat anti-rabbit IgG-Alexa Fluor 594 antibody

Foetal bovine serum (FBS)

Trypan blue solution dye

Thermo Scientific/eBioscience, Warrington, UK

Mouse anti-TF monoclonal antibody (HTF1)
NeutrAvidin-coated 96-well plates

SYBR™ Green I Nucleic Acid Gel Stain

PageRuler™ Plus Prestained Protein Ladder (10-260 kDa)
TCS Cellworks, Claydon, UK

DMSO Freeze medium (2X)
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Yorkshire Bioscience, York, UK

DNA loading buffer (5X)

2.2 Methods

2.2.1 Cell culture

The culture of human cancer cell lines was carried out in class Il laminar flow biosafety cabinet.
Cancer cells from three different tissues were used in the first part of the investigation: breast
cancer cell lines (MDA-MB-231, MCF-7 and T-47D), colorectal cancer cell lines (Caco-2 and
LoVo) and pancreatic cancer cell lines (PANC-1 and AsPC-1). Prior to cell culture, all media
and reagents were warmed in a water bath for approximately 30 min at 37°C. The safety cabinet
including pipettes, medium bottles, tubes, flasks were sprayed with 70% (v/v) ethanol to
sterilise the cabinet and plasticware. The cells were cultured in T75 flasks as follows: MDA-
MB-231, Caco-2 and PANC-1 cells were cultured in DMEM (4.5 g/L Glucose, with L-
Glutamine) medium. MCF-7 cells were cultured in EMEM (with L- Glutamine) medium.
AsPC-1 and T-47D cells were cultured in RPMI-1640 (with L- Glutamine) medium. In
addition, LoVo cells were cultured in Ham’s F-12K (with L- Glutamine) medium. All media
were supplemented with 10% (v/v) FBS and the cells were cultured in a humified incubator
under 5% COz atmosphere at 37°C. The media were changed every 2-3 days until the cells had

reached 85-90% confluency.

2.2.2 Harvesting, subculturing and counting of cells

Once the cells had reached 85-90% confluency, the medium was removed and the cells were
washed twice with pre-warmed sterile PBS (5 ml) to remove any traces of FBS. The cells were
incubated with 3 ml of pre-warmed trypsin and placed in the incubator for 5 min to allow

detachment of the cells. The flask was gently tapped and the appropriate complete medium (5
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ml) was added into the detached cells to inactivate the excess trypsin. The cell suspension was
then transferred into a fresh 15 ml sterile polypropylene tube and centrifuged at 2,400 g for 5
min. The supernatant was discarded carefully and the pellet was re-suspended in the
appropriate fresh medium (2 ml). To count the cells, a haemocytometer was used to determine
cell density by loading 10 pl of cell suspension mixed with 10 ul of 0.4% (v/v) Trypan blue
solution between the haemocytometer and the coverslip. The cell density was determined as

follows;

The total cell number = [number of cells counted per square (mm?) x the dilution volume x
10]. Aliquots of the cells were either used for cryopreservation, further cell culture or in

experiments.

2.2.3 Cryopreservation and cell recovery

The pelleted cells were re-suspended and thoroughly mixed with 2 ml of pre-warmed dimethyl
sulfoxide (DMSO) freezing medium. The cells (2 x 10%ml) were transferred into labelled
cryovials and placed in a freezing container filled with 100% (v/v) isopropanol. The container
was placed at -70°C overnight to allow the gradual decrease in temperature which, together
with DMSO, helps preserve the integrity of the cells. On the following day, the cryovials were
transferred into liquid nitrogen, for long-term storage. To start a new batch of frozen cells,
cryovials containing the cells were thawed for 1-2 min at 37°C and immediately transferred

into a T75 flask containing the appropriate pre-warmed complete medium.

2.2.4 Activation of cells with rec-TF or PAR2-AP

The cells were seeded out in plates (e.g., 6 or 12-well plates) at different volumes depending
on the experiment and cultured in the appropriate complete medium overnight. Prior to
activation, the medium was removed and the cells were incubated for 60 min with fresh

complete medium. The cells were then activated by the addition of rec-TF (0-1300 pg/ml) and
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incubated at intervals for up to 120 min. To activate the cells with PAR2, the medium was
removed and the cells were washed twice with pre-warmed PBS. The cells were incubated with
serum free medium for 60 min and then activated by the addition of PAR2-agonist peptide
(PAR2-AP) (SLIGKV-NH; 20 uM) and incubated for up to 40 min. The medium was removed
at intervals and the cells were washed twice with PBS. For western blot analysis, the cells were
lysed in 2X Laemmli’s buffer (0.125 M Tris-HCI, pH 6.8, 4% (w/v) SDS, 20% (w/v) glycerol,
10% (w/v) 2-mercaptoethanol, 0.004% (w/v) bromophenol blue) diluted 1:1 in dH20O. The cell
lysates were transferred into fresh 1.5 ml polyproptubes and heated for 10 min at 100 °C to

denature the proteins. The samples were stored at -20 °C for further analysis.

For ELISA-based procedures, the cells were washed twice with PBS and then lysed in 200 pl
of ice-cold Phospho-Safe extraction buffer on a shaker for 5 min. The cell lysates were
transferred into fresh 1.5 ml tubes and centrifuged for 5 min at 14,000 g, at 4 °C. The
supernatants (100 ul) were transferred into fresh pre-cooled 1.5 ml tubes and stored at -20°C

for measurement of protein concentrations and activities.

2.3 Molecular biology techniques

2.3.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

A 12% (w/v) separating gel was prepared by mixing 3.3 ml of dH20, 100 pl of 10 % (w/v)
ammonium persulphate, 2.6 ml of resolving buffer (1.5 M Tris-HCI pH 8.8, 0.4% (w/v) SDS)
and 4 ml of acrylamide solution (30% (w/v) acrylamide, 0.8% (w/v) bis-acrylamide). The
solution was gently mixed and 8 pl of TEMED was added to start the gel polymerisation. The
solution was mixed thoroughly and poured between the electrophoresis glass plates in a gel
caster and covered with a thin layer of 100% (v/v) butanol to remove any bubbles formed
during the process and allowed to set for 60 min at room temperature. Once the gel was set, the

butanol was poured off and the 4% (w/v) stacking gel was prepared by mixing 3 ml of dH-0,
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0.65 ml of acrylamide solution, 1.3 ml of stacking buffer (0.5 M Tris-HCI pH 6.8, 0.4 % (w/v)
SDS), 10 pul of 10% (w/v) ammonium persulphate and finally 6 pl of TEMED. The solution
was mixed thoroughly and poured on top of the resolving gel and the appropriate well-comb
was inserted, again the gel was allowed to set for 60 min at room temperature. After the gel
had solidified, the cassette was taken out of the gel caster and placed in the electrophoresis
tank. The comb was removed and the electrophoresis tank was filled with running buffer (25
mM Tris-HCI pH 8.3, 192 mM glycine, 0.035% (w/v) SDS). A protein ladder (5 ul) (10-260
kDa) was loaded into the first well followed by the protein samples (15 ul). Electrophoresis
was carried out at 95 V in a BioRad Tetra Tank until the solvent front had reached the bottom

of the gel (Blancher and Jones 2001).

2.3.2 Western blot analysis

Following the electrophoresis, a transfer system was prepared as follows. First, the blotting
(filter) papers and nitrocellulose membrane were soaked in transfer buffer (20 mM Tris-HCI,
150 mM glycine, 20 % (v/v) methanol, pH 8.3). The gel sandwich was assembled by placing
the gel over the nitrocellulose membrane which was then placed between the blotting papers
and sponges on both sides. The gel sandwich was placed into a gel cassette holder and
transferred to a tank filled with transfer buffer. The proteins were allowed to transfer to the
nitrocellulose membrane at 100 V for 60 min at 4°C. Once the proteins were transferred, the
nitrocellulose membrane was blocked with TBST (20 mM Tris, 150 mM NaCl, 0.05 % (v/v)
Tween 20, pH 7.4) buffer on a shaker for 60 min at room temperature. The nitrocellulose
membrane was then incubated overnight with the appropriate primary antibody diluted (Table
2.1) in 10 ml of TBST at 4°C. On the following day, the membrane was washed three times (5
min each time) with TBST buffer and then incubated with an appropriate alkaline phosphatase

conjugated secondary antibody (Table 2.1) in 10 ml of TBST in a shaker for 60 min at room
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Table 2. 1 The dilutions of primary and secondary antibodies used in the western blot and co-

immunoprecipitation procedures

antibody

phosphatase-conjugated
antibody

Primary antibodies Dilution Secondary antibodies Dilution
antibodies: antibodies: TBST
TBST (viv) (V/v)
PTEN polyclonal 1:2000 Goat anti-rabbit alkaline 1:8000
rabbit antibody phosphatase-conjugated
antibody
Phospho-PTEN 1:2000 Goat anti-rabbit alkaline 1:8000
(Ser380/Thr382/383) phosphatase-conjugated
polyclonal rabbit antibody
antibody
Rabbit anti-human 1:6000 Goat anti-rabbit alkaline 1:8000
GAPDH polyclonal phosphatase-conjugated
antibody antibody
Mouse anti-TF 1:4000 Goat anti-mouse alkaline 1:8000
monoclonal antibody phosphatase-conjugated
antibody
Rabbit anti-MAGI-1 1:2000 Goat anti-rabbit alkaline 1:8000
IgG antibody (H-70) phosphatase-conjugated
antibody
Rabbit anti-HA tag 1:2000 Goat anti-rabbit alkaline 1:8000
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temperature. The membrane was washed three times with TBST and the bands were developed
with Western Blue-stabilised substrate for alkaline phosphatase; the pattern of bands was

analysed using ImageJ software.

2.3.3 Examination of cell proliferation using the crystal violet assay

The crystal violet assay is a common method used to determine cell viability of adherent
cultured cells. The dye binds to adherent cells causes the cell to stain blue while dead cells
detached form the cell culture plate and washed away. The dye can then be eluted out using
SDS and the amount of dye taken up by the cells is measured at 584 nm using a POLARstar

OPTIMA plate reader (Feoktistova et al 2016).

To perform the assay, MDA-MB-231, Caco-2 and LoVo cells (2 x 10%) were seeded out in 6-
well plates and incubated overnight in complete media. On the following day, the media were
discarded and the cells were washed three times with PBS. The cells were fixed with 3 % (w/v)
glutaraldehyde diluted in PBS for 15 min and then washed three times with dH20. The cells
were incubated with 0.5% (v/v) crystal violet solution diluted in 10% (v/v) ethanol for 20 min
on a shaker. The cells were washed three times with dH2O and the crystal violet stain was then
eluted out with 1% (w/v) SDS in dH20, and the plates were incubated on a shaker for 15 min.
Aliquots (100 pl) were added into a 96-well plate and the absorption values were measured at
584 nm using a POLARstar OPTIMA plate reader. A separate stand curve for each cell line
was constructed by seeding out cells individually at different volumes at a range of 5-25 x 10*

cells/well.

2.3.4 Estimation of protein concentration using the Bradford assay
To determine the protein concentration in cell lysates, a standard curve was constructed by
preparing a serial dilution of lipid-free BSA (0-200 pg/ml). The standards and the protein

samples (20 ul) were pipetted into a 96-well plate and 200 pl of Bradford reagent (Coomassie
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G-250 Bradford reagent stock diluted 1:1 (v/v) with dH20) was added into each well. The plate
was incubated for 15 min in the dark and the absorption values were measured at 584 nm using
a plate reader. The absorption readings from the standards were used to calculate a standard
curve from which the unknown cell lysate protein concentrations could be calculated (Figure

2.1).

2.3.5 In situ examination of protein interaction using the proximity ligation assay (PLA)
The Duolink® proximity ligation assay (PLA) is an antibody-based procedure for the analysis
of protein-protein interactions in situ. The procedure is based on the recognition of two target
proteins by specific antibodies raised in two different species (Collier et al 2014; Clausson et
al 2015; Debaize et al 2017). The assay employs species-specific secondary antibodies coupled
to oligonucleotides (termed as plus and minus probes) directed against the primary antibodies.
The connector oligonucleotides attached to the antibody probes hybridise only if the target
proteins are within 40 nm of each other and a ligase joins the PLA probes to produce a closed
circular DNA template. In the DNA circle, one of the antibody conjugated DNA probes serves
as a primer for the rolling circle amplification (RCA). A polymerase is then added to generate
repeated complementary sequences using one of the probes as a template. The fluorescently
labelled oligonucleotides hybridise to the repeated complementary sequences and generates the
signal which can be visualised as red dots by fluorescence microscopy (Figure 2.2). To perform
the PLA assay, MDA-MB-231 cells (10%) were seeded into 35 mm-glass based p-dishes with
10 mm well size, and grown in complete medium overnight. On the following day, the medium
was removed and the cells were washed twice with PBS. The cells were then fixed with 4%
(v/v) formaldehyde in PBS for 20 min. The cells were washed twice with PBS and then
permeabilised using 0.1% (v/v) Triton X-100 in PBS for 10 min. The cells were washed twice

with PBS and then blocked with Duolink® blocking solution for 60 min at 37°C. The blocking
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Figure 2. 1 Representative standard curve for Bradford assay. The standard curve was prepared
by serially diluting lipid-free BSA (0-200 pg/ml) in dH20. The standards (20 ul) were placed
in a 96-well plate and mixed with 200 pul of Bradford reagent. The plate was incubated in the
dark for 15 min at room temperature and the absorption values were measured at 584 nm using
a plate reader.
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Figure 2. 2 Schematic diagram of a PLA reaction A) Two primary antibodies are used to
bind to two target proteins under investigation. B) The secondary antibodies are tagged with
small complementary oligonucleotides (plus and minus probes) which specifically recognise
the 1gG from the species which the primary antibodies were derived from. C) Connector
oligonucleotides attach to the probes and a circular DNA is generated when both PLA probes
are hybridised by a ligase. D) The closed circular DNA template is amplified by DNA
polymerase. E) Fluorescently-labelled complementary oligonucleotide binds to the repeated
complementary sequences within the amplified DNA. F) PLA signal is visualised by
fluorescence microscopy (Adapted from Merck 2020).
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solution was discarded and the cells were incubated overnight at 4°C, with both primary
antibodies diluted 1:100 (v/v) in the provided antibody diluent. On the following day, the
wells were washed twice for 5 min each, with buffer A (0.01 M Tris, pH 7.4, 0.15 M NacCl
and 0.05% (v/v) Tween 20) and then incubated with the plus and minus probes (each probe
was diluted 1:5 (v/v) in the antibody diluent) for 60 min at 37°C to allow hybridisation. The
wells were washed twice for 5 min each with buffer A and then incubated with the ligation
solution (1:40 (v/v) ligase diluted in ligation buffer) for 30 min at 37°C. After the ligation,
the wells were washed twice again with buffer A for 2 min each and then incubated in the
dark with the DNA amplification solution (1:80 (v/v) DNA polymerase diluted in the
amplification buffer containing fluorescently labelled oligonucleotides) for 140 min at 37°C.
The wells were washed twice for 10 min each with buffer B (0.2 M Tris, pH 7.5 and 0.1 M
NaCl) then twice with 0.01% buffer B. The wells were incubated with DAPI (2 pg/ml) and
Alexa Fluor™ 488 Phalloidin (2 pg/ml) in the dark for 10 min and then washed twice with
0.01% buffer B. Images were acquired using a Zeiss Axio Vert.Al inverted fluorescence
microscope with a X40 magnification. The number of red fluorescent events were determined

in 10 fields of view from each assay using the ImageJ software.

2.3.6 Examination of protein interaction by co-immunoprecipitation

MDA-MB-231 cells (5x10°) were seeded into 6-well plates in complete medium overnight. On
the following day, the medium was removed and the cells were incubated with serum-free
medium for 60 min prior to activation. The cells were then activated with PAR2-AP depending
on the experiments as described in each result chapter. After the appropriate stimulation cells
were washed twice with ice-cold PBS and then lysed with Phospho-Safe™ extraction buffer
(500 pl). The plates were incubated on ice for 10 min on a shaker. The cell lysates (500 pl)
were transferred into fresh 1.5 ml Eppendorf polypropylene tubes and incubated with a primary

antibody (8 pg) overnight using a rotating mixer at 4°C. On the following day, the antibody in
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the cell lysates was captured by the addition of protein A-magnetic beads (100 pl) diluted in
TBST, and was further incubated for 120 min on a rotating mixer at 4°C. The tubes were then
placed into the PureProteome magnetic stand, allowing the beads to migrate towards the
magnet. The supernatant was discarded and the beads were washed with TBST (1 ml), vortexed
and then returned to the magnetic stand to allow the beads to migrate to the magnet gain. TBST
was pipetted out and the washing step was repeated five times. To denature the proteins, the
beads were lysed in 2X Laemmli’s buffer (15 pl) for 10 min in a heating block at 100°C. The
beads were then removed from the tubes using the magnetic stand and discarded. The
immunoprecipitated protein samples were separated by SDS-PAGE, transferred to
nitrocellulose membranes and blocked as described in section (2.3.2). To avoid any cross
reaction, the nitrocellulose membrane was probed overnight at 4°C with a primary antibody
raised in a different species (Table 2.1) than the antibody used to capture the target protein.
The membrane was washed three times with TBST and then probed with an appropriate
alkaline phosphatase conjugated secondary antibody diluted in 10 ml TBST. The bands were
developed with Western Blue-stabilised substrate for alkaline phosphatase, photographed and

analysed using the ImageJ software.

2.4 Bacterial cell culture and plasmid isolation

2.4.1 Agar selection plates preparation

To prepare agar plates containing Carbenicillin antibiotic (0.1 mg/ml), the Luria Broth agar
powder (6.25 g) was dissolved in 250 ml of dH20 and then autoclaved for 20 minutes at 120
°C. The 1% (w/v) agar medium was cooled down to approximately 55°C and 120 pl of
Carbenicillin antibiotic was added to the media and mixed thoroughly. The LB agar medium
(25 ml) was poured into a 75 mm Petri dishes and allowed to solidify in a sterile environment

at room temperature. The plates were then sealed and stored at 4°C for further use.
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2.4.2 Bacterial cell culture

To prepare the LB broth medium, the LB broth powder (17.5 g) was dispersed in 500 ml of
dH.0, autoclaved and then stored at room temperature. E. coli containing pPDONR223-
MAGI1 or FLAG-HA-pcDNAS3.1 DNA plasmids were incubated in sterilised 50 ml tubes
containing the LB broth medium (10 ml) in a shaking incubator overnight at 37°C. On the
following day, the tubes were centrifuged for 5 min at 12,000 g to pellet the bacteria for DNA

isolation or cryopreservation.

2.4.3 Cryopreservation of bacterial cell

In order to prepare stocks of transformed E. coli, freezing solution was prepared by mixing
20% (w/v) glycerol with 50 ml of the LB broth media and sterilised by filtering through a 0.22-
um syringe filter. The isolated bacterial pellets were re-suspended in the sterilised freezing
solution and aliquots (300 ul) were transferred into fresh Eppendorf tubes and stored at -70°C

for long term storage.

2.4.4 Isolation of plasmid DNA using the Monarch plasmid Miniprep kit

To extract the DNA form bacteria containing pDONR223-MAGI1/ FLAG-HA-pcDNA3.1
plasmid DNA, pelleted bacteria were re-suspended in the provided resuspension buffer (200
ul) and vortexed until the cells were completely dispersed. Lysis buffer (200 pul) was added to
each tube, mixed and then incubated for 1 min at room temperature. The lysates were then
neutralised by the addition of 400 pl of the provided neutralisation buffer. The tubes were
gently mixed, incubated for 2 min at room temperature and then centrifuged for 5 min at 12,000
g. The supernatants were carefully transferred into the provided spin columns and centrifuged
for 1 min at 12,000 g. The flow-through was discarded and the columns were inserted back
into the collection tubes. The columns were washed with 200 pl of the provided wash buffer 1

and centrifuged for 1 min at 12,000 g. The flow-through was discarded and the columns were
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washed twice with 400 pl of the provided wash buffer 2 and centrifuged for 4 min at 12,000 ¢
to remove any traces of ethanol. The columns were then transferred into clean 1.5 ml tubes and
elution buffer (30 ul) was added to the centre of each column and incubated for 1 min. To elute
the DNA, the columns were centrifuged for 1 min at 12,000 g and the DNA samples were

stored at-20°C for further use.

2.4.5 Isolation of plasmid DNA using the Wizard plus Midiprep kit

To prepare large quantities of the plasmid DNA, bacterial pellets containing pDONR223-
MAGI1/ FLAG-HA-pcDNA3.1 plasmid DNA were re-suspended in 3 ml of the provided re-
suspension buffer (50 mM Tris-HCI pH 7.5, 10 mM EDTA, 100 pg/ml RNase A). The bacteria
were lysed in 3 ml of the provided lysis buffer (0.2 M NaOH, 1% (w/v) SDS) and gently mixed
and then neutralised by adding 4 ml of the provided neutralising buffer (1.32 M potassium
acetate pH 4.8). The tubes were gently mixed and centrifuged at 3,000 g for 10 min and the
supernatants were transferred into a fresh 15 ml tube and centrifuged again at 3,000 g for
another 10 min to remove any remaining debris. The supernatants were transferred and mixed
with 10 ml of the provided re-suspension resin in the provided midiprep columns and cleared
though under vacuum. The columns were washed with 15 ml of the provided wash buffer (8.3
mM Tris-HCI pH 7.5, 80 mM potassium acetate, 40 uM EDTA, 55% (v/v) ethanol) and cleared
through under vacuum. The lower column sections containing the DNA binding-resin were
separated from the reservoirs and transferred into 1.5 ml Eppendorf tubes. The tubes were
centrifuged at 12,000 g for 4 min to remove any residual wash buffer. To elute the DNA,
DNase-free water (300 pl) was added to each column and incubated for 1 min at room
temperature. The tubes were then centrifuged at 12,000 g for 1 min and the eluted DNA was

stored at -70°C for long-term storage.
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2.4.6 Examination of the plasmid DNA by agarose gel electrophoresis

Agarose gel electrophoresis was used to examine the isolated plasmid DNA. To prepare a 1%
(w/v) agarose gel, 0.5 g agarose was dispersed with 50 ml of TBE buffer (Tris-borate pH 8.3,
89 mM boric acid, 2 mM EDTA) and thoroughly mixed. The mixture was heated in a
microwave oven until dissolved, and poured into a gel tray and an appropriate well comb was
inserted and the gel was allowed to solidify. The DNA ladder (8 pl) was mixed with 1 pl of
0.1% (v/v) SYBR Green I and loaded into the first well. The DNA samples (10 pl) were also
pre-stained with 1 pl of 0.1% (v/v) SYBR Green I and mixed with the loading buffer (10 ul)
and loaded into separate wells. Electrophoresis was carried out at 100 V for approximately 90

min and the bands were examined on a UV transilluminator and photographed.

2.4.7 Ethanol precipitation of DNA

The plasmid DNA was precipitated by mixing 200 pl of 5 M sodium acetate (pH 5.2) with
800 pul of 100% (v/v) ethanol. The DNA samples were incubated at -20°C for 60 min and
then centrifuged at 12,000 g for 20 min in a microcentrifuge to pellet the DNA. The pelleted
DNA was washed with 75 % (v/v) ice-cold ethanol and centrifuged at 12,000 g for a further
10 min. The precipitated DNA was finally re-suspended in 100 pl of nuclease-free water and

the concentration of the DNA measured at 260 nm using a spectrophotometer.

2.4.8 Determination of plasmid DNA concentration and purity

The concentration of the eluted plasmid DNA was determined by measuring the absorption of

1:10 dilution (v/v) of the DNA at 260 nm according to the following formula:
DNA concentration (pg/ml) = [Absorption (260 nm) x dilution factor x 50].
The DNA purity in a sample was determined by measuring the ratio of Azso/Azs0. A ratio of

(1.8 — 2) was determined as sufficiently pure (Glasel 1995).
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2.4.9 Statistical analysis

The data shown represent the mean value from the number of experiments + the standard
deviation (SEM). The one-way ANOVA procedure was used to determine significant
differences in the variance when data were compared to the control using the Statistical

Package for the Social Sciences (SPSS) program.
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Chapter 3
Activation of PAR2 by tissue factor regulates PTEN
and Akt activities by inducing the release of PTEN

from MAGI proteins
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3.1 Introduction

The link between TF and aggressive cancer types is well established (Schaffner and Ruf 2009;
Liu et al 2011). The intracellular signalling arising from TF is suggested to be induced through
the binding to FVIla which in turn activates PAR2 signalling (Coughlin 2005; Rothmeier and
Ruf 2012). The TF-FVIla-PAR2 complex signals through a number of key signalling pathways
associated with tumour progression including the MAPK/ERK and the PI3K-Akt pathways
(Aberg and Siegbahn 2013; Hu et al 2013) which have been associated with cell survival,
proliferation and migration (Rak et al 2008; Schaffner et al 2009). Furthermore, a number of
studies have reported the association of the Akt pathway with TF expression (Jiang et al 2006;
Aberg et al 2013). For example, Rong et al (2005) reported that the loss of PTEN in conjunction
with hypoxic conditions, increased the expression of TF through the activation of the Akt
pathway. Moreover, the inhibition of the PI3K/Akt pathway results in the reduction of TF
expression together with a slower growth rate in breast and ovarian tumour cells (Yu et al 2005;
Hu et al 2012). Conversely, the correlation between TF expression and the upregulation of the
Akt signalling has also been documented (Aberg et al 2013). TF has been reported to mediate
angiogenesis through the activation of Akt pathway (Arderiu et al 2012). In neuroblastoma
cells, the activation of TF signalling was shown to enhance cell survival through the
enhancement of Akt pathway (Fang et al 2008). Also, TF has been shown to prevent cell
apoptosis in serum-starved breast tumour cells through the activation of the Akt pathway (Jiang
et al 2006). In addition, PAR2 signalling has been shown to enhance or suppress Akt signalling
(Arderiu et al 2013). For instance, in glioblastoma cells PAR2 activation promoted cell survival
through the activation of Akt signalling (Dutra-Oliveira et al 2012). Moreover, PAR2
signalling initiated by TF-FV1la was shown to increase the rate of proliferation in breast cancer
cells mediated through the PI3K-Akt pathway (Jiang et al 2006) and enhanced migration and

invasion of kidney tumour cells (Sun et al 2015). Also, in patients diagnosed with head and
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neck cancer, PAR2 expression was associated with enhanced cell proliferation and invasion
through the activation of the PI3K-AKT pathway (Tang et al 2019). In contrast, PAR2
activation has also been reported to inhibit the PI3K-Akt activity mediated through p-arrestin-
dependent signalling, leading to a decrease in cell migration in breast cancer cells (Wang and
DeFea 2006). Additionally, PAR2 signalling has been reported to increase inflammation in
kidney cells by suppressing the PI3K-Akt pathway (Du et al 2017). PTEN acts as one of the
key regulators of the PI3K-Akt pathway and has been identified as a tumour suppressor
(Pendurthi and Rao 2002; Eisenreich et al 2016). Therefore, the loss of PTEN has been strongly
associated with many types of human cancers (Wu et al 2000; Milella et al 2015). The activity
of PTEN itself, has been suggested to be regulated through its phosphorylation/de-
phosphorylation state (Figure 1.6). Moreover, it has also been reported that the recruitment and
activation of PTEN to the membrane is mediated through the binding to membrane-associated
guanylate kinase with inverted configuration MAGI proteins (Wu et al 2000; Li et al 2015).
To date, four MAGI proteins have been identified MAGI(1-3) and MAGI-X. MAGI(1-3) have
been reported to interact with PTEN (Wu et al 2000; Li et al 2015). However, currently no
direct evidence for the interaction between PTEN and MAGI-X exists. The association of
PTEN with MAGI proteins has been implicated in the control of cell migration and invasion
through enhancing the activity of PTEN and modulating Akt signalling (Wu et al 2000; Li et
al 2015). Also, it has been reported that upon de-phosphorylation, MAGI proteins bind to
PTEN to form a complex on the inner cell membrane, and that this interaction is mediated

through PDZ-domain interaction (Tolkacheva et al 2001; Hu et al 2007).

3.11 Aims
Acute inflammation as a response to injury, infection or trauma can activate the coagulation as
well as the signalling mechanisms by exposing TF at the site of injury. The formation of the

TF-FVIla-PAR2 complex at the cell surface regulates diverse cellular functions through the

50



activation of multiple signalling pathways including the PI3K-Akt pathway. However, under
chronic inflammation the TF-FVIla-PAR2 complex can signal through the PI3K-Akt pathway
leading to carcinogenesis and cancer. Therefore, in this part of the study it was hypothesised
that the local concentration of TF may influence the function of PTEN and subsequently Akt
activity. To test this hypothesis, seven cancer cells lines were exposed to exogenous TF to
investigate the influence of TF concentrations and exposure time on the function of PTEN.

This was carried out by measuring:

e the phosphorylation state of PTEN.

the lipid-phosphates activity of PTEN.

o the cellular levels of PTEN antigen.

e the kinase activity of Akt.

o the rate of cell proliferation in cells exposed to multiple-dosages of exogenous TF.
¢ the influence of PAR2 activation on the phosphorylation state of PTEN and the
activities of both PTEN and Akt.

¢ the influence of PAR2 activation on the association of PTEN and MAGI proteins.

3.1 Methods

3.2.1 Activation of cells and preparation of cell lysate

MDA-MB-231, MCF-7, T-47D, LoVo, CaCo-2, PANC-1 and AsPC-1 cells (2x10°) were
seeded out into 6 well plates and propagated to 80% confluency. The media were discarded
and the cells were incubated in fresh complete media (1 ml). The cells were incubated with rec-
TF (0-1300 pg/ml) for up to 120 min. To study the influence of PAR2 activation on cells,
separate sets of cells were incubated with to serum-free medium for 60 min prior to activation.

The cells were then activated with PAR2-agonist peptide (PAR2-AP; SLIGKV; 20 uM) for 30
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min. The media were discarded and the cells were washed twice with PBS. The cells were

prepared for further experiments as follows:

For western blot analysis, the cells were lysed in Laemmli’s buffer as described in section 2.2.4.
To denature the proteins, the cell lysates were transferred into fresh (1 ml) tubes and were
heated at 100 °C for 10 min. The samples were then stored at -20°C for further analysis by
western blot. For measurement of protein levels and activities by ELISA-based methods, the
cells were lysed in ice-cold Phospho-Safe extraction buffer as described in section 2.2.4. The
cell lysates were transferred into 1.5 ml tubes and centrifuged for 5 min at 14,000 g, at 4 °C.
The supernatants were transferred into fresh pre-cooled 1.5 ml tubes and stored at -20°C for

further measurements of protein antigen or activity.

3.2.2 Determination of PTEN phosphorylation using western blot analysis

The expression of phosphorylated PTEN in the seven cancer cell lines was examined by
western blot as described in section 2.3.2. The protein samples were separated by 12% (w/v)
SDS-PAGE, transferred onto nitrocellulose membranes and blocked with TBST (10 mM Tris-
HCI pH 7.4, 150 mM NacCl, 0.05% (v/v) Tween-20). The membranes were probed with a rabbit
anti-human phosphoSer380/Thr382/Thr383-PTEN antibody, or a rabbit anti-human PTEN
antibody diluted 1:2000 (v/v) in TBST or a rabbit anti-human GAPDH polyclonal antibody
(\V-18) diluted 1:8000 (v/v) in TBST, overnight at 4 °C. The membranes were then washed
with TBST and probed with a secondary goat anti-rabbit alkaline phosphatase conjugated
antibody diluted 1:8000 (v/v) in TBST, for 60 min. The bands were developed with Western

Blue-stabilised substrate for alkaline phosphatase and photographed.

3.2.3 Determination of PTEN lipid-phosphatase activity using an ELISA-based kit
The principle of this Echelon Biosciences ELISA-based assay is to detect PTEN lipid-

phosphatase activity in the cell lysate, by measuring the hydrolysis of substrate PIP3 to PIP2
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(Guo et al 2016). The lysate samples are mixed with the PIP3 substrate to permit PTEN to
catalyse the conversion of PIP3 to PIP2. The reactions are then stopped and loaded into the
provided PIP2 coated 96-well plate. The PIP2 detector protein is then added to allow
competitive binding to both the immobilised and lysate PIP2. The plate is then washed and the
binding of the PIP2-binding protein to the plate is then measured using a secondary HRP-
conjugated detector and developed by adding TMB substrate. As a result, the signal measured
is inversely proportional to the amount of PIP2 produced by PTEN and therefore the lipid-
phosphatase activity calculated from a standard curve. To perform the assay, all regents were
equilibrated to room temperature before use and prepared according to the manufacturer’s
protocol. The lysate samples (6 pl) were mixed with PTEN reaction buffer (6 ul) and pipetted
into a 96-well plate. The PIP3 substrate (12 pl) was added to each sample and the plate was
incubated at 37 °C for 3 h to allow the conversion of PIP3 to PIP2. The reactions were then
terminated by adding the stop solution (60 pl). To measure the generated PIP2, 60 ul from each
reaction was transferred into the PIP2 coated 96-well plate provided with the kit. The PIP2
detector protein (60 ul) was added to each sample and the plate was incubated at 37 °C for 60
min on a plate shaker. The solution was then discarded and the wells were washed three times
with PBST (200 pl). 100 pl of the HRP-conjugated detector diluted 1:60 with PBST was added
to each well and the plate was incubated at room temperature for 30 min. The solution was
discarded and the wells were washed three times with PBST (200 pl). TMB substrate (100 ul)
was added to each well and the plate was incubated in the dark for 15 min. The reactions were
then terminated by adding 0.16M sulphuric acid stop solution (50 pl) and the absorption values
were measured at 450 nm using a plate reader. A standard curve for PTEN lipid-phosphatase
activity was constructed by preparing a serial dilution of PIP2 protein (0-200 pmol). The
absorption readings from the standards against protein concentrations were used to determine

the equation to calculate the absorption values of the protein samples (Figure 3.1).
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Figure 3. 1 Standard curve for PTEN activity. A serial dilution of PIP2 standard was made to
prepare range of concentrations (0-200 pmol). The standard samples (60 pl) were loaded into
the PIP2 coated 96-well plate followed by the PIP2 detector protein (60 ul). The plate was
incubated at 37 °C for 60 min and the wells were washed three times with PBST (200 ul). The
HRP-conjugated detector (100 ul) was added to each well and the plate was incubated at room
temperature for 30 min. The wells were washed three times with PBST (200 pl) and then
incubated with TMB substrate (100 ul) in the dark for 15 min. The reactions were stopped by
adding the stop solution (50 pl) and the absorption values were measured at 450 nm using a
plate reader.
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3.2.4 Measurement of Akt kinase activity by ELISA

The principle of this Enzo Life Sciences ELISA-based assay is to determine the kinase activity
of Akt in lysates using a 96-well plate pre-coated with a substrate peptide, which is readily
phosphorylated by Akt (Shervington et al 2015). A polyclonal phospho-specific antibody is
then added which binds to the phosphorylated form of the substrate peptide in the cell lysates.
An HRP-conjugated secondary antibody is then added to each well which binds to the phospho-
specific antibody. The assay is developed with TMB substrate and the produced kinase activity
of Akt is proportional to the colour produced. To perform the assay, all reagents were
equilibrated at room temperature before the assay, except for the Akt recombinant protein
which was kept on ice until use. The pre-coated 96 well plate was pre-incubated with the kinase
dilution buffer (50 ul) for 10 min at room temperature. The solution was discarded and the
protein samples (30 ul) were added to each well. The reaction was initiated by adding the (2
mg) ATP solution (10 pl). The plate was incubated at 30°C for 90 min to permit the
phosphorylation of the substrate by Akt. The solution was then discarded and the wells were
washed three times with PBST (100 ul). The phospho-specific antibody (40 ul) was added to
each well. The plate was sealed with adhesive strip and incubated for 60 min to allow the
binding to the phosphorylated substrate. The solution was discarded and the wells were washed
three times with PBST (100 pl). The detecting secondary antibody (anti-rabbit 1gG: HRP
conjugate diluted with 1:1000 (v/v) antibody diluent) was added into each well (40 pl) and the
plate was sealed with adhesive strip and incubated for a further 30 min. The wells were then
washed three times with PBST (100 ul) and incubated with TMB substrate (60 pl) for 30 min
in the dark. The reactions were stopped by adding 10% (v/v) sulphuric acid stop solution (20
pl) and the absorption values recorded at 450 nm using a plate reader. A standard curve for Akt

kinase activity was constructed by preparing a serial dilution of recombinant Akt protein (0-5
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H1M). The absorption readings from the standards against protein concentrations were used to

determine the equation to calculate the absorption values of the protein samples (Figure 3.2).

3.2.5 Analysis of cellular PTEN antigen by ELISA

The principle of this Abcam PTEN antigen ELISA-based assay is that it employs a tag capture
antibody against PTEN and a conjugated anti-PTEN detector antibody which are added to the
cell lysates. The capture antibody binds to an anti-tag antibody which has been pre-coated
within the wells. The capture antibody and the HRP-conjugated detector antibody both bind to
the target protein (PTEN). The assay is then developed with TMB substrate and the measured

colour is proportional to the amount of PTEN protein present.

To perform the assay, all reagents were equilibrated at room temperature before the assay. The
lysate samples (50 ul) were pipetted into the pre-coated 96 well plate provided with the Kit.
The capture antibody (300 ul) and the detector antibody (300 ul) were both mixed together
with the antibody diluent (2.4 ml). The antibody cocktail (50 pl) was then added and the plate
was sealed with an adhesive strip and incubated for 60 min on a plate shaker. The solution was
discarded and the wells were washed three times with PBST (350 pl). The plate was blotted
against paper towel to remove any excess liquid. TMB substrate (100 ul) was added to each
well and the plate was incubated for 15 min in the dark. Once the colour had developed, the
reactions were terminated by adding 0.16M sulphuric acid stop solution (100 pl). The
absorption was recorded at 450 nm using a plate reader. A standard curve for PTEN antigen
was constructed by preparing a serial dilution of recombinant PTEN protein (80 ng/ml) was
reconstituted. The absorption readings from the standards against protein concentrations were
used to determine the equation to calculate the absorption values of the protein samples (Figure

3.3).
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Figure 3. 2 Standard curve for Akt kinase activity. A standard curve was prepared by making
serial dilutions (0-5 pM) of recombinant Akt protein diluted in the kinase assay buffer. The
standard samples (30 ul) were added into a 96-well plate followed by the ATP solution (10 pl).
The plate was incubated for at 30°C for 90 min. The phospho-specific antibody (40 ul) was
added to each well and the plate was incubated for 60 min. The wells were then washed with
PBST and incubated with 40 pl of the detecting secondary antibody for 30 min. The wells were
washed with PBST and then incubated with TMB substrate (60 pl) for 30 min in the dark. The
absorption values were recorded at 450 nm using a plate reader.
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Figure 3. 3 Standard curve for PTEN protein. Recombinant PTEN protein (80 ng/ml) was
reconstituted in dH20 (100 pl). Serial dilutions of PTEN were prepared covering a range of
concentrations (0-80 ng/ml). The samples (50 ul) were pipetted into the pre-coated 96 well
plate and mixed with the antibody mixture. The plate was incubated for 60 min and the wells
were washed three times with PBST (350 ul). The wells were incubated with TMB substrate
(200 pl) for 15 min in the dark. The reactions were stopped by adding the stop solution (100
pl) and the absorption was recorded at 450 nm using a plate reader.
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3.2.6 Examination of the association of PTEN with MAGI proteins using the proximity

ligation assay (PLA)

MDA-MB-231 cells (10%) were seeded into 35 mm-glass based p-dishes with 10 mm well size,
and grown in complete medium overnight. Separate sets of cells were incubated with serum-
free medium for 60 min prior to activation. The cells were then activated with PAR2-AP (20
uM) for up to 30 min. The medium was removed and the cells were washed twice with PBS.
The cells were fixed with 4% (v/v) formaldehyde for 20 min and then washed twice with PBS.
The cells were permeabilised using 0.1% (v/v) Triton X-100 for 10 min and then washed twice
with PBS. The cells were blocked with Duolink® blocking solution at 37°C for 60 min. The
blocking solution was then discarded and the cells were incubated with combinations of
antibodies overnight at 4°C. Different concentrations of PTEN and MAGI-(1-3) antibodies
were used to determine the optimal antibody concentration (Appendix A-2). To examine the
potential interactions between PTEN and MAGI-(1-3) proteins, a mouse anti-PTEN antibody
(217702) was used together with a rabbit anti-MAGI-1 antibody (H-70), or with a rabbit anti-
MAGI-2 antibody (C3) or with a rabbit anti-MAGI-3 antibody diluted 1:100 (v/v) in the
provided antibody diluent. As controls, the antibodies were substituted with a rabbit or mouse
IgG isotypes, respectively. PLA analysis was performed as described in section 2.3.5. The
nuclei were labelled with DAPI (2 pg/ml) and the cytoskeleton with Phalloidin 488 (2 pug/ml)
for 10 min. Images were acquired using a Ziess Axio Vert.Al inverted fluorescence microscope
with a X40 magnification. The number of red fluorescent events and the nuclei were

determined using ImageJ software, in 10 fields of view from each assay.

3.2.7 Examination of the interaction of PTEN and MAGI-2 using co-immunoprecipitation

MDA-MB-231 cells (5x10°) were seeded into 6 well plates in complete medium and

propagated to 80% confluency. Separate sets of cells were incubated with serum-free medium
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for 60 min prior to activation. The cells were then incubated with PAR2-AP (20 uM) for 20
min. The media were removed and the cells were washed twice with ice-cold PBS. The cells
were lysed in PhosphoSafe™ extraction buffer (500 pl). PTEN protein was
immunoprecipitated from cell lysates using a rabbit anti-human PTEN antibody (8 pg). Also,
MAGI-2 protein was immunoprecipitated from cell lysates using a rabbit anti-MAGI-2
antibody (8 pg; C3). To ensure specificity, a rabbit IgG isotype (8 pg) was also included as
well as an additional control without any antibody. The immunoprecipitated proteins were
incubated overnight at 4°C using a rotating mixer. On the following day, the antibody in the
cell lysates was captured with protein A-magnetic beads (100 p) at 4°C for 120 min using a
rotating mixer. The supernatants were discarded and the beads were washed five times with
PBST (1 ml). The samples were lysed in Laemmli’s buffer as described in section 2.3.6. The
immunoprecipitated MAGI-2 protein samples were separated by SDS-PAGE, transferred to
nitrocellulose membranes and blocked. To assess the presence of PTEN, the membranes were
probed with a mouse anti-PTEN primary antibody diluted 1:2000 (v/v) in TBST overnight at
4°C. The membranes were washed with TBST and then probed with a secondary goat anti-
mouse alkaline phosphatase-conjugated antibody diluted 1:8000 (v/v) in TBST. Alternatively,
to assess the presence of MAGI-2, the membranes were probed with a mouse anti-MAGI-2
antibody diluted 1:2000 (v/v) in TBST overnight at 4°C. The membranes were washed with
TBST and then probed with a secondary goat anti-mouse alkaline phosphatase-conjugated
antibody diluted 1:8000 (v/v) in TBST. The bands were developed with Western Blue-

stabilised substrate for alkaline phosphatase and photographed.
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3.2 Results

3.3.1 Assessment of the expression of PTEN in the cell lines

While no PTEN mutations have been reported for MDA-MB-231 (Choi et al 2018), MCF-7
(Dunn et al 2019), T-47D (Dunn et al 2019), LoVo (Ahmed et al 2013), CaCo-2 (Ahmed et al
2013), AsPC-1 (Li et al 2005) and Panc-1 (Ciuffreda et al 2017) cell lines used in this study,
this possibility can not be ruled out. Western blot analysis of 4 independent repeats using
ImagelJ software showed differing amounts of expressed PTEN in the cell lines tested with an

approximate molecular weight of 54 kDa (Figure 3.4A-C).

3.3.2 The influence of rec-TF on PTEN phosphorylation

The de-phosphorylation of PTEN at Ser380, Thr382 and Thr383 is an essential step in the
association of PTEN with the membrane and therefore the activation of PTEN (Tolkacheva et
al 2001). Seven cancer cells lines expressing high levels of TF (LoVo, ASPC-1 and MDA-
MB-231), medium levels of TF (MCF-7 and PANC-1) or low levels of TF (T-47D and Caco-
2) (Ettelaie et al 2016) were incubated with high (1,300 pg/ml) or low (65 pg/ml)
concentrations of rec-TF at intervals up to 120 min. ImageJ analysis of the protein samples
(shown in Figure 3.4) indicated that incubation of cells with high levels of rec-TF (1,300 pg/ml)
induced the de-phosphorylation of PTEN significantly in LoVo cells by 120 min while the
other cell lines showed no significant change in PTEN de-phosphorylation levels (Figure 3.5).
Moreover, incubation of cells with low levels of rec-TF (65 pg/ml) induced the de-
phosphorylation of PTEN in all cell lines by 60 and 120 min. Specifically, the levels of PTEN
de-phosphorylation were significantly higher in MDA-MB-231, MCF-7 and LoVo cells when
incubated with rec-TF (65 pg/ml) for 60 min compared with the other cell lines tested (Figure
3.6). Since the concentration of rec-TF (65 pg/ml) produced the greatest level of PTEN de-

phosphorylation, further experiments were conducted using this concentration.
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Figure 3. 4 The influence of rec-TF and PAR2 activation on the expression levels of PTEN and P-PTEN
in cancer cells. MDA-MB-231, MCF-7, T-47D, LoVo, CaCo-2, AsPC-1 and Panc-1 cells (2x10°) were
seeded out into 6-well plates and cultured in the recommended media. Separate sets of cells were
incubated with to serum-free media for 60 min prior to PAR2 activation. Other sets of cells were
activated with recombinant TF (0-1300 pg/ml) and incubated for the durations shown: M = Markers, 1
= Untreated, 2 = 1300 pg/ml rec-TF, 60 min, 3 = 1300 pg/ml rec-TF, 120 min, 4 = 65 pg/ml rec-TF, 60
min, 5 = 130 pg/ml rec-TF, 60 min, 6 = PAR2-AP (20 uM), 30 min. The cells were washed and then
lysed in Laemmli’s buffer. The protein samples were separated by SDS-PAGE as described in section
3.2.2. The membranes were probed with a rabbit anti-human PTEN antibody or a rabbit anti-human
phosphoSer382/Thr382/Thr383-PTEN or a goat anti-human GAPDH antibody overnight at 4°. In order
to detect the presence of p-PTEN/total-PTEN, the membranes were washed with TBST and then probed
with a secondary goat anti-rabbit alkaline phosphatase conjugated antibody. In order to detect the
presence of GAPDH, the membranes were washed with TBST and then probed with a secondary donkey
anti-goat alkaline phosphatase conjugated antibody for 60 min. The bands were developed with Western
Blue-stabilised substrate for alkaline phosphatase and photographed.
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Figure 3. 5 The influence of high concentration rec-TF on PTEN phosphorylation state. MDA.-
MB-231, MCF-7, T-47D, LoVo, CaCo-2, AsPC-1 and Panc-1 cells (2x10°) were seeded out
into 6-well plates and cultured in the recommended media until reached 80% confluency. The
cells were incubated with high concentration of rec-TF (1,300 pg/ml) for 60 or 120 min. The
cells were washed three times with PBS and then lysed in Laemmli’s buffer. The protein
samples were separated by SDS-PAGE, transferred to nitrocellulose membranes and blocked
with TBST. The membranes were probed with either a rabbit anti-human PTEN antibody or a
rabbit anti-human phosphoSer382/Thr382/Thr383-PTEN or a goat anti-human GAPDH
antibody as described in section 3.2.2. The bands were developed with Western Blue-stabilised
substrate for alkaline phosphatase and quantified using ImageJ software. The ratio of p-
PTEN:total PTEN were determined and normalised against the GAPDH contents (n = 12; * =
p< 0.05 vs. the respective untreated samples).
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Figure 3. 6 The influence of low concentration rec-TF on PTEN phosphorylation state. MDA-
MB-231, MCF-7, T-47D, LoVo, CaCo-2, AsPC-1 and Panc-1 cells (2x10°) were seeded out

into 6-well plates and cultured in the recommended media until reached 80% confluency. The

cells were incubated with a low concentration of rec-TF (65 pg/ml) for 60 or 120 min. The cells

were washed three times with PBS and then lysed in Laemmli’s buffer. The protein samples

were separated by SDS-PAGE, transferred to nitrocellulose membranes and blocked with

TBST. The membranes were probed with either a rabbit anti-human PTEN antibody or a rabbit
anti-human phosphoSer382/Thr382/Thr383-PTEN or a goat anti-human GAPDH antibody as

described in section 3.2.2. The bands were developed with Western Blue-stabilised substrate

for alkaline phosphatase and quantified using ImageJ software. The ratio of p-PTEN:total

PTEN were determined and normalised against the GAPDH contents (n = 12; * = p< 0.05 vs.

the respective untreated samples).
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3.3.3 The influence of PAR2 activation on PTEN phosphorylation

To examine the influence of PAR2 activation on the phosphorylation state of PTEN, MDA-
MB-231, MCF-7, T-47D, LoVo, CaCo-2, AsPC-1 and Panc-1 cells were activated with PAR2-
AP for 30 min. The quantification of protein bands (shown in Figure 3.4) using ImageJ software
showed that the activation of cells with PAR2-AP resulted in the de-phosphorylation of PTEN
in MDA-MB-231 and LoVo cells. However, no significant change in the level of PTEN de-
phosphorylation was detected in MCF-7, CaCo-2, Panc-1, T-47D and AsPC-1 cells compared

to untreated samples (Figure 3.7).

3.3.4 Short-term exposure of cells to TF induces the activity of PTEN

The lipid phosphatase activity of PTEN is known to be inversely dependent on the
phosphorylation state of PTEN protein (Hopkins et al 2014). Therefore, to assess the influence
of TF on the lipid-phosphatase activity of PTEN, MDA-MB-231, MCF-7, T-47D, LoVo,
CaCo-2, AsPC-1 and Panc-1 cells were incubated with rec-TF (65 pg/ml) for 60 min. Data
analysis of 3 independent repeats showed the ability of cells to hydrolyse PIP3 to PIP2 resulted
in significantly higher PTEN activity in MDA-MB-231, LoVo, AsPC-1 and CaCo-2 cells.
However, incubation of Panc-1, MCF-7, T-47D and cells with rec-TF (65 pg/ml) resulted in

no significant change in PTEN activity between treated and untreated samples (Figure 3.8).

3.3.5 PAR2 activation increases the lipid-phosphatase activity of PTEN

To examine the influence of PAR2 activation on the activity of PTEN, the seven cell lines were
activated with PAR2-AP for 30 min. Data analysis of 3 independent repeats showed the ability
of PAR2 activated cells to hydrolyse PIP3 to PIP2 indicated an increase in the lipid-
phosphatase activity of PTEN in MDA-MB-231, MCF-7, LoVo and CaCo-2 cells following
PAR2 activation (Figure 3.9). However, there was no change observed in the lipid-phosphatase

activity in PAR2-activated and non-activated T-47D, PANC-1 and AsPC-1 cells.
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Figure 3. 7 The influence of PAR2 activation on PTEN phosphorylation state. MDA-MB-231,
MCF-7, T-47D, LoVo, CaCo-2, AsPC-1 and Panc-1 cells (2x10°) were seeded out into 6-well
plates and cultured in the recommended media until reached 80% confluency. The cells were
incubated with to serum-free media for 60 min prior to activation and then activated with
PAR2-AP (20 uM) for 30 min. The cells were washed three times with PBS and then lysed in
Laemmli’s buffer. The protein samples were separated by SDS-PAGE, transferred to
nitrocellulose membranes and blocked with TBST. The membranes were probed with either a
rabbit anti-human PTEN antibody or a rabbit anti-human phosphoSer382/Thr382/Thr383-
PTEN or a goat anti-human GAPDH antibody as described in section 3.2.2. The bands were
developed with Western Blue-stabilised substrate for alkaline phosphatase and quantified using
ImageJ software. The ratio of p-PTEN:total PTEN were determined and normalised against the
GAPDH contents (n = 12; * = p< 0.05 vs. the respective untreated samples).
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Figure 3. 8 The influence of low rec-TF on the lipid-phosphatase activity of PTEN. MDA-
MB-231, MCF-7, T-47D, LoVo, CaCo-2, PANC-1 and AsPC-1 cells (2x10°) were seeded out
into 6-well plates and propagated to 80% confluency. The cells were treated with rec-TF (65
pg/ml) for 60 min and then washed with PBS. The cells were lysed in Phospho-safe
extraction buffer (500 pl). The lysate samples (6 pl) were mixed with PTEN reaction buffer
(6 ul) and pipetted into a 96-well plate. The PIP3 substrate (12 ul) was added to each sample
and the plate was incubated at 37°C for 3 h. The reactions were then terminated by adding the
stop solution (60 pl). The reactions (60 ul) were transferred into the PIP2 coated 96-well
plate. The PIP2 detector protein (60 pul) was added to each sample and the plate was
incubated at 37°C for 60 min. The solution was then discarded and the wells were washed
three times with PBST (200 pl). HRP-conjugated detector (100 ul) was added to each well
and the plate was incubated at room temperature for 30 min. The solution was discarded and
the wells were washed three times with PBST (200 pl). TMB substrate (100 pl) was added to
each well and the plate was incubated in the dark for 15 min. The reactions were terminated
and the absorption values were measured at 450 nm using a plate reader. (n=12; *=p < 0.05
vs. untreated samples). The PTEN activity values were determined and normalised against
the total protein concentrations obtained from the Bradford assay.
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Figure 3. 9 The influence of PAR2-activation on the lipid-phosphatase activity of PTEN.
MDA-MB-231, MCF-7, T-47D, LoVo, CaCo-2, PANC-1 and AsPC-1 cells (2x10°) were
seeded out into 6-well plates and propagated to 80% confluency. The cells were incubated with
to serum-free medium for 60 min prior to activation. The cells were then activated with PAR2-
AP (20 uM) for 30 min and then lysed in Phospho-safe extraction buffer (500 pul). The lysate
samples (6 pl) were mixed with PTEN reaction buffer (6 ul) and pipetted into a 96-well plate.
The PIP3 substrate (12 pl) was added to each sample and the plate was incubated at 37°C for
3 h. The reactions were then terminated by adding the stop solution (60 pl). The reactions (60
ul) were transferred into the PIP2 coated 96-well plate. The PIP2 detector protein (60 pl) was
added to each sample and the plate was incubated at 37°C for 60 min. The solution was then
discarded and the wells were washed three times with PBST (200 pl). HRP-conjugated detector
(100 pl) was added to each well and the plate was incubated at room temperature for 30 min.
The solution was discarded and the wells were washed three times with PBST (200 ul). TMB
substrate (100 ul) was added to each well and the plate was incubated in the dark for 15 min.
The reactions were terminated and the absorption values were measured at 450 nm using a
plate reader. (n=12; *= p < 0.05 vs. untreated samples). The PTEN activity values were
determined and normalised against the total protein concentrations obtained from the Bradford
assay.
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3.3.6 Short-term exposure of cells to TF reduces the kinase activity of Akt

The tumour suppressing activity of PTEN is associated with its inhibitory effect on Akt
activation. Since the concentration of rec-TF (65 pg/ml) was shown to increase lipid-
phosphatase activity of PTEN, the cells were incubated with rec-TF (65 pg/ml) for 60 min to
assess their ability to phosphorylate Akt. Data analysis of 3 independent repeats indicated that
the exposure of cells to rec-TF resulted in significant decrease in Akt kinase activity in MDA-
MB-231, LoVo and CaCo-2 cells. However, no change in the kinase activity of Akt was

observed in MCF-7, T-47D, PANC-1 and AsPC-1 cells (Figure 3.10).

3.3.7 PAR2 activation reduces the kinase activity of Akt

To examine the influence of PAR2 activation on the kinase activity of Akt, MB-231, MCF-7,
T-47D, LoVo, CaCo-2, PANC-1 and AsPC-1 cells were activated with PAR2-AP for 30 min.
Data analysis of 3 independent repeats indicated that the activation of cells with PAR2-AP
resulted in a reduction in Akt activity in MDA-MB-231 and CaCo-2 cells (Figure 3.11).
However, there was no change observed in Akt kinase activity in the other cells tested. Since
MDA-MB-231, LoVo and CaCo-2 cell lines were found to be the most responsive to rec-TF

(65 pg/ml), these cells were selected for additional studies.

3.3.8 Prolonged exposure of cells to rec-TF increases the rate of cell proliferation

TF is overexpressed during pathological and inflammatory conditions which has been
associated with disease progression and high mortality, particularly in cancer (Silva et al 2014;
Chu 2011). To mimic these conditions and to achieve a sustained exposure of cells to TF,
prolonged incubation of cells was carried out by supplementing the cells with rec-TF (65

pg/ml) over a period of five days. Data analysis of 3 independent repeats showed the incubation
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Figure 3. 10 The influence of rec-TF on the cellular activity of Akt. MDA-MB-231, MCF-7,
T-47D, LoVo, CaCo-2, PANC-1 and AsPC-1 cells (2x10°) were seeded out into 6-well plates
and propagated to 80% confluency. The cells were treated with rec-TF (65 pg/ml) for 60 min
and then washed three times with PBS. The cells were lysed in Phospho-Safe extraction buffer
(300 pl) and the lysate samples (30 pul) were loaded into the 96-well plate followed by the ATP
solution (10 pul). The plate was incubated at 30°C for 90 min and the reaction was then stopped
by inverting the plate on a clean paper towel. The phospho-specific antibody (40 pl) was added
to each well and the plate was incubated for 60 min. The solution was then discarded and the
wells were washed three times with PBST. The detecting antibody was added into each well
(40 pl) and incubated for 30 min. The wells were washed three times with PBST and incubated
with TMB substrate (60 ul) for 30 min. The reactions were stopped by adding the stop solution
(20 pl) and the absorption values were recorded at 450 nm using a plate reader. (n=12; *=P <
0.05 vs. untreated samples). The Akt kinase activity values were determined and normalised
against the total protein concentrations obtained from the Bradford assay.
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Figure 3. 11 The influence of PAR2 activation on the cellular activity of Akt. MDA-MB-231,
MCF-7, T-47D, LoVo, CaCo-2, PANC-1 and AsPC-1 cells (2x10°) were seeded out into 6-
well plates and propagated to 80% confluency. The cells were incubated with to serum-free
medium for 60 min prior to activation. The cells were then activated with PAR2-AP (20 uM)
for 30 min and then lysed in Phospho-Safe extraction buffer (300 pl). The lysate samples (30
ul) were loaded into the 96-well plate followed by the ATP solution (10 ul). The plate was
incubated at 30°C for 90 min and the reaction was then stopped by inverting the plate on a
clean paper towel. The phospho-specific antibody (40 ul) was added to each well and the plate
was incubated for 60 min. The solution was then discarded and the wells were washed three
times with PBST. The detecting antibody was added into each well (40 ul) and incubated for
30 min. The wells were washed three times with PBST and incubated with TMB substrate (60
pl) for 30 min. The reactions were stopped by adding the stop solution (20 ul) and the
absorption values were recorded at 450 nm using a plate reader. (n=12; *= P < 0.05 vs.
untreated samples). The Akt kinase activity values were determined and normalised against the
total protein concentrations obtained from the Bradford assay.
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of cells with rec-TF resulted in the increased rate of cell proliferation by day 5 in MDA-MB-
231 (Figure 3.12 A) and LoVo (Figure 3.12 B) cells compared to the untreated cells. Moreover,
the rate of cell proliferation in CaCo-2 cells was increased by day 4 compared to the untreated

cells (Figure 3.12 C).

3.3.9 Prolonged exposure of cells to rec-TF reduces total PTEN protein

To investigate the effects of prolonged incubation of cancer cells with rec-TF on the amount
of total PTEN, MDA-MB-231, LoVo and CaCo-2 cells were supplemented with multiple doses
of rec-TF (65 pg/ml) over 5 days. Measurement of PTEN antigen levels revealed that the
prolonged exposure of cells to rec-TF resulted in a decrease in the cellular levels of PTEN
antigen in MDA-MB-231, LoVo and CaCo-2 cells by the fifth day, compared to equivalent

untreated samples (Figure 3.13).

3.3.10 Prolonged exposure of cells to rec-TF increases Akt kinase activity

The role of PTEN as a negative regulator of the PI3K-Akt signalling pathway is well
established, and the levels of PTEN inversely correlate with Akt activation (Lee et al 2014).
since, the prolonged exposure of cells to rec-TF was shown to decrease PTEN protein levels.
Therefore, the influence of prolonged incubation of MDA-MB-231, LoVo and CaCo-2 cells to
rec-TF on the activity of Akt was examined next. The cells were similarly supplemented with
multiple doses of rec-TF (65 pg/ml) over 5 days. The ability of cells to phosphorylate Akt
resulted in an increase in the kinase activity of Akt in MDA-MB-231 and LoVo cells, however,
no change in Akt activity was observed following the treatment of CaCo-2 cells with rec-TF

(Figure 3.14).

73



A)

400

300 A

200 A

100 A

Cell Number (Thousands)

0 T T T
1 2 3 4 5
Incubation Time (Days)

OUntreated ©E@TF-treated

B)

600
*

400 A

200 A

Cell Number (Thousands)

1 2 3 4 5
Incubation Time (Days)
OUntreated ETF-treated

74



)

400
*

T T

L 1
2 300 4 I T [ T
5 |
3 | \ I
= |
200 I
& I
£
=]
< T
3 100 - T
o

0 T T T T
1 2 3 4 5

Incubation Time (Days)
OUntreated @ TF-treated

Figure 3. 12 The influence of prolonged exposure of cells to rec-TF on the cell number. A)
MDA-MB-231, B) LoVo, C) CaCo2 cells (2x 10*) were seeded out into a T-75 flask and
cultured in the recommended medium. The cells were supplemented with rec-TF (65 pg/ml)
over a period of five days. On the fifth day, the cells were washed with PBS, fixed with 3%
(w/v) glutaraldehyde and the cell numbers were determined using the crystal violet staining
assay. Aliquots (100 ul) were transferred into a 96-well plate and the absorption was measured
at 495 nm using a plate reader (n=9; *= P < 0.05 vs. untreated sample).
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Figure 3. 13 The influence of prolonged exposure of cells to rec-TF on the cellular levels of
PTEN antigen. MDA-MB-231, LoVo and CaCo-2 cells (2x10%) were seeded out into a T-75
flask and cultured in the recommended media. The cells were supplemented with rec-TF (65
pa/ml) over a period of five days. On the fifth day, the cells were washed three times with PBS
and then lysed in Phospho-safe extraction buffer (2 ml). The lysate samples (50 pl) were loaded
into the 96 well plate followed by 50 ul of the antibody mixture (capture antibody (300 pl) and
detector antibody (300 pl) both diluted in antibody diluent (2.4 ml). The plate was incubated
on a plate shaker for 60 min. The solution was discarded and the wells were washed three times
with PBST. TMB substrate (100 ul) was added to each well and the plate was incubated in the
dark for 15 min. Once colour had developed, the reaction was terminated by adding stop
solution (100 pl). The absorption was recorded at 450 nm using a plate reader. (n = 16; * = p<
0.05 vs. untreated sample). PTEN antigen values were determined and normalised against the
total protein concentrations obtained from the Bradford assay.
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Figure 3. 14 The influence of prolonged exposure of cells to rec-TF on the cellular levels of
Akt activity. MDA-MB-231, LoVo and CaCo-2 cells (2x10%) were seeded out into a T-75 flask
and cultured in the recommended media. The cells were supplemented with rec-TF (65 pg/ml)
over a period of five days. On the fifth day, the cells were washed three times with PBS and
then lysed in Phospho-Safe extraction buffer (300 ul). The lysate samples (30 pl) were loaded
into the 96-well plate followed by the ATP solution (10 ul). The plate was incubated at 30°C
for 90 min and the reaction was then stopped by inverting the plate on a clean paper towel. The
phospho-specific antibody (40 ul) was added to each well and the plate was incubated for 60
min. The solution was then discarded and the wells were washed three times with PBST. The
detecting antibody was added into each well (40 ul) and incubated for 30 min. The wells were
washed three times with PBST and incubated with TMB substrate (60 pl) for 30 min. The
reactions were stopped by adding the stop solution (20 ul) and the absorption values were
recorded at 450 nm using a plate reader. (n=16; *= P < 0.05 vs. untreated samples). The Akt
Kinase activity values were determined and normalised against the total protein concentrations
obtained from the Bradford assay.
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3.3.11 Activation of PAR2 releases PTEN from MAGI complexes

The interaction between PTEN and MAGI proteins has been well documented, particularly the
recruitment and stabilisation of PTEN to the membrane via MAGI proteins (Wu et al 2000;
Adey et al 2000; Tolkacheva et al 2001). In addition, PAR2 activation has been reported to
suppress (Badeanlou et al 2011; Du et al 2017) or enhance PI3K/Akt activation (Jiang et al
2006; Roy et al 2017). Therefore, the PLA technique was employed to examine the association
of PTEN with MAGI proteins in resting and PAR2-activated MDA-MB-231 cells. Since both
PTEN and MAGI are cytoplasmic proteins, different permeabilising reagents were optimised
and used to ensure sufficient antibody delivery inside the cell (Figure A-1). Examination of the
non-activated cells by PLA indicated that PTEN was associated with all MAGI proteins.
However, the association between PTEN and MAGI-1 (Figure 3.15A) or PTEN and MAGI-2
(Figure 3.16A) was significantly higher compared to MAGI-3 (Figure 3.17A). To examine the
influence of PAR2 activation on the association between PTEN and MAGI proteins, MDA-
MB-231 cells were activated with PAR2-AP for up to 30 min. Examination of PAR2 activated
cells by PLA showed a reduction in the association of PTEN with MAGI-1 at 10 min and 20
min post-activation (Figure 3.15B). Moreover, the cells also showed a reduction in the
association of PTEN with MAGI-2 at 10 min and 20 min post-activation (Figure 3.16B). Since
the association between PTEN and MAGI3 was not significant compared to MAGI-1 or
MAGI-2, MDA-MB-231 cells were only activated for only 20 min and measured at one time
point. Activation of cell with PAR2-AP resulted in no significant change in the association of

PTEN from MAGI-3 compared (Figure 3.17B).
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Figure 3. 15 Analysis of the influence of PAR2 activation on the association of PTEN with
MAGI-1 by PLA. MDA-MB-231 cells (10%) were seeded into 35 mm-glass based p-dishes with
10 mm well size, and grown in complete medium overnight. Separate sets of cells were
incubated with to serum-free medium for 60 min prior to activation. The cells were then
activated with PAR2 (20 uM) for 20 min. The cells were fixed with 4% (v/v) formaldehyde for
20 min and then washed twice with PBS. The cells were permeabilised using 0.1% (v/v) Triton
X-100 for 10 min and then washed twice with PBS. The cells were blocked with Duolink®
blocking solution at 37°C for 60 min. A) The proximity between PTEN and MAGI-1 was
examined using a mouse anti-human PTEN antibody mixed together with a rabbit anti-MAGI-
1 antibody. As controls, the antibodies were substituted with rabbit or mouse IgG isotypes. The
PLA analysis was performed as described in section 2.3.5. Images were acquired using a Ziess
Axio Vert.Al inverted fluorescence microscope with a X40 magnification. The micrographs
are representative of 10 fields of view from 4 independent experiments. (RED= PLA
incidences; GREEN = Phalloidin; BLUE = DAPI). B) The interaction of PTEN and MAGI-1
was determined based on the quantified number of red fluorescent events around each nuclei
using ImageJ software. (n = 12; * = p< 0.05 vs. the respective non-activated samples).
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Figure 3. 16 Analysis of the influence of PAR2 activation on the association of PTEN with
MAGI-2 by PLA. MDA-MB-231 cells (10%) were seeded into 35 mm-glass based p-dishes with
10 mm well size, and grown in complete medium overnight. Separate sets of cells were
incubated with to serum-free medium for 60 min prior to activation. The cells were then
activated with PAR2 (20 uM) for 20 min. The cells were fixed with 4% (v/v) formaldehyde for
20 min and then washed twice with PBS. The cells were permeabilised using 0.1% (v/v) Triton
X-100 for 10 min and then washed twice with PBS. The cells were blocked with Duolink®
blocking solution at 37°C for 60 min. A) The proximity between PTEN and MAGI-2 was
examined using a mouse anti-human PTEN antibody mixed together with a rabbit anti-MAGI-
2 antibody. The PLA analysis was performed as described in section 2.3.5. Images were
acquired using a Ziess Axio Vert.Al inverted fluorescence microscope with a X40
magnification. The micrographs are representative of 10 fields of view from 4 independent
experiments. (RED= PLA incidences; GREEN = Phalloidin; BLUE = DAPI). B) The
interaction of PTEN and MAGI-2 was determined based on the quantified number of red
fluorescent events around each nuclei using ImageJ software. (n = 4; * = p< 0.05 vs. the
respective non-activated samples).
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Figure 3. 17 Analysis of the influence of PAR2 activation on the association of PTEN with MAGI-3 by
PLA. MDA-MB-231 cells (10%) were seeded into 35 mm-glass based u-dishes with 10 mm well size,
and grown in complete medium overnight. The cells were activated with PAR2 and then fixed,
permeabilised and blocked as described in Figure 3.16. A) The proximity between PTEN and MAGI-3
was examined using a mouse anti-human PTEN antibody mixed with a rabbit anti-MAGI-3 antibody.
The PLA analysis was performed as described in section 2.3.5. Images were acquired using a Ziess
Axio Vert.Al inverted fluorescence microscope with a X40 magnification. B) The interaction of PTEN
and MAGI-3 was determined based on the quantified number of red fluorescent events around each
nuclei using ImageJ software. (n = 4; * = p< 0.05 vs. the respective non-activated samples).
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3.3.12 Confirmation of the interaction between MAGI-2 and PTEN by co-
immunoprecipitation
The data obtained from PLA showed PTEN to associate with MAGI-2. Therefore, to further

confirm the association between PTEN and MAGI-2, MAGI-2 protein was
immunoprecipitated from cell lysates using a rabbit anti-MAGI-2 antibody. Western blot
analysis of immunoprecipitated MAGI-2 exhibited that MAGI-2 associates with PTEN.
Moreover, to confirm the influence of PAR2 activation on the association between PTEN and
MAGI-2, MDA-MB-231 cells were activated with PAR2-AP for 20 min. Western blot
assessment of PAR2-activated cells showed a reduction in the interaction between MAGI-2
and PTEN (Figure 3.18).

3.3.13 Confirmation of the interaction between PTEN and MAGI-2 by co-

immunoprecipitation

To further confirm the interaction between PTEN and MAGI-2, PTEN protein was
immunoprecipitated from cell lysates using a mouse anti-PTEN antibody. Western blot
analysis of 3 independent immunoprecipitated PTEN repeats confirmed the interaction
between PTEN and MAGI-2. Furthermore, to confirm the influence of PAR2 activation on the
interaction of PTEN with MAGI-2, MDA-MB-231 cells were activated with PAR2-AP for 20
min. PAR2 activation of cells resulted in a reduction in the interaction between PTEN and

MAGI-2 (Figure 3.19).
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Figure 3. 18 Analysis of the interaction between PTEN and MAGI-2 using co-
immunoprecipitation. MDA-MB-231 (5x10°) were seeded out into 6-well plates in complete
medium and propagated to 80% confluency. Separate sets of cells were incubated with to
serum-free medium for 60 min prior to activation. The cells were then activated with PAR2-
AP (20 pM) for 20 min. MAGI-2 protein was immunoprecipitated from cell lysates using a
rabbit anti-MAGI-2 antibody and captured with protein A-magnetic beads. The
immunoprecipitated protein samples were separated by SDS-PAGE, transferred to
nitrocellulose membranes and blocked. In order to detect the presence of PTEN, the membranes
were probed with a mouse anti-PTEN primary antibody overnight at 4°C. As a control, the
antibodies were substituted with a mouse IgG isotype. The membranes were probed with a
secondary goat anti-mouse alkaline phosphatase conjugated antibody. The bands were
developed with Western Blue-stabilised substrate for alkaline phosphatase and photographed.
B) The band densities were quantified to determine the interaction of PTEN and MAGI-2
between activated and non-activated samples. (n = 3; * = p< 0.05 vs. the non-activated sample).
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Figure 3. 19 Analysis of the interaction between MAGI-2 and PTEN using co-
immunoprecipitation MDA-MB-231 (5x10°) were seeded out into 6-well plates in complete
medium and propagated to 80% confluency. Separate sets of cells were incubated with to
serum-free medium for 60 min prior to activation. The cells were then activated with PAR2-
AP (20 puM) for 20 min. PTEN protein was immunoprecipitated from cell lysate using a mouse
anti-PTEN antibody captured with protein A-magnetic beads. The immunoprecipitated protein
samples were separated by SDS-PAGE, transferred to nitrocellulose membranes and blocked.
In order to detect the presence of MAGI-2, the membranes were probed with a rabbit anti-
MAGI-2 primary antibody overnight at 4°C. As a control, the antibodies were substituted with
a rabbit 1gG isotype. The membranes were probed with a secondary goat anti-rabbit alkaline
phosphatase-conjugated antibody. The bands were developed with Western Blue-stabilised
substrate for alkaline phosphatase and photographed. B) The band densities were quantified to
determine the interaction of MAGI-2 with PTEN between activated and non-activated samples
(n =3; * = p< 0.05 vs. the non-activated sample).
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3.3 Discussion

The signalling arising from TF has been associated with normal physiological processes
(Pradier and Ettelaie 2007) as well as cancer cell proliferation, migration and metastasis (Ruf
2012). Under pathological conditions, the signalling process is mediated by constitutive
activation of several signalling pathways one of which is the PI3K-Akt pathway. The
downregulation of PTEN together with the activation of Akt results in the induction of
downstream signalling that is essential for the promotion of proliferation and survival in cancer
cells (Zhang et al 2012). In addition, there is already an established association between PTEN
mutation/deregulation and increased TF expression in tumour cells (Rong et al 2005; Fang et
al 2006). In this section of the study, it was hypothesised that PTEN activity may also vary
depending on the level and type of inflammation. It was proposed that the response of cells to
acute levels of TF such as those found in injury and trauma may differ from the adaptive
behaviour of the cells as observed in longer-term chronic diseases. For this reason, the
phosphorylation state of PTEN as well as the activities of PTEN and Akt in seven cancer cell
lines were monitored in the short-term following a single treatment with rec-TF, or following
PAR2 activation. In addition, the rate of cell proliferation on exposure of cells to repeated doses
of TF was also monitored over five days. The auto-de-phosphorylation of PTEN is reported to
be the first step in the activation process of PTEN (Vazquez et al 2000). The cellular exposure
to TF (Figure 3.5) or activation with PAR2-AP (Figure 3.7), induced some level of PTEN de-
phosphorylation in all cell lines examined. However, the levels of PTEN de-phosphorylation
were particularly highest in MDA-MB-231, CaCo-2 and LoVo cells (Figure 3.6). The de-
phosphorylation of PTEN was concurrent with the enhanced lipid-phosphatase activity (Figure
3.8 and 3.9) which was also reflected in the reduced kinase activity of Akt (Figure 3.10 and
3.11). Following injury or trauma, cells may become exposed to large quantities of TF together

with the activation PAR2 by coagulation proteases. Therefore, as a possible explanation, the
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activation of PTEN may prevent the survival of severely damaged cells by lowering the cellular

activity of Akt.

The interaction of MAGI proteins with PTEN plays an important role in the recruitment of
PTEN to the inner membrane and the regulation of PTEN function as a tumour suppressor
(Georgescu et al 2000; Leslie et al 2000). Moreover, the interaction of MAGI with PTEN at
the cell membrane has been reported to protect PTEN from degradation (Subauste et al 2005).
However, the release of PTEN from MAGI proteins has been reported to destabilise PTEN and
promote its degradation (Hu et al 2007). PAR2 activation of MDA-MB-231 cells resulted in a
reduction in the association of PTEN with MAGI-1 and MAGI-2 (Figure 3.15 and 3.16) which
was further confirmed by co-immunoprecipitation (Figure 3.18 and 3.19). Several studies have
reported that caspases can cleave MAGI proteins (Torres et al 2003; Ivanova et al 2007).
Moreover, it has been reported that caspase-1 is needed for the release of procoagulant TF-
bearing microvesicles (Rothmeier et al 2015) and PAR2 activation is known to induce the
release of procoagulant TF-bearing microvesicles (Collier and Ettelaie 2011; Ettelaie et al
2016). In addition, it also been reported that caspase-3 can also be activated by PAR2 (lablokov
et al 2014). Therefore, the activation of PAR2 may trigger the induction of caspases which
result in the degradation of MAGI proteins which suggests a mechanism for the dissociation
of PTEN from MAGI proteins. Upon injury, PAR2 activation causes the release of PTEN from
MAGI proteins which in the short-term may increase the PTEN activity. This in turn,

suppresses the Akt Kinase activity to prevent aberrant cell survival and proliferation.

The activation of the coagulation mechanism is a common feature associated with cancer. As
a result, PAR2 activation mediated by the TF-FVIla complex promotes various signalling
pathways which have been linked to tumour growth (Ruf et al 2010; Grover and Mackman
2018). To mimic the continuous activation of the coagulation mechanism observed in long-

term chronic diseases, the cells were exposed to multiple doses of TF over five days. The
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prolong incubation of cells with rec-TF resulted in the reduction of cellular PTEN antigen
levels (Figure 3.13). It is possible that the activation of PAR2 due to the constant exposure of
cells to TF could progressively reduce cellular PTEN levels which subsequently degrade
PTEN. In fact as mentioned above, it has been reported that caspase-3 is capable of digesting
PTEN (Torres et al 2003). Therefore, it is possible that the continuous activation of PAR2
induces caspase activation which subsequently and progressively reduces the amount of PTEN
through degradation. As a result, the regulation of cell survival and proliferation becomes
compromised through increased Akt activity (Figure 3.14) and manifests in the increased rate

of cell proliferation (Figure 3.12A-C).

The perturbation of cells often occurs as a consequence of injury which can also result in the
exposure of TF and the activation of coagulation (Figure 3.20). Under such conditions, it is
imperative to make a distinction between the severely injured cells and those which may be
revived. Since TF is one of the first proteins which appears at the site of injury, it may possess
the ability to subsequently initiate differing signals in order to direct the cells towards apoptosis
or proliferation respectively. This study has demonstrated the ability of TF to induce PTEN
activation in the short term, while prolonged exposure to TF appears to reduce the total cellular
PTEN protein. This may in turn result in aberrant cell survival and proliferation during chronic

conditions.
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Figure 3. 20 The proposed role of TF on the regulation of PTEN. A) Under normal
physiological conditions, TF together with the activation of PAR2 promotes PTEN activation
leading to an increase in the lipid-phosphatase activity of PTEN. B) Under chronic conditions,
the signalling arising from TF-FVIla-PAR2 decreases cellular PTEN antigen levels resulting
in enhanced Akt activity and aberrant cell formation.
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Chapter 4
Investigation of the regulation of TF localisation by

Interaction with MAGI proteins
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4.1 Introduction

The cellular expression of TF is tightly controlled to balance the procoagulant activity and to
prevent the formation of thrombosis (Kothari et al 2013). Moreover, the expression of TF at
the apical side of endothelia cells and the basolateral regions of epithelial cell lines has been
reported (Camerer et al 1996). In addition, it has been documented that TF is localised at the
tight junctions in confluent MDCK cell lines (Camerer et al 1996). The cellular localisation of
TF at cell-cell junctions of myocytes was also reported (Luther et al 2000; Ruf and Riewald
2000). In cancer cell lines, TF was reported to localise at the intercellular boundaries of MCF-
7 breast cancer cell line (Muller et al 1993) and at the cell-cell junction of skin and colorectal
cancer cells (Garnier et al 2012). However, this property was absent from J82 bladder
carcinoma cells which were incapable of forming tight junctions (Narahara et al 1994). In
addition, it has been documented that the cytoplasmic domain of TF interacts with filamin-A,
a cytoskeletal protein that regulates the trafficking of TF (Collier et al 2017). Furthermore, the
regulation of TF-containing microvesicles release has also been shown to be modified by
peptidyl-prolyl trans/cis isomerase 1 (Pin-1). Pin-1 regulates the function of proteins through
conformational changes, by isomerisation of phosphorylated Serine/Threonine-Proline
(pSer/Thr-Pro) motifs (Ettelaie et al 2018; Kurakula et al 2018). This interaction is mediated
through a well-conserved Ser258-Pro259 amino acid motif, which is present in the cytoplasmic
domain of TF in many species. Therefore, in this part of the investigation it was hypothesised
that TF might be restrained at the cell junctions through binding to MAGI proteins. This
interaction may be mediated by a putative PDZ-binding sequence found within the cytoplasmic
domain of TF. Using the PDZ domain-peptide interaction website (POW) program (Hui et al
2013) which predicts PDZ domain-peptide interactions based on sequence and structural
predictors. It suggested that TF may interact with a few PDZ-containing proteins including

MAGI proteins. Since the data produced in the previous chapter showed that TF may regulate
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the function of PTEN, which influences the interaction of the latter protein with MAGI
proteins. Therefore, the next series of experiments were designed to explore the possibility that
any of the MAGI proteins may interact with TF and to examine the possibility that such an

interaction may control the localisation of TF at the cell junction.

4.1.1 MAGI proteins

Endothelial and epithelial cells maintain homeostasis, provide protective barriers to organs
from the surrounding environments and regulate movement of solutes across the epithelium.
These protective barriers are formed, in part, of an intercellular adhesion complex which
consists of desmosomes, adherens and tight junctions. The junctional adhesion molecule
(JAM), claudin and occludin are integral tight junction proteins, whereas proteins such as
zonula occludens (ZO1-3) and MAGI(1-3) belong to the membrane-associated tight junction
proteins (Padash Barmchi et al 2016; Bhat et al 2019). It has been reported that the interaction
between integral membrane proteins and membrane-associated proteins is crucial for the
correct organisation of tight junctions (Hirabayashi et al 2003). It has been documented that
tight and adherens junctions are tightly associated and often reside at the polarised apical end
of epithelial cells, however in endothelia, tight and adherens junctions are often intermixed
(Padash Barmchi et al 2016). There is a growing body of evidence implicating these junctional
proteins in cell signalling, migration, a range of inherited human diseases and cancer
progression (Zihni et al 2016). In recent years, the MAGI family has emerged as an example
of the vast number of tight junction proteins which function to recruit and stabilise several
membrane proteins at the cell-cell junctions (Hammad et al 2016). Several studies have
reported that MAGI proteins are localised at the tight junctions and regulate the function of a
number of different proteins mediated through the WW and PDZ domains in the MAGI
proteins (Feng et al 2014; Padash Barmchi et al 2016). For example, in kidney and small

intestine cells, MAGI-1 was shown to interact with junctional adhesion molecule JAM-4, a
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homolog of JAM-A, through PDZ1 and PDZ4 (Hirabayashi et al 2003). This interaction gives
rise to enhanced JAM-4 mediated cell adhesion and strengthening of the tight junctions.
MAGI-1 has also been reported to recruit E-cadherin and B-catenin at the junctional sites of
colorectal cells again resulting in enhanced stability of the resulting tight junctions (Zaric et al
2012; Zaessinger et al 2015). Moreover, a study by Wegmann et al (2004) reported that
endothelial cell-selective adhesion molecule (ESAM), immunoglobulin-like transmembrane
cell surface protein associated with endothelial tight junctions, interacts with the third PDZ
domain of MAGI-1. This interaction anchors MAGI-1 at endothelial tight junctions, resulting
in an enhanced stability of endothelia cell-cell contacts. In C. elegans, MAGI-1 was shown to
localise and interact with apical junction molecule-1 (AJM-1), a homolog of the vertebrate
transmembrane tight junction protein, JAM-1, thereby increasing junctional stability and cell
adhesion (Stetak and Hajnal 2011). Furthermore, MAGI-3 has been shown to localise with ZO-
1 at the tight junctions of epithelial cells, and with E-cadherin at cell junctions of neuronal cells
(Adamsky et al 2003). The localisation of these proteins at the tight junctions enhanced the
adhesion and stability of these cells. Finally, MAGI-2 has been reported to interact with a
number of cell adhesion molecules and cytoskeleton-associated proteins, resulting in the
stabilisation of these proteins thereby, supporting the architecture of cellular junctions

(Nagashima et al 2015).

4.1.2 Aim

Under normal conditions, TF was reported to localise at the tight junctions of several cell types.
However, this characteristic is lost in cells lacking tight junctions. Since MAGI are a multi-
domain tight junctional protein. This study hypothesised that TF might be restrained at the tight
junctions through MAGI-dependent interaction (Figure 4.1). However, upon vascular injury or

loss of cell-cell contacts this interaction is disrupted resulting in the dissociation of TF from
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MAGI proteins. To examine this hypothesis, PLA and co-immunoprecipitation techniques

were employed to investigate:

e The interaction between TF and each of the three MAGI proteins separately in
endothelial and MDA-MB-231 cells.

e The ability of PAR2 activation to alter any putative interaction between TF and
MAGI proteins.

e The association of TF with tight junction proteins, MAGI-1 and JAM-A by

fluorescence microscopy.
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Figure 4. 1 The proposed study by which MAGI proteins may restrain TF at the cellular
junctions. A) Under normal conditions, MAGI may prevent the exposure of TF to the cell
surface by restraining the latter protein at the tight junctions. B) Disruption of cell membrane
integrity due to injury or loss of cell-cell contacts exposes TF to the cell surface where it
interacts with FV1la and activates the coagulation as well as the signalling mechanisms.
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4.2 Methods

4.2.1 Examination of the association of TF with MAGI proteins using the PLA

MDA-MB-231 cells (10%) were seeded into 35 mm-glass based p-dishes with a 10 mm diameter
glass well, and propagated overnight in complete medium. Separate sets of cells were incubated
with serum-free medium for 60 min prior to activation. The cells were then activated with
PAR2-AP (20 uM) for up to 40 min. The cells were washed three times with PBS and fixed
with 4% (v/v) formaldehyde in PBS for 20 min, washed three times again and then
permeabilised using 0.1% (v/v) Triton X-100 in PBS for 10 min. The dishes were washed three
times with PBS and then blocked with Duolink® blocking solution at 37°C for 60 min. The
blocking solution was discarded and the cells were incubated with primary antibodies diluted
1:100 (v/v) in the provided antibody diluent. Different concentrations of TF and MAGI(1-3)
antibodies were used to determine the optimal antibody concentration required for the
visualisation of these proteins through fluorescence microscopy (Appendix A-2). To examine
the potential association between TF and MAGI proteins, the cells were incubated with a mouse
anti-TF antibody (HTF1) together with a rabbit anti-MAGI-1 antibody (H-70) or with a
polyclonal rabbit anti-MAGI-2 antibody (C3) or with a polyclonal rabbit anti-MAGI-3
antibody overnight at 4°C. As controls, the antibodies were substituted with a rabbit or mouse
IgG isotype controls, respectively. PLA analysis was performed as described in section 2.3.5.
The nuclei were labelled with DAPI (2 pg/ml) and the cytoskeleton with Phalloidin 488 (2
pg/ml) for 10 min. Images were acquired using a Ziess Axio Vert.Al inverted fluorescence
microscope with a X40 magnification. The number of red fluorescent events and the nuclei

were determined using ImageJ software, in 10 fields of view from each assay.
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4.2.2 Examination of the interaction between TF and MAGI-1 by co-
immunoprecipitation
MDA-MB-231 cells (5x10°) were seeded out into a 6-well plate and propagated to 80%
confluency. The cells were washed three times with PBS and then lysed with Phospho-Safe™
extraction buffer (500 pl). TF was immunoprecipitated from cell lysates with a mouse anti-TF
antibody (8 pg; HTF1). In a reverse of the procedure, MAGI-1 protein was immunoprecipitated
from cell lysates with a rabbit anti-MAGI-1 antibody (8 ug; H-70). To ensure specificity, a
mouse or rabbit IgG isotype control (8 pg) was also included as well as an additional control
without any antibody. The immunoprecipitated proteins were incubated overnight at 4°C using
a rotating mixer. On the following day, the antibody in the cell lysates was captured with
protein A-magnetic beads (100 pl) for 120 min using a rotating mixer, at 4°C. The supernatants
were discarded and the beads were washed five times with TBST. The samples were lysed in
Laemmli’s buffer and the immunoprecipitated proteins were separated by SDS-PAGE,
transferred to nitrocellulose membranes and blocked. In order to detect the presence of TF, the
membranes were probed with a mouse anti-TF primary antibody (HTF1) diluted 1:2000 (v/v)
in TBST overnight at 4°C. The membranes were probed with an alkaline phosphatase-
conjugated goat anti-mouse 1gG antibody diluted 1:8000 (v/v) in TBST. In order to detect the
presence of MAGI-1, the membranes were probed with a rabbit anti-MAGI-1 antibody diluted
1:2000 (v/v) in TBST overnight at 4°C. The membranes were then probed with an alkaline
phosphatase-conjugated goat anti-rabbit IgG antibody diluted 1:8000 (v/v) in TBST. In both
cases bands were developed with Western Blue-stabilised substrate for alkaline phosphatase

and photographed.
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4.2.3 Examination of the association of TF with tight junction proteins JAM-A and
MAGI-1

MDA-MB-231 cells (10%) were seeded out into 35 mm-glass based p-dishes with 10 mm
diameter glass well in complete medium and propagated to confluency. The cells were fixed
with 4% (v/v) formaldehyde for 20 min and then washed with PBS. The cells were
permeabilised using 0.1% (v/v) Triton X-100 for 10 min, washed with PBS and blocked with
3% (w/v) BSA diluted in PBS, for 60 min. In order to demonstrate the co-localisation of TF
with MAGI-1 within the cell boundaries, the cells were probed for TF using a FITC-conjugated
anti-TF antibody (HTF1-FITC), and MAGI-1 using a rabbit anti-MAGI-1 antibody (H-70)
diluted 1:100 (v/v) 3% BSA in PBS, and incubated overnight at 4°C. In order to visualise
MAGI-1 protein, the cells were washed three times with PBS and then probed with a goat anti-
rabbit 1gG-Alexa Fluor 594 antibody diluted 1:100 (v/v) in 3% BSA in PBS for 60 min.
Furthermore, to demonstrate the co-localisation of TF with JAM-A within the cell boundaries,
another set of cells were probed with TF using a conjugated anti-TF antibody (HTF1-FITC)
and JAM-A protein using a goat anti-JAM-A antibody both diluted 1:100 (v/v) 3% BSA in
PBS, and incubated overnight at 4°C. The cells were washed three times with PBS and then
probed with a donkey anti-goat 1gG-Alexa Fluor 594 antibody diluted 1:100 (v/v) in blocking
buffer to detect JAM-A protein. The nuclei were stained with DAPI (2 pg/ml) for 10 min.
Images were acquired using a Ziess Axio Vert.Al inverted fluorescence microscope with a
X40 magnification.

4.2.4 Examination of the influence of PAR2 activation on the localisation of TF within the

cell junction

To examine the influence of PAR2 activation on the localisation of TF within the cell
boundaries, MDA-MB-231 cells (10%) were seeded out into 35 mm-glass based p-dishes with

10 mm well size in complete medium and propagated to confluency. Separate sets of cells were
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incubated with serum-free medium for 60 min prior to activation. The cells were then activated
with PAR2-AP (20 uM) for 20 min. The cells were fixed with 4% (v/v) formaldehyde for 20
min, washed twice with PBS and then permeabilised using 0.1% (v/v) Triton X-100 for 10 min.
After further washes, the cells were blocked with 3% (w/v) BSA diluted in PBS for 60 min and
then probed for TF using a conjugated anti-TF antibody (HTF1-FITC) diluted 1:100 (v/v) in
blocking buffer for another 60 min. The cells were washed with PBS and the nuclei were
stained with DAPI (2 pg/ml) for 10 min. Images were acquired using a Ziess Axio Vert.Al

inverted fluorescence microscope with a X40 magnification.

4.3 Results

4.3.1 Prediction of the interacting motifs between TF and MAGI proteins using the POW
software
The activity of TF has been suggested to be regulated through the ENSPL sequence motif
located within its cytoplasmic domain (Ettelaie et al 2018; Kurakula et al 2018). In addition,
MAGI proteins are characterised by their structure consisting of six PDZ domain, guanylate
kinase domain as well as two WW domains (Padash Barmchi et al 2016). Therefore, the POW
software (Hui et al 2013) was used to predict the capability of the cytoplasmic domain of TF
to interact with any PDZ-containing proteins. This produced high scores for PDZ domains in
MAGI-1, MAGI-3, MAGI-X proteins and also for rhophillin. In addition, the amino acid
sequence ENSPL (256-260 aa) within the cytoplasmic domain of TF was identified as the most
likely PDZ binding sequence in TF (Table 4.1). The interaction of TF with rhophillin and
MAGI-X was ruled out in a separate study in the laboratory, therefore MAGI(1-3) proteins

were selected for further analyses.
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Table 4. 1 Sequences and scores for the predicted PDZ domains capable of interacting with TF

peptides

Peptide SVM

PDZ Domain Sequence of Domain Binding Sequence Decision
Name Site Score
ARHGAP23-1 GFGFTLNGKNKGYSIS ENSPL 0.03
GRIP2-5 ELGITISSSDKSMEVC SPLNV 0.056
LIN7B-1 GLGFNIMGSRIGHEVA KENSP 0.184
LIN7C-1 GLGFNIMGSRIGHEVA KENSP 0.184
MAGI1-6 GFGFSLRGLRAGHSIG ENSPL 0.429
MAGI3-6 GFGFSLRGLRAGHTIG ENSPL 0.438
MAGIX-1 GFGLTLGGRGLGHAVG ENSPL 0.48
MPP4-1 FKGATIKRARIGPEIS KENSP 0.057
PDLIM1-1 GWGFRLVGSRTSHLQC ENSPL 0.035
PDLIM5-1 PWGFRLQGSSKGHLQC ENSPL 0.073
RHPN1-1 GFGLTLRGAAISHAVG ENSPL 0.603

The POW software sequence predication parameter showing the protein name, the Support
Vector Machines (SVM) decision scores which measure the predicted interaction score and the
possible interacting sequences between the target protein and the PDZ-containing protein with
values = >1 are considered relevant (Hui and Bader 2010).
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4.3.2 Examination of the association of TF with MAGI-(1-3) proteins using the PLA

Firstly, to ensure the interaction between TF and MAGI proteins are not influenced by non-
specific binding, PLA was performed between TF and each of the MAGI-(1-3) protein using
a mouse anti-TF antibody together with a rabbit 1gG isotype control. Other PLA sets were
also performed, using rabbit anti-MAGI-(1-3) antibodies together with a mouse IgG isotype
control (Figure 4.2). Next, PLA was employed to investigate the possible association of TF
with each of the proteins using a mouse anti-TF antibody together with a rabbit anti-MAGI-1
antibody, a rabbit anti-MAGI-2 or a rabbit anti-MAGI-3 antibody. Analysis of 4 independent
PLA repeats indicated that TF associates with all three members of the MAGI family.
However, the association between TF and MAGI-1 was higher than those observed with

either MAGI-2 or MAGI-3 (Figure 4.2).

4.3.3 Activation of PAR2 reduces the association between TF and MAGI-1

To examine the influence of PAR2 activation on the association between TF and MAGI
proteins, MDA-MB-231 cells were propagated overnight and then activated with PAR2-AP
over a period of 40 min, on the following day. PLA was then carried out and the data
obtained from 4 independent PLA repeats showed a transient reduction in the association
between TF and MAGI-1 at around 20 min post activation (Figure 4.3) which then
normalised by 30 min. Since the association between TF and MAGI-2 or MAGI-3 was not
significant, the time course was not carried out and the association was only measured at 20
min. PLA analysis of cells did not show a significant change in the association of TF with

either MAGI-2 (Figure 4.4) or MAGI-3 (Figure 4.5) following PAR2 activation.
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Figure 4. 2 Examination of the association between TF and MAGI (1-3) proteins using PLA.
A) MDA-MB-231 cells (10%) were seeded into 35 mm-glass based p-dishes and grown in
complete medium overnight. The cells were fixed with 4% (v/v) formaldehyde for 20 min,
washed twice with PBS and then permeabilised using 0.1% (v/v) Triton X-100 for 10 min.
After further two washes with PBS, the cells were blocked with Duolink® blocking solution at
37°C for 60 min. The proximity between TF and MAGI-(1-3) was examined using a mouse
anti-human TF antibody mixed together with a rabbit anti-MAGI-1 antibody or with rabbit
anti-MAGI-2 antibody or with rabbit anti-MAGI-3 antibody diluted 1:100 (v/v) in the provided
antibody diluent. As controls, the antibodies were substituted with rabbit or mouse IgG
isotypes. The PLA analysis was performed as described in section 2.3.5. The nuclei were then
labelled with DAPI and the cytoskeleton with Phalloidin 488 for 10 min and images were
acquired using a Ziess Axio Vert.Al inverted fluorescence microscope with a X40
magnification. The micrographs are representative of 10 fields of view from 4 independent
experiments. (RED= PLA incidences; GREEN = Phalloidin; BLUE = DAPI). B) The
interaction of TF and MAGI(1-3) were determined based on the quantified number of red
fluorescent events around the nuclei using ImageJ software. (n = 4; * = p< 0.05 vs. MAGI-2
and/or MAGI-3 samples).
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Figure 4. 3 Examination the influence of PAR2 activation on the association of TF with MAGI-
1 by PLA assay. A) MDA-MB-231 cells (10%) were seeded out into 10 mm-glass based p-
dishes in complete medium overnight. Separate sets of cells were incubated with serum-free
medium for 60 min prior to activation. The cells were then activated with PAR2-AP (20 uM)
over a period of up to 40 min. The cells were fixed, permeabilised and blocked. The proximity
between TF and MAGI-1 was examined using a mouse anti-TF antibody together with a rabbit
anti-MAGI-1 antibody as described in Figure 4.1. PLA analysis was performed as described in
section 2.3.5. Images were acquired using a Ziess Axio Vert.Al inverted fluorescence
microscope with a X40 magnification. The micrographs represent 10 fields of view from 4
independent experiments. RED= PLA incidences; GREEN = Phalloidin; BLUE = DAPI. B)
The interaction of TF and MAGI-1 at intervals up to 40 min were determined based on the
quantified number of red fluorescent events around the nuclei using ImageJ software (n = 4; *
= p< 0.05 vs. the respective non-activated samples).
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Figure 4. 4 Examination the influence of PAR2 activation on the association of TF with MAGI-2 by
PLA. A) MDA-MB-231 cells (10%) were seeded out into 10 mm-glass based p-dishes in complete
medium overnight. Separate sets of cells were incubated with serum-free medium for 60 min prior to
activation. The cells were then activated with PAR2-AP (20 uM) for 20 min. The cells were fixed,
permeabilised and blocked as described in section 4.2.1. The proximity between TF and MAGI-2 was
examined using a mouse anti-TF antibody together with a rabbit anti-MAGI-2 antibody. PLA analysis
was performed as described in section 2.3.5. Images were acquired using a Ziess Axio Vert.Al inverted
fluorescence microscope with a X40 magnification. The micrographs represent 10 fields of view from
4 independent experiments. B) The interaction of TF and MAGI-2 at intervals up to 40 min were
determined based on the quantified number of red fluorescent events around the nuclei using ImageJ
software (n = 4).
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Figure 4. 5 Examination the influence of PAR2 activation on the association of TF with MAGI-3 by
PLA assay. MDA-MB-231 cells (10%) were seeded out into 10 mm-glass based p-dishes in complete
medium overnight. The cells were activated with PAR2-AP for 20 min and then fixed, permeabilised
and blocked as described in section 4.2.1. A) The proximity between TF and MAGI-3 was examined
using a mouse anti-TF antibody together with a rabbit anti-MAGI-3 antibody. PLA analysis was
performed as described in section 2.3.5. B) The interaction of TF and MAGI-3 at 20 min were
determined based on the quantified number of red fluorescent events around the nuclei using ImageJ
software (n=4).
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4.3.4 Examination the influence of PAR2 activation on the interaction between TF and
MAGI-1 by co-immunoprecipitation
Since the association of TF with MAGI-1 was shown to be significant, the subsequent co-
immunoprecipitation experiments were designed to further investigate the interaction of TF
with MAGI-1. Therefore, to confirm the interaction between TF and MAGI-1, TF protein was
immunoprecipitated from cell lysates using a mouse anti-TF antibody. Representative
examples of western blot analysis from 3 independent immunoprecipitated TF samples
confirmed the interaction of TF with MAGI-1 (Figure 4.6). Furthermore, to examine the
influence of PAR2 activation on the interaction of TF with MAGI-1, MDA-MB-231 cells were
activated with PAR2-AP for 20 min. The cells were lysed and TF antigen was
immunoprecipitated using a mouse anti-TF antibody. Western blot analysis of 3 independent
repeats from the immunoprecipitated TF samples resulted in a reduction in the interaction
between TF and MAGI-1 (Figure 4.6). Alternatively, MAGI-1 protein was immunoprecipitated
from cell lysates using a rabbit anti-MAGI-1 antibody. Western blot analysis of 3 independent
repeats from the immunoprecipitated MAGI-1 samples also confirmed the interaction between
MAGI-1 and TF (Figure 4.7) Similarly, to the results for TF, the interaction of MAGI-1 with

TF was reduced in PAR2 activated MDA-MB-231 cells (Figure 4.7).
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Figure 4. 6 Analysis of PAR2 activation on the interaction of TF with MAGI-1 by co-
immunoprecipitation. MDA-MB-231 cells (5x10°) were seeded out into 6-well plates in
complete medium and propagated to 80% confluency. Sets of cells were incubated with serum-
free medium for 60 min prior to activation. The cells were then activated with PAR2-AP (20
puM) for 20 min. MAGI-1 was immunoprecipitated from cell lysates with a rabbit anti-MAGI-
1 antibody using protein A-magnetic beads. The immunoprecipitated MAGI-1 protein samples
were separated by SDS-PAGE, transferred to a nitrocellulose membrane and blocked. The
membranes were probed with a mouse anti-TF primary antibody overnight at 4°C. In order to
detect the presence of TF, the membrane was probed with a goat anti-mouse alkaline
phosphatase-conjugated antibody. B) The band densities were quantified to determine the
interaction of TF and MAGI-1 between activated and non-activated samples (n = 3; * = p<
0.05 vs. the respective non-activated samples).
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Figure 4. 7 Examination the influence of PAR2 activation on the interaction of MAGI-1 with
TF by co-immunoprecipitation. MDA-MB-231 cells (5x10°) were seeded out into 6-well plates
in complete medium and propagated to 80% confluency. Sets of cells were incubated with
serum-free medium for 60 min prior to activation. The cells were then activated with PAR2-
AP (20 pM) for 20 min. TF protein was immunoprecipitated from cell lysates using a mouse
anti-TF antibody and captured with protein A-magnetic beads. The immunoprecipitated TF
proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane and blocked.
The membranes were probed with a rabbit anti-MAGI-1 primary antibody overnight at 4°C. In
order to detect the presence of MAGI-1, the membranes were probed with an alkaline
phosphatase-conjugated goat anti-mouse 1gG antibody. B) The band densities were quantified
to determine the interaction of TF and MAGI-1 between activated and non-activated samples.
(n =3; *=p<0.05 vs. the respective non-activated samples).
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4.3.5 The association of TF with tight junction MAGI-1 and JAM-A proteins

To explore the localisation of TF at the cellular tight junctions, sets of confluent MDA-MB-
231 cells were fixed and probed for TF using a FITC-conjugated anti-TF antibody together
with a rabbit anti-MAGI-1 antibody. Another set of confluent MDA-MB-231 cells were probed
using a FITC-conjugated anti-TF antibody together with a goat anti-JAM-A antibody. ImageJ
analysis of MDA-MB-231 cells indicated that TF localises with JAM-A (Figure 4.8) and with

MAGI-1 (Figure 4.9) with overlap coefficient value of (0.512) and (0.523), respectively.

4.3.6 The localisation of TF within intercellular regions is disrupted following PAR2

activation

To investigate the influence of PAR2 activation on the localisation of TF within the tight
junctions of cells, confluent MDA-MB-231 cells were activated with PAR2-AP for 20 min.
ImageJ analysis of PAR2-activated cells showed a disruption in the pattern of localised TF

within the cell junctions when compared to non-activated cells (Figure 4.10).
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Combined

Figure 4. 8 Co-localisation patterns of TF with JAM-A protein. MDA-MB-231 cells (10%) were
seeded out into 10 mm-glass based p-dishes and permitted to reach confluence. The cells were
fixed with 4% (v/v) formaldehyde for 20 min and then washed with PBS. The cells were probed
for TF and MAGI-1 using a FITC-conjugated anti-TF antibody together with a goat anti-JAM-
A antibody and incubated overnight at 4°C. The cells were washed with PBS and then probed
with a donkey anti-goat 1gG-Alexa Fluor 594 antibody to detect JAM-A protein. The nuclei
were stained with DAPI for 10 min. Images were acquired using a Ziess Axio Vert.Al inverted
fluorescence microscope with a X40 magnification and the co-localisation overlap values were
determined using ImageJ program. (n = 3; BLUE = DAPI; GREEN= TF; RED=JAM-A).
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Figure 4. 9 Co-localisation patterns of TF with MAGI-1 protein. MDA-MB-231 cells (10%)
were seeded out into 10 mm-glass based p-dishes and permitted to reach confluence. The cells
were fixed with 4% (v/v) formaldehyde for 20 min and then washed with PBS. The cells were
probed for TF and MAGI-1 using a FITC-conjugated anti-TF antibody together with a rabbit
anti-MAGI-1 antibody and incubated overnight at 4°C. The cells were washed with PBS and
then probed with a goat anti-rabbit IgG-Alexa Fluor 594 antibody to detect MAGI-1 protein.
The cell nuclei were stained with DAPI for 10 min. Images were acquired using a Ziess Axio
Vert.Al inverted fluorescence microscope with a X40 magnification and the co-localisation
overlap values were determined using ImageJ program (n = 3; BLUE = DAPI; GREEN= TF;
RED=MAGI-1).
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Figure 4. 10 Localisation of TF in PAR2 activated confluent MDA-MB-231 cells. MDA-MB-
231 cells (10*) were seeded out into 10 mm-glass based p-dishes and permitted to reach
confluence. A set of cells were incubated with serum-free medium for 60 min prior to
activation. The cells were then activated with PAR2-AP (20 uM) for 20 min and then washed
twice with PBS. The cells were fixed with 4% (v/v) formaldehyde for 20 min and then washed
twice with PBS. The cells were probed for TF using an FITC-conjugated anti-TF antibody for
60 min then the nuclei were stained with DAPI for further 10 min. Images were acquired using
a Ziess Axio Vert.Al inverted fluorescence microscope with a X40 magnification (n = 4;
GREEN=TF; BLUE = DAPI).
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4.4 Discussion

It has been documented that under normal conditions, TF expression is suppressed on the
cell-surface of endothelial cells (Butenas 2012; Palta et al 2014). However, the strict
regulation of TF expression is lost during pathological conditions such as those observed in
cancer (Bluff et al 2008). In addition, the localisation of MAGI proteins at the tight junctions
plays an essential role in the stabilisation of cellular adhesion (lde et al 1999; Wu et al 2000;
Vazquez et al 2001; Tolkacheva et al 2001; Laura et al 2002). However, the downregulation
of MAGI as well as other cell junction proteins has been associated with cancer progression
(Bhat et al 2019; Alday-Parejo et al 2020). Therefore, the initial strategy for this investigation
was to examine the localisation of TF at the cell junctions between cells which characterised
by their formation of cell junction (e.g., endothelial cells or MCF-7) (Cunliffe et al 2012),
and also in MDA-MB-231 cell line which do not form distinct cell junctions. However, due

to time restriction, only the investigation using MDA-MB-231 cells was carried out.

Analysis of the amino acid sequence coding for the cytoplasmic domain of TF by the POW
software suggested the possibility of an interaction between a putative PDZ-binding domain
(ENSPL) within TF and the PDZ domains of MAGI proteins (Table 4.1). PLA analysis of
MDA-MB-231 cells indicated that TF associates with MAGI-(1-3) proteins (Figure 4.2).
However, the association between TF and MAGI-1 was the highest and therefore only this
interaction was examined further. To confirm the association of TF with MAGI-1,
immunoprecipitation of each of these proteins was carried out separately. Western blot
analysis of immunoprecipitated proteins was then used to demonstrate the presence of TF and
MAGI-1 in turn, confirming the interaction of TF and MAGI-1 (Figure 4.6 and 4.7). In
principle, the underlying reason for the significantly stronger interaction of TF with MAGI-1
compared to MAGI-2 or MAGI-3 is not clear, since there are considerable amino acid
sequence similarities between the three MAGI proteins. However, small amino acid

116



variations may cause functional differences in these proteins as previously suggested by

(Laura et al 2002).

It has been documented that PAR2 induces the phosphorylation of TF (Ahamed and Ruf
2004; Rydén et al 2010; Collier et al 2017; Ettelaie et al 2018). Therefore, in this study, pull-
down assays were used to examine the influence of PAR2 activation on the association of TF
with MAGI-1. Time-course analysis of the capture of MAGI-1 from cell lysates, using an
unphosphorylated TF peptide as the “bait”, showed a drop in the amount of captured MAGI-1
following 20 min incubation of the cells with the PAR2-agonist peptide. Moreover, to
examine whether the phosphorylation of TF at different serine residues could modulate the
binding of MAGI-1, pull-down assays were carried out using the cytoplasmic domain of TF
peptide, in different phosphorylation states (Ettelaie et al 2020, unpublished data). MAGI-1
was shown to preferentially interact with the non-phosphorylated TF, but the presence of the
phosphate group associated with Ser253 hindered the interaction of TF with MAGI-1 because
the phosphorylation of amino acid side chains inhibits the ability of PDZ domains to form
hydrogen bonds with target proteins (Chung et al 2004). In addition, MAGI-1 was shown to
interact with Ser258-phosphorylated TF. However, this interaction may arise from the two
WW domains within MAGI protein as TF was documented to interact with other proteins
though their WW domain and the phosphoserine-proline motif (termed an MPM-2 motif)

within the cytoplasmic domain of TF (Ettelaie et al 2018; Kurakula et al 2018).

The data obtained in the previous chapter indicated that PAR2 activation resulted in a
reduced interaction between PTEN and MAGI proteins. Therefore, to demonstrate the
outcome of PAR2 activation on the association between TF and MAGI-1 in situ, MDA-MB-
231 cells were activated with PAR2-AP over a period of 40 min and the proximity of TF and
MAGI-1 was examined by PLA. In agreement with the above data, the activation of PAR2 on
MDA-MB-231 cells resulted in reduced proximity between TF and MAGI-1 which reached a
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minimum level at 20 min post-activation (Figure 4.3). Similarly, the interaction between TF
and MAGI-1 was reduced after 20 min incubation with PAR2-AP, demonstrated by co-
immunoprecipitation of TF with anti-MAGI-1 antibody (Figure 4.6), and by co-
immunoprecipitation of MAGI-1 with anti-TF antibody (Figure 4.7). However, no significant
difference between PAR2-activated and non-activated cells was observed when the

interaction of TF and MAGI-2 (Figure 4.4) or TF and MAGI-3 (Figure 4.5) were examined.

It has been reported that PAR2 activation is capable of inducing the activation of caspase-3
(Chin et al 2003; lablokov et al 2014) and caspase-7 (Zhou et al 2011) and that caspase-3 and
-7 can cleave MAGI-1 at the intersection between PDZ1-PDZ2 and PDZ2-PDZ3 (Gregorc et
al 2007). This digestion subsequently triggers the total degradation of MAGI-1 (Gregorc et al
2007; lvanova et al 2012). Therefore, the activation PAR2 may cause the cleavage of MAGI-
1 which in turn would disrupt the ability of MAGI-1 to bind other proteins. As a result, TF
dissociates from MAGI-1 which could explain the reduced association between TF and
MAGI-1. This also could explain the observed release of the localised TF (Figure 4.10) from
the cell junctions. To further examine the localisation of TF at the cell junctions, MDA-MB-
231 cells were probed with MAGI-1 and JAM-A proteins together with TF. Analysis of
MDA-MB-231 cells using fluorescence microscopy indicated that TF might localise with
JAM-A (Figure 4.8) and MAGI-1 (Figure 4.9). However, the localisation patters were not
well defined, due to the possibility that MDA-MB-231 cells may not form apparent tight

junctions.

Cellular tight junctions are one of the most characteristic features that distinguish between
normal and cancer cells. The deregulation of these tight junction proteins may impact tumour
progression by altering cellular processes that regulate polarity, differentiation and migration
(Brennan et al 2010). For example, several studies demonstrated that low expression levels of
MAGI-1 in glioma (Li et al 2019), colorectal (Zaric et al 2012) and liver cancer cells (Zhang
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and Wang 2011) positively correlated with tumour proliferation, migration and invasion
through the PI3K-Akt pathway. Similarly, loss of MAGI-2 and MAGI-3 have also resulted in
a reduction in cell permeability and disassembly of cell-cell contacts leading to prostate
(Goldstein et al 2016) and breast carcinogenesis (Ni et al 2016), respectively. In additions, it
has been well documented that TF can be expressed in different cancer types including
pancreatic, breast, prostate, ovarian, colorectal and liver cancers (Kasthuri et al 2009).
Moreover, the level of expression can vary among different types of cancers and, in general
the expression of TF increases with advanced cancer stage resulting in high procoagulant and
signalling activities (Kakkar et al 1995; Ruf 2012). Also, several studies have reported that
invasive and metastatic cancer cells such as MDA-MB-231 cell line display mesenchymal-
like phenotype (Martin et al 2010; Holliday and Speirs 2011; Salvador et al 2016) and
express relatively low levels of several cell junction proteins such as MAGI-1 (Alday-Parejo
et al 2020), JAM-A (Naik et al 2008), occludins (Martin et al 2010), E-and P-cadherin
(Sarri6 et al 2009), ZO-1 (Martin and Jiang 2009) and connexins (Kazan et al 2019).
Therefore, in such cells, it is possible that the interaction between TF and MAGI-1 becomes
weaker, subsequently TF is released from MAGI-1. The resultant exposure of TF on the cell
surface interacts with FVIla which activates the coagulation pathway (Figure 4.11). This also
could explain the increased risk of thrombosis (Steffel et al 2006; Rickles 2006; Han et al
2014) as well as the increased rate of tumour cell growth and proliferation associated with

cancer (Liu and Mueller 2006; Khorana et al 2007).

In conclusion, this study has shown that TF interacts with MAGI-1 and this interaction is
reduced in PAR2 activated cells. As previously described, MAGI-1 contains multiple PDZ
binding domains. Therefore, in the next chapter, experiments were designed to identify the

PDZ domain within MAGI-1 that has the ability to bind to TF
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Figure 4. 11 The Proposed mechanism for the interaction of TF with MAGI-1 and the release
of TF following PAR2 activation. A) The encrypted inactive form of TF is restrained at the
tight junctions by MAGI-1. B) The perturbation of cells as a consequence of injury or loss of
cellular junctional complex can result in the dissociation of TF from MAGI-1 leading to the
exposure of TF to the cell surface. The exposed TF binds FVIla and activates the coagulation
pathway and also forms a signalling complex with PAR2.
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Chapter 5
Characterisation of the interaction between TF and

PDZ domains of MAGI-1
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5.1 Introduction

The procoagulant activity of TF is tightly regulated to ensure correct haemostasis and to limit
blood loss without causing thrombosis following an injury (@sterud 2010). This regulation of
the procoagulant TF activity is primarily mediated by retaining TF in an encrypted, inactive,
form which is only activated following injury and trauma to initiate the coagulation cascade.
Currently, the exact mechanism for the encryption of TF is not clear although several
mechanisms for the regulation of TF activity have been proposed. One of the main mechanisms
includes the exposure of phosphatidylserine on the surface of cells following cellular
perturbation (Ansari et al 2019). The role of phospholipid-dependent TF encryption is well
established (Chen and Hogg 2013). It has been proposed that in resting cells TF is kept in the
encrypted state in the inner surface of the plasma membrane by association with neutrally
charged phosphatidylcholine and sphingomyelin. However, cellular damage disrupts the
asymmetry of the plasma membrane leading to the exposure of negatively charged
phosphatidylserine on the outer surface, thus increasing the procoagulant activity of TF
(Neuenschwander et al 1995). However, on its own, this mechanism is not sufficient for the

rigorous control required for TF activity.

The second proposed mechanism involves the formation of a disulphide bridge between the
thiol groups within the extracellular domain of TF through a protein disulphide isomerase
(Schmidt et al 2006). It has been proposed that encrypted TF remains in the reduced inactive
free-thiol form at the Cys186 and Cys209 residues (Chen et al 2006). Upon disulphide bond
formation, TF undergoes conformational change in this region, enhancing its interaction with
phosphatidylserine (Chen et al 2006; Reinhardt et al 2008). However, the lack of evidence for
the presence of free thiol groups within the extracellular domain of TF, in resting cells casts

doubt on the involvement of this mechanism as a means of TF de-encryption.

122



Another mechanism for the decryption of TF was suggested by Mulder et al (1996) based on
the hypothesis that the association of TF with caveolae may restrain TF activity, but can be
activated rapidly following injury. This mechanism was supported by a later study which
demonstrated the increase in TF activity following the disruption of caveolar structure through
depleting membrane cholesterol using methyl 3-cyclodextrin (Dietzen et al 2004). However,
TF is usually associated with caveolae after cellular activation, thus this mechanism is likely

to be a means of regulating TF activity post-activation.

A fourth proposed model for TF decryption assumes that TF exists as dimers on the surface of
resting cells and suggests that the dissociation of dimers into procoagulant TF monomers,
resulting in the exposure of the FX binding site on TF (Bach 2006; Rao and Pendurthi 2014).
However again, the lack of detectable TF dimers on resting cells cast doubt on the validity of

this mechanism.

It is envisaged that in order to achieve such strict regulation of the procoagulant and signalling
activities of TF, more robust mechanisms must be present. Recently, it has become apparent
that the procoagulant and signalling functions of TF, as well as its cellular localisation on the
cell membrane may also be regulated through the post-translational modification of its
cytoplasmic domain. Several post-translational modification processes including the
phosphorylation and palmitoylation of the cytoplasmic domain of TF have been reported to
regulate the activity of TF (Collier and Ettelaie 2011; Butenas et al 2012; Collier et al 2013;
Collier et al 2017). In the previous chapter, the ENSPL sequence motif within the cytoplasmic
domain of TF was identified as a possible target for the interaction between TF and MAGI-1.
Therefore, the aim of this part of the investigation was to identify the PDZ domain within

MAGI-1 that is responsible for the interaction with TF and examine the outcome on TF activity
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5.1.1 PDZ domains

There is an increasing body of evidence highlighting the importance of MAGI-1 as a multi-
domain binding protein (Feng et al 2014). A number of studies have documented the
involvement of MAGI-1 in protein-protein interactions through the WW and PDZ domains of
this protein (Patrie et al 2002; Simonson et al 2005; Duning et al 2008). MAGI-1 contains a
guanylate kinase domain, two WW domains and six PDZ domains (Figure 1.8). The PDZ
domain (Figure 5.1) derives its name from the first three proteins reported to contain this
domain which are the Post-synaptic density protein 95 (PSD-95), the Drosophila tumour
suppressor Discs large (DIgA), and the mammalian tight junction protein Zona-occludins-1
(Z0O-1). PDZ domains have also been previously referred to as DHR (Discs large homology
repeat) domains or GFGF (glycine-phenylalanine-glycine-phenylalanine) repeat due to the
highly conserved four-residue GFGF sequence found in each PDZ domain within the same
protein (Cho et al 1992). PDZ-containing proteins have been found in many bacteria, plants
and vertebrate genomes (Duning et al 2008). Additionally, PDZ domains have been reported
to occur in multiple copies within the same protein and can function independently, or in
conjunction with other protein-binding domains such as the WW domains (Patrie et al 2002;
Simonson et al 2005). PDZ domains are often associated with scaffolding proteins involved in
protein-protein interactions, cell adhesion, cell polarity, cell junction stabilisation and synaptic
scaffold formation (Hui et al 2013; Manjunath et al 2018). Typically, PDZ domains (Figure
5.1) consist of 80-90 amino acids and are formed by two a-helices (aA and aB) and six B-
strands (BA—BF). Between PA and BB sheets, the carboxylate-binding loop also known as
glycine-phenylalanine-glycine-phenylalanine “°’GFGF’’ loop which is constituted by several
hydrophobic amino acids that adopt a conformational change to allow the C-terminal domain

of the target protein to interact with the PDZ domain (Sotelo et al 2015; Zhu et al 2016). While
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“GFGF” loop

Figure 5. 1 The PDZ domain structure. The protein structure of a typical PDZ domain showing
the six B-strands and the two a-helices. Typically, protein-protein interaction is mediated via
the °GFGF’’ loop located between BA and B where the target protein (green) binds to the
PDZ-binding motif [ X=any amino acid; Y= hydrophobic amino acid; the diagram was adapted
from (Weng et al 2018)].
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there is some debate over how many distinct PDZ-binding motifs exist, the PDZ binding motifs
are commonly categorised into three classes. Class-1 PDZ-binding motif recognises the
Thr/Ser-X-Y motif (where X is any amino acid and Y is a hydrophobic amino acid) with
leucine, valine and isoleucine being the most common hydrophobic amino acids occupying the
X position. Class-1l1 PDZ-binding motif recognises the Ser/Thr/Pro-Y-X-Y motif and class-111
PDZ-binding motif which recognises the Glu/Asp -X-Y residue motif (Sotelo et al 2015;

Manjunath et al 2018; Genera et al 2019).

5.1.2 Aims

The presence of the unphosphorylated Ser-Pro motif in the cytoplasmic domain of encrypted
TF suggest that this may be a target for the Class-1 PDZ domain. However, the phosphorylated
Ser-Pro motif may also be a target for the two WW domains present in MAGI-1. Therefore, in
this section of the study two strategies were used to explore the possibility that one or more of
the PDZ domains within MAGI-1 are capable of interacting with the cytoplasmic domain of
TF. The first strategy was based on cloning the entire MAGI-1 cDNA into the FLAG-HA-
pcDNA3.1 expression vector and using site directed mutagenesis to individually delete each
PDZ domain in turn. Each tagged mutant-PDZ domain within MAGI-1 cDNA would then be
expressed in MDA-MB-231 cells and the interaction between TF and each of the tagged
mutant-PDZ domain would be examined by PLA and by co-immunoprecipitation technigues.
Any protein incapable of binding to TF would then be identified as devoid of the TF-binding

PDZ domain.

The second strategy was based on sub-cloning each PDZ domain individually from the cDNA
of MAGI-1 into the FLAG-HA-pcDNAS3.1 expression vector and expressing the constructs as
FLAG-HA-tagged hybrid proteins in MDA-MB-231 cells. The interaction between TF and

each expressed PDZ domain would then be examined using PLA and co-immunoprecipitation
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techniques. In this case, any domain capable of binding TF would then be identified directly,
as the TF-binding PDZ domains. As a consequence of the initial experiments, the second
strategy was used to express the N-terminal of MAGI-1 to include or exclude PDZ1, and the
ability to bind TF was also examined. The data from both strategies were used to determine if
the interaction of TF with MAGI-1 was mediated through a PDZ domain alone, or was
supported by other domains such as the WW domains, within the N-terminal of the latter
protein. Finally, following the characterisation of the interaction of TF with MAGI-1, the

outcome of the expression of the PDZ domain in cells on TF activity was investigated.

5.2 Methods

5.2.1 Design of primers and PCR amplification of MAGI-1 cDNA, the individual PDZ

domains and the N-terminal regions including or excluding the PDZ1 domain

FLAG-HA-pcDNAS3.1 and pDONR223-MAGI-1 plasmids were purchased from Addgene. The
sequence of pPDONR223-MAGI-1 was compared to the sequence of MAGI-1 as published by
Dobrosotskaya et al (1997). To ensure the insertion of the amplified DNA in the correct
orientation into the expression vector, the primers were designed to contain different restriction
sites, which were also present in the multi-cloning site within the FLAG-HA-pcDNA3.1 vector
(Figure 5.2). The forward primer was designed to include a 19 bp of MAGI-1 cDNA coding
sequence. This was preceded by a BamHI restriction site and an additional 4 bp to ensure
efficient restriction enzyme digestion (these additional 4 bases were included in all primers).
Additionally, the reverse primer was designed to include a stop codon, 19 bp of MAGI-1 cDNA

coding sequence and HindlIlI restriction site (Table 5.1)

The forward primers for each of the PDZ domains, or the N-terminal region including or
excluding the PDZ1 domain were designed to include a BamHI restriction site followed by the

complementary sequence for each PDZ domain from the cDNA of MAGI-1. Similarly, the
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Table 5. 1 The sequences of forward and reverse primers used for PCR

MAGI-1

Forward primer

5’-GGCGGGATCCGTTCCAAAGTGATCCAGAAGA- 3’

Reverse primer

5’ -GGACAAGCTTAATGCGTCACTTCCGGAACACCTTGTG- 3°

MAGI-1 N-terminal domain- Excluding PDZ1

Forward primer

5’ -CCCGGGATCCTCCAAAGTGATCCAGAAGAAGAACCA-3’

Reverse primer

5’ -GAGCAAGCTTAATGAACTTGCCTTTCAACTCAGAAGG- 3’

MAGI-1 N-terminal domain— Including PDZ1

Forward primer

5’ -CCCAGGATCCTCCAAAGTGATCCAGAAGAA- 3

Reverse primer

5’ -GATGAAGCTTAATGCAGAGTTCAAGGTCCACGC- 3’

PDZ1

Forward primer

5’ -CAAGGGATCCCACACAAAGCTGCGGAAAAG- 3

Reverse primer

5’ -GATCAAGCTTAATGCAGAGTTCAAGGTCCACGCT- 3

PDZ2

Forward primer

5’ -AGCGGGATCCACTGTTCATATTGTCAAAGG- 3°

Reverse primer

5’ -GCGGAAGCTTAATTTGCACCAACAATGTGACCTC- 3’

PDZ3

Forward primer

5’ -CGCCGGATCCGACATCTTCCTCTGGAGAAA- 3’

Reverse primer

5’ -CCGGAAGCTTAATCCGCACCGTGAGATTGACGT- 3’

PDZ4

Forward primer

5’ -TACCGGATCCGACGTGGAGATCCGGCGCG- 37

Reverse primer

5 -CTGCAAGCTTAATATCTTGCTCCTGTGCTGCTTG- 3°

PDZ5

Forward primer

5’ -ATGCGGATCCACTGTGGAACTGGAAAGAG- 3’

Revers primer

5’ -CTCGAAGCTTAATCAGAAACAGACGAACTCTG- 3’
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Figure 5. 2 Vector map of FLAG-HA-pcDNA3.1 expression plasmid. The forward and reverse
primers were designed to include two restriction sites found within the multi-cloning site (MCS).

This vector contains a cytomegalovirus (CMV) promotor to drive expression and the target
protein is expressed in tandem with a FLAG/HA tag (Adapted from Addgene.com)
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reverse primer was also designed to include coding sequence for each PDZ domain from the
cDNA of MAGI-1, followed by a HindllI restriction site (Table 5.1).
5.2.2 Amplification of MAGI-1 cDNA, PDZ sequences and the N-terminal sequences of

MAGI-1
Each of the amplification reactions were prepared by assembling 10x PCR buffer (5 ul), 50

mM MgCI2 (1.5 ul), 10 mM dNTP (1 ul), 10 uM forward primer (2.5 pl), 10 uM reverse primer
(2.5 ul), DNA template (3 pug), 5 units of Taqg DNA polymerase (0.2 ul) and were made up to
50 ul with nuclease-free water. The tubes were briefly centrifuged and the DNA amplification
was carried out as outlined in (Table 5.2). In order to ensure efficient DNA amplification, the
PCR conditions were adjusted depending on the size (bp) of each DNA being amplified
according to Thermo Scientific guidelines (Table 5.2). PCR was performed using a thermal
cycler and the PCR products were separated by 1 % (w/v) agarose gel electrophoresis and

viewed on a UV transilluminator as described in section (2.4.6).

5.2.3 Restriction digestion of the DNA inserts and the FLAG-HA-pcDNA3.1 vector

The multi-cloning site (MCS) of the FLAG-HA-pcDNAS3.1 expression vector includes the
unique restriction sites incorporated into the primers which allows the cleavage of DNA and
formation of 5' overhangs sticky ends. The amplified MAGI-1 DNA was digested with BamHI
and HindllIl restriction enzymes. In a separate reaction, the FLAG-HA-pcDNAS3.1 expression
vector was also digested with the same two restriction enzymes. Similar reactions were also
prepared to digest the amplified DNA coding for each PDZ domain and the FLAG-HA-

pcDNAZ3.1 vector with BamHI and HinDIII restriction enzymes. Finally, another set of
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Table 5. 2 PCR conditions for DNA amplification

cDNA amplification of MAGI-1

Step Temperature (°C) Time
Initial Denaturation 95 2 min
Denature 95 1.5 min
30 Anneal 68 2 min
PCR Extend 72 4 min
cycles
Final Extension 72 10 min
cDNA amplification of PDZ domains
Initial Denaturation 95 1.5 min
Denature 95 25 sec
30 Anneal PDZ2,3& | PDZ1 &4
PCR 5 30 sec
cycles
64 68
Extend 72 30 sec
Final Extension 72 10 min

cDNA amplification of N-terminal regions of MAGI-1 including and excluding PDZ1

Initial Denaturation 95 2 min
30 Denature 95 Exclude- Include-PDZ1
PCR PDZ1
cycles 60 sec 90 sec
Exclude- Include-
Anneal PDZ1 PDZ1 75 sec
61 66
Extend 72 75 sec
Final Extension 72 10 min
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reactions were prepared to digest the amplified DNA coding for the N-terminal region
including PDZ1 or the amplified DNA of the N-terminal region excluding PDZ1, and also the
FLAG-HA-pcDNAS3.1 vector, using BamHI and HinDIIl enzymes. Each digestion reaction
contained DNA template (2 ng), restriction enzymes (20 U/ng DNA) and the reaction was made
up to (50 ul) with 10x CutSmart® buffer (50 mM potassium acetate, 20 mM Tris-acetate pH
7.9, 10 mM magnesium acetate, 100 ug/ml BSA). The samples were incubated at 37°C for 35
min and the digested DNA was then purified using the Monarch DNA Clean-up kit as described

in section 5.2.4.

5.2.4 Purification of the digested DNA using the Monarch DNA Clean-up kit

The digested DNA samples (50 pl) were diluted in DNA clean-up binding buffer (250 pl) and
mixed by pipetting. The provided collection columns were inserted into the collection tubes
and the DNA samples were loaded onto the inserted columns. The DNA samples were
centrifuged for 1 min at 12,000 g and the flow-through was discarded. The columns were
inserted back into collection tube and washed with the provided DNA wash buffer (200 pul).
The columns were centrifuged for 4 min at 12,000 g to remove any traces of ethanol and then
transferred into fresh 1.5 ml tubes. DNA elution buffer (10 ul) was added to the centre of each
column, incubated for 1 min and then centrifuged for 1 min at 12,000 g to elute the DNA. The

DNA samples were stored at -20°C for further use.

5.2.5 Ligation of the digested MAGI-1 DNA and the PDZ DNA fragments into the
FLAG-HA-pcDNA3.1 expression vector

A set of reaction mixtures were prepared to ligate the digested MAGI-1 DNA into the FLAG-
HA-pcDNAS3.1 expression vector. Similar reactions were also prepared to separately ligate the
digested DNA coding for each of the PDZ domains into the FLAG-HA-pcDNA3.1 expression

vector. Finally, separate reactions were also prepared to ligate the digested DNA of the N-
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terminal region including or excluding the PDZ1 domain into the FLAG-HA-pcDNA3 vector.
The ligation reactions were set up in total volumes of 10 ul. Each ligation reaction was
performed at molar ratios of 1:3, 1:5 and 1:10 (vector:insert) and contained 50 ng of total
amount DNA and 5 pl of 2x T4 DNA Ligase instant sticky-end ligase master solution. The
reactions were mixed by pipetting and incubated on ice for 10 min. The vector:insert molar

ratios were calculated using the University of Texas website

(http://2011.igem.org/Team:UT Dallas/ligation).

5.2.6 Bacterial transformation

Competent 5-alpha E. coli cells were thawed on ice. The products from each ligation reaction
(3 ul) were transferred into 0.5 ml micro-centrifuge tubes and mixed with E. coli cells (15 ul)
by gently flicking the tube. The tubes were incubated on ice for 30 min and the cells were
then heat shocked at 42°C for 30 seconds. The cells were immediately cooled-down on ice
for 5 min and then mixed with pre-warmed SOC medium (150 pl). Each transformation
reaction was transferred into a micro-centrifuge tubes and incubated at 37°C for 60 min in a
shaking incubator. The transformed cells (70 pl) were plated out on agar plates prepared and
incubated overnight at 37°C to allow colonies to grow. On the following day, single colonies
were picked out and propagated overnight in LB broth (10 ml) at 37°C in a shaking

incubator.

5.2.7 Confirmation of sub-cloning by restriction digestion

The plasmid DNA was isolated from transformed bacteria using the Monarch plasmid miniprep
kit as described in section (2.4.4). Separate digestion reactions were prepared which contained
DNA template (2 ng), BamHI and Hindlll restriction enzymes (20 U/ng DNA) and the reaction

was made up to 50 pl with 10x CutSmart® buffer. The samples were incubated at 37°C for 35
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min and the digested DNA was then purified using the Monarch DNA Clean-up kit as described

in5.2.4.

5.2.8 Confirmation of sub-cloning by DNA sequencing

The isolated DNA (100 ng) from transformed bacteria were diluted in dH-O to a volume of 15
ul. The DNA samples were submitted to MWG Eurofins Genomics for sequencing using a pre-
designed primer. The DNA sequences were then examined using the BLAST software

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and compared to the published sequences of MAGI-

1 cDNA (Dobrosotskaya et al 1997). Bacterial colonies containing the confirmed DNA

constructs were then propagated and stored at -70°C as described above.

5.2.9 Determination of the optimal incubation time for the expression of FLAG-HA
tagged PDZ proteins in MDA-MB-231 cells

In order to express the constructs PDZ domains as hybrid proteins in mammalian cells,
transfection reactions were prepared in a total volume of 1 ml (Madkhali et al 2019). Separate
reactions were prepared by mixing Opti-MEM reduced-serum medium (90 pl), the DNA
constructs expressing each of the PDZ1-5 domains/or the N-terminal regions of MAGI-1
(DNA: 1 pg) and TransIT®-2020 reagent (3 pl). The mixture was centrifuged and incubated at
room temperature for 25 min. DMEM base medium (900 pl) was added into each tube and
mixed by pipetting. MDA-MB-231 cells were cultured and suspended in 1 ml of fresh medium.
The transfection mixture was then aliquoted (200 pl) into a 24-well plate and MDA-MB-231
cells (105) were pipetted (15 pl) into the wells. To determine the incubation time for the optimal
expression of the proteins, MDA-MB-231 cells were incubated for 24, 36 or 45 h at 37°C. The
protein expression was determined using dot blot as described in (5.2.10) and the fluorescence

intensity was also determined using the PLA as described in (5.2.11).
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5.2.10 Confirmation of protein expression using dot blot

To ensure the expression of the desired HA-tagged proteins, MDA-MB-231 cells (10°) were
seeded into a 12-well plates and transfected as described above. The cells were washed twice
with PBS and then lysed in Laemmli’s buffer (100 ul). The cell lysates (2.5 ul) were pipetted
onto a nitrocellulose membrane and left to dry for 10 min. The membrane was then blocked
with TBST for 60 min and probed with a rabbit anti-HA primary antibody diluted 1:2000 (v/v)
in TBST and incubated overnight at 4°C. The membrane was washed twice with TBST for 10
min and probed with an alkaline phosphatase-conjugated goat anti-rabbit 1gG antibody diluted
1:8000 (v/v) in TBST for 60 min. The membrane was washed twice with TBST and the bands
were developed with Western Blue-stabilized substrate for alkaline phosphatase and

photographed.

5.2.11 Examination of the association of TF with FLAG-HA-dual tagged PDZ proteins

using the PLA

MDA-MB-231 cells (10%) were seeded into 35 mm-glass based p-dishes with a 10 mm diameter
glass well, and grown in complete medium, overnight. The cells were washed three times with
PBS and then fixed with 4% (v/v) formaldehyde for 20 min. The cells were washed with PBS
and permeabilised using 0.1% (v/v) Triton X-100 for 10 min, washed again with PBS and then
blocked with Duolink® blocking solution at 37°C for 60 min. To examine the potential
association between TF and each FLAG-HA-tagged PDZ constructs, the cells were incubated
with a mouse anti-TF antibody (HTF1) and with a rabbit anti-HA tag primary antibody (C2954)
diluted 1:100 (v/v) in the provided antibody diluent overnight at 4°C. As control, the mouse
anti-TF antibody was substituted with an irrelevant mouse IgG isotype, diluted accordingly.
PLA analysis was performed as described in (section 2.3.5). The nuclei were labelled with

DAPI (2 pg/ml) and the cytoskeleton labelled with Alexa Fluor® 488 Phalloidin (2 pg/ml) for
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10 min. Images were acquired using a Ziess Axio Vert.Al inverted fluorescence microscope
with a X40 magnification. The number of red fluorescent events and nuclei were determined

using ImageJ in 10 fields of view from each assay.

5.2.12 Examination of the interaction between TF and Flag-HA-dual tagged PDZ proteins

using co-immunoprecipitation

MDA-MB-231 cells (5x10°) transfected with FLAG-HA-dual tagged constructs were
permitted to express the PDZ constructs as proteins for 45 h in 6 well plates. The wells were
washed with PBS and then lysed in Phospho-Safe™ extraction buffer (500 ul). The PDZ1 or
PDZ2 domain hybrid proteins were separately immunoprecipitated from cell lysates with a
rabbit anti-HA tag primary antibody (8 pg; C2954) by overnight incubation at 4°C on a rotating
mixer. On the following day, protein A-magnetic beads (100 pl) were added into each
immunoprecipitated sample and incubated for 120 min on a rotating mixer to allow antibody
capture. To ensure specificity of the interactions, samples of the lysates were also incubated
with a rabbit IgG isotype control (8 pg), as well as an additional control without any antibody.
The supernatants were discarded and the protein-A coated magnetic beads with
immunoprecipitated samples were washed five times with PBST and then solubilised in
Laemmli’s buffer. The immunoprecipitated samples were separated by SDS-PAGE,
transferred to a nitrocellulose membrane and blocked. In order to detect the presence of TF,
the membranes were probed with a mouse anti-TF primary antibody diluted 1:2000 (v/v) in
TBST overnight at 4°C. The membranes were washed twice with TBST and then probed with
an alkaline phosphatase conjugated goat anti-mouse IgG antibody diluted in 1:8000 (v/v) in
TBST. The bands were developed with Western Blue-stabilised substrate for alkaline

phosphatase and photographed as described in section (2.3.6).

136



5.2.13 Measurement of cell surface TF activity using the thrombin generation assay

This assay measures the activity of TF in the presence of an excess of coagulation proteins
which are provided by the addition of the barium sulphate adsorbable proteins, as well as
calcium ions. Furthermore, the assay buffers TBS containing 1% (w/v) BSA, is compatible
with live cells but due to the short duration of the assay no other additives are necessary. The
generated thrombin is then measured using a chromogenic substrate and is directly proportional

to the amount of active TF (Petrovan et al 1999).

To perform the assay, MDA-MB-231 cells (5x10%) were separately transfected with FLAG-
HA-tagged constructs expressing PDZ1, PDZ2, or the N-terminal region of MAGI-1 including
or excluding the PDZ1 domain. The cells were allowed to express the FLAG-HA-tagged PDZ
constructs as hybrid proteins for 45 h. To measure the activity of TF on the cell surface, MDA-
MB-231 cells were washed three times with TBS containing 1% (w/v) BSA and were incubated
with barium sulphate absorbable proteins (2 mg/ml final concentration) and 5 mM CaCl2 (final
concentration) diluted in TBS buffer (150 pl) at 37°C for 30 min. Precise aliquots of the
reaction (100 pl) were transferred into a 96-well plate containing 100 pl of thrombin substrate
(0.2 mM H-D-Phe-Pip-Arg-pNA) diluted in TBS buffer and incubated at 37°C for 60 min.
Once the colour had developed, the reactions were stopped by adding 2 M sulphuric acid (50
ul) and the absorptions were measured at 410 nm using a plate reader. A standard curve for TF
activity was constructed by preparing a serial dilution of recombinant TF protein (0-10
units/ml). The absorption readings from the standards were used to determine an equation and

calculate the cell-surface TF concentration from the cell samples (Figure 5.3).
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Figure 5. 3 The standard curve for TF activity. A standard curve for TF activity was made by
preparing serial dilutions of recombinant human TF diluted in dH20 (0-10 U/ml). The wells
were incubated with barium sulphate absorbable proteins (2 mg/ml) mixed with 5 mM CaCl;
for 30 min at 37°C. Aliquots (100 pl) were transferred to a 96-well plate containing (100 pl)
thrombin substrate diluted in TBS buffer. The plate was incubated for 60 min at 37°C and the
reactions were stopped by adding 2 M sulphuric acid (50 ul). The absorption values were
measured at 410 nm using a plate reader (n=3).
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5.3 Results

5.3.1 Optimisation of digestion of MAGI-1 cDNA with BamHI and Hindl11 restriction
enzymes

The digestion procedure of the FLAG-HA-pcDNA3.1 plasmid has been optimised in our
laboratory. Therefore, different reagents and conditions were optimised to facilitate the cloning
of MAGI-1 cDNA into the vector. In separate reactions, the plasmid was incubated with BamHI
and HindlIl11 restriction enzymes provided from either Promega or New England biolabs for up
to 3 h at 37°C. The examined samples by agarose gel electrophoresis showed that digestion of
the plasmid with restriction enzymes from Promega resulted in no change in DNA mobility
compared to samples digested with restriction enzymes from New England biolabs (Figure
5.4). Therefore, the restriction enzymes from New England biolabs were used for the digestion

of the DNA inserts.

5.3.2 PCR amplification of MAGI-1 cDNA and the PDZ domains

For the purpose of sub-cloning, the pPDONR223-MAGI-1 plasmid was isolated using the
Monarch plasmid miniprep kit as described in section 2.4.4. The MAGI-1 cDNA and the
individual PDZ domains were then separately amplified by PCR using the designed primers
specified in section 5.2.1. Agarose gel electrophoresis of the PCR products showed one band
with an approximate size corresponding to that expected for MAGI-1 (4389 bp) (Figure
5.5A\). In addition, bands were detected corresponding to each of the PDZ domains, PDZ1
(246 bp), PDZ2 (234 bp), PDZ3 (246 bp), PDZ4 (252 bp) and PDZ5 (237 bp) (Figure 5.5B).
Finally, bands corresponding to the expected size of the N-terminal region with and without

the PDZ1 domain (1660 and 1400 bp respectively) were detected (Figure 5.5C).
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Figure 5. 4 Optimisation of the digestion of MAGI-1 cDNA with BamHI and Hindlll restriction
enzymes. The plasmid containing MAGI-1 cDNA was digested using BamHI and HindllI
restriction enzymes for up to 3 h at 37°C. The digested DNA samples were examined by 1%
(w/v) agarose gel electrophoresis. Lane 1) the Bands correspond to the undigested MAGI-1,
lane 2) digested MAGI-1 with Promega for 1 h, lane 3) digested MAGI-1 with Promega for 3
h and lane 4) digested MAGI-1 with New England biolabs for 35 min.

140



A)

10 kbp
6 kbp
4 kbp
3 kbp

1kb MAGI-1
DNA ladder

B)

500 bp
400 bp
250 bp - - o —
200 bp

100 bp PDZ1 PDZ2  PDZ3 PDZ4  PDZ5

DNA ladder

q)

3 kbp

2 kbp
1.5 kbp

1 kbp

1 kb N-region excluding- N-region including-
DNA ladder PDZ1 PDZ1

Figure 5. 5 Agarose gel electrophoresis of the amplified DNA. The DNA for A) MAGI-1, B)
individual PDZ domains and C) the N-terminal region including or excluding PDZ1 domain
were amplified by PCR using primers specified in section 5.2.2 and examined by agarose gel
electrophoresis. Bands corresponding to the expected size of A) MAGI-1 (4389 bp), B) PDZ1
(246 bp), PDZ2 (234 bp), PDZ3 (246 bp), PDZ4 (252 bp) and PDZ5 (237 bp) or C) the N-
terminal regions excluding or including PDZ1 domain (1400 bp and 1660 bp respectively) were
detected.
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5.3.3 Verification of MAGI-1 DNA sub-cloning using restriction digestion

Following transformation of the competent bacteria, plasmid DNA was isolated from the
selected colonies and digested as described in section 5.2.3. Representatives of the experiments
are shown in (Figure 5.6) but many repeated attempts using a range of insert:vector ratios to
sub-clone the MAGI-1 cDNA into the FLAG-HA-pcDNA3.1 expression vector were
unsuccessful. Although bands corresponding to the approximate size of the expression vector

+ insert were observed and sent for sequence analysis, correct inserts were not obtained.

5.3.4 Verification of sub-cloning of PDZ domains using restriction digestion

Agarose gel electrophoresis of the digested DNA samples showed bands corresponding to each
of the PDZ domains: PDZ1 (246 bp), PDZ2 (234 bp), PDZ3 (246 bp), PDZ4 (252 bp) and
PDZ5 (237 bp). Representative examples of multiple repeated experiments are shown in
(Figure 5.7A). Also, agarose gel electrophoresis of the digested plasmid containing the N-
terminal regions showed separate bands corresponding to the N-terminal region including or
excluding PDZ1 domain (1660 and 1400 bp respectively) (Figure 5.7B) together with a heavier
band corresponding to the expected size of the expression vector FLAG-HA-pcDNA3.1 (5501

bp) without the insert.

5.3.5 Verification of DNA sub-cloning by sequencing

BLAST alignment software was used to further confirm the successful sub-cloning of the
DNA. The sequencing results obtained from Eurofins Genomics (Appendix A-3) were aligned
against the full-length sequence of the published MAGI-1 cDNA (Dobrosotskaya et al 1997)

and any positive clones identified.
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Figure 5. 6 Agarose gel electrophoresis of purified MAGI-1- FLAG-HA-pcDNA3.1 construct
DNA. MAGI-1 DNA was digested, ligated into FLAG-HA-pcDNAS3.1 expression plasmid and
transformed into competent 5-alpha E. coli. The DNA samples were purified and examined by
agarose gel electrophoresis. 1) vector control (5501 bp), 2-5) 3:1 insert:vector ratio, 6-8) 2:1
insert:vector ratio and 9-11) 1:1 insert:vector ratio (approximately 10 kbp)
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Figure 5. 7 Analysis of the sub-cloning of the amplified DNA by restriction digestion. The
recombinant plasmids containing the sub-cloned DNA were digested using BamHI and Hindl1l
restriction enzymes. The digested DNA samples were examined by 1 % (w/v) agarose gel
electrophoresis. Bands corresponding to A) each PDZ domain: PDZ1 (246 bp), PDZ2 (234 bp),
PDZ3 (246 bp), PDZ4 (252 bp), PDZ5 (237 bp) or B) the N-terminal regions including and
excluding PDZ1 domain (1660 and 1400 bp respectively) were detected as well as a heavier
band corresponding the parent plasmid (5501 bp).

144



5.3.6 Determination of the optimal duration for protein expression

In order to determine the optimal duration for the expression of the hybrid protein, MDA-MB-
231 cells were separately transfected with FLAG-HA-dual tagged constructs expressing the
PDZ1-5 domains using TransIT®-2020 transfection reagent as described in (section 5.2.9).
The cells were permitted to express the FLAG-HA-tagged PDZ domains as hybrid proteins for
24, 36 or 45 h. The cells were lysed and analysed by dot-blot as described in section 5.2.10.
ImageJ analysis of the membrane indicated higher levels of protein expression in cells
transfected for 45 h compared to the cells transfected for 36 or 24 h. A representative example
of data from 2 independent experiments is shown in (Figure 5.8).

5.3.7 Analysis of the interaction of the PDZ domains with TF by PLA, using the FLAG-

tag antibody

In order to examine the possible interaction of TF with any of the PDZ domains, MDA-MB-
231 cells were transfected with FLAG-HA-constructs to express the PDZ domains as tagged
hybrid proteins according to the published transfection protocol optimised in this laboratory
(Madkhali et al 2019). To assess the binding ability of each PDZ domain to TF, PLA analysis
was carried out using a mouse anti-FLAG-tagged antibody together with a rabbit anti-TF
antibody. Analysis of 3 independent repeats using ImageJ software showed high levels of
background, possibly due to non-specific binding of the antibody Consequently, the analysis
using the anti-FLAG antibody was not pursued further (Figure 5.9).

5.3.8 Analysis of the interaction of the PDZ domains with TF by PLA, using the HA-tag

antibody
Due to the non-specific binding of the FLAG-tagged antibody, the HA-tag was then used to

investigate the possible association of TF with the expressed PDZ domains using PLA. The

cloned DNA regions coding for each of the PDZ domains were expressed in MDA-MB-231
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Figure 5. 8 Confirmation of the expression of FLAG-HA-tagged PDZ proteins in MDA-MB-231 cells
by dot-blot. MDA-MB-231 cells (10°%) were transfected with FLAG-HA-constructs to express the PDZ
domains as tagged hybrid proteins. The cells were permitted to express the proteins for up to 45 h,
washed with PBS and then lysed in (200 pl) Laemmli’s buffer. A) the lysates (5 pl) were pipetted onto
a nitrocellulose membrane and allowed to dry for 10 min. The membranes were then blocked and probed
with a rabbit anti-HA tag primary antibody overnight at 4°C. The membranes were washed with TBST,
probed with an alkaline phosphatase conjugated goat anti-rabbit 1gG antibody and developed with
Western Blue-stabilised substrate for alkaline phosphatase. B) the quantified dots were analysed using
the ImageJ software and calculated as percentage (n=2).
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Figure 5. 9 Analysis of the association of TF with MAGI-1-PDZ domains by PLA using the
FLAG-tag antibody. A) MDA-MB-231 cells (10%) were seeded out into 10 mm-glass based p-
dishes and separately transfected with FLAG-HA-tagged constructs to express PDZ 1-5
domains as hybrid proteins. The cells were permitted to express the proteins for 45 h and then
fixed with 4% (v/v) paraformaldehyde, washed three times with PBS and then permeabilised
with 0.1% (v/v) Triton X-100. The samples were then washed with PBS and blocked with
Duolink blocking buffer for 60 min. To assess the association between TF and each expressed
PDZ proteins, the cells were incubated with a mouse anti-FLAG antibody together with a rabbit
anti-TF antibody overnight at 4°C. As a control, the antibodies were substituted with a rabbit
IgG isotype. PLA analysis was performed as described in section 2.3.5. Images were acquired
using a Ziess Axio Vert.Al inverted fluorescence microscope with a X40 magnification. RED=
PLA incidences; BLUE = DAPI. The micrographs represent 10 fields of view from 3
independent experiments. B) The association of TF with each of the expressed PDZ hybrid
proteins was determined based on the quantified number of red fluorescent events around each
nuclei using the ImageJ software.
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cells as FLAG-HA-tagged hybrid proteins PLA was then carried out using a mouse anti-TF
antibody together with a rabbit anti-HA antibody. Data were obtained from 6 independent PLA
repeats and indicated that the highest level of association of TF occurred with PDZ1 while the
lowest level was detected with PDZ2. TF was also shown to associate with PDZ4 and PDZ5

although the association was lower than that observed with PDZ1 (Figure 5.10).

5.3.9 Examination of the association of TF with the N-terminal regions of MAGI-1

To further examine the role of PDZ1 domain in the interaction of MAGI-1 with TF, two
modified MAGI-1 constructs were produced: i) the N-terminal domain of MAGI-1 including
and excluding PDZ1 were expressed in MDA-MB-231 cells as FLAG-HA-tagged proteins.
Data obtained from 4 independent PLA repeats showed a significant association between TF
and the N- terminal region of PDZ1 but was significantly weaker on the expression of the N-

terminal region without the PDZ1 domain (Figure 5.11).

5.3.10 Analysis of the interaction between TF and the N-terminal regions of MAGI-1 by
co-immunoprecipitation

To further confirm the interaction between TF and PDZ1, the two constructs were separately
expressed. Transfected MDA-MB-231 cells were permitted to express the N-terminal regions
of MAGI-1 as hybrid proteins. The cells were lysed and the hybrid proteins were then
immunoprecipitated using a rabbit anti-HA antibody. Using the ImageJ programme, the
amount of the co-immunoprecipitated TF was quantified and determined as a ratio.
Representative examples of the western blot analysis from 3 independent repeats indicated a
strong interaction with TF in the presence of the PDZ1 of MAGI-1. However, the interaction
between TF and the N-terminal domain of MAGI-1 devoid of PDZ1 domain was significantly

lower (Figure 5.12).
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Figure 5. 10 Analysis of the association of TF with MAGI-1-PDZ domains by PLA using the
HA-tag antibody. A) MDA-MB-231 cells (10°) were seeded out into 10 mm-glass based p-
dishes and separately transfected with FLAG-HA-tagged constructs to express PDZ 1-5
domains as hybrid proteins. The cells were permitted to express the proteins for 45 h and then
fixed with 4% (v/v) paraformaldehyde, washed three times with PBS and then permeabilised
with 0.1% (v/v) Triton X-100. The samples were then washed with PBS and blocked with
Duolink blocking buffer for 60. To assess the association between TF and each expressed PDZ
proteins, the cells were incubated with a rabbit anti-HA antibody together with a mouse anti-
TF antibody overnight at 4°C. PLA analysis was performed as described in section 2.3.5.
Images were acquired using a Ziess Axio Vert.Al inverted fluorescence microscope with a
X40 magnification. RED= PLA incidences; BLUE = DAPI. The micrographs represent 10
fields of view from 6 independent experiments. B) The association of TF with each of the
expressed PDZ hybrid proteins was determined based on the quantified number of red
fluorescent events around each nuclei using the ImageJ software. (n = 6; * = p< 0.05 vs. the
untransfected cells).
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Figure 5. 11 Analysis of the association between TF and the N-terminal regions of MAGI-1
using PLA. A) MDA-MB-231 cells (10%) were seeded out into 10 mm-glass based p-dishes
and separately transfected with constructs to express the N-terminal region of MAGI-1
including, or excluding the PDZ1 domain. The cells were permitted to express the proteins
for 45 h and then fixed with 4% (v/v) paraformaldehyde, washed three times with PBS and
then permeabilised with 0.1% (v/v) Triton X-100. The cells were then washed with PBS and
blocked with Duolink blocking buffer for 60 min. To assess the association between TF and
the N-terminal region of MAGI-1, the cells were incubated with a rabbit anti-HA antibody
together with a mouse anti-TF antibody overnight at 4°C. PLA analysis was performed as
described in section 2.3.5. Images were acquired using a Ziess Axio Vert.Al inverted
fluorescence microscope with a X40 magnification. RED= PLA incidences; BLUE = DAPI.
The micrographs represent 10 fields of view from 4 independent experiments. B) The
association of TF with the expressed N-terminal regions of MAGI-1 was determined by
analysing the number of red fluorescent events around each nuclei using the ImageJ software
(n =12; * = p< 0.05 vs. samples excluding PDZ1 domain).
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Figure 5. 12 Analysis of the interaction of TF with the N-terminal region of MAGI-1 using
co-immunoprecipitation. MDA-MB-231 cells (10°) were seeded out into 6-well plates and
transfected with constructs to express the hybrid proteins of the N-terminal domain of MAGI-
1 including or excluding the PDZ1 domain. The expressed FLAG-HA-tagged proteins were
immunoprecipitated from cell lysates expressing the two hybrid proteins using a rabbit anti-
HA antibody and captured with protein-A magnetic beads. A) The immunoprecipitated TF
proteins were separated by 12% (w/v) SDS-PAGE, transferred onto nitrocellulose
membranes and blocked. The membranes were probed with a mouse anti-TF antibody
overnight at 4°C. The membranes were probed with an alkaline phosphatase-conjugated goat
anti-mouse IgG antibody. The bands were developed with Western Blue-stabilised substrate
for alkaline phosphatase and photographed. B) The band densities were quantified to
determine the interaction of TF with the expressed proteins of the N-terminal regions of
MAGI-1. (n = 3; * = p< 0.05 vs. samples excluding PDZ1 domain).
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5.3.11 Measurement of the activity of TF on the cell surface

MDA-MB-231 cells (10°) were separately transfected with FLAG-HA-dual tagged constructs
expressing either the PDZ1 or the PDZ2 domain as hybrid proteins. The activity of TF was
then measured in confluent live cells expressing either construct. Data analysis of 3
independent experiments showed significantly higher TF activity in cells expressing the PDZ1
domain compared to cells expressing the PDZ2 domain, or the empty vector (Figure 5.13).
Another set of cells were separately transfected with FLAG-HA-dual tagged constructs
expressing the N-terminal region of MAGI-1 with or without the PDZ1 domain. The activity
of TF in MDA-MB-231 cells expressing the N-terminal region including the PDZ1 domain,
was shown to be higher compared to that in cells expressing the protein devoid of PDZ1

domain, or cells expressing the empty vector (Figure 5.14).
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Figure 5. 13 Examination the influence of expressing the PDZ1 and PDZ2 domains on TF
activity by a modified thrombin generation assay. MDA-MB-231 cells (5x10%) were
transfected with FLAG-HA-tagged constructs to express PDZ1 or PDZ2 domains as hybrid
proteins in a 96-well plate. The cells were allowed to express the proteins for 45 h and then
washed three times with TBS containing 1% (w/v) BSA and then incubated with barium
sulphate absorbable proteins (2 mg/ml) mixed with CaCl, (5 mM). The plate was incubated at
37°C for 30 min and aliquots of the reactions (100 ul) were then transferred to a 96-well plate
containing (100 pl) thrombin substrate (0.2 uM) diluted in the TBS buffer. The plate was
incubated for 60 min at 37°C and once the colour had developed, the reactions were stopped
by adding sulphuric acid (50 pl). The absorptions were measured at 410 nm using a plate reader
(n=4; * = p<0.05 vs. untransfected samples).
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Figure 5. 14 Examination the influence of the expression of the N-terminal regions of MAGI-
1 on TF activity by thrombin generation assay. MDA-MB-231 cells (5x10*) were transfected
with FLAG-HA-tagged constructs to express the N-terminal region of MAGI-1 including or
excluding the PDZ1 domain as hybrid proteins in a 96-well plate. The cells were allowed to
express the proteins for 45 h and then washed three times with TBS containing 1% (w/v) BSA
and then incubated with barium sulphate absorbable proteins (2 mg/ml) mixed with CaCl; (5
mM). The plate was incubated at 37°C for 30 min and aliquots of the reactions (100 pl) were
then transferred to a 96-well plate containing (100 pl) thrombin substrate (0.2 uM) diluted in
the TBS buffer. The plate was incubated for 60 min at 37°C and once the colour had developed,
the reactions were stopped by adding sulphuric acid (50 pl). The absorptions were measured at
410 nm using a plate reader (n = 4; * = p< 0.05 vs. untransfected samples).
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5.4 Discussion

The regulation of TF activity is dependent on its decryption at the cell surface. It has been
well documented that the cytoplasmic domain of TF does not directly influence the
procoagulant activity of TF. However, post-translational modifications such as
phosphorylation, palmitoylation and ubiquitination have all been reported to alter the cell
surface activity of TF (Dorfleutner and Ruf 2003; Ettelaie et al 2016). It has been
documented that the activity of TF can be modulated through the interaction between the
cytoplasmic domain of TF and Pinl (Collier et al 2013; Collier et al 2017) which is mediated
by a phosphorylation site X-Ser*/Thr*-Pro-X within the cytoplasmic domain of TF
(Zioncheck et al 1992). Therefore, in this part of the study a mechanism for the regulation of
TF is proposed based on the ENSPL sequence located within the phosphorylation site of the
cytoplasmic domain of TF. It was hypothesised that this sequence may be a target for PDZ

domain-dependent interactions.

The results produced in the previous (chapter 4) indicated that TF interacts with MAGI-1.
Therefore, the aim of this section of the study was to identify the PDZ domain within MAGI-
1 that has the potential to interact with TF. The first part of the study aimed to sub-clone the
entire MAGI-1 DNA into the FLAG-HA-pcDNAS3.1 expression vector and to produce a
series of constructs by deleting each PDZ domain in turn using site directed mutagenesis. A
number of attempts were made to sub-clone the MAGI-1 cDNA into the expression vector;
however, these attempts failed. Initially, it was thought that the vector was self-ligating,
therefore, several modifications of the procedure were carried out including de-
phosphorylation of the expression vector DNA using calf intestinal alkaline phosphatase
(CIP), as well as DNA precipitation and DNA isolation after agarose gel separation.
However, neither of these approaches were successful and it was concluded that the vector

was not designed to accept such a long sequence of DNA. Consequently, the second strategy
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was used to individually sub-clone each PDZ domain and to examine the potential of each of
these proteins as binding partners for TF. This strategy was successful in sub-cloning and
expression of each of the five PDZ domains, as well as the two N-terminal domains of

MAGI-1.

MDA-MB-231 cells were transfected with constructs to express each PDZ domain as proteins
and were examined for their interaction with cellular TF. Higher association between TF and
the constructs expressing either the PDZ1 domain or the N-terminal region of MAGI-1 with
PDZ1 domain was observed when examined by the PLA (Figure 5.10 and 5.11) and the
interactions were then confirmed using co-immunoprecipitation (Figure 5.12). Therefore,
these data have identified PDZ1 as a putative site for interaction with TF. Moreover, it is
likely that this interaction may be mediated by class-1 type PDZ binding, where the ENSPL
sequence within TF provides the classic X-X-Ser-X-Y motif that is recognised by Class-I
PDZ. Since MAGI proteins localise to the cell junctions, it was also hypothesised that this
interaction may restrict TF to cell junctions. The restriction of TF, mediated through a PDZ-
domain may in turn hinder the accessibility of TF to FVIla and regulate the procoagulant
activity of TF on the cell surface. It is therefore proposed that the restriction of TF within the
cell junctions, mediated through the interaction with MAGI-1, may act as an encryption
mechanism for TF. Since it was not possible to sub-clone the entire MAGI-1 cDNA, an
attempt to measure TF following over-expression of MAGI-1 was not possible. Therefore, as
an alternative, the activity of TF was measured in cells expressing the PDZ1 (which binds
TF) and PDZ2 (which did not bind TF) domains of MAGI-1, as well as the two N-terminal
regions of the PDZ1 domain. The procoagulant activity of TF was shown to be higher in
MDA-MB-231 cells expressing either the PDZ1 domain (Figure 5.13) or the N-terminal
region that included the PDZ1 domain (Figure 5.14) compared to those devoid of PDZ1. It is

proposed that the over-expressed PDZ1 domain can interact with TF, competing out the
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cellular MAGI-1 and therefore releasing TF from the intercellular regions which in turn
would lead to the observed increase in the apparent TF activity on the cell surface (Figure
5.13 and 5.14). It has been documented that cancer cells exhibit reduced intercellular
adhesion due to loss of cell junction protein expression (Leech et al 2015). Therefore, it is
also possible that MDA-MB-231 which do not form distinct cell junctions, would not have
foci of MAGI-1 to bind TF which leads to increased TF activity. Additional experiments
measuring the activity of TF in MDA-MB-231 cells expressing MAGI-1 as a whole protein
could further confirm the role of MAGI-1 as a possible regulatory partner for TF activity.
Also, further studies examining the localisation of TF and MAGI-1 at the tight junctions of
endothelial or epithelial cells could further validate the role of MAGI-1 in the encryption of

TF.

In conclusion, MAGI-1 appears to interact with the PDZ1 domain of MAGI-1. However, this
interaction could be disrupted upon cell injury thereby compromising the integrity of cell-cell

contacts and concurrently, activating the coagulation mechanism.
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Chapter 6

Discussion

161



6.1 General discussion

In addition to its procoagulant activity, the exposure of TF at the site of injury induces multiple
cellular signalling pathways (Bluff et al 2008; Lee et al 2011; Aberg and Siegbahn 2013). The
ability of TF to confer improved survival, proliferation and migration in cancer cells has been
attributed to the activation of Akt pathway following the activation of TF (Sorensen et al 2003;
Jiang et al 2005;Arderiu et al 2012; D'Asti et al 2017;). It has been postulated that cellular
proliferation and apoptosis are two contrasting cellular processes which are determined by the
local concentration of TF at the site of injury (Pradier and Ettelaie 2007; EIKeeb et al 2015;
Ethaeb et al 2020). Therefore, the first part of this study aimed to examine the hypothesis that
the response of cells to acute levels of TF, such as those encountered during injury and trauma,
may differ from the adaptive behaviour of the cells, as observed in longer-term chronic

conditions such as cancer.

Initially, the outcomes of the exposure of cells to TF and/or the activation of PAR2 were
examined in seven cancer cell lines. As part of the normal physiological responses to injury,
the coagulation cascade is activated once TF is exposed to the bloodstream. The binding of TF
to FVlla activates PAR2 which subsequently leads to the induction of multiple signalling
pathways. The short-term exposure of cells to rec-TF at 65 pg/ml, or the activation of PAR2,
induced the dephosphorylation of PTEN in most cell lines tested. Interestingly, at high
concentrations (rec-TF 1300 pg/ml), the de-phosphorylation of PTEN was relatively lower.
The mechanism by which TF promotes the de-phosphorylation of PTEN is not currently

known.

However, the interaction of TF with cell-surface proteins such as B1-integrin has been reported
to facilitate TF-PAR2 dependent signalling (Versteeg et al 2008; Kocatiirk and Versteeg 2013).
In addition, the activation of PI3K is thought to be mediated by B1-integrin and has been

implicated in cancer cell migration, proliferation and survival (Su et al 2007; Matsuoka et al
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2012; Zeller 2012; Guidetti et al 2015). Therefore, it is possible that low concentrations of TF
may initiate multiple signals that promote the activation of PTEN. The mechanism and the
outcome of such interactions were not investigated in this study, but future studies are essential
to further elucidate the complex mechanism involved in the regulation of cell homeostasis.
Furthermore, it has been documented that activated PAR2 couples with either Ga or Gfy-
subunits of the trimeric G-protein and signal through a variety of downstream signalling
pathways (Sidhu et al 2014; Zhao et al 2015; Heuberger and Schuepbach 2019). Specifically,
the GBy-subunit can bind and recruit PI13K to the membrane, catalysing the phosphorylation of
PIP2 to PIP3. PIP3 in turn binds Akt through its PH-domain and recruits it to the inner
membrane surface which results in Akt phosphorylation and activation (New et al 2007; Goel
et al 2009; Lima-Fernandes et al 2011; Nitulescu et al 2018; Jean-Charles et al 2018).
Therefore, the signalling mediated by the G-protein subunits as well as those initiated through
B1-integrin activation may trigger the activation of PI3K. Generation of PIP3 at the inner
membrane has been shown to promote the auto-dephosphorylation of PTEN at Thr366 through
its protein-phosphatase activity, thereby inducing the activation of PTEN which acts a negative
feedback to regulate the PIP3 (Tibarewal et al 2012; Papa and Pandolfi 2019). In addition, de-
phosphorylation of PTEN results in its membrane recruitment and stabilisation through
interaction with MAGI proteins thereby enhancing its lipid-phosphatase activity (Georgescu et
al 2000; Leslie et al 2000; Valiente et al 2005;). The increase in PTEN activity was also
reflected in the increased lipid-phosphatase activity generated, which was measured in this
study. The de-phosphorylation and hence, the reduction in the amount of PIP3 reduces the
recruitment of Akt to the membrane and restrains its activation which would explain the

reduced kinase activity of Akt, observed.

It has been suggested that normal tissue maintenance and homeostasis is controlled by the

balance between the function of PTEN and Akt (Gao et al 2016). A recent study of western
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blot and immunofluorescence analyses, using rat corneal epithelium, showed the
downregulation of PTEN activity within 30 min of skin incisions. Simultaneously, the elevated
levels of phospho-Akt resulted in an increase in cell migration, accelerating the healing process
(Cao et al 2011). The activation of the Akt in response to tissue repair after damage has also
been documented (Castilho et al 2013). For instance, immunohistochemistry and western blot
analyses of skin samples from mice following wounding showed elevated levels of phospho-
Akt. Also, in the same study RT-PCR measurements showed the upregulation in Akt mMRNA
expression during the proliferative and remodelling phases (Gao et al 2016) compared to
uninjured skin (Squarize et al 2010). As a consequence of PI3K-Akt signalling a number of
genes downstream of this pathway are upregulated, and have been associated with cell
proliferation, migration and collagen synthesis all of which are essential in accelerating the
process of wound healing. For example, endothelial nitric oxide synthase (eNQOS) is a
downstream target of Akt signalling; this enzyme produces nitric oxide which is essential for
vasodilation and remodelling and has been associated with angiogenesis and collagen
deposition required for the healing process (Luo and Chen 2005; Zhang et al 2019; Yu et al
2020). Akt has also been reported to upregulate neovascularisation through the upregulation of
VEGF and EGF expression (Peng et al 2003; Zhang et al 2016; Di and Chen 2018). In contrast,
the inhibition of PI3K-AKkt using LY294002 leads to significant reduction in skin regeneration
and wound contraction delaying the healing process (Li et al 2016). In summary, immediately
after injury, the surrounding cells undergo several interrelated phases which include
haemostasis, inflammation, proliferation and remodelling to initiate repair to restore the
integrity of tissue (Jere et al 2019). Both PTEN and Akt appear to have important physiological
roles in the maintenance of normal tissue architecture and correct homeostasis. Therefore, this

study adds to the current understanding of the link between haemostasis, inflammation and
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repair by suggesting that exposure of cells to TF at the site of injury, modulates the activity of

PTEN which can determine the fate of the injured cells.

In addition to its function in tissue repair, the signalling properties arising from TF have also
been implicated in chronic inflammation leading to tumourigenesis as well as cancer
progression (Dutra-Oliveira et al 2012; Han et al 2014; Hisada and Mackman 2019). One main
cellular property associated with tumourigenesis is the uncontrolled proliferation of cells which
in some circumstances, has been attributed to the deregulation of PTEN function (Chin et al
2014). The loss of PTEN function or impairment in its activity through mutational inactivation
or deletions has been strongly associated with aberrant tissue formation and progression of
many cancers (Milella et al 2015). Furthermore, mutational loss of the PTEN gene not only
elevates the probability of tumourigenesis, but also has been associated with many disorders
like Cowden’s syndrome and Bannayan-Riley-Ruvalcaba which are characterised by growth
of non-cancerous tumours (Pilarski and Eng 2004; Yang and Karin 2014; Luongo et al 2019).
Moreover, the reductions in the levels of cellular PTEN or the deregulation of PTEN function
have been reported to promote tumourigenesis in breast (Petrocelli and Slingerland 2001), renal
(Brenner et al 2002), prostate (Schmitz et al 2007), head and neck (Squarize et al 2012) and
lung cancers (Yanagawa et al 2012). Therefore, the mechanisms by which TF may influence

PTEN were examined next.

To produce an in vitro model where cells may become exposed to increased levels of TF over
prolonged periods, MDA-MB-231, LoVo and CaCo-2 cells were repeatedly supplemented with
rec-TF (65 pg/ml) over a period of 5 days. Measurement of PTEN antigen levels in these cells,
resulted in a reduction in the amount of PTEN antigen levels. As described above, the de-
phosphorylation of PTEN can be influenced by crosstalk between PI3K and other signalling
pathways. Therefore, it is possible that excessive amounts of TF may initiate multiple

signalling pathways which may exhaust the ability of cells to perceive and correctly respond
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to the initiated signals (Cully et al 2006). As a result, the cells become unable to regulate the
function of PTEN. The de-phosphorylation of PTEN, especially when not protected by MAGI,
may destabilise PTEN leading to further modification and proteasomal degradation of the
protein. This reduction of PTEN over time may be a determining factor in the alterations which
lead to cell proliferation as well as aberrant cell survival and are mediated through deregulation
of the Akt pathway. Specifically, the activation of Akt pathway has been shown to influence
the progressions of cancers by a number of separate mechanisms. For example, Akt has been
implicated in carcinogenesis through downregulation of E-cadherin expression, leading to
destabilisation of cell junctions. This in turn increases the rate of epithelial-mesenchymal
transition (EMT) and therefore cellular invasiveness (Larue and Bellacosa 2005; Barber et al
2015). Akt also regulates cell survival through the inhibition of several pro-apoptotic proteins
(Los et al 2009). It was reported that Akt inactivates Bax protein by preventing translocation
to the mitochondria, and therefore inhibiting the Bax-dependent mitochondrial
permeabilisation and the subsequent release of cytochrome ¢ (Uren et al 2016; Simonyan et al
2016). Akt can also regulate cell proliferation and survival in part by direct inhibition of the
forkhead box class O (FoxO) proteins (Zhang et al 2011). Activated Akt is capable of
phosphorylating the FoxO transcription factor which in turn localises the latter proteins to the
cytoplasm; FoxO is a multifunction protein which induces the expression and stabilisation of
the inhibitors of cell cycle checkpoints such as p27 and p21 (Liu et al 2008). In addition, FoxO
acts directly as an inhibitor of cyclin D preventing entry into the cell cycle (Ho et al 2008).
Therefore, the phosphorylation of FoxO by Akt restricts the former protein outside the nucleus
permitting the progression of cell division (Ho et al 2008). However, while the increases in
Akt activity observed in this study were significant reaching up to 29% in LoVo cells, such
outcomes are only likely to become dominant over longer periods of time (e.g., months or

years) as observed during chronic inflammatory diseases.
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Moreover, it has been reported that subtle reductions in PTEN protein levels increase the
susceptibility of cells to tumourigenesis through the activation of the PI3K-Akt pathway
(Milella et al 2015). The decrease in PTEN levels have already been implicated in non-
malignant tumourigenesis (Pilarski et al 2004), carcinogenesis (Lee et al 2018) as well as the
progression of cancers (Carracedo et al 2011). It would be of interest to determine if the levels
of PTEN antigen and those of Akt activity within tumour tissue correlate with the formation
and progression of tumours, during inflammatory diseases in which the local levels of TF are
elevated. In summary, the current study suggests that the prolonged exposure of cells to TF
together with the activation of PAR2 may contribute to tumourigenesis through the degradation
of PTEN. Furthermore, the study may further explain the complex cellular connections
between the exposure of TF during inflammatory conditions and the regulation of PTEN and

Akt activity.

As stated above, augmentations in the levels of Akt activity are also associated with the loss of
cell junction. The destabilisation of the cell junctions invariably involves functional changes in
MAGI proteins. The loss of these interfaces is likely to expose latent forms of TF which in turn
exacerbate the process by positive feedback through the aforementioned PAR2 signalling
mechanism. To examine the hypothesis that MAGI proteins are capable of localising and
therefore regulating TF activity, the next part of the study focused on examining the ability of
TF to interact with MAGI proteins. Additionally, the study endeavoured to identify and confirm
whether the PDZ domain within MAGI-1 was responsible for interaction with the cytoplasmic
domain of TF. Finally, the possibility of dissociation of TF from MAGI, following PAR2

activation was examined.

TF exhibits a wide tissue distribution ranging from vascularised organs and epithelial cells to
smooth muscle cells and fibroblasts (@dsterud and Bjgrklid 2006). TF is also reported to localise

at the tight junctions of cells such as shown in confluent kidney epithelial cells (Camerer et al
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1996), myocytes (Luther et al 2000) as well as other cell lines (Muller et al 1993; Garnier et al
2012). Although TF is widely expressed in the vasculature, its expression is suppressed on the
cell-surface of endothelial cells. The exact mechanism involved in the suppression of TF
activity is unclear. However, several mechanisms have been suggested to mediate the
regulation of TF activity through a process termed TF encryption (Dietzen et al 2004; Schmidt
et al 2006; Bach 2006; Shaw et al 2007; Rao and Pendurthi 2012). The regulation of TF activity
has also been reported to be mediated through interaction with other cellular proteins and is
thought to involve the sequence ENSPL within the cytoplasmic domain of the TF (Collier and
Ettelaie 2011; Collier et al 2017; Ettelaie et al 2018). Analysis of this motif using the POW
software indicated that TF may interact with selective PDZ domain-containing proteins, such
as the MAGI proteins. Since MAGI proteins are predominantly localised to the tight junction
of epithelial and endothelial cells of many tissues (Laura et al 2002), it was hypothesised that
the encrypted form of TF may be localised at the cell junctions through MAGI-dependent
interactions. PLA and co-immunoprecipitation analysis of MDA-MB-231 cells indicated that
TF mainly interacts with MAGI-1. Previously it has been documented that TF can be targeted
at specific subcellular compartments within endothelial cells which may influence its activity
(Ruf 2012). For example, TF was reported to localise at the apical regions of endothelial cell
monolayer (Camerer et al 1996) whereas basolateral expression of TF may indicate that TF is
present in a cryptic pool in the subendothelial which become active upon vascular injury (Weiss
et al 1989; Ryan et al 1992; Lopes-Bezerra and Filler 2003). Therefore, it is suggested that
under normal conditions, MAGI-1 may restrain TF at the tight junctions and thereby prevents
TF exposure to the cell surface. Additional experiments examining the localisation of both TF
and MAGI-1 at the tight junctions of endothelial cells and other cancer cell lines (e.g., McF-7)
which form distinct tight junctions may elucidate a mechanism for TF encryption. It has been

documented that the encrypted form of TF is localised at the lipid rafts of several cell types
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(Dietzen et al 2004; Mandal et al 2005; del Conde et al 2005). Moreover, several studies have
suggested the compartmentalization of TF in lipid rafts/caveolae either alone or in complex
with FVIla (Mulder et al 1996; Mandal et al 2006) and possibly with PAR2 (Awasthi et al
2007). However, the disruption of lipid rafts/caveolae induced both the procoagulant and the
signalling activities of TF (Pendurthi and Rao 2008). MAGI-1 was also suggested to be
localised at the lipid rafts of kidney epithelial cells (Patrie et al 2002). Therefore, it would be
of interest to explore the localisation of TF with MAGI-1 at the lipid rafts which may further

provide an insight into the complex regulatory mechanism of TF.

The capacity of MAGI proteins in maintaining the functional barrier between cells arises from
regulating tight junction proteins through interactions with both the WW and PDZ domains
(Hirabayashi et al 2003; Zaric et al 2012; Zaessinger et al 2015). In order to identify the specific
PDZ domain responsible for interaction with TF, two strategies were implemented. The first
strategy aimed to sub-clone the entire MAGI-1 DNA into the FLAG-HA-pcDNA3.1
expression vector. Each PDZ domain could then be deleted using site directed mutagenesis and
expressed as tagged mutant-PDZ proteins in cells and the interaction between TF and each
tagged mutant-PDZ examined. However, several attempts to sub-clone the cDNA of MAGI-1
resulted in the failure of this strategy because the vector was not designed to accommodate
such a large DNA insert. Subsequently, a second strategy was implanted where each of the
PDZ1-5 domains of MAGI-1 were sub-cloned and expressed separately, as hybrid proteins.
PLA and co-immunoprecipitation analysis of MDA-MB-231 cells expressing each of the PDZ
domains indicated that the association between TF and MAGI-1 is mediated through the PDZ1
domain of the latter protein. This interaction was also confirmed by expressing the N-terminal
region of MAGI-1 including or excluding the PDZ1 domain. It was hypothesised that TF is

restrained at the cellular junctions through a PDZ-domain interaction which might hinder the
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accessibility of TF to FVIla. Therefore, the influence of MAGI-1 interaction on the regulation

of TF procoagulant activity on the cell surface was examined next.

Measurement of activated FXa generated by TF using FXa generation assay revealed high TF
procoagulant activity levels following cells expressing the PDZ1 domain compared to cells
devoid of the latter domain. The increase in TF activity might suggest that the cytoplasmic
domain of TF is being occupied by the expressed PDZ1, therefore competing out the cellular
MAGI-1, thus preventing MAGI-1 from binding to TF. Recently, the cell-surface expression
levels of MAGI-1 were shown to be low in MDA-MB-231 cells (Alday-Parejo et al 2020)
which might explain the loss of cell-cell contacts associated with the morphological
characteristics associated with these cells (Martin and Jiang 2009). Since MDA-MB-231 cells
do not form distinct tight junctions, it is also possible that TF is not restrained at the tight
junctions by MAGI-1, consequently TF becomes exposed to the cell surface resulting in the
increase of TF activity. To further elucidate how PDZ domains might influence the interactions
between MAGI-1 and TF, future studies will be conducted using site directed mutagenesis to
generate mutated PDZ domains. The PDZ domains will contain a mutated “GFGF” binding
motif which is required for the interaction between the target protein and the PDZ domain. The
expression of these mutated PDZ domains will determine the ability of each PDZ domain to
bind efficiently to TF and the influence of these interactions on its procoagulant activity.
Furthermore, structural analysis using protein-ligand softwares such as, SwissDock would also
provide information regarding the molecular interactions between the cytoplasmic domain of
TF and the PDZ1 domain of MAGI-1. It has been reported that MAGI-1 can interact with single
and/or multiple proteins through several of its domains simultaneously (Dobrosotskaya and
James 2000; Patrie et al 2002). For example, a study by Hirabayashi et al (2003) reported that
both PDZ1 and PDZ4 domains of MAGI-1 are required for the efficient binding and stability

of junctional adhesion molecule (JAM4) at the tight junction of kidney cells leading to
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enhanced cell adhesion. Another study reported that MAGI-1 binds through its WW domain
with synaptopodin and through its PDZ5 domain with a-actinin-4 (Patrie et al 2002). The
recruitment of these actin binding proteins by MAGI-1 results in actin cytoskeleton
organisation at the cell-cell junctions, thereby enhancing cellular adhesion (Lampugnani 2010).
Since MAGI-1 contains two WW domains, and the cytoplasmic domain of TF was also
reported to interact with the WW domain of Pinl (Ettelaie et al 2018; Kurakula et al 2018).
Therefore, it is possible that MAGI-1 may also interact with TF through its WW domains.
Future experiments examining the interaction between TF and the WW domain of MAGI-1

may be required to elucidate the regulation of TF activity by MAGI-1.

The association between TF decryption and TF-mediated-dependent signalling is well
established. The aberrant expression of TF by cancer cells has been associated with increased
procoagulant and signalling activities which are linked with the risk of thrombosis as well as
tumour growth and chemo-resistance (Khorana et al 2007; Manly et al 2010; Dutra-Oliveira et
al 2012; Unruh and Horbinski 2020). Additionally, signalling arising from PAR2 activation
promotes the induction of multiple signalling pathways associated with tumourigenesis and
cancer progression (Su et al 2007; Kocatlrk and Versteeg 2013). One hallmark of cancer
progression is the deregulation of tight junctions in tumour cells, leading to the loss of cell-cell
contacts and increased cell migration and invasiveness. Such alterations encourage cancer cells
to invade across the basement membrane and establish secondary metastasis (Martin and Jiang
2009; Knights et al 2012; Leech et al 2015; Alday-Parejo et al 2020). Several studies have
linked the activation of PAR2 with the downregulation of E-cadherin, VE-cadherin and zonula
occludens (ZO-1) protein expression leading to longer-term disruption of cell junctions and
consequently increased cellular permeability (Chin et al 2003; Winter et al 2006; Peerapen and
Thongboonkerd 2013; Enjoji et al 2014). Examination of PAR2-activated MDA-MB-231 cells

using PLA, co-immunoprecipitation techniques showed a reduced association between TF and
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MAGI-1, reaching minimum levels at 20 min post-activation. The reduced association between
TF and MAGI-1 could be attributed to the previously explained mechanism involving the
possible induction of caspase-3 arising from PAR2 activation. Therefore, the persistent
activation of PAR2 by TF-FVIla observed during pathological conditions such as chronic
inflammation and cancer may lead to the constitutive activation of caspase-3 resulting in the
degradation of MAGI-1. This in turn might result in the destabilisation of cellular junctions
leading to the dissociation of TF from MAGI-1. Therefore, it is suggested that once TF
dissociates from MAGI-1, it becomes exposed to the cell surface leading to its decryption and
activation (Figure 6.1). The constitutive activation of TF thereby amplifies a feedback
mechanism which further promotes thrombin generation and the activation of PAR2 signalling
leading to the deregulation of tissue homeostasis. This deregulation results in the imbalance
between cell proliferation and apoptosis and consequently the initiation of tumourigenesis,

cancer and ultimately cancer progression and metastasis.

TF is a central protein that is capable of regulating both blood haemostasis and tissue
homeostasis (Mackman 2010). TF regulates haemostasis through the binding of FVlla
promoting the activation of the coagulation mechanism. Concurrently, TF regulates tissue
homeostasis through the activation of PAR2 signalling mediated by forming TF-FVIlaand TF-
FVIla-FX complexes (Chu 2011; Palta et al 2014; Sidhu et al 2014). The work in this thesis
has demonstrated that the signalling arising from PAR2, together with the local concentration
of TF may influence the function of PTEN. Under physiological conditions, TF appears to
induce the dephosphorylation of PTEN. As a result, TF may control normal tissue maintenance
and homeostasis through the upregulation of PTEN lipid-phosphatase activity. However, under
pathological conditions TF together with the activation of PAR2 can contribute to
tumourigenesis through the degradation of PTEN. These activities also may promote the

deregulation of cells causing pathological conditions by initiating carcinogenesis. Importantly,
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this study has elucidated a novel mechanism for the regulation of TF activity itself, through
interaction with the PDZ1 domain of MAGI-1. This interaction appears to be disrupted
following the activation of PAR2, resulting in further increases in TF activity on the surface of
the cells. Therefore, this study has identified a new possible mechanism for the encryption of
TF through interaction with MAGI-1 and the rapid upregulation of TF activity following injury

to the cellular layer, or cell activation.
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Cell survival and proliferation

Inhibition of
Cell survival and proliferation

Figure 6. 1 The proposed mechanism for TF signalling and the regulation of its TF
procoagulant activity. A) Under normal conditions, TF remain encrypted through interaction
with the PDZ1 domain of MAGI-1. PTEN is also stabilised by MAGI-1 through PDZ domain-
dependent interactions. B) Under chronic inflammation as well as loss of cell-cell contacts, TF
dissociates from MAGI-1 resulting in its decryption. The exposed TF binds FVIla and initiates
the coagulation mechanism. TF-FVIla activates PAR2 resulting in the activation of several
signalling pathways leading to cancer cell proliferation and survival. The signalling arising
from PAR?2 also triggers the dissociation of PTEN from MAGI-1, resulting in the degradation
of both PTEN and MAGI-1.
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A) TF

i) Non-permeabilised

Phalloidin

ii) Permeabilised with 0.2% (v/v) saponin

iii) permeabilised with 0.1% (v/v) Triton X-100

iv) permeabilised with 100% (v/v) methanol

- 10 pm
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B) MAGI-1

i) Non-permeabilised

. K

ii) Permeabilised with 0.2% (v/v) saponin

iii) permeabilised with 0.1% (v/v) Triton X-100

iv) permeabilised with 100% (v/v)
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Figure A- 1 Optimisation of cell permeabilising reagents. MDA-MB-231 (3x10°) cells were
seeded out into 6 well plate and propagated to 80% confluency. The cells were washed with
PBS and then fixed with 4% (v/v) formaldehyde for 20 min. The cells were prepared as; i) non-
permeabilised, ii) permeabilised with 0.2% (v/v) saponin, iii) permeabilised with 0.1% (v/v)
Triton X-100 or iv) other set of cells were permeabilised and fixed with 100% (v/v) methanol
for 10 min. The cells were washed with PBS and then blocked with 3% (w/v) BSA for 60 min.
The cells were incubated with either A) a mouse anti-TF antibody (HTF1) or B) a rabbit anti-
MAGI-1 antibody (H-70) overnight at 4°C. The cells were washed with PBS and then probed
with a goat anti-mouse secondary antibody (sc-2008) to detect TF. In order to detect the
presence of MAGI-1, the cells were incubated with a goat anti-rabbit secondary antibody (sc-
2004) for 60 min. The nuclei were incubated in DAPI (2 pg/ml) and the cytoskeleton with
Phalloidin 488 (1:1000) for 10 min. (BLUE = DAPI; GREEN = Phalloidin; RED= Protein).
Images were acquired using a Ziess Axio Vert.Al inverted fluorescence microscope with a
X40 magnification.
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C) MAGI-1
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D) MAGI-2

E) MAGI-3

Figure A- 2 Optimisation of the concentration of primary antibodies. MDA-MB-231 (3x10°)
cells were seeded out into 6 well plates and propagated to 80% confluency. The cells were
fixed with 4% (v/v) paraformaldehyde for 20 min. The cells were washed with PBS and then
permeabilised with 0.1% (v/v) Triton X-100 in PBS, for 10 min. The cells were incubated with
different concentrations (1:100- 1:500) of primary antibodies. A) a mouse anti-TF antibody
(HTF1), B) a mouse anti-PTEN antibody (217702), C) a rabbit anti-MAGI-1 antibody (H-70),
D) a rabbit anti-MAGI-2 antibody (C3) and E) a rabbit anti-MAGI-3 (sc136471) antibody
overnight at 4°C. The cells were washed with PBS and then probed with a goat anti-mouse
secondary antibody (sc-2008) to detect the presence of TF or PTEN. Another set of cells were
incubated with a goat anti-rabbit secondary antibody (sc-2004) to detect the presence of MAGI
(1-3) proteins. The nuclei were stained with DAPI (2 ug/ml). (BLUE= DAPI; Green= protein).
Images were acquired using a Ziess Axio Vert.Al inverted fluorescence microscope with a
X10 magnification.
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W/0-PDZ1
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W/0-PDZ1
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W/0-PDZz1
MAGI-1

W/0-PDZ1
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W/0-PDZ1
MAGI-1

W/0-PDZ1
MAGI-1

———————————————————————————————— ATGTCCAAAGTGATCCAGAAGAAGAACC
CAGAATTCCACCACACTGGACTAGTGGATCCGATGTCCAAAGTGATCCAGAAGAAGAACC

kA hkkhkhkkhkrkhkkhkhkkhkkhxhkkhkkhkkrkhkkxkx

ACTGGACTAGCAGGGTTCACGAATGCACCGTGAAGCGGGGACCCCAGGGCGAGCTGGGGG
ACTGGACTAGCAGGGTTCACGAATGCACCGTGAAGCGGGGACCCCAGGGCGAGCTGGGGE

hhkhkhkhkhkhhkhhk A hhkhhkhkrhkhkhkhhkhhkhkhkhrhkhkrhhkhhkhkrhkhkhkhrhkhkrhkkrhhrkhkkhkkhdrkxk

TGACGGTGCTGGGAGGCGCGGAGCACGGGGAGTTTCCGTACGTCGGAGCGGTGGCGGCGG
TGACGGTGCTGGGAGGCGCGGAGCACGGGGAGTTTCCGTACGTCGGAGCGGTGGCGGCGG

KA A A AR A A A A A A AR AR A A A A AR AR A IR A A A AR A A A A A A AN A R AR A A IR A AR A A ARk kK

TCGAGGCAGCGGGGCTTCCCGGCGGCGGCGAGGGCCCGAGGCTGGGCGAAGGGGAGCTGL
TCGAGGCAGCGGGGCTTCCCGGCGGCGGCGAGGGCCCGAGGCTGGGCGAAGGGGAGCTGC

KA AR AR A A A A A A AR A AR A A A AR AR A IR A AR AR A A A A AR AR AR AR A A AR AR AR A AR Ak kK

TTCTGGAGGTGCAGGGGGTCCGGGTGTCCGGCTTGCCCCGCTATGACGTGCTGGGGGTCA
TTCTGGAGGTGCAGGGGGTCCGGGTGTCCGGCTTGCCCCGCTATGACGTGCTGGGGGTCA

KA AR AR A AR A A A AR A AR A A A AR A KR A IR A AR AR A AR A A A AR AR A A A A AR AR AR A AR Ak kK

TCGACAGCTGCAAGGAGGCCGTCACCTTCAAGGCCGTCAGACAAGGAGGAAGGCTGAACA
TCGACAGCTGCAAGGAGGCCGTCACCTTCAAGGCCGTCAGACAAGGAGGAAGGCTGAACA

KA AR AR A AR A A A AR A AR A A A AR AR A IR A AR A KNI AR A AR AR AR A A A AR A AR A AR Ak kK

AGGACCTGCGACATTTTCTCAATCAGCGATTCCAGAAGGGGTCTCCTGATCATGAGCTCC
AGGACCTGCGACATTTTCTCAATCAGCGATTCCAGAAGGGGTCTCCTGATCATGAGCTCC

KA AR AR A AR A A A AR A AR A A A AR AR A A A A AR AR A AR A AR AR AR AR A A AR A AR AR AR Ak kK

AGCAGACCATAAGGGATAACCTTTACCGCCATGCTGTGCCTTGCACAACCCGATCTCCCA
AGCAGACCATAAGGGATAACCTTTACCGCCATGCTGTGCCTTGCACAACCCGATCTCCCA

KA AR AR A AR A A A AR A AR A A A AR AR A AR A AR AR AR A A A AR AR AR A AR AR AR A KA AR KK

GAGAAGGAGAAGTGCCTGGCGTGGACTATAACTTTCTGACTGTGAAGGAGTTCTTGGACC
GAGAAGGAGAAGTGCCTGGCGTGGACTATAACTTTCTGACTGTGAAGGAGTTCTTGGACC

KA AR AR A AR A AR AR A AR A AR AR A KR A A A A AR AR A AR A A A AR AR A A A A AR A AR A A AR Ak kK

TCGAGCAGAGTGGGACTCTTCTGGAAGTCGGCACCTATGAAGGAAACTATTATGGGACAC
TCGAGCAGAGTGGGACTCTTCTGGAAGTCGGCACCTATGAAGGAAACTATTATGGGACAC

hhkhhkhkhkhhkhkhk A hhkrhhkrhhkhhhkhhkhhhkrhhkrhhkhhhkrhkhkhhkrhhkrhkhkrhhkrkhhkhkhxhkxk

CCAAGCCTCCTAGCCAGCCAGTCAGTGGGAAAGTGATCACGACGGATGCCTTGCACAGCC
CCAAGCCTCCTAGCCAGCCAGTCAGTGGGAAAGTGATCACGACGGATGCCTTGCACAGCC

hhkhhkhkhkhhkhkhk A hhkrhhkrhhkhhhkhhkhkhhkrhhkrhhkhkhhkrhkhkhhkrhkhkrhkhkrhhkrhkhkhkhkhxhkxk

TTCAGTCTGGCTCTAAGCAGTCGACCCCGAAGCGAACCAAGTCCTACAATGATATGCAAA
TTCAGTCTGGCTCTAAGCAGTCGACCCCGAAGCGAACCAAGTCCTACAATGATATGCAAA

hhkhhkhkhkhhkhkhhhkrhkhkrhhkhkhhkhhkhkhhkrhhkrhhkhhhkrhkhkhhkrhkhkrhkkhkrhhkrkhkhkhkdxhkxk
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660

568
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W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

W-PDZ1
MAGI-1

ATGCTGGCATAGTCCACGCGGAGAATGAGGAG
ATGCTGGCATAGTCCACGCGGAGAATGAGGAG

KAKKAAKAKNAAAA I KA AA I AA XA AN A XA A KA, K

GAGGATGACGTTCCTGAAATGAACAGCAGCTTTACAGCCGATTCTGGTGAACAAGAGGAG
GAGGATGACGTTCCTGAAATGAACAGCAGCTTTACAGCCGATTCTGGTGAACAAGAGGAG

KA AR AR A A A A A A AR A A A A A A AR AR A IR A A A AR A A A A A A AR AR AR A A IR A A AR A A ARk kK

CACACTCTCCAAGAAACAGCATTACCACCTGTGAATAGTAGCATCATCGCTGCTCCCATC
CACACTCTCCAAGAAACAGCATTACCACCTGTGAATAGTAGCATCATCGCTGCTCCCATC

Ak hkhkhkhkhhkhhkhkhkhkrhkhkrhhkhkhhkhhkhkhkhrhkhkrhhhkhhkrhkhkhkhkhkhkhkrhkkrhhkrhkkhkkhkrkxk

ACGGACCCTTCTCAGAAGTTCCCTCAATACCTACCTCTTTCTGCAGAGGATAATTTAGGT
ACGGACCCTTCTCAGAAGTTCCCTCAATACCTACCTCTTTCTGCAGAGGATAATTTAGGT

Ak hkhkhkhkhhkhkhk A hhkhhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhkhkhhkrhkhkrhkhkrhhkrkkhkhkhxkxk

CCTCTACCTGAAAACTGGGAGATGGCCTATACTGAAAATGGAGAAGTCTATTTTATAGAC
CCTCTACCTGAAAACTGGGAGATGGCCTATACTGAAAATGGAGAAGTCTATTTTATAGAC

Ak hkhkhkhkhhkhkhkhkhhkhkhhkrhhkhkhhkhhkhkhhkrhhkrhkhkhkhhkrhkhkhhkrhkhkrhkkhkrhhkrkkhkkhdxhkxk

CATAACACGAAAACAACATCTTGGTTAGACCCTCGGTGCCTAAACAAGCAGCAGAAGCCA
CATAACACGAAAACAACATCTTGGTTAGACCCTCGGTGCCTAAACAAGCAGCAGAAGCCA

hhkhkhkhkhkhhkhkk A hhkrhkhkrhhkhkhhkhhkhkhhkrhhkrhhkrhhkrhkhkhkhhkhkhkrhkkrhhkrhkkhkhkxkxx

CTGGAAGAGTGTGAAGATGATGAAGGGGTACACACCGAGGAGCTGGACAGTGAACTAGAA
CTGGAAGAGTGTGAAGATGATGAAGGGGTACACACCGAGGAGCTGGACAGTGAACTAGAA

hhkhkhkhkhkhhkhkhk A hhkhkhhkrhhkhhhkhhkhkhhkrhkhkrhhkhkhhkrhkhkhhkrhkkrhkkhkrhhkrkkhkkhdxrxkx*

CTGCCTGCTGGTTGGGAAAAGATTGAAGACCCTGTCTATGGTATCTACTATGTAGACCAC
CTGCCTGCTGGTTGGGAAAAGATTGAAGACCCTGTCTATGGTATCTACTATGTAGACCAC

Ak hkhkhkhkhkhkhkkhhhkhhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhkhkhkhkrhkkrhkhkrhhkrkkhkkhkdxhkxk

ATCAACAGGAAGACACAATATGAGAACCCGGTTCTAGAAGCCAAACGGAAGAAGCAGCTT
ATCAACAGGAAGACACAATATGAGAACCCGGTTCTAGAAGCCAAACGGAAGAAGCAGCTT

KA AR AR A AR A AR AR A AR A AR AR AR A IR A AR AR A AR A A A AR AR A A AR AR A AR A AR AR Ak kK

GAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGCAG
GAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGCAG

KA AR AR A AR A AR AR A AR A AR AR A KR A IR A AR AR A AR A A A AR AR A A A A AR A AR AR A AR Ak kK

CAGACAGAAGAATGGACAGAAGATCACTCAGCCCTTGTGCCTCCTGTTATTCCAAACCAC
CAGACAGAAGAATGGACAGAAGATCACTCAGCCCTTGTGCCTCCTGTTATTCCAAACCAC

KA AR AR A AR A AR AR A AR A A A AR AR A IR A AR AR A AR A A A AR AR A A A A AR AR A A AR AR Ak kK

CCTCCAAGCAATCCAGAGCCAGCCAGAGAAGTTCCACTTCAGGGCAAACCCTTTTTTACA
CCTCCAAGCAATCCAGAGCCAGCCAGAGAAGTTCCACTTCAGGGCAAACCCTTTTTTACA

KA AR AR A AR A AR AR A AR A A A AR A KR A AR A AR AR A AR A A A AR AR A A AR AR A AR AR A AR Ak kK

CGAAACCCTTCTGAGTTGAAAGGCAAGTTCATTCACACAAAGCTGCGGAAAAGCAGTCGT
CGAAACCCTTCTGAGTTGAAAGGCAAGTTCATTCACACAAAGCTGCGGAAAAGCAGTCGT
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1320

1380
1380
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W-PDZ1 GGCTTTGGCTTCACGGTGGTTGGAGGGGATGAACCTGATGAGT TTCTCCAGATCAAGAGC 1500

MAGI-1 GGCTTTGGCTTCACGGTGGTTGGAGGGGATGAACCTGATGAGT TTCTCCAGATCAAGAGC 1500
AR AR AR AR AR AR AR AR AR AR AR AR AR AR A A AR AR A A AR AR AR AR AR AR AR AR AR AR XAk x Kk

W-PDZ1 TTGGTCCTAGATGGTCCTGCTGCATTGGATGGCAAGATGGAAACAGGGGATGTGATTGTA 1560

MAGI-1 TTGGTCCTAGATGGTCCTGCTGCATTGGATGGCAAGATGGAAACAGGGGATGTGATTGTA 1560
AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR XAk kK

W-PDZ1 AGTGTGAATGACACCTGTGTTTTGGGACACACACATGCTCAAGTTGTGAAGATCTTCCAG 1620

MAGI-1 AGTGTGAATGACACCTGTGTTTTGGGACACACACATGCTCAAGTTGTGAAGATCTTCCAG 1620
khkhkhkkhkhkhkhkkhkkhhkhkhhkhkhkhkhkhkhhhkhhkhhkhhkhkkhkhhkhrhkhhkhrhkhkhkhhkhrhkkhhkhrhkhkkhkhhkrhkkhkhkxhkh*k

W-PDZ1 TCCATCCCCATTGGTGCCAGCGTGGACCTTGAACTCTGC 1659

MAGI-1 TCCATCCCCATTGGTGCCAGCGTGGACCTTGAACTCTGC 1659
khkhkkhkhkhkhkhkkhkhkhkhkhhkhhkhkhkhkkhkhkhkhhkkhkhkhrhkhkkhhhrhrhkkhkhxkhk

PDZ2 GGACTAGTGGATCCGACTGTTCATATTGTCAAAGGGCCAATGGGCTTTGGTTTTACTATC 197

MAGI-1 CAGCCAGAACTCATAACTGTTCATATTGTCAAAGGGCCAATGGGCTTTGGTTTTACTATC 1971

* Kk *k khkkhkkhkhkhkhkkhkhkhkhkhkkhkhkhkhrhkkhkhkhkhhkhkhhkrhkkhkkhkhrhkhkkhkkhhrhkkhkkhkhrhhkhkx

PDZ2 GCAGACAGTCCTGGTGGGGGTGGCCAAAGAGTGAAACAGATTGTTGACAGCCCAAGGTGC 257

MAGI-1 GCAGACAGTCCTGGTGGGGGTGGCCAAAGAGTGAARACAGATTGTTGACAGCCCAAGGTGC 2031
khkhkhkkhkhkhkhkkhkkhkhkhkhhkhkhkhkhkhkhhhhhkhkhkhrhkhkkhkhhhhkhhkhrhhkkhkhkhrhhkkhkhkhrhkhkkhkhkhrhhkkhhxkhk*k

PDZ2 CGAGGCCTGAAAGAAGGGGATCTCATAGTGGAAGTTAATAAGAAGAACGTGCAGGCCCTA 317

MAGI-1 CGAGGCCTGAAAGAAGGGGATCTCATAGTGGAAGTTAATAAGAAGAACGTGCAGGCCCTA 2091
khkhkhkkhkhkhkhkkhkkhkhkhkhhkhhkhhhkhhkhhhkhkhkhrhkhkhhhhhkhhkhrhhkkhkhkhrhhkkhkhkrhkhkkhhkhrhhkkhhkxhk*k

PDZ2 ACTCACAACCAAGTGGTGGATATGCTGGTTGAGTGTCCTAAGGGAAGTGAGGTCACATTG 377

MAGI-1 ACTCACAACCAAGTGGTGGATATGCTGGTTGAGTGTCCTAAGGGAAGTGAGGTCACATTG 2151
khkhkhkhkhkhkhkkhkkhhkhkhhkhkhkhrhkhkhkhhhhkhhkhrhhkkhhkhkhhkkhhkhrhkhkkhkhkhrhhkkhkhkrhkhkkhkhhrhhkkhkhxkk*k

PDZ2 TTGGTGCAATAAAAGCTTAAGTTTAAACCGCTGATCAGCCTCGACTGTGCCTTCT -——-— 432

MAGI-1 TTGGTGCAACGAGGAGGGCTGCCAGTTCCCAAGAAGAGCCCAAAGTCGCAACCACTGGAA 2211
*kk Kk Kk Kk Kk kK * * * % * Kk * Kk k k * K

PDZ3 GGACATCTTCCTCTGGAGAAAAGAGACTGGATTTGGATTTAGGATTCTGGGTGGAAATGA 211

MAGI-1 GGACATCTTCCTCTGGAGAAAAGAGACTGGATTTGGATTTAGGATTCTGGGTGGARATGA 2579
khkhkhkhkhkhkhkkhkkhkhkhkhhkhkhkhrhkhkhkhhhhkhkhkhrhhkkhkhhhhkkhkhkhrhkhkkhkhkhrhhkkhkhkrhkkhkkhkhhrhhkkhhxhk*k

PDZ3 ACCAGGGGAACCTATTTATATTGGTCACATCGTACCACTGGGTGCTGCTGATACTGACGG 271

MAGI-1 ACCAGGGGAACCTATTTATATTGGTCACATCGTACCACTGGGTGCTGCTGATACTGACGG 2639
hAhkhkhkkhkhkhkhkkhkkhkhkhkhhkhkhkhrhkhkhkhkhkhhkhkhkhrhkhkkhkhhkhhkkhkhkhhkhkkhkhhkrhkkhkhkhrhkhkkhkhhrhkhkhxkhxkx*k

PDZ3 CCGCCTGAGGTCTGGAGATGAATTAATCTGTGTGGATGGGACGCCAGTAATTGGAAAATC 331

MAGI-1 CCGCCTGAGGTCTGGAGATGAAT TAATCTGTGTGGATGGGACGCCAGTAATTGGAAAATC 2699
khkhkhkhkhkhkhkkhkkhhkhkhhkhhkhhkhkhkhkhhhkhhkhrhhkkhkhhhhkhhkhrhkhkkhkhkhrhhkkhkhkrhkkhkkhkhhrhhkkhhxkhk*k

PDZ3 ACACCAGCTTGTGGTCCAGCTTATGCAACAAGCTGCCAAGCAAGGCCACGTCAATCTCAC 391

MAGT-1 ACACCAGCTTGTGGTCCAGCTTATGCAACAAGCTGCCAAGCAAGGCCACGTCAATCTCAC 2759
Ak hkhkhkhkhkhkhkhkhkhkhhkkhhkhrhkhkhkhkhkhhkkhhkhrhkhkhkhhhhkkhhkrhkhkkhkhhrhhkkhhkrhkhkkhkhhhkhk,hkxkxk*k

PDZ3 GGTGCGGTAAAAGCTTAAGTTTAAACCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCC 451

MAGT-1 GGTGCGGCGTAAAGTGGTTTTTGCGGTGCCCARAACCGAGAACGAGGTGCCCTCG—--CC 2816
* ok k ok ok ok x * x * * %k * * * *  * * % * **x K * *
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PDZ4 CACTGTG----CTGGATATCTGCAGAATTCCACCACACTGGACTAGTGGATCCGGACGTG 157
MAGI-1 GGCAGTGGCGGCGGCGGGGGCAGCGGCGTGGTCAGCACCGTGGTGCAGCCCTACGACGTG 2997
*  kk % * K * * * * Kk Kk K * * *kkkkk

PDZ4 GAGATCCGGCGCGGGGAGAACGAGGGCTTCGGCTTCGTCATCGTGTCCTCGGTGAGCAGG 217

MAGI-1 GAGATCCGGCGCGGGGAGAACGAGGGCTTCGGCTTCGTCATCGTGTCCTCGGTGAGCAGG 3057
AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR XAk kK

PDZ4 CCCGAAGCAGGCACGACCTTTGAGTCCTCGAATGCCACCTTGCTGACCAATGCAGAGAAG 277

MAGI-1 CCCGAAGCAGGCACGACCTTTGAGTCCTCGAATGCCACCTTGCTGACCAATGCAGAGAAG 3117
khkhkhkkhkhkhkhkkhkhhkhkhhkhkhkhhhkhhhhhkhhkhhhkhkhhhhkhkhkhrhhkhhkhrhhkhhkhrhkhkkhkhkhrhhkkhkhkhkkh*k

PDZ4 ATTGCCACCATCACCACCACACACACCCCTTCTCAGCAAGGGACCCAGGAGACAAGGAAT 337

MAGI-1 ATTGCCACCATCACCACCACACACGCCCCTTCTCAGCAAGGGACCCAGGAGACAAGGACT 3177
khkhkkhkkhkhkhkhkkhkkhkhkhkhhkkhkhkhkhkkhkkhkhhhkh dhhhkkhkhhkhhhkhkhkhrhkkhkkhhkhrhhkkhkhkhrhkkhkkhkhhrrkhkkhkhkxkx *

PDZ4 ACCACCAAACCAAAGCAGGAATCTCAATTTGAGTTCAAAGCGCCCCAAGCAGCACAGGAG 397

MAGI-1 ACCACCAAACCAAAGCAGGATTCTCAATTTGAGTTCAAAGGGCCCCAAGCAGCACAGGAG 3237
khkhkkhkkhkhkhkhkkhkkhkhkhkhkhkkhkhkhkhkhk, *,hkhkhkhkhhkkhkkhhkhkhkhkkhkhkhrhkhk, *,hkhkkhkhkrhkkhkkhkhhrrkhkkhhxkk*k

PDZ4 CAAGATTAAAAGCTTAAGTTTAAACCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCA 457

MAGI-1 CAAGATTTTTACACTGTGGAACTGGAAAGAGGAGCCAAGGGATTTGGCTTTAGCCTTCGA 3297
* ok kkkkx * * * * * * kk kK% * Kk %

PDZ5 GTGGATCCG 202

MAGI-1 GATTTTTACACTGTGGAACTGGAAAGAGGAGCCAAGGGATTTGGCTTTAGCCTTCGAGGA 3300
* * kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkkhkhkhkhkhkhhkkhkhkhkhkhhkkhhhhkkhkhkhhhhkhkhkhkhkkhkhkkhkhkkhkkx*%

PDZ5 262

MAGI-1 GGCCGAGAGTATAACATGGACCTCTATGTTCTGCGCTTAGCAGAGGACGGTCCTGCGGAG 3360
KK AR AR AR A KRR KA AR AR AR AR A KA AR A A A A A A A R A A AR AR AR AR AR AR AR AR AR AR AR *A kA kK

PDZ5 322

MAGI-1 AGGTGTGGAAAGATGAGGATTGGTGATGAAATTTTAGAGATCAATGGTGAGACCACCARA 3420
khkhkhkkhkhkhkhkkhkkhkhkhkhhkhkhkhrhhkhkhhhhkhhkhrhhkkhkhhhhkhkhkhrhkhkkhkhhrhhkkhkhkrhkhkkhkhkhrhhkkhhxkhk*k

PDZ5 382

MAGI-1 AACATGAAGCATTCTCGAGCTATAGAACTGATTAAGAATGGTGGCCGCAGAGTTCGTCTG 3480
hAhkhkhkhkhkhkhkkhkkhkhkhkhhkhkhkhrhkhkhkhkhkhhkkhkhkhrhhkkhhhhhkhhkhrhkhkkhkhhrhhkkhkhkrhkkhkkhhkhrhhkkhhxkhk*k

PDZ5 TAAAAGCTTAAGTTTAAACCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCA 442

MAGI-1 TTTCTGAAGCGGGGAGACGGCTCAGTACCAGAATA-TGCGATGATACCTCCTAATATCGC 3539
K’k Kk khkkk Kx * * * * * % % * kkk Kkkk Kk *

Figure A- 3 Sequence alignment of DNA regions coding for the PDZ domains within MGAI1
compared to the published MAGI-1 cDNA sequence. Sequence alignment of the isolated
plasmids from the selected transformed bacteria obtained from Eurofins Genomics against the
published DNA sequence of MAGI-1.
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